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Abstract

The demand for electric vehicles has expanded rapidly for both industrial and transportation

applications. In parallel, new battery technologies have been introduced which are capable of

deep-discharge and powering electric vehicles for long periods of time. Due to the increasing

complexity of charging algorithms, battery chargers are exposed to demanding operating

requirements. In battery charger applications, power converters should not only regulate the

battery voltage and power over a wide range, all the way from complete discharge up to

the charged floating voltage, but also respond to the input voltage variation period. It is

also important to work at high efficiency and with low switching noise and charging current

ripple.

This work studies different problems regarding DC-DC power converters with wide voltage

regulation as battery chargers, and investigates the application of novel high-order resonant

power converters (fourth and fifth-order) and modulation strategies at various power levels.

As a solution for high power applications, this work first introduces a modified full bridge

LLC resonant power converter driven by both variable frequency and phase shift modulation.

The proposed modulation strategy along with the modified resonant circuit exhibits excellent

performance for a 3kW resonant power converter, without taking advantage of burst mode

strategy. The second part of this work introduces a novel fifth-order L3C2 resonant converter

for medium power level applications, that can regulate the battery voltage from near zero

output voltage, zero output current to maximum output power. A 950W design example

demonstrates a wide output voltage regulation with maximum efficiency of 96%. Finally,
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Abstract

a fourth order L3C resonant converter is proposed for electric vehicles with roof-top solar

photovoltaic panels, which can not only regulate the battery voltage in a wide range, but also

track the input voltage variation for extracting the maximum available power from the PV

panel. All results from this work have been confirmed experimentally, which highlight the

exceptional regulation capability of the proposed resonant power converters and modulation

techniques.
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Chapter 1

Introduction1

1.1 Motivation

In the past decade, the use of electric vehicles (EVs) has increased rapidly, creating a tangible

alternative to offset greenhouse gas emissions. Also, mounting photovoltaic (PV) panels on

the roofs of electric vehicles (EVs) is an exciting new opportunity to extend the range and

reduce the charge time of EVs during daylight [8–16]. EVs are propelled by electric motors,

which are powered by rechargeable batteries as the source of energy. Fig. 1.1(a) presents a

pure EV with a power cord and roof-top PV panel as possible input energy sources. Also,

Fig. 1.1(b) shows the general power conditioning block diagram of the pure EV, which

includes a Power Factor Correction (PFC) along with an isolated DC-DC power converter

from a universal AC input source to the battery pack, and another isolated DC-DC power

converter from the PV source to the battery pack. DC-DC Power converters are among the

most important parts of EVs, which need to get the power from input DC buses (either

PFC circuit, or PV panel output) , and store it in a rechargeable battery pack. There

are different types of rechargeable battery packs on the market (Li-Ion, Lead-Acid, NiMH,

etc.) which are used for energy storage in EVs [17–23]. Using batteries for energy storage

imposes challenging design constraints for chargers, due to the different operating modes of

the battery, including constant current, constant voltage, constant power, no-load condition,

1Portions of this chapter have been modified from [1–7]
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Figure 1.1: (a) Pure Electric Vehicle with roof-top PV panel with possible input sources ( 1⃝
indicates the main input source of EV from AC source outlet, and 2⃝ indicates the power
from a solar PV panel, which can provide up to several hundred watts (e.g. 400W ) power.),
(b) the general block diagram of battery chargers, which are employed to transfer the power
from two input sources to a rechargeable battery pack in a pure EV with a roof-top PV panel.

and revitalization. According to Fig. 1.2(a), the Lead-Acid battery charging profile includes

three main phases: Bulk (max charging current), Absorption (constant voltage), and Finish

(a limited current to offset the internal soft discharge). During the Bulk phase, the battery

is less than fully charged and the maximum charging current is provided while monitoring

the battery voltage. In the Absorption mode, the charger increases the battery voltage to

Absorption voltage, which is typically specified by the battery manufacturer. At this point,

the battery has been charged to between 70% and 90% of its capacity and the remainder is

filled with the slower topping charge that occurs during Absorption phase. Under certain

circumstances, voltage cells in a battery pack can be different (out of balance). In this

case, an overcharge mode is performed to equalize the voltage of the cells in a battery pack.

According to Fig. 1.2(a), the most difficult charging cycle occurs when the battery pack has
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Figure 1.2: (a) Charging cycle profile for a single Lead-Acid battery including Recovery
Region, (b) Charging cycle profile for a single Lithium-Ion battery cell, (c) Desired V-I plane
for a universal battery charger (e.g. 960W battery charger). The gray area highlights V-I
plane regulation issues of current state-of-the art technologies.

been discharged completely owing to either over-discharging or extended storage time. In this

situation, the voltage of the battery pack drops into the dead-zone, close to zero volts per cell

(Recovery Region) [21, 24–26]. Fig. 1.2(b) shows that the Li-Ion battery has two different

modes in its charging profile, which are constant current and constant voltage mode. During

3



1.1. Motivation

constant current operation, the voltage of each cell is near its maximum (around 4V/cell)

and therefore the battery charger is working around its maximum output power. In the

constant voltage stage, the cell voltage are maintained at the maximum until the charging

current gradually declines below a set threshold of the maximum current. Moreover, a trickle

charging stage before the constant current stage is necessary for deeply depleted cells [27–

30]. For the industrial-grade charger manufacturing, it is preferable to design and fabricate

universal battery chargers to support different types of batteries. Combining the charging

profiles presented in Fig. 1.2(a) and (b) leads to a general V-I plane, presented in Fig. 1.2(c)

that is essential to consider in a universal battery charger design [31, 32]. According to Fig.

1.2(c), the battery charger should not only work in different load conditions, from absolutely

zero to maximum output current, but also regulate the output voltage from near zero up to

1.5 times the nominal voltage. Moreover, the DC-DC stage related to the PV panel needs to

track the input voltage variation to get maximum power from the PV panel.

This work will review critical problems for extreme regulation that have been observed

in existing battery chargers. For an extreme regulation, chargers should not only work

under different loading conditions (from absolutely zero to maximum output current) but

also regulate a wide output voltage range (from near zero to 1.5 times nominal voltage). Fig.

1.2(c) presents an example of output voltage-current plane, which has to be supported by

a battery charger. According to Fig. 1.2(c), the nominal output voltage and current are

96V DC and 10ADC, and depending on the state of charge, the charger has to regulate the

battery voltage from near zero to 144VDC (far beyond its normal operating condition). In this

work, different problems regarding the current state-of-the art topologies for DC-DC power

converters are studied in detail, including soft switching (defined in Appendix B) restriction

in the PWM full bridge topology, the parasitic capacitance drawback on the voltage gain of

the LLC resonant converter, and burst mode modulation issues for the extreme regulation.

The current state-of-the art topologies are not able to regulate the output in a low voltage
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and current range (represented by the gray area in Fig. 1.2(c)) in the continuous conduction

mode so the burst mode strategy is applied for extreme regulation, which leads to a high

ripple charging current. Fig. 1.3 illustrates the principle operation of the burst mode along

with main waveforms of the full bridge converter. According to Fig. 1.3, in burst mode, the

gate signals are turned on and off periodically with an intermittent cycle much lower than the

converter switching frequency(several kHz as the burst frequency in comparison with several

hundred kHz for the power converter). In fact, the converter operates in discontinuous

conduction mode and transfers pockets of energy to the output side.

The contribution of this work is based on novel DC-DC resonant converter topologies and
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5



1.2. Literature Review

modulation methods that are capable of extreme regulation and responding to various states

of battery charge (all points in the V-I plane presented in Fig. 1.2(c)). The objective is to

propose new battery charger topologies (including modified LLC, L3C2, L3C) that operate

with high efficiency, high power density and smooth charging current, while transferring

energy from fixed or variable DC sources to different battery technologies (e.g. Li-Ion, Lead-

Acid, NiMH). This work proposes a modified fourth-order resonant power converter with

new modulation strategies and a novel fifth order resonant converter as new resonant circuit

topologies, applicable for battery chargers at high and medium power level applications with

fixed DC input voltage (indicated by 1⃝ in Fig. 1.1(b)). Also, a fourth order resonant

converter is introduced as a solution for variable input voltage to battery packs, used for EVs

with a roof-top solar PV panel (indicated by 2⃝ in Fig. 1.1(b)). The proposed solutions will

be investigated theoretically and implemented experimentally in order to prove the accuracy

of the analysis and their performance in battery charger applications.

1.2 Literature Review

There has been interesting research into improving the performance of EVs battery charg-

ers, and it is an active topic in power electronics research today. Common research goals

include how to modify different power converter topologies for wide regulation, or using new

modulation strategies at extreme output regulation with the best achievable efficiency. The

following cited work has been performed in the field of DC-DC power conversion for battery

charging and PV applications, organized by fixed and variable input voltage.

1.2.1 Fixed Input Voltage DC-DC Power Converter

According to Fig. 1.1(b), there are two different power converters from a universal input

source (vAC = 80− 240V RMS) to battery pack, including a Power Factor Correction (PFC)
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circuit and a DC-DC power converter. The PFC circuit is a vital part in the architecture of

a power conditioning circuit, since it gets a sinusoidal current from the main and eliminates

low frequency DC voltage ripple without using a bulky capacitor filter, and produces an

almost fixed DC bus voltage (e.g. Vin = 400V DC) [33–36]. The DC-DC power converter is

the next stage, which is responsible for regulating the battery voltage over a wide range and

responding to various states of battery charge. The combination of PFC and DC-DC power

converter is used as the main path for charging the battery pack, when an AC power source

is available ( 1⃝ in Fig. 1.1(b)). What follows is a list of relevant literature organized by

topology type (PWM and resonant converters) and type of regulation strategy (Burst Mode)

for wide regulation.

Pulse Width Modulation DC-DC Power Converters

Among Pulse Width Modulation topologies, Phase Shift Full Bridge (PSFB) power convert-

ers have attracted more attention than other topologies (e.g. half bridge, push pull, forward)

for battery charger applications, due to their capability to provide soft switching conditions

for semiconductor devices over a wide range of loading conditions. Also, due to the fixed fre-

quency operation of PSFB power converters, the design procedure is straight forward without

any complications. The main reported concerns about the PSFB topology have been ensur-

ing soft-switching operation at light and no-load condition, rectifier voltage peak reduction,

and output voltage regulation extension. The conventional PSFB can regulate the output

voltage widely by increasing the phase shift between two legs (leading and lagging legs), but

a PSFB loses the Zero Voltage Switching (ZVS) condition at light loads and wide output

voltage regulation [37–42]. Several approaches for the PSFB, including symmetric passive

auxiliary circuit, hybrid converters, fixed-variable duty cycle, and self-sustained oscillating

control, have been studied in order to extend the output voltage regulation, while provide

soft switching condition for semi-conductor elements [43–45]. However, extreme regulation
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(regulating the output voltage from zero to 1.5 times of its nominal), which is essential for

battery recovery has not yet been studied for PSFB. Voltage peaks across the output rectifier

diodes is another problem encountered by the conventional PSFB converter and as a result,

diodes with higher blocking voltage have to be selected which leads to more conduction losses

and lower efficiency. Different techniques such as L-C circuits, RCD networks, and active

rectifiers have been presented for the PSFB in order to eliminate the voltage peak across

the output rectifier diodes, but resolving the negative impact on the efficiency and reducing

the number of active and passive circuits still remain as research opportunities [28, 46, 47].

Generally, soft commutation of the output rectifier leads to better selection of the rectifier

diodes, higher efficiency, lower EMI, and higher switching frequency operation.

Resonant Power Converters with Variable Frequency

Resonant power converters are candidates for the design of battery chargers, due to their

capability to produce variable voltage gains in different operating frequencies [48–51]. Also,

resonant topologies offer the potential of achieving soft switching for semiconductor devices

and the possibility of increasing the switching frequency, which leads to a smaller, lighter,

and less costly system. The concept of the soft switching in resonant converters is presented

in Appendix C. Resonant power converters can be employed from low to high power level

applications. Among resonant converter topologies, the LLC topology has become a pop-

ular resonant converter featuring many advantages such as Zero Voltage and Zero Current

Switching (ZVZCS), and the absorption of the transformer parasitics (leakage and magne-

tizing inductances) as resonant elements [52, 52–63]. Theoretically, it is possible to decrease

the output voltage of the LLC resonant converter by increasing the switching frequency in

the inductive region (higher than short circuit resonant frequency). However, the existence

of parasitic capacitances (diode junction, transformer secondary side, and PCB layers) leads

to an undesired oscillation in the secondary side of the transformer and a second resonant

8



1.2. Literature Review

frequency occurs in the voltage gain curves, which is far from the short circuit resonant

frequency [4, 25, 26, 64]. As a result, it is not possible to decrease the output voltage by in-

creasing the switching frequency and, therefore, a maximum switching frequency is assigned

for the converter. After the maximum switching frequency, the voltage gain at no-load or

light-load conditions increases as the switching frequency increases, causing reverse polarity

of the feedback signal and turning negative feedback into positive feedback. This problem is

usually dealt with using a dummy load in the output of the converter. However, in battery

charger applications, employing dummy loads in the output leads to lower efficiency and

battery discharge, which is not acceptable.

Employing Burst Mode Strategy for Wide Regulation

In order to expand the output voltage regulation for battery charger applications, a discon-

tinuous charging mode called burst mode is applied either in PWM or resonant converters.

In this method, the switching driver signals are turned on and off periodically at an inter-

mittent cycle much lower than the converter switching frequency (several kHz in comparison

with several hundred kHz). Generally, burst mode strategy is employed in light and no-

load conditions in order to improve the efficiency and provide extreme voltage regulation

and has proven successful for LED applications [65, 66]. There are several issues as a result

of using this strategy for battery charger applications, such as losing soft switching condi-

tions, introducing high frequency voltage oscillations, and causing battery current ripple and

spikes. Based on the continuous conduction mode (CCM) and burst mode operation tech-

nique (combined variable frequency, 150−450kHz, fixed on time and fixed frequency variable

on time), an LLC resonant converter was designed and implemented as a Lead-Acid battery

charger [31, 32]. Although employing burst mode leads to better regulation, the interaction

between parasitics capacitances (including MOSFET Drain-Source and diodes junction) and

the resonant circuit elements leads to high frequency oscillation during converter off-state and
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produces high EMI noise, which has a negative effect on the Battery Management System

(responsible to provide output voltage and current set points according to battery state of

charge), and leads to an unwanted tripping in recovery mode, interfering with the sensing and

feedback circuit. Moreover, burst current ripple and ripple in general can affect the battery

life cycle. In other words, the cleaner the charging current, the longer the battery’s lifespan.

1.2.2 Variable Input Voltage DC-DC Power Converter

As shown in Fig. 1.1(a), considering a single panel on the rooftop of an EV, the maximum

power capacity is up to several hundred watts, and depending on the solar irradiance and

temperature variation, the Maximum Power Point (MPP) voltage range will change in a

wide range. In this case, on top of wide output voltage regulation and battery state-of-

charge response, the input voltage variation needs to be tracked to get maximum power from

the PV panel. In the following, a list of related literature for low power PV applications (e.g.

400W ) is presented and organized by non-isolated and isolated topology type.

Non-Isolated DC-DC Power Converters for PV Applications

Recently, different studies have been dedicated to developing reliable and efficient non-isolated

power converters for PV applications. Different topologies including buck and boost con-

verter, Cockcraft-Walton multiplier, coupled inductors, switched inductors-capacitors and

Z-converter with capability of high voltage gain have been introduced as the DC-DC sys-

tems for PV to grid applications (boosts a low, variable input voltage of 30 − 50V DC to

a high, fixed output voltage of 380V DC) [67–76]. Realizing a high voltage gain along with

soft switching are the most important criteria for PV applications. The main considerations

of the mentioned non-isolated boost converters are how to boost the input voltage for PV

applications and realizing soft-switching for semiconductor devices. Other important require-

ments include current ripple reduction and voltage stress elimination. Although non-isolated
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power converters can boost the PV voltage and reach high performance, they are not recom-

mended for automotive applications due to a lack of galvanic isolation. According to safety

standards No. UL60950 and UL1741, in order to prevent any high voltage shock path from

battery pack to PV panel, one of the key features of power converters used in automotive

applications is to have at least 4kV galvanic isolation between PV panel and high voltage

battery pack, which dictates using an isolated transformer in the battery charger [77, 78].

Isolated DC-DC Power Converters for PV applications

Among isolated PWM power converter topologies, the most attention has been attracted by

the following converter topologies: flyback, current fed push-pull, z-source converter, and full-

bridge converters. These converters can achieve a high step-up gain from large transformer

turn ratios while tracking the input voltage variation by changing the effective duty cycle

[79–84]. Different improvements such as interleaving and active clamp circuit have been

presented in order to decrease the input current ripple and transfer the maximum input

power to the output with soft switching across the main switches [85–88]. These interesting

converters described above target fixed output voltage, rather than the extreme regulation

scenario of variable PV input voltage and variable battery output voltage. In particular,

storage applications with new battery technologies (e.g., Li-ion) pushes the charger regulation

requirement of the PV converter to unprecedented limits. Insightful research on resonant

converters has been presented in the literature as a single stage or as a part of double stage

approaches for either single-phase chargers or PV applications with fixed output voltage [52–

55, 89–92]. Although all mentioned single stage or double stage resonant power converters

can regulate the output voltage in a wide range or provide maximum power point tracking for

PV applications, their applications for extreme regulation for both input and output sides

still remain as research opportunities. The particular application addressed in this thesis

involves the challenging scenario of extreme input and output voltage regulation from low
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voltage PV (Vpv = 24 − 45V DC) to high variable charging voltage needed in battery packs

(Vbat = 230− 430V DC).

1.3 Contributions of the Work

The goal of this work is to introduce novel resonant power topologies and modulation strate-

gies for battery charger applications. Three novel resonant power converters are proposed

(modified LLC, L3C2, and L3C) with extreme output voltage capability which can not only

respond to various states of battery charge (all points in the V-I plane presented in Fig.

1.2(c)), but also can operate in soft switching conditions which leads to a smaller, lighter,

and less costly system. The proposed novel and original resonant power converters for battery

charger applications are as follows:

• A modified full bridge LLC resonant converter is proposed for high power applications,

which is a successful solution to achieve all the regulation requirements for battery

charging in different states of charge. The proposed solution can eliminate the negative

impact of burst mode on the Battery Management System, provide a ripple-free charg-

ing current for batteries in different states of charge, reduce the switching frequency

variation, and facilitate the EMI filter and magnetic components designs procedure.

• Due to the popularity of employing half bridge inverters for medium power applica-

tions (cost effective in comparison with full bridge inverters), a multi-resonant L3C2

resonant converter is proposed that can cover nearly all of the regions in the battery

V-I plane without employing the burst mode strategy. The topology is able to extend

the operating frequency beyond the LLC topology and achieve significant regulation

improvements. Near ripple-free charging current for battery charging is achieved in

different states of charge, effectively increasing the battery life cycle. In addition, soft
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transitions are obtained for all the switches (MOSFETs and diodes) resulting in high

efficiency, reliability, power density, and low-noise operation of the charger.

• Because of extremely wide regulation requirements in solar battery charger applications,

an original fourth-order L3C resonant converter is proposed for EVs with roof-top PV

panels which can not only regulate the output voltage in a wide range, but also track

the input voltage variation for extracting the maximum available power from PV panels

using switching frequency modulation. The proposed isolated L3C resonant converter

can provide soft transitions for all switches (MOSFETs and diodes). Moreover, due

to the high-amplitude, high-frequency current in the primary side of the transformer,

the elimination of the series resonant capacitor in the proposed topology facilitates the

design and component selection.

In the area of DC-DC power converters for battery charger applications, this work makes

great steps through the proposed high order resonant power topologies and modulation strate-

gies for battery charger applications.

1.4 Dissertation Outline

This work is organized in the following manner:

• In Chapter 2, primary and secondary leakage inductances of the high frequency trans-

former are considered separately in order to examine the effect of secondary leakage

inductance on the output voltage regulation of the LLC resonant converter. Next,

a fixed-frequency Phase Shift (PS) approach is applied to a high power full-bridge

topology, while the soft switching condition is studied. Using modified steady state

equations, a 3kW power converter is designed and implemented for battery charger

applications. The experimental results extracted from the power platform prove that

13
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the proposed LLC tank and modulation strategy can effectively increase the range

of output voltage regulation from no-load to full-load conditions without employing

detrimental burst mode.

• In Chapter 3, a detailed analysis is presented to study and compare the L3C2 and LCC

topology. The complete analysis of the L3C2 resonant converter with consideration of

transformer primary and secondary leakage inductances, transformer secondary winding

capacitance, and output rectifier junction capacitances is obtained. Using the analytical

equations extracted from L3C2 and LLC resonant circuits, two power converters are

designed, simulated, implemented, and compared as a 96V DC, 950W battery charger.

The results prove the L3C2 resonant converter covers almost all regions in the V-I plane

and can be employed as a wide voltage regulator for battery charger applications.

• In Chapter 4, the general equations for solar PV panels will be extracted and employed

to determine the variation of power-voltage characteristics of a specific PV module ver-

sus irradiance and temperature variations. Then, the complete analysis of the L3C res-

onant converter is obtained. Using the analytical equations extracted for fourth-order

L3C resonant circuits, a 350W DC-DC power converter is designed and implemented.

Finally, experimental results are presented to demonstrate the circuit performance and

to prove the feasibility of the converter. The results show the L3C resonant converter

can respond to all MPP, while regulating the output voltage in a wide range.

• Chapter 5 contains the relevant conclusions, contributions, and planned areas of future

work. The work contributed significantly to the resonant power converter topologies

for battery charger applications, which is highlighted in nine relevant publications in

IEEE Transactions journals and international conferences papers.
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Chapter 2

Burst Mode Elimination in High

Power LLC Resonant Battery

Chargers2

The softly-switched LLC resonant converter is one of the resonant topologies that has recently

been employed for charger applications due to its ability to handle high power and produce

variable voltage gains in different operating frequencies while providing soft switching for

all semiconductor devices [27, 29, 55, 56, 66, 93–97]. Theoretically, this topology allows

the output voltage to be decreased by increasing the switching frequency. However, the

existence of parasitic capacitances (diode junction, transformer secondary side, and PCB

layers) leads to undesired oscillation in the secondary side of the transformer and limits the

maximum switching frequency [4, 25, 26, 64]. Fig. 2.1(a) presents the full bridge inverter

based on MOSFET switches and the LLC resonant circuit schematic along with parasitic

elements. Fig. 2.1(b) shows the normalized voltage gains of the LLC resonant converter

compared to frequency, with and without consideration of the parasitic capacitance effect

on the transformer secondary side. According to this figure, the capacitive effects on the

secondary side of the transformer (diode junction, transformer secondary side, and PCB

layers), are generally small so their impact is only observed in light and no-load conditions.

2Portions of this chapter have been published in [1, 2]
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Figure 2.1: (a) Full bridge LLC resonant converter schematic and the parasitic capacitances
1⃝, (b) The effect of the parasitics capacitors on the voltage gain curves 2⃝, LLC voltage
gain issues 3⃝, (c) LLC V-I plane highlighting regulation issues, and (d) burst mode and
its issues: High frequency oscillation due to the interaction between parasitic capacitances
(MOSFET Drain-Source and diodes junction) and the resonant circuit 4⃝, battery charging
current ripple 5⃝.
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These parasitic capacitances lead to a second resonant frequency in the voltage gain curves,

which is far from the short circuit resonant frequency (fr,sc). In an ideal case, it is desirable to

have the voltage gain presented by solid lines in Fig. 2.1(b), which leads to a negative slope for

all voltage gains versus frequency (increasing the switching frequency leads to decreasing the

output voltage); but, in the practice, after the maximum switching frequency, the voltage gain

at no-load or light-load conditions (e.g. blue and purple curves) increases as the switching

frequency increases, causing reverse polarity of the feedback signal and turning negative

feedback into positive feedback. It means that after the maximum switching frequency labeled

as fs,max, the voltage gain at light-load and no-load conditions starts to increase. This

problem is usually dealt with using a dummy load in the output of the converter. However,

in battery charger applications, employing dummy loads in the output leads to the battery

slowly discharging, which is not acceptable. Fig. 2.1(c) illustrates the maximum VI-plane

coverage of the LLC resonant converter in continuous conduction mode [26]. The red dashed

region in Fig. 2.1(c) indicates the unobtainable area in the V-I plane, where the switching

frequency restriction leads to the regulation issue for the LLC resonant converter. In order to

cover the red dashed region presented in Fig. 2.1(c), the burst mode strategy can be employed

[65, 66]. Generally, a burst mode strategy is employed in light and no-load conditions in order

to provide wide output voltage regulation and has proven successful for LED applications.

Fig. 2.1(d) illustrates the principle operation of burst mode along with resonant converter

waveforms. According to this figure, in burst mode, the gate signals are turned-on and off

periodically with an intermittent cycle much lower than the converter switching frequency. In

fact, the converter operates in discontinuous conduction mode, and transfers pockets of energy

to the output side. Although employing burst mode leads to better regulation, the interaction

between parasitics capacitances (including MOSFET Drain-Source and diodes junction) and

the resonant circuit elements leads to high frequency oscillations during converter off-state

and produces high EMI noise, which has a negative effect on Battery Management Systems
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and leads to unwanted tripping in recovery mode, interfering with the sensing and feedback

circuit. Moreover, burst current ripple and ripple in general can affect the battery life cycle.

In other words, the cleaner the charging current, the longer the battery’s lifespan [25]. Fig.

2.1(d) shows the ripple and ringing issues introduced by burst operating mode in battery

chargers.

In this chapter, a modified LLC resonant converter is investigated for extreme regula-

tion. This resonant circuit driven by both Variable Frequency (VF) and Phase Shift (PS)

proves to be a successful solution to achieve all the regulation requirements for high power

battery charger applications (from recovery, bulk, equalization, to finish). In particular, the

performance in the recovery region allows the elimination of burst mode, resulting in a sig-

nificant practical advancement for high efficiency battery chargers. The proposed LLC tank

and modulation strategy is applied to a high power full-bridge topology, which is able to

regulate the output voltage from close to zero to 1.5 times the nominal output voltage under

different output load conditions. The ability of the full bridge LLC resonant converter to

operate with soft-switching transitions (in all operating regions) without employing burst

mode operation, provides a noise free environment for all auxiliary circuits, and effectively

increases the performance of the battery charger (providing charging current without any rip-

ple or spike). Moreover, this converter provides almost ripple-free charging current in order

to charge batteries in different states of charge, which can increase battery lifespan. Fur-

thermore, the proposed modulation strategy leads to a limited switching frequency variation

of the LLC resonant converter; as a result the selection of magnetic parts (including high

frequency transformers, and resonant inductors), control circuit, and semiconductor devices

are facilitated. In this chapter, the complete analysis of the LLC resonant converter with

consideration of transformer primary and secondary leakage inductances is obtained. Next,

Design of Experiment (DoE) is employed in order to optimize the design procedure of the

battery charger [98]. Later, a complete set of simulation and experimental results, extracted
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2.1. Secondary Leakage Inductance Effect on Wide Regulation

from a 3kW resonant converter is presented in order to show that the proposed LLC tank

and modulation strategy can effectively increase the range of output voltage regulation from

no-load to full-load conditions without employing detrimental burst mode.

2.1 Secondary Leakage Inductance Effect on Wide

Regulation

The principle and operation modes of the LLC resonant converter with a non-ideal trans-

former have been discussed in many papers. Typically, the literature replaces the high

frequency transformer with a second order model, which incorporates effective leakage induc-

tance along with magnetizing inductance, and employs an AC equivalent circuit for steady

state analysis [48, 99–102]. Due to the existence of leakage inductance not only in the pri-

mary side, but also in the secondary side, a virtual voltage gain should be introduced, which

presents the effect of secondary leakage inductance on the LLC voltage gain [103, 104]. How-

ever, failing to consider the leakage inductance in the transformer’s secondary side in the

equivalent AC circuits, results in incorrect steady state equations for the input impedance

phase and input resonant circuit current, which are essential for wide regulation, soft switch-

ing, and high efficiency power converter design procedure. In the following, primary and

secondary leakage inductances of the transformer are considered separately in order to exam-

ine the effect of secondary leakage inductance on the output voltage regulation and obtain a

more accurate steady-state analysis.

The complete schematic of the LLC resonant converter with a non-ideal transformer

has been presented in Fig. 2.2. According to this figure, the non-ideal transformer has

been replaced by a fourth order model equivalent circuit [105, 106]. The secondary leakage

inductance and the magnetizing inductance of the transformer are considered Ls2 and Lp,
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Figure 2.2: Full bridge LLC resonant converter schematic along with parasitic elements
(including MOSFET Drain-Source capacitances, transformer elements, and output rectifier
diodes junction capacitances). 1⃝ indicates that the parasitic capacitances in the secondary
side of the circuit causes unwanted oscillation and the regulation issue for the LLC reso-
nant converter. 2⃝ indicates MOSFETs Drain-Source effective capacitances that should be
discharged completely during dead time intervals.

respectively. The primary leakage inductance is absorbed by the external resonant induc-

tor and is a part of Ls1 . In this work the equivalent capacitor on the secondary side of

the transformer (including diode junction, transformer secondary side, and PCB layers) has

been estimated and measured to be around 300pF after selecting the output rectifier diodes

and fabricating the transformer. For the output rectifier diodes, the capacitance is extracted

from the data sheet, but for the transformer and PCB it is necessary to use the impedance

analyzer and the RLC meter respectively. According to Fig. 2.1(b), this amount of equiva-

lent parasitic capacitances can make a difference just in light and no-load conditions. Due

to the designing the LLC resonant converter in nominal operating point (nominal output

voltage and maximum output current), the effect of this parasitic capacitances is negligi-

ble and considering this parasitic capacitances in the steady state procedure just results in

too complicated equations without any advantage. Also, the MOSFETs Drain-Source ca-

pacitances can only affect the inverter transient behaviour and does not participate in the

resonant circuit steady state analysis. Fig. 2.3(a) demonstrates three main parts of the LLC

resonant converter, namely, the full bridge inverter, resonant circuit, and output rectifier.
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Fig. 2.3(b) shows the AC equivalent circuit of the modified LLC resonant converter with

separated primary and secondary leakage inductances. Note that other parasitic inductances

in both primary and secondary side of the transformer are integrated in Ls1 and Ls2 (e.g.

PCB traces, transformer connection, diodes pins). In this figure, the variables and elements

are transferred to the primary side of the transformer (without an apostrophe). The steady-

state analysis of the resonant converter can be carried out by using this AC equivalent circuit

and First Harmonic Approximation (FHA) analysis [48]. According to Fig. 2.3(b), the input

impedance of the resonant circuit is obtained as follows:

Zin(jωs) =
1

jωsCs
+ jωsLs1 + (jωsLp)||(jωsLs2 +Req) (2.1)

The following normalized parameters are introduced for the resonant circuit.
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QL =
RL

Z0

, Z0 =

√
Ls1
Cs

, ω0 =
1√
Ls1Cs

,

ωn =
ωs
ω0

, Ls =
Ls1
Ls2

, Ln =
Ls1
Lp

(2.2)

Considering (2.1) and (2.2), the normalized input impedance can be expressed as:

Zin(jωn)

Z0
= (jωn +

1

jωn
) +

jωn

Ln
( jωn

Ls
+QL)

jωn

Ln
+ jωn

Ls
+QL

=

∣∣∣∣Zin(jωn)

Z0

∣∣∣∣ ejφ (2.3)

In the above equation, φ indicates the phase of the input impedance and should be positive

in all operating conditions to provide turn on Zero Voltage Switching (ZVS) conditions for

power MOSFETs. Operation in this mode is recommended for practical applications [48].

In the LLC resonant converter with selected Ln and Ls, there is a resonant frequency fr for

each constant value of QL which is defined as the boundary condition between capacitive

and inductive regions and occurs at the peak of the voltage gain curves. The minimum and

maximum range of fr versus QL variation is located between open circuit and short circuit

resonant frequency respectively. Fig. 2.4(a) and 2.4(b) shows the AC equivalent circuit of

the LLC resonant converter in output short circuit and open circuit conditions respectively.

The normalized input impedance and resonant frequency in the conditions described are

calculated as follows:
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Zin,sc(jωn)

Z0

=
1− (1 + 1

Ln+Ls
)ω2

n

j( 1
Ln

+ 1
Ls
)ωn

, ωn,sc =
1√

1 + 1
Ln+Ls

(2.4)

Zin,oc(jωn)

Z0

=
1

jωn
+ jωn(1 +

1

Ln
), ωn,oc =

1√
1 + 1

Ln

(2.5)

According to (2.4), short circuit resonant frequency depends on Ls, and for a non-ideal

transformer with a secondary leakage inductance the short circuit resonant frequency is al-

ways less than unity. By setting the input impedance phase equal to zero, the normalized

resonant frequency can be obtained, which is presented in (2.6).

ωr
ω0

=

√
A+

√
B

C
,

A = (Ln + Ls)
2 + (1 + Ln)LnL

2
sQ

2
L,

B = (−(Ln + Ls)
2 + (1 + Ln)LnL

2
sQ

2
L)

2 + 4L2
nL

2
sQ

2
L((Ln + Ls)

2 + Ln + Ls),

C = 2((Ln + Ls)
2 + Ln + Ls)

(2.6)

Fig. 2.5 shows ωr

ω0
versus loaded quality factor for Ln = 1 and different constant values of

Ls. According to Fig. 2.5, a low value of Ls (existence of the secondary leakage inductance)

leads to a narrow range of resonant frequency variation, when loaded quality factor variation is

between zero (short circuit) and infinite (no-load condition). The existence of the secondary

leakage inductance in the LLC resonant converter puts the short circuit and open circuit

resonant frequency close to each other, which leads to steeper voltage gain curves (higher

negative slope) and better output voltage regulation with less switching frequency variation.

By increasing the switching frequency, the voltage gain curves decrease faster when the
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secondary leakage inductance exists. This finding is particularly important to achieve extreme

regulation for battery charger applications while keeping a limited frequency range.

In order to figure out the voltage transfer function, it is necessary to calculate the voltage

gain of each part of the LLC resonant converter. According to Fig. 2.3(a), the voltage

transfer function of the LLC resonant converter is a product of three parts of the block

diagram. In the VF method, the fundamental component of full bridge output voltage can

be expressed as:

vAB1(t) =
4Vin
π

sinωst (2.7)

Also the voltage transfer function and AC equivalent resistance of the current-driven

rectifier in continuous conduction mode of the output rectifier is obtained as:

MvR =
π

2
√
2
and Req =

8n2

π2
R′
L (2.8)

By using KVL and KCL rules and (2.2), the voltage transfer function of the resonant
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circuit is:

Mvr =

∣∣∣∣ jωnQLLs
QLLnLs + jωn(Ln + Ls)

∣∣∣∣ 1

|Zin(jωn)|
(2.9)

and finally, the voltage transfer function of the full bridge LLC resonant converter is:

Mv =
Vout
Vin

=Mvs .Mvr .MvR =
2
√
2

π
.Mvr .

π

2
√
2
=Mvr (2.10)

The amplitude of the input resonant circuit current (switches current) in VF mode is

obtained using (2.3) and (2.7) is:

|ILs1
| = 4Vin

π|Zin(jωn)|
(2.11)

Equations (2.3), (2.7), (2.9), and (2.11) will be used in order to design a high power LLC

resonant converter with wide output voltage regulation.

2.2 Soft Switching in Fixed Frequency Phase Shift

Approach

In order to provide a low-noise environment for the control circuits, it is vital to achieve soft

switching conditions for all semi-conductor elements in different output load conditions. In

VF mode, the LLC resonant converter should be designed in the inductive region, while in

Fixed Frequency Phase Shift (FFPS) approach, not only the zero crossings of the resonant

current must be within the full-bridge output voltage pulse, but also the resonant current

should charge and discharge the MOSFETs Drain-Source capacitances [107, 108]. This means

the energy stored in the resonant circuit should be enough to charge and discharge the Drain-

Source effective capacitances within the dead time interval (Fig. 2.2). In this section, the
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minimum essential circulating current for achieving soft switching conditions in maximum

phase shift will be obtained. In the FHA technique, the resonant circuit is considered a

low pass filter with nearly sinusoidal current waveforms in its input port. This means the

power is transferred from the high frequency inverter to the load via fundamental harmonic

of vAB(t), which is correct when the switching frequency is tuned too close to the circuit

resonant frequency. But this assumption is not valid when the switching frequency is far from

the resonant frequency. Moreover, the phase shift strategy, which happens in the maximum

switching frequency for wide regulation, leads to amplitude variations of the square waveform

harmonics. The Fourier series expansion of the square waveform with the amplitude of ±Vin

and variable duty cycle D is expressed as:

vAB(t) =
Vin
π

∞∑
n=1

1− (−1)n

n
(cosnπ(

1−D

2
)− cosnπ(

1 +D

2
))sin(nωt) (2.12)

According to (2.12), the square waveform consists only of components of odd-integer
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mode.

harmonic frequencies, which can be considered as different excitations applied to the input

port of the LLC resonant converter. Fig. 2.6 shows the amplitude of the square waveform

harmonics versus duty cycle. Due to the negligible effect of higher harmonics on the steady

state behavior of the circuit, only harmonics up to the fifth order are considered. Fig. 2.7

shows the key waveforms of the LLC resonant converter in FFPS mode. Due to the effect

of higher harmonics on the resonant converter waveforms at maximum switching frequency,

the resonant current is neither sinusoidal nor triangular. In this case, the amplitude of the
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resonant circuit input current can be determined by:

iLs1(t) =
∑

k=1,3,5

vAB(t)

Zin(jkωn)
= I1Ls1sin(ωt+ φ1)+

I3Ls1sin(3ωt+ φ3) + I5Ls1sin(5ωt+ φ5)

(2.13)

To achieve minimum output current in short circuit conditions, the maximum phase shift

is required. In this case, the minimum circulating current exists in the resonant circuit, and

the phase angle of all harmonics in (2.13) is equal to 90◦. Therefore, the minimum resonant

current amplitude is obtained as follows:

ILs1
= I1Ls1 − I3Ls1 + I5Ls1 (2.14)

Fig. 2.7 shows the resonant current waveforms along with its different harmonics (1st,

3rd, and 5th) in phase shift mode. In the full bridge inverter and during the dead time

interval, the resonant current should charge and discharge two Drain-Source capacitances.

Therefore the minimum resonant circuit current is defined as follows:

| ILs1 | ≥ 2CDS
Vin
tD

(2.15)

As demonstrated by the analysis and equations (2.14)-(2.15), the LLC resonant tank

driven by FFPS should be designed to provide the minimum circulating current required

to achieve soft switching transitions (to discharge the Drain-Source effective capacitance of

the MOSFETs). The minimum circulating current depends on the selected MOSFET output

equivalent capacitance (energy related Coss,er), the minimum dead time, and the input voltage

level.
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2.3 Design of Experiment Methodology (DoE)

In this section, the Design of Experiment (DoE) methodology is employed to consider the be-

haviour of the LLC resonant converter when responding to variations in different normalized

parameters [98]. This methodology provides a systematic approach for applying statistics to

experimentation in order to achieve efficient and accurate results. In other words, it is used to

find cause-and-effect relationships between input variables and output results, by employing

output response surfaces. There are many advantages to using this modeling process: it is

quick, practical, and easy to employ [109, 110]. Due to the battery charger application, the

main objective of the design procedure is to obtain a special LLC resonant tank to provide

maximum output voltage regulation, while minimizing circulating current in part load condi-

tions and providing soft switching conditions (in both VF and FFPS mode). The mentioned

methodology can be employed to consider the behaviour of the LLC resonant converter when

responding to variations in different normalized parameters of the LLC resonant converter,

including Ln, Ls, and QL. The output response surfaces have been selected based on the

most important attributes for a battery charger application, which are wide output voltage

capability, high part load efficiency and soft switching in all conditions. In the following

subsections, these attributes will be discussed in detail.

2.3.1 Maximum Output Voltage Regulation

In order to respond to the charge algorithm, the charger needs to regulate the output voltage

from near zero up to 1.5 times the nominal voltage under different loading conditions. In

the LLC resonant converter, the voltage gain curves can approach almost zero voltage in

high frequency when the absolute value of the gain curves’ slope at the short circuit resonant

frequency is set to be maximized. Also, in order to obtain the maximum voltage gain slope,
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as stated in Section 2.1, the difference between fr,oc and fr,sc should be minimized. Therefore,

output response surfaces is based on the optimization of the following criteria:


∣∣∣∣ ∂Mv

∂fn

∣∣∣
fn=fr,sc

→Maximize or

fr,sc − fr,oc →Minimize

(2.16)

According to Section 2.1, when the the voltage gain of the resonant converter has a steeper

negative slope, the open circuit and short circuit resonant frequencies are closer, and vice

versa. Therefore, both terms presented in (2.16) have the same meaning, and in the following

section, the first one will be used as the first output of the methodology.

2.3.2 High Part Load Efficiency

In resonant power converters, the circulating current has a negative impact on the efficiency

under part-load and light-load conditions and it is favorable to have a constant relation be-

tween the output power and the amplitude of the resonant current. This means that if the

output current decreases by 50%, so does the amplitude of the resonant currents. Through

appropriate selection of resonant circuit elements, the amplitude of the resonant circuit cur-

rent decreases with increasing load resistance, reducing conduction loss and providing high

part-load efficiency. In other words, the less part load circulating current there is, the flat-

ter the efficiency curve is in relation to load. Eq. (2.17) presents the second output of the

methodology that should be maximized.

ILs1,FL

ILs1,HL

→Maximize (2.17)
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2.3.3 Soft Switching Condition

In order to provide safe and an accurate operation for the drive circuits of the power MOS-

FETs as well as for the Battery Management System, it is necessary to provide soft switching

conditions for the LLC resonant converter in all operating areas. In the following, this cri-

terion will be considered for both VF and FFPS approaches.

VF Mode

To guarantee the soft switching in the VF mode, the phase angle of the input impedance in

all load conditions should be positive. ZVS is guaranteed for the VF mode, if the switching

frequency is greater than the resonant frequency (φ > 0), which means the resonant current

is lagging the output voltage of the full-bridge inverter. Ideally, in order to minimize the

resonant circuit current, which is defined as the conduction losses in all active and passive

elements, it is desirable to set φ equal to zero. But, in practice, variations (including the

resonant circuit elements variations versus temperature and the input voltage ripple of the

Power Factor Correction (PFC) stage) necessitate a minimum margin for φ during the design

procedure. Moreover, in order to provide enough time to charge and discharge the MOSFETs

Drain-Source capacitances in the same leg, a dead time should be defined between gate

signals (e.g. 200nSec). On the other hand, if this angle is too steep, the input resonant

current peak will increase, which leads to more conduction losses and more voltage stresses

on semiconductor devices and other passive elements. Eq. (2.18) presents the minimum

range of the input impedance phases in nominal load conditions that the output response

should fall within.

 φ > 10◦ for practical margin

φ < 30◦ for high efficiency achievement
(2.18)
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Table 2.1: Normalized Parameters Range and Selected Value

Parameters Range Selected

Ln [0.5− 1.5] 1
Ls [2− 10] 5
QL [0.2− 1] 0.5

It is worthwhile to mention Eq. (2.17) reflects the flatness of the efficiency curve, and Eq.

(2.18) reflects the amplitude of the resonant circuit current, which represents the maximum

achievable efficiency. It is thus possible to model the converter efficiency/power loss if all

components of the circuit and their resistances are defined.

FFPS Mode

In terms of resonant converter power loss, one of the main concern is the circulating current

in the primary side. However, for high input voltage applications (e.g. Vin = 400V DC), the

switching loss is more than the conduction loss and, therefore, the existence of circulating

current leads to soft switching conditions. According to Fig. 2.7, the minimum circulating

current occurs under short circuit conditions and when using the FFPS method. In this case

it is vital to set this current in such a way as to almost completely charge and discharge

MOSFETs’ Drain-Source capacitance. According to (2.15) and Fig. 2.7, the minimum

current depends on the effective capacitance displayed in parallel with the Drain-Sources of

the power MOSFETs, the level of the input voltage, and the maximum allowable dead time.

Eq. (2.19) presents the last output of the methodology that should be optimized.

| ILs1 | = I1Ls1 − I3Ls1 + I5Ls1 →Maximize (2.19)

In the following paragraphs, the output response surfaces of the Multivariate Statistical
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2.3. Design of Experiment Methodology (DoE)

Table 2.2: Modeling Results of the Normalized LLC Resonant Converter

Ln Ls QL | ∂Mv
∂fn

∣∣∣ φ
ILs1,FL

ILs1,HL

ILs1,sc
Z0

Vin

0.5 4.75 0.44 1.51 12.4 4.3 0.396
1 4.75 0.44 3.67 21.4 2.66 0.405
0.5 8.25 0.44 1.31 12.2 4.27 0.44
1 8.25 0.44 2.85 22.3 2.56 0.444
0.5 4.75 0.81 1.7 21.9 2.61 0.396
1 4.75 0.81 3.64 36 1.68 0.405
0.5 8.25 0.81 1.3 22 2.59 0.44
1 8.25 0.81 3.17 37.3 1.63 0.444

0.33 6.5 0.625 0.86 11.9 4.39 0.42
1.17 6.5 0.625 3.89 33.5 1.79 0.43
0.75 5.56 0.625 3.65 23 2.46 0.376
0.75 9.44 0.625 2 22.4 2.36 0.45
0.75 6.5 0.31 2.2 3 11.9 4.31 0.425
0.75 6.5 0.94 2.22 33.9 1.77 0.425
0.75 6.5 0.625 2.56 24 2.38 0.425

Design methodology will be considered.

In this work, Design-Expert Software from Stat-Ease is employed in order to find cause-

and-effect relationships between input variables and output results [98]. As a summary, the

procedure of using this software for finding the optimum amount of normalized parameters

along with the information about the current design is as follows:

• The number of input variables and output responses are defined by the user (three

inputs and four outputs).

• The software will ask for a range for each input variable. This is time consuming, since

the variable ranges need to be iteratively determined, starting from wide ranges and

shrinking them based on the previous results.

• The software will define a minimum number of simulations based on the number of

inputs and their ranges (15 simulations for this example).
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Figure 2.8: Multivariate statistical design methodology response surfaces for LLC resonant
converter: (a) Voltage gain slope surface versus Ln and Ls, (b) Input resonant circuit current
ratio versus Ln and QL, (c) Phase of the input impedance versus Ln and QL, (d) The
circulating current amplitude under short circuit conditions versus Ln and Ls.

• The next step is to find out the output results related to input values (presented in the

right side of Table 2.1).

• Entering data for both inputs and outputs, the software will draw a three-dimension

surface response for each output versus two inputs, which has more influence on the

surface response.

• Analyze the accuracy of the statistical results.

According to the steady-state analysis performed in Section 2.1, the equations obtained

34



2.3. Design of Experiment Methodology (DoE)

for the LLC resonant converter are functions of three normalized variables, which are Ln, Ls,

and QL. Table 2.1 presents the range for normalized parameters, which will be used as the

inputs. It is worthwhile to mention the presented ranges in Table 2.1 have been defined after

running DoE for wider ranges of input parameters and refining them. In order to select the

optimized LLC resonant converter parameters, based on the number of normalized parame-

ters, the methodology dictates the minimum number of simulation (which is 15 simulations in

this example) to cover the effects of all three normalized parameters in the ranges discussed.

The left side of Table 2.2 presents the values of the normalized parameters that must be

used in order to extract different responses, such as voltage gain slope, phase of the input

impedance, etc. In fact, the normalized parameters are input into the steady state equations

of the LLC resonant converter and output results will be entered in the right side of Ta-

ble 2.2. Then the Analysis of Variance Regression is employed to extract the mathematical

equations, which are presented in (2.20)-(2.22), in order to model the system and draw the

response surfaces. The response surfaces for LLC resonant converters have been presented

in Fig. 2.8. It is necessary to mention that the surface responses presented in Fig. 2.8(a)-(d)

have been drawn based on the two normalized parameters that have the most impact on the

surface.

φ1.41 =− 4.76− 28.83Ln − 1.72Ls + 13.2QL+

3.66LnLs + 211.28LnQL (2.20)
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2.3. Design of Experiment Methodology (DoE)

ILs1,FL

ILs1,HL

−1.17

=0.026− 0.12Ln − 3.95Ls − 0.1QL+

8.83LnLs + 0.63LnQL + 0.06Q2
L

(2.21)

ILs1,scZ0

Vin
= 0.26 + 0.03Ln − 2.86LnLs − 1.38L2

s (2.22)

Having identified the above requirements, it is now possible to select normalized param-

eters by considering the different response surfaces at the same time. As explained, having

a wide regulation for the output is one of the most important specifications for a battery

charger. According to Eq. (2.16), in order to achieve the maximum possible regulation, the

absolute value of the voltage gain derivation versus normalized frequency at the short circuit

resonant frequency should be set to be maximized. According to Fig 2.8(a), in order to satisfy

Eq. (2.16), the Ln and Ls should be, respectively, at the highest and lowest possible levels

(the red part of the surface). Two ranges are defined for normalized parameters (gray band),

and the points located in the common area (dark gray) are candidates for optimum Ln and

Ls parameters. According to Eq. (2.17), in order to get a flat efficiency curve, the amplitude

of the resonant circuit current in half load condition should be half of the full load condition.

According to Fig 2.8(b), in order to satisfy Eq. (2.17), both the QL and Ln should be at the

lowest possible levels (the red part of the surface). Two ranges are defined for normalized pa-

rameters (gray band), and the points located in the common area (dark gray) are candidates

for optimum QL and Ln parameters. For providing soft switching condition in VF mode,

the input impedance phase of the resonant circuit should fall within the range specified in

Eq. (2.18). According to Fig 2.8(c), in order to satisfy Eq. (2.18), both QL and Ln should
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2.4. Resonant Power Converter Design

be at the lowest possible levels (the blue part of the surface). Two ranges are defined for

normalized parameters (gray band), and the points located in the common area (dark gray)

are candidates for optimum QL and Ln parameters. Also, in order to have soft switching

condition in FFPS mode, a minimum circulating current is necessary to charge and discharge

the MOSFETs’ Drain-Source capacitances. According to Fig 2.8(d), in order to satisfy Eq.

(2.19), the Ls should be at the highest possible level, while the other normalized parameter

does not affect the amplitude of the circulating current at the short circuit condition. Fi-

nally, the intersection between different common areas determines the values of normalized

parameters. The final values of normalized parameters have been selected after conducting

simulations and taking into account practical considerations (e.g. the maximum allowable

dead time, obtainable amount of secondary leakage inductance, the effective Drain-Source

capacitance of the selected MOSFET). The selected values for normalized parameters are

presented in Table 2.1. It is worthwhile to mention other modeling techniques (Tabu search

algorithm, numerical solution, and genetic algorithm) can be employed to find the optimum

design of the resonant converters [7, 57, 111]. While the other solutions might provide more

accurate results, they are time consuming and need more complicated program languages.

The Design of Experiment is a straightforward methodology and can provide response sur-

faces for the objectives with a minimum number of simulations.

2.4 Resonant Power Converter Design

Based on the optimized selection of normalized parameters, the normalized steady state

equations of the LLC resonant converter will be used to design a high power LLC resonant

converter. Fig. 2.9 presents the voltage transfer function Mv, the first series inductance

current ILs1
, and the input impedance phase φ versus frequency for the selected values
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of normalized parameters (Ln = 1, Ls = 5) and the constant values for normalized load

resistances QL. In Fig. 2.9(a), the voltage gain curves versus the normalized switching

frequency are presented for different loaded quality factor. As presented, there are two

boundaries for minimum and maximum switching frequency (fn,min and fn,max), and the

voltage gain curves are studied between them. According to Fig. 2.9(a), a higher loaded

quality factor has a higher voltage gain and vice versa. In Fig. 2.9(b), the amplitude of

the resonant circuit current versus the normalized switching frequency are presented for

different loaded quality factor. As presented, a higher loaded quality factor leads to a lower

normalized resonant current. In other words, increasing the load resistance in the output of

the converter leads to decreasing the resonant circuit current. In Fig. 2.9(c), phase of the

input impedance of the resonant circuit current versus the normalized switching frequency

is presented for different loaded quality factor. As discussed previously, in order to realize

the soft switching condition, the input impedance phase has to be positive for any operating

point. In the following FHA results will be used in order to find out the resonant circuit

elements. According to Fig. 2.9(a), the voltage gains are almost independent from the

load when the switching frequency is around the short circuit resonant frequency (fr,sc),

resulting in minimum switching frequency variation versus load at nominal output voltage.

Moreover, Fig. 2.9(b) shows that at f0 the input resonant circuit current decreases in higher

QL, resulting in high efficiency in part load conditions. This point is selected for nominal

output voltage operation. As shown in Fig. 2.9(a), the minimum switching frequency is

determined by the maximum output voltage in nominal output power (QL = 1.12). Fig.

2.9(c) presents the phase of the resonant circuit input impedance versus frequency for different

load conditions. According to Fig. 2.9(c), the resonant circuit works in inductive mode for

the operating regions described, and ZVS is provided for the full-bridge inverter. In the

following description, the LLC resonant circuit elements are calculated based on the voltage

transfer function curves and the charger specifications including the input voltage, output
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Figure 2.9: FHA analysis of the LLC resonant converter for Ln = 1, and Ls = 5, with
constant values for normalized load resistances (QL): (a) Magnitude of voltage transfer
function (Mv), (b) Magnitude of input resonant circuit current (ILs1

), (c) Phase of the input
impedance (φ).

voltage, output power and switching frequency variations. The main specifications of the

battery charger are as follows:
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Vin = 400V DC, V ′
bat = 120V DC, Pout = 3kW, fs = 100− 200kHz (2.23)

According to Fig 2.9(a), the minimum normalized switching frequency is equal to 0.82.

Therefore, the resonant frequency (f0) is calculated using the following equation:

fn,min = 0.82, fs,min = 100kHz, fn =
fs
f0

=
100

0.82
=⇒ f0 = 122kHz (2.24)

Note that due to the practical restriction at light or no-load condition (the oscillation

between transformer secondary side capacitances and other parasitics elements) the maximum

switching frequency has been selected through experimental prototype to be 1.6 times f0 to

prevent the LLC resonant converter from entering in positive feedback region. In nominal

load conditions (QL = 0.5), the voltage gain is equal to 1.17 and, as a result, the transformer

turn’s ratio is obtained as follows:

n =
Np

Ns

=
Vbat,n
V ′
bat,n

=
Mv.Vin
V ′
bat

=
1.17× 400

120
= 3.9 (2.25)

In the LLC resonant converter with capacitive output filter, the equivalent resistance is

obtained using (2.8):

R′
L =

V ′
bat

2

Pout
=

1202

3000
= 4.8Ω =⇒ Req = n2R′

eq = 3.92 × 4.8 = 59.2Ω (2.26)

Finally, the circuit elements of the LLC resonant converter are calculated as follows:
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Table 2.3: LLC Prototype Platform Parameters

Parameters Value

Input Voltage, Vin 400V DC
Nominal Battery Voltage, V ′

bat,n 120V DC

Maximum Battery Voltage, V ′
bat,m 180V DC

Maximum Output Power, Pout 3kW
Switching Frequency Range, fs 100− 200kHz

Resonant Frequency, f0 122kHz
Series Resonant Capacitance, Cs 11nF

First Series Resonant Inductance, Ls1 154µH
Second Series Resonant Inductance, Ls2 31µH

Parallel Resonant Inductance, Lp 154µH

Transformer Turn’s Ratio, n =
Np

Ns
4

Z0 =
Req

QL

=
59.2

0.5
= 118.4Ω, ω0 =

ωs
ωn

=
200πe3

0.82
= 244πe3 =⇒

Ls1 =
Z0

ω0

=
118.4

244πe3
= 154µH, Cs =

1

Z0.ω0

=
1

118.4× 244πe3
= 11nF,

Ls2 =
Ls1
Ls

=
154e−6

5
= 31µH, Lp =

Ls1
Ln

=
154e−6

1
= 154µH

(2.27)

The circuit parameters for the LLC resonant converter are provided in Table 2.3.

2.5 Simulation and Experimental Results

In order to validate the effectiveness of the proposed modulation method, a prototype plat-

form has been employed to extract the maximum obtainable output voltage regulation under

different load conditions. The components used in the prototypes are shown in Table 2.4.

Also, the test setup picture is presented in Fig. 2.10. This setup will be modified for all
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Table 2.4: Components of Resonant Converters Platforms

Component Part Number Ratings

MOSFET’s IXFX64N60 600V DC, 64A
Resonant Cap. Film Cap. 10nF, 2000V DC
Resonant Ind. 3F3 ∗ ∗ ∗
Transformer 3F3 ∗ ∗ ∗

Rectifier Diode MBR40250 250V, 40A
Output Capacitor Film Capacitor 18uF, 250V DC

Controller

Board
Inverter Trans. Rectifier Electronic

Load

Figure 2.10: Prototype test platform of the resonant power converters.

experimental tests presented in ensuing chapters.

The simulation and experimental results for the output voltage versus frequency are pre-

sented in Fig. 2.11 for different output load conditions in solid and dotted shapes, respectively.

According to Fig. 2.11, in the LLC resonant converter, the simulation and experimental re-

sults are almost the same for R′
L = 4.8Ω and R′

L = 10.8Ω. But for no-load conditions, there is

a discrepancy between simulation and experimental results. In fact, the effect of the parasitic

capacitances on the secondary side of the transformer leads to increased output voltage in the

LLC at no-load condition. Moreover, around fsw = 200kHz, the output voltage curves start

to flatten, meaning that there is no more regulation after maximum switching frequency. Fig.
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Figure 2.11: Simulation and experimental results for battery voltage versus frequency.

2.12 presents the experimental result for the proposed battery charger in VF mode (Orange:

Inverter Voltage, Purple: Resonant Circuit Current, Blue: Transformer Secondary Voltage,

Green: Transformer Secondary Current). According to Fig. 2.12, the zero crossings of the

resonant circuit input current are within the inverter output voltage pulse and, as a result, in

all of the conditions described, the full-bridge switches are fully turned on under zero voltage.

Fig. 2.13 present the experimental results of LLC converter in the FFPS mode. The operat-

ing mode selection is made by a digital controller. In fact, there is a low and high limitation

for switching frequency (fs = 100− 200kHz), and after reaching to the maximum switching

frequency, the controller changes the modulation strategy to phase shift in order to decrease

the output voltage. By employing this modulation strategy at the maximum switching fre-

quency, it is possible to improve the output voltage regulation, even under no-load conditions.

According to Fig. 2.13, the zero crossings of the resonant circuit input current are within the

full bridge output voltage pulse and, as a result, the full-bridge switches are fully turned on

under zero voltage. As predicted, the worse case scenario for ZVS occurs under short-circuit

and maximum phase shift conditions (minimum effective duty cycle), which is shown in Fig.

2.13(c). According to (2.15) and the selected MOSFETs type for the full bridge inverter,
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Figure 2.12: Experimental results for the LLC resonant converter in variable frequency
mode, (a) V ′

bat = 120V DC and Pout = 3kW (b) V ′
bat = 90V DC and Pout = 0W , and (e)

V ′
bat = 0V DC and I ′bat = 7A.

the amount of circulating current in short circuit conditions is nearly enough to charge and

discharge the Drain-Source capacitances of the power MOSFETs during the specified dead

time, which is equal to 250nS. The V-I plane obtained from the experimental results is shown

in Fig. 2.14. In the V-I plane, there are different limitations on the boundaries, including
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Figure 2.13: Experimental results for the LLC resonant converter in fixed frequency phase
shift mode, (a) V ′

bat = 20V DC and I ′bat = 4.5A (b) , V ′
bat = 45V DC and I ′bat = 2A, and (c)

V ′
bat = 0V DC and I ′bat = 2A

current, voltage, power, and no-load conditions, and each point in the plot indicates one

experimental test (red and green points indicate VF and FFPS, respectively). According to

Fig. 2.14, due to the effects of the junction capacitances of the output diodes on the voltage

gains, the LLC resonant converter cannot cover all of the regions in the V-I plain in the VF
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Figure 2.14: V-I plane obtained from the LLC resonant converters by employing digital
hybrid modulation technique (The green dashed area is obtained by FFPS).

mode (fs = 100− 200kHz). The unobtainable area of the LLC resonant converter starts in

the no-load boundary at Vout = 90V DC and fs = 200kHz, and for short circuit conditions,

the output current is equal to 7 Amps. As mentioned in the introduction, the battery charger

must be able to respond to different modes of the charge algorithms and cover almost all of

the V-I plane region. The experimental results show that employing the FFPS strategy in

the maximum switching frequency and allowable phase shift decreases the output voltage in

different load conditions, which results in improved regulation. The green dashed region in

Fig. 2.14 indicates the regulation improvement obtained by using FFPS. Fig. 2.15 presents

the efficiency curves of the LLC resonant converters for three different output voltages. In

Appendix D, the method of efficiency measurement is presented. According to these curves,

the resonant converters designed for this study present a maximum efficiency equal to 96.5%.

In the following section, the effect of the input voltage variation on the resonant power

converter operation will be investigated. Generally, battery charger power architectures in-
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Figure 2.15: Efficiency curves of the LLC resonant converter at different fixed output volt-
ages.

clude two main stages, which are AC-DC Power Factor Correction (PFC) and DC-DC isolated

power converter. Therefore, the input voltage of the DC-DC resonant converter is provided

by a PFC stage, which could be a conventional or interleaved continuous conduction mode

boost topology [25, 28]. Generally, the output voltage of the PFC stage is not constant and

can have ±10% voltage ripple, so the DC-DC power stage has to compensate this variation.

In order to investigate the effect of the input voltage variation for the designed resonant con-

verter, the prototype platform has been tested for the minimum and maximum input voltage

(Vin = 360 ∼ 440) and the maximum output power condition (Pout = 3000W ). According

to the experimental results presented in Fig. 2.16, the designed LLC resonant converter

can compensate for the effect of the input voltage variation using frequency modulation,

while transferring the maximum power to the battery pack. Comparing Fig. 2.12(a) and

Fig. 2.16(a) reveals the difference between the input impedance phase in two different input

voltages and in fixed output voltage and output power condition. According to Fig. 2.16(a),

the input impedance phase angle of the LLC resonant converter is 16◦, which still guarantees
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Figure 2.16: The effect of input voltage variation on the resonant converter operation in the
maximum output power condition (Pout = 3kW ), (a) Vin = 360V DC, and V ′

bat = 120V DC,
(b) Vin = 360V DC, V ′

bat = 180V DC, (c) Vin = 440V DC, V ′
bat = 120V DC, and (d) Vin =

440V DC, V ′
bat = 180V DC.

soft switching conditions.

In order to examine the performance of the resonant converter with the proposed mod-
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Figure 2.17: The burst mode issues in the full bridge LLC resonant converter for the V ′
bat =

45V DC and I ′bat = 2A recovery region. 1⃝ High frequency, high voltage oscillation across
inverter output nodes and output rectifier diodes caused by the interaction between MOSFET
Drain-Source capacitances and the resonant circuit, 2⃝ High frequency oscillation caused by
the interaction between output rectifier diodes junction capacitances and the resonant circuit.
3⃝ Output current variation and spikes, which lead to unwanted tripping in recovery mode
and interfere with the BMS current sensing circuit.

ulation technique, the prototype platform has been tested in the recovery region. One of

the main advantages of the LLC resonant converter is the output filter type, which con-

sists only of a capacitor. According to Table 2.4, the output filter consists of an 18uF film

capacitor and can perfectly provide a ripple free charging current for the battery pack in

normal switching operation (fs = 100 ∼ 200kHz). But in the burst mode modulation, the

switching driver signals are turned on and off periodically with an intermittent cycle much

lower than the minimum switching frequency (fBurst = 5kHz). When revitalizing a dead

battery, the battery absorbs current while the output filter, which is designed for minimum

switching frequency operation (fs = 100kHz), cannot absorb the current ripple of the burst

mode cycle. As a result, the battery charger operation in this mode leads to a low quality

charging current, and the battery pack is charged with a burst frequency current ripple that

can reduce the battery’s life span. In order to show the drawback of the burst mode mod-
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ulation strategy, experimental results are presented to show the amount of charging current

ripple in both Burst and Phase Shift modulations. The experimental results in Fig. 2.17

show the detrimental effect of using the full bridge LLC resonant converter in burst mode

and in the 0.6 duty cycle. In Fig. 2.17, the battery voltage and current are set to 45VDC

and 2ADC. According to Fig. 2.17, the battery current variation alternates between 0 and

4.2A. Also, there is a spike in the current up to 8A during the transient time as a result of

the interaction between output filter capacitor and the parasitic inductance of the charger

cable. The pulsating current and spikes lead to unwanted tripping in recovery mode and

interfere with the BMS current sensing circuit. In order to reduce the charging current ripple

in the burst mode operation, it is essential to install additional LC filters in the output of

the DC-DC stage, meaning higher cost and lower power density. Also, adding extra filters

to the current sensing circuit is vital. As can be seen in Fig. 2.17, due to the interaction

between parasitic capacitances (including MOSFET Drain-Source and diodes junction) and

the resonant circuit elements, there is high frequency, high voltage oscillation in different

points of the circuit, which results in a noisy environment for the BMS. Fig. 2.18 presents

the experimental result for the LLC resonant converter when it operates in Phase Shift mod-

ulation mode with the same battery voltage and current as assumed for Fig. 2.17. According

to Fig. 2.18, there is no ripple in the battery charging current, which proves the capability

of the proposed modulation strategy in terms of working in recovery region. All in all, the

proposed Phase Shift modulation technique can provide ripple-free charging current without

requiring any additional filters in the output of the converter, thereby providing a noise-free

environment for the reliable operation of the BMS.
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Figure 2.18: The experimental result of the proposed modulation technique for the V ′
bat =

45V DC and I ′bat = 2A recovery region. 1⃝ indicates the phase shift strategy, which is applied
in the recovery region for wider regulation. 2⃝ shows the smooth charging current without
any ripple.

2.6 Summary

This chapter introduced a modified LLC resonant topology driven by both Variable Fre-

quency (VF) and Phase Shift (PS) to achieve all the regulation requirements for high power

battery charging. The main advantage of the LLC resonant converter with the proposed

modulation strategy is its ability to regulate the output voltage from close to zero up to 1.5

times the nominal voltage in continuous conduction mode with low switching frequency vari-

ation, while providing soft switching conditions for semiconductor devices. The low-ripple

voltage enhanced the quality of the charging current for battery charger applications in all

conditions, especially the recovery region, thereby providing a noise-free environment for the

reliable operation of a Battery Management System. The experimental results proved that

the modified LLC resonant converter with this special modulation strategy covered almost

all regions in the V-I plane, and had a peak efficiency of 96.5%. As presented in Section 2.3,

the optimum design procedure of the modified LLC resonant converter for battery charger
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applications is not straightforward, and always a trade-off exists between maximum output

voltage regulation and other characteristics (e.g. efficiency), which necessitates using a spe-

cial tool (e.g. DoE methodology) for optimization. It means the modified LLC resonant

converter needs more efforts in terms of an optimum design, when comparison with PWM-

type converters is taken into account. Even though modified LLC resonant converter has

two more elements in its topology in comparison with PSFB (a resonant inductor and a reso-

nant capacitor), it has a higher efficiency in comparison with PSFB which leads to a smaller

cooling system. It is necessary to mention due to the high amplitude of the resonant circuit

current, the series resonant capacitor has to withstand a high frequency, high amplitude

voltage, which leads to an expensive film-type capacitor selection.
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Chapter 3

Improving the Regulation Range of

EV Battery Chargers with L3C2

Resonant Converters3

In the previous chapter, a modified special LLC tank driven by both Variable Frequency

(VF) and Phase Shift (PS) was introduced as a solution to achieve all the regulation re-

quirements for high power battery charger applications. Since the topology employs a full

bridge inverter, it is more appropriate for high power applications (several kW), rather than

medium power level (around 1kW ). Generally a half bridge inverter is selected for medium

power levels due to having fewer elements and lower cost in comparison with full bridge in-

verters. In the case of half bridge inverter it is not possible to employ Phase Shift modulation

strategy for wide regulation. The main aim of this chapter is to introduce a multi-resonant

L3C2 resonant converter for medium level power applications that can cover nearly all of

the regions in the battery V-I plane from near zero output voltage, zero output current to

maximum output power. First, the complete analysis of the L3C2 resonant converter with

consideration of transformer primary and secondary leakage inductances, transformer sec-

ondary winding capacitance, and output rectifier junction capacitances is obtained. Next,

Design of Experiment methodology along with Design-Expert Software is employed in order

to optimize the design procedure of the battery charger [98, 109]. Later, a complete set of

3Portions of this chapter have been published in [3, 4]
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simulation and experimental results, extracted from a 96VDC, 950W L3C2 resonant con-

verter is presented in order to present the characteristic features of the proposed topology for

battery charger applications while providing a comparative example with the LLC topology.

3.1 Comparison of L3C2 and LLC Resonant

Topologies

The main problem regarding LLC resonant converters for wide output voltage regulation

was presented in Chapter 2 and will be reviewed briefly. Fig. 3.1(a) presents the half

bridge LLC resonant converter schematic with a non-ideal transformer. In Fig. 3.1(b) the

normalized voltage gains of the half-bridge LLC resonant converter versus frequency have

been drawn with consideration to the parasitic capacitances. According to Fig. 3.1(b), the

parasitic capacitances lead to a second resonant frequency in the voltage gains, which is far

from the short circuit resonant frequency (fr,sc). The value of second resonant frequency

depends on the equivalent parasitic capacitance in the secondary side of the transformer

and cannot be estimated easily. Consequently, beside the capacitive load region (in gray),

there is a second non-operating area for the LLC resonant converter as indicated by red

dashed regions. In this case the parasitics capacitors limit the output voltage regulation. Fig

3.1(c) illustrates the maximum VI-plane coverage of the LLC resonant converter including

the normal and recovery charging area, in continuous conduction mode [25]. The red dashed

region in Fig. 3.1(c) indicates the unobtainable area in the V-I plane, where the switching

frequency restriction leads to the regulation issue for the LLC resonant converter.

In comparison with an LLC resonant converter, higher order resonant converters present

more desirable characteristics, such as the ability to absorb parasitic inductances and capaci-

tances of the elements and circuit effectively, employing them as resonant elements. Moreover,
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3.2. Multi-Resonant L3C2 Resonant Converter with a Non-Ideal Transformer

the diversity of elements in higher order resonant converters gives designers more freedom in

the design procedure [112, 113]. The proposed resonant strategy using an L3C2 structure is

shown in Fig. 3.2(a). The proposed multi-resonant charger consists of a half-bridge inverter,

a resonant circuit (including external inductor, non-ideal transformer, and parallel capaci-

tor), and a bridge rectifier with capacitive output filter. By adding a parallel capacitor, the

topology is able to extend the operating frequency beyond the LLC topology and achieve sig-

nificant regulation improvements. This parallel resonant capacitor put in the secondary side

of the transformer is significantly higher than parasitic capacitors (grey capacitor, C ′
w and

C ′
j), and therefore overwhelms them and makes the diode junction and winding capacitances

insignificant. The typical voltage gain curves and V-I plane of the half-bridge L3C2 resonant

converter is presented in Fig. 3.2(b)-(c). According to Fig. 3.2(b)-(c), the existence of the

parallel resonant capacitor leads to a second resonant frequency in the voltage gains and, as

a result, it is feasible to regulate the output voltage in a wide range, from near zero to more

than nominal output voltage, by employing variable frequency method. In the following,

the complete set of equations for the steady state analysis of the L3C2 resonant converter

is presented. In order to compare the performances between LLC and L3C2 resonant con-

verters, half-bridge inverters, split series resonant capacitors, and bridge rectifiers with pure

capacitive output filters have been selected for both L3C2 and LLC resonant converters.

3.2 Multi-Resonant L3C2 Resonant Converter with a

Non-Ideal Transformer

Fig. 3.3 shows a complete schematic of the L3C2 resonant converter including relevant para-

sitics. In Fig. 3.3, a fourth order model of the transformer (including primary and secondary

leakage inductances, magnetizing inductance, and winding capacitance of the transformer
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secondary side) has been employed as a model for the non-ideal transformer [105]. The junc-

tion capacitances of the output rectifier are considered in parallel with the diodes. According

to Fig. 3.3, the parallel resonant capacitor in the transformer secondary side can integrate

parasitic capacitances into the resonant circuit (green capacitors). As depicted in Fig. 3.3,

secondary leakage and the magnetizing inductances of the transformer are considered Ls2

and Lp, respectively. In addition, primary leakage inductance is merged with the external

inductor and is part of Ls1 . In Fig. 3.3, all of the elements in the secondary side are de-

fined with an apostrophe, but in all the equations, the variables and elements are transferred

to the primary side with respect to the transformer turns-ratio, and are shown without an

apostrophe. Different states of the output rectifier along with Ct and its main waveforms are

presented in Fig. 3.4(a) and (b), respectively. In Fig. 3.4(a), the Ct is defined as follows:

Ct = Cw + Cp + Cj (3.1)

Since there is no inductor at the output of the converter, in the off-state interval of the

output rectifier, Ct is disconnected from the output filter, charged and discharged by iLs2
, and

vCt has a semi-sinusoidal shape. The Ct voltage is clamped to the output voltage level while

the output rectifier is on, and power is transferred from the resonant circuit to the output.
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Due to the semi-sinusoidal waveform of the diode voltage, the diodes turn on at zero voltage

and turn off at zero current (soft switching condition); therefore, the drawback effect of the

diode junction capacitance in transient time can be minimized. Also, the existence of parallel

resonant capacitor with rectifier input port leads to ZCS of the diodes and reduces the EMI

noise [114–116]. There are four states for the output rectifier in each switching period, and all

of them are illustrated in Fig. 3.4(a). According to Fig. 3.4(b), the rectifier input current is

not purely sinusoidal and the rectifier input voltage has a semi-sinusoidal shape. As a result,

the output rectifier and load cannot be simply modeled by an equivalent impedance. In [117],

an equivalent circuit has been obtained for the output rectifier in parallel and series-parallel

resonant converters with capacitive output filters. In fact, a resistive impedance in series

with a capacitive impedance is used to model the circuit in Fig. 3.4(a). The elements of the

equivalent circuit are defined as follows [117]:

Req =
sin2 ψ

πCtωs
(3.2)

Ceq =
πCt

ψ − sinψ cosψ
(3.3)

In the above equations, the off-state interval, ψ is called non-conduction mode and is

given by:

ψ = cos−1(
π − 2ωsRLCp
π + 2ωsRLCp

) (3.4)

By using the equivalent circuit of Fig. 3.4(a), it is possible to employ the FHA technique

for analysis of the L3C2 resonant circuit. In FHA analysis, it is assumed that power is

only transferred from the high frequency resonant circuit to the load via the fundamental

component. The AC equivalent circuit of the L3C2 resonant converter with capacitive output
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Figure 3.5: AC equivalent circuit of the L3C2 resonant converter.

filter is presented in Fig. 3.5. The output voltage of the half-bridge inverter is a square wave

with magnitude of Vin. This voltage can be expanded in Fourier Series, and the fundamental

component can be expressed as follows:

v1 = V1sin (ωst), V1 =
2Vin
π

(3.5)

In the following, the AC equivalent circuit is analyzed to extract the steady-state equations

of the L3C2 resonant converter. In Fig. 3.5, the input impedance of the resonant circuit is

obtained as follows:

Zin(jωs) = |Zin| ejφ =

1

jωsCs
+ jωsLs1 + (jωsLp)||(jωsLs2 +Req +

1

jωsCeq
)

(3.6)

In Eq. (3.6), φ indicates the phase of the input impedance. As mentioned previously,

φ should be kept positive in all operating conditions in order to provide soft switching for

power MOSFETs. Using the normalized parameters, the normalized input impedance Zin

Z0

and ψ are derived as follows:

QL =
RL

Z0

, Z0 =

√
Ls1
Cs

, ω0 =
1√
Ls1Cs

, ωn =
ωs
ω0

(3.7)

61



3.2. Multi-Resonant L3C2 Resonant Converter with a Non-Ideal Transformer

Zin(jωn)

Z0

=

(jωn +
1

jωn
) +

jωn

Ln
( jωn

Ls
+ sin2 ψ

πCnωn
+ ψ−sinψ cosψ

πCnjωn
)

jωn

Ln
+ jωn

Ls
+ sin2 ψ

πCnωn
+ ψ−sinψ cosψ

πCnjωn

(3.8)

ψ = cos−1 π − 2CnQLωn
π + 2CnQLωn

(3.9)

According to Fig. 3.5 and Eqs. (3.5) and (3.8), the amplitude of ILs1
(MOSFETs current)

can be obtained as follows:

ILs1 =
2Vin

π|Zin(jωn)|
(3.10)

In order to calculate the output current, the second resonant inductor current is considered

purely sinusoidal with the following equation:

iLs2
= ILs2

sin (ωst+ θ) (3.11)

and as a result, according to Fig. 3.4, the output current and output voltage are given

by:

Ibat =
1

2π
(

∫ π

ψ

iLs2
d(ωst) +

∫ 2π

π+ψ

iLs2
d(ωst)) =

(1 + cosψ)

π
ILs2

(3.12)

ILs2
=

∣∣∣∣∣
jωn

Ln

jωn

Ln
+ jωn

Ls
+ sin2 ψ

πCnωn
+ ψ−sinψ cosψ

πCnjωn

∣∣∣∣∣ ILs1
(3.13)

Vbat = RL.Ibat = RL
(1 + cosψ)

π
ILs2

(3.14)
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The normalized voltage transfer function of the half-bridge L3C2 resonant converter with

capacitive output filter is calculated as follows:

Mv =
Vbat
Vin

=
QLZ0(1 + cosψ)ILs2

πVin
(3.15)

Fig. 3.5 and Eqs. (3.8)-(3.15) can be employed to analyze the steady-state behaviour

of the L3C2 resonant converter with capacitive output filter. The input impedance of the

resonant circuit can be defined by Eq. (3.8). Eq. (3.10) shows the current amplitude passing

through resonant circuit. Also Eq. (3.15) presents the voltage gain of the whole converter

(including the half bridge inverter, resonant circuit, and output rectifier), from the input

voltage source to the output side.

3.3 Resonant Frequencies of the L3C2 Topology

It is crucial that the resonant circuit represents an inductive load, and that the current of

the input resonant circuit lags the output voltage of the half-bridge inverter. This means

the input impedance phase, φ, must be positive in all operating conditions. According to

Fig. 3.1(b), ZVS conditions for the LLC resonant converter is guaranteed if the switching

frequency is greater than the load resonant frequency. The lowest resonant frequency occurs

for no-load conditions (QL → ∞) and is labeled as fr,oc1. However, the LLC resonant

converter can not operate in high frequency due to the diodes’ parasitic capacitances in

the secondary of the transformer. In the L3C2 resonant converter, there are two resonant

frequencies for high QL and, as a result, two non-operating regions are imposed. According

to Fig. 3.2(b), the first non-operating area is similar to that of the LLC resonant circuit.

The second is after the short circuit resonant frequency and just before the second open

circuit resonant frequency (fr,oc2). In fact, in this region the resonant circuit represents a

capacitive load for high loaded quality factor, and the control circuit must be prevented from
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Figure 3.6: The equivalent circuit of the L3C2: (a) Output short circuit condition, (b)
Output open circuit condition.

entering this region. Increasing the switching frequency above fr,oc2 presents wide output

voltage regulation for the L3C2 resonant converter, which is unobtainable for the LLC. In

this section, the resonant frequencies of the L3C2 resonant circuit will be determined as a

function of normalized parameters.

3.3.1 Short Circuit Resonant Frequency

In short circuit conditions, the value of output load tends to zero (QL → 0) and the non-

conduction angle is calculated as follows:

ψ = lim
QL→0

cos−1 π − 2CnQLωn
π + 2CnQLωn

= 0 (3.16)

As a result, Req and Ceq are equal to zero and the AC equivalent circuit of the L3C2

resonant converter is changed. See Fig. 3.6(a). Using the normalized parameters presented

in Eq. 3.7, the input impedance of Fig. 3.6(a) is given by:

Zin,sc(jωs) =
1

jωsCs
+ jωsLs1 + (jωsLp)||jωsLs2 (3.17)

Zin,sc(jωn)

Z0

=
1− (1 + 1

Ln+Ls
)ω2

n

j( 1
Ln

+ 1
Ls
)ωn

(3.18)
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and the short circuit resonant frequency, fr,sc is given by the following:

ωr,sc
ω0

=
1√

1 + 1
Ln+Ls

(3.19)

3.3.2 Open Circuit Resonant Frequency

In open circuit conditions (QL → ∞) the non-conduction angle and equivalent elements are

obtained as follows:

ψ = lim
QL→∞

cos−1 π − 2CnQLωn
π + 2CnQLωn

= π =⇒ Req = 0 & Ceq = Ct (3.20)

Fig. 3.6(b) shows the AC equivalent circuit of the L3C2 resonant converter in no-load

conditions. Therefore, the input impedance of this circuit is given as follows:

Zin,oc(jωs) =
1

jωsCs
+ jωsLs1 + (jωsLp)||(jωsLs2 +

1

jωsCt
) (3.21)

Zin,oc(jωn)

Z0

=
(Cn

Ln
+ Cn

Ls
+ Cn

LnLs
)ω4

n − (Cn

Ln
+ Cn

Ls
+ 1

Ln
+ 1)ω2

n + 1

j(1− ( 1
Ln

+ 1
Ls
)ω2

n)ωn
(3.22)

As presented in Fig. 3.2(b), there are two open circuit resonant frequencies in the L3C2

resonant circuit and the final equations are presented as follows.

ωr,oc1
ω0

=

√√√√√
√√√√ Cn

Ln
+ Cn

Ls
+ 1

Ln
+ 1−

√
(Cn

Ln
+ Cn

Ls
+ 1

Ln
+ 1)2 − 4(Cn

Ln
+ Cn

Ls
+ Cn

LnLs
)

2(Cn

Ln
+ Cn

Ls
+ Cn

LnLs
)

(3.23)
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ωr,oc2
ω0

=

√√√√√
√√√√ Cn

Ln
+ Cn

Ls
+ 1

Ln
+ 1 +

√
(Cn

Ln
+ Cn

Ls
+ 1

Ln
+ 1)2 − 4(Cn

Ln
+ Cn

Ls
+ Cn

LnLs
)

2(Cn

Ln
+ Cn

Ls
+ Cn

LnLs
)

(3.24)

As presented in Fig. 3.2(b), the fifth order L3C2 resonant converter has one more open

resonant frequency in comparison with the LLC resonant converter. The obtained equations

for the open circuit resonant frequencies are useful to determine how far the L3C2 can expand

the operating frequency over the LLC converter.

3.4 Secondary Leakage Inductance Effect on the L3C2

Resonant Converter

In order to analyze converters, transformers are typically modeled by an equivalent circuit

based on the operating frequency of the converter and transformer configuration. Fig. 3.7

presents different standard equivalent circuits of the transformer that have been used in the

literature for converters analysis [105, 118–123]. Employing an interleaved structure for the

windings leads to high coupling between primary and secondary and as a result the lowest

amount of leakage inductance obtains, which means the first or second order model of the

transformer can be used (Fig. 3.7(a) and (b)) [118–120]. On the other hand, applying a

sectional bobbin with an air gap between core halves leads to less coupling between windings

and increases leakage inductance in both primary and secondary sides of the transformer,

which is desirable in resonant converters to integrate the series resonant inductance into the

transformer (Fig. 3.7(c)). This model is widely used for analysis of resonant converters

[121, 122]. In this work, due to the wide operating frequency, the fourth-order equivalent

circuit of the transformer, as shown in Fig. 3.7(d), is adopted to accurately analyze the
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(a)

Ideal Tran.Llk

Pri. Sec.

(b)

Ideal Tran.

Lm

Llk

Pri. Sec.

(d)

Ideal Tran.

Lm

Llk,p L′lk,s

C′wPri. Sec.

(c)

Ideal Tran.

Lm
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Figure 3.7: Transformer models, (a) First order, (b) Second order, (c) Third order, and (d)
Fourth order.

converter. This equivalent circuit takes into account the effects of the primary and the

secondary leakage inductance separately. Also, the magnetizing inductance and the secondary

winding capacitance are incorporated in this equivalent circuit [105, 123].

Beside the more accurate steady state analysis, which is derived in this work, the trans-

former secondary leakage inductance plays an important role in the required switching fre-

quency range of the L3C2 resonant converter. Fig. 3.8 shows the effect of secondary leakage

inductance on the voltage gains of the L3C2 resonant converter. According to Fig. 3.8, a

high amount of secondary leakage inductance (low value of Ls) leads to moving the second

resonant frequency closer to the first one and, therefore, a wide output voltage regulation is

obtainable. In other words, for the proposed resonant converter with low secondary leakage

inductance, switching frequency needs to increase more in comparison with high secondary

leakage inductance for getting the same output voltage regulation.

3.5 Design of Experiment Methodology (DoE)

The optimized selection of normalized parameters should be performed according to the

application requirements. Similar to previous chapter, the Design of Experiment (DoE)
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Figure 3.8: The effect of secondary leakage inductance on the voltage gain curves.

methodology is employed to consider the behaviour of both resonant converters when re-

sponding to variations in different normalized parameters. According to the steady-state

analysis performed in Sections 2.1 and 3.2, the equations obtained for LLC and L3C2 reso-

nant converter are functions of three and four normalized variables, respectively. The output

response surfaces of DoE have been selected based on the most important attributes for a

battery charger application, which are high efficiency and a wide output voltage converter.

In the following subsections, these attributes will be discussed in detail.

3.5.1 Minimum Obtainable Output Voltage

To respond to different charging algorithms, the charger should regulate the output voltage

from near zero up to 1.5 times the nominal voltage. As a result, the maximum output voltage

regulation is the most important attribute that should be considered. According to Figs. 3.1

and 3.2, the voltage gain curves are not the same in the LLC and L3C2 resonant converters,

and because of this, two different criteria are introduced for output voltage regulation. The

output response surfaces are based on the optimization of the following criteria:
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
∣∣∣∣ ∂Mv

∂fn

∣∣∣
fn=fr,sc

∣∣∣∣ →Maximize for LLC

Vbat,min,NL

Vbat,n
→Minimize for L3C2

(3.25)

According to Eq. 3.25 and Fig. 3.1, the LLC voltage gain curves can approach nearly

zero voltage in high frequency when the absolute value of the gain curves’ slope at the short

circuit resonant frequency is set to be maximized. For the L3C2 resonant converter, the ratio

between minimum battery voltage in no-load condition (maximum switching frequency) and

nominal battery voltage is calculated.

3.5.2 Resonant Circuit Current

In order to attain high efficiency in part load condition, the difference between input resonant

circuit current in nominal and no-load condition should be maximized. In other words, the

lesser circulating current, the greater part load efficiency. Eq. 3.26 presents the second

output of DoE that should be maximized.

ILs1,FL

ILs1,NL

→Maximize (3.26)

3.5.3 Soft Switching Operating Condition

In order to provide soft switching conditions for the power MOSFETs, the phase angle of

input impedance should be positive. Ideally, it is preferred to have this angle be equal to

zero, but due to charging and discharging of the MOSFETs’ output capacitances, a minimum

lagging phase is required (calculated by Eq. 2.15). On the other hand, if this angle is too

steep in the nominal load condition, the current stress on semiconductor devices and other

passive elements will be increased. In other words, the cosine of the input impedance phase

for the resonant circuit has a reverse relation with the amplitude of the resonant circuit
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Table 3.1: Normalized Parameters Range and Selected Value

Parameter LLC L3C2
Range Selected Range Selected

Ln [0.2− 0.8] 0.4 [0.25− 1.25] 0.9
Ls [3− 10] 4.4 [3− 10] 4.7
Cn NA NA [0.1− 0.5] 0.3
QL [0.5− 1.5] 1 [0.5− 1.5] 1

current. It means higher input impedance phase leads to more current circulating in the

resonant circuit. Eq. 3.27 presents the range of input impedance phases that the output

response of DoE should fall within.

 φ > 10◦ for practical margin

φ < 30◦ for high efficiency achievement
(3.27)

In the following paragraphs, the output response surfaces of DoE will be considered. Table

3.1 presents the range for normalized parameters, which will be used as the input range of

normalized parameters in DoE. The performance of carefully selected data points within

these ranges of factors have been investigated for the L3C2 and LLC resonant converters.

The L3C2 requires 25 simulations to cover the effects of 4 normalized parameters, while the

LLC converter used 15 points to study the impact of 3 normalized parameters. Significance

testing was combined with ANOVA regression to develop 3D response surfaces for each of the

3 main attributes listed above [109, 110]. The response surfaces for LLC and L3C2 resonant

converters have been presented in Figs. 3.9 and 3.10, respectively. It is necessary to mention

that each surface response has been drawn based on the two normalized parameters that

have the most impact on the surface.

It is possible to select normalized parameters for each resonant converter by considering
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Figure 3.9: DoE response surfaces for LLC resonant converter: (a) Voltage gain slope surface
versus Ln and Ls, (b) Input resonant circuit current ratio versus Ln and QL, and (c) Phase
of the input impedance versus Ln and QL.

the different response surfaces at the same time. The selection of normalized parameter

is similar to that discussed in Section 2.3. According to Fig. 3.9(a), in order to satisfy

Eq. 3.25, the Ln and Ls should be, respectively, at the highest and lowest possible levels.

Two ranges can be defined for normalized parameters (gray band), and the points located

in the common area (dark gray) are candidates for optimum Ln and Ls parameters. The

same concept can be applied to other surfaces of Fig. 3.9 with respect to Eqs. 3.26 and

3.27, and finally, the intersection between different common areas determines the values of

normalized parameters. The same routine has been employed in order to select the normalized

value of the L3C2 resonant converter. The final values of the normalized parameters have
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been selected after conducting simulations and taking into account practical considerations,

especially the amount of secondary leakage inductance. According to Figs. 3.9(a) and 3.10(a),

secondary leakage inductance on both resonant converters under consideration has a positive

effect on output voltage regulation. This means that a high amount of secondary leakage

inductance (low value of Ls) can expand the output voltage regulation.

3.6 Resonant Converters Design

In this section, based on the optimized selection of normalized parameters, the voltage gain

curves of the resonant converter will be used to design two power converters with the same
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Figure 3.11: FHA analysis of the L3C2 resonant converter with capacitive output filter for
Ls = 4.7, Ln = 0.9 & Cn = 0.3, and constant values of normalized load resistances (QL):
(a) Magnitude of voltage transfer function (Mv), (b) Amplitude of the normalized first series
inductance current (ILS1

), and (c) Phase of the input impedance (φ).

input-output specifications and switching frequency variations.
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3.6.1 L3C2 Design

Fig. 3.11 presents the voltage transfer function Mv, first series inductance current ILs1
, and

the input impedance phase φ versus frequency for Ln = 0.9, Ls = 4.7, and Cn = 0.3. As

observed in Fig. 3.11(a), the minimum switching frequency is determined by the maximum

output voltage in nominal output power (QL = 2.2) located between fr,oc1 and fr,sc. In order

to obtain high efficiency in nominal load conditions, the circulating current must be mini-

mal. According to Fig. 3.11(b), the amplitude of the switches’ current decreases drastically

in higher QL when the switching frequency is around short circuit resonant frequencyfr,sc.

Moreover, the voltage gain is independent from the load (no-load conditions are exceptional)

means minimum switching variation in nominal output voltage. This point is selected for

nominal load operation (QL = 1). The minimum required output voltage in no-load con-

ditions defines the maximum switching frequency (QL = 1000). According to Fig 3.11(a),

it is possible to increase the switching frequency in order to decrease the output voltage

to zero. Fig. 3.11(c) presents the phase of the resonant circuit input impedance, φ ver-

sus frequency for different load conditions. In order to obtain high efficiency and provide a

noise-free output voltage, soft switching is necessary for the power MOSFETs. Therefore, it

is vital that the resonant circuit behave like an inductive load. According to Fig. 3.11(c),

between the minimum and maximum switching frequency there is a non-operating area for

high QL. Except for in the mentioned non-operating area, the resonant circuit works in in-

ductive regions and ZVS is provided for the half-bridge inverter. In the following, the L3C2

resonant circuit elements are calculated based on the voltage transfer function curves and the

power charger specifications including the input voltage, output voltage, output power and

switching frequency variations. The main specifications of the battery charger are assumed

as follows:
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Vin = 400V DC, V ′
bat = 96V DC

Pout = 950W, fs = 100− 600kHz

(3.28)

According to Fig. 3.11(a), the minimum normalized switching frequency is equal to 0.75.

As a result the resonant frequency is given by the following equation:

fn,min = 0.75, fs,min = 100kHz, fn =
fs
f0

=⇒ f0 = 133kHz (3.29)

The voltage gain at fn = 1 and the nominal load conditions are given as follows:

Mv = 0.56 for QL = 1, Ln = 0.9, Ls = 4.7, Cn = 0.3 (3.30)

Therefore, the parallel capacitor voltage (output voltage) and transformer turns-ratio are

calculated as follows:

Vbat,n =Mv.Vin = 0.56× 400 = 224V DC

n =
Np

Ns

=
Vbat,n
V ′
bat,n

=⇒ n =
224

96
= 2.33 (3.31)

According to Eqs. 3.7, the characteristic impedance is given by:

RL =
Vbat

2

Pout
, Z0 =

RL

QL

=⇒ Z0 =
Vbat

2

PoutQL

= 53Ω (3.32)

Therefore, the resonant components are obtained as follows:
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Table 3.2: LLC and L3C2 Resonant Converters Parameters

Parameters LLC L3C2

Vin 400V DC 400V DC
V ′
bat,n 96V DC 96V DC

V ′
bat,max 144V DC 144V DC

Pout 950W 950W
fs 100− 600kHz 100− 600kHz
f0 145kHz 133kHz
Cs 30nF 23nF
C ′
p NA 40nF

Ls1 41µH 63µH
Ls2 9µH 13µH
Lp 103µH 70µH

n =
Np

Ns
2.17 2.33

ω0 =
ωs
ωn

= 266πe3 =⇒ Ls1 =
Z0

ω0

= 63µH

Cs =
1

Z0.ω0

= 23nF, Ls2 =
Ls1
Ls

= 13µH

Lp =
Ls1
Ln

= 70µH, Cp = Cn.Cs = 6.9nF

(3.33)

The L3C2 resonant circuit parameters used in the simulation results and experimental

prototype are summarized in Table 3.2.

3.6.2 LLC Design

Fig. 3.12 shows the voltage transfer function Mv, first series inductance current ILs1
, and

the input impedance phase φ versus frequency for Ln = 0.4, and Ls = 4.4. As indicated

in Fig 3.12(a), the minimum normalized switching frequency is equal to 0.69. Therefore the

resonant frequency is calculated using the following equation:
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Figure 3.12: FHA analysis of the LLC resonant converter for Ls = 4.4, and Ln = 0.4,
with constant values for normalized load resistances (QL): (a) Magnitude of voltage transfer
function (Mv), (b) Amplitude of the normalized first series inductance current (ILS1

), and
(c) Phase of the input impedance (φ).

fn,min = 0.69, fs,min = 100kHz, fn =
fs
f0

=⇒ f0 = 145kHz (3.34)

In nominal load conditions (QL = 1) the voltage gain is equal to 0.52 and, as a result,

transformer turns-ratio is obtained as follows:
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n =
Np

Ns

=
Vbat,n
V ′
bat,n

=
Mv.Vin
V ′
bat

= 2.17 (3.35)

In the LLC resonant converter with capacitive output filter the equivalent resistance is

obtained using Eq. 2.8 and is equal to:

R′
L =

V ′
bat

2

Pout
= 9.7Ω =⇒ R′

eq = 7.9Ω, Req = n2R′
eq = 37.2Ω (3.36)

The resonant circuit elements of the LLC resonant circuit are calculated as follows:

Z0 =
Req

QL

= 37.2Ω, ω0 =
ωs
ωn

= 290πe3

=⇒ Ls1 =
Z0

ω0

= 41µH, Cs =
1

Z0.ω0

= 30nF, Ls2 = 9µH, Lp = 103µH

(3.37)

The circuit parameters for the LLC resonant converter are provided in Table 3.2. Accord-

ing to Fig. 3.12(c), the input resonant phase of the LLC is positive for the mentioned range

of the switching frequency and the resonant circuit represents an inductive load. As a result,

ZVS is guaranteed for all loads and output voltage conditions. Comparing the converters

elements collected in Table 3.2 reveals that the only extra element in the proposed L3C2

resonant converter is the parallel resonant capacitor put in the transformer secondary side.

3.7 Simulation and Experimental Results

In order to investigate and compare the performance of the designed resonant converters

(L3C2 versus LLC), software simulation and prototype platforms have been employed to

extract the voltage gains under different load conditions. The components, which are used

in the prototypes are shown in Tables 3.3. The selected switching frequency is between

100kHz and 600kHz, and the frequency span for the voltage gain curves is 10kHz, which
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Table 3.3: Components of Resonant Converters Platforms

Component Part Number Ratings

Inverter MOSFET’s IXFX64N60 600V DC, 64A
Series Resonant Cap. Film Cap. 10nF, 2000V DC
Series Resonant Ind. RM12 3F3

Transformer RM14 3F3
Parallel Resonant Cap. Film Cap. 10nF, 1000V DC

Rectifier Diode MBR40250 250V, 40A
Output Cap. Film Cap. 1.5uF, 250V DC

means more than fifty points have been extracted in each drawing. The simulation and

experimental results are presented in Fig. 3.13. There are several limitations indicated in

each figure, including minimum and maximum switching frequencies, the maximum output

power, and the maximum output voltage. The simulation and experimental results are

presented in solid and dotted shapes, respectively. Fig. 3.13 presents the results for the

LLC and L3C2 resonant converters under three different load conditions. According to

Fig. 3.13(a), in the LLC resonant converter the simulation and experimental results are

almost the same for R′
L = 9.75Ω and R′

L = 21.9Ω. But for no-load condition in the LLC

resonant converter, there is a discrepancy between simulation and experimental results. In

fact, for switching frequency higher than 300kHz, the effect of the output diodes junction

capacitances leads to increased output voltage in the LLC. As observed in Fig. 3.13(b), in

the L3C2 resonant converter the simulation and experimental voltage gains have a good fit

for different load conditions. The analytical equations obtained based on FHA can precisely

predict the behavior of the multi-resonant L3C2 resonant converter with capacitive output

filter for a wide range of output voltages and loads (as already depicted in Fig. 3.11(a)).

In order to the provide high quality output voltage and maximize the converter efficiency,

it is vital to realize soft commutation for the output rectifier diodes. Basically, the reverse
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Figure 3.13: Simulation and experimental results for battery voltage versus frequency. (a)
The LLC resonant converter, and (b) The L3C2 resonant converter.

recovery current of output rectifier diodes during the turn-off transition leads to a high voltage

peak across output diodes and, as a result, diodes with more withstand voltage should be

selected, which means more conduction losses. The LLC and L3C2 converters can provide

ZCS for output diodes for wide variation of switching frequency. Fig. 3.14(a)-(b) shows the
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bat = 96V DC and Pout =

950W , and (b) V ′
bat = 144V DC and Pout = 950W (High voltage, high frequency ringing for

this condition).

experimental waveforms of the voltage and current on the secondary side of the transformer

in the LLC resonant converters for two full power conditions. According to these figures, ZCS

is provided for output rectifier diodes and voltage peak is eliminated. However in the LLC
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resonant converter for switching frequency below and far from fr,sc (around the minimum

switching frequency) and during the off-state intervals of the output rectifier diodes, high

voltage, high frequency ringings exist across the rectifier diodes, which decrease the quality

of the output voltage and increase the EMI. The proposed L3C2 design overcomes this

issue and results in reduced ringing. According to the operating modes of the L3C2 output

rectifier, as indicated in Fig. 3.4, in the end of power transfer interval, once iLs2
reaches zero,

the output diodes current smoothly reaches zero. This causes ZCS at turn-off and avoids

any reverse recovery losses in the output diodes. In addition, the voltage across the diodes is

smooth and sinusoidal during the switching transitions which leads to a minimum negative

impact on the diode junction capacitance in transient time. Fig. 3.15(a)-(b) presents the

transformer secondary side waveforms extracted from the L3C2 resonant converter platform.

The experimental results for two full load conditions show the soft switching transient in

turn-on and turn-off conditions without any high frequency ringing.

Figs. 3.16 and 3.17 present the voltage and current waveforms extracted from experi-

mental platforms of the LLC and L3C2 resonant converters, respectively. In each figure,

Drain-Source voltage of the low-side MOSFET and the first series inductor current (MOS-

FETs current) are illustrated for different conditions. According to these figures, the zero

crossings of the resonant circuit input current is within the low-side MOSFET voltage pulse

and, as a result, in all of the presented conditions the half-bridge switches are fully turned on

under zero voltage. Therefore, both the LLC and the L3C2 achieve soft switching transitions.
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Figure 3.16: Experimental results for the LLC resonant converter, Drain-Source voltage
for low-side MOSFET in half-bridge inverter (S2) and first series resonant inductor current
(ILs1

): (a) V ′
bat = 96V DC and Pout = 950W , (b) V ′

bat = 144V DC and Pout = 950W , (c)
V ′
bat = 1V DC and Pout = 3W , and (d) V ′

bat = 1V DC and Pout = 10W .

3.8 Comparison of the LLC and L3C2 as a Battery

Charger

In this section, two main aspects of the studied resonant converters are considered, including

the efficiency curves and obtainable V-I planes. One of the main advantages of resonant
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Figure 3.17: Experimental results for the L3C2 resonant converter, Drain-Source voltage
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V ′
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converters is soft switching, which leads to high switching frequency and high power density.

In addition, ZVS is necessary to provide a low noise environment which improves the quality

of the output voltage. Fig. 3.18 presents the efficiency curves of the LLC and L3C2 resonant

converters for two different output voltages. According to these curves, the designed resonant

converters present an efficiency higher than 95% for an output power greater than 500W ,
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Figure 3.18: Efficiency curves at fixed output voltages: (a) LLC resonant converter, and (b)
L3C2 resonant converter.

and the maximum efficiency for both cases is 96%.

In the following, the V-I planes of the LLC and L3C2 are obtained in order to investigate

the maximum coverage region. As mentioned in the introduction, the battery charger must

be able to respond to different modes of the charge algorithms and cover almost all of the

V-I plane region. The V-I planes obtained from the experimental platforms of the resonant

converters are shown in Fig. 3.19. In order to draw the planes, the platforms have been

tested under different output voltage and output current conditions. In each plane there

are different limitations on the boundaries, including current, voltage, and power, and each

point in the boundary indicates one experimental test. The V-I plane obtained from the

LLC resonant converter platform is shown in Fig. 3.19(a). Due to the effect of output

diodes junction capacitances in no-load conditions, the output voltage increases for switching

frequencies higher than 300kHz (as indicated in Fig. 3.13(a)). Note that the unobtainable

area of the LLC resonant converter starts in the no-load boundary at V ′
bat = 72V DC. In

order to decrease the battery voltage to less than 72V DC, the battery current is forced

to increase from zero. Finally, in the minimum desired voltage V ′
bat = 1V DC, the current
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is equal to 3Amps. The red dashed region indicates the unobtainable area of the LLC

resonant converter. Fig. 3.19(b) proves that the multi-resonant L3C2 resonant converter

can cover almost all of the region in the V-I plane. According to Fig. 3.19(b), the minimum

output voltage in no-load conditions occurs at V ′
bat = 16V DC, and the area obtained by the

proposed resonant converter is significantly extended in comparison with the LLC V-I plane.

Fig. 3.19(b) demonstrates that the proposed L3C2 resonant converter is capable of covering

the battery V-I plane, regulating the voltage from near zero to 1.5 times nominal voltage

under different load, and can be employed as a battery charger without using burst mode

operation.

3.9 Summary

This chapter introduced the multi-resonant half bridge L3C2 resonant topology as a power

converter for medium power level applications that can regulate the battery voltage in a wide

range, from near zero voltage, zero current to the maximum output power, without using

burst mode operation. Due to the wide voltage regulation, the proposed resonant converter

can respond to charge algorithms of different kind of batteries, such as Lead-acid and Li-Ion

and is a good candidate for use as a charger in electric vehicles. The main advantage of

the proposed resonant converter in comparison with LLC resonant converter is its ability

to revitalize dead batteries in continuous conduction mode. The low-ripple output voltage

enhances the quality of the charging current in the recovery region, thereby increasing the

life cycle of the battery. Also, soft switching of the MOSFETs and output rectifier diodes

provide high efficiency, and the capability of working in high switching frequency without

any limitation. Since the L3C2 resonant converter can be implemented using a half bridge

inverter, the total cost will be lower in comparison with the solution presented in Chapter 2;

however, the new L3C2 topology has one extra resonant element in comparison with LLC,
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as presented in Table 3.2, and the optimum design of the L3C2 will be more complicated

and need more effort in comparison with the LLC resonant converter. There is also a

trade-off between using LLC and L3C2 resonant converters when efficiency curves are taken

into account. Even though the L3C2 resonant converter can operate in the the continuous

conduction mode and provide a ripple free charging current for the battery pack, Fig. 3.18

shows that the LLC resonant converter has a better flat efficiency curve at the maximum

battery voltage V ′
bat = 120V DC. According to Fig. 3.18, the LLC resonant converter has

0.5% better efficiency at around 600W in comparison with the L3C2.

89



Chapter 4

Fourth Order L3C Resonant Converter

for PV Battery Charger applications4

In Chapters 2 and 3, two different topologies (modified LLC and L3C2) and one modula-

tion strategy (frequency and phase shift modulation) were presented as solutions for battery

charger applications for medium to high power levels. In this chapter, a new resonant power

converter will be introduced with the application of Electric Vehicles with rooftop photo-

voltaic (PV) panels. In Chapters 2 and 3, it was assumed that the input voltage of a DC-DC

power stage is almost constant and is provided by a PFC input stage. Since solar irradiance

and surface temperature can affect the performance of the solar panel and change the PV

panel voltage, the input voltage of a DC-DC power converter is not constant and changes in

a wide range (Vpv = 24− 45V DC). Also, in an EV, the PV panel energy needs to be stored

in a recharegable battery. The combination of PV panel and rechargeable battery requires

extreme regulation from the input (Vpv = 24− 45V DC) to output (V ′
bat = 230− 430V DC),

which needs to be supported by a DC-DC power converter. In this case, the DC-DC power

converter should not only track the input voltage variation for extracting the maximum

available power from the PV panel, but also boost the input voltage by variable gain and

respond to the different state of charge of the battery pack. As an example of extreme in-

put and output regulations, Fig. 4.1(a) shows a single PV panel on the rooftop of an EV.

The power capacity range is from 50W to 350W and the input voltage ranges widely from

4Portions of this chapter have been accepted for publication in [5]
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Figure 4.1: (a) Pure electric vehicle with roof top solar panel[8] ( 1⃝ and 2⃝ depict sun
radiation and temperature can vary depending on geography location and time of the day),
(b) panel power-voltage plane covered by DC-DC power converter, for each point in the
mentioned area, DC-DC power converter should regulate the battery voltage from V ′

bat =
230V DC to V ′

bat = 430V DC, and (c) DC-DC power converter block diagram which should
regulate the battery charging voltage from 230V DC to 430V DC in a wide variation of input
voltage ( 3⃝ illustrates the necessity of galvanic isolation for the power converter).

Vpv = 24− 45V DC. This undesirable wide input variation is due to the effect of solar irradi-

ance and ambient temperature that affects the power-voltage characteristics of the PV panel

illustrated in Fig. 4.1(b). As well, the battery pack depicted in Fig. 4.1(c) shows that the

output voltage should comply with extreme regulation as well to cover 230− 430V DC.

This chapter proposes a high-efficiency isolated fourth-order L3C resonant converter with

the variable frequency control, which has the capability of extreme regulation for appli-

cations which interface PV panels to high-voltage battery packs with the aim of track-

ing the maximum input power while regulating the output voltage in a wide range. In

comparison with other well-known series-parallel resonant power converter topologies (e.g.

LLC;LCLC;L3C2), the proposed topology presents a steep voltage gain versus frequency,

which makes it an excellent candidate for PV to high-voltage battery pack applications.

Also, this topology does not employ a series resonant capacitor in the primary side of the
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converter, which removes a high-voltage, high-current ripple capacitor from the primary side

and facilitates the charger design in terms of component selections. The parallel resonant

capacitor, put in the secondary of the transformer, leads to Zero Current Switching (ZCS)

of the output rectifier diodes, eliminates the voltage peak produced by the diodes reverse

recovery current and decreases the noise in the output voltage. Moreover, due to operating

in the inductive load region, power MOSFETs in the high frequency L3C resonant converter

always work in ZVS for different load condition, providing high-efficiency, low-noise output

voltage. Other particular advantages of the proposed converter are inherent short circuit

protection and voltage gain of more than unity for resonant tank. In this chapter, first the

general equations for solar PV panels will be extracted based on the general model of a solar

cell and employed to determine the variation of power-voltage characteristics of a specific PV

module versus irradiance and temperature variations [124–126]. Then, the complete analy-

sis of the L3C resonant converter with consideration of transformer primary and secondary

leakage inductances, transformer secondary winding capacitance, and output rectifier junc-

tion capacitances is obtained. Using the analytical equations extracted for fourth-order L3C

resonant circuits, a 350W DC-DC power converter is designed and implemented. Finally,

experimental results are presented to demonstrate the circuit performance and to prove the

feasibility of extreme regulation for both input and output sides. The results show the L3C

resonant converter can track all input voltage variations related to maximum input power

((Vpv = 24 − 45V DC) presented in Fig. 4.1(b)), while regulating the battery voltage from

230V DC to 430V DC.

4.1 Photovoltaic Module Characteristics

As presented in Fig. 4.1(b), the PV panel maximum output power changes with respect

to irradiance and temperature and the proposed L3C resonant converter should track these
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Figure 4.2: General model of a solar cell including parallel and series resistors.

variations in order to transfer the maximum input power to the high-voltage battery pack. In

this section the general equations for PV panels will be extracted and employed to determine

the variation of power-voltage characteristics of a specific PV module versus irradiance and

temperature variations. A PV module consists of a number of interconnected solar cells

forming a single unit. To model the power-voltage characteristics of a PV module, the

power-voltage characteristics of a single solar cell should be determined and then expanded

to obtain the behavior of a PV array or module. A solar cell is traditionally represented by

an equivalent circuit composed of a current source, an anti-parallel diode, a series resistance

(Rs) and a shunt resistance (Rp), as shown in Fig. 4.2 [124, 125]. In Fig. 4.2, Iirr is the

irradiance current, which is generated when the cell is exposed to sunlight and is dependent

on the solar irradiance and temperature [124, 125].

Iirr = Iirr,ref (
G

Gref

)[1 + αT (T − Tref )] (4.1)

The subscript ref represents the standard reference conditions and αT represents the

rate of change of the short-circuit current with respect to temperature and is provided by the

manufacturers. The cell temperature, T is a function of changes in the ambient temperature

and changes in the insulation [125].

T = Tamb + (
NOCT − 20◦C

0.8
)G (4.2)
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NOCT represents the Nominal Operating Cell Temperature provided by the manufac-

turer. In Fig. 4.2, ID is the current of the anti-parallel diode which characterizes the non

linearity of the solar cell and is a function of the diode voltage and temperature, as presented

in (4.3) [124].

ID = Io(e
qVD
nkT − 1) (4.3)

In Eq. (4.3), n is the ideality factor or the ideal constant of the diode and T is the

temperature of the cell. The ideality factor (n) represents the different mechanisms of moving

carriers across the junction. As an example, for silicon, n will be 1.3 [126]. Io is the diode

saturation current or cell reverse saturation current [124]. According to Fig. 4.2, the relation

between the voltage and current of the PV cell can be obtained as follows.

Icell = Iirr − Io(e
q(Vcell+IcellRs)

nkT − 1)− (Vcell + IcellRs)

Rp

(4.4)

And for a PV panel with Ns number of series cells and Np number of parallel cells, Eq.

(4.4) can be rewritten as as follows:

Ipv = NpIirr −NpIo(e
q(Vpv+IpvRsNs/Np)

nkT − 1)− Vpv + IpvRsNs/Np

RpNs/Np

(4.5)

The V-I relationship of a PV panel presented in Eq. (4.5) can be used to obtain the Power-

Voltage relationship of a PV panel in different ambient temperature and solar irradiance and

determine the maximum power point of the PV panel. In cases that the resistive parameters,

Rs and Rp, are not provided by the manufacturer of the PV panels, the equations can be

simplified by setting them as zero and infinity, respectively. In this study, the Power-Voltage

characteristics of a PV module from Canadian Solar is presented in Fig. 4.1(b) [127]. For

this specific example, the PV array consists of 72 PV cells connected in series and parallel.
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The PV panel coefficients are extracted from datasheet, and by employing Eq. (4.5), the

variation of Power-Voltage of photovoltaic module as a function of irradiance and temperature

is presented in Fig. 4.3. The voltage related to maximum power point for each condition

is defined in Fig. 4.3, which indicates wide input voltage variation (Vpv = 24 − 45V DC).

According to Fig. 4.3, the power-voltage characteristics of a photovoltaic module is as a

function of the irradiance and surface temperature. It means in order to get the maximum

power from the solar panel, the input voltage has to be adjusted,which reflects the need for

the proposed L3C converter to regulate a wide input voltage range.

4.2 Steady State Analysis of L3C Resonant Converter

In this section, the complete analysis of an L3C resonant converter will be presented. Fig.

4.4 shows a complete schematic of the proposed L3C resonant converter, including a trans-

former secondary side and diode junction parasitic capacitances. In Fig. 4.4, a fourth order

model of the transformer (including primary and secondary leakage inductances, magnetizing

inductance, and winding capacitance of the transformer secondary side) has been employed

as a model for the non-ideal transformer [123]. Also, the junction capacitances of the out-

put rectifier are considered in parallel with diodes. In the proposed resonant converter, the

parallel resonant capacitor in the secondary side of the transformer can merge all parasitics

capacitors of the secondary side into the resonant circuit. As shown in Fig. 4.4, the primary

leakage inductance is merged with the external inductor and is part of Ls1 . In addition, the

secondary leakage and magnetizing inductances of the transformer are considered Ls2 and Lp,

respectively. As mentioned previously, due to the high amplitude, high frequency current in

the primary side of the converter, well-known series-parallel resonant power converters (e.g.

LLC,LCC,LCLC, L3C2) have difficulties in terms of series resonant capacitor selection,
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Figure 4.3: Variation of Power-Voltage characteristics of a photovoltaic module as a function
of (a) Irradiance at 20◦C, and (b) Temperature at 1000W/m2. The dashed curve in Fig.
4.3(b) presents the minimum output power of the PV panel, occurs at maximum ambient
temperature (60◦C) and minimum sun irradiance (200W/m2)

and this resonant capacitor has to withstand high current and voltage stresses. According to

Fig. 4.4, the proposed topology does not employ any series resonant capacitor in the primary

side of the converter, which facilitates the charger design in terms of component selections.

In Fig. 4.4, all of the elements in the secondary side are defined with an apostrophe, but in all

equations, the variables and elements are transferred to the primary side with respect to the

transformer turns-ratio, and are shown without an apostrophe. Since the behaviour of the

output rectifier in the L3C is similar to that of the L3C2 (Section 3.2), the same equivalent
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Figure 4.5: AC equivalent circuit of the L3C resonant converter.

circuit can be employed in order to model the output rectifier along with output filter and

load. The elements of the equivalent circuit are presented in Eq. (3.2) and Eq. (3.3).

Fig. 4.5 shows the AC equivalent circuit of the resonant circuit along with the equivalent

impedance of the transformer secondary side, Req and Ceq (including the output rectifier,

output filter, and load). By using this equivalent circuit, it is possible to employ the FHA

technique for analysis of the L3C resonant circuit. In order to calculate the output current,

the second series resonant inductor current is assumed to be purely sinusoidal. Due to the

non-conduction angle of the output rectifier, the output current can be obtained as follows

[3]:

Io =
(1 + cosψ)

π
ILs2

(4.6)

Therefore, the output voltage of the full-bridge L3C resonant converter with capacitive
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4.2. Steady State Analysis of L3C Resonant Converter

output filter is given by:

Vbat = Rbat.Ibat = RL
(1 + cosψ)

π
ILs2

(4.7)

According to Fig. 4.5, applying KVL and KCL gives the relation between the battery

voltage and the amplitude of the resonant circuit input current, ILs1 .

ILs2
=

∣∣∣∣∣ jωsLp
jωsLp + jωsLs2 +Req +

1
jωsCeq

∣∣∣∣∣ ILs1
(4.8)

In order to calculate the resonant circuit input current, the input impedance of the AC

equivalent circuit should be obtained, which can be expressed by:

Zin(jωs) = jωsLs1 + (jωsLp)||(jωsLs2 +Req +
1

jωsCeq
) = |Zin| ejφ (4.9)

One of the advantages of the proposed resonant converter is the capability to protect the

full-bridge inverter from output over current and short circuit conditions. In over current

conditions, Rbat → 0 and by considering (4.9), Zin would be as follows:

Zin(jωs) = jωsLs1 + jωsLp||jωsLs2 (4.10)

In this case, the inverter switches are loaded by an inductor that can limit the switches

current and also load current. In fact, the resonant circuit provides an inherent short circuit

protection at any operating frequency for the full-bridge inverter. In the AC equivalent

circuit, the fundamental component of the resonant circuit input voltage (vAB1(t)) can be

obtained as follows:

vAB1 =
4Vin
π

sin (ωst) (4.11)

According to Fig. 4.5 and Eqs. (4.9) and (4.11), the amplitude of ILs1 (MOSFETs
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4.2. Steady State Analysis of L3C Resonant Converter

current) can be obtained as follows:

ILs1 =
4Vin

π|Zin(jωs)|
(4.12)

The following normalized parameters are introduced for the resonant circuit.

L = Lp + Ls2 , Ln =
Ls1
Lp

, Ls =
Ls1
Ls2

,

Z0 =

√
L

Ct
, QL =

RL

Z0

, ω0 =
1√
LCt

, ωn =
ωs
ω0

(4.13)

Considering Eq. (4.7),(4.8), and (4.12) the normalized voltage gain of the L3C resonant

converter is obtained as follows:

Mv =
Vbat
Vin

=
QLZ0(1 + cosψ)

πVin
.∣∣∣∣∣

jωnLs

Ln+Ls

sin2 ψ
πωn

+ j( ωnLs

Ln+Ls
+ ωnLn

Ln+Ls
− ψ−sinψ cosψ

πωn
)

∣∣∣∣∣ 4

π|Zin(jωn)|
(4.14)

where

ψ = cos−1(
π − 2ω0QL

π + 2ω0QL

) (4.15)

In the next section, Eq. (4.14) will be employed to study the voltage gain behavior of the

L3C resonant converter and its capability for extreme regulation, while considering input

impedance phase of the resonant circuit for soft switching condition.
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4.3 Resonant Power Converter Design

In this section, the design procedure will be presented for power conditioning of a 350W

solar PV panel to high voltage battery pack, using proposed L3C resonant converter. The

main objective during design procedure is to design L3C in such a way as to cover all re-

gions of the Power-Voltage plane presented in Fig. 4.1(b) and regulate the battery voltage

from Vbat = 230V DC to Vbat = 430V DC. According to the steady-state analysis of the

L3C resonant converter, the equations obtained for L3C steady state condition is a func-

tion of three normalized variables (Ln, Ls, and QL), making the design a multidimensional

optimization problem with multiple tradeoff challenges. The desired normalized parameters

should be selected in such a way to provide essential voltage gain (around 10) for boosting

the voltage from the PV panel to the high voltage battery (from Vpv = 24 − 45V DC to

V ′
bat = 230V DC − 430V DC) while providing soft switching conditions for all semiconduc-

tor devices. In this chapter, the values of the normalized parameters are selected based on

maximum required voltage gain in different input voltage conditions and essential output

voltage regulations, and the values of the input impedance phase needed to achieve ZVS in

all conditions, and similar to previous chapters, Design of Experiment Methodology (DoE)

has been employed. Based on the obtained normalized equations for input impedance phase

and voltage gain, presented in Eqs. 4.9 and 4.14 respectively, the behaviour of the resonant

converter is studied using DoE for a wide range of normalized parameters with consideration

of input-output voltage variations, which leads to Ln = 0.25, Ls = 5, and QL = 2 as the

optimum normalized parameters. In this case, QL = 2 presents the load condition related to

maximum output voltage and output power, Vbat = 430V DC and Pout = 350W at minimum

operating temperature and maximum irradiance (−20◦C and 1000W/m2). Fig. 4.6 presents

the voltage transfer function Mv, and the input impedance phase φ versus normalized fre-

quency for selected values of normalized parameters. The main specifications of the battery
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charger are presented in Table 4.1. According to Table 4.1, the resonant frequency is equal to

f0 = 140kHz. Therefore, the switching frequency is calculated using the following equation:

f0 = 140kHz, fn = 2, fn =
fs
f0

=⇒ fs = 2× 140 = 280kHz (4.16)

The voltage gain at fn = 2 (brown curve, QL = 2) for the nominal load conditions are

given as follows:

Mv = 2 for QL = 2, Ln = 0.25, Ls = 5 (4.17)

Therefore, the parallel resonant capacitor voltage (output voltage) and transformer turns-

ratio are calculated as follows:
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Table 4.1: L3C Prototype Platform Parameters

Parameters Value

Input Voltage, Vin 24− 45V DC
Battery Voltage, V ′

bat,n 230− 430V DC

Maximum Output Power, Pout 350W
Switching Frequency Range, fs 150− 350kHz
Based Resonant Frequency, f0 140kHz

First Series Resonant Inductance, Ls1 3.75µH
Second Series Resonant Inductance, Ls2 0.7µH

Parallel Resonant Inductance, Lp 15µH
Parallel Resonant Capacitance, Cs 5nF

Transformer Turn’s Ratio, n =
Np

Ns
4 : 18

Vbat,n =Mv.Vin = 2.2 ∗ 44.5 = 98V DC, n =
Np

Ns

=
Vbat,n
V ′
bat,n

=⇒ n =
430

98
= 4.4 (4.18)

According to Eq. 4.11, the characteristic impedance and resonance frequency are given

by:

RL =
Vbat

2

Pout
, Z0 =

RL

QL

=⇒ Z0 =
Vbat

2

PoutQL

= 13.8Ω, ω0 =
ωs
ωn

= 280πe3 (4.19)

Therefore, the resonant components are obtained as follows:

L =
Z0

ω0

= 15.7µH, Cp =
1

Z0.ω0

= 82nF, Ls1 = 3.75µH, Lp = 15µH, Ls2 = 0.7µH (4.20)

The L3C resonant circuit parameters used in the experimental prototype are summarized

in Table 4.1.
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4.4 Experimental Results and Theory Validation

In order to investigate the performance of the proposed fourth order L3C resonant converter

for extreme input-output regulation, a prototype platform has been employed to extract the

maximum obtainable coverage of Fig. 4.1(b) under minimum and maximum output voltage

regulation. The components, which are used in the prototypes, are shown in Table 4.2.

According to Table 4.1, the switching frequency range is between 150kHz and 350kHz, and

the frequency for maximum output power at maximum output voltage is set to be 280kHz.

Due to high current amplitude in the primary side, a high efficiency full-bridge inverter with

low on-resistance MOSFET is used to convert the input DC voltage to a high-frequency

AC voltage. The resonant tank consists of an external air-core inductor (Lext = 4.2µH

series placed in the transformer’s primary side), an external parallel capacitor (placed in

the secondary side of the transformer), and the parasitic components of the transformer

(including primary and secondary leakage inductances and magnetizing inductance). Figs.

4.7-4.10 show the experimental results for the minimum and maximum output voltage under

different input voltage and input power conditions (maximum power point presented in Fig.

4.3). Each figure contains full-bridge inverter voltage, resonant circuit current, transformer

secondary side voltage, and transformer secondary side current. Figs. 4.7-4.10 show the

response of the L3C resonant converter to variation of the input voltage, which are caused

as a result of either changes in PV panel irradiance, or temperature. As mentioned in the

introduction, the battery charger must be able to respond to different modes of the charge

algorithms and track the input voltage variation in order to transfer the maximum available

power. According to presented experimental results, the proposed fourth order L3C resonant

converter can regulate the output voltage in a wide range ((Vbat = 230 − 430V DC)), and

track the input voltage variation for extracting the maximum available power from PV panel
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Table 4.2: Components Platform of the L3C Resonant Converters

Component Part Number Ratings

MOSFET’s STH240N10F 100V DC, 180A
Resonant Cap. Film Cap. 8.2nF, 1600V DC
Resonant Ind. AirCore LitzWire
Transformer 3C95 RM14

Rectifier Diode C3D04060 600V DC, 4A
Output Capacitor Film Capacitor 1.5uF, 630V DC

using the switching frequency modulation.

In order to provide soft switching conditions for power MOSFETs, the phase angle of the

input impedance should be positive. According to experimental results, the zero crossings

of the resonant circuit input current are within the inverter output voltage pulse and, as a

result, in all of the conditions described, the full-bridge switches are fully turned on under

zero voltage. On the other hand, to provide high-quality output voltage and maximize

the converter efficiency, it is vital to realize soft commutation for the output rectifier diodes.

Basically, the reverse recovery current of output rectifier diodes during the turn-off transition

leads to high voltage peaks across output diodes and as a result, diodes with more withstand

voltage should be selected, which means more conduction losses. According to the waveforms

of the voltage and current on the secondary side of the transformer, ZCS is provided for

output rectifier diodes, and the voltage peak is eliminated. As indicated in Figs. 4.7-4.10,

in the end of the power transfer interval, once iLs2 reaches zero, the output diodes’ current

smoothly reaches zero. This causes ZCS at turn-off and avoids any reverse recovery losses in

the output diodes. In addition, the voltage across the diodes is smooth and sinusoidal during

the switching transitions which leads to minimum negative impact of the diode junction

capacitance in transient time. As presented before in the converter analysis, the proposed
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Figure 4.7: L3C resonant converter experimental results for maximum battery voltage (V ′
bat =

430V DC), fixed ambient temperature (25◦C), and different irradiance: (a) 1000W/m2: Vin =
37V DC and Pin = 296W , (b) 800W/m2: Vin = 36V DC and Pin = 232W , (c) 600W/m2:
Vin = 35V DC and Pin = 169W , (d) 400W/m2: Vin = 33V DC and Pin = 108W , and (e)
200W/m2: Vin = 31V DC and Pin = 50W .
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Figure 4.8: L3C resonant converter experimental results for maximum battery voltage
(V ′

bat = 430V DC), fixed irradiance (1000W/m2), and different temperature: (a) −20◦C:
Vin = 45V DC and Pin = 365W , (b) 0◦C: Vin = 41V DC and Pin = 335W , (c) 20◦C:
Vin = 37V DC and Pin = 304W , (d) 40◦C Vin = 34V DC and Pin = 272W , and (e) 60◦C
Vin = 30V DC and Pin = 241W .
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Figure 4.9: L3C resonant converter experimental results for minimum battery voltage (V ′
bat =

230V DC), fixed ambient temperature (25◦C), and different irradiance: (a) 1000W/m2: Vin =
37V DC and Pin = 296W , (b) 800W/m2: Vin = 36V DC and Pin = 232W , (c) 600W/m2:
Vin = 35V DC and Pin = 169W , (d) 400W/m2: Vin = 33V DC and Pin = 108W , and (e)
200W/m2: Vin = 31V DC and Pin = 50W .
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Figure 4.10: L3C resonant converter experimental results for minimum battery voltage
(V ′

bat = 230V DC), fixed irradiance (1000W/m2), and different temperature: (a) −20◦C:
Vin = 45V DC and Pin = 365W , (b) 0◦C: Vin = 41V DC and Pin = 335W , (c) 20◦C:
Vin = 37V DC and Pin = 304W , (d) 40◦C: Vin = 34V DC and Pin = 272W , and (e) 60◦C:
Vin = 30V DC and Pin = 241W .
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Figure 4.11: L3C resonant converter short circuit test at minimum switching frequency
(fs = 177kHz) and maximum input voltage (Vin = 44V DC)

L3C resonant converter has the capability to protect the full-bridge inverter from output

over current and short circuit conditions. Fig. 4.11 presents the converter main waveforms

under output short circuit condition and maximum input voltage condition. According to

Fig. 4.11, the converter can safely work under output short circuit condition and protects

the full bridge MOSFET, which can facilitate the control and protection circuit design. Fig.

4.12 presents the efficiency curves of the L3C resonant converters for different input voltage

and output voltages. Each point in Fig. 4.12 related to one experimental test, presented in

Figs. 4.7-4.10. According to these curves, the resonant converters designed for this study

present a maximum efficiency equal to 97.5%.

4.5 Summary

This chapter introduced the L3C resonant power converter with extreme regulation capabil-

ity, which can be employed as a battery charger for PV systems with high-voltage battery

109



4.5. Summary

banks. The main advantages of the proposed resonant converter are its ability to track input

voltage variation of the PV panel, and regulate the output voltage in a wide range as the max-

imum power point continually changes. Despite other well-known resonant power converters

(e.g. LLC,LCC,LCLC, L3C2), the proposed topology does not employ a series resonant

capacitor in the primary side of the converter, which makes the charger design easier in terms

of component selections. Also, soft switching of the MOSFETs and output rectifier diodes

provide high efficiency, and the capability of working in high switching frequency. In spite

of the fact that the L3C resonant converter is able to provide an extreme regulation for PV

to battery pack applications, the circulating current in the primary side of the L3C resonant

converter is higher than other studied resonant topologies (LLC, L3C2). Since this converter

has very low resistance elements in the primary side, this circulating current does not affect

the efficiency and just increases the current stress for the primary MOSFETs. Also, the high

frequency transformer is very sensitive to any kind of mismatch for the primary gate signals

(it becomes saturated). This means that the gate signals, which are applied to MOSFETs,

have to be completely symmetrical, which necessitates having an accurate and similar driver

for all gate signals.

110



4.5. Summary

84

88

92

96

100

0 100 200 300 400

E
ff

ic
ie

n
cy

%

PV Panel Output Power

Irradiance variation at V    =235VDCbat

(a)

1
0
0
0
W

/m
1
0
0
0
W

/m
22

8
0
0
W

/m
8
0
0
W

/m
22

6
0
0
W

/m
6
0
0
W

/m
22

4
0
0
W

/m
4
0
0
W

/m
22

2
0
0
W

/m
2
0
0
W

/m
22

25 C25 C°Constant Surface Temperature,

84

88

92

96

100

E
ff

ic
ie

n
cy

%

220 260 300 340 380
PV Panel Output Power

(b)

1000W/m1000W/m22Constant Solar Irradiance,
Temperature variation at V    =235VDCbat

-2
0
 C

-2
0
 C°

0
 C

0
 C°

2
0
 C

2
0
 C°

4
0
 C

4
0
 C°

6
0
 C

6
0
 C°

′ ′

84

88

92

96

100

0 100 200 300 400

E
ff

ic
ie

n
cy

%

PV Panel Output Power

(c)

1
0
0
0
W

/m
1
0
0
0
W

/m
22

8
0
0
W

/m
8
0
0
W

/m
22

6
0
0
W

/m
6
0
0
W

/m
22

4
0
0
W

/m
4
0
0
W

/m
22

2
0
0
W

/m
2
0
0
W

/m
22

25 C25 C°Constant Surface Temperature,

84

88

92

96

100

E
ff

ic
ie

n
cy

%

220 260 300 340 380
PV Panel Output Power

(d)

1000W/m1000W/m22Constant Solar Irradiance,

-2
0
 C

-2
0
 C°

0
 C

0
 C°

2
0
 C

2
0
 C°

4
0
 C

4
0
 C°

6
0
 C

6
0
 C°

Irradiance variation at V    =430VDCbat′ Temperature variation at V    =430VDCbat′

Figure 4.12: Efficiency curves of the L3C resonant converter for different conditions, a) Effi-
ciency for constant surface temperature (25◦C) and irradiance variations at Vout = 235V DC,
b) Efficiency for constant solar irradiance (1000W/m2) and temperature variations at Vout =
235V DC, c) Efficiency for constant surface temperature (25◦C) and irradiance variations at
Vout = 430V DC, d) Efficiency for constant solar irradiance (1000W/m2) and temperature
variations at Vout = 430V DC.

111



Chapter 5

Conclusions

5.1 Conclusions and Contributions

To eliminate the negative effect of the burst mode strategy for medium and high power

battery chargers and provide extreme regulation for solar battery chargers, this dissertation

explored resonant converter topologies for DC-DC power converters. The proposed solutions

can successfully be employed for battery charger applications, and can cover different power

levels from low to high power applications.

5.1.1 Burst Mode Elimination in High Power LLC Resonant

Battery Charger

In order to eliminate burst mode issues for high power battery charger applications, a special

LLC tank design method driven by both Variable Frequency (VF) and Phase Shift (PS)

modulation was introduced in Chapter 2 to achieve all the regulation requirements for high

power battery charging applications. The design procedure was based on the multivariate

design methodology and resulted in advantageous extreme regulation in the converter and

the elimination of detrimental burst mode operation. The complete analysis of the resonant

converter (higher order including leakage inductance), along with mathematical equations,

were presented in order to optimize and select the normalized parameters of the LLC resonant

converter. The main advantage of the LLC resonant converter with the proposed modulation
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strategy is its ability to regulate the output voltage from near-zero volts up to 1.5 times the

nominal voltage in continuous conduction mode with low switching frequency variation, while

providing soft switching conditions for semiconductor devices in all operating conditions. The

low-ripple output voltage enhanced the quality of the charging current for battery charger

applications in all conditions, especially the recovery region, thereby providing a low-noise

environment for the reliable operation of the Battery Management System. The experimental

results extracted from a 3kW prototype platform proved that the LLC resonant converter

with this special modulation strategy covered almost all regions in the V-I plane, and had a

peak efficiency of 96.5%, which can be employed as a high power, wide voltage regulator for

battery charger applications.

5.1.2 Improving the Regulation Range of EV Battery Chargers

with L3C2 Resonant Converters

The second technical challenge, which was about DC-DC power converters for medium power

level applications, was addressed in Chapter 3. Chapter 3 introduced the multi-resonant

L3C2 resonant topology as a power converter for medium power level that can regulate the

output voltage in a wide range, from near zero voltage, zero current to the maximum output

power, without using burst mode operation. The complete analysis of the resonant converter

along with mathematical equations were presented. The equations were able to precisely

predict the behaviour of the converter. Due to wide output voltage regulation, the proposed

resonant converter can respond to charge algorithms of different kinds of batteries, such as

Lead-acid and Li-Ion and is a good candidate for use as a charger in electric vehicles. The

main advantage of the proposed resonant converter is its ability to revitalize dead batteries

in continuous conduction mode. The low-ripple output voltage enhances the quality of the

charging current in the recovery region, thereby increasing the life cycle of the battery. Also,
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soft switching of the MOSFETs and output rectifier diodes provide high efficiency, and the

capability of working in high switching frequency without any limitation. The simulation

and experimental results obtained from a 96V DC, 950W power platform verify the theoretical

analysis and the performance of the proposed converter in terms of coverage in the V-I plane.

5.1.3 Fourth Order L3C Resonant Converter for PV Battery

Charger applications

The third contribution and technical challenge, which was about researching a power con-

verter with extreme regulation for solar battery charger applications, was addressed in Chap-

ter 4. Chapter 4 introduced the L3C resonant power converter that can be employed as a

battery charger for PV to battery applications. The main advantage of the proposed reso-

nant converter is its ability to track the maximum power point of the PV panel, which can

change due to solar irradiance and temperature variation, and regulate the output voltage

in a wide range. Also, soft switching of the MOSFETs and output rectifier diodes provide

high efficiency, and the capability of working in high switching frequency. Moreover, despite

other well-known resonant power converter (e.g. LLC,LCC,LCLC, L3C2), the proposed

topology does not employ a series resonant capacitor in the primary side of the converter,

which makes the charger design easier in terms of component selections. The complete anal-

ysis of the resonant converter along with mathematical equations were presented. Also, the

general equations for solar PV panel were extracted and employed to determine the variation

of voltage-power characteristics of a PV module versus irradiance and temperature changes.

The experimental results obtained from a 350W power platform verify the theoretical anal-

ysis and the performance of the proposed converter in terms of tracking the input voltage

variations and wide output voltage regulation.

The concepts introduced in all chapters of this work were thoroughly tested experimentally
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in order to prove the validation of the proposed resonant power converters and modulation

strategies for battery charger applications. Although the proposed high-order resonant power

converters can provide a ripple free charging current for battery packs, but due to the com-

plexity of high-order resonant circuits the optimum design procedure is not straightforward

and needs more efforts in comparison with third order resonant (LLC, LCC) and PWM-type

converters.

5.1.4 Specific Academic Contributions

The work in this dissertation are reported in two journal publications and six international

conference papers so far. The work encompasses applications from low to high power, and

has presented the benefits outlined in this dissertation.

The following publication introduced modified LLC resonant converter for high power

battery charger applications:

• N. Shafiei, M. Ordonez, M. Craciun, M. Edington, and C. Botting, “High power LLC

battery charger: wide regulation using phase-shift for recovery mode,” in IEEE Energy

Conversion Congress and Expo (ECCE), 2014, pp. 2037-2042. [1]

• N. Shafiei, M. Ordonez, M. Craciun, C. Botting, and M. Edington, “Burst mode

elimination in high-power LLC resonant battery charger for electric vehicles,” IEEE

Transactions on Power Electronics, vol. 31, no. 2, pp. 1173-1188, Feb. 2016. [2]

The following publication introduced fifth order L3C2 resonant power converter for medium

level power applications:

• N. Shafiei, M. Ordonez, W. Eberle, “Output rectifier analysis in parallel and series-

parallel resonant converters with pure capacitive output filter,” in IEEE Applied Power

Electronics Conference and Exposition (APEC), 2014, pp. 9-13. [3]
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• N. Shafiei, M. Ordonez, “Improving the regulation range of EV battery chargers with

L3C2 resonant converters,” IEEE Transactions on Power Electronics, vol. 30, no. 6,

pp. 3166-3184, June 2015. [4]

The following publication introduced the L3C resonant power converter with high voltage

gain for solar Photovoltaic applications:

• N. Shafiei, M. Ordonez, C. Botting, M. Craciun, and M. Edington, “Fourth order

L3C resonant converter for wide output voltage regulation,” in IEEE Applied Power

Electronics Conference and Exposition (APEC), 2015, pp. 1467-1471. [5]

The research on battery charger design procedure and optimization in resonant power

converters resulted in the following publications:

• N. Shafiei, M. Ordonez, S. R. Cove, M. Craciun, and C. Botting, “Accurate modeling

and design of LLC resonant converter with planar transformers,” in 2015 IEEE Energy

Conversion Congress and Exposition (ECCE), Sept 2015, pp. 5468-5473. [6]

• N. Shafiei, S. A. Arefifar, M. A. Saket, and M. Ordonez, “High efficiency LLC con-

verter design for universal battery chargers,” in 2016 IEEE Applied Power Electronics

Conferenc eand Exposition (APEC), March 2016, pp. 2561-2566. [7]

Some publications resulted from collaborative research around magnetic design for planar

transformers and high efficiency resonant power converters:

• A. Saket, N. Shafiei, and M. Ordonez, “LLC Converters with Planar Transformers:

Issues and Mitigation,” IEEE Transactions on Power Electronics, vol. 32, no. 6, pp.

4524-4542, June 2017. [128]

• S. Cove, M. Ordonez, N. Shafiei, and J. Zhu, “Improving wireless power transfer

efficiency using hollow winding with track-width-ratio,” IEEE Transactions on Power

Electronics, vol. 31, no. 9, pp. 6524-6533, Sep. 2016. [129]
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• A. Saket, N. Shafiei, and M. Ordonez, “Planar Transformers with Inherent Noise Can-

cellation for Flyback and Forward Converters,” {IEEE Transactions on Power Elec-

tronics, Early Access.

• A. Saket, N. Shafiei, and M. Ordonez, “Planar transformer winding technique for

reduced capacitance in LLC power converters,” in 2016 IEEE Energy Conversion

Congress and Exposition (ECCE), Sept 2016.

• A. Saket, N. Shafiei, and M. Ordonez, “Planar transformers with no common mode

noise generation for flyback and forward converters,” in 2016 IEEE Applied Power

Electronics Conference and Exposition (APEC), March 2017.

• M. Mohammadi, N. Shafiei, and M. Ordonez, “LLC synchronous rectification us-

ing coordinate modulation,” in 2016 IEEE Applied Power Electronics Conference and

Exposition (APEC), March 2016, pp. 848-853. [130]

• A. Saket, N. Shafiei, and M. Ordonez, “Low parasitics planar transformer for LLC

resonant battery charger,” in 2016 IEEE Applied Power Electronics Conference and

Exposition (APEC), March 2016, pp. 854-858. [131]

• Z. Qu, V. Dayal, J. Dong, R. Sangha, N. Shafiei, A. Arefifar, M. Ordonez, M. Craciun,

C. Botting, “Comprehensive power MOSFET model for LLC resonant converter in re-

newable energy application,” in 2016 IEEE Power Electronics for Distributed Genera-

tion Systems (PEDG), June 2016, pp. 1-5. [94]

5.2 Future Work

Although the main focus of this thesis was on DC-DC resonant power converters with ex-

treme regulation with the specific application for electric vehicles, the proposed topologies
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and modulation strategies can be employed in any energy system with rechargeable battery

packs as a energy storage (e.g. renewable energy systems). This variety of battery chargers

applications indicates the importance of more research and study on the area of DC-DC

resonant power converters. This work opens up many full areas of research regarding design

optimization, and performance improvement for Masters and PhD students. As a starting

point for future work, some research has been done by the author on design optimization and

performance improvement for DC-DC resonant power converter, which published in IEEE

international conferences. [6, 7, 130, 132]

• Planar transformer applications for resonant converters: In order to design and fabricate

low profile (slim) resonant converters, it is essential to replace conventional wire-wound

magnetic transformers with low profile planar ones. In planar transformers, to decrease

high-frequency AC resistance and leakage inductance, the primary and secondary wind-

ings are stacked together using the interleave structure method, which leads to a high

amount of inter-winding and intra-winding capacitances. This topic opens a research

area in the investigation of how to model planar transformers, how to eliminate the

winding capacitance effects, and how to improve the fabrication process. A new model

for LLC resonant converters has been presented based on fourth order model of the

planar transformer [6].

• Optimized design of resonant converters: Due to wide operating frequency of resonant

converters as a battery charger, it is important to propose a new methodology that

focuses on multiple operating points rather than obtaining peak efficiency at one op-

erating point. There are many degrees of freedom during design (such as the selection

of resonant circuit elements, operating switching frequency, transformer specification,

maximum achievable efficiency), which dictates an optimization algorithm in order to

find the optimum values of the design variables. This topic opens a research area in the
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investigation of optimum design procedures of resonant converters for battery charger

applications. A new approach for designing an LLC resonant converter as a universal

battery charger has been presented with wide conversion efficiency using Tabu Search

algorithm [7].

• Time domain analysis of resonant converters: The current method for analyzing reso-

nant topologies is called First Harmonic Approximation (FHA). This kind of modeling

method is straightforward and can be employed for designing the resonant converter.

However, this method only considers the fundamental frequency harmonic and is cor-

rect when the switching frequency variation is around the circuit resonant frequency.

Due to the wide frequency variation in resonant converters for battery charger appli-

cations, the study of these type of circuits in the time domain is an opportunity to

provide more accurate steady state analysis, which can lead to a more accurate design

and optimization procedure [132].

• Resonant converter efficiency improvement: Although a resonant converter can provide

soft switching condition for all semiconductor devices, which leads to have a better

efficiency, conductive losses in the output rectifier is an obstacle for getting the highest

possible efficiency at high output current applications. Due to different operating modes

of resonant converters as battery chargers, another interesting topic as a future work

could be the study of the synchronous rectifier for resonant converter with high output

current applications. In [130], a new strategy referred to as Coordinate Modulation has

been presented.
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Appendix A

Glossary

AC Alternating Current.

BMS Battery Management System.

DC Direct Current.

EMI Electro Magnetic Interference.

FFPS Fixed Frequency Phase Shift.

LED Light Emitting Diode.

Li− Ion Lithium-Ion Battery.

NiMH Nickel-Metal Hydride Battery.

PCB Printed Circuit Board.

PFC Power Factor Correction.

PSPWM Phase Shift Pulse Width Modulation.

PWM Pulse Width Modulation.

PV Panel Photo Voltaic Panel.

V F Variable Frequency.

ZCS Zero Current Switching.

ZV S Zero Voltage Switching.
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Appendix B

Hard Switching versus Soft Switching

B.1 Hard Switching

Hard switching occurs when there is an overlap between the voltage and current when switch-

ing the semiconductor device on and off [133]. Fig. B.1 shows the switching transition and

its instantaneous energy loss during the transient time (red area). This overlap causes power

loss in the semiconductor device, which can be calculated by [134]:

Ploss = VDS × ID × fsw × (ton + toff ) (B.1)

According to Eq. (B.1), the switching frequency has a direct relationship with the power

loss during the transient, which restricts the design of high efficiency and high power density

converters. Hard-switching problems can be presented as follows:
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Figure B.1: Hard switching MOSFET current and voltage waveform.
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• Switching losses.

• Low efficiency, especially at high switching frequency.

• Semiconductor stress.

• EMI due to high dID
dt

and dVDS

dt

B.2 Soft Switching

The soft switching phenomenon happens when either voltage or current is forced to be zero

before turning on or turning off the semiconductor device [133]. Fig. B.2 shows the switching

transition of a soft switched semiconductor device. According to Fig. B.2, the semiconductor

current is zero when the voltage across the device changes from its maximum to zero, or vice

versa. Due to the elimination of overlap between the semiconductor voltage and current,

the semiconductor power loss is eliminated and it is possible to design high efficiency power

converters which can be run at higher frequency.
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Figure B.2: Soft switching MOSFET current and voltage waveform.
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B.3. Difference Between ZVS and ZCS

B.3 Difference Between ZVS and ZCS

In order to provide soft switching for a semiconductor device, either the voltage or the current

of the device has to be zero during transition. As both names imply either voltage or current

within the transistor is zero before switching occurs. For the Zero Voltage Switching (ZVS),

the semiconductor will be turned on at zero Drain-Source voltage to eliminate the turn on

switching loss. For Zero Current Switching (ZCS), the semiconductor will be turned off at

zero Drain current to eliminate the turn off switching loss [133].

124



Appendix C

Resonant Power Converters for Soft

Switching

A resonant mode power converter offers the potential of achieving soft switching conditions

for semiconductor devices and the possibility of increasing the switching frequency, which

leads to a smaller, lighter, and less costly system [135]. With a resonant circuit in the

power path, the switches can be configured to operate at either zero current or voltage

switching, greatly reducing their stress levels. Also, the resonant sine wave minimizes higher

frequency harmonics, thus reducing noise levels and, since the circuit now requires inductance

and capacitance, parasitic elements can be integrated into the resonant circuit rather than

detract from circuit performance [48, 135]. With these benefits, power converters operating

in the range of 500 kHz to 2.0 MHz are now practical and are already being produced by a

few leading edge manufacturers [136].

Fig. C.1(a) presents the general block diagram of the DC-DC resonant converter. The

resonant circuit consists of a combination of inductors and capacitors in the power path

between the input and output ports. By having the resonant circuit, the resonant circuit

input current is filtered at the resonant frequency and therefore the current waveform is

almost a pure sinusoidal one, which is demonstrated by Fig. C.1(b). This sinusoidal current

flows through the inverter switches as well. By shaping the switch current, it is possible

to provide a situation whereby each switch can operate at either the zero current or zero

voltage. Since using MOSFETs is the preferred switch type for high frequency applications,
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the resonant circuit has to represent an inductive load and the ires lags behind the voltage

vres by the phase angle φ, where φ > 0 [48]. Because a power MOSFET is composed of a

transistor and an anti-parallel diode, it is possible for this type of switch to conduct either a

positive or negative current. Fig. C.2 presents the voltage and current waveforms of a single

MOSFET operating in the inductive load condition. According to Fig. C.2, before applying

the Gate signal, the switch current is negative and the anti-parallel diode is on, which means

the Drain-Source voltage is maintained at about −1V by the anti-parallel diode during the

MOSFET turn-on transition. According to Fig. C.2, the Gate signal is applied after VDS is

brought to zero and before iD passes zero and becomes positive. In this case, the turn-on

switching loss is eliminated. In Fig. C.2, the correct time for applying the Gate signal is

presented by the Zero Crossing term.

While resonant converters have several desired features such as high efficiency, low EMI

and high power density, there are some drawbacks in comparison with PWM type power

converters (e.g. Phase Shift Full Bridge PWM converter). Due to the sinusoidal shape of the

current passing through all elements and semiconductor devices, the peak current is higher

in resonant converters, which leads to more current stresses for all elements. Moreover,

in no-load and light-load conditions, there is a circulating current passing through inverter

switches and the resonant circuit. As a result of this circulating current, the efficiency curve

for resonant converters is not as flat as PWM-type topologies. Also, the design of a resonant

converter is an involved task, and requires more effort for optimization compared to PWM

converters.
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Figure C.1: (a) The general block diagram of the resonant power converters, (b) The voltage
and current waveforms for the input of resonant circuit (inductive load condition).
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Figure C.2: Waveform of a MOSFET working at the inductive load condition.
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Appendix D

Efficiency

D.1 Efficiency Calculation

In this work, efficiency curves are presented for different prototype platforms. In order to

calculate the efficiency, the input and output powers need to be measured with a power meter

and by employing Eq. (D.1), it is possible to calculate the efficiency. Fig. D.1 shows the

input-output connections to/from power meter.

Efficiency =
Pout
Pin

=
Vout × Iout
Vin × Iin

(D.1)

D.2 Higher Efficiency

In Power Electronics systems, the conversion mechanism generates heat as a result of non-

ideal components (e.g. switching time of semiconductor devices and element resistances).

This means a portion of the input power does not make it to the output of the system and

heats up the components. This heat needs to be absorbed and transferred to the environment

by a set of heat sinks and fans. If a power converter can be designed with higher efficiency,

lower heat dissipation will happen, which not only facilitates the cooling system, but also

shrinks the converter size due to the smaller required heat sink and fan. As an example, in

Chapter 2 a 3kW resonant power converter is designed and tested with maximum efficiency

of 96.5%, which means 109W of power dissipation. If the efficiency can be improved by only
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1% (e.g. by employing the synchronous rectifier instead of the diode rectifier), the new power

loss for the power converter will be 77W, which means 30% lower heat generation and a 30%

smaller cooling system for the new converter.
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Figure D.1: The prototype input-output connection for the efficiency measurement
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