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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 MOSFETs, 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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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
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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.

DC

DC

isolated 

Lo
adDC

DC Lo
ad

non-isolated 

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.

• 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.

• 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

• 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.
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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:

• 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.

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

• 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.

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

• 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.

• 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.
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• 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. MATLAB1 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.

• 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.

• 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 LTspice2 tool, under different PV MPP conditions to explore their transient and

1https://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 MOSFETs, 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 PSIM3 software. The closed-loop
simulation results are also provided and analyzed in this Chapter.

• 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 Designer4 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.

• 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.

3https://altair.com/psim
4https://www.altium.com
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2 – Data Analysis on Commercially Available PV Module

PV Panel Voc(V ) Isc(A) Vmpp(V ) Impp(A) PTC Pmpp(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 Vmpp = 35.5V and PTC Pmpp = 145.5W , the topology comparison is conducted under
these nominal condition. Note that under sun irradiation different from the PTC condition
(1000W/m2), 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 η for the DC-DC converter, the battery charging current range could
be calculated as IBAT,min = (η·Pmpp)/VBAT,max ≤ IBAT ≤ IBAT,max = (η·Pmpp)/VBAT,min.

PV Parametrs Vmpp(V ) 35.5
Pmpp(V ) 145.5

Battery Parameters
VBAT,min(V ) 12
VBAT,nom(V ) 13.2
VBAT,max(V ) 16.8

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 ≤ VBAT /Vmpp ≤ 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.
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3 – Resonant Battery Charger Topology Analysis and Mathematical Modeling

wrt the resonant frequency, the final values of vc is lower than Vin + VF D; hence, the clamping
diode D1 remains in OFF state. It could also be seen from this figure that during this mode M3
conducts the inductor current; while, M4 is in OFF state.

Mode 2, t1≤t < t2: At the end of mode 1, M1 turns off, M3 & M6 remain ON, and mode 2
begins. Fig. 3.11b show the circuit operation in mode 2. During this mode the output capacitances
of M1 and M2 (Coss1 = Coss2 = Cs) create a resonant circuit with the Lr and exchange energy
through the inductor current iLr . This mode continues until the output capacitance of the M1 is
fully charged while the output capacitance of the M2 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 vL = LrdiLr/dt = −(Lr·(2·Cs))d2va/d2t.
To solve Eq. 3.5 for va, the initial condition for voltage at node ’a’ is defined as va(t = t1) = Vin).
In addition the initial voltage at node ’c’ (Vc1), and the inductor current (IL1) could be calculated
from the mode 1, Eq. 3.3, at t = t1. From Eq. 3.4, v′

a(t = t1) = −IL1/(2·Cs).

iLr
(t) = −2·Cs·dva

dt
(3.4)

d2va

dt2 +
1

2·Cs·Lr
va =

V0 + Vc1
2·Cs·Lr

(3.5)

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, Vc1 and IL1 are the vc(t) and iLr (t) at
t = t1, the resonant frequency is ωr2 = 1√

(2·Cs)·Lr

, and VF M is the forward voltage drop for the
MOSFETs body diode.

Δt2 = (t2 − t1) = (1/ωr2) · sin−1 ((2·Cs·ωr2) · (Vin + VF M ) /IL1) (3.6)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vs(t) = Vo

iM3(t) = iLr(t)
iM4(t) = 0
vc(t) = Vc1

vL(t) = − (−Vin + Vo + Vc1) · cos (ωr2· (t − t1)) − ...

... (IL1/ (2·Cs·ωr2)) · sin (ωr2· (t − t1))
iLr(t) = − (2·Cs·ωr2) · (−Vin + Vo + Vc1) · sin (ωr2· (t − t1)) + ...

...IL1· cos (ωr2· (t − t1)

(3.7)

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 (Coss) is much smaller comparing to the dividing capacitors
C1&C2, the inductor current provides a fast discharge of the MOSFET’s Coss, resulting in the
fast transition of the voltage at node ’a’. This could be seen from the vL sub-plot in this figure
as vL = va − Vo. 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 IL1 − − > IL2. Note that
throughout all the time intervals; whenever, the change in a voltage or current is trivial the
notation value1 − − > 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 M2 is still low, its body diode turns ON and the voltage at node ’a’ (va) is
clamped at −VF M . Similar to mode 1, during this mode C1 and C2 along with Lr create the
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vs(t) = Vo

iM3(t) = iLr (t)
iM4(t) = 0
vc(t) = (Vo + VF M + Vc2) · cos (ωr1· (t − t2)) + ...

... (IL2/ (2·C·ωr1)) · sin (ωr1· (t − t2)) − (Vo + VF M )
vL(t) = − (Vo + VF M + Vc2) · cos (ωr1· (t − t2)) − ...

... (IL2/ (2·C·ωr1)) · sin (ωr1· (t − t2))
iLr

(t) = − (2·C·ωr1) · (Vo + VF M + Vc2) · sin (ωr1· (t − t2)) + ...

...IL2· cos (ωr1· (t − t2))

(3.10)

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 Coss, resulting in
slow voltage changes in node ’c’ during the time interval of this mode. Moreover, the same
slower dynamic reflects on the less changes in vc and vL. Similar to mode 2, as the change in
the inductor current from IL2 to IL3 is low, for better clarity on its y-axis labels the notation
IL2 − − > IL3 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, Vgs2 goes high and M2 channel is also turned on and the current is transferred
from its body diode to its channel. Since the current is still positive, M3 & M6 remain ON, but,
at the end of this mode when the iLr

reaches zero these two MOSFETs will turn off. Similar to
mode 1 and 3, during this mode C1, C2, and Lr 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’ (va) is clamped to negative
terminal of PV defined as reference node 0V.

iLr
(t) = 2·C·dvc

dt
(3.11)

d2vc

dt2 +
1

2·C·Lr
vc =

−Vo

2·C·Lr
(3.12)

Defining the initial conditions for this mode as Vc3 and IL3 and solving Eq. 3.12 for vc(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 t = t3.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vs(t) = Vo

iM3(t) = iLr(t)
iM4(t) = 0
vc(t) = (Vo + Vc3) · cos (ωr1· (t − t3)) + (IL3/ (2·C·ωr1)) · sin (ωr1· (t − t3)) − ...

... (Vo)
vL(t) = − (Vo + Vc3) · cos (ωr1· (t − t3)) − (IL3/ (2·C·ωr1)) · sin (ωr1· (t − t3))
iLr (t) = − (2·C·ωr1) · (Vo + Vc3) · sin (ωr1· (t − t3)) + IL3· cos (ωr1· (t − t3))

(3.13)
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vs(t) = −Vo

iM3(t) = 0
iM4(t) = iLr (t)
vc(t) = Vc7

vL(t) = − (−Vo + Vc7) · cos (ωres2· (t − t7)) − IL7
2·Cs·ωres2

· sin (ωres2· (t − t7))

iLr
(t) = − (2·Cs·ωres2) · (−Vo + Vc7) · sin (ωres2· (t − t7)) + ...

...IL7· cos (ωres2· (t − t7))

(3.27)

Δt8 = (t8 − t7) =
1

ωres2
sin−1

(
(2·Cs·ωres2)· (Vin + 2VF M )

−IL7

)
(3.28)

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 Vin + VF M , resulting in a steep transition in the voltage of VL.

Mode 9, t8≤t < t9: Mode 9 begins when Coss1 is fully discharged, and Coss2 is charged.
The current iLr(t) is still negative resulting in turning ON the body diode of M1, and clamping
va(t) at Vin + VF M . During this mode the circuit enters into a resonant mode dominated by
C1||C2 = 2·C and Lr with the resonant frequency at ωres2. 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.

iLr
(t) = 2·C·dvc

dt
(3.29)

d2vc

dt2 +
1

2·C·Lr
vc =

Vin + VF M + Vo

2·C·Lr
(3.30)

The second order differential equation of Eq. 3.30 could be solved for vc(t) with the initial
condition calculated from vc(t) and iLr(t) of Eq. 3.28 at t = t8. Eq. 3.31 present the mathematical
representation of the key voltage and current signals; where, Vc8 and IL8 are the vc(t) and iLr (t)
at t = t8. Mode 9 last until Vgs1 goes high at t = Tsw + (td/2) (t = td/2).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vs(t) = −Vo

iM3(t) = 0
iM4(t) = iLr (t)
vc(t) = − (Vin + VF M + Vo − Vc8) · cos (ωres1· (t − t8)) + ...

...
IL8

2·Cs·ωres1
· sin (ωres1· (t − t8)) + (Vin + VF M + Vo)

vL(t) = (Vin + VF M + Vo − Vc8) · cos (ωres1· (t − t8)) − ...

...
IL8

2·Cs·ωres1
· sin (ωres1· (t − t8))

iLr (t) = (2·C·ωres1) · (Vin + VF M + Vo − Vc8) · sin (ωres1· (t − t8)) + ...

...IL8· cos (ωres1· (t − t8))

(3.31)
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In order to present the charging power as a function of ϕ2, the Fourier series representation
of vs(t) in Fig. 3.39 could be derived as a function of ϕ2. The general presentation of Fourier
series for vs(t) is shown in Eq. 3.50. In this equation k represents the kth harmonic with the
fundamental frequency of ω.

vs(t) =
∞∑

k=1
(ak·cos(kωt) + bk·sin(kωt)) (3.50)

The first harmonic coefficients a1 and b1, could be extracted from ak and bk presented in Eq.
3.51 by replacing k = 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.

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ak =
2

Tsw

∫ Tsw

0
vs(t) cos (kωt) dt

bk =
2

Tsw

∫ Tsw

0
vs(t) sin (kωt) dt

(3.51)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

vs(t) = 0 0 ≤ t ≤ d2·Tsw

vs(t) = +Vbat d2·Tsw ≤ t ≤ Tsw

2

vs(t) = 0
Tsw

2
≤ t ≤ (

Tsw

2
+ d2·Tsw)

vs(t) = −Vbat (
Tsw

2
+ d2·Tsw) ≤ t ≤ Tsw

(3.52)

Replacing vs(t) from Eq. 3.52 in Eq. 3.51 results in Eq. 3.53 for ak and bk. It is clear from
Eq. 3.53 that the Fourier series coefficients for even values of k are zero (i.e., ak = bk = 0 for
k = 2, 4, 6, ...). Defining ϕ2 = d2·2π, the Fourier series of Eq. 3.50 could be re-written as shown
in Eq. 3.54. From this equation, the first harmonic of vs(t), defined as vp,F H(t), is derived as
shown in Eq. 3.55.

⎧⎪⎨
⎪⎩

ak =
Vbat

kπ
((−1)k − 1) sin(2kπd2)

bk =
Vbat

kπ
(1 − (−1)k)(1 + cos(2kπd2))

(3.53)

vs(t) =
∑

k=1,3,5,...

([−2Vbat

kπ
sin(kϕ2)

]
·cos(kωt) +

[
2Vbat

kπ
(1 + cos(kϕ2))

]
·sin(kωt)

)
(3.54)

vs,F H(t) =
[−2Vbat

π
sin(ϕ2)

]
·cos(ωt) +

[
2Vbat

π
(1 + cos(ϕ2))

]
·sin(ωt) (3.55)

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

po,ϕ2(t) =
[[−2Vbat

π
sin(ϕ2)

]
·cos(ωt) +

[
2Vbat

π
(1 + cos(ϕ2))

]
·sin(ωt)

]
· [IL,amp·sin(ωt)] (3.56)
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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:

• 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

• 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

• 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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the calculating required dividing capacitors C1 = C2 = Cr/2 = 0.71μF , and since the closest
standard capacitance value to the calculated number is 0.68μF , C1 = C2 = 0.68μF are chosen.

In order to guarantee the inductive operation, hence, maintaining the ZVS for M1 & M2, 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 fr≤0.8 ∗ fsw = 92kHz for the resonant tank. Using the selected capacitance for the
dividing capacitors and the resonant frequency fr, the required resonant inductance could be
calculated by Lr≥1/((2 ∗ π ∗ fr)2 ∗ (C1||C2)) = 1/((2 ∗ π ∗ 92 ∗ 103)2 ∗ 1.36 ∗ 10−6) = 2.2μH. The
calculated minimum limit of 2.2μH is a standard inductance value results in maintaining the
fr = 1/(2π

√
Lr ∗ (C1 + C2)) = 92kHz.

In order to validate that the designed Lr value meets the ZVS requirements, it should be
noted that the energy storage in the inductor at the time when either of M1 or M2 turn OFF
should be high enough to support the charge and discharge of the Coss of these MOSFETs. If the
stored energy is high enough, sufficient time will be provided for charging/discharging Coss,M1
& Coss,M2 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, ILZV S

is the absolute value of the inductor current at the time of turning OFF the
MOSFETs M1 or M2. As the output capacitance of the MOSFETs is much smaller comparing to
the dividing capacitors, the Lr = 2.2μH 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.

Lr >
2 ∗ Cs ∗ V 2

mpp

I2
LZV S

(4.3)

ILZV S
> Vmpp

√
2 ∗ Cs

Lr
(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 (ϕ1), for
the purpose of achieving SR ZCS, and the phase shift between leg 2 of SR stage wrt its leg 1 (ϕ2)
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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.

• 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 (fsw, Pout) with a constant battery voltage (Vo). Note that at each step the
output power Pout is a fraction of nominal power Pnom within 0.1≤Pout/Pnom≤1.

Parameter Value
Vmpp 35.5V
Pnom 142W
Vo 13.2V
Lr 2.2μH
Cr 2x0.68μF
C1 = C2 0.68μF

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 Pout/Pnom. 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 4.13: Gate drive signals for M1-M6 under (Vmpp, Pmpp, Vbat) = (35.5V,145.5W,13.2V)
simulation condition. Note: y-axis is in volt and x-axis is in μSec

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 M4 and M5 are complementary
to M3 and M6, respectively. Fig. 4.15 depicts the voltage at the input of the SR stage along
with the currents for M3 and M4. It is obvious that M6 current is the same as M3 carrying
the positive half cycle of the resonant inductor current; while, M5 current is the same as M4
conducting during the negative half cycle. It could be seen from Fig. 4.15, during the dead time

71



4 – Components Design, Simulation, and Results Analysis

0.0μs 0.9μs 1.8μs 2.7μs 3.6μs 4.5μs 5.4μs 6.3μs 7.2μs 8.1μs 9.0μs
-54V
-45V
-36V
-27V
-18V
-9V
0V
9V
18V
27V
36V
45V
54V

-18A
-15A
-12A
-9A
-6A
-3A
0A
3A
6A
9A
12A
15A
18A

-35V
-28V
-21V
-14V
-7V
0V
7V
14V
21V
28V
35V
0V
3V
6V
9V
12V
15V
18V
21V
24V
27V
30V
33V
36V

V(a,b) Ix(U1:port1)

V(a,c)

V(c)

p\ThesisLTspice_Simulations\ProposedResonant_PV_Fed_Batt_Charger_SR_20260506_DoublePhaseShift_

Figure 4.14: Waveforms for node ’c’ voltage (V(c)), voltage between nodes ’a’ and ’c’
(V(a,c)), voltage across resonant inductor (V(a,b), and the inductor current (Ix(U1:port1))
under (Vmpp, Pmpp, Vbat) = (35.5V,145.5W,13.2V) simulation condition.

when the body diodes of the SR MOSFETs are ON, the voltage V(b,c) is clamped at Vbat + 2VF M

or −(Vbat + 2VF M ); where, VF M ) is the forward voltage drop for the SR MOSFETs 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 Vbat (when
M3&M6 are ON) and −Vbat (when M4&M5 are ON).
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Figure 4.15: Waveforms for voltage between nodes ’b’ and ’c’ (V(b,c)), ans SR MOSFETs
M3&M4 currents (-Ix(M3:1) and Ix(M4:1)) under (Vmpp, Pmpp, Vbat) =
(35.5V,145.5W,13.2V) simulation condition.

4.3.2 Closed-Loop Simulation Results and Analysis

As presented in Section 3.4 different closed-loop control strategies could be utilized for the proposed
resonant battery charger. Based on the PV (Vmpp, Pmpp) operation condition, the MPPT control
strategy should extractPmpp from PV while maintaining its voltage at Vmpp. Since the MPPT

73









4 – Components Design, Simulation, and Results Analysis

Parameter Value
Vmpp 35.5V
Pmpp 145.5W
battery initial SOC 5%
Lr 2.2μH
C1 = C2 0.68μF
MOSFETS Q1 − Q6, Rds,on 2mΩ
MOSFETS Q1 − Q6, VF M 0.75V
clamping diodes VF D 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 114.3kHz 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&Q2.
Since at the time when Q1 turns off the current still is substantially positive, this current provides
enough energy for the inductor to charge the Coss of Q1 and discharge Coss of Q2. After this
transition the body diode of Q2 turns on while the inductor current is still positive. The last
step is turning ON Q2 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 Q1 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 ’c’ of the proposed topology is sinusoidal and does not clamp. This figure also
shows the inductor current and the voltage vs at the input of the SR stage. It could be seen that
the zero crossing of the current coincides with the SR MOSFETs transition time between ON to
OFF resulting in ZCS for these MOSFETs. Note that for this operation condition the ZCS time
delay is tdelay,SR = 535ns.

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 Pbat = η ∗ Pmpp. For this
simulation case the steady state efficiency is η = Pbat/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 −Q6 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,Q1−Q6 = Rdson,Q1&Q2 ∗ I2

L,rms +
2 ∗ Rdson,Q3−Q6 ∗ I2

L,rms. In this estimation the inverting MOSFETs are identical and similarly
all the SR MOSFETs are also identical. If all Q1 − Q6 are identical with the ON state resistance
of Rdson, the MOSFETs conduction loss is simply Ploss,Q1−Q6 = 3 ∗ Rdson ∗ I2

L,rms. 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
(Vmpp, 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 Pv = Ke ∗ fα

sw ∗ Bpeak
β [34, 35]. In this

equation Ke, α, and β depend on the core material and mechanical size usually provided by the
core manufacturer; while, fsw and Bpeak 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 Ploss,L = Pv + ACR ∗ I2
L,rms, the major portion of the power loss

for the proposed topology is estimated using Ploss = Ploss,Q1−Q6 + Ploss,L; hence, the efficiency
could be simply estimated by %η = ((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.

• 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 Vbat,max 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 4.25: 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 Vbat,max = 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 ’c’ of the proposed topology. It could be seen from this figure that both ZVS
for MOSFETs Q1&Q2 and the ZCS for MOSFETs Q3 − Q6 are maintained, as intended. It could
be also seen that the high frequency operation condition for the vc 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.
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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 VP V , IP V , Vbat, Ibat, and iLr 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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the accumulative power loss and cost comparison, a MOSFET with an Rds,on close to 3.1mΩ at
Vgs(V )=10V is acceptable. Table 5.2 shows a list of same rated MOFETs with the desired Rds,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 Vds(V ) Rds,on(mΩ) Cost/1kU
(e)

RBE029N10R1SZN6 Renesas 100 2.9 0.92
ISC030N10NM6ATMA1 Infineon 100 3 1.43
TPH3R10AQM Toshiba 100 3.1 0.72
RJ2P14BBHTRDC Rohm 100 2.8 1.98
NTMFS10N3D2C onsemi 100 3.2 2.72

Table 5.2: Cost comparison for MOSFETs within desired Rds,on 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 C0G/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 C0G/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 0.66μF 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 1x0.66μF 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 IL,rms/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 1x0.66μF 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
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co-packaging the imbalance impedance is trivial resulting to equal current sharing. In addition, it
is also possible to include a 22nF C0G 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
PN Rated Current (A) Ploss (W)

ESRxI2
rms

Package
(PCB Area mm2)

1x0.66μF
C2220C664K1GLCAUTO 11.3 0.283 1x2220

(28.5)
2x330nF+1x33nF

C2220C334J1GACTU
C1206C333J1GACAUTO

2x5.18+0.693=11 5.625 2x2220+1206
(62.12)

3x220nF+1x33nF
C2220C224J1GACAUTO
C1206C333J1GACAUTO

3x4.62+0.693=14.553 3.45 3x2220+1206
(90.62)

4x150nF+1*100nF
C1812C154J1GACTU

CC1206JKNPO0BN104
4x3.16+2.12=14.76 0.054 4x1812+1206

(62.72)

7x100nF
C2220C664K1GLCAUTO 7x2.12=14.84 0.027 7x1206

(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., Ploss,L2 = Pv + ACR ∗ I2

L,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
(μH)

DCR
(mΩ)

Isat
(A)

Volume
(cm3)

Price/1kU
(e)

MSS1278T-222 2.2 9.4 22.56 0.327 0.73
IHLP5050CEER2R2M01 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 (VMP P Vbat fsw PMP P )=(35.5V 13.2V 123.4kHz 145.5W) operation
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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.

• 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:

• 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.

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

• 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�, 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 t1 = 8μS - t2 = 20μS pulse,
and t1 = 10μS - t2 = 1000μS pulse, respectively, as shown in Fig. 5.7 [50]. The first time, t1,
in these pulses defines the rise time of the pulse from 10% to 90% of its peak , and the t2 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 8/20μS clamping pulse current is rated for 1A and the maximum
10/1000μS pulse energy is rated for 800 mJ.
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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.

• Non-isolated HB gate driver for the inverting stage MOSFETs, and FB gate driver for the
SR stage MOSFETs. This also requires digital isolator.
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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_OUT and
12V_OUT 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

99















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

layout for each HB MOSFETs 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 MOSFETs 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

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 MOSFETs . Moreover, from the HB MOSFETs of Fig.5.20, it could be seen that Ls2 and
Ls4 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 Vgs 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.

106



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

MCU EVM

Digital
Isolator 

Isolate Analog
Amplifier

MCU Domain
Isolated 12V to

5V DCDC

MCU Domain Side
of PV and Inductor

Currents Sense

Figure 5.22: MCU domain on the PCB.
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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.
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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, c) 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 Vmpp, Pmpp, and Isc 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 MOSFETs 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.
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Appendix A

Time Domain Analysis MATLAB
Code

1 c l e a r a l l
2 %% Def in ing Var iaba le
3 syms Vmpp Vin Po Vo VFM VFD Lr ESR_Lr C fsw tdead tdead_SR
4 Wres1=1/ s q r t (2∗Cs∗Lr ) %resonant f requency o f MOSFET’ s output

capac i tance with Lr
5 f r e s 1=Wres1 /(2∗ p i ) ;
6 Wres2=1/ s q r t ( Lr ∗(2∗C) ) ; %resonant f requency o f d i s v i d i n g c a p a c i t o r s

with Lr
7 f r e s 2=Wres2 /(2∗ p i ) ;
8 Wres3=1/ s q r t ( Cs∗Lr ) %resonant f requency o f MOSFET’ s output

capac i tance with Lr
9 f r e s 3=Wres3 /(2∗ p i ) ;

10 Tsw=1/fsw ; % dead time , t h i s i s s e l e c t e d based on the
minimum needed time f o r mainta in ing ZVS ( delta_t2+delta_t3 )

11 tend=Tsw ;
12 t =0:(Tsw/( tend /(100 e −12)−1) ) : tend ;
13 t_delay_SR=t0−tdead /2 ; % time de lay between turn on o f M3 with r e s p e c t to the turn

on o f the M1 ( t h i s i s to obta in the ZCS turn o f f o f the M3) tdelay_SR=t0_SR+
tdead_SR−tdead /2 , t0_SR=(t9 −(Tsw+tdead /2) )

14

15 f o r nt =1:1 : l ength ( t )
16 i f t ( nt )<=(t0−tdead_SR )
17 VGS3( nt ) =0;
18 VGS4( nt ) =10;
19 e l s e i f t ( nt ) > ( t0−tdead_SR ) && t ( nt )<=(t0 )
20 VGS3( nt ) =0;
21 VGS4( nt ) =0;
22 e l s e i f t ( nt ) > ( t0 ) && t ( nt )<=(Tsw/2−tdead/2+t_delay_SR )
23 VGS3( nt ) =10;
24 VGS4( nt ) =0;
25 e l s e i f 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 e l s e i f 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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31 e l s e i f t ( nt ) > (Tsw−tdead/2+t_delay_SR ) && t ( nt ) <= tend
32 VGS3( nt ) =0;
33 VGS4( nt ) =0;
34 end
35 end
36

37

38 Vx_t0=Vx_t0 ; % the i n i i a l
v o l t a g e f o r mode 1 at vx ( t ) (V_X0)

39 I_L_t0=I_L_t0 ; % the i n i i a l
inductor cur rent f o r mode 1 at t=t0

40 t_M1_turnsOFF=Tsw/2−tdead /2 ; % the time
per i ode that mode 1 l a s t s

41 t1=t_M1_turnsOFF ; % time at the end
o f mode 1

42 Vx_t1=(−Vin+Vo+Vx_t0) ∗ cos ( Wres2 ∗( t1−t0 ) )+(I_L_t0 /(2∗C) ) ∗(1/ Wres2 ) ∗ s i n ( Wres2 ∗( t1−t0
) )−(−Vin+Vo) ; % vx ( t ) at t=t1

43 I_L_t1=−(2∗C∗Wres2 ) ∗(−Vin+Vo+Vx_t0) ∗ s i n ( Wres2 ∗( t1−t0 ) )+I_L_t0∗ cos ( Wres2 ∗( t1−t0 ) ) ;
% the inductor cur rent at the end o f mode 1

44 delta_t2 =(1/Wres1 ) ∗ a s i n ( (2∗ Cs∗Wres1 ∗( Vin+VFM) ) /I_L_t1 ) ; % the time that
mode 2 l a s t s

45 t2=t1+delta_t2 ; % the time at the
end o f mode 2

46 Vx_t2=Vx_t1 ; % Vx at the end
o f Mode 2

47 I_L_t2=−(2∗Cs∗Wres1 ) ∗(−Vin+Vo+Vx_t1) ∗ s i n ( Wres1 ∗( t2−t1 ) )+I_L_t1∗ cos ( Wres1 ∗( t2−t1 ) ) ;
% the inductor cur rent at the end o f mode 2

48 t3=Tsw/2+tdead /2 ; % the time at
the end o f mode 3

49 Vx_t3=(Vo+VFM+Vx_t1) ∗ cos ( Wres2 ∗( t3−t2 ) )+(I_L_t2 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2 ∗( t3−t2 ) )−(
Vo+VFM) ; % Vx at the end o f Mode 3

50 I_L_t3=−(2∗C∗Wres2 ) ∗(Vo+VFM+Vx_t1) ∗ s i n ( Wres2 ∗( t3−t2 ) )+I_L_t2∗ cos ( Wres2 ∗( t3−t2 ) ) ; %
the inductor cur rent at the end o f mode 3

51 delta_t4 =(1/Wres2 ) ∗ a s i n ( I_L_t3 /(2∗C∗Wres2 ∗(Vo+Vx_t3) ) ) ; % the amount o f time that
takes the inductor cur rent goes from IL3 to zero

52 t4=t3+delta_t4 ; % the time at the end o f
mode 4 ( (Tsw/2−tdead /2)+t_delay_SR ) , at t h i s time the M3&M5 turn o f f to
maintain ZCS

53 Vx_t4=(Vo+Vx_t3) ∗ cos ( Wres2 ∗( t4−t3 ) )+(I_L_t3 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2 ∗( t4−t3 ) )−Vo ;
54 I_L_t4=−(2∗C∗Wres2 ) ∗(Vo+Vx_t3) ∗ s i n ( Wres2 ∗( t4−t3 ) )+I_L_t3∗ cos ( Wres2 ∗( t4−t3 ) )
55 delta_t5_prim =(1/Wres3 ) ∗ acos ( ( Vx_t4−(Vo+2∗VFM) ) /(Vo+Vx_t4) ) ; % the time at the

end o f Mode 5 when Cs3&Cs5 are f u l l y charged and Cs4&Cs6 are f u l l y d i s charged
56 t5_prim=t4+delta_t5_prim ;
57 Vx_t5_prim=Vx_t4 ;
58 I_L_t5_prim=−(Cs∗Wres3 ) ∗(Vo+Vx_t4) ∗ s i n ( Wres3 ∗( t5_prim−t4 ) ) ;
59 t5=t5_prim+tdead_SR ; % the time at

the end o f Mode 5&6 when body diode o f M4&M6 turn OFF and t h e i r channe l s
turn ON

60 Vx_t5=−(Vo+2∗VFM−Vx_t4) ∗ cos ( Wres2 ∗( t5−t5_prim ) )+(I_L_t5_prim /(2∗C∗Wres2 ) ) ∗ s i n (
Wres2 ∗( t5−t5_prim ) )+(Vo+2∗VFM) ;

61 I_L_t5=(2∗C∗Wres2 ) ∗(Vo+2∗VFM−Vx_t4) ∗ s i n ( Wres2 ∗( t5−t5_prim ) )+(I_L_t5_prim ) ∗ cos (
Wres2 ∗( t5−t5_prim ) ) ;

62 t6=Tsw−tdead /2 ; %the time at the
end o f Mode 7 when M2 turns OFF

63 Vx_t6=−(Vo−Vx_t5) ∗ cos ( Wres2 ∗( t6−t5 ) )+(I_L_t5 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2 ∗( t6−t5 ) )+Vo ;
64 I_L_t6=(2∗C∗Wres2 ) ∗(Vo−Vx_t5) ∗ s i n ( Wres2 ∗( t6−t5 ) )+I_L_t5∗ cos ( Wres2 ∗( t6−t5 ) ) ;
65 delta_t7 =(1/Wres1 ) ∗ a s i n ( (2∗ Cs∗Wres1 ∗( Vin+VFM) ) /(−I_L_t6 ) ) ; %

the amount o f time that Mode 8 l a s t s
66 t7=t6+delta_t7 %

the time at the end o f mode 8
67 Vx_t7=Vx_t6 ; %

the vx ( t ) at the end o f mode 8

114



A – Time Domain Analysis MATLAB Code

68 I_L_t7=−(2∗Cs∗Wres1 ) ∗(−Vo+Vx_t6) ∗ s i n ( Wres1 ∗( t7−t6 ) )+I_L_t6∗ cos ( Wres1 ∗( t7−t6 ) ) ; %
the indcutor cur rent at the end o f mode 8

69 t8=Tsw+tdead /2 ; %
the time at the end o f Mode 9 when the M1 channel turns ON which l a s t s a f t e r
Tsw (Tsw+tdead /2)

70 Vx_t8=−(Vin+VFM+Vo−Vx_t7) ∗ cos ( Wres2 ∗( t8−t7 ) )+(I_L_t7 /(2∗C) ) ∗(1/ Wres2 ) ∗ s i n ( Wres2 ∗(
t8−t7 ) )+(Vin+VFM+Vo) ;

71 I_L_t8=(2∗C∗Wres2 ) ∗( Vin+VFM+Vo−Vx_t7) ∗ s i n ( Wres2 ∗( t8−t7 ) )+I_L_t7∗ cos ( Wres2 ∗( t8−t7 ) )
;

72 delta_t9 =(1/Wres2 ) ∗ a s i n ((−I_L_t8 ) /(2∗C∗Wres2 ∗( Vin+Vo−Vx_t8) ) ) ; %
the amount o f time that Mode 10 l a s t s

73 t9=t8+delta_t9 ;
74 t9_2=(Tsw+tdead /2)+delta_t9 ;
75 Vx_t9=−(Vin+Vo−Vx_t8) ∗ cos ( Wres2 ∗( t9−t8 ) )+(I_L_t8 /(2∗C) ) ∗(1/ Wres2 ) ∗ s i n ( Wres2 ∗( t9−t8

) )+(Vin+Vo) ;
76 I_L_t9=(2∗C∗Wres2 ) ∗( Vin+Vo−Vx_t8) ∗ s i n ( Wres2 ∗( t9−t8 ) )+I_L_t8∗ cos ( Wres2 ∗( t9−t8 ) ) ;
77 t0_SR=t9 −(Tsw) ; %

time at the beg in ing o f Mode 11
78 delta_t10_prim =(1/Wres3 ) ∗ acos ( ( ( Vin+VFM−Vx_t9)−(Vo+2∗VFM) ) /( Vin+VFM+Vo−Vx_t9) ) ; %

the time that Mode 11 l a s t , when Cs3&Cs5 are f u l l y d i s charged and Cs4&Cs6 are
f u l l y charged

79 t10_prim=t9+delta_t10_prim ; %
the time at the end o f Mode 11

80 I_L_t10_prim=(Cs∗Wres3 ) ∗( Vin+VFM+Vo−Vx_t9) ∗ s i n ( Wres3 ∗( t10_prim−t9 ) ) ; %
indcutor cur rent at the end o f Mode 11

81 Vx_t10_prim=Vx_t9
82 t0_SR_prim=t0_SR+delta_t10_prim ;
83 t10=t9+tdead_SR ;
84 Vx_t10=−(Vin−(Vo+2∗VFM+Vx_t9) ) ∗ cos ( Wres2 ∗( t10−t10_prim ) )+(I_L_t10_prim /(2∗C) ) ∗(1/

Wres2 ) ∗ s i n ( Wres2 ∗( t10−t10_prim ) )+(Vin−(Vo+2∗VFM) ) ;
85 I_L_t10=(2∗C∗Wres2 ) ∗( Vin−(Vo+2∗VFM+Vx_t9) ) ∗ s i n ( Wres2 ∗( t10−t10_prim ) )+I_L_t10_prim∗

cos ( Wres2 ∗( t10−t10_prim ) ) ;
86 f o r nt =1:1 : l ength ( t )
87 i f t ( nt )<=(tdead /2) % the time per i ode between 0 to

tdead /2 ( t h i s i s the cont inuat i on o f Mode 9)
88 vx ( nt )=−(Vin+VFM+Vo−Vx_t7) ∗ cos ( Wres2 ∗( t ( nt )+Tsw−t7 ) )+(I_L_t7 /(2∗C) ) ∗(1/

Wres2 ) ∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t7 ) )+(Vin+VFM+Vo) ;
89 v_Lr( nt )=(Vin+VFM+Vo−Vx_t7) ∗ cos ( Wres2 ∗( t ( nt )+Tsw−t7 ) )−(I_L_t7 /(2∗C) ) ∗(1/

Wres2 ) ∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t7 ) ) ;
90 i_Lr ( nt ) =(2∗C∗Wres2 ) ∗( Vin+VFM+Vo−Vx_t7) ∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t7 ) )+I_L_t7∗

cos ( Wres2 ∗( t ( nt )+Tsw−t7 ) ) ;
91 vp ( nt )=−Vo ;
92 vs ( nt )=Vo ;
93 iM3 ( nt ) =0;
94 iM4 ( nt )=i_Lr ( nt ) ;
95 V_A( nt )=Vin+VFM;
96 V_AX( nt )=V_A( nt )−vx ( nt ) ;
97 e l s e i f t ( nt ) > tdead /2 && t ( nt )<=t0_SR %the time per i ode from the

moment M1 turns ON, cur rent i s s t i l l negat ive and M4 &M6 are s t i l l ON (Mode
10) . At the end o f t h i s mode cur rent becomes ze ro and M4 &M6 turn OFF

98 vx ( nt )=−(Vin+Vo−Vx_t8) ∗ cos ( Wres2 ∗( t ( nt )+Tsw−t8 ) )+(I_L_t8 /(2∗C) ) ∗(1/ Wres2 ) ∗
s i n ( Wres2 ∗( t ( nt )+Tsw−t8 ) )+(Vin+Vo) ;

99 v_Lr( nt )=(Vin+Vo−Vx_t8) ∗ cos ( Wres2 ∗( t ( nt )+Tsw−t8 ) )−(I_L_t8 /(2∗C) ) ∗(1/ Wres2 )
∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t8 ) ) ;

100 i_Lr ( nt ) =(2∗C∗Wres2 ) ∗( Vin+Vo−Vx_t8) ∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t8 ) )+I_L_t8∗ cos (
Wres2 ∗( t ( nt )+Tsw−t8 ) ) ;

101 vp ( nt )=−Vo ;
102 vs ( nt )=Vo ;
103 iM3 ( nt ) =0;
104 iM4 ( nt )=i_Lr ( nt ) ;
105 V_A( nt )=Vin ;
106 V_AX( nt )=V_A( nt )−vx ( nt ) ;
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107 e l s e i f t ( nt ) > t0_SR && t ( nt )<=t0_SR_prim %the time per i ode from the
moment M4 &M6 turns OFF u n t i l Cs3&Cs5 discharged , and Cs4&Cs6 charged (Mode
11)

108 vx ( nt )=Vx_t9 ;
109 v_Lr( nt )=(Vin+Vo−Vx_t9) ∗ cos ( Wres3 ∗( t ( nt )+Tsw−t9 ) ) ;%−(I_L_t9 /( Cs ) ) ∗(1/ Wres3

) ∗ s i n ( Wres3 ∗( t ( nt )+Tsw−t9 ) ) ;
110 i_Lr ( nt )=(Cs∗Wres3 ) ∗( Vin+Vo−Vx_t9) ∗ s i n ( Wres3 ∗( t ( nt )+Tsw−t9 ) ) ;%+I_L_t9∗ cos (

Wres3 ∗( t ( nt )+Tsw−t9 ) ) ;
111 vp ( nt )=−(Vin+Vo−Vx_t9) ∗ cos ( Wres3 ∗( t ( nt )+Tsw−t9 ) )+(Vin−Vx_t9) ;%+(I_L_t9 /( Cs

) ) ∗(1/ Wres3 ) ∗ s i n ( Wres3 ∗( t ( nt )+Tsw−t9 ) ) ;
112 vs ( nt )=Vo ;
113 iM3 ( nt )=i_Lr ( nt ) /2 ;
114 iM4 ( nt )=i_Lr ( nt ) /2 ;
115 V_A( nt )=Vin ;
116 V_AX( nt )=V_A( nt )−vx ( nt ) ;
117 e l s e i f t ( nt ) > t0_SR_prim && t ( nt )<=t0 %the time per i ode during which

the body d iodes o f M3&M5 conduct (Mode 12)
118 vx ( nt )=−(Vin−(Vo+2∗VFM+Vx_t9) ) ∗ cos ( Wres2 ∗( t ( nt )+Tsw−t10_prim ) )+(

I_L_t10_prim /(2∗C) ) ∗(1/ Wres2 ) ∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t10_prim ) )+(Vin−(Vo+2∗VFM) )
;

119 v_Lr( nt )=(Vin−(Vo+2∗VFM+Vx_t9) ) ∗ cos ( Wres2 ∗( t ( nt )+Tsw−t10_prim ) )−(
I_L_t10_prim /(2∗C) ) ∗(1/ Wres2 ) ∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t10_prim ) ) ;

120 i_Lr ( nt ) =(2∗C∗Wres2 ) ∗( Vin−(Vo+2∗VFM+Vx_t9) ) ∗ s i n ( Wres2 ∗( t ( nt )+Tsw−t10_prim )
)+I_L_t10_prim∗ cos ( Wres2 ∗( t ( nt )+Tsw−t10_prim ) ) ;

121 vp ( nt )=Vo+2∗VFM;
122 vs ( nt )=Vo ;
123 iM3 ( nt )=i_Lr ( nt ) ;
124 iM4 ( nt ) =0;
125 V_A( nt )=Vin ;
126 V_AX( nt )=V_A( nt )−vx ( nt ) ;
127 e l s e i f t ( nt ) > t0 && t ( nt ) <= t1 %mode 1
128 vx ( nt )=(−Vin+Vo+Vx_t0) ∗ cos ( Wres2 ∗( t ( nt )−t0 ) )+(I_L_t0 /(2∗C) ) ∗(1/ Wres2 ) ∗ s i n (

Wres2 ∗( t ( nt )−t0 ) )−(−Vin+Vo) ;
129 v_Lr( nt )=−(−Vin+Vo+Vx_t0) ∗ cos ( Wres2 ∗( t ( nt )−t0 ) )−(I_L_t0 /(2∗C) ) ∗(1/ Wres1 ) ∗

s i n ( Wres2 ∗( t ( nt )−t0 ) ) ;
130 i_Lr ( nt )=−(2∗C∗Wres2 ) ∗(−Vin+Vo+Vx_t0) ∗ s i n ( Wres2 ∗( t ( nt )−t0 ) )+I_L_t0∗ cos (

Wres2 ∗( t ( nt )−t0 ) ) ;
131 vp ( nt )=Vo ;
132 vs ( nt )=Vo ;
133 iM3 ( nt )=i_Lr ( nt ) ;
134 iM4 ( nt ) =0;
135 V_A( nt )=Vin ;
136 V_AX( nt )=V_A( nt )−vx ( nt ) ;
137 e l s e i f t ( nt ) > t1 && t ( nt ) <= t2 %mode 2
138 vx ( nt )=Vx_t1 ;
139 v_Lr( nt )=−(−Vin+Vo+Vx_t1) ∗ cos ( Wres1 ∗( t ( nt )−t1 ) )−(I_L_t1 /(2∗Cs∗Wres1 ) ) ∗ s i n (

Wres1 ∗( t ( nt )−t1 ) ) ;
140 i_Lr ( nt )=−(2∗Cs∗Wres1 ) ∗(−Vin+Vo+Vx_t1) ∗ s i n ( Wres1 ∗( t ( nt )−t1 ) )+I_L_t1∗ cos (

Wres1 ∗( t ( nt )−t1 ) ) ;
141 vp ( nt )=Vo ;
142 vs ( nt )=Vo ;
143 iM3 ( nt )=i_Lr ( nt ) ;
144 iM4 ( nt ) =0;
145 V_A( nt )=−(−Vin+Vo+Vx_t1) ∗ cos ( Wres1 ∗( t ( nt )−t1 ) )−(I_L_t1 /(2∗Cs∗Wres1 ) ) ∗ s i n (

Wres1 ∗( t ( nt )−t1 ) )+(Vo+Vx_t1) ;
146 V_AX( nt )=V_A( nt )−vx ( nt ) ;
147 e l s e i f t ( nt ) > t2 && t ( nt ) <= t3 %mode 3
148 vx ( nt )=(Vo+VFM+Vx_t1) ∗ cos ( Wres2 ∗( t ( nt )−t2 ) )+(I_L_t2 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2

∗( t ( nt )−t2 ) )−(Vo+VFM) ;
149 v_Lr( nt )=−(Vo+VFM+Vx_t1) ∗ cos ( Wres2 ∗( t ( nt )−t2 ) )−(I_L_t2 /(2∗C∗Wres2 ) ) ∗ s i n (

Wres2 ∗( t ( nt )−t2 ) ) ;
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150 i_Lr ( nt )=−(2∗C∗Wres2 ) ∗(Vo+VFM+Vx_t1) ∗ s i n ( Wres2 ∗( t ( nt )−t2 ) )+I_L_t2∗ cos (
Wres2 ∗( t ( nt )−t2 ) ) ;

151 vp ( nt )=Vo ;
152 vs ( nt )=Vo ;
153 iM3 ( nt )=i_Lr ( nt ) ;
154 iM4 ( nt ) =0;
155 V_A( nt )=−VFM;
156 V_AX( nt )=V_A( nt )−vx ( nt ) ;
157 e l s e i f t ( nt ) > t3 && t ( nt ) <= t4 %mode 4
158 vx ( nt )=(Vo+Vx_t3) ∗ cos ( Wres2 ∗( t ( nt )−t3 ) )+(I_L_t3 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2 ∗( t (

nt )−t3 ) )−Vo ;
159 v_Lr( nt )=−(Vo+Vx_t3) ∗ cos ( Wres2 ∗( t ( nt )−t3 ) )−(I_L_t3 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2

∗( t ( nt )−t3 ) ) ;
160 i_Lr ( nt )=−(2∗C∗Wres2 ) ∗(Vo+Vx_t3) ∗ s i n ( Wres2 ∗( t ( nt )−t3 ) )+I_L_t3∗ cos ( Wres2 ∗( t

( nt )−t3 ) ) ;
161 vp ( nt )=Vo ;
162 vs ( nt )=Vo ;
163 iM3 ( nt )=i_Lr ( nt ) ;
164 iM4 ( nt ) =0;
165 V_A( nt ) =0;
166 V_AX( nt )=V_A( nt )−vx ( nt ) ;
167 e l s e i f t ( nt ) > t4 && t ( nt ) <= t5_prim %mode 5 & 6
168 vx ( nt )=Vx_t4 ;
169 v_Lr( nt )=−(Vo+Vx_t4) ∗ cos ( Wres3 ∗( t ( nt )−t4 ) ) ;
170 i_Lr ( nt )=−(Cs∗Wres3 ) ∗(Vo+Vx_t4) ∗ s i n ( Wres3 ∗( t ( nt )−t4 ) ) ;
171 vp ( nt )=(Vo+Vx_t4) ∗ cos ( Wres3 ∗( t ( nt )−t4 ) )−Vx_t4 ;
172 vs ( nt )=Vo ;
173 iM3 ( nt )=i_Lr ( nt ) /2 ;
174 iM4 ( nt )=i_Lr ( nt ) /2 ;
175 V_A( nt ) =0;
176 V_AX( nt )=V_A( nt )−vx ( nt ) ;
177 e l s e i f t ( nt ) > t5_prim && t ( nt ) <= t5 %mode 5 & 6
178 vx ( nt )=−(Vo+2∗VFM−Vx_t4) ∗ cos ( Wres2 ∗( t ( nt )−t5_prim ) )+(I_L_t5_prim /(2∗C∗

Wres2 ) ) ∗ s i n ( Wres2 ∗( t ( nt )−t5_prim ) )+(Vo+2∗VFM) ;
179 v_Lr( nt )=(Vo+2∗VFM−Vx_t4) ∗ cos ( Wres2 ∗( t ( nt )−t5_prim ) )−(I_L_t5_prim /(2∗C∗

Wres2 ) ) ∗ s i n ( Wres2 ∗( t ( nt )−t5_prim ) ) ;
180 i_Lr ( nt ) =(2∗C∗Wres2 ) ∗(Vo+2∗VFM−Vx_t4) ∗ s i n ( Wres2 ∗( t ( nt )−t5_prim ) )+

I_L_t5_prim∗ cos ( Wres2 ∗( t ( nt )−t5_prim ) ) ;
181 vp ( nt )=−Vo−2∗VFM;
182 vs ( nt )=Vo ;
183 iM3 ( nt ) =0;
184 iM4 ( nt )=i_Lr ( nt ) ;
185 V_A( nt ) =0;
186 V_AX( nt )=V_A( nt )−vx ( nt ) ;
187 e l s e i f t ( nt ) > t5 && t ( nt ) <= t6 %mode 7
188 vx ( nt )=−(Vo−Vx_t5) ∗ cos ( Wres2 ∗( t ( nt )−t5 ) )+(I_L_t5 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2 ∗( t

( nt )−t5 ) )+Vo ;
189 v_Lr( nt )=(Vo−Vx_t5) ∗ cos ( Wres2 ∗( t ( nt )−t5 ) )−(I_L_t5 /(2∗C∗Wres2 ) ) ∗ s i n ( Wres2 ∗(

t ( nt )−t5 ) ) ;
190 i_Lr ( nt ) =(2∗C∗Wres2 ) ∗(Vo−Vx_t5) ∗ s i n ( Wres2 ∗( t ( nt )−t5 ) )+I_L_t5∗ cos ( Wres2 ∗( t (

nt )−t5 ) ) ;
191 vp ( nt )=−Vo ;
192 vs ( nt )=Vo ;
193 iM3 ( nt ) =0;
194 iM4 ( nt )=i_Lr ( nt ) ;
195 V_A( nt ) =0;
196 V_AX( nt )=V_A( nt )−vx ( nt ) ;
197 e l s e i f t ( nt ) > t6 && t ( nt ) <= t7 %mode 8
198 vx ( nt )=Vx_t6 ;
199 v_Lr( nt )=−(−Vo+Vx_t6) ∗ cos ( Wres1 ∗( t ( nt )−t6 ) )−(I_L_t6 /(2∗Cs∗Wres1 ) ) ∗ s i n (

Wres1 ∗( t ( nt )−t6 ) ) ;
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200 i_Lr ( nt )=−(2∗Cs∗Wres1 ) ∗(−Vo+Vx_t6) ∗ s i n ( Wres1 ∗( t ( nt )−t6 ) )+I_L_t6∗ cos ( Wres1
∗( t ( nt )−t6 ) ) ;

201 vp ( nt )=−Vo ;
202 vs ( nt )=Vo ;
203 iM3 ( nt ) =0;
204 iM4 ( nt )=i_Lr ( nt ) ;
205 V_A( nt )=−(−Vo+Vx_t6) ∗ cos ( Wres1 ∗( t ( nt )−t6 ) )−(I_L_t6 /(2∗Cs∗Wres1 ) ) ∗ s i n ( Wres1

∗( t ( nt )−t6 ) )+(−Vo+Vx_t6) ;
206 V_AX( nt )=V_A( nt )−vx ( nt ) ;
207 e l s e i f t ( nt ) > t7 && t ( nt ) <= Tsw %mode 9
208 vx ( nt )=−(Vin+VFM+Vo−Vx_t7) ∗ cos ( Wres2 ∗( t ( nt )−t7 ) )+(I_L_t7 /(2∗C) ) ∗(1/ Wres2 ) ∗

s i n ( Wres2 ∗( t ( nt )−t7 ) )+(Vin+VFM+Vo) ;
209 v_Lr( nt )=(Vin+VFM+Vo−Vx_t7) ∗ cos ( Wres2 ∗( t ( nt )−t7 ) )−(I_L_t7 /(2∗C) ) ∗(1/ Wres2 )

∗ s i n ( Wres2 ∗( t ( nt )−t7 ) ) ;
210 i_Lr ( nt ) =(2∗C∗Wres2 ) ∗( Vin+VFM+Vo−Vx_t7) ∗ s i n ( Wres2 ∗( t ( nt )−t7 ) )+I_L_t7∗ cos (

Wres2 ∗( t ( nt )−t7 ) ) ;
211 vp ( nt )=−Vo ;
212 vs ( nt )=Vo ;
213 iM3 ( nt ) =0;
214 iM4 ( nt )=i_Lr ( nt ) ;
215 V_A( nt )=Vin+VFM;
216 V_AX( nt )=V_A( nt )−vx ( nt ) ;
217 e l s e
218 vx ( nt ) =0;
219 v_Lr( nt ) =0;
220 i_Lr ( nt ) =0;
221 vp ( nt ) =0;
222 vs ( nt ) =0;
223 iM3 ( nt )=i_Lr ( nt ) ;
224 iM4 ( nt )=i_Lr ( nt ) ;
225 end
226 end
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