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If, Decoupling capacitor’s average current reference.

Ve, Decoupling capacitor’s average voltage reference.

in 2nd harmonic present on the DC-link current.

T Decoupling current reference.

13 Damping factor.

h Harmonic’s number for the resonant filter.

Gpr(s) Transfer function of the PI controller.

kp Proportional constant.

T; Integral time.

C; Input capacitor.

Ly Transfer inductor for the DC/AC converter with active power
decoupling feature.

1L, Instantaneous current across Ly.

linw Inductor for the LC filter.

Tin Input current/PV system current.

Vo(t) Instantaneous output voltage.

Minov Modulation waveform for the Half-Bridge stage.

mp Modulation waveform for the Boost stage.

V. Peak ripple voltage on the DC-link.

Pde Instantaneous power on the DC-link

Eqy. DC-link energy.

fe Cut-off frequency [Hertz].

my Frequency index modulation.

¢ Damping factor.

J Imaginary unit.

We Cut-off frequency [radians].

Z1, Characteristic impedance.

f1 Fundamental frequency.

Rr,.in Minimum equivalent resistance.

THD, Voltage Total Harmonic Distortion.

THD; Current Total Harmonic Distortion.

Vomes Maximum allowed voltage on the power switches.

19,.0n Maximum allowed current across the power switches.

Ir .. Maximum current across L.

Vican, Average DC-link voltage.

Vi Average DC-link voltage reference.
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) Instantaneous grid current reference.

*
grid

i;m‘dpk Peak grid current reference.

Vin Input voltage reference.

Vgrid Filtered signal of the electrical grid.

Ugrid Quadrature signal.

Gprp,, (8) Transfer function of the PLL.

kpor Proportional constant of the PLL’s controller.
Ti,, Integral time of the PLL’s controller.

H(s) Transfer function of the first-order low-pass filter.
fsvso Switching frequency for the active front-end rectifier.
fsnrp Switching frequency for the active power decoupling circuit.
Ky Waveform coefficient.

K, Window utilization factor.

K; Temperature constant.

Y Cooling factor for temperature.

Ky Waveform coefficient.

X Geometry factor (ferrites) E-I.

B, Magnetic flux density.

W, Window area.

A, Effective cross-section of the core.

Ap Area product.

J Current density.

AWG American Wire Gauge.

Ny Initial number of winding turns.

Np Total number of winding turns.

ly Total air gap.

Groal Real air gap.

N; Final number of winding turns.

m Fringing flux factor.

Bros Maximum magnetic flux density.

Ves., Miller-plateau voltage.

Vas,, Gate-source threshold voltage.

tri Rise current time.

Lo Fall voltage time.

tei Fall current time.

tro Rise voltage time.

Py, MOSFET switching power losses.

Ph1ona MOSFET conduction power losses.

Py, MOSFET gate power losses.

P, MOSFET output power losses.

Pp,_., Diode switching losses.
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Pp,,.. Diode conduction losses.

Qrr Reverse recovery charge.

Pr, IGBT total power losses.

Pp, IGBT’s reverse recovery diode power losses.
Ry, Junction-case thermal resistance.

Ry Case-sink thermal resistance.

Ry, Sink-ambient thermal resistance.
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ABSTRACT

The growing worldwide demand and production of electrical energy, coupled with
the concern about the growing exploitation of natural resources for the conventional
production of electrical energy, has led to the need to incorporate alternative energy
sources into the electrical system in order to reduce the dependence on fossil fuels. In
addition, the increasing modernization of the concept of electrical grids has promoted
the development of new energy generation and distribution schemes to cover needs at
different levels of consumption. Under the precedent of these new generation schemes,
photovoltaic systems have gained great popularity by making the concept of distributed
generation a reality, making the micro-generation of local electrical energy possible through
the concept of an electrical microgrid. With the incorporation of microgrid schemes, the
need to use power electronics converters for the interconnection of these kinds of systems
to the electrical grid becomes fundamental, as well as to reduce the effects of intermittent
phenomena in photovoltaic systems. However, it is essential that, despite adapting these
conversion schemes, it is important to guarantee that all parts of the system operate in the
most efficient way possible, minimizing costs and environmental impacts while maximizing
reliability, resilience, flexibility, and system stability.

In a photovoltaic generation scheme interconnected to the electrical grid through
power electronics converters, energy storage elements such as passive power decoupling
schemes based on electrolytic capacitors are typically used to decouple the oscillatory
energy present on the DC-link due to the power supply to the electrical grid. However, the
use of bulky electrolytic capacitors entails significant drawbacks such as larger volume and
cost of the capacitor and a significant reduction in efficiency, lifetime and power density.

In this thesis work, the analysis and synthesis of power electronics converters as active
power decoupling schemes are presented as an alternative to passive decoupling schemes
based on electrolytic capacitors.

The objective of this thesis work is to offer a clear panorama of the operation
principle of these kinds of conversion schemes. In the first instance, an approach to the

fundamental principle of the concept of active power decoupling is addressed. Afterward,
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Abstract

an extensive classification of the different types of power electronics converters for active
power decoupling applications is presented. Subsequently, an in-depth comparison is
approached between the schemes mostly reported, and their performance parameters are
evaluated through a quantitative and qualitative comparison with the data obtained from
the reported works. Following this comparison, the two resulting schemes with the highest
performance rating are selected; these two schemes are studied in depth in subsequent
sections.

The two selected converters are studied in detail and the operating principle,
considerations and restrictions, as well as operating regions are addressed. Afterward,
the sizing of the passive and active elements for certain operating scenarios is addressed.
Thereafter, the structure of the model and the control system’s operation used for
these converters are addressed. Subsequently, some open-loop and closed-loop simulation
scenarios of both converters are addressed for certain operating points and under certain
perturbations of interest. The objective of this section is to validate the principle of
operation of the converters and the sizing methodology for the defined power conditions.

Consequently, an experimental test scenario is addressed with the built prototypes
operated in open-loop to validate the operation principle under the defined power levels. In
the appendix section, the design and construction methodology of the converter inductors
is detailed as well as the power losses analysis and thermal design. Furthermore, the design
and construction considerations of the PCBs for the converters addressed in this work, are
approached. Finally, in the conclusions section, the final ideas, contributions and future

work proposed for this thesis work are presented.
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INTRODUCTION

Electricity production and consumption have increased considerably over the years and
it seems to keep growing strongly. In 2019, world gross electricity production was 1.3%
higher than in 2018. Global electricity production has grown each year continuously since
1974. Generation from combustible fuels accounted for 65.3% of global gross electricity
production. Likewise, over the years 2018 and 2019 the global electricity generation from
renewable energy resources such as wind (+11.8%) and solar (4+22.5%) registered robust
growth [1]. Provisional data for 2020 show that gross electricity generation fell 2.4% across
the OECD (Organization for Economic Co-operation and Development). Compared with
2019, the electricity mix shifted towards renewables, with lower generation from coal (-
15.9%) offset in part by higher output from wind (+12.3%) and solar (+20.8%). In 2021
renewable electricity generation rose by almost 7%, a record 522 TWh increase, with wind
and solar PV technologies together accounting for almost 90% of this growth. The share
of renewables in global electricity generation reached 28.7% in 2021, after modest growth
of 0.4 percentage points [2].

In 2019, the world’s total electricity final consumption reached 22 848 TWh, up 1.7%
from 2018. In 2019, OECD total electricity final consumption was 9 672 TWh, 1.1% lower
than in 2018, while final electricity consumption in non-OECD countries was 13 176 TWh,
an increase of 3.8% from 2018.

2021 saw the largest ever year-on-year increase in global electricity demand, with
increases in both renewable and coal-fired generation since the total renewable electricity
generation reached an all-time high in 2021, exceeding 8,000 TWh, 500 TWh more than
in 2020. The increase was driven mostly by rising wind and solar PV production, which
grew by 270 TWh and 180 TWh, respectively. The share of renewables in global electricity
generation reached 28.6%, increasing by 0.4% from 2020 |3].

A large proportion of the growth in OECD electricity consumption since 1974 has
taken place in the residential sector, and the commercial and public services sector. The
remaining consumption sectors as transport, agriculture, and fishing are relatively small
consumers of electricity. However, road transport has recently experienced strong growth
as electric vehicles gain market share across OECD countries, in particular in Europe. It

is clear that electricity use is dominated by industry, which represents half of the final
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electricity consumption.

1. Photovoltaic systems panorama

The constant increase of electricity production and consumption and the CO, global
emissions [4], brings the concern of finding new alternatives for implementing new and
cleaner energy sources. Solar PV has shown important growth over the years and has a
strong prospect.

According to [5], since the beginning of 2020, the cost of producing solar PV modules
and wind turbines has increased sharply due to rising commodity prices. Despite this, the
power capacity in 2021 has had exceptional growth, since almost 290 GW of renewable
power were commissioned this year, which is 3% higher than in the 2020s, and solar PV
alone accounts for almost 60% of all renewable capacity. As a prospect, the expansion of
solar PV capacity in the next five years is expected to be almost the double that of the
previous five years.

In Mexico, for the period 2007 - 2017, the capacity of solar PV generation grew at
an average annual rate of 43.2 %. In 2017, the potential of PV solar generation tested
in Mexico was around 25 GWh, while the possible resource amounts to 6,500,000 GWh.
As a prospective scenario, that gross electricity generation with PV solar technologies is
expected to grow at a rate of 21.6% from 2018 to 2032, which implies an increase of 18,732
GWh of new generation produced with these technologies [6,7].

The exceptional growth and the strong prospective of solar PV promote numerous
challenges for electrical grid interconnection, such as power management, power quality,
failures, and disturbances support, among others. These parameters must hover within
a specific and strict range to be able to interconnect the system to the grid [8].
This is when the performance of power electronics systems is critical and substantial;
the incorporation of power electronics systems implies several advantages and brings
versatility, nevertheless, it must be guaranteed that the whole system must operate as
efficiently as possible, minimizing costs and environmental impacts while maximizing
system reliability, resilience, flexibility and stability. In photovoltaic systems, some storage
elements such as electrolytic capacitors are widely implemented as passive decoupling
elements; however, the use of these passive elements implies several drawbacks that
undermine the performance parameters stated above. In this thesis work, a power
electronics approach for the substitution of passive conventional decoupling schemes is
addressed.
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2. Photovoltaic systems interconnected to electrical
grid

Generally, a typical photovoltaic generation scheme interconnected to the grid is made up
of two power conversion stages: the DC/DC and DC/AC stages [9]. The DC/DC converter
meets the task of boosting the voltage on the DC-link and supplying the Maximum Power
Point (MPP) of the photovoltaic system [10]. The DC/AC converter (inverter) carries
out the function of mapping the energy from the storage system and/or the photovoltaic
system and supplying it to the grid. A sinusoidal current signal is generated at the inverter
output that oscillates at a certain frequency (regularly 50Hz and 60Hz).

An important aim of the power inverter is to decouple the energy in DC provided by
the PV or the storage system from the power delivered to the AC grid. This separation
is carried out through a process called power decoupling. Typically, this decoupling is
based on a passive scheme and is undertaken by a DC capacitor called link capacitor [11],
which filters the low and high-frequency AC components circulating across the DC side
of the power inverter and allows the reactive power exchange between the inverter and
the electrical grid. This scheme has the advantage of being very simple because it is
only necessary to use capacitors for performing the decoupling task. However, it also has
numerous disadvantages such as the size and cost of this capacitor (regularly electrolytic),
the reliability, and lifespan, among others [12, 13|. In applications with micro-inverters
(P, < 250W) some proposals have been made for power decoupling in order to reduce
the size of the link capacitor, thus being able to use film capacitors, which have higher
efficiency, power density, reliability, and a reduced volume [11,14]. However, in higher-

power applications, it is necessary to integrate more suitable solutions.

3. Power decoupling

An integrated photovoltaic generation scheme with AC mains coupling is usually the one
shown in Fig. 1. As mentioned above, the DC/AC converter is responsible for mapping
the energy from the DC-link and turning it into AC for supplying energy to the AC
grid. The output of this converter is processed by a low-pass filter to remove high-
frequency switching harmonics from the AC wave and supplying a sinusoidal current at
the determined frequency.

The power on the PV when the MPP is reached is constant, however, the grid’s current

is time-varying. This difference creates a ripple voltage containing nth-order harmonics on
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Figure 1. Typical schema of photovoltaic and storage systems interconnected to the electrical grid based
on passive power decoupling.

the DC-link voltage. The power on the DC-link is given by the algebraic subtraction
of the power at PV terminals (P,,) minus the power supplied to the grid (p,). When
Do(t) < ppo(t), the overage power is stored by Cy., therefore v,. increases. On the
other hand, when p,(t) > p,u(t), Cy. delivers the energy to the grid, consequently vg.
decreases. This phenomena causes the ripple oscillation AV, [13]. The power balance
arises analytically as follows.

Consider the photovoltaic generation system interconnected to the AC mains through
a single-phase inverter represented by Fig. 1. Assuming a lossless operation, the power

supplied by the DC-link is given by Eq. 1.

1 [T 1 [T
Pdc = Po = —/ po(t) dt = —/ Udc<t)idc(t) dt
T J, T /o 0
1 T
-7 /0 Opria (t)iorialt) dt.

If the voltage and current in the grid are given by vg,.q = Vj,cos(wot) and igiq =

I, cos(wot — ¢), the instantaneous power is given by p,(t) = vgridigria, that is:
1
Do(t) = §[VpIp cos(¢) + VI, cos(2wot — ¢)]. (2)

Whether the phase angle between the grid voltage and current (vy.;4 and ig.4q) equals

zero, the Eq. 2 can be rewritten as follows:

Do(t) = P, + P, cos(2wyt) = Vp2]p [1 + cos(2w,t)] . (3)




Power decoupling

It can be observed from Eq. 3 that the instantaneous output power is composed of
two terms: the average power P, = V,I,/>, which is constant, and a second term given
by P, cos(2w,t) which oscillates at twice the frequency of the grid with an amplitude of
the average power supplied at the output of the inverter. The oscillation energy is also
present in the DC-link voltage and at the PV terminals. This is critical especially for the
PV since its efficiency is reduced and its lifespan is degraded. The simplest solution to
this problem is to employ a passive decoupling scheme through energy storage elements
(usually DC-link capacitors). The sizing of the link capacitor can be determined by the
following expression [13]: b

v (4)

Coo 2 ——————.
¢ WUVch‘/c-lc

The problem lies mainly in the dimensioning of this capacitor; the passive power
decoupling is the simplest of all power decoupling schemas but has the drawback of
requiring a very large capacitor, which implies higher costs and volume, while the efficiency
of this is diminished by its high series resistance. All these represent a limitation according
to the power level that can be managed in this stage and therefore, to the power level that
can be supplied to the grid [15]. The proposed solution for this is to perform active power
decoupling through power electronics converters replacing passive methods. Fig. 2 shows a
structure that represents a basic example of an Active Power Decoupling Circuit (APDC)
interconnected to a DC/AC conversion scheme. In this case, the APDC is comprised of a
DC/DC converter that operates as an active power decoupling scheme; this converter is
responsible for buffering the voltage ripple produced by the inverter when mapping the
power from the DC-link to the AC mains. The link capacitor is still preserved, however,
it can be sized with a much lower value and can be replaced by film capacitors that have
lower series resistances, making them ideal for higher power applications. In addition, as
the volume of this capacitor is substantially reduced, the cost and efficiency are benefited

in the same way.
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Figure 2. Typical schema of a DC/AC conversion system based on active power decoupling.
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4. Active power decoupling

Active power decoupling is a replacement for conventional passive decoupling schemes.
The basic principle of an active power decoupling scheme is the same as a passive one;
nevertheless, power electronics converters are used to carry out the power decoupling task.

Fig. 3 shows a single-phase inverter with an active power decoupling feature inter-
connected to the AC mains, and Fig. 4 shows its equivalent electrical circuit. It can be
observed from the latter that the APDC is represented by a current source that supplies
a compensation current to the DC-link to mitigate the power ripple that oscillates at 2wy.
The operation of this converter can be associated with what is well known as an active
filter [16]. Depending on the converter topology (series or parallel), it operates as a series
or parallels active filter; the difference is that in the first case, it produces voltage drops
to compensate for the power ripple, while in parallel topologies the way to attenuate the

ripple is through compensation currents [12].
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Figure 3. Single phase inverter interconnected to the grid with APDC.
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Figure 4. Equivalent electrical circuit for Fig. 3.
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5. Active power decoupling schemas

The simplest power decoupling scheme is the passive scheme. As mentioned above,
the disadvantages of such schemes are substantial. The most addressed solution in the
literature to solve this problem is the implementation of active power decoupling schemes
through power electronics converters [17]. Numerous topologies of active decoupling
have been reported. Some schemes are more suitable depending on the applications.
Nevertheless, it is always desirable to implement low-cost schemes, with the least number
of elements and with the greatest reliability and efficiency possible. Fig. 5, shows a
classification of the most common topologies for active power decoupling [12]. There are
essentially three main categories of active power decoupling schemes: independent and
dependent decoupling topologies and the remaining which do not share the characteristics
of the above classifications. Independent decoupling structures are power electronics
converters schemes that independently meet the decoupling task; that is, these converters
have their own active and passive elements to perform the compensation task, and thus,
they operate completely apart from the main power converter stage. On the other hand,
dependent decoupling schemes perform the same buffering task; however, these partially
or fully share the elements of the main power converter stage; this leads to operating the
converter in a multiplexed manner, that is, the same elements of the converter can perform
two tasks simultaneously through a multiplexing operation.

From the independent and dependent decoupling topologies, a classification for
applications in voltage and current sources is derived, using capacitive or inductive energy
storage. In this classification, it can be distinguished between series and parallel structures.
Parallel schemes regularly use capacity energy storage, while series schemes use the
magnetic field properties of inductors to store energy. Although both decoupling series
and parallel schemes have individually important advantages, the most used schemes are
usually those composed of parallel structures, because from a technological point of view
it is much simpler, cheaper, and more efficient to perform capacitive storage. In addition,
the use of parallel decoupling schemes allows greater flexibility to develop modulation and
control strategies [13].

Independent active decoupling schemes introduce a term known as Power Decoupling
Cell (PDC). These are commonly formed by modular structures of power electronics
converters, which operate independently of the main power converter stage. These same
topologies can be extrapolated to dependent decoupling schemes [12,13,18]. Fig. 6, shows
the most commonly used PDCs for power decoupling applications [13]. Fig. 6-(a), (b), and
(c) show respectively the Buck, Boost, and Buck-Boost type cells, and Fig. 6-(d), (e), and
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Figure 5. Classification of active power decoupling topologies.

(f) show respectively the basic Full Bridge, Full Bridge with auxiliary capacitor and Full
Bridge with split capacitors type cells.

6. Evaluation of active power decoupling topologies

reported

From the bibliographic research carried out, it has been possible to identify plenty of
topologies used for active power decoupling. However, it was possible to pinpoint that
there are indeed a limited number of schemes corresponding to the most frequently found
in the literature, which are shown in Fig. 7.

In Fig. 7-(a), the bidirectional Buck-type cell is presented in a grid-interconnected
photovoltaic generation scheme. This is one of the most used topologies in the literature
for its simplicity, besides that it only requires two switches and two passive elements
|13,18-22|. Fig. 7-(b) illustrates a schema based on a Boost cell. This topology is useful
for power ranges above 1k in single-phase applications [9,18,23]. Fig. 7-(c) illustrates a
topology based on a dependent decoupling scheme based on a half-bridge. In this scheme,
the left branch of the full bridge is used to perform the active decoupling task; this
topology also features a common mode current rejection function, thus the common mode
capacitance is eliminated by connecting the negative terminal of the PV to the neutral of

the electrical grid. This represents a great advantage because the use of galvanic isolation
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Figure 6. Basic schemes of power decoupling cells. (a) Buck cell. (b) Boost cell. (c¢) Buck - Boost cell.
(d) Full bridge basic cell. (e) Full bridge cell with an auxiliary capacitor. (f) Full bridge cell with split
capacitors.

can be avoided in this way; moreover, this scheme reports an overall efficiency of 96.4
% [24-26]. The scheme in Fig. 7-(d) represents a dependent decoupling scheme based on
a half bridge; its operation is very similar to the scheme in Fig. 7-(c), nevertheless, two
capacitors are used to store the ripple energy and they operate in a complementary way
managing half of the energy each half cycle. This topology has mainly focused on reducing
current stress on power switches and reaching higher efficiencies since it has been reported
efficiencies greater than 93 % [23,27,28].
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Figure 7. Most common active power decoupling schemes reported in the literature. (a) Buck-type cell.
(b) Boost type cell. (¢) Dependent decoupling scheme based on a half-bridge. (d) Dependent decoupling
scheme with half-bridge and split capacitors. (e¢) Decoupling scheme with a single switch. (f) Independent
decoupling scheme based on a hybrid Dual-Buck converter with split capacitors.
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The scheme in Fig. 7-(e) is based on a Boost scheme but stands out mainly for
performing the active decoupling task through a single power switch, allowing high-
efficiency levels; in addition, by having a single switch, reliability increases [23,29|. Finally,
Fig. 7-(f) represents an independent decoupling method based on a combination between
the Dual-Buck converter and the half-bridge using split capacitors as a storage method.
Although this topology requires several semiconductor devices, reports efficiencies above
95.6 % [30]. Other reported works use a similar scheme to this that is based on Dual-Buck
converters and show good performance at buffering the power ripple [31,32].

There are some other topologies that do not share the general characteristics of the
above topologies. These topologies are based on matrix power converters with galvanic
isolated power compensation ports |33-35], however, these schemes report relatively low
power densities and use several semiconductor devices. Other topologies also reported are
those using float capacitors. The highlights of these topologies are the number of passive
elements and the number of sensors, as only two are required. However, the weakness
of these schemes is the low power density, the number of semiconductor devices and the
efficiency, since at least, four semiconductor devices are required for the power decoupling
task [36].

In order to make a comparison and a quantitative and qualitative evaluation of the
active power decoupling schemes, the following performance parameters have been defined:
schema type, power levels, operating voltages, efficiency, switching frequency, number of
passive and active elements, and the normalized energy (1073J/W) that the latter process.

Table 2 shows the most reported topologies for active power decoupling in the
literature. All the operating parameters of the reported topologies are grouped in the rows:
the type of scheme (series/parallel), efficiency, operating voltages, rated power, switching
frequency, values of the passive elements, energy in passive elements, number of sensors,
number of semiconductor devices and finally the performance parameters considered for
the qualitative comparison. The rating for the qualitative comparison is classified into
three colors: green, yellow and red, referring to great, good, and regular performance
respectively; this approach is defined by the minimum and maximum performance values
found for every topology reviewed. The main objective of this table is to provide a clear
idea of which are the topologies with the best performance according to the parameters
of interest presented in the Table. 1 and through a qualitative comparison, determine two
of the best topologies to carry out its implementation.

Based on the results obtained from the quantitative evaluation of Table 2, three
particular topologies can be identified that meet the highest level of evaluation of all

performance parameters. The first topology is composed of an active decoupling scheme
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Table 1. Performance rating ranges.

Performance parameters Assessment

Regular ~ Well  Great Units
Power 0—1 1-2 >2 kW
Energy in capacitors > 12 6—-12 <6 1073J/W
Passive elements >3 3 <2 —
Efficiency 8 —-90 90—-95 =95 %
Sensors >4 3 <2 —
Semiconductor devices >4 3—4 <2 —

through the Boost type cell [18]. In this work, efficiencies are reported close to 97% for a
rated power of 2kW. Regarding the number of passive elements, this topology uses a film
capacitor to store the power ripple and an inductor to transfer it; in addition, only two
semiconductor devices are required. The second outstanding decoupling scheme presents a
half-bridge based on the bidirectional dependent Boost type topology [24]. In this scheme,
efficiencies of 94.6% are reported for a rated power of 3kI/. The energy level that passive
elements process is very low, as the value of the capacitor is just 2.2uF with a 400V
DC-link voltage. In addition, only two semiconductor devices are required to perform
the decoupling task. The last outstanding topology corresponds to a schema based on a
Buck cell, which has the particularity of operating under a soft switching scheme called
Zero Voltage Switching (ZVS) |20]. This represents a great advantage because losses in
semiconductor devices can be minimized considerably; in this scheme efficiencies of 98.7%
are reported. Despite this great advantage, there is a counterpart to the power density
that these schemes can process; for this topology, in particular, a power of barely 1kWW was
reported. On the other hand, this scheme only requires two passive elements and reports
positive numbers concerning the amount of energy they process. Only two semiconductor
elements are required to perform the decoupling task independently. In the three topologies
that stand out, in all cases only two measuring sensors are required: one for the decoupling

capacitor voltage and one for the transfer inductor current.
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Table 2. Evaluation of most common active power decoupling topologies.

Converters topologies

Parameters Units | [13] | [28] | [31] | [21] | [34] | [35] | [30] | [32] | [20] | [36] | [33] | [25] | [19] | [27] | [18] | [24] | [9] | [23] | [29] | [26]
Series/parallel - P| P | P P P P P P P|P|P | P P P P|P|P|P P P
E n % NR | NR | NR | NR | 944 | NR |96.8| 96.1 |98.7|945|97.3| NR | NR | 939 | 97 | 964 |NR | NR | NR | NR
fé’ Vgrid Vrms 220 | 220 | 110 | 120 | 127 |84.85| 110 | 220 | 220 | 200 | 318 | 220 | 151 | 120 | 240 | 240 | 110 | 110 39 120
°E’ Brom kw 025 1.5 | 1 3 023 | 0.5 1 2.1 1 1 |27 |13 15 1 2 3 |04 04| 055 2
g 1/D - I I I I I I I I I I I D I D I D | I I D I
g Vlink Vavg 420 | 500 | 300 | 250 | 29.8 | 200 | 180 | 422 | 400 | 300 | 390 | 450 | 540 | 350 | 400 | 400 | 100 | 200 | 120 | 400
i Cac uF 50 | 10 | 110 | 200 - 44 | 200 | 3200 60 | 50 | — | 200 — — |45 | - | — 75 50
fow kHz 50 | 10 | NR | NR 30 20 | 20 | 40 | 400 | 16 | NR | 2 20 | 192 | 30 | 75 | 12| 20 10 100
" C, UF 30 | 155 | 110 | 450 | 38.06 | 50 | 80 | 150 | 190 | 180 | 50 | 140 | 140 | 90 | 30 | 2.2 | 160 | 50 75 300
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Introduction

7. Research motivation

The power ripple presented on the DC-link as discussed above is critical. In photovoltaic
and energy storage systems interconnected to the single-phase electrical grid, there is
always the need of compensating for this power ripple since it can drastically impact and
reduce the lifespan of the PV or the energy storage system. Due to the numerous drawbacks
of conventional passive decoupling schemes, it is substantial to find and identify emerging
ways to provide and contribute to addressing these issues in more suitable manners.
According to the background found in the literature, active power decoupling is a topic of
paramount interest because of the numerous benefits and advantages it has compared to

passive power decoupling.

8. Hypothesis

Based on the issues observed in the approach, the following hypothesis is proposed:

It is possible to encourage, promote and facilitate the development of active decoupling
schemes for photovoltaic and energy storage systems as a substitute for passive decoupling
schemes through greater transparency, definition, and distinction in the information
associated with their concepts, modes of operation, classifications and employing a
concrete comparison of two different active power decoupling schemes to provide a deeper
perspective and a more intuitive way of selecting these schemes for the various existing

applications.

9. Research justification

Nowadays, passive power decoupling is the most commonly used scheme in photovoltaic
and energy storage systems. As mentioned above, it has the asset of being the simplest
power decoupling scheme, but it also has numerous operating inconveniences. Active
power decoupling is novel and a suitable way to compensate for the numerous drawbacks
that passive schemes imply. Despite this, active power decoupling seems not to be
such a commonly implemented solution for photovoltaic and energy storage systems
applications. The wealth of information regarding the active power decoupling issue might
provide a blurring panorama of which kind of schemes are more suitable to implement
for determining power applications. This thesis work is intended to provide a clearer

approach to active power decoupling in order to clarify some issues that may stall its
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development and adequacy in the large number of applications where passive power

decoupling predominates.

10. Objectives

10.1. Overall objective

Develop an active power decoupling scheme with a reduced-link capacitor integrated into

a single-phase inverter interconnected to the electrical grid for active power injection.

10.2. Particular objectives

e Develop an independent active power decoupling scheme based on a power electronics

structure without galvanic isolation feature.

e Develop a dependent active power decoupling scheme based on a full bridge converter

without galvanic isolation feature.

e Adequate both active power decoupling schemes to a photovoltaic power system

interconnected to the grid for active power supply.

e Establish the most suitable control strategy for the system as a whole operating in

a photovoltaic system.

e Program control algorithms on a test bench, through their implementation in a

Dspace-based control system or a DSP.

e Build both active power decoupling converters and evaluate their performance along

with the grid-interconnected power inverter.

e Perform a quantitative and qualitative comparison in order to conclude in which

kind of applications these schemes can be used.

e Generate a test bench that allows further developments in the area of power

electronics converters for intelligent microgrids.

11. Methodology

In order to accomplish the objectives and scopes raised, the following methodology is

proposed:
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1. Review of the state of the art of active power decoupling.

2. Perform a quantitative and qualitative comparison of the outstanding active power

decoupling topologies in order to select the most suitable schemes.
3. Carry out simulations and experiments to verify the schemes’ operation.
4. Develop and validate the schemes proposed through experimental scenarios.
5. Asses the results of the inquiry.
6. Make comparisons between the schemes evaluated and develop conclusions.

7. Report the results obtained through the research.

In the thesis, two different active power decoupling topologies are studied. The first
scheme stands for a Bidirectional Buck-Boost converter as an independent active power
decoupling scheme which is based on the work reported in [37-39]. The second scheme
represents a DC/AC converter with a dependent active power decoupling feature reported

in [24]. The overall parameters for both topologies are shown in Table 3.

Table 3. Performance rating for the selected topologies.

Performance parameters Selected topologies

Bidirectional Buck-Boost DC/AC converter Units
Rated power 200 500 W
Grid voltage 48 127 Vims
DC-link voltage 100 450 V
Switching frequency 50 50 kHz

12. Thesis scheduling

This thesis work is addressed in three different chapters. Chapter number one introduces
the first active power decoupling scheme proposed. First, the operating principle of
the power converter is presented. Then passive dimensioning methodology is detailed.
Afterward, the converter modeling and the control system are addressed. In chapter two,
a second active power decoupling scheme is presented and the same scenarios of scheme
number one are also addressed. In Chapter three, some simulations in open and closed-
loop are carried out, and then some experimental results in open-loop are given to validate
the proper operation of both active power decoupling schemes. Finally, the conclusions of

this research are shown, detailing the solutions, contributions, and areas of opportunity in
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the different topics covered in this work. In addition, the scientific production during the
development of the research work is summarized. Some practical details of the development

of this work are explained in the appendices section.
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CHAPTER

BIDIRECTIONAL BUCK-BOOST
CONVERTER AS AN INDEPENDENT ACTIVE
POWER DECOUPLING SCHEME

According to the comparative evaluation of the power decoupling topologies reported
carried out in the introduction chapter, it has been possible to conclude that there exist
three different outstanding power decoupling topologies |9, 20,24|. This work intends to
evaluate the performance of an independent active power decoupling scheme in contrast
to a dependent active power decoupling scheme. Of the three outstanding topologies,
two of them are independent schemes, but the one which has the highest performance
according to the comparative evaluation carried out was taken into account for the
implementation. This scheme consists of a bidirectional Buck-type cell. Nevertheless, in
some works reported, it has been discussed that this scheme has some restrictions (view
Table 1.1), since the voltage in the decoupling capacitor must be lower than the DC-
link voltage, and this implies that the decoupling capacitor must have a relatively large
value |16, 40[; this phenomenon can be explained by the equation for the energy stored
in a capacitor: &/ = %(7vz,vvhereit can be seen that if the capacitor voltage is halved,
the capacitance must increase four times to store the same energy on the capacitor. On
the other hand, in the Buck-Boost scheme, both capacitance and voltage are adjustable,
allowing higher flexibility for dimensioning, selection and implementation. Consequently,
the Bidirectional Buck-Boost converter as an active power decoupling scheme has been

selected as the independent converter scheme.
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Chapter 1. Bidirectional Buck-Boost converter as an independent active power decoupling scheme

1.1. Considerations

Fig. 1.1 shows the Bidirectional Buck-Boost converter. This power converter has numerous
advantages of interest: it can operate individually of other conversion stages, then it has a
modularity feature; the control system becomes simpler because the power switches meet
only a unique task; and finally, as this topology has modularity feature, it can be easily

replaced by a passive scheme in order to build comparisons scenarios and evaluate their

performance.
Table 1.1. Buck, Boost, and Buck-Boost schemas restrictions.
Parameters Buck type Boost type Buck-Boost type
Decoupling capacitor voltage v, < Vg > Vge adjustable
Decoupling capacitance C, relatively large relatively small adjustable
Stress voltage Ve Ve, Vo, + Ve
Stress current ide /g ide lde /g
Efficiency - higher -

The following considerations must be taken into account for the converter operation
(Fig. 1.1) [16,37]:

1. The decoupling capacitor C, must bear large voltage ripple oscillations.
2. The transfer inductor L operates in Discontinuous Current Mode (DCM).
3. The stress voltages in power switches are the sum of vy + ve..

4. The stress current in power switches is given by i4./d, where d is the instantaneous

duty cycle.

5. Both voltage and capacitance of the decoupling capacitor can be adjustable, but

Ve, > 0.

1.2. Operation principle

The Bidirectional Buck-Boost converter is a DC/DC power converter that is originally
compounded by the basic structure of a unidirectional Buck-Boost converter but two
active switches are used to allow bidirectional feature (Fig. 1.1).

The function of this converter is to drive the current’s oscillatory harmonic of ¢4. at 2wy,

through the path of current 7,4,; that is, they are equal, thus on the current i, demanded
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1.2. Operation principle

by the load, only the average value is manifested and the ripple energy is stored in the
decoupling capacitor C,. All this can be achieved by allowing a large ripple voltage on this
decoupling capacitor; that is, the ripple energy is driven to be stored in C, instead of Cy,,
then only the high-frequency components are buffered by Cy., and thus, this capacitance
can be substantially reduced. The DC-link and the decoupling capacitor voltages can be
related through the duty cycle of the Bidirectional Buck-Boost converter as follows:

‘/;ut VC
== = = . 1 . 1
V;n + V;)ut Vdc + VCZ ( )

The Bidirectional Buck-Boost converter has two power switches, S; and S5, and can
operate at first in a complementary way. The modulation scheme is very simple; since it
is possible to implement a constant PWM. The inductor L meets the task of transferring

the power ripple energy from the DC-link to the capacitor C,.

(a) Bidirectional Buck-Boost converter
(view 1).

+

(b) Bidirectional Buck-Boost converter (view 2).
Figure 1.1. Bidirectional Buck-Boost converter as an active power decoupling scheme.

The Bidirectional Buck-Boost converter operates in two different modes [39]: charge
and discharge modes. In charge mode (view 1.2), energy is transferred from the DC-link to
the decoupling capacitor through the transfer inductor; while in discharge mode (view 1.3),

the decoupling capacitor releases its charge and the inductor transfers it to the DC-link.
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Chapter 1. Bidirectional Buck-Boost converter as an independent active power decoupling scheme

These two modes of operation are presented depending on the four possible states of the
switches [41]. The first takes place when switch S; is on and Sy off (view 1.2-(a)). At this
instant, current flows from the DC-link towards the inductor which stores the energy, and
the current tends to grow to a maximum value I, . It is important to remark that v,. and
Ve, can be considered constant in each switching period but for larger time intervals, the
signals are time variants. Considering then that vy, — V. and ve, — Vo, in a switching
period and the fact that 71 +7» < T, being T = Dg, T and Ty = (1 — Dy, ) T, the average

current across the inductor during the positive half-cycle can be determined as follows:

1
ILangS = §ILmaz‘DslT17
Vdc

I, = DT, (1.2)
Vdc
]Lng = ED%1T17

where 1" is the whole switching period and 7§ the charge mode switching period; that is
when the charging mode is completed. It is important to highlight that T can be equal
to T.

Once this maximum is reached, the second state takes place, where S; is off and the
free-wheeling diode of S, is activated (view 1.2-(b)); in this state, the inductor transfers the
energy to the capacitor and this is when the charging mode of the converter is completed.
The current’s evolution during states one and two is shown in Fig. 1.2-(c).

From the Eq. 1.2, the duty cycle for S; can be determined as follows:

|21, f.L
Dg, = LT (1.3)

where f, is the switching frequency of the Bidirectional Buck-Boost converter.

In the third state of the converter, it operates oppositely. In this case, the switch Sy
is on while S; is off and the decoupling capacitor C, transfers the energy to the inductor
L (view 1.3-(a)). In the fourth state, switch S is off, and the free-wheeling diode of the
switch S7 is activated, allowing the inductor current to circulate towards the DC-link
(view 1.3-(b)); this is where discharging mode of the power converter is completed. The
current’s evolution during states three and four is shown in Fig. 1.3-(c).

It should be noted that this converter operates in Discontinuous Conduction Mode
(DCM), since the inductor current is positive in one half-cycle and negative in another.
This offers an important advantage, since considering this operation mode and the fact
that it is not essential to maintain a low current’s ripple, the size of this inductor can be

considerably reduced under this criterion and by increasing the switching frequency.
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1.2. Operation principle

(c) Current’s evolution across the inductor during

the first and second state.

Figure 1.2. Switching operation during charging mode.
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(c) Current’s evolution across the inductor during
the third and fourth state.

Figure 1.3. Switching operation during discharging mode.

The average current across the inductor at the negative half-cycle can be determined

as follows:
1
]LaugTS = §]Lmin(]‘ - DSQ)T27
Limin — _VCZ DSQTS = _l“//dc(l - DSZ)T27
e (1.4)
(1 —Dg,)Ts = v Dyg,,
dc
I, = Ve, D% T
Lavg — QL‘/dc Sot2:
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1.3. Transfer inductor sizing

Similarly, the duty cycle for S5 can be determined from Eq. 1.4:

2IL(wg stVdc
Ds, = || ==, (1.5)

1.3. Transfer inductor sizing

The transfer inductor is designed in DCM since it is not indispensable to keep a low
current ripple across the inductor, thus the inductor value can be reduced.

For this analysis, the growth rate of the inductor current during the charging and
discharging mode is considered (view Egs. 1.2 and 1.4). In order to guarantee that the
transfer inductor operates in DCM, the inductor should release all the stored energy in

each switching cycle; that is:
TW+1T, <T. (1.6)

For the charging and discharging mode, Eq. 1.6 can be reformulated as:

Vie
Ds, T, <1+ : ) <T,
Ve,

V
Dg,T, (1 + CZ) <T.
Vdc

(1.7)

These two conditions must be satisfied when the ripple current reaches the rated

Egs. 1.7 can become one as:

2[L st ‘/dc
—mare” (1 +— | <T 1.8
Ve ( " VCZ) - (18)

maximum ripple current I,

max *

Eq. 1.8 can be rewritten as:

L V2

- > . 1.9
Vie = 21, fs(Vae + Ve, )? (1.9)

The maximum value of the inductor current (I, . ) is presented at the peak value
of the ripple current (view Eq. 1.10). Under this premise, it is possible to calculate the

minimum value required of the transfer inductor.

]dc
I, =t 1.10

where [;. represents the DC-link average current for the rated power conditions.
Since the transfer inductor only fulfills the function of transferring energy, it is not

necessary to obtain a strictly high performance in the current ripple, therefore a ripple no
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Chapter 1. Bidirectional Buck-Boost converter as an independent active power decoupling scheme

greater than 1.5 times the maximum current in the inductor is defined by establishing two
boundaries, one for the duty cycle of the switch S; and one for Sy (1.11); these boundaries
can be greater or lower depending of the desired maximum allowable current. In this case,

the ripple is set by following the methodology in [40].

VdIfDSlT <151 ..,

2 (1.11)

Ve
Do T < 1.51 .
2L SZ —_— L"Law

The first boundary of L can be determined from Eq. 1.11 as follows:

2 2
L > ‘/;lCVCZ

= L. 1.12
o 9[Lmazfs(‘/dc+ VCz>2 ! ( )

For the second boundary, it is necessary to highlight that the inductor current must
be restricted to be less or equal to the absolute maximum permissible value 7, When the
current across the inductor reaches its maximum value [, in one switching period, the

second boundaries can be estimated as follows:

Ve
‘[Lm,aw + _dL‘DSlT S I]IH
2 (1.13)

Ve
DT < I
oL st S

Lmaz

thus the second boundary for L, can be determined from Eq. 1.13 as follows:

1
I Z Vdc Lavg
2f5([p - ILleI)2

Eqgs. 1.12 and 1.14 implies that the inductor’s value must be greater than the maximum
value of L; and Lo, that is:

= L. (1.14)

1.4. Decoupling capacitor sizing

The decoupling capacitor for the Bidirectional Buck-Boost converter can be raised at first
by the amount of ripple energy stored in the DC-link capacitor Cy. (view Fig. 1.4).

In a VSC (Voltage Source Converter) based system, the ripple energy stored in the
DC-link can be determined by Eq. 1.16 [38].

Vri I T
E, = %ﬂgd (1.16)

where V,;q and 1,4 are the rms grid and current voltages.

26



1.4. Decoupling capacitor sizing

-0

Figure 1.4. Bidirectional Buck-Boost converter with the DC-link capacitor.

The voltage ripple (peak-peak) across the DC-link capacitor Cy. can be determined as

follows [13]:
E

AV o =2
: Cdc‘/dc

(1.17)

where Vj. is the average value of wvg. It is clear from Eq. 1.17, that Cy. is inversely
proportional to AV, that is, the larger the DC-link capacitor the smaller the DC-link
voltage ripple. In some power systems where a large DC-link voltage and a small voltage
ripple are required, a very large DC-link capacitor is also demanded for guaranteeing the
parameter’s conditions. Nevertheless, this large capacitor implies several disadvantages
such as low power density, efficiency, volume, and cost, among others [34].

The active power decoupling converter solves this problem by differing the DC-link
ripple energy to the decoupling capacitor C,, this way, the DC-link capacitor Cy. can be
drastically reduced and film capacitors can be employed.

The voltage across the decoupling capacitor ve, has also a voltage ripple AV, . In the
same way that the energy in the DC-link capacitor was determined, the same principle
can be applied to determine the size of the decoupling capacitor considering the energy it
has to store (1.18).

The value of C, can be determined in like manner the DC-link capacitor’s value was
determined; it has to be considered the energy that this capacitor has to store, and, at

first, it is the same energy that Cy. stores, that is:

E,

CZ ~ )
AVe, Ve,

(1.18)

where AV, and Vi, are the voltage ripple (peak-peak) and the average voltage of the

decoupling capacitor respectively. A relationship between the average voltage and the
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ripple in this capacitor can be established through the Eq. 1.19.

AVe
L, = z 1.19
R (1.19)
then the Eq. 1.18 can be rewritten as:
E
C, ~ —. 1.20
e (1.20)

From the Eq. 1.20, it can be noticed that the decoupling capacitor C, is inversely
proportional to the square of the voltage level across it; that is, if the voltage on the
decoupling capacitor is doubled, the capacitor can be reduced four times. If it is considered
that the same energy FE, needs to be stored by the DC-link capacitor, the ripple voltage
ratio across Cy, is:

Tge R i (1.21)
Cdcvfc
By combining the ripple voltage ratios of both capacitors, it can be determined how

much the decoupling capacitor can be reduced in relation to the DC-link capacitor (1.22).

2
O, ~ e (VdC> e (1.22)

T, VC P

1.5. Operation regions and power levels

As discussed in section 2.1, the duty cycles Dg, and Dg, can be obtained from Egs. 1.3
and 1.5. It must be noticed that these two equations contain square roots, then, the
computation parameters must be restricted in order to avoid complex results or any

indeterminacy. Considering this, it is possible to set boundaries for both Dg, and Dy,

[o]
0< —ngfSL <1,
o Vdc o
[2I,  f.LVy.
0< —LJ; de <.
V2

Figs. 1.5-(a) and (b) show the normalized operation regions for both duty cycles Dg,

respectively,

(1.23)

and Dg, respectively. It should be noticed that as the decoupling capacitor voltage is
regulated by the control system, it can be considered as a constant value as well as the

switching frequency f, and the inductor L, then only the inductor current I, and the
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DC-link voltage Vg, are allowed to range, then [L,,,; — iL4,,(t) and Vy. — v4.(t). These
considerations may change according to the control scheme.

It is important to remark that the operation regions can vary depending on every

specific scenario setting, and Figs. 1.5-(a) and (b) only show a normalized example for
view purposes.

0.8
0.4 U
Yie : g 0.2 ' 7

avg

(a) Operation region for Dg, .

de 2 8 0 0.2 5

g

o3,

(b) Operation region for Dg,.
Figure 1.5. Normalized operation regions for Dg, and Dg,.

In order to carry out simulation and experimental tests, it is necessary to define an
equilibrium point of the converter for certain performance parameters. This allows an
adequate sizing of the converter elements such as the transfer inductor, the decoupling
capacitor, and the appropriate semiconductor devices selection. Table 1.2 shows the

parameters selected for dimensioning the Bidirectional Buck-Boost Converter.
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Table 1.2. Parameters for the Bidirectional Buck-Boost dimensioning.

Parameter Symbol Value Units
Grid voltage Vrid 48 Vs
DC-link voltage Vie 100 Vavg
Ripple voltage on the DC-link AV, 10 Vip
Decoupling capacitor voltage Ve, 180 Vavg
Ripple voltage on the decoupling capacitor AV, 30 Vop
Maximum allowed current across the inductor I, 5 Ay
Maximum allowed voltage on the power switches 1,0 300 V
Maximum allowed current across the power switches  Ig, 5 A,
Rated power P, 200 w
Load resistance Rioua 50 02
Switching frequency of Buck-Boost converter fs 50 kH=z

First, a power level of 200 is defined. This power level is selected to carry out practical
simulations and experimental tests at low power since the objective of these scenarios is
just to validate the operating principle of the Bidirectional Buck-Boost converter as an
active power decoupling scheme. The voltage level on the DC-link is defined at 100V
with a voltage ripple of 10V,,; such values can vary depending on the desired DC-link
voltage conditions. To guarantee the desired ripple voltage level at the DC-link terminals,
it is necessary to guarantee an average voltage level in the decoupling capacitor of 180V;
this can be determined by following the capacitor sizing methodology and defining the
maximum voltage levels of vg. and ve,. It is important to remark that Vo, = 180V was
defined by the limitations regarding the switch voltages; if there is no limitation, this
voltage can be boosted as much as required.

For the transfer inductor, a first approximation to define the peak current is through
the peak value of the current across the DC-link. However, according to the inductor sizing
methodology, slightly higher current levels can be defined in order to oversize the inductor
to operate against disturbances where the converter operates above the rated power. In
this case, a peak current of no more than 5A is defined; this value can be determined at
first by the DC-link average current, but the desired final inductance size can also be an
important factor to take into account.

It is important to emphasize that the performance parameters must be defined
considering the maximum voltage and current levels that the semiconductor devices must
withstand. These levels can be deduced from the switching sequence of the converter (view
Fig. 1.3-(a) and (c)). The maximum voltage in semiconductor devices is determined by

the sum of the instantaneous voltage on the DC-link and the decoupling capacitor; i.e.:

Vimae = Vaemas + Verpan (1.24)
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On the other hand, the maximum current that semiconductor devices must withstand

is directly the maximum current in the transfer inductor; that is:

[Slmaw = ILmax : (125)

1.5.1. Transfer inductor calculation

In order to propose a complete scheme of the Bidirectional Buck-Boost converter, it is
necessary to raise an operation scenario to calculate the passive elements. The parameters
in the Table 1.2 are proposed.

Considering the input/output voltage equation for a typical Buck-Boost converter,

the required duty cycle in open-loop for the parameters raised is given by the following

|21, f.L
Dg, = % = 0.6429. (1.26)

The peak value of the current flowing across the transfer inductor can be then

equation:

calculated as follows: s
dc
= =3.11A. 1.27
D ( )

S1

L'maa:

Considering the value obtained from the Eq. 1.27 and the parameters from Table 1.2,

the two boundaries L; and L, can be determined:

L > 2Va. Ve, —L, = 93.07ul
" W Vet Ve p (1.28)
‘/(-ic[Lm, .
L> s =L, = 600uH.

- 2f5(Ip - [Lmaz)2

This means that the final inductor’s value, L, must be greater than 600uH .

1.5.2. Decoupling capacitor calculation

In order to estimate the value of the decoupling capacitor C, it is necessary to estimate
the energy processed at first by the DC-link capacitor. The parameters used are shown in
Table 1.2.

Considering a lossless system, the demanded power from the AC mains is the same as
the supplied to the load, that is:

Pi = Lout = ‘/gridlgrid = ‘/dc]dc = 200W. (129)
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where vg,.;q and ¢4,4 are the rms grid voltage and current and Vg, and ;4. are the average
voltage and current across the DC-link respectively.

The processed energy on the DC-link can be defined as in Eq. 1.30 while the required
capacitance to hold this energy for the passive decoupling can be defined as in Eq. 1.31.

Vri I T
Ege = 219204 953, (1.30)
Wo
Edc
Cge = ——— =~ H30uF. 1.31
d AV Vo 2 ( )

The decoupling capacitor can be easily estimated by finding the average voltage and

ripple ratio for both the DC-link and decoupling capacitors as shown in Eqgs. 1.32 and 1.33

respectively.
A
e = Vae . 100 = 10, (1.32)
dc
AV,
r, = —% %100 = 16.11. (1.33)
C.

The relationship between the DC-link capacitor and the decoupling capacitor (Rg)can

be raised as follows: AV V.
=% % 59 (1.34)

R, = —"%="% _
T AVaeVie

The Eq. 1.34 shows the theoretical number of times the total capacitance required can
be reduced with regard to the DC-link capacitor.
Finally, the decoupling capacitor can be computed as the number of times that the

DC-link capacitance can be reduced, that is:

Cdc
C,~
R

= 101pF, (1.35)
d

1.6. Control system

A proper control system must be implemented for ensuring the performance of the
power decoupling converter. As mentioned in section 2.1, the bidirectional Buck-Boost
converter aims to drive the low-frequency oscillatory current (i1,) at 2wy through the power

decoupling stage. All this results in the following control requirements:

e The oscillatory component of current i4. must be equal to ig,.

e The average voltage vo, must be regulated at a certain voltage level to keep bounded

the desired ripple voltage on the DC-link.
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1.6. Control system

According to [39], there are essentially three well-known ways to perform the control
strategy for the power decoupling converter. The first method consists of keeping the
average voltage of ve, regulated to guarantee a determined average voltage on the DC-
link and the ripple oscillations bounded. The second method consists in maintaining a
determined relationship between the ripple voltage and the average voltage of vc_; that
is, to regulate both the ripple voltage and the average voltage of vs, to guarantee the
conditions of the ripple voltage on the DC-link. Finally, the third method consists of
defining a minimum voltage level to guarantee the desired power ripple in the DC-link.
The difference between this method and the first is that it seeks to reduce the voltage
stress on the decoupling capacitor C, and therefore on the power switches.

For the Bidirectional Buck-Boost converter, the first method is implemented because

of its ease and simplicity of implementation; this control strategy is based on the work
reported in [39] (view Fig. 1.6).

]
d,

S,
s,
s,

d

s,

Figure 1.6. Control strategy for the Bidirectional Buck-Boost converter.

Initially, the current ¢,4. is measured; this current holds the oscillatory harmonic at 2wy,
so, after being measured, this current is subjected to a resonant filter Kp((view Eq. 1.36)

which provides the 2wy component only:

2Ehwgs

K p—
r(s) $2 4 26hwos + (hw)?’

(1.36)

where h = 2 and wy = 27 f. In order to cope with frequency variations, £ can be selected
as 0.01 —0.02 [39]. The behavior of the resonant filter can be illustrated in Fig. 1.7. It can
be noticed from the latter that the harmonic at 120H z is allowed to pass while the other
frequency band is suppressed.

Subsequently, the average voltage of veo, can be obtained through a first-order Low-
Pass filter (view Eq. 1.37). The bode diagram is shown in Fig. 1.8. Higher order filters

could be used but it is not recommended because of the time delay that these could provide
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Figure 1.7. Bode diagram for the resonant filter Kg (s).

when computing the average value.

wo
Hs) = 0, (1.37)
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Figure 1.8. Bode diagram for the Low-Pass filter H (s).

The average voltage V¢, is compared with its reference and the error is subjected to a
PT controller which provides the average capacitor current reference If, ; the subtraction of
these two elements gives, as a result, the reference current 4, which is used for calculating

the duty cycle for each power switch (Eq. 1.5); it is important to remark the values for
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1.6. Control system

the calculation of Dg, and Dg, must be strictly bounded for avoiding any indeterminacy.
Finally, a constant PWM is implemented to turn on and off the power switches. The

structure of the PI controller can be represented by the Eq. 1.38.

1
GP[(S) = kp <1 + ES) , (138)
where the controller tuning can be approximated with a gain £, determined to reach the

loop time T; from I¢, to V¢ , which approximates the following expression [39]:
ky = —=. (1.39)

The reason why a PI control is implemented is due to its simplicity and practicality of
implementation and tuning. In addition, considering the objectives and scope of this work,
it is enough to implement this type of control in order to validate the operating principle
of the converter. In addition, in [39,41], it has been shown that the control system used

operates adequately with a good performance.
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CHAPTER

DC/AC CONVERTER WITH DEPENDENT
ACTIVE POWER DECOUPLING FEATURE

A typical scheme for a single-phase DC/AC Full-Bridge based power converter or typically

known as a power inverter interconnected to the electrical grid is the one shown in Fig. 2.1.

grid

. 1 B o
Uin Udc L C £ . Ypwar _ Tm
|_‘
] e B
®------ e .

Figure 2.1. Typical DC/AC Full-bridge based power converter.

It is comprised of four power switches, S; — S;. The switch pairs Sp, .5, and Ss, .5,
conduct in turn and can be controlled under the same modulation strategy [42]|. This
power converter aims to map the energy on the DC-link and turn it into a sinusoidal
waveform for supplying active power to the load or the AC mains. LC or LCL filters
are implemented for removing high-frequency harmonics presented on the PWM voltage
(vpwar), guaranteeing the Total Harmonic Distortion (THD) required at the output [43].
During this conversion process, a voltage ripple on the DC-link is presented because of
the alternating power supplied to the load. The typical structure for a DC/AC converter
solves this issue by adding large electrolytic capacitors in the terminals of the DC-link.

However, as discussed in the introduction chapter, the use of large electrolytic capacitors
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Chapter 2. DC/AC converter with dependent active power decoupling feature

implies several disadvantages, such as increased volume and weight, lower power density
and efficiency, among others [15].

From the study carried out in the introduction chapter, it has been found that
there exist several schemes for performing active power decoupling; however, the scheme
reported in [24] has demonstrated outstanding performance according to the parameters
raised in the comparative conducted.

In this chapter, a DC/AC power converter with an active power decoupling feature
as an alternative to a regular single-phase DC/AC Full-Bridge based power converter is

evaluated.

2.1. Operation principle

The DC/AC converter with a dependent active power decoupling is shown in Fig. 2.2. It
initially bears resemblance to the original DC/AC Full-Bridge converter; it has four power
switches (S;—S4) and the switch pairs Sy, Ss and S3, Sy also conduct in turn, nevertheless,
they both meet a completely different task: switches S; and S, meets the task of performing
active power decoupling and buffering the voltage ripple that is presented in the terminals
of the PV system; that is, it transfers the ripple voltage presented in v;, through a transfer
inductor L, and this energy is then stored in the DC-link capacitor Cy,., thus the voltage in
the PV system is constant and the ripple is reduced by allowing large voltage oscillations in
Vge. Since the ripple oscillations in the DC-link are not strictly requested to be small, then
the minimum required capacitance can be drastically reduced. It is important to highlight

that the active power decoupling stage stands for a bidirectional Boost converter.

inverter

[}

;

Active power decoupling | 1 Single-phase half-bridge |
L}

stage -

. '

L}

e

;
inv 1

+

5

Figure 2.2. DC/AC converter scheme with active power decoupling feature operating as a forming
converter.
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2.1. Operation principle

The switches S3 and S, meet the task of a single-phase half-bridge inverter; it aims to
generate an AC bus for the local loads connected to it operating as a forming converter.
However, it can also operate as a feeding converter which consists of mapping the energy
generated by the PV system and supplying it to the grid. This operation mode is shown in
Fig. 2.3. It has to be emphasized that even though this scheme has a different components
arrangement, it can operate indeed as the traditional full-bridge structure shown in
Fig. 2.1.

inverter

stage

. L]
[} ]
1 1w H ' e - .
Active power decoupling } ' Single-phase half-bridge
i H
1]
L} Ll

Figure 2.3. DC/AC converter scheme with active power decoupling feature operating as a feeding
converter.

Considering the scheme shown in Fig. 2.3, the grid voltage and current vg,;q and ¢4

can be defined as follows:

Vgrid =V sin (wot) ,

(2.1)
Z'g”‘d :Ip sin (u)gt + 6)) .
The instantaneous power supplied to the grid is given by Eq. 2.2.

Volp
2

Pgrid = Vgridligrid = [cos O — cos (2wot + 0)] . (2.2)

It can be observed from Eq. 2.2 that the instantaneous output power is composed
of two terms: the average power V,I,/o, which is constant, and a second term given by
cos O — cos (2wot + 6) which oscillates at twice the grid’s frequency with an amplitude of
the average power supplied at the output of the inverter. As mentioned above, the DC-link
voltage holds the same 2nd harmonic presented in pg.;q and this can be represented as
follows:

Vae = Ve + Vo sin (2wt + 0) , (2.3)
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Chapter 2. DC/AC converter with dependent active power decoupling feature

where V,. is the peak ripple voltage.

Looking at the forming operation mode shown in Fig. 2.2, when the switch S3 is on
and Sy off, the output voltage is given by the PV system voltage, that is v, = vy, (view
Fig. 2.4-(a)). On the other hand, when S, is on and S5 off, the output voltage is given by
the subtraction of v, and vg.; that is v, = v4. — v;, (view Fig. 2.4-(b)). This particular
characteristic is imposed by the fact that the negative terminal of the PV system is directly
connected to the neutral terminal of the output load/ electrical grid and this, at the same
time implies an important advantage because of the reduction of the common mode leakage

currents that are commonly presented in transformer-less PV inverters [24].

J‘?,+??
5 1
?’d;:- v, S3
_ in
+ . . L
V, =t load Z(J Y Zi‘ﬂ.?,-‘
de Sl = i
PO g
- inv 1
el SO\
P + 1
Uo
(a) First mode S5 — ON.
?’dr_: Y V. S3
in
+ r . ; [ ]
7 - mer Zo inv 7 n
de o

N

(b) Second mode Sy — ON.
Figure 2.4. Operation modes of the DC/AC forming converter with active power decoupling feature.

Although this scheme represents outstanding advantages, it has to be highlighted

that has some limitations and restrictions because of its configuration structure; these
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2.1. Operation principle

restrictions can be formulated from the approach obtained by Fig. 2.4 as follows:
If v,(t) > 0, v (t) > v,(t),

(2.4)
If v,(t) <0, vae(t) — vin(t) > vo(t).

From the Eq. 2.4, it can be observed that these restrictions represent important
drawbacks because when the general operation of a Half-Bridge inverter is considered,
the maximum input voltage has to be greater than the peak value of the sinusoidal signal
at the inverter output. However, since the input voltage consists of the subtraction of
V4e — Vin and, in addition to this, the voltage vy, contains the oscillatory harmonic at 2wy,
it must be guaranteed that this subtraction is always greater than the peak value of the
desired sinusoidal signal at the inverter output, which also implies guaranteeing certain
voltage levels in vg. and v;,.

In general terms, the complete operation of the converter consists that through the
half-bridge inverter stage, a sinusoidal signal is reproduced at the output for supplying
active power to the load or the grid at issue, while the active decoupling conversion stage
is responsible for buffering the oscillations present in the terminals of the photovoltaic
system. It should be then highlighted that the switches S; and S, are controlled
independently of the switches S35 and Sy since both of them have completely different
tasks. From the approach of Fig. 2.4 and the Eqs. 2.1, 2.3 and 2.4 and considering that
the modulation signals for both the active power decoupling and the inverter stages (my,

and m;,, respectively) must be restricted as follows:

0<my <1,
(2.5)
0 <mjp, <1,

where the modulation waveforms for both stages can be determined by the Egs. 2.6 and 2.7

respectively.
Vie — Vin + Vi sin (2wot + 0)
= 2.6
e ‘/;lc + V;" sin (2W0t + 6) ( )
— Ve = Vin + Vjsin (wot) + V. sin (2wot + 6). @)

Ve + V, sin (2wot + 0)

It can be observed from Eqs. 2.6 and 2.7, that the modulation waveforms for both
active decoupling and inverter stages are not constant and purely sinusoidal respectively
as in traditional Boost and Full-Bridge converters are expected. For Eq. 2.6, the second
order harmonic at 2w, is added to m, for buffering this component present in v;, and
divert it to vge. In My, the harmonic 2wy component is also included for reducing its
effect at the output voltage of the Half-Bridge inverter.

In summary, the converter considerations and remarks are listed below:
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Chapter 2. DC/AC converter with dependent active power decoupling feature

1. Large ripple oscillations in v, are allowed in order to keep v;, constant.

2. The average value of v;, must be greater at all times than the peak value of v, in

order to guarantee the output voltage parameters. Likewise, vg.(t) — v;n (t) > v,(2).

3. The minimum DC-link voltage required is imposed by the output and the PV system

voltages, that is: vg. > =V, sin (wp) + vip-

4. The pairs of branches S, S and S3, S4 operate individually and both are controlled

by two different modulation waveforms (m;, and my,,).

5. Neither my nor m;,, must be necessarily pure constant and sinusoidal waveforms
respectively, since both of them hold the 2wy harmonic. However, they are bounded

for operating in the linear region; that is 0 < my < 1 and 0 < m;,, < 1.

2.2. Decoupling capacitor sizing

In order to determine the appropriate value of the decoupling capacitor Cye, it is necessary
to consider the energy that is intended to be processed in the DC-link. This energy is given

by the following expression:

Pac = —Eae = =— [Cacv3(1)] - (2.8)
If the derivative is applied as shown in Eq. 2.8, the following expression is obtained:
Pae = wWoClye [QVdCVT cos (2wt + 0) + V2 sin (4wt + 26’)} ) (2.9)

By combining the Eqs. 2.2 and 2.9, Eq. 2.10 is then obtained, which illustrates the
minimum capacitance required in the DC-link to guarantee the power requirements.

VI
Chpe = —22 2.10
T 2y Va Y, (2.10)

2.3. LC filter sizing

The DC/AC Half-Bridge inverter requires a low-pass filter in order to remove the high-
frequency harmonics presented on the switching voltage v,,,. The general principle of the
filter is to take advantage of a low-pass behavior with Butterworth response to attenuate
the high-frequency harmonics that the switched voltage signal of the inverter output holds,

in such a way that at the filter’s output, only the fundamental harmonic at wq is allowed
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2.3. LC filter sizing

to pass, obtaining, as a consequence, a completely sinusoidal waveform; it is important
to highlight that the filter’s approach is intended for the forming configuration but it is
still useful for the feeding mode. Fig. 2.5 shows the behavior of the second-order low-pass
filter with a Buterrworth-type response with an attenuation of —3dB at the desired cutoff

frequency f., where it can be seen that the high-order harmonics at m; and 2m; are

removed.
dB
A £=05
0 e, _3dB
~10 +
I m, + 2 _ i
—20 ++ 4 m, +
-30 + I I <
— — AL T > h
1 m, 2m,

Figure 2.5. Representation of the SPWM Half-Bridge inverter harmonic content with a second-order low-
pass filter.

The equivalent representation of the inverter output voltage and the LC filter is shown
in Fig. 2.6.

in

- +
g = R v

punn inv L o

Figure 2.6. Equivalent circuit for the Half-Bridge output voltage and the LC filter.

The frequency response of the circuit from Fig. 2.6 with a purely resistive load can be
obtained as follows:
Uy 1

H(jw) = = .
(jw) Upwm  LipyCinw (jw)2 + RLij +1

(2.11)

The typical second-order transfer function can be then obtained from Eq. 2.11 as

follows:
H (ju) = — . (2.12)
w) = = . .
J Upwm % (jW)Q + Z—E]2W +1

where w, is the filter’s cutoff frequency and ( is the damping factor. Both of them can be
estimated in Eqgs. 2.13 and 2.14 respectively.
1

V Linv Cim) ‘
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Chapter 2. DC/AC converter with dependent active power decoupling feature

V Lzm)/Can (214)

2R,

C =
where the angular cut-off frequency w. can be also expressed in degrees as f, = w./2m.
The filter’s characteristic impedance can be expressed as follows:

Linv
Cinv

7y = (2.15)

Then, the Eq. 2.14 can be redefined as:

(= % (%) , (2.16)

If the damping factor is selected as ( = 0.5 in order to obtain a plane response and
considering f. > 10f;, then the equations for both L;,, and Cj,, can be deducted as

follows:
o — ! (2.17)
" 10 (27Tf1) RLmin ’ '
Ry, .
Lipy = —=~, 2.18
10 (2r ) 219
where Ry . and f; are the minimum equivalent resistance for the maximum power to be

supplied to the load and the fundamental harmonic frequency respectively.

It is important to remark that the grid voltage v,.q is assumed dominant when the
converter operates in feeding mode; furthermore, the filter’s cut-off frequency is set for at
least ten decades higher than the fundamental frequency in order to keep a low THD; in
1inv- The cut-off frequency can be set by the following equation:

(2my —5) fi
10 ’

where my is the frequency index modulation given by f,/fi.

10f; < f. < (2.19)

2.4. Operation regions and power levels

As discussed in section 2.1, the modulation indices m; and m;,, can be obtained from
Egs. 2.6 and 2.7. It is important to remark that in order not to take the converter to an
invalid operating point, it is necessary to guarantee that the duty ratios are limited as

follows:

‘/dc - V;n + V;” sin (QWOt + 9)

0<
Vae + V. sin (2wot + 0)

<1, (2.20)
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2.4. Operation regions and power levels

Vie — Vip + Vy8in (wot) + V; sin (2wot + 0)
Vae + V. sin (2wot + 0)

0< <1 (2.21)

Since in a closed-loop scenario the average value of the DC-link voltage and the
voltage in the photovoltaic system are controlled parameters, it can be assumed that
both parameters are constant in steady-state. In addition, it is known that the voltage
of the electrical grid is fixed and invariable since it is considered an ideal grid. The only
parameter that can vary freely is the ripple voltage on the DC-link since it increases or
decreases depending on the amount of ripple energy that exists at the terminals of the
photovoltaic system. If a variation of 50V}, is considered, then the characteristic curves

of the operating points for both m, and m;,, can be computed as in Figs. 2.7-(a) and (b)

respectively.
|
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(a) Operation region for my.
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(b) Operation region for my,,.

Figure 2.7. Normalized operation regions for my and m;y,,.
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In Fig. 2.7-(a) can be seen that as long as the peak value of the DC-link ripple
voltage (V}) is null, the duty ratio m;, remains practically constant for each lapse interval.
However, as the ripple voltage increases, the harmonic at 2wy shows up in my, causing
larger oscillations and extending minimum and maximum values. Fig. 2.7-(b) shows the
modulation index my,,, in which it is observed that the signal remains bounded between
0 and 1 even though the ripple voltage grows. When the ripple voltage increases, the
harmonic at 2wy becomes more noticeable in order to reduce its effect on the inverter
output.

These figures illustrate the modulation waveforms changes when the ripple voltage on
the PV system increases or decreases. It must be remarked that they were only shown
for visualization purposes and it is important to be aware of the maximum and minimum
bounds of the parameters that govern the values of m; and m;,, for every specific scenario,
since these parameters can vary and are important to set the minimum and maximum
values that the duty ratios can reach; this allows preventing the converter from operating
in the overmodulation region.

In order to carry out simulation and experimental tests, it is necessary to define
an equilibrium point of the converter for certain performance parameters. This allows
an adequate sizing of the converter elements such as the LC filter, the decoupling
capacitor, and the appropriate semiconductor devices selection. Table 2.1 shows the
parameters selected for dimensioning the DC/AC converter with the dependent active

power decoupling feature.

Table 2.1. Parameters selected for dimensioning the DC/AC converter with the dependent active power
decoupling feature.

Parameter Symbol Value Units

Grid voltage

‘/grid 127 M"ms

DC-link voltage Ve 450 Vavg
Ripple voltage on the DC-link V, 50 Vp
PV system voltage Vin 205 Vavg
Grid frequency fi 60 Hz
Minimum load resistance Ry, 32.2 2
Filter damping ¢ 0.5 -
Rated power P, 500 w
Switching frequency fs 50 KHz
Cutoff frequency fe 5.1 KHz
Maximum allowed voltage on the power switches VOmas 500 V
Maximum allowed current across the power switches I, 15 Ay

In the first instance, an output voltage of 127V,,,, is defined. Afterward, the average

value of the DC-link voltage is set to 450V with a ripple voltage of 50V,,. The average value
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2.4. Operation regions and power levels

of the PV system is set to 205V. It is important to remark that these voltage levels are
initially defined by the restrictions of Eqs. 2.4 and the operation considerations addressed
in section 2.1 and considering that vg. > —V, sin (wo) + vip-

For the dimensioning of the LC filter, a cutoff frequency of 5.1kHz, a switching
frequency of 50kH z, and a damping factor of 0.5 are considered to obtain a response
as close as possible to the Butterworth-type response.

In order to size the semiconductor devices, the maximum voltage on the DC-link
and the maximum current across the inductors L; and L;,, are taken into account; it is
important to emphasize that the current flowing through these two inductors is different,
then the maximum current of both inductors is taken into account and the largest one is
chosen. Knowing that:

V :chaa:7
Qmaz =14 (2.22)

]Qmaz :[meaz’
it can be concluded that the power switches must be selected based on the maximum value

of current across L, and the peak value of the DC-link voltage.

2.4.1. Decoupling capacitor calculation

In order to estimate the value of the decoupling capacitor Cy., the parameters of Table 2.1
are proposed. Then, based on the Eq. 2.10, C,4. can be calculated as follows:

Voly

Cie = —2 2
T ViV,

~ 29.42uF. (2.23)

2.4.2. LC filter calculation

According to the methodology presented in the previous section, the parameters in the
Table 2.1 are proposed to perform the calculation of the LC filter of the Half-Bridge
inverter.

By using a large enough switching frequency, the output filter can be substantially
reduced. For this application, a switching frequency of 50kHz is employed. This allows to

increase the filter’s cutoff frequency and thus reduce the value of L;,, and Cj,,,.

1
Cine = ~ 0.967..F, 2.24
Ry, .
L, = —"— ~ 1mH. 2.25
fe (27Tf1) ( )
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2.5. Modeling and control system

In order to find an approximation of the average model of the converter shown in
Fig. 2.3, the concept of power poles [44] is used, which consists of representing a branch
of two switches through an ideal transformer with a transformation ratio equal to the
instantaneous modulation signal; however, for the simulation implementation, it is also
possible to use a model based on current and voltage-dependent sources. It should be
noted that in order to obtain a more simplified version of the model, an ideal operation
of the power switches is taken into account and a lossless system is assumed; regardless of
the model simplification, it is still possible to study the converter’s behavior with enough
accuracy for the purposes raised, however, it is recommended to extrapolate the converter
analysis under a deeper and more extensive model’s representation by considering parasitic

elements. The average representation of the power converter is shown in Fig. 2.8.

T, 1 1:m.
. b ) v
Zm ® L] [ ]
¥
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f?:.:: U.r"u. de
Upf.' El
i, Lb
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P = (N
< S,
z;ﬂf-r'a-r: v

grid inv

Figure 2.8. Converter’s average model representation.

It is important to highlight that this control system is applied to the feeding mode of
the power converter. To emulate the operation of the photovoltaic panel, it is modeled
through an independent voltage source v, in series with a resistance R that provides a
current (%;,), this way, the panel is emulated as a current source, which is defined through

Eq. 2.26.
o V;)v — Uin

i = (226)

The average model of Fig. 2.8 can be obtained through the voltage and current
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Kirchhoff’s laws as shown in the set of equations in 2.27.

duy,
LbE = Vin — MpUqc,
I d'lmv o

inv? = —VUin — VUgrid — MinvVdc,

o (2.27)

in . . .

C; W = Un — b — Yinw,

dvdc . .
Cdcw = Minovliny + Mplp-

The overall control objectives are listed below:

1. Regulate the PV voltage system v;, and operate in the Maximum Power Point
(MPP).

2. Regulate the average voltage of vs. and keep the ripple variations bounded.

3. Keep the inverter’s output current regulated for supplying the active power available

in the PV system to the electrical grid.

From the set of equations in 2.27, the control loops for the entire converter can be

defined (view Fig. 2.9). The control strategy used is based on the work reported in |24].

Uf * Input voltage +
L controller Tn‘b
: v,
s U in
in
Active power decoupling stage U

Inverter current
controller

DC link voltage
controller

iy 4

v.t,rr"f i

Half-bridge inverter stage

in Uﬂ-’ id Utf i

Figure 2.9. Converter control loops.

According to Fig. 2.9, the control system is made up of two different control loops.

The first corresponds to the active power decoupling loop and aims to keep regulated the
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Chapter 2. DC/AC converter with dependent active power decoupling feature

PV system voltage and operate at the MPP. The second loop corresponds to the half-
bridge inverter. This is composed of two sub-loops: the DC-link voltage and the inverter
output current regulation. For the DC-link regulation, the average value of vg4. is first
estimated; this is achieved by subjecting the voltage measurement to a Low-Pass Filter
H,. This filter’s output is subtracted with the value of the average reference and the error
is submitted to the DC-link voltage controller, which outputs the peak current reference
needed to keep it regulated at a reference value. This peak value is multiplied by the
reference offered by the Phase Lock Loop (PLL), the result is compared with the current
measured at the inverter output and is submitted to the current controller that finally
offers the modulation signal my,, which is subjected to SPWM modulation to control
the power switches. The input voltage, DC-link voltage, and inverter current controllers
are PI controllers and their structure is shown in the Eq.2.28. The reason for using these
controllers is due to the simplicity of implementation; besides, it is more than enough to
use this type of controller to study the operating principle of the converter in closed-loop

mode.

Coi(s) = k, (1 + T18> | (2.29)

where k, and T; are the proportional constant and the time of the integral action of the

PT controller respectively.

2.5.1. Phase-Locked Loop PLL

In order to guarantee the power exchange between the Half-Bridge inverter and the
electrical grid, it is vital to keep a sync between the inverter’s output voltage and the
grid’s voltage for being able to supply active power; this means that both inverter and
grid’s angles must be as even as possible. A Phase-Locked Loop is then required for
carrying out this task.

A Phase Locked Loop (PLL) is a closed loop system in which an internal oscillator
is controlled to keep in sync with some external periodic signal using a feedback loop.
According to [45], there exists numerous schemes for performing a PLL, nevertheless,
in [43], it is shown that the PLL based on the Second-Order Generalized Integrator (PLL
SOGI) demonstrates good performance for grid-interconnected applications.

The basic structure of a PLL SOGI is shown in Fig. 2.10.

where:
® v,iq is the measurement of the electrical grid voltage.

e vy, is the filtered signal of the electrical grid.
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Figure 2.10. PLL based on the Second-Order Generalized Integrator.
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® v, is the quadrature signal generated by the second-order generalized integrator.

o ¢ is the reference angle for the electrical grid shifted —m /2.

Initially, the PLL SOGI is composed of four different stages: the quadrature signal
generation, the dq transformation, a filter stage, and the phase angle generation.
The quadrature signal stage produces a phase shift in the input signal vg.q. The dg
transformation consists of a mapping of the rotating quadrature plane; that is, it turns a
rotating frame signal into a constant frame. The main advantage of this transformation is
the mapping of the fundamental signals in a DC component, being easier to apply control
over them [46]. The filter stage can be performed by a PI controller, however, it can also
be carried out by a typical low-pass filter. The angle generation can be performed by an
external resettable integrator.

The quadrature signal generation is carried out by a Second-Order Generalized
Integrator shown in Fig. 2.11. This system provides the required phase shift for the dq
transformation. This block is composed of two resonant filters at the grid’s frequency, from

which two signals with similar characteristics are obtained; the first is the grid’s filtered

voltage in phase with the original signal vg,,,,

with a phase shift of 90°(v§rid

and the second is the grid’s filtered voltage
). The resonant filters are represented in Egs. 2.29 and 2.30.

grid

SOGI

Figure 2.11. Second-Order Generalized Integrator structure.
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kws
= 7" @ 2.2
Gals) = s, (229
kw?

where:
e [ is a gain that reduces the filter’s convergence time.

e L is the grid’s angular frequency.

2.5.2. dq synchronous reference frame in PLL

The transformation dg0 is a derivation of the Park transform also known as the
synchronous reference frame transformation, which consists of a mapping of a time-varying
system abc to a constant reference frame dq0. It is widely used in the study of electrical
machines and control either in single-phase or three-phase systems [46].

The dq0 transformation has its single-phase version, which requires the construction
of an orthogonal system in order to obtain the dq0 components; that is, a phase shift of
90° between the voltage and currents is required [47].

The dq transformation is essential for mapping the rotating frame signals obtained
from the SOGI and turning them into the dgq frame. The matrix employed for the dq

transformation is shown in Eq. 2.31.
d : a
Uzrid — CO:.S(QI)/ Sln<0//) ’U%m'd ) (231)
Ugm'd - Sln(9 ) COS(Q ) Ugm'd

It is important to highlight that the angle reference generated by the PLL is shifted

90° and it is necessary to adjust it when calculating the sinusoidal reference, that is:

—g T 2.32
b=0— (2.32)

2.5.3. PI controller for the PLL

The PT control aims to guarantee v; = 0. The comparison between v] ., = 0 and v; = 0 is
due to the fact the scheme under study is a single-phase system and v, must be strictly zero.
In other words, it estimates the deviation in the grid’s angular frequency, and when the

central angular frequency is added, the grid’s angular frequency is obtained. Subsequently,
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this is subjected to an integrator that restarts every 27 and provides the phase angle ¢ at
the output. The transfer function of the PI control used in the PLL is defined as follows:

1
GPIPLL (3) = kPPLL (1 + ) : (233)

EPLL S

Considering the tuning remarks in [45], the PI gains can be approximated as follows:

9.2

kaLL = t ? (234)
ts&?
EPLL = 23 ) (235)

where:
e ¢, is the PLL’s stabilization time.

e ¢ is the damping constant.

2.5.4. Low-Pass filter for average value estimation

In order to obtain the average value of the DC-link voltage, it is necessary to submit the
measurement to a filter process in which it is possible to get rid of the 2wy harmonic, and
only the average value is then obtained at the filter’s output. To perform this process, the
use of a first-order low-pass filter is employed and it is tuned to a low enough frequency
of at least ten times lower than the cutoff frequency. The equation that represents the
low-pass filter is shown in Eq. 2.36, where the attenuation of —3dB is reached at 10H z
with a Butterworth response.
Wo

His)= (2.36)
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CHAPTER

SIMULATION AND EXPERIMENTAL
RESULTS

In this chapter, a review of the simulation and the experimental results for both
evaluated converters is carried out. In the simulation results, an open-loop scenario under
nominal conditions is addressed. Thereafter, a closed-loop scenario is proposed under some
disturbances of interest, and some performance parameters are analyzed. Finally, in the
experimental results, both converters are studied under open-loop scenarios and their

operating principle is validated.

3.1. Bidirectional Buck-Boost converter

3.1.1. Open-loop simulation of an active front-end rectifier with

passive and active power decoupling

This simulation scenario aims to emulate the behavior of a passive decoupling scheme
based on the electrolytic capacitor through the active decoupling scheme based on the
Bidirectional Buck-Boost converter. In order to validate this scenario, the simulation
schemes shown in Fig. 3.1 are proposed.

The scheme consists of a single-phase Voltage Source Converter (VSC) which operates
as an active front-end rectifier that forms a DC-link, in which the power ripple is presented
when it starts supplying power to the load. It is important to remark that a VSC can
operate both as a controlled rectifier and as a Full-Bridge inverter and in both cases, the
power ripple phenomenon is still present. The decoupling schemes evaluated are a passive
scheme (Fig. 3.1-(a)), composed of an electrolytic capacitor, and the active scheme based
on the bidirectional Buck-Boost converter (Fig. 3.1-(b)). The modulation schemes for both
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Figure 3.1. Simulation scenarios for the active front-end rectifier with passive and active power decoupling.
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3.1. Bidirectional Buck-Boost converter

converters are shown in Fig. 3.1-(c). Simulation parameters are shown in Table 3.1; these

parameters were obtained from the converter sizing in Chapter I.

Table 3.1. Simulation parameters for the active front-end rectifier with passive and active power
decoupling.

Parameter Symbol Value Unit
Grid voltage Vigrid,s Vrida 48 Vs
DC-link voltage Vie,s Ve, 100 Vavg
Voltage ripple on the DC-link AVye,, AV, 10 Vop
Rated power P, P, 200 W
Grid resistance Ryria 0.4

Grid inductance Lgria 5.5 mH
Load resistance Rioad 50 9
Link capacitor for passive decoupling Cic, 640 wkF
Link capacitor for active decoupling Clc, 100 o
Decoupling capacitor (active scheme) C, 100 uF
Transfer inductor L 620 wH
Switching frequency of VSC fsvse 10 kHz
Switching frequency of Buck-Boost converter Fsarp 90 kHz

In both cases, the load resistance R;..q is the same in order to supply the same active
power of 200W. The DC-link capacitor for the passive decoupling scheme (Cy,) is sized to
operate under an average voltage level of 100V for a voltage ripple of AVy, = 10V,,. The
value of this capacitor should be approximately 640uF'. On the other hand, for the active
decoupling scheme, a 100uF' decoupling capacitor is used. In this scheme, the capacitor
Cic, only fulfills the function of minimizing the high-frequency switching components that
can be presented in v4.,. The great advantage of the active decoupling scheme over the
passive decoupling scheme is that the required DC-link capacitance can be reduced so
that it is no longer essential to use electrolytic capacitors and film capacitors can be used
instead.

The first graph of Fig. 3.2 shows the simulation corresponding to scenarios (a) and
(b) of Fig. 3.1. In the first instance, the voltage and current supplied by the electrical
grid for the scheme based on passive power decoupling are shown respectively (vgyiq, and
igridp). Then vg,4q, and 44,4, represent the voltage and current supplied by the grid for the
active decoupling scheme. It is important to highlight that the voltages vg,q, and vga,
are practically overlapped and no difference is found between them since the magnitudes
for both the passive and the active decoupling schemes tend to be identical, since the same
power conditions are considered for both schemes.

The second graph of Fig. 3.2 shows the active power supplied to the load Rj,.q, which
corresponds to the approximate value of 210W. A power of 2000 is initially expected,

o7



Chapter 3. Simulation and experimental results

Grid voltage and current for passive decoupling Grid voltage and current for active decoupling
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Figure 3.2. Grid voltages and currents and active power for both passive and active decoupling schemes.

however, this variation is justified because of the error in steady state in the DC-link
voltage due to the absence of the controller. However, it can be seen for both passive
and active decoupling schemes, the active power tends to converge to the same value in
steady-state since the operating conditions for both schemes are the same.

The Fig. 3.3 shows the instantaneous and average voltage on the DC-link for both
passive and active decoupling schemes (Udc,,, Vie, and vge,, Vie,)- It can be seen from the
latter that the average value reaches approximately 100V and the ripple voltage ranges
in 10V}, for both cases. In addition, it can be highlighted that the average voltage in the
active decoupling scheme has a faster response than in the passive decoupling scheme; this
is mainly because the value of the capacitance Cq, is at least six times lower than Cy,,,
therefore the dynamic response offered by the active scheme is much faster. It can also be
remarked on the presence of the second harmonic at 2w.

In Fig. 3.4 the instantaneous and average voltages on the decoupling capacitor C, are
shown. It can be seen that the average voltage reaches an approximate value of 180V and
the ripple voltage ranges in 30V,,. It should be noted that the capacitor C, must withstand
large voltage oscillations and thus the ripple voltage on the DC-link is reduced. The
operating principle consists of diverting the ripple energy that is present in vy, towards
the capacitor C,. As shown in Chapter I, the Bidirectional Buck-Boost converter allows
adjusting of the voltage on the decoupling capacitor in order to regulate the magnitude
of the ripple on vy, , so that the voltage vc, can either increase or decrease depending on

the parameters required on v4., and the control objectives.
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3.1. Bidirectional Buck-Boost converter

DC link instantancous and average voltage DC link instantaneous and average voltage
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Figure 3.3. Instantaneous and average voltages on the DC-link capacitor for both passive and active
schemes.
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Figure 3.4. Instantaneous and average voltages on the decoupling capacitor.

Fig. 3.5 shows the drain-source voltage on S; and the sum of the decoupling capacitor
voltage and the DC-link voltage; i.e., vo, + vg,. It can be seen that when S; is off, the
drain-source voltage is equal to the sum of the decoupling capacitor and the DC-link

voltages; that is:
V‘Slmaz = VCZmam + VdCGmaa: : (31)

From Eq. 3.1, the maximum allowable voltage for the power switch can be defined;
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Chapter 3. Simulation and experimental results

the sizing procedure is specified in Chapter I, section 1.5. For this simulation scenario,
a drain-source voltage level of no higher than 300V was considered. This must be taken
into account when sizing since the DC-link ripple is limited by how much the decoupling
capacitor voltage level can be boosted and therefore under what voltage level the switch
can operate. It should be remarked that there is a slope on the switch voltage during the
falling edge due to the integration step, however, the results are still legit.

Sum of DC link and decoupling capacitor voltages Power switch voltage
500

"-\ | ‘LI'Cz +v o, ™ Ug
V, =300V
400 e v
!
-..‘ : > ".. deﬂ (i}
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|
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Figure 3.5. Power switch voltage.
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Figure 3.6. Instantaneous current across the transfer inductor.
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3.1. Bidirectional Buck-Boost converter

Fig. 3.6 shows the current across the transfer inductor L of the Bidirectional Buck-
Boost converter. It can be noted that the inductor operates in DCM since the current is
less than zero in each negative half cycle. This behavior is normal and expected in this
converter since in the negative half cycle the capacitor releases the energy toward the
DC-link and this causes the current across the inductor to be negative. It can also be
highlighted that the maximum value of the current in steady-state does not exceed 5A,

which corresponds to the dimensioning carried out in chapter I.

3.1.2. Closed-loop simulation of active front-end rectifier with

passive and active power decoupling

This simulation scenario aims to validate the operation of the proposed control system and
compare the performance of the active decoupling scheme against the passive decoupling
scheme facing load changes. The simulation and the control schemes are shown in Figs. 3.7
while the simulation parameters are the same addressed in Table 3.1.

The control objective for the passive decoupling scheme is to regulate the average
voltage on the DC-link in response to load variations through the active front-end rectifier.
For this control scheme, a cascade-loop control is used to regulate the voltage level on the
DC-link [47,48]; the cascade-loop controller is not analyzed in depth in this work, since
it is only used for performing comparisons between the passive and active decoupling
schemes. In the case of the active decoupling scheme, the control objective is to regulate
the average value of the voltage on the decoupling capacitor C, and transfer the ripple
voltage from Cy., to C,. The voltage reference for vs, can be obtained at first from the
desired ripple voltage on the DC-link. However, the maximum permissible voltage on the
power switches can also be a restriction for implementation.

It is important to highlight that the cascade-loop control is decoupled from the active
power decoupling control since the bandwidths of both are separated enough for at least

one decade. The simulation sequence is explained below (view Fig. 3.8):

1. From 0 to t; = 0.15s a purely resistive load of Ry = 502 is connected for supplying
2000

2. From t; = 0.15s to t; = 0.3s, the load is halved in order to supply 400W.

3. Finally, since t5 = 0.3s, the load is set to Ry, = 100{? for supplying 100\ .

Fig. 3.9 shows the DC-link voltage for both passive and active schemes. It can be

observed that the average value remains regulated at 100V as expected. However, the
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Figure 3.7. Closed-loop simulation scenarios for the active front-end rectifier with passive and active power
decoupling.
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Figure 3.8. Active power sequence.
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Figure 3.9. DC-link voltages for passive and active decoupling schemes.

ripple voltage changes at ¢; from 10V to 20V and from 20V to 5V at ¢5. This phenomenon
is expected since in the passive decoupling scheme, the active front-end rectifier is only in
charge of regulating the average value of the DC-link and, being constant, the value of the
voltage ripple relies directly on the value of the capacitor Cg., and the power supplied to
the load. In the active decoupling scheme, the rectifier is also responsible for regulating the
average value on the DC-link, however, the Bidirectional Buck-Boost converter performs

the task of reducing the ripple in vg.,. The active decoupling scheme control system can
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either regulate the voltage at C, and allow different oscillations at v4., or maintain a
constant ripple level at v4., at the rate of allowing the voltage in C, to vary. For this
scenario, the voltage in C, is regulated and different oscillations are allowed in v, in
order to limit the maximum stress voltage on the power switches.

Fig. 3.10 shows the voltage reference (V{ ) on the decoupling capacitor, the average
voltage (Vi) and the instantaneous voltage (ve,). It can be seen that the average value
follows the reference of 180V regardless of load changes. It can also be highlighted that
there is a linear relationship between the DC-link ripple voltage and the decoupling
capacitor ripple voltage; that is, they both change in the same proportion. This must
be taken into account when defining voltage limits. It must be noted that the controller
works properly because the maximum error corresponds when Vi, = 178.5V which implies

a deviation of approximately 0.85%.

Decoupling capacitor instantaneous, average and average reference voltage
400
‘I tf(._. ] V(_\ - V;“
200 AV, =60V : :
[\ V, =180. 051\ i _ V, =178.9V
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.............. V. =178.5V
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AV, =30V
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L t,
0 0.1 0.2 0.3 0.4 0.5
Time (s)

Figure 3.10. Reference and actual value of the decoupling capacitor voltage.

The first graph in Fig. 3.11 shows the current provided by the active front-end rectifier
(i4c, ) and the current flowing through the Bidirectional Buck-Boost converter stage (i4p). It
can be distinguished that the harmonic i;, at 2wy is deflected through the active decoupling
stage; that is, 75, = igp,. This produces that in the output current %;,,4, only the average
value is manifested as shown in the second graph in Fig. 3.11.

In Fig. 3.12 the frequency spectrum since ¢t = 0.4d of the signals in Fig. 3.11 is shown,
however, similar behaviors of the frequency spectrums for all time intervals in steady-state
are expected. In the first graph, it can be confirmed that i, = i4, since the current ig,

has the same harmonic content as 4., being the average component the exception. The
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Figure 3.11. Current provided by the front-end rectifier (i4,). Current diverted by the active decoupling
stage (ip). Load current (i;044,) for the active decoupling scheme.

second graph in Fig. 3.12 shows that the load current ¢;,,4, is mostly made up of the

average component and the high-order harmonics are mitigated.
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Figure 3.12. Frequency spectrum for the currents shown in Fig. 3.11.
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3.1.3. Experimental scenario for a Full-bridge diode rectifier

with active power decoupling

This experimental scenario aims to validate the operation principle of the Bidirectional
Buck-Boost converter as an active power decoupling scheme in open-loop scenarios. It is
important to remark that despite the experimental scenarios differ from the simulation
scenarios, these are still legitimate and valid since independently of which scheme is used
either the VSC as rectifier /inverter or the diode full-bridge rectifier, the power ripple at
2wy is present anyway and the magnitude of this ripple power relies on the supplied power
and not on the scheme type. The change from the simulation to the experimental scenarios
was performed for reasons of practicality and simplicity; furthermore, other experimental
scenarios that complement the overall results are presented below, allowing diversifying

the outcomes by testing the power converter in multiple conversion schemes.
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(a) Full-bridge diode rectifier with active power decoupling based on the Bidirectional Buck-Boost
converter.
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(b) Modulation scheme for the experimental scenario.

Figure 3.13. Experimental scenario and modulation schemes for the Full-bridge diode rectifier with active
power decoupling based on the Bidirectional Buck-Boost converter.

Fig. 3.13 shows the scheme to be evaluated. In the first instance, there is an isolation
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3.1. Bidirectional Buck-Boost converter

transformer that fulfills the task of isolating the electrical grid from the power circuit.
Afterward, there is an autotransformer that meets the task of regulating the AC voltage
at the input of the single-phase diode bridge rectifier; this way, the voltage level on the DC-
link can be boosted gradually. Subsequently, there is the active decoupling scheme based
on the Bidirectional Buck-Boost converter; this converter is responsible for reducing the
ripple voltage present on the DC-link. The capacitor Cy. only fulfills the task of reducing
the high-frequency switching components. Finally, a purely resistive load of 502 is used
as an output load. An experimental scenario of 50W is first performed and then the
rated power scenario of 2001 is addressed. For the modulation scheme, a Digital Signal
Processor (TMS320F28379D) from Texas Instruments is used for controlling the power
transistors. The experimental parameters are shown in Table 3.2; these parameters are
raised on the converter sizing addressed in Chapter I, section 1.5.

Fig. 3.14 shows the built experimental test bench for the scheme raised in Fig. 3.13.

Autotransformer

1 Bidirectional
: Buck-Boost
converter

-l;‘-ull Bridge
diode rectifier

»

Resistive load

Pa—— o
= DC-Link capacitor

Figure 3.14. Experimental test bench.

Fig. 3.15 shows in channels 3 and 4 the voltage on the DC-link and the current across
the transfer inductor respectively when the converter operates with no load connected. It
can be seen that the voltage ripple is null, however, a high-frequency induced noise appears
because of the MOSFET switching at 50k H z. The transfer inductor current swings around
Zero.

Channels 3 and 4 of Fig. 3.16 show the DC-link voltage (v4.) and output current(ij,qq)

respectively when Rj,,q = 502 is connected. At this point, it can be seen how the
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Table 3.2. Experimental parameters for the Full-bridge diode rectifier with active power decoupling.

Parameter Symbol Value Unit
DC-link voltage Vie 50, 100 Vi,
Rated power P, 200 w
Testing power P, 50 %74
Load resistance Rioua 50 02
Link capacitor Clac 100 uF
Decoupling capacitor C, 100 o
Transfer inductor L 620 uwH
Switching frequency of Buck-Boost converter  f,,., 50 kHz
Tekstop_ | E _ i _ 1

! ! Ch3 Mean
i 49.8V
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Figure 3.15. DC-link voltage and transfer inductor current operating with no load connected.

voltage ripple at the terminals of C,. shows up and how the Bidirectional Buck-Boost
converter performs the task of attenuating and buffering the ripple voltage, keeping it at
an approximate value of 12V},

Channel 3 of Fig. 3.17 shows the voltage across the decoupling capacitor C,. Here
it can be distinguished that it withstands larger oscillations than that of the DC-link
voltage since it swings with a ripple voltage of approximately 21V,,. This is an expected
phenomenon since in order to reduce the ripple voltage on the DC-link it is necessary
to allow large fluctuations in the voltage level of the decoupling capacitor. Considering
the average and the ripple voltage and the capacitance value of both decoupling and DC-
link capacitors, it can be concluded that the ripple voltage on the DC-link is reduced
approximately 5.2 times, which is the expected value from the analysis carried out in
Chapter 1.

Finally, Fig. 3.18 channel 3 shows the drain-source voltage on switch S;. It can be seen

that the maximum value of the voltage level when S is off is given by vy, + v, then
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Figure 3.16. DC-link voltage and load current when R;,,q = 50£2 is connected.

Tekstop | i ¥ ]

L1}
—_— R L - & 3
AV v le: 7
{_'\
o W LD N NSNS e T
I Ch3 Mean
t ” 123V
B:‘.:'.,u‘,i..:.f..‘u;. e s S T o T S RS Ch4 Mean
1 1.03 A
L IR 1 NI i VR 4 Al 4 Ve Pla. Fhs ik Ty M

Ch4 RMS
1.04 A

=

M[10.0ms Al Chd + 1.15A
ME 50.0V  |Chd4] S00mAQ 9jJan 2022

i+~ [0.00000 s 19:42:36
Figure 3.17. Decoupling capacitor and DC-link voltages for a load of Rj,qq = 5052.

the harmonic at 2w is also present on the switch voltage. It is important to consider the
maximum oscillation possible when performing the power switch sizing. Channel 4 shows
the current across the transfer inductor L, in which it can be highlighted that it operates
in DCM as expected.

Fig. 3.19 shows the experimental results at the rated power of the scheme proposed in
Fig. 3.13. Channel 1 shows the DC-link voltage where it can be seen that the Bidirectional
Buck-Boost converter operates properly, being able to reduce the voltage ripple present
on the DC-link to a value of approximately 36V. The converter at this point operates
in open-loop and at a duty cycle of 80%; this implies that the voltage ripple could be

reduced to an even greater extent, however, for safety reasons, it was limited to 80% due
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Figure 3.18. Drain-source voltage for switch S; and transfer inductor current for a load of Rj,qq = 50£2.
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Figure 3.19. Experimental results for the rated power scenario of 200W. Ch1 represents the DC-link
voltage. Ch2 shows the current demanded by the resistive load. Ch& shows the instantaneous active

power dissipated by the load.

to some problems with radiated noise since this represents a risk because it compromises

the converter’s operation. Channel 2 shows the current demanded by the resistive load

and channel 3 shows the active power it dissipates.

3.1.4.

Experimental scenario for a DC/AC single-phase inverter

with passive and active power decoupling

This experimental scenario aims to operate and compare the passive and active decoupling

schemes interconnected to a Full-Bridge single-phase inverter for supplying active power
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3.1. Bidirectional Buck-Boost converter

to a purely resistive load at the output. Fig. 3.20 shows the scheme to be evaluated,
which also consists of a full-wave diode single-phase rectifier bridge that forms the DC-
link voltage at the inverter’s input. Afterward, an electrolytic capacitor is used as the
passive decoupling scheme (view 3.20-(a)). A Full-Bridge single-phase DC/AC converter
is incorporated to supply active power to the load. In the second scenario (view Fig. 3.20-
(b)), nearly the same previous scheme is shown, but now the Bidirectional Buck-Boost
converter is used as the active decoupling scheme. Fig. 3.20-(c) shows the modulation
schemes for both experimental scenarios. The experimental parameters are shown in
Table 3.3. It is important to highlight that this scenario was raised because of the voltage
overshoots present on the power switches, then a testing power of 50WW was redefined.
Given this experimental scenario, the converter parameters do not have to change since it
is dimensioned for a power of 200W.

Table 3.3. Experimental parameters for the DC/AC single-phase inverter with passive and active power
decoupling.

Parameter Symbol Value Unit
Output voltage Voo Vou 48 Vs
DC-link voltage Viae,s Vie, 50 Vavg
Voltage ripple on the DC-link AVye,, AV, 10 Vip
Testing power P, P, 50 w
Inverter filter’s inductor Linw 600 o
Load resistance R, 16 9
Link capacitor for passive decoupling Cic, 1,100  uF
Link capacitor for active decoupling Clc, 100 o
Decoupling capacitor (active scheme) C, 100 pF
Transfer inductor L 620 wH
Switching frequency of Full bridge inverter fsvse 10 kHz
Switching frequency of Buck-Boost converter fsarp 950 kHz

Initially, it was contemplated to operate the converter at the nominal power of 2001/
under which it was previously designed, however, due to voltage overshoots on the drain-
source terminals of the power switches, it was decided to design and adapt a snubber
circuit to minimize the effect of voltage overshoots in S; and S5. This is an undesirable
phenomenon that is mostly present due to the effects of equivalent parasitic inductances
and capacitances in the final circuit. With the incorporation of this snubber circuit, it
was necessary to reduce the maximum operating power due to the amount of power that
the snubber can dissipate, since if the converter operates at higher power, the power
dissipated in the snubber increases and the same way. Even though this implies an

important drawback and reduces the overall efficiency of the system, experiments can
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Figure 3.20. Experimental scenarios for the DC/AC single-phase inverter with passive and active power
decoupling.
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3.1. Bidirectional Buck-Boost converter

still be carried out to validate the operating principle of the converter and compare both
passive and active schemes.

In Fig. 3.21 the results for the passive decoupling scheme are shown. Channels 1 and
3 display the inverter output voltage and the current demanded by the load respectively,
supplying a total of 50/W. On channel 2, the DC-link voltage is displayed at an average
value of approximately 50V. The same waveforms are shown in Fig. 3.22, but with the
system operating with the Bidirectional Buck-Boost converter as the active decoupling
scheme. It can be seen that in the passive decoupling scheme, a ripple level of 11.2V},, is
reached with a 1, 100uF electrolytic capacitor. On the other hand, in the active decoupling
scheme, a ripple level of 12.8V,, is reached, however, an equivalent capacitance of 200pF
is used considering Cy., and C.; furthermore, the ripple voltage in this last scheme can
be further reduced by increasing the duty cycle of the converter. It can be seen that
the Voltage Total Harmonic Distortion (T'HD,) for both active and passive decoupling
schemes is high, however, this is justified because the T'H D,, parameter was not considered
as a performance parameter since this scenario aimed to compare only the ripple voltage
attenuation for both schemes; nevertheless, the T'HD, can be optimized by designing a

proper LC/LCL filter and by reaching a lower ripple voltage on the DC-link.
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Figure 3.21. Experimental results for the DC/AC converter with passive decoupling.

With these experimental results, it can be concluded that the DC-link capacitance
for the power conditions established in the Table 3.3 can be reduced approximately 11
times the initial value of the DC-link capacitor and the total equivalent capacitance
can be reduced from 1,100uF" to 200uF', which represents a decrease of approximately
81.81% of the initial value when using the Bidirectional Buck-Boost converter as an

active decoupling scheme, substituting the passive decoupling scheme. By obtaining this
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Figure 3.22. Experimental results for the DC/AC converter with active decoupling.

reduction of the total equivalent capacitance, it is possible to replace electrolytic capacitors
with film capacitors and improve the performance parameters of the overall system by

taking advantage of the benefits of this type of capacitors.

3.2. DC/AC converter with dependent active power

decoupling

3.2.1. Open-loop simulation for the DC/AC converter with

dependent active power decoupling as a forming converter

This simulation scenario aims to validate the operation principle of the DC/AC converter
with a dependent active power decoupling feature under nominal conditions in an open-
loop simulation. In order to validate this scenario, the simulation scheme shown in Fig. 3.23
is proposed.

The scheme consists of the DC/AC converter with active power decoupling presented
in Chapter II. In the first instance, the input power source is a photovoltaic system made
up of a series connection of six photovoltaic panels, resulting in an input voltage v;,
of approximately 205V. It is also composed of the transfer inductor L, and the DC-
link capacitor Cg. At the Half-Bridge output, there is the LC filter made up of the
inductor L;,, and the capacitor Cy,,. Finally, a purely resistive load is used. The operation
principle consists of operating the Half-Bridge inverter as a forming converter to generate

an AC bus for the resistive load and to be able to provide the active power that it
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Figure 3.23. DC/AC converter with active power decoupling feature operating as a forming converter.

demands. In addition, the objective is also to reduce the voltage ripple at the terminals
of the photovoltaic system by diverting it towards the DC-link capacitor. The simulation
parameters are shown in Table. 3.4. These parameters are obtained from the converter
sizing addressed in Chapter II, section 1.4.

Fig. 3.23 shows that the converter operates adequately for the established nominal
conditions. The first graph shows the voltage at the output of the Half-Bridge stage after
the LC filter. A measurement of the voltage Total Harmonic Distortion (T'HD,) in v, was
carried out and a value of less than 0.52% was obtained. The second graph shows the
current demanded by the resistive load multiplied by a factor of 10 for display purposes.
Finally, the third graph shows the active power of 500 that is supplied to the load.

The first and second graphs of Fig. 3.25 show the modulation waveforms for both the

Half-Bridge inverter and active decoupling stages respectively (m;,, and m;). Fig. 3.26

I6)



Chapter 3. Simulation and experimental results

Table 3.4. Simulation parameters for the open-loop simulation of the DC/AC converter with dependent
active power decoupling as a forming converter.

Parameter Symbol Value Unit
Half-Bridge output voltage Vo 127 Vims
PV system voltage Vi 205 Vavg
DC-link voltage Ve 450 Vavg
Voltage ripple on the DC-link AVy. 100 V
Rated power P, 500 w
Half-Bridge LC inductor Line 1 mH
Half-Bridge L.C capacitor Cinw 7.3 uF
Load resistance Ry 50 P
DC-link capacitor Cle 30 WF
PV systems’ capacitor Ci 2.2 wF
Transfer inductor Ly 1 mH
Switching frequency of Half-Bridge stage fsup 50 kHz
Switching frequency of Boost stage fsp 50 kHz
Half-Bridge output voltage Load current (x10)
. ’U” - ?:U
200
0
-200
Active output power
600 (a P|
S
400
200
0
0 0.05 0.1 0.15 0.2

Time (s)
Figure 3.24. Half-Bridge output voltage and current and active power supplied to the load.

shows the frequency spectrum for both waveforms. It can be clearly remarked these
waveforms are not purely sinusoidal and constant respectively as expected in a standard
Half-Bridge inverter and a typical Buck-Boost converter.

It can be seen in Fig. 3.26 that my,, holds the 2nd and 3rd harmonics besides the
fundamental component at wy. This characteristic is employed to mitigate the ripple
voltage effects due to the 2nd harmonic presented on the DC-link that could be present on
the Half-Bridge inverter’s output and then guarantee a low THD,. As it is shown in the
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3.2. DC/AC converter with dependent active power decoupling
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Figure 3.25. Modulation waveforms for both Half-Bridge and active decoupling stages.
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Figure 3.26. Frequency spectrum for the modulation waveforms for both Half-Bridge and active decoupling
stages.

second graph of Fig. 3.25, the modulation waveform for the active decoupling stage my, is
not constant as expected in most DC/DC power converters, this is because this waveform
holds the 2nd harmonic at 2wy in order to buffer the effect of the ripple voltage on the PV
system voltage by diverting it to the DC-link capacitor. After obtaining the modulation
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Chapter 3. Simulation and experimental results

waveforms, a SPWM is employed for the power switches.
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Figure 3.27. DC-link voltage.

Fig. 3.27 shows the DC-link voltage that reaches an approximate average value of 450V
with a voltage ripple of 100V,,. A slight deviation in the average value can be distinguished
due to the absence of the controller. On the other hand, Fig. 3.28 shows the voltage in
the photovoltaic system that reaches the equilibrium point defined at an approximate
value of 205V in steady-state. It can be distinguished that the voltage ripple reaches an
approximate value of 2.5V,,. As a result of these simulations, it can be concluded that
the converter operates adequately since it guarantees a low ripple voltage at the terminals
of the photovoltaic system and also fulfills the task of a forming inverter reproducing a
sinusoidal waveform at the output with the established parameters.

Fig. 3.29 shows the current across the inductor of the LC filter of the Half-Bridge
inverter and the current through the decoupling Boost inductor. It can be seen that
the current ;,, does not have a purely sinusoidal behavior and this is because there is
no control loop in this simulation. It should be remarked that the current ripple can be
minimized by increasing the switching frequency or by increasing the value of the inductor
L.
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3.2. DC/AC converter with dependent active power decoupling
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Figure 3.28. Photovoltaic system voltage.
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Figure 3.29. Half-Bridge inductor’s current (i;,,) and Boost stage inductor’s current (ip).

3.2.2. Closed-loop simulation for the DC/AC converter with

dependent active power decoupling as a feeding converter

This simulation scenario aims to validate the operation of the converter operating in

closed-loop as a feeding converter interconnected to the grid. The evaluated scheme is
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Chapter 3. Simulation and experimental results

shown in Fig. 3.30-(a) while Fig. 3.30-(b) shows the control system and the modulation

scheme for the addressed simulation. The simulation sequence is shown in Fig. 3.31.
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(b) Control and modulation schemes for the raised simulation.

Figure 3.30. Closed-loop simulation scenario for the DC/AC converter with active power decoupling.

1. From 0 to t; = 0.4s, the converter operates at the rated power (500W). The

irradiance is fixed at a value of 1000W/m?.

2. At time t; = 0.4s, the irradiance is halved. This causes the panel to only be able to
produce 200W.

3. Finally, at time t = 0.8s, an irradiance increase of 25% is performed to supply
400W.
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3.2. DC/AC converter with dependent active power decoupling
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Figure 3.31. Irradiance and active power change sequence.

In Fig. 3.32 the grid voltage is shown against the reference obtained from the PLL. In

this graph, it can be seen how the PLL is synchronized to the grid in approximately two

cycles that correspond to a time of 33ms.
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Figure 3.32. Grid voltage and PLL sync reference.

In Fig. 3.33 the instantaneous voltage on the DC-link is shown. One of the control

objectives consists of guaranteeing a regulated average voltage level at the DC-link
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Figure 3.33. DC-link voltage in closed-loop.

terminals but allowing the ripple voltage to vary with the justification that a constant and
reduced ripple voltage at the photovoltaic system terminals can be guaranteed. However,
the maximum allowable oscillation on the DC-link is bounded as it is limited by the
maximum allowable voltage in the semiconductor devices. As expected, from 0 to t;, the
ripple voltage is approximately 100V, operating at nominal power. At the instant of time
t1, the ripple voltage is reduced, but the average value is maintained (view Fig. 3.34). This
happens because the supplied power to the electrical grid is lower and therefore the ripple
voltage in the photovoltaic system is also lower. This causes the capacitor Cy. to store
less energy and therefore the ripple level decreases; this is where it can be seen that there
is a proportional relationship between the power level and the magnitude of the ripple
voltage. Finally, at the instant of time ¢5, the ripple voltage on the DC-link increases to
78V, because a power of 400l is now supplied to the grid; however, it can be seen that
the average value remains regulated at all times at a value close to 450V.

Fig. 3.35 shows the voltage of the photovoltaic system. One of the control objectives
consists of keeping the average value regulated in the photovoltaic system and guaranteeing
a low ripple voltage. In this figure, it can be observed that despite the disturbances in the
irradiance changes, the average voltage in the photovoltaic system remains regulated at a
value close to 20V, as expected. In addition, despite the disturbances, the ripple level does
not increase in any of the cases, since the ripple energy is stored in the DC-link capacitor

(C4e), and, this way, the variation is compensated.
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Figure 3.34. DC-link average reference and actual voltages.
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Figure 3.35. Photovoltaic system reference and actual voltages.

Finally, Fig. 3.36 shows the current supplied to the electrical grid compared to its

reference. It can be seen that in all the periods, the control system adequately reproduces

the reference current, obtaining a maximum current error of 0.13A, corresponding to an

approximate error of 0.66%. In addition, the longest response time obtained was around

t, = 13ms, which corresponds to the time-lapse when the first disturbance is occasioned
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(t,) and the time when the controller manages to stabilize the actual current (¢)(view
Fig. 3.36). Regarding the harmonic distortion in the current, a maximum distortion level
of 4.19% was recorded.
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Figure 3.36. Grid reference and actual currents.

3.2.3. Open-loop experimental scenario for the DC/AC

converter with active power decoupling

This experimental scenario aims to validate the operating principle of the converter in
an open-loop scenario for the rated power conditions. The proposed scenario is shown
in Fig. 3.37-(a) while Fig. 3.37-(b) shows the modulation schemes for the proposed
experimental scenario; it can be highlighted that the switching signals come from different
modulation schemes since the m; and m,,, meet different tasks.

This scheme consists of the DC/AC converter with the dependent active power
decoupling function in which a purely resistive load is connected to supply active power.
For practicality reasons, a diode full-wave rectifier is connected as the input source to
provide the input voltage source. In order to regulate the input voltage, an autotransformer
is used and an isolation transformer is used to galvanically decouple the electrical grid from
the power circuit. The parameters for this experimental scenario are shown in Table 3.5.
These parameters were raised for the same simulation conditions of the power converter

and this approach was addressed in depth in Chapter II, section 1.4.
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Figure 3.37. Experimental scenario for the DC/AC converter with dependent active power decoupling.
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Table 3.5. Experimental parameters for the DC/AC converter with dependent active power decoupling.

Parameter Symbol Value Unit
Output voltage V. 127 Vs
Input voltage Vi 205 Vavg
DC-link voltage Ve 450 Vavg
Voltage ripple on the DC-link AVy. 100 Vop
Rated power P, 500 w
Inverter filter’s inductor L 1 mH
Inverter filter’s capacitor Cinw 7.3 uF
Load resistance R, 32 9
Link capacitor Cle 30 WF
Input capacitor Cin 3.3 o
Diode bridge rectifier’s capacitor C, 1,100  pF
Boost inductor Ly 1 mH
Switching frequency of the Half-Bridge inverter stage fsun 50 kH =z
Switching frequency of Boost converter stage fsp 20 kHz

Drivers’ supply

{  Dpsp |
TMS320F28379D |

4’; diode rectifier

Figure 3.38. Experimental test bench.

Fig. 3.38 shows the built experimental test bench for the scheme raised in Fig. 3.37.

In Fig. 3.39 the converter operates without load. In channel 1, the voltage at the output
of the inverter after the LC filter is displayed. The converter operates at the rated voltage
level of 127V/,,,s. Channel 2 shows the voltage at the converter’s input. It can be noted
that the ripple level is zero because there is no load connected. In Fig. 3.40 the voltage on

the DC-link is shown in channel 2. This remains at an average value of 450V as expected.
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Figure 3.40. Converter operation with the resistive load connected.

In Fig. 3.40 the resistive load of R, = 32 is connected. It can be seen that immediately,
a voltage ripple begins to appear in the input voltage v;,. Channel 2 of Fig. 3.40 shows
how the converter performs the active decoupling task by transferring the ripple energy
that shows up in the voltage v;, to v4., guaranteeing a low ripple voltage in what would
correspond to the terminals of the photovoltaic system. It can be seen that the voltage
at the inverter output decreased considerably when connecting the resistive load. This
is an undesired phenomenon that is currently being studied to be resolved. Through the
experimental results, the operating principle of the converter is validated since it managed
to perform the task of active power decoupling and that of the half-bridge inverter.

From these experimental results, it can be concluded that DC/AC converter with active
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Chapter 3. Simulation and experimental results

power decoupling feature operates properly regarding the operation principle expected
from the analysis and the simulations carried out since it has been capable to perform the
Half-Bridge and the active power decoupling tasks at the same time.

Based on the experimental results obtained with the Bidirectional Buck-Boost
converter, it was observed that the energy in the decoupling capacitor C, was around
1.9J, giving a normalized value of Ec, = 9.5mJ/W, while in the work on which this
converter was based it reaches Fc, = 13mJ/W [40]. The deviation is due to the fact that
in [40], the capacitor C,, the voltage level and the rated power are slightly larger; that is,
C, =150uF and V,, . =295V, P, = 500W respectively.

For the case of the DC/AC converter with dependent active power decoupling, the

max

normalized energy in the DC-link capacitor resulted approximately in E¢, = 7.5mJ/W,
while in [24], it reached Ec, = 9mJ/W. This deviation is also due to a discrepancy
between the voltage and power levels worked between both experimental scenarios.

Regarding the efficiency of the Bidirectional Buck-Boost converter, some tests were
carried out measuring the input and output voltages and currents at rated power to
determine the efficiency, obtaining in the worst case an efficiency of 91%, which corresponds
approximately to the values determined in the appendix B. It should be noted that these
tests were performed before placing the snubber circuit. For the DC/AC converter, an
approximate global efficiency of 88% was obtained, which fits the loss analysis addressed
in section B.

As mentioned in Chapter II, the DC/AC converter with dependent active power
decoupling can also operate as a conventional DC/AC full-bridge-based converter with
typical passive decoupling. Fig. 3.41 shows in Channel 1 the inverter’s PWM output
voltage and the Math channel shows its harmonic content where it can be distinguished
the characteristic harmonics for the typical unipolar SPWM. Channel 2 shows the LC
filter output where it can be seen that a purely sinusoidal waveform with THD, ~ 1.52%
is obtained.

Finally, some measurements for estimating global efficiency were performed. Fig. 3.42-
(a) shows in Channel 1 and 3 the voltage and current at the LC filter’s output. Channel 2,
displays the DC-link voltage while Channel 4 shows the input current, which corresponds
to the rectifier input current. Finally, the Math channel computes the input active power
supplied to the circuit which ranges around 638W. In Fig. 3.42-(b), the same waveforms
are shown, however, the output active power is displayed in the Math channel (580W).

Considering the input and the output active power, the global efficiency can be
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Figure 3.41. Typical DC/AC unipolar inverter waveforms.
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Figure 3.42. DC/AC converter operating at a power of P, = 5800 .
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CONCLUSIONS

In this thesis work, the study and synthesis of converters for active decoupling of power in
low-voltage applications was addressed. This work aimed to provide a clear perspective of
the operating principle of these types of schemes as an alternative to replace conventional
passive decoupling schemes based on electrolytic capacitors and thus incorporate the use
of film capacitors.

With the development of this work, the following conclusions can be established:

e Active power decoupling converters are useful schemes that are increasingly compet-
ing with passive power decoupling schemes due to the large number of advantages
they possess; however, there are still important challenges to be resolved concerning
the efficiency and the reliability. It is important to highlight then, to discern in the
selection between an active or passive decoupling scheme and the type of scheme
to select, a table of merit must be made considering the performance parameters
of interest. Some parameters to consider are efficiency, reliability, cost, system
complexity, volume, weight, power density, level of integration, power ranges, and

application.

e Active power decoupling schemes based on power electronics converters can sub-
stantially reduce the total required equivalent capacitance on the DC-link for either
AC/DC or DC/AC conversion schemes, since the operation and operability of two
different topologies of active power decoupling converters could be validated in both
simulation and experimental scenarios for AC/DC a DC/AC conversion schemes.
By reducing the necessary capacitance, it is possible to use film capacitors that offer
superior features than electrolytic capacitors such as longer lifespan, higher power
density, lower losses due to their low series resistance, smaller volume and weight,

and higher reliability.

e Active power decoupling schemes offer greater versatility than conventional passive
decoupling schemes, since having active elements and a control scheme makes it

possible to monitor and control the states of interest with high accuracy; in addition,
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there is a great diversity of active power decoupling schemes for different types of

applications.

e In active power decoupling schemes, the total required capacitance on the DC-link
can be reduced by boosting the voltage and the ripple oscillations on the decoupling
capacitor. Given this premise, it can be valid to consider to keep boosting the voltage
with the aim of reducing the decoupling capacitor as much as desired. Nevertheless,
this implies that the voltage ranges can exceed a boundary where isolation becomes
a paramount issue; furthermore, there are eventually technological limits for the
semiconductor devices to operate under certain voltage levels. Hence, it is important

to delimit the suitable handy voltage levels for the desired application.

e Active power decoupling schemes aim to reduce the volume and weight of the
decoupling scheme by reducing the DC-link capacitance. However, sometimes the
volume and weight do not seem to differ too much from the traditional electrolytic
capacitors, because there are more passive and active elements in active decoupling
schemes than passive ones to perform the decoupling task. This can be true in some
applications, nevertheless, if these two parameters are paramount issues, then there
are some adjustments that can be performed to improve them. The inductor size can
be reduced by increasing the switching frequency of the converter. If the isolation
and the voltage ranges of the semiconductor devices are not a big concern, then
the decoupling capacitor voltage can be boosted as much as desired and possible
in order to reduce the total required capacitance on the DC-link. The efficiency of
the power switches increased by selecting state-of-art devices and by applying soft
switching methods which involves smaller heat sinks. The size of the PCB can be
reduced as well by incorporating SMD packaging. Finally, if a proper PCB design is

carried out, then the size can be optimized.

e Based on the analysis and the experimental results obtained, the Bidirectional
Buck-Boost converter as an active power decoupling scheme turns out to be a
suitable option since it manages to reduce the DC-link capacitor in a proportion
of approximately 11 times the initial value of the DC-link capacitor. Taking into
account, the required decoupling capacitor of the Buck-Boost converter, the total
equivalent capacitance can be reduced from 1,100 F to 200 F, which represents a
decrease of approximately 81.81% of the initial value; with only a 200uF' capacitance
required, the electrolytic capacitor can be replaced with film capacitors. In general,
the Bidirectional Buck-Boost converter, since it can be used as an independent active

power decoupling scheme, it is recommended to be used in applications where the
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modularity characteristic is desirable, where a simple control scheme is required, and
in systems in which the tasks of the main converters are not shared with the active

power decoupling converter.

The performance of the Bidirectional Buck-Boost converter is good enough to
compete or even excel against the passive power decoupling scheme. In terms of
efficiency, by using state-of-the-art semiconductor devices and using soft switching
strategies that maximize efficiency, it is possible to directly compete with passive
decoupling schemes. Regarding cost, there are device options with a good cost-
performance ratio that can be used to obtain a final product at a competitive cost

compared to the current cost of electrolytic capacitors.

Initially, the Bidirectional Buck-Boost converter could operate under a conversion
scheme where reactive power is managed by the power inverter to provide support to
the network, however, there is a limitation regarding the amount of reactive power
that could be managed due to the size reduced capacitor on the DC-link. In the case
of harmonic currents, it would be necessary to consider having a control system that
regulates the DC-link voltage when harmonic currents are injected into the grid;
furthermore, the active power decoupling scheme must be dimensioned to manage

this class of grid support functions.

The DC/AC converter with a dependent active power decoupling feature is an
excellent choice for reducing the total capacitance on the DC-link. From the
simulation and experimental scenarios carried out with this converter, it can be
concluded that this class of schemes is recommended to be used in applications
where a higher level of integration and reduction of elements is sought by taking
advantage of the characteristic of being a dependent active power decoupling scheme,
the same active elements can be used to perform two different tasks. These types of
schemes cannot be used in applications where modular active decoupling schemes
are required, since this converter performs the active power decoupling task and the
inverter task altogether. Even though the converter can manage reactive power, the
amount of this is limited by the value of the DC-link capacitor and by the voltage
level on it. Therefore, this converter is useful in applications where grid support is not
a primary objective, since the support functions would be limited by the converter

configuration and operating principle.

Regarding the control schemes in both converters, favorable performances were

obtained and the operation could be guaranteed against some disturbances caused.
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The Buck-Boost converter operates under a very simple independent control scheme,
which makes it very attractive for applications where simplicity and practicality
are characteristics of interest; however, this control strategy does not consider the
converter model, so certain dynamics of the converter behavior could be omitted,
which could reduce the reliability of the control system; in addition, it is necessary to
carry out a stability analysis to guarantee the dynamic ranges where the converter

can operate properly.

Contributions

Based on the work carried out, the following contributions can be defined:

e A deep and clear conceptualization of the principle of operation of active power

decoupling schemes.

e An extensive classification and quantitative evaluation of the most reported active
power decoupling schemes, considering performance parameters such as efficiency,
power levels, voltage levels, switching frequency, energy in passive elements, and the

number of passive and active elements, among others.

e Analysis of the Bidirectional Buck-Boost converter as an active power decoupling
scheme. A converter dimensioning methodology for passive and active elements.
A validation in the simulation of open-loop and closed-loop scenarios. The design
and construction of an experimental prototype of the converter and its validation
in two open-loop test scenarios for an AC/DC and a DC/AC scheme. Finally, a
quantitative and qualitative comparison of this active power decoupling scheme
against the conventional passive power decoupling scheme based on an electrolytic

capacitor.

e For the DC/AC converter with active dependent active power decoupling, its
operating principle was analyzed in detail in the same way. The converter sizing
methodology was presented and its operation principle in open-loop and closed-
loop in a simulation scenario was validated. Finally, the experimental prototype
was designed and built and open-loop tests were carried out, validating its correct

operation.
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Publications

Throughout the development of this thesis work, two publications were generated, which

are listed below:

1. Yepez-Lopez, 1., Cardenas, V., Cruz-Velazquez, U., Miranda, H. & Alcala, J. Bidirec-
tional Buck-Boost converter as an Active Power Decoupling schema for Single-Phase

Power Inverters. Memorias del Congreso Nacional de Control Automaético, 2022.

2. Cruz-Velazquez, U., Cardenas, V., Yepez-Lopez, 1., Gonzalez, M. & Alvarez-Salas, R.
Operation Strategy for Photovoltaic Inverters with Microgrid Support Commuting
from Grid-Feeding to Grid-Forming. Memorias del Congreso Nacional de Control
Automatico, 2022.

Open issues

Based on the challenges encountered during the development of the thesis work, the

following issues are considered to continue with the line of research:

e Optimize the design and construction of the converters prototypes to avoid
undesirable phenomena in the PCB such as overshoots in the drain-source voltage

due to parasitic inductances.

e Implement more appropriate control systems based on the model to adopt the

converter dynamics that are not contemplated.

e Carry out a stability analysis of the converters that allows visualizing the operating

limits of the system.

e Implement the control systems developed to operate the converters prototypes in

closed-loop and carry out experimental tests in case of disturbances.

e Carry out a quantitative and qualitative comparison between the two active
decoupling schemes against the passive decoupling schemes and highlight the

performance parameters of each one.

e Carry out a reliability analysis between the two active power decoupling schemes

against the passive decoupling scheme in the face of a proposed general scenario.

95






APPENDIX

MAGNETIC DESIGN

In this appendix the magnetic design and implementation of the inductors of both
converters evaluated in this work are addressed. In the first instance, the design of the
transfer inductor for the Bidirectional Buck-Boost converter is addressed. Then, the design
for both inductors of the DC/AC converter with dependent active power decoupling is
approached. Finally, the results of the design and construction of the inductors of both
converters are shown; it should be noted that the inductors were designed and built by the
author with the support of the Electrical Power Quality and Motor Control Laboratory
of the UASLP.

A.1. Magnetic design for the Bidirectional Buck-Boost

converter

To carry out the magnetic design of the L inductor, it must be taken into account that
the inductor operates in Discontinuous Conduction Mode (DCM); that is, the inductor’s
current is negative in a half-cycle. The electrical and magnetic parameters for the design
are shown in Table A.1.

From Table A.1 it can be noted that the desired inductance is 620 H operating under
a maximum current level of 5A4,. These values come from the inductor sizing section in
Chapter I, section 1.5.1. The selected core type is an RM14 type core of 3C95 ferrite
material for a maximum flux density of Bm = 0.45T. the dimensions in mm for the core
type RM14/T are shown in Fig. A.1 and Table A.2.

The magnetic design methodology is based on the work reported in [49]. The data
from Tables A.1 and A.2 are employed for the design.
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Appendix A. Magnetic design

Table A.1. Parameters for the magnetic design of L.

Parameter Symbol Value Units
Desired inductance L 620 wH
Average current Ip,,, 2.8 Agvg
Ripple current Al 2.2 Ay
Core type - RM14/1 -
Core material — 3C95 —
Waveform coefficient Ky 4.44 —
Window utilization factor K, 0.4 —
Temperature Constant K; 403 —
Cooling factor for temperature Y -0.125 —
Geometry factor (ferrites) E-I X 1.14 -
Magnetic flux density at 25°C and 100kHz B, 0.45 T
Window area w, 1.5184 cm?
Effective cross-section of the core A, 1.6286 cm

"AZ///,?/'

\Q\ o

(b) Front-side view.

Figure A.1. Physical dimensions for the RM14/T core.
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A.1. Magnetic design for the Bidirectional Buck-Boost converter

Table A.2. Physical dimensions for the RM14/1I core.

A B ¢ Dy, Dy E G H  Hy, H,
Value 34.70 5.60 19.00 29.00 15.00 17.00 42.20 30.10 20.80 27.00

First, the maximum energy stored by the inductor can be determined as follows:

1
E;, = 5Lﬂ = 4.7mJ, (A.1)

Alp
k.

The required area product considering the inductor’s energy can be calculated in
Eq. A.2.

where [ = I, +

2F,10* \*
A = ———) = 1.3486cm>. A2
P (BmKqu> 3486cm (A.2)

From the dimensions in Table. A.2, it can be obtained the real area product (A4,,) from
the real physical dimensions of the core selected. It is important to remark that A, > A,
in order to be able to build the inductor; in case this premise is not fulfilled, then a bigger
core should be selected.

A, = W,A, = 2.4729em?. (A.3)

The current density, J, stands for the amount of electric current flowing per unit

cross-sectional area of a conductor. This can be computed as follows:
J = K;AY = 359.8TA/cm”. (A.4)

Considering de current density and the rms current across the inductor L, it can be
possible to compute the necessary American Wire Gauge (AWG) for the inductor wire as

follows:

]rms
AWG = Jl = 0.0108cm?. (A.5)
Considering the wire gauge selected, it is possible to obtain a first approximation of

the initial number of winding turns. This parameter can be calculated in Eq. A.6.

J— Wa
 2AWG

Considering the number of turns per cm? of the wire gauge selected (AWG17 — T,z =

Ny = 70.05. (A.6)

51.36), it is possible to obtain the total number of winding turns as follows:

W T

Nrp 5

— 38.99. (A7)

From this step, it can be proposed a specific number of winding turns for a particular

air gap since this implies the final value of the ultimate flux density; it must be ensured
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Appendix A. Magnetic design

that the number of the proposed winding turns is less or at least equal to the number
of the total winding turns, that is N, < Np. Then, a IV, = 38 is proposed. It must be
then taken into account the maximum flux density that the core can withstand before
saturating.

The air gap [, and the real air gap [, can be computed as in Eqgs. A.8 and A.9

al

tively.
respectively AN A 10
g = pL = 0.0477cm. (A.8)
l
e = 5 = 0.0238cm. (A.9)

Afterward, the number of the final winding turns is computed as follows:

I,

Ny =

where m stands for the fringing flux factor and can be expressed by Eq. A.11. G represents
the winding length; that is G = Hy (view Fig. A.1).

l 2G
=1  In|=—) =1.2529. A1l

m=t+ e , ) —
Finally, from the air gap selected, the final maximum flux density must be verified by

Eq. A.12 in order to avoid saturating the magnetic core.

LI
Bay = —————— = 0.4373T. A12
N0 = 0437 (A.12)

As can be observed in Eq. A.11, the maximum flux density obtained is fairly close to
the rated flux density of the magnetic core selected; furthermore, it must be taken into
account the real air gap that can be performed by the chosen material. In this case, two
Maylar sheets of 14mil are performed as the new air gap (I, = 0.0711). The Egs. A.10, A.11
and A.12 can be then recalculated as in Egs. A.13, A.14 and A.15.

[ 2G
=1 ' In|=—|=1. 1. Al
m +\/A_Cn<lg) 355 (A.13)
Ll,
Nr =\ Garamios ~ 1 (A.14)
LI
By = ——— = 0.37237T. A15
N AT 0.3723 (A.15)

The final parameters for implementation are shown in Table A.3.
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A.2. Magnetic design for the DC/AC converter with dependent active power decoupling

Table A.3. Parameters for the construction of L.

Parameter Symbol Value Units
Real final inductance L 625 uwH
Wire gauge AWGE 17 —
Air gap lg 0.0711  cm
Final winding turns Ny 40 —

Final maximum flux density Bax 0.3723 T

It can be highlighted that the new maximum flux density is more suitable to work
with since its value is much lower than the rated flux density of the magnetic core selected
providing a safe operation margin and reducing the chances of saturating the core. It should
remark that due to the presence of the skin effect due to the high switching frequency, it
was decided to implement Litz Wire for the construction of the winding. Fig. A.2 shows
the final result of the built inductor.

Figure A.2. Final results of the built inductor.

A.2. Magnetic design for the DC/AC converter with

dependent active power decoupling

The DC/AC converter with dependent active decoupling requires two inductors for its
operation. In Chapter 2, it was discussed that the inductor L, is used to transfer the
energy of the ripple voltage in terminals of the photovoltaic system toward the DC-link.
On the other hand, the inductor L;,, together with the capacitor Cj,, fulfill the function of
the low-pass filter at the output of the Half-Bridge inverter. In this section, the magnetic
design of the inductors L, and L;,, is addressed. The parameters for the design are shown
in Table A.4.
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At first, it might be thought that the design methodology would be the same for both
inductors since both seek to achieve an inductance of 1mH and the magnetic core is the
same, however, the current level in L; is greater than in L;,,. Then, at one point, the
calculations can vary significantly. The physical dimensions are highlighted in Fig. A.3,
where D = 20.2mm, G = 27.9mm, E = 20.2mm and F' = 19.7mm.

Table A.4. Parameters for the magnetic design of Ly and Liy,,.

Parameter Symbol Value Units
Desired inductance Ly, Lin, 1 mH
Maximum current for L, Ip, 15 A,
Maximum current for L;,, Iy, 6.5 A,
Core type - E-80/38/20 -
Core material — Ferrite N-87 —
Waveform coefficient Ky 4.44 —
Window utilization factor K, 0.4 —
Temperature Constant K; 590 -
Cooling factor for temperature Y -0.125 —
Geometry factor (ferrites) E-N87 X 1.14 -
Magnetic flux density at 25°C and 100kHz B, 0.32 T
Window area W, 5.5103 cm?
Effective cross-section of the core A, 3.9188 cm?

Figure A.3. Physical dimensions for a ferrite core N-87 E-80/38/20.

The design methodology used in section A.l is the same used for L, and L;,,. First,

the maximum energy stored by the inductor L, is determined as follows:

1
Ep, = 5LJ"’ = 112m.J. (A.16)
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A.2. Magnetic design for the DC/AC converter with dependent active power decoupling

The required area product considering the inductor’s energy and the real area product

from the core dimensions are calculated respectively in Eqs. A.17 and A.18:

2E,,104 \*
Ay ==L ) =4791em? Al
» (BmKqu) 7.91cm (A.17)
A, =W,A, = 43.18cm>. (A.18)

It is clear from Eqs. A.17 and A.18 that the magnetic core does not have the area
product required for the construction of the inductor. In order to address this issue, two
joined cores are used to double the product of areas in order to comply with this constraint.

In this way, Eq. A.18 can be recalculated as follows:
A, =2W,A. = 86.37cm”. (A.19)
Afterward, The current density, J is computed as follows:
J = K;AY = 337.91A /em?. (A.20)

Even though the peak current is used to calculate the required area product, to
determine the wire’s gauge, the rms current across the inductor is taken into account,
since this current is associated with heating due to winding losses. Considering then a

current [.,,, = 6A, the wire’s gauge can be determined as follows:

]T‘TTLS
AWG = g = 0.0178cm?. (A.21)

Considering the wire gauge selected and the number of turns per cm? (AWG14 —
Temz = 26.14), the initial and the total number of winding turns are determined in
Eqgs. A.22 and A.23 respectively; it is important to remark that the two cores are considered

for these equations.

2W,
Ni= g = 31033, (A.22)
Ny = Walem 4 03 (A.23)

Finally, by proposing an air gap of [, = 0.7cm, the final number of turns Ny and the
maximum flux density B,,., can be determined in Eqs. A.24 and A.25 respectively. It can
be observed that even though the maximum flux density equals the rated flux density of

the magnetic core, it can still operate properly since the value is still permissible under

the limits.
Ny f—Hs g (A.24)
=V o04rAmi08 '
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LI
Boaw = ———— = 0.3286T. A.25
NfA010—4 ( )

The same design methodology is applied for the inductor L;,,, however, from Eq. A.18
and knowing that the area product required for this inductor is A, = 7.1195, it can be
concluded that this inductor can be built with a single ferrite core. The parameters can
be obtained through the same equations already analyzed. In this case, the breakdown of
the calculations is omitted and the results are synthesized in Table A.5 along with the

results for the inductor L.

Table A.5. Parameters for the construction of Ly and L;,,.

Parameter Symbol Value Units
Real final inductance for L, Ly 1 mH
Real final inductance for L;,, Lino 1 mH
Wire gauge for Ly AWG 14 —
Wire gauge for L;,, AWG 17 —
Air gap for L, lg 0.7 cm
Air gap for Ly, lg 0.35 cm
Final winding turns for L, Ny 99 —
Final winding turns for L;,, Ny 62 —

Final maximum flux density L, Biax 0.3286 T
Final maximum flux density L;,, Biax 0.2726 T

In Fig. A.4 the inductor L;,, built is shown. It can be seen that Litz Wire was also

implemented for the construction of the winding to mitigate the skin effect.

Figure A.4. Final results of the inductor L;,,.,-
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APPENDIX

POWER LOSSES ANALYSIS

In order to establish an adequate thermal design for the power switches and to be able to
estimate the overall efficiency, a power losses analysis is addressed. This analysis aims to
estimate the power losses in each power switch. First, the power losses analysis is carried
out for the Bidirectional Buck-Boost converter and the DC/AC converter with dependent
active power decoupling. Finally, a thermal design for a proper thermal sink selection is
addressed.

B.1. Power losses on the Bidirectional Buck-Boost

converter

Considering the voltage, current, and frequency parameters defined in chapter I for the
operation scenario addressed, the power MOSFET IRFPS40N50L is selected since its
performance parameters fit with the rated parameters for the converter operation. The
parameters for the selected MOSFET are shown in Table B.1.

Table B.1. Parameters for the MOSFET IRFPS40N50L power losses analysis.

Parameter Symbol Value Units
Drain-source voltage Vbs 300 \%
Drain-source current Ip 5 |4
Gate-source voltage Vas 12 V
Duty cycle D 0.64 —
Switching frequency fsw 50 kHz
Drain-source on-state resistance RDS(OH) 0.1 (2
Gate resistance R, 1 P
Turn-on delay time b 27 ns
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Rise time iy 170 ns
Turn-off delay time baorp) 50 ns
Fall time ly 69 ns
Total gate charge Qg 380 nC
Gate-source charge Qgs 80 nC
Gate-drain charge Qga 190 nC
Body diode rever recovery charge Qrr 1060 nC
Input capacitance Ciss 8110 pF
Output capacitance Closs 960 pF
Reverse transfer capacitance Chrss 130 pF
Gate-drain capacitance Cyd 130 pF
(Gate-source capacitance Cys 7980 pF
Drain-source capacitance Cls 830 pF

The total power losses in a MOSFET can be defined in general by two terms considering
that the MOSFET features the drain-source body diode; the first term (Pyy,,,,,) stands
for the total power losses in the MOSFET without the influence of the body diode and
is comprised of the switching, conduction, gate and output power losses; the second
term consists of the total power losses (Pp,,,,) on the drain-source body diode which
is comprised of the switching and conduction power losses. Tables B.2 and B.3 show the
equations for the MOSFET and the body diode power losses.

In order to determine a high accuracy of the total losses in the MOSFET, the
conduction, switching, gate, and output losses are considered and can be estimated by the
equations shown in Table B.2. These equations are based on the methodology addressed
in [50-54].

Table B.2. MOSFET power losses.

Power losses MOSFET losses equations
Switching P, = sVosIp (b + tyo + tpi + trw) fow
Conduction Py, , = Il%rmsRDS(on) = IpRps,,,, D
Gate Py, = QgVas fow

Output Purtye = 3CasVE g fsw
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B.1. Power losses on the Bidirectional Buck-Boost converter

where t,; +ts, + ty; + t,,, are the rise and fall voltage and current times for the POWER
MOSFET during a switching period and can be estimated by following the approach
addressed below.

Several MOSFET switching characteristics are influenced by the actual value of the
gate threshold and Miller plateau voltages. In order to calculate the Miller plateau voltage,
one possibility would be to use the gate-to-source threshold voltage and transconductance
of the MOSFET as listed in the datasheet. Unfortunately, the threshold is not very well
defined. A more accurate method to obtain the actual (Vgg(th)) and Miller plateau voltages
(Vas,,,,) is to use the typical transfer characteristics curves of the datasheet.

In the first instance, the graph of the gate-source voltage (Viogs) against the drain
current (Ip) is taken into account, and two different points of voltage Vg are selected
and the corresponding ones of the current I are extracted (view Fig. B.1). Therefore if
Vas, = 4.5V and Vg, = 5.5V, then Ip, = 7A and Ip, = 30A.

=
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Figure B.1. Typical transfer characteristics.

From the voltage and current points obtained, the gate-source threshold voltage

(Vas,,) and the gate-source miller plateau voltage (Vgs,,) can be calculated in
Egs. B.1, B.2 and B.3:

- Vesi/Ip, = Vas,/Ip

VoS, = L = 3.56V (B.1)

/Ip, —+/Ip,
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1
Vs, = Vasu, 1/ ?D = 4.35V, (B.2)

where K can be calculated as follows:

Ip,

<VGsl - VG’S(th))

K = _ =8.0172. (B.3)

Subsequently, the rise and fall voltages and current times for the POWER MOSFET
(tri +tpp +tg + t) can be computed in Eqgs. B.4, B.5, B.6 and B.7 respectively.

tri = R,Cysln = 0.78ns. B.4
e 7 VGS<SP) U (B.4)
di
tro=R = 24.85ps. B.5
s Vas — Vas, U (B.5)
1%
tri = RyClsIn —07 — 1 50ps. (B.6)
GS(n)
R
= = = . S. .
oot _ g 621 B.7

Afterward, the power losses can be then calculated by applying the results of the rise

and fall voltage and current times on the equations shown in Table B.2.

1
PMsw - §VDS[D (tm —|— tfv —|— tfl —|— tm,) fsw - 265W (BS)
Pu,poy = It Rps,,,, = IRps,,, D = 0.32W. (B.9)
P, = QgVas fsw = 0.22W. (B.10)

1
Pu,,, = §CdsV55 fow = 1.8675W. (B.11)

Finally, the total power losses on the MOSFET is the sum of all the above; i.e:

PMtotal = PMsw + PM

cond

+ Py, + Pag,,, = 5.07W. (B.12)

A similar procedure for estimating the drain-source body diode power losses is
performed. Table B.3 shows the power losses for the body diode.

It should be highlighted from Table B.3 that it is necessary to calculate the dynamic
diode resistance (Rpr) and the threshold diode voltage (Vsp) in order to obtain the

conduction power losses. Furthermore, the average and the rms forward currents (Ig,,,
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B.1. Power losses on the Bidirectional Buck-Boost converter

Table B.3. MOSFET’s Body diode power losses.

Power losses Drain-source body diode losses equations

SWltChlng PDsw = %lQTTVDstw
Conduction Pp,... =Vrolp,,,+ 1. Rpr

and I respectively) are required. In this case, both were extracted from the simulation
proposed for the power converter under rated power conditions.

Initially, the source-drain voltage (Vsp) against the reverse drain current is taken into
account for estimating the threshold diode voltage (Vo) and the diode dynamic resistance
Rpr. In this case, if Ip, = 3A and Ip, = 40A, then Vi, ~ 0.42V and Vi, = 0.95V.

—

100 =

[y

Reverse Drain Current (A)

V Gs= oV

0.1
0.2 0.7 1.2 T 2.2

1
VSD , Source-to-Drain Voltage (V)

Figure B.2. Typical source-drain diode forward voltage.

=1

Afterward, the dynamic resistance and the threshold voltage of the body diode can be
calculated in Eqs. B.13 and B.14 respectively.

Ve, = Vi

Rrr =
DT [F2 _ [Fl

= 14.3m1. (B.13)

Vo = —0.37V. (B.14)
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Finally, the diode power losses can be computed by applying the equations from
Table B.3:

1
PDsw = ZQT’TVDS.]CS’UJ == 3'97m (B.15)
Pp,pq = Vrolr,, + If,, Ror = 0.39W. (B.16)

The total power losses of the body diode are the sum of the two above, that is:

Pp,., = Pp,. .+ Pp,, =437TW. (B.17)

cond

The total device power losses considering the power losses of MOSFET and the drain-

source body diode is then defined as:

PDtotal = PMtotal + PDtotal = 944W (B18)

Considering that the power converter is sized to operate under a rated power of
P, = 200W and only the power switches losses are considered and since the converter

has only two power switches, the theoretical global efficiency can be calculated as follows:

P, 181.12
n=p S00 X 100 =90.56% (B.19)

B.1.1. Thermal design for the Buck-Boost converter

A proper thermal design is prominent to be able to select a proper heatsink for the power
switches. Fig. B.3 shows the thermal equivalent circuit for the power transistor. T); stands
for the temperature at the semiconductor junction; T and Ts represents the case and the
sink temperatures respectively, while T4 is the ambient temperature. Every union of the
thermal circuit is represented by a thermal resistance which stands for the ability of the
material to oppose the increase in temperature. Ry, and Ry, are typically given by the
datasheet of the semiconductor device. P, represents the total dissipated power by the
semiconductor device; this parameter is obtained from the power losses analysis for the
respective application.

The idea of the thermal design is to find a thermal resistance Ry,, such that
the junction temperature complies with the maximum recommended to operate; i.e.
T; < 125°C. By finding Ry, ,, it is then possible to choose a proper heatsink for the
semiconductor device and then, guarantee the junction temperature. the sink-ambient
thermal resistance can be calculated as follows:

Ty — Ty

RGSA = P

— Ry, — Rop,. (B.20)
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Figure B.3. Equivalent thermal resistive circuit.

Table. B.4 shows the parameters required for the thermal design, where Pp is obtained
from the power losses analysis addressed in section B.1, while the thermal resistances are
extracted from the datasheet of the MOSFET selected (IRFPS40N50L).

Table B.4. Parameters for the MOSFET IRFPS40N50 thermal design.

Parameter Symbol Value Units
Dissipated power Pp 9.44 w
Junction-case thermal resistance Ry, 023 °C/W
Case-sink thermal resistance Roq 024 °C/W
Junction temperature Ty 125 °C
Ambient temperature Ty 40 °C

Considering the parameters from Table. B.4 and the Eq. B.20, the sink-ambient thermal

resistance results as:

T, —T
Rog, = "P—DA — Ry, — Rypy = 8.52°C/W. (B.21)

Based on the thermal resistance obtained, a search and comparison of the different
heatsink models were carried out in order to select the most suitable option for the raised
thermal parameters. It was determined that PA-T2X-38E heatsink from the manufacturer

Ohmite was the best choice for the application addressed.

B.2. Power losses on the DC/AC converter with

active power decoupling feature

In order to establish an adequate thermal design for the switches of the DC/AC converter
with active power decoupling feature, a power losses analysis is carried out to determine
the total power dissipated in each of the devices. Considering the voltage, current and
frequency parameters, it was decided to select the IGBT IXYP8N90C3D1. Table B.5

shows the parameters that were considered for the power losses analysis.
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Table B.5. Parameters for the IGBT IXYP8N90C3D1 power losses analysis.

Parameter Symbol Value Units
Maximum voltage on the DC-link Videran 950 V
Maximum current across the DC-link Lac,on 15 A
Turn-on delay time b 20 ns
Turn-off delay time tdor sy 130 ns
Switching frequency fs 50 kHz
Maximum saturation collector-emitter voltage  Veg,,, 3 |4
Body diode reverse recovery charge Qrr 400 nC

The procedure to determine the power losses in the device is different from the
procedure discussed in section B.1, since in this case, the switch used is an IGBT. However,
the losses in the transistor and the losses in the antiparallel diode are taken into account
in the same way [55,56]. In the case of the transistor, the switching and conduction losses
are considered. For the reverse diode, only switching losses are taken into consideration.

The switching losses can be determined at first by calculating the dissipated energy
when the transistor is turning on (Eq. B.22) and off (Eq. B.23).

ton
B = (") B Vi + 2ews). (B.22)
By = (225 [ (Vi 42V, ) (B.23)
Off - 6 dcmax demax CEsar) - :

On the other hand, the energy when the transistor is conducting can be determined

as follows:
Econ = VCESAT[dcmaIton- (B24)

The dissipated power on the transistor can be obtained by multiplying the sum of the

switching and conduction energies, that is:

Pr, = Er, fs, (B.25)

where Ep, = E,, + Eorp + Eeon-
The recovery diode power losses can be determined considering the reverse recovery

charge, the DC-link voltage and the switching frequency as follows:

Pp, = 0.25Q+Viac,uu fs- (B.26)

Considering the parameters from Table B.5, it is possible to calculate the power losses
of the IGBT by applying the Eqs. B.22-B.26.
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B.2. Power losses on the DC/AC converter with active power decoupling feature

Eon = (%) Lacae Vitemas + 2VeEsar) = 2780, (B.27)
Eypp = (té‘ ! ) Lienns Vi +2Vepg ) = 18047, (B.28)
Eeon = Veng urlacnsston = 0.951.J. (B.29)

Ery = Eon 4 Eofp + Eoon = 209.411J. (B.30)

Pr, = Er, f, = 10.47W. (B.31)

Pp, = 0.25Q, Ve, fo = 2.75W. (B.32)

Finally, the total power losses for the device considering the recovery diode are:

Pp,,.. = Pr, + Pp, = 13.22W. (B.33)

Considering that the power converter is sized to operate under a rated power of
P, = 500 and only the power switches losses are considered and since the converter has

only four power switches, the theoretical global efficiency can be calculated as follows:

P 18112
P, 200

n= x 100 = 89.42%. (B.34)

B.2.1. Thermal design for the DC/AC converter with active
power decoupling feature

The procedure for the thermal design of the DC/AC converter is the same as the one

addressed in section B.1.1. The thermal design aims to find the thermal resistance Ry, ,

such that the junction temperature does not exceed 125°C'. The thermal parameters are
shown in Table. B.6.

Table B.6. Parameters for the IGBT IXYP8N90C3D1 thermal design.

Parameter Symbol Value Units
Dissipated power Pp 13.22 %4
Junction-case thermal resistance Ry, 1.2 °C/w
Case-sink thermal resistance Ry, 0.5 °C/W
Junction temperature Ty 125 °C
Ambient temperature Ty 40 °C
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Appendix B. Power losses analysis

Considering the parameters in Table B.6, the sink-ambient thermal resistance is

calculated as follows:

T;—Ty .
Ry, = JP—D — Ry, — Ry, = 8.52°C/W. (B.35)
Based on the thermal resistance obtained, a search and comparison of the different
heatsink models were carried out in order to select the most suitable option for the raised
thermal parameters. It was determined that EA-T220-64E heatsink from the manufacturer

Ohmite was the best choice for the application addressed.
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APPENDIX

DESIGN AND IMPLEMENTATION OF THE
PCBS

In order to implement an experimental scenario for the converters evaluated in this work
and validate their operation principle and performance, a PCB was designed and built for
the Buck-Boost converter and the DC/AC converter with active power decoupling. In this
appendix, the design considerations for the developed prototypes and the final results are

shown.

C.1. PCB design and implementation for the

Bidirectional Buck-Boost converter

The design of the Bidirectional Buck-Boost converter is based on the scheme presented in
Chapter I. This converter has two IRFPS40N50L MOSFET switches (5 and S5), including
a heatsink PA-T2X-38E series for each one. The transfer inductor L is made of a ferrite
core RM /141 type with 3C95 material. The decoupling capacitor C'z is formed by two
BLH506K451B104 film capacitors connected in parallel to form a 100uF' equivalent. The
conditioning stage is made of two independent VO3120 drivers that provide optic isolation
between the modulation stage and the power switching stage. These drivers are supplied by
two isolated DC/DC converters (PDME1-S12-S12-S) that provide a regulated DC source.
The power stage is comprised of the power MOSFETS, the transfer inductor and the
arrangement of the film capacitors that represent de decoupling capacitor. In addition,
some test points are incorporated for being to measure the parameters of interest on the
PCB. The overall specifications of the Bidirectional Buck-Boost converter are shown in
Table. C.1.
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Table C.1. Overall components specifications of the Bidirectional Buck-Boost converter.

Parameter Symbol Value Units Model
Transfer inductor L 620 wH  RM14/1 — RC95
Decoupling capacitor C. 50 o BLH506K451B10
Power MOSFETs S1, So — — IRFPS40N50L
Heatsinks — — — PA-T2X-38E
Isolated drivers — — — V03120
Isolated DC/DC power supplies — — — PDME1-512-S12-S

Final dimensions (width x length) wx1 20x20 cm

Fig. C.1 shows the layout for the Bidirectional Buck-Boost converter.
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Figure C.1. Layout for the Bidirectional Buck-Boost converter.

The layout design consists of two layers: the back copper layer that includes the tracks
in green and the front copper layer that is made up of the tracks in red. It can be seen
that most of the tracks are in the back layer since at first the PCB was designed to have
only one layer, however, it was necessary at the end to incorporate the front layer. This

layout seeks to optimize the size as much as possible, as well as to properly position
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C.1. PCB design and implementation for the Bidirectional Buck-Boost converter

and separate the digital and control stage from the power stage, this is made in order to
avoid interference and noise on the digital stage. Trajectories were tracked as straight as
possible to avoid unnecessary turns; in addition, it was considered to cross perpendicularly
the tracks of the front layer with the back layer to avoid signal coupling. Finally, all the
tracks were traced with the appropriate thickness considering the current that circulates
through them.

Fig. C.2 shows the built PCB prototype with all the components such as the power
MOSFETs, the film capacitor, the transfer inductor and the drivers. It should be noticed
that there is a copper arc wire on the right of the transfer inductor to introduce the current

measuring probe.
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Figure C.2. Built Buck-Boost PCB prototype.
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Finally, Fig. C.3 shows a comparison between the 3D PCB view and the final built
prototype.
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(a) 3D view.
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(b) Built prototype.

Figure C.3. Comparison between the 3D PCB view and the final built Buck-Boost prototype.
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C.2. PCB design and implementation for DC/AC converter with active power decoupling feature

C.2. PCB design and implementation for DC/AC

converter with active power decoupling feature

The design of the DC/AC converter with active power decoupling is based on the
scheme and the performance parameters defined in Chapter II. The converter has four
IXYP8N90C3D1 IGBTs each including an EA-T220-64E model heatsink. The converter
has two inductors (L;) and (L;,,) made with an E-80/38/20 type ferrite core of N-
87 material. The DC-link capacitor consists of a 30uF' film capacitor with the part
number BLH306K801B104. The LC filter capacitor is made up of a series arrangement
of three 22uF capacitors with the part number B32524R3226J000 to form an equivalent
capacitance of approximately 7.3uF. The signal conditioning stage is made up of four
TLP5772HLF4E drivers that provide optic isolation between the modulation stage and the
power switching stage. These drivers are powered by isolated DC/DC converters (PDSE1-
S12-S15-M) that provide a regulated and constant power supply; It should be noted that
for the entire digital and conditioning stage, the use of SMD devices was used to optimize
the size of the PCB. The power stage is composed of the IGBT switches (S; — Sy), the
inductors L and L;,,, and the DC-link capacitor.

The overall specifications of the DC/AC converter with active power decoupling are
shown in Table. C.2.

Table C.2. Overall components specifications of DC/AC converter.

Parameter Symbol Value Units Model

Boost inductor Ly 1 pwH E—80/38/20 — N — 87
Inverter inductor Line 1 pH  E—80/38/20 — N — 87
DC-link capacitor Cle 30 uF BLH306K801B104
LC filter capacitor Cinv 7.3 uF B32524R3226J000
Power IGBTs S1 — 8, — — IXYP8N90C3D1
Heatsinks — — — EA-T220-64E
Isolated drivers — — — TLP5772HLF4E

Isolated DC/DC power supplies — — — PDSE1-S12-S15-M
Final dimensions (width x length) wx1 20x20 e¢m

Fig. C.4 shows the layout for the DC/AC converter with active power decoupling. The
layout design consists of two layers: the back copper layer that includes the tracks in green
and the front copper layer that is made up of the tracks in red.

In this PCB design, it was intended to homologate all the tracks of the power stage
on the back copper layer (green tracks) while it was sought that all the tracks of the

digital stage remain on the front cooper layer (red tracks) in such a way that it optimizes
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the issue of isolation between the digital stage and conditioning of the power stage as
much as possible. In addition, the driver stage is located close enough to the transistor to
avoid the coupling of parasitic inductances preventing voltage overshoots on the switching
signals. It was also sought to optimize the total size of the PCB, achieving a final
size of approximately 20cm x 20cm; It should be noted that the converter includes an
active power decoupling stage, a DC/CA conversion stage, the LC filter and the entire
conditioning stage on the same PCB. Trajectories were tracked as straight as possible
to avoid unnecessary turns; in addition, it was considered to cross perpendicularly the
tracks of the front layer with the back layer to avoid signal coupling. Finally, all the tracks
were traced with the appropriate thickness considering the current that circulates through
them.
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Figure C.4. Layout for the DC/AC converter.

Fig. C.5 shows the built PCB prototype with all the components such as the power
IGBTSs, the DC-link capacitor, the transfer inductor, the LC filter inductor and capacitor

and the drivers.
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Figure C.5. Built DC/AC converter PCB prototype.

Finally, Fig. C.6 shows a comparison between the 3D PCB view and the final built
prototype.
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(a) 3D view.

(b) Built prototype.

Figure C.6. Comparison between the 3D PCB view and the final built DC/AC converter prototype.
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