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Abstract

During the last few decades utilizing the solar energy has been experiencing vast progress. The
conversion of solar energy to electricity is done through photo-voltaic (PV) panels; where, the
solar irradiation is converted to direct current (DC) form of electric energy. The solar PV has
vast applications in different industries, including renewable energy generation at residential,
industrial, and utility scales, aerospace, street lighting systems, etc. In order to harness the
energy from the solar PV panels often a DC-to-DC power electronics converter is needed where it
should extract the maximum energy. These DC-DC converters should obey different requirements
including, but not limited to, efficiency, power density, low electromagnetic interference (EMI),
and low cost. The importance of each requirement is dominantly dictated by their application
industry, for example, in aerospace applications the performance is the most important factor
while other industries might be more cost sensitive. To meet these requirements, this thesis
involves modeling, analysis, design, control, and PCB development of a PV-fed DC-DC power
electronics converter for battery charging application; where, maximum power point tracking
(MPPT), control strategy, and voltage control are explored.

In this thesis a novel resonant-based DC-DC power converter is developed as the interface
between a single PV panel and a 4-cell battery to extract the maximum power from the PV
panel for charging the battery; while, maintaining a safe charging profile as well. The objectives
have mainly been to develop a high-performance DC-DC battery charger, while, attempting to
minimize the cost. In order to provide a high performance in terms of efficiency, power density,
and low EMI the modulation scheme of the converter plays an important role. The modulation
scheme of this resonant topology is based on a combined frequency modulation (FM) and phase-
shift modulation (PSM). The FM assure the operation in inductive region; hence, providing a
zero-voltage switching (ZVS) for the inverting stage of the power conversion. The ZVS, not only,
eliminates the switching losses of the MOSFETSs, but also, because of its soft-switching nature it
reduces the EMI footprint significantly. The PSM plays an important role on the zero-current
switching (ZCS) of the rectification stage contributing to an enhanced efficiency; while, it could
also be utilized for power flow control. The thesis also includes designing a control system for
this battery charger that extract the maximum power from the PV panel by the use of a MPPT
algorithm. In addition, the control system involves a constant voltage (CV) controller, that
controls battery voltage when the battery voltage or its state of charge (SOC) reaches within a
pre-defined margin to prevent the overcharging of the battery.

This work begins with an introduction and literature review; where, the prior state-of-the art
research works on the DC-DC topologies employed with the PV panels are investigated. According
to this investigation the objectives of this research work are defined. The next step in this research
work provides the description of the PV panels electrical characteristics, their I-V characteristics,
and their maximum power point definition. This step also includes a comprehensive analysis
of the commercially available PV panels which is the basis of the electrical specification for the
DC-DC battery charger design.

Following the definition of the electrical specification, the mathematical modeling, analysis,
and design of the DC-DC resonant battery charger along with its control system architecture
are conducted. The modeling includes a detailed switching cycle mathematical representation of
the topology along with power flow analysis based on the control parameters. The developed
mathematical model is implemented and validated using MATLAB tool. In addition, LTSpice
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simulation tool has been utilized throughout the analysis for validation the detailed switching
behavior along with the power loss evaluation of key components (e.g., MOSFETS, inductor, gate
driving) and efficiency validation for the proposed resonant DC-DC battery charger. The PSIM
tool is utilized for implementing the MPPT and CV control schemes along with the topology
to validate the effectiveness of the designed close-loop control approaches. The analysis and
simulation efforts have been the guide for the selection of the components with the appropriate
ratings for developing the schematic in Altium Designer tool; moreover, the PCB layout has been
designed with special attention to optimizing the switching loops and gate driving along with
proper separation between the PV, battery, and micro-controller domains.
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Chapter 1

Introduction

1.1 PV Solar Energy Generation Trends and Outlook

During the last few decades utilizing the solar energy has been experiencing vast progress.
According to Eurostat, the generated solar energy in European Union (EU)represents 19.9% of
total electricity generation in third quarter of 2025 totaling 122,317 gigawatt-hours (GWh), with
an steady growth over the last decade [1]. This growth is also evident from Fig. 1.1, depicting
photo-voltaic (PV) solar generation in EU since 2017 to October 2025. Moreover, continuous
development of electrified technologies such as transportation and artificial intelligence (AI) data
centers leads to an increased demand; hence, requiring more energy generation from different
resources including solar. The PV solar energy market experiences different growth rate in various
geographical location; however, countries like Germany, Italy, Spain, and France are expected to
provide an accumulative market more than 150 GW by 20230 [2]. This emphasizes the continuous
need for research in the PV solar energy generation filed.

PV Solar Genration
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150000
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50000 I I I
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PV Solat Generation (GWh)
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Figure 1.1: Annual PV solar generation, from 2017 to October 2025 in EU.



1 — Introduction

1.2 PV Solar Energy Conversion and Applications

The conversion of solar energy to electricity is done through PV panels; where, solar irradiation
on the PV panels is converted to direct current (DC) form of electric energy. The solar PV
has vast applications in different industries, including renewable energy generation, short-range
drones, autonomous delivery robots, golf carts, aerospace, street lighting systems, lighting for
traffic signs, etc. In order to harness the energy from the solar PV panels often a DC-DC
power electronics converter is needed. Because of the natural change in the sun irradiation, the
available energy from PV panels has an intermittency nature. For this reason the interface DC-DC
converter should extract the maximum energy at each given sunlight condition. Moreover, from
electrical perspective, these DC-DC converters should meet different requirements including, but
not limited to, efficiency, power density, low electromagnetic interference (EMI), and reliability,
while, maintaining the cost effectiveness. The importance of each requirement is dominantly
dictated by their application industry, for example, in aerospace applications or flying objects
applications the performance and reliability is the most important factor while other industries
might be more cost sensitive.

Many applications, including drones, autonomous delivery robots, golf carts, etc., are utilizing
a 12V, 24V, or 48V on-board battery module (OB2M) as the sole source of energy. Some of these
applications are more sensitive to the weight of their battery module (BM) in order to maximize
their range. Extending the range could be made feasible by utilizing a smaller BM, but, with
a PV-fed on-board battery charger (OB2C). During daylight the solar energy could be utilized
as the source of energy as well as to charge the BM and during night hours or when the sun
irradiance is not available the OB2M could be utilized which it will, in turn, extend the range
significantly. In this context, a single PV panel could be utilized to minimize the weight and
the OB2C will utilize a maximum power point tracking (MPPT) control strategy to extract the
maximum power at different sun irradiance conditions for charging the OB2M.

1.3 Background on Interface DC-DC MPPT Converters
for PVs

With the increased growth in PV solar energy as mentioned in Section 1.1, the work on developing
interface DC-DC converters with MPPT control has also been advancing. In order to identify
potential improvement opportunity in the existing MPPT-based DC-DC converters an initial
study on the existing research work is necessary. Therefore, this section aims at an introductory
review on different type of DC-DC converters and explore their pros and cons. Through this
initial review potential improvement and contribution objectives for this thesis are identified.
Once the objectives for this research work are defined, a comprehensive literature review that is
specifically tailored to this thesis objectives will be provided in Chapter 3.

Depending on the end application, the DC-DC converters could be categorized as either
step-up or step-down; where, the PV voltage is increased or decreased, respectively, for adapting
to the end application voltage. Both step-up and step-down DC-DC converter architectures could
be designed as isolated or non-isolated topologies. Different factors including the required voltage
gain, defined as the ratio between the end application voltage and the PV maximum power
point (MPP) voltage, and safety requirements dictate if a transformer-based power converter
(i.e., isolated topology) is necessary. The galvanic isolation is required in high voltage levels to
protect the users against hazardous voltages [3, 4]; however, in applications with high step-up
or step-down voltage gains utilizing the transformer turn ratio is also beneficial to enhance the
controllability and possibly the efficiency of the DC-DC converter. This means, if the conversion

2



1 — Introduction

ratio is very high or very low, for the step-up and step-down cases, respectively, a transformer
with appropriate primary-to-secondary turns ratio is needed. It should be noted that utilizing
transformer could lead to lower power density; hence, in application with limited required voltage
gain, if isolation is not a requirement a non-isolated topology is more desirable. Fig. 1.2 depicts
the block diagram for both non-isolated and isolated (transformer based) DC-DC converters for
solar PV application.

#li > e %7 p DC

non-isolated isolated

Load
Load

Figure 1.2: Block diagram for non-isolated and isolated DC-DC converter interfacing PV panel
to end application.

The non-isolated architecture presented in Fig. 1.2 could be broadly categorized as buck and
boost topologies, while the isolated architecture could also be categorized as an isolated extension
of these topologies; however, their control strategies and modulation schemes are different. The
amount of research work on DC-DC converters for interfacing solar PV is extensive. In order
to concentrate the literature review study based on their relevance to the research work in this
thesis, the requirements for the subject DC-DC converter in this thesis need to be first defined.
These requirements along with their justification are summarized as follows.

e The intended application in this thesis is for a 4-cell Li-ion battery with minimum and
maximum cut-off voltages of 10V and 16.8V, respectively. Considering the selected PV
panel specification in Table 2.1, the focus of this work will be on the step-down DC-DC
topologies.

o Considering the voltage range of the selected single PV panel and the battery voltage range,
the voltage ratio is limited; hence, a non-isolated low-voltage MPPT-controlled DC-DC
converter will be required.

« Considering the battery size, one possible application of the subject DC-DC converter will
be the OB2C. These applications often are accompanied with on-board electronics sensitive
to EMI. This brings about the requirement for soft-switching strategies to minimize the
dv/dt and di/dt of the conversion stage which lead to reduction of EMI footprint.

 In applications where the weight and power density are important (e.g., short range drone
or delivery robots), the efficiency of the DC-DC converter also plays an important role.
Increased power density and reduced weight often conflicting with the efficiency, as the
former requires an increase of switching frequency. Increased switching frequency leads to
higher switching losses in the MOSFETS, reducing the efficiency. To enhance the efficiency,
two requirements should be included as:

— Implementing the ZVS and ZCS strategies to minimize the switching losses in the
MOSFETS

— Utilizing synchronous rectification

e Considering the change in solar radiation along with the change on the battery SOC and its
voltage, advanced power flow control to meet both MPPT and voltage regulation is needed.

3



1 — Introduction

Based on these requirements, this research work intends to provide a comprehensive literature
review in Chapter 3, and through the study of the pros and cons of the research in the reviewed
literature, objectives of this thesis are summarized in the following section.

1.4 Contributions of this Research Work

In order to build upon the existing research work in the literature, objectives and contributions
of this thesis are summarized as follows:

e The first contribution of this work is the thorough data analysis on the commercially
available PV modules. This is key to explore the key characterizations of the available
PV panels and to define realistic electric specification for the design of the PV-fed DC-DC
battery charger along with specifying its nominal operation parameters and the application
case.

o Exploring possible topologies for the intended application case along with a comparative
analysis of these topologies is the second contribution of this thesis.

o This research also presents a novel PV-fed active-bridge based DC-DC battery charger
approach as a resonant topology with a fresh look into its operation principles. The
synchronous rectification (SR) is utilized in the rectification stage to enhance the efficiency.
A novel control strategy based on a combined frequency and phase-shift modulations (FM
and PSM) is also presented with a switching scheme that ensures the ZVS in the inverting
stage as well as both ZCS and ZVS for the SR stage. The modulation scheme combines the
dual active bridge (DAB) and resonant (e.g., LLC and CLLC) topologies switching schemes
to enhanced the power flow control, especially, in corner cases where one of the FM or PSM
might outperform the other one. The control strategy aims at MPPT for the PV-panel
to extract its maximum power through a frequency modulation scheme; while, utilizing
the phase-shift modulation to prevent very high switching frequencies under operation
conditions where the battery charging power requires significant reduction. Moreover,
depending on the BM state of charge (SOC), a constant voltage (CV) charging profile will
be tracked with the help of frequency modulation (FM) to attain the required voltage gain
and phase-shift modulation (PSM) for meeting the charging power target. The control
approaches aim to maintain the ZVS and ZCS under all operation conditions.

o Comprehensive open-loop and close-loop simulation for evaluating the topology operation
and validating the proposed control strategy is another goal in this thesis.

o Key components design, and defining the critical requirements for these components with the
aim to meet both desired efficiency and cost objectives are also exercised in this thesis. Using
the simulation along with a comprehensive components selection through the comparison
across different suppliers the key components are selected for the schematic development in
this research work.

e The complete schematic and practical PCB layout design considerations are also explored
in this thesis.

1.5 Organization of the Thesis

The remaining of this thesis is organized in the following chapters.

4
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e Chapter 2: Chapter 2 provides a comprehensive data analysis on over 25000 commercially
available PV panels. The goal of this analysis is providing a background on the key
parameters of a PV panel, especially, the maximum power point voltage, current, and
power. Through this analysis a foundation for defining the specification of the resonant
DC-DC battery charger, as the topic of this thesis, is established. MATLAB! scripting tool
is extensively used for this analysis in which the data for all the PVs are loaded from a
database, then, the post processing and graphical visualization of the data through figures
are presented.

e Chapter 3: This chapter begins with the requirements definition for the PV-fed MPPT
DCDC battery charger, an initial literature review on the DCDC converters, and a second
literature review on the active-bridge based DC-DC converters and their application in
battery charging. Through this review the potential modifications to these existing topologies
are identified with the aim to tailor a topology for the PV-fed low-voltage DC-DC battery
charger. Two possible candidates for this research work, namely series resonant topology
and resonant topology with dividing capacitors, are proposed, then a comparison of transient
performance of both topologies is presented. Based on this comparison an active bridge
based PV-fed resonant DC-DC battery charger with dividing capacitors and clamping diodes
is proposed for this thesis. The dividing capacitors play the role for the resonant tank;
while, the clamping diode prevent excess voltage and current stress on the key components
in the proposed topology.

Chapter 3 also presents the principle of operation for the proposed resonant DC-DC battery
charger; where, a detailed time-domain operation is mathematically modeled. The modeling
includes a switching cycle mathematical representation of the proposed resonant DC-DC
battery charger. The time-domain modeling and analysis is followed by the control system
architecture development for the selected topology along with the power flow analysis based
on the control parameters (i.e., switching frequency and phase-shift). The control strategy
involves both MPPT and voltage control modes through FM and PSM; where, different
MPPT algorithms are presented along with the conditions for switch-over to voltage control
mode.

Then, the mathematical model of the voltage gain, input impedance, and power flow
principles based on the first harmonics approximation (FHA) methodology are explored;
where, the dependency of the output power on the switching frequency and phase shift is
investigated. The required minimum and maximum limits of the switching frequency and
the phase shift between the inverting and SR switching stages are modeled and analyzed to
assure the ZVS of the inverting as well as the ZCS of the SR stages. The mathematical
models for the transient time-domain operation and the FHA analysis of voltage gain, input
impedance, and power flow are then implemented and validated using MATLAB tool.

e Chapter 4: Chapter 4 begins with a design approach for the resonant tank components
based on the defined nominal operation condition of the PV-fed resonant DC-DC battery
charger in this thesis. Then, using the designed resonant tank parameters a comparative
analysis of the series resonant topology and the resonant topology based on the dividing
capacitors is presented. The analysis involves open-loop simulation of the two topologies,
using LTspice? tool, under different PV MPP conditions to explore their transient and

Thttps:/ /www.mathworks.com/products/matlab.html

2https://www.analog.com/en/resources/design-tools-and-calculators/ltspice-simulator.html
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steady-state behavior. Through this analysis the transient current and voltage stress on the
key components including the inductor, capacitors, and MOSFETs are investigated. The
SPICE model of the key components is used in the simulation to represent the performance
of the components and the topologies as close to the real case scenario as possible.

In addition, an open-loop simulation to evaluate the performance of the proposed resonant
DC-DC battery charger under the maximum PV MPP conditions across different battery
voltage is conducted in this chapter. This analysis involves investigating the required
operation switching frequency and phase shift to maintain the ZVS and ZCS for the
inverting stage and SR stage MOSFETSs, respectively. The power loss of the key components
such as resonant inductor and MOSFETs along with the efficiency for the proposed resonant
DC-DC battery charger are evaluated.

In order to validate the effectiveness of the proposed control strategies, including both
MPPT controller and constant voltage mode, the proposed topology along with its close-loop
control architecture is implemented and simulated in PSIM? software. The closed-loop
simulation results are also provided and analyzed in this Chapter.

e Chapter 5: The first step in developing the schematic and PCB for the resonant DC-
DC battery charger is the component selection. Chapter 5 provides a comprehensive
requirements analysis and the key considerations in selecting the components, with a
detailed attention to the comparison of different components across multiple suppliers. The
open-loop simulation in LTspice is utilized to evaluate the performance of the proposed
topology with different component part numbers along with the cost comparison to select the
desired part number. According to the selected components a closed-loop simulation using
PSIM is also conducted and the results are presented in this Chapter. Then, the designed
schematic in the Altium Designer* software is presented along with the key considerations
in the design of each functional circuit block. This chapter also presents a detailed overview
of the PCB layout design in Altium; where, the key considerations for the power/grounding
domains separations, design rules, components placements, and routing are also provided.

o Chapter 6: The last chapter of this thesis (Chapter 6), presents the conclusion and possible
extension of this research as future work. The conclusion provides the descriptions on the
key finding of each chapter. The future work explores the possible application industries and
the extension of the proposed topology to fit the specific industry requirements. Especially,
for expanding the topology to an isolated version for higher voltage/power in transportation
electrification or energy applications.

Shttps://altair.com/psim

4https://www.altium.com



Chapter 2

Data Analysis on Commercially
Available PV Module

2.1 PV Panel characteristics

A PV panel can be modeled as a non-linear generator from the electrical behavior point of
view; where, its current-voltage (I-V) characteristic, and consequently its output power (P),
are influenced by sun irradiance, temperature, and shading conditions. In order to model the
non-linear characteristics of a PV panel different method are developed; where, the most common
is the current source and single-diode representation with a shunt and series resistances as shown
in Fig. 2.1 [5].

Iph(G) T D ! RSh’ Vey

Figure 2.1: PV panel equivalent circuit.

From the equivalent circuit, shown in Fig. 2.1, the PV panel current as a function of its
voltage and the circuit parameters could be represented as Eq. 2.1 [5, 6, 7]. In this equation, the
temperature-dependent voltage is Vi = Kp * T/q; where, Kp, g, and T represent Boltmann’s
constant, single electron charge, and temperature, respectively. The description for the remaining
unknowns in Eq. 2.1 are described as follows:

e Ng: number of series cell in the PV panel
e I, photovoltaic current
e Ij: diode inverse saturation current

e R,: the series resistance
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e Rp: the parallel resistance

e 1: the diode ideality factor

ey shelpy) 1> _ Vev 4 Riley (2.1)

Ipv=Ipn—1Ip|e N
PV = Iph 0< R

Using the PV panel characteristics given in Eq. 2.1 and Ppy = Vpy x Ipy at T = 300K,
the PV panel I-V curve along with its output power could be plotted. Using MATLAB! tool, a
typical I-V and output power characteristics of a PV panel under a certain sun irradiation and
specific temperature is depicted in Fig. 2.2. As it could be seen both IV and P curves exhibit a
nonlinear behavior. The PV output voltage changes between 0 and its open circuit voltage (V,.),
and once the power is drawn from the panel the current changes from 0 to a maximum value of
short-circuit current (Is.). As the current and voltage change, the panel output power changes
as well, with zero power at (Vpy,Ipy) = (0,1,.) and (V,.,0) points. In practice the interface
DC-DC converter should control the drawn output power between these two points, and ideally
at a point referred to as the maximum power point (MPP) associated with the (Vp,pp, Impp) On
the I-V curve.

Ipv(A)
Ppv(W)

0 0
0 Vpv(V) Voe

Figure 2.2: A typical PV panel I-V and output power characteristics.

As it is evident from Eq. 2.1, the PV -V characteristics , and, consequently, its output power
are a function of sun irradiation as well as the temperature. This means the I'sc and V,. change
under different conditions. Fig. 2.3 presents the PV I-V curves at a given temperature. In this
figure each I-V curve is associated with a certain sun irradiation with its specific (Voe, Ioc)-

Similarly, for each condition the output power curve is different; where, there is an MPP power
associated with the (Vy,pp, Impp) for each case. The PV output power curves under the same solar
irradiation as the I-V curves is depicted in Fig. 2.4. As mentioned before, the PV-fed DC-DC
converter is responsible to extract the P, from the panel under each irradiation condition.

Thttps:/ /www.mathworks.com/products/matlab.html
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PV IV Characteristics
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Figure 2.3: PV panel I-V characteristics under different sunlight condition at a specific
temperature.
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Figure 2.4: PV panel output power curves under different sunlight condition at a specific
temperature.

2.2 Benchmarking of commercial PV modules

A list of commercially available PV modules is available on the California Energy Commission
website [8], making it possible to conduct an analysis on the commercially available PV panels in
this research work and use the results as a guide for defining the specification for the intended
DC-DC battery charger design.

The goal of this analysis is to explore that which range of PV panel electrical characteristics
(i.e., Voo, Ise, Vinpp, and Ip,y,,) are more widely available. The V. and I, are key parameters to
select the components with an appropriate ratings during the efficiency simulation and analysis.
This is also important for components selection during the schematic development phase presented
in Chapter 4. The Vi, and I,,p, define the nominal operation power of the interface DC-DC
converter critical in the entire design and analysis phase along with controller design presented in
Chapter 2. The nominal operation mode is also the most frequent mode at which the DC-DC is
operating in MPPT, and, because the converter operates in this mode for extended time period,
it has significant implication on the thermal performance of the converter. The thermal behavior
dictates that more attention should be paid to the power stage PCB layout and enough heavy
copper to be used for handling the current and spreading the heat.

The source data on the available PV modules [8], indicates that there are 230 manufacturers

9
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that have registered PV panels ranging from 2 to 1366 module model numbers, for a total of
approximately 25000 units. In order to explore the Vi, Isc, Vinpp, and Ip,pp, for all of these units
MATLAB tool is used to import the data and the post processing is conducted.

In order to evaluate the voltage range for the PV panel, the number of series cells in the PV
panel and their technology should be known. The analysis on all available units revealed that
the vast majority of these units (98.6%) are based on the Monocrystalline and Polycrystalline
technologies. In more details, 73.3% of the PV modules in the available data belong to the
Monocrystalline family; while, 25.3% are based on the Polycrystalline technology. The analysis on
the number of series cells in the PV panels, based on these two technologies, is presented in Fig.
2.5. It could be observed that most of these PV panels comprise of 60 - 72 series cells. The typical
V,. for each cell of both technologies at 25° under 1000W/m? irradiance falls within 0.55 - 0.66 V
range (0.55 - 0.63 V for Polycrystalline and 0.58 - 0.66 V for Monocrystalline) [9], resulting in the
V,e for each PV panel within 33 - 47.25 V. The analysis results on the distribution of the V. for
the avaiable PV panels is shown in Fig. 2.6. As it could be seen the V. for majority of these units
falls within 32.8 - 49.9V. The slight difference between the data and the theoretical calculation of
Voe,pv = Ng * Voe ceni originates from the fact that solar irradiation and temperature affect the
cell V,. [10]. The test conditions for the data are indicated as Standard Test Condition (STC) -
25° ambient temperature under 1000W/m? irradiance, and PVUSA Test Condition (PTC) - 20°
ambient temperature under 1000WW/m? irradiance [8].

Number of series cells and number of PV panels available
L s AR . | R L |-

8000 [
7000
6000
5000
4000

3000

Number of Avaiable Modules

2000

1000 |-

20 40 60 80 100 120 140 160

Figure 2.5: Number of series cells in commercially available PV panels.

Analyzing the I, is important as it is an implication of the transient current sourcing capability
of the PV panel ; hence, the DC-DC battery charger along with its PCB should be designed
accordingly. It is worth noting that, differently from the panel voltages, the short circuit current
depends mainly on the technology and surface area of the cells. The analysis results , as shown
in Fig. 2.7, conclude that I, for the vast majority of the PV panels falls within 8 - 11.8A, with a
cluster of data between 13.2 - 14.3A. Since the number of PV panels within 8 - 11.8A range are
far more, the bases of the design in this research work is base on this group.

One of the key design specifications for the DC-DC battery charger is its nominal input voltage.
In a PV-fed application the nominal input voltage values is imposed by the PV panel mpp voltage
Vinpp- As it could be seen from Fig. 2.4, the mpp voltage under any irradiance condition will

10



2 — Data Analysis on Commercially Available PV Module

Voc for the PV Modules listed on the California Energy Commission
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Figure 2.6: The distribution of the available data on the V. for the investigated PV panels.
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Figure 2.7: The distribution of the I, for the available data on the PV panels.

be lower than V,.. Fig. 2.8 represents the V,,,, range for the PV panels within the data pool.
The main cluster of data are in the range of 29 - 42 V. This range is also important, because, it
dictates the topology for DC-DC interface converter, and the max allowable battery voltage in
case the interface is a buck converter. In a non-transformer base topology, if the inverting stage
is a half-bridge, the best case scenario voltage gain is 1/2; hence, the battery maximum voltage
should not exceed half of the mpp voltage. In contrary, a topology with a full bridge DC to AC
stage has the potential for higher voltage gain; therefore, the battery voltage could be higher.
Another factor to be considered when selecting a PV panel, is the mpp current at which
the mpp power could be extracted from the PV while the PV voltage is also at the V,,,. The
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Figure 2.8: MPP voltage range (V) for the available PV panels.

distribution of the I,,;,,, for the PV modules available in the data pool, is shown in Fig. 2.9.
Considering the mpp voltage and current ranges, and according to the data on the available
modules the mpp power under the PTC test condition is within a wide range from 20.5 - 706.4 W.
This wide range provides the accessibility of PV modules for a wide range of applications; where,
depending on the battery module voltage range and its charge current limitation, the appropriate
topology for the DC-DC battery charger and its rated power specification are dictated. Based
on the conducted analysis, and intended application the desired PV panel specifications for this
research work are summarized in Table 2.1.

Impp for the PV Modules listed on the California Energy Commission
e R . T T T T ] T 1
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Figure 2.9: The available mpp current (I,,p,) range associated with the PV panels.
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PV Panel Voe (V) Is.(A) Vinpp (V) | I;mpp(A) | PTC Prppp (W)

SF160-24-P165 | 43.7 5.14 35.5 4.65 145.5

Table 2.1: Parameters for the selected PV in this research work.
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Chapter 3

Resonant Battery Charger
Topology Analysis and
Mathematical Modeling

3.1 Background and Requirements Definition

From the analysis of available PV panels in the market presented in Section 2.2, the target
PV module SF160-24-P165 was selected, with the parameters given in Table 2.1. Considering
the Vipp = 35.5V and PTC P,,,, = 145.5W, the topology comparison is conducted under
these nominal condition. Note that under sun irradiation different from the PTC condition
(1000W/m?), the mpp power is lower than 145.5W. The nominal input and output parameters
used in the comparative analysis are summarized in Table 3.1. Given the parameters in this table
and defining an efficiency of 7 for the DC-DC converter, the battery charging current range could
be calculated as IBAT,min = (n'Pnzpp)/VBAT,maw <Ipar < IBAT,max = (n'Panp)/VBAT,min'

Vinpp (V) 35.5
Prpp(V) 145.5
VBAT,min(V) 12
Battery Parameters | Varnom(V) | 13.2
VBAT,maw(V) 16.8

PV Parametrs

Table 3.1: The input (PV) and output (battery) parameters

To propose an appropriate topology, it should be noted that:

1. Based on the PV and battery voltage parameters given in Table 3.1, a voltage step-down is
required.

2. Considering the range for the ratio between battery voltage and PV voltage, the minimum
and maximum voltage gains are limited to 0.338 < Vpar/Vppp < 0.473. This voltage gain
is attainable through a frequency modulation; hence, a transformer is not necessary, and a
non-isolated topology with a voltage gain < 0.5 will be sufficient.

3. A voltage gain of < 0.5 means that the inverting stage of the DC-DC converter could be a
HB based topology.

14
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4. To enhance the efficiency the rectification stage of the intended DC-DC should be synchro-
nous, meaning, an FB MOSFET-based rectification stage should be utilized.

3.2 Literature Review

3.2.1 General DC-DC Converters Literature Review

Different requirements for the DC-DC battery charger, that is the subject of this thesis research,
are described in Section 1.3. Some aspects of the requirements have been explored in literature
to some extend; where, different PV-fed battery chargers are also introduced [11, 12, 13, 14,
15]. The authors in [11], have proposed a PV-fed buck resonant converter for battery charging
application as shown in Fig. 3.1. It could be seen from this figure that a resonant tank consisting
of L, and C, along with the diode D, are added to the traditional buck topology introducing
ZVS for the free-wheeling diode (D,,,). Although introducing the ZVS reduces the EMI and will
eliminate the commutation (switching) losses for the free-wheeling diode, the conduction losses
are usually a main contributor to the efficiency, especially where a low duty cycle is used. The
lower duty cycle is needed when the PV voltage is at its maximum and battery voltage is at
its minimum. This condition is usually accompanied with the maximum PV mpp power along
with the minimum battery voltage; hence, the charging current is maximum and the conduction
loss in D, is maximized too, reducing the efficiency. In addition, this topology, similar to the
non-resonant buck, operated based on adjusting duty cycle, and hence it provided only one control
variable. This will create challenge in terms of accurate power transfer control, especially at the
corner cases, where either of PV or battery voltages are at their minimum or maximum limits.
The other draw back associated with this topology is the lack of ZCS for D,,, increasing the
reverse-recovery losses.

i

11

Q L, Ly
1yl

Vas
Vin C) x D, _— Cf BatteE

Figure 3.1: ZVS-switched DC-DC buck topology proposed in [11].

A ZCS-based buck topology battery charger is proposed in [12], as shown in Fig. 3.2. The
proposed topology also included a resonant tank consisting of L,. and C, along with the diode
Dy. The resonant tank components are an addition to the power stage Ly and Cy (filtering
components), increasing the size and reducing the power density. Furthermore, similar to the
topology in [11], this buck topology also suffers from high conduction loss for the free-wheeling
diode, as well as limiting control parameter to only the duty cycle.

Reference [13] introduces a resonant DC-DC battery charger converter based on the series-
parallel resonant tanks. The proposed topology is shown in Fig. 3.3. The inverting stage of this
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Figure 3.2: ZCS-based DC-DC buck topology for battery charging application [12].

converter is a half-bridge (HB), followed by a series-parallel resonant tank consisting of L, Cs,
and Cp,. The rectification stage of this converter is a full-bridge (FB) diode rectification followed
by a large filtering inductor L.

ol JE? Co Ls ok o o
Vs (D) Ml}_.::_' CoT 1 “F == Vear
“ T #;_—& Dz$ D4

Figure 3.3: Series-parallel resonant DC-DC converter for battery charging application [13].

One immediate drawback of this topology is diode-based rectification; where, their conduction
loss has high adverse effect on the efficiency. The output filter inductor L, is used for a constant
DC current charging of battery. Since this inductor carries larger DC battery charging current, it
requires high saturation current which often is provided by a large core contributing to a bulky
inductor; hence, reducing the power density and increasing the weight. Another characteristic of
this topology is the switching frequency as the sole control parameters forcing very high switching
frequency in corner cases where the battery voltage is at its minimum or the charging power
requires significant reduction. The very high switching frequency contributes to the significant
losses in the resonant tank components and the rectification diodes, reducing the efficiency
significantly.

Reference [14] presents a parallel resonant DC-DC battery charger (see Fig. 3.4), very similar
to the topology in [13], with the exception that only parallel resonant tank is included (L, and C,.).
One of the important aspect of a parallel resonant-tank based topology is the high voltage gain
which makes it more suitable for applications where voltage boost is needed. This topology also
suffers from the same drawbacks as the one depicted in Fig. 3.3. This resonant DC-DC converter
with diode rectification also suffers from low efficiency. The bulky inductor used for maintaining
the constant DC output current as mentioned before reduces the power density significantly;
whise, introducing significant conduction loss associated with its winding dc resistance (DCR).

The authors in [15], present a resonant high voltage gain DC-DC converter with a perturb-
and-observe (P&O) MPPT control scheme for solar PV applications. This topology, presented in
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Figure 3.4: Parallel resonant-tank based DC-DC battery charger [14].
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Figure 3.5: PV-fed resonant boost DC-DC converter [15].

Fig. 3.5, is based on the pulse-width modulation (PWM) scheme limiting its control parameters
to the pulse duty cycle; while, it is also suitable for voltage boost applications.

References [16, 17, 18] introduce resonant isolated topology based PV-fed DC-DC converters,
utilizing a transformer. Given the relative low voltage of the intended application in this thesis
as well as the low voltage gain requirement, no galvanic isolation imposed by regulations, and
the need to have a compact converter the use of transformer is not justified. The inverting stage
for the presented topology in Fig. 3.6 is an FB; however, it could be an HB as well. In this
topology, L, and C,. create the resonant tank while L,, is the magnetizing inductance. Because
of the nature of the dual winding, the transformer is often bulky and also exhibits high power
loss; hence, in application where isolation is not a must it should be avoided.

3.2.2 Active-Bridge-Based DC-DC Converters Literature Review

Various active-bridge based DC-DC topologies have been introduced in literature; where, their
operation principle and control strategies are different. In these topologies, the active bridges,
either full bridge (FB) or half bridge (HB), are utilized on both DC to high-frequency AC (HF-AC)
(aka., inverting) and HF-AC to DC (aka., rectification) stages. This implies that the design
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Figure 3.6: A typical DC-DC converter based on LLC topology.

optimization and the performance for these topologies depends on their control as well as the
switching schemes for both inverting and rectification bridges. The majority of active bridge
topologies are introduced for high voltage application; where, transformer is utilized for providing
galvanic isolation and attaining the required voltage gain between the output and input voltages.

A broad family of isolated active-bridge based DC-DC converters are referred to as dual
active bridge (DAB) with active bridges in both inverting and rectification stages. The more
known DAB term is referred to the topologies that operate at a constant switching frequency
and the power flow is controlled through phase shift between inverting and rectification bridges.
Both inverting and rectification bridges could be HB or FB as depicted in Fig. 3.7 [19, 20]. In
these topologies the two bridges are identical (i.e., both are HB or FB), but could be different as
well. Generally, in HB-DAB topology the resonant frequency of the LC tank should be much
smaller than the switching frequency. This requires high inductance and capacitance requirements
resulting in bulky components. On the other side, a constant switching frequency and phase shift
utilization for power control simplifies the control strategy for HB-DAB DC-DC converters. The
FB-DAB could be utilized with or without a de-blocking capacitor (similar to the Fig. 3.7a);
however, avoiding the bulky capacitor will be at the cost of more complex control strategies to
avoid flux-walking in the DAB transformer. Flux-walking is usually imposed by the mismatch
between the positive and negative volt-second across the transformer winding [21]; where, a more
accurate switching timing and dedicated control strategy should be utilized to minimize the risk
of the transformer saturation.

The second family of active-bridge based DC-DC converters are the isolated resonant converters,
namely, LLC and CLLC. This class of converters could be also FB or HB and a combination of
both; where, the DC to HF-AC stage is also galvanically isolated form the HF-AC to DC stage as
presented in Fig. 3.8 [22, 23, 24]. As it could be seen from Fig. 3.8a, two resonant tanks comprising
of L, and C, are introduces at the primary and secondary side of the transformer. Even though,
the resonant frequency (w, = 1/v/L,C})) of both tanks is considered identical, they could be also
different. The dividing capacitors of HB CLLC depicted in Fig. 3.8b along with the inductor
L, created the resonant tank for this topology. From ac perspective the dividing capacitors are
in parallel; therefore, the resonant frequency of primary is w,; = 1/4/L-(Cr1 + Cra) and the
secondary is wy1 = 1/4/Ly(Crs + Cr4). It should be noted that for these resonant topologies
the resonant frequency is high; hence, the LC tank is much smaller than the DAB topologies.
On the other side, unlike the DAB topologies the resonant topology control scheme is based on
the frequency modulation (i.e., variable switching frequency), making it more complex that the
constant switching frequency methods.

As described the two major family of active-bridge based topologies (i.e. DAB and resonant
LLC/CLLC), are fundamentally structured around galvanic isolation. The galvanic isolation is
a safety requirement in high voltage (HV) applications, the transformer turn ratio could also
contribute to either step up or step down gains. On the other side, for low voltage (LV) applications
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Figure 3.7: Bidirectional DAB (a) FB, and (b) HB.
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Figure 3.8: Bidirectional CLLC (a) FB, and (b) HB.

or where the ratio between the output and input dc voltages is limited, using a transformer adds
unnecessary size, cost, weight, and power loss. Considering the voltage range for the PV panel and
battery specified in Table 3.1, a transformer is not necessary; however, a non-isolated topology
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based on these active-bridge topologies could be developed. This will provide the advantage
of flexibility in the control algorithm, encompassing both MPPT and battery charge control,
along with soft-switching scheme to extend the benefit of their low EMI footprint [25]. It should
be noted that the soft-switching scheme that provides both zero-voltage switching (ZVS) and
zero-current switching (ZCS) will also eliminate the switching losses associated with the power
MOSFETSs, enhancing the efficiency of the intended topology [26].

Moreover, as mentioned before the required voltage gain, based on the PV and battery voltages
subject in this thesis, is less than 0.5. This indicates that the DC to HF-AC bridge could be an
HB rather than FB. Utilizing an HB at the DC to HF-AC stage will imply that the HF-AC to
DC bridge should be an FB. With an HB inverting bridge and an FB rectification bridge, one
possible topology for this thesis research could be the DC-DC resonant battery charger based on
a series resonant concept, depicted in Fig. 3.9.

B2 T ) 5
NYY Y}
VmppCl—- ! ' = . . :?’bat
ER e ERUER

Figure 3.9: PV-fed series-resonant topology for battery charging application.

As it could be seen in Fig. 3.9, the PV voltage is applied to an HB inverting stage; where,
the MOSFETs M7 and M, are switching at a frequency of fg, at 50% duty cycle, resulting in a
square waveform between the switching node of the inverting stage and the negative terminal
of its dc link. This voltage is applied to the resonant tank resulting in a sinusoidal current in
the inductor L, (i.e., i) in case the switching frequency is equal to the resonant frequency of
the resonant tank. Note that, L, and C,. create a resonant tank; where, their resonant frequency
fr =1/(2:7m+/L.C;). In practice fs,, should be > f,, so that the inductor current iy, lags the
voltage across the SW and PV negative terminal nodes providing ZVS turn-on condition for M;
and Ms, effectively eliminating the switching-on losses for these MOSFETSs. The main drawback of
this topology is high transient current in the inductor during the charging power transient events,
resulting in high stress on the resonant capacitor C,. and possibly causing inductor saturation.
To prevent inductor saturation, and inductor with high saturation current should be selected,
this results in an over sized inductor, consequently, the power density suffers. Alternatively, the
soft start algorithms could be utilized that adds complexity to the control algorithm.

3.3 Proposed Topology and Principles of Operation
In order to alleviate the drawback associated with the transient current in the proposed series-
resonant topology in Fig. 3.9, the topology depicted in Fig. 3.10 is proposed for this research

work. In this figure the input voltage from the PV panel is shown as V. As it could be seen,

20



3 — Resonant Battery Charger Topology Analysis and Mathematical Modeling

the inverting stage includes a half bridge (HB) by MOSFETs M; and Mas. The dividing capacitors
C1 & C5 are not only participating in the inverting stage, but also, serve as the resonant capacitor
forming a resonant tank with the inductor L,.. In addition, the clamping diodes D; and Dy will
clamp the transient voltage at node c to either V,,,;,, + Vrp or —Vrp preventing voltage stress
on the diving capacitors. The figure also represents the synchronous rectification stage which
includes M3 - Mg followed by the output bypass capacitors and then the BM.
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Figure 3.10: Proposed low-voltage PV-fed battery charger.

3.3.1 Time-Domain Analysis

The time-domain analysis and principles of the operation for the proposed topology includes 12
modes that are described in this section. For this analysis a dead time defined as t4; is assumed
between the MOSFETs belonging to the inverting HB to prevent a shoot through. In order to
improve the efficiency in the SR stage a time delay between the turn-off time of M3 with respect
to (wrt) the turn-off moment of the M; is also introduced to maintain the ZCS. By introducing
this time delay the ZVS in the SR stage will be automatically guaranteed. Besides, a t4,, between
the gate drive pulse signals of the MOSFETs belonging to the same leg, in the SR stage, is also
introduced to prevent the short circuit across the battery. It should be noted that the switching
frequency in the steady-state operation is assumed high enough that the voltage at node ’c’ stays
within the clamping levels and hence the diodes D; and Dy do not turn ON. For this reason, the
associated circuit for each operation mode is not depicting these diodes.

Mode 1, tp<t < t1: At the beginning of this mode M; from the inverting stage is already
ON, and in the SR stage M3 & Mg are also ON. During this mode, the voltage at node 'a’ (vg) is
clamped at the dc input voltage (V,pp). Fig. 3.11a depicts the state of the devices and current
for this mode. By applying the Kirchhoff Current Law (KCL) at node ’c’, the inductor current
as a function of voltage at this node could be expressed with Eq. 3.1. Moreover, applying the
Kirchhoff Voltage Law (KVL) at the input loop, defined by ’a’, ’b’, and ’¢’ nodes, and considering
the voltage across the inductor as vy, = L,dir,/dt = (L,-(2-C))d?v./dt, results in the differential
equation of Eq. 3.2. Note that in this equation Vj, = V,pp, and V,, = Vigy.

, dve
i, (t) = 20— (3.1)
2 R
ﬂ 1 = Vin = Vo (3.2)

az T 30L, T 20L,
In order to solve the Eq. 3.2 for v.(t), the initial condition for the voltage at node 'c’ and the
inductor current are defined as Vg and 1o at t = to. In addition, From Eq. 3.1 v.(0) = Io/(2-C)
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is extracted. Using these initial condition to solve the Eq. 3.2, the governing equations for mode
1 are shown in Eq. 3.3. In this equation the resonant frequency of L, and dividing capacitors

is defined as w,1 = \/ﬁ,q = Cy = C. This mode last until ¢t = t1 = (Ts5/2) — (tar/2),

where Tsyy = 1/ fsw and fs, is the switching frequency. Note that, the voltage at the input of the
rectification stage is defined as vy = v, — v.. Neglecting the voltage drop across the rectification
MOSFETs during their ON state, during mode 1 of the operation the voltage v is clamped at V.
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— 2 | — | M4 ] Mg
J51&" e iR =1
(b) Mode 2
Figure 3.11: Operation modes for the proposed topology: mode 1 & 2.
vs(t) =V,
ing (t) =g, (1)
i, (t) =0
Ve(t) = (=Vin + Vo + Vo) - cos (wy1- (E —tg)) + ...
e (Ino/ (2:Cwyy)) - sin (wpr- (6 —to)) — (=Vin + Vo) (3.3)

UL(t) = - (_‘/;n + ‘/0 + ‘/c()) - COS (w“. (t _ tO)) — .
e (Tno/ (2-Cron) -sin (wra- (£ — 1))
Z.LT (t) == (2cw71) : (_‘/in + Vo + ‘/LO) -sin (w,.l- (t — tO)) —+ ...

Ao cos (wrr (t— to))

Fig. 3.12 represents the key waveforms for the time interval of mode 1. As it could be seen
from these waveforms, the voltage at node ’c’ starts from its initial value V.o corresponding to
to, and increases towards V;,. Since the operation switching frequency is assumed high enough
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wrt the resonant frequency, the final values of v, is lower than V;,, + Ve p; hence, the clamping
diode D; remains in OFF state. It could also be seen from this figure that during this mode M3
conducts the inductor current; while, My is in OFF state.

Mode 2, t;<t < to: At the end of mode 1, M; turns off, M3 & Mg remain ON, and mode 2
begins. Fig. 3.11b show the circuit operation in mode 2. During this mode the output capacitances
of My and My (Coss1 = Cossa = Cs) create a resonant circuit with the L, and exchange energy
through the inductor current ¢y, . This mode continues until the output capacitance of the M; is
fully charged while the output capacitance of the My discharges completely. In order to derive the
governing equations of this mode, KCL and KVL are applied at node 'a’ and the input loop. This
results in equations Eq. 3.4 and Eq. 3.5, considering vy, = L,dir,/dt = —(L.-(2-Cs))d?v, /d?t.
To solve Eq. 3.5 for v,, the initial condition for voltage at node ’a’ is defined as v, (t = t1) = Viy,).
In addition the initial voltage at node ’¢’ (V.1), and the inductor current (I1) could be calculated
from the mode 1, Eq. 3.3, at t = ¢;. From Eq. 3.4, v/, (t = ¢1) = —111/(2:Cs).

) dvg
i, (t) = =2:Cs " (3.4)
d?v, 1 o+ Ve
Ua _ Nt la (3.5)

v, =
az T20,L," T 20 L,
The time duration of mode 2 lasts and the mathematical equations for this mode are presented

in Eq. 3.6 and Eq. 3.7, respectively. As described, V.1 and I, are the v.(t) and ir, (¢) at
_ . e _ 1 Ta
t = t1, the resonant frequency is wyo = TeonT and Vpys is the forward voltage drop for the

MOSFETs body diode.

Aty = (ty —t1) = (1/wp2) -sin ™! ((2-Cs-wr2) - (Vin + Vear) /111) (3.6)
Us(t) = ‘/:7
ings (t) = ipr(t)
IM, (t) =0
Uc(t) - ‘/Ll

vp(t) = = (=Vin 4+ Vo + V1) - cos (wpa- (t — t1)) — ...
e (Iz1/ (2:C5-wypa)) - sin (wrg- (t — 1))

inr(t) = = (2:Cswra) - (=Vin + Vo + Ver) -sin (wyo- (t = t1)) + .
A1 cos (wra: (t—t1)

Fig. 3.13 depicts the key waveforms for mode 2. This time interval is very short; however, the
time axis limits is changed to provide better clarity for the waveforms during this mode. Since
the MOSFETs output capacitance (Cyss) is much smaller comparing to the dividing capacitors
C1&C5, the inductor current provides a fast discharge of the MOSFET’s C,, resulting in the
fast transition of the voltage at node ’a’. This could be seen from the vy sub-plot in this figure
as vy, = v, — V,. Moreover, the change in the inductor current during this mode is very trivial;

hence, to reflect this trivial change the y-axis label is shown as Iy — — > Ip9. Note that
throughout all the time intervals; whenever, the change in a voltage or current is trivial the
notation valuel — — > value2 is used on the y-axis labels.

Mode 3, t2<t < t3: At the end of mode 2, while the inductor current is positive, since the
gate drive pulse for My is still low, its body diode turns ON and the voltage at node 'a’ (v,) is
clamped at —Vpgjs. Similar to mode 1, during this mode Cy and Cs along with L, create the
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Figure 3.12: Gate drive signals, voltage at node ’c’ (v.), inductor voltage and current(vy, &ir,),
SR stage input voltage (vs), M3 and My currents for mode 1.
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Figure 3.13: Key waveforms for mode 2.
resonant tank. This mode continues until gate-to-source voltage for Ms(Vys2) goes high. Fig.

3.14a show different components state in this mode. Using KCL and KVL principles similar to
Mode 1, the differential equations during mode 3 are presented in Eq. 3.8 and Eq. 3.9.

dv,
ir (t) =2-C-— .
i, (t) =2C— (3.8)
d?v, 1  =(Veu +V,)
a2 2oL, T T 2CL, (3.9)

The initial condition for solving Eq. 3.9 could be extracted from the equations of mode 2
at t = to. These initial values are defined as v.(t = t2) = V2 and v.(t = t2) = I12/(2C). The
governing equations for mode 3 are shown in Eq. 3.10; where, I1o = ip, (t = t2).
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vs(t) =

S

ing (1) = iL, (1)
M, (t) =
(t) = (V =+ VF]W + ‘/LQ) CcoSs (wﬂ- (t — tg)) =+ ...
(Tua) (2-Cont)) -sin (wrn- (£ — 2)) — (Vo + Vier) (3.10)

vr,(t) = — (Vo + Ve + Vea) - cos (w1 (E —t2)) —
w(Ip2/ (2:C-wp1)) - sin (wpr- (E — t2))

ir,(t) = —(2:Cwp1) - (Vo + Vear + Vea) -sin (wrr- (8 —t2)) + ...
A2 cos (wpr- (t— t2))

Fig.3.14 shows the waveforms in mode 3. Similar to mode 1, the x-axis limits in these plots is
changes for better clarity of the plots during this mode. As it can be seen, during this interval
the change in the voltage across the resonant inductor is not as steep as the mode 2. This stems
from the fact that the resonant capacitors are much larger than MOSFET’s C,ss, resulting in
slow voltage changes in node ’¢’ during the time interval of this mode. Moreover, the same
slower dynamic reflects on the less changes in v. and vy. Similar to mode 2, as the change in
the inductor current from I15 to I3 is low, for better clarity on its y-axis labels the notation
Iro — — > I3 is used.

Mode 4, t3<t < t4: At the end of mode 3, the inductor current is still positive. At the
beginning of mode 4, V52 goes high and My channel is also turned on and the current is transferred
from its body diode to its channel. Since the current is still positive, M3 & Mg remain ON, but,
at the end of this mode when the iy, reaches zero these two MOSFETs will turn off. Similar to
mode 1 and 3, during this mode C7, Cs, and L, create the resonant tank. Fig. 3.14b represents
the circuit state in this mode. During mode 4 the KCL and KVL yield to differential equations
presented in Eq. 3.11 and Eq. 3.12, while the voltage at node ’a’ (v,) is clamped to negative
terminal of PV defined as reference node 0V.

dv,

i (t) =2C-—

(3.11)

d2vc+ 1 o -V,
2 2.C-L, ° 2C-L,

(3.12)

Defining the initial conditions for this mode as V.3 and I3 and solving Eq. 3.12 for v.(t)
results in the governing equations for this mode as shown in Eq. 3.13. Note that the initial
conditions are derived from Eq. 3.10 at ¢ = ¢3.

vs(t) = Vo
ing (t) = ire(t)
ZM4(t) =0
Ve(t) = (Vo + Vig) - cos (wp1- (E—t3)) + (Ip3/ (2:Cwi1)) - sin (wp1- (8 — t3)) — ... (3.13)
- (Vo)
v (t) = — (Vo + Vez) - cos (wrr- (t —t3)) — (Ins/ (2:C-wyp1)) - sin (wrr- (€ — t3))
ir, (t) = —(2:C-wp1) - (Vo + Vez) - sin (wpr- (¢ — t3)) + 13- cos (wp1- (8 — t3))
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Figure 3.14: Key waveforms during the mode 3 time interval.

At the end of mode 4, the inductor current reaches zero; therefore, the time duration of this
mode could be extracted by equating the inductor current of Eq. 3.13 to zero, and assuming
cos (wp1- (t4 — t3)) =1, as show in Eq. 3.14.

At4 = (t4 — tg) = (1/&)7«1) . Sin71 (ILg/ ((2'0'(}.},«1) . (VO + Vpg))) (314)

Fig. 3.15 represents the waveforms for mode 4. Note that for this mode also the x-axis limits
are adjusted to better present the changes in the waveforms. As expected, at the end of this mode
the inductor current reaches to 0, where ZCS condition for turning off M3 can be achieved.

Mode 5, t,<t < t5: At the beginning of mode 5, iz, = 0. To maintain ZCS and prevent the
short circuit at the battery, M3 & Mg turn off. Once these two MOSFETs turn off their output
capacitance (Coss3 and Cyss6) begin to charge; while, the ones of My & My (Cohssa and Chsss)
begin to discharge, as shown in Fig. 3.15a. The four MOSFETs belonging to the SR stage are
identical with the output capacitance of Cpss3 = Cossa = Coss5 = Coss6 = Csgj- The equivalent

circuit is a resonant circuit with the frequency of wy3 = ——=——. The differential equations
V(Csgp)Lr

depicted in Eq. 3.15 and Eq. 3.16 are derived using KCL at the switching node of the rectification
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Figure 3.14: Operation modes for the proposed topology: mode 3 & 4.

i}
(I.I}
\]

L

7T

I
@
\S]
L
7T

T

(b) Mode 4

stage leg 1 (’b’) and KVL in the loop consisting of the voltage across Ma, vy, and vs.

dv

in, () = CSSR'd_tb (3.15)

d2vb 1
. + J—
dt?  Cygp-Lyr
The governing equations for this mode are shown in Eq. 3.17; where, V.4 and I;4 are the
initial value for mode 5 at ¢ = #4. Since the duration of this mode is very short, the changed in
the voltage at the dividing capacitors mid point (v.) is trivial and could be considered constant
and remains at V4. In other words, since 2C is much higher than the output capacitance
of the SR MOSFETSs, the voltage at node ¢’ could be assumed constant during mode 5 (i.e.,

Ve(t) = ve(t = t4) = V4). The time duration of mode 5 lasts is presented in Eq. 3.18.

vy =0 (3.16)

0s(t) = (Vo + Vea)- cos (Wresa (t —t4)) — Veu
TMs (t) =0
i, (1) = 0 (3.17)
vc(t) = Vey
vr(t) = = (Vo + Veq)- cos (Wress: (t — t4))
i1, (1) = —Cssrwress (Vo + Vea)- sin (wres3- (T — 14))
Aty = s cos ™ (V64 _é:/:—’{/iVFM)> (3.18)
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Figure 3.15: Key waveforms for mode 4.

Fig. 3.16 represents the waveforms corresponding to the time interval of modes 5 (t4 < t < t5);
where, the x-axis limits are shortened for better clarity. At the beginning of this mode, M3 and
Mg are off, and during this mode the output capacitance of M3 and Mg are fully charged; while,
the output capacitance of My and Mj5 are fully discharged. Similar to mode 2, there is a steep
transition in the inductor voltage due to fast charging of C\yss3 and discharging C,s54. This results
in a steep decline in the voltage at the node ’b’, resulting in the fast transition for vy = vy, — V4"
As it could be seen from the v, sub-plot the change in the voltage at node ’c’ is negligible.

Mode 6, t5<t < tg: As mentioned before, at the end of mode 5, C,ss3 & C,ss6 are charged to
the battery voltage and C,ssa & Cosss are fully discharged, while the inductor current iy, enters
into its negative half cycle. This will result in turning ON the body diode of My & M; at the
beginning of mode 6. This operation mode is shown in Fig. 3.15b. During this mode the voltage
at the input of the SR stage v,(t) is clamped at —(V, + 2-Vear,sr) and Ve sr is the forward
voltage drop of the body diode for the SR MOSFETs. During this mode the circuit will start
resonating with the same frequency as wyes1. Similar to the previous modes, using the KCL and
KVL principles the differential equations Eq. 3.19 and Eq. 3.20 are obtained for mode 6.
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Figure 3.15: Operation modes for the proposed topology: mode 5 & 6.
dvc
i (t) = 2:C- ;t (3.19)
d?v, 1 Vo +2Vey
20, T T 20L, (3.20)

Solving the second order differential equation of Eq. 3.20 yield to the governing equations for
this mode as shown in Eq. 3.21. In this equations, Vs and Iy5 are the v.(t) and iy, (¢) at t = 5.

Us(t) = - (Vo + 2'VFM,SR)
ZJWS (t) = 0
ing,(t) =i, ()
Ve t) = — (Vo + Q'VFM,SR — ‘/;5) - COS (wresy (t — t5)) + ...
1 .
#{J‘i‘eﬂ Sin ((.L)T-csl' (t — t5)) + (V;; + 2'VF]\/[’SR) (321)
vr(t) = (Vo +2:-Ven,sr — Ves) - cos (Wres1- (E —t5)) — ...
Ips .
oG -sin (wWpes1- (t — t5))
ir, (t) = (2:C-wres1) (Vo +2-Vrar,sr — Ves) - sin (wres1- (£ — t5)) + ...
A5 cos (wrest- (t—t5))
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Figure 3.16: Key waveforms for the time interval of mode 5.

Fig. 3.17 shows the waveforms during the time period of mode 6. Considering the short time
interval for this mode and larger resonant capacitance wrt the MOSFET’s output capacitance the
changes in the voltage at node ’c’ is trivial. In addition, since the input voltage of the rectification
stage (vs) is clamped to —(Vo + 2-Vgar), changes at the voltage of node *b’ is small. With a
nearly constant voltage across the inductor, it could be seen that the inductor current change is
approximately linear during this mode.

Mode 7, t6<t < t7: At the beginning of mode 7 the inductor current iy, is still negative
and the dead time between the SR MOSFETSs belonging to the same leg will end. This means
at the beginning of this mode V54 and V45 will go high and; therefore, the channel of these
MOSFETs will be also enhanced, and the inductor current transfers from the body diode of M,
& Mj to their channels. Fig. 3.17a shows that both My & Ms MOSFETs are ON during mode 7.
Neglecting the voltage drop across My & Ms MOSFETs (Vs on = Ras,on-ir,. (t) = 0), during
this mode the voltage at the input of the SR stage v,(t) is clamped at —V,,. This mode last until
M turns off at t = t7 = Tay — (tar/2). The differential equations for this mode are extracted
with the same KCL and KVL principles as mode 6 with a key difference that vs is clamped at
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Figure 3.17: Key waveforms of mode 6.

—V,. These equations are presented in Eq. 3.22 and Eq. 3.23. Note that during mode 7 the
resonant tank remains similar to mode 6.

dv,.

a (3.22)

iz () = 2:C-

d?v, 1 Vo

a2 2.0, T 2CL, (3.23)

The governing equations for mode 7 are shown in Eq. 3.24; where, V¢ and I1¢ are the v.(t)
and i, (t) at t = t.
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Figure 3.17: Operation modes for the proposed topology: mode 7 & 8.

dv,

i, (t) = —2-Cs- 7
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The key waveform for mode 7 are presented in in Fig. 3.18. It could be seen that during this
mode the voltage v is clamped to —V(; while, My and M5 are conducting the inductor current.

Mode 8, t7<t < tg: At the beginning of mode 8, M, turns off and its output capacitance
begins to charge while the output capacitance of the M; is discharging. The circuit operation of
this mode is depicted in Fig. 3.17b. During this mode the circuit is in a resonant state with the
same resonant frequency (wyes1) as mode 2. The differential equations for this modes are derived
and presented in Eq. 3.25 and Eq. 3.26. In order to solve Eq. 3.26 for v,(t), the initial value of 0
for the voltage of node ’a’ and —V,, for v, are considered.

(3.25)
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Figure 3.18: Key waveforms for the time interval of mode 7.
d%v 1 -W+V
a + _ 0 c7 (326)

a0 L, T 201,

The governing equations for mode 8 are shown in Eq. 3.27; where, V.7 and I17 are the v.(t)
and iz (t) at t = t7. Since the time duration for this mode is very short, the change in the voltage
at node c is negligible and this voltage could be considered constant at V.7;. Considering the fact
that at the end of this mode V,(ts) = Vin, + Vi, the time duration for which this mode lasts is
extracted as shown in Eq. 3.28.
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vs(t) = =V,
1My (t) =0
ing, (t) = ir, ()
ve(t) = Ver (3.27)
I
vp(t) = — (=V, 4 Viz) - c0s (Wresa- (t — 7)) — ﬁsm (wresa- (t — t7))
in, (t) = = (2:Cswresa) - (= Vo + Ver) - Sin (Wresar (E—t7)) + ...
...IL7' COos (w7-652- (t — t7))
Ats = (ts —t7) = ——sin~! <(2'Cs'wes2)- (Vin + 2VFM>> (3.28)
Wres2 —Ir7

Fig. 3.19 depicts the key signals within time interval of mode 8. The time interval of this
mode is also short comparing to the switching cycle time period; hence, the limits of the x-axis in
this figure are adjusted for better clarity of the waveforms. It could be seen that the change in
the voltage at node ’c’ remains trivial. On the other side, the voltage at the switching node ’a’
transitions from 0 to V;,, + Ve, resulting in a steep transition in the voltage of V.

Mode 9, t3<t < tg9: Mode 9 begins when C,ss1 is fully discharged, and C,sso is charged.
The current ir,.(t) is still negative resulting in turning ON the body diode of M1, and clamping
va(t) at Vi, + Vppr. During this mode the circuit enters into a resonant mode dominated by
C41]|Cq = 2-C and L, with the resonant frequency at wyes2. Fig. 3.19a depicts the circuit state in
this mode. Applying a KCL at node 'c’, and a KVL in the loop consists of node ’a’, node ’b’, and
node ’c’, the differential equations Eq. 3.29 and Eq. 3.30 are derived.

dv
ir, (t) =2.C-—= 3.29
i, (t) 7 (3.29)
d?v, 1 Vin +Venm + V5,
a2 T 2crL, T 2cI, (3.30)

The second order differential equation of Eq. 3.30 could be solved for v.(t) with the initial
condition calculated from v.(t) and ir,(t) of Eq. 3.28 at t = t5. Eq. 3.31 present the mathematical
representation of the key voltage and current signals; where, Vg and Ipg are the v.(t) and ir, (t)
at t = ts. Mode 9 last until Vi, goes high at t = Ty, + (ta/2) (t = tq/2).

vs(t) = =V,
ims(t) =0
iny (t) =ir, (t)
vc(t) = - (‘/zn + VFM + Vo - VCS) - COS (wresl' (t - tB)) + ...
Irs .
Y (Wrest- (t—18)) + (Vin + VEnm + Vi) (3.31)
vr(t) = (Vin + Vem + Vo — Vi) - €08 (Wres1- (t —t8)) — ...
Irs )
m S1n (wresl' (t — tg))
Z.LT (t) = (Q'C'wresl) : (‘/in + VF]W + Vo - ‘/LS) -sin (wresl' (t - tS)) + ..
w1 pg-cos (wres1- (t —tg))
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Figure 3.19: Key waveforms during mode 8.

Fig. 3.20 presents the key waveforms during the time interval of mode 9. This mode begins
at tg and extends beyond the switching cycle Ty, until the gate voltage at M; goes high at
t = Tsw + tar/2; hence, this mode is depicted as two separate intervals between 0 to tg;/2, and tg
to t = Tgy. Similar to mode 3, the change in the voltage at node ’c’ is trivial along with small
change in the voltage at node ’b’. Since the inductor voltage is almost constant, its current is
increasing linearly.

Mode 10, t9<t < t1p: This mode begins when Vs goes high, and M; turns ON. At the
beginning of this mode the current is still negative and My & M5 remain ON. The circuit state
in this operation mode is shown in Fig. 3.19b. Similar to mode 9, in this mode also there is a
resonant between resonant capacitors(Ct||Cy = 2-C) and the inductor (L,) with the resonant
frequency at w,1. The differential equations of mode 10 are presented in Eq. 3.32 and Eq. 3.33.

dv,
ir (t) = 2:C- ;’t (3.32)
d?v, 1 Vin + Vo
Y _ Uit (3.33)

a2 200, 2.CL,
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Figure 3.19: Operation modes for the proposed topology: mode 9 & 10.

By solving Eq. 3.33 for v.(t), the mathematical equations representing mode 10 could be
extracted as presented in 3.34. Note that V.9 and I1g are considered the initial condition for
mode 10. This mode lasts until i1, (t) reaches zero, the time period can be calculated by equating
inductor current of Eq. 3.34 to zero, with cos (w,1- (t11 — t10)) &1, presented in Eq. 3.35.

vs(t) = =V,
Z]\J‘3 (t) = 0
in, (t) =i, (t)
ve(t) = = (Vip + Vo — Vig) - €08 (wres1- (t — tg)) + ...
e _ ‘ 3.34
5 G Sin (Wres1- (E —t9)) + (Vin + Vo) ( )
I
vL(t) = (Vi + Vo — Vig) - €08 (wres1- (t — tg)) — Tfj’l sin (wres1- (t — to))

Z.LT (t) = (2'C'wresl) : (‘/'m, + Vo - VCQ) -sin (wresl' (t - tQ)) + ...

....IL9~ COS (wresl- (t — tg))

Atyp = (tio — to) =

1 1 _ILQ
< 3.35
Wres1 o ((2'0'017-@51)' (Vm + Vo - Vc9)> ( )

Fig. 3.21 shows the key waveforms for mode 10; where, the x-axis limits are changed for
better clarity. During this mode v. decreases slightly (V.o — — > V.19); while, the change in the
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Figure 3.20: Key waveforms for mode 9 within 0<t < t4;/2 and tg<t<Ty,.

voltage across the inductor is also small Vg — — > Vi19. Moreover, the voltage at the input of
the SR-stage (vs) is clamped at —V,, as My and My are still ON.

Mode 11, t19<t < t11: At the beginning of this mode, the inductor current reaches zero;
hence, to maintain the ZCS the gate drive pulses for My & M5 go low and the gate drive pulse
for the M3 & Mg are already low. The output capacitances of these two MOSFETSs begin to
charge; while, the ones of M3 & Mg discharge. Fig. 3.21a depicts the circuit state for this mode.
Similar to mode 5, the equivalent output capacitance of the SR stage MOSFETSs (Cs,,,) creates

a resonant tank with L, with the resonant frequency of w,3 = ————. Applying KCL at
\Y4 (CSSR)'LT

node 'b’; and KVL in the loop consist of the a,b, and ¢ nodes the differential equations for mode
11 could be depicted in Eq. 3.36 and Eq. 3.37. Note that during this mode, the voltage at node
’a’ is clamped at V,.

) duy,

lL, (t) = SSR'E (3‘36)
d21)b 1 ‘/1
) = 3.37
i " Conls T Cop'Ly (3:37)
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Figure 3.21: Key waveforms for mode 10.

Solving Eq. 3.37 for v;(¢) leads to the Eq. 3.38 for presenting Mode 11. The time period that
this mode lasts is very short and v.(t) remains constant at V.19. At the end of this mode, since
the inductor current is positive, the body diode of M3 & Mg turn ON, and v4(t) will be clamped
at V, + 2-Vpps. The time duration of this mode could be calculated using Eq. 3.39, with V1o
and Ir1¢ representing the initial condition.

vs(t) - - (V;n + Vo - ‘/010) + COS (wres3' (t - 7510)) + (‘/z - ‘/010)

1M, (t) =0
v 03

UL(t) = (Vth + Vo - ‘/clo) + COS (wres?)' (t - th))
i, (t) = (Csgpnwress) - (Vin + Vo — Vero) - sin (wres1- (t — t9))
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Figure 3.21: Operation modes for the proposed topology: mode 11 & 12.

Fig. 3.22 shows the signal waveforms during the time interval of mode 11. In this figure also
the x-axis limits are adjusted to magnify this time interval. The behavior of the signals are similar
to mode 5. This is because of the symmetry between the positive and negative half switching
cycles. The fast transition of the voltage across the inductor (vy) is the result of transition in the
voltage at node 'b’. This in-turn is the result of My & M;s turning OFF; while, the body diode of
Ms & Mg turn ON. At the end of this mode, the inductor current transfers to the body diode of
M3 & M.

Mode 12, t11<t < t15: As mentioned, at the end of mode 11 the inductor current is positive,
and since the charging/discharging cycle of the SR MOSFETSs output capcitances is also ended,
the body diode of M3 & Mjg begin to conduct. Similar to mode 6 the resonant tank consists of
C4]|Cq = 2-C and L, with the frequency of w,;. This mode last until the dead time between the
gate-to-source drive signals of the MOSFETs belonging to the same leg in the SR stage is over
and Vg3 & V6 change their state to high. At the end of this mode the channel of M3 & M;g
turn ON, which marks the beginning of mode 1. The circuit operation of this mode is depicted
in Fig. 3.21b. The differential equations of this mode could be extracted as presented in Eq.
3.40 and Eq. 3.41. Note that, during this mode the voltages v, and v4 are clamped at V;,, and
V, + 2-Vear, respectively.

dv,
dt

i, (t) = 2:C (3.40)
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Figure 3.22: Key waveforms with indicated mode 11 time range.
d*v 1 Vin — (Vo + 2.V,
2c + v, = in ( 0 FM) (341)
dt 2-C-L, 2-C-L,

By solving the second order differential equation of Eq. 3.41 for v.(t), the associated mathe-
matical equations of mode 12 for the key signals could be extracted as Eq. 3.42. The initial
values for v.(t) and iy, (t) at t = t11 are indicated as V.11 and ILi1, and the finals values (at
t = t12) will be the initial condition for mode 1 (i.e., Voo = Vo2 and Irg = IL12).
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’Us(t) =V,4+2Vey
iny (t) = ine(t)
iM4(t) =0
Ve(t) = = (Vin = (Vo +2-Ven 4 Verr)) - cos (wrest- (8 — t11)) + ...
I
2571;%1 sin (wresl' (t - tll)) + (V;n - (V;) + 2‘/FM)) (342)
vp(t) = (Vin — (Vo 4+ 2-Vepr + Ver1)) - €08 (Wrest- (E — t11)) — ...
I
...Q.O'Lﬁ.sm (wrest- (t — t11))
7;L,v (t) = (2'C'w7’esl) ) (‘/zn - (Vo + 2VFM + Vcll)) -sin (wresl' (t - tll)) + ...
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Figure 3.23: Key waveforms for mode 12.

Fig. 3.23 depicts the key waveforms for mode 12. During this mode the body diode of M3 &
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Mg remain ON; therefore, the voltage vy is clamped at V,, 4+ 2Vgj,. The time interval for this
mode is a small fraction of the switching cycle; hence, the x-axis limits for the plots are adjusted
for better clarity. At the end of this mode (¢ = ¢12) the channels of M3 and Mg turn ON; which
is the beginning of mode 1 ¢ = t12 = tg. Finally, the key signals for all modes (mode 1 to mode
12) that consist of one switching cycle (Ts,,) are depicted in Fig. 3.24.

iLr’(A)

T2

Time(Sec)

Figure 3.24: Key waveforms for one switching cycle consisting of mode 1 to mode 12.
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3.4 Control Strategy and Power Flow

As mentioned earlier, the control strategy for the proposed topology is based on the frequency
and phase shift modulations to not only control the voltage gain but also the transferred power.
The required voltage gain is dictated by the battery SOC or , in other words, the battery voltage.
The targeted transferred power depends on the battery charging profile ( i.e., constant voltage
(CV) and constant current (CC)). Different control strategies could be utilized for the proposed
resonant battery charger. Since the input to the battery charger is a PV module, the control
strategy should naturally involve MPPT to extract the maximum available power from the PV
panel. On the other side, the load connected to the proposed topology is a battery; hence, the
battery limits including the maximum charging current/power and the cut-off voltage should be
also taken into consideration. To meet both requirements a combined MPPT and constant voltage
(CV) controller could be utilized to track the PV panel MPP as long as the battery voltage is
below a set limit, then, once the voltage reaches a pre-set limit (e.g. Vit mae) the control loop
changes to the CV control until the end of charging process. The CV controller could include a
ramp rate through which the battery is gradually charged from the CV control pre-set limit to
the battery charging cut-off voltage (e.g. Viat,cut—off)-

Fig. 3.25 present the overall control structure for the proposed topology. As it could be
seen, the feedback signals are the current and voltage of both PV panel (Ipy, Vpy) and battery
(Ivat, Voat), along with the inductor current for the zero-crossing detection and preventing the
short circuit across the battery. The FM and PSM are used for MPPT and battery charge
controller. The duty cycle is constant at 50% (D = 0.5). The phase shifts ¢; and @9 are utilized
for power flow control.

Feedback Signals: Sensed iy,
Vov, Ipv, Voas: Ipat for Zero-Crossing Detection

MPPT and Baftery Charging Coniroller

Confrol Parameters: Hard Coded
fowr @1, 92 D =05, tgeaq

Figure 3.25: Control structure.

Fig. 3.26 depicts the closed-loop control diagram for the proposed topology. As it could be
seen the sensed signals, including Vpy, Ipy, Viet, and Ipee, are provided to the controller. The
controller include both MPPT and the battery charge controller (i.e. CV control), and the output
of the controller is provided to a frequency modulation block where the pulse signals for the
MOSFETs are generated.

The next following sub sections aim to describe:

o Different MPPT algorithms that could be modified to fit the frequency modulation scheme
for the proposed topology
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Figure 3.26: Closed-loop control diagram for the proposed topology.

e Equivalent AC circuit of the proposed topology to explore its voltage gain modeling and
impedance characteristics

o Power flow modeling and its relationship with the circuit parameters and control variables

3.4.1 MPPT Control Algorithms

Considering the nature of the proposed topology any MPPT control strategy should involve
frequency modulation. Various MPPT control algorithms have been proposed in literature;
however, mostly involve pulse-width modulation (PWM) switching schemes [27, 28, 29, 30, 31]. It
should be noted that the required MPPT algorithm for the proposed topology should be modified
to provide frequency modulation making it suitable for the intended control goal of the resonant
DC-DC battery charger.

A simple MPPT algorithm is referred to as hill climbing (HC) approach [27]. Fig. 3.27
presents the HC MPPT algorithm flowchart; where, it is modified to be suitable for the frequency
modulation of the proposed topology. Based on the operation point of the PV, if the PV power
has not reached the MPP the switching frequency is either reduced or increased depending on
which side of the PV power curve the operation point is. Since the goal is to change the switching
frequency in such a way that PV operation power moves upward towards the maximum point it
is referred to as HC algorithm. The HC approach is simple; however, there is a trade-off between
the stability of this control algorithm and the fast response. In utilizing this approach for the
proposed topology, the steps of the switching frequency in the HC algorithm should be small
enough to prevent oscillations in the harvested PV power around the MPP. On the other side,
under rapidly changing solar irradiance, the step change in the switching frequency should be
high for a fast MPPT tracking.

A widely used MPPT algorithm is referred to as perturb-and-observe (P&O) approach [28].
Fig. 3.28 presents the P&O MPPT algorithm flowchart. This approach is also simple ; however,
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Ppy (k) — Ppy(k—1) >0
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Figure 3.27: Flowchart for the HC MPPT control algorithm modified to frequency modulation.

PV voltage is perturbed every MPPT cycle. This means, when the MPP reaches the output
power, it oscillates around the maximum, resulting in power loss in the PV system.

Another MPPT algorithm that is explored in literature is the incremental conductance (INC)
approach [29, 30]. Fig. 3.29 presents the INC MPPT algorithm flowchart. The INC method
is more complex relative to the HC and P&O algorithms; however, it provides high tracking
accuracy at steady state and good adaptability to the rapidly changing solar irradiance conditions.
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Figure 3.28: Flowchart for the P&O MPPT control algorithm.

3.4.2 Impedance and Voltage Gain Analysis

The dividing capacitor C; and Cs, presented in the proposed topology of Fig. 3.10, not only
contribute to the transferred power to the battery, but also, create a resonant circuit with the
inductor L,. A first harmonic approximation (FHA) equivalent circuit of the proposed topology at
the high frequencies could be depicted as Fig. 3.30. In this figure, v;, is the FHA AC component
of the inverting stage voltage, i;, and Z;, are the input current and impedance, v, is the FHA
AC voltage at the input of the SR stage, and R, is a resistive load equivalent to the battery
charging power reflected to the input side of the SR stage. Note, the two dividing capacitors in
the proposed topology from AC point of view are in parallel resulting in C, = 2-C.

The respective values of the resonant frequency fres = 1/(2m4/(2-C)-L,) and switching
frequency fs, plays an important role in both battery charging voltage and power. Fig. 3.31
presents the FHA input impedance seen from the output of the half-bridge inverter at different
battery charging power (P,) levels. In this figure the x-axis is the normalized frequency as fsu/ fres-
As it could be seen from this figure, for the switching frequencies more than the resonant frequency
the input impedance is inductive, at the resonant frequency this impedance is resistive, otherwise,
it will be capacitive. To maintain the ZVS at the inverting HB the switching frequency should
be selected in a region where the input impedance exhibits an inductive characteristics (i.e.,
f sw > f Tes)~

The voltage gain A, = v, /vy, itself is a function of the switching frequency, where v;, and
v, are the FHA ac input and output voltages, respectively, at the output of the inverting stage
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Figure 3.29: Flowchart for the INC MPPT control algorithm.

Zil’l Lr
> YN
(%% — Rac|Up
in

Figure 3.30: FHA equivalent circuit diagram for the proposed topology.

and input of the SR stage. The output voltage v, is the FHA for input voltage to the SR stage.
Considering the circuit diagram of the proposed topology in Fig. 3.10, the node voltages v, (t) and
vs(t) can be defined by their Fourier series representation as shown in Eq. 3.43, and their FHA is
given in Eq. 3.44, respectively. In these equations Vi = V, is the battery voltage, w = 27 f.,
and d depends on the required time delay for maintaining the ZCS in the SR stage. Defining ¢4,
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Figure 3.31: Input impedance.

as the delay between the gate drive signal of M3 with respect to the My, di = tas,/(Tsw/2).

valt) = Vin +i <4V2 sin (&) ];ros (kwt — k%))

(3.43)

2

1
vs(t) = Z ( km

4Vpar Sin (k”) - cos (kwt — %’r — kdlﬂ') )
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Va1 (t) = %% sin (wt)

T (3.44)
vs1(t) = ;Vbat sin (wt — dy7)

| Ay
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Figure 3.32: Voltage gain A,.

The voltage gain A, versus the normalized switching frequency (f,, = fsw/fres) for different
levels of battery charging power is depicted in Fig. 3.32. As it could be seen from this figure,
the voltage gain regardless of the P, converges to unity at the resonant frequency as expected.
On the other side, it is worth noting that the operation region should be limited to f, > 1.
Depending on the battery SOC, different voltage gain is needed (Ay min < Ay < Ay maz), Which
could be achieved by adjusting the switching frequency fsw min < fsw < fsw,maz. When the
battery SOC is at very low levels, its voltage will also be low. This means the target voltage gain
is low requiring high switching frequencies which will result in high power losses. In the next
section a remedy to avoid very high switching frequencies will be presented.

3.4.3 Power flow Analysis

As mentioned, both FM and PSM will be utilized for the MPPT and battery charge controller.
The FM is required for both MPPT control and voltage gain; however, to achieve low voltage
gains the switching frequency has to increase significantly leading to high power loss and pushing
high frequency noise into the EMI spectrum. In order to avoid high switching frequency for
voltage regulation, and provide an extra degree of control on the power flow, PSM control strategy
is also introduced for the resonant battery charger in this thesis. Two different phase shifts are
utilized in the switching scheme; where, both of them affect the power flow, but, they serve
different purposes. The two phase shift and their purpose are:
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o Primary/ZCS phase shift (¢1): the main intention of this phase shift is to maintain the
ZCS for the MOSFETs of the rectification bridge; however, it also affects the power flow.
The effect of p1 on the power flow is thoroughly described in Section 3.4.4.

o Secondary phase shift (2): this phase shift is an extra control variable (in addition to the
switching frequency) through which the battery charging power is controlled. The battery
charging power dependency on ¢y is fully described in Section 3.4.5.

The gate drive signals for M1 - M6 are depicted in Fig 3.33. Note that the dead time between
the gate drive signals for the two MOSFETs belonging to the same switching leg is exaggerated
for clarity. The dead time is usually much smaller fraction of the switching cycle (Ts,) and
highly depends on the parasitic output capacitance of the MOSFETs (Clss), the parasitic of the
power stage switching loop, and the inductor current at which a MOSFET is turned off. As
it could be seen from this figure two time delays equivalent to the phase shifts ¢; and @9 are
introduced between the turn-on time of M3 with respect to the M1 and M6 with respect to the
M3, respectively. Note that, because the gate signals for M5 and M6 are complementary, the
phase shift between M5 and M3 <p/2 =7+ Q3.

A
" — Vgs,u1
:f’ = Vigs,m2
1 ' Tsw Tsw;
1 1
A > 1 P10 < 2
1 1
1 1
w = Vs, 3
>m - Vgs,M4
A
N Tsw 1 Tor
1921 2 1
A ; ! / !
1 _ 1
—> , P2 =Tt P2 e
1
= Vgs,M5
>m - Vgs,MG
A
Ty Tos

no

Figure 3.33: Gate drive pulse for M;-Ms.

3.4.4 Effects of ZCS Phase Shift (¢;) on Power Flow

As described in Section 3.4.3, the primary phase shift o1, also referred to as ZCS phase shift in
this thesis, is utilized to guarantee that the synchronous rectification MOSFETs M3-M6 turn off at
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zero current reducing their switching losses and enhancing the efficiency. In order to analyze the
effect of ¢1 on the power flow, the secondary phase shift is first assumed zero (i.e., 2 = 0). Fig.
3.34 represents the gate driving signals of M1-M6 with zero phase shift between the 2 rectification
legs ((i-e., w2 = 0)). In this figure, ¢, is the phase shift between the gate drive signals for M3
with respect to the M. It is worth noting that ¢ = d1-m not only is utilized for maintaining the
ZCS, but also, it affects the power flow as well.

. D — gs, M1 :
= i Vgs, M2
S '
Ty,

—>
— — Vs, 3 ]
?/ = Vgs,M4 -
=

Vs, 5 2]
— Vo6 7]

Vys(V)

Figure 3.34: Gate drive pulse for M;-Mg with ¢ = 0.

Fig. 3.35 depicts the equivalent ac circuit for the proposed topology, where the equivalent
driving voltage is defined as v;,(t), and the voltage source v,(t) is representing the ac voltage at
the input of the SR stage [19, 22]. It could be seen that the dividing capacitors are presented as
the part of series resonant tank along with resonant inductor L,. As mentioned before, the power
flow depends not only on the fs,,, but also on @1, Vi,pp, and Vies. In order to simplify the power
flow analysis, case 1 is defined with po = 0 resulting in np; = 7. For this case, the voltage v;,(t)
is the ac component of v, (t), along with v,(t) both are presented in Eq. 3.43. The FHA of v;,,(t)

is presented in Equ. 3.45; where, its rms value could be derived as V; = ?Vmpp. It is worth
noting that ¢y = dy7, and d; are both switching frequency and V,;,,, dependent. Fig. 3.36 shows
the ac component of v, (t), v.(t), and vs(t) along with the inductor current at a given switching

frequency and its associated ¢1 to maintain the ZCS for Ms-Mg.
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Figure 3.35: AC equivalent circuit for the power flow analysis.
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Figure 3.36: Voltage (vsy,Vp, vq) and current (ir,) waveforms.

Inductor current (A)

(3.45)

Depending on the mpp voltage the switching frequency will be adjusted by the MPPT

of Eq. 3.46; hence, ©1 max
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controller. This means for each given switching frequency its associated ¢; should also be tuned
to maintain the ZCS. On the other side, ¢ could be limited to a minimum and maximum values to
maintain the ZCS or near ZCS. The maximum value for the ¢4, (i.e., the delay between the gate
drive signal of M3 with respect to the Mj) could be calculate using the mathematical expression
= (tdigrn/(Tsw/2))-w. The minimum value will be a phase equivalent of
the dead time less than ¢y pqs, this means ©1,min = ©1,maz — Pd, where g = (tagn/(Tsw/2)) .
Fig. 3.37 depicts the maximum and minimum limits for ¢, for different V,,,, values at the
nominal Vi, for a 4-cell LEP battery.
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Vm + ‘/bat . Tsw
Wresl'm'tdlsg — SIN | Wres1® 9 - td - tdlsg =0 (346)

55 =

50 |-

30 31 32 33 34 35 36 37 38 39 40
‘/mpp(v)

Figure 3.37: Maximum and minimum limits for ¢ for different mpp voltages.

The output power for charging the battery could be estimated based on the FHA components
of v;n(t), and v,(t) using the phasor domain representation of these 2 voltages presented in Eq.
3.47. In this equation, V; = ngpp and Vi = ¥%at are the rms values for the FHA of v, ()
(Eq. 3.45) and v, (t) (Eq. 3.44), respectively.

Vin = V1 e?
(3.47)

Vg1 = V’se—ﬂpl

The active power can be extracted using P, = R{v;,i}, where i is the complex conjugate of
the inductor current, presented in Eq.3.48. In this equation X.q is the equivalent reactance of
the resonant tank at the switching frequency; hence, Xcq = X1, — X¢ = Lyw — 26%

i (Vl.ejo__ Vy-ed#1) (3.48)
JXeq

The delivered power to the battery and its dependency on ¢, is presented in Eq. 3.49 as a
function of Vinpp, Viat, fsw, and 1. At each given Vi, there will be a certain fy,, for tracking
the PV panel mpp; therefore, an associated ¢1. Fig. 3.38 shows the battery charging power versus
1 at a specific Vi, under different Vi, and fo,,, where for each given sets of (Vinpp, Voats fsw)
data, ¢ is calculated based on the Eq. 3.46 as such that M3 and Mg turn off exactly at the
moment when i, reaches zero.

‘/i"/s'Sin((Pl) %Vmpp'%at'Sin(SDl)
Po Vm ava7 sws = = z 3.49
oz Vit Jow 1) = == = = G ST, (@ fpey) 1)
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Figure 3.38: Output power at a specific Vmpp for different battery voltage.

3.4.5 Phase Shift Modulation (PSM) for Power Flow Control

This section describes how PSM (i.e., introducing ¢3) is utilized as a control variable for the power
flow control. This phase shift is a time delay between the two switching legs of the rectification
stage, contributing to the battery charging power control while maintaining the MPPT. This
is especially useful when the battery is at a very low SOC or its voltage is close to the cut-off
charging voltage (Viat,maz); When, the controller performs in constant voltage control mode. In
order to develop a mathematical model for the charging power versus 5, the FHA approximation
of vs(t) could be utilized. From Fig. 3.36 it could be seen that under a perfect ZCS condition for
the rectification stage and 2 = 0, the inductor current (i, (t)) and vs(t) are in phase. Fig. 3.39
depicts vs(t) and ir,(t) under po = 0,7/4, /2,37 /4 with an approximation in inductor current
during the dead time as a sinusoid.

| —— 0 1,
| 'Lamp
Vbat
= =
= 0 0 =
-Vbat
N _IL,amp
: | :
0 T2 Tew

Time

Figure 3.39: v4(t) and i1, (t) under different o phase shift.
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In order to present the charging power as a function of 5, the Fourier series representation
of vs(t) in Fig. 3.39 could be derived as a function of po. The general presentation of Fourier
series for v,(t) is shown in Eq. 3.50. In this equation k represents the k** harmonic with the
fundamental frequency of w.

vs(t) = i (ak-cos(kwt) + by-sin(kwt)) (3.50)
k=1

The first harmonic coefficients a; and by, could be extracted from aj and by presented in Eq.
3.51 by replacing £ = 1. In this equation the time domain representation of vs(t), presented in
Fig. 3.39, should be included. This time domain is shown in Eq. 3.52.

2 Tsw
% = / vs(t) cos (kwt) dt
2 o (3.51)
by, = / vs(t) sin (kwt) dt
Tsw 0
Us(t)_o OStSd2Tsw
T.
Us(t) = +‘/bat d2 Tsw <t< ;w
TS?U Sw (3"52)
vs(t) =0 5 <t<( + dy-Taw)
T
vs(t) = —Viar  ( ‘2“’ +dyTy) <t < T

Replacing vs(t) from Eq. 3.52 in Eq. 3.51 results in Eq. 3.53 for aj and by. It is clear from
Eq. 3.53 that the Fourier series coefficients for even values of k are zero (i.e., ay = by, = 0 for
k=2,4,6,...). Defining @9 = do-2m, the Fourier series of Eq. 3.50 could be re-written as shown
in Eq. 3.54. From this equation, the first harmonic of v4(t), defined as vy, Fr(t), is derived as
shown in Eq. 3.55.

ag = ‘Z)‘“ ((=1)* — 1) sin(2kmds)
V” (3.53)
b = —22(1 — (=1)*)(1 + cos(2kndy))

km

wl)= 3 ({%Sm(m)} -cos(kwt)—l—[%(l—i—cos(kgog))} ~sz’n(kwt)> (3.54)

3930 yee

2%(11‘,

—2Vhat Sm(%)} cos(wt) + [7(1 + cos(gog))} -sin(wt) (3.55)

()= |

The battery charging power could be estimated by multiplying vs pp(t) and iz, (¢) in time
domain. The resulted output power as a function of time is presented in Eq. 3.56.

Pora) = | | T sinlin) | cost) 4 | 240 conton) | sint)| - 1y rsin()] (350
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Since the inductor current is sinusoid, under full wave rectification I, amp = 5-lat; Where,
Ipqt is the battery dc charging current. Defining the battery charging power under @, = 0 as
Py = Vit Ipat, Eq. 3.54 could be re-written as shown in Eq. 3.57.

sin(2wt) 1 — cos(2wt)
2 2

Finally, From Eq. 3.57 the average charging power as a function of ¢y (P, ,) is derived as
presented in Eq. 3.58.

Doyps (t) = —Posin(g2)- + Py(1 + cos(p2))- (3.57)

1+ cos(ip2)
2
Note that in this equation Py = Viatlbat = 1-Po (Vinpps Vbats fsw, p1); where, 1 is the efficiency
and P, is the extracted mpp power derived in Eq. 3.49. Defining the normalized battery charging
power as P, = P, ,, /P, this power as a function of ¢ is presented in Eq. 3.59.

Pyyy = Po- (3.58)

P - 1+ cos(p2) (3.59)
2
Fig. 3.40 depicts the normalized battery charging power versus ps. As it could be seen from
this figure, the normalized power is at unity for ¢y = 0 and battery charging power is P, ., = Py,
as it is expected. Increasing ¢o, results in a smaller portion of switching cycle during which the
power is transferred to the battery, and at wo = 7 this power is reduced to 0.
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Figure 3.40: Normalized output power versus modulated phase (p2).
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Chapter 4

Components Design, Simulation,
and Results Analysis

4.1 Objectives

To validate the mathematical modeling and control objectives for the proposed resonant battery
charger described in Chapter 3, a through open-loop and closed-loop simulation and results
analysis using LTspice, PSIM, and MATLAB tools is presented in this chapter. The first step
in this analysis is defining the simulation parameters; which, requires designing the proposed
topology resonant tank components. Based on the designed resonant tank and simulation results
in this chapter, a thorough schematic component selection procedure is presented in Chapter 5.
This chapter (Chapter 4) includes:

o Topology key components design: this involves utilizing the mathematical model developed
in Chapter 3 in order to design the key components of the topology. This includes:
— defining the operation range for switching frequency
— design criteria on the resonant frequency
— designing the resonant tank components including the inductor and the dividing
capacitors

o Comprehensive open loop simulation, using LTspice, and results analysis:

— to validate the designed parameters

— comparative power loss analysis for defining the key parameters for the main compo-
nents (e.g., inductor, capacitor, MOSFETS)

— to validate the time-domain mathematical model
e Comprehensive closed loop simulation, using PSIM,and results analysis:

— to validate the mathematical modeling of the power flow

— to examine the control strategies, including: MPPT, constant-voltage control, and
phase shift modulation

— to examine the efficiency of the closed-loop system.
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4.2 Resonant Tank Components Design

In order to design the key components for the proposed topology, the main criteria should be
defined first. One of the decisive factors that affects the components design is the intended
switching frequency range. Since one of the goals of the design topology is maintaining ZVS for
the inverting stage MOSFETs turning-ON transition, the inductive input impedance is a must.
As a result, according to the input impedance graph in Fig. 3.31, the switching frequency must
be higher than the resonant frequency of the resonant tank. Note that the resonant tank in the
proposed topology consists of L,., C, and Cs. The component design could be done using the
FHA equivalent circuit. The FHA representation of the topology could be depicted as the circuit
diagram shown in 4.1. As described in 3.4.2, the FHA representation of the proposed topology
could be utilized for the voltage gain and input impedance analysis. This analysis along with the
desired operation objectives could be used for designing the key components.

Lr
YA
’Uin(t) — /Q)ut Req
Cr

Z.

1mn

Figure 4.1: Equivalent FHA circuit for the proposed topology in Chapter 3.

In Fig. 4.1, vy, represents the FHA of ac representation of the inverted PV voltage, L, and
C, = C1 + Cy are the resonant tank components, and R, is the resistive load equivalent to the
battery charging power reflected to the input side of the synchronous rectification stage. In order
to design the proper values for L, and C)., the desired resonant and switching frequencies, to
extract the maximum power from the PV, should be taken into consideration. On the other
side the PV MPP voltage and battery minimum and maximum cutoff voltages also dictate
the operation voltage gain. The voltage gain, in return, also dictates the required switching
frequency range. To simplify the design process and at the same time develop a generalized
design methodology the normalized frequency f, = fsw/fr, and quality factor Q = 1/(w.Cy.Req)
are defined. Note that fs,, and f. =1/(27y/L,C,.) are the switching and resonant frequencies,
receptively. Defining the voltage gain A, = v,/v;n, using the equivalent circuit of Fig. 4.1, the
voltage gain can be express as Eq. 4.1.

1
VIR D@

As it could be seen from Eq. 4.1, the voltage gain is simply a function of f,, and Q. In order
to maintain the ZVS operation for M7 & Ms, the input impedance Z;,, should remain inductive
resulting in f,, > 1 requirement. Fig. 4.2 depicts the voltage gain versus f,, at different values of
Q; where, Gain = Vig/Vipp = |Ay|/2 is defined. In addition to the voltage gain the minimum
and maximum cutoff gains are also shown in this figure. These gains are associated with the
ratio between the minimum discharging and maximum charging battery cutoff voltages and PV
MPP voltage. Considering the 4-cell battery voltage parameters and the PV MPP voltage given
in Table 3.1, these two gains could be calculated as Gainmin—cuttors = 12V/35.5 = 0.338 and
Gainmag—cuttof f = 16.8V/35.5 = 0.473. Note that under different battery charging power and

| Ay (4.1)
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solar irradiation conditions the switching frequency should be controlled to provide a proper
voltage gain.
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Figure 4.2: FHA voltage gain divide by 2 and the ratio between the battery and PV MPP
voltages.

On the other side, the following observations from Fig. 4.2 could be concluded:

e For lower @) values the gain slope variation versus normalized switching frequency is slow;
hence, it is necessary to exploit a wider frequency range for obtaining the required voltage
ratio. This leads to better MPPT controllability under different sun irradiation condition;
however, for lower voltage gains the switching frequency increases substantially.

e For higher quality factor @, the voltage gain roll-off is much steeper as the switching
frequency increases. This provides lower voltage gain without large increase in the switching
frequency; however, the voltage gain is much more sensitive to the frequency change. This
high sensitivity could create large transients during abrupt load or solar irradiation condition
changes.

e As a compromise between the higher limit of the switching frequency under nominal
operation condition and the controllability, @ = 0.8 is selected for the resonant capacitor
(C,.) design purpose.

In order to design C., the R, for nominal operation condition should be calculated along
with defining a desired operation frequency range or ). The nominal conditions are defined
as Vinpp = 35.5V, Pppp = 145.5W, Viy, = 14.6V, and an efficiency of n = 98%. Under these
condition, the equivalent R, could be presented as Eq. 4.2. Note that R, is the equivalent
resistance for the battery charging power reflected from the battery side to the primary side of
the rectification stage.

8
Reg = % Rioaa = (8/7%) % (Vi2, /(0 % Prpp)) = 1.2117Q (4.2)

In addition to the equivalent resistance under nominal operation condition, the desired
switching frequency should be also assumed for calculating the required resonant capacitor.
Designing for a switching frequency of 115k H z under the defined nominal conditions results in
Cr =1/(2% 7% fop *x Reg x Q) = 1/(2 x 7 x 105 % 10% % 1.2117 x 0.8) = 1.42uF. This leads to
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the calculating required dividing capacitors C; = Cy = C,./2 = 0.71uF, and since the closest
standard capacitance value to the calculated number is 0.68uF, C; = Co = 0.68uF are chosen.

In order to guarantee the inductive operation, hence, maintaining the ZVS for M; & My, a
minimum 20% margin between the switching frequency under the nominal operation condition
and the resonant frequency is considered. Note, this margin is necessary for providing enough
controllability in the frequency modulation and also accounting for the derating in the dividing
capacitors and resonant inductor under different dc bias and operating temperature conditions.
The minimum 20% margin between the resonant and switching frequencies results in a resonant
frequency of f,.<0.8 x fs, = 92kH z for the resonant tank. Using the selected capacitance for the
dividing capacitors and the resonant frequency f,, the required resonant inductance could be
calculated by L,>1/((2*m* f.)? % (C1]|Ca)) = 1/((2% 7 %92 % 10%)? x 1.36 % 1076) = 2.2uH. The
calculated minimum limit of 2.2pH is a standard inductance value results in maintaining the
fr= 1/(27T\/Lr * (Cl + Cg)) = 92kHz.

In order to validate that the designed L, value meets the ZVS requirements, it should be
noted that the energy storage in the inductor at the time when either of M; or My turn OFF
should be high enough to support the charge and discharge of the C,ss of these MOSFETs. If the
stored energy is high enough, sufficient time will be provided for charging/discharging Coss a1
& Coss a2 while also extending an extra time for turning ON the body diode of the MOSFET
that is intended to turn ON. The turn ON of the body diode assures that at the time when the
gate signal for its associated MOSFET goes high, the voltage across the drain-to-source of the
MOSFET is close to zero; hence, resulting in a ZVS turn ON of the MOSFET channel. This
requirement introduces a new boundary on the required inductance value as described in Eq.
4.3; where, Iy, . is the absolute value of the inductor current at the time of turning OFF the
MOSFETs M; or Ms. As the output capacitance of the MOSFETS is much smaller comparing to
the dividing capacitors, the L, = 2.2uH is still an appropriate design; however, Eq. 4.3 could be
utilized to derive the minimum required inductor current to meet the ZVS requirements with the
designed inductor as shown in Eq. 4.4.

2% Cy * V,?Lpp

L, > 5 (4.3)
ILZVS
2% (g
Tozvs > Vmwp\| =7 — (4.4)

4.3 Simulation Results and Analysis

In this section, considering the designed component values at the previous section, open-loop
simulation using LTspice is implemented for the validation of the designed parameters, expected
design operation, and the time-domain mathematical models derived in chapter 3. Then, the
comparative analysis will be done from the efficiency perspective by employing different component
SPICE models from different manufacturers, resulting in the selection of final proper candidate
components for the proposed topology.

In addition to the open-loop simulation, the closed-loop simulation is performed in PSIM
for validation of the power flow analysis done in chapter 3, and for verifying the performance
of the recommended control strategies. This includes validating the performance of the MPPT
algorithm and constant voltage mode. Moreover, the proposed phase shift strategies in Chapter 3
are also validated. This includes the phase shift of the SR stage wrt the inverting stage (¢1), for
the purpose of achieving SR ZCS, and the phase shift between leg 2 of SR stage wrt its leg 1 (¢2)
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as the variable for power flow control. In the following sections the simulation results and and
their analysis are presented.

4.3.1 Open-Loop Simulation Results and Analysis

The open-loop simulation begins with the comparative simulation and analysis on both the series
resonant topology presented in Fig.3.9 and the proposed topology in Fig. 3.10, and then focus
on the proposed topology and provides a comprehensive simulation and analysis from different
aspects.

e Comparative open-loop simulation results and analysis on the series resonant
topology and proposed topology

The comparative simulation of the series-resonant topology and the proposed topology involves
comparing the switching frequency range under the same output battery voltage and charging
power operating points, key component current and voltage stress evaluation, and their implications
on the components selection. This analysis and comparison aims to validate the choice of the
topology for this thesis research. Both topologies are simulated using the designed resonant tank
in Section 4.2. Table 4.1 presents the simulation parameters used for the comparative analysis
of both topologies; where, a multi-step simulation is conducted in LTspice, then, the simulation
data points are plotted using MATLAB. In this open-loop simulation, associated with each step
there is a pair of (fsy, Pout) With a constant battery voltage (V). Note that at each step the
output power P, is a fraction of nominal power P, o, within 0.1<P,,;/Phom<1.

Parameter | Value
Vinpp 35.5V
Poom 142W

Vs 13.2V

L, 2.2uH

C, 2x0.68uF
Cl = CQ OGSMF

Table 4.1: Parameter used in LTspice open-loop simulation.

Fig. 4.3 presents the switching frequency versus the ratio between the output power and
nominal power Pt/ Ppom. As it could be seen from this figure as the output power increases
the switching frequency for both topologies reduces. Even though the switching frequency for
both topologies at a given output power is very close, it is slightly higher for the series resonant
topology. It could be also noticed that this difference is more pronounced under lighter loads.

It is worth noting that the switching frequency adjustment at each step of the simulation
not only controls the output power, but also, it is the control variable that controls the output
voltage at the target level. This target output voltage is given in Table 4.1. Fig. 4.4 depicts
the output voltage of the series-resonant and proposed topologies versus the normalized output
power; where, the nominal power is considered as the base power. It could be seen that under
different output power, as the switching frequency is adjusted, the output voltage is regulated to
the target 13.2V.

The open-loop simulation for the series resonant and proposed topologies aims to compare the
key components operating voltage and current under both transient and steady-state conditions.
This comparison reveals that which topology imposes higher voltage/current stress to the key
components.
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Figure 4.3: Switching frequency versus normalized output power for series resonant and proposed
topologies.

Current stress: Note that the effects of the current level contributes to the conduction losses
quadratically; hence, maintaining lower level of current for transferring the same level of
power contributes to much lower conduction losses resulting in substantially higher efficiency.
Also note that, since the two topologies are aimed at ZVS and ZCS operation the key power
loss element is the conduction loss; hence, optimizing for conduction loss is the out most
important factor for enhancing the efficiency. On the other side, the major conduction loss
contributors are the resonant inductor and capacitors, inverting-side MOSFETs, and SR-side
MOSFETs. It should be noted that the DC-link capacitors utilized on both PV and battery
sides are responsible for bypassing the ac components of the currents; hence, high current
stress contributes to higher losses and operating temperature for these capacitors. The high
operating temperature contributes to reducing the capacitors lifetime. For example, in the
case of electrolytic capacitors every 10°C' in temperature change reduces the life time of the
capacitor by half as it could be derived from L = L * 2T0 022 [32]. In this equation, Ly and

Ty are the base capacitor life time and ambient temperature, respectively. The term Ty, is

the capacitor operating temperature; hence, a 10°C' increase in the operating temperature

wrt the ambient temperature results in a factor of 1/2 of base life time.

Voltage stress: The high voltage stress also has various adverse effects on the performance of
the DC-DC battery charger. The high voltage stress on the capacitors contributes to faster
degradation of their dielectric [33]; while, also results in the capacitance derating in the case
of dc-voltage bias. The high DC and AC voltage stress also affects the capacitor lifetime;
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Figure 4.4: Regulated output voltage versus normalized output power for series resonant and
proposed topologies at target battery voltage of 13.2V.

where, if the voltage stress is beyond the rated voltage for the capacitors, it reduces their
life time substantially [33].

In order to derive the rms and max inductor current during transient and steady state operation
conditions at each operating point of the multi-step LTspice simulation the MEASURE command
is utilized. As before, the LTspice simulation data points are plotted using the MATLAB. Fig.
4.5 presents the steady-state inductor rms current for both series resonant and proposed topology.
As it could be seen from this figure the steady state rms current at a specific output power data
point at the target voltage of 13.2 is very close for both topologies. This is a results is confirming
that once the switching frequency for each topology is adjusted to provide the target voltage
and power the expected battery charging current and hence the rms inductor current should be
almost identical. This could be explained by the the fact that, at steady state the clamping diodes
for the proposed topology are not intended to be forward biased; therefore, the FHA equivalent
circuits for both topologies become identical. Note that the battery charging current is directly
proportional to the inductor rms current as lpar = (2/7) * I1.m = I rms = (7/(2v/2)) Ipar; Where,
Ipot and Iy, ., are the battery charging current and inductor FHA current amplitude, respectively.

Even though the inductor current rms values at the steady state under a certain operation
point are almost identical for both series resonant and the proposed topologies, the peak values
under the transient condition could be different. Fig. 4.6 depict the transient inductor current
amplitude versus normalized output power for both of these two topologies. As it could be seen
under light load condition the peak current for both topologies are very close. This behavior
could be justified, because, at light load the inductor current is still low ; hence, the voltage at
node ’¢’ of the proposed topology (see Fig. 3.10) does not increase high enough to be clamped.
Under this condition, as it is expected, the behavior of the proposed topology and the series
resonant topology are very similar. It could be observed that as the power increases the peak
currents diverge substantially. It is evident that for the series resonant topology the transient
peak inductor current increases rapidly as the output power increases; while, it approaches a
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Figure 4.5: Resonant inductor rms current in steady-state condition versus normalized output
power for series resonant and proposed topologies at target battery voltage of 13.2V.

constant level for the proposed topology under higher power levels. This is the result of utilizing
the dividing capacitor and clamping diodes as under transient condition at higher power the
voltage at node ’c’ of the proposed topology (see Fig. 3.10) is either clamped or its rate of change
decreases substantially preventing further increase in the resonant inductor current. Another
important aspect of limiting inductor peak current is that it prevents the inductor saturation;
while, for the series resonant topology the inductor has to be over-sized to handle high transient
currents. In other words, since the peak transient current in the series resonant topology is
high, either an inductor with larger core size should be selected or a core material with higher
saturation flux density (i.e., higher saturation current for the same size) has to be utilized. Note
that an inductor with high saturation flux density material often is at a higher cost of these
material as well. From another point of view, an inductor with high saturation current could be
also structures around a core with larger cross-section area, this still translates to larger inductor
core dimension and , hence, lower power density of the DC-DC battery charger.

On the other side, it is expected that higher transient resonant inductor current also leads to
an increased voltage stress on the resonant capacitors. Fig. 4.7 depicts the peak transient voltage
stress on the resonant capacitor C,. of the series resonant topology and the dividing capacitor Co
of the proposed topology. It could be seen that the capacitor peak transient voltage also follow
the same trend as the peak transient inductor current. The resonant capacitor peak transient of
series resonant topology and dividing capacitor Cy of the proposed topology are very close at
light load; however, this peak voltage for the C,. of the series resonant increases substantially at
higher load. This phenomenon is reasonable as the capacitor voltage has direct relationship with
the inductor current under ve peak = X * i1 peak; Where, X¢ is the reactance of the associated
capacitor at the switching frequency. It is worth noting the role of the clamping diodes in limiting
the current and voltage stresses; hence, these diodes are expected to have power losses during the
initial transients.

e Switching performance and efficiency evaluation of the proposed topology
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Figure 4.6: Resonant inductor peak transient current versus normalized output power for series
resonant and proposed topologies at the target battery voltage of 13.2V.
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Figure 4.7: Peak transient resonant/dividing capacitors voltages versus normalized output
power for series resonant and proposed topologies at the target battery voltage of 13.2V.

As describe before, the proposed topology provides a more moderate operation switching frequency
with much lower current and voltage stress comparing to the series resonant topology. The open-
loop simulation using LTspice is further utilized to evaluate different aspects of the proposed
topology including detailed power loss analysis in the key components and the topology efficiency
evaluation; while, adjusting the switching frequency to provide an MPPT operation scenario.
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Table 4.2 provide the parameters utilized in the open loop MPP simulation for the proposed
topology.

Parameter Value

Vinpp 35.5V

Prrpp 145.5W

Viat [12V 13.2V 13.8V 14.6V 15V]
L, 2.2uH

Cl = CQ 068,uF

inverting-side MOSFETS (M;&M,) | TPH4R10ANL

SR-side MOSFETS (M3 — Ms) TPH4R10ANL

Table 4.2: Parameters used in LTspice open-loop simulation under MPP operation condition.

Fig. 4.8 depicts the operating switching frequency for the proposed topology versus battery
voltage while maintaining the MPP operation condition. In this simulation the switching frequency
for each battery voltage is adjusted in such a way that the MPP power condition at the input side
is established. As it could be seen at lower voltage; where, the ratio between the battery voltage
and the MPP voltage is lower in order to extract the same MPP power the switching frequency is
higher. This could also be understood from the voltage gain modeling described before. In other
words, at lower battery voltage the equivalent resistance at the input of the SR stage is lower
resulting in lower input impedance or the impedance seen from the inverting stage point of view.
Since the goal is to maintain the MPPT, the switching frequency should be increased so that the
effect of the lower equivalent resistance is compensated and hence maintaining the same MPP
power.

123.4

122175

fsw(kH2)

119

117.345

I I |
12 13.2 13.8 14.6 15
W)at(v)

Figure 4.8: Switching frequency versus battery voltage for MPP operation at (Vy,pp, Prpp) =
(35.5V,145.5W).

Since at each battery voltage the switching frequency is adjusted to extract the MPP power,
it is expected that the battery charging current is higher at lower battery voltages. It is evident
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that an increase in the battery charging current leads to higher resonant inductor RMS current.
Fig. 4.9 depict the inductor rms current for the proposed topology for different values of battery
voltage. As expected the increase in the battery voltage results in lower charging current at the
same MPP power; hence, leading to lower inductor rms current. This is also evident from Fig.
4.9.

| | |
12 13.2 13.8 14.6 15
W)at(v)

Figure 4.9: Resonant inductor rms current versus battery voltage when (Viupp, Prpp) =
(35.5V,145.5W) is maintained.

As described in Section 3.4.4, the phase shift between the gate signals for the SR stage wrt
the inverting stage, defined as 1, is introduced to provide the ZCS condition for the SR stage
MOSFETs M3 — Mg. The ZCS reduces the switching losses of these MOSFETs significantly
and improves the efficiency. Fig. 4.10 depicts the ZCS ¢, for different battery voltage while
maintaining the MPP operation condition. As it could be seen, the increase in the battery voltage
leads to a reduction in ¢;. This could be justified by the fact that at higher battery voltage
the current is lower and shorter time interval is required for the current to reach zero from the
moment when either of M; or My turns OFF.

As described before, the increase in the battery voltage results in lower battery charging
current and the inductor rms current under the same (Vi,pp, Prpp). Also, as mentioned before
the switching frequency range is within an inductive operation range for the input impedance.
This combined with the ZCS phase shift for the SR stage provide a soft-switching operation
condition for the proposed topology; hence, the key power loss components for the MOSFETs
is expected to be dominantly the conduction loss; while, the inductor power loss includes both
conduction and core loss. Fig. 4.11 presents the power loss breakdown for the inverting stage
MOSFETs M; & Ma, SR stage leg 1 MOSFETs M3 & My, SR stage leg 2 MOSFETs M5 & Mg,
and the resonant inductor. It could be seen that under higher battery voltage and a constant
MPP condition, as expected the power loss for the MOSFETs and inductor reduces.

Note that the inductor power loss is a function of both switching frequency and the current.
Higher switching frequency not only increases the inductor ac resistance ( dominantly because of
the skin effect), but also, results in higher core loss. This combined higher conduction loss and
core loss coincide at lower battery voltage as both charging current and switching frequency are
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Figure 4.10: ZCS phase shift (¢1) versus battery voltage under (Vi,pp, Pmpp) Operation.
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Figure 4.11: Power loss breakdown for the key components versus battery voltage under

(Vinpps Pmpp) operation.

higher. Besides, low battery voltage and higher current also leads to higher conduction losses.
The accumulative higher losses for the MOSFETs and the inductor under lower battery voltage
results in the worst case scenario for power loss and efficiency. Fig. 4.12 presents the proposed
topology efficiency as the ratio between the battery charging power and the MPP power in %. It
is clear that under lower battery voltage; where, the power losses of the MOSFETs and inductor
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are at their worst case, the efficiency is at its minimum. The increase in the battery voltage at
the same charging power results in higher MPPT efficiency.

98.8 |-
98.6 -

97.2

I I I
12 13.2 13.8 14.6 15
%at(v)

Figure 4.12: Proposed topology efficiency versus battery voltage under (Vi,pp, Pmpp) =
(35.5V,145.5W) condition.

In order to validate the time domain analysis presented in Section 3.3, the LTspice simulation
with the same parameters given in Table 4.2 at V4 = 13.2V is conducted. Fig. 4.13 depicts
the gate-sources driving signals for M;-Mg MOSFETs; where, the waveform for the high-side
MOSFET of each leg is in blue color and the low-side one is in red color. It should be noted
that the driving voltage supply of 5V is assumed; where, also a dead time of 90ns between the
gate-to-source signals of the MOSFETs belonging to the same leg is introduces to prevent the
shoot through across the leg. It could be also seen that the ZCS time delay is introduced between
the rectification stage and the inverting stage driving signals. The time delay equivalent to the
Y1 = 3221deg is tdela%S’R = T725ns at fsw = 123.4kHz.

To further validate the proposed topology operation and its time-domain analysis, the voltage
at node ’c’, the voltage between nodes ’a’ and ’c¢’, voltage across the resonant inductor and its
current waveforms are depicted in Fig. 4.14. It could be seen from the voltage at node ’c’ that
the voltage at this node under the steady state condition does not exceed the V,,,, and does not
reduce under the clamping diode forward voltage; hence, this voltage is not clamped in either of
directions. This is because the switching frequency wrt the resonant frequency is high enough
and the time domain analysis holds. On the other side, the voltage V(a,c) as well as the inductor
voltage and current follow the expected performance as presented in Section 3.3. It worth to note
that the inductor current amplitude under the MPP condition and V,,; = 13.2V is 15.8A.

As mentioned before the SR time delay is introduced between the gating signals for the SR
stage MOSFETs wrt the inverting stage MOSFETs. This means MOSFETs M3& Mg turn OFF
with a delay of t4eiay,sr = 725ns wrt the turn-OFF time for M;. This time delay assures that
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Figure 4.13: Gate drive signals for M;-Mg under (Vopp, Prpp, Voar) = (35.5V,145.5W,13.2V)

simulation condition. Note: y-axis is in volt and x-axis is in uSec
to Ms and Mg, respectively. Fig. 4.15 depicts the voltage at the input of the SR stage along

SR MOSFETs turning-off transition is under ZCS or very low currents minimizing the turn-off
switching losses for this MOSFETs. Note that the drive signals My and M5 are complementary

It is obvious that Mg current is the same as M;s carrying

the positive half cycle of the resonant inductor current; while, M5 current is the same as My

with the currents for M3 and My.

conducting during the negative half cycle. It could be seen from Fig. 4.15, during the dead time
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“V(a.b)

Ix(U1:port1)

V(a,b), and the inductor current (Ix(Ul:portl))

(

Waveforms for node ¢’ voltage (V(c)), voltage between nodes ’a’ and ¢’

N

54V
36V~
27V

-54V/
under (Vinpps Prpps Voat) = (35.5V,145.5W,13.2V) simulation condition.

(V(a,c)), voltage across resonant inductor

Figure 4.14:

the voltage V(b,c) is clamped at Vet +2VEps

or —(Viat + 2VEear); where, Vpyy) is the forward voltage drop for the SR MOSFETSs body diode.
It could be also noticed from this figure, neglecting the voltage drop across the SR MOSFETs
channel, during the time intervals other than the dead time, V(b,c) is clamped at Vjq: (when

and —Viet (when My&Ms5 are ON).

)

when the body diodes of the SR MOSFETs are ON,

MB&MG are ON
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Figure 4.15: Waveforms for voltage between nodes ’b’ and ¢’ (V(b,c)), ans SR MOSFETs
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M3&My currents (-Ix(M3:1) and Ix(M4:1)) under (Vinpp, Popps Voat)

(35.5V,145.5W,13.2V) simulation condition.
strategy should extractP,,p, from PV while maintaining its voltage at V,,,;,. Since the MPPT

As presented in Section 3.4 different closed-loop control strategies could be utilized for the proposed
resonant battery charger. Based on the PV (Vipp, Prpp) operation condition, the MPPT control

4.3.2 Closed-Loop Simulation Results and Analysis
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algorithm for the proposed topology is based on the frequency modulation, the algorithm adjust
the switching frequency until it reaches the maximum PV power at V,p,,. As long as the battery
voltage is less than the voltage control (VC) switch-over limit (defined as Viat,maz) the MPPT
control is maintained. Once the battery voltage surpasses Vipat maz, the controller changes to VC
mode and the VC control gradually charges the battery to its charging cut-off voltage (defined
as Viat,cut—of ). Fig. 4.16 presents the desired charge profile for the battery incorporating both
MPPT and VC mode control. The controller operation include multi-steps as described below:

1. As long as the battery voltage is less than the Vgt maz, the controller is in MPPT mode;
where, by adjusting the switching frequency the maximum power based on the irradiance
condition will be harvested.

2. If the battery voltage reaches the maxim set point, the controller will be changed to the VC
mode; where, the voltage is regulated to the point that keeps the battery voltage under the
charging cut-off limit. In this condition the harvested power might not be the max available
power

3. If the battery voltage reaches the cutoff voltage, the controller should stops the switching
to prevent the battery overcharging.

Viat (V) Ppy (W)
A A
Prnpp1
‘mpp2
\ Prpps

Veut—of s \\ Prppa

Vet

Po=0
Vinin

» Time(hr)
t t ty  final

Figure 4.16: Desired battery charge profile under MPPT and VC mode.

The closed-loop simulation for the proposed topology is implemented in PSIM tool involving
MPPT and VC controllers through frequency modulation. Furthermore, the simulation also
implements both ¢; for maintaining the SR MOSFETs ZCS, ¢ as a PSM approach to further
enhance the battery charging power controllability. This section presents closed-loop simulation
results to evaluate the performance of the presented control approaches for the proposed topology.
Fig. 4.17 present the high level control logic that decides between the MPPT and VC control
modes.

e Closed-loop MPPT simulation results and analysis for the proposed topology

Different MPPT control algorithms were presented in Section 3.4.1. The HC MPPT algorithm
along with the CV control loops are implemented in PSIM, the output of the control loops
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Figure 4.17: High level logic to switch between different control modes in the closed loop
simulation.

is provided to the frequency modulation block; where, the gate signals for the inverting stage
MOSFETs and the SR stage MOSFETs with the associated ¢ and @9 are generated. These
signals are then provided to the MOSFETs gate drivers.

Fig. 4.18 presents the power stage of the closed-loop schematic for the proposed topology
in the PSIM tool. This stage include the PV panel at the input side; where, both PV voltage
and current are also sensed for the feedback purpose to the controller. The PV is followed by
bypassing capacitors Cj; — Cy3 for filtering the AC component of the input current and then the
half bridge (Q1&Q2) DC-to-HFAC and the diving capacitor with their clamping diodes. It could
be also seen that the resonant inductor (L,) current is also sensed as iqnk, this current could
be utilized for zero crossing detection. The SR stage MOSFETs (Q3 — Qg) are followed with
bypass capacitors C,; — Cob3 to filter the AC component of the rectified current followed by a
small values inductor (e.g. 150nH) to represent the impedance of wires used for connecting to the
4-cell Li-ion battery. Note that the battery voltage and current are acquired as feedback signals
to the controller. All 6 MOSFETs Q1 — Qg receive their gate driving signal followed with a block
representing their gate driver stage.

The MPPT algorithm could be implemented using available blocks in the PSIM tool box. Fig.
4.19 depicts the MPPT implementation for the proposed topology along with the driving signal
(Vgs1 — Vgs6). generation in the PSIM tool. It could be seen from this figure, that the PV voltage
and current are first passed to low-pass filter (LPF) blocks for filtering the high frequency noise
from these signals. The filtered Vpy and Ipy are then used for deriving the PV power. Using
zero-order hold (ZOH) and delay blocks, the calculated power samples k& (k — 1) are extracted.
The PV power current value and last value are then compared to identify if it is increasing or
decreasing; hence, subtracting or adding incremental time step to the switching cycle, respectively.

A limiting block is used to define the minimum and maximum allowable switching frequency.
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Figure 4.18: Simulation power stage schematic in PSIM environment.

The minimum limit on the switching frequency provides an inductive operation margin to
guarantee the ZVS for Q1&Q2, and the maximum value is defined as a limit that under start-up
condition or transition from heavy load to the light load the switching frequency does not exceed
this limit. It could be also seen that the result of the frequency modulation (i.e. derived fg,) is
provided to an square-wave generator for generating the complementary gate signals for Q1&Q)>
with a pre-defined dead time.

As mentioned earlier the ZCS phase ¢ is introduced to minimize the turn-OFF switching
losses for the SR MOSFETs Q3 — Q¢. The time delay blocks equivalent to the required ¢ are
utilized to generated delayed complementary Vg,3&Vys4. Similarly using time delay blocks o is
implemented for the complementary Vy.5&Vys6. Note that in the case when o = 0, V46 and
Vyss are in-phase with Vg3 and Vg4, respectively.

dehaTaw

Figure 4.19: MPPT algorithm and gate driving implementation in the PSIM schematic
environment.

The PSIM simulation is conducted by assuming a solar irradiation condition that results
in (Vinpp, Pmpp) = (35.5V,145.5W), and an initial battery SOC of 5%. Table 4.3 provide the
parametrs used for the closed-loop simulation in PSIM. Fig. 4.20 shows the gate signals for
@1 — Qs. The dead time between the complementary gate signals for the MOSFETs belonging to
the same leg is set at 90ns. The gate signals show a time delay between V43 wrt the Vg, that
corresponds to the required ZCS delay, while the delay between Vs and V.3 is zero, meaning
no 9 is introduced. Note that these signals are logic level and are provided to gate driving stage
for level shifting and driving the gate-to-source of the MOSFETs.

As mentioned before, a switching frequency limiting block is utilized in the PSIM simulation.
The limits are intended to guarantee the inductive operation by setting a minimum switching
frequency higher than the resonant frequency of the LC tank; while, the higher 500kHz limit is
also limiting the maximum switching frequency during the converter start-up or transition from
a high charging power to lower charging power. Note that the 500kHz maximum limit on the
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Parameter Value
Vinpp 35.5V
Propp 145.5W
battery initial SOC 5%

L, 2.2puH
Cy = Cs 0.68uF
MOSFETS Q1 — Qs, Ras,on | 2mQ
MOSFETS Q1 — Qq, Vrm 0.75V
clamping diodes Vrp 1V

Table 4.3: Parameters used in PSIM closed-loop simulation under MPPT control mode.

frequency is an operation condition with very low current; hence, the losses in the MOSFETs are
minimal. Moreover, the minimum and maximum limits also provide a safe operation region for
the proposed converter during the transient events. Fig. 4.21 depicts the switching frequency
and PV output power. It could be seen at the start-up, when the PV voltage is at its open
circuit voltage and the power is zero, the switching frequency is at 500kHz. The MPPT algorithm
incrementally increase the switching cycle translating to reducing the switching frequency from
its maximum limit. As the switching frequency continues to decrease the PV power is gradually
increasing until it reaches its MPP level. During the steady-state the switching frequency is
maintained at a level that maximum power is extracted from the PV. Note that the average
steady state switching frequency for this operation condition is 114.3kH z at an MPP of 143W.
Note that there is about 1.7% steady-state error in MPPT; however, this error could be further
reduced with more computationally intensive MPPT algorithms.

Fig. 4.22 presents the voltage at node ’a’ of the proposed topology along with the resonant
inductor current. As it could be seen from this figure, the high-side MOSFET of the inverting
stage turns off while the inductor current is still positive. This means that the current is lagging
the voltage; hence, an inductive impedance provides guaranteeing the ZVS operation for Q1&Q)-.
Since at the time when ) turns off the current still is substantially positive, this current provides
enough energy for the inductor to charge the C,ss of @1 and discharge C,ss of Q2. After this
transition the body diode of Q)2 turns on while the inductor current is still positive. The last
step is turning ON @2 while its body diode is still On, resulting in ZVS for this MOSFET. The
negative half cycle operation is symmetrical to the positive cycle with @) turning ON under ZVS.

It also could be seen from Fig. 4.22 that due to the high frequency operation condition the
voltage at node ¢’ of the proposed topology is sinusoidal and does not clamp. This figure also
shows the inductor current and the voltage v, at the input of the SR stage. It could be seen that
the zero crossing of the current coincides with the SR MOSFETSs transition time between ON to
OFF resulting in ZCS for these MOSFETs. Note that for this operation condition the ZCS time
delay is tgeiay,sr = 535ms.

Fig. 4.23 shows the battery voltage, current and charging power. It could be seen at the start
up as PV power begins to increase, the battery charging current and power also ramp up from zero;
however, the battery voltage begins from a level corresponding to its SOC as expected. While the
switching frequency decreases corresponding to the increase in the PV power the battery charging
power also increase until it reaches a steady state level equivalent to Pyqr = 1 * Py,pp. For this
simulation case the steady state efficiency is 7 = Ppat/Pmpp = (140.8/143) % 100 = 98.46%.

It should be noted that one of the goals for the closed-loop simulation is to validate that
the ZVS and ZCS operation conditions in the steady-state operation condition are maintained.
From the presented closed loop simulation it is proved that the ZVS for Q1&Q2 and the ZCS for
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Figure 4.20: Closed-loop MPPT controller simulation results for MSOFETs logic level driving
signals.

Q3 — Qg are confirmed. The guaranteed soft-switching for the MOSFETs means that the dominant
power loss of the MOSFETS for the proposed topology is their conduction loss. This means that
if the power loss associated with the MOSFETs body diode during dead time are neglected the
MOSFETs conduction loss could be simply estimated by Ploss,@,—Qs = Rdson,Q:&Qs * I%yrms +
2% Rison,Qs—Q¢ * I,%Tms. In this estimation the inverting MOSFETs are identical and similarly
all the SR MOSFETs are also identical. If all Q1 — Qg are identical with the ON state resistance
of Rgson, the MOSFETSs conduction loss is simply Pioss,0,—0Qs = 3 * Rason * I%,Tms. For a more
accurate estimation of the MOSFETs power loss, the losses during the dead time could also be
included.
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Figure 4.21: Closed-loop MPPT simulation results for switching frequency and PV power
(Vinpp Pmpp) = (35.5V,145.5W).

Another main cause of the power loss in the proposed topology is the resonant inductor. The
inductor losses include core loss and conduction loss; where, both are a function of the switching
frequency. The core loss could be simply estimated using P, = K, * &, * Bpeakﬁ [34, 35]. In this
equation K., a, and  depend on the core material and mechanical size usually provided by the
core manufacturer; while, fs, and Bpeqr depend on the topology and its operation. Note that the
core loss equation is valid under sinusoidal excitation; however, since the inductor current for the
proposed topology is very close to a sinusoid the core loss calculation still provide close estimation.
The conduction loss associated with the inductor is a function of its AC resistance (ACR) at the
operating switching frequency that originates from the skin effect and the proximity effect of the
inductor winding [36, 37, 38]. Selecting a flat wire inductor could potentially minimize these
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Figure 4.22: Closed-loop MPPT simulation results for switching node, dividing capacitor node,
and SR-stage input voltages along with the resonant inductor current.

effects by reducing the proximity effect where with a thin flat wire (thinner than the skin depth),
the skin effect related ACR increase could also be minimized.

Defining the inductor loss as Pjoss,r, = P, + ACR * I%7Tms, the major portion of the power loss
for the proposed topology is estimated using Pjoss = Ploss,0,—Qs + Ploss,.; hence, the efficiency
could be simply estimated by %n = ((Pmpp — Ploss)/Pmpp) * 100. Alternatively different closed-
loop simulation with different parameters for the inductor and MOSFETs could be run to derive
multi-data-point efficiency. In order to select proper MOFETs and inductor across different
manufacturer a through efficiency analysis with different part numbers is presented in Chapter 5.
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Figure 4.23: Closed-loop MPPT simulation results for battery voltage, current, and charging
power.

e Closed-loop MPPT to VC mode switch-over simulation results and analysis for
the proposed topology

As describe before, as long as the battery voltage is less than the Vet mas it is reasonable to
operate the proposed topology for extracting the maximum available power from the PV panel;
however, once the battery voltage passes a certain limit in order to provide a more controlled
battery voltage "topping-off" and prevent the overcharge the controller changes to a VC mode.
Fig. 4.24 shows the VC integration with the MPPT within the PSIM closed-loop simulation.
Note that in order to prolong the battery life time the final stage of the charging usually from
80% — 100% SOC (also referred to as topping-off) the constant voltage control should be utilized
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Figure 4.24: Integrating MPPT and VC controllers in the PSIM schematic environment.

The MPPT algorithm is already described; however, to integrate the VC mode, the battery
voltage feedback is first applied to an LPF to filter the high frequency voltage ripple cause by
voltage across the battery cells series resistance. Then a gain is applied to scale down the battery
voltage to the same level as its reference. The error between the feedback signal and its reference
is then applied to the input of a proportional-integrator (PI) compensator; where, its output is
defined as the switching cycle and converted to the frequency. Similar to the MPPT frequency
modulation, the same maximum and minimum limits are also applied to the modulated switching
frequency at the output of the VC scheme. A hysteresis boundary range is defined for the Viat,maa
to prevent oscillation during the controller mode switch over; hence, when the battery voltage
passes its limit the switching frequency applied to the pulse generator will be the output of the
VC with an smooth transition.

Note that in order to provide an smooth transition along with preventing the voltage gain
violation, the initial switching frequency for the VC mode could be placed slightly higher than
the last switching frequency from MPPT. In this way, the PV operation point moves towards the
right side of the PV MPP operation condition, meaning the PV voltage moves its operation point
between V,,;,, and Voc; hence, maintaining needed higher PV voltage when the battery voltage
is also at higher values.

Fig. 4.25 presents the simulation results for the integration of the MPPT and VC mode. It
could be seen at the start up, when the battery voltage is lower than the Vigt mar = 14.917V, the
controller is in MPPT mode and the switching frequency reduces gradually from its maximum
500kHz to an average of 115.25kHz at the steady state. During this transition the PV power
increases from zero to its MPPT operation condition . A control flag is introduces so that when
the battery voltage exceeds Viat,maz = 14.917V, the controller switches over to the VC mode. It
could be seen from the simulation results that when the controller changes to the VC mode the
switching frequency is re-modulated and as the charging continues the battery voltage is topping
off to higher values. It should be noted that if the battery voltage reaches Viat,cutt—ofs = 16.8V,
the charging stops.

It is expected that as the switching frequency reduces during the start-up transition the PV
power increases as it does the battery charging power. Fig. 4.26 depicts the control flag along
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Figure 4.25: Closed-loop MPPT and VC mode simulation results for switching frequency and
battery voltage.

with both PV and battery charging powers. As it could be seen from this figure the PV power
increases towards its steady state value at 143W. During this time the battery charging power
also increases to an average of 140.8W. When the battery voltage passes Viat,maz = 14.917V
corresponding to the state change of the control flag, as the controller changes to VC mode, the
switching frequency is regulated by the VC controller and the PV power in steady state reaches
140W. The battery charging power also settles at 143.8W resulting in an efficiency of 98.78%.

Similar to the MPPT control mode, it is expected that under the VC mode also the ZVS and
ZCS condition for the inverting stage and SR stage MOFETs, respectively, to be maintained. 4.27
shows the inductor current along with the node ’a’ voltage and the voltage at the input of the
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Figure 4.26: Closed-loop MPPT and VC mode simulation results for PV and battery charging
powers.

rectification stage (vs) under steady-state conditions. This figure also includes the steady-state
voltage at the node ¢’ of the proposed topology. It could be seen from this figure that both ZVS
for MOSFETs @Q1&Q2 and the ZCS for MOSFETs Q3 — Q¢ are maintained, as intended. It could
be also seen that the high frequency operation condition for the v, is also valid.
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Figure 4.27: Closed-loop MPPT and VC mode simulation results for switching node, dividing
capacitor node, and SR-stage input voltages along with the resonant inductor current.



Chapter 5

Components Selection, Schematic
Development, and PCB Layout
Design

5.1 Power Domains Definition for the Schematic and PCB
Layout

In order to develop the schematic and PCB layout for the proposed DC-DC battery charge,
different power and grounding domain should be first defined and then according to these domains
the requirements for component selection are specified. Defining the ground and power domain
depend on the proposed topology and the intended control strategy. From Fig. 3.10 it is evident
that there are two main power/grounding domains, namely PV domain and battery domain.
On the other side, from the control architecture in Fig . 3.25 and Fig. 3.26 it could be seen
that different signals from both PV and battery domains as well as the resonant inductor should
be sensed for the purpose of the feedback control. The sensed signals then will be provided to
the ADC inputs of a micro-controller unit(MCU) evaluation board. This implies that a third
power/grounding MCU domain is required as a common domain for all the sensed and feedback
signals. Fig . 5.1 depicts the block diagram for the three domains along with the isolation barrier
between the PV and battery domain wrt the MCU domain. This means isolation is needed before
the sensed signals Vpy, Ipy, Viat, Ibat, and iy, are provided to the ADC inputs of the MCU, as
it could be seen in this figure.

5.2 Schematic Functional Circuit Blocks and their Compo-
nents Selection

In this section, different functional circuit blocks of the designed schematic in Altium Designer
are presented along with a detailed description of each block. The considerations and criteria
for selecting the key components of each block are also presented. This involves comparative
simulation results analysis for the key components. According to the circuit operation and
intended design functions, the schematic could be divided into 5 main functional circuit blocks,
namely:
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Figure 5.1: Block diagram for the schematic power/grounding domains.
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The following sub-sections provide the detailed description of each circuit block and their
component selection process. Since the designator assigned to each component in the Altium
Designer tool does not include a sub-script for the numbering (e.g., C1 rather than C4), when
referring to a component in the designed schematic, through out this chapter the same convection
is used.

5.2.1 Power Stage

The core part of every power converter is the power stage, where the power conversion happens
and provided to the intended application load. Depending on the desired application and its
specification, the power stage topology would be different. The power stage for the proposed
topology of Fig. 3.10 is implemented in Altium Designer as shown in Fig. 5.2. This functional
circuit block consists of:

e Inverting stage half-bridge MOSFETs M1 - M2, and the SR-stage MOSFETs M3 - MG6.
e Resonant tank consisting of the dividing capacitor C'15 & C30 and the inductor L2.
e Clamping diodes D1 and D2.

o Switching stage bypass capacitors on PV side (C4 - C8 & C20 - C24) and battery side (C4
-C8 & C20 - C24)

e The shunt resistor R1, for measuring the battery charging DC current.

e Connectors J1 & J2, used as an interface to connect the PV panel and battery module at
the input and output of the printed circuit board assembly (PCBA).

e The varistor VR1, intended for protecting the input stage against transient events.
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o EMI filter consisting of the capacitors C'1 - C3 & C14, and the common mode choke L1.

Each of these components require the selection criteria specific to their role within the intended
functional circuit block. Their function also dictates the required specification for each part.

s OB

i e
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1 ImObm
O5W 1%

PGND_IN
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Figure 5.2: Power Stage schematic.

MOSFETs M1 - M6: As it could be seen from Fig. 5.2, M1 & M2 are the inverting stage
HB MOSFETs for converting the PV DC voltage to the HFAC voltage; while, the FB SR stage
MOSFETs M3 - M6 are utilized for converting the HFAC voltage to the DC voltage for charging
the battery.

Different parameters in selecting these MOSFETs should be taken into consideration; where,
each parameter has specific implication on the performance of the DC-DC battery charger. The
PV and battery voltages dictate the minimum required rated drain-to-source voltage Vs for
the MOSFETs. The OFF-state Vg5 along with the other MOSFET parameters including their
ON-state resistance (Rgs,on), required driving gate-to-source voltage (Vys), and their parasitics
input and output capacitances determines the MOSFETs power losses; hence, affecting the DC-DC
battery charger efficiency. Note that the main effect of the gate driving voltage Vs manifests on
the MOSFET Rgys on; therefore, affecting its conduction losses [41]. The higher the Vg, is (within
the manufacturer’s recommended operation range), the lower the Rgs o is, resulting in lower
MOSFET conduction losses [42]. The OFF-state Vs accompanied by parasitics input and output
capacitances, on the other hand, affect the MOSFET switching transient; hence, their switching
power losses.

It worth to note that the proposed topology and the switching scheme ensure the soft switching
leading to a negligible switching power losses; hence, the MOSFETSs main power loss component
is their conduction loss. In order to select a MOSFET for meeting the target efficiency and cost
for the resonant DC-DC battery charger, MOSFETs with different Rgys o are evaluated through
a comparative open loop simulation in LTspice allowing to utilize their manufacturer’s SPICE
model for more accurate estimation of the power losses. Through this analysis the optimum range
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for the MOSFET Rgs on, to meet the target efficiency, is first identified; then, different MOSFETSs
within the desired Rgs,on across multiple manufacturer are evaluated for cost optimization. The
comparative efficiency and cost analysis allows an optimum selection for both performance and
cost.

Table 5.1 provides the evaluated MOSFETs PN and their key parameters; where, Rgs on
varies across different PNs. It should be noted that the change in Ry, and Cyss among these
MOSFETs implies that for the simulation of different MOSFETs the switching frequency and
ZCS phase shift require adjustment to extract the 145.5W MPP from the PV for all cases. This
provides a fair comparison for the effect of each MOSFET on the efficiency. Notice that for all of
the MOSFET simulation cases a 2.2uH resonant inductor (L,) with PN MSS1278T-222 is used.

PN Rated Vgs(V) | Ras,on(m€Q) at Vg (V) | Cost/1kU (€)
TPH3R10AQM | 100 3.1 at 10 0.72
TPH4R10ANL | 100 4.1 at 10 0.71
TPH5R60APL | 100 5.6 at 10 0.54
TPH6R30ANL | 100 6.3 at 10 0.47

Table 5.1: List of evaluated MOSFETs and their parameters.

I V1802
I V3804
[ M5&M6
. L

MOSFET PN

Figure 5.3: Accumulative power loss for the MOSFETSs and resonant inductor.

Fig. 5.3 depicts the accumulative power loss for the MOSFETSs and the resonant inductor;
where, MOSFETs with different Rgs 0 are used. Note that for all cases the PV MPP voltage
is at Vyypp = 35.5V, battery voltage is at Vpqy = 13.2V, fo, = 123.4kH z, and the ZCS phase
shift is adjusted as such that the PV power is tracking the maximum point at 145.5W. It could
be seen from this figure that for each pair of HB MOSFETs as the Ry on increases the power
losses also increases, as expected. On the other side, it could be seen that for each MOSFET
PN, the accumulative power loss of HB MOSFETSs for both HB legs of the SR stage are identical.
Moreover, as the resonant inductor PN remains identical, under the same operation condition
(Vamprs Voat, fsw, Pupp), its power loss remains constant across all simulation cases. Considering
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the accumulative power loss and cost comparison, a MOSFET with an Rgs on close to 3.1mQ at
Vgs(V)=10V is acceptable. Table 5.2 shows a list of same rated MOFETs with the desired Rgs,on
range. As it could be seen from this table, the PN TPH3R10AQM from Toshiba provides the
most cost effectiveness while meeting the maximum target power loss; hence, this PN is utilized
in the designed schematic.

PN Manufacturer | Rated Vys(V) | Ras.on(m) Cos(té)lkU
RBE029N10R1SZN6 Renesas 100 2.9 0.92
ISCO30NIONMGATMAT | Infineon 100 3 1.43
TPH3RI10AQM Toshiba 100 3.1 0.72
RJ2P14BBHTRDC Rohm 100 2.8 1.08
NTMFS10N3D2C onsemi 100 3.2 2.72

Table 5.2: Cost comparison for MOSFETs within desired Rgs,0n, range from different manufac-
turer.

Resonant tank capacitors (C15 and C30): Selecting the resonant capacitors relies on
defining the required specification for the proposed DC-DC battery charger application. On
the other side, different parameters including temperature coefficient, rated voltage, as well as
equivalent series resistance and inductance (ESR and ESL) of capacitors should be also taken
into considerations. The design goal is to select a resonant capacitor that provides stability under
different voltage and current stress.

Different capacitor technologies including the surface mount multi-layer ceramic capacitor
(MLCC) and film capacitor are suitable for resonant application. The surface mount ceramic
capacitors generally exhibit lower ESL with more compact packaging making them more suitable
for the application in this thesis. Moreover, the dividing capacitor along with the resonant
inductor define the resonant frequency; hence, dictating the switching frequency operation range
for the proposed topology. This implies that minimal capacitance change to minimize the
resonant frequency variation is desirable. Among all the ceramic capacitors the temperature
coefficient COG /NP0 provide highest stability in the capacitance drift across their entire operation
temperature range [43, 44]. Note that under different battery charging power the current stress;
hence, the operating temperature for the dividing capacitors varies, making the COG/NP0 more
suitable for the application in this thesis.

In order the select capacitors that provide the closest capacitance to the deigned value in
Section 4.2, an array approach could be taken. Table 5.3 list multiple array options for the
dividing capacitors. As it could be seen from this table, that different array options could be
utilized (i.e., a single capacitor or a combination of multiple parallel capacitors). It is also evident
from this table that a 0.66uF capacitor in package 2220 or up to 7 of 100nF capacitors in 1206
package are options. From the minimum required PCBA area data, for each of these options, it
could be seen that the 1x0.66uF and 7x100nF options provide the minimum value. On the other
side, each option should also support the maximum nominal inductor rms current; where, from the
simulation results in Section 4.3.1, this value is 12.75A. Note that each of the dividing capacitors
current is Iy, yms/2 = 6.375A. It could be seen from 5.3 that both options also meet the current
requirement; however, an array of 7x100nF in 1206 package exhibits stray impedance between
pairs of capacitors originating from the PCB traces. Moreover different physical location of these
capacitors also results in imbalance impedance leading to un-equal current sharing between the
capacitors within the array. Since the ESR for these options are not substantially different to
provide better balance capacitor current the 1x0.66uF in 2220 package is used. Note that the
selected PN is, in fact, a 2 stacked 330nF capacitors; however, because of the nature of their

90



5 — Components Selection, Schematic Development, and PCB Layout Design

co-packaging the imbalance impedance is trivial resulting to equal current sharing. In addition, it
is also possible to include a 22nF COG capacitor in 1206 package in parallel with the selected
capacitor to provide the possibility of resonant frequency trimming during the PCBA test and
validation.

Options Pioss (W) Package
PN Rated Current (A) ESRxIZ,, | (PCB Area mm?)
1x0.66 uF 1x2220
(2220C664K1GLCAUTO | 113 0.283 (28.5)
2x330nF+1x33nkF
(C2220C334J1GACTU 2x5.1840.693=11 5.625 2X2(26220121)206
C1206C333J1GACAUTO '
3x220nF+1x33nF
C2220C224J1GACAUTO | 3x4.624+0.693=14.553 | 3.45 3X2(292003—21)206
C1206C333J1GACAUTO '
4x150nF+1*100nF
C1812C154J1GACTU 4x3.16+2.12=14.76 0.054 4X1(86122;_21)206
CC1206JKNPOOBN104 ’
7x100nF 7x1206
(2220C664K1GLCAUTO | (X2-12=14.84 0.027 (35.84)

Table 5.3: Dividing capacitors array options.

Resonant inductor L2: Resonant tank inductor is one of the main contributor to the power
loss; hence, to the efficiency of the proposed topology. Different inductor parameters including
its DCR, ACR, and saturation current play a role in selecting a PN that meets the operation
condition and desirable efficiency for the proposed topology. In order to optimize for selecting the
resonant inductor L2, its total power loss, mechanical dimensions, and cost should be evaluated.

As described in Section 4.3.2, the inductor power loss is the summation of its core loss and
conduction loss (i.e., Pioss, 12 = P, + ACR % I% rms)- On the other side, the ACR depend on the
DCR, winding geometry, type of wire, and the’switching frequency [45]. On the other side, The
core loss depends on the core material and its mechanical dimensions, maximum flux density,
and switching frequency. The switching frequency, inductor rms current, and maximum flux
density is dictated by the proposed topology; however, in selecting the inductor special attention
should be paid to its DCR and mechanical dimension. Table 5.4 provides a list of the inductors
evaluated for their power loss through simulation. This table also presents a comparison between
the mechanical dimensions and cost for these PNs.

PN Value | DCR | Isat | Volume | Price/1kU
(uH) | (mQ) | (A) | (cm?) (€)
MSS1278T-222 2.2 9.4 22.56 0.327 0.73
IHLP5050CEER2R2MO01 | 2.2 7.2 29 0.596 0.56
VSHB1054T-2R2MC 2.2 4.7 23 0.498 0.69
7443320220 2.2 3.9 24.8 1.3104 1.2

Table 5.4: List of evaluated PNs for resonant inductor.

In order to evaluate the performance of these inductor PNs, the proposed topology power
losses is examined under (Vaspp Viar fsw Pyupp)=(35.5V 13.2V 123.4kHz 145.5W) operation
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conditions. Fig. 5.4 shows the power loss of these inductors; where, for all cases the selected
MOSFET TPH3R10AQM is used; hence, the power loss for the MOSFETSs remains constant.
As it could seen from this figure, for inductor with lower DCR the total inductor power loss
reduces. Besides, the inductor PN with lower loss also has larger volume, which also results in
lower operation temperature. In order to optimize the proposed topology for higher efficiency and
lower inductor temperature the PN 7443320220 from Wurth Electronic is used in the designed
schematic. It is worth noting that for this inductor, not only the power loss is lower, but also its
larger mechanical dimensions results in lower temperature rise.

4 T T T T
I 1402
35 I 34 MA |
Mb5&M6
3 .

3 QN <
&7 ol s
S Q/@Q:L Q‘J&V

Inductor PN

Figure 5.4: Resonant inductor power loss simulated along with the selected MOSFETs PN.

Since the main power loss contributors are the MOSFETs and the resonant inductor, an
estimation of the proposed topology efficiency using the selected MOSFETs and resonant tank
components for different battery voltage is conducted. Fig. 5.5 depicts the proposed topology
efficiency; where, the parameters used in the simulation are given in Table 5.5. As it could be
seen from this figure, the increase in the battery voltage results in higher efficiency. As mentioned
in Section 4.3.1, at higher battery voltage not only the switching frequency is lower, but also the
battery charging and inductors rms currents are lower resulting in lower power loss; hence, higher
efficiency. It worth to note that using the MOSFETs with lower Rgs o, and less lossy inductor is
also contributing to higher efficiency comparing to the results presented in Section 4.3.1.

Parameter Value

Vinpp 35.5V

Propp 145.5W

Voat [12V 13.2V 13.8V 14.6V 15V]
L2 7443320220

C15=C30 C2220C664K1GLCAUTO
MOSFETS (M1 - M6) | TPH3R10AQM

Table 5.5: Parameters used in LTspice simulation for efficiency evaluation.
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Figure 5.5: Proposed topology efficiency versus battery voltage with selected key components.

In order to validate the close-loop control performance of the proposed DC-DC battery charger
according to the selected components, the key components of he power stage are utilized in the
PSIM closed-loop simulation. Fig. 5.6 depicts the simulation results for the switching frequency as
well as the PV and battery charging power under MPPT control system. As it could be seen the
frequency begins from higher values under low power during the start up and reduces according
to the MPPT algorithm to extract the maximum power at the steady state, as expected.

Clamping diodes (D1 & D2): As described in chapter 3 and through the simulation result
analysis in chapter 4, clamping diodes play a critical role during the transient events for the
proposed topology, by clamping the voltage at the node 'c’ and preventing voltage and current
stress on the resonant tank. In order to minimize the conduction loss for these diode during their
ON-state Schottky diodes with the part number V8PA103-M3/1 from Vishay manufacturer is
selected. Shottky diodes are more efficient because their conduction loss is lower due to their low
forward voltage drop.

Switching stages bypass capacitors: Due to the switching operation, the current at the input
of the inverting switching stage and output of the SR switching stage is high frequency with a
dc offset. The DC component of these currents is provided by the PV panel and charging the
battery, respectively. The AC component, however, should be filtered via the bypass capacitors
at the DC link of these stages. The function of the bypass capacitors and the principle for their
selection could be described as follows.

e Capacitors C4, C5, C20, C21, C12, C13, C28, and C29: Surface mount 100uF 63V
Aluminum-Polymer capacitors, with the part number A769MS107M1JLASO018 from KEMET
manufacturer for the PV side, and surface mount 100uF 25V Aluminum-Polymer capacitors,
with the part number RHSTE101IMCN1GS from Nichicon manufacturer for the battery side,
are employed for filtering the low frequency components of the switching current at the DC
link of the inverting stage and SR stage. These capacitors also provide an energy storage
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Figure 5.6: Closed-loop MPPT simulation results with the key selected power stage components.

that prevents large voltage swing at the DC link of the inverting and SR stages during the
transient events.

e Capacitors C46, C8, C22, C22, C9, C11, C25, and C27: Surface mount 100nF 100V ceramic
capacitors, with part number AC0805JKX7R0BB104 from the manufacturer KEMET, for
filtering the high frequency components of the switching current at the DC link of the
inverting stage and SR stage. Since the package for these capacitors is smaller they could
place closer to the switching HB MOSFETS, effectively bypassing the high frequency current
and minimizing the loop stray inductance at the DC link.

In order to reduce the total loss per capacitors multiple capacitors are used in parallel. This
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means:

e The total ac current flowing through capacitors will be divided between them, so the
reliability will increase as the temperature rise in these capacitors is lower, maintaining more
stable capacity.

e The ESR of the parallel array of capacitors decreases significantly resulting in much lower
overall power loss in these capacitors.

e Lower ESR of the paralleled capacitors also results in lower voltage ripple at the DC link of
both inverting and SR stages. Lower voltage ripple at the PV side results in higher MPPT
efficiency.

Resistor R1: As mentioned in Chapter 3, one of the parameters for implementing the proposed
control strategy is the battery current which is used as feedback signal provided to the input of
the controller. For measuring the current, a resistor with the part number L4CL1206LR001FNR,
resistivity of 1m(2, and rated power of 500mW from the manufacturer Littelfuse Inc. is employed
in series with the battery. The tolerance of this resistor is 1 percent, critical for the accuracy
in measurement, and moreover this resistor has kelvin connections to prevent the solder joints
resistance contribution to the measured voltage.

Connectors J1 and J2: In order to provide both voltage rail and protective earth (PE)
interface from PV and battery to the PCBA, three-terminal connectors are needed. The selection
criteria for these connectors includes both mechanical sturdiness and their electrical specifications.
To provide a reliable mechanical connection to the PCBA while withstanding the mechanical
stress, through-hole connectors are a more reliable choice [46, 47]. On the other side, the selecting
components should be rated for the required voltage and current operation condition of the
PCBA with an extra margin for added reliability. The selected connector part number (PN) for
both J1 and J2 is MRR523-5-V (manufacturer euro-block) rated for 15A to handle high battery
charging current; while, providing a margin as well. This 3-position wire-to-board terminal block
accommodates for standard wire gauge 14-30 for connecting PV and battery to the PCBA and
supporting the rated current.

Varistor V R1: Considering the metal frame for a PV panel and its nature of outdoor installation,
a PV panel is prone to the lightning strike. This results in high voltage transients at the input of
the DC-DC MPPT battery charger. The varistor V R1 is used to absorb the transient energy
from the voltage surge at the PV panel interconnection with the PCBA. Steep transient in the
voltage results in a high transient current. Using a varistor will help to alleviate this effect, as the
current increases the varistor resistivity decreases, leading to more current be conducted by the
varistor effectively shunting the transient current [48] and preventing damage to the down-stream
components on the PCBA.

Different factor including the operating voltage, surge current, energy absorption, and the
average power dissipation should be considered for selecting a varistor [49]. Considering the open
circuit voltage on the PV panel, the metal varistor PN of ZV50K1206121NIR1HTa with operating
DC voltage of 63V, 1mA voltage of 82V (i.e., the voltage at which the varistor conducts 1mA of
current), and clamping voltage of 130V is selected. The maximum allowable peak current and
energy absorption for varistors are provided based on standardized t; = 8uS - t3 = 20uS pulse,
and t; = 10uS - to = 1000uS pulse, respectively, as shown in Fig. 5.7 [50]. The first time, ¢,
in these pulses defines the rise time of the pulse from 10% to 90% of its peak , and the t5 is
the pulse time duration beginning at its rising from 10% and ending at its falling to 50% of the
peak. For the selected PN the 8/20u.S clamping pulse current is rated for 1A and the maximum
10/10004S pulse energy is rated for 800 mJ.

95



5 — Components Selection, Schematic Development, and PCB Layout Design

Peak
A
100%F - = - = = -
:
1
50%f = = = f = o= = = = =
1 1
1 1
1 1
10%L \ ! >
D
t1
< 75 >

Figure 5.7: Varistor standardized pulse definition.

EMI filter: The fast transition of the power MOSFETSs between their ON and OFF states in
the switching power converters usually generates high di/dt and dv/dt. These fast transitions of
voltage and current accompanied with the circuit parasitic capacitances and inductances usually
lead to EMI issues [51] in the switching power converters. Even though the modulation for the
proposed topology is mainly based on the soft switching scheme with minimal EMI footprint, the
parasitics of the PCBA are not fully controlled. To account for these non-idealities and containing
the high frequency conducted EMI within the PCBA a small size EMI filter is utilized. The roles
for different parts of this filter are as follows:

e Common mode choke L1: PN SRF9045A-701Y, from Bourns, Inc. manufacturer, provides
high impedance against conducted common mode current.

e Y capacitors C'1 and C14: 10nF 100V ceramic capacitors with PN D103K43Y5PH6TJ5R,
from Vishay manufacturer, along width L1 provide low-pass LC filter for the common mode
current.

e X capacitors C2 and C3: 2.2uF 100V ceramic capacitors with PN CL31B225KCHSNNE;,
from Samsung Electro-Mechanics manufacturer, along with the leakage inductance of the
common-mode choke L1 create differential mode low-pass LC filter for differential current.

Note X and Y refer to safety class for capacitors used in EMI filter application [52]. This
classifications requires that the X capacitor failure mode should be short so that the excessive
current leads to a fuse opening and prevent fire hazard; while, the Y-rated capacitors that are
installed between live rails and PE should fail open to prevent energizing the chassis and the
electric shock hazard [53].

5.2.2 Auxiliary Power Supply

As described in Section 5.1, the schematic and PCB layout design for the proposed topology
involves three different power/grounding domains. This implies that an auxiliary (AUX) power
supply architecture with 3-isolated outputs for supplying the associated functional circuits in
each domain is needed. Fig. 5.8 depicts the AUX power tree. In this architecture the input is
supplied from the PV, and three isolated outputs (namely Voo, Voeoe, and Viees) provide the
low-voltage supplies for PV, battery, and MCU domains. The isolated outputs Vo1 and Voo
are 12V rails to serves as power supply for the PV and battery domains, respectively. Since
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the required voltage for the MCU domain is lower, Vo1 is converted to an isolated Vs for
providing the power to this domain.
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Figure 5.8: AUX power supply architecture for the schematic design.

Since the selected MOSFETs is rated for a maximum gate-to-source voltage of £20V and the
recommended MOSFET driving voltage is 10V -12V, the Voep and Vioes are designed to be 12V.
The VCC1 and VCC2 serve as power supply for the gate drivers at the inverting and SR stages,
respectively; where, by accounting for the voltage drop across the gate driver stage the required
10V < Vg < 12V is applied between gate and source of the MOSFETs. In order to supply other
low voltage circuitry in the PV and battery domains, DC-DC stages is used to convert the Voo
to Voue. Since the MCU domain and analog sensing circuits are more sensitive to the switching
noise, an low dropout (LDO) regulator is used for converting the Viog to Voues. In addition, the
drop out voltage (i.e., difference between Vg to Voyues) is low and the losses in the LDO remain
low as well.

Fig. 5.9 shows the designed schematic for AUX power supply. As it could be seen in this
figure the PV voltage is converted to 12V_IN, and 12V_0UT through U12, and U14, respectively.
The 12V_IN, as the Ve for the PV domain, is then converted to a low-pass filtered 3.3V_IN
via a DC-DC buck module U13. Similarly, the battery domain 12V_0UT (Vge2) is converted to
3.3V_0UT using the a DC-DC buck module U15. It is worth mentioning that the low-pass LC
filters provide a voltage with lower ripple at the 3.3V rail for the PV and battery domains. As it
could be seen from Fig. 5.9¢, to generate the AUX supply for the MCU Domain, the 12V_IN is
converted to 5V_uC through U17, then dropped to 3.3V via U16. Table 5.6 list the PNs for the
key components in the designed AUX power supply along with their functions.
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Figure 5.9: Designed schematic for AUX power supply (a) PV domain, (b) battery domain,
and (¢) MCU domain.

Designator | PN Function

Ul2 & U14 | TEC 3-2412U1 Isolated DC-DC
Uuir SCT01F12S05 Isolated DC-DC
U13 & U15 | TPSM82913RDUR Buck module
U16 TPS74533PQWDRVRQ1 | LDO

5.2.3 Gate Driving

Since the grounding domain on the inverting and SR stage MOSFETs is different, separate gate
drivers allocated to driving the MOSFETs in each domain should be used. There are various
options for selecting the gate driver, namely:

Table 5.6: Key components PN used in the designed AUX power supply.

¢ Single channel isolated gate driver; where, at its input receives the pulse signals from the
MCU domain, and at its output the gate drive signal for the MOSFET is provided.

o Isolated HB gate driver with isolated high side (HS) and (LS) channels

o Isolated HB gate driver with non-isolated high side (HS) and (LS) channels
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« Non-isolated HB gate driver for each of HB MOSFETS of the inverting and SR stages along
with digital isolator for transferring the pulse signals from the MCU to the PV and battery
domains, as depicted in Fig. 5.10. As it could be seen from this figure a bootstrap diode and
capacitor provide the power supply network for the HS gate driver. The bootstrap capacitor
is charged when the LS MOSFET is in ON-state, to store enough energy for supplying
the turn ON state of the HS MOSFET complementary to the LS MOSFET within each
switching cycle. Note that, when the HS MOSFET is ON, the bootstrap diode is in reserve
bias and OFF state, separating the VCC from the HB switching node domain.

o Non-isolated HB gate driver for the inverting stage MOSFETs, and FB gate driver for the
SR stage MOSFETs. This also requires digital isolator.

Digital Isolator

HS Driver - -Bootstarp Capacitor

- - HS MOSFET Source

Isolated Input

Input Pulses Side

From MCU
—_— > )
LS Driver

Input Pulses

Input Side
Output Side

t vce
/l\ D PGND
-

j —| LS MOSFET Source

MCU GND
Domain

— > C
[

Figure 5.10: HB Gate driver with digital isolator at the input.

Note that each of the options for the gate driver selection provides pros and cons; however, the
isolated-based designed AUX power supply provides the possibility of using non isolated gate
driver along with digital isolator. In order to simplify the gate driving stage a HB gate driver
for the inverting stage, and a FB gate driver for the SR stage is selected. Fig. 5.11 presents the
designed schematic for the inverting stage MOSFETs (M1 & M2) gate drivers. It could be seen
from this figure that 12V_IN is used to supply the gate driver, and the bootstrap scheme is used
for the HS MOSFET driver. It is worth noting that during the ON state for the HS MOSFET
within the HB, the switching node is connected to the DC link of the HB; hence, the bootstrap
diode should be rated to withstand the high reverse voltage. Moreover, at the input side of the
gate driver an RC LPF with very high -3dB frequency is used for filtering very high frequency
noise that the pulse signals might be exposed to on the PCB. At the output of the gate driver
driving stages Schottky diodes are utilized across the gate-to-source of the MOSFETs to protect
the gate oxide layer against transient negative voltage [54].

The SR stage, on the other hand, is an FB; where, either two HB gate drivers or a single HB
gate driver could be utilized for driving M3 - M6 MOSFETs. Fig. 5.12 depicts the designed
schematic for the SR stage gate driver; hence, the battery domain AUX supplies 3.3V_0UT and
12V_0UT are used to supply the input and output stages of the gate driver, respectively. It could
be seen from this figure that a FB gate driver consisting of two HB channels is employed. Each
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Figure 5.11: HB Gate driver for M1&M2, MOSFETs.

HB channel requires its dedicated bootstrap diode and capacitor with the negative low side of
each capacitor connected to the switching node of its associated HB in the SR stage. The selected
FB gate driver has internal bootstrap diodes[55]; hence, no external diode is added in the design.
Due to better layout location on the PCB, in the schematic design the HB channel A of the gate
driver is used for driving M5& M 6; while, its channel B drives M3&M4.
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Figure 5.12: FB Gate driver for M3 - M6, MOSFETs.

Table 5.7 lists the key components used for the gate driving schematic design. The bootstrap
diode on both gate drivers are rated for 100V to withstand the transient voltage spikes at the
switching node of each HB MOSFETs. The Schottky diode B0540W-7-F with forward voltage
bias of 0.51V clamp the gate-to-source of the MOSFETs to —0.51V during the negative transient
events protecting the gate-to-source of these MOSFETS [54]. Even though, the gate resistor in
the designed schematic is 1052, during the PCBA validation stage this resistor should be adjusted
to optimized for the MOSFETSs turning ON and OFF transients, which is highly dependent on
the HB layout and its stray inductances.

5.2.4 Sensing Circuits

As describe in Section 3.4 different signals including Vpy, Ipv, Viat, Ipat, and ip,. are used for
closed-loop control strategy and monitoring purposes. This requires designing sensing network for
these feedback signals. However, these signals are in different power/grounding domains from the
MCU domain; hence, requires isolated signal transfer to the ADC inputs at the MCU interface.
The following describes the sensing strategy for each of these signals.
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Designator | PN Manufacturer

U1 SM72295MAX/NOPB | Texas Instruments
U2 UCC27282DRCR Texas Instruments
D1 PMEG10010ELXEX Nexperia

D2 & D3 B0540W-7-F Diodes Incorporated

Table 5.7: Key components PN used in the designed gate drivers.

PV and inductor currents: As described before, the sensed PV current is used in close-loop
feedback control for MPPT control; where, since its is ideally a DC current the required bandwidth
on the sensing network does not require to be high. However, the inductor current is utilized for
the current zero detection; while, it is also a high frequency current.
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Figure 5.13: Current sensor designed schematic.

In order to simplify the schematic design and at the same time provide the required isolation
for sensing these currents, the current sensor TLE4971 shown in the designed schematic of Fig.
5.13 is utilized. This current sensor is a coreless Hall effect technology with functional galvanic
isolation between its input and analog output [56]; where, the PN with 25A full scale range is
used in the schematic. As the isolate analog output side of the sensor is in MCU domain, it is
supplied by its domain 3.3V rail. The analog output provides the AQUT as the sensed signal and
the VREF is externally applied as 1.65V via the resistive divider from its VDD supply. It worth to
note that the two analog outputs need to be routed closely on the PCB for higher signal integrity
and better impedance control. Fig. 5.14 shows the simulation results using the SPICE model
provided by the manufacturer. The input current is a 125kHz ac current at an amplitude of
20A representing the worst case maximum inductor current at minimum battery voltage and
maximum PV MPP power. As it could be seen from this figure, the VREF is at 1.65V as expected,
and the AQUT a 125kHz sinusoid with an amplitude of 0.8V and offset of 1.65V changes between
0.85V to 2.45V well within the 3.3V input range of the ADC.

PV and battery voltages: Both PV and battery voltage sense is done via simple resistive
divider; where, the sensed voltage is scaled down within the 2.25V input limit of the isolated
analog amplifier used for transferring these signals to the MCU domain.

Fig. 5.15 shows the PV and battery voltage sense resistive dividers followed by isolated analog

101



5 — Components Selection, Schematic Development, and PCB Layout Design

1.6
1.2
0.8
0.4
0.0

> 7 N 7™ I~ 7
Py LN VA AN F— N1 7 I~ 17 N /T N[ 7
NIV N/ N_/ N4 ANV N1z

1.0 ~= — — =

0.5

U1-VREF /W

LIL-AOUT /W

18.015 18.020 18.025 18.030 18.035 18.040 18.045 18.050 18.055

Time/mSecs SuSecs/div
Figure 5.14: Inductor current sensor simulation results.

amplifier U7 and U5, respectively, with the PN AMCO0311 from Texas Instruments. As it could
be seen the primary side of the U7 is supplied by 3.3V_IN as it is within the PV domain; while,
the primary side of the U5 is supplied by 3.3V_0UT at the battery domain side. Note that the
secondary side of both U5 and U7 is supplied by the MCU domain 3.3V.
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Figure 5.15: PV and battery voltage sense.
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Battery current: In order to leverage the current sense amplifiers within the FB gate driver
for the SR stage, a shunt resistor is utilized for the battery current sense. As describe in the
power stage schematic design in Section 5.2.1, the shunt resistor L4CL1206LR0O01FNR with kelvin
measurement terminals is used to minimize the effect of the resistance change of the solder joints
due to the thermal variation and its effects on the measured voltage. Then, the measured voltage
at the Kelvin pins, equivalent to the battery charging current with a ratio of 1mV /1A, is applied
to the current sense amplifier of the FB gate driver as it could be seen in Fig. 5.12. The amplified
voltage with a gain of 119.57mV /1A is then applied to the isolated analog amplifier AMC0311
for transferring to the MCU domain. This is depicted in Fig. 5.16; where, the primary of the
isolated amplifier is supplied by the battery domain AUX supply and its secondary supplied by
the MCU domain power supply. Note that by considering the 2.25V input limit on the AMC0311
and the current amplifier gain a 18.83A measurement range for battery current is provided.
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Figure 5.16: Amplified voltage equivalent to the battery current transfer to the MCU domain.

5.2.5 MCU Interface

In the schematic design the goal is to use an off-the-shelf MCU evaluation module (EVM); hence,
in this schematic an interface connector for the NUCLEO-G474RE with STM32G4 from ST
Microelectronics is used. All the sensed analog signals are applied to the ADC input of the
MCU routed to the interface connector and the PWM signals from the MCU are routed to the
connector and then to the digital isolator at the input of the gate drivers. Note that the PWM
signals for the proposed topology are at fixed 50% duty cycle. Fig. 5.17 depicts the MCU EVM
interface along with the digital isolators used to transfer the PWM signals from the MCU domain
to the PV and battery gate driver domains.

5.3 PCB Layout Design in Altium Designer

The first step in the PCB layout development is defining the layer stackup based on the design
requirements and the available PCB manufacturer minimum requirements. The 4-layer stackup
used in the PCB design is shown in Fig. 5.18 that also meets the eurocircuits manufacturing
requirements. The stackup is a 4-layer PCB that includes a core panel with additional top and
bottom layers added with prepreg layers. A 1 oz copper weight for all the layers is assumed.
Moreover, the PCB layout design rules are defined based on the manufacturer minimum require-
ments along with the defined electrical clearance according to the operation voltages for different
circuit functional blocks and power/grounding domains.
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Figure 5.18: Layer stack-up used for the PCB design.

5.3.1 Layout Planning

An initial PCB layout planning is often needed before the routing on the PCB is executed. This
includes defining the mechanical interfaces, board dimensions, and physical separation as relative
location of different domains with respect to each other on the PCB. Fig. 5.19 presents the
overall layout planning and assigned real state for different domains. As it could be seen the PV
interconnection is located at the lower left side of the PCB; while, the battery connector is on
the opposite side at the lower right side creating a physical separation between the two domains.
Moreover, the upper side of the PCB is reserved for the MCU domain along with an area for
mounting the MCU EVM on the designed PCB for this research work.

5.3.2 High-Frequency Loops Minimization

In switching-mode power converters, often, the switching HB MOSFETs and their dc-link bypass
capacitors creates a high-frequency and high-switching current power loop. Fig. 5.20 illustrates a
typical HB MOSFET power loop with its bypass capacitors; where, the stray inductances are the
results of the PCB routing for the associated nets. In this figure Ly and L5 are the inductance
of the PCB routing between the bypass capacitor C;,, and the HS and LS MOSFETs; while; L3
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MCU Domain

Figure 5.19: PCB planning and domain separation.

is the stray inductance of the switching node routing. These inductances could have adverse
affect on the performance of the converter and affecting the lifetime of the MOSFETs by exposing
them to a repetitive high voltage transients [57].

Ve —

Vs, LS L

YN
L

Figure 5.20: High-frequency loop for an HB MOSFETs with stray inductances.

When a MOSFET within the HB turns off the stray inductance that connects the the
MOSFETSs to the dc link creates a high transient voltage, because of the high di/dt (also known as
inductive electromotive force (EMF)), and the summation of this transient voltage and the dc link
voltage is the voltage appears at the drain-to-source of the MOSFET (i.e., Vs = Vg + Lsdi/dt).
If the stray inductance is not minimized, a high di/dt could result in substantially larger voltage
stress than the dc-link voltage on the MOSFETSs; hence, one of the key consideration in PCB
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layout for each HB MOSFETSs and their bypass capacitors is to minimize the loop stray inductance
through placing the bypass capacitors as close to the HB MOSFETs as possible. In this PCB
layout design the HB MOSFETSs are placed on the top layer the high-frequency bypass capacitors
are place right under them on the bottom layer as it could be seen from Fig. 5.21. Moreover, the
MOSFETs and the capacitors are connected via wide and short copper regions, in this way the
loop and its stray inductance is minimized.

HB MOSFETs

1
‘1

< Bypass Capacitors

Figure 5.21: High-frequency loop minimization on the PCB.

5.3.3 Gate Driving Layout Considerations

The gate drive circuits and their routing play an important role on the switching behavior of
the MOSFETs and the overall reliable and efficient performance of the proposed DC-DC battery
charger. There are different considerations when routing the MOSFETs gate driver circuit to
ensure desirable switching of the MOSFETs. Minimizing the gate drive loop inductance, by
bringing the gate drive stage as close to the MOSFET as possible, is an important consideration.
This reduces the gate drive signal ringing; hence, reducing the overshoot on the gate to source of
the MOSFETSs . Moreover, from the HB MOSFETs of Fig.5.20, it could be seen that Lg and
L4 are the stray inductance between the HS and LS MOSFETS’ source pin and the return path
for their gate driver, respectively. These stray inductances are in the path of the main power
stage current; hence, their di/dt during the turn-OFF transition of the MOSFETs could create a
negative voltage at the source pin of the turning-OFF MOSFET. If this negative voltage is high
enough, the V,, of the MOSFET could increase to the point that it might exceed its gate-to-source
turn-ON threshold causing a false turn-ON of this MOSFET. This means the return path of the
gate driver should be connected as direct to the MOSFET source pin as possible.

5.3.4 MCU Domain Layout

Fig 5.22 illustrated the MCU domain on the designed PCB in this thesis. As it could be seen
from this figure, the components that are within the MCU domain and the connector interface for
the MCU EVM are placed at the upper half of the PCB. A boundary between the MCU domain
and the PV and battery domains is assumed to not only meet the clearance requirement defined
in the design rules but also the digital and analog isolators, for transferring the signals between
these domains, are places across this boundary to minimize the interference between the three
domains.
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MCU EVM

“Mcu Domaz‘n‘_‘

MCU Domain
Isolated 12V to
5V DCDC~ <

4| MCU Domain Side
&+ of PV and Inductor
Currents Sense

___MCUEVM
-

Battery Domain

B~ AUX Supply

PV Domain

AUX Supply = = = =

, Resonant 1
7 ! K g \ Inductor |} \ Se
A} AY ~
. J /' Inverting Stage | SR Satge “~ Battery
Inverting Satge MOSFETs and Gate 1 DC-Link Connector
c PV DC-Link : Driver ! Capacitors
onnector c it 1
apacitors SR Stage MOSFETs

! and Gate Driver

Dividing Capacitors
and Clamping Diode

Figure 5.23: 3D view of the designed PCB in the Altium Designer.

5.3.5 Grounding Approach

Grounding in the context of this layout design refers to the GND for the MCU domain, as well
as PGND_IN and PGND_OUT for the PV and battery domains, respectively. In this context GND is
the reference plane and the return path for all the signals within the MCU domain. PGND_IN
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is the negative of the dc-link at the inverting stage that in the designed PCB it is generated
with a single plane on the layer 2 and 3 creating the shortest path with the least impedance for
the return current to all the capacitors at the dc link of the PV side. Similarly, the PGND_OUT is
designed as a solid return plane for the battery domain on both layer 2 and 3 of the PCB. It
worth mentioning that physical separations between all three of the ground planes for the three
domains are created on the PCB to meet the design rule requirements and the safety on the MCU
domain.

5.3.6 3D-Model of the Designed PCB

Fig. 5.23 is an annotated display of the 3D view for the designed PCB. As it could be seen from
this figure, the PV connects to the PCB on the left side, followed by the varistor, current sensor
and the EMI filter. The dc-link low frequency filtering for the inverting stage are as close to the
switching MOSFETs as possible. The MOSFETs orientation and their gate driver location is in
such away provided an appropriate gate drive loop; while, minimizing the interference between
PWM signals and the power path. The dividing capacitors and their clamping diode location is
optimized with respect to the resonant inductor. Similar to the inverting stage, the gate driver
and MOSFETs for the SR stage are also placed optimally to ensure desirable performance. The
SR stage is then followed by its dc-link capacitors and the battery connector on the right side of
the PCB. It is worth noting that the AUX power supplies for the battery domain is placed at
the border of this domain and the PV domain to accommodate for the physical separation of
these two domain and complying with the design rule; while, the PV domain AUX DC-DC is
located within its domain. It is also worth mentioning that the MCU EVM on the upper half of
the designed PCB is interfaced with the power PCB via board-to-board connectors.

108



Chapter 6

Conclusion and Future Work

This thesis began with an introduction on the utilization of solar energy and its growth outlook in
the Europe continent and the globe, to justify the need for continuous research in PV solar MPPT
power electronics converters and their controller. A first background study on DC-DC converters
was conducted to investigate common MPPT power electronics converters and their shortcoming.
This included different approaches including non-isolated buck and boost MPPT converters as
well as isolated converters. This helped to identify potential improvement opportunities and
possible contributions and objectives to be pursued for this thesis research work. More specifically,
utilizing active bridge based converters with soft switching scheme along with using FM and PSM
control approaches for the MPPT power control and battery charge profile control emerged as an
research subject. The main objectives were identified for pursuing goals such as a) extracting
maximum power from PV via MPPT control strategy, b) enhancing the efficiency, ¢) reducing
the EMI footprint, and d) better battery charge profile control.

Once the potential objectives and contributions were identified, the next logical step was to
explore the electrical specifications of PV panels upon which the requirements for a MPPT-based
DC-DC battery charger could be developed. For this purpose an introductory familiarity with
different electrical characterizations of a PV panel is first explored, then a comprehensive data
analysis on 25000 commercially available PV panels is conducted. Through this analysis a cluster
of PV panel modules within a specific electrical parameters including V,pp, Pmpp, and I, were
identified, then a PV module was selected as the base for designing a DC-DC battery charger for
a single-PV panel based application in this research work.

A broad literature review on different type of DC-DC converters and their applications in
MPPT and battery charging is first conducted. According to the first literature review that
identified an active bridge based topology as the potential candidate for designing the DC-DC
battery charger for this research work, and also based on the electrical characterization of the
selected PV panel, a second literature review focusing on these topologies is conducted. In this
literature review the isolated active bridge based topologies such as HB and FB based DAB and
CLLC as DC-DC converter were studied and the pros and cons of each topology were investigated.
Then, by considering the required electrical specifications such as PV and battery voltages ratio
an HB on the inverting stage and FB on the SR stage was decided as the base for the proposed
topology for this thesis. It was also concluded that the non-isolated approach is better suited
for this thesis application. To enhance the power density by pushing the switching frequency to
higher range and reducing the size of the passive components, such as capacitors and inductor, a
resonant approach was decided. The two unique resonant topologies with an HB for converting
the PV DC voltage to an HFAC voltage and the FB SR stage for rectifying the HFAC to DC
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voltage for charging the battery were considered as possible topologies. The first topology is
based on a series resonant converter; while, the second topology is attempting to utilize dividing
capacitors on the inverting stage as resonant capacitor. Through an initial study it was identified
that the second topology offers lower transient current and voltage stress; hence, it was decided
as the proposed topology for this research work. To further analyzed the two topology approach
a comparative simulation study was conducted and the results were presented in the Chapters 4
of this thesis.

Once the topology was proposed, a detailed time-domain modeling and analysis using the
MATLAB tool was conducted for better understanding transient switching events as well as the
dynamics of key signals of the proposed topology. This included the inductor current, dividing
capacitors node voltage, SR stage input voltage and its MOSFETSs current. This analysis also
provided a deeper comprehension of the HF static behavior of the proposed topology as well as
identifying the frequency modulation and ZCS phase shift as control variables that should be
employed for the ZVS and ZCS of the inverting and SR stages, respectively.

Following the time domain analysis of the proposed topology, a frequency domain analysis
was conducted to propose a suitable control strategy for the proposed MPPT-based DC-DC
battery charger. A combined FM and PSM scheme is introduced along with the possible MPPT
algorithms for providing an effective MPPT control. The constant voltage mode battery charge
controller is also introduced to prevent the battery overcharging. The main goals for these control
strategies were to provide high efficiency, reliable power flow control, and battery charge profile
adjustment when necessary.

In order to validate the proposed topology and control strategies, since the resonant tank
plays the main role in defining the operation frequency range, current and voltage stress, as
well as the nominal power condition, a design approach for the resonant tank components was
presented with the aim to optimized for this part. Then, to validate the time domain analysis
and the proposed control strategies comprehensive open-loop and closed-loop simulations were
conducted. The open-loop simulation using the LTspice tool first focused on the comparative
analysis of the two subject resonant topologies under different MPP operation and load profiles.
The results analysis proved that the resonant topology with the dividing capacitors and clamping
diodes provide much lower current and voltage stress on the key components such as the inductor,
capacitors, and MOSFETs. This helps to avoid the over-sizing of the components like inductor
that otherwise needed to handle high transient currents without saturating; hence, improving
the power density. Lower voltage stress on the capacitors also improves their reliability and
lifetime; while, lower transient current also leads to lower thermal stress on the MOSFETs and
capacitors. Another open-loop simulation was conducted specifically for the proposed topology
under different battery voltage condition but at the maximum PV MPP condition with the aim of
validating the time domain analysis, identifying the operating switching frequency range, finding
the required ZCS phase shift, analyzing the maximum power losses in the key components, and
evaluating the efficiency. Through the open-loop simulation results analysis the expected operation
condition for the closed-loop control architecture was also predicted. The proposed topology,
modulation schemes, and control strategies were further investigated through a closed-loop
simulation implemented in PSIM simulation. The simulation results validated the performance
of the proposed control strategies and provided guidance on how the control system should be
implemented to provide a seamless transition between the MPPT and voltage control modes. The
consistency for the key waveforms across the time-domain analytical results, open-loop simulation
results, and the closed-loop simulation results validates the mathematical modeling and proposed
control strategies.

In order to design an schematic and PCB for the proposed topology and accommodating
for sensing the signals required for the proposed control strategies, different power domains
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were defined. The components design in Chapter 4 was limited to the resonant tank; hence,
to design an optimized schematic for the PCB a more extensive component selection approach
was taken. Using comparative open-loop simulation, for optimizing the efficiency and cost, key
components such as MOSFETs, resonant tank inductor, and dividing capacitors were selected.
The analysis included both power loss and the cost comparison for these key components through
which the final candidates were selected. Using the SPICE model for these key components
the open-loop simulation for the maximum PV MPP condition across different battery voltage
was conducted showing efficiency enhancement comparing to the equivalent results that were
presented in Chapter 4. Various consideration for selecting different components of the schematic
were discussed and the components were selected. Once the designed schematic was finalized
based on the selected components, the PCB layout design was planned. Different practical
considerations and planning were discussed and attempted to optimize the PCB for different
defined power/grounding domains. The PCB is designed for an optimized switching performance
of the proposed topology assuring reliable MOSFETs gate drive, minimizing the voltage stress
on the MOSFETS, reducing the risk of unwanted MOSFET transition and HB shoot through.
Through this endeavor various insight into the PCB layout design for switching power converters
were gained.

As a future work, the PCBA for the resonant DC-DC converter proposed in this thesis
could be manufactured with the purpose of validating the proposed modulation schemes, control
strategies, and its efficiency through experimental test results. Moreover, this thesis focus was on
a single-PV fed resonant battery charger with a 4-cell battery at a maximum voltage of 16.8V.
There are various applications across energy and transportation electrification that require PV
panels array but also include higher battery pack voltage. In these applications the PV array
voltage is much higher; while, the battery pack voltage also varies widely. An extension of the
research work in this thesis is an isolated topology; where, the turn ratio of the transformer could
be utilized for meeting wider voltage gain. Moreover, at higher voltage and power applications
the galvanic isolation is a requirements for safety in both energy and transportation charging
infrastructure. Another extension of this research work is utilizing it as the front-end MPPT
converter for the grid-interfaced or stand-alone DC to AC inverter applications. In this application
also a transformer based design will be beneficial to boost the voltage to a dc bus of 400V to
accommodate for the single phase inverter with an output voltage of 230VAC.

111



112



Appendix A

Time Domain Analysis MATLAB
Code

clear all

9% Defining Variabale

syms Vmpp Vin Po Vo VFM VED Lr ESR_Lr C fsw tdead tdead_SR

Wresl=1/sqrt (2« CsxLr) Y%resonant frequency of MOSFEI’s output
capacitance with Lr

fres1=Wresl /(2% pi);

AW N =

o

6| Wres2=1/sqrt (Lr*(2xC)); Y%resonant frequency of disviding capacitors
with Lr

7| fres2=Wres2 /(2% pi) ;

5| Wres3=1/sqrt (Cs*Lr) Y%resonant frequency of MOSFET’s output

capacitance with Lr
fres3=Wres3 /(2% pi);
Tsw=1/fsw; % dead time, this is selected based on the
minimum needed time for maintaining ZVS (delta_t24delta_t3)
tend=Tsw;
t=0:(Tsw/(tend /(100e—12)—1)) : tend;
3| t_delay SR=tO0O—tdead /2; % time delay between turn on of M3 with respect to the turn
on of the Ml (this is to obtain the ZCS turn off of the M3) tdelay SR=t0_SR+
tdead SR—tdead /2, t0_SR=(t9—(Tsw+tdead/2))

1(

v

14

15| for nt=1:1:length(t)

16 if t(nt)<=(t0—tdead_SR)

17 VGS3(nt)=0;

18 VGS4(nt)=10;

19 elseif t(nt) > (t0O—tdead SR) && t(nt)<=(t0)

20 VGS3(nt)=0;

21 VGS4(nt ) =0;

22 elseif t(nt) > (t0) && t(nt)<=(Tsw/2—tdead/2+t_delay_SR)

23 VGS3(nt)=10;

o VGS4(nt ) =0;

25 elseif t(nt) > (Tsw/2—tdead/2+t_delay SR) && t(nt) <= (Tsw/2—tdead/2+
t_delay_ SR+tdead_SR)

26 VGS3(nt)=0;

27 VGS4(nt)=0;

28 elseif t(nt) > (Tsw/2—tdead/2+t_delay SR+tdead SR) && t(nt) <= (Tsw—tdead/2+
t_delay SR)

29 VGS3(nt ) =0;

30 VGS4(nt)=10;
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elseif t(nt) > (Tsw—tdead/2+t_delay_ SR) && t(nt) <= tend

VGS3(nt)=0;
VGS4(nt ) =0;
end
end
Vx_t0=Vx_1t0; % the iniial
voltage for mode 1 at vx(t) (V_X0)
I_L_ t0=I_L_t0; % the iniial
inductor current for mode 1 at t=t0
t_M1_turnsOFF=Tsw/2—tdead /2; % the time
periode that mode 1 lasts
t1=t_ M1_ turnsOFF; % time at the end

of mode 1
Vx_t1=(—Vin+Vot+Vx_t0)*cos (Wres2x*(t1—t0) )+(I_L_t0/(2+C))*(1/Wres2)*sin (Wres2*(t1—t0
) )—(—=Vin+Vo) ; % vx(t) at t=tl
I L t1=—(2%CxWres2)*(—Vin+Vo+Vx_t0)*sin (Wres2(t1—t0))+I_ L tOxcos(Wres2x(t1—t0));
% the inductor current at the end of mode 1

delta_t2=(1/Wresl)s*asin ((2*CsxWresl«(Vin+VEM) ) /I_L_t1); % the time that
mode 2 lasts
t2=t1+delta_t2; % the time at the
end of mode 2
Vx_t2=Vx_tl; % Vx at the end

of Mode 2

I_L_t2=—(2+«CsxWresl)*(—Vint+Vot+Vx_tl)xsin (Wresl*(t2—t1))+I_L_tlsxcos(Wresl*(t2—t1));
% the inductor current at the end of mode 2

t3=Tsw/2+tdead /2; % the time at
the end of mode 3

Vx_t3=(Vo+VFEMHVx_tl)*cos (Wres2x(t3—t2))+(I_L_t2/(2%Cx«Wres2) )*sin (Wres2x(t3—t2))—(
VotVFEM) ; % Vx at the end of Mode 3

I_L_t3=—(2%CxWres2) * (Vo+-VFMH-Vx_t1)*sin (Wres2#(t3—t2) )+I_L_t2xcos (Wres2x(t3—t2)); %
the inductor current at the end of mode 3

delta_t4=(1/Wres2)=*asin (I_L_t3/(2*Cx«Wres2%(Vo+Vx_t3))); % the amount of time that
takes the inductor current goes from IL3 to zero

t4=t3+delta_t4; % the time at the end of
mode 4 ((Tsw/2—tdead/2)+t_delay SR), at this time the M3M5 turn off to
maintain ZCS

Vx_td=(Vo+Vx_t3)*cos (Wres2*(t4—t3))+(I_L_t3/(2+xCxWres2) )*xsin (Wres2*(t4—t3))—Vo;

I L t4=—(2+«CxWres2) *(Vo+Vx_t3)*sin (Wres2x(t4—t3))+I_L_t3%xcos(Wres2*(t4—t3))

delta_t5_prim=(1/Wres3)s*acos ((Vx_t4d—(Vo+2+VFM) ) /(Vo+Vx_t4)); % the time at the
end of Mode 5 when Cs3&Cs5 are fully charged and Cs4&Cs6 are fully discharged

5| t5__prim=t4+4delta_t5_ prim;

Vx_tb_prim=Vx_t4;
I_L_t5_prim=—(Cs*Wres3) *x(Vot+Vx_t4)*sin (Wres3*(t5_prim—t4));

t5=t5_ prim+tdead__SR; % the time at
the end of Mode 5&6 when body diode of M4&M6 turn OFF and their channels
turn ON

Vx_ t5=—(Vo+2xVFM=Vx_t4)xcos (Wres2*(t5—t5_prim))+(I_L_t5 prim/(2xCxWres2))*sin (
Wres2x(t5—t5_prim) )+(Vo+2+«VEM) ;

I_L_t5=(2+CxWres2) % (Vo+2+VFM-Vx_t4)*sin (Wres2*(t5—t5_prim))+(I_L_t5_prim)x*cos (
Wres2*(t5—t5_prim));

t6=Tsw—tdead /2; %the time at the
end of Mode 7 when M2 turns OFF

Vx_t6=—(Vo—Vx_t5)*cos (Wres2x(t6—t5) )+(I_L_t5/(2*CxWres2) )*sin (Wres2x(t6—t5))+Vo;

I L t6=(2+%CxWres2) *(Vo—Vx_t5)*sin (Wres2*(t6—t5) )+l _L_ t5xcos(Wres2%(t6—t5));

delta_t7=(1/Wresl)x*asin ((2*CsxWresl*(Vin+VFM) ) /(—I_L_t6)); %
the amount of time that Mode 8 lasts
t7=t6+delta_t7 %

the time at the end of mode 8

7| Vx_t7=Vx_t6; %

the vx(t) at the end of mode 8
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I_L_t7=—(2%Cs*Wresl)*(—Vo+Vx_t6)*sin (Wresl(t7—t6))+I_L_t6xcos(Wresl*(t7—t6)); %
the indcutor current at the end of mode 8

t8=Tsw+tdead /2; %
the time at the end of Mode 9 when the Ml channel turns ON which lasts after
Tsw (Tswttdead/2)

Vx_t8=—(Vin+tVFEMH-Vo—Vx_t7)*xcos (Wres2* (t8—t7) )+ (I_L_t7/(2+C) ) *(1/Wres2)*sin (Wres2x(
t8—t7) ) +(Vin+VFENMH-Vo) ;

I L t8=(2+%CxWres2) *( Vin+-VFEM4+-Vo—Vx_ t7) *sin (Wres2* (t8—t7) )+l L t7xcos(Wres2x(t8—t7))

delta_t9=(1/Wres2)x*asin ((—I_L_t8) /(2xCxWres2x(Vin+Vo—Vx_t8))); %
the amount of time that Mode 10 lasts
t9=t8+delta_t9;
t9_ 2=(Tswt+tdead /2)+delta_t9;
Vx_t9=—(Vin+Vo—Vx_t8)*cos (Wres2x*(t9—t8))+(I_L_t8/(2xC))*(1/Wres2)*sin (Wres2*(t9—t8
))+(Vin+Vo) ;
I_L_t9=(2%xCxWres2) *( Vin+Vo—Vx_t8)*sin (Wres2*(t9—t8))+I_L_t8«xcos (Wres2*(t9—t8));
t0__SR=t9 —(Tsw) ; %
time at the begining of Mode 11
delta_t10_prim=(1/Wres3)*acos ((( Vin+VFM-Vx_t9)—(Vo+2+VFM) ) /( Vin+VEM4+-Vo—Vx_19)); %
the time that Mode 11 last , when Cs3&Cs5 are fully discharged and Cs4&Cs6 are
fully charged

t10__prim=t9+delta_t10_prim; %
the time at the end of Mode 11
I_L t10_prim=(Cs*Wres3) *( Vin+VFNMHVo—Vx_t9) *sin (Wres3*(t10_prim—t9)); %

indcutor current at the end of Mode 11
Vx_t10_prim=Vx_t9
t0_SR_ prim=t0_SR+delta_t10__prim;
t10=t9+tdead__ SR ;
Vx_t10=—(Vin—(Vo+2+VFMHVx_t9) ) *xcos (Wres2%(t10—t10_prim))+(I_L_t10_prim/(2%C))*(1/
Wres2)*sin (Wres2*(t10—t10_prim) ) +(Vin—(Vo+2+VEM) ) ;

5| I_L_t10=(2%xCxWres2) *(Vin—(Vo+2*VFNMH-Vx_t9) )*sin (Wres2*(t10—t10_prim ) )+I_L_t10_primsx

cos (Wres2x(t10—t10_prim));
for nt=1:1:length (t)
if  t(nt)<=(tdead/2) % the time periode between 0 to
tdead /2 (this is the continuation of Mode 9)
vx (nt)=—(Vin+VFEM4-Vo—Vx_t7)*cos (Wres2x*(t (nt)+Tsw—t7))+(I_L_t7/(2xC))*(1/
Wres2)*sin (Wres2#(t (nt)+Tsw—t7))+(VintVEM+Vo) ;
v_Lr(nt)=(VintVEMHVo—Vx_t7)xcos (Wres2*(t (nt)+Tsw—t7))—(I_L_t7/(2xC) ) *(1/
Wres2)#sin (Wres2x*(t (nt)+Tsw—t7));
i_Lr(nt)=(2+CxWres2) % ( Vin+VEMHVo—Vx_t7)*sin (Wres2#(t (nt)+Tsw—t7) )+I_L_t7x
cos (Wres2x(t (nt)+Tsw—t7));

vp(nt)=Vo;
vs (nt)=Vo;
iM3(nt)=0;

iM4(nt)=i_Lr(nt);

V_A(nt)=Vin+VFM;

V_AX(nt)=V_A(nt)—vx(nt);

elseif t(nt) > tdead/2 && t(nt)<=t0_SR %the time periode from the

moment M1 turns ON, current is still negative and M4 &M6 are still ON (Mode
10). At the end of this mode current becomes zero and M4 &M6 turn OFF

vx(nt)=—(Vin+Vo—Vx_t8)xcos(Wres2x(t (nt)+Tsw—t8))+(I_L_t8/(2xC))*(1/Wres2)
sin (Wres2#(t (nt)+Tsw—t8))+(Vin+Vo) ;

v_Lr(nt)=(Vin+Vo—Vx_t8)*cos (Wres2x*(t(nt)+Tsw—t8))—(I_L_t8/(2xC))*(1/Wres2)
*sin (Wres2x(t(nt)+Tsw—t8));

i_Lr(nt)=(2xCxWres2) *(Vin+Vo—Vx_t8)*sin (Wres2x*(t (nt)+Tsw—t8) )+l L _t8xcos (
Wres2*(t (nt)+Tsw—t8));

vp(nt)=Vo;

vs (nt)=Vo;

iM3(nt)=0;

iM4 (nt)=i_Lr(nt);

V_A(nt)=Vin;

V_AX(nt)=V_A(nt)—vx(nt);
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elseif t(nt) > tO_SR && t(nt)<=t0_SR_prim %the time periode from the

moment M4 &M6 turns OFF until Cs3&Cs5 discharged , and Cs4&Cs6 charged (Mode
11)

vx(nt)=Vx_t9;

v_Lr(nt)=(Vin+Vo—Vx_t9)*cos (Wres3*(t (nt)+Tsw—t9)) ;% (I _L t9/(Cs))=*(1/Wres3
)ksin (Wres3*(t (nt)+Tsw—t9));

i_Lr(nt)=(CsxWres3) *(Vin+Vo—Vx_t9)*sin (Wres3*(t (nt)+Tsw—t9));%+] L _t9xcos|(
Wres3#(t (nt)+Tsw—t9));

vp(nt)=—(Vin+Vo—Vx_t9)*cos (Wres3*(t (nt)+Tsw—t9))+(Vin—Vx_t9);%+(I_L t9/(Cs
))*(1/Wres3)xsin (Wres3*(t(nt)+Tsw—t9));

vs(nt)=Vo;

iM3(nt)=i_Lr(nt) /2;

iM4(nt)=i_Lr(nt) /2;

V_A(nt)=Vin;
V_AX(nt)=V_A(nt)—vx(nt);
elseif t(nt) > t0O_SR_prim && t(nt)<=t0 %the time periode during which

the body diodes of M3&M5 conduct (Mode 12)
vx (nt)=—(Vin—(Vo+2+VFEM+-Vx_t9) ) xcos (Wres2x(t (nt)+Tsw—t10_prim) )+(
I_ L t10_prim/(2*C))*(1/Wres2)*sin (Wres2x(t(nt)+Tsw—t10_prim))+(Vin—(Vo+2+VEM) )
v_Lr(nt)=(Vin—(Vo+2+VEM}-Vx_t9) )*cos (Wres2x*(t (nt)+Tsw—t10_ prim))—(
I_L t10_prim/(2%C))*(1/Wres2)x*sin (Wres2x(t(nt)+Tsw—t10_prim));
i_Lr(nt)=(2+«CxWres2) *(Vin—(Vo+2+«VFEMHVx_t9) ) xsin (Wres2x*(t (nt)+Tsw—t10_prim)
)+I_L_t10_prim=cos (Wres2*(t (nt)+Tsw—t10_prim));
vp (nt)=Vo+2+VEM;
vs (nt)=Vo;
iM3(nt)=i_Lr(nt);
iM4 (nt)=0;
V_A(nt)=Vin;
V_AX(nt)=V_A(nt)—vx(nt);
elseif t(nt) > t0 && t(nt) <= t1 Yomode 1
vx(nt)=(—Vint+Vo+Vx_t0)*xcos (Wres2x(t(nt)—t0))+(I_L_t0/(2xC))*(1/Wres2)*sin (
Wres2*(t(nt)—t0))—(—Vint+Vo) ;
v_Lr(nt)=—(—VintVo+Vx_t0)*xcos (Wres2*(t (nt)—t0))—(I_L_t0/(2xC))*(1/Wresl)x
sin (Wres2#(t(nt)—t0));
i_Lr(nt)=—(2«CxWres2)*(—Vint+Vot+Vx_t0)*sin (Wres2x*(t(nt)—t0))+I_L_tO0*xcos(
Wres2x(t(nt)—t0));
vp(nt)=Vo;
vs (nt)=Vo;
iM3(nt)=i_Lr(nt);
iM4 (nt ) =0;
V_A(nt)=Vin;
V_AX(nt)=V_A(nt)—vx(nt);
elseif t(nt) > t1 && t(nt) <= t2 Ymode 2
vx(nt)=Vx_tl;
v_Lr(nt)=—(—Vint+Vot+Vx_tl)xcos (Wresl«(t(nt)—t1))—(I_L_t1/(2xCsxWresl))x*sin (
Wresl«(t(nt)—t1));
i Lr(nt)=—(2¢CsxWresl)*(—Vin+Vot+Vx_tl)=*sin (Wresl*(t(nt)—t1))+I L tl*xcos(
Wresl*(t(nt)—tl));
vp (nt)=Vo;
vs(nt)=Vo;
iM3(nt)=i_Lr(nt);
iM4 (nt)=0;
V_A(nt)=—(—Vin+Vo+Vx_tl)*cos (Wresl*(t(nt)—t1))—(I_L_t1/(2+«Cs*Wresl))=*sin (
Wresl«*(t(nt)—tl))+(Vot+Vx_tl);
V_AX(nt)=V_A(nt)—vx(nt);
elseif t(nt) > t2 && t(nt) <= t3 Y%mode 3
vx(nt)=(VotVFMHVx_tl)*cos (Wres2x#(t(nt)—t2))+(I_L_t2/(2xCxWres2) )*sin (Wres2
*(t(nt)—t2))—(VotVFM) ;
v_Lr(nt)=—(Vo+VEMHVx_tl)*cos (Wres2x*(t(nt)—t2))—(I_L_t2/(2xCxWres2) )*sin (
Wres2x#(t(nt)—t2));
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i Lr(nt)=—(2«CxWres2) *(Vo+VEMH-Vx_t1)*sin (Wres2x*(t(nt)—t2))+Il L t2xcos(
Wres2x(t(nt)—t2));

vp(nt)=Vo;

vs (nt)=Vo;

iM3(nt)=i_Lr(nt);

iM4 (nt)=0;

V_A(nt)=VFM;

V_AX(nt)=V_A(nt)—vx(nt);

elseif t(nt) > t3 && t(nt) <= t4 Yamode 4
vx(nt)=(Vo+Vx_t3)*xcos(Wres2x*(t(nt)—t3))+(I_L_t3/(2%xCxWres2) )*sin (Wres2x(t(
nt)—t3))—Vo;

v_Lr(nt)=—(Vot+Vx_t3)*cos (Wres2x*(t(nt)—t3))—(I_L_t3/(2xCxWres2) )xsin (Wres2
#*(t(nt)—t3));

i Lr(nt)=—(2+CxWres2) *(Vo+Vx_t3)*sin (Wres2*(t (nt)—t3) )+l _L_t3xcos(Wres2x(t
(nt)—t3));

vp(nt)=Vo;

vs (nt)=Vo;

iM3(nt)=i_Lr(nt);

iM4 (nt)=0;

V_A(nt)=0;

V_AX(nt)=V_A(nt)—vx(nt);

elseif t(nt) > t4 && t(nt) <= t5_prim Ymode 5 & 6

vx(nt)=Vx_t4;

v_Lr(nt)=—(Vot+Vx_t4)*cos(Wres3*(t(nt)—t4));

i_Lr(nt)=—(CsxWres3) *(Vot+Vx_t4)*sin (Wres3*(t(nt)—t4));

vp(nt)=(Vot+Vx_t4)*cos (Wresd*(t(nt)—t4))—Vx_t4;

vs (nt)=Vo;

iM3(nt)=i_Lr(nt) /2;

iM4(nt)=i_Lr(nt) /2;

V_A(nt)=0;
V_AX(nt)=V_A(nt)—vx(nt);
elseif t(nt) > t5_prim && t(nt) <= t5 Y%mode 5 & 6

vx (nt)=—(Vo+2xVFM-Vx_t4)*cos (Wres2x(t (nt)—t5_prim))+(I_L_t5_prim/(2xCx
Wres2) )*sin (Wres2*(t (nt)—t5_prim) )+(Vo+2+VFM) ;

v_Lr(nt)=(Vo+2+xVFM-Vx_t4)xcos (Wres2*(t (nt)—t5_prim))—(I_L_t5_prim/(2%Cx
Wres2) )*sin (Wres2x*(t (nt)—t5_prim));

i_Lr(nt)=(2xCxWres2) *(Vo+2+«VFM-Vx_ t4) xsin (Wres2*(t (nt)—t5_prim) )+
I_L_t5_prim*cos(Wres2x*(t(nt)—t5_prim));

vp (nt )=—Vo—2+VFM;

vs (nt)=Vo;

iM3(nt)=0;

iM4(nt)=i_Lr(nt);

V_A(nt)=0;

V_AX(nt)=V_A(nt)—vx(nt);

elseif t(nt) > t5 && t(nt) <= t6 Y%mode 7

vx(nt)=—(Vo—Vx_t5)*cos (Wres2*(t(nt)—t5))+(I_L_t5/(2xCxWres2) )*sin (Wres2x(t
(nt)—t5))+Vo;

v_Lr(nt)=(Vo—Vx_t5)*cos (Wres2x*(t(nt)—t5))—(I_L_t5/(2xCxWres2) )*sin (Wres2x*(
t(nt)—t5));

i Lr(nt)=(2«CxWres2) *(Vo—Vx_t5)*sin (Wres2*(t(nt)—t5) )+l _L_t5xcos(Wres2x(t(
nt)—t5));

vp (nt)=-Vo;

vs (nt)=Vo;

iM3(nt)=0;

iM4(nt)=i_Lr(nt);

V_A(nt)=0;

V_AX(nt)=V_A(nt)—vx(nt);

elseif t(nt) > t6 && t(nt) <= t7 Y%mode 8

vx(nt)=Vx_t6;

v_Lr(nt)=—(—Vo+Vx_t6)*cos (Wresl*(t(nt)—t6))—(I_L_t6/(2+xCs*Wresl))x*sin (
Wresl*(t(nt)—t6));
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end

i Lr(nt)=—(2+Cs*Wresl)*(—Vot+Vx_t6)*sin (Wresl*(t(nt)—t6))+l L _t6+cos(Wresl
*(t(nt)—t6));

vp(nt)=Vo;
vs (nt)=Vo;
iM3(nt)=0;

iM4(nt)=i_Lr(nt);

V_A(nt)=—(—Vot+Vx_t6)*cos (Wresl*(t(nt)—t6))—(I_L_t6/(2+Cs*Wresl))=*sin (Wresl
#*(t(nt)—t6))+(—VotVx_t6) ;

V_AX(nt)=V_A(nt)—vx(nt);

elseif t(nt) > t7 && t(nt) <= Tsw Ymode 9

vx (nt)=—(VintVFM4+Vo—Vx_t7)*cos (Wres2x(t (nt)—t7))+(I_L_t7/(2*xC))*(1/Wres2)*
sin (Wres2#(t (nt)—t7))+(VintVEM+Vo) ;

v_Lr(nt)=(VintVFEMtVo—Vx_t7)*cos (Wres2x*(t (nt)—t7))—(I_L_t7/(2+C))*(1/Wres2)
*sin (Wres2x(t(nt)—t7));

i_Lr(nt)=(2xCxWres2) % ( Vin+VFEM+Vo—Vx_t7)*sin (Wres2x(t (nt)—t7))+I_L_t7xcos (
Wres2x(t(nt)—t7));

vp(nt)=Vo;
vs (nt)=Vo;
iM3(nt)=0;

iM4(nt)=i_Lr(nt);
V_A(nt)=Vin+VFM;
V_AX(nt)=V_A(nt)—vx(nt);
else
vx(nt)=0;
v_Lr(nt)=0;
i_Lr(nt)=0;
vp (nt)=0;
vs(nt)=0;
iM3(nt)=i_Lr(nt);
iM4(nt)=i_Lr(nt);

end
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