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Chapter 1: Introduction

Global carbon emissions remain at unsustainably high levels that if left unchecked
could have irreversible negative effects on the Earth and its society. Since about two
thirds of all greenhouse gases come from the energy sector, there is a need for energy
that is clean, sustainable, and accessible [1]. To drive adoption, countries and
companies around the world are pushing for net-zero emissions by 2050, which is the
idea of removing as much carbon as is emitted [1]. This has led to a rapid growth in
renewable energy sources that can replenish themselves through natural processes
such as wind, geothermal, ocean currents, and sunlight [1]. The International Energy
Agency (IEA) predicts that renewable energy sources will overtake coal in their share
of electricity production by 2025 [1]. This growth is led by two main sources, wind
and solar energy, with solar energy production increasing by 131 TWh from 2019 to
2020 alone [1][2]. This thesis will examine a crucial element in the process of
converting solar energy into electricity to aid in the net-zero emission goal for the

future.

1.1 Solar Energy Trends

From 2010 to 2020 solar photovoltaics (PV) have grown at an average rate annually
of 49% and is projected to grow by nearly six-fold by the year 2030 [3][4]. This
growth can be attributed to two main factors, a public and private demand for clean
energy solutions and significant decreases in costs. In the last decade alone, PV prices
have decreased by nearly 70%, with the current blended average cost for PV systems

at $1.33/W 67. One reason for this reduction is the decrease in inverter costs.



Inverters play a key role in the conversion of sunlight into energy. When sunlight
strikes a solar panel, the electrical power produced is in the form of direct current
(DC) power. To reduce transmission losses and the effect of parasitic capacitances the
grid runs on alternating current (AC) power. In order to transfer from DC-to-AC an
intermediate step is required. This is the role of an inverter. There are three main
inverter topologies used in PV systems, central ( ~10 kW to ~100MW) , string (~600
W to ~ 10kW) , and microinverters (~50W to ~500W) [5][6][7]. The type of
architecture chosen is dependent on the required power capacity of the system and the

environment the PV system will function in.

1.2 Central and String Solar Inverters

1.2.1 Central Inverters
For utility scale systems the most common inverter is a central inverter. The typical
layout can be seen in Figure 1, with an array of solar panels connected to the DC side
of the central inverter via a conditioning/combiner unit Fig. 1. The benefit of the
central inverter is ease of implementation and maintenance along with a relatively
low cost per watt. The downside of these systems is the requirement of large DC
cabling, which lead to higher power losses [7][8]. Central inverters are the most
susceptible to single module failures and their maximum power point tracking

(MPPT) capabilities are limited, decreasing the extracted solar energy [9].
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Figure 1: Central Inverter-Based PV System [9]

1.2.2 String Inverters
String inverters can be considered the most versatile type of inverter as they can be
implemented at the utility, commercial, and residential levels [7]. A common string
inverter setup can be seen in Figure 2, with a string of series connected PV panels
connected to a single inverter. Compared to a central inverter these inverters are
smaller, have better MPPT, and are less lossy as they do not need as long of DC wires
for connections [8][9]. However, similar to central inverters, string inverters are
susceptible to efficiency drops due to single module failures and even more common,
the effects of shading [9].

String Array String Inverter

Grid

Figure 2: String Inverter-Based PV System [9]

1.2.3 Demerits of Central and String Architecture

To extract the maximum amount of energy from sunlight, solar panels need to be

fully exposed to the sun. When fully or partially shaded the power output of a PV
3



panel is significantly impacted [8][9][10]. In a study conducted by Al-Charderci et al,
it was shown that if just one PV cell is fully shaded, the entire panel’s power output
dropped nearly 50% [10]. If PV panels are connected in the same manner as Figure 1

and Figure 2, the entire array’s power output will be affected.

Another disadvantage with these architectures is the requirement for high-voltage
(HV) DC buses. These HV line can cause safety concerns within PV systems [9]. One
way to reduce this problem is to rely on module level power electronics (MLPE),

since power extracted from a single panel is decentralized.

1.3 MLPE

Central and string-based PV systems are susceptible to shading because they are only
capable of providing MPP for an entire array or string. MLPEs can provide MPP at an
individual level, allowing each panel to be separate from one another, isolating the
effects of shading to that single module rather than the entire system. There are three
types of MLPEs, power optimizers, differential power processing converters, and

microinverters, each of which provide module level optimization in different ways

(5116191

1.3.1 Power Optimizers
Power optimizers (POs) are DC -to-DC converters that boost the DC voltage of the
solar panels [9]. These POs are then connected to a DC bus line which is fed into a
larger string inverter to then connect to the grid as seen in Figure 3. POs can remove

almost all power mismatch losses, achieving efficiencies of around 98% [9]. The



issue with POs is that there is still a single point of failure within the PV system due
to the necessity of a string or central inverter.

PV Panel

i String Inverter

Power Optimizer Grid

Figure 3: String Inverter-Based PV System with DC-DC Power Optimizers [9]

1.3.2 Differential Power Processing (DPP) Converter
In a DPP system, seen in Figure 4, an individual converter is connected between the
panel and the PV bus to process any power mismatch [11]. The central idea of a DPP
system is for the DPP converter to supply the power lost due to shading as to ensure
that the rest of the panels are not affected [11]. This improves the overall efficiency
and power output of the entire PV system [11]. The advantage of DPP converters is
their reduced power ratings and higher efficiencies when compared to POs. However,
due to high voltage step-up ratios and inability to significantly increase the number of
PV panels after design selections, the scalability of these systems is negatively
impacted. Also, like POs, there is a single point of failure due to the necessity for a

string inverter for grid connection [11].
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Figure 4: String Inverter-Based PV System with DPP Converters [11]

1.3.3 Microinverters
Similar to POs, microinverters are connected to each solar module and can provide
module level MPP. The fundamental difference can be seen in Figure 5, where a
single microinverter carries out the DC to AC conversion itself and connects directly
into the grid [6][7][9]. This eliminates the requirement for a large string inverter to be
installed into the system while still providing the benefit of localized MPP to a single

solar panel.

PV Panel

Microinverter

C’\P Grid

Figure 5: Microinverter-Based PV System [9]

For residential installations, the inverters used are either string or microinverters.
Since 2017, the residential solar PV market has steadily been increasing, and with
inverters making up about 6-10% of the costs [12][13]. Microinverters incur the
highest $/Watt cost, however due to recent research advancements and policy

changes, this cost has steadily declined.



1.4 Obijective of This Study

Due to the desire for module level optimization while reducing cost, there has been a
significant increase in research over the past decade focused on microinverter
topologies to develop low cost, high efficiency, high power density, and reliable
designs. One such topology is the dual active bridge (DAB) based single stage DC-
AC microinverter with a secondary side half-bridge, developed in [14], which is
attractive due to its ease of control and soft switching capabilities. While much focus
has been on optimizing DAB design and control, there is one aspect of DAB’s that
could help to further improve these designs. That aspect is the introduction of

resonance in the tank parameters of the DAB.

This study intends to extend current analysis of the DAB in DC-to-AC applications to
examine resonant and non-resonant DAB designs for microinverter applications.
Using frequency domain circuit analysis and design-level optimization the effect of
resonance can be interpreted through figures of merit based on losses and modeled

efficiency drops.



Chapter 2: Overview of Microinverter Topologies

2.1 Microinverter Architecture

In a single-phase microinverter DC input power from the solar panel, Ppv (EQ. 1), is
converted to AC power. The AC power is derived from the current injected into the
grid, ig, and the grid voltage, vg, can be seen in Eq. 2 and Eq. 3 respectively. Here wyg
represents the grid frequency (fg), 50 or 60Hz, in radians and ¢ is the phase difference
between the voltage and current. The output power, Py, is then calculated as seen in

Eq. 4 and can be reduced to Eq. 5 when ¢ is zero.

Ppy = Vpylpy Eq. 1

vg(t) = Vg sin(wgt) Eqg. 2

ig(t) = Igsin(wgt + @) Eqg. 3

P,(t) = %cos @ + Vglg sin(2wgt + @) Eq. 4
P,(t) = % + %sin(ngt) Eq. 5

To ensure that Ppy = Po, the double line frequency ripple power (Eg. 6), P2, must be
eliminated. This can be done using an energy storage element, most commonly a

capacitor due to its energy density advantages over inductors [15].

P,,(t) = %sin(ngt) Eq. 6
Single phase microinverter architectures can be separated into two main groups, two-
stage and single stage. As the name suggests, in two stage topologies the conversion

of DC-AC power is done in two steps, seen in Figure 6a. The DC power from the

solar panels is fed into a DC-DC converter capable of MPPT where the voltage is



boosted before it is inverted. The inverter takes the boosted DC power and inverts it
into AC power that can be supplied to the grid [9][16]. Here the double line frequency
ripple is eliminated with the use of a capacitor placed in between the DC-DC and DC-

AC converter stages.

HVDC Link

L ALe

(a)

(b)

Figure 6: Microinverter Topologies: (a) Two-Stage (b) Single-Stage

In a single stage inverter, the DC-AC power conversion is done in one step, shown on
Figure 6b. The DC power from the solar panel is converted directly to AC power and
fed into the grid. Having the power conversion done in one step leads to higher
efficiency, simpler controls, and lower component counts [9][16][17]. Typically, an
electrolytic capacitor is used for the power imbalance on the input side, which are
known to degrade more quickly, reducing their lifetime, ultimately impacting the

microinverters reliability [9][16][17].

Even with this disadvantage, single stage microinverters can achieve lower cost,
higher power density, and higher efficiency. Two-stage designs typically require
larger energy storage and filtering components, as well as more power switches. The

single-stage design reduces the count and sizing of each of those elements while still



achieving comparable efficiencies, making it the ideal candidate for microinverter

designs [9].

2.1.1 Galvanic Isolation
One key design requirement in microinverters is galvanic isolation. Galvanic isolation
is the ability for a circuit to isolate both the input and output from one another to
prevent a direct path for leakage currents [16]. This is a key functionality in PV
systems. If galvanic isolation is not present, current may flow through parasitic
capacitances” between the PV cells and metal frames, potentially damaging the panels
and external circuitry [16][17][18]. The main way to achieve this need while keeping
sizing down, is with a high frequency (HF) transformer. A HF transformer facilitates
the input and output to be referenced to independent ground planes to prevent current
from flowing between grounds [18]. This has led to many designs making use of HF
transformers to provide isolation as well as voltage gain. These HF transformer
designs feature single-stage topologies that include flyback, resonant, and DAB

converters [9][16].

2.2 Flyback Based Topologies

One of the first isolated single-stage topologies developed made use of the well-
known flyback converter. The flyback converter, seen in Figure 7, makes use of a
single switch (Q1) and a diode (D1) separated by a “flyback transformer,” which has

aturns ratio of 1:n [18].

10



Figure 7:DC-DC Flyback Converter

Flyback converters operate like that of boost converters. The switch Q1 allows
current to flow through the magnetizing inductance increasing the energy stored in
the magnetic field. When the switch is cut off, the energy stored is reflected to the
secondary side and directionally controlled by the diode D1 [19][20]. This principle
has been extended to DC-AC operation through tapping the secondary side of a
transformer and introducing another diode to control the flow of current, allowing for

AC power.

2.2.1 Flyback Based Microinverters
A simple flyback microinverter layout can be seen in Figure 8, where the primary
side switch is operated with PWM control to produce a half-wave rectified sinusoidal
waveform that is unfolded by operating the secondary side switches at 50% duty
cycle of the grid period [21]. The design has the benefit of reduced component count
and simplified sensor circuitry but incurs large stress on the switches significantly

impacting the efficiency of the design.

11
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Figure 8: Flyback-Based Microinverter, Kasa et al. [21]

To improve the stress on the switches, and thus improve efficiency, soft switching
flyback topologies have also been developed [9][22][23]. However, even with the
increases in efficiency single flyback microinverters can only achieve low power
(~<100 W)[9]. One solution is to interleave flyback converters to increase the power
rating of the microinverter [9][23]. However, the benefit of higher power is
outweighed by the increased component count and reliability to a large input

electrolytic capacitor required [9][17].

2.3 Resonant Based Topologies

Resonant based microinverters make use of power resonant converters whose

topologies have a similar layout to Figure 9.

v Full or Half L-C Tank Full or Half
" Bridge Network Bridge

Figure 9: Block Diagram of the Resonant Converter

AAAA
yyyv
]

At the core of all resonant converters is a L-C network (Lr and Cy) that can be
characterized by its resonant frequency, fr (Eq. 7) and its quality factor Q (Eg. 8),

where R represents the load resistance. The resonant frequency represents the

12



frequency at which the impedance of L and C; are equal, and the quality factor is a
ratio of the L-C tank impedance to the load resistance. This describes how fast the

gain drops as it moves away from the resonant frequency [20].

1
fo= ,
? " o JL.C, Ea. 7
Ly Eq. 8
Q= R

The operation of all resonant converters is similar. A square wave voltage is applied
to the resonant tank where energy circulates between the inductive and capacitive
elements, until it is delivered to the output [24]. Power flow is controlled through
varying the switching frequency of the input signal which in turn changes the
impedance of the resonant tank. Minimizing switching loss allows for higher
frequency operation of tens to hundreds of kHz, which allows the design components

to be smaller increasing power density [19].

2.3.1 Parallel Resonant Converter
In general L-C tanks in resonant converters are described by the layout of the inductor
and capacitor. The parallel resonant converter (PRC) is characterized by the L-C tank

seen in Figure 10.

Figure 10: Parallel Resonant L-C Tank

This allows the PRC to be modeled as a voltage source and can be used to step up or

down the voltage [19]. There are two main drawbacks of the PRC, lack of inherent
13



short-circuit protection and the need for large circulating currents. Large circulating
current require components with high current ratings and thus are larger in size,

limiting the power density of PRC designs [24].

2.3.2 Series Resonant Converter

The series resonant converter (SRC) is much like the PRC except the capacitor

instead is in series with the inductor as seen in Figure 11.

Figure 11: Series Resonant L-C Tank

In the SRC the input voltage is divided between the resonant tank impedance and the
output load. This means that the DC gain of the converter is always less than one as
the impedance of the tank splits the input voltage [24]. The SRC struggles at light
loads due to the impedance of the tank having to increase towards infinity as the load
approaches zero. This requires the converter to operate with a wide range of

frequencies [24].

2.3.3 LLC Converter
One way to minimize the disadvantages of both the SRC and PRC is to combine the
two in what is known as a series-parallel resonant converter (SPRC). There are two
main types of SPRC converters the LCC, pictured in Figure 123, and the LLC, shown

in Figure 12b.
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__________________

Figure 12: SPRC L-C Tank Layouts: (a) LCC (b) LLC

The LLC topology in microinverter technology is much more popular as it is typically
smaller in size. LCC converters normally require large and expensive capacitors.
Inversely the two inductors in an LLC converter can both be designed into a single

transformer, reducing the tanks size [24].

A typical DC-DC resonant converter can be seen in Figure 13. The LLC converter, as
with all resonant converters, is controlled by the switching frequency. The input
bridge switches are operated with 50% duty cycle passing a square wave voltage of
magnitude Vin to the resonant tank [24][25]. Here, the second inductor, L, is the
built-in magnetizing inductance of the HF transformer. The signal is stepped up and

then rectified by a diode rectifier bridge.

Figure 13: DC-DC LLC Converter

There are three operating modes that can be distinguished, fsw = fr, fsw < fr, and fow >
fr . By varying between these modes, the LLC tank impedance either becomes

resistive, inductive, or capacitive. In order to operate with soft switching, specifically
15



zero voltage switching (ZVS), the converter must operate in the inductive region,

where current lags the voltage.

2.3.4 LLC Based Microinverters
Due to the benefits of the LLC converter in both soft switching and reduction in size,
several LLC based microinverters have been developed. A typical LLC microinverter

layout can be seen in Fig. 14.

S1 S2
S3 S4
®

Unfolder Bridge

Figure 14: LLC-based microinverter topology [26]

The operation is very similar to that of the DC-DC converter, using variations in
switching frequency to control the flow of power. The switching frequency is
modulated in a way as to match the secondary side voltage to the grid side voltage.
From there the output is rectified and fed into an unfolder bridge where the signal is

unfolded into a lower frequency (50 or 60 Hz).

These resonant microinverters can achieve higher powers in the hundreds of watts
and achieve a wide range of ZVS. The topologies can be modified to allow for more
degrees of freedom such as switching from a full bridge diode rectifier to a half-
bridge diode rectifier or replace the diodes with switches as to improve efficiency or

power density [26][27].
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One major drawback of these LLC based designs is the necessity to have a wide
range of operating frequency to handle the varying load from the grid [17][19][20].
This makes it difficult to achieve ZVS over the entire range, increasing the switching

losses over the grid line cycle.

2.4 Dual Active Bridge (DAB) Based Topologies

The DAB schematics, seen in Figure 15, are very similar to the LLC converter, but
different in both impedance network and operating principle. It is made up of two
bridges separated by a HF transformer, but instead of a L-C tank network the DAB

only uses a single inductor to transfer power [28][29][30].

() (b)

s3 sS4 N S6 .

(@]
Figure 15: DC-DC DAB Converter Topologies (a) Full-Bridges (b) Half-Bridge (c) Hybrid

The switches on the primary and secondary side are controlled with a 50% duty cycle
to produce a square wave voltage. By phase shifting the two bridges, power can be

transferred through the leakage inductance, Li. and stepped up through the

17



transformer [28][30]. The benefits of this topology come in the ease of control,

reduced component sizing, and higher efficiency [29].

2.4.1 DAB Microinverter Topologies

The DAB has the benefits of both control flexibility and the ability to operate within a
wide range to achieve ZVS. For this reason, DAB-based microinverters have been
studied increasingly over the past several years. A schematic of a DAB-based
microinverter can be seen in Figure 16. Like the LLC-based topologies, two full
bridges separated by a HF transformer make up the DAB whose output is a half wave

rectified signal that is unfolded by an unfolder bridge.

PV Panel E

Unfolder Bridge

Figure 16: Full-Bridge DAB Based Microinverter Topology

An extension of this design can be seen in Figure 17, where the secondary side is

composed of a half-bridge consisting of two power switches and two capacitors, Chp,1
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and Cnb,2. This design has the benefit of lower componenet count, thus improving cost

and power density [14].

PV Panel E

Unfolder Bridge
Figure 17: Hybrid DAB Microinverter Configuration [14]

2.4.2 Series Resonant Dual Active Bridge (SRDAB)
An interesting extension of the DAB is the introduction of resonance to the tank
network of the converter. This is done by placing a capacitor in series with the
traditional DAB inductor which will create an LLC tank network including
magnetizing inductance [31][32]. This type of design is called the series resonant dual

active bridge (SRDAB) converter whose schematic can be seen in Figure 18.

S1 S2 S5 S6
:_L_,. ¢, _:_@)
V, T L v
Va(®) / : ng: \ ¢, 3R
3 W . <8
®

Figure 18: SRDAB Converter Topology

The operation of the SRDAB is the same as the DAB however due to the presence of
the series capacitance, the current through the tank network is no longer piecewise
linear [31][32]. The current is now more sinusoidal, almost as a mix of the sinusoidal

nature of resonant converters and the DAB. By allowing the DAB to become resonant
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the converter’s gain may become more sensitive to changes in switching frequency

[31][32].

2.4.3 Non-Resonant vs. Resonant DAB Designs
Series capacitors are not irregular even in DAB designs. They provide necessary
circuit protection to HF transformers by blocking DC signals from being applied to
the transformer. If a DC signal is applied to a HF transformer, the windings will act as
a short, leading to large currents that may damage the transformer and other circuitry.

The equivalent circuit of the DAB can then be derived as seen in Fig. 19a.

@ (b)

Figure 19:Effect of Resonance on Inductor Current [31]

In a DAB, this series capacitance is large, meaning the resonant frequency is
sufficiently small, such that the impedance is dominated by the equivalent inductance.
However, as the value of series capacitance is decreased, the resonant frequency
increases along with the effect of the capacitance’s impedances. This increase in
resonance changes the piecewise linear shape of the DAB inductor current to behave

more sinusoidal in nature, Fig. 19b [33].

In 2009, [33] used this fact to examine the effect of resonance in the DAB for DC-DC
applications and compare the SRDAB to the DAB. By examining the converter in the
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first harmonic approach (FHA) of frequency domain analysis (FDA) and allowing
only the capacitance to change, various characteristics could be examined. It was
shown that the capacitance had a negative influence on transformer load, resonant
tank size, and soft-switching capabilities, but did improve total harmonic distortion

(THD), winding AC losses, and reduce device turn off losses [33].

2.5 Summary of Microinverter Topologies

An extensive look was taken at the topologies typically seen in single stage
microinverters and the characteristics used to describe them. The DAB, due to its ease
of control, soft switching capabilities, high power density, and high efficiency has
made it a top candidate for microinverter designs. The effect of resonance for DC-DC
applications has been studied extensively, however the extension in DC-AC

applications has not be conducted.

The goal of this study is to fill in the blind spots on the effect of resonance in
microinverter applications by extending the analysis conducted by [33] to examine
resonance within a DAB DC-AC microinverter. By reducing the series capacitance
within a DAB microinverter design, the tank network will become increasingly
resonant allowing the current of the inductor to become more sinusoidal, potentially

lowering RMS currents and thus 1°R losses within the converter.

Using a wide design space, resonant and non-resonant tank parameters will be

optimally designed using MH-FDA and compared based on several factors:
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conduction and switching loss impact, benefit gained from VF control, and CEC

efficiency.
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Chapter 3: Component Selection Based on Multi-Objective
Analysis

The DAB microinverter topology used for this study can be seen in Figure 22. Instead
of using a series capacitor on the primary like [33], Chb,1 and Cny2 perform the role of
the series capacitance in the L-C tank. By varying the size (ie. capacitance) of these

capacitors, designs of varying resonant frequencies can be analyzed for comparison.

PV Panel [

a|

L
Unfolder Bridge

Figure 20: DAB based microinverter with a half bridge secondary and low frequency unfolder bridge [14]

3.1 DAB Modulation Techniques

There are various methods of controlling power flow within the DAB and SRDAB,
however only three main techniques will be discussed in this paper. Single-phase shift
(SPS), seen in Figure 21a, which as mentioned above is where the primary and
secondary bridge fundamental square waves are shifted out of phase to transfer power
[14][31]. This phase shift, denoted o7sw, is given with reference to the midpoint of the

primary and secondary side voltages.
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Figure 21: DAB modulation schemes: (a) SPS, (b) DPS [34]

Dual-phase shift (DPS), Figure 21b, adds a second degree of freedom (&bc) by
shifting the phases or duty ratios of each leg (S1, S2 and Ss, S4) of the primary side
bridge. DPS switching compared with SPS can decrease current stress, improve
efficiency, expand ZVS range, and minimize the component sizing [34][35]. For this
reason, the microinverter in this study is modulated with DPS control as to ensure that
the DC input power is converted to AC power such that the grid current is in-phase

with the grid voltage.

The benefits of DPS can be further extended by introducing variable frequency,
deemed VF-DPS. Along with the full bridge phase shifts and inner bridge shifts the
switching frequency can be varied to further improve switching characteristics such
as ZVS [36]. With this in mind VF-DPS control will also be implemented to provide

further insight into differences of resonant and non-resonant DAB designs.
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3.2 Design Parameters

In order to properly compare resonant and non-resonant designs, optimal selection of

hardware and software parameters should be determined.

3.2.1 Software Parameters
The software parameters for this microinverter topology are ¢ and épc for the DPS
control, and the switching frequency, fsw, to extend the control to VF-DPS. These
parameters are not fixed and vary across the line-cycle such that the desired power

flow can be achieved.

3.2.2 Hardware Parameters
Hardware parameters of this topology consist of the tank components, Likx, Lm, C1, C2
and the turns ratio, n. Once these parameters are selected, they are fixed and cannot
change. Selection of these components is crucial for the design process because once
the hardware is built, they cannot change, allowing only the software parameters to
vary to obtain the best performance. Using this distinction of parameters, optimal
design optimizations from the literature of both non-resonant and resonant DAB

microinverters will now be discussed.

3.3 Optimizations from the Literature

It is important to note how other studies have approached optimization of the DAB
based microinverter in the past to fully understand the optimization process. Within
any optimization process is the objective function trying to be optimized, for
microinverters this function is typically related to the California Energy Commission

(CEC) Efficiency [14][37][38].
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3.3.1 CEC Efficiency
In the United Sates, all microinverters are compared by their CEC efficiency. The
efficiency of a DC-AC inverter is measured as the ratio of the active component of
AC power to DC input power [39]. Due to solar panels experiencing varying levels of
irradiance as a function of environmental considerations and thus varying input power
to microinverters, a weighted efficiency to rate and compare inverters was developed.
The CEC efficiency is a weighted sum of the efficiency at various operating
conditions measured as a percentage of the maximum input power, namely at 10%,
20%, 30%, 50%, 75%, and 100% [39]. The equation and the corresponding weights
can be seen in Eq. 9, and simplified to Eq. 10, with C; representing the weighted
efficiency at each power point and #p;i as the efficiency at each power point.

Ncee = 0.041199, + 0.050500, + 0.1213500, + 0.211500, + 0.531750, + 0.0511000 Eq. 9

6
Ncec = Z Cinp; Eqg. 10
i-1

In microinverter design, it is desirable to achieve a design with the maximal CEC
efficiency or in other words minimize the efficiency drops due to conduction or
switching losses. These CEC weightings provide a way to relate a particular design’s

efficiency losses to the CEC efficiency.

3.3.2 Optimal Design of a DAB Microinverter
In [14], an optimal design process was used to develop a DAB-based microinverter.
The designers considered two designs, a full and half bridge secondary like that of
Figure 16 and Figure 17. The full bridge design can employ triple phase shift (TPS)

or VF-TPS, where the third parameter is an intra phase shift of the secondary side
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bridge legs. Due to elimination of the second leg of the secondary side bridge, the
half-bridge employs either DPS or VF-DPS. Using multiple harmonic frequency
domain analysis of the T-model equivalent circuit the expressions that characterize
the microinverter were derived and used in an optimization algorithm to select the
optimal leakage inductance and magnetizing inductance based on a figure of merit

termed the conduction loss factor (CLF) [14].

Conduction loss within a converter can be described as in Eqg. 11, where R, represents
the various resistance found in switching converters. In design, it is ideal to minimize
this loss as to keep efficiency as high as possible [14][38].

Peondloss = IimsR Eq. 11
In [14] Eq. 11 is extended to a device independent factor relating to the California
Energy Commission (CEC) efficiency, the CLF, seen in Eq. 12. The CLF represents a
figure of merit describing the 1R loss due to primary side RMS current [14]. Using
the CLF and constraining all the switches to soft switch, a set of leakage inductances
and turns ratios with a fixed magnetizing inductance were optimally selected. While
analysis was conducted for leakage inductance and turns ratio, the magnetizing
inductance was considered fixed at 20-times the leakage inductance. However, a
more comprehensive analysis would also include the magnetizing inductance as a free

variable.

6

IZ

CLF = Zci RS“S Eq. 12
-1 i
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The tank parameters were compared in full bridge and half-bridge designs, eventually
settling on a half-bridge design, as to reduce the number of devices and associated

gate drivers, which was built and able to achieve a 92.8% CEC efficiency [14].

3.3.3 Optimal Design of the SRDAB
Similar technigues have been used to optimize the SRDAB based converters. In [38],
a bidirectional DC-DC SRDAB is designed using first harmonic approach to derive
expressions to be implemented in optimization. Here the cost function developed is
the CEC efficiency and uses particle swarm optimization to select an optimal design
[38]. Instead of optimizing for component selection however, the design is optimized
for quality factor, gf, and the voltage gain ratio of the converter as to ensure the
converter can operate with varying load and the necessary range of voltage gain. The
final constructed design, with a normalized frequency (F) of 1.22 was able to achieve

92.1% CEC efficiency [38].

In 2019, Wang et al. also implemented particle swarm optimization to optimally
design a SRDAB for DC-DC applications. Again, only SPS control is considered,
however MH-FDA is used. The cost function here being a loss model developed by
the designers to minimize based on the tank impedance, normalized frequency, and
the turns ratio [37]. The final converter design was able to achieve a peak efficiency

of 96.1%.

The drawback of both these studies is that the variables selected for optimization

focus on broader characterizations of the microinverter, such as resonant frequency or
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quality factor. Furthermore, these analyses focused on DC-DC converter applications,
and as such the analytical developments are not clearly extendable to DC-AC
converters. This study intends to improve upon the optimal design methods of the
SRDAB by performing component level optimization similar to [14]. Different from
[14], the half-bridge capacitor will be included in the analysis to further understand its

effects when its value is varied.

Through optimization of the tank parameters in both non-resonant and resonant
designs, similar CEC weighted figures of merit such as the CLF, can be used to
analyze CEC efficiency drops. As with any optimization, or analysis of a power
converter, the first step is modeling, to mathematically describe the operation of the

circuit.

3.4 Circuit Modeling

After selection of design parameters to be optimized, it is paramount to be able to
model the converter’s behavior. Using these model equations, the effect of each

parameter can be further examined as to optimize a desired objective function.

3.4.1 Modeling Techniques

There are two domains that any circuit with non-sinusoidal sources can be analyzed:

time domain and frequency domain.

3.4.1.1 Time Domain Analysis (TDA)

TDA is the analysis of the physical characteristic of a circuit with reference to

time. It uses steady state equations through analysis of boundary conditions to
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derive differential equations describing a circuit’s operation [18]. To make use
of these equations it is quite cumbersome in power converters as there are
normally several nonlinear characteristics with respect to time within a design
and several operating modes. The operating mode of a converter is a function
of the control parameters, leading to a non-generic description of the systems.
Meaning that the converter’s time dependent equations change based on the

mode, or conditions, present.

3.4.1.2 Frequency Domain Analysis (FDA)

FDA is the analysis of a circuit’s operation through the lens of frequency.
Here, the equations are derived with respect to frequency. However, the main
benefit for this study is that the frequency domain equations have no modal
dependence and are always accurate regardless of the operating conditions

[18].

FDA can be further characterized into first harmonic approximation (FHA)
and multiple harmonics approximation (MHA). The difference between the
two being that with FHA it is assumed the fundamental harmonic is the
dominant frequency, and as such all other harmonics are assumed to be
negligible. The issue with this approach is that higher order harmonics are
non-negligible and do play a factor in converter dynamics [37]. For these
reasons MH-FDA is the ideal choice to model the microinverter topology

chosen to examine the effect of resonance.
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3.4.2 Equivalent Circuit
A DC-DC equivalent circuit of the converter in Figure 20 can be seen in Figure 22a
where all of the components are reflected to the primary-side of the transformer,

which is modeled using the transformer equivalent T model [40].

The series capacitance, Cy, can be derived through examining the current flow on the
secondary side of the transformer. In Eq. 13, from Kirchhoff’s current law, the
secondary side current, iwrs is the difference between the current through Chp 1, ichb.1,
and Chb,2, ico. From there, the capacitor’s current-voltage relationship can be
substituted as shown in Eq. 14, where Vac represents the AC side grid voltage. Over
one switching period Vac is considered constant and therefore does not change in
time, simplifying to Eq. 15. It is clear then that its can be modeled to flow through a

single equivalent capacitance (Cnb,1 + Chb,2), and is represented as Cr seen in Eq. 16.

Li, C Lcp Lus

" = " . —|¢
|
(b)

(a)
Figure 22: As the half bridge capacitances C1 and Cz decrease the (a) DAB equivalent circuit transforms into

the (b) SRDAB equivalent circuit

itr‘,S(t) = ichb,l (t) - ichb,z (t) Eq 13
_ Chb,1dVe Chb,2d(Vac — Vg, ,)
ltr,s(t) = dt ol dt B Eq 14
Chp,1dV, Chp.2dV, Eq. 15
itr's (t) _ hb ldt Chb,l + hb Zdt Chb,l q
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i (t) _ (Chb,l + Chb,Z)dVChbll _ CrdVChbll
s dt ©dt Eq. 16

The voltage Vp is the input voltage from the PV panel, Vpy, and Vs relates to the AC
grid voltage (Eq. 1) and is reflected to the primary side by the turns ratio, n. As Chb,1
and Chnb,2 increase the equivalent circuit becomes Figure 222b which reflects the non-

resonant equivalent circuit of the DAB.

3.4.3 MH-FHA Expressions

Using the equivalent circuit from Figure 22a., a MH-FDA approach is conducted as
to model the microinverter topology of Figure 20. Through Fourier decomposition of
the quasi-square wave voltages of the primary and secondary side, the k™ harmonic
voltage vectors can be derived as seen in Eq. 1717 and Eq. 18. Due to fsw >> fgrig, the
AC side voltage can be considered constant and thus is represented as Vac. Vac is
equal to the Vgrig(a), where a represents the angle along the AC line cycle. The DPS
modulation parameters, ¢ and fpc, represent the bridge leg phase shift and the intra

phase shift between primary and secondary.

— 4V
Vo = k—;[ncos(anGdc) £2mk8 Eq. 17
Vsk = Pnkn 20 qg.

Using Kirchhoff’s voltage and current laws the expressions for I,k (EqQ. 19) and Isk
(Eq. 20) can be derived, which represent the k™ harmonic of the primary and
secondary current vectors. The corresponding primary RMS current is represented in

Eq. 21, via Parseval’s Theorem.
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— Vo1 —=A,) =V, A
o= Yor(1= ) “Vally Eq. 19
(J.)kL]k_p 2
— Vp.kAp + VS,k(AS - 1) T
lox = foL 1 £-5 Eqg. 20
® -
ks ™ kwC,
kmax 1
— 2
I)%,RMS = Z E |Ip,k| Eq' 21
k=1,0dd

The values for 4x depends on Ax which represents a normalized impedance on the

primary side (/p) or secondary side (1s), seen in Eq. 22, Eq. 23, and Eq. 24.

Ax
A"_1+}\p+}\S Eq. 22
Lm
Ap = —— Eqg. 23
Likp
kwL,
Ay=—""7" Eq. 24
kU)le,s —_ m

Due to the presence of the magnetizing inductance separating the primary and
secondary side inductances there are now multiple resonant frequencies present in the
design. The first is derived from the denominator of Eq. 22. This resonant frequency,
fr1 (EQ. 25), represents the resonant frequency of the entire L-C tank similar to Eq. 7
in 2.3 Resonant Based Topologies, which is represented as fro. Seen in Figure 23,
when Ln >> Lix, Where X represents either the primary (p) or secondary side (s), Eq.

25 reduces to the common derivation of resonant converters (fr0), EQ. 7.
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Effect of L, on Resonant Frequency
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Figure 23: Effect of Lm on Resonant Frequency

1 Licp + L 1
frio = o= |( L (=) Eq. 25
21| LigpLlm + Likslm + LigpLiks” Cr

A second resonant frequency (Eq. 26), fr, arises between Lis and Cr and derived as

the denominator of Eq. 26.

1

f Ry —
r Zﬂ,lle’SCS

The total active power can be calculated as seen in Eq. 27. For accuracy, Kmax IS set at

Eq. 26

50 harmonics to provide accurate analysis [41].

kmax

1
P= > > Vorllipkloos (2o = 2ip) Eq. 27

k=1,0dd

Finally, the tank currents can be reconstructed in time, Eq. 28, which are valuable to

analyze the soft switching capabilities of a design.

kmax
L(r) = Z ligx|sin (kr + 2igi) Eq. 28

k=1,0dd
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3.5 Optimal Modulation of Software Parameters

For given design values Likx, Lm, Cr, and n, the software parameters must vary along
the line cycle to achieve the desired power transfer profile. Furthermore, it is
desirable to achieve RMS current minimization (to achieve low conduction-related
losses) while simultaneously achieving near-uniform ZVS (to achieve near-zero
switching-related losses). This can be done through further examination of the

switching transitions seen in Figure 24.

Ts“'/ 2 Ts“'
~

Licp

Figure 24: Derivation of Software Parameters (J, dbc, fsw), from Figure 21

The range of software variables can be seen in Table 1, where fs varied with respect

to the originally switching frequency, fsw,.

Table 1: Switching Parameters for DPS and VVF-DPS control

Switching Variable Range
0 [0, 0.25]
Obc [0, 0.25]

fow [0.75fsw0, 2fswa]
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The ability for a design to achieve ZVS is based on the current at each switching

transition. Table 2, shows the device transitions and their corresponding timings.

Table 2: Device Transitions and Corresponding Timings

Device Transition Timing Definition Time Instant
S1— S, t12 (1-0—-6pc)Tsw
S; — 51 o1 (/12 =6 — 6bc) Tsw
S3— Sa t34 (172 =6 + boc) Tsw
S4 — Ss t4,3 (1 —-0- 6DC)TSW
S5 - S6 t5,6 (1/2)Tsw
Se — S5 t65 (l)TSW

Analyzing ZVS by direction, soft switching is assumed to be ensured if the current at
the specified transitions is greater than zero. While ZVS by direction is a necessary
condition, the sufficient condition is determined by time- and energy- related
constraints. Generally, this can be simplified by ensuring that the switching transition
corner currents are greater than a predefined critical current [42][43]. Table 3, shows
the constraints for each switching transition, where lcrit represents the selected
minimum positive current at switching transitions. Due to half-wave symmetry,
ensuring three of the device transitions achieve ZVS will guarantee ZVS of the

complementary transition.

Table 3: ZVS by Direction Constraints

Device Transition Constraint # Inequality
Sl — 82 Cl ||_,p(t2'1) > Icrit
S3 — §4 C2 ||_,p(t3'4) > Icrit
S5 — S6 C3 ||_,5(t6,5) > |crit

By discretizing the AC line cycle into m number of points, this control method could
be implemented through the MATLAB minimization function fmincon at each point

along the line cycle. This optimization process is shown in greater detail in Figure 25.
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Figure 25: DC-AC Optimal Modulation Process

The DC-AC modulation works by first setting the converter specifications, followed
by a discretization of the AC line cycle into m points, and then specifying the
hardware parameters to be modulated. The upper and lower bounds of the software
variables are set. From there the secondary side voltage, Vs is set to vg(t(N)), where
t(N) represents the time at point N, where N is a value between 1 and m. Using this
voltage, fmincon attempts to minimize the RMS current while maintaining constraints
C1, C2, and C3 and passing the required average power (Ppass) Within a tolerable

amount. If the numerical constraints for l¢rit are not met, the value for lgrit is
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decremented until either the constraints are met or the minimum value of It is
exceeded, in which case the design is considered infeasible. It is important to note
that if lcrit is ever decremented, the switch is considered to have hard switched, due to
the inability to meet the minimum current required for ZVS. If the constraints are met
the values for the software parameters are stored and the process repeats for the next
vg(t(N)) until all software parameters have been stored in a look up table (LUT) to

control the switching instants of the microinverter.

Using this optimal modulation scheme and the model equations described previously,

a DC-AC simulation was developed for verification.

3.6 MH-FDA Model Verification

To ensure that the model described above is accurate, a DC-AC microinverter

simulation was developed in MATLAB Simulink, Fig. 26.

Figure 26:Microinverter Simulink Model

The values of the parameters used in the simulation are shown in Table 4.
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Table 4: Converter Specifications for Model Verification

Characteristic Value
Vin 40V
Vac,pk 240V
Pmax 400W
fsw 200kHz
n 4
Likp 0.739uH
Liks 7.808uH
Lmag 2.560HH
Chb,1,Chb,2 33.75nF

Using the modulation scheme described in 3.5 Optimal Modulation of Software
Parameters the trajectory for dpbc and ¢ across a half line cycle can be seen in Figure

27. This trajectory was then implemented into a LUT to be used every half-line cycle.
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Figure 27: Trajectory Across a Half-Line Cycle

The LUT was then fed into a control block for the S14 and Ss.6 were controlled with
50% duty cycle. From there, the accuracy of the model to the simulation can be
described. Looking at the primary side current (Ipx), Fig. 28, the RMS value of the
model was calculated to be 14.59A and the simulated RMS value was 14.90A, an

error of about 2.1% giving confidence to the accuracy of the model developed.
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Figure 28: Simulation of Vp, Vs, is, and is

Similar calculations were done for the secondary side RMS and the primary side
power of the microinverter. The Isrms Was calculated to be 4.623A and simulated to
be 4.887A, giving an error of about 5.39%. The average power calculated from V,
and ip was calculated to be 397.6W and simulated to be 403.2W, an error of 1.04%.
The average power measured at Vin and lin of the simulation were also calculated and
found to be 407.2W, giving an error of about 1.75%, giving further confidence to the
model. Upon zooming in on V; and Vs, the switching characteristics, 6 and épc, can

been seen in Fig. 29.

Figure 29: § and 6poc Waveforms from Sifnulation
From this verification process, the model can be used to derive objective functions to

compare individual designs.
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3.7 Objective Functions to Compare Designs

The overall goal of optimizing the microinverter design is to maximize CEC
efficiency. To do this, when comparing designs, it is important to characterize the
efficiency drop that a set of hardware parameters will incur. In Eq. 29 the efficiency
of a power converter can be seen. Efficiency drop is dominated by two main
mechanisms conduction (Pcond) and switching (Psw), while losses due to other
mechanisms (Pother — COre losses, driving losses, etc.) are typically small and can be
ignored.

1— (Pcond + l:)sw + Pother)) =1— Pcond _ PS_W —_ Eq 29
P, B B

rl —
With that in mind, objective functions relating to the CEC efficiency can be

developed to reflect these two unique mechanisms.

3.7.1 Conduction Loss Factor (CLF)
Conduction losses (Pcond,loss) in this converter topology are traditionally described as
Eq. 30. Where the resistance, Rpsyx, refers to the drain to source resistance of the
primary and secondary side switches and the transformer AC resistances is
represented as Rac,x, where x represents the primary (p) or secondary side (s). To
account for conduction through two switches in one leg of the primary full bridge a
factor of two is placed in front of Rps, whereas only one secondary-side device is in

the conduction path due to the half-bridge structure.

Ra\c,s + Rds,s

n2

) Eq. 30

Peond loss = IIZKMS,p(ZRds,p + Ra\c,p +
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The first objective function to consider is a CLF similar to [14], as it provides a useful

device independent tool to compare designs. But this function can be improved upon.

One limitation in the use of Eq. 30, is the assumption that Irms;s = Irmsp/n. While this
is true for large values of L, it degrades in designs where the Ly value decreases.
This is further visualized in Figure 30, where using MH-FDA equations to optimize
Irms,p it is Clear that as Lm decreases for a set of parameters Irvs;s begins to diverge
from lrmsp/n. In fact, to ensure the power constraint is met lrmss begins to tend

towards infinity as Lm decreases.

6.5

Traps /N =—
5 IR_\I.S,p
RMSs =

5.5
5
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Figure 30: Divergence of Irmss and lrms,p/n as Lm Decreases

When looking at the equivalent circuit the smaller L becomes, ip # is. For this reason,

the conduction loss is described more accurately as seen in Eq. 31.

Racs + Rgs,
Peondloss = IIZJ,RMS (ZRds,p + Rac,p) + Isz,RMS(%) Eq 31

Using this equation, the CLF can be revised to include the secondary side RMS

current, Irmss as seen in Eq. 32.
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12 +12
CLF = Z Ci( p,RMs2P 2,RMS) Eq. 32

A factor of %2 is used to average the RMS currents of the primary and secondary.
Such that if the primary and secondary side currents are equal, the equation will
reduce to the original CLF from [14]. To be clear, in this form the CLF can only be

used as a figure of merit and describes Pcong directly if Lm is large.

3.7.2 Switching Loss Factor (SLF)
As mentioned in 2.4.2 Series Resonant Dual Active Bridge (SRDAB), in general the
ZVS range of the SRDAB was found to be smaller than that of the non-resonant DAB
[33][37][38]. For that reason, when examining resonance in optimal designs it is
necessary to quantify the switching losses incurred by a design set. A generalized

switching loss equation can be seen in Eq. 33.

Psw,loss = %VDSID(ton + tos) fsw + % CossVBsfow Eq. 33
Here, the Vps and Ip are independent of the device and represent the voltage across
and current through the switch at a on or off transition. The variables ton and torr are
the turn on and turn off times which are dependent on the device used. Whereas Coss,

represents the loss from the output capacitance in MOSFETS [16][17].

In this study a device independent factor is proposed to characterize the switching
losses of a particular design set, deemed the switching loss factor (SLF). This SLF is
similar to the CLF such that it is device independent and provides insight into the
switching loss of a design given a set of hardware parameters. As mentioned in 3.5

Optimal Modulation of Software Parameters, for each point along the AC line
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cycle, it can be determined whether a switch was able to achieve ZVS or not, based
on whether or not l¢rit was decremented. From there the loss at that point can be

characterized by Eq. 34.

0, ZVS Achieved

=11 Eq. 34
SN E(10—9)(v,,sl,,fsw+ V3sfsw),  Hard Switched a

Vps and Ip represent the blocking voltage across and the current through the device at
switching transitions. If ZVS is achieved, there are no switching losses. However, if
there are switching losses, the hard switched equation calculates a factor representing
the switching losses at that point in the line cycle. A factor of 10 is included for

scaling purposes as the values of ton, toff, and Coss are on typically on the nano scale.

The average switching losses over m line cycle points is calculated in Eg. 35 and then
using the CEC weightings and corresponding power levels the SLF is derived as seen

in Eq. 36.

5, = ZN=15N Eq. 35

m

6
i=1

Both the CLF and SLF provide figures of merit as to compare design sets within the

wn

Eq. 36

i
i

ine]

optimization process. From here an optimization algorithm was developed as to

compare designs based on these figures of merit.

3.8 Optimization Algorithm

With the objective functions and modulation scheme designed, the next step was to

extend the optimization framework across a wide range of hardware variables. For the
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purpose of examining the effect of resonant and non-resonant designs, a wide design

space, described in Table 5, was required.

Table 5: Design Space used in Analysis

. Range
Hardware Variable [Upper Bound, Eower Bound]
Likp [0.05 pH, 2.00 pH]
Liks [0.05 pH, 2.00 pH]
Lm [2.00 pH, 40.0 uH]
Cr [0.10 pF, 16.0 puF]

Each variable in the design space was discretized into 50 evenly spaced points to
construct 50* possible designs. The resonant frequency is then calculated using Eq. 25
for each possible design and sorted into the appropriate frequency bin (a frequency
bin is defined as a range of frequencies with unique upper and lower limits). The
range of the frequency bin was chosen as to evenly separate the designs in the f;1

domain.

Once these designs had been sorted a Monte Carlo analysis technique was used to
randomly select designs within each bin and calculate their CLF and SLF using the
modulation technique described above. The process in its entirety is shown in Figure

31.
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Converter Specifications:
1. Nominal PV Power (P, ,..)
2. Input Voltage (V)
3. Output Voltage (V.0
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Figure 31: Optimization process flow for hardware parameter selection

The process begins by specifying the desired input and output voltage and nominal
PV power. Then the turns ratio and switching frequency are selected as to select a
range of frequencies to examine resonance at varying levels. By discretizing the
design space described above (teal), the maximum achievable power is calculated by
finding the achievable power of a design with 6 = 0.25 and dpc = 0. This is to ensure

that a set can achieve the desired power. Then the resonant frequency of a set of Likp,
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Liks, Lm, and Cy are calculated. From there, the designs are sorted into evenly spaced
frequency bins for the bin loop (yellow). In the bin loop a frequency bin is selected
for a Monte Carlo analysis (green). The Monte Carlo analysis selects random designs
within the selected frequency bin in order to calculate their CLF and SLF. The CLF
and SLF calculations (blue) are facilitated by the DPS (J, 6pbc) modulation
optimization (red) to achieve the minimum RMS currents within the given numerical
constraints, described in 3.5 Optimal Modulation of Software Parameters. The
values of CLF and SLF are stored, and the process repeats for x points within each

frequency bin, and then again across y frequency bins.

To examine the effects of increasing resonance, the lowest value of CLF and SLF in

each frequency can be extracted as to create a minimum bound across normalized

frequency. This will be explained in greater depth in the following section.
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Chapter 4: Results and Discussion

4.1 Monte Carlo Optimization Results

The converter specifications, Vin, Vout, and Pavmax, Selected for this analysis can be
seen in Table 6. From there, the optimization process described above, derives the

CLF and SLF of designs with varying resonant frequencies.

Table 6: Converter Specifications

Converter Specification Value

Input Voltage from PV (Vin) 40V

AC RMS Voltage (Vou) 240V

Maximum Average Power (Pay,max) 400W

Minimum ZVS Transition Current (Icri) 1A
Switching Frequency (fsw) 200kHz
Turns Ratio (n) 4
411CLFvs. F

The first analysis is the effect that resonance has on the CLF, seen in Figure 32. The
variable F is a normalized ratio of the switching frequency to the resonant frequency,
F = fs/fr. The different colors represent each of the frequency bins where the Monte

Carlo optimization was conducted.

0.42

Figure 32: CLF vs. F results of the monte Carlo method, n = 4, fsw = 200 kHz
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From the minimum CLFs in each frequency bin a lower bound can be drawn to
clearly see the effect of resonance. As the designs become more resonant, the CLF
steadily reduces up to the point of convexity, around where F = ~1.24. The
improvement in CLF at this point compared to the minimum CLF at F = 4 is about ~
5.84%. Beyond this point the CLF begins to increase rapidly, suggesting a limit to the

benefit gained from resonance.

412SLFvs. F
In Figure 33, the effect of resonance on the SLF can be seen. As designs become
more resonant, the data suggests that soft switching becomes more difficult for the

majority of designs due to the upper bound of the SLF increasing.

0.025 _

0.005 | &

0 L L
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Figure 33:SLF results from the Monte Carlo Optimization
Selecting a design based on the resonant frequency alone is not enough to ensure
switching losses are minimized. However, with careful selection of tank hardware
parameters, the SLF, and therefore switching losses, can be minimized as to make the

design conduction loss dominant. Since selection of the hardware variables can only
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be fixed once, an improper design selection may struggle in terms of the SLF

regardless of control-level optimization.

413SLFvs.CLF
The CLF and SLF of the designs are shown in Figure 34. The plot suggests that there
is a limit to which the CLF can be minimized before a design’s switching loss is non-

negligible.
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0.02 [}

0.015
Optimal Designs

SLF
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0.005

CLF (%/Q)
Figure 34: SLF vs CLF

The limit at which a design becomes conduction loss dominant is derived from the
lower left point of the curve and found when the SLF is less than ~10. This value
was determined heuristically by examining CEC efficiency drops of designs with
varying SLFs, discussed in following section, 4.4 CEC Efficiency of Optimal
Designs. When selecting an optimal design, one should select a design with the

minimum CLF with a SLF below ~10".

4.1.4 Monte Carlo Approach (fsw = 500 kHz)
To extend these results at other switching frequencies, the optimization was
conducted at fsw = 500kHz and the resulting CLFs can be seen in Figure 35. Much
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like the previous approach of 200kHz switching frequency, a point a convexity in

CLF occurs around F =~1.2.

Figure 35: CLF results with fsw set to 500kHz

Interestingly, upon zooming into the range of 1 < F < 2, there are a small number of
designs, seen more clearly in Figure 36a. This is further confirmed when zooming in

on the CLF from the 200kHz analysis as well, shown in Figure 36b.
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Figure 36: Point of Competing Resonant Frequencies at (a) 500kHz and (b) 200kHz

When analyzing designs in that region, it becomes clear that selecting designs with a

resonance as in Eq. 25, while avoiding a second resonant frequency, fr2 (EQ. 26)

51



derived in 3.4.3 MH-FHA Expressions between the Cs and Lixs becomes

challenging. At fr2, the equivalent impedance A (Eq. 24) approaches infinity.

In order to achieve a design with a resonant frequency around F = ~1.33 region the
required sizing of Cs and Lis is more likely to have a second resonant frequency (f2)

equal to or near the switching frequency.

To show this, a design from that region was selected from the 500kHz designs and
using its Liks and C, parameters the fr was calculated, shown in Table 7. This
suggests that when designing a SRDAB it is preferred to avoid this region as to not

have competing resonant frequencies.

Table 7: 500kHz example showing the competing resonant frequencies

500kHz Design Value
Likp 0.917uH
Liks 0.988uH
Lm 35.75uH
Cr 0.100pF
fr 366.9kHz (F=1.362)
fr2 506.34kHz

4.2 Turns Ratio Effect on Conduction Losses

The previous analysis was repeated with integer number of turns ratio, namely n = 3
and n = 5, where similar lower bound lines, describing the local minimum of a

frequency bin, can be derived and plotted in Figure 37.

52



Effect of Turns Ratio on CLF vs F
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Figure 37: Effect of turns ratio on the lower bound of CLF

The point of convexity seems to shift towards lower resonance as the turn’s ratio
decreases. This may be due to the added reduction in primary side RMS current at
lower turns ratios. At the point of convexity is the balance between minimized CLF
while minimizing SLF. Designs to the left of this point require larger CLFs in order to
maintain feasible SLFs. The benefit gained from further reduction of RMS current
diminishes as it approaches the minimum limit (lcrit) et to achieve ZVS. This in turn
causes the benefit of higher levels of resonance to also diminish. Meaning the point at
which the balance at which CLF can be minimized and maintain feasible SLFs shifts

to lower levels of resonance.

From the results of the CLF data, it suggests that a turns ratio of n = 3 or lower may
improve converter conduction losses more than n = 4 or above. However, at lower
turns ratios the secondary side current will increase and so losses on the secondary
side will be larger in comparison to another turns ratios seen in Eq. 37. To examine
these trade-offs, the CEC efficiency drop due to conduction losses was calculated

with varying primary and secondary side resistances.
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Racs + Rys,
Pcond = IIZ),RMS(ZRds,p + Rac,p) + ISZ,RMS %) Eq 37
&P
CECcona = Z G Cll;nd Eq 38
i=1 !

With the assumption that switching losses are negligible and using the designs with
the lowest CLF at each turns ratio the minimum CEC efficiency drop due to
conduction of primary and secondary resistance was calculated. The results can be
seen in Figure 38.

Optimal Turns Ratio for Minimized CEC Efficiency Drop
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Figure 38: Minimum CEC efficiency drop due to conduction losses with varying combinations of primary and

secondary side resistances

This plot shows that there is not a single turns ratio optimal for all combinations of
resistances, however for most, a turns ratio of n = 4 is ideal. In the case of low
secondary resistances and large primary resistances, n = 3 is more favorable as the
conduction losses are dominated on the primary side where RMS current is at its
lowest. On the other hand, when the conduction loss is secondary side dominate a

larger turns ratio, such as n =5, is more desirable.
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4.3 VF-DPS Modulation

4.3.1 CLF with VF-DPS
Another control variable that may be useful to exploit is the switching frequency, fsw.
Similar to the DPS control, discussed in 3.1 DAB Modulation Techniques, this third
parameter can be implemented into fmincon as to select a set of ¢, dpbc, and fsw to

minimize RMS while meeting the same ZVS constraints from Table 2.

In Figure 39, the lower bound of the CLF considering the DPS and VF-DPS control is
plotted for n = 4. Overall, the CLF can improve at all levels of resonance, although
those benefits slightly diminish at higher levels of resonance (F < 1.9) with the
average improvement dropping from 5.6% to 3.5% derived by summing the percent
improvement at each point in the two regions and taking the average.

Comparison of DPS and VF-DPS Control
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Figure 39: Comparison of the lower bound of optimal designs with DPS and VVF-DPS control

This drop in average improvement suggests a lower bound at which a design’s RMS
currents can be reduced and still achieve the minimum amount of positive current for

ZV/S transitions.
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4.3.2 SLF with VF-DPS

While the CLF may be marginally improved, the benefits for the SLF and

therefore, switching losses, is where VF-DPS is more desirable. A comparison of

the results from DPS modulation and VF-DPS modulation is shown in Figure 40.
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The main benefit from VF-DPS control is the ability to significantly improve the soft

switching capabilities of designs as seen from the plots of Figure 40a and Figure 40b.
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Figure 40: (a) SLF with DPS control; (b) SLF with VVF-DPS control

The more resonant designs still have increased SLFs, however the reduction is

significant enough that hard switching does not contribute much to the full converter

losses.

4.4 CEC Efficiency of Optimal Designs

While the CLF and SLF provide insight into a design’s general performance they do

not relate directly to the efficiency drops due to conduction and hard switching. For

that reason, it is ideal to use real device characteristics to investigate the CEC

efficiency drop of a particular design.
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Using the characteristics from a device’s datasheet the conduction losses (Rps) and
switching losses can be calculated. To accurately determine the switching losses in a
MOSFET, a switching loss model developed by Christen and Biela, was used. This
switching loss model uses the charge equivalent approximation of MOSFET

capacitance to accurately model the switching losses in GaN and SiC devices [44].

Using this process, the best optimal designs from each frequency bin can be analyzed
to calculate their CEC efficiency drops due to conduction and switching losses. The
best optimal designs would consist of designs with negligible or minimum SLFs as to

make the losses dominated by conduction loss rather than switching.

The EPC2001C GaN switch was chosen for the primary side full bridge and the
C2M0080120D SiC switch from Wolfspeed was selected for the secondary side half-

bridge devices. Their device characteristics are shown in Table 8.

Table 8: Device Characteristics [45][46]

Device Voltage Rating  Current Rating Rbs,on
EPC2001C [45] 100V 36A 7mQ
C2M0080120D [46] 1200V 36A 80mQ

Generic transformer AC resistances were selected to be Racp = 8mQ and Racn =
120mQ. For the purpose of analyzing only conduction and switching effects on the

CEC efficiency, core losses were assumed to be negligible.

Using these characteristics and selecting the optimal designs with optimal CLFs and

SLFs, the CEC efficiency drop was calculated and plotted against the resonance of
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the design in Figure 41. It should be noted that the optimal designs selected are from
the n = 4 due to the size of the primary resistance being 15m€ which is shown to be

the optimal choice from Figure 38.
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Figure 41: CEC efficiency drop of designs with varying levels of resonance

The three colors represent the conduction (blue), switching (green), and total CEC
efficiency (red) drops of the designs. When looking at the losses due to conduction
only (blue), the losses stay relatively constant as resonance is increased. A reduction
in conduction loss may have been expected however when selecting the best designs
from each bin, both CLF and SLF had to be considered and designs with the lowest
CLFs had larger SLFs. The differences in CEC efficiency drop become clearer when

examining the switching losses (green).

Designs that can achieve ZVS across a wider range are able to keep their CEC
switching loss contributions low relative to conduction losses. This suggests that
when selecting between a resonant or non-resonant design, with proper hardware
parameter selection, the switching losses and thus CEC efficiency drop due to

switching losses can be nearly eliminated.
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4.5 Discussion of Overall Findings

The results above suggest that when high efficiency and ZVS capabilities are desired,
SRDAB:S can be favorable over non-resonant designs. Resonance can reduce the
RMS current of the converter, thus reducing the conduction losses, however from
analysis of CEC efficiency that improvement is only useful if the switching losses can
be kept low. As such, the optimal design analysis is essential, such that the
conduction loss reduction is coupled with switching loss elimination. More
interesting to note is the findings that with proper component selection, SRDAB ZVS

range is comparable to non-resonant DAB designs for microinverter applications.
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Figure 42: C; Sizing Compared to F
The added benefit of the SRDAB design for DC-AC applications is component sizing
of the half-bridge capacitor. When examining the parameters of three designs with the
lowest CEC efficiency drop as a function of F, there is not much change in the
inductances, however, there is a significant change in the value of C;. This can be
seen further in Figure 42, where the capacitor sizing is plotted against the resonant

frequency of the designs. As the C; reduces, the size of the C; capacitors will also
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decrease. Therefore, the operation of the converter closer to resonance will facilitate

power density improvements.
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Chapter 5: Conclusion

5.1 Key Findings

The main objective of this study was to investigate the performance implications of
reduced capacitances in DAB-based DC-AC solar microinverter applications. A new
figure of merit relating CEC efficiency and a converter’s switching loss was proposed
as the switching loss factor (SLF) along with a more general representation of the
conduction loss factor (CLF). Models developed from MH-FDA were leveraged to
select optimal designs (ie. designs with minimal CLF and near-zero SLF) at various
resonant frequencies according to their effects on CEC efficiency drop. The results
suggest that when a design becomes more resonant, CEC efficiency can be slightly
improved due to reductions in conduction loss and with proper component selection

the switching losses can become negligible.

The key findings in the study were:

e Conduction losses can be reduced as designs become more resonant up to a
point of convexity around 1.15 < F < 1.3. This was true for operating
frequencies of both 200kHz and 500kHz with a turns ratio of 4.

e As designs become more resonant, component selection becomes increasingly
important as to reduce switching losses to achieve slightly improved CEC
efficiencies over non-resonant designs.

e The optimal turns ratio for a selected design is determined by the value (or

relative value) of the resistances on the primary and secondary sides. A turns
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ratio selection map has been developed such that for any values of primary
and secondary-side resistance, the optimal turns ratio can be easily
determined.

e Variable frequency control improves the soft-switching capabilities of both
resonant and non-resonant DAB designs while supporting lower CLF.

e Resonant designs have the added benefit of smaller component sizing, which
can achieve higher power density, specifically due to the reduced size of the

secondary-side half-bridge capacitor.

5.2 Future Work and Conclusion

In future work the results of these findings should be tested experimentally. DAB-and
SRDAB-based microinverter should be optimally designed and built. This could lend
more insight into the introduction of resonance into a DAB design in terms of
physical size and component costs. In conclusion, this study provides further insight

into design optimization of DAB-based microinverter technologies.
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Appendices

Appendix A: Switching Loss Model Verification

To examine the switching loss model developed by Christen and Biala used section
4.4 CEC Efficiency of Optimal Designs, a double pulse test is conducted on the
GaN switch, EPC2001C, in a simple buck converter constructed in LTSpice, seen in

Figure 43.
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Figure 43: LTSpice Buck Converter with Double Pulse Test

When looking at switching loss, the waveforms of Vps and Ip must be examined at
the switching transition and seen in Figure 44. From there the energy loss can be found
to be the integration of the Vpslp curve and converted to power loss by multiplying
by the switching frequency of the device. In this method the energy loss is found to

be 2.907uJ or 0.5614W.
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Figure 44: Vbps, Ip, and Vbslp Curves from Spice Model

Using the same Vps and Ip from the LTSpice model, an estimation of the losses can
be found using a charge equivalent model developed by Christen and Biela. The
model based off the charge equivalents of the parasitic capacitances found within
MOSFET [44]. From these equivalencies the energy stored can be calculated to
estimate a device’s internal loss [44]. It also uses parasitic inductances to calculate an
estimation of loss due to diode reverse recovery [44]. However, this only needs to be
considered for the secondary side SiC switches as diode reverse recovery is not

present in GaN devices.

The benefit of this model is it only requires the characteristics found in a device’s
datasheet. Through curve fitting the output capacitances and deriving the
transconductance equation dependent on the channel current the turn on energy can

be calculated as seen in Eq. 33 [44].

1 1
Eon = EtriVDSID + Etfv(ID - 21oss)VD [44’] Eq 39
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Here, Ip is the drain current at and Vps is the drain to source voltage at turn on. The
variable tyi is the current rise time, ty is the voltage fall time, the capacitive charging

current loss is found through an iterative process [44].

Using this model, with Vps set to 40V and Ip to 18A like that of the LTSpice model,
the energy lost is found to be 2.899J or 0.5789W. This presents an error of about
3.45%, giving confidence to the switching loss model used to calculate the CEC

efficiency.

Appendix B: Soft Switching

Switching stress occurs in the form of what is known as hard switching, or switching
transitions where there is either a non-zero current through or voltage across the
device. These non-zero transitions cause switching loss which occur during device

turn on [19][20].

Soft switching is the ability for a switch to transition on or off with either zero voltage
or zero current. Zero voltage switching (ZVS), seen in Figure 45a, is the process by
which a switch transitions on with zero voltage across the device. The benefit with
ZVS is that switching losses in the diode stored charge and device output
capacitances can be eliminated. This not only improves efficiency but also reduces
electromagnetic interference (EMI) from the converter, leading more designers to

develop converters with ZVS capabilities [24].
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Figure 45: Soft Switching Waveforms (a) ZVS, (b) ZCS

Zero current switching (ZCS), seen in Figure 45b occurs when the current through a
switch is zero at turn off. This operation is typically beneficial for insulated-gate
bipolar transistors (IGBTSs) or where silicon-controlled rectifiers (SCRs) may be of
more use because of the ability to naturally commutate SCRs when the current drops

to zero [19].
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