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Abstract

Following the ever increasing penetration of grid connected distributed genera-
tion, EVs battery chargers, and distributed energy storage systems, the require-
ment for power converter having rated power ranging from 1 to 15kW is rising.

In order to facilitate the introduction of power converters in residential appli-
cation, including single-phase systems, high power density is desirable, as long as
it does not have significant negative impact on cost and reliability.

The topic of this work is the implementation of new topologies for single phase
AC-DC systems. In the first part of the work, a literature review of existing so-
lutions is presented, with focus on active ripple power decoupling and leakage
current elimination in transformerless PV systems. Two converter topologies,
the Double-Full-Bridge Converter (DFBC) and the Jumping-Capacitor Converter
(JCC) are proposed, both able to achieve active ripple power cancellation using
the concept of ripple port. The JCC particularly suitable for use as transformer-
less PV converter, thanks to its leakage currents filtering capability.

A new modulation technique capable of achieving zero voltage switching with-
out the need for resonating LC circuits is proposed. The modulation takes ad-
vantage of the mutual coupling between the magnetic elements of different funda-
mental cells in order to shape the current ripple waveforms, achieving ZVS with
a low ripple amplitude. The technique can be applied to the proposed topologies
but also on many other topologies.

The proposed solutions are validated by simulations and experimental results.
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Chapter 1

Introduction

The last decade has been characterized by a fast rise in the penetration of dis-
tributed generation in the grid. According to the International Energy Agency,
the installed power for distributed solar generation will increase worldwide by
more than 300GW over the next six years [12].

Another sector that is growing rapidly is that of electrical vehicles (EV). EVs
are considered to constitute an effective strategy in the reduction of dependence
on fossil fuels, and consequently of emissions. In order to supply the EVs, a
widespread availability of grid connected battery chargers is required [13,[14].

All those appliances exchange power through a DC connection, and have to be
interfaced with the grid, therefore, to enable power transfer to the grid, a DC-AC
converter is required. This converter require unidirectional power transfer, either
from the DC port to the grid (as is the case for PV systems), or from the grid to
DC, as is the case for battery chargers [15]. In other cases, the required power
transfer capability can be bidirectional, for example in order to interface DC
micro-grids to the AC grid, where the latter contain both loads and generators,
or to interface distributed storage systems with the grid.

In order to cope with the intermittent nature of renewables, and to deal with
residential power surges in a more efficient and cost-effective way, there is an
interest in the development of distributed energy storage systems [16]. Another

interesting application, regarding battery chargers, is the possibility to use EV
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Chapter 1. Introduction 13

batteries to achieve the same benefits (the so-called Vehicle-to-Grid systems)
[17,/18]. In this case, EV battery chargers have to be bidirectional as well.

When high levels of power are required, three phase connections are preferable,
as single phase connections pose a number of challenges, both for the grid and
the converter: an high power load/generator exchanging power through a single
phase can lead to significant unbalance in the grid currents, that causes current
stress on the neutral connection, can result in voltage unbalances, and may lead to
the saturation of the MV-LV transformer [19]. For the converter, a single phase
AC connection poses a problem, as the power exchanged through single phase
systems is inherently pulsating, while the power exchanged through the DC port
is continuous. This involves the need for a energy storage capable element in the
converter, able to provide ripple power decoupling.

Despite those problems, three phase grid connection is often not available at
low voltage [20], since in many countries low voltage distribution for residential
installation is single phase with neutral, therefore, it is reasonable to expect a
growing demand for single phase AC-DC converters in the near future.

To facilitate the introduction of AC-DC converters in residential applications,

those characteristics are desirable:

e low cost;

e high reliability;

e high efficiency;

e high power density.

The requirements for high efficiency and high power density are concordant, since
in order to achieve high power density, high efficiency is required, as heat-removal
components are typically bulky; on the other hand, finding a balance between ef-
ficiency, reliability and costs is a design choice. Reliability is particularly relevant,
considering the expected lifetime of the application in which those devices have
to operate: for PV systems, for example, the expected working life can exceed 20

years [21].
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Considerable research effort has been carried on in order to reach high levels of
power density. An important contribution to this effort was the Little Box Chal-
lenge, a competition sponsored by Google and IEEE, that took place in 2015,
whose target was the development of a single phase AC-DC converter having
a power density higher than 3kW/dm? (>50W/in?) [22]. Many of the partici-
pants managed to achieve this ratings making use of new materials for passive
components and wide band gap semiconductors as active switching devices.

While improvements in terms of power density were significant, to meet these
levels of power density those converters make use of very expensive materials and
manufacturing techniques, making them unsuitable for commercial applications.

For this reason, further research is required to contain costs and improve
the reliability of the converters, in order to bridge the gap between research

prototypes and commercially viable products.

1.1 Objectives of the PhD project

The objective of this PhD project is the introduction of new topologies for single
phase AC/DC converters.

To identify the challenges faced by single phase AC/DC converters, in order to
find room for potential improvement, an extensive literature review was carried
on. The main area for improvement that was identified is the minimization in
size of the converter passives, to achieve better power density and lower costs.

Grid connected converter must comply with norms, defining, among other
things, the quality of the current injected in the grid. For this reason, suitable
filters must be present on the AC port of the converter. Since those filters con-
tribute significatively to increase the cost and reduce the energy density of the
converter, significative research effort is targeted to their minimization, both in
terms of cost and physical size [23]. A convenient way to reduce the AC current
ripple is to design the converter to have an high DC utilization ratio, and-or use
LCL filters instead of simple inductors.

Another area for improvement is related to the necessity of integrating one
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or more power decoupling elements in the converter, to cope with the pulsating
nature of power transmitted through a single phase AC connection. The use of ac-
tive power decoupling solutions enable the use of smaller-more reliable capacitors
for power ripple decoupling.

Regarding PV systems, in the countries where galvanic isolation between the
AC and DC port is not mandatory, it is possible to remove the transformer stage,
increasing efficiency and reducing costs. To be able to do so, however, good
filtering of leakage currents is required, ideally without the need for additional
CM filters.

Those considerations are justified and discussed in detail in the first three
chapters of this work.

Two new topologies are proposed in this work, the Double Full Bridge Con-
verter (DFBC) and the Jumping Capacitor Converter (JCC). Both topologies
use wide band-gap devices, in conjunction with LCL AC filters, and are capable
of active power ripple decoupling. Both topologies are capable of bidirectional
power transfer, however, the DFBC requires only two active switching devices if
used for unidirectional power transfer from the grid to the DC, for this reason,
its application is suitable for battery chargers. On the other hand, the JCC is
capable of filtering leakage currents, for this reason, it is particularly suitable for
use in transformerless PV systems.

In addition to the proposed topologies, a new modulation technique capable
of achieving partial soft switching is introduced. While this technique can be
applied to the proposed topologies, it can be used in many different topologies as

well. For this reason, it is presented in a generalized form.

1.2 Chapter summary

The thesis is organized as follows.
In Chapter [2 a literature review regarding the state of the art topologies for
single phase grid front-end is introduced.

In Chapter [3 a theoretical analysis of the power balance of a generic single
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phase AC-DC converter is discussed, focusing on the use of the ripple port concept
and the use of capacitors as power decoupling element.

In Chapter [, an analysis of leakage currents occurring in transformerless
AC-DC converters for PV application is discussed.

In Chapter [fland [6], two novel topologies, named Double Full Bridge Converter
(DFBC) and Jumping Capacitor Converter (JCC) are introduced and analysed.

In Chapter [7, a new modulation strategy, named extended Triangular Cur-
rent Mode (eTCM), is introduced, and compared with the well-known Triangular
Current Mode.

In Chapter [§, a simplified implementation of eTCM is implemented in the
proposed JCC converter.

In Chapter [9 the experimental results concerning the two novel topologies
and the SeTCM modulation technique are shown, together with the description
of the hardware setup used to obtain them.

Finally, Chapter [10]summarises the achievements of this PhD project, includ-

ing tasks for future work.



Chapter 2

Single phase AC front-end

Single phase AC front-end are the part of a system dedicated to the exchange of
electric power via a single phase AC connection.
Several topologies are capable of performing this task, some of the most used

are the following:
e full bridge;
e half bridge with recirculating capacitors;
e half bridge with unfolder-rectifier;
e neutral point clamp converters.

Full bridge converters are the most widely used topologies for grid front-end,
due to their simple structure and control.

An alternative of the full bridge is shown in Fig[2.Th| where one half bridge is
substituted by two capacitors. This solution has the advantage of requiring less
active devices, and of preventing the injection of DC currents in the AC port.
The big disadvantage of this solution lies in the size of the required capacitors,
that have to absorb the AC current without their mid-point voltage drifting
considerably from Vp/2, to avoid overmodulation of the half bridge.

Another possibility is the use of a unfolder-rectifier stage, operated at grid fre-
quency, cascaded with an half bridge switched at high frequency. The advantage

of this kind of solution is the requirement of a reduced number of controlled active

17
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Figure 2.1: Single phase AC front-end: common solutions

devices, especially if unidirectional power transfer from the AC to the DC port is
required. The disadvantage is the reduced efficiency, due to the conduction losses
in the unfolder-rectifier stage.

Neutral point clamp converters (NPC) have the capability of generating three
voltage levels [24]. This translates in a reduced voltage ripple, and therefore the
requirement of a smaller inductor to obtain a sufficient current ripple limitation.
The downsides are the need for a higher number of active switching devices.

Many other solutions for single phase grid front-end are known in literature,
however, an in-depth analysis of a large number of topologies is beyond the scope
of this section, that is focused on the most common solutions. All the topologies
described in wider detail in Section are based on one of the configurations
listed here, with some modifications, that allow active ripple power cancellation,

an important feature that is described in the following Section.
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2.1 Active ripple power cancellation

Single phase AC connections are characterized by the pulsating nature of the
transferred power: in the assumption of current and voltage being sinusoidal and
in phase, the instantaneous power, being the product of the two, is a sinusoid at
double the AC frequency having an amplitude equal to its mean value. Assuming
constant current to flow through the DC port, it follows, from the energy balance
of the converter, that the AC ripple power has to be absorbed in the converter
itself by one or more energy storage capable elements [1,7].

Usually, this task is taken care of by a DC link capacitor. In order for the
capacitor to exchange energy, its voltage cannot be constant, therefore, using this
solution, a voltage ripple is present on the DC port of the converter. This voltage
ripple is inversely proportional to the DC link capacitance; for this reason, a big
capacitance is often required.

To limit size and cost, this solution often forces the use of electrolytic ca-
pacitors, that have the advantage of being cheap and energy-dense, but have
poor reliability, making their utilization undesired in applications having a long
operating life, such as PV systems [25].

To address this problem, a solution is to use an auxiliary part of the converter,
able to independently control the voltage applied to a capacitor, in order to fully
exploit its energy storage capability. Since the required capacitance in this case is
much lower, other kind of capacitors can be used, such as film capacitors, which
inherently exhibit longer life compared to electrolytic capacitors.

This solution offers a relevant improvement in terms of power density of the
converter, at the price of an increased complexity and higher losses. The com-
plexity is increased both in terms of control [26],27] and/or increased number of
active devices in the converter.

Several topologies make use of the ripple port concept [28,29]. Some of them
are described and compared in section [2.4]

An analytical study of the ripple power decoupling is presented in Chapter [3
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2.2 Leakage currents in PV inverters

Traditionally, PV systems make use of a transformer in the converter stage, having
the advantage of providing galvanic isolation between the panels and the grid,
and to increase the DC voltage obtained by the panels by an opportune choice of
the turns ratio.

The use of a transformer, however, poses some disadvantages: because of the
additional transformer stage, the converter has additional complexity, reduced
reliability and higher losses. For these reasons, significative research effort is
made in the development of transformerless converters.

Transformerless converters face the following challenges:

e galvanic isolation between the panels and the grid is mandatory in some

countries;

e sufficiently high voltage levels has to be reached for the correct operation

of the AC front end stage of the converter;

e due to the stray capacitance between the active parts of the PV panels
and its chassis, which is connected to ground, a significant circulation of
currents trough the ground can occur if a common mode voltage is applied

between the DC and the AC port of the converter.

The required voltage gain can be achieved by series connection of a sufficient
number of panels, or by a boost stage.
Extensive research addresses the issue of ground currents limitation [30]. The

main methods used to achieve it are:
e reduction of common mode voltages via a CM filter stage;
e conduction path break;
e doubly grounded converters.

A more detailed analysis of leakage currents in transformerless PV inverters

is presented in Chapter [4]
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2.3 LCL filters

Grid-connected VSI require filtering in order to reduce the injection in the grid
of current harmonics generated around switching frequency; to do so a large
inductance is traditionally used. An alternative solution is the use of a LCL filter.
Due to the higher-order the required inductances are smaller compared to simple L
filter, leading to minor costs and potentially better dynamic performances, while
providing the same grid current THD. In [31}32] a sizing procedure is proposed.

The main drawback relative to the use of LCL filter is the introduction of
two complex-conjugated poles, having a resonant frequency that must be smaller
than the switching frequency, in order to obtain adequate filtering. In order to
guarantee system stability, damping of these poles must be provided, either via
active or passive methods. Passive damping can be achieved simply by placing a
resistor in series with the capacitor [32], however this often leads to unacceptable
power losses.

Active damping can be achieved by means of control, but this often imply
the needing of additional sensor and complex tuning procedures, thus increasing
costs and negatively affecting reliability. Various control architectures have been
proposed to overcome these problems. In [33] the use of PI based current control
with one set of current sensors (the same used for traditional L filters) is proposed.
The advantage of this method is that it can be applied to common pre-existing
inverters simply by replacing the existing filter and re-tuning the existing PI
controller. In [34] the use of a genetic-algorithm based tuning of the controller
poles-zeros is proposed.

The control and stability of LCL filters is still object of current research
[35-41]. Many of the proposed control strategies require the measurement of
additional signals (such as the capacitor voltage or current), and/or the knowledge
of the model.

The majority of the literature refers to three-phase systems, however the same
control strategies can easily be adapted for single-phase converters.

Despite the additional complexity, LCL filters are useful to reduce the size
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of the AC filter, increasing the energy density of the converter. For this reason,

LCL filter are used in the proposed topologies described in Chapter [5] and [6]

2.4 State-of-the-art topologies

In this section, various state-of-the-art topologies for single phase ac/dc converter
are compared. The topologies are chosen among those that tackle the problems of
ripple power decoupling and/or leakage currents. The comparison is focused on
the main points that affect the cost and energy density of single phase converters,
such as the number of active devices, and the size of the required power decoupling
capacitor, that is strongly affected by the voltage constraints that the choice of
converter topology imposes on it.

The required size for the power decoupling capacitor is dependent on the
nominal power of the converter, on the frequency of the AC port, on the voltage
capability of the required capacitor and on the voltage constraints on the am-
plitude of ripple voltage that can be applied to the capacitor, depending on the
topology. In order to compare converters having different DC and AC nominal
voltages, power decoupling capacitor size and AC frequency, a figure of merit
(FOM) is calculated. The FOM is defined as the ratio between the required rip-
ple energy E'r and the maximum energy stored in the power decoupling capacitor
Ec:

Er P/w P

FOM = — = = 2.1
Ec 1/2CVCQ,MAX T‘-fCVCQ‘,MAX (2.)

The calculations leading to the expression ripple energy Eg are shown in (3.7)).
A higher FOM involves the need for a smaller power decoupling capacitor, given
the same ripple energy. This translates in lower costs and higher power density.

Another important parameter to consider in order to compare different topolo-
gies is the DC voltage ratio, defined as the ratio between the DC bus voltage and
the AC peak voltage. Considering a full bridge VSI, to avoid overmodulation,
the minimum DC voltage has to be higher then the peak AC voltage. If the DC

voltage is higher, it is always possible to achieve the desired AC voltage mag-
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nitude by acting on the modulation. However, a very high DC bus voltage is
undesirable, as it causes higher losses on the switching devices and higher ripple
current. Because of that, bigger filtering inductors are required, increasing costs

and reducing power density.



Nominal Number of DC port DC bus AC port Froquency Power dec. Efficiency DC util. FOM
Power devices voltage  voltage voltage Capacitance ratio

[EW] V] V] [Vewus] [H ] [ F] 7 7 7

Wang et.al. [1] 15 6 540 540 150 233 200 93 39 35(100)*
Breazealeet.al. 2] 1 6 200-550 700 240 60 2-102 97 48 11
Xia et.al. [6] 1 4 200-475 950 120 60 45 96 18 13
Zhong et.al. |3 1 4 400 400 110 50 30 92 39 13
Tang et.al. [5| 1 3+5diodes 380 380 110 60 2-90 93 41 40
Tang et.al. [4] 5 4 250 250 110 60 2-60 96 62 35

Table 2.1: Comparison between state-of-the-art single phase topologies
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Wang et.al. [1]
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Figure 2.2: Wang et.al. [1]

The solution proposed by Wang et.al. consists in adding to the conventional
inverter topology an additional half bridge connected to a power decoupling ca-
pacitor. This solution allows the use of a very small power decoupling capacitor,
since the voltage applied to it can span across the full range from zero to the
DC bus voltage Vpe. This comes with the disadvantage of additional losses in
the auxiliary circuit. In order to reduce the losses, the inductor L, and the ca-
pacitor C, are designed so that the auxiliary bridge operates in discontinuous
current mode (DCM). While this reduces switching losses, it has negative effect
on the conduction losses in both the active devices, the inductor and the power
decoupling capacitor, and on the DC link capacitor as well. While the topology
allows full voltage swing from zero to Vp¢ on the power decoupling capacitor, that
should correspond to a FOM of 100%, the choice of operating in DCM translates
in a constraint on the voltage modulated by the auxiliary bridge. For this reason,

the FOM of the system is relatively low, at about 35%.

Breazeale et.al. [2]

The topology presented by Breazeale et.al., shown in Figl2.3] is formed by a con-
ventional full bridge connected to a modified boost stage. The power decoupling
capacitor is connected between the negative terminal of the DC link and the neg-
ative terminal of the DC port. By allowing the DC link voltage to change, it is

possible to independently control the voltage applied to the DC port and to the
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Figure 2.3: Breazeale et.al. |2]

power decoupling capacitor. This topology is also capable to boost the voltage
applied to the DC port. The disadvantage of this topology consists in the DC link
voltage being the sum of the DC port voltage and the power decoupling capacitor

voltage. That translates in a poor DC utilization ratio and FOM.

Zhong et.al. [3]

AC Ground / Neutral Line

DC Ground

= Earth G Ti,

+ Earth

Figure 2.4: Zhong et.al. [3]

The so called Beijing topology, shown in Fig[2.4] was introduced by Zhong
et.al. in [3]. The topology uses a full bridge to control grid voltage, and a power
decoupling capacitor connected between one of the bridge arms and the negative
terminal of the DC link. This topology has the advantage of requiring a small
number of active devices, however the presence of the power decoupling capacitor
poses significant constraints on the DC link voltage, to avoid overmodulation. For
this reason, the FOM and the DC utilization ratio are very low. Another disad-
vantage of this topology is that the current flowing in the bridge arm connected
to the capacitor is significantly high, both in RMS and peak value, reducing the

overall efficiency.
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Figure 2.5: Tang et.al. [4]

Tang et.al. [4]

The topology introduced by Tang et.al. in [4], similarly to the Beijing converter,
is constituted by a full bridge whose differential voltage is used to control grid cur-
rent. In this case, however, two power decoupling capacitors are used, connected
between each bridge arm and the negative DC link terminal. This topology has
the advantage of having a small number of devices, moreover, the power decou-
pling capacitors offer a good filtering action both for common and for differential
mode currents. However, due to the voltage constraints imposed by the AC port,
the utilization of the capacitors is not ideal, leading to low DC voltage utilization
and low FOM. The same topology was introduced by Vasquez et.al. in [42], and

its control is further discussed in [43].

Tang et.al. [5]

Figure 2.6: Tang et.al. [5]

The topology introduced by Tang et.al. in [5], is a PFC with an additional
power decoupling cell, formed by Q2, Q3, Lf and two equal capacitors, C1 and
C2, as shown in Fig2.6] The peculiarity of this topology is that the same ca-

pacitors that provide power ripple decoupling are connected in series and also



Chapter 2. Single phase AC front-end 28

work as DC capacitor, absorbing the switching frequency ripple current. The
energy stored in the two capacitor is controlled by changing the voltage applied
to the midpoint of the two. The configuration that corresponds to the maximum
stored energy is found when one capacitor is completely charged and the other
completely discharged, while the minimum stored energy is stored when the mid-
point voltage is equal to Vpe/2, i.e., when the voltage is equally shared between
the two capacitors. The disadvantage of this topology consists in the suboptimal
energy utilization of the capacitors, due to the fact that one capacitor is charging

while the other is discharging.

Xia et.al. [6]
Inverter Dc link DSP control
inductor capacitor board
=
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Figure 2.7: Xia et.al. H

The topology introduced by Xia et.al. in @ has the advantage of being a
double-grounded converter, that is, both the negative DC port connection and
one of the AC port connection are connected to the same node. This has the
advantage of solving the problem of leakage currents, for this reason, this topology
is indicated for use in PV systems. The disadvantage is an extremely low DC
utilization ratio, that translates in additional switching losses, and the need for

big filtering inductors (shown in Fig{2.7b)).
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2.5 Conclusions

In this chapter, a literature review of the state-of-the art regarding single phase
grid front-ends is presented, with particular focus on the ripple power decoupling
capability of various solutions.

Active ripple power decoupling capability and good leakage current filtering
are identified as important feature for the development of better converters, that
manage to achieve significantly higher power density with the reduction of the
required DC link capacitance and, in case of PV systems, have the possibility
to use a transformer-less configuration, reducing costs and losses and improving
reliability. Moreover, the use of LCL filters in the AC side of the converter is
shown to be particularly beneficial for reducing the size of the AC current filter.

For these reasons, the proposed topologies introduced in Chapters [5] and [
are capable of active power decoupling and make use of LCL filters on the AC
side. Before introducing the topologies, a more in depth analysis of ripple power
decoupling and leakage current filtering is discussed in the following Chapters.

A theoretical approach to the leakage current problem in transformer-less PV
systems is addressed in detail in Chapter [

The next chapter is dedicated to an analytical study of ripple power in single

phase systems.



Chapter 3

Ripple power decoupling in

single-phase converters

A single phase AC-DC converter can be defined as an apparatus that exchanges
electrical power between a DC and a single phase AC port. Since the power
coming from DC sources (PV, eolic or batteries) is constant, while the power
exchanged through a single phase AC connection is pulsating, the converter has
to be able to store energy, via one or more energy storage elements, in order to
provide power decoupling, since the power exchanged through its two port is not

equal in every instant, as shown in fig[3.1]
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Figure 3.1: Basic power flow in Single-Phase converters

In this chapter, an analysis of the power balance of a generic AC-DC single
phase converter is introduced in section [3.I] Using that analysis, the voltage
waveform that has to be applied to one or more power decoupling capacitors in

order to achieve power decoupling is achieved, in section [3.2] Section [3.3] contains

30
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an analysis of the currents flowing through the ports of a single phase AC-DC
converter using a ripple port, that is useful for the description of the proposed

topologies introduced in the following chapters.

3.1 Ripple power

When internal losses are neglected, the ideal energy balance of any converter can

be expressed as in (3.1]), where E(t) is energy stored in the converter over time,

to is an arbitrary initial instant of time, and Py, (t), Py (t) are the instantaneous
power flows in and out of the converter.

t

B6) = (1) = [ [Pu(t) = Pt ar (3.1)

Considering an ideal single-phase converter, its basic power flow diagram can

be illustrated as shown in Fig. assuming that the power entering the DC port

is constant and equal to Ppc, while at AC side the converter operates with ideal

sinusoidal quantities and arbitrary power factor. By neglecting the internal losses

the difference between the instantaneous powers flowing in and out the converter

can be then calculated as follows:

VAc(t) B \/§VAO,RMS Sin(wt) (32)
TIic(t) = m\/st [P sin(wt) — Q cos(wt)] (3.3)
Pt = Vac(t) Lac(t) = P[1 — cos(2wt)] — @ sin(2wt) (3.4)
Pr(t) = Py(t) — P, (t) = P cos(2wt) + @ sin(2wt) (3.5)

Where Vo rus is the RMS value of the AC converter voltage, P and Q are the
active and reactive power injected from the converter into the grid, and w = 2n f
where f is the AC frequency.

Substituting in , the resulting energy is:

E(t) — E(ty) = /t[P cos(2wt™) + @ sin(2wt™)] dt* (3.6)

to
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The minimum energy storage capability Er of the converter can be calculated

by solving the integral in

Eg = max <E(t) - E(t0)> VP& (3.7)

w

Since the net power flow entering the converter calculated in is a periodic
function at double the AC frequency, when t; is chosen equal to 0, according to
, E(to) represents the energy stored in the reactive elements at any instant
when the AC port voltage is zero.

The energy stored in reactive elements is a function of the voltages applied
across capacitors and currents flowing through inductors. For simplicity, the
converter is assumed to be designed such that the energy stored in small size
capacitors and inductors aimed to filter high-frequency harmonics is negligible, so
that only nc power ripple decoupling capacitors and /or nl power ripple decoupling
inductors can be taken into account in the main power balance. The total stored
energy may then be expresses as follows, provided that all reactive elements can

be considered constant and time invariant:
1 ne 1 nl
_ 2 2
E(t) =5 Z GV +5 ; L;I3(t) (3.8)

By substituting in (3.6), assuming ¢, = 0 and solving the integral, it
is possible to obtain a relation between voltages in power decoupling capacitors
and currents in power decoupling inductors that shall be ideally verified at any
instant of time if ideal power decoupling is achieved. It is important to note that
the resulting expression in holds true without making any assumption on
the specific converter topology under study, and has therefore general validity in

single-phase converters.

% Z Ci[Vi2(t) — V] + % Z L[ IF(t) — I3)] = %{Psin@wt) +Q [1 — cos(2wt)} }
(3.9)

Where Vjo are the voltages of each power decoupling capacitor, and I, are the

currents of each power decoupling inductor, at t = t,.
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3.2 Energy storage in capacitors

In order to size a capacitor, the values of maximum voltage, maximum rms cur-
rent and, obviously, capacitance must be determined, considering that the power
decoupling component has to exchange a power equal to the opposite of the ripple

power.

3.2.1 DC-link connected capacitors

Applying a variable voltage to the capacitor, the energy that can be exchanged
is equal to:

1
ER:§C(V2 -V

mazx mzn)

In the case of dc-link connected capacitors it is useful to obtain energy in terms

of voltage ripple:

1 AV\2 AV\2
ER = 5 C |:<VDC + T) — <VDC — T) :| = (310)
= CVpeAV = (3.11)
Vo
2 ripple_-max,%
_ ppte-mat, 7o 12

Thus, capacitance must be equal or greater to:

100E;,  100/P?+ Q2

12 - 2
VDC ‘/;"ipple,max,% w VDC’ V;ipple,ma:(:,%

C (3.13)

Since voltage ripple in DC-bus is usually required to be small, it can be neglected

to calculate current flowing in the capacitor:

1(t) ~ —]?Z(? _ VPP Q;Zicn (2wt + 6) (3.14)

Being the current sinusoidal, it is immediate to achieve its rms value:

_ LyP+e? (3.15)

[rms — T =
V2 Vpe
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While this solution is simple to implement, since it does not need any kind of
additional components and control architecture, it should be noted that it is not
good in terms of energy density, since only a small quota of the energy stored
in the capacitor contributes in power decoupling. Moreover, in order to keep
the ripple low, a high value of capacitance must be used, typically restricting
the choice to electrolytic capacitors, which have well-known problems in terms of

lifespan and reliability [7].

3.2.2 Ripple port

To maximize energy density it is advisable to control voltage applied to the ca-
pacitor independently from dc-bus, in order to apply larger ripple voltages. To
do so, an auxiliary circuit, called ripple port, has to be introduced, as shown in
figure 3.2l The concept of ripple port was introduced by Krein et.al. in 7] and
has since been widely adopted [27},28,43-45].

double-frequency power flow

L p(t) =F, cos(2a)t)

ripple
lde . port lac -
I%T:; v dc converter ac N
LED load e Aport | three-port | port ac
p(t)z /5 p(t)z R cos(Za)t)
dc power flow ac power flow

Figure 3.2: Ripple port (Krein et al [7])

In this case the value of capacitance required, given a maximum and a mini-

mum voltage vz, Umin can be calculated as:

2 Er
(UQ m_vz )

ma min

C = (3.16)

Since capacitor voltage is not approximately constant as in the previous case, in
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order to calculate it as function of time, given the required instantaneous power

Pr(t), this equation must be solved:

E(t) - By = — /t Pr(t)dt*

Where:
e [(t) is the energy stored in the capacitor(s) over time;
e Fj is the energy stored in the capacitor(s) at t=0;
e Pr(t) is the ripple power.

Since Pg(t) is known, its integral can be calculated as:

(3.17)

t t
—/ Pr(t")dt* = —/ Prsin(2wt™ + 0)dt* = ;D—R [ cos(2wt + 6) — cos(6)]
0 0

w

(3.18)

Assuming to have one single capacitor, its energy can be calculated as a function

of its voltage over time:

1
E = —Cu(t)?
2
1
E() = 501)3
Substituting in eq|3.17;
1 1 P
§Cv(t)2 — QCUS = ﬁ [ cos(2wt + 6) — cos(6)]

Thus:

v(t) = \/% [ cos(2wt + 0) — cos()] + v}

The sign of voltage is, obviously, unimportant.

(3.19)

(3.20)

(3.21)

(3.22)
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It should be noted that this equation can be solved only for certain values of
vo (in order to have a positive number under the root operator). The minimum

instantaneous value of v(t) is:

Pr 9
Vpnin = \/E [—1—cos(0)] + v} (3.23)

Thus, the minimum value of vy, that corresponds to a null minimum instantaneous

voltage, can be calculated as follows:

P
Vo,min = m (1 ~+ cos 9) (324)

Current can now be achieved both using the constitutive relation of capacitor
(deriving voltage over time and multiplying by C) or simply dividing instanta-

neous power by voltage:

_ —Prsin(2wt + 60
i(t) = ( ) (3.25)
\/% [ cos(2wt + 6) — cos(6)] + v3
In case of unity power factor operation (Pr = P and 6 = —7):
P
= \/—R sin(2wt) + v3 (3.26)
Prcos(2wt) (3.27)

\/ sin(2wt) + v}

As can be seen from and , choosing a low value of vy reflects in
a lower maximum voltage, thus, a low vy enables the use of the smallest possible
capacitor given the maximum voltage and the magnitude of power ripple; however
it involves higher values of RMS current. On the other hand, using high values
of vy results in sinusoidal-like waveforms of current and ripple voltage, eventually
resolving to those found in DC-link connected capacitors.

Those equations can simply be adapted in case of the use of multiple capac-
itors, each one controlled by a different voltage. In order to do so, however,

additional equations must be provided to solve the system.
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3.3 Destructive interference

Having calculated the waveform of voltage and currents of the power decoupling

capacitor in (3.23)) and (3.25]), the analytic expression of all the waveforms of the

steady-state voltage and current flowing through the AC, DC and ripple port of
a generic single phase AC-DC converter are known.

This section discusses a method for reducing the current stress in the switching
devices and magnetic components of single-phase AC/DC converters, by exploit-
ing the destructive interference occurring between some spectral components of
the currents flowing through the converter ports. This can profitably be exploited
by adopting topological configurations that generate such destructive interference;
and constitutes the principle around which the proposed topologies described in
Chapters [5] and [6] were conceived.

As described in section [3.2.2] if the ripple port is considered external to the
converter, a generic single phase AC/DC converter exchanges power between
three electrical ports: the AC port, the DC port and the ripple port.

Since the current flowing in the AC port is a sinusoid at grid frequency, the
current flowing in the DC port is DC, and the current flowing in the ripple port
has a fundamental frequency that is double the AC frequency, it follows that
no destructive interference is possible, since there are no spectral components at
the same frequency. However, if the AC current is rectified by a rectifier/un-
folder bridge, operating at grid frequency, the resulting rectified /unfolded AC
current has both a DC component and a fundamental frequency at double the
grid frequency.

It is shown that it is possible to exploit the destructive interference between
the spectrum components at the same frequency of the currents, obtaining ben-
eficial results, both in terms of reduced peak currents and reduced RMS current

stress on the converter components.
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3.3.1 Fourier analysis of currents

From circuit analysis it is well known [46] that the RMS of a generic signal can
be calculated knowing the magnitudes of its spectral components, achieved using

the Fourier series transform:

RMS(f):,/%/O f(t)%dt = /c%—i—%Zc? (3.28)

Considering the linearity of the Fourier transform, it follows that the RMS of the
sum of two signals having different spectral components is equal to the root of
the sum of the squares of the RMS of each signal.

For this reason, if the spectra of the two currents have components at the same
frequency, the RMS of the sum can increase or decrease depending on the phase
between the interfering components, that is, if the interference is constructive or

destructive.

Fourier series of converter port currents

In this subsection, the fundamental components of the currents flowing through
the ports of a generic converter are obtained using the Fourier series transform.

Assuming the voltages of the converter port to be independent with respect to
the power, it follows that all the obtained currents are linear with the exchanged
power P; for this reason, they are normalized and the result is indicated as A/EW.

The Fourier series of a rectified sine wave is:

24  4A K cos (k27rft)

Thus:
2 V2P 11 aco A
Iac(t)g= ——— =391— (3.30
(Ol = 252 - 39010 (330
4 2P RMS(|Iac|) A
Ipct)h=————— 2m2ft — = =369— (3.31
il = —5- e —cos@m2ft - oo (331)

The resulting RMS currents as function of the transferred power P are calculated

considering a RMS grid voltage of 230V.
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Assuming the DC bias Vj to be high compared to the amplitude of the voltage
ripple, the dependence of the capacitor voltage on P is neglected. The ripple port

current can thus be obtained as follows.

Io(t) = ~ 3.32
P I le3 A

Io(t) ~ v cos(2m 2f) = % = \/E%)’W (3.33)
P IDC le3 A

palt) Voo P Vpc kW (3.34)

3.3.2 Interference
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Figure 3.3: Fundamental components of [I4¢(t)| and Io(t): cancellation of the AC
components in [Ia¢| + Ic (P = 1kW, Vi = 375V, Vpo = 450V)

A possible strategy to increase the efficiency of the converter is to adopt
a topology that exploits a destructive interference between the current flowing
through the ports of the converter, in order to reduce the RMS applied on the
switching devices.

Since the 100Hz component of the capacitor current is almost opposite in
phase with the 100Hz component of rectified grid current, the interference be-
tween them is destructive if they are added: figure [3.3| shows the rectified grid

current |I4¢|, capacitor current I and their sum.
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Figure 3.4: Topological configurations that achieve destructive interference

The maximum destructive interference is obtained if the two components have

the same magnitude, leading to a complete cancellation:

P 4 \/‘ P 3
Vo  3m VAC RMS 4\/_

The RMS of the resulting current can be obtained as follows:

—=Vac,rms >~ 383V (3.35)

RMS<|IAC] n IC) - RMS(uAC\ _ |IAC\1) - (3.36)
2 2
- \/RMS<IAC> —RMS<|IAC]1> - (3.37)
P 2 4 P 2
_ Y N S T 3.38
(VAC,RMS) (37? VAC,RMS) (3:38)
P 4\?
= - (Z) = 3.39
Vac.rms (37T) ( )
~ 0.906 RMS <]AC> (3.40)

In order to achieve destructive interference between the DC components of
the rectified AC current and the DC port current, they have to be connected as
shown in Figl3.4al In the same way, in order to achieve destructive interference
between the fundamental component of the rectified grid current and the ripple

port current, the connection has to be made as in Fig)3.4bl

3.4 Conclusions

In the present Chapter, an analytical study of ripple power in single phase sys-

tems was discussed.
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The possibility of exploiting a destructive interference between the currents flow-
ing through the ports of a generic single-phase AC-DC converter was investigated.
It was shown that reduction of the double frequency current components can only
be achieved if the rectified /unfolded grid current is considered.

The configuration shown in figure is exploited in the proposed topologies
introduced in Chapters [5] and [6]

In the following Chapter, a theoretical approach to the leakage current prob-

lem in transformer-less PV systems is addressed.



Chapter 4

Leakage currents in PV

applications

Traditionally, AC to DC power converter for PV systems make use of a trans-
former in the power-conversion stage. The presence of a transformer has several
advantages, such as galvanic isolation between the DC and AC ports of the con-
verter, which is often mandatory; and voltage gain capability, that enables the
use of a small number of series-connected PV modules without the need for a
voltage boost stage.

In some countries, galvanic isolation between the AC grid and the panels is
not mandatory, consequently, the use of transformer-less topologies is of interest.
This is because, despite lacking the advantages previously described, the use
of a transformer involves the necessity for an additional stage in the converter,
increasing costs and losses and reducing reliability [47].

One of the most challenging problems faced by transformer-less converters is
the presence of leakage currents. Since PV modules have a large stray capacitance
to ground, and the neutral conductor of the grid is grounded, if a high frequency
voltage is applied between the grid and the PV modules currents can circulate,
causing losses and EMI noise. [4§]

In the following section the leakage currents are defined and a circuital model

useful to calculate their magnitude is described. Moreover, several solution exist-

42
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ing in the literature, useful to reduce leakage currents in transformer-less single-

phase PV systems are discussed.

4.1 Analysis

The spectral components of common mode currents can be classified in three

components:
e a grid-frequency component (50 — 60H z);

e a switching frequency component (often called leakage current) (10 +

10°Hz);

e high-frequency components (> 1M Hz in case of Si devices, > 10M H z for

wide band-gap devices).

Grid-frequency components are usually low in magnitude, especially in the
case of low-power low-voltage systems, because of the high impedance of stray
PV capacitance at grid frequency; since the impedance of the stray capacitors
at these frequencies is such that the current is negligible. However, in bigger
systems, the growing of stray capacitance due to the larger number of panels can
significantly increase those currents, especially if the AC voltage is high.

The high-frequency components are generated by the high dV/dt inherent
in the commutation of the switching devices. The spectra of these components
vary depending on the type of active devices used, i.e. wide band-gap devices
operating in hard switching tend to have an high dV//dt in terms of magnitude,
with a spectrum of frequencies of 10-100MHz, while Si devices exhibit a lower
dV/dt and a longer turn on and turn off period. In order to filter these components
a common mode filter can be used. This filter can have a reduced size, due to
the high frequency of the signal, however care must be taken when choosing the
components to make sure of their correct behaviour in the required frequency
range. These design considerations are common to all grid-connected converters

23).
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The switching frequency common mode current components, commonly re-
ferred as leakage currents, are excited by the common mode voltage present be-
tween the output of the inverter (generally a full bridge) and the DC port of the
inverter, that can be connected to a string of PV panels either directly or through
a boost stage. Because of the relatively high stray capacitance occurring between
the active components of the PV panel and the outer structure of the panel itself,
that must be grounded by law, leakage currents can reach very high levels if left
unfiltered.

Since high frequency components are simple to filter, and in low-voltage sys-
tems grid frequency components are usually small, special attention is given to
the switching frequency components, because their magnitude can severely im-
pact the size of the EMI filter, and may reduce the efficiency and reliability of

the inverter.

I | LeglU Leg2U T

Ly Lpm Lew Ziinel
SYY Y\

,,
<
,p
A\l
Fil
Q
__.":_
NS
|19
Ll

Figure 4.1: Common-mode current circuit (Xiao and Xie [§])

Circuital model

A circuital model for a generic converter including the stray capacitance and the
commonly used output common mode and differential mode filters is shown in
fig/d.1] The currents flowing from the PV modules stray capacitance can circulate
through the grid, via the ground impedance Zg. Common mode reduction ca-
pacitors Cy; and Cy4 are usually included in the EMI filter, and act as a current

divider to reduce the quota of leakage current flowing through the PV panels that
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circulates through the grid.
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Figure 4.2: Equivalent two-port model for the circuit shown in F ig

It is important to take into account the parasitics of the various components,
for this reason the resulting circuit model can be particularly complex. Assuming
linearity, Laplace transform can be used to solve the circuit.

The circuit shown in figld.2]is the equivalent circuit for the topology shown in
[4.1] useful to analyse the switching frequency component of the leakage current.
The DC and AC voltage sources are removed, as their spectra do not include
any switching frequency components, and the stray capacitors C} and Cy are
neglected, due to their high impedance at switching frequency.

Capacitors C and C5 model the stray capacitance between the mid-point of
the inverter arms and ground, due to the presence of the heatsink. C; and C5 are
directly connected to the noise source, for this reason the currents flowing through
them is often quite high in amplitude. Despite this, due to their small size, the
spectral content of those currents is limited to high frequency components, and
this justifies neglecting them in the leakage current model, that refers to the

switching-frequency component only.

Common mode separation

If the passive elements connected to the terminal 1 and 2 of the circuit shown
in figll.1] are balanced, it is possible to calculate the common mode and the
differential mode of the currents separately. This can be proven by applying
multi-port network analysis to the circuit. Considering a two port network, and
the associated voltage inputs Vj(s) and Vi(s) and the corresponding currents

I(s) and I1(s), indicated by the dotted line in fig[f.2] and applying the following
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transformation:

Vou(s)| _ o [Vints) Ky |2 V2 (11)

Vem(s) Van(s) bl

Ipn(s) _x, Iin(s) K = b (4.2)

Iowm(s) Ian(s) b=t
()] _ oy [V (4.3)
Irn(s) Van(s)
Iin(s) B 1 Vin(s)

= (K] = [KVIIEv] | (K] = (4.4)
Ln(s) Van(s)
I M S Vi M\

— C ( ) _ [K[][Y][KV]_l ¢ ( ) (45)

Ipn(s) Voa(s)

If the circuit is balanced, that is, if Y} is equal to Yas, the matrix [K;][Y][Ky]™!

is diagonal:

Unbalanced circuit

In case of unbalanced circuit, calculating the common and differential mode volt-
ages is not useful, since the common mode current is dependent on both. In
order to calculate the common mode current, the complete circuit has to be

solved. Solving the circuit, assuming linearity, results in the following equation:

i (S):VlN(5> Van(s)
oM Zi(s) | Zy(s)

(4.7)
The impedances Z;(s) and Z5(s) depend on the passive filters, while Viy(s) and
Von(s) depend on the chosen modulation strategy and the choice of the topology.
Considerations about resonance

The circuit contains both inductive and capacitive elements, for this reason, res-

onance does occur at certain frequencies. Since the grid impedance and ground
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impedance can vary significantly depending on whether the grid is strong or weak,
and stray capacitance of the PV panels can also vary depending on the PV model
and also on the weather, the resonating frequency can vary.

For this reason, care must be taken in the design of the CM filter, to avoid
resonance occurring at switching frequency, or at close multiples; and the real
component of the impedance, that is constituted by the resistive components of
the ground impedance and the stray resistors in the filtering inductors of the

converter, has to be taken into account.

4.2 Leakage currents mitigation strategies

The known methods used to mitigate leakage currents can be divided in two main
categories: the use of a modulation technique, usually with a modification of the
converter topology, that allows to break the conduction path between the AC
and the DC side of the converter, and the double-grounded topologies, where
one terminal of the PV panel is grounded. Another strategy worth mentioning
is exploited by the topologies that make use of the same capacitor that provides

power ripple cancellation for common mode current filtering.

4.2.1 Conduction path break

One well-known technique to reduce leakage currents consist in breaking the
conduction path between the PV panels and the grid during the free-wheeling
period of the AC filtering inductor. That can be achieved in different ways, some
of which are illustrated in fig[i.3]

Breaking the connection between the AC and the DC port of the converter
during the free-wheeling period is useful to reduce common mode voltage, as
shown in figld.4] where a traditional inverter is compared with a heric inverter.

The disadvantage of this kind of solutions consists in the need for additional
active components, and in some case a consistent reduction of efficiency, due to

the increased number of devices in the conduction path, especially in [51], where
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Figure 4.3: Common mode voltage reduction

an active device is placed between the inverter and the DC bus capacitor.

4.2.2 Doubly-grounded converters

Another possibility is making use of topologies that involve a double grounded
connection, that is, topologies where one terminal of the PV panel (usually the
negative) is grounded.

The main disadvantage of these solutions is the low DC utilization ratio of
the converter, defined as the ratio between the DC bus voltage applied to the AC
front-end and the peak AC voltage.

For example, in the topology introduced Xia et.al. [6], shown in Fig., the
voltage Vi is around 900V, with a rated AC peak voltage of 340V (240V gass),
resulting in a DC utilization ratio of 48.5%; while in the topology introduced Roy
et.al. |9], shown in Fig the voltage vy applied to the AC full bridge has an
amplitude of about 400V, for a rated AC peak voltage of about 170V (120V gyss),
which results in a DC utilization ratio of 42.5%.

A low DC utilization ratio is undesirable, since it translates in higher switching
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Figure 4.6: Double grounded converters: Roy et.al. (2019) @

losses in the active devices due to the increased voltage stress on the devices, and

either in higher ripple currents or the need for bigger filtering inductors.

4.2.3 Other strategies

Tang et.al.
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Figure 4.7: Tang et.al |\

The topology shown in ﬁg, introduced in [4], makes use of two big capac-
itors, indicated as C'y; and Cyy, which work both as energy storage components
for the pulsating power elimination and as filters, both for differential and, with
the help of the choke Ly, common mode current ripple. This solution has the
big advantage of requiring a small number of active devices, improving reliability
and reducing costs. The disadvantages are an increased current stress on the
switching devices, due to the additional current flowing in the capacitors, and
the requirement of big capacitors for power decoupling, due to the additional
constraints on their voltage waveform. This translates in lower power density

and low DC voltage utilization.
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Figure 4.8: Active virtual ground [10]

Active virtual ground

The ”Active virtual ground” topology, shown in fig/l4.§| obtains attenuation of
switching frequency common mode by exploiting an additional capacitor Cyp,
that is alternatively connected to one of the AC port connections via the two
switches S4 and Sp.

During the positive half-cycle of the grid, the capacitor C'yp is connected to
the line (L) connection of the AC port, the switch Sy is always closed and the
AC current is modulated by S;. During the negative cycle, C4p is connected to
the neutral (N) and the current is modulated by Sy, while S} is closed. It follows
that, neglecting the ground impedance and the line impedance, C4p is in parallel
with the stray capacitor Cgys, thus acting as current divider and reducing the
CM current injected in the grid.

Compared to the previous solution, this topology provides good leakage cur-
rents filtering using a much smaller capacitor, however, pulsating power elimi-
nation is not achieved, because control on the voltage ripple of the capacitor is

lost.
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4.3 Conclusions

In this Chapter, the issue of leakage currents in transformerless PV systems were
discussed in detail. Several strategies to tackle this problem, available in litera-
ture, were considered.

In the following two Chapters, two novel topologies are introduced, the second

of which has inherent leakage current filtering capabilities.
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Proposed topology: Double Full

Bridge Converter

In this chapter, a topology for a single phase AC-DC converters, named ” Double
Full Bridge converter”, is introduced and analysed.

This topology is intended for use as grid front-end, able to interface a DC
microgrid, a PV panel system and-or a battery storage system to a single-phase
AC connection.

The advantages are a reduced current stress in the devices operated at high fre-
quency, active ripple power decoupling with good energy utilization of the power
decoupling capacitor, and the possibility to use a reduced number of switches in
case of unidirectional power flow.

The drawbacks of this topology are an high number of active devices, involv-
ing a increased cost, and the presence of a synchronous rectifier/unfolder stage,
causing additional power losses and thus reduced efficiency.

The design of the passive component is discussed, and a control structure is
described and validated with time-domain simulations. Extensive experimental
results were recorded, and are exposed in chapter [9

This chapter is structured as follows. Section[5.1]describes the proposed topol-
ogy, explaining its operating principles and proposing a design method for the

power decoupling capacitor and for the other passive components; section de-

23
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scribes the proposed control scheme, and finally section shows the simulation

results.

5.1 Theory of operation

As the name suggests, the proposed topology is formed by two full bridges, one
switched at high-frequency, and one at grid frequency, as shown in figure |5.1}
The low frequency full bridge (LFB) is operated at each zero crossing of the
grid voltage, so that the steady-state value of the voltage applied to the filtering
capacitor Cyp, situated on the pseudo-DC side of the LFB, is always positive
and equal to the rectified grid voltage. In other words, the LFB is operated as
an unfolder-rectifier bridge.

The AC-side of the LFB can be directly connected to the grid, however, for
better current filtering and improved stability of the PLL [52], an additional
filtering inductor L ¢ can be used.

The inductors L4 and Lp are placed on the AC-side of the HFB in order
to filter its output currents I, and Ig. The power decoupling capacitor Cpp is
connected between one arm and the negative DC terminal of the high-frequency
switched full bridge (HFB), while C'4p is connected between its two arms. The
steady-state voltage applied to C4p is thus equal to the differential voltage mod-
ulated by the HFB.

5.1.1 Steady state analysis

In order to analyse the behaviour of the converter, the steady-state waveforms of
the current and voltage modulated by the HFB (14, Ip and V4, V) are consid-
ered.

The steady-state value of Vy is equal to the voltage applied to the power
decoupling capacitor C'pp. Since the power ripple exchanged by the capacitor
C4p can be neglected due to its small size, only one capacitor is used for power

decoupling, and its the voltage waveform V4(¢) can be derived directly from
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Figure 5.2: Voltage and current waveforms (Vpo = 450V, P = 1kW,C = 76 uF)

eqi3.22l In this case, only active power is considered.

Va(t) = Vo(t) = \/% sin 2wt + V2 -

V(1) = Vo(t) — [Vac ()]
The steady-state waveform of I is equal to the sum of the rectified-unfolded

grid current and the current flowing out of the capacitor:

P cos 2wt

La(t) = [Lac()] + Ic(t) = V2 VT 2t v7 (5.2)

—VACf;MS\sin wt| +

I(t) = —[Lac(t)|
Both currents are periodical with a period equal to half grid period.

The first harmonic component of the capacitor current is similar in magnitude
to the first harmonic of rectified grid current, and almost opposite in phase. Since
the high-frequency bridge arm current I, is the sum of the two, the result is that
the current waveform has an high DC component and low AC ripple, leading to
lower RMS and thus reduced losses. For example, using the same parameters as
in figure the RMS value of grid current and Ip s is 4.35 A, L4 rus is 3.95
A and the RMS current of the capacitor is 1.86 A.
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Rated power P 1| kW
DC voltage Voo | 450 Vv
AC voltage Vac | 230 | Verus

Power decoupling capacitor | Cpp | 76 | uF

Cpp DC offset voltage Vo | 375 Vv

Switching frequency f 50 | EHz

Ly | 275 | pH
HFB filtering inductors
Lg | 375 | uH

CAB 1 ,uF
LAC 100 uH

AC filter

Lpc | 500 | uH
DC filter
CDC 1 ,uF

Table 5.1: Double full bridge topology: Circuit parameters

5.1.2 Design of the power decoupling capacitor

Given the steady-state voltage waveforms shown in (5.1)), it follows that, to avoid
over-modulation, the instantaneous voltage across the power decoupling capacitor
Cpp must be always lower than the DC voltage and always higher than the

absolute value of grid voltage:

P
Vac| sinwt| < \/ 8 sin 2wt + Vi < Vpe (5.3)

wlpp

It can be observed that since the voltage ripple across the capacitor is con-
strained by the DC-link voltage, choosing a higher voltage for the DC link leads
to a higher energy utilization of the capacitor, i.e. the capacitor operates closer
to the rated voltage. As a consequence, the capacitor will be smaller in size for a
given nominal power of the converter. The choice of the rated DC link voltage is
thus a compromise between the energy utilization of the power decoupling capac-
itor R, and the voltage utilization ratio of the converter Ry, which are defined

as follows:
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Vbe Cuin Ry Rpg,

400V 79uF  81% 51%
450V A8uF 2% 65%
500V 35uF  65% 73%
550V 27uF  59% 79%
600V 21uF  54% 83%

Table 5.2: Power decoupling capacitor sizing

Ry
0.81 0.72 0.65 0.59 0.54
0.50 r T T 80
0.62} 160
o
Rec =
0.70¢ 140 ©
0.85 : : : 20
400 450 500 550 600

VeVl

Figure 5.3: Power decoupling capacitor sizing

VAC peak
Ry = ———— 5.4
Ec max VE max v Vbe (5.4)

2 2
Ry — Ecyax — Ecyin Vérax — Ve uin
EC - -

The minimum value of capacitance that respects the constraints of for
different DC voltage levels can be numerically calculated 53], and are shown in
Table considering a nominal power of 1kW, AC line frequency of 50 Hz and
voltage amplitude of 230Vgys. The values of capacitance reported in the table
are the minimum values that respect the constraints in (5.3)). Fig.m shows on the
x axis the DC voltage and the voltage ratio Ry, and on the y axis the minimum
capacitance and the energy utilization ratio Rp,..

The rated capacitance of the chosen power decoupling capacitor should be
significantly higher than the theoretical minimum value, in order to take into
account the capacitor tolerance and the effect of ageing on the capacitance, and
to guarantee the correct behaviour of the converter both during transients and in

case of a possible deviation of the AC and/or DC voltage amplitudes from their
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nominal values.

A DC link voltage of 450V was chosen, being a good compromise between
energy utilization ratio and voltage utilization ratio, which in this case is 72%.
The corresponding minimum capacitance required for a rated power of 1kW is
48 F'. According to the need for a higher capacitor discussed in the previous
paragraph, a capacitor of 76 F' was chosen. The corresponding energy utilization

ratio is about 46%.

5.1.3 Design of the high frequency filters

The discussion presented so far referred to the waveshaping of voltages and cur-
rents in the converter averaged over a switching period. This is because the ripple
compensation deals with low frequency components and the the analysis can, in
first approximation, neglect the high frequency switching components. However,
the design of the filter inductors L4, Lg and of the filter capacitor C'yg must be
based on those harmonics.

The design of the inductors is based on the fact that both L, and Lg are
connected between the one leg of the HFB and two equivalent voltage sources
represented by different combinations of the voltages across Cyp and Cpp. In
the assumption of both capacitors having negligible voltage ripple, the voltage
across each filter inductor L;,7 = A, B can be calculated, knowing the duty cycle
d;,i = A, B of each leg of the HFB, the switching frequency f and the dc-link
voltage Vpeo. The duty cycles are defined as the ratio between the period during
which the upper switch of each leg is closed and the switching period. The

resulting ripple current is a triangular wave with a peak-to-peak amplitude of:

_ Vbpe
AT = (1~ d) (5.5)

Fig[5.4] shows the ripple current envelope flowing in the HFB arms, calculated
using the steady-state voltages expressed in (5.1)) to calculate the duty cycles
d;, an inductor L4 equal to 275uH and Lp equal to 375uH. With this specific

choice of L4 and Lp, the absolute value of the peak current in both arms, that
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Figure 5.4: Ripple current envelopes on HFB arms: f = 50kHz, Lo = 275uH, L =
375uH, P =1kW

is the sum of the triangular switching ripple component and the low-frequency
component as calculated in , is the roughly the same and equal to about 8A
at nominal power. A low peak current is an advantage since it allows the use
of inductors having a low saturating current, reducing the size and cost of the
magnetic components.

Finally, the design of the capacitor C4p is based on a consideration about the
operation of the LFB. Since the bridge uses simple MOSFETs with antiparallel
diodes, it can only accept positive voltages at its DC terminals. In the proposed
topology, the DC voltage of the LFB corresponds to the voltage across C'4p, that
has a low frequency component equal to the rectified AC voltage Vac(t). If the
voltage at the DC input of the LFB changes sign, the antiparallel diodes in the
bridge start to conduct. If that happens, the current Ig starts flowing in the
capacitor Cpp and the control of grid current would be lost.

The low-frequency component of the voltage applied to Csp, equal to |[Vac| =
V4 — Vg as defined in (5.1), is always positive. However, the voltage ripple
generated by the switching components of the current Iz can drive the voltage
negative in the intervals where the low frequency component of the modulated
voltage |Vac| is close to zero, around the zero crossing of grid voltage. In those
intervals, diode conduction may occur. Therefore, the value of Csp is chosen in

order to reduce its voltage ripple to acceptable magnitudes.
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Assuming all the high-frequency ripple of Iz to flow in capacitor Cspg, the
peak-to-peak amplitude of the resulting voltage ripple can be calculated as fol-

lows:

(5.6)

In this case Alp is calculated from , using the duty-cycle applied at the
zero crossing of grid voltage, that is V/Vpe. The peak-to-peak value of such
current is 2.1A. Choosing a Csp equal to 1uF results in a peak-to-peak ripple
voltage at the zero-crossing of grid voltage equal to about 10V. Such value is low
enough not to cause any noticeable distortion on grid current, as shown later in
the experimental results.

On the DC side of the converter, the LC filter formed by Lpc and Cpe is sized
to remove the high-frequency ripple from the DC current. Choosing Cpe = 1uF
and Lpc = 500 H results in a cutoff frequency of about 10k H z, which is sufficient
to remove the switching frequency components on Ipc. The choice of using a a
large inductor and a relatively small DC link capacitor is made on purpose, in
order to highlight the correct behaviour of the active power ripple decoupling of
the converter, since the contribution of the DC link capacitor in the compensation

of the power ripple at twice the grid frequency is in this case negligible.

5.1.4 Unidirectional power

If, as first approximation, the voltage ripple on the power decoupling capacitor is
neglected, it follows that the currents /4 and Ig are linearly dependent on power,

as shown in ([5.7)).

P P cos (2wt

14() = Luc(t) + Ie(t) = V2r———|sin (wt)| + cos (2wt) (5.7)

AC.RMS Vo sin 2wt + V7

V2 cos (2wt)

~P|——|sin (wt)| + ———= 5.8
VAo,RMs| (wi)] 7 (5.8)

2 2t 2t
L|sin ()] + 2 Voo coslh) g,

Vac,rus Vo Vacrus | sin(wt)]
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Figure 5.5: Unidirectional power topologies

It is easy to see that the condition in [5.9 is verified with an ample margin,
since Vj is chosen to be 400V, while V¢ ras is 230V, so their ratio is higher than
1. It can be proven by numerical calculations that the condition is verified even
if the capacitor voltage ripple is not neglected.

The current /4 always has the same sign as the power P, while Iz has an
opposite sign. Since unidirectional current is achieved if unidirectional power is
required, it is possible to reduce the number of active devices, especially in case
of rectifier operation, as shown in fig)5.5|

Although these solutions are potentially more reliable and inexpensive com-
pared to the bidirectional topology having all the active components, they exhibit
a lower efficiency, due to the higher conduction losses on the diodes, and therefore
are suitable for low nominal powers, or in applications where cost and reliability

are more important than efficiency.
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5.1.5 Power losses analysis

A numerical estimation of the converter losses was performed, using Matlab-
Simulink and PLECS.

The losses occurring in the DFBC can be divided in the following components:

e Switching losses in the HFB switches;
e Conduction losses in the HFB switches;
e Conduction losses in the LFB switches;

e Winding and core losses in the filtering inductors L4 and Lp.

Switching losses

Switching losses in the HFB switches are calculated based on the method exposed

in [54]:
1 Crss 0) + Orss U U
EON = EUDDIDon tr + ( ) 9 ( DD)RQ Ud ZDI + QRRUDD

r — YUplateau

(5.10)
1 Crss 0) + Crss U U

Eorr = sUpplpon |tf + (©) ( DD)Rg bp (5.11)

2 2 Uplateau

where:

e (., is the equivalent gate-source capacitance;
e 1R, and Uy, are the gate resistor and the gate driver power supply voltage;

e Upp and Ip,, are the instantaneous voltage and current prior to the switch-

ing action;

e (Qrr is the reverse recovery charge of the diode.

Psw = Z(EON + Eorr) fsw (5.12)
k

The parameters used for calculating losses are extracted from the datasheet
of the devices, that are SiC MOSFETs (C3M0120090J by Cree/Wolfspeed) for
the HFB and Si MOSFETs (IPB65R110CFEFD by Infineon) for the LFB.
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Figure 5.6: Power losses distribution

Conduction losses

Conduction losses in both the HFB and the LFB active devices are calculated con-
sidering the Rpgon of the mosfets and both the threshold voltage and equivalent
resistance of the diode, taken from the datasheet.

The losses occurring in the DC link capacitor and in other passives were
neglected.

Conduction losses occurring in the windings of the filtering inductors L4, Lp,
and Lpg are calculated neglecting skin effect. In order to reduce the losses due
to skin effect, the windings were manufactured using five small section magnetic

wires in parallel instead of a single thicker wire.

Results

The calculated power losses distribution for different power levels is shown in
Fig[5.6] The results indicate an efficiency at nominal power of about 96% in

inverter mode and 94% in rectifier mode.
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Figure 5.7: Control structure. Measured signals are written in red.

5.2 Control

The control architecture is designed with the aim of minimizing complexity. The
control is able to achieve an effective control of the AC current, in order to follow
a required AC power reference P*, and at the same time apply a closed loop
compensation on the DC current ripple.

The control system is modelled as a MIMO with two inputs, the duty cycles
d4 and dp of the two legs of the HFB, and two outputs, the AC current i, and
the ripple component of the DC current ipc rrppre. The control of the converter
can be split so that one PWM bridge leg can be used to control the voltage V4
across the power ripple decoupling capacitor, while the other leg controls the grid
current according to the desired P, independently. This is made possible by the
size of the power decoupling capacitor Cpp, that prevents the action of the first
bridge leg to quickly affect the AC grid current, thus effectively decoupling the
control structure.

The control architecture is shown in Fig. [5.7 In this case, the reference power
P~ is an input, however, depending on the application, it can be the output of

an outer control loop that controls the DC voltage Vpe, such as, for example,
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Figure 5.8: AC current control models

an MPPT controller if the proposed converter is used as grid interface for solar
power systems.

Since the steady-state waveforms of the voltages Vi and V}; are known ana-
lytically from the operating point according to , their values are added as
feed-forward terms to the output of the AC and DC controllers. The implemen-
tation of the feed forward of Vg is particularly helpful for the provision of the

high-frequency components of its waveform.
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Bode Diagram
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Figure 5.9: Bode plot, I4¢ control

5.2.1 AC current control

As described in Section [5.1] as far as the AC current control is concerned, the
converter operates in two different modes according to the state of the LFB. The
large signal equivalent circuits for each mode are shown in Fig. and [5.8b]

In both modes, from a small signal perspective, the action of the high fre-
quency component of the voltage Vpe d4 on the grid current is neglected, because
of the filtering action of Cpp.

The transfer function is the same for the two modes, with the exception of
the sign. The state of the system is identified by the currents /4 and Ig flowing
in the inductors L4 and Lp and the voltage V45 applied across the capacitor
C4p. Since the transition between each mode happens at the zero-crossing of the
converter AC voltage V¢ and in the assumption of unity power factor operation,
Iac, I and Vg are all close to zero during the transition. For this reason, the
state of the system is not affected by the mode change.

Assuming to correct the sign of the AC current controller output by inverting

it during mode A, the resulting equivalent circuit, valid in both modes, is shown
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Figure 5.10: DC ripple current control models

in Fig. , where dp is the small signal component of the duty-cycle of leg B.
The system is thus similar to a generic voltage source converter connected to the
grid via a LCL filter, with an additional double pole and zero pair due to the

presence of Cpp and L4. The transfer function of the plant is the following:

Lic 1 s?Jw? +1 (5.13)
dp  s(Lp+ Lac) (s*/wpy +1)(s?/wh, + 1) '
Where:
wot = (CppLa)~"? For = ‘% ~ 1.07kHz (5.14)
T
La(Lp+ Lac) -0 wp1
—(C =_—— ~135kH 5.15
wp1 ( PDLA ¥ Lp+ Lac fr o Z ( )
LpLac \ "
= | COyp——""=— —= ~ 18kH 5.16
wp2 ( AB 7 LAC) fr2 = o < ( )

The chosen current controller is a PR resonating at grid frequency. The controller
is able to damp the resonant pole at 1.35kH z, while the damping of the resonant
pole at 18k H z is passive. Sufficient passive damping is obtained without exces-
sive power losses thanks to the non-linear dissipative behaviour of the magnetic
components, that show a higher equivalent series resistance at high frequencies.

The bode plot of the plant and the proposed controller is shown in Fig[5.9

5.2.2 DC ripple current control

Assuming the DC filter to completely filter out the switching frequency compo-

nents, the DC current Ip¢ is approximated to:

1
s?Jwho + 1

where wpe = (Lpc Cpc)™*° ~ 4.5kH 2.

[DC = (dA[A+dB]B> (517)
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Bode Diagram
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Since the mean value of the current I, at nominal power is 3.9A and varies

linearly with the power P, the small signal transfer function for Ipc is:

1 1

d’%’ =39p* P (5.18)
Where p* is the reference power expressed in per units.

Assuming to control the DC current ripple by acting on the duty-cycle d4,
and neglecting the action of the DC filter, the DC control system can be modelled
as in Fig[5.10] The target of the controller is to set to zero the ripple components
of I'pc so that the current pulsation at twice the grid frequency is removed from
the DC-link in closed loop. Therefore, a high-pass filter cascaded with a notch
tuned at 100Hz is used for the DC current ripple controller. The transfer function

of the controller is the following:

S 1

Croc () = 001 s 00y 1 /@100 1

(5.19)

Since the current 14 is not constant, the gain of the DC ripple current control

loop changes significantly over time and a good gain margin of the controller is
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required. The proposed controller has a gain margin of 18.7dB, with a cut-off

frequency of 500Hz, as shown in Fig. [5.11]

5.3 Simulation results
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Figure 5.12: DFBC: PLECS simulation

In order to test the control algorithm and to calculate power losses, a time-

domain simulation of the proposed topology was made using Matlab-Simulink

together with the PLECS toolbox.
The simulation proves the correct behaviour of the control system.
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5.4 Comparison with state-of-the-art topologies

In this Section, the performances of the DFBC are compared with those of the
state-of-the-art topologies discussed in Chapter [2|

As can be seen in the comparison table 5.3 the DFBC proves to be an inter-
esting solution as topology for single phase AC-DC converter, both in terms of
FOM and on DC utilization ratio.

The presence of the unfolder-rectifier bridge constitutes a drawback of this
topology, compared to other solutions that do not make use of it, both for the
additional cost and reduced reliability due to the higher number of active devices,
and in terms of reduced efficiency, due to the conduction losses in the bridge,
especially in case of rectifier mode, if synchronous rectification is not applied. On
the other hand, the destructive interference exploited in this topology translates
in reduced conduction losses in the power decoupling capacitor arm of the HFB.

The efficiency of the DFBC is acceptable if compared with the other topolo-
gies of table however, efficiency is highly dependent on several design param-
eters, such as the switching frequency, the choice of the switching devices, the
core material used for the filtering inductors; for this reason, comparing different
topologies in terms of efficiency is not particularly significant. Conversely, the
FOM is particularly significant since it derives from voltage constraints on the

power decoupling capacitor that are inherent in the topology.



Nominal Number of DC port DC bus AC port Frequency Power dec. Efficiency DC util. FOM
Power devices voltage  voltage voltage Capacitance ratio

[FW] V] V] [Vewus] [H 2] [ F] 7 7 7

Wang et.al. 1] 15 6 540 540 150 233 200 93 39 35(100)*
Breazealeet.al. 2] 1 6 200-550 700 240 60 2-102 97 48 11
Xia et.al. [6] 1 4 200-475 950 120 60 45 96 18 13
Zhong et.al. |3 1 4 400 400 110 50 30 92 39 13
Tang et.al. [5| 1 3+5diodes 380 380 110 60 2-90 93 41 40
Tang et.al. [4] 5 4 250 250 110 60 2-60 96 62 35
DFBC 1 444 slow 450 450 230 50 76 95 72 42

Table 5.3: Comparison between state-of-the-art single phase topologies and DFBC

I91I9AU0)) 33pLag [ng o[qno( :A3ojodo} pasodoag ¢ toidey)

1L
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5.5 Conclusions

In this chapter, a topology, named Double Full Bridge Converter (DFBC) was
introduced and described. A design procedure for its passive components is in-
cluded, together with a control structure and losses analysis. The correct be-
haviour of the control system is confirmed by time-domain simulations.

In order to validate the simulation results, an experimental setup was built.
The description of the hardware implementation of the topology and the experi-
mental results are presented in Section [9.2]

In the next chapter, another proposed topology for a single phase grid front-

end is presented.



Chapter 6

Proposed topology: Jumping

Capacitor Converter

In this chapter, an AC-DC converter topology, named ” Jumping Capacitor Con-
verter” (JCC), is introduced and analysed.

As for the DFBC, this topology is intended for use as grid front-end, able to
interface a DC microgrid, a PV panel system and-or a battery storage system to
a single-phase AC connection.

A destructive interference involving the power decoupling capacitor current
and the rectified grid current is exploited here as well, as in the DFBC, however,
this topology does not include a low-frequency full bridge, requiring only two
low-frequency switches instead of four.

This topology has the capability of providing a good filtering of leakage cur-
rents, requiring a small or no additional common mode filter; for this reason, it
is suitable to use as grid front-end for transformerless PV systems.

A design procedure for the passive component is discussed, and the common
mode currents filtering capability inherent in the topology is discussed. Control
structure is described and validated with time-domain simulations. Extensive
experimental results are recorded, and are shown in chapter [9}

This chapter is structured as follows. Section describes the proposed

topology, explaining its operating principles and proposing a design method for

73
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the power decoupling capacitor and for the other passive components; section
[6.2] analyses the behaviour of the topology in terms of common mode current
filtering; section describes the proposed control scheme, and finally section

[6.4] shows the simulation results.

6.1 Theory of operation

Ve
I
— —
HaF Ha% =3 iy ez Tac
a1y — .
y = J: La  1In CAB_L Lac
DC T Vbc T Vac .
Coc T a2 Vac
’EW — Ik AC
— — B I
dox He% va |ve
Lbc/2 SaL SeL
—

Figure 6.1: Proposed topology

The JCC is depicted in Figl6.T} it consists of one H-bridge, formed by Sag,
Sar, Spy and Sgr, a DC filter including Lpe and Cpe, an AC filter formed
by Lac and Cyp, inductors L4 and Lpg, the power decoupling capacitor C' and
two additional active switches S4 and Sp. The switches in the H-bridge are
modulated at high frequency, while the additional two switches are soft switched
at the grid frequency.

The DC port of the converter is connected to the terminals of the H-bridge as
in a standard H-bridge DC/AC converter. One terminal of the power decoupling
capacitor C' is connected to the positive DC rail of the bridge, while the other is
alternatively connected to one of the two inductors L, Lg, by the action of S4
and Sp.

Two operating modes are defined, as shown in figure [6.2] according to the
state of the switches S4 and Sp. In both operating modes, the voltage applied to
the converter side of the AC filter is the differential voltage modulated by the H-
bridge, that is used to control grid current. Since the power decoupling capacitor

branch is alternatively connected between the positive DC link and one of the
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Rated power P 1| kW
DC voltage Vbe 450 Vv
Vac | 240 | Vrus
AC voltage
fac 50| Hz
Power decoupling capacitor C 76 | uF
Cpp DC offset voltage Vo 385 %
Switching frequency f 100 | kHz
Filtering inductors La,Lp | 130 | puH
C AB 2 [LF
AC filter
L AC 300 IUH
L DC 10 IUH
DC filter
C DC 10 ,uF

Table 6.1: JCC Circuit parameters

modulated output of the H-bridge, its voltage can be controlled independently
from the voltage applied to the grid. By applying an opportune voltage waveform
to the power decoupling capacitor, as explained in section [6.1.1] the capacitor is
able to provide a ripple power that cancels out the 100Hz power pulsation inherent
in the single phase AC connection, effectively eliminating the 100Hz DC current

ripple, without the need for a big DC link capacitor.

6.1.1 Steady state analysis

In order to illustrate the steady state operation of the JCC, the ideal average
steady-state waveforms of the significant currents and voltages are discussed,
neglecting the switching frequency ripple.

The energy storage function required to decouple the ideal power flows sought
at DC and AC ports is accomplished by the capacitor C. The other reactive
elements in the circuit are designed to filter switching harmonics and store a
negligible amount of energy. Assuming ideal AC port quantities, ¢.e. sinusoidal

voltage and current at unity power factor, the ideal voltage waveform Vpp(t)
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Figure 6.2: Operating modes

across C' and its current Ipp(t) in order to obtain ripple power cancellation, can

be derived from the basic AC/DC power balance and are shown in (6.1)).

P cos 2wt

(6.1)
\/% sin 2wt + V2

Vpp(t \/—sm2wt—|—V2 Ipp(t) =

Where P is the active power, w is the AC pulsation, and Vj is an arbitrary DC
offset applied to the decoupling capacitor, as shown in [53].

The switches Sy and Sp change state at each zero crossing of the AC voltage,
as shown in Fig[6.2}

Vic <0 MODE A: S, closed, Sg open (62)
6.2

Vac >0 MODE B: S4 open, Sp closed
The state of S4 and Sp is selected so that the negative terminal of the power
decoupling capacitor C' is always connected to the node having the lower voltage
with respect to the DC bus.
In order to drive the voltage across C' to the one needed for power decoupling,
the ideal voltages Vi and V}; modulated by the half bridges formed respectively
by Sag and Sarp, Spy and Spr must be the following, where the action of Sy

and Sy is taken into account:

(

Vi =40 Pae =t (6.3)
A == .
Voo — Vpl)(t) + VAc(t) Vac >0

\
;

Ve — Vep(t) = Vac(t) Vac <0

VDC — VPD(t) VAC >0

\
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Figure 6.3: Steady-state voltages and current waveforms (Vpe = 500V, P = 1kW,
C = 55uF)

Depending on the state of S4 and Sp, the steady-state waveform of the current
flowing in the bridge arm is equal either to the grid current [4¢, or to the sum

of [AC and [pDI

(

Tac(t) —Ipp(t) Vac <0

Ii(t) = (6.5)
\IAC(t) VAC >0
—I4c(t) Vac <0

I5(t) = (6.6)
—]Ac(t> — IpD VAC >0

0

I5(t) = —I3(t) = I3(t) = Len(?) (6.7)

Both voltages and currents are periodical with a period equal to the AC grid

period. The steady state values are shown, for a specific operating point, in
Figl6.3

Since Sy and S are operated at the zero crossing of the grid voltage, it follows

that in case of unity power factor, the current flowing in the bridge arms is equal

to ether the grid current 40 or the current [y, defined in .

—Iac(t) —Ipp(t) Vac >0 P cos 2wt

P
—V2——|sinwt|

Ix(t) = - _
<0 \/i sin 2wt + V2 Vac.rus
Iao(t) — Ipp(t) Vaec <0 wC 0

(6.8)
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From the Fourier series of the power decoupling capacitor current in Fig.
it can be seen that the first harmonic component of I is similar in magnitude to
the first harmonic of the rectified grid current, and almost opposite in phase. For
this reason, the sum of the two results in a current waveform that has an high
DC component and low AC ripple, reducing the RMS value. For example, using
the same parameters as in Fig[6.3] the RMS value of grid current is 4.35 A, while
the RMS of Ix(t) is 3.95 A. Since the current flowing in the bridge arms is equal
to Iac(t) in one semi-period and to Ix(t) in the other, it follows that its RMS
across the entire period is slightly lower than the RMS of grid current alone (4.15
A).

This result is particularly relevant, considering the fact that, in other existing
topologies where the control of the voltage of one or more power decoupling
capacitors is achieved using the same bridge that controls grid current, the RMS
current flowing in the bridge arms is often significantly higher than the RMS of

the grid current [3}4].

6.1.2 Power decoupling capacitor sizing

The power decoupling capacitor voltage constraints are the same as the DFBC,
consequently, the design of the capacitor is subjected to the same considerations
described in the previous chapter.

As for the previous topology, a DC link voltage of 450V was chosen, having
a voltage utilization ratio of 72%. The corresponding minimum capacitance re-
quired for a rated power of 1kW is 48uF'. A capacitor of 76uF was chosen. The

corresponding energy utilization ratio is 46%.

6.2 Leakage currents

As described in chapter 3, if the converter is used to interface PV systems with the
grid, leakage current occur, because of the presence of stray capacitance between

the PV active elements and its chassis, which is connected to ground.
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The equivalent circuit for the resulting common mode currents is shown in

fig6.4]
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Figure 6.4: Leakage currents circuit model

Because of the size of the power decoupling capacitor, it can be considered as
a short circuit at switching frequency, therefore, neglecting the stray resistance
of the switches S4 and Spg, the equivalent circuit for common mode currents can

be reduced, for both operating modes, to the one shown in fig[6.5]

Ve(t) Vaic <0
Vik(t) = (6.9)

‘C4(t) Vaic >0

The transfer function in % is obtained in reference to the equivalent circuit

shown in Fig. The magnitude of %—f{, is about -80dBS at 100kHz. This value
is obtained choosing L4, Ly = 130uH, and C4p equal to 2uF; while the ground
resistance is 5§2. The bode plot of the transfer function, for different values of

capacitance Cpr, is shown in fig6.6]
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Figure 6.6: Common mode current impedance

6.3 Control

The control architecture is shown in Figl6.7 The main difference in comparison

to the control structure of the DFBC is the change that occurs during mode

transitions, where the output of the controllers is alternated between the two legs

of the full bridge.
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Figure 6.7: Control structure. Measured signals are written in red.

As described in Section [6.1] the converter operates in two different modes accord-

ing to the state of the switches S4 and Sp.

The large signal equivalent circuits for each mode are shown in Fig. and

[6.8D] The transfer function is the same for the two modes, with the exception of

the sign, in the same way as for the DFBC.

Lac 1 s?jw? +1
— = — MODE A
dp S(L+ Lac) (8 /why +1)(s%/why + 1)
Lo _ ! Sfwp+1 MODE B
dNA a s(L+ Lac) (52/%%1 + 1)(32/W1232 +1)
Where:
—0.5 Wz2
wz1 = (CL) fz1= o ~1.60kHz
T
L(L+ Lac)\ " wp1
— i S A = _— ~115kH
we (C 2L+ Lac fPl 21 g ‘
LLsc \7° Wp2
= | Cyp———— = ——~T742kH
wp2 ( ABL+ LAC) fp2 o z

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

The chosen current controller is a PR resonating at grid frequency. The

controller is able to damp the resonant poles at 11.5kH z, while the damping of
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Figure 6.8: AC current control models

the resonant poles at 74.2kH z is passive, due to the AC losses in the inductors.

The bode plot of the system and controller is shown in figl6.9]

6.3.2 DC ripple current control

Neglecting the switching frequency components, the DC current Ip¢ is approxi-
mated to:

Ipc ~ (dAIA—l-dBIB) (615)

§*Jwhe +1
The corresponding large signal equivalent circuit is shown in fig]6.10al Since the
AC current is controlled by the duty cycle dg during mode A and d 4 during mode
B, the control the DC current is operated using d 4 during mode A and dg during

mode B.
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Bode Diagram
Gm =5.02 dB (at 1.12e+04 Hz) , Pm = 81.6 deg (at 2.52e+03 Hz)
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Figure 6.9: Bode plot, I4¢ control

By operating the control in this way, it follows that the current flowing in the

leg that controls IpC in both modes is Iy, defined in .
Since the mean value of the current Iy at nominal power is 3.9A and changes
linearly with the power P, the small signal transfer function for Ip¢ is approxi-

mated as:

Inc(s) 1 1
= =Ix(8) ———~39p"  ————— 6.16
dx(s) (%) s*Jwhe +1 Y s fwhe +1 (619

Where p* is the reference power expressed in per units.

Assuming to control the DC current ripple by acting on the duty-cycle dx,
and neglecting the action of the DC filter, the DC control system can be modelled
as in Fig[6.10] The target of the controller is to set to zero the ripple components
of Ipc so that the current pulsation at twice the grid frequency is removed from
the DC-link. Therefore, a high-pass filter cascaded with a notch tuned at 100Hz is

used for the DC current ripple controller. The transfer function of the controller
is the following:

S 1

5/(2m100) + 1 s2/(27100)2 + 1 (6.17)

C]DC (8) =0.01

The controller is the same as the one used in the DFBC.
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Figure 6.10: DC ripple current control models

6.4 Simulation results

5T T e o — Iac
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(b) Results

Figure 6.11: DFBC: PLECS simulation

In order to test the control algorithm and to calculate power losses, a time-
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Figure 6.12: Power losses distribution

domain simulation of the proposed topology was made using Matlab-Simulink
together with the PLECS toolbox.

The simulation proves the correct behaviour of the control system.

The leakage current I, has a RMS value over the AC period of 28.8 mAg;s.

A power losses analysis was carried on using the same methods described in
the previous chapter. In order to achieve a good filtering of the common mode
currents, the passive filters were slightly oversized compared to the DFBC, espe-
cially the filtering inductors L, and Lp. This involves a reduction of the ripple
component of the currents, both in the active devices, in the DC link capacitors as
well as in capacitor C' and C'4p, and in the filtering inductors themselves. For this
reason, conduction losses in the active devices and in the inductors are reduced.
Due to the hard switching operation, switching losses in the bridge devices are

relatively high.
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6.5 Comparison with state-of-the-art topologies

and DFBC

As can be seen from the comparison table [6.2] the two topologies share the same
DC utilization ratio and FOM.

This happens because the current waveforms and the duty cycles in the full
bridge operated at high frequency of the DFBC are the essentially the same as
the ones of the full bridge of the JCC, with the difference that in the DFBC one
arm is always connected to the power decoupling capacitor and the other to the
AC port, while in the JCC their operation is swapped at each zero crossing of the
AC voltage. In these terms, the two topologies can be seen as two different ways
to implement the same concept of destructive interference between the rectified
AC current and the capacitor current, exposed in Chapter

Since the considerations about the comparison between the JCC and the other
state-of-the-art are the same as the DFBC, discussed in the previous Chapter, in
this section the focus is the comparison between the JCC and the DFBC.

The obvious difference between the two are the number of devices, the JCC
having two ”slow” switching devices and the DFBC four. Moreover, the current
flowing in the slow devices of the JCC has a lower RMS and peak value, being
the power decoupling capacitor current and not the AC current, which is higher.

On the other hand, the DFBC offers the possibility of reducing the size of the
inductor L4, connected to the power decoupling capacitor, with respect to Lp.
This is because in the DFBC L 4 filters the ripple current flowing in the capacitor,
while Lg filters the current flowing in the AC port, that must have a small ripple
to comply with the norms. In addition to that, the DFBC, as opposed to the
JCC, has the capability of being able to operate with a reduced number of active
devices if unidirectional power flow is required.

For these reasons, the DFBC seems better suitable for use in case of unidirec-
tional power transfer, especially in rectifier mode, if low costs are required, while,

if the power transfer has to be bidirectional, or if efficiency is key, the JCC is
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preferable.



Nominal Number of DC port DC bus AC port Power dec. DC util.
Frequency Efficiency FOM
Power devices voltage  voltage voltage Capacitance ratio

(kW] V] V] [Vhwus] [H ] [ F] 7 7 7o

Wang et.al. [1] 15 6 540 540 150 233 200 93 39 35(100)*
Breazealeet.al. 2] 1 6 200-550 700 240 60 2-102 97 48 11
Xia et.al. [6] 1 4 200-475 950 120 60 45 96 18 13
Zhong et.al. |3 1 4 400 400 110 50 30 92 39 13
Tang et.al. [5| 1 3+5diodes 380 380 110 60 2-90 93 41 40
Tang et.al. |4 5 4 250 250 110 60 2-60 96 62 35
DFBC 1 444 slow 450 450 230 50 76 95 72 42
JCC 1 442 slow 450 450 230 50 76 96 72 42

Table 6.2: Comparison between state-of-the-art single phase topologies, DFBC and JCC

I9110AU0) ) J0310ede) Surdwnp :A3ojodo) pesodoig -9 1ojdey)
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6.6 Conclusions

In this chapter, a topology, named Jumping Capacitor Converter (JCC) was intro-
duced and described. A design procedure for its passive components is included,
together with a control structure and losses analysis. The correct behaviour of
the control system is confirmed by time-domain simulations.

The topology provides inherent leakage currents filtering capability, as the
capacitive network formed by C' and C4p have a string filtering action on the
common mode currents. For this reason, this topology is suitable as grid front-end
for transformerless PV systems, or in other applications where leakage currents
are an issue.

In order to validate the simulation results, an experimental setup was built.
The description of the hardware implementation of the topology and the experi-
mental results are presented in Chapter [9

In the next two Chapters, a new modulation technique is introduced, and
applied to the JCC. Since the modulation can be applied to a large number
of topologies, it is presented in a general form in the next Chapter, while its

implementation on the JCC is detailed in Chapter [§]



Chapter 7

Extended Triangular Current
Mode (eTCM)

The widespread use of fast switching wide band-gap devices is driving a drastic
change in the design of power converters, because of their low switching losses.
Switching frequencies can be increased, achieving higher power densities due to
the smaller passives required. Soft switching techniques achieving zero current
switching (ZCS) and/or zero voltage switching (ZVS), can be used to reduce
switching losses and EMI emission [55]. In particular, ZVS appears to be partic-
ularly beneficial if applied to SiC or GaN mosfets [56]. For this reason, in recent
times, a renewed interest in ZVS techniques is apparent [57-59].

Resonant converters exploit the resonance of one or more LC circuits in order
to obtain soft switching, however soft switching operation is often restricted to
a limited operating range [60]. Other soft switching strategies require additional
active elements to operate, such as the auxiliary resonant commutated pole con-
verter [61]. In this case, the drawbacks are the additional cost and complexity of
the converter.

Triangular Current Mode (TCM) has the advantage of obtaining ZVS with-
out requiring any additional component and without eccessive complications in
control [57]. In this case, zero voltage switching is obtained by opportunely mod-

ulating the amplitude of the current ripple generated by the switching devices.

90
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The drawback, here, is that a high ripple current leads to higher conduction losses
in the devices, and, more importantly, in the inductors, where AC losses severely
contribute to the total losses. This problem is particularly of interest if wide
band-gap devices are used, as AC losses in the inductors tend to increase with
frequency.

In order to reduce AC losses, several manifacturing techniques are available,
such as using Litz cable to reduce skin effect in the copper, and use of core ferrite
materials that exhibit low AC losses. Since these thechniques are expensive, a
modulation technique able to obtain ZVS with smaller ripple currents compared
to TCM is of interest.

In this chapter a new current mode, named ”extended Triangular Current
Mode” (eTCM) is introduced. This modulation, similarly to Triangular Current
Mode (TCM) can be used to obtain ZVS, and generalized, that is, it can be
applied to a large number of topologies. It is shown that e TCM can achieve ZVS
at the price of a lower increase of the RMS and/or peak value of the ripple current
compared to TCM.

In the first part of the chapter the modulation is introduced, then a design
algorithm for the magnetic components is described; lastly, the performances of

the modulation are compared with TCM.

7.1.1 Fundamental cell

In this chapter, the concept of fundamental cell is used. A fundamental cell is
defined as an half bridge and a filtering inductor, connected between two voltage
sources. To clearly illustrate the modulation techniques, the schematic of a fun-
damental cell is shown in Fig[7.Ib] The current I flowing in the filtering inductor
L is affected by the low voltage source V; and the voltage modulated by the
half bridge, which can be considered as the sum of a low frequency component,
equal to the duty cycle times the high voltage (dVy), and a zero-mean-value
rectangular pulse train voltage V (¢) at switching frequency. In the same way, the

current [(t) can be considered as the sum of a low frequency component /*, and
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M12
(a) Single cell
v 1=r'+1 - >-| L,
1+ {YYY (t) Vi ~ A
(b) Single cell: equivalent circuit (¢) Mutually connected cells
Figure 7.1: Fundamental cell
a switching frequency zero-mean-value triangular current I (t):
1 [t A 1 [t
I" = —/ dVyg — Vipdt* I(t) = —/ V(t*)dt* (7.1)
L Jo L Jo

where d is the duty-cycle, f is the switching frequency, and Vj is the high volt-
age. In general, d, f, Vg, V; and consequently [* can vary in time; however
it is assumed that their variation is slow compared to the switching frequencys;
therefore, for better clarity, their time dependency is not explicitly indicated, as
opposed to I(t) and V (¢).

Vi (t) is defined, for each switching period T, as:

Vg -V, te TON
Va(t) = (7.2)

—VL t e TOFF

where Ty is the period during which the upper switch is closed, and Ty is the

period during which the lower switch is closed.

7.1.2 Triangular Current Mode (TCM)

Triangular current mode was introduced in [57]. This modulation strategy allows
to obtain zero voltage switching on the active devices of a half bridge, by ensuring

that the instantaneous current flowing in the output inductor of the half bridge
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is such that the stray capacitor of the switches are completely discharged prior
to their turn on.

In order to illustrate this modulation, the equivalent circuit shown in Fig[7.1b|
is considered. The peak-to-peak amplitude of the ripple current I (t) can be

achieved by solving the integral (7.1):

Ton

1 Or (4% *
AT = |Z / V() dt

] Torr
=|= V() dt*
‘L/ )

The instantaneous value of the ripple current at the turn on of the high switch

Vit
= spdli—d (7.3)

is equal to —%AI , while at the turn on of the low switch is —i—%AI . If the ripple
component of the current flowing in the output inductor is high enough, with
respect to the steady-state component, the instantaneous current I(t) is negative
at the turn on of the high side switch and positive at the turn on of the the low
side switch, achieving ZVS. The ZVS conditions are shown in ([7.4)).

I(ton) = I* — I(ton) = I* — AT < —Ivs
(7.4)

I(torr) = I* + I(topr) = I* + AT > Izvs

where toy is the instant of time that corresponds to the turn on of the high
switch, topp is the instant of time that corresponds to the turn on of the low
switch, and Izy g is the minimum current required for the resonant transition
between the inductor and the stray capacitors of the active devices to discharge
the capacitor of the switch that is going to be closed, thus obtaining ZVS, as
discussed in [57,/62].

The maximum switching frequency that can be applied while still achieving
ZVS in a generic instant of time ¢ can be derived from and , and is
shown in ((7.5]).

1. d(l1—d) 1
<2V,
Javs < 5Vbe = 1I*| + Izvs

(7.5)

Since, in order to reduce the losses, it is desirable to reduce the ripple current,
this maximum switching frequency is typically chosen when variable frequency

modulation is used and ZVS is required [63].
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From follows that, in order to obtain ZVS, the peak value of the current
has to be higher than double the low frequency component, causing high RMS
losses in the fundamental cell. In order to deal with this problem, interleaving is
proposed in [57]; however, interleaving comes with the disadvantages of a more

complex structure, and usually higher costs [64].

7.1.3 extended Triangular Current Mode (eTCM)

The analysis exposed in the previous section can be extended for N fundamental
cells, operating at the same switching frequency f, having a mutual coupling
between their filtering inductors, as in Fig[7.1d

In this case, the relation between the ripple components of voltages and cur-

rents can be studied using the impedance parameters of a multi-port network:

= —[£]| : (7.6)
Vn(t) In(t)

where Vi(t), Va(t) and I1(t), In(t) are the ripple components of voltages and

currents of the bridge arms, and £ is the inductance matrix defined as:

L11 R LlN
o . /A4l
L=1|: -~ L,-j_v;/ﬁvo% (7.7)
L Ln o
The inverse relation is:
Li(t) . Vi(t")
_ / T |ar (7.8)
0
In(t) Vn(t*)

where T is the inverse inductance matrix, £71.
(7.3) can be extended to N fundamental cells, whose inductors are mutually
coupled. In this case, the current ripple fz(t) flowing thorugh each output inductor

L; is equal to the sum of N triangular components _fij(t) generated by the ripple
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voltage modulated by each leg j. Their peak-to-peak amplitude AJl;; can be

calculated as follows:
v
Al = rij%cdj(l —d,)) (7.9)

The total ripple current ]Az(t) has a piecewise waveform, and, being the sum
of zero-mean-value triangular components, has zero mean. The peak-to-peak
amplitude of the total ripple current can vary according to the phase shift between

the modulation of the cells; in particular, the positive peak of Il(t) I* isequal

)’ ti,max)

to the sum of the positive peaks of its triangular components _f,-j(t), if they are

exactly in phase, while otherwise lower; in the same way, the negative peak of

A

L), I

i,min

is equal to the sum of the negative peaks of its triangular components

A

I;;(t), if they are in phase, while otherwise higher:

~ 1 R 1
+ —
]i,ma:c < +§ Z AIZ] Iz,mzn > _5 Z A]Z] (710)
j J
Therefore, generally:

N | —

. 1
;Mij < Ii(t) < +§;AIU (7.11)

In eTCM, unlike TCM, the positive and negative peak value of the ripple
current can be different in magnitude, depending on the duty cycles applied to
each fundamental cell, the phase shift, and the inductance matrix L.

From (|7.4]), it follows that a negative instantaneous current is required to
achieve ZVS at the turn-on of the upper switch of a leg, while a positive current
is required to achieve ZVS at the turn-on of the lower switch.

For this reason, if the low frequency component of the current, I*, is positive, a
higher negative ripple current I (t) is required to obtain ZVS on the upper switch,
while ZVS on the lower switch is obtained even with low ripple. By opportune
choice of the phase shift between the modulation of each leg, using eTCM it is
possible to achieve an high negative peak value and a low positive peak value of
the ripple current of one leg, thus potentially achieving ZVS with lower losses
compared to TCM, where the positive and negative peak of the ripple current

are always the same.
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As this mode of operation of the converter is similar to TCM, extended for
N mutually-coupled fundamental cells, this mode of operation is named eztended
Triangular Current Mode (eTCM).

Because of the presence of the mutual coupling, this modulation has similar-
ities with the modulation techniques commonly used in Dual Active Bridge [65],
such as trapezoidal current mode; however, the mutual coupling is used here in
order to shape the ripple current to obtain ZVS with low ripple, and not to trans-
fer power trough the magnetic coupling, that here is considered as a secondary

effect.

7.2 Magnetics design for eTCM

The aim of the magnetics design is to size the magnetic components used with
eTCM, in other words, to choose the elements of the matrix L.

The target of the design of the magnetic components usually consists in find-
ing a balance between the minimization of the ripple currents, in order to reduce
the current stress in the switching devices and in the input-output filters, and the
size and cost of the magnetic components. For example, considering a single fun-
damental cell, given a required maximum current /;4x, the minimum inductance
can be calculated as follows:

Ve 1 Vi 1

Vo 1 Va1 7.12
T Toe ~ f Toax =] (7.12)

LM]N =

The saturation current of the inductor has to be higher than the maximum current
Iyax. For this reason, the design of the inductor has to take into account the
peak current applied to it. In order to compare two designs having different
peak current and inductance values, in terms of size and cost of the magnetic
component, it is chosen to consider the maximum magnetic energy E} stored in
the inductor, defined as:

1

Ep = §L]§4 AX (7.13)

When more than one fundamental cell are considered, the cost and size of the

magnetic components depend on the required inductances, the maximum currents
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flowing in each winding and the mutual coupling between the windings. In order
to compare different magnetic structures, the maximum magnetic energy can

again be considered.

L] ),t eT. (7.14)
In(t) In(t)
The inductance matrix £ can be indicated as the product between a base

inductance L and the normalized inductance matrix {:

1 k}MT
L=1LI [ = (forN =2) (7.15)

kyt T2

The following algorithm define a design procedure for the inductance matrix

L, given the following constraints:
1. Fixed duty cycles
2. Fixed currents

3. Fixed switching frequency

In the following case, a fixed switching frequency of 100kHz is considered.

7.2.1 Magnetic design algorithm

In general, a converter can operate with currents and duty cycles that vary in
time. In order to simplify the design, a converter operating with fixed duty cycles
and currents is initially considered. The algorithm is tailored for the design of a
system limited to two fundamental cells, however, it can be easily extended for

N elements.

The following is the description of the algorithm for magnetic design.

Definition

The following algorithm is defined for the case of two fundamental cells, however,

it can be easily extended for a generic number. In order to identify the cell
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currents and voltages, letter are used (such as 14, Ip, da, dg) instead of numbers
as it was done so far, in order to keep the notation consistent with what was used
for the topologies DFBC and JCC.

Inputs:

e the duty cycles da, dp;

the low frequency components of the currents I}, I5;

the DC-link voltage Vp¢;

the switching frequency f

the following additional constraints:

— the maximum peak current Ipg prax;
— the maximum RMS current Iras amrax;

— the minimum reverse current for obtaining ZVS Iy s;
Outputs:
e the inductance matrix £ (L, kys, 7);
e the optimum phase shift ¢;

e the maximum magnetic energy Ej,

Implementation

The algorithm gets the best inductance matrix and phase shift by fixing kys, 7
and ¢ and calculating the minimum base inductance L that verifies the maximum
current constraint, and the associated maximum magnetic energy Ej.

The process is repeated for every combination of k,;, 7 and 9, and the solution
having the minimum F7, is chosen.

The value of L is chosen in two steps: first, the constraints on current peak,
RMS and ZVS are translated in constraints on the value of L (Lysry and Lyax),

then, the optimum value is chosen inside those constraints.
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For each step the normalized ripple current i, defined as follows, is obtained,

and used to calculate the base inductor L that respects the constraints.

1=L1I (7.16)

RMS constraint Since the low frequency and the ripple frequency components
of the current have a different spectrum, the RMS of the total current can be

calculated as:

Inags = \| RMS(I*)? + RMS(I)2 = \/ RMS(I*)? + %RMS(E)Z < Inus, max
(7.17)

The minimum inductance Lj;;n that verifies the RMS constraint is thus:

RMS(1)?
L>1L = 1
-y \/IéMS,MAX—RMS<I*>2 (7.18)

Peak current constraint

; i+I*<[MAX L>%
I <Iyax = ‘%—l—]*’ < Ipax = L = faax=1
%+I*>_[MAX L>m

(7.19)

As for the RMS constraint, the peak current constraint sets a constraint on

the minimum size of the inductor.

ZVS constraint As previously stated, in order to achieve ZVS in each funda-
mental cell, the current has to verify the conditions (7.4):

Ion < —1Izys (7.20)

Iorr > Izvs
In TCM, the positive peak of the ripple current always occurs at the turn off
of the upper device, and the negative peak at the turn on of the higher device,
hence, the ZVS constraint translates in a upper bond to the value of Ly;4x, as a
very high ripple does not prevent ZVS. In eTCM, however, this is not always the

case, as the effect of the mutual coupling can cause the ripple current to have an



Chapter 7. Extended Triangular Current Mode (eTCM) 100

opposite sign during the switching transition. For this reason, a lower bond on
the value of Ly n is also possible. According to the sign of the ripple and low

frequency component of the current, the ZVS constraints on L are the following:

( ~
L<-—on_ [,e+1">0

Izyvs+I*
Ion < =Izvs = Lion + 1" < —Izvs = S L > IZ_‘/igerI* Iyvs+ 1" <0 (7.21)
\Z'OAN<0 I;vs+1"=0

;

L<Izi‘?;f1* Izvg—1">0

Iorr > Izvs = Liopp + 1" > Izys = { [ > —iorr _ Iyvs —I* <0 (7.22)

Izys—I*

\io}F>0 Izys —1I"=0

Optimum solution Once the current constraints are translated to constraints
for the inductor, the optimum solution for L that respect the constraints can
be calculated. If the constraints are consistent, that is, if Ly;ax > Lyn, the
algorithm identifies the best value of L that minimize the RMS current, the peak
current or the magnetic energy.

The choice of the best value for L corresponds to the minimization of a cost
function. The three cost functions that are implemented in the algorithm are the

following:
e minimization of maximum RMS current;
e minimization of maximum peak current;
e minimization of maximum magnetic energy FE.

If the minimum RMS or peak current is required, the solution is to the highest
possible base inductor, that is, Lggsr = Larax, since L is inversely proportional
to the amplitude of the ripple current component. If, instead, the minimum
magnetic energy is required, the optimum solution does not correspond to the

minimum L, and has to be numerically calculated.
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7.2.2 Simulation results

Several simulations were made, in order to test the correct behaviour of the design

algorithm. The analysis of the results lead to the following considerations:

e The results of the design algorithm are consistent with the well-known de-
sign practices in case of interleaving (same duty-cycle, same low-frequency

current) (see Scenario 2).

e The best solution in terms of reduction of the maximum magnetic energy
Ep, in case of high low-frequency currents, consists in having a high mutual
coupling coefficient between the inductors, in order to achieve the maximum
flux cancellation. For example, in both Scenario 1 and Scenario 2, the
chosen mutual coupling is the maximum negative coupling (-0.9), while in

Scenario 3, for the same reason, the optimum coupling is positive.

e ¢T'CM is able to extend the ZVS region, that is to say that, for some
magnetic designs, ZVS can be obtained using e TCM but not using TCM.
This is the case for Scenario 4, 5 and 6, where, due to a constraint set on

the RMS and/or peak current of the currents, TCM is unable to achieve
ZVS.
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Scenario 1: Interleaving

Same duty cycles and currents (da = dp, I4 = Ip), minimum Ep, I}, ¢ = 1A.

PARAMETERS  RESULTS Lerom

f 100 kHz TCM eTCM L, 414 uH
Vg 450 V Er 1.266  0.556  mJ L 414 uH
dqa 0.5 Iarms 1528 1.698 A M =373 uH
dg 0.5 Ip rms 1528 1.698 A Lo

I; 10 A Iy max 3.000 3.000 A Ly 281 uH
ry 10 A Ip mvax 3.000 3.000 A Lg 281 wuH

A 1 Al I
0.2 0.2503305 1 2 3 4 5 0.2 0.250.3305 1 2 3 4 5 0.2 0.2503305 1 2 3 4 5

L/, Lg/Ly Lg/ly
(a) RMS current (b) Peak current (¢) Magnetic energy
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(d) Ripple current waveforms, TCM (e) Ripple current waveforms, e TCM

Figure 7.2: eTCM, fixed operating point
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Scenario 2: Interleaving

Same duty cycles and currents (da = dp, I4 = Ip), minimum Ep, I}, ¢ = 1A.

PARAMETERS  RESULTS Leronm
f 100 kHz TCM eTCM Ly 777 uH
Vg 450 V £y 0.961 0.667 mJ Lg 717 uH
dyg 0.8 Iarms 1528 1455 A M —699 uH
dg 0.8 Ip rms 1528 1454 A Lyen
Iy 10 A Ia pmax  3.000 3.000 A Ly 211 uH
ry 10 A Ip mvax 3.000 3.000 A Lg 211 wuH
lrmsAl o [A] E,[mJ]

0.2 02503305 1 2 3 4 5 0.2 025033051 2 3 4 5 0.2 02503305 1 2 3 4 5

(I (I Lg/l,
(a) RMS current (b) Peak current (¢) Magnetic energy
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(d) Ripple current waveforms, TCM (e) Ripple current waveforms, e TCM

Figure 7.3: eTCM, fixed operating point
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Scenario 3: Different current sign

. : . .
Different current signs, minimum £y, [%,¢ = 1A.

_:-_::-

PARAMETERS  RESULTS Leren
f 100 kHz TCM eTCM Ly 884 uH
Vg 450 V E, 1469 0793 mJ  Lg 177 uH
dy 05 Iapus 1.937 1498 A M 356 uH
dg 0.1 Ip rus 2.646 2996 A Lreum

I; =20 A ILiyax 3874 3.000 A Ly 196 uH
I, 10 A Iguyax 5.000 6678 A Ly 67 uH

RMSW 1o AT

0.2 02503305 l

(a) RMS current

- —

0.2 02503305 l

(d) Ripple current waveforms, TCM

(b) Peak current

0.2 02503305 1 2 3 4 5

Lg/ta

(c) Magnetic energy

(e) Ripple current waveforms, e TCM

Figure 7.4: eTCM, fixed operating point
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Scenario 4: Peak current limit

Different current signs, minimum Ey, I5,¢ = 1A, Ipg pax = 4A.

PARAMETERS  RESULTS Lereum
f 100 kHz TCM eTCM Ly 326 uH
Vg 450 V B, —  1.090 mJ Lg 102 uH
dy 05 Inrus — 1518 A M 109 uH
dg 0.1 Ip rus — — 2297 A Lrcar

Iy =20 A Iiyax — 3231 A Li — wuH
It 1.0 A Ipyax  — 3947 A Lg — uH

lenslAl Iy [A]

2.4 2.6 2.8 34 35 36 37 38 39

0-5'. ‘
£ 0
os i
0202503305 1 2 3 4 5 0202503305 1 2 3 4 5 0202503305 1 2 3 4 5
Ly/l, La/l, Lo/t,
(a) RMS current (b) Peak current (c) Magnetic energy
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(d) Ripple current waveforms, TCM (e) Ripple current waveforms, eTCM

Figure 7.5: eT'CM, fixed operating point
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Scenario 5: Peak current limit

Different current signs, minimum current peak, I, ¢ = 1A, Ipx pmax = 4A.

PARAMETERS  RESULTS Leren
f 100 kHz eTCM La 318 uH
Vg 450 V By 1155 mJ L 106 uH
dy 0.5 A rus 1504 A M —74 uH
dg 0.1 Is. rurs 2348 A Lrcar

I =20 A Iiuax 2.608 A La — uH
I 10 A Igaax 3.079 A Ly - uH

leuslAl

23 24 25 26 27 28

0.2 0.250.3305 1
Lo/l

(a) RMS current

B"TA

2

(d) Ripple current waveforms, TCM

Figure 7.6: eTCM, fixed operating point
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Scenario 6: RMS current limit

Different current signs, minimum current RMS, I}, ¢ = 1A, Ipx pax = 4A.

PARAMETERS RESULTS Leroum

f 100 kHz TCM eTCM Ly 243 uH
Vg 450 %4 Er — 1.090 mJ Lg 90 uH
da 05 Iirus — 1724 A M 74 uH
dg 0.1 Ip rms  — 2268 A Lrou

Iy =20 A Iyiymax — 3478 A Ly, — uH
I 1.0 A Ip max — 3986 A Lg — uH

_:--:-_:-

o~
0.5 1y ‘ 0.5 @
£ 0 L0
-
0.2 0250.330.5 1 3 4 s 0.2 0250.330.5 1 3 4 5 0202503305 1 2 3 4 5
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Figure 7.7: eTCM, fixed operating point
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7.3 Variable operating point

The eTCM current mode can be obtained even if the duty cycles and low fre-
quency current components are variable in time, which is the case for AC-DC
converters.

The main difference between variable and fixed operating point is that, in
case of variable operating point, the design of the magnetic structure has to be a
global optimum, that is, must minimize the chosen cost function over the entire
operating range, which, in case of an AC-DC converter, corresponds to one AC
period.

For a given magnetic structure, the target of variable operating point eTCM
modulation is to find the best phase shift § and switching frequency f for each
switching interval.

To find the best 6 and f, a useful simplification is to consider each switching
interval separately, under the assumption of their influence on each other being
negligible. This is not necessarily true for phase shift, as a jump in phase shift
translates in a step variation of the low frequency component of the current.

This is in apparent contradiction with the definition of ripple current compo-
nent as defined in section that has the property of having zero mean value;
however zero mean value is the consequence of an opportune choice of the inte-
gration constant. In reality, the integration constant for each switching period is
fixed by the continuity of the current.

Taking in to account the effect of the phase shift of each switching period on
all the others would severely complicate the problem, therefore, the interaction is
assumed being negligible. This assumption is reasonable if the phase variations
between one switching interval and the next are small.

Given the hypothesis of slow variation of phase, the optimum phase shift and
switching frequency for each switching interval can be solved by applying the
same algorithm used for fixed operating point to each switching interval.

To choose the best magnetic structure, instead, all the different operating

points have to be taken into account. To do so, a simple solution is to apply the
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eTCM algorithm to find the best phase shift and switching frequency for each
switching interval, and use it to calculate the currents over the entire operating
range. The currents peak values, RMS, and maximum magnetic energy can then
be achieved, and used to compare different magnetic structures.

The design of the magnetic structure for variable operating point can thus
be carried as follows: given the waveforms of the duty cycles and low frequency
current components, a cost can be assigned for each magnetic structure, using
the procedure described in the previous paragraph. The one having the lowest

cost is then chosen.

7.4 Simplified extended Triangular Current Mode

(SeTCM)

As can be seen in the previous section, finding the optimum phase shift and
frequency can be computationally cumbersome, as they depend on both the duty
cycles and the low frequency component, the constraints, and the chosen optimum
function; and a closed form analytical solution is not easy to find.

In order to easily implement eTCM on a microcontroller, a simplified modu-
lation is proposed.

The modulation, that considers two mutually coupled fundamental cells, con-
sists in choosing the phase shift in order to achieve the maximum peak ripple
at the switching instant when it is required to obtain ZVS, and choosing the
maximum switching frequency that verifies the ZVS conditions.

In SeTCM, the phase shift is chosen according to the sign of the low frequency
component of the currents in the two cells. The four different cases are shown in
fig7.§8

To illustrate the modulation, case A is considered (figl7.8a]). Assuming zero
ripple, since I’ is positive and [} is negative, ZVS is obtained for the turn on of
Sar and Sgy. To obtain ZVS for the turn on of S4y and Spy, the ripple current

has to be high enough to invert the sign of the current prior to the switching.
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Figure 7.8: Simplified extended Triangular Current Mode (SeTCM)

The phase shift is chosen so that the turn on of S,z and Sgy, is coincident, hence
the maximum peak of the ripple, that corresponds to the sum of the peak of the

two triangular components I44(t) and I45(t), occurs during their commutation.
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The minimum of [ 44 (t), equal to —%AI A4, always corresponds to the turn on
of Say. Assuming a positive coupling, I'15 and I'y; are negative, and the minimum
of I ap(t) corresponds to the turn on of Sgy. It follows that the minimum negative

A

peak of the total ripple current 4(t), I; i 18 obtained if the turn on of the leg A
is synchronized with the turn off of the leg B, as shown in figure [7.8a] Since the
duty-cycles d4 and dp are independent, the turn on of leg B does not correspond
to the turn off of leg A, therefore, the negative peaks of its components I 4(t)
and [ 4g(t) are not in phase, and the maximum positive peak value of I A, It

i,max

is lower than their sum:

jz,mm = _%(AIAA + Alap) = jA(tAH,ON)
(7.23)
I} e < +5(ALaa+ Alyp)

This condition is particularly favourable, since the maximum amplitude of the
ripple current is obtained when it is required to achieve ZVS, while, when ZVS
is already obtained even without the contribution of ripple current, the ripple is
lower. Since the matrix I' must be symmetric, the same considerations apply in
case of the current Iz: in this case, the positive ripple current is maximum at the

turn-on of the low switch.

A

I min > —3(Alpa+ Alpp)
" ’ (7.24)
]E,maz = +%(A]BA + A]BB) = [B(tBL,ON)

The instantaneous value of the current 14 at the turn-on of S4x and of Ig at

the turn-on of Spy, are the following:

. 1V
[A(tA,ON) = [:1 + IA(tA,ON) = IZ — 5% [dA(l — dA)Fl,l -+ dB<1 — dB)FLQ]
(7.25)
.  1Vpe
IB(tB,OFF) == IB + 57 [dA(l - dA)FQ}l ‘|— dB(l - dB)FQQ] (726)

It is thus sufficient to design the magnetics and to choose the switching frequency
f in order to obtain a negative I4 on and a positive Ip opp to verify ZVS in both

legs.



Chapter 7. Extended Triangular Current Mode (eTCM) 112

Assuming the sign of the low frequency component to remain unchanged dur-
ing the operation of the converter, the opportune synchronization of the turn on
and turn off can easily be implemented in the PWM peripheral of a microcon-
troller, so that calculating the phase shift for each step is no longer required.

That leaves to the control the task of calculating only the frequency, if vari-
able frequency is required. This can be obtained given the duty cycles and low

frequency currents, by calculation or simply by using a look-up table.

1 \%
fzvs.aom < 3 m [da(1 —da)l1y +dp(l —dp)l12] (7.27a)
1 Vi
Jzvspors < 5 e [da(1 —da)Toq 4+ dp(l — dp)Tas] (7.27b)

2 Izvs — Ip(t)*

If the chosen switching frequency verifies (7.27a), Say turns on in ZVS con-
ditions, while Sgy, turns on in ZVS if is verified. The switching frequency
that achieves ZVS conditions in both legs with the lowest current ripple is the
minimum of the two.

It should be noted that the use of SeTCM is not limited to the case in which
the sign of the low frequency currents never changes: for example, if, during the
operation of the converter, the sign of both I and I} is inverted, it is sufficient

to reconfigure the PWM modulator for case B.

7.4.1 Comparison between TCM, eTCM and SeTCM

Since SeTCM reduces the degrees of freedom of the system, by fixing the phase
shift, it follows that its performances are reduced compared to eTCM. In par-
ticular, eTCM offers better performances when the ZVS condition is easily met,
that is, when the product between the maximum switching frequency and the
inductance L is small; while the performances of eTMC and SeTCM are similar
in the opposite condition (that is, if the inductance is relatively high).

TCM offers the possibility of choosing a different switching frequency for each
fundamental cell. As consequence, TCM performances can be better in some

cases, in terms of lower current flowing in the filtering inductor. However, for the
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same reason, the RMS and peak current in all the components that are affected
by the sum of the currents of the cells, such as, for example, a common DC link
capacitor, are much higher, both in terms of RMS and peak value.

An example of this is shown in the next section, where TCM, eTCM and

SeTCM are applied to the JCC topology.

7.5 Design example: application to JCC

In order to compare the performances of the proposed modulations and design
method, TCM, eTCM and SeTCM are applied to the JCC converter, where
steady-state conditions are assumed, as shown in Fig[7.9] It is also assumed that
the voltage drop on the capacitive network formed by Cxp and C' is negligible at
switching frequency. The range for the switching frequency is assumed to span
between 50kHz and 150kHz.

The design procedure was taken forward choosing minimum RMS, using the
algorithm described in section [7.2.1] where, given a magnetic structure, for each
switching instant the duty cycles and low frequency current component are given
as input and the best switching frequency and phase are calculated, independently
from the others, as explained in section [7.3] The same algorithm was used for
SeTCM, by limiting the choice of phase shift to the single value indicated by
SeTCM, according to the sign of the low frequency current component.

The envelopes of the currents obtained with the three different modulation
methods are shown in fig[7.10] where are plotted, from top to bottom, the currents
I, and Ip, the current flowing in the capacitor I, which is the sum of the two,
and the DC link current Ipc.

The TCM has poor performances in this application, especially at fixed swtich-
ing frequency. This happens because in some moments of the AC period, the duty
cycle is very close to the boundaries when the low frequency current flowing in the
output inductor is high, while in other moments the current is low when the duty
cycle is close to 0.5. As can be seen in ([7.5)), in the first case a small inductor is

required to obtain enough current ripple to achieve ZVS, while in the second case
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Figure 7.9: JCC converter: low frequency steady state duty cycles and currents

the ripple current is sufficient even with a bigger inductor. Since the inductor is
chosen in order to obtain ZVS over the entire period, it follows that the ripple
current in case of fixed frequency TCM is often much bigger than required, as
can be seen in table [Tl

With its ability to choose the best phase shift for every switching period, the
eTCM achieves significantly better performances in terms of lower current RMS
and peak, since it manages, with the same magnetic circuit, to modulate the
amplitude of the ripple current so that it is close to the minimum required for
ZVS. SeTCM achieves intermediate performances.

In case of variable switching frequency, the performance of the three modula-
tion techniques are similar in terms of /4 and Iy RMS and peak value, however,
both eTCM and SeTCM generate a much lower ripple current in the power de-
coupling capacitor and the DC link capacitor, improving efficiency. This happens
because the two arms are modulated at different frequencies, as explained in
the previous section. On the other hand, the size of the required magnetics is
slightly lower for TCM, as shown in table In this scenario, the performances
of eTCM ans SeTCM are similar, even if eTCM achieves a lower peak current

in the power decoupling capacitor and operates at lower switching frequency, as

shown in Fig{7.11b]
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(a) Fixed frequency (b) Variable frequency
Figure 7.10: Variable operating point eTCM: application to JCC
Ia,Ip Ic
La, L Lc EL
RMS  Peak RMS Peak
2 TCM | 10.1 A 266 A 74A 203A 55uH — 46.1 mJ
= =
q% % eTCM | 59 A 174 A 49A 122 A 60uH T70uH 26.0mJ
&)
= SeTCM | 85 A 227A 32A 87A 60uH 70uH 36.9 mlJ
v B TCM 55 A 133 A 51A 152 A 55uH — 11.4 mJ
= g
-‘5 % eTCM | 5.3 A 132A 22A 44A 60uH 70uH 133 mlJ
S D
= SeTCM | 54 A 133A 22A 8T7TA 60uH 70uH 14.6 mJ

Table 7.1: Modulations comparison
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Figure 7.11: Results of eTCM algorithm



Chapter 8

Practical implementation of

SeTCM on JCC

In this chapter, the SeTCM modulation, introduced in [7.4] is applied to the
Jumping Capacitor Converter.

The steady state duty cycles and current waveforms of the JCC were used as
application example in the previous chapter, however, only the theoretical steady
state waveforms of the ripple current were calculated. This chapter describes
the steps that must be taken in order to apply the SeTCM to the real converter,
taking into account the implementation of the control structure, of the modulator,
operating at variable frequency, and at the same time the implementation of the
phase shift control.

A detailed description of the implementation of SeTCM in the DSP is in-
cluded. It is shown that the variable phase shift of SeTCM can be easily imple-
mented by opportune configuration of the PWM peripheral of the DSP, obtaining

the required modulation without making use of additional CPU time.

8.1 Application of SeTCM to JCC

As shown in the previous chapter, SeTCM offers similar performances in terms
of ripple current peak and RMS compared to eTCM. Because of its reduced

complexity compared to eTCM, SeTCM is chosen to be implemented on the

117
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JCC.

The SeTCM can be applied to the JCC, considering two fundamental cells:
the one formed by Sag, Sar and L4, and the one formed by Sgy, Spr, and Lg.
In order to do so, the requirements to apply variable operating point eTCM, de-

scribed in the previous chapter, must be met. The requirements are the following:

e the influence of the ripple component of the currents on the high and the
low side voltage source of the two fundamental cells is negligible, in other

words, the voltage ripple must be small compared to the high side voltage;
e the phase shift has slow variation in time.

The two fundamental cells have the same high voltage source, constituted by
Cpc, and different low voltage sources, constituted by the network of C' and Cyp.
In order to meet the first requirement it is sufficient, in the design stage, to size
the capacitor C'4p in order to limit the voltage ripple, knowing the amplitude of
the current ripple.

In SeTCM the phase shift is tied to the duty cycles, for this reason, the second
requirement is obtained if the duty cycles are slowly changing. Since the steady-
state duty cycles are slowly changing, the slow variation of phase is verified if the
control effort is limited.

In addition to that, the magnetic circuit has to be modified, in order to obtain
mutual coupling between L4 and L. The inductor Lo (see Fig., has the
effect of introducing a mutual action of the ripple voltage generated on each half
bridge on both currents I, and Ig, as required by eTCM. The current flowing
through L¢ is the sum of I, and Ig; for this reason, the effect of Lo is similar
to that of a positive mutual coupling between the inductors L4 and Lg (in other
words, introducing an ideal common mode choke with zero leakage inductance
and mutual equal to L¢ results in the same inductance matrix £).

The presence of L modifies the dynamic behaviour of the system, hence, the
control system has to be tuned accordingly, taking also into account the variable

switching frequency modulation. Moreover, the voltage drop on L¢ translates in
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a common mode voltage applied to the AC port; for this reason, the AC and DC
filter must be modified.
In summary, in order to apply eTCM to the JCC, the JCC has to be modified,

in terms of:
e topology, with the insertion of the additional inductor L¢;

e design of the input and output filters, due to the worse performances in

terms of higher common mode noise;

e control structure, able to operate with variable switching frequency.

VpD
e I( .
Loc/2 4 W
IDCT De SaH SBH Lc ic € Sa Sg
— —
daF 5% € e S N
a1y — .
Vod = J: a Ta CAB_L Lac
DC Vbc j Vac o
Coc T a2 Vac
’EW — Ik AC
— — B Ip
doF He% va Ve
Lbc/2 SaL SsL
—

Figure 8.1: JCC modified for eTCM

With reference to Figf8.1] assuming L4 = Lp = L, the inductance matrix is:

ro L+ Lo Lo ro -l 1 L+ Lo —Lc

(8.1)
Le L+ Le LIL+2Lc) | L. L+Le

In order for C'4p to behave like a voltage source, its value is chosen so that
the resonant frequency introduced by it is significantly lower than the switching
frequency. A capacitance of 1pF is used, resulting in a resonating frequency fc,,
of 15.86kH z, as calculated in (8.2)), which is lower than the minimum switching
frequency (50kH z).

1
LAB,eq = LAC//(LC =+ LA//LB) fCAB = %(CABLAB,eq)*l/Q = 15.86kH 2 (82)
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Rated power P 1| EW
DC voltage Ve 500 |4
Vace 240 | Vrus
AC voltage
fac 50 | Hz
Power decoupling capacitor C 80 | wpF
C DC offset voltage Vo 400 V
Switching frequency f 50-150 | kH=z
L A, L B 60 ,uH
Filtering inductors
L¢ 70 | pH
C AB 1 ,uF
AC filter
Lac 1000 | pH
L DC 10 ,U,H
DC filter
C DC 10 ,uF

Table 8.1: JCC modified for eTCM: Circuit parameters

8.2 Control

)

Figure 8.2: Small signal model

The proposed control method is able to follow a grid current reference and

mitigate the dc-link current ripple. This control solution is suitable to be used as

inner loop for a cascade control system, making possible the use of a slow outer

loop for DC voltage control.

A null grid inductance is considered here as worst case scenario, so that the

equivalent grid inductor is equal to Lac (see figure . The equivalent small
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signal circuit for each mode of operation is shown in figure [8.2]

The transfer functions of the system for each operating mode are:

MODE A:
iacls) = — Vo (5% + Vs — (5%/wy + 1)dp (8.3)
BQ(s?*/wp + 1)
vols) = Jﬁ(km + kads) (8.4)
MODE B:
iacls) = oy (ks s~ (a4 Dds] (89
ve(s) = 32/‘;’%(/@@ + kydp) (8.6)
where:
Lo = Lac +2L wp = ! (8.7)
VClLe + S
L L 1
= L/fﬁ T e + Lac 1+ 1) (&)
ko = ﬁ Wza = %% (8.9)

The system is a MIMO with two inputs, the duty cycles d4 and dp, and two
outputs, 14¢c and ve. In order to decouple the system, a decoupling matrix is
used. Using the decoupling matrix K4 in mode A and Kp in mode B, as defined

in (8.10), the same transfer functions are obtained in both modes of operation.

dA u
_ M B (8.10)
B upc
Mo 1 11 b1 0 1
Ka=| Mtk ~ Kg=| "t ~ (8.11)
kQ k‘l
~ ik 01 ik -1 1
The resulting transfer functions are:
. Vbe { [ o K Fo
tac(s) = 1+s(—+—) k—i—k}u s)+ (8.12
) = L 1 1) gy g, )/ R uacl)t (812)
1 1
- 52(— — —)ch(S>} (8.13)
Wy Wy

1
vo(s) = mch(s) (8.14)
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Because of the power balance, a change in the power decoupling capacitor
voltage Vi causes a change in the Ipeo current. The system can be linearised as

follows:

PDC — PC+PAC :> VDC(IDC_I_ZDC) — C(VC +UC)£<VC +UC) +PAC -

(8.15)

d
~ C’VC*%(VC* + Uc) + Pac (816)

where I}, and V5 are the low frequency components of DC current and capacitor

voltage. The steady state components of power erase each other, leaving:

d ~ Va(s) sC

Vpc'é[)c = CVC*%UC = ipc(s) = VDO * SQ/W%D n 1ch(s) (817)

8.2.1 AC current controller

Bode Diagram
Gm =1.93 dB (at 8.24e+03 Hz) , Pm = 18.8 deg (at 6.46e+03 Hz)
L T T 1 T T TTTg T T 1 T T TT1T] | I I I O O R
’ | plant controller controller*plant

Magnitude (dB)
o 3

O
o
T

I

Phase (deg)
8

10’ 102 103 10* 10°
Frequency (Hz)

Figure 8.3: SeTCM on JCC - Bode blot of current controller

The AC current controller is designed given the transfer function (8.13)), where

the influence of Up¢ is neglected. A PI controller is chosen, for its simplicity.
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Figure 8.4: Control structure. Measured signals are written in red.

8.2.2 DC current controller

The chosen DC current controller is the same used for the JCC topology with

normal modulation, as described in Chapter [0

8.2.3 Control structure

The introduction of the inductor Lo complicates the control of the system because

it introduces a coupling. However, if the AC filter inductor L4¢ is sufficiently

k1 s close to 1 and —2— is around 0. In this

big compared to L, the term i T

case, the control structure is very similar to the one described in chapter [0}, for
both the AC and the DC controllers. The only difference consists in a opportune
tuning of the AC controller, due to the different size of the passives, especially

the AC filter inductor.

8.3 Implementation in DSP

8.3.1 Control algorithm

The proposed control structure was applied in a DSP. The implementation of
the controller is complicated by the choice of operating the PWM modulator at
variable switching frequency. In order to simplify the implementation, it is chosen
to operate the controller at a fixed switching frequency equal to 50kHz.

This translates in a variable delay in the control chain. Since the PWM fre-
quency varies in a range spanning from 50 to 150kHz, it follows that the maximum

delay happens when the PWM frequency is at is lowest, and is equal to the sum
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of the control delay and the PWM period.

The worst case scenario thus corresponds to a time delay of 40us. Since the
effect of a time delay is a reduction of the phase margin at high frequencies, it
follows that, if the system is stable at the maximum delay, it is also stable for

smaller delays.

8.3.2 Configuration of the modulator

Time Base EPWMXxINT
Signals R Event PIE
EPWMxSYNC Action Counter Compare Trigger | EpWMxSOCA
Qualifier Signals and
CTR=PRD T} (AQ) Digital Compare ln:%r-;‘;pt ADC
EPWMxSYNCO | — >
FRLLLEILSE Tlm(?g)ase cTR=0 1L~ Signals EPWMxSOCB
Digital Compare CTR Dir =
Signals g
] —T L epwmxa b N N ePWMXA GPIO GPIO
T2 N N N ePWMxB
_T2  ,JePWMxB Dead PUWM- MUX MUX
CTR=CMPA JL Band chopper
n (DB) (PC) Tip | =
Counter CTR = CMPB
Compare Zone 12110723 Input X-BAR
(cC) CTR=CMPC 1L (TZ) | EMUSTOP
—— CTR=PRD [_cru_]
CTR=CMPD L EEEea—— CLOCKFAIL
> CTR=0 | < { SYSCTRL |
EPWMXTZINT EQEPXERR EOEPx
FPIE _
- TZ1t0 TZ3
Digital  JECCDBLERR 28x RAM/
Digital Compare Corsgare PIEERR Flash ECC
Signale o EPWM X-BAR

Figure 8.5: Internal configuration of C2000 ePWM block [11]

The main advantage of the SeTCM modulation lay in its simplicity of imple-
mentation in the microcontroller. In this section, the implementation of SeTCM
on a C2000 DSP is described. The implementation makes use of an opportune
configuration on the PWM peripheral included in the DSP in order to achieve
the required phase shift with minimal CPU overhead or intervention.

The TMS320F28377S by Texas Instruments is equipped with 24 PWM mod-
ulators, each of which is structured as shown in Fig[8.5] and is composed by the

following submodules:
e Time-Base module (TB), where the PWM carrier wave is generated, and

flags are assigned in case of the carrier reaching its limits.

e Counter Compare (CC), where the carrier is compared with up to four

different thresholds, and flags are assigned accordingly.
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e Action Qualifier (AQ), where up to two control signals ePWMxA and eP-
WNMxB are set or cleared according to the flags coming from the TB and
CC.

e Dead Band module (DB), where the two PWM output are defined according
to the state of ePWMxA and ePWMxB.

Other submodules, responsible for the trips and the generation of interrupts are
not used for SeTCM and are not discussed here.

Two PWM channels are used, one for each leg of the JCC full bridge. The
Time-Base module of both are configured to generate a triangular carrier, incre-
menting from zero to a value PRD that determines the switching period. The
carriers of the two modules are synchronized, so that the carrier of the two mod-
ules is the same. One threshold of the comparator, CMPA, is set in the CC
submodule of both channels to define the duty cycles.

The AQ module is configured to set the ePMWxA signal so that it corresponds
to the PWM signal applied to the top device of the leg (neglecting the dead-time).
The generation of the appropriate complementary signal for the low device, and
the implementation of the dead time is taken care by the DB submodule. The
output of the AQ is set or cleared according to the flag set by the TB module
when the carrier is zero, or the one set by the CC module when the carrier is equal
to the threshold CMPA. The configuration it changed every AC half-period, as
defined in Tab[8.2l

Carrier = 0 Carrier = CMPA definition of CMPA

Mode A Channel A SET CLEAR CMPA=PRD*dcyA
Channel B CLEAR SET CMPA=PRD*(1-dcyB)

Mode B Channel A CLEAR SET CMPA=PRD*(1-dcyA)
Channel B SET CLEAR CMPA=PRD*dcyB

Table 8.2: Action Qualifier settings for SeTCM

Using the carrier reset to change the state of the PWM outputs ensures the
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synchronization of the switching action required by the SeTCM, since the carriers
of the two channels are synchronized.

The only operation that has to be carried over by the CPU are setting the
period register of the TB and the comparators of the CC to obtain the required
duty cycles and switching frequencies, while the correct phase shift between the
two legs is taken care by the peripheral.

In order to change the switching frequency, the reference value of the period
for each switching cycle is stored in a look-up table. During each iteration of the

control loop, the CPU updates the period register of the PWM peripheral.

8.4 Conclusion

In this Chapter, a practical implementation of the SeTCM current mode was
described, describing the steps that have to be taken in order to implement it,
that are a modified magnetic structure that introduces a mutual action between
the fundamental cells, and a different implementation of the PWM modulation.
In addition to that, the control of the converter needs to take into account the
alteration in the magnetic structure, and has to be modified accordingly.

The main challenge of applying the proposed technique to an existing topology
constitute in the increased complexity of the control, due to the introduction of
the dependency between the ripple currents, while the implementation of the
modulation proves to be relatively easy, as it can be obtained simply by an
opportune configuration of the PWM peripheral of a DSP.

In the next chapter, the hardware setup used to get experimental validation for
the topologies proposed in this thesis is described, and the obtained experimental

results are exposed.
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Experimental results

This Chapter contains the experimental results for the two proposed topologies
presented in Chapter [5] and [6} In order to test the novel topologies, a reconfig-
urable experimental setup was designed, built and tested.

In the first section, the hardware setup is described. In the following sections,
the experimental results for the DFBC, the JCC and the application of SeTCM

on JCC are discussed.

9.1 Reconfigurable hardware setup

The experimental setup is formed by six galvanically-isolated half bridge modules,
and a control board.

The topologies to be validated and tested are implemented by opportune
connections between the half bridge modules, and by the introduction of the

required passive components.

9.1.1 Half bridge modules

Each module hosts the two active devices, the gate drivers and the gate drive

power supplies.
Figure [9.1] shows both the 3D render (a) of the experimental half bridge mod-

ule and a photograph (b), highlighting the input and output connections, the fan

127
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(a) (b)

Figure 9.1: Experimental setup: Half bridge module

and heatsink. The active devices are mounted on the surface of the PCB directly
underneath the fan.

Heat removal is achieved with the use of aluminium heatsinks, soldered di-
rectly on the drain connection situated on the bottom of the active devices.

The soldering area on the PCB for the power transistors was designed to be
compatible with both D?PAK and T'O 263 7 packages, in order to be able to be
adapted to a large number of active devices.

The schematic of the half bridge module and its gate drivers is shown in
Fig[.2}

The chosen gate drivers (1IEDIGON12AF by Infineon [66]) are powered by a
bipolar voltage and have a separate connection for the charging and the discharg-
ing resistor of the gate.

Each module has four power connections: the DC positive and negative termi-
nal, marked as V4 and V-, the midpoint of the half bridge VL, and the midpoint
VM of the DC link capacitor, which is formed by two film capacitors connected
in series. One additional low LSR capacitor is placed in parallel with the DC
link.

The control signals, transmitted via a flat cable, are the two complementary

PWM signals that control the gate driver, and one enable line. The power supply
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for the logic side of the gate driver is also provided by the same flat cable, while
the power for the two isolated gate drive supplies and the fan is provided by a

separate connector.

POWER V+
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691111710003
o ——Cm+
GATE H . 1 = 1lon Cap
1= DH 1uF
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100pF | 3
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o
GATE L 1 |— 1 _4aDL ——Cm-
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|
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Figure 9.2: Half bridge module: schematic
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9.1.2 Control board

Figure 9.3: Experimental setup: Control board

The control board shown in fig[9.3] hosts a TI launchpad evaluation board,
equipped with a C2000 MCU, the TMS320F28377S. The evaluation board con-
tains a programmer-debugger, that can be used to control the converter with a
PC.

The control board hosts six flat cable connectors to drive the half bridge
modules, and nine sensor inputs that can be configured to be used as voltmeter
or ammeter. Five inputs are constituted by an isolated analog voltage transducer,
that can be connected to a voltage divider to use for reading voltages or to shunt
resistors for current reading. The other four sensors are based on closed loop hall
effect based transducers. The analog output of each voltmeter and ammeter is

modified by an analog conditioning circuit and applied to the ADC inputs of the
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MCU.

The TMS320F27377S includes three independent DAC channels, that are
routed to three DBC connectors. They can be used, for example, to send real-
time waveforms from the MCU to an oscilloscope, and/or to provide a triggering

signal.

9.2 DFBC prototype

In this section, the experimental results for the DFBC are described.

A prototype of the DFBC topology was built using the experimental setup
described in the previous section. To do so, four half bridge modules were used,
two for the high frequency bridge and two for the low frequency bridge. To

complete the topology, the following passives are added:
e the AC and DC inductors Lac, Lpc;
e the high frequency filtering inductors L4 and Lp;

e the power decoupling capacitor Cpp;

~an
oet| C 4%]: —|;-_’_-] Fy —|’J % —|£ 'y

L E wi | ] N

Voc == Coc—= w I b 1c —— Cas IULTCL VACT X
s Y

B Ip |
—|,:1 Y —|El:r va ‘VE T~ —|~,_—11: —|'El1: Grid
HFB LFB
(a)
_{MU\—

4% La g Lac/2
il

Lac/2

Figure 9.4: DFBC implementation using the reconfigurable hardware setup
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Figure 9.4 illustrates how the four half-bridge modules, together with the
other passive components, are connected to obtain the required topology.

Since the main claim of the topology is its ability to obtain active ripple
power decoupling, a small DC link capacitor was chosen, so that its influence
on the 100Hz ripple component is negligible. For this reason, no additional DC
capacitor is added, and the resulting DC link capacitance is equal to 1uF', which
corresponds to the parallel connection of the DC capacitors of the two half bridge
modules used for the HFB.

In the same way, the filtering capacitor C'4p is constituted by the two DC link

capacitors of the modules used for the LFB.

9.2.1 Experimental results: Steady-state

In order to validate the calculation shown in Chapter[5] regarding the steady-state
waveform of voltage and current relative to the DFBC, a series of experimental
waveforms were captured at different operating points of the converter.

The voltage and the current waveforms of the converter ports, where the
power decoupling capacitor is intended as ripple port of the converter, are shown
respectively in figures [9.5] and [9.6]

In each case, the power decoupling function is operating correctly, as can be
seen by the waveforms of the DC current and of the power decoupling capacitor
voltage. The grid voltage and current are in phase for positive current and 180
out of phase for negative current.

Figure show the current waveforms of the currents I4 and Igz. Both
currents are unidirectional, and the reduced amplitue of Iz due to the destructive

interference between the capacitor current and the rectified AC current is visible.
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Figure 9.5: DFBC, steady state voltages: Vpe (yellow, 200V /div), V¢ (green, 200V /-
div), Vo (blue, 200V /div), Iac (red, 5A/div)
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Figure 9.6: DFBC, steady state currents: I¢o (green, 2A/div), I4¢ (blue, 2A/div), Ipc
(red, 2A /div)

9.2.2 Experimental results: Transient

The correct behaviour of the control system during transients is validated by

applying a step change on the reference power.
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Figure 9.7: DFBC, steady state currents: I (blue, 2A/div), Ip (red, 2A/div)
The following oscilloscope screenshots show the waveforms of the DC voltage,

power decoupling capacitor voltage, and AC current and voltage.

Several step transitions in the reference power were applied, and the oscillo-
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scope screenshots of the waveforms of DC voltage, power decoupling capacitor
voltage, and AC current and voltage were captured. The reference power is al-
ways positive in figure [9.8, that is, power is injected from the DC source to the
grid; it is negative in Fig[9.9] while in Fig[9.10] power inversion is applied.

The control system of the converter is able to deal with significant step vari-

ations in the reference power, without stability issues and without distortion on

the AC and DC currents.
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Figure 9.8: DFBC, transient, positive power: Vpg (yellow, 200V /div), Vi (green,
200V /div), Iac (blue, 2A/div), Ipc (red, 2A/div)
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Figure 9.9: DFBC, transient, negative power: Vp¢ (yellow, 200V/div), Vi (green,
200V/div), Iac (blue, 2A/div), Ipc (red, 2A/div)
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Figure 9.10: DFBC, transient, power inversion: Vpc (yellow, 200V /div), Vo (green,
200V/div), Iac (blue, 2A/div), Ipc (red, 2A/div)
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9.3 JCC prototype

In this section, the experimental results for the JCC are described.

As for the DFBC, a prototype of the JCC topology was built using the same
experimental setup. Four half bridge modules were used, two for the high fre-
quency half bridges and two for the low frequency switches. In the same way as
the DFBC topology, the prototype makes use of wide band-gap devices SiC MOS-
FETs (C3M0120090J by Cree/Wolfspeed) for the high frequency half bridges and
Si MOSFETs (IPB65R110CFD by Infineon) for the slow switches.

—c
T |(
Loc/2 - Q
Ioct SaH SeH c C Sa Se
_|"_ _|"_ — — Iac
7 . Lac/2 7%
+ g _L Lac
Voc T Vpc T o Ia Cae Vac
Coc T Lac/2 .V .
w AC
— — B Is
4% 5% va |ve
Lpc/2 SaL SeL

L c {
DC/2
p g ji
. B
T A Lac/2
Vpc l f%%p

Figure 9.11: JCC implementation using the reconfigurable hardware setup

To complete the topology, the following passive components are added:
e the AC and DC inductors Lac, Lpc;

e the high frequency filtering inductors L4 and Lp;

e the power decoupling capacitor ('

In addition to that, an additional circuit constituting the path for leakage cur-

rent was added. The circuit is made by a capacitor of 200nF and a resistor of 52
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connected in series, simulating the ground impedance and the stray capacitance
of the PV panels.

Figure illustrates how the four half-bridge modules, together with the
other passive components, are connected to obtain the required topology. The
negative terminal of the power decoupling capacitor is connected to each terminal
of the capacitor Cyp via two half bridge modules, where only the top device is

operated, wile the other is always left open.

9.3.1 Experimental results: Steady-state

In this section, a series of experimental waveforms for the steady state operation
of the JCC prototype at different power levels, (1, 0.5, -0.5 and -1kW) are shown.

Figures [9.12 and show, respectively, the voltage and the current wave-
forms of the converter ports, where the power decoupling capacitor is intended as
ripple port of the converter, as described in Chapter[3] In each case, the ripple on
the capacitor voltage can be seen and shows that the power decoupling function
is operating correctly. It can also be seen that the grid voltage and current are
in phase for positive current and 180 out of phase for negative current.

It can be clearly seen that the power decoupling is working, since the AC
current and voltage are sinusoidal while the DC voltage and current are smooth.
The current waveform of the power decoupling capacitor is in good accord with
the expected one, as calculated in Chapter [0}

Figure [9.14] show the current waveforms of the currents /4 and Igz. The
reduction of the current peak value, due to the destructive interference between

the power decoupling capacitor current and the AC current is clearly noticeable.



Chapter 9. Experimental results 141

MSOX 20244, MYS1136545: Thu Now 28 142850 2019 SO 20248, MY51138545; ThuNow 28 14:2313 2019
200v/ 2 200v/ 3 200v/ 4 5004/ 00 20,00/ FE 24y | 200v/ 2 200v/ 3 200/ 4 5004/ 00s 5,000/ FOE 24y
Agilent Agilent
Acquisition Acquisition
High Res High Res

i 250kSals

62.5kSals emmamiit M
VAV DY, S — o o

A
LAWA
\

v

\VBYAY. YAV YAV BYAVBVAV BVAV P
A A Channels N
/A N P, P,

5 e
WAWAWAWAWAWAWAN I ) h\ i B
\ \ VRVEAY e N AN

VY VYY) Y 7 o7 =

Channels

Tursors Menu Tursors Menu
: (To turn on cursors, press the [Cursors] key on the front panel. o (To turn on cursors, press the [Cursors] key on the front panel.

(a) P=1kW (b) P=1kW, zoomed

MSOX 20244, MY51136545: Thu Now 28 1423322019 SO 20244, MY51138545; Tha Now 28 14:3001 2019
200v/ 2 200v/ 3 200v/ 4 5004 00s 000  Trigd?  § E 24V | 200v/ 2 200v/ 5 200/ 4 500 00s 50008 Trigd? & E 24V
Agilent
Acquisition Acquisition
High Res High Res
62.5kSals 250kSals

e
‘\ Channels
00:1
N‘k i 100:1
oc 100:1
] NS S

0N N o N O S A o e ~ |
A NN RN

LB o 1001

Cursors Menu Cursors Menu

(To turn on cursors, press the [Cursors] key on the front panel.) (To turn on cursors, press the [Cursors] key on the front panel.)

(c) P=0.5kW (d) P=0.5kW, zoomed

MS0X 20244, MY51136545: Thulow 28 143203 2013 SO 20248, MY51138545; ThNow 28 14:32:152019
200v/ 2 200v/ 3 200/ 4 5004/ 00s 20,008/ FE 24 1 200v/ 2 200V/ 3 200V/ 4 5004/ 00s 5.0008/ FE 24
Agilent - Agilent
Acquisition Acquisition
High Res High Res
62.5kSals e = . 250kSals
> " | o P T

N = A AN s
i\/\gg :Bgl [, AT T oc 1001

n
\/\ o 1001 ¥ o 1001
oo -

i
MM MM
RN

5>Y
ST
=

N
I
Y
v

Cursors Menu Cursors Menu
e [S)

(To turn on cursors, press the [Cursors] key on the front panel) (To turn on oursors, press the [Cursors] key on the front panel)

(e) P=-0.5kW (f) P=-0.5kW, zoomed

MSOX 20244, MY51136545: Thu Now 28 14:3234 2019 MS0X 20244, MYS 136545 Tha Nov 28 143244 2019
200v/ 2 200v/ 3 200/ 4 5004/ 00s 000y Trigd? £ E 24V | 200v/ 2 200V/ 3 200V/ 4 5004/ 0s 5000 Trigd? £ E 24V
' Agilent .
Acquisition Acquisition
High Res High Res
62.5kSals o e i e i i i 250kSafs
7
VMVNVNVVNVUNVNVVNVVVVY VY — P | S [ —
ANTANR AN AU FA TR AW T N A A W N - 1Y i s £ ek -
/\/ \\/ \/ \/1\/ \/ \/ \/ \/ \/ i 1001 \ / \ / \ i 1001
a 0C 1001 0 100:1
) /\ /\ /\ /\ /\ /\ /DE 1001 ¥ o 1001
SAVILAVICAVICAVIEAVARYIEAYIEAVIEAVINAY) S N b ~
Tursors Menu Tursors Menu
: . (To turn on cursors, press the [Cursors] key on the front panel) @ : (To turn on cursors, press the [Cursors] key on the front panel)

(g) P=-1kW (h) P=-1kW, zoomed

Figure 9.12: JCC, steady state voltages: V¢ (yellow, 200V /div), Vac (green, 200V /div),
Vbe (blue, 200V/div), Iac (red, 5A/div)
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Figure 9.13: JCC, steady state currents: I¢ (green , 2A/div), Ipc (blue , 2A/div), ITac

(red , 2A/div)

9.3.2 Experimental results: Transient

In order to assess the correct behaviour of the control system during transients,

several step changes of the reference power were applied.
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Figure 9.14: JCC, steady state currents: I4 (blue , 2A/div), Ip (green , 2A/div)

In the scenarios shown in figure the reference power is always positive,

that is, power is injected from the DC source to the grid; in Fig negative,

while in Fig[9.17 a power inversion is applied.
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In each figure are included the waveforms of the DC voltage, power decoupling
capacitor voltage, and AC current and voltage.

The results show that the control system of the converter is able to deal with
a significant step in the reference power, without hitting the voltage constraints
of the power decoupling capacitor and without significant distortion on the AC

and DC currents.

S0 20244, MY51136545 Wed Oct 23 1742:45 2019 S0 20244, MY51136545 Wed Oct 23 174319 2019

00v/ 2 200V 3 2008 4 2008/ 005 onony [Trgdr ) £ E 1V 00V 2 200v/ 3 2008/ 4 200/ 005 5000N  Trigdt 5 E 17V
i Agilent i Agilent
Boquistion Boquistion
High Fes High Fes
4 /\ (\ (\, /\ 82 5kSals ,_,{w\ ,_,.( 250kSals
A A A A LA My b Channels = X Channels
AT AT A T A T i AR y 0 001
o 1001 o 1001
) \ ]\ \ \ \ ’DE 1001 ¥ \ o 1001
A AR ul ~ \ |/
Print Configuration Meny Print Configuration Mena
O Frintto Hetwork Setup O Frintto Hetwork Setup
2 NETPAT1 o - & NETRRTL.. [ -

(a) P=0.5 to 1kW (b) P=0.5 to 1kW, zoomed

MSOX 20244, MY51 136545, Wed Oct 73 174334 2019 MSOX 20244, MYS 138545, Wed Oct 73 17.43.44 2019
00V 7 200V/ 3 2004/ 4 2004/ 00s 2000y [Trgd? ) £ E 1TV 00V 7 200V/ 3 2004/ 4 2008/ 00s 5000y (Trigd? ) § E 17V
i Agilent i Agilent
ABoquisition Boquisition
A A A A High Res ”J!w\ High Res
\ b t ¢ 625kSals A £ 250KSals
kY Nz
\\/ n \/L L L I, Channels J/. ™ Channels
L ) i
o 100:1 r U o 1001
B , ekt dmbt oo e , il oo 1001
R (A A i i i \ \ /DE w01] ¥ ' oo 1001
Print Configuration Menu Print Configuration Menu
O Printto Network Satup O Printto Metwork Satup
2 NETPAT1 O - 2% NETPAT 1 O -

(¢) P=0 to 1kW (d) P=0 to 1kW, zoomed

WISOX 20248, MYS1 138545 Wedl 0t 23 174411 2019 NISOX 20248, MY51 136545 Wedl 0t 23 174428 2019
00v/ 2 200V 3 2008 4 2008/ 005 onony  Trigd? £ E 1V 00V 2 200v/ 3 2008 4 2008/ 005 5000y (Trgdr ) 5 E 17V
i Agilent i Agilent
Bcquisition Bcquisition
High Res High Fes
AA, m, /\, /\, /\. 82 5kSals ,._,_(“‘\ 250kSals
L\x/ \/ \/ \/ \\/ Channels [ \X( Channels
. b
i al il o "
o 1001 B o | o 1001
T B PO VO 1001 " o 1001
) r TRt T 1001 ¥ o i W o 1001

JRYRVRYRY / AL/
VEV VY / N/

Print Configuration Menu Print Configuration Menu
O Printto Network Setup O Printto Network Setup
2 NETPAT1 O - 2% NETPAT 1 O -

(e) P=1kW to 0 (f) P=1kW to 0, zoomed

Figure 9.15: JCC, transient, positive power: Vpe (yellow, 200V /div), Vi (green,
200V /div), Iac (blue, 2A/div), Ipc (red, 2A/div)
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Figure 9.16: JCC, transient, negative power: Vpc (yellow, 200V /div), Vo (green,
200V/div), Iac (blue, 2A/div), Ipc (red, 2A/div)

9.3.3 Experimental results: Leakage current

As can be seen from the waveform shown in fig[9.18] the leakage voltage Vi
has a very small ripple at switching frequency, resulting in small leakage currents
without the need for additional filtering, although additional small leakage filters
might be needed depending on the norms. The peak-to-peak amplitude of the

common mode current is about 40mA, with a measured RMS of 34mA.
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Figure 9.17: JCC, transient, power inversion: Vpc (yellow, 200V /div), Vi (green,

200V /div), Iac (blue, 2A/div), Ipc (red, 2A/div)
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9.4 SeTCM on JCC

In the current section, the experimental results concerning the application the

SeTCM modulation in the JCC topology, as described in Chapter[§] are presented.
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Figure 9.19: JCC modified for eTCM

The hardware setup used is the same as the one described in the previous
section, with the modifications discussed in Chapter In order to apply the
variable frequency SeTCM to the topology, inductor Lo was added, and L4 and
Lp replaced so that their value corresponds to the one calculated in the SeTCM
magnetic design. In addition to that, bigger inductors were used for the AC and
DC filters, in order to deal with the additional common mode voltage inherent
in the choice of the magnetic structure. The other components were reused, the

only additional modification being the software programmed on the DSP.
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9.4.1 Experimental results: Steady state

In contrast with the experimental results taken in the previous section, the aim of
the following results is not to assess the low frequency component of voltage and
currents, but on their switching frequency ripple component, influenced by the
SeTCM modulation. For this reason, only one operating point of the converter is
considered, that is a reference power set to 1kW, corresponding to the nominal
power of the converter.

The steady state voltages defined in Fig[9.19 which are the power decoupling
capacitor voltage, the AC port voltage, and the voltages V4 and Vg, are shown
in Fig[9.20] In contrast with the implementation of the topology shown in the
previous section, a significant high frequency voltage ripple appears on both the
modulated voltages. This voltage ripple corresponds to the voltage applied to
the inductor L¢.

Fig[9.21] shows the steady state current waveform of the AC and DC port, and
the currents /4 and Ig. The experimental current waveforms are in good accord

with the expected ones, as described in the previous chapter.
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Figure 9.20: SeTCM on JCC: Voltages waveform - Vpp (yellow, 200V /div), Vac (green,
200V /div), V4 (blue, 200V /div), Vg (red, 200V /div)
9.4.2 Experimental results: Zero Voltage Switching

In figures [9.22] [0.23 and [9.24] the waveforms of the voltage modulated by the two

half bridges are shown, together with the currents I, and Ip.

The time axis is magnified in the scope screenshots shown in Figl9.22] and
9.23| in order to verify the correct inversion of sign of the current prior to the
switching, required for ZVS.

Fig[9.24] shows the voltage waveforms measured in the midpoint of the two
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Figure 9.21: SeTCM on JCC: Currents waveform - I4¢ (yellow, 5A/div), Ipc (green,
5A/div), I4 (blue, 5A/div), Ig (red, 5A/div)

half bridges formed respectively by Sy, Sar and Sy, Sgr, and the currents
I4 and Ig. The slow dV/dt of the switching typical of ZVS is identifiable. The
readings of the currents are heavily affected by switching noise, probably due to
the use of hall effect probes instead of Rogowsky coils. The use of Rogowsky coils
was avoided, since an accurate reading of the DC component of the current is

necessary for ensuring the change of sign.
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Figure 9.22: SeTCM on JCC: Voltages waveform, zoomed - Vy (yellow, 200V /div), Vg

(green, 200V /div), I4 (blue, 5A/div), Ip (red, 5A/div)

9.4.3 Experimental results: Transient

In order to test the control algorithm a load transient from no power to 1kW

injected in the grid was executed. The results are shown in Fig where the

DC and AC port currents, the DC link voltage and the power decoupling capacitor

voltage waveforms are shown. As expected, the behaviour of the control structure

is significantly worse than the one of the original topology presented in Chapter 6],

as can be seen by the higher ripple in both the DC and the AC current, however

the controller is stable and the converter operates as expected. The additional
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Figure 9.23: SeTCM on JCC: Currents waveform, zoomed (cont.) - V4 (yellow, 200V /-
div), Vg (green, 200V /div), 14 (blue, 5A/div), Ip (red, 5A/div)

ripple on the currents can be explained by the higher common mode noise applied

to the AC terminals, due to the voltage ripple shown in Fig{9.20]

9.4.4 Experimental results: Efficiency

The measured efficiency amounts to 93.3% at nominal power and 90.5 at half
load. The lower efficiency is likely to be the cause of the inductors operating

close to the saturation region, resulting in losses that are higher than the turn-on
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Figure 9.24: SeTCM on JCC: ZVS - V4 (yellow, 200V /div), Vi (green, 200V /div), I4
(blue, 5A/div), Ip (red, 5A/div)

losses of the active devices, that are removed.
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Figure 9.25: SeTCM on JCC: Transient behaviour - Ipc (yellow, 2A/div), I4c (green,
2A/div), Vpp (blue, 200V /div), Vpe (red, 5A/div)

9.5 Conclusions

In this Chapter, the physical setup used to obtain experimental data is described,
following with the exposition of the results relative to the DFBC and JCC topolo-
gies, and the implementation of SeTCM on the JCC.

Being the setup reconfigurable, the same hardware was used in all the exper-
iments. The way in which the half-bridge modules are connected to obtain the
required topologies is described.

Both the steady-state behaviour at various load point and several transients
are shown, proving the power decoupling capability of the topologies and the
good performances of the control system.

In case of the SeTCM, several zoomed-in voltage and current waveforms were
captured, in order to assess the ZVS switching condition. Based on the results,
it appears that the SeTCM modulation is able to achieve ZVS across the entire

grid period, as claimed.
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Conclusions

This research project focused on the analysis of the state of the art of single phase
grid-connected converters, specifically addressing those used in energy storage
systems and photovoltaic systems; with the aim of developing novel converter
topologies having improved efficiency, smaller size and/or minor costs.

One of the main reliability issues in single phase converters arises from the use
of electrolytic capacitors, as energy buffer, to compensate for the power pulsation,
which is present in single phase connections. Electrolytic capacitor have well
known reliability problems due to ageing, which make their use problematic,
especially in PV systems, that have a life expectancy of up to 20 years. In order
to overcome this problem, film capacitors can be used; however, film capacitor
are, for the same capacitance and nominal voltage, more expensive and exhibit
a much lower energy density. For this reason, it is common practice to make use
of auxiliary circuits able to control the voltage applied to the power decoupling
capacitor, instead of connecting it to the DC link. This solution makes possible to
use a much smaller capacitance, with the disadvantage of reducing the efficiency
and increasing costs.

Passive components are used as filters to interface the converter with its AC
and DC electrical port. The size of the required passive components is chiefly
determined by the switching frequency, decreasing as the switching frequency

increase. Increasing switching frequency, however, comes with the disadvantage
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of higher losses in the magnetic components, due to increased losses in the core
and in the winding, and in the switches themselves. To reduce losses on the active
devices, wide-band gap devices can be used, in conjunction with soft switching
techniques.

In case of PV systems, the stray capacitance in the panels generates a ground
loop for common-mode currents to flow through. This is an issue for transformer-
less converters, that in general require additional common mode filters to comply
with the quality standards for grid connection.

Following the analysis of the main issues concerning singe phase converters,
two new topologies, the Double Full Bridge Converter (DFBC) and the Jumping
Capacitor Converter (JCC), were introduced. Both topologies address the prob-
lem of active power decoupling, where the power decoupling section is operated
by the same full bridge that controls grid current. Film capacitors can thus be
used, without negative effects on the overall efficiency of the converter.

Both the DFBC and the JCC are based on the concept of destructive in-
terference exposed in Chapter 3, where the rectified grid current and the power
decoupling capacitor current are added achieving lower RMS and peak value.
In DFBC this is obtained by rectifying the grid current via a rectifier /unfolder
bridge operating at grid frequency, while in JCC it is obtained by alternatively
connecting the power decoupling capacitor to the legs of the full bridge that drives
grid current by the use of two additional devices.

An analysis of the leakage current was applied on the JCC. It is shown that,
due to the characteristics of the topology, leakage currents are small even without
the use of an additional common mode filter.

In order to validate the proposed topologies, a multipurpose reconfigurable
test rig was build. The rig is composed of six galvanically isolated half-bridge
modules, and a control board hosting current and voltage sensors and a micro-
controller.

The two proposed topologies were compared with existing state of the art

solutions, and proved to be competitive, in terms of high DC utilization ratio
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and good energy utilization of the power decoupling capacitor.

In order to extend the ZVS operating region of the proposed topologies, a new
current mode, the extended Triangular Current mode, was introduced. While
this current mode can be applied to the proposed topologies, it is formulated in a
general way, and can be applied (with some minor modifications) to any topology.
A design algorithm for the sizing of the magnetic components, associated with
the use of eTCM, is proposed.

By adding additional degrees of freedom on the frequency and phase shift
of the modulated PWM waveforms, and adding a mutual coupling between the
filtering inductors of the fundamental cells that has an influence on the control,
the implementation of eTCM poses additional challenges to the control of the
topologies on which it is applied. To mitigate the challenge, the Simplified ex-
tended Triangular Current Mode (SeTCM) was introduced. This modulation has
the advantage of limiting the degrees of freedom that can be controlled to the
switching frequency alone, while the phase shift can be directly implemented in
the modulator, at the cost of reduced performances if compared with e TCM.

The application of the SeTCM on the JCC is described, with a focus on
the magnetic design, and its consequence on the control of the converter. The
control was successfully implemented in the microcontroller, programmed in C.
Using SeTCM, ZVS is achieved on all the active switches during the entire AC
grid period, for every operating point of the converter.

In order to control the switching frequency for SeTCM, a look-up table was
used, where a different PWM period is used according to the instant in the grid
period. A similar approach can be used if eTCM is chosen, with the addition of
another lookup table to set the variable phase shift, however, in case of eTCM
the experimental validation was not taken forward, hence, a detailed description
of the control for eTCM is not included in this work.

In conclusion, the proposed topologies and modulation techniques are aimed
to the development of better single phase AC-DC converters, in terms of reduced

size of the passive components and improved reliability thanks to the active ripple
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decoupling, better efficiency thanks to the destructive interference, and lower EMI

thanks to leakage current rejection and/or ZVS operation.

10.1 Achievements

The main achievements of this PhD project can be summarized as follow:

e Introduction of two novel topologies the Double Full Bridge Converter

(DFBC) and the Jumping Capacitor Converter (JCC).

Description of the design procedure and control method for both topologies.

Introduction of a novel current mode, named extended Triangular Current

Mode (eTCM).

Development of a design method of the magnetic components used for

eTCM.

Implementation of the SeTCM control in a microcontroller.

10.2 Future work

As a further development of this research, the following points are identified as

promising for future work:

e The hardware tests on both topologies were applied on a multi-purpose
rig, constituted by galvanically isolated half bridge modules. Better perfor-
mances in terms of higher efficiency are likely to be obtained if a dedicated

prototype is developed for each topology.

e The eTCM sizing algorithm is able to completely reconstruct the current
waveform, both in its low frequency and high frequency ripple components.
With this information, it is possible to calculate not only the RMS and
peak value of the current, but also a detailed estimation of the losses, in

both the magnetics and the active devices, including switching losses. It is
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thus possible to find the optimum switching frequency and phase shift that

result in the maximum overall efficiency of the converter.
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