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ABSTRACT

an efficient power electronics interface between the power grid and renewable

energy resources, e.g., photovoltaic (PV) arrays, batteries, and fuel cells. Such a
tremendous inclination to use the TL converters originates from their appropriate power
density and higher rate of overall efficiency with a lower overall manufacturing cost in
comparison to their transformer-based counterparts. However, detaching the galvanic
isolated transformer from the converter and the grid and using the commercially avail-
able two or three-level voltage source inverters lead the following challenges/concerns: 1)
Variable common mode voltage (CMV) and in turn the ground leakage current problem,
2) the need for another power processing stage to meet the minimum requirement of
the grid voltage amplitude while utilizing a relatively low value of the dc input voltage,
and 3) power quality enhancement issue. The aim of this thesis is to investigate the
above-mentioned constrains/challenges among various developed versions of the existing
TL inverters, and accordingly propose several new circuit configurations to address such
issues. All the proposed converters/inverters are able to generate a multilevel staircase
output voltage waveform using a single dc source leading to improve the injected power
quality and reduce the need for large bulky interfaced filters. To alleviate the effect of
high frequency CMV in grid-connected PV systems and to nullify the concern of leakage
current, the design configuration of all the proposed topologies is either based on a
common-ground circuit architecture or a mid point-clamping technique. Through the
incorporation of switched-capacitor and/or switched-boost technique, all the proposed
structures possess either a static or dynamic voltage conversion gain, which make them
an attractive choice when the input dc source is variable and low. Extending the operat-
ing range of the grid-connected TL converters for a wide range of the input dc voltage,
reduction on voltage/current stress profile of the switches, circuit extension capability
to generate larger number of output voltage levels, and reduced number of required
power electronics elements, i.e., switches, gate drivers, inductors, and capacitors are
some other important characteristics of the proposed topologies. Since the major goal
of each of the proposed TL-based grid-tied inverters/converters is to inject a tightly
controlled current to the grid, the performance of all the proposed structures is governed
within a closed-loop control platform. Comparative study and the design guidance of the
proposed converters are developed. And finally, several simulation and experimental
results are presented to prove the feasibility and correct operation of each of the proposed
converters.

Grid-tied converters/inverters with a transformerless (TL) circuit configuration are
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CHAPTER

INTRODUCTION

1.1 Recent Advances on Grid-Tied Transformerless

Inverters

he integration of intermittent renewable energy (RE)-based resources, e.g., PV

arrays, fuel cells, batteries and wind turbines in power grids and the new policies

of the governments to reduce the need for fossil fuels dependent energy gener-
ation have accelerated the necessity of efficient and reliable energy management in a
multigeneration source network [1]. As for the low power-scaled single-phase grid-tied
utilities, a PV panel is directly connected to a power electronic converter within a single
or two stages operation as illustrated in Fig. 1.1. Maximum power point tracking (MPPT),
active power decoupling (APD), grid current control regulation, PV voltage amplification,
islanding detection and the power quality enhancements are some crucial and strict
missions, which must be taken into account in designing any new breed of grid tied-AC
module (GT-ACM) systems [2].

In two-stage power conversion systems, utilization of the front-end dc-dc boost or
buck-boost converter is imperative as the MPPT operation even with presence of a wide
varying dc link voltage in the PV string modules is facilitated [3]. Moreover, in case of
having a low available dc voltage magnitude, a voltage boosting feature can be added to
the entire power conversion process in order to meet the peak voltage requirement of
the grid. Applying APD in single-phase grid-connected applications [4],[5], and drawing
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a continuous input current from the dc source are other important missions of these
front-end boost converters. Depending on the working region, size of passive elements
and the demanded range of voltage boosting feature in such a front-end dc-dc converters,
the overall efficiency of whole the dc to ac power conversion process is affected [6]. Such
a two-stage system is usually connected to the grid via a line transformer, since it can
provide a galvanic isolation between the grid and the dec-side.

On the other hand, by removing the dc-dc front-end converters in the conventional
types of GT-ACM, the PV voltage that is usually between 23 to 38 V at the rated power of
160 W, has to be enhanced through either a low-frequency (LF) back-end or an embedded
high frequency (HF) transformer to meet the peak amplitude voltage requirement of the
grid. In both these cases, the overall conversion efficiency of the system is affected due
to additional core losses of the transformer although in case of HF-transformer-based
solution, the systems weight and size can be still kept low [2, 6]. The overall configuration
of trasformer-based energy conversion solution has been illustrated in Fig. 1.2. In case of
using an embedded HF transformer, different types of flyback dc-dc converters or any of
boost-integrated isolated converter are used, while the dc-ac stage can be any types of
commercially available two or three-level (3L) voltage source inverters. Herein, although
the embedded HF transformer in the dc-dc stage can possess a small size, the passive
components for the filter interfaced design is still large since the number of inverter
output voltage levels is limited to two or three.

To improve the overall efficiency and power density of the entire system, PV grid-tied
inverters with the transformerless (TL) circuit configuration have been more popular
during the latest years. However, detaching the galvanic isolated transformer, while
using the conventional 2L or 3L inverters in the back-end dc-ac stage contributes to the

following challenges:

¢ Variable common mode voltage (CMV) and in turn the ground leakage current

problem.

¢ Requiring another power processing stage to cope with meeting the minimum grid
voltage amplitude requirement whilst utilizing a relatively low value of the input

dc voltage.
* And power quality enhancement (PQE) issue.

The main challenge in designing a suitable TL-based GT-ACM is to take some

additional measures from the grounding issues viewpoint. Here, the parasitic
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1.1. RECENT ADVANCES ON GRID-TIED TRANSFORMERLESS INVERTERS
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Figure 1.1: The overall configuration of power conversion system based on (a) two-stage platform, (b) single-stage
platform [2].

1 DC .= 1 DG AC .
PV AC S|PV AC Ac| TS
LF HF
Crv Transformer Cry Transformer

(a) (b)

Figure 1.2: Examples of transformer-included inverter solutions based on (a) Line-frequency (LF) transformer, (b)
embedded High-frequency transformer [2].

capacitance provided by the negative terminal of the PV panel, which is around
100 nF per 1 kW, causes a resonant path with the output ac side filter and therefore
the leakage current is propagated through the inverter [7]. The value of the leakage
current in the grid must be limited to under 30 mA based on the NEC 690 and VDE
0126-1-1 IEEE standards [8], where a leakage current over 0.3 A must trigger the break
to isolate the TL-inverter from the grid. This parasitic dc current degrades the quality
of the injected current and also may saturate the core of other transformers in the
distribution network. Since the major element in generating the leakage current is the
variable HF-CMYV of the GT-ACM at the inverter side, various efforts have been recently
put forward to address this issue [9]. From the topological point of view, there have been
three main categories of the TL inverters with different capabilities shown in Fig. 1.3,
e.g., Freewheeling-based TL-inverters, mid-point-clamped-based TL inverters and the
common-ground (CG)-based TL inverters. The characteristics of different grid-tied TL
inverters is assessed based on the their capability in reduction on the value of the leakage
current, number of output voltage levels, and voltage boosting feature within a single or
double-stage platform. Additional parameters like number of required power switches,
capacitors, gate drivers, inductors, maximum blocking voltage across the switches, to-
tal standing voltage (TSV) across the switches, ability to work in boost mode with a
switched-capacitor (SC) or switched-boost (SB) technique, and overall efficiency can also
be considered to have a comprehensive evaluation of different topologies. In following
sub-sections, each of these topological categories are briefly introduced. Moreover, the

major challenges over the SC-based converters are discussed.
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Transfomerless Grid-Tied
Inverters
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Figure 1.3: Categorization of the TL-based grid-tied inverters.
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Figure 1.4: Common-mode model for single-phase grid-connected inverter: (a) Full model, (b) simplified model [10].

1.1.1 Freewheeling-Based TL-Inverters

Once the transformer is removed from the inverter and the grid, a resonant circuit
between the negative terminal of the input dc source and the null of the grid is formed
as shown in Fig. 1.4(a). This resonant circuit includes stray capacitance, Cp,, the filter
inductors, Lg1 and L g9, and the leakage current, ijcqrqg.. Here, the power converter is
represented by a block with four terminals to allow a general representation of various
converter topologies. On the dc side, P and N are connected to the positive and negative
rail of the dc-link, respectively; while on the ac side, terminals A and B are connected
to the single-phase grid via filter inductors. From the view point of the grid, the power
converter block shown in Fig. 1.4(a) can be considered as voltage sources, generating

voltages vany and vpy. Hence, regardless of the circuit structure, this power converter
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block can be simplified into the equivalent circuit, which consists of vax and vpy as
shown in Fig. 1.4(b) [10]. The leakage current is thus a function of vy, vgn, the grid
voltage, filter inductance, and the stray capacitance, Cp,,. Since von and vgy possess HF
switching functions of the inverter output voltage, the impedance of the resonant path
can also be related to the switching frequency, fs,,. Considering L1 = L2, in Fig. 1.4(b),

VAN 1UBN
2

the CMV can be represented as , which appears across Cj,, and can generate the

leakage current.
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Figure 1.5: A simplified structure of the grid-connected TL inverter with CM-filter.

In case of adopting any conventional types of 2L or 3L inverters, in which their
output voltage is to be measured with respect to the inverters legs voltage, i.e., terminals
A and B, the CMV attenuation can be performed by employment of relatively small
common-mode (CM) filters as shown in Fig. 1.5. In this case, determination of the leakage
current path impedance leads to choosing the carrier/switching frequency of the pulse
width modulation (PWM) signals for operating outside the resonance region. The overall
CMV can also be constant during each switching instant by the means of bipolar PWM
schemes and using an half-bridge based TL inverter [11]. However, such bipolar 2L
output voltage causes undesirable switching losses and impacts thereby the injected
grid current quality [10]. Half dc-link voltage utilization at the ac side of the inverter is
another shortcoming of such a half-bridge (HB)-based circuit. Hence, as for low available
dc voltage source magnitude, the system becomes two-stage and the front-end dc-dc boost
converter must work within a larger value of the dc duty cycle. This causes additional
power loss and can sacrify the overall conversion efficiency, thereby.

Decoupling the PV source from the ac grid during the freewheeling period in unipolar
3L-PWM schemes is one of the well-known approaches to alleviate the leakage current
value. Herein, H5 [12] and HERIC [13] converter are based on a floating CMV in the
freewheeling period (zero-level of the output voltage), while different types of H6 family
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Viz

Vinv

Figure 1.6: Full-bridge based topologies for TL grid-tied inverters (a) H5 [12] (b) HERIC [13] (c) H6 with DC bypass
[14] (d) OH5 [17], and (e) PN-NPC [18].

[14-17], optimized H5 (OH5) [10], the positive-negative neutral point-clamped (PN-NPC)
[18] and Dual buck [19] TL-inverters are able to clamp the overall CMV on the half value
of the input dc source at each switching instant. Within the same concept, a new variant
of H8-TL inverter has also recently been put forward [20], which is able to generate
five-level (5L) output voltage waveform with a constant CMV per each switching instant.
Motivated by the concept of multilevel inverters (MLIs), the inverter output filter size of
the above-mentioned transformerless inverters can be reduced remarkably leading to
further improving the power density/overall efficiency with a quality ac voltage waveform
[21]. Herein, the 5L-inverters proposed in [22, 23] have used 12 power switches to attain
all the possible output voltage levels with a constant HF-CMV. A combination of T-Type
and HB leg introduces another 5L inverter in [24] in which its HF-CMYV is not constant
but varied within half and one-quarter of the main dc-link voltage. Some of the most well-
known structures of such topologies have been depicted in Fig. 1.6 with the capability
of 3L output voltage generation with relatively constant CMV. Regarding these newly
developed TL inverter topologies, the leakage current can be mitigated but with the
cost of employing additional power switches. Conversely, it is apparent that in case of
having a low and wide varying dc voltage, all these topologies require a front-end dc-dc
converter as discussed earlier. Moreover, owing to the junction parasitic capacitors of the
involved power switches, the overall value of the leakage current is reduced but never

totally suppressed.
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Figure 1.7: Circuit illustration of conventional TL-inverters with mid point-clamped technique [25].

1.1.2 Mid Point-Clamped TL-Based MLIs

Mid point-clamped TL-inverters with the dc-bus capacitors as the neutral point of the
inverter with respect to the null of the grid are also capable of mitigating the undesirable
value of the leakage current whilst generating multilevel output voltage waveform is
possible. Hence, they can also improve the PQE constraints of the available grid-tied
TL-based inverters. A schematic circuit diagram and the typical multilevel output voltage
waveforms of such types of TL-based inverters has been illustrated in Fig. 1.7(a) and
(b). In this case, HB or NPC inverters are usually utilized and the converter can be
operated even for three-phase system with the single-dc source concept. Since, in the
conventional types of such structures, e.g., conventional flying capacitor(FC)-MLIs, active
neutral point-clamped (ANPC)-MLIs and T-Type-based MLIs, the maximum magnitude
of the inverter output voltage is confined with half value of the main dc-link voltage, the
PV voltage as the available dc source must be doubled through the front-end step-up
dc-dc converters to meet the grid voltage amplitude requirement [11, 26]. Here, the
bipolar and unipolar PWMs are, respectively, used for the HB and NPC inverters. Hence,
2L and 3L output voltage can be created for them, respectively. The advanced version
of such types of TL-inverters named as active boost neutral point clamped (ABNPC)
inverter can somehow address this drawback by integrating the FC and/or SC cells
into the conventional basic designs of the ANPC-based TL inverters [25, 27]. Pure SC-
based switching circuits contain several capacitors, power switches and/or diodes that

can convert the available fixed dc-link voltage to generate multilevel voltage using a
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series-parallel switching conversion technique. The integrated capacitors are charged
directly through the parallel connection with another voltage source (input dc-source or
another charged capacitor). A discrete output voltage can be generated by discharging
the capacitor(s) in series or parallel fashion with or without the input dc-source. Such a
single-stage inductorless/transfomerless switching operation creates a voltage step-up
feature with a self-voltage balancing for the involved capacitors and make SC-MLIs a
valuable and interesting solution for many new applications [28]. Inclusion of SC-based
switching circuit techniques into the dc-dc converters have already been widely studied
in the literature and commercialized in industry [28]; however, such integration for
multilevel ac-voltage generation applications are emerging and worth investigating.
Herein, larger number of output voltage levels, e.g., 5L, or seven-level (7L) variants
can be achieved by adding a T-Section into front-end side of conventional topologies
[27]; however, the voltage boosting factor of such types of TL-MLIs is still limited to a
certain static value, e.g., two-times or three-times. Hence, additional front-end boost-
based converter with extra active and passive elements is still needed in case of dealing
with the low and wide-varying dc voltage available as the output voltage of PV panels.
Therefore, the energy conversion stage of the system is still double and in turn the overall
efficiency is prone to be degraded. Some of the recently proposed structures of such types
of ABNPC-based TL-MLIs are depicted in Fig. 1.8(a)-(e).

The ABNPC TL-inverter shown in Fig. 1.8(a) can generate 5L output voltage with
six power switches and unity voltage conversion gain. Here, the SC-integrated switches
designated as P, can be either RB-IGBT or four-quadrant power switch [25], while
Crc is charged to the main dc-link voltage during the middle positive/negative output
voltage level generation, i.e., £V dc/2. To extend the number of output voltage levels as
well as the overall voltage gain of the converter, [29] has proposed two different circuit
configurations for the mid-point-clamped SC-MLIs. The first structure is illustrated
in Fig. 1.8(b). Crc is balanced at the input dc-source voltage through the highlighted
current flowing path, while the number of inverter output voltage levels is seven with 1.5
times overall voltage conversion gain. Replacing Crc and the HB-leg with a T/NPP cell
constitutes to nine-level (9L) and eleven-level (11L) ABNPCs with unity and 1.5 times
voltage conversion gain, respectively as shown in Fig. 1.8(c), while additional capacitors
charged to half voltage value of the main dc-link voltage with the help of the highlighted
T-section circuit. Integration of the SC-voltage doubler unit into a mid-point-clamped
four-level (4L) inverter has also been introduced in [30, 31], while single and three-phase

design of the converter are the target, respectively, as shown in Fig. 1.8(d). A unity ratio
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Figure 1.8: ABNPC-based TL inverters (a) 5L-ABNPC [25], (b) 7TL-ABNPC [29], (c) 9L-ABNPC [29], (d) 4L-ABNPC
[30], and (e) 5L-ABNPC [32].

between the number of inverter output voltage levels and number of required switches
as well as a single-stage 1.5 times overall voltage conversion gain are two important
features of this topology. The concept of adding an T-section cell to any conventional types
of ANPCs to achieve larger number of output voltage levels with full dc-link utilization
is also introduced in [27]. An example of this technique is shown in Fig. 1.8(e), where
two capacitors, C3 and Cg4, with a four-quadrant power switch, P, are inserted into the
conventional 3L-NPC based inverter, and five output voltage levels are achieved [32].
Regarding the blue and yellow highlighted colours in Fig. 1.8(e), it can be discerned
that these two added capacitors are charged to the voltage across C1 or Cy through the

integration of the existing diodes and the switches 7 and 7.

1.1.3 CG-Based TL-MLIs

Alternatively, CG-based TL inverters is a recently developed configuration to almost
fully suppress the leakage current concerns through bypassing the CMV across C,. In
this case, the negative terminal of the input dc supply and the neutral point of the grid
are connected to each other; therefore, C,,;, is short-circuited the ground leakage current
is fully suppressed. The CG-based TL inverters with a unity static voltage gain have
been extensively elaborated in [33—-37], where a virtual dc-link capacitor is needed to
be charged in one half-cycle of the grid voltage and deliver its voltage to the output in

another half cycle. In such cases, the maximum number of inverter output voltage levels,

9



CHAPTER 1. INTRODUCTION

which is an important factor from PQE viewpoint, is only two or three. Regarding such a
mentioned virtual dc-link capacitor, the positive and negative sequence output voltage
generation principles are different and a charge pumped circuit (CPC) theory is needed
to make a true AC waveform. Hence, the CPC facilitates two different current flowing
paths for the CG-TL inverters during the operation in positive and negative half-cycle. In
most of recently rehearsed topologies, different types of SC integrated circuit are used to
form an CPC and generate output voltage levels with a single dc-source [28]. Regarding
this concept, [33] presented a virtual dc bus as a CPC shown in Fig. 1.9(a), where five
power switches are integrated with a unipolar PWM and 3L output voltage is achieved.
Another scheme of CPC-based 3L-CGSC-based TL-inverter has been proposed in [34],
yet additional power diodes are needed to provide an indirect charging operation for the
virtual dc-bus through a diode-assisted CPC cell. The number of switching devices for
this type of 3L-CGSC-based inverter is reduced in the presented Siwakoti-H inverters
in [35] as shown in Fig. 1.9(b) and (c), while an extra diode has been used in Type-I of
this converter and two RB-IGBTSs are used in its Type-II variant. The common feature
among all these mentioned 3L-CGSC-based inverters is their unity voltage conversion
gain. Having taken Fig. 1.9(d) into account, a double-voltage conversion gain 3L-CGSC-
based inverter is proposed in [36], while six power switches, a diode-assisted CPC cell
and a series-parallel switched-capacitor (SPSC)-unit are employed. Here, Cs and Cg
are charged to 2V, which is the boosted voltage value of the frond-end series-parallel
SPSC unit. In this context, two other similar boost-based topologies of 3L-CGSC-based
inverters are also proposed in [37, 38] with more number of power switches and elevated
switch voltage stress.

Following this, [39] has merged the virtual dc-link concept of a conventional four-
switch based FC-leg to realize a 5L inverter with CG-circuit feature as shown in
Fig. 1.9(e). In this case, the charging/discharging operation of C1 is realized in a fully
soft fashion using the load current path similar to the FC-based MLIs. However, like
other virtual dc-link based CGSC-MLIs, C2 must be charged to peak voltage value of
the inverter output voltage, which is equal to V.. Even though using only six power
switches, the proposed topology does not provide voltage boosting feature. Herein, a relay,
Sp with a parallel resistor, Rp, is used in the charging path of Cg to attenuate the large
charging current at the start-up moment of the operation.

Another reduced switch-count 7L-CGSC-based inverter is presented in [40] as shown
in Fig. 1.9(f). Similar to the above-mentioned 5L-CGSC-based inverters presented in

[44—47], this structure is also based on virtual dc-link concept, where capacitors, C1,
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Figure 1.9: Different CGSC-Based TL MLIs presented in (a) [33], (b) and (c) [35], (d) [36], (e) [39], (f) [40], (g) [41], (h)
[42], and (i) [43].

Co, and Cg3 are charged to V., 2V,., and 3V, respectively, to synthesize all the 7L in-
verter output voltage with a triple voltage gain. Although the number of required power
switches is only six, it requires 4 additional power diodes. In this case, the charging path
of C3 is through the series connection of the input de-source and capacitor, Cy. Similar to
the presented 5L-CGSC-based inverters in [44-47], this charging operation is possible
during the zero and the top positive output voltage levels, +3V,., generations. Moreover,
the dc-link capacitor, C4. is charged and discharged by the load current direction in
positive and negative half cycle of the output voltage. Therefore, these long discharging
cycles may demand a larger capacitance for both C4., and C3 to alleviate the voltage
ripple across the capacitors. Having taken the advantages of this reduced switch-count
CGSC-based inverter, [48] has developed a 9L mid-point-clamped inverter with nine
power switches, as well. In this case, the front-end SC-based part of [40] is combined
with the idea used in [49], while a four times voltage conversion gain is achieved. As a
counterpart, another 7L-CGSC-based inverter with triple-voltage conversion gain, eight
switches, and four power diodes is proposed in [50], which is based on series connection
of the front-end SPSC Unit-I and the SC-voltage doubler unit. Although the number of

switching devices in this topology is larger than [40], i.e., eight versus six, its number of
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required capacitors is three, while the maximum balanced voltage across them is 2V,
which leads to the reduced voltage stress and TSV indexes of the converter.
Concerning Fig. 1.9(g) and (h), two other generalized CGSC-based MLIs have been
proposed in [41, 42], respectively. Herein, the proposed topology in [41] is based on cross-
connected switches, where the voltage across all the involved capacitors are equal to the
input dc-source in spite of having a voltage boosting feature. Therefore, this topology
is performed based on symmetrical voltage balancing operation of the capacitors. To
asymmetrically charge the voltage of the capacitors with a generalized CGSC-based
MLIs, [42] has proposed another topology shown in Fig. 1.9(h). This asymmetric topology

27*1 _1)-level of the output voltage with 6n-number of required power

helps to generate (
switches, where n implies the number of required capacitors. Herein, the binary charging
operation of the capacitors leads to generate larger number of output voltage levels with
larger value of the voltage conversion gain and a reduced number of switching devices.
Although the concept is interesting, asymmetrical charging operation of the capacitors in
CGSC-based MLIs may be deleterious since the number of redundant switching states
(RSSs) to generate the same levels of the output voltage is reduced, while the voltage
ripple performance of the capacitors might be adverse.

TL-based MLIs with the CG concept can also possess either static or dynamic voltage
boosting feature. In the static case, the SC technique is usually used leading to a dis-
continuous input current with a large value of the capacitive inrush current [33]-[50].
As for the dynamic voltage boosting case, an inductor is utilized as the SB module,
and therefore, the input inrush current problem can be significantly alleviated, whilst
the converter can convert a boosted 3L [51, 52] or 5L [53] output voltage waveform to
the output within a single-stage energy conversion configuration. Fig. 1.9(i) show an
CGSB-based TL-based MLIs presented in [43] with the capability of 9L output voltage
generation. Herein, the role of the SB cell is to give a dynamic voltage boosting operation
to the capacitor, C, with a fixed boost dc duty-cycle of d, while both the SC-voltage
doubler unit and FC cells can generate additional output voltage levels as discussed
earlier.

Regarding this, CG-based TL-inverters are chosen as the major focus of this research
to further improve their circuit characteristics in terms of enhancement in the number of
output voltage levels, extension in the output voltage conversion gain with either static
or dynamic voltage boosting operation, reduced voltage and current stress on devices

and overall power density/efficiency improvement.
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1.1.4 Challenges Over the SC-based MLIs

The charging operation of the capacitors in the pure SC-based basic units causes a sort
of challenges/limitations for almost all the discussed SC-MLIs. Large pulsating current
during charging operation increases the current stress profile of the switches involved in
the charging path that deteriorates the overall efficiency of the converter. In addition,
significant capacitor voltage ripple not only aggravates the pulsating current issue, but
also causes distortions in the output ac-voltage. These issues might be more severe
when multiple SC-based basic units are cascaded to each other to realize higher voltage
conversion gain in the SC-MLIs since the top positive/negative output voltage levels
are made by discharging operation of all the capacitors in series. To minimize switch
count, majority of the existing SC-MLIs are lacking redundant switching states (RSSs)
that could be useful for reducing the longest discharging time (LDT) of the capacitor
voltage via hybrid PWM. Hence, optimization of these converters to achieve high power
conversion with an improved overall efficiency is an imperative task.

To elaborate this capacitor voltage ripple and pulsating charging current issues, a
simplified equivalent circuit considering parasitic ON-state impedance of this capacitive
charging loop, Z.;, for any SC-based basic unit is shown in Fig. 1.10(a). Considering
different voltage levels for C1, and Cy during the switching operation and assuming V7,
and V5 as the capacitors initial stored voltages while C1>Coy, a power loss caused by this

hard charging operation occurs as given in (1.1) [54, 55]:
1 9 1 9
Pioss = 102(V1 -Va) fsw = ZCZAV fsw- (1.1)

where, fs,, is the PWM switching frequency of the switch S, which represents the role of
charging path switches in the SC-based circuits. This type of power loss refers as the
ripple loss of capacitors in the SC-MLIs and is dissipated in the parasitic impedance of
the SC charging path. This ripple loss is not dependent on the value of this parasitic
impedance, and instead, it hings on the initial voltage difference of the capacitors,
which comes at the cost of the charge transfer between the capacitors. Hence, the
ripple loss of capacitors is proportional to the charge drawn by the load and inversely
proportional to the capacitor values [54]. Moreover, the change of charge in the capacitor
is proportional to the duration of the charge/discharge and, thus, is inversely proportional

to the switching frequency as [54]:

1 1

X —  ——
fsw,Ceq

13

AV (1.2)



CHAPTER 1. INTRODUCTION

](’]_ L",z
—=—;‘o— o—
Zt_'h Zc‘h
Vae T Vel N P P
ek
(a)
— 1, = 0.1 —— 7 = 0.502 rep = 162
U 1
. C2 Lim ch

[
5 E‘L.‘h.u.{

0.8V,

>
0 0.01 0.02 0.01 0.02

Timels] (b) Timels]

ren = 0.58) ren = 0.582 ren = 0.58)
L = 1uH Ly = buH [, = 10uH

: -Vrfr.'
0.8V,

0.6V,

V2

?’Cha 1[]%-L_-Ft_m.

0 0.01 0.02 0.01 0.02
Timels] Time]s]

()

Figure 1.10: (a) A typical capacitive charging path circuit for SC-based converters, (b) the voltage of the capacitor and
the charging current of the loop for a pure SC-based converter, and (c) the voltage of the capacitor and the charging
current of the loop for the SC-based converter with QSC operation [28].

where, C,, is the equivalent capacitance of the charging path. Hence, with respect to (1.1)
and (1.2), we can say, P, is inversely proportional to fs,, and C.4. This is the reason
why to reach higher portion of the output power, larger capacitance of the capacitors is
needed. Also, it can be discerned that why the performance of SC-MLIs in high frequency
applications is much better than their counterpart in 50 Hz application [28].

As for a pure SC-based basic circuit, the parasitic inductance of the path caused by
the layout design of the converter is negligible. Therefore, only an equivalent charging re-
sistance, r.j, related to the parasitic ON-state resistance of the charging path switch(es)
and ESR of the capacitor(s) is predominant. Depending on the values of ., and f;,, a
very large discontinuous charging current, iz, is seen when the switch S is ON, which
not only is deleterious for the lifetime of the switches and the capacitors but also can

propagate EMI concern with a false turned-ON operation for even those switches that
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are not involved in this SC charging path. Herein, a complete charging process within a
so-called fast switching limit (FSL) occurs as long as f5,, is to be larger than the critical
frequency of this pure SC-based circuit, e.g., fs,, > m Else, the charging operation
of the SC-based converter would not be completed and it works within a slow switching
limit (SSL) performance, which is not desired and can even cause larger value of the
charging current spike/inrush current [54]. Having considered the FSL region and a
constant 50% high frequency duty cycle for switch S, the effects of different usual values
of r.;, on the voltage stress across Cs and on i.; can be seen in Fig. 1.10(b). As can be
realized, the smaller value of r.;, cannot reduce the P;,s; mentioned in (1.1) since the
total power loss in each switching cycle remains the same. In contrast, it can only shorten
the capacitor voltage settling time with a larger peak value of i.; (Icp ). It must be
noted that this problem in actual case study of SC-MLIs is more significant since the
duty cycle of charging path switches is not constant and it follows a sinusoidal trend.

A solution for this concern is to optimize the SC-based converters from hard charging
to soft charging [54—-56] or quasi-soft charging (QSC) operation. As for the SC-based
dc-dc converters, where the duty cycle of high frequency switches is constant, inserting
a very small value of the charging inductor, /., in series with the charging loop of the
SC converter is useful in realizing fully soft charging operation. The importance of dif-
ferent values of /.5 on both the capacitor voltage and i.; can be observed in Fig. 1.10(c).
Although it can considerably reduce I, ,,, it may affect the dynamic response of the

capacitor voltage and even in case of larger value of ., it can cause a voltage drop prob-

1
277/l Ce
must be fulfilled [54]. Although this concept might be propitious for the SC-based de-de

converters [55], achieving a fully soft charging operation in SC-MLISs is still challenging

lem across the capacitor. As for a proper FSL operation, the condition of fg,, >

owing to the variable ac duty cycle of charging path switches. In this case, the equivalent
RLC circuit for the charging loop of most of the SC-MLIs operates within a over-damped

Ceq
lch

Although in most of the cases, adding this small parasitic inductance in the charging

oscillation region since the ratio of %’ is always greater than one in practice.
path of switches is workable to mitigate the current stress, it cannot still address the
LDT problem of the capacitors in many SC-MLIs case studies. In this regard, the type of
modulation strategy and the importance of having the RSSs are important. As opposed
to the other well-known types of MLIs like modular multilevel converters (MMCs) or
ANPC/FC-based MLIs, the switches of the SC-MLIs must be driven using the well-known
level-shifted-sinusoidal pulse width modulation (LS-SPWM) technique. This comes at

the cost of imperative parallel charging operation of SCs during the output voltage
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level generation. The LDT of the capacitors in LS-SPWM technique can be controlled by
decreasing the maximum value of the modulation index, M. In this regard, it is more
preferable to have a structure which is able to charge/discharge the Crc in every switch-
ing cycle. As given in the 5L.-ABNPC-based structure presented in [25] [see Fig. 1.8], the

maximum value of the charging current is reduced using the following expression:

M 1+6
1-M1+25° ™

Ienm= (1.3)

where, I, is the maximum value of the load/output current, and é is a constant ratio as

Although this approach is helpful to realize a highly efficient converter in higher ratio
of the output power, it limits the modulation index. An alternative solution is to add 1/6"
of the third harmonic order in the reference signal of LS-SPWM [57] for three-phase
system. Using this technique, the LDT is reduced, while only the fundamental harmonic

content can be seen in the line output current/inverter output voltage.

1.2 An Overview of Major Closed-Loop Control
Techniques for Single-Phase Grid-Tied

TL-Inverters

Advanced power control strategies for single-phase converters imitate the concept of
decoupled active and reactive power control of three-phase converters, which is realized
in the synchronous reference frame. In this way, the ac current is decoupled into active
and reactive power components, I; and I, respectively. These current components are
then regulated in order to eliminate the error between the reference and measured values
of the active and reactive powers. In most cases, the active power current component, 14,
is regulated through a dc-link voltage control aiming at balancing the active power flow
in the system. By comparing the reference and measured currents, the current controller
should generate the proper switching states for the converter to eliminate the current
error and produce the desired ac current waveform. The performance of the converter
mostly depends on the quality of the current control strategy.

In general, different single-phase closed-loop control strategies can be categorized into
four main divisions as the direct current control (DCC), voltage-oriented control (VOC),

Proportional-Resonant (PR) control and direct power control (DPC). The goal of all these
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Figure 1.11: Simplified block-diagram of (a) HCC, (b) VOC and (c) PR-based control of single-phase grid-tied converters
[58].

(c)

closed-loop control techniques is to inject a fully-controlled current (power) to the grid
under various dynamic condition of the input dc source, demanded active/reactive power
by the grid and even under the presence of grid voltage disturbance. DCC-based strate-
gies aim to directly control the injected current of the TL inverter while making all the
possible output voltage levels. Dead-beat controller (DBC) [569], model predictive control
(MPC) [60], peak current controller (PCC) [61], sliding mode control (SMC) [62], and the
hysteresis current control (HCC) [63] are the major branches of DCC-based strategies.
Herein, the converter can be operated either with the fixed switching frequency (with
PWM modulator e.g., level-shifted (LS) or Phase-Shifted (PS)-PWM strategies) or with
a variable switching frequency (Without the modulator). Finite-control-set MPC (FCS-
MPC), finite-control set-SMC (FCS-SMC) [64], the PCC technique, and the HCC strategy

all are working based on the variable switching frequency, whereas, DBC, continuous-
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control set-MPC (CCS-MPC) [65], and CCS-SMC [66] are designed based on an optimal
closed-loop duty cycle calculation and with a fixed value of the switching frequency
operation. In this case, DBC method, MPC and SMC approaches highly depend on the
system parameters, while HCCsolution can show some robustness against the uncertain
conditions of the system parameters.

A role example of HCC procedure applied to the single-phase grid-tied system has
been illustrated in Fig. 1.11(a). The HCC is one of the easiest control strategies, in which,
the ac current is controlled to stay within the limits of an upper and lower bands around
the sinusoidal reference current. For this purpose, the hysteresis controller is used which
is simple and provides a high dynamics. The output of the hysteresis controller is the con-
verter switching states, so in HCC there is no PWM modulator block, which simplifies the
structure and improves the dynamics. Despite the advantages of simplicity, robustness,
good stability, automatic current limiting, and high dynamic response, the basic HCC
suffers from major drawbacks such as, widely varying switching frequency and large
current ripples. Indeed, the switching frequency depends on the hysteresis bandwidth,
the sampling frequency, and system and load parameters and varies over a wide range.
As a consequence, significant low-order harmonics are present in the ac current and it is
important to carefully design the filter as well as the converter power stage. Besides, the
high gain of the hysteresis controller may cause some control difficulties or power quality
problems, especially when the filter inductance and/or the sampling frequency are small.
It is worth mentioning that some advanced HCC structures have been proposed which
use an adaptive band for the controller and could obtain a fixed switching frequency [63].
This is at the expense of deteriorated performance characteristics, such as increased
current harmonic distortions, degraded dynamics and lower stability margins.

The voltage-oriented control or VOC is also a well-known method of indirect active
and reactive current control and is based on the current vector orientation with respect
to the line voltage vector. The VOC is realized in the direct-quadrature (dq) synchronous
reference frame, where the error between the direct (I4) and quadrature (I;) components
of the ac current and their reference values are fed to the proportional-integrator (PI)
controllers. Then, the controllers generate the reference voltage for the converter. This
voltage is applied to the converter using a PWM modulator. Compared with the HCC,
the converter switching frequency is fixed and by using advanced modulation techniques,
the switching losses, harmonic currents and total harmonic distortion (THD) can be
minimized. Also, thanks to the internal current control loops, high dynamics and static

performance is guaranteed. One main drawback associated to the VOC is that the perfor-
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mance is highly dependent on the applied current control strategy and the connected
ac network conditions. Fig. 1.11(b) shows the general platform of the VOC technique.
As one can be seen, in the VOC strategy, electrical signals are all transformed to the
synchronous reference frame, where quantities are dc and, as a consequence the zero
steady-state error is ensured by using a conventional PI controller. This transformation
needs at least two orthogonal signals. As a consequence, a fictitious phase must be
generated. To create a two-phase system from a single-phase signal, different techniques
can be employed, such as the transport delay, Hilbert transformation, all-pass filter
(APF), and SOGI methods [67, 68]. In this case, a lot of synchronization techniques, for
both single-phase and three-phase applications, are available in the literature. Thanks
to their simplicity, robustness, and effectiveness, the phase locked loops (PLLs) are the
most accepted ones.

Generally speaking, a PLL is a closed loop feedback control system, which synchro-
nizes its output signal in phase, as well as in frequency, with the fundamental component
of the grid voltage. Among various techniques, currently, the synchronous reference
frame PLL (SRF-PLL) is more employed. Accordingly, single-phase PLLs are mainly
divided into the transport delay-based, Hilbert transformation-based, all-pass filter-
based, and SOGI PLL [67, 68]. In spite of a simple structure, the transport delay-based
PLL provides a good synchronization capability in the case of ideal sinusoidal voltages.
However, in presence of harmonic components, its performance is highly degraded. The
Hilbert transformation-based PLL as well as the all-pass filter-based PLL provides some
kind of filtering and consequently presents a better harmonics rejection performance.
The inverse Park PLL and the SOGI PLL which uses the SOGI block for the fictitious
phase generation [68] are two advanced single-phase PLLs with promising features
including ease of implementation, robustness against disturbances, and frequency adap-
tive performance. Despite the wide acceptance and use of these two PLLs, the tuning of
their parameters is not straightforward and is a trade-off between the bandwidth and
the robustness and usually depends on the intended application.

The same concept is also applied to the converters through the proportional-resonant
(PR) controllers as shown in Fig. 1.11(c), where there is no internal current control loop

and the system is highly dependent on tuning the PR parameters [69].
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Figure 1.12: Overall Outlook of the Thesis Contribution.

1.3 An Outlook of the Thesis Contribution

Considering the above-mentioned literature review and regarding the grid-tied PV

application, the aim of this research is to propose several new MLIs feeding through

a single dc-source with CGSC/SB-based or mid-point-clamped design. The motivations

behind the proposed topologies are as follows:

¢ Enhancing the overall efficiency of the entire system when a low and wide varying

input dc voltage is available.

lower THD.

Improving the injected power quality of the grid using the concept of MLIs with

Increasing the power density of the system by the concept of MLIs with a reduced

output filter size and stress on devices.

conversion gain.

Reduction of the leakage current in grid-tied PV applications.

Introducing new family of MLIs with a single-stage integrated dynamic voltage

To this end, in Chapter 2, six different CGSC-based MLIs are presented, in which they

possess a static voltage conversion gain. Fig. 1.11 illustrates the general outlook of the

proposed topologies. Each of them offers some specific merits in terms of number of

inverter output voltage levels, generalization capability, working principles under a

wide range of dc voltage source variations, reduced stress on devices and etc over the
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conventional types of CGSC-based MLIs. Hence, their performance from different aspects
is investigated in details. Following this, three topologies from the family of CGSB-based
MLIs are presented in Chapter 3. The working principles of these structures is different
in comparison to the CGSC-based MLIs as they can provide a dynamic voltage conversion
gain within a single-stage power conversion design. Conversely, in order to introduce
some competitive mid point-clamped-based MLIs, a family of ANPC-based 5L inverters
with a dual-mode (DM) circuit design and static voltage gain, is presented in Chapter 4.
Alternatively, another ANPC-based 5L inverter with a dynamic voltage conversion gain
and a single-stage SB-integrated technique is introduced subsequently in this chapter. To
confirm the circuit feasibility of all the proposed topologies and to support the discussions,
extensive simulation and experimental results under the grid-connected condition are

presented.
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CHAPTER

COMMON-GROUND SWITCHED-CAPACITOR-BASED MLIS

2.1 CGSC-Based 5L Inverters

2.1.1 First Topology

The overall configuration of this proposed CGSC-5L inverter has been depicted in
Fig. 2.1(a) [70]. Here, seven power switches, a single power diode, two capacitors along-
side an inductor as the filter are utilized. Using the integrated SC-cell, the proposed
topology is able to boost the output voltage of the PV arrays as the input dc source
within a single stage. In this case, the capacitor Cy acts as a virtual dc-link like what
has been using in the conventional approaches. Regarding this circuit architecture, the
negative terminal of the input dc source is directly connected to the null of the grid,
which makes a CG feature for the proposed topology. Here, four of the involved power
switches are normal power MOSFET/IGBT with anti-parallel diode, while Switch S3 is
a MOSFET/IGBT without antiparallel diode. Also, the Switch S5 is bi-directional type
with the capability of blocking voltage in both directions.

In order to show different current flowing paths of the proposed topology, Fig. 2.1(b)-(f)
can be considered. Here, the red and blue lines indicate the active grid current and
the charging current paths for the capacitors, respectively. Considering Fig. Fig. 2.1(b),
the zero-level of the output voltage is made through the ON state switch S3, while by
discharging of C; through S1, the diode in the SC cell will be in reverse-biased. By taking
a fixed voltage of V. as the input voltage provided by the PV panels, the capacitor Cg can
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Figure 2.1: The proposed five-level SC-based TL-inverter (a) the main circuit configuration (b) the current flowing
path of the zero level (c) the current flowing path of the first positive output voltage level (d) the current flowing path
of the top positive output voltage level (e) the current flowing path of the first negative output voltage level (f) the
current flowing path of the top negative output voltage level [70]

be charged to 2V, through S5 and S3. In this case, once the voltage across Co exceeds
the summation of the voltage of the PV arrays and the voltage across C1, the series diode
of S3 will be in forward-biased and therefore the grid current can pass from the red path
line. In turn, once the voltage of Cy is to be less than 2V, the grid current with any of
direction will flow through the blue charging flow path.

Considering the same direction of the grid current and the local grid voltage, the
first level of the output voltage, +V;. can be made by the parallel switch of the SC cell,
S9 and also the switch S4 as shown in Fig. 2.1(c). Here, the integrated power diode is
in the forward-biased mode and therefore Cq is disconnected from the grid, whereas
irrespective of the grid current direction, C1 is charged by the dc supply. Afterwards, in
order to generate the top-level of the output voltage in the positive half-cycle of the grid
voltage, Fig. 2.1(d) should be taken into account. In this case, S4 is again turned ON,
while through the series switch of the SC-cell, S1, the power diode of the SC-cell is in
the reverse-biased; therefore, the voltage across the charged capacitor C1 is added to
the dc supply voltage and in turn the level of +2V;, is generated. Herein, Cs is again
disconnected from the grid, while depending on the direction of the injected current to
the grid (active or reactive power support mode), C; can be discharged or charged.

During the negative sequence of the grid voltage, the importance of the pre-charged
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capacitor Cs is highlighted. Here, to make the first negative-level of the output voltage
—V4e, the switch S5 must be ON as indicated in Fig. 2.1(e), whereas through the parallel
switch in the SC cell, C1 can be charged. It is clear that in the active power mode, the Cy
will be charged by the dc supply and within the reactive power mode it will be discharged.
Taking Fig. 2.1(f) into consideration, the top negative level of the output voltage —2V,.
can be generated with a direct contribution of the Sg and Cy. Here, depending on the
grid current direction, C9 can be charged and discharged, whereas through the parallel
switch S9 in the SC-cell, C; can be charged by the supply once again. Regarding the
above-mentioned description, the voltage across the C; and C; remains balanced at
Vaie and 2Vjc, respectively. Here, in addition to generating the five distinct levels of the
output voltage by the aim of only seven power switches, the proposed topology offers
a valuable voltage boosting feature also. Such advantage makes sense for a PV with
string inverter as it reduces the number of PV panels in string. To practically design the
proposed converter, electrolyte capacitors are needed. Regarding the above-mentioned
analysis, the maximum voltage stress (MVS) of the SC cell switches is equal to Vg,
whereas this value for the switches Sg3, S4, and S5 is 2Vy,.. Here, the switch Sg is the
MVS holder equals to 4V,;.. Details of the control, design, comparative study and the

relevant experimental results of this work can be found in [70].

2.1.2 Second Topology

The circuit schematic of this proposed topology and its different current flowing paths
are illustrated in Fig. 2.2(a)-(f) [71, 72]. Similar to the first proposed topology, a CG
feature is achieved whilst the output voltage of the inverter is measured with respect
to the negative terminal of the input dc source. In relation to Fig. 2.2(a), to make the
zero-level of the proposed inverter output voltage during the positive half cycle, three
power switches named as Sp, Sg and S3 must be ON. Hence, regarding the paralleled
ON state switch in the SC cell, Sp, the capacitor C; is charged to the input dc voltage
V4. through the forward-biased SC cell power diode Dg¢ in every direction of the grid
current, while Cs is disconnected from the grid. Following this, the first positive level of
the output voltage +V,;c, can be made just by turning the state of two power switches S;
and S in compare to the described zero level of the output voltage in the positive half
cycle. As shown in Fig. 2.2(b), the power switch Sp must be again ON to keep on the
charging operation of C1, while V;. can be transferred to the inverter output through
the turned ON switches S; and S3. Here, Cq is again excluded from the grid current

flowing path since its upcoming charged voltage makes the integrated power diode D

25



CHAPTER 2. COMMON-GROUND SWITCHED-CAPACITOR-BASED MLIS

S3 St
N (o]
C1 Dsc: a*
- 2
Ss e Ss
Sp T Vine2vde _ vde Sp
(c)
3 - S1 St
@ Tovde . "
Dsc c Dsc (o]
- 4 ) 2
__r.u D Ss Ss
T vineo Vde Sp Vvde Sp
L9 Gria

(d) (f)

Figure 2.2: The current flowing paths of the proposed inverter at (a) the zero-level of the output voltage in the
positive half-cycle (b) the first positive level of the output voltage (c) the top positive level of the output voltage (d) the
zero-level of the output voltage in the negative half-cycle of (e) the first negative level of the output voltage, and (f) the
top negative level of the output voltage [71, 72].

reverse-biased.

In order to create the top positive level of the output voltage, +2V., Fig. 2.2(c) should
be considered. In this case, the series power switch of the SC cell, Sg must be ON; hence,
C is discharged (or charged) if the injected grid current polarity is to be positive (or
negative). Therefore through the ON state contribution of S1 and Sg3, the sum of the
input voltage value and the charged voltage across the C1 is converted to the output and
the voltage level of 2V, is thereby created. Here, since the clamped voltage across the
power diode D is positive; it operates in the forward-biased condition. Thus, depending
on the injected grid current polarity, the Co can be charged to the output voltage of the
SC cell, 2V4..

Regarding Fig. 2.2(d) and during the operation of the proposed inverter in the negative
half-cycle, the zero level of the output voltage can again be generated with a different
current flowing path. Here, through the ON state power switch Sg in the SC cell, the
output voltage of the SC cell will be equal to 2V,;.. Hence, depending on the grid current
direction, C1 can be charged or discharged. Having taken the charged voltage of Co, 2V .
and considering the aim of S, the power diode D is in the state of being forward-biased
again; so, the zero level of the inverter output voltage can be generated once again
through the contribution of D and S4, while in respect of the grid current direction, Co
can be charged (or discharged) to 2V ..

Having taken Fig. 2.2(e) into account, the first negative level of the output voltage,
—V4. can be built by the contribution of C2 and the input dc voltage source value.
Considering the charged voltage value of C9 in the previous stages 2V, the power diode

D will be in reverse bias; so by the aim of Sp, the output voltage of the SC cell will be
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equal to V.. Therefore, through the turned ON switches S and S4, the voltage level of
-V 1s converted to the output, while irrespective of the grid current direction, C1 is
charged to V. once again.

Finally, to make the top negative level of the proposed inverters output voltage,
—2V4., Fig. 19 (f) must be taken into account. As is clear from the depicted current
flowing path, although C; can be charged to V. in every instance of the grid current
polarity through the ON state power switch Sp, the SC cell will be disconnected from
the grid by the turned OFF power switch S;. Hence, in this case, the output power is
directly supplied by the sole contribution of Cy alongside the aim of the ON state power
switches So and S4.

From the above descriptions, it is clear that the charging/discharging operation of
the C9 in the whole operation in the negative half cycle depends on the grid current
direction. It can also be concluded that through the series-parallel switching conversion
of the switches, both the capacitors are self-balanced on V;,. and 2V, at the end of one
full cycle of the grid-frequency. As is also evident, the maximum value of the inverter
output voltage is 2V, which reflects the double-voltage boosting feature of the proposed
topology. Accordingly, to meet the peak voltage value of the grid, a much lower value
of the input voltage (at least 160 V for a 311 V-based maximum voltage of the grid)
is required. Also, considering the states of the switches, it is apparent that two of the
four involved switches, S3 and S4 are only ON in the positive and negative half-cycle of
the grid frequency, respectively. Hence, they are switched on the basis of the grid,Ads
frequency while the other four involved switches are working through a high switching
frequency modulation. Details of the circuit design, comparative study and the relevant

control and experimental results have been discussed in [71, 72].

2.2 CGSC-Based Generalized TL-MLIs

Similar to two previous topologies, the basic structure of the proposed CGSC-TL inverter
in the third topology is able to generate 5L of the output voltage with eight unidirec-
tional power switches and two DC-link capacitors. This structure is aimed to present a
novel circuit configuration with capability of quasi-soft charging (QSC) operation for the
capacitors and to explain the generalization feature in reaching larger number of output
voltage levels. By appropriate switching conversion of the switches, the voltages across
both the capacitors remains balanced at the input dc voltage value without any need

of external voltage sensors (As opposed to the previous topologies), while the proposed
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Figure 2.3: The proposed 5L-CGSC-TL inverter (Generalized Topology) (a) the main circuit schematic and the current
flowing path at (b) the zero-level, (c) the first positive-level, (d) the top positive level, (e) the first negative-level, (f) the
top negative-level of the output voltage [73].

inverter can give a double voltage boosting feature in the output for its basic 5L structure.
Herein, the QSC cell including a small inductor, L, associated with an input capacitor is
employed in the input side of the proposed CGSC5L-TL inverter to suppress the current
stress and keep the charging current of the capacitors in a permissible range.

Based on this circuit configuration and by adding another capacitor with a single
unidirectional and a bidirectional power switches as an added SC network, a new 7L-
CGSC-TL inverter is derived. The proposed 7L-CGSC-TL inverter possesses three-time
voltage boosting feature with self-voltage balancing of the capacitors, while the input
current waveform is free from any huge inrush current owing to the incorporated QSC
cell in the input. Following the proposed concept, a generalized 2n + 5-level inverter with
n-number of added SC networks is introduced, which possesses all the aforementioned
features.

The circuit diagram of the proposed 5L-CGSC-TL inverter and the corresponding
switches realization is depicted in Fig. 2.3(a). The proposed topology with a fixed dc
source value, Vg, is connected to the grid via a simple L-type filter ,L, whilst it is
comprised of eight unidirectional power switches, and two DC- link capacitors C1 and Cs.
Here, the power switch S; can be an RB-IGBT without having the internal anti-parallel
diode. Also, a QSC cell with a small resonant inductor L, and an input capacitor C;, is
used to attenuate the charging current of the capacitors C; and Cs. As can be realized,
the negative terminal of the input dc source is tied to the neutral point of the grid, which

constitutes the CG feature of the proposed topology. To generate all the distinctive output
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voltage levels, five different current flowing paths are provided as shown in Fig. 2.3(b)-(f).
Here, the red and blue lines respectively denote the grid current path and the capacitors
charging loop.

From the above-mentioned circuit descriptions, the following remarks can be con-

cluded as:

* The proposed CGSC5L-TL inverter can generate all the desired output voltage
levels within a self-voltage balancing nature of the involved capacitors and can

also provide a double voltage boosting feature.

* The maximum voltage stress across five power switches as S1, So, S3,S4,and S5
is kept fixed within the input dc voltage value V., while the MVS for the three
remaining switches Sg, S7 and Sg is 2V;.. Here, irrespective of the provided voltage
boosting feature, the related voltage stress of both the involved capacitors is within

the input dc source, as well.

¢ The QSC capability and the balanced voltage of all the integrated DC-link capaci-
tors at the available input dc voltage value lead to improved performance of the
proposed CGSC5L-TL inverter from both the reliability and power density view
point. This can be achieved by the lower current stress and operating temperature
profile of the involved power switches owing to the incorporated QSC cell as the
input filter. This feature is propitious since the size and weight of the required
heat sink per each semiconductor device can be further reduced. Moreover, the
life span of the electrolyte capacitors is extended when their rated voltage value
and their operating voltage can be close to each other. In addition, owing to the
lower nominal voltage range of the involved capacitors, their footprint design can

be more compact.

By integrating an additional SC network comprising of a unidirectional and a bidi-
rectional power switches with the aim of another DC-link capacitor Cg into the basic
design of the proposed CGSC5L-TL inverter, the number of output voltage levels can
be extended to seven. Here, the converter maintains its CG concept likewise. Fig. 2.4(a)
shows the overall circuit configuration of the proposed CGSC7L-TL inverter. Herein,
again the same QSC cell for capacitive inrush current attenuation has been employed in
the input side of the converter. Similar to the previous case, the steady state voltage of
all the involved capacitors are equal to the input dc voltage value, while the proposed

CGSCT7L-TL inverter can make a triple voltage boosting feature at the output using
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(0)

Figure 2.4: (a) The proposed CGSC7L-TL inverter (b) the proposed generalized CGSC-TL inverter [73].

the voltages of capacitor C1, Cy and Cj3. To generate all the output voltage levels, seven
operating states are possible.

Similar to the proposed 7L-CGSC-TL inverter, a generalized structure can be derived
as shown in Fig. 2.4(b), which requires n number of added SC network. Herein, the
same QSC cell is incorporated in the input dc-side to alleviate the charging current of
the involved capacitors. The working principle of the generalized CGSC-TL inverter is
also the same as given for the proposed 5L and 7L-CGSC-TL inverters. Therefore, all
the DC-link capacitors are self-balanced at the input dc voltage value by the switching
conversion of the switches within a fundamental grid frequency period and without
requiring any voltage sensors or sophisticated control platform. Also, the switch S is
always ON except during the top negative output voltage level generation. Regarding
the generalization capability of the proposed topology, the number of added SC networks
can be functionalized to reach a required higher number of output voltage levels and the
desired static voltage boosting gain. Here, depending on the available input dc voltage
for a proper grid-tied application, the unnecessary modules of the added SC networks
that are modular with each other can be bypassed.

Therefore, the MVS rating of all the involved power switches can be always remained
in a permissible value. From this analysis, the total number of required power switches,
the overall number of required DC-link capacitors (rather than the input capacitor
for QSC operation), the maximum number of inverter output voltage levels, and the

maximum value of the inverter output voltage representing the overall static voltage
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gain can be formulated as follows, respectively:

Ngsyiten =3n + 8.

Ncgp =n+2.
° 2.1)
Nievel =2n+5.

Vinv,max =(n+2)Vq4,.

Considering a value of 200 V and 150 V as for the dc source of the proposed 5L
and 7L-CGSC-TL inverters, respectively, the overall steady state simulation results are
given in Fig. 2.5(a) and (d). As can be observed, all the desired output voltage levels
in both the 5L and 7L cases are generated, while the injected grid current with the
peak of 5 A could follow the behavior of the assigned sinusoidal reference current. Here,
a dead beat controller has been selected for the closed-loop control strategy. In these
cases, the peak voltage of the proposed 5L and 7L-CGSC-TL inverters is 400 V and
450 V, respectively, which can reflect the two and three-time voltage boosting ability
of the proposed structures. Moreover, the balanced voltage of both the capacitors of
the proposed 5L-CGSC-TL inverter is 200 V, while this value for the three involved
capacitors of the proposed 7L-CGSC-TL inverter is 150 V. Here, the ripple voltage of all
the involved capacitors are within the 10% allowable value of their respective balanced
voltage. Considering the importance of the input QSC cell, the input and capacitors
currents of both the proposed 5L and 7L-CGSC-TL inverters are shown in Fig. 2.5(b) and
(e), respectively. As can be observed, there is no huge inrush current in these waveforms,
while the peak of input dc source current stress is within about two and three times of
peak of i, for the case of 5L and 7L-CGSC-TL inverter, respectively. Such type of the
input current waveform is suitable for any front-end dc-dc converters to accomplish the
maximum power point tracking procedure for a PV-based grid-tied TL inverter.

Considering the quality of iz, a Fast Fourier Transformation (FFT) analysis in
MATLAB/SIMULINK has been conducted as shown in Fig. 2.5(c) and (f), which gives a
THD result of 2.13% and 1.42% for the proposed 5L and 7L-CGSC-TL inverters injected
grid current, respectively. The fixed switching operation of the proposed controller can
also be reconfirmed here where the harmonics cluster are taking place around the
switching frequency value (20 kHz). Therefore, they can easily be filtered out through
the used simple L-type filter.

Details of the control, design, comparative study and other relevant experimental results
of this work can be found in [73].
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Figure 2.5: Simulation results showing: (a) 5L-inverter output with the grid and dc source voltages alongside the
capacitors voltages (b) the injected grid-current with the input dc source and the capacitors currents of the proposed
5L-CGSC-TL inverter (c) the injected grid current spectrum for the proposed 5L-CGSC-TL inverter (d) 7L-inverter
output with the grid and dc source voltages alongside the capacitors voltages, (e) the input dc source current and
the capacitors currents of the proposed 7L-CGSC-TL inverter, (f) the injected grid current spectrum for the proposed
7L-CGSC-TL inverter [73].

2.3 DM-CGSC-Based 5L Inverter

As described earlier TL grid-connected photovoltaic PV inverters with a CG circuit
architecture exhibit some excellent features in removing the leakage current concern
and improving the overall efficiency. However, the ability to cope with a wide range of
input voltage changes whilst maintaining the output voltage in a single power conversion
stage is a key technological challenge. Considering this, the work at hand proposes a
novel dual-mode switched-capacitor five-level (DMSC5L)-TL inverter with a CG feature
connected to the grid. The proposed topology is comprised of a single dc source and
power diode, three capacitors, four unidirectional and three bi-directional power switches.
Based on the series-parallel switching conversion of the involved switches, the proposed
DMSCS5L-TL inverter can generate five distinctive output voltage levels during both the
boost and buck modes of the operation with a self-voltage balancing operation for the
involved capacitors. A simple dead-beat continuous current controller and modulation
technique is also used to handle both the active and reactive power exchange within a

fixed switching frequency operation.
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Figure 2.6: The proposed DMSC5L-TL inverter topology [74].

The overall configuration of the proposed DMSC5L grid-connected TL inverter with
different switches realization has been depicted in Fig. 2.6. As it is clear, the proposed
topology offers a CG feature and contains a SPSC cell with two bi-directional paralleled
power switches Sp; and Spg, a single series unidirectional power switch, Sg, and two
dc-link capacitors, C; and Cs. Such an SPSC cell is of essential for the DM operation of
the proposed topology under the overall condition of the input dc-source (buck or boost
mode). Apart from this cell, the proposed topology needs four other power switches, a
single power diode and another dc-link capacitor. Here, three power switches named as
So, S3 and S4 are unidirectional from both the current flowing direction and voltage
stress viewpoints, while the type of power switch is the reverse-blocking (RB) one with a
unidirectional operation in current flowing direction and bidirectional operation as the
MYVS aspect. Here also, the C3 acts as a virtual dc-link like what is used in the other
existing TL inverters with a CG concept. Considering a constant input voltage as V.
and regarding the switching conversion of the proposed topology which will be discussed
in the following, the balanced voltage across the involved capacitors in each of the boost

and buck modes can be summarized as follows, respectively:

Ve, =Ve, = Ve 2.2)
Ve, =2Vge.
Ve, =Ve, =0.5Vy
Lo ¢ (2.3)

VC3 = Vdc-
Once the input voltage of the inverter is lower than the peak amplitude of the grid,
e.g., in case of accessing a lower voltage PV string panel, the proposed inverter must
ride through the boost mode operation. Considering V;. as a fixed value of the input dc

source voltage that can be a string PV panel with a MPPT mechanism, the proposed
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Figure 2.7: Different current flowing paths of the proposed DMSC5L-TL grid-connected inverter in boost mode
operation (a) at the zero level of the output voltage in the positive half cycle (b) at the first positive level of the output
voltage (c) at the top positive level of the output voltage (d) at the zero level of the output voltage in negative half cycle
(e) at the first negative level of the output voltage (f) at the top negative level of the output voltage. [74].
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Figure 2.8: Different current flowing paths of the proposed DMSC5L-TL grid-connected inverter in buck mode
operation (a) at the zero level of the output voltage in the positive half cycle (b) at the first positive level of the output
voltage (c) at the top positive level of the output voltage (d) at the zero level of the output voltage in negative half cycle
(e) at the first negative level of the output voltage (f) at the top negative level of the output voltage [74].

DMSCS5L-TL inverter can generate +V;., +2V;., and the zero-level of the output voltage.
Fig. 2.7(a)-() illustrate different current flowing paths of the proposed topology within the
mentioned five output voltage levels generation. Here, the red and blue lines imply the
grid current flowing path and the charging loop of the involved capacitors, respectively.

When the dec-link voltage or the input voltage is sufficient to produce the grid
amplitude requirement, the proposed topology can turn its operation towards the buck
mode condition, whilst it is likewise able to generate all the five output voltage levels
properly with V. as the peak value. Similar to the boost mode operation, six different
current flowing paths as shown in Fig. 2.8(a)-(f) are available to generate five distinctive
output voltage levels. Considering the grid peak voltage equals to 320V, and the input
dc voltage of 200V and 400V as for the boost and buck operation modes, respectively, a

comparative efficiency curve showing the output power between the results provided by
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Figure 2.9: Efficiency versus output active power curve of the proposed DMSC5L-TL inverter (a) for the boost mode
of operation (b) for the buck mode of operation [74].

the PLECS versus the results obtained from experimental measurements is illustrated
in Fig. 2.9. Herein, a generation of CoolMOSTM_-C6 power transistors from Infineon
Tech have also been utilized in the experiment owing to their reliable performance for
handling the pulsating current of the SC-based circuits. The experimental efficiency of
the proposed DMSC5L-TL inverter in both operation modes have been measured using a
Voltech PM3000A Universal Power Analyzer. As can be seen, the results are close to each
other, and as expected the buck operation mode of the proposed topology possesses higher
efficiency due to the reduced current stress profile of the switches. Further details of

the circuit design, comparative study and the relevant control and experimental results

have been discussed in [74].

2.4 CGSC-Based 9L Inverter

The fifth topology is a 9L-CGSC-based TL-inverter focusing on HF micro-grid application
[75]. Viable and reliable performance of high-frequency ac (HFac) power distribution
systems have already been proven in aerospace and military applications for the latest
decades. However, the concept of HFac systems applicable in newly developed microgrids
with the integration of RE sources is relatively new, where single-phase HF buses
covering a range of 400-Hz to 1-kHz are used to integrate RE resources with the loads

and the grid [76-78].
Utilization of the HFac microgrid contributes to some notable advantages such as
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easier filtering of the harmonics clusters, incorporating transformers and other passive
components with reduced weight and size, improving the luminous efficiency of the
fluorescent lighting by mitigating flickers, and possible inclusion of HF induction motors
for compressors and high pressure pumps and turbines [69-71]. Fig. 2.10 shows a
configuration of an HFac microgrid, which integrates a unified power quality conditioner
(UPQC), universal active power line conditioner (UPLC), and static transfer switch (STS)
units. To involve RE sources like fuel cells and PV arrays in such type of microgrids,
the role of power electronics converters is of importance, as depicted in Fig. 2.10, where
the outputs may need to be connected in series and in parallel to increase their power
handling capacity [79, 80]. However, synchronizing the phase and amplitude of different
inverter output voltages usually requires a complicated procedure [81]. Moreover, the
output voltage of these inverters needs an interface line impedance, Z;, be able to
connect to the HFac grid buses. The usual preference for such type of Zy, is to design
them small to make the whole conversion system more compact. Hence, the fundamental
frequency components of these HF inverters output voltage have to be large enough to
meet the peak voltage magnitude of the HFac microgrids [78].

To this end, MLIs have emerged as a promising alternative to conventional two-level
resonant inverters in HFac microgrids. This is mainly due to the high quality of the
injected currents, large power capacity, efficient performance and less complexity [82, 83].

Considering the above, recent research on CGSC-based MLIs shows that the ratio
between the number of inverter output voltage levels over the number of incorporated

switching devices (%) is still larger than one. This fact indicates that some topological
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Figure 2.11: Proposed 9L9S-CGSC-TL inverter [75].

improvements are still needed to make them more compact and efficient. Also, the
maximum number of output voltage levels generated by most of the existing CGSC-based
MLIs are limited to five and seven. Having the ability of higher number of output voltage
levels can make the CGSC-TL inverters more attractive, since a further reduction in the
size of the output filter can be possible.

The aim of this work is to cover this specific research gap by introducing a novel
nine-level nine-switch (9L9S)-CGSC-based TL inverter suitable for HFac applications.
The proposed topology offers a unity ratio for % and it can provide a double voltage
boosting feature within a single power processing stage. Comparing with the double-stage
step-up configurations, the proposed topology is inductorless. Hence, its overall weight,
volume, and efficiency can be much improved. Thanks to addition of an L.C input filter,
the input current drawn by the dc source does not have any large inrush spikes, while
the maximum current stresses of the involved switches is within an acceptable range.
The proposed topology can generate all the 9L inverter output voltage with maximum
TSV of five in perunit scale. Concerning these features, it could be designed within a
compact area for an 1.2-kW fabricated prototype.

The circuit configuration of the proposed 9L9S-CGSC-TL inverter is illustrated in
Fig. 2.11. As can be seen, apart from nine unidirectional power switches, the proposed
topology needs three self-balanced dc-link capacitors named as C1, Co, and Cg3, an extra
power diode, D, and an LC input filter with two passive components, L, and C;,. Only a
single-input dc source is employed, while its ground is tied to the neutral point of the
HFac grid. Hence, a CG concept is provided for the proposed topology and, in case of
utilizing RE-based dc resources like PV panels, the ground leakage current concern is
obviated.

In this case, five front-end power switches named as S1, S9, S3, S4, and S5 and a

single power diode, D, are used in the charging loop of C; and Cy, which defines an
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Figure 2.12: Different current flowing paths of the proposed 9L9S-CGSC-TL inverter. (a) Zero-level of the output

voltage in both half-cycle, (b) vy = %<, (&) Viny = Vies (D) inp = 2L, €0iny = 2Vaer 0 Viny = —9, (8) Viny = —Vae,

(h) viny = =292 and (i) vjp, = ~2Vy, [751.

SC network for the proposed topology. Thanks to a series-parallel switching conversion
for such an SC network, the voltages across both capacitors C1 and Cy are balanced at
the input dc voltage value, V;.. The role of L, in the LC input filter is to smooth the
input current waveform to avoid having a large pulsating charging current. Also, the
aim of C;, in the input LC filter is to prevent a large value of % caused by the series
connection of L, and S [24]. To generate all the 9L output voltage waveform, along
with the switches Sg and S7 that act as polarity changer switches, a FC cell including
switches Sg and Sg and a series capacitor Cs, is also required. The voltage across Cg
is balanced at half value of the input dc source, 0.5V;., through the load/grid current.
Hence, as opposed to C; and Cg in the SC network, the charging/discharging operation
of Cj is fully soft.

In this circuit architecture, the maximum value of the inverter output voltage will be
2V ., which reflects a double voltage boosting feature. Herein, each level of the inverter
output voltage possesses a voltage step of 0.5V;.. Hence, nine different switching states
are provided, as shown in Fig. 2.12. In this figure, the blue and red traces represent the

SC network charging flow path and the load/grid current following path, respectively.
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From these current flowing paths per output voltage level illustration, the following

remarks can be stated:

1 Considering a unity power factor condition of the injected grid current, iz, C3 is
charged by the grid current during the first (0.5V;.) and third (1.5Vy.) positive output
voltage levels generation. In turn, it would be discharged by the opposite direction of
the injected grid current in the negative half-cycle, i.e., the first negative (—-0.5V;.) and
third negative output voltage levels (—1.5V;.). To prove the balanced voltage condition
of C3 at 0.5V, the Kirchhoff’s voltage law (KVL) in the presence of L, and the grid
voltage, v, can be applied for any of the first or third positive/negative output voltage
levels of the proposed inverter. Regarding Fig. 2.12(b) and (f), the expressions of such

KVL for the first positive and negative output voltage levels are:

-+

2.4

dt L, 2.4
di, v,-V,
g g C3

= 2.5

dt L, (2.5)

where V3 is the instantaneous voltage across C3, and i;, and ig, are the grid cur-

rent passing through Cj3 in the positive and negative half-cycle, respectively. Hence,

regarding the current-second-balance theory for the capacitors, and considering the

reverse current direction of i, in the negative half cycle, the following relationship can
be written: 2t di-
g g

— = 0 (2.6)

Considering the above, it can be revealed that V3 would be equal to 0.5V, at the end

of a full grid fundamental cycle.

2 The MVS of the involved switches is equal to the peak of inverter output voltage, 2V,
where this voltage level should be tolerated by two line frequency-based switches, Sg
and S7. All the switches of the SC network should withstand the input dc voltage, V;.,
as the MVS, while the MVS of the two remaining switches (Sg and Sg) in the FC side
is only half the input dc voltage, 0.5V ;.. Therefore, the maximum value of the TSV for

the switches is 10V, which is equal to five in a per unit scale.

3 The maximum current stress value of five involved switches in the SC-network is
equal to the charging current of the dc-link capacitors. From this perspective, two
line-frequency switches, Sg and S7, and two FC cell-involved switches experience the

injected grid current as their respective current stress profile.
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4 As mentioned earlier, due to the incorporated LC input filter with a small value of L,
the input current is free from large pulsating current caused by the charging operation
of the involved capacitors in the SC-network. Regarding this and considering the
parasitic on state resistance of the path, R .4, and the equivalent capacitance, C,q,

the charging current passing through the SC-network switches, i. (%), is given by:

C
icen(t)= f(alple‘ﬁt +82p2e%%") (2.7)
R R 2
61 o= ch,eq + ( ch,eq) _ 2 . 2.8)
: oL, oL, L,Ceq
_ b12 AV 2.9)
P12 51—09 1,2 .

where AV7 g is the allowable voltage drop across the capacitors C; and Cs. The maxi-

mum charging current of the involved switches in the SC network can be obtained as

follows:
} C.q AV 616
lech,max = < 9 1,2(511— ;2 )(eéltr + 652tr) (2.10)
1 01
lr= —. 2.11
" 516 " 02 ( )

where, ¢, is the rise time when i .5 (¢) reaches its maximum peak value. Since AV7 o
and the operating line frequency of the system have an inverse relationship with each
other, from (3.7), it is revealed that increasing the fundamental-based frequency will
lead to a reasonable reduction in the overall maximum current stress profile of the

SC-network components [75].

2.4.1 Modulation and Control Scheme

As it has been explained, the involved capacitors of the proposed 9L9S-CGSC-TL in-
verter are self-balanced. Hence, considering a simple first-order L-type filter, L, which
reflects its impedance as Zj, the only controllable variable under the grid-connected
condition is the injected grid current, i,. There have been various control schemes to
govern the proposed system to inject a desired controlled current to the HFac grid. In
this work, a simple PR controller associated with a LS-SPWM has been used. The overall
closed-loop control diagram is depicted in Fig. 2.13(a). Herein, apart from a MPPT Unit
for capturing the maximum power of the PV arrays as the input dc source, the overall

control mechanism is divided into three parts, i.e., current reference generation (CRG)

40



2.4. CGSC-BASED 9L INVERTER

Z Proposed HFAC
s 9L9S-CGSC Grid
< Cin TL-Inverter @
> PCC
o
PWM Gate Pulses L 0 _—l-_ 1
‘/dc ,,iin « \ 1y<' Ug( )
MPPT | LS—SPWMI E£q(22) <=| GVO
Ug,a(/c
P*l a? l gk +1) lg(k)
Vdc=’[ PR Controller o
is(k+1)f
bor[ ORG Stage Jo 0s(h)
(a)
—d4|d(t)| Acy Ay A, A,
2 N\
0

T 27T

(b)

Figure 2.13: (a) Closed-loop control configuration, and (b) modulated waveforms and PWM gate switching pulses of
the proposed 9L9S-CGSC-TL inverter [75].

stage, PR controller, and LS-SPWM technique, in which their details are discussed next.

Considering a PV array injecting its maximum active power, P*, to the grid, and

regarding the intended preassumed value of the reference reactive power, @ *, the CRG

stage of the proposed control mechanism needs the phase and amplitude information of

the grid to tune the required value of the reference current, ig. Such information can
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be either found by a phase-locked loop block or through a grid voltage observer (GVO)
technique. In this work, the latter one is used, since GVO can remove the high frequency
ripple component of the injected grid current. This observer requires only the measured
voltage of the HFac grid at the PCC, vg, and its output can effectively cancel out the
effect of any distortion caused by HF noises in the grid voltage measurement process.
To digitally implement the PR controller with a reduced-order state GVO, a zero-order
hold (ZOH) approximation is used to transfer the system model from the continuous-to
the discrete-time domain. Hence, assuming vgq(k) = v4(k) as the measured grid voltage
at sampling instant, &, the GVO vector can be expressed as 04(k) = [0 24(k) 0gp(R)]T in
the stationary af frame. Therefore, by assuming a sinusoidal grid voltage and apply-
ing a time derivative to it, the discrete-time model for v4(%) after invoking the ZOH

discretization is expressed by:

vg(k+1) = Dug(k) (2.12)
y(k) = Cug(k) (2.13)

where vg4(k + 1) is the grid voltage vector at the next sampling instant, k+1, and y(&) is
the desired output of the GVO. In (2.12) and (2.13), ® and C are:

3 cos(Tswg) —sin(Tswg)

=" ,c:[l 0] (2.14)
sin(Tswg)  cos(Tswg)

where Ts and w, are the sampling frequency of the controller and the angular term
at the grid fundamental frequency, respectively. Since (2.12) and (2.13) can meet the

observability condition for such a linear system, a GVO can be derived as follows:
Ug(k+1)=DPig(k)— L(vga(k)—0ga(k)) (2.15)

where L =[11 1917 is a matrix to adjust the bandwidth of the observer to reject HF

noises. Hence, the observer characteristic equation in the z domain is given by:
det(z] — (@ +LC)) = 2% + 012 + 09 (2.16)
The desired poles of 01 and o2 can be obtained using:

o1=-2e"“Ts cos(w, Ts\/1-(2)

— e_cwnTs

(2.17)
02

where ( is the damping factor and w,, is the neutral frequency term. Considering (2.17)-

(2.18) with the help of the pole placement approach, two components of L are found as
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Table 2.1: Working principle of the implemented LS-SPWM with the ON switching states of the proposed 9L9S-CGSC-
TL inverter governed by a PR controller [75].

d(k) LS-SPWM ON State .
Polarity Condition Switches Vinv
|4d(t)| = Ac1 S1,52,S55,56,S9 2Vq.
. Aco=<|4d@)|<Ac1  S1,52,85,56,S8 1.5V,
Positive | 4 o <l4d(®)|<Acz S1,54,55,55,56,50  Vae
Acs=14d() <Ac3z S1,54,53,5S5,56,Ss 0.5Vg,
[4d(t)| = Acy S2,83,54,57,S9 -2V,
. Aca=<14d(@t)|<Ac1 S1,54,53,55,87,Ss —1.5Vg,
Negative Acs=<l4d(t)|<Ac2 S1,54,83,585,57,S9  —Vqg.
Acs<14d@)|<Ac3  S1,82,85,57,Ss  —0.5Vg,
- [4d()| < Acy S1,82,85,57,S9 0

follows:

_ 01 cos(Tswg) + 2c0s2(Tsa)g) +09—1

1=

sin(Tswg)
Ao =A1+2cos(Tswg)

(2.18)

With respect to (2.15) and (2.18), the estimated grid voltage vector at the next

sampling instant, £+1, can be obtained. As a result, the reference current value governing

the proposed 9L9S-CGSC-TL grid-connected inverter can be expressed as follows:

*

*

2P
igk+1)= —5Ogalk+1)— —0gp(k +1) (2.19)
Vi Vin
where V2 is the square value of the grid peak voltage, which can be obtained as:
V2 = (0 gq(k+ 1) +(0gp(k +1))2. (2.20)

The aim of this PR controller is to track a sinusoidal current reference, i %(k + 1), as per
(2.19), by reducing the tracking error, e(k) = ig(k) — ig(k). It is important to emphasize
that in this case, the grid voltage acts as a disturbance at the fundamental frequency. A
simple way to design a PR controller is to firstly design a PI controller by tuning K, and
K;. Afterwards, this can be translated into a PR controller by replacing the integral part

as follows:
1 > 25 (2.21)
S 82+l '
Finally, the PR controller can be expressed in the discrete-time domain by:
d(k) aoz’+aiz+a
Crre)=—r =g 2 (2.22)

e(k)  22-2cos(wyTs)z +1
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where,

ao=Kp
2K; .
a1 = g Sln(ngs)_2Kp COS(ngS) (223)
2K;
as =K, ——sin(wgTs)
)

g

Considering the proposed grid-tied inverter with the L-type filter as a first-order plant,
proper values for ag, ai, and ag are obtained through the respective Bode frequency
response, aiming an acceptable tracking performance and also a good noise rejection
capability. The output of such a PR controller gives the desired value of the modulation
index, d(k), while reducing the instant error. Considering this, the instantaneous value

of the proposed inverter output voltage, v;,,(k), can be obtained as:
Uinv(k) = 2d(k)vdc (224)

where d(k)€[-1,T]. To compensate the delay during the computation, the estimated

value of i g(k + 1) can be projected ahead by the following discrete-time dynamic equation:
. g . T N
iglk+1)=[1-—=Tg|ig(k)+ —(iny(k)—Vga(k)) (2.25)
Lg Lg

where r is the internal parasitic resistance of the L-type filter with an effective induc-
tance value of L. To generate all the required gate switching pulses of the proposed
9L9S-CGSC-TL inverter, 4d(¢), should be sent to the LS-SPWM stage, as shown in
Fig. 2.13(a). At this stage, four in phase LS carriers named as Ac1, Ace, Acs, and Ay,
are needed to compare with 4d(¢). Herein, to generate all the PWM pulses of the proposed
inverter with a fixed switching frequency operation, the frequency of the LS carriers
must be accorded with the sampling time used in the PR and GVO processes. The PWM
pulses of all the involved switches of the proposed inverter are illustrated in Fig. 2.13(b).
Considering Fig. 2.13(b) and regarding the current flowing path analysis conducted in
Fig. 2.12, the principle of the implemented LS-SPWM with the list of ON switching
states of the involved switches per each output voltage level have been tabulated in Table
2.1. Here, to avoid using the additional carriers, an absolute function of 4d(¢) has been

considered.
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2.4.2 Design Guidelines

To determine a correct capacitance value for the involved capacitors, their LDT interval,
(a, B), the passing current through them, ic,(#), and their maximum voltage drop within
the LTD have to be identified using the following equation:

AVe. = 1 ﬁiCi(t)d(t).Vi €{1,2,3}. (2.26)
" Cila

Concerning different current flowing paths of the proposed topology shown in Fig. 2.12,

it is deduced that the LDT interval for C; is within the switching sequence of the third
positive (+1.5V;.) and the top positive (+2V;.) output voltage levels, while as for the
Cy it occurs during the second negative (—V.), the third negative (—1.5Vy.), and the
top negative (—2Vy.) output voltage levels generation. On the other hand, considering a
unity PF condition of the injected grid current, which is the worst case in the capacitance
determination, the LDT for C3 can be considered during the first and the third positive
output voltage level generation. Hence, taking such LDTs along with the implemented
LS-SPWM principles into account, the current function passing through the capacitors

in one quarter of full fundamental cycle can be expressed as follows:

ic,()=ig(t), Ve [tz,g) (2.27)
2-d)igt), Vie [T+, L +1¢,

et 2-d(@)ig@), Vie [L+¢,,L+t,) 2.98)
ig(t), Vte [L+12,,%0)

) 4d(t)ig(t), Vte [0,t,)

icy(t) = (2.29)
(4-2d())ig(t), Ve [t,,T)

where, considering, D,, as the maximum value of d(¢) at the steady-state condition, the
voltage levels transition time of ¢,, ¢,, and ¢, is equal to isin'1 (%), wig sin~! (g;m),
and w—lé_{ sin~? (%‘—15), respectively.

Regarding (2.27)-(2.29), and taking a sinusoidal function for both d(¢) and i4(¢) into

account, the required capacitance of the involved capacitors can be obtained as follows:

21 0.75
Ci=——= cos (sin_1 (—))

~ wgAVer D,
21, . _1(0.75)) I,
Cox ——— + _
2 0gAVes cos (sm D, 80y AVos (2.30)
I,(8+Dp,) ( . _1(0.75)) D, I«
C3~ —————cos|sin -
ngVC3 D, ngVCS
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Figure 2.14: Voltage ripple across the capacitors with the 9L output voltage of the inverter at (a) 1-kHz, and (b)
400-Hz fundamental frequency and 20-kHz switching frequency [75]

where, I,, is the maximum value of the injected grid current. Regarding (2.30), it can be
realized that the required capacitance for the SC network capacitors is smaller than the
Cj3 in the FC cell, while owing to the longer LDT interval, C9 possesses larger capacitance
than C;. Considering a peak of 8 A injected grid current as for a 1.2-kW injected power
at 400 Hz fundamental frequency, and regarding 200 V as the input dc voltage value,
the capacitance of Cq, C9, and C3 are chosen as 220 uF, 330 uF, and 480 uF, respectively.
Having taken these assumptions into account, the typical waveforms of the voltage
ripple across the capacitors with the resultant 9L output voltage of the proposed inverter
have been illustrated in Fig. 2.14. In this case, to better reflect the importance of the
fundamental frequency on the voltage ripple values of the involved capacitors, the results

are illustrated for two cases. e.g., 400-Hz and 1-kHz fundamental frequency. As can be
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Table 2.2: A comparison between the proposed 9L9S-CGSC-TL inverter and other existing 9L-based inverter counter-
parts.

No. of Components Max No.

Output Voltage No. of Leakage TSV (pu)/ Reported
Type of Converter of ON- Gain DC Sources Current MVS Rated
S D C L Switches Efficiency
Pure SC-Based [84] 12 2 4 1 6 Double Double High 8/2Vy, 83%@500Hz/60W
Pure SC-Based [85] 9 2 3 1 4 Double Single High 5.75/2Vy.  94.2%@1kHz/200W
Hybrid SC/FC-Based [86] 8 2 3 1 4 Double Single High 6/2Vy, 96.4%@50Hz/500W
ABNPC-Based [29] 12 - 4 1 7 Unity Single Low 12/V4, NA@50Hz/100W
Hybrid SC/FC-Based [87] 8 1 3 1 4 Double Single High 5/2Vg. 96.5%@50Hz/330W
Pure SC-Based [88] 10 2 3 1 5 Double Single High 4.5/Vq, 97.12%@50Hz/850W
Pure SC-Based [89] 10 1 3 1 5 Double Single High 6/2Vy, 96%@50Hz/600W
Pure SC-Based [48] 100 3 4 1 5 Quadruple Single Low 5.5/8V4. 95.2%@50Hz/1kW
Pure SC-Based [90] 1 - 3 1 5 Double Single High 5.5/Vq, NA@50Hz/300W
Pure SC-Based [91] 12 - 4 1 4 Quadruple Single High 6/4Vy, 96%@50Hz/50W
Pure SC-Based [92] 8 3 4 1 4 Quadruple Single High 5.75/4V4, 93%@50Hz/500W
Pure SC-Based [93] 8 2 4 1 4 Unity Quadruple Low 5.5/4V4. 96%@50Hz/1kW
Pure SC-Based [94] 100 4 3 1 5 Double Single High 5.75/2V4, 97%@50Hz/270W
Boost SC-Based [95] 12 2 5 3 6 Double Single Low 6/2V. 95.6%@50Hz/500W
CGSC-Based [73] 14 - 5 2 7 Quadruple Single Zero 7.5/4Vy, 98.3%@50Hz/600W
Proposed 9L9S-CGSC inverter 9 1 4 2 6 Double Single Zero 5/2V4. 97.5%@400Hz/1.2kW

realized, the voltage ripple values of all the integrated capacitors at 400-Hz fundamental
frequency is under 5% of their nominal rated voltage. It can also be observed that by
increasing the value of the fundamental frequency, such capacitors voltage ripples can

be further reduced.

2.4.3 Comparative Study

In order to compare the circuit features and effectiveness of the proposed 9L9S-CGSC-TL
inverter with some of the other recently proposed 9L-based inverter counterparts, a
comparative discussion is conducted in this section. The comparative items include
the number of switching devices, required passive components (considering the input
capacitor and an output L-type filter for PV application), maximum number of on-state
power switches, output voltage gain, number of required dc voltage sources, the state
of leakage current attenuation, the per unit value of the TSV with the maximum value
of the MVS across the switches, and the overall reported rated efficiency. The results of
this comparative study are shown in Table 2.2.

As can be seen, among all the 9L-based compared inverters, only the proposed
topology and the one proposed in [73] have an inherent CG feature, which leads to
alleviate the leakage current concern for a PV-based grid-tied TL inverter. However, the
number of switching devices used in [73] is much higher than the proposed topology.

From this perspective, the 9L ABNPC-based topology proposed in [86], and the one
introduced in [93], are also able to mitigate the leakage current through the mid-point

clamping technique rather than the CG concept. However, their structure provides a
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Table 2.3: Parameters used for the experimental prototype [75]

Element Type and Description
Power Switches IPDD60R080G7- 650 29@25C
Power Diode IDDD20G65C6- 65051
Microprocessor DSP-TMS320F28379D
Switching Frequency 20
C1, Cg, and Cj3 0.33mF & 0.33mF&0.48mF
Gate Drivers UCC21520DW
Isolated dc/dc Converters DCP020515DU/1K
Current Sensor AMC 1200
Voltage Sensor ISO224B

unity voltage gain, and the one proposed in [93] even needs multiple dec-link input
voltages. On the other hand, among all the mentioned topologies, only the hybrid SC/FC-
based structure presented in [85], the fully SC-based topology with quadruple voltage
boosting gain proposed in [92], and the hybrid and fully SC-based inverters presented
in [87] and [93] offer the same number of output voltage levels with one switch less
than the proposed one. Nonetheless, none of them can be a suitable choice for PV-based
applications, since the concern of leakage current still remains. Additionally, they need
extra diodes compared to the proposed 9L9S-CGSC-based inverter, while their overall
TSV and the MVS across the switches are larger than the proposed one. In this case,
the 9L SC-based inverter proposed in [93] can only offer a unity output voltage gain, as
well. Hence, it needs an enhanced dc-link voltage to meet the peak amplitude of the grid.
Excluding the structure proposed in [87], the per-unit TSV value of all the eight-switch
based 9L inverters presented in [86], [92], and [93], are higher than the proposed one.
Conversely, the 9L inverter proposed in [87] suffers from large discontinuous inrush
current in the SC side. This is an additional setback rather than inducing the leakage
current concern due to its variable CMV. The CG-based circuit feature, which guarantees

almost zero leakage current propagation issue, the unity ratio of Z{,\; Level

— with smaller
TSV/MVS, self-voltage balancing of the involved capacitors with smaller balanced voltage
value, and a double-voltage boosting characteristic within a single-power processing
stage, make the proposed topology an attractive option for HFac grid integration feeding

through RE sources.
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Figure 2.15: Picture of the 1.2-kW prototype with the measurement setup [75].

2.4.4 Open-Loop Experimental Results

Experimental validation of the proposed 9L9S-CGSC-TL inverter have been carried
out by developing/fabricating a 1.2-kW laboratory prototype. The main components
used in the prototype are shown in Table 3.3, and a picture of the built prototype
(15 x 15 x 15¢m?) with the HF grid-integration setup is illustrated in Fig. 2.15. Herein,
an Elektro-Automatik PV emulator (model EA-PSI-9750-12) is used as an adjustable dc
laboratory power supply to electrically feed the proposed inverter. The HF grid-voltage
is also generated by a four-quadrant grid-simulator REGATRON T(C30.528.43-ACS,
where the grid peak voltage and the grid frequency are adjusted to be 311 V and 400-Hz,
respectively. An LC input filter with L, =33 uH, C;, = 0.47 mF is incorporated to offer
a smooth input current waveform for the PV emulator. The experimental performance
of the proposed 9L9S-CGSC-TL inverter is verified through both open-and closed-loop
grid integration results presented in the following subsections. Owing to the fabricated
prototype with a compact PCB design, current stress analysis of the proposed topology is
developed by the simulation, where the loss breakdown results with overall efficiency
evaluation are conducted using the PLECS software.

For the open-loop performance, a series connection of an adjustable RL-load is used.
Herein, instead of using the closed-loop modulation index obtained from the explained
PR controller, a simple sinusoidal reference waveform associated with the described
LS-SPWM mechanism is employed to obtain the PWM signals. Fig. 2.16(a) shows the
input current i;,, the 9L-inverter output voltage, and the load current i,,; waveforms.
Here, the input voltage is set at 200 V and the peak value of the modulation index is
set at 0.85, which leads to 400 V as the peak value of the inverter output voltage. The
frequency of v;,, is 400-Hz and the load resistance and inductance are 30 and 10mH,

respectively. As can be seen, the peak value of load current is around 7.5A, which leads
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Figure 2.16: Experimental waveforms of the proposed 9L9S-CGSC-TL inverter in open-loop condition. (a) The peak
value of the modulation index equals to 0.85 and V3, = 200 V for 400-Hz load; (b) the peak value of the modulation
index equals to 1 and V. = 180 V for 400-Hz load; (c) the peak value of the modulation index equals to 1 and V. =190
V for 1-kHz load; (d) the voltages across the capacitors; (e) and (f) MVSs across the switches [75].

to around 1.1-kW output power. Regarding the incorporated LC input filter, the input
current waveform possesses a smooth trend without having a significant inrush current.
The same test with the input dc voltage of 180 V and the full modulation index value
has also been conducted. The related results of the proposed topology can be observed in
Fig. 2.16(b), where the peak value of v;,, in the fundamental frequency is 360 V, leading
to a double voltage boosting feature achieved with a single-power processing stage.

To show the capability of the proposed 9L9S-CGSC-TL inverter to operate at higher
range of output frequency, a 1 kHz fundamental frequency is selected, while the input dc
voltage value is set at 190 V with full modulation index. The switching frequency of the
implemented LS-SPWM is the same as the previous case (20-kHz). The experimental
results of this case study are shown in Fig. 2.16(c). As can be seen, by increasing the
value of the fundamental frequency, the i;,, waveform is smoother without having any
large ripple. Based on the measured experimental data, the THD of the load current
in all the above-cases was less than 1.5%. Next, the balanced voltage of the involved
capacitors in the 400 Hz fundamental frequency, the 9L output voltage waveform of the
proposed inverter as well as the load current are shown in Fig. 2.16(d). Here, the input
dc voltage is set at 200 V. As is expected, both the capacitors voltages of the SC network
are balanced at 200 V, while C3 from the FC-side is balanced at 100 V without requiring
any additional voltage balancing procedure. In this case, the MVS waveforms of all the

switches and the incorporated diode are also shown in Fig. 2.16(e) and (f). As can be seen,
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Figure 2.17: Experimental waveforms of the proposed inverter in the closed-loop grid-tied condition. (a) With zero
current injection; (b) 1.2-kW full power injection; (c) dynamic condition from 1.2-kW injected power to zero power; (d)
dynamic condition from zero injected power to 1.2-kW active power; (e) 1.2-kVA reactive power support mode; and (f)
0.5-kVA reactive power support mode [62].

all the switching devices of the SC network should tolerate 200 V (the input dc voltage
value), whilst only the switches Sg, and S7 must bear the MVS, 400 V. In this regard,
the MVS of both switches in the FC-side is 100 V.

2.4.5 Closed-Loop Experimental Results

As for the closed-loop control implementation under 400-Hz grid-connected condition,
a simple L-type filter with the values L, = 1.8 mH and r, = 0.33 is utilized. The input
voltage value is set at 200 V, while the peak of the grid voltage is 311 V. Regarding
the control strategy, both the GVO and PR controller are digitally implemented and
synchronized with the LS-PWM stage, i.e., Ts = 50us. The GVO is tuned by choosing
( =0.707 and w, = 27 x 400 rad in order to ensure good HF noise rejection. Hence,
considering (3.14) and (3.15), the observer gain is tuned with 1; = 0.3362 and 19 = 0.2750.
The PR controller was designed by following the procedure described in [75]. Thus, with
respect to (3.20), the PR controller parameters were set with ag =19.9, a1 = -35.5, and
as =15.9. Fig. 2.17(a)-(f) shows the details of the obtained experimental results under
the closed-loop grid-tied condition, where the waveforms of i;,,, Viny, Vg, and i ; are shown.
2=0
[Fig. 2.17(a)], and 1.2-kW full active power injection, where the peak of injected current

The experimental results have been captured based on zero current injection, i*

is 8 [Fig. 2.17(b)], and the dynamic results from 1.2 kW to zero active power injection and
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Figure 2.18: Details of the simulation results at 1.2 kW injected power [75].

vice versa [Fig. 2.17(c) and (d)]. Herein, the injected grid current THD at the steady-state
full rated power [Fig. 2.17(b)] was around 2.1%. The higher percentage of the measured
grid current THD in comparison with the open-loop experimental observations is due
to the presence of the unwanted HF noise in the grid current sensor board. Also, the
reactive power support results are shown in Fig. 2.17(e) and Fig. 2.17(f). Here, the
converter injects 1.2-kVA and 0.5-kVA with a lagging power factor to the grid in both
the cases. The closed-loop performance of the proposed topology generating all the 9L in
the output voltage and injecting a quality sinusoidal grid current with a fast dynamic
response can be confirmed through these results. Herein, the measured efficiency of the
proposed 9L9S-CGSC-TL inverter at full rated active power was 97.5%, where the input

power obtained from the PV emulator was 1.24-kW, and the losses associated with the
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Figure 2.20: The proposed CGSB5L-TL inverter topology [96].

L-type filter were about 10 W.

2.4.6 PLECS Simulation Results

In order to further analyze the performance of the proposed 9L9S-CGSC-TL inverter
from the current stress profile of the involved switches and capacitors viewpoint, a
simulation result at the rated power of 1.2-kW and under the described closed-loop
grid-tied condition is presented in this subsection. The simulation parameters are the
same as given in Table 2.3, while the input dc source voltage is set at 200 V. In this case,
a 400 Hz grid is considered with 311 V peak of the voltage, while the peak of reference
current for the PR controller is 8 A. Fig. 2.18 shows the details of this simulation test
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within two fundamental grid cycles. As can be seen, the simulation results have a good
agreement with the theory and the experimental observations, while thanks to the
incorporated LC input filter, the current passing through the SC-network capacitors does
not possess any large inrush spikes. As expected, only five front-end power switches in
the SC network should pass this alleviated charging current of the capacitors, whereas
the peak of current stress for them is around 20 A for the rated 1.2-kW injected power.
Herein, the capacitor C3 can only see the chopped waveform of the injected grid current.
Hence, four remaining power switches have to conduct 8 A of the injected current as
their respective current stress. The balanced voltage of the involved capacitors and the
smooth waveform of the input current without having any large inrush spikes can also
be reconfirmed in Fig. 2.18.

Considering the current stress profile of the involved semiconductor devices, and
regarding their internal parasitic resistance, a loss analysis at the rated 1.2-kW injected
power using the PLECS has been conducted as shown in Fig. 2.19. Considering 20-kHz
switching frequency, and the low value of the MVS across the switches, the switching
losses of the converter are negligible. Moreover, thanks to the higher current stress
profile, the SC network switches and the power diode dissipate larger values of the
conduction loss than other switches. A comparative efficiency curve between the results
extracted from PLECS and the data obtained from the measurement over a wide range
of output power is shown in Fig. 2.19. In this case, a Voltech PM3000A Universal Power

Analyzer is used to measure the overall efficiency of the proposed converter in practice.

2.5 CG-Based 5L Inverter: A hybrid SC and SB
topology

So far, all the proposed topologies were based on the SC-technique, where, the inrush
current problem and higher current stress profile of the switches were the major short-
comings of the proposed topologies. In following, a new CG-based TL inverters is proposed,
the concern of large discontinuous current stress in both the input and switches current
profile is mitigated using a hybrid approach, i.e., integration of the SC and SB technique.

The overall circuit configuration of the proposed CGSB5L-TL inverter topology with
its relevant power switches realization is shown in Fig. 2.20 [96]. As can be observed,
the proposed topology offers a CG feature, where the negative terminal of the input

dc-source source, V;,, and the grid neutral point have been directly connected. A simple

54



2.5. CG-BASED 5L INVERTER: A HYBRID SC AND SB TOPOLOGY

Tk
vcr Ds

Lm

iLm

+

CG-based TL Inverter
CG-based TL Inverter

Vdc
Vdc +

Vin SsB

(a) (b)
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Figure 2.22: Current flowing paths of the proposed SBCG5L-TL inverter showing the (a) zero-level of the output
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L-type filter, L, is also used to connect the proposed CGSB5L-TL inverter to the grid.
Here, all the power switches, excluding the power switch S, are unidirectional. Also, L,
and L, denote the SB cell’s inductor and the resonant inductor, respectively, and their
role is explored in the following subsections. Similar to other existing CG-based 5L-TL
inverters, two capacitors, C; and Cq are used in the proposed topology, where Cy acts
as the virtual-dc link. The working principle of the integrated SB cell, and the circuit
description of the proposed topology with its QSC capability are next discussed.

The operating procedure of the proposed integrated SB cell can be realized by
Fig. 2.21(a) and (b). Considering Fig. 2.21(a), once the switch Sgp is ON, the current
through the inductor,iz,,, is constantly increased, while the diode, Dgp, is reverse biased.

Hence, considering V. as a fixed dc voltage value of the input dc source and vy, as the
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instant voltage across L,,, the following relation can be expressed:

Sgp:ON

Vie =VLm Charging of L, (2.31)

Consequently, whenever Sgp is OFF, the diode Dgp will be forward-biased as shown in
Fig. 2.21(b). In that case, L,, has a negative slope and the capacitor C; is charged as

follows:
Sgp:OFF

vrm = Vo1 Charging of C; (2.32)

where, V1 is the steady state voltage of C1. Therefore, considering the same ON
and OFF switching time interval of Sgp in (2.4) and (2.5) over a full cycle of switching
frequency, and regarding the volt-second balance principle across L,,, V1 would be equal
to V..

Hence, similar to the conventional series-parallel SC circuit, the proposed integrated
SB cell has an inherent voltage boosting feature that can provide two different voltage
levels at its output, in which one is related to the direct contribution of the input dc-
source, V., and the other one is as for series connection of the input dc-source and C;
voltage (V. + Vc1).

The advantages of the proposed integrated SB cell over its series-parallel SC cell

counterpart are as follows:

* The proposed integrated SB cell has employed only one power switch as opposed
to two used series-parallel power switches of the conventional SC cell, and two-
switch-based SB modules used in [67, 97].

* The charging/discharging operation of the involved capacitor is soft since an in-
ductor is involved in the charging current path of the capacitor. Thanks to this,
the huge start-up inrush current of the input dc source can also be alleviated.
Therefore, unlike the conventional series-parallel SC cell, the current stress and

operating thermal profiles of the involved semiconductor devices is quite smooth.

Considering the operating principle of the proposed integrated SB cell, different current
flowing paths of the proposed CGSB5L-TL inverter during the generation of different
output voltage levels are illustrated in Fig. 2.22(a)-(f). Here, the red and blue lines
represent the grid current flowing path and the capacitive charging loop, respectively.
Considering Fig. 2.22(a), in order to make the zero-level of the output voltage during
the positive half cycle operation, only two power switches (S2 and S3) must be ON.
Herein, the internal capacitor of the integrated SB cell can be charged with ON/OFF
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switching conversion of Sgg; however, Cy is disconnected from both the dc source and
the grid. Then, to make the first positive level of the output voltage, V., Sp and S3 must
be ON as depicted in Fig. 2.22(b), whereas similar to the previous stage and because of
the upcoming steady state voltage of Cq, the diode D would be reverse biased. Therefore,
Cs is again disconnected from the dc source and the grid. Here, irrespective of what the
grid current direction might be, C1 can be charged to V. again through the described
working principle of the proposed integrated SB cell.

Regarding Fig. 2.22(c), the top positive level of the proposed TL-inverter output
voltage (2V,;.) is generated whenever S; and S3 are ON. As can be found out by the blue
lines in Fig. 2.22(c), the diode D is forward-biased at this stage. Thus, by neglecting the
voltage drop across L, and considering the same direction of the injected grid current
and the grid voltage, Cy is charged to the voltage summation of the input dc source
and Cq. Here, an QSC path is provided for charging operation of Cy in which its details
will be discussed in the next subsection. Also, unlike the previous stages, the charging
operation of C; in the integrated SB cell depends on the grid current direction and the
power factor (PF) demanded by the grid.

The zero level of output voltage in the negative half cycle of the grid voltage can
be again generated through a different current flowing path as depicted in Fig. 2.22(d).
Herein, similar to the top positive level of the output voltage, the same QSC path is
again provided for Cy through the ON state switching condition of S; and the forward-
biased condition of the power diode D, while with the ON state contribution of Sy,
the zero level of the output voltage can be transferred to the output. In this case, the
charging/discharging operation of C; depends on the grid current direction, as well.

Taking Fig. 2.22(e) into account, the first negative level of the output voltage, — V.,

is generated by the charged voltage of Cy and also by the input dc source. Consequently,
both switches S; and S4 must be ON. It is clear from the grid current flowing path that
the charging/discharging operation of C; is related to the demanded grid PF, whereas,
similar to the first positive level of the output voltage, C; can be again charged to V.
through the ON/OFF switching conversion of the integrated SB cell.
Finally, considering Fig. 2.22(f), the top negative level of the output voltage, -2V, is
generated by the sole contribution of C2 with the ON switching states of S; and Sy4.
Here, like the zero positive level of the output voltage, the proposed integrated SB cell
is disconnected from the grid current flowing path, while C2 can be charged/discharged
based on the grid current direction.

From the above-mentioned circuit descriptions, the following remarks can be stated:
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2Vdc

(b)

Figure 2.23: Description of the QSC operation (a) main QSC path of the proposed topology (b) equivalent RLC circuit
of QSC path [96].

¢ Like the integrated SB cell capacitor, Cy can be inherently balanced at 2V;. during
a full operation over the grid cycle without any need of voltage sensors or balancing

procedure.

* The voltage stress across the involved power switches can be summarized as

follows:

VSb,max = Ve
VSi,max = ZVdc‘

(2.33)

where i =B, 1,2,3,4.
Regarding this, the maximum total standing voltage (MTSV) of the switches for
the proposed CGSB5L-TL inverter is 11V ..

* Taking the current flowing path analysis into account, the switches S5 and Sy4
are only being ON in the positive and negative half cycles, respectively. Therefore,
they are switched based on the grid frequency with almost zero switching power
loss, whereas the remaining switches must be commutated through high frequency
PWM stages.

As described earlier, the charging loop of Cy during the top positive and the zero negative
output voltage levels generation includes the input dc source, the capacitor C1, the power
switch S1, the power diode D, the capacitor Cy, and the resonant inductor L,. This
charging loop can give a QSC feature to the proposed topology as shown in Fig. 2.23(a).
The equivalent circuit of this charging loop is depicted in Fig. 2.23(b), where C., and
Rcp eq represent the equivalent capacitance and resistance of the QSC path, respectively.
Here, the ON state voltage drop of the power diode D has been neglected. Also, the
summation voltage of the input dc source and C; in the integrated SB cell (2Vy,.) is

considered to provide the balanced voltage of Cy. From Fig. 2.23(b), it is clear that

58



2.5. CG-BASED 5L INVERTER: A HYBRID SC AND SB TOPOLOGY

iC??;max ~ 5,5]m

A S
4]
0
1, t(s)
(@)
A .
IC!?;max 32,5]?” -
‘[m
0
-1 1(s)

P i
) /\ 1(s)

—1 \/

" @

Figure 2.24: Typical waveforms of (a) current passing through Co without QSC path, (b) current passing through Co
with QSC path (L, =22uH ), (c), the voltage across Co with QSC path (d) the injected grid current with QSC path.

the equivalent RLC series circuit can provide a QSC path for Cq as long as the under-
damped condition of the RLC circuits is fulfilled. Therefore, the following constraint can

be expressed:
4L,
Ceq

where, all the parasitic ON state resistance of the involved semiconductor devices and

(2.34)

Rch,eq <

the equivalent series resistance (ESR) of the involved capacitors should be included in
Rch eq. Therefore, considering this QSC path, the instantaneous voltage value across Cs

and its required charging current i¢j c2(¢) are obtained:

Veao(t) =2Vg. — ﬁe‘“t(a sinw,t + w,cosw,t) (2.35)
Wr

e “sinw,t (2.36)

ich,c2(t) =

r~r
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where, 3, @ , and w, denote the voltage factor coefficient of Cy, the neper frequency of
the QSC path, and the damped quasi-resonant frequency, respectively. The relations of

these coefficients can be also expressed as follows:

:6 =2Vg. - VC2,max +AVeo

o =" (2.37)

_ 1 _ 2
w"_‘/Cequ a?.

Here, AVco and Vg pmqr are the maximum allowable voltage ripple and also the

maximum voltage value of Cy during the variation, respectively. It is clear that once
ich,c2(t) becomes zero, Veg max(t) reaches its maximum value. Now having taken the
importance of such a described QSC path into account and considering (2.10), a standard
and feasible value for L, can be selected. Fig. 2.24(a) and (b), show the typical waveforms
of the current passing through Co with and without this small resonant inductor of the
QSC path, respectively. The waveforms related to the voltage across Co along with the
injected grid current of the proposed inverter, i z(¢), within a fundamental grid period are
illustrated in Fig. 2.24(c) and (d), respectively. Here, the maximum amplitude of i4(#) is
considered I,,. As is clear from Fig. 2.24, the maximum charging current of Cg, ich max,
becomes more than five times of I,, if no QSC path is provided, while it will be close to
21, in the presence of the QSC path.

By keeping fixed the integrated SB cell, and extending the series connection of three
identical modules of the proposed CG-based TL inverter, a novel single-source single-
stage three-phase switched-boost inverter with an inherent CG feature per phase can be
attained as shown in Fig. 2.25. The three-phase extension of the proposed CGSB5L-TL
inverter can still generate all the five distinctive output voltage levels per phase, while
the phase to phase number of output voltage levels can be extended to nine. As clear
from Fig. 2.25, the total number of power switches in the three-phase platform of the
proposed CGSB5L-TL inverter is 19, while the structure needs only a single boost in-
ductor, four power diodes and four dc-link capacitors. The three-phase working principle
of the proposed topology is exactly similar to what presented as for the single phase
variant. Here, the integrated SB cell power switch continues its ON/OFF commutation
per each switching frequency, while the remaining switches have to be modulated with a
sinusoidal PWM stage. The three-phase extension of the proposed CGSB5L-TL inverter
is a clear improvement over the existing CG-based TL inverters since they cannot be

extended to operate as a three-phase converter with a single dc source. Moreover, owing
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Figure 2.25: Three-phase extension of the proposed CGSB5L-TL inverter [96].

to the incorporated inductor in the SB cell, the input current waveform is free from any
pulsating discontinuous waveform. Therefore, the range of application where the pro-

posed CGSB5L-TL inverter can be used is broader than existing CG-based TL-inverters.

2.5.1 CCS-MPC Strategy Applied to the Proposed CGSB5L-TL

inverter

Since the involved capacitors of the proposed SBCG5L-TL inverter are inherently bal-
anced during the whole operation, an efficient CCS-MPC technique with a single control
objective is used in this work to control the injected grid current. Fig. 2.26 shows the
overall control diagram of the proposed PV grid-tied application, where apart from the
proposed MPC block, MPPT with a PLL unit are also required to obtain an appropriate
value of a sinusoidal current reference i ,.r(¢), which is synchronized with the grid voltage.

Here, pmax, qref, w, and ¢, denote the maximum active power available from the PV
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Figure 2.26: Overall control diagram of the proposed CGSB5L-TL inverter with a grid-connected system.

Table 2.4: ON Switching States of the Proposed SBCG5L-TL Inverter Governed by the Proposed CCS-MPC Method.

dss(?) SPWM ON State 4
Polarity Condition Switches U
ldss(®)|=Ac1 S1,S3 AP
Positive | Agg <|dss(?)| <A1 Sy,S3 Ve
|dss(t) <Acz S2,S3 0
ldss(®)|=Ac1 S9,84 —2Vg
Negative | Ac1 <|dgs(t)| <Aco Sp,S4 Ve
|dss(t) <Aca S1,84 0

panel through the MPPT unit, the required value of the reactive power needed as for
LVRT operation, the grid angular frequency term, and the required phase difference for
the reactive power injection, respectively. Regarding Fig. 2.26, it is assumed that the

grid voltage has the following form: .
vg(t) = Vi sin(wt) (2.38)
Thus, the required current reference can be expressed as follows:
Lref(t) = Iy, sin(wt + ) (2.39)

These two reference parameters can be derived in terms of p,,4x and q,.r as depicted in
Fig. 2.26.

The proposed MPC technique is formulated to obtain an optimal modulating signal,
dopt(?), to govern the single-phase grid-connected system; hence, it belongs to the CCS-
family of the MPCs. Consequently, the modulation stage has to be directly taken into
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Figure 2.27: The proposed CCS-MPC description with a fixed switching frequency.

account by the proposed MPC. This allows the converter to operate with a fixed switching
frequency, in contrast to its FCS-MPC counterpart. Here, a simple SPWM strategy
with an absolute function of doy(¢) over the grid frequency and two level-shifted high
frequency triangular carrier waveforms (A¢1 and A¢g) are used in the modulation stage
process. Triggering the gate of three high frequency power switches, S1, Se, and Sj, needs
such a controlled modulator signal to be incorporated into the modulation. Moreover,
the PWM signal of the remaining high frequency power switch from the integrated SB
module, Sgp, needs a constant 50% duty cycle. Regarding the working principle of the
proposed SBCG5L-TL inverter, two power switches, S3 and S4 have to be commutated
within a grid fundamental frequency in the positive and negative half-cycle of the grid
voltage, respectively. Through this way, all the five distinctive output voltage levels of the
proposed SBCG5L-TL-inverter are generated. Since the aim of the proposed CCS-MPC
technique is to track i,.r(#) with a fixed switching frequency operation, the sampling
time of the proposed CCS-MPC technique must be synchronized with the frequency of
both carrier waveforms used in the SPWM process i.e., f5,=1/Ts,. Triggering the gate of
the switches in the three-phase application of the proposed topology follows the same
rules, where the duty cycle of the switch Sgp is independent from the rest of the switches.
Here, by changing the phase of i,.£(#) and the grid voltage, a specific dop(?) is obtained
per each phase that must be integrated into the same LS-SPWM stage to generate the
desired PWM signals.

In order to formulate the proposed CCS-MPC and to obtain dop(¢) per each phase, the

following continuous-time dynamic model can be obtained:

dig(t) _ Uinv(t) - Ug(t)

2.40
dt L, (240
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Figure 2.28: Typical modulation waveforms of the proposed CCS-MPC strategy with the final gate switching pulses.

where, v;,,(¢) and vg4(2), denote the instantaneous value of the inverter and grid voltage
per phase, respectively. Here, the internal resistance of the inverter output filter has
been neglected to simplify the analysis. As for the proposed SBCG5L-TL inverter, it is
evident that during each switching/sampling period, T, V;iny(£) can possess two adjacent

values (v*“? , plow

iy Uine ) Telated to the upper and lower inverter output voltage level at each

switching instant. The dynamic relationship between v;,,(%), i,(t), and i4(¢) over each
sampling/switching time interval has been illustrated in Fig. 2.27, where d(?) is the
switching duty cycle, in which its optimal value will result in dgp(¢). Considering i (%)

as the measured grid current at the instant of &, a prediction for the grid current at the
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end of each sampling period (instant of £ + 1) can be computed as:
Lg(k +1)= lg(k) + finc(k)dm(k)Tsw + fdec(R)(1 = dp(R)Tsyp. (2.41)

where, fi,.(k) and fg4..(k) are the increasing and decreasing slope of iz(k) within a

switching period, T,,, which can be obtained from (2.40) as follows:

U?rfv - Ug(k)
fine(R) = ———— (2.42)
Lg
oot~ vglh)
fdec(k) = (243)
Lg

Now, to obtain the optimal modulated value of d,(k), dopt(k), based on the continuous-
time-dynamic model in (2.40), the proposed CCS-MPC technique minimizes the following

quadratic cost function:
Jyupc(t) = Grep(k+1)—ig(k + 1)) + 0(dgs(k) — dm(k))? (2.44)

where, i,.r(k +1) is the projected current reference at the instant of (& + 1), which can
also be computed by a Lagrange extrapolation. Here, a steady state duty cycle, dgs(%),
has also been considered in (2.44), which is required to keep the injected grid current in a
desired steady state value as described in. Thus, using (2.39) and (2.40) and considering
2V .dss(t) as the steady state value of v;,, (%), the following relation can be written:
direr(t)  2Vgcdss(t)—vg(?)

2.45

By taking (2.39) and (2.45) into account, the value of dgg(%k) during a steady-state can be

expressed as follows:

wL g1, cos(wt + @) +vg(2)
2V4e '
It is important to emphasize that the weighting factor, o, in the cost function (2.44),

dss(t) = (2.46)

is used to adjust the closed-loop bandwidth of the controller. Here, if a very small value
of o is selected; then, the first term of (2.44) will become predominant. This results in an
aggressive controller that will offer a poor closed-loop performance. On the other hand,
if a large value of o is selected, the second term of (2.44) becomes predominant, which
leads to dopt(k) = dss(k). This will result in a slow closed-loop dynamic response. Now,
considering (2.38)-(2.46), the following derivative has to be solved to obtain an explicit
solution of the optimal duty cycle, dopt(k), i.e.:

dJypc(?)
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Table 2.5: A Comparison Between the Proposed Topology and Existing TL Grid-Connected Converters

Z
°

. of Components of ON- Minimum V;,,/ No. of Leakage

Boosting Feature Levels Current Qsc Charge Rated

Type of Converter

S D C L Switches Ability Balancing Efficiency
H5 [12] 5 - 2 2 3 320V/NO 3 Low Yes/- Not needed 98.5%@0.5kW
HERIC [13] 6 2 2 2 2 320V/NO 3 Low NO/- Not needed 97%@1kW
OHS5 [10] 6 - 2 2 3 320V/NO 3 Low Yes/- Not needed  97.2%@1kW
H6 [16, 17] 6 2 2 2 3 320V/NO 3 Low Yes/- Not needed 97.4%@1kW
Variant H8-5L [20] 8 1 3 1 5 320V/NO 5 Very Low Yes/NO Inherent  96.5%@0.5kW
ANPC [98] 6 2 2 1 3 640V/NO 5 Very Low Yes/- Needed NA@1kW
ABNPC [25] 8 - 3 1 3 320V/NO 5 Very Low Yes/NO Inherent  97.8%@1.2kW
CG-Type [33] 5 - 2 2 3 320V/NO 3 Zero Yes/NO Inherent 95.5%@500W
CGType [35] TypeI&II 4 1 3 1 2 320V/NO 3 Zero Yes/NO Inherent 99.1%@800W
Type III 4 - 3 1 2 320V/NO 3 Zero Yes/NO  Inherent 96%@800W
CG-Type [34] 4 2 4 2 2 320V/NO 3 Zero Yes/NO Inherent 95.2%@500W
CG-SC-based [99] 7 - 3 1 4 320/NO 5 Zero Yes/NO  Inherent 97.5%@500W
CG-FC-based [100] 6 - 3 1 3 320V/NO 5 Zero Yes/Yes Needed 97%@1kW
CG-FC-based [39] 6 1 3 1 3 320V/NO 5 Zero Yes/NO Needed 95.8%@1.2kW
CG-FC-based [38] 6 1 3 1 3 160V/Yes 3 Zero Yes/NO Inherent 98.1%@500W
CG-SC-based [37] 6 2 3 1 3 160V/Yes 3 Zero Yes/NO  Inherent 98.1%@500W
CG-SC-based [70] 7T 2 3 1 3 160V/Yes 5 Zero Yes/NO Inherent 98.1%@600W
CG-SC-based [71] 6 2 3 1 3 160V/Yes 5 Zero Yes/NO Inherent 98.1%@600W
T-Type-SB-based [101] 10 - 2 2 3 160V/Yes 5 Low Yes/Yes Inherent NA@200W
Proposed SBCG5L 7 2 3 2 3 160V/Yes 5 Zero Yes/Yes  Inherent 97%@750W

Consequently, the optimal value of the duty cycle in the discrete-time-domain, dop(k), is

expressed as follows:

dopt(k) = (k) + g b(k)
’l9(k) — Lg(iref(k-l—1)—l.g(k))+(vg(k)_vl'ow)Tsw

mnv
up

w Ulow)Tsw (248)

inv

dgs(k).

(v
Lg

up __low
(Uinv Vinv Tsw

o(k) = (
Having taken (2.48) into account, dopt(k) possesses a sinusoidal behavior over a fun-
damental grid frequency in the continuous-time-domain and it varies between -1 to 1.
Considering the operating principle of the proposed SBCG5L-TL inverter, the details
of the SPWM procedure with the ON switching states of the involved switches can be
realized in Table I. Regarding this Table, the typical waveforms of dop(¢) with the asso-
ciated carrier waveforms, the grid voltage, 5L output voltage of the proposed TL-inverter,
the injected grid/reference current and all the gate switching pulses of switches over a

fundamental grid cycle, T, are illustrated in Fig. 2.28.

2.5.2 Comparative Study

In order to evaluate the performance of the proposed SBCG5L-TL inverter over some
other recently rehearsed TL-inverter structures, a comprehensive comparative study is
conducted in this section. Table 2.5 shows details of such a comparative study. Here, the

comparative items include the number of required active and passive elements (including
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Table 2.6: A Comparison Between Three-Phase Extension of Different Converters.

Max No.— Mimimum V5,7 No.of

Respective Converters No. of Components of ON- Boosting Feature/ Levels CG No. of

S G D C L Switches No. of Stage Per Phase Concept  DC Sources
ABNPC [25] 18 18 6 9 3 9 320/NO/- 5 NO 1
ANPC [98] 18 18 6 9 3 9 640/NO/- 5 NO 1
CGSC-Based [71] 18 18 6 6 3 9 160/YES/Single 5 YES 3
Current Source Converter [102] 7 7 9 4 4 3 160/YES/Double 2 NO 1
Current Source Converter [103] 8 8 8 5 5 3 320/NO/- 2 NO 1
Current Source Converter [104] 7 7 7 5 4 3 320/NO/- 2 NO 1
T-Type-SB-Based [101] 30 30 - 3 3 15 160/YES/Single 5 NO 3
Proposed SBCG5L (Fig. 2.25) 19 16 4 4 4 9 160/YES/Single 5 YES 1

the pre-assumed filter components and also the decoupling dc-link capacitor for the PV
grid-tied applications), the maximum number of ON-state power switches per switching
state, the dc input requirement of a standard grid with a peak voltage of 311 V, the
number of output voltage levels, the value of leakage current (the terms of "low" and
"very low" denote as for a value of the reported leakage current that is less than 120 mA
and 10 mA, respectively), the LVRT/QSC capability, the capacitors charged balancing
requirement, and finally the overall reported efficiency at the rated power.

As can be seen, similar to the proposed topology, the ANPC and ABNPC-TL inverters
of [98] and [25], the CG-FC-based TL topologies of [39, 100], and the CG-SC-based TL
inverters presented in [99] and [70, 71] are able to generate a 5L output voltage waveform.
Therefore, a much lower value of output L-type filter with an appropriate value of power
quality enhancement can be provided. However, none of the structures presented in
[25, 98], and [39, 100] has the voltage boosting ability with a CG-based feature. Hence,
the presence of leakage current is still expected, while at least a dc-link voltage of 320 V
is needed for grid-tied applications. Moreover, although the number of switching devices
in the proposed SBCG5L-TL inverter and the presented 5L CG-SC-based topologies of
[99] and [70, 71] are somehow the same, their maximum number of ON state power
switches is higher than the proposed one without having any QSC capability. Therefore,
the value of conduction losses for them is prone to be higher than the proposed topology.
By contrast, in spite of having the same boosting feature with the same number of
maximum ON state power switches, the 5. CG-SC-based topology in [70] possesses
higher overall MTSV (12V,.) with a high current stress profile of the power switches
caused by hard charging operation of the capacitors. Favorably, the MTSV of the proposed
topology is 11V, and it offers a suitable QSC capability for both the involved capacitors.
Herein, the recently developed CG-SC-based topology in [71] requires the least number of
switching devices (only six) with two-times voltage boosting feature for a 5L. TL-inverter.

Nevertheless, it suffers from hard charging operation of the capacitors as opposed to the
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proposed topology. Moreover, three power switches in the presented SC-CG-based 5L
inverter in [71] are placed in the capacitive charging loop, while only the power switch
S1 is in the charging loop of Cy as for the proposed SBCG5L-TL inverter. Thanks to the
provided QSC path in the proposed topology, its current stresses also can be suppressed
as opposed to the structure presented in [71]. Also, [71] cannot be extended to operate in
a three-phase configuration unless three identical cascaded units of its basic single-phase
design have been incorporated. Therefore, it needs 18 power switches/gate drivers, six
capacitors, and six power diodes for its possible three-phase extension. The structure
proposed in [101] although has offered a single-stage voltage boosting feature with a
soft charging capability for a 5L inverter, it requires ten power switches without the
CG feature. The SB-based cell used in [101] also requires one additional power switches
rather that the diode used in the proposed SBCG5L-TL inverter.

Since one of the main merits of the proposed SBCG5L-TL inverter is its three-
phase extension capability with a modular design per phase, a brief comparative study
between some topologies which might be extended to three-phase configuration has also
been conducted in Table 2.6. As it is clear, the three-phase extension of the proposed
topology requires 19 power switches, 16 gate drivers (considering the single gate driver
required per each bi-directional power switch), four capacitors, and four power diodes.
Here, the number of required gate drivers is indicated by G in Table 2.6. Although
the current-source TL inverters proposed in [102—-104] require the least number of
power switches/gate drivers, they can only generate two-identical output voltage level.
Therefore, the quality of the injected grid current waveform cannot be comparable with
a multilevel-based inverter like the proposed topology. Lacking the ability of suppressing
the leakage current is a major shortcoming of all these current-source-based inverters
as well, which imposes the use of galvanic transformer for their possible grid-connected
application. In addition, all of them need additional series power diodes rather than
standard power switches. Such issues can again reflect additional thermal dissipation

concern.

2.5.3 Verification Results

The feasibility and correctness of the proposed SBCG5L grid-tied TL inverter with
the contribution of the proposed CCS-MPC strategy is verified by some laboratory
measurement results in this section. As shown in Fig. 2.29, the built prototype has been
fabricated based on four SiC-CREE modules, i.e., C2M0080120, for the single-phase
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Figure 2.29: A picture of the built prototype.
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Figure 2.30: Measured waveforms of the inverter showing: (a) the inverter output voltage (180V/div), the injected
grid current (5A/div), and the involved capacitors voltage (300V/div) and (160V/div) (b) the inverter output voltage
(160V/div) and the MVS waveforms of S1, Sg and Sgp (160V/div), (c) the inverter output voltage (160V/div) and the
MVS waveforms of Sg and S4 (300V/div) and Sy (160V/div) (d) the inverter output voltage (250V/div), the injected
grid current (5A/div) , and the reference current (3A/div) at the unity PF condition (e) the inverter output voltage
(150V/div), the injected grid current (3A/div) , and the reference current (3A/div) at lagging PF condition (f) the
inverter output voltage (300V/div), the input current, the SB cell inductor current, and the current passing through
Cq (3A/div).

configuration of the proposed SBCG5L-TL inverter. The inductors value used as the L,
and L, are 150uH and 2.3mH, respectively, while the capacitors values are 470uF and
1mF. Since the analysis of the MPPT procedure is beyond the scope of this paper, a PV
simulator as an adjustable input dc source has been used in throughout the verification.

Considering these observations and regarding a peak of 4A for i,.r() at the unity PF

condition with 160 V as for the input voltage, the measured results of the 5L inverter
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Figure 2.31: Measured waveforms of the inverter showing from top to bottom: input dc voltage (200V/div& 160V/div),
inverter output voltage (100V/div), injected grid current (10A/div), and grid voltage (500V/div) (a) step-up change in
the dc input voltage (from 180V to 240V); (b) step-down in the current reference (from 10A to 5A at unity PF); and (c)
step-uo in the current reference (from 5A to 10A at non-unity PF).

output voltage, the injected grid current and also the balanced voltages across the
involved capacitors are provided in Fig. 2.30(a). Following this, the measured results
of 5L, inverter output voltage alongside the MVS waveforms of all the involved power
switches are shown in Fig. 2.30(b) and (c). As can be confirmed from these results, all
the desired 5L output voltage waveform with 320V peak value could be generated whilst
C1 and Cq are balanced at 160V and 320V, respectively. The measured results of the
proposed CCS-MPC closed loop strategy applied to the proposed SBCG5L-TL inverter
can also be observed in Fig. 2.30(d) and (e), while a peak of 5A with unity and lagging
PF has been considered for i,.7(#). Here, a value of 0 = 1 has been selected for dop(?) to
accordingly cover both terms in the proposed CCS-MPC cost function. Therefore, a good
trade-off between the dynamic response and steady-state performance of the proposed
CCS-MPC can be achieved. The appropriate injected grid current waveform with the
desired 5L output voltage of the proposed inverter in both the unity and lagging PF
condition (reactive power support mode) can be ascertained by these results. To show the
smooth condition of the input current, the SB inductor cell current and also the current
passing through Cg, Fig. 2.30(f) can be also considered. It can be seen that the maximum
charging current of C9 and the maximum peak value of input current could be limited to

around 6A through the incorporated QSC path provided in the charging loop of Cs.

To further attest the robust dynamic capability of the proposed SBCG5L-TL inverter
with the applied CCS-MPC strategy, some real time simulation results (measured in an
oscilloscope) obtained by an OPAL-RT platform with the incorporated eHS module have
been captured as shown in Fig. 2.31(a)-(c). Such dynamic tests include the step-change in
the value of the input voltage (from 180V to 240V) and also the upward and downward
step changes in the value of i,.r(¢) at the unity PF condition (from 5A to 10A in both
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Figure 2.32: Three-phase measured waveforms of the proposed SBCG5L-TLinverter showing: (a) the phase to ground
5L inverter output voltage (200V/div); (b) the 9L phase to phase voltages (500V/div); (c) the injected grid current per
each phase (5A/div) at unity PF.
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Figure 2.33: PLECS thermal/loss analysis @ 1kW operating power and 20kHz fixed switching frequency (a) steady
state operating junction temperature of the semiconductors without the presence of the QSC path (left hand side)
and with the presence of QSC path (right hand side) (b) conduction and switching losses distributions among the
semiconductor devices, and (c) the efficiency curve versus the output power.

directions) when the converter has been connected to the grid via the aforementioned
L-type filter. As for the reference current step change results, the input dc voltage is

set on 180 V. As can be observed, the injected grid current waveform offers a steady
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performance in delivering the power to the grid and also all the desired 5L output
voltages of the proposed inverter can be generated under these dynamic tests.

To further evaluate the three-phase performance of the proposed SBCG5L-TL inverter,
the same CCS-MPC has been used, while the phase of the grid voltage and the reference
current have been changed per each phase to make a balanced three-phase system.
Hence, a phase shifted value for doy(¢) is obtained per each phase, which has to be
involved into the presented level-shifted SPWM process. Herein, only a single dc source
with a value of 180V has been used, and the duty cycle of the switch Sgp is fixed at 50
percent. The 5L, waveform per each phase output voltage of the proposed inverter along
with the 9L phase-to-phase voltages and the steady balanced waveforms of the three-
phase injected grid current waveforms can be seen in Fig. 2.32(a) to (c), respectively.

Finally, in order to verify the effectiveness of the QSC path provided in the charging
loop of Cg, the thermal and loss distribution analysis at 1 kW operating power have been
carried out through PLECS software. Herein, the internal parasitic resistance of all the
incorporated semiconductor devices compiled in data sheet is considered. Fig. 2.33(a),
show such an average thermal profile of all the involved semiconductors with and without
the presence of QSC path during the operation within two fundamental cycles of the grid,
whereas the switching and conduction losses distribution are illustrated in Fig. 2.33(b).
In this case study, a constant ambient temperature of 25C with uniform temperature
distribution across the heatsink has been considered. As is expected, without the use
of L, in the provided QSC path of the proposed SBCG5L-TL inverter, S1, Ssg, and D
experience the highest junction temperature, which causes a higher conduction losses
consequences. Therefore, QSC capability of the proposed structure is helpful to attain

higher overall efficiency in TL grid-tied applications as can be observed in Fig. 2.33(c).
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So far, all the proposed topologies were based on the SC-technique, where, the inrush cur-
rent problem and large current stress profile of the switches are the major shortcomings
of the proposed topologies. In following, three new CG-based TL inverters are proposed,
where they can overcome the concern of the large discontinuous current stress in both
the input and switches current profile through an SB-integrated technique. Unlike all
the proposed structures so far, these topologies offer a dynamic voltage-boosting feature.
Hence, the need for the front-end boost-integrated dc-dc converter is obviated in case of
having a low value of the available dc source. This interesting feature can also be helpful
to adopt the MPPT procedure integrated within the single-stage design as the input dc

voltage can be wide varying whilst injecting a constant power to the grid.

3.1 CGSB-Based 5L Inverter: First topology

Similar to other TL-based MLIs presented, this topology has a CG feature as well, while
since all the output voltage levels are generated by the contribution of the capacitors only,
it can cancel out the effect of dc-offset issue. An inductor in the integrated SB module
is used to boost the voltage across two involved capacitors of the dual T-type (D2T) cell.
Therefore, a desirable ac voltage magnitude for the grid-connected application can be
achieved over a wide range of input voltage changes. Current stress is also kept within a
permissible input current range by the soft-charging operation of the involved capacitors

through the inductor. A corresponding dead-beat continuous-current-control with a si-
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SBModule DZICell
Figure 3.1: The overall structure of the proposed SBD2T5L-TL inverter [105]

Figure 3.2: Different current flowing paths of the proposed SBD2T5L-TL inverter (a) the first redundant state at the
zero level of the output voltage (b) the second redundant state at the zero level of the output voltage (c) at the first
positive level of the output voltage (d) at the top positive level of the output voltage (e) at the first negative level of the
output voltage, and (f) at the top negative level of the output voltage [105].

nusoidal PWM modulator is implemented for controlling the real and reactive powers.
The overall circuit configuration of the proposed topology is depicted in Fig. 3.1[105].
A single inductor, two unidirectional power switches S1 and S, and a single input dc
voltage source, which can represent the PV string panels, are included in the integrated
SB module, while four unidirectional (S5, Sg, S7, and Sg and two bidirectional power
switches, S3 and S4 with two additional dc-link capacitors C1 and Cy form the D2T cell.

Here, the integrated SB module acts as the conventional boost-converters and there-
fore, with a proper switching conversion over a full cycle of the grid frequency, a boosted
voltage across both the dc-link capacitors of the D2T cell within a single stage energy

conversion platform can be achieved. Using these capacitors voltage, five different out-
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put voltage levels can also be made. As the grid-connected application is subject, the
proposed topology is also tied to the grid via a single L-type filter. Regarding the CG
connection between the null of the grid and the negative terminal of the input dc source,
the concern of leakage current injection is also removed. The switching states of the
proposed SBD2T5L-TL inverter are analyzed as illustrated in Fig. 3.2. Here, the charg-
ing loop of the capacitors is shown by the blue lines, whereas, the grid current flowing
path is indicated by the red lines. Also, the green lines indicates the input inductor,
L;,, charging flowing path. Regarding these noted notions, the circuit description of the
proposed topology is discussed as follows:

In respect to Fig. 3.2(a), the zero level of the output voltage can be made by turning
ON contribution of S1, S7, and Sg, while Sg and S35 have a complementary ON/OFF
operation and they are in the charging path of L;,, and C1, respectively. Here, once Ss is
ON, the input current i;, is linearly increased to charge the L;,; therefore, considering

V4. as the input dc source, the following relation can be expressed:
vL;, = Vde- (3.1)

where, vr,;, is the instantaneous voltage across the L.

Also, whenever S3 is ON, the input current is reduced and C is charged as follows:
Ve1=Vae tur,,- (3.2)

where, V(1 is the steady state voltage across C;. Hence, considering d as the supposed
duty cycle ratio of the involved complementary switches over the switching frequency,

V1 can be taken by:

Ver = (3.3)

1-d’

It can be deduced that through such a mentioned current flowing path, Cs is discon-
nected from the grid and the input dc source. Concerning this switching conversion, the
injected grid current with unity PF direction is passed through the anti-parallel internal
power diode of S7 and the power switch Sg, whereas as for the non-unity PF demanded
by the grid, the power switch S7 and the anti-parallel diode of Sg are conducting.

A redundant zero state is also possible as shown in Fig. 3.2(b). Here, So, S3, and S4
must be ON, while S; and S5 have a complementary operation with each other. It is
clear that once S is ON, the L;, gets charged through the input dc source and whenever
S5 is to be ON, the charged voltage of L;, and the input dc voltage are pumped to Co
and therefore it is charged by:

Vea=Vae+ur,,. (3.4)
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where, Vo is the steady state voltage across Cy. Hence, with respect to (3.1) and (3.4)

and with a similar principle as given for V1, Vg can be obtained as:

Vea = . (3.5)

Here, as opposed to the previous redundant state for the zero-level of the output
voltage shown in Fig. 3.2(a), C1 is disconnected from the grid and the dc input. Also, the
grid current flowing path for non-unity PF belongs to the conduction path of S3, and S4
associated with the power switch Ss.

As shown in Fig. 3.2(c), the first positive output voltage level is created by the aim
of the pre-charged voltage value of C1 and the ON state contribution of S1, S4, and Ssg,
whereas similar to the first redundant state as for the zero-level of the output voltage,
S9 and S35 must be switched with a complementary switching scheme. So, with hindsight
to (3.2) and (3.3), C; can still be charged to its steady state voltage as expressed in (3.3),
while C; is again disconnected from the grid and the dc input supply. Here, similar to
the charging path provided by the second redundant state for the zero-level of the output
voltage, the reverse grid current caused by a non-unity PF condition is passed through
S3, S4 and Sg, while C can be charged from both the input dc source and the grid at the
same time.

As shown in Fig. 3.2(d), this output voltage level is made by the contribution of both
the involved capacitors and the ON state aim of S, Sg, and Sg. Here, to keep on the
charging process of C; similar to the previous stage, Se and S3 still must be ON/OFF
with a complementary principle. Hence, regarding (3.4) and (3.5), the maximum value of

the inverter output voltage V;,, maqx is made as:

2V
1-d’

Vinv,max =Vc1+Vea = (3.6)

Regarding the red and blue lines of the current flowing path shown in Fig. 3.2(d),
it is evident that the direction of the injected grid current i, is of importance for the
charging/discharging operation of Cs. It is also apparent that in case of non-unity PF
condition, the grid current flowing path is formed through the anti-parallel internal

power diode of Sg, the capacitor Co, and the power switches So and Ss.

In order to generate the first negative level of the output voltage, Fig. 3.2(e) must
be considered. As is clear, three power switches as Sg, S3, and S7 must be ON, while

similar to the second redundant state of the zero-level output voltage (Fig. 3.2(b)), S
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Figure 3.3: The overall control block diagram of the proposed grid-connected SBD2T5L-TL inverter [105].
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Figure 3.4: Simulation results once a upward and downward step change (from 50 V to 100 V and vice versa) is
applied in the input voltage: (a) 5L inverter,Ads output voltage with the grid/input voltage (b) the injected grid current
with the grid voltage and the input voltage (c) the voltage across C1 and Cg with the input voltage, and (d) the input
current along with the capacitors passing current and the input voltage [105].

and S5 have a complementary operation with each other. Hence, the output voltage of
the inverter is generated by the contribution of C1, whereas Csy is charged to its steady
state value. Here, in case of unity PF, C; is charged, while it would be discharged when
a non-unity PF operation is demanded.

The overall modulation/control platform of the proposed SBD2T5L-TL inverter is on
the basis of a new DB3CS principle as depicted in Fig. 3.3. Here, the capacitors voltage
balancing issue is another aim. Hence, to sufficiently integrate both the redundant states
provided by the zero-level of the output voltage, a Schmitt Triger (ST) block with a
decision maker unit has also been used in the overall control diagram. The controlled is a
based dead-beat current controller as described earlier. Regarding the boosting property
of the proposed SBD2T5L-TL inverter and considering (3.6), Viny max can be remained
fixed by changing the instant value of d. This approach can address the MPPT operation

of the input PV main string panels with a constant MPP voltage, where the maximum
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input power of the PV emulator can be remained fixed through the power balanced
theory by adjusting the appropriate value of the SB module duty cycle.

Considering such observations, a step change in the value of the input voltage, i.e.,
from 50 V to 100 V in both directions is applied, while the peak of the reference current
is considered to be 5 A. So, to keep fixed V;,, mar at 400 V, the value of d has to be
dynamically changed from 0.75 to 0.5 in both the upward and downward directions.
Fig. 3.4(a)-(d) shows the detailed simulation results of this dynamic test, while all the 5L
inverter output voltage could be generated with a 5 A peak value of the injected current
to the grid. The balanced voltage of both the involved capacitors can also be seen in
Fig. 3.4(c), while the currents through the input dc source and the involved capacitors
are shown in Fig. 3.4(d). It can be confirmed that owing to the employed SB module, the
input current possesses a limited range of inrush current during the charging operation
of the involved capacitors. Here, when the input voltage is 50 V (d = 0.75), the maximum
value of the input current, which corresponds to the maximum charging current of C; is
around 30 A, while the maximum value of the injected grid current is 5 A. By contrast,
once the input voltage goes up to 100 V (d = 0.5), the maximum value of the input current
is around 10 A, while because of the applied power balanced theory, the peak of injected
grid current is around 3.5 A. Therefore, based on the maximum input voltage and input
current capacity of the PV emulator, a fixed value of 400 V is selected for Vi, max in
throughout the measurement process. Here, a 10% allowable ripple voltage has been
considered for the balanced voltage of the dc-link capacitors; so regarding, the fixed value
of Vinv max at 400 'V, a value of 220 V has been chosen for Vgr.

In order to evaluate the superiority of the proposed CG-based SBD2T5L-TL inverter
over its other TL-inverter counterparts, a comparative study from different aspects is
presented in this section. The comparative items are the number of active and passive
involved components (with considering the pre-assumed output filter, and the input
decoupling capacitor for PV applications), maximum number of ON state power switches
at each switching instant, which can somehow represent the conduction losses of the
switches, the ability as for boosting feature with minimum required value of the input
dc voltage utilization for a standard grid-connected application, maximum number of
the inverter output voltage levels, the capacitors soft charging operation capability,
the reported value of the leakage current, the reactive power support ability, and the
reported measured efficiency at the rated power. Here, the value of the leakage current
is considered low and very low if it is less than 120 mA and 10 mA, respectively. The

overall results of such a comparative study is summarized in Table 3.1. As can be seen,
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Table 3.1: A Comparison Between the Proposed Topology and Existing TL Grid-Connected Converters.

Type of Converter No- of Components of ON- z[:)l::::;n F‘(/el;iure E«:r:li gi::lr{:j: Power Charging Rated
S D C L Switches Support Capability Efficiency
H5 [12] 5 - 2 2 3 320V/NO 3 Low Yes Not needed 98.5%@0.5kW
HERIC [13] 6 2 2 2 2 320V/NO 3 Low NO Not needed 97%@1kW
OH5 [10] 6 - 2 2 3 320V/NO 3 Low Yes Not needed  97.2%@1kW
H6 [16, 17] 6 2 2 2 3 320V/NO 3 Low Yes Not needed  97.4%@1kW
Variant H8-5L [20] 8 1 3 1 5 320V/NO 5 Very Low Yes NO 96.5%@0.5kW
ANPC [98] 6 2 2 1 3 640V/NO 5 Very Low Yes NO NA@1kW
ABNPC [25] 8 - 3 1 3 320V/NO 5 Very Low Yes NO 97.8%@1.2kW
CG-Type [33] 5 2 2 3 320V/NO 3 Zero Yes NO 95.5%@500W
Typel &II 4 1 3 1 2 320V/NO 3 Zero Yes NO 99.1%@800W
CGTypel85] 7wy 4 - 3 1 2 320V/NO 3 Zero Yes NO 96%@800W
CG-Type [34] 4 2 4 2 2 320V/NO 3 Zero Yes NO 95.2%@500W
CG-SC-based [99] 7 - 3 1 4 320/NO 5 Zero Yes/NO Inherent 97.5%@500W
CG-FC-based [100] 6 - 3 1 3 320V/NO 5 Zero Yes NO 97%@1kW
CG-FC-based [39] 6 1 3 1 3 320V/NO 5 Zero Yes No 95.8%@1.2kW
CG-SC-based [37] 6 2 3 1 3 160V/Yes 3 Zero Yes No 98.1%@500W
Proposed SBD2T5L 0 - 3 2 4 Dynamic/Yes 5 Zero Yes Yes 98.1%@1kW

the proposed topology, the Variant 5LH8-TL inverter presented in [20], the ANPC and
ABNPC structures of [98] and [25], and the CG-FC- based topologies of [100] and [39]
are only able to generate 5L of the output voltage levels. However, the main difference of
such a mentioned 5L-TL inverter structures is the minimum dc input voltage utilization
to meet the amplitude of a standard grid (with 311 V as the peak) requirement. In light
of this, only a 50 V input dc source is enough to make the eight-time voltage boosting
feature as for the proposed structure. Herein, none of the topologies mentioned in [20],
[98] and [25] possesses the CG feature; so, still the concern of leakage current elimination
is left. By contrast, although the number of switching devices of the proposed SBD2T5L-
TL inverter is slightly higher than other 5L-CG-based TL-inverter counterparts, it has
a valuable dynamic voltage boosting feature with an inherent soft charging nature
of the involved capacitors. It is also notable that all the positive and negative output
voltage levels of the proposed topology are made by the dec-link capacitors as discussed
earlier, while other 5L-CG-SC-based-TL inverters are using the aim of both the input dc
source and the virtual dc-link voltage of the capacitors. Regarding this remark and as
opposed to them, the dc-bias injection concern can be properly mitigated by the aim of
the proposed topology. Other Details of the circuit design, and the relevant control

and experimental results have been discussed in [105].

3.2 CGSB-Based 5L Inverter: Second topology

The overall circuit configuration of the proposed CGSB5L-TL inverter (second proposed
topology with a dynamic voltage conversion gain) connected through a simple L-type
filter, L, to the grid is illustrated in Fig. 3.5 [106]. As can be inspected, the proposed
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Figure 3.5: Proposed CGSB5L-TL inverter.

Figure 3.6: Different current flowing paths of the proposed CGSB5L-TL inverter at the (a) zero-level of the output
voltage in both half-cycle in Sub-Mode I (b) zero-level of the output voltage in both half-cycle in Sub-Mode II (c)
Vinv = Vo, — Ve, in Sub-Mode I, (d) v;,, = V¢, — V¢, in Sub-Mode II, (e) v;,, = V¢, in Sub-Mode I, (f) v;,, =V, in
Sub-Mode II, (g) v;,, = —V¢, in Sub-Mode I, (h) v;,, = -V, in Sub-Mode II, and (i) v;, = =V, in Sub-Mode.

topology offers a CG feature through a direct connection between the negative terminal
of the input dc source, V;., and the neutral point of the grid. Herein, excluding the
bidirectional switch S5, all the remaining involved power switches are unidirectional. As
can also be observed, the proposed CGSB5L-TL inverter is comprised of an integrated SB
module and a switched-flying-capacitor (SFC) cell. The integrated SB module requires

a single boost inductor, Lgg, three power switches and a single capacitor, C1, whereas

80



3.2. CGSB-BASED 5L INVERTER: SECOND TOPOLOGY

the incorporated SFC cell needs a flying capacitor, Co, four unidirectional and one
bidirectional switches. Here, through a proper switching conversion of the switches
integrated in the SB module, the voltage across C1 can be balanced at a required boosted
voltage value with respect to the input dc voltage, V.. Also, with the help of the grid/load
current and such a boosted voltage across C1, the voltage across C9 can be balanced at
the half value of the boosted voltage across C; without the need of additional voltage
sensors and/or control. Hence, considering V1, and V9, as the steady state voltages
across C1, and Cg, respectively, the proposed topology is able to generate five distinctive
output voltage levels as (+V¢1, +V(9, and zero) within a single-stage power conversion
operation over each fundamental grid period.

Fig. 3.6(a)-(i) show different switching states and current flowing paths representation
of the proposed topology to generate a 5L output voltage. Excluding the top negative
output voltage level, v;,, = —V(¢1, the operating principle of the proposed SBCG5L-TL
inverter is based on two sub-modes per each output voltage level, in which the first
sub-mode (Sub-Mode I) is related to the charging operation of L gp represented in green
color, and the second one (Sub-Mode II) is concerned with the charging operation of C4
highlighted in blue color. Herein, the grid current flowing paths are described in red
color. As shown in Fig. 3.6, the operation in the Sub-Mode I is realized by turning ON
Ssg, while Sub-Mode II is established through two ON-state power switches S1 and Ss.
Considering the ideal condition of all the involved switches and the passive elements,
and taking both the Sub-Mode I and Sub-Mode II into account, a fixed dc duty cycle, d,
has to be considered for the integrated SB module over each switching frequency. Hence,
regarding a volt-sec balance principle applied to Lgp, the steady state voltage across C;
can be written as:

Vei = - (3.7

Moreover, considering the switching operation of the proposed inverter during both
the first positive and the first negative output voltage levels and regarding a KVL, the

steady-state voltage of Cy can be determined by the following expressions:

-+
dLg _ VCQ—V01+Ug

3.8
dt Lg (3.8)
di, v,-V,
LA AL (3.9)
dt Lg
where i;, and i, are the grid current passing through C3 in the positive and negative

half-cycle, respectively; whereas v, is the instantaneous value of the grid voltage. Hence,
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regarding the charge-sec balance theory for the capacitors, and considering the reverse

current direction of i ; in the negative half cycle, the following relationship can be written:

dil di
g g
__ & _ 3.10
dt dt ( )
where i;, and i,, are the grid current passing through Cj in the positive and negative

half-cycle, respectively; whereas v, is the instantaneous value of the grid voltage. Hence,
regarding the charge-sec balance theory for the capacitors, and considering the reverse

current direction of i ; in the negative half cycle, the following relationship can be written:

di}, di
g g
- = 3.11
dt dt 311

Considering (3.9)-(3.11), it can be revealed that Vg9 is equal to 0.5V at the end
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Figure 3.7: Proposed QSBCG5L-TL inverter, (a) main circuit configuration, (b) operation in Sub-Mode I, (c) operation
in Sub-Mode II [106].

of a full grid fundamental period, T'. Regarding the working principle of the proposed
CGSB5L-TL inverter shown in Fig. 3.6, the following remarks can be drawn:

1) The proposed CGSB5L-TL inverter can generate all distinctive 5L in the output

voltage with an adjustable boosted peak value of Yf&. Hence, with a wide range of

input voltage changes, the peak value of the inverter output voltage can be kept fixed

whilst having all the distinctive 5L staircase waveform.

2) Both the involved capacitors of the proposed CGSB5L-TL inverter are self-balanced
over a full grid fundamental period without the need of any active voltage balancing

procedure.

3) Due to the incorporated boost inductor in the integrated SB-module, the current
stress profile of all the switches that are involved in the charging path of C; is limited
to a permissible input current range. Here, all the involved switches of the SFC cell
only experience the stress of the injected grid current since the charging/discharging
operation of Cy is fully soft with the help of the grid current.
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4) All the positive and negative output voltage levels are generated by the contribution
of the capacitors voltages only. Hence, the dc-offset problem associated with most of

the available CG-based TL-inverters is not an issue for this proposal.

5) The MVS across the switches, which corresponds to the maximum OFF-state drain-

source voltage value of the switches is equal to:

v
Vs, = —2° vie{1,2,3,4,SB}
©o1-d 3.12
V. (3.12)
Ve = Vi€ (5,67
i 51_q) J€15,6,7}

3.2.1 Proposed QSBCGS5L-TL Inverter

The integrated SB cell of the proposed TL-based grid-tied inverter can be replaced with
an extra inductor, a dc-link capacitor and two additional power diodes. Hence, the perfor-
mance of the proposed topology can be further enhanced by offering a quadratic voltage
boosting feature without any additional power switch. Such a passive DCL network is
named as an integrated quadratic switched-boost (QSB) cell and can accordingly change
the overall circuit design of the proposed topology to be as an QSBCG5L-TL inverter
as shown in Fig. 3.7 (a). The working principle of the proposed QSBCG5L-TL inverter,
related to having two Sub-Modes per each output voltage level (except the top negative
level), is the same as given for the proposed CGSB5L-TL inverter. Herein, once the
switch Sgp is ON, the switching operation works in the Sub-Mode I as can be realized
in Fig. 3.7 (b). Therefore, through forward biasing the power diode D9, the following
relation over a switching duty cycle of dT's is expressed.
Vs, = Vae (3.13)
VLsps = Vegp

where, V7, s1> VLspas and V¢, are the steady-state voltage across Lgp 1, Lsp2 and, Csp
respectively. Alternatively, as shown in Fig. 3.7(c), whenever the power switch Sgp is
OFF, the power diode D1 is in forward bias. Hence, the operation in the Sub-Mode II is
started and within a duty cycle of (1 —d)T's over each switching time interval, T's, the

following relation can be stated:
VLSB,I =Vic - VCSB (3.14)

VLSB,z = Vg — Vo,

Therefore, by applying the volt-sec balance principle across both the involved induc-
tors in the integrated QSB cell, and taking (3.13)-(3.14) into account, the steady-state
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Figure 3.8: (a) Closed-loop control configuration of the proposed CGSB5L-TL inverter, and (b) maximum boost
LS-SPWM scheme [106].

boosted voltage across the involved capacitors can be obtained as follows:

Vd c

Vegs =7—
1-d v v (3.15)
Ve1=2Vea = Csp _ _Tde
1-d (1-d)?

As can be realized, since the peak of the inverter output voltage is equal to the voltage
across C1, the proposed topology presents a quadratic dynamic voltage conversion gain.
All the other mentioned highlights related to the proposed CGSB5L-TL inverter are also

hold for the proposed QSBCG5L-TL inverter.
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Table 3.2: ON switching states of the proposed CGSB5L-TL inverter modulated with a LS-SPWM
technique.

D(¢) LS-SPWM ON State .
Sign Condition Switches Vinv
D) =Ac1,d=Acs Ssg,S2,S3,S6 Ve
D) =Ac1,d <Acs S1,82,83,S6 Vel
Ace=ID(@)|<Ac1,d 2Acs SsB,S2,53,S7  0.5Ve
Aco<|ID@#)<Ac1,d<Acs S1,S2,53,S7 0.5Ve1
D) =Ac1,d=Acs Ssg,S1,85,S7 -V
N Aco<|D@#)<Ac1,d=Acs Ssp,S2,54,S7 —-0.5V
Aco<|D(#)<Ac1,d <Acs S1,89,84,S7 —-0.5Veq
ID(#)| < Acz,d = Acs SsB,S2,S5,S7 0
ID(@)| < Ace,d <Acs S1,82,85,87 0

P

3.2.2 Modulation and Control Strategy of the Proposed CGSB-5L

inverter: Second Topology

As was previously discussed, all the integrated capacitors in both the proposed CGSB5L-
TL inverter and its quadratic derived version are self-balanced by the described switching
operation in different output voltage levels. Therefore, the only controllable variable in
grid-connected condition of the proposed TL-based inverter is the injected grid current,
ig. There are several types of control strategies to govern the grid-connected inverters
in the literature. In this work, a PR controller has been selected due to its simplicity
and appropriate dynamic performance. The overall closed-loop control procedure of the
proposed grid-tied system has been depicted in Fig. 3.8(a), where the system needs a
MPPT unit to extract the maximum available power of a PV panel string, P*. Similar to
the proposed 9L9S-CGSC-TL inverter, to find the proper phase and amplitude of the grid
voltage, any types of well-known phase-locked loop methods or GVO technique can be
employed.

The aim of PR controller is to track this sinusoidal current. The output of such a
PR controller gives the desired value of the controlled signal, D(%), while reducing the
instant error. Considering this, the instantaneous value of the proposed inverter output

voltage, v;,,(k), can be obtained as:

Vdc
1-d

where D(k) € [-1,1].

To generate all the required gate switching pulses of the proposed TL-based inverter,
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D(t), and d are then sent to the LS-SPWM stage. This comes from the fact that each
of the involved switches in the proposed CGSB5L-TL needs an individual PWM signal
and due to the CG-based configuration of the proposed topology, these PWMs cannot be
complementary provided. The working principle of this LS-SPWM technique has been
illustrated in Fig. 3.8(b), while the details of ON switching states have been tabulated
in Table 3.2. Here, the terms P and N represent the positive and negative polarity of
D(t), respectively. Additionally, three in phase LS carriers named Ac1, Acg, and Acs,
are needed to compare with absolute value of D(¢) and d. In this case, A¢1, Acg are
used to generate the ac PWM pulses, while A3 is incorporated to generate the required
dc PWM pulses of the proposed system. Herein, to generate all the PWM pulses of the
proposed inverter with a fixed switching frequency operation, the frequency of these LS
carriers must be accorded with the sampling time used in the PR and GVO processes.
Regarding the switching conversion of the proposed inverter in different output voltage
levels shown in Fig. 3.6, the maximum fundamental component term of the proposed

inverter output voltage is obtained as follows:

V4.(0.5d +0.5)
Uinv,max = de 1-d 3.17)

The above-mentioned relationship comes from the fact that, during the top negative
output voltage level generation [see Fig. 3.6(i)], the switch Sgp must be always ON.
Considering Fig. 3.8(b), this constraint can only be possible whenever d is greater than
0.5. Therefore, regarding (3.17), the practical constraint of d to generate all the 5L
inverter output voltage while injecting power to the grid is expressed by:

- 2V —Vae)

= . 3.18
Vie+2Vy, ( )

3.2.3 Design Guidelines

The design guidelines of the required passive elements in the proposed CGSB5L-TL
inverter are presented in the following subsections. Herein, a unity PF is considered
for the injected grid current since it reflects the worst scenario for the passive elements
design considerations [107].

The required value of Lgpg in the integrated SB module directly depends on the input
current, i;,, and its associated permissible ripple at different values of the integrated SB
module duty cycle [61]. Similar to any other single-phase 50-Hz grid-tied TL-inverters,
lin presents a low frequency component (100-Hz) and a high switching frequency ripple.

The low frequency component in i;, can also be related to 100-Hz ripple component
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of the steady state ripple voltage across C;. Therefore, taking (3.7) into account and
considering I,,, as the peak value of the injected grid current, the following expressions

for the low-frequency ripple of V¢, and i;, at a steady-state condition can be obtained:

I
AVipo, = g5 c: (3.19)

. I,(1-d)
Airp,, = 3.20
PLEin 1273w2C1Lgpg ( )

where, w is the angular frequency term at the grid fundamental cycle. On the other hand,
the high frequency ripple component of the V¢, and i;, at the steady-state condition can

also be developed as follows, respectively:

d(1-d)i;
AVhHp, ., = Tfm (3.21)
sSw
. dVdc
A = 3.22
PHEin LSstw ( )

where, fs,, represents the switching frequency of the proposed inverter. Hence, regarding
(3.19)-(3.22), and considering the fact that the summation of low and high frequency
contents of the input current and the capacitor voltage have to be less than the twofold
of their average value, the minimum required value of Lgg and C; are then taken as

follows:

d(1-d)i;, + I,
ZAVHF,lesw 37‘[2(1)AVLF,01
1 (dVy, N I,,(1-d)
2iin \ fow 12m3w2C;
It is worth nothing that design of Lgg 1 and C1 in the proposed QSBCG5L-TL inverter
is the same as given for Lgp and C; of the proposed CGSB5L-TL inverter since they act

Cimin= (3.23)

(3.24)

LsBmin =

as the input inductor and the boosted capacitor of the converter. However, design of Lgp 2
and Cgp is slighty different since they just will see the high switching frequency ripple
components of the current passing through Lgp 2 and the voltage across Csp. Hence,
their inductance and capacitance can be chosen smaller than Lgg and C;.

The capacitor Cs in both the proposed CGSB5L and its derived quadratic version TL
inverter is charged/discharged through the grid current path over a grid period. Hence,
to determine a feasible capacitance for Cq, its voltage ripple over a half-cycle of the grid
frequency, which represents the longest discharging period of C2 over the grid frequency,

can be expressed via:

9 T
AV, = o fo Y icat)d (). (3.25)
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Table 3.3: A comparison between the proposed SBCG5L-TL inverter and its other 5L-CG-Based TL-inverter counter-
parts.

No. of Components Max No. Presence of Soft Charging/ Reported

Type of Converter of ON- g:it:l(l’;‘;’;l;age dc offset Capacitors Self Rated
S(G) D C L Switches /TSV(pu) Balancing Efficiency
FC-CG-based [100] 66) 0 3 1 3 Unity (Static) Yes/4 Yes/Yes 97%@1kW
SC-CG-based [39] 66) 1 3 1 3 Unity (Static) Yes/4 No/No 95.8%@1.2kW
SC-CG-based [99] (0 3 1 3 Unity (Static) Yes/4.5 Yes/Yes 97.5%@0.5kW
SC-CG-based [73] 848) 0 3 1 4 Double (Static) Yes/6 No/Yes 97.5%@1kW
SC-CG-based [44] 2 4 1 3 Double (Static) Yes/6 No/Yes 96%@0.04kW
SC-CG-based [70] 7(7) 1 3 1 3 Double (Static) Yes/6 No/Yes 98.1%@0.6kW
SC-CG-based [47] 88 0 4 2 4 Unity (Static) Yes/6.5 No/Yes 97.1%@NA
SB/SC-CG-based [96] 76) 2 3 2 4 Double (Static) Yes/5 No/Yes 97.1%@700W
SB/SC-CG-based [108] 10(10) 0 2 2 5 Quadruple (Static) No/5 Yes/Yes 97.1%@600W
SB-CG-based [105] 108 0 3 2 4 % (Dynamic) No/6.5 Yes/No 98.2%@1kW
SB-CG-based [53] 14100 0 3 2 6 ﬁ (Dynamic) No/6.5 Yes/Yes NA
Proposed SB-CG-based 9(8) 0 3 2 4 ﬁ (Dynamic) No/6.5 Yes/Yes 97.3%@1.5kW

where, i¢9(t) is the passing current through Cs. Hence, regarding the current flowing
path analysis conducted before, ico(t) can be related to iy(¢) through the following
relations:

2D(1)ig(t) Vte [0,55)

21-D@))ig(t),Vte [Z, o

6w’ 2w’

ico(t) = (3.26)
Considering the standard switching transition time among different inverter output
voltage levels in positive half cycle at the grid fundamental frequency and regarding

(3.25) and (3.26), the minimum required capacitance for Cy is obtained as:

21,

_— 3.27
3nwAVesy ( )

CZ,min ~

3.2.4 Comparative Study

To show the main features and differences of the proposed SBCG5L-TL inverter over
some of the recently introduced CG-based 5L-TL inverters, a comparative study has been
conducted in this section and summarized in Table 3.3. The comparative items are the
number of required active and passive elements including the input dc-link capacitor and
the employed output filters, maximum number of ON state power switches at different
switching states, the type/value of output voltage gain, the presence of dc-offset in the
output voltage of the inverters with the TSV index across the switches in perunit scale,
soft charging and capacitors self-balancing features, and the reported overall efficiency
at the rated power. Herein, the terms of S, G, D, C, and L devote the number of required

switches, gate drivers, diodes, capacitors and inductors, respectively.
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As can be noted from Table 3.3, a few types of SBCG-based TL inverters with a
dynamic and adjustable output voltage gain have been proposed so far in the literature.
The major portions of the available 5L.-CG-based TL inverters belong to the SC or
FC-based family with a static output voltage gain. As earlier explained, FC and/or SC-
based TL-inverters are only suitable when a large value of the main dc-link voltage
is available. Although they require less number of switching devices compared with
SB-based TL inverters, another step-up de-dc stage is needed to deal with a low available
dc-link voltage from the PV-arrays. This generally result in an overall lower efficiency
compared to a single-stage dc-ac SBCG-based inverters. Additionally, the CGSC-based
TL inverters suffer from large discontinuous input inrush current as opposed to the
SB-based topologies. This is a main limitation to reach higher range of injected output
power. The dc-offset issue can also degrade the inverter output voltage quality, which
is the case in CGSC/FC-based TL inverters. Comparing with [105] and [53] that are
categorized in the SBCG-based TL inverter family, the proposed topology requires less
number of switching devices/gate drivers with the same value of the TSV in perunit
scale. Self-voltage balancing of the integrated capacitors and the ability to reach a higher
dynamic output voltage gain through the quadratic version of the proposed topology
are two important features that can further highlight the potentiality of the proposed
topology in comparison with [105] and [53]. The overall cost of the proposed SBCG5L-TL
inverter and its quadratic version can be cheaper than the one proposed in [105] and
[563] since apart from less number of switching devices, less value of the capacitors with

a reduced voltage rating can also be employed.

3.2.5 Verification Results

To further evaluate the performance of the proposed CGSB5L-TL inverter in a grid-
connected condition, experimental associated with some simulation results were carried
out and summarized in this section. Fig. 3.9 shows the 1.5 kW laboratory-built prototype
with the measurement setup, while the main prototype components have been tabulated
in Table 3.4. Herein, an Elektro-Automatik PV emulator (model EA-PSI-9750-12) is used
as an adjustable dc laboratory power supply to electrically feed the proposed inverter.
A 50-Hz grid voltage is also generated by a four-quadrant grid-simulator REGATRON
TC30.528.43-ACS, where the grid peak voltage is adjusted to be 311 V throughout the
experiments. To connect the proposed inverter to the grid, an L-type filter with values of
Lg;=3.8mH and r; = 0.33 is utilized. Regarding the integrated voltage boosting property
of the proposed CGSB5L-TL inverter, the input dc voltage is set at 100 V, while the peak
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Figure 3.9: Proposed CGSB5L-TL inverter prototype with the measurement setup [106].

Table 3.4: Parameters used for the experimental prototype of the proposed CGSB5L-TL inverter

Element Type and Description
Power Switches UJ4C075018K4S
Microprocessor DSP-TMS320F28379D

Switching Frequency 20
C1,Cq,and Lgp 0.94, 0.68, 0.3H
Gate Drivers UCC21520DW
Isolated dc/dec Converters | MGJ1D051505MPC

Current Sensor AMC 1200
Voltage Sensor 1S0224B

of 5LL inverter output voltage is supposed to be 400 V with a dc duty cycle of 0.75 as per
(3.17).

The nominal voltage of the selected capacitors, C1 and Cs is 450 V, and 250 V,
respectively whilst a 10% allowable ripple voltage is considered for them. Also, the input
boost inductor, Lgg, is selected based on its nominal saturated current and the input
dc current at the extreme case study. The selection of SiC switches is based on their
very low ON state resistance, low value of the drain-source capacitance, and very low
value of the required reverse recovery charge i.e., @, = 102nC. Regarding the SiC power
switches used in the prototype, a 20 kHz switching frequency is chosen, which results in
T = 50uS sampling time to execute the GVO and the PR controller. Taking Table 3.4 into
account, the required gate switching pulses have also been provided using a standard
DSP with the model number of TMS320F28379D. A peak of 9.5 A for the grid current
reference has also been chosen to inject around 1.5 kW power to the grid.

Considering the above-mentioned notions, an experimental steady-state performance
of the proposed inverter is shown in Fig. 3.10(a) and (b). Here, the grid voltage, the
injected grid current, the 5L inverter output voltage, and the voltage across C; and

Co are shown, respectively. As can be seen, through the proper balanced voltage of
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Figure 3.10: Experimental waveforms of the proposed CGSB5L-TL inverter in the closed-loop grid-tied condition
showing the grid voltage, the injected grid current, and the 5L inverter output voltage (a) with the presence of the
voltage across C1 at 1.5 kW injected power, (b) with the presence of the voltage across Co at 1.5 kW injected power, (c)
with the presence of the input current when the injected power is changed from zero to 1.1 kW, (d) with the presence
of the input current when the injected power is changed from 1.1 kW to zero, (e) with the presence of the input current
and under a lagging reactive power support mode, and (f) with the presence of the input current and under a leading
reactive power support mode [106].
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Figure 3.11: Experimental waveforms of the proposed CGSB5L-TL inverter output voltage with (a) MVS across Sg,
and Sy, (b) MVS across S5, S1, and Sgp, and (¢) MVS across Sg, S7, and Sg [106].

the capacitors, e.g., 400 V, 200 V as for the voltage across C1 and Csy, respectively,
all distinctive 5L in the output voltage are generated. Moreover, as a result of this, a
high quality injected current can also be observed. The maximum output voltage of the
inverter is 400 V reflecting the integrated voltage boosting feature of the converter. To
attest the acceptable dynamic performance of the proposed converter, a step change
from zero to around 1.1 kW injected power and vice versa in the reference current is
applied as shown in Fig. 3.10(c) and (d). The results contain the continuous input current
waveform, as well. As can be seen, the proposed closed-loop grid-connected system with

the implemented PR controller presents a fast dynamic response in tracking the assigned
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Figure 3.12: Grid-connected experimental result at 1 kW injected power, (a) under a dynamic test in input dc voltage
changing within a ramp trend from 70 V to 130 V, (b) a zoom shot of the result when the input dc voltage is at 70 V,
and (c) a zoom shot of the result when the input dc voltage is at 130 V [106].
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Figure 3.13: Grid-connected experimental result at 1.1 kW injected power, (a) under a dynamic test when the peak of
the reference current is changed from zero to 7 A, (b) a zoom shot of the result when the peak of the reference current
is zero, and (c) a zoom shot of the result when the peak of the reference current is 7 A [106].
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Figure 3.14: Grid-connected experimental result showing the leakage current propagation of the proposed SBCG5L-
TL inverter in presence of 1.2 kW injected power [106].

reference current. From these results, it can also be revealed that the input current is free
from large discontinuous inrush current as opposed to other available CGSC-based TL
inverters with a static voltage gain technique. The reactive power support performance
of the proposed system in both the lagging and leading injected grid current conditions
have been shown in Fig. 3.10(e) and (f), respectively. In both cases, the converter can
inject around 1 kW and 1 kVAR power to the grid.

Having taken the same value of the input dc voltage and the dc duty cycle, the 5L
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Figure 3.15: Simulation results showing the current stress profile of the integrated switches and capacitors in the
proposed SBCG5L-TL inverter under 1.2 kW injected power to the grid [106].

inverter output voltage along with the MVS waveforms of all the integrated switches are
illustrated in Fig. 3.2.5, where the results conform the relationships presented in (3.15).
Here, the maximum MVS is equal to the maximum inverter boosted voltage,i.e., 400 V,
while the switches S5, Sg, and S7 have to tolerate a half value of this maximum voltage.

Conversely, to show the dynamic voltage boosting capability of the proposed CGSB5L-
TL inverter, the value of the input dc voltage is changed to possess a ramp trend from
70 V to 130 V. Herein, to inject the same amount of power to the grid, which is the
case for MPPT purpose, the maximum fundamental value of the inverter output voltage
mentioned in (3.33) must be fixed at V,,. Hence, a peak of 6 A is selected for the CRG
stage of the closed-loop control system, which results in around 1 kW injected power.

To keep fixed the maximum value of the inverter output voltage at 400 V, the dc duty

93



CHAPTER 3. COMMON-GROUND SWITCHED-BOOST-BASED MLIS

—_

ig: 5.65 A rms

THD: 1.1%
dc offset: 5 mA

. JJA ) i

e
ot
1

Normalized Amplitude (%) Normalized Amplitude (%)

00 200 400 600 800 1000
25
20 Vinw © 231.1 V rms 1
15 THD: 35.9% I
10+ dc offset: 8 mV 1

51 L 1

0 . it . - \U.

0 200 400 600 800 1000

Harmonic Number

Figure 3.16: FFT analysis of the grid current and the inverter output voltage at 1.2 kW injected power [106].
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Figure 3.17: (a) Loss analysis of the proposed CGSB5L-TL inverter at the rated power, and (b) efficiency results
extracted by the PLECS and measurement [106].

cycle, d, must be dynamically changed from 0.82 to 0.67. The experimental results of this
dynamic test are shown in Fig. 3.12(a)-(c), while there is no change in the peak value of
the injected grid current. Even though having a large variation in the input dc voltage
value, all the 5L output voltage waveform with a high quality are generated and the
peak output voltage of the inverter is not affected by this variation.

Alternatively, Fig. 3.13(a)-(c) show the relevant experimental results of the proposed
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CGSB5L-TL inverter when the peak of reference current waveform is changed with a 1
second from zero to 7 A. In this case, the input dc voltage value is set at 100 V, while
the dc duty cycle, d is fixed at 0.75. The leakage current suppression capability of the
proposed CGSB5L-TL inverter is also verified experimentally at 1.2 kW injected power
as shown in Fig. 3.14, while the maximum rms value of the i;.4zqge is less than 30 mA.

Since the fabricated prototype is designed with a compact printed circuit board as
depicted in Fig. 3.9, the current stress profiles of all the integrated switches as well as
capacitors are investigated through the PLECS simulation software. The result of this
simulation has been shown in Fig. 3.15, while 1.2 kW power with the input dc voltage
equal to 80 V is injected to the grid. In this case, the value of the dc duty cycle is set at
0.8 to achieve 400 V for the peak voltage of the proposed CGSB5L-TL inverter. As can
be confirmed, due to incorporating the SB technique associated with FC concept for C1
and Cq, respectively, the current passing through the involved switches does not contain
any large discontinuous inrush spikes. Here, only the switches integrating in the SB
module experience the highest current stress related to the voltage boosting property of
the proposed topology, whereas the rest of the switches are passing a chopped waveform
of the injected grid current. The FFT analysis of the 5L inverter output voltage and the
injected grid current at the same rated power have also been shown in Fig. 3.16. As can
be seen the THD of the output voltage and the injected grid current is 35.9% and 1.1%,
respectively, at 20 kHz switching frequency, while there is no significant dc-offset in the
captured waveforms.

Finally, with respect to the information compiled in the data sheet of the power
switches, and the circuit specification of the proposed topology at the rated power, i.e.,
P,,; = 1.5 kW, a loss analysis has been developed in the PLECS and its details are
shown in Fig. 3.17(a). Here, the input dc voltage is set at 80 V, while the peak of the
inverter output voltage is kept at 400 V. The losses associated to the passive elements are
considered based on their internal equivalent series resistance, ESR, and the rms value
of the injected grid current. Regarding this, a comparative efficiency curve between the
results extracted from the PLECS and the data captured by the experiment is conducted
and shown in Fig. 3.17(b). As for the measurement results, a Voltech PM3000A Universal
Power Analyzer is used, while the peak efficiency of the proposed CGSB5L-TL inverter

was above 96.5% over a wide range of injected output power.
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Figure 3.18: The proposed CGSB7L-TL inverter [109].

3.3 Proposed CGSB7L-TL Inverter with Single-Stage

Dynamic Gain

In following the above-mentioned proposed CGSB5L-TL inverters with a dynamic voltage
boosting feature, a new CGSB7L-TL inverter is proposed in this section. The number of
output voltage levels for this proposed topology is enhanced to seven, whilst attaining a
flexible output voltage conversion gain, which is an important factor for dealing with low
and wide varying input dc source in grid-tied PV applications.

The overall structure of the proposed CGSB7L-TL inverter is illustrated in Fig. 3.18.
As can be seen, the proposed topology is comprised of 10 unidirectional power switches,
three capacitors, and one input inductor. The ground of the input dc source and the
load/grid is tied to each other, which results in a CG-based configuration for the overall
structure. Herein, the front-end inductor, L, the capacitor C; and three power switches
S1, Se and Sg3 act as a boost-integrated circuit for the proposed topology. Hence, with a
proper high switching conversion over each sampling/switching time, a boosted voltage
equal to V;./(1 —d) is converted across C1. In this case, d is a fixed duty cycle for the
switch, S1, and V. is the input dc voltage provided by any types of RE resources like PV
string panels.

To generate all the desired 7L output voltage of the inverter, two switches from this
front-end boost-integrated circuit, Sg and S3, as well as all the remaining power switches
from the rest of the circuit must also be driven by a sinusoidal PWM duty cycle. Details
of working principles of the proposed topology, while generating different output voltage
levels are depicted in Fig. 3.19.

As can be observed, the inverter output voltage levels are made by the stored voltages
of the involved capacitors. In this case, the maximum output voltage of the proposed
CGSB7L-TL inverter in both half cycles, e.g., the top positive (+3) and top negative (-3)
are equal to (3.28), while to create all the middle output voltage levels in both half cycle,
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Figure 3.19: Different current flowing paths of the proposed CGSB7L-TL inverter [109].

the voltage across Cy and C3 must be balanced at (3.29).

Vdc
Vinaz = Vo1 = 3.28
C1=71"g ( )

Vdc
Voo =Vog = —2¢ 3.29
c2=Ves= 39 (3.29)

Herein, to keep a steady boosted voltage across C; during whole the switching
operation, except the top positive and negative output voltage levels, two charging and
discharging sub-modes are defined during each output voltage level generation as can be

seen from Fig. 3.19. Here, in one sub-mode and during a switching time interval of dT's,,,
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Figure 3.20: Simulation results of the proposed CGSB7L-TL inverter at (a) D =0.7, (b) D = 0.8 [109].

the input inductor is charged through the switch S;. Also, in the remaining dc duty
cycle of S, the inductor is discharged through the path of input dc source, switches S»
and S3, and the capacitor C;. These two sub-modes cannot be operated in top negative
output voltage level as the condition of generating these levels is to keep switch S; ON
all the time. Therefore, considering M as the peak value of the ac modulation index, the

dynamic voltage boosting gain of the converter can be expressed as (3.30) [109]:
M
G=——. 3.30
1-d ( )

From the current flowing paths illustration, it can also be realized that the charg-
ing/discharging operation of C2 and C3 are made by the load current direction in positive
and negative half cycle of the operation. Therefore, both of these capacitors can only see
a chopped waveform of the load/grid current as their respective current stress profile. Al-
ternatively, owing to the incorporated boosted inductor in the front-end boost-integrated
circuit, the current stress profile of all the switches that are involved in the charging path
of C; is limited to a permissible input current range. Moreover, the maximum voltage

stress across the switches, which corresponds to the maximum OFF-state drain-source
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voltage of the switches can also possess an acceptable value as summarizing in (3.31):

1%
Vs, = 1 d;,Vi€{1,2,3,4,5}
_ Ve
s oa-a @31
Vdc .
Vs, = —%_ ¥j€(6,8,9,10
S] 3(1—d)’ Je{ b b b }

In order to show the correct performance of the proposed SBCG7L-TL inverter, two
case studies for the dc duty cycle of d = 0.7, and d = 0.8 have been considered in a
standard MATLAB simulation platform as shown in Fig. 3.20(a) and (b), respectively.
Herein, a LS-SPWM technique was used to provide the required gate switching pulses.
The switching frequency of the modulation is chosen at 100 kHz, and the value of the
input inductor is set at 300uH. The capacitance of C; is set at 1mF, while C9 and Cs
are adjusted to be the same as 680uF. In both the cases, a simple R-L load with value
of 25 Ohm and 100mH is considered. As for the case of d = 0.7, the input dc voltage is
set at 120 V, while for the given case of d = 0.8, its value is 80 V. The 7L waveform of
the inverter output voltage, the capacitors voltages, the input voltage, the input current,
and the capacitors current have been shown for both the above-mentioned case studies.
As can be observed, all the 7L output voltage waveform within a smooth performance of
the converter from the input current view point are generated, while the load current
is sinusoidal with a peak of 8 A. The peak of inverter output voltage is 400 V in both
the cases, which is in agreement with (3.31). The capacitors voltages of Co and C3 are
both balanced at one-third value of the boosted voltage across C; which confirm the
theoretical observation expressed in (3.29). The input current waveform in both the cases

are quite continuous without inducing any inrush spikes in both the cases as well.

99






CHAPTER

MID POINT-CLAMPED-BASED MLIS

Application of mid-point-clamped MLIs have been significantly broadened in recent
years due to better performance, reduced common-mode voltage and leakage current,
bidirectional power flow capability and simplicity in circuit design. Nonetheless, the
dc-link voltage utilisation factor is only 50% (i.e. the peak of the ac output voltage is
half of the dc-link voltage), which require additional front-end boost integrated circuit to
accommodate low and wide varying input voltage. In this chapter, a single-stage ANPC-
5L boost integrated inverter is presented first, which is able to meet the peak amplitude
of the grid voltage even when the dc-link voltage is low and wide varying. Compared with
the conventional two-stage ANPC-5L or stacked-multicell (SMC) 5L inverters with a
front-end bidirectional boost converter, the proposed topology requires the same number
of power switches, whilst providing more flexible/dynamic voltage conversion gain with
a reduced total standing voltage across the switches. Afterwards, the concept of dual-
mode (DM) converter that can retain a good ac voltage quality with a reduced voltage
stress on devices over a wide range of the input dc voltage is applied to a new family of
ANPC-5L-TL inverter. Hence, they can be operated in either buck or boost mode that
caters a wide range of input dc voltage utilization with an improved performance. Each
of the proposed DM-ANPC-5L converters requires 10 power switches, while they offer
a bidirectional power flow feature with an integrated FC and/or SC concept. Extensive
analysis, comparative study, simulation and several experimental results obtained from
a laboratory-built prototype operating in the grid-connected condition are presented to

validate the performance of the proposed converters.
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4.1 Proposed Dual-Boost ANPC-5L linverter with
Integrated Single-Stage Dynamic Voltage Gain

As earlier stated, among many families of MLIs, those topologies are of interest, which
can provide a reliable operation in terms of CMV, leakage current propagation issue, and
voltage/current stress profile of the involved semiconductor devices. Integration of the
SC concept into the conventional ANPC-MLIs results in introducing ABNPC-based MLIs
[25]. They have become a popular solution to reduce the burden of this front-end de-dc
boost converter. Nonetheless, similar to the CGFC/SC-based MLIs, the overall voltage
conversion gain of the inverter stage is still static (fixed). This is an additional setback
in addition to inducing a large discontinuous input current and a spiky current stress
profile for the SC-network switches in both the ABNPC or CGSC-based MLIs [28]. In
this context, integration of the SB cells consisting of some switches, diodes, capacitor(s)
and inductor(s) that are controlled with a fixed dc duty cycle have also been adopted in
mid-point-clamped [110] and CG-based MLIs [96, 108]. However, the problem of static
output voltage gain for the inverter stage still remains in place, which calls another
power processing stage for whole the system.

Having taken the above-mentioned contributions into account, the aim of this
subsection is to present a novel single-stage ANPC-based 5L inverter with an integrated
SB concept. The proposed topology requires two boost inductors, four dc-link capacitors,
and 10 power switches, and is named as dual-boost (DB)-ANPC-5L inverter in the rest
of the article. Owing to the utilization of the inductors with a SB technique, the overall
voltage conversion gain of the proposed converter is flexible and two times larger than
a standard two-stage system including a de-dc bidirectional boost converter followed
by a back-end ANPC-5L inverter. Moreover, with the same number of required power
switches compared to the above-mentioned two-stage converter, the overall TSV index
of the proposed DB-ANPC-5L inverter is lower. Further, a bidirectional power flow
performance can also be possible making its application more broaden even for EV
systems with vehicle-to-grid (V2G) and grid-to-vehicle (G2V) operations. Regarding
a symmetric power sharing performance among the switches in both half cycle, the
gate switching pulses of the proposed topology can be provided with either PS or LS-
PWM techniques. Continuous input current waveform, reduced size of required passive
elements and three-phase circuit extension capability with a reduced switch-count design
are other important features of the proposed DB-ANPC-5L inverter.

Conventional two-stage grid-connected system feeding through a single input dc
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Figure 4.1: Grid-connected system based on (a) conventional two-stage platform with front-end dc-de boost converter
and a back-end ANPC-5L inverter, (b) conventional two-stage platform with front-end dc-dc boost converter and a
back-end SMC-5L inverter and (c) the proposed single-stage DB-ANPC-5L inverter [111].

source, V;., and being constructed based on a front-end dc-dc boost converter followed
by an ANPC- or SMC-5L inverters are illustrated in Fig. 4.1(a) and (b), respectively.
This circuit architecture is being widely used in both PV and EV applications due to its
reduced CMYV profile, bidirectional power flow performance, standard design with five
half-bridge switch modules available in the market, possibility to be modulated with both
PS and LS-PWM techniques, and reduced voltage/current stress profile of its switches.
Considering a dc duty cycle of D as for the switches S; and Sg, the maximum 5L output

voltage of this two-stage system is 0'15_‘/50 , while its capacitors voltages are:

Vd c

Ve, =Ve, =2V = m

(4.1
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e

Figure 4.2: Different current flowing paths of the proposed DB-ANPC-5L inverter at (a) v;,, = 0 and charging
operation of the boost inductors, (b) v;,, = 0 and charging operation of the capacitors, (c) v;,, = +V1 and charging
operation of the boost inductors, (d) vj,, = +V(1 and charging operation of the capacitors, (e) v;,, = —V9 and charging
operation of the boost inductors, (f) v;,, = —V9 and charging operation of the capacitors, (g) vj,, = +V1 + Voo and
charging operation of the boost inductors, and (h) v;,, = —V¢1 — Voo and charging operation of the boost inductors
[111].
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Figure 4.3: Three-phase extension of the proposed DB-ANPC-5L inverter [111].

The leakage current propagation issue in this system is minimal as long as an active
voltage balancing for the dc-link capacitors, C,, and Cy is to be provided. Otherwise, for
each of these dc-link capacitors, a dedicated front-end dc-dc boost converter is needed,
which can enlarge the overall cost and complexity of the control system.

As opposed to this standard topology, the proposed DB-ANPC-5L inverter requires a
single-stage circuit design as shown in Fig. 4.1(c). Herein, the same number of power
switches has been employed with a two standard T-Type switching modules and two
discrete power switches. Two boost inductors, L1 and Lo in the upper and lower sides of
the de-link capacitors are also used. Herein, both the switches S; and Sy are operated

within a flexible dc duty cycle of D, which can be adjusted based on the availability
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Table 4.1: Voltage stress across the switches for the proposed single-stage DB-ANPC-5L inverter
and its two-stage conventional counterparts.

Switches Proposed ANPC-5L SMC-5L
Topology Fig. 4.1(a) Fig. 4.1(b)
0.5V, Vie Vie
S1,S2 1—5 1—dD 1—dD
Vi 0.5V, 0.5V,
S3,84 §E) SEN SEN
05V, 05V 0.5V,
S5,S6 BE ) ~p"
Ve 0.25V,, 0.5V,
S7,Ss %5 - SN
S9,S10 NA RE1ZH NA

of the input dc voltage and the peak of the grid voltage. Hence, both switches S and
So require the same gate switching pulses. Considering the four-quadrant switching
arrangement as for S5 and Sg, only seven PWM signals are required for the proposed
system. Concerning V¢ and V¢, as the boosted voltages across C; and Cy, respectively,
five distinctive output voltage levels e.g. zero, Vo1, —Veo, Vo1 + Vg, and — V1 — Vo are
generated at the output of the proposed inverter. For both the conventional two-stage
and the proposed single-stage system, L, acts as the grid-interfaced filter.

Different current flowing paths of the proposed DB-ANPC-5L inverter per each
output voltage level are depicted in Fig. 4.2(a)-(h). Herein, the charging paths of the
inductors and capacitors are highlighted with a blue color, while the grid current flowing
path is shown in a red color. As can be realized, except the top positive [see Fig. 4.2(g)]
and the top negative [see Fig. 4.2(h)] output voltage levels, the remaining output voltage
levels are made based on two operating sub-modes per switching time interval. In
one of these sub-modes, both the inductors are charged to the voltage across the dc-
link capacitors of C, or Cp through two independent power loops e.g., C,,L1,S1 and
Cp,L2,S2. Consequently, in the other operating sub-mode, the capacitors C; and Cy are
being charged to the voltage across L1, and L9 and the voltage across C, and Cp through
two others independent power loops e.g., C,,L1,S3,S5,C1, and Cp,L92,S4,S5,Cs. As is
clear from Fig. 4.2(a) to (f), during the output voltage generation in zero and the first
positive/negative levels, these power loops act as two integrated boost circuits (dual boost
circuits). To succeed the desired zero and the first positive/negative output voltage levels,
the four-quadrant switch S5 is always ON, while the pair switches of S1/S9, and S3/S4
are switching within a complementary dc duty cycle fashion in respect to D. Therefore,
having taken these sub-modes switching operations as dual boost circuits over each

switching frequency, the following relationship for the involved capacitors voltages can
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be expressed as:
0.5V4,

1-D (4.2)
Ve, =Ve, =0.5Vg,.

Ve, =Ve, =

Conversely, considering Fig. 4.2(g) and (h), the charging operation of the capacitors C;
and C is not possible during the top positive and the top negative output voltage levels
generation since switches S; and S9 must be always ON to provide the grid current
flowing path. It is clear from Fig. 4.2(g) and (h) that both switches S3, and S4 require
an ac duty cycle during these time intervals of the operation, as well. Herein, in order
to symmetrically keep the charging operation of both inductors, both switches S, and
S still are being switched under the dc duty cycle D. It is also worth mentioning that
similar to any T-Type network, the role of switches Sg,S7, and Sg is for polarity inverting
purpose. Hence, all these switches are driven based on the line switching frequency.

Considering the value of the inverter output voltage in the top positive/negative
levels, which are made by the summation of the voltages across C1, and Cy, the maximum

voltage of the proposed DB-ANPC-5L inverter is equal to lv_dl“’). Apparently, this value is

two times larger than its counterpart two-stage topology shown in Fig. 4.1(a). The voltage
stress across different switches of the proposed single-stage DB-ANPC-5L inverter and
its two-stage ANPC/SMC-5L inverter-based counterparts [Fig. 4.1(a) and (b)] have
been tabulated in Table 4.1. Regarding this circuitry analysis, the following points are
highlighted as:

1) Considering the maximum value of the 5L inverter output voltage and regarding
Table I, the TSV index of the proposed converter in per unit scale is seven, while
for its two-stage counterpart with a front-end dc-dc boost converter plus a back-end
standard ANPC-5L inverter, this value is 10. Reduced value of the TSV index in the
proposed DB-ANPC-5L inverter can reflect the fact that the overall manufacturing
cost of the proposed system is smaller whist due to the reduced ‘fi—’; across the switches,

less EMI noises are propagated during the operation.

2) Comparing with the conventional two-stage system, the dc-link capacitors of the
proposed DB-ANPC-5L inverter should tolerate less value of the nominal voltage,
i.e., only half value of the main dc-link voltage, which helps to incorporate small film
or electrolyte capacitors for C, and Cp. Also, both C; and Cy must be able to only
tolerate the half peak output voltage value of the inverter. This can significantly
reduce the overall withstand voltage across the capacitors and can help entire the

system to possess an acceptable overall power density.
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Figure 4.4: A comparative study of the working region between the proposed DB-ANPC-5L inverter and the
conventional two-stage ANPC/SMC-5L-based converters, (a) dc duty cycle, D versus the overall voltage conversion
gain, (b) the ratio between V;,,;, 4x/V4. and the overall voltage conversion gain [111].

3)

4)

In the conventional two-stage ANPC and/or SMC-5L converters, the top positive/neg-
ative inverter output voltage levels are generated by discharging each of the dc-link
capacitors. Hence, this causes a half dc-link voltage utilization in the ac output. Con-
versely, these output voltage levels are created by the aim of series connection of the
boost capacitors, C; and Cq, leading to full dc-link voltage utilization in the output
with less value of the required dc duty cycle, D, and enhancement in the voltage con-
version gain. The comparative curves of the variations of D and V;,; max/Vd. versus

the overall voltage conversion gain are illustrated in Fig. 4.4(a) and (b), respectively.

The proposed DB-ANPC-5L inverter can be extended to a three-phase design as
shown in Fig. 4.3. Considering the dc-link capacitors and the boost inductors with
switches S1 and S9 as the SB-cell, the rest of the circuit configured based on dual

T-cell can be stacked to realize the three-phase multilevel operation for entire the
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Table 4.2: ON switching states of the proposed DB-ANPC-5L inverter modulated with a PS-PWM technique.

d(t) PS-PWM ON State .
Sign Condition Switches Vinv
|d(@) = Aq,Ap, D=Ap  S51,52,54,S7  Ve1+Vee
p A, <|d@t)|<Ap,D=Ap §1,59,S5,S7 Vei
Ap<|d@t)| <A, D=Ap §S51,59,5S5,S7 Vei
A, <|d@)|<Ap,D<Ap 8S3,54,S5,S7 Vo1
Ap<|ld@t)|<A,,D<Ap 8S3,54,55,S7 Ve
A=Ay, Ap, D= A S1,52,53,Ss —(Ve1+ Vo)
N A, <|ld@)|<Ap,D=A, S1,59,S55,Ss Voo
Ap<|d@t)| <Ay, D=Ap S§1,59,S5,Sg —-Veo
A, <|d@t)|<Ap,D<Ap 8S3,54,S5,Sg —Veo
Ap<|d@t)| <Ay, D<Ap S3,54,S5,Sg —Veo
ld(B)| <Ay, ApD = Ay S1,S9,S5,S¢ 0
) |d(t)| <Aq,ApD <Ay S35,84,85,86 0

system. This comes from the fact that both the SB-cell switches need only the boost
dc duty cycle, while a combination of the dc and ac duty cycles that are different per

phase are required for the rest of dual T-cell in each phase.

5) As opposed to the SC-based mid-point-clamped MLIs, the input current, i;,, is free
from large discontinuous inrush spikes and it only possesses the double-line frequency
in the single-phase grid-connected operation. Such a continuous waveform profile can
facilitate the incorporation of APD and single-stage MPPT in the control design of
the system.

6) Due to incorporation of the inductors in the SB-cell stage, only four switches S1,S2,S3,S4
of the proposed DB-ANPC-5L inverter experience a current stress equal to the charg-
ing current of the boost capacitors C; and Cy. The remaining switches experience the
intended peak value of the injected grid current, i ;. This helps the proposed converter
to possess an acceptable thermal and conduction loss distribution to reach higher

range of the injected power with a reliable overall operating temperature.

4.1.1 Modulation and Control Strategy

As earlier stated, to provide the required gate switching pulses for the proposed DB-
ANPC-5L inverter, two control references representing the dc and ac duty cycles of the

switches are needed. In case of having an input dc source with a wide range of variations

108



4.1. PROPOSED DUAL-BOOST ANPC-5L IINVERTER WITH INTEGRATED
SINGLE-STAGE DYNAMIC VOLTAGE GAIN

Vinvmazx

0

—Vinvmaz
0.1 0.105 0.11 0.115 0.12
Time |[s]

Figure 4.5: Modulation and gate pulses of the proposed DB-ANPC-5L inverter.

like PV string arrays, the dc reference, D, can be provided through the information
of the MPPT and APD processes to meet the required amplitude of the grid voltage.
On the other hand, since all the involved capacitors of the proposed DB-ANPC-5L are
self-balanced based on the described switching platform, the only controllable variable to
inject the power to the grid is the injected grid current, i ;. The proposed grid-connected
inverter can be governed to track a desired reference current, i;, by handling the ac
reference, d(t).

Herein, any kinds of single-objective time-domain or frequency-domain-based con-
trollers can be adopted to reduce the instantaneous error between the i, and i;. The
output of such a designed controller is equal to d(¢), which is sent to the modulator stage,
i.e., PS-or LS-PWMs. As previously discussed, the proposed topology can be driven based
on either the PS-or LS-PWM principles. Due to better output harmonic profile of the
PS-PWM, which can reflect two times of effective switching frequency in the output, this
type of modulator is used in the article. Details of this PS-PWM technique are tabulated
in Table 4.2, while the resultant gate switching pulses of the proposed DB-ANPC-5L

inverter is illustrated in Fig. 4.5. Since an absolute function of the ac reference is used in
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the modulation, the terms of P and N in Table 4.2 devote the positive and negative half
cycle of this controlled ac reference, respectively. Herein, A,, and Ay are two 180 degrees
PS carriers. The required dc duty cycle of the SB-cell switches is generated by comparing
the dc reference of D and the high frequency carrier Aj. As it can be seen from Fig. 4.5,
switches S3, and S4 require a dc duty cycle during the zero and the first positive/negative
output voltage levels, which is in complementary fashion in respect to S1, and Ss. Also,
they need both this dc and ac duty cycles during the top positive/negative output voltage
levels. It can also be deduced from Table 4.2 that at each level of the output voltage,
only half number of the involved switches are ON. This confirms an acceptable overall
conduction losses of the proposed DB-ANPC-5L inverter.

Regarding the switching conversion of the proposed inverter in different output volt-
age levels shown in Fig. 4.2, the maximum fundamental component term of the proposed
inverter output voltage is obtained as follows:

DV,

Vinv,p = 1-D (4.3)

The above-mentioned relationship comes from the fact that, during the top posi-
tive/negative output voltage levels generation [see Fig. 4.2(g) and (h)], both the SB cell
switches must be always ON. This constraint can only be possible whenever the maxi-
mum value of the ac reference d(¢) is to be less than D. Therefore, regarding (4.3), the
practical constraint of D to generate all the 5L inverter output voltage while injecting

power to the grid is expressed by:

Vin

D>———.
Vdc+Vm

(4.4)

4.1.2 Passive Elements Design

The input current of the proposed DB-ANPC-5L inverter in the single-phase design
possesses a double-line frequency, 2w. The role of dc-link capacitors C, and Cy is to store
the ripple component of the input dc source. Hence, the required capacitance for them is

expressed as [112]:
Vinlm

dec AVdc '

where, w and AV, are the angular term at the grid fundamental frequency and the

Co=Cp= (4.5)

voltage ripple across the capacitors. Also, I,, devotes the peak value of the injected grid
current.

On the other hand, the required value of L and Lo in the integrated SB-cell directly
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depends on the current passing through them, i;,,, and iz, and their associated permis-
sible ripple at different values of the dc duty cycle. Concerning a balanced neutral point
for the dc-link capacitors, the low frequency component in iy, , and iz, can be relatively
related to the double-line frequency ripple component of the steady state ripple voltages
across Cq1 and Cy. Therefore, taking (4.2) into account, the following expressions for the
low-frequency ripple of V¢, (V¢,) and if,,(i,) at a steady-state condition can be obtained
[107]:

I
AVLpc, = g—5om c. (4.6)
: I,,(1-D)

AZLF’LI - 127‘[3(1)201[41 (4.7)

On the other hand, the high frequency ripple component of the V¢, (V¢,) and ir, (ir,)

at the steady-state condition can also be developed as follows, respectively [113]:

D(1-Djir,
AVyrc, = “2Cifun - (4.8)
. 0.5DYV,
Algrr, = —L1f de 4.9)
sw

where, g, represents the switching frequency of the proposed converter. Hence, regard-
ing (4.6)-(4.9), and considering the fact that the summation of low and high frequency
contents of the inductors currents and the boosted capacitor voltages have to be less than
the twofold of their average value, the minimum required value of L1=Lo and C1=Cy are

then taken as follows:

D(1-D)iy, In
Cimin= + 4.10
Lmin 2AVhrp o, fow 3m20AViFc, (410
1 (DY, I1,,(1-D
Lmin = de , Im{1-D) (4.11)

+
2iL1 fsw 127‘[3(1)201

4.1.3 Comparative Study

To further compare the main circuit features of the proposed DB-ANPC-5L inveter over
the state-of-the-art 5L.-SB-based inverters with voltage boosting feature, a comparative
study is conducted in this section. The comparative items are the number of required
components, i.e., switches (S), diodes (D), capacitors (C), and the inductors (L), the type of
output voltage gain, the MVS across the switches and the TSV index in perunit scale, the

111



CHAPTER 4. MID POINT-CLAMPED-BASED MLIS

Table 4.3: A comparison between the proposed DB-ANPC-5L inverter and the other single-source 5L-SB-based
inverters.

Typeof Natureof Bidirectio

Type of Converter No. of Components Voltage ?’I[“S,\SI ?;z; Input Caps Self Current gf?f?(;!(;ij
S D C L Gain Current Balancing /PS-PWM?

ANPC-Based [110] 12 0 4 2 Static 1.5/11 Continuous Yes/Yes Low/No 97.5%@160W
CG-Based [96] 7 2 2 1 Static 1/6 Semi-Continuous No/Yes Zero/No 97.5%@700W
CG-Based [108] 10 0 2 1 Static 0.5/5 Discontinuous Yes/Yes Zero/No 97.13%@600W

Cascaded-Based [114] 100 0 2 2 Dynamic 0.5/5 Continuous Yes/Yes High/Yes 97.3%@1kW
Split-Source-Based [115] 7 0 2 1 Dynamic 1/6 Continuous Yes/Yes High/No 95%@180W
CG-Based [53] 14 0 2 1 Dynamic 1/6 Semi-Continuous Yes/No Zero/No NA
CG-Based [105] 100 0 2 1 Dynamic 1/6 Semi-Continuous Yes/Yes Zero/No 98%@1kW
CG-Based [106] 9 0 2 1 Dynamic 1/6.5 Continuous Yes/Yes Zero/No NA
CG-Based [116] 7 0 2 1 Dynamic 1/6 Continuous Yes/No Zero/No 94.9%@1kW
Proposed DB-ANPC 10 0 4 2 Dynamic 1/5 Continuous Yes/Yes Low/Yes 97.5%@880W

nature of input current waveform, bidirectional and self voltage balancing of the capaci-
tors, leakage current value, possibility of applying PS-PWM for the modulation, and the
reported maximum efficiency at the rated power. In this case, the leakage current profile
of topologies is considered “Low” if a mid-point-clamped technique is to be employed,
while it referes to be “Zero” as long as the circuit configuration is to be CG-based. In other
cases rather than the above-mentioned circuit design, the leakage current is expected to
be “High”.

As can be noted from Table 4.3, the type of output voltage gain of the selected topolo-
gies are either static (fixed), or dynamic (flexible). As earlier discussed, in case of having a
static voltage conversion gain, the peak of the inverter output voltage cannot be controlled
over a wide variation of the input dc voltage unless adopting another front-end dc-dc
boost/buck-boost converter, which results in lower overall efficiency. This can affect the
input current nature, as well, i.e., being continuous, discontinuous, or semi-continuous
depending on the type of the input boost circuit. Among the topologies with a dynamic
voltage conversion gain, only the proposed structure is based on the mid-point-clamped
technique with a reduced leakage current propagation issue. Although the proposed
topology requires 10 active power switches, its TSV index in perunit scale is only five.
Additionally, similar to the most of the reported topologies in Table 4.3, the involved
capacitors of the proposed DB-ANPC-5L inverter are self-balanced but as opposed to
them, they are balanced at the lower rated voltage. This can significantly reduce their
losses as well as their dimension area for the fabrication purpose. Having the ability of
applying PS-PWM technique is also a notable merit for the proposed topology since it can
increase the output frequency of the inverter leading to higher injected power quality
with a reduced value of the interfaced filter. Excluding the cascaded-boost 5L-inverter
in [114] and the proposed DB-ANPC-5L inverter, rest of the mentioned topologies need
to be modulated under the LS-PWM condition only. Herein, although the CGSB-based
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Figure 4.6: Proposed DB-ANPC-5L inverter prototype with the measurement setup [111].
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Figure 4.7: Experimental results showing from up to bottom: the input current, the grid voltage, the inverter output
voltage, and the injected grid current, (a) at 1.3 kW injected power, (b) under a dynamic test from zero to 1 kW power
injection, (c) under a dynamic test from 1 kW to zero power injection [111].
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Figure 4.8: Experimental results showing (a) lagging power factor (P*= 800 W, @ *= -800 VAR) (b) leading power
factor (P*= 800 W, @ *= 800 VAR) (c) bidirectional operation (P*=-500 W to P*= +500 W) [111].

topologies can cancel out the effect of leakage current concern, they suffer from dc offset
issue in the output voltage profile of the inverter. This is mainly due to their asymmetry
operation in the positive and negative half cycle of the output voltage, while this issue is

not the case for the proposed topology with a symmetric operation in both half cycle.

4.1.4 Experimental Results

To confirm the feasibility and correct operation of the proposed DB-ANPC-5L inverter

under the transfomerless grid-connected condition, several experimental results are
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Figure 4.9: Experimental results showing a) the input dc voltage, the capacitors boosted voltages, the inverter output
voltage, and the injected grid current, (b) the voltage stress across switches S1, Sg, S3, and S4 in presence of the
inverter output voltage, (c) the voltage stress across switches S5, Sg, S7, and Sg in presence of the inverter output
voltage [111].
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Figure 4.10: Experimental results showing a) the inductors currents with inverter output voltage and injected grid
current at 1 kW injected power, (b) the steady-state waveforms before applying a ramp change in the input dc voltage
from 80 V to 140V, (c) the steady-state waveforms after applying a ramp change in the input dc voltage from 80 V to
140 V [111].

presented in this section. The laboratory-built prototype with the measurement setup is
depicted in Fig. 4.6, while the main parameters used in the experimental tests are the
same as summarized in Table 3.2. The passive elements are chosen based on the design
guidelines principles, while an Elektro-Automatik PV emulator (model EA-PSI-9750-12)
is used as an adjustable dc laboratory power supply to electrically feed the proposed
inverter. An 50-Hz electrical utility grid is emulated in Regatron TC30.528.43 ACS to
interface and test the proposed converter with the grid. Here, the grid peak voltage is
adjusted to be 320 V throughout the experiments. To connect the proposed inverter to
the grid, an L-type filter with values of L, = 3.8 mH and r; = 0.33 is utilized. As for the
closed-loop control implementation, a PR controller synchronized with a GVO technique
is used to govern the converter. Details of digital implementation for such a PR controller
and GVO mechanism can be found in [75]. The modulator used in the experiment is
based on the described PS-PWM technique, which has been implemented in a DSP to
provide the required gate switching pulses of the proposed DB-ANPC-5L inverter.
Regarding the above-mentioned circuit specifications, and taking the flexible voltage
boosting property of the proposed inverter into account, a fixed input dc voltage of 100 V

is initially considered. Hence, to meet the grid voltage peak amplitude requirement, the
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dc duty cycle, D, is set at 75% as per (4.3). Fig. 4.7(a) shows the input current, i;,, the
grid voltage, vg, the 5L inverter output voltage, v;,, and the injected grid current, i,
while the peak of the reference current is set at 8 A, which results in 1.3 k€W injected
power to the grid. As can be seen from this result, the input current is continuous with
100-Hz double-line frequency without inducing any large pulsating inrush spikes, while
all the 5L output voltage waveform of the inverter with the peak voltage of 400 V and a
quality injected grid current have been accordingly generated. To show the appropriate
performance of the controller from the dynamic response view point, the reference active
power is changed from zero to 1 kW and vice versa. The respective experimental results
of these dynamic tests have been illustrated in Fig. Fig. 4.7(b), and (c), respectively.

Conversely, the reactive power support capability of the proposed DB-ANPC-5L
inverter has been verified through Fig. 4.8(a) and (b), whilst the value of P* is set at
800 W and the amount of @* is selected at -800 VAR and +800 VAR for the lagging and
leading power factor condition, respectively. In both these cases, the proposed inverter
has been fed through 100 V input dc voltage, and it shows a correct grid-connected
performance under the reactive power support mode. Alternatively, Fig. 4.8(c) confirms
the bidirectional power flow operation of the proposed DB-ANPC-5L inverter, while a
resistive load is parallelized with the PV emulator to absorb the reverse power imposed
from the grid to the dc side. In this case, the value of P* is dynamically changed from
-500 W to + 500 W, while there is no distortion in the 5L inverter output voltage.

In following, some detailed specifications of the proposed DB-ANPC-5L inverter under
the grid-connected condition are shown. To do this, the input dc voltage is set at 80 V,
while the peak of the inverter output voltage is 400 V. As can be seen from Fig. 4.9(a), the
boosted voltages across the capacitors, i.e., V1 or Vo, are balanced at 200 V, while the
peak of the injected grid current is 4 A. The voltage stress across all the power switches
in presence of the 5L inverter output voltage have also been illustrated in Fig. 4.9(b)
and (c), while their peak can confirm the described relations of Table I. The smooth
and spike-free performance of the currents passing through the boost inductors at 1 kW
injected power can also be observed in Fig. 4.9(a), while their HF ripple can be controlled
through larger values of the either inductors or operating switching frequency.

To further attest the flexible/dynamic voltage boosting capability of the proposed
DB-ANPC-5L inverter, the value of the input dc voltage is changed within a ramp
trend from 80 V to 140 V. Considering the peak fundamental component of the inverter
output voltage as 320V, to inject a constant power to the grid, the value of D should be

dynamically changed from 83% to 75%. The correct performance of the proposed inverter
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Figure 4.11: Experimental results of the proposed DB-ANPC-5L inverter emphasizing on the leakage current at
Py =1.5kW [111].
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Figure 4.12: Detailed simulation results at 1.5 kW steady state injected power emphasizing on the stress on capacitors
and inductors [111].

highlighted at V4. = 80 V (before applying the ramp dynamic test), and V. =140 V
(after applying the ramp dynamic test) can be confirmed through Fig. 4.10(b), and (c),
respectively, whilst a constant 800 W power with a quality current is injected to the grid.
Alternatively, similar to the other mid-point-clamped MLIs, the proposed DB-ANPC-5L
converter is also able to mitigate the leakage current propagation issue as demonstrated
by the experiment in Fig. 4.11. Here, the root mean square (RMS) value of the leakage
current is less than 30 mA at the rated 1.5 kW injected power.

The voltage/current stresses over the chosen passive elements have also been shown
in Fig. 4.12. Here, the input dc voltage is set at 100 V, while the peak value of the 5L
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— Two-Stage ANPC-5L (Fig.1(a)) in PLECS
— Two-Stage SMC-5L (Fig.1(b)) in PLECS
— Proposed DB-ANPC-5L in PLECS
Proposed DB-ANPC-5L in Experiment

Efficiency (%)

Losses in L; and Ly
and Capacitors: 21W

Losses for Ly:
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Figure 4.13: (a) A comparative efficiency results of two-stage ANPC, two-stage SMC, and the proposed DB-ANPC-5L
converters at V. = 150V, (b) losses distribution comparison between the two-stage ANPC converters and the proposed
DB-ANPC-5L inverter at Pg = 1.5kW, and V. = 150V [111].

Grid

Figure 4.14: ANPC-based 5L inverter structures, (a) conventional topology with half dc-link voltage utilization [117],
(b) ABNPC-5L inverter proposed in [25] with full dc-link voltage utilization, (c) the proposed DM-ANPC-5L-Type-I
converter [118].

inverter output voltage is considered 500 V to inject 1.5 kW power to the grid. The
results are taken by the aim of PLECS software with respect to the exact model of
the semiconductor devices mentioned in Table 3.2. The chosen value for the dc-link
capacitors, C,, and Cp, is 75 uF based on (4.5), while the amount of other involved
passive elements is the same as given in Table 3.2. As can be seen, the balanced voltage
across the dc-link capacitors is 50 V without requiring any active voltage control. As
expected, each of the boost capacitors, C1, and Cy is balanced at 250V, i.e., half value
of the inverter peak voltage with a less than 5% ripple content. The continuous input
current waveform with 100 Hz double-line frequency, and the smooth current stress

profile of the boost capacitors and inductors with permissible HF components have also
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been shown in Fig. 4.12

Finally, the comparative results of the overall efficiency and the loss distribution of
the proposed DB-ANPC-5L inverter over its previously discussed two-stage counterparts,
i.e., front-end dc-dc boost converter plus ANPC/SMC-5L converters have been shown
in Fig. 4.13(a) and (b), respectively. Here, the input dc voltage for all the cases is set at
150 V to inject the power varying from 400 W to 1.5 kW to the grid. The semiconductor
devices for the proposed topology and the inverter stage of the conventional system are
chosen the same, i.e., UJ4C075018K4S with 20 kHz switching frequency. Conversely,
since both the ANPC and SMC-5L converters suffer from half dc-link voltage utilization,
the switches S1 and Sy of the front-end dec-dc boost converter in the conventional two-
stage system must tolerate the largest MVS equals to 800 V. Hence, the type of SiC
switches for them is selected as UF3C120040K4S from the same company but with at
least 1200 V breaking voltage. A PR controller is used to govern the converters, whereas
the modulation strategy for all the cases is based on the described PS-PWM technique
since it can facilitate the utilization of the same output filter design for all the cases. Due
to the active voltage balancing requirement of the capacitors in the conventional ANPC
and SMC-5L converters, two dc-link capacitors with 470 uF capacitance are chosen for
them, while the value of the boost inductor with an ESR of 0.1 for all the cases is the
same as given in Table 3.2. Regarding the lack of charge balancing requirement for the
dc-link capacitors of the proposed topology, two 75 uF film capacitors are considered as C,
and Cp. The loss analysis of the conventional two-stage ANPC and SMC-5L converters
are performed using the PLECS software, while both the PLECS and measured results
from the power analyzer are considered as for the proposed topology. As can be seen
from Fig. 4.13(a), the proposed topology offers the higher efficiency in comparison to
its two-stage counterpart over a wide range of the injected grid power. From the loss
distribution results at the rated power shown in Fig. 4.13(b), it can also be confirmed that
the major power losses of the conventional system belongs the front-end dc-dc converter
stage, i.e., switching and conduction losses in S1/S9 and the ESR losses of the input boost

inductors.

4.2 A Family of DM-ANPC-5L-TL Inverters

The DM-based circuit configuration for MLIs has recently emerged, where novel circuit
architecture and PWM technique can produce 3L [119] or 5L [74, 120] output voltage

within two independent operating modes, i.e., buck and boost. Therefore, when the input
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dc voltage is sufficient to meet the peak amplitude of the grid voltage, the circuit can
be operated in buck mode whilst generating the maximum number of output voltage
levels with half dc-link voltage utilization. Alternatively, whenever the input dc voltage
is low, i.e., at 50% of the previous case, the DM converter can produce the same number
of output voltage levels but in the boost mode of operation with full dc-link voltage
utilization.

Currently, there are a few number of topologies presented so far with such an DM-
integrated concept. The DM-based VSIs with 3L, and 5L output voltage proposed in [119],
[74, 120], are all SC-based in both operating modes. Even though their structures are
based on a CG-based circuit design leading to almost zero leakage current for sensitive
RE-based applications, their input current profile is discontinuous with a large inrush
spikes. Thus, due to the current stress on devices and ripple voltage concern across the
capacitors, large electrolyte capacitors are needed, while their applicability for a higher
range of output power needs a careful attention [28]. Moreover, due to the SC technique
constraint in these structures, only applying the LS-PWM technique is possible in both
operating modes. Hence, it makes the apparent frequency of the ac output and the
effective switching frequency of the switches equal leading to excessive switching loss
and large output filters requirement.

The aim of this subsection is to apply the above-mentioned DM concept to the ANPC-
5L converters. Three different DM-ANPC-5L converters are introduced to configure this
family of MLIs, in which 10 power switches are used for each of them and due to absence
of diode, bidirectional operation, i.e., V2G and G2V, is possible for all. Herein, in the
buck mode of operation, the voltage conversion gain of all the proposed DM-ANPC-5L
converters is 0.5, while as for the boost operating mode, a unity gain is achieved. As
opposed to the other DM-based converters, FC technique is used for the Type-I and
Type-II of the proposed DM-ANPC-5L converters during the buck operating mode, while
similar to the conventional ABNPC-VSIs, an SC-integrated technique is used for them
during the boost operating mode. The Type-III of the proposed topology uses the SC

technique in both operating modes, but with reduced stress on FCs.

4.2.1 Proposed DM-ANPC-5L-Type-I Converter

The Type-I of the proposed DM-ANPC-5L converter is illustrated in Fig. 4.14(c), where
the converter is connected to the grid via a simple L-type filter L,. An abstract version
of the concept was introduced in [118]; however, its extensive analysis are given in

this article. As can be realized from Fig. 4.14(c), the proposed topology needs two more
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Figure 4.15: Different current flowing paths of the proposed DM-ANPC-5L-Type-I inverter during boost operating
mode at (a) vj,, =0 in the positive half cycle, (b) vj,, = +V3./2, (€) Viny = +Vge, (d) vjny =0 in the negative half cycle,
(&) Viny = —Vgc/2, and () viny = —Vge.

power switches in comparison to the original ANPC and ABNPC-5L converters shown in
Fig. 4.14(a), and (b) to realize all the 5L distinctive output voltage within two indepen-
dent operating modes. The type of switches S-S, is four-quadrant, while switches S;,
and Sg are normal power MOSFET. Hence, six single-channel or three dual-channel gate
drivers available in the market e.g., UCC21520DW from Texas Instrument or NCP51560
from Onsemi companies, can be utilized to provide the required gate switching pulses to
a certain range of switching frequency.

The related current flowing paths of the proposed DM-ANPC-5L-Type-I converter in
boost and buck operating modes are illustrated in Fig. 4.15 and Fig. 4.16, respectively.
As can be seen from Fig. 4.15(a)-(f), six switching states are available to realize 5L
output voltage in the boost mode of operation. Considering, V. as the available input dc
voltage, the inverter output voltage levels are 0, +V;./2, and +V;.. Similar to ABNPC-5L
converters described earlier, a full dc-link voltage utilization is achieved in this mode
of operation, while an SC technique during the middle positive/negative output voltage
levels as per Fig. 4.15(b) and (e) is needed to balance the voltage across FC, Cr¢ at V..
Excluding these middle positive/negative switching states, the topology needs only two
ON-state switches per remaining output voltage levels at each switching state. It is
worth highlighting that except the switches S1, and S4 that are in charging flow path of

Crc, the current stress profile of all the remaining switches is a function of the injected
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Figure 4.16: Different current flowing paths of the proposed DM-ANPC-5L-Type-I inverter during buck operating
mode at (a) vj,, = 0 in the positive half cycle, (b) v;,, = +V3./4 with the first RSS, (¢) v;,, = +V;./4 with the second
RSS, (d) viny = +Vg4./2, (e) viny =0 in the negative half cycle, () v;,, = —V4./4 with the first RSS, (g) vj,, = —Vg./4
with the second RSS, (h) v;,, = —V4./2.

grid current waveform, i,, whereas, due to SC technique, the maximum current stress
on S1, and Sy is related to the FC charging current, i.j,.

When it comes to the buck mode of operation, the proposed DM-ANPC-5L converter
can operate as a normal ANPC-5L converter with half dc-link voltage utilization. Eight
different switching states are considered for this operating mode to synthesize 5L output
voltage as 0, +V;./4, and +V;./2 as illustrated in Fig. 4.16(a)-(h). As can be seen, similar
to the original ANPC-5L converters [117], two RSSs are provided as for generating
the +V;./4 output voltage levels, where they can ease the FC voltage balancing during
the operation in one fundamental cycle. The RSSs as for the zero-level of the output
voltage are used in positive and negative half cycles. As opposed to the boost mode of
operation, the FC voltage is balanced to one-quarter of the dc-link voltage, V;./4 by
changing the injected grid current flowing path direction per each RSS. Hence, there is
no additional concern pertaining to the current stress profile of the devices. Requiring

only two ON-state semiconductors per each output voltage level reduces the conduction
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Figure 4.18: Proposed DM-ANPC-5L-Type-II converter, (a) the main circuit architecture, (b) the switching and FC
status, (c) the MVS across the switches in both modes.

and switching losses in the the proposed DM-ANPC-5L converter for the buck mode of
operation. Considering the above discussion, the following relationships can be written
to describe the maximum output voltage of the proposed converter and the steady-state

voltage across FC in each of the operating modes:

D,V . = Boost
Vinv,max = e (4.12)
0.5D,,V4.,= Buck

Vie = Boost
Vrc = (4.13)

0.25V,;. = Buck
where, D,, is the maximum modulation index equals to ‘%’Z, in which, V,, is the peak
value of the grid voltage.
Details of modulation strategy in both modes of operation as well as the MVS across

the semiconductors are shown in Fig. 4.17(a)-(c). As can be taken from Fig. 4.17(a) and (b),

123



CHAPTER 4. MID POINT-CLAMPED-BASED MLIS

Vie
()
Switching @Boost Mode @Buck Mode
States ON Switches |Crea Crco Vinw || ON Switches |Crci ICro2| Vinv
51, S5 S1, S5, 57
—= | - \ A
! Sa, S6 0 Sa, S, Se 0
Voo Voo
2 SuS, St [ A| A [T Ss, S5 V|- o
3 Sy, Ss Y Y | +Vod S5, 84,55 A A |Vpe/2
4 51,56, 57 A A —% 53,56 - |y f%
5 S1, Ss Y Y | —Vbe S1, 86, S7 A A FVpe/2
(b)
1 1 @Boost Mode 1 1
< N . @Buck Mode
> |
X 0.5 0.5 0.5 0.50.5 0.5 0.5 0505
z 0.25 )
|
S1 S Ss3 S S5 Sg Sy

()

Figure 4.19: Proposed DM-ANPC-5L-Type-III converter, (a) the main circuit architecture, (b) the switching and FC
status, (¢) MVS across the switches in both modes.

the Type-I of the proposed DM-ANPC-5L converter needs a LS-PWM and a phase-shifted
PWM (PS-PWM) scheme for its boost and buck mode of operation, respectively. Since
there is no RSS for FC voltage balancing in the boost mode, LS-PWM is used, while due to
having two RSSs per middle positive/negative output voltage levels, a PS-PWM scheme
is workable to balance the FC at its desired voltage. In both the cases, two high frequency
carriers, A,, and A, are required to configure all the distinctive 5L output voltage. Here,
an absolute function of a reference waveform, |d(¢)| from the controller is compared with
the carriers in both operating modes. Similar to any standard LS-PWM scheme, both the
effective and apparent switching frequencies are the same, while in the PS-PWM, the 5L
inverter output voltage possesses an apparent switching frequency which is double with
respect to the effective switching frequency. One can also be noticed from Fig. 4.17(c)
is the larger MVS across switches Sg, S3, S5 and Sg than the two remaining switches
in the boost mode, i.e., V. versus 0.5V;.. Conversely, only two switches, i.e., S1 and S4
need to tolerate 0.75V,;. as the MVS in the buck mode of operation, while the MVS for
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Figure 4.20: Simulation results at 1.5kW steady-state grid-connected condition for the proposed DM-ANPC-5L-Type-I,
(a) at the boost operating mode, (b) at the buck operating mode.

all the remaining switches in this mode is 0.5V,.

125



CHAPTER 4. MID POINT-CLAMPED-BASED MLIS

200
-

=

200
(V] = Vi3,Vss, Vs
408 .
V] Vs, Vg~
408
V] VCF(,”
0
A e —.
0}
10 —
[A] lg IS
-10
A 35 - 10— -
-10 |
[A] 40 iSuiS(,y'iS477:55 —
g —
4 155,155
IR e —
A] 10 /\(igﬂigx
0

200

2200 Viny
-400 } ,
0.60 Time(s) 0.62

(a)

400 V1, Voomm

408%

Vs, Vs,

208

208 -
V] T VCF(']
0
Al T_Nn
10 '
[A] Ud
-10 ! el

20
(Al M
-20 10T
10 -
o R
15T 19, ,0 5, = m
(A] 5 R

: 16, ,18;,85, 1
(Al 10 855856157 ,L. 55~
-10 | ?

0.80 Time(s) 0.82

(b)

Figure 4.21: Simulation results at 1.5 kW steady-state grid-connected condition for the proposed DM-ANPC-5L-Type-
II, (a) at the boost operating mode, (b) at the buck operating mode.
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Figure 4.22: Simulation results at 1.5 kW steady-state grid-connected condition for the proposed DM-ANPC-5L-Type-
III, (a) at the boost operating mode, (b) at the buck operating mode.
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4.2.2 Proposed DM-ANPC-5L-Type-II converter

The second variant of the proposed DM-ANPC-5L grid-connected converter is shown
in Fig. 4.18(a), while it has been comprised of two T-types switching arrangements as
S1, So, S5, and S3, S4, Sg, and a standard half-bridge leg, i.e., S7 and Sg. As can be
seen, it needs the same number of switching devices as per the Type-I of the proposed
DM-ANPC-5L converter and the same principle as for the voltage balancing for the
dc-link capacitors, i.e., C1, C2, and Cgrc. Considering a single gate driver as per each of
four-quadrant switches, i.e., S5 and Sg, the structure needs eight single-channel or five
dual-channel gate driver circuits.

The switching states and the status of Cr¢ voltage during each of the operating modes
are illustrated in Fig. 4.18(b). Similar to the first variant of the proposed DM-ANPC-5L
converter, the Type-II of the proposed topology has six switching states in the boost mode
of operation, and eight switching states in its buck mode. Hence, an SC technique with a
LS-PWM scheme is used in the boost mode of operation, while the voltage across Cgc is
balanced at the maximum voltage level of the ac output, V.. Accordingly, as per the buck
mode of operation, FC technique with an PS-PWM scheme is used to stabilize the FC
voltage at 0.25V;., which is half of the maximum inverter voltage level, 0.5V;.. Hence,
the relationships of the maximum value of the converter output voltage and the voltage
across Cpc are still valid as per (1) and (2). Regarding this, the MVS across the switches
during the operation in each mode is summarized in Fig. 4.18(c). As can be seen, switches
S7 and Sg, which are being switched in the positive and negative half cycle of the output
voltage in the boost operating mode, respectively, possess the largest MVS equal to V.,
while the MVS for the rest of switches, which are being switched with high switching
frequency is 0.5. Similarly, as per the buck mode of operation, four switches, i.e., S1, So,
S3, and S4 must tolerate an MVS equal to 0.5V;., whereas the MVS of the remaining
switches is only one-quarter of the input voltage, 0.25V;.. It is worth highlighting that
since the operating principle of this type of the proposed DM-ANPC-5L converter in the
boost mode is SC-based, switches S1, S5, Sg, and S4, that are involved in the charging
path of Crc, must tolerate the highest current stress equal to the charging current
of Crc, while in the buck mode of operation, a function of the injected grid current

waveform is passed through all the involved switches due to the integrated FC technique.
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4.2.3 Proposed DM-ANPC-5L-Type-III converter

Fig. 4.19(a) shows the details of the third variant of the proposed DM-ANPC-5L converter.
As can be realized, the structure is configured using one standard T-type switching con-
figuration with switches S1, Sg, and S3, two discrete four-quadrant switches, S4, and
S7, and one standard half-bridge leg, i.e., S5, and Sg. Hence, this topology also needs 10
power switches, and seven single-channel or five dual-channel gate driver circuits. As
opposed to other previously-discussed converters, this variant of the circuit needs two
FCs, i.e., Crc1, and Cres.

Fig. 4.19(b) shows the details of switching states and FCs voltage status during the
boost and buck mode of operation. Similar to other developed DM-ANPC-5L converters,
the voltage conversion gain of this variant of the proposed topology is unity in the boost
mode of operation, while it is half in the buck mode. Considering Fig. 4.19(b), the FCs
voltages are balanced at 0.5V, in the boost operating mode, while this value in the buck
mode is 0.25V ;.. As opposed to two initial types of the proposed DM-ANPC-5L converters,
the FCs voltage balancing is possible using only SC technique in both operating modes.
Hence, only LS-PWM in both modes of operation is applicable for the modulation process
purpose. Here, although the voltages across FCs is reduced in the boost operating mode
compared to others, the concern of excessive current stress for the switches involved
in the charging path of the FCs still remains in place since SC technique is being used
for FC voltage balancing operation. The MVS value across the devices in each mode
of operation has also been indicated in Fig. 4.19(c). As can be seen, four switches, S1,
So, S5, and Sg must tolerate the highest MVS, V., in the boost mode, while excluding
switch S3 with an MVS equals to 0.25V,, all the remaining switches in the buck mode
of operation must tolerate 0.5V;. as the MVS.

4.2.4 Design Guidelines

The dc-link capacitors, C1, and Cq can be designed based on (4.5); however, the capacitor,
Crc named as FC need to be carefully designed as for the proposed DM-ANPC-5L con-
verters to provide sufficient power quality for the system. Since, the working principles
of the Type-I and Type-II of the proposed converters in both modes is similar, the design
guidance is considered for them in this section.

Herein, the design of Crc is slightly different for each mode. This is because of the

applied switching technique of the converter, which is based on SC and FC technique, in
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the boost and buck mode of operation, respectively. Hence, to drive the needed equations
for Crc, the following sinusoidal functions as for the reference control signal, and the

injected grid current are considered, respectively:
d(t)=D,,sinwt (4.14)

ig =1, sinwt. (4.15)

Hence, taking the boost mode of operation with an LS-PWM technique into account
for any of Type-I or II of the proposed DM-ANPC-5L converters, it can be realized that
the Cpc is discharged when maximum value of the inverter output voltage is generated.
Therefore, the charge/discharging time interval of Cr¢ over every switching frequency,
fsw can be written as:

2d(t)-1

Hence, the electric charge variation taking out from Cgc during each discharging

time interval can be written as:
AQrc = Atcpig(t). (4.17)

Therefore, considering Avgc as the ripple voltage across Cgc, the required capaci-

tance for Cpc is obtained as [121]:

A I,k
Cpe = Qrc _ Inm FC. (4.18)
Avpc fow
where, kpc is a non-dimensional coefficient as:
krc =(2d(t)—1)sinwt. (4.19)

Taking (4.18) and (4.20) into account, the maximum charging current of FC, which
can represent the maximum current stress of charging path switches in the boost mode

can be obtained as [25]:
D,, 1+6

tehmax =9 128 ™

(4.20)

where, 6 is equal to CC—T As can be taken from (4.18), as opposed to the CGSC-based MLIs
or other pure SC-based converters, i j mqx in the proposed DM-ANPC-5L converters can
be controlled to a permissible range by applying a limitation in D,, or choosing larger
capacitance for Cgc.

On the other hand, the charge/discharging duration of Cg¢ in the buck mode of
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Table 4.4: A comparison between the proposed DM-ANPC-5L converters and their other available 5L inverters/con-
verters counterparts.

Output Bidirectiomal/—Eeakage

Type of Converter No. of Components Voltage /,Ml‘g‘S, Eiﬁ; FC-Balancing MVS on Current gg;?:;
S C G Gain Technique FCs (pu) /Modulation
ANPC-based [117] 8 0 3 8 0.5 1/6 FC-based Yes/0.25 Low/PS 99%@1kW
ANPC-Based [98] 6 2 3 6 0.5 1.5/7 FC-based No/0.25 Low/PS NA%@1kW
ANPC-Based[123] 7 2 3 7 0.5 1.5/6.5 FC-based No/0.25 Low/PS NA%@1kW
ABNPC-Based [25] 6 2 3 6 1 1/5 SC-based No/1 Low/LS 97.8%@1.5kW
ABNPC-Based [121] 8 0 3 8 1 1/5 SC-based Yes/1 Low/LS 98.3%@3kW
ABNPC-Based [124] 10 0 3 10 1 1/7 SC-based Yes/0.5 Low/LS NA%@50W
ABNPC-Based [125] 10 2 3 10 1 0.5/5 SC-based No/0.5 Low/LS 96%@1kW
ABNPC-Based [126] 100 0 4 9 1 1.5/7 SC-based Yes/0.5 Low/LS NA%@160W
CG-Based [116] 9 1 3 7 1(2) 1(2)/5.5 SC-based No/1(2) Zero/LS 96%@600W
CG-Based [120] 9 1 2 8 1(2) 1(2)/6 SC-based No/1(2) Zero/LS 98.5%@1kW
Proposed DM-ANPC-Type-I 10 0 3 6 0.5(1) 0.75(1)/5(6) FC(SC)-based Yes/0.25(1) Low/PS(LS)  98.3%@2.2kW
Proposed DM-ANPC-Type-Il 10 0 3 8 0.5(1) 0.5(1)/5(6) FC(SC)-based Yes/0.25(1) Low/PS(LS) 98.2%@1.5kW
Proposed DM-ANPC-Type-III 10 0 4 7 0.5(1)  0.5(1)/5.5(6.5) SC-based Yes/0.25(0.5) Low/LS 97.3%@1.5kW

operation is similar to any conventional type of FC or ANPC-based converter since it

comes from the PS-PWM principle as:

Ap, - 12d®)
Y

Hence, the required minimum capacitance for Cr¢ is much smaller than the boost
mode as [122]:

(4.21)

I,
2Avpc fsw '
Therefore, the larger value of Crc extracted from the boost mode of operation in

Crc,min = (4.22)

(4.18), is considered for the proposed DM-ANPC-5L converter since it can cover the worst

case scenario.

4.2.5 Comparative Study

The circuit characteristics of the proposed DM-ANPC-5L converters are compared with
several recently proposed ANPC/ABNPC or DM-based 5L converters/inverters in this
section. As tabulated in Table 4.4, the comparative items are the number of required
components, i.e., switches (S), diodes (D), capacitors (C), gate drivers (G), output voltage
gain, the MVS and TSV on devices in the per-unit scale, the type of FC voltage balancing,
i.e., pure SC-or FC-based, the bidirectional power flow and leakage current attenuation
capabilities, the per-unit value of the MVS across FCs, the type of modulation, and
finally the reported overall efficiency at the rated power. Herein, the value of the leakage
current is considered "low" if the topologies are based on a mid-point clamping technique,
i.e., ANPC or ABNPC-based converters, while it is assumed to be "zero" if a CG-based

structure is adopted. Moreover, a single-channel gate driver is considered for each normal
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MOSFET/IGBT or four-quadrant switch in all the discussed topologies in order to count
the number of required gate drivers. Since the type of all the proposed converters are
ANPC/ABNPC-based, most of the compared topologies are selected from this category of
MLIs, while two recently proposed CGSC-based 5L inverters in [116, 120] are selected
owing to their DM-based capability. The importance of modulation technique, i.e., LS
or PS-PWM is as for addressing the size of output filters since PS-PWM technique can
possess larger apparent output frequency with a minimized switching loss on devices.

As can be realized from Table 4.4, the notable advantages of all the proposed topolo-
gies compared with ANPC or ABNPC-5L converters are the bidirectional power flow
performance, flexible output voltage gain, different types of the modulation per each
mode of operation, and reduced value of the MVS and TSV across devices. The main
differences among three different proposed DM-ANPC-5L converters are the number of
required gate drivers, MVS/TSV indexes, the number of FCs and the voltage stress across
them, and the type of FC voltage balancing technique. Here, although both the CG-based
5L inverters proposed in [116, 120] possess larger voltage conversion gain even in the
buck mode of operation, their excessive charging current of the involved capacitors due to
pure SC-based technique in both modes causes a large current stress passing through the
devices. Moreover, none of them offers a bidirectional power flow performance to further
broaden their range of possible applications. Conversely, although during the boost mode
of operation, both the first and second variants of the proposed DM-ANPC-5L converters
are SC-based, the current stress profile of the switches is limited with a proper selection
of the maximum modulation index value. The reported efficiency of the Type-I of the
proposed topology is based on the captured data in practice, while a PLECS software is
used to extract this data as for the Type-II and-III of the proposed converters.

4.2.6 Single-Phase Simulation Results

The steady-state performance of the first variant of the proposed DM-ANPC-5L grid-
connected converter in both modes of operation is shown in Fig. 4.20(a) and (b). The
specification of this simulation is accorded with the data the same compiled in Table 3.3.
The main aim of this simulation is to verify the current stress profile of the switches and
the nature of the input current in both modes of operation since other related dynamic
tests over this type of the proposed topology are later shown by the experiments. The
input dc voltage for the boost and buck mode of operation is set at 400 V and 760 V,
respectively. The peak of reference current is also set at 13 A and 10 A for the boost and

buck mode of operation leading to around 2 and 1.5 kW injected power, respectively. As
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Figure 4.23: Experimental prototype of the proposed DM-ANPC-5L-Type-I converter.

already discussed, the boost mode of operation is based on the SC technique; hence, the
maximum value of the modulation index, D,,, is limited to 0.9 in order to alleviate the
current stress profile of the switches. As can be seen from Fig. 4.20(a), the FC charging
path switches, S1, and S4, experience the highest current stress, while the input current
is free from large discontinuous inrush spikes. The smooth performance of the proposed
converter from the current stress view point on devices in the buck mode of operation can
also be confirmed in Fig. 4.20(b), while the average voltage across the dc-link capacitors
is half value of the input dc voltage, and the voltage across Cgc is at 190 V. Due to FC
voltage balancing technique in the buck mode of operation, the peak of the input current
is around 5 A at 1.5 kW injected power.

Consequently, a same detailed simulation is performed to prove the correctness of
the second and third variants of the proposed DM-ANPC-5L converters [Fig. 4.18(a) and
Fig. 4.19(a).]. Herein, the input dc voltage is set at 400 V and 800 V as for the boost and
buck mode of operation for both topologies, respectively, while an 1.5 kW is considered
for their rated power. In all the verification results, the peak of the grid voltage is set at
320 V. In both the simulation and experimental results, a PR controller is used in order
to govern the proposed converters to inject a controlled current to the grid. Moreover, as
for synchronization of the proposed converters with the grid, a simple GVO technique
with an adjustable bandwidth is employed to detect the phase and amplitude of the
grid voltage.The simulation results are shown in Fig. Fig. 4.21(a)-(b) and Fig. 4.22(a)-
(b), where the voltage and current stress on devices as well as the 5L output voltage
waveform of any of the proposed converters with the capacitors voltages in both modes
of operation are depicted. Similar to the first variant of the proposed DM-ANPC-5L
converter, the capacitors charging path switches for the second and third variants must
tolerate the highest current stress. From Fig. 4.21(b), it can be seen that due to the FC
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Figure 4.24: Experimental results of the proposed DM-ANPC-5L-Type-I converter in the single-phase grid-connected
condition and during the boost mode of operation, (a) at the rated injected power, (b) at the rated injected power and
with the presence of the voltage across Cg(, (c) with a step-change in injected power from zero to the rated power,
(d) at the lagging reactive power support mode, (e) at the leading reactive power support mode (f) in the the reverse
bidirectional mode.
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Figure 4.25: Experimental results of the proposed DM-ANPC-5L-Type-I converter in the single-phase grid-connected
condition and during the buck mode of operation, (a) at the rated injected power, (b) at the rated injected power and
with the presence of the voltage across dc-link capacitors and Cp(, (c) with a step-change in injected power from zero
to 1 kW, (d) at the lagging reactive power support mode, (e) at the leading reactive power support mode (f) V2G and
G2V dynamic test.

voltage balancing technique in the buck mode, the input and the switches current in
the second variant of the proposed DM-ANPC-5L converter do not possess any large
inrush spike. Conversely, owing to utilization of the SC technique in both operating
modes, the involved switches in the charging path of FCs in the third variant of the
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Figure 4.26: Experimental results for three-phase design of the proposed DM-ANPC-5L-Type-I converter during the
boost mode of operation at Pg=5.7 kW, (a) 5L phase-voltage, (b) line-voltage, and (c) A zoomed shot of the injected grid
current for each phase and the input current.
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Figure 4.27: Experimental results for three-phase design of the proposed DM-ANPC-5L-Type-I converter during the

buck mode of operation at Pg=5.3 kW, (a) 5L phase-voltage, (b) phase-current, and (c) A zoomed shot of the injected
grid current for each phase and the input current.

proposed topology must tolerate the highest current stress as shown in Fig. 4.22(a)-(b).
From the 5L peak output voltage of the proposed converters, the DM capability can also
be confirmed, where a unity gain is achieved in the boost mode of operation, while in the
buck mode, a half dec-link utilization is obtained. The main difference between the second
and third variant of the proposed DM-ANPC-5L converters is the voltage appearing
across the FCs. Due to utilization of two FCs in series, the MVS across the capacitors in
the third variant of the proposed topology is half in comparison to their counterpart in
the second variant. The MVS waveforms across all the devices in each mode of operation

can also confirm the correctness of the analysis shown in Fig. 4.18(c) and Fig. 4.19(c).

4.2.7 Single- and Three-Phase Experimental Results

The fabricated SiC-based prototype as for the first variant of the proposed DM-ANPC-5L
converter is illustrated in Fig. 4.23. In order to extensively address the performance
of the proposed topology for both single-and three-phase applications, a rack-mouthed
setup is also developed as shown in Fig. 4.23. The input dc-supply is an PV emulator
(EA-PSI-9360-12), while as for the grid, a four-quadrant grid simulator (REGATRON
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TC30.528.43-ACS) is used. A DSP (TMS320F28379D) has also been used to implement
the respective control and modulation strategy, whereas the switching frequency of the
converter is 20 kHz in each operating mode.

Considering 400 V as the input dc voltage, the converter is firstly connected to the
grid in the boost mode of operation. Fig. 4.24(a) and (b) show the obtained experimental
results related to the 5L output voltage, the grid voltage, the injected grid current, the
input current and the voltage across the capacitor, Cgc at the steady-state condition
and under 2.2 kW injected power to the grid. As can be seen, all the destictive output
voltage levels are generated in this mode, while due to applying a limitation in D,,, the
input current profile is still smooth without having any large inrush spikes. The dynamic
results of the converter under a step change in the injected power, i.e., from zero to full
2.2 kW power, have also been illustrated in Fig. 4.24(c). The performance of the proposed
DM-ANPC-5L converter under the lagging, leading, and bi-directional operations can
also be seen in Fig. 4.24(d) to (), respectively. Due to SiC switches used in the prototype
with a very small value of ON-state resistance, the measured efficiency of the proposed
converter at the full rated power was around 98.3%.

Conversely, to show the correctness of the proposed converter in the buck mode of
operation, a dc voltage equals to 760 V is considered. The steady-state experimental
results of the proposed converter at 1.3 kW injected power and the balanced voltage
across the capacitors under this operating mode can be seen in Fig. 4.25(a) and (b),
respectively, while the dynamic results from zero to full power injection are demonstrated
in Fig. 4.25(c). As can be seen, similar to the boost mode of operation, all the 5L output
voltage have been generated, whereas due to FC voltage balancing technique, the input
current profile is smooth and only contains the double-line frequency. The reactive power
support results of the proposed DM-ANPC-5L-Type-I converter under the lagging and
leading power factors can also be seen in Fig. 4.25(d) and (e), respectively. The last
experiment is related to a dynamic test for bidirectional power flow operation, i.e., V2G
and G2V. Herein, an electronic load has been connected to the input PV emulator to
absorb the reverse power from the grid. As can be seen from Fig. 4.25(f), all the output
voltage levels in presence of the grid voltage are created, while the direction of the input
current is changed suddenly to support the bidirectional operation. According to the data
captured by the power analyzer, the measured efficiency of the proposed converter in
the buck mode of operation and at the rated power was around 98.8%. The increased
overall efficiency of the proposed converter in this mode is due to less overall current

stress profile of the involved switches in comparison to the boost mode of operation with
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a SC-integrated technique.

In following, the three-phase experimental results of the proposed DM-ANPC-5L
converter, i.e., the phase voltages, the phase currents, the input dc voltage, and the
input current, in both modes of operation are shown in Fig. 4.26 and Fig. 4.27. The
value of the input dc voltage is similar as what has been used for the previous cases in
the single-phase operation, i.e., 400 V and 760 V as for the boost and buck operating
mode, respectively. The injected three-phase power for the boost mode is around 5.7 kW,
while it is around 5.3 kW in the buck operating mode. As can be seen through the
results, the input current in the buck mode of operation shown in Fig. 4.27(b) is free
from any low-frequency pulsating content, while the similar case can be seen in the
boost mode of operation shown in Fig. 4.27(c) but with some high-frequency spikes due
to the incorporated SC technique. The smooth operation of the proposed converter in
generating all the desired output voltage levels with a sinusoidal phase current in both

modes of operation can clearly be confirmed through these results.
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Grid-connected TL-inverters are beneficial from the viewpoints of higher overall efficiency,
lower overall cost and appropriate power density in comparison to the transformer-based
inverters. However, to meet different IEEE standards, some associated challenges caused
by removing the galvanic isolation between the TL inverters and the grid must be taken
into account. Variable CMV and in turn the ground leakage current concern, step-up
voltage boosting ability within a single-stage energy conversion platform and power qual-
ity enhancement issue motivated by generating larger number of inverter output voltage
levels are three main motivations/research gaps of the available TL-based grid-tied
inverters. LVRT ability, reliability, lower number of involved semiconductor devices, and
reduced voltage and current stress across the semiconductor devices are other main tar-
gets of a proper TL-based grid-connected inverter. With hindsight to the literature review
conducted in Chapter 1, it has been revealed that grid-tied TL-inverters can be consid-
ered within three main categories as: 1) Freewheeling-based structures that are mostly
3L-based inverters, e. g., H5, OH5. HERIC, PN-NPC, H6, 2) Mid point clamping-based
topologies like ANPC, T-Type, and FC-based TL inverters, and 3) CG-based structures.
Among various topologies available in literature, only the CG-based TL inverters are able
to completely mitigate the concern of ground-leakage current. However, the available
types of such converters have some limitations from the current stress of the involved
switches, generating the boosted voltage with the static gain and also ability to cope with
multilevel output voltage generations. The same observation is drawn for addressing the

existing shortcomings of the mid-point-clamped-based TL-inverters, where the output
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voltage of the inverter is usually half value of the main dc-link voltage. Although in
case of using the SC-integrated technique, this setback has been resolved by emerging
some ABNPC-based MLIs structures, still their output voltage gain is static/fixed and in
case of having a wide varying dc-source voltage, additional measures must be taken into
account.

In this research, several new CG-based grid-connected TL inverter topologies with the

capability of at least 5L output voltage generation have been investigated, while each one
has its own specific features. The first six of topologies explored in Chapter 2 are based on
the static voltage conversion gain with an SC-integrated technique. Hence, although they
can reduce the burden of the input dc voltage in providing a much smaller value of the
input voltage to meet the minimum requirement of the grid voltage, still another power
processing stage is needed in case of dealing with a very low and wide varying available
voltage of the PV main string panels. The first, the second proposed CGSC5L-TL invert-
ers and the dual mode CGSC5L-TL inverter presented as forth topology in Chapter 2
are all based on the SC technique. Discontinuous nature of the input current and large
pulsating waveform of the current passing through the switches are their major setbacks.
Reduced number of required power switches with reasonable voltage stress and having
an ability to work in different switching mode are their main important benefits. The
first and second CGSC5L-TL inverters have used the virtual de-link concept to generate
negative output voltage levels. Hence, two different capacitors with different nominal
voltages are required per each structure. This can increase the risk of dc-offset in the
output waveforms of the inverters. The third topology of this context uses a bit more
number of switching devices but with the ability of output voltage levels extension and
also with reduced capacitance values required per the involved capacitors.
The fourth CGSC5L-TL inverter is a dual-mode structure. Although it is able to generate
5L output voltage in both modes (once the input voltage is high, e. g., 400 V, or once
the input voltage is low, e. g., 200 V), it is still based on SC-technique with a static
voltage conversion gain. Hence, it needs another front-end dc-dc stage in case of low and
wider varying input dc voltage and the concern of large pulsating current stresses of the
switches remains in place.

Integration of TL-based MLIs feeding through RE-based sources in HFac grid-tied
applications was the prime focus of the fifth topology presented in Chapter 2. Herein, a
novel 9L9S-CGSC-based TL inverter has been introduced, which offers some important
features like a compact design, double voltage conversion gain within a single-power

processing stage, leakage current cancellation ability, and high efficiency through the
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integration of both the SC and FC techniques concept. In addition to a unity ratio be-
tween the number of output voltage levels and the number of required power switches,
the self-voltage balancing operation of the involved capacitors with a smooth input
current waveform, is the extra merit of the proposed topology in comparison to most of its
state-of-the-art counterparts. Extensive simulation and experimental results obtained
from a 1.2-kW laboratory-built grid-tied prototype with a measured efficiency of more
than 97.5% over a wide range of the injected power have verified the feasibility and effec-
tiveness of this proposal. The last topology presented in Chapter 2 was a CGSB5L-TL
inverter and has somehow addressed the concern of pulsating input current with smaller
number of switching devices required. However, its output voltage is limited to five with
only static gain of two.

In following, three new configurations of CG-based TL inverters with a dynamic
voltage conversion gain have been proposed/investigated in Chapter 3. The first and
second topologies in this chapter is a 5L grid-tied inverter with an integrated single-stage
voltage boosting feature and a CG-based circuit configuration has been introduced. The
proposed topologies are CGSB-based and require ten and nine power switches, a single
boost inductor and two capacitors. Utilising the adjustable integrated switched-boost cell
duty cycle, a dynamic voltage boosting property within a single power processing stage
is achieved, while both involved capacitors are self-balanced. Such a dynamic voltage
conversion gain is further enhanced using a quadratic version of the proposed topology.
Interestingly, the input current in both cases is free from large discontinuous inrush
current. These features make the proposed converter an attractive TL-based inverter
for grid-tied applications. Design guidelines of the passive elements, comparative study
and the laboratory experimental results at 1.5 kW rated power have confirmed the effec-
tiveness and feasibility of the proposed topology. Following this, a novel 7L-CG-based TL
inverter with a single-stage dynamic voltage conversion gain concept has been proposed
as the last topology explored in Chapter 3. The proposed topology requires 10 unidirec-
tional power switches with three self-balanced capacitors and an input inductor. Due
to the SB-based feature and the ability of soft charging performance for the capacitors,
the current stress profile of the switches is within a permissible range without inducing
any inrush spikes. The working principle of the proposed topology followed by some
simulation was also discussed.

As for the mid-point-clamped based inverters, a new ANPC-5L inverter with an
integrated single-stage voltage boosting feature has been presented as the first proposed

structure of Chapter 4. The proposed topology can generate 5L output voltage with a
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dynamic (flexible) voltage conversion gain. This leads the converter to operate under
a wide range of input dc voltage changes whilst maintaining the fundamental value
of the inverter output voltage at the desired value. Reduced voltage stress across both
the active and passive elements, continuous input current without having any large
pulsating inrush current, bidirectional power flow capability, and ability to be modulated
with PS-PWM technique are the other notable features of the proposed topology. Details
of the circuit description, design guidelines and comparative study have been conducted.
Finally, the performance of the proposed DB-ANPC-based 5L inverter under various
grid-connected scenarios has been verified through a laboratory-built prototype and
several experimental results.

Finally, a new family of dual-mode ANPC-5L grid-connected converters with three
different topologies has been presented in Chapter 4. The dual-mode concept helps
the converters to be operated under a wide range of the input dc voltage, i.e., buck or
boost operating modes. When the input dc voltage is sufficient, the proposed topologies
give a half dc-link voltage utilization in their ac output as their buck operating mode.
Conversely, when the input dc voltage provided by any RE-based resources is low i.e.,
50% of the previous case, all the proposed topologies can generate the same number
of output voltage levels with a full dc-link voltage utilization as the boost operating
mode. The capability of the proposed topologies in generating 5L ac voltage for a wide
range of the dc source voltage is a significant improvement compared to the conventional
ANPC-5L converters. Circuit analysis, design guidance, and a comparative study have
been developed. Finally, extensive simulation and experimental results are presented to
prove the feasibility and correctness of the proposed solution.

Regarding such presented findings, the following works and research can be con-

ducted as for the future roadmap.

1) The research gap still shows that CGSB-based TL inverters with a dynamic voltage
conversion gain can be further extended to have the generalization feature in gener-
ating larger number of output voltage levels. This can make them more attractive

from the reliability and modularity concept point of view.

2) CGSB-based TL grid-connected inverters with a dynamic voltage conversion gain
are capable of removing the double-line frequency content from the input current
spectrum. Such concept needs an APD-based closed-loop technique and can make the

converter more dense and suitable for the integrated MPPT operation within a single
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3)

4)

5)

6)

power processing stage.

CGSB/SC-based MLIs can be designed based on the new wide band gap devices,
e.g., GaN switches. Design consideration of these converters with GaN devices has
some challenges even though it offers a high overall efficiency/power density. Hence,
fabrication of new printed circuit prototypes with a compact design for the future

proposed topologies can be another aim.

Further broadening the range of applications for both the battery-integrated or PV
grid-connected systems using the proposed topologies can further establish their
effectiveness in practice. Hence, some applications like dynamic voltage restorer,

active power filter, and so on can be considered for future works on this topic.

Application of a fully soft switching technique for CGSC-based MLIs to improve the
efficiency and reduce the current stress of the switches is still a challenging task that

can be interesting for the future research on this topic.

Due to hard charging operation of pure SC-based MLIs, propagation of EMI noises
is one of the major challenges during the switching operation of the converters.
Mitigating or alleviating these noises needs a careful design consideration as it might
cause false turn ON operation for the switches and reliability issue. Hence, a deep
study on EMI suppression issue over the SC-based MLIs seems to be an interesting

topic for the future development of application-oriented converters.
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