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Problem Description

Most activities in the world depend on the eleetrigower system so that uninterrupted power
supply is needed. In most cases reliable powetoied in batteries. This can be expanded to
supply the ac system by the same battery. Thisbeaachieved by the application of power
electronics with bidirectional power convertersoléged bidirectional dc-dc LLC resonant
converter is one of the building blocks that enaptaver to flow in both directions. The
converter is static to be used in battery chargind discharging circuits for uninterruptable

power supply, hybrid vehicles, space applicatieledommunication, hospital etc.

LLC resonant converter is a promising alternaftweconverters to reduce switching losses and
to improve the life time of the MOSFETSs. LLC resnoheonverter reduce or eradicate the energy

circulating in the converter by applying zero vgkaswitching and zero current switching.

The converter should be analyzed by simulationh® tLC resonant tank in the isolated

bidirectional converter and also the efficiencytloé bidirectional converter should be tested in
the laboratory. Develop the automatic controllenal signal analysis and minimize the loss by
selecting the proper resonant value. If time, tbeverter should be developed and tested on

laboratory.

The goal of the thesis is to minimize the switchiogs of the MOSFETs by adding the LLC
resonant tank on the isolated bi-directional dcedoverter and also improve the lifetime
efficiency of the converter. In addition to develdpC resonant tank in the isolated bidirectional

converter also develop automatic bi-directionaltralfer.

Assignment: Trondheim 10.01.2014
Supervisor: Tore Marvin Undeland(Prof.)
Co-supervisor: Backman Nils



Abstract

As part of my master thesis | have take part idatedl Bidirectional DC_DC LLC resonant
converter from Eltak company. Application of powetchanges takes place in either direction
using two unidirectional DC-DC converters. Evenudlo it is common to use power flow in
unidirectional, but later due to many applicatianwgng emphasis on small size, compact the
two unidirectional way of power flow and efficiepower systems. This gives increasing interest
to develop a bidirectional type of power flow witidirectional converter. This is especially for
DC power application like motor drives, uninteriibfg power supplies(UPS), alternate energy
system, telecommunication, space technology, hyldtbmotives, battery charger and battery

discharger.

After a literature study of different types of camnter topology , the isolated bidirectional DC-
DC LLC resonant converter has been selected. 8islted in LLC resonant tank have for both
mode of operation. The converter is dual activeldeiwith isolated high switching frequency
transformer. The bridge on the high side is voksggkand current-fed on the low side of the

converter.

Since the isolated bidirectional DC-DC convertérave the capability to perform the
bidirectional power flow in a compact form or a gl device to perform such application.
Therefore for this specialization project it is posed to have dual full-bridge isolated
bidirectional DC-DC LLC resonant converter in a @@t and single device converter. The
topology computable for this type of isolated bédtional DC-DC converter. In this
bidirectional converter mainly discussed about ithle LLC resonant arrangement instead of

PWM for reducing power loss in high switching freqay.
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Chapter 1-Introduction

1.1 General Introduction

The world now is going to exercise the power etattr applications device for complex systems
when most difficulty face for human being in martgeam of fields. Over the last three to four
decades power efficiency become the main concenmestfarches for power conservations as a
result these leads to grow compact power suppli@sgsignificantly. Power electronics circuits
primarily process the energy supplied by utilitystorage devices to a form which matches with
required load or storage device through the apdicaof semiconductor devices to control the
voltage and current values . The energy can supfien utility grid or bank of batteries; with
the application ranging from high power conversaguipment of MW to the very low power

equipment of a few watts.

Most of power converter devices have common uedtional application with power being
supplied from the source to the load. However diffié types of applications require dual
direction; the applications such as motor drivasnterruptible power supplies(UPS), alternate
energy system, telecommunication, space technologyid Automotives, battery charger and
discharger etc. require using another system ofesion which is not similar to unidirectional.

Therefore these applications introduce power cdavewith bi-directional power transfer

property.

Conventionally, the two independent unidirectiocahverters can be used together parallel for
achieving bi-directional power transfers. Bidirecédl DC-DC converters recently gates
awareness due to application of bidirectional potraansfer between different dc sources buses.
The demand for development of complex, compactedfidient power system implementation

has encouraged scientists in bi-directional comvetévelopment.



1.2 The Art of Bi-Directional DC-DC Converter

1.2.1 Introduction to Bidirectional dc-dc converter

Most bidirectional DC-DC converter topologies ¢amnillustrated as block diagram shown in the
Fig-1.1 below and it also characteristics powewfdn both directions[1-3]. Energy storages in
general uses bidirectional DC-DC converter for gheg and discharging applications may be
either in half-bridge or full-bridge arrangementsagimi-conductor switching devices. The buck
type of converter has energy storage on the hidgtage side, whereas boost type of converter

has energy storage on the low voltage side.

Forward Power Flow

M

Bi-Directional

DC-DC converter

Backward power Flow

Fig.1- 1 lllustration of bidirectional power flow

The concept of power flow in both direction for ibéttional dc-dc converter is operation of
switching devices realize current flow in each wRidirectional dc-dc converters are developed
from two unidirectional semiconductor switching oes such as; MOSFET, Transistors and
IGBT power switches constructed with parallel dimdEhese parallel diodes serves double sided
power flow. Even though there are many topologiebidirectional dc-dc converter; basically
they are divided into two types such as an isol&teitectional DC-DC converters and non-
isolated bidirectional DC-DC converters based oa iolation material between input and
load[4-6].



1.2.2 Non-isolated Bidirectional DC-DC Converter
Non-isolated bidirectional DC-DC converters powlemwf without any isolation between input

and load[7]. The transformer-less non-isolated dadnverters can be either boost, buck or
buck-boost converters. Even though it's attractiveobtain isolation[8-9] for high frequency
conversion applications between the load and tlhecsobut non-isolated type of converter is

more attractive from the efficiency, size, weightlaost point of view.

The most familiar DC-DC converters, such as bugklzoost converters have only one direction
power flow. Since step-up and step-down converergain diode on their structure which has
characteristic of one direction power flow. Howeitdras advantageous to change unidirectional
converter into bidirectional by replacing the disdeith controllable switches like MOSFETs
and IGBTs. As Fig.1-2 shows that the structure ohwerter is a combination of two
unidirectional step-up and step-down converters. tisat the unidirectional converters are
transferred into bidirectional converters by replgcthe diodes with controllable switches like
MOSFETSs and IGBTSs [10] shown in unidirectional dcedbnverters.
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Fig.1- 2 Constructing non-isolated bidirectional DC-DC converter from two unidirectional converter



Some of the limitations relating to the Non-isothtadirectional dc-dc converter compared to
isolated bidirectional dc-dc converters shown mdbove Fig.1-2 are:

e It can only operate boost mode in one directiod back mode in the other direction.
This means the voltage duty ratio(D) , which isimed as D = Vi, is either smaller
than one or equal to one in one direction. Thiscetgd the voltage level of dc-dc
converter is determined by the arrangement ofhtels device and filter devices.

e When the voltage ratio become very large this shawtgpractical.

e Due to lack of galvanic isolation between the twdes of the network if a short circuit
risk happened on one side of the system; the whyaltem of the DC-DC converter will
be failed.

1.2.3 Isolated Bidirectional DC-DC Converters
The transformer is used for isolating bridge cotemsr which is on both sides of DC-DC

converters or it isolates input and load. While ttesformer has additional cost in addition to
the component cost; however it has critical comporfer isolating the source and load by
providing impedance matching between the two safeb prevent a short circuit occurred on
one side of the enter system. Isolated bidirecti@@DC converters can be classified as full-
bridge, a half-bridge or push-pull bidirectionalnwerters[11-12] based on the arrangement of

the switching devices and their application.

Generally bidirectional converters have a structinglar to the Fig. 1-3. The topology consists
of two high switching frequencies DC-AC and AC-D@neerters with similarly high frequency

transformer which is primarily used to maintain thalvanic isolation between the sources.
Therefore the topology consists both rectifier ameerter on either of its bridges. Since the
transformer has a numbers of turns on both sides this essential for voltage matching
between the two sources. As an energy is transfénreither direction is required for the enter
system, therefore each side of the converter maxgt la capability to transfer in both direction

using controlling system.



Power Flow

Mode A -B
—
Mode B - A
4—

Converter A Converter B

AC
Win DC Wi

HFT

Fig.1- 3 Basic structure of isolated bidirectional DC-DC converter

As the term bi-directional indicates, there areidaly two mode of operationshere t
of switches either turned-off or turned-on in ortercontrol poweflow from either
As Fig.1-3 shows the two mode of operations aredhass charging/step-down adig¢
step-up detail will be discussed in chapteNB8tification of the power transfer can be
publication to publications. There are differentoldded bidirectional ddc ¢
publications[20-22].

1.3 The Need For Galvanic | solation

Transformer isolation needs for a system whenretliemo need oflirect connectior
source and load. If there is no an isolation betwtbe load and the source, agiencin
occurred on any circuit component of the system High probabilityto damage
system. If two fault develop anywhere in the systancurrent path will exist among
faults therefore a short circuit occurred on thevester. For this case it needdither
a controller or add transformer isolation deviceoiider to interruppower system duri
minimize the current due to the fault whidhmage components before the protecti
functionsare activated. But if we place the isolated galvaaimponents between the
load then these problems and faults can be mintnézen eradicated the fault at a
system will remain powered-on and not damaged yetem entirely. Curirg fault pat
happened if there are multiple faults on one sifi¢he isolation zone. It is ther
advantageous to have galvanic isolation for alratidbads. Fig.1.4 shows the abo\

either we have galvanic isolation or not, X ind@sathere is a fault on tlshort circuit a
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1.4 Literature Review

The first step towards maximizing the performantesaolated bidirectional DC-DC converter is
to review the limitation of the existing system&ese converters were the focus of significant
research interest over the last four ten yearshis section, previous works in the area of
bidirectional DC-DC converter is reviewed with tbbjective of current and voltage status of
research in this specialization project evaluatwgplogies for their possible implementation in

low power LLC bi-directional DC-DC converters.

1.4.1.High power bidirectional dc-dc converter
Various topologies variations for DC-DC converteo§ high power applications with
bidirectional power transfer have been proposed dgewtloped through the last four decades.
For the development of the efficient power, dc-doverter they use either resonant[13], soft
switch achieved by controlling phase shift [14-1d@,hard pulse width modulation(PWM)[17].
Even though PWM and soft switched achieved by odlitg phase shift converters have their
own advantages but they have also limitations te fes middle power bidirectional dc-dc
converters. These converter topologies aren'tiefficto use for middle bidirectional dc-dc
converters due to the following drawbacks;

e large number of switches

e large components

e limited range of satisfactory for high frequency

e complex power and control circuit etc.
Operation of the converter in series resonant cderfé3] is seen as high power densities and
has the advantage of natural commutation and seificting ability. However they have
limitations in terms of frequency sensitivity, hagtvoltage and current stresses in the devices of
the topologies and large ripple currents in thepoutand input capacitive filters. Resonant
converters also require careful selections for hiatcthe operation frequency of the resonant
tank circuit, and magnetic saturation.

The dual bridge presented [14] achieweget switching losses by controlling the phase
shift between the two inverting stages operatingigtt frequency. It uses the leakage inductance
of the transformer as the main energy transfer corapt. At high level power and frequencies
design and implementation of transformer and olimg the leakage is extremely

complicated[14].



1.4.2 Medium and low power bidirectional dc-dc converter
As a high power applications, medium and low pobidirectional dc-dc converters are based
on either hard switching[16], soft switching oraaant switching type[19]. Most of these dc-dc
converters are well suited for a particular appicaeven though they have their own drawback.
Their limitations can be described as;

e lack of isolations

e high component stresses

e large ripple current through the filtering inductor

e at high frequencies the converter designed to ¢perader resonance and soft switching

may suffer from hard switching of the devices.

The converters operating in the resonance mof@lgsfdve the limitation on the load and
voltage conditions and also subject the devicdsgb stresses. The presence of only one active
switch in the circuit path during each directiorpofver flow leads to a higher rate for the switch
and component as a whole results increase coatldition conduction losses in the resonant part
also increase due to their series arrangementsbitiirectional converter topology designed in
[19] does not provide galvanic isolations betwelem Ibattery and the load or source which is

often required in battery operated power systems.



1.5 Thesis Structure outlines

This thesis is organized as follows:

Chapter 1 gives a general over view on different bi-direaibDC-DC converter and give the
application of different bidirectional topologies IDC-DC converter. In general DC-DC
converters are classified as isolated and nontembldi-directional. Bi-directional DC-DC
converters can be constructed with a series ofstage DC-DC converter with an isolation of
transformer between them. The selected topologytifiss dc-dc converter is isolated bi-
directional dc-dc LLC resonant converter.

In Chapter 2 gives an over view of three type of resonant caevearrangement. The chapter
also detail discuss about each arrangement abeutativantage and disadvantages. Based on
the application of these resonant converters thst efficient and serve for reducing circulating
energy within the converter is LLC arrangementhef tesonant tank.

Chapter 3 presents detailed components of the dual full-leridhirdirectional DC-DC LLC
resonant converter. This also includes the ciremtl simulation results for both operation
modes; that is charging mode of operation and digghg mode of operation. Charging mode of
operation gives more detail in step-down and tlsetdirging also deals with step-up from the
battery or other source to the main grid. This ¢aplso includes design of the digital circuit
for MOSFET gate drive signal controller. Efficienoy isolated bi-directional DC-DC resonant
converter is almost 97%.

Chapter6 discuss the small signal analysis and develop dn¢ralling system of the converter
and in addition drive the transfer function of fhlant and the system. The controller type also
selected.

Chapter5 The capacitor filter design and calculated the cépavalue based on the specific
ripple factor Rp. Also design the gate driver amelhootstrap-of the controller.

chapter 6 describe the experimental result of the convexerfdrward and backward mode of

operation.



Chapter 2- LLC Resonant Converters

2.1 Introduction

High power, efficiency and density are the majoreccause for the development of new
resonant converter. These converters are calledC tdsonant converters which solve the
drawbacks of the previously known series and pelradisonant converters will discuss in detail
in this chapter. Based on their fusibility, theesanant converters developed due to their ability
of higher switching frequencies, higher efficierscisimple and small packaging. These are also
the paths considered for the development and maipg of the LLC resonant converter[23].
Within all these issues a topology capable of higivatching frequency with higher efficiency
will be achieved. The goal of resonant convertesalving the limitation of the hard switching

and PWM switching that produces high loss will biaimized to a very small value.

The most earlieresonant converter which was investigated mosthumd three decades ago
[23-24], but later the power loss faced in DC-DCnwerters were resolved due to the
implementation of these resonant converter topelgp operate at high switching frequencies.
In general traditional trend of resonant convettgrologies can be classified into three major
classes. The classification is based on the armaege of the resonant components; Series
Resonant Converter, Parallel Resonant ConvertefSends Parallel Resonant are the three most

popular topologies.

2.2 ThreeMost Common Resonant Topologies

2.2.1 Series Resonant Converter
In this case, the dual active full-bridge switchpdiogy is connected to the series resonant

converter on both sides of the transformer as showne Fig.2-1. The resonant inductor Lr and
Resonant capacitors are series connected withedctivbridge MOSFETSs switches . They form

a series resonant tank which is serially connetdddad so that the resonant tank and load are
voltage dividers where as the load is reflectedhfsecondary to the primary side of transformer.
It is possible to control the impedance of the nesi tank by varying the switching frequency of

input voltage.

10



Since the impedance of the resonant tank and lagsoltage divider, the gain of the voltage

ratio or voltage gain to this type of resonant teklways less than one. At resonant frequency
impedance of the series resonant tank will be mBaant and as a result the voltage drop across
the resonant is not considered in the analysisteftie at the resonant switching frequency the

voltage gain almost have unity value.

LA st ki

Cpr Lpr Lsr Car

Loo —Vhat

Vi Cin|

WhE k3 siE s

Fig.2- 1 Full-bridge seriesresonant converter

The general code developed in appendix[Al] generaddue for the parameter of the resonant
tank(i.e. L, G, Ls, and G). The developed code interface with simulink depell plant output
voltage and switching frequency. The generatedegbf the resonant tank parameter value are
selected if they satisfay the required resonawgueacy. From Fig.2-2 the parameter values are
Lp = 335.8uH, L=28.8uH, G=392nF and g£= 13.5pF.

The parameters value for this series isolated fgietibnal resonant converter are specified as
follow:

Transformer turn ratio: 25:3

Input voltage: 400V

Rioad : 0.8

Resonant frequency: 100KHz

11



From Fig.2-2 selecting the appropriate value ofremnant parameters from the right side of the
resonant frequency is recommended operating regafnthe resonant tank to have high
efficiency. For high efficient resonant convertée tloss is consider for the selection of the
operating region, so that zero voltage switchiregion is the appropriate range. This is due to
the law loss during zero voltage switching(ZVS) anbllOSFETs application in DC-DC
converter. If the region selected for the operatsoon the left side; then the switching frequency
is lower than the resonant frequency the conveviémwork under zero current switching(ZCS)
condition.

From Fig.2-2 characteristic of DC-gain, the DCngalope is negative then the converter is
under zero voltage switching condition, but whea BC gain slope is positive the converter is
under the condition of zero current switching. Bue to the internal structure of the MOSFET is
advisable to operate the resonant converter utideZVS region. Referring to Fig-2.2 the
operating region for small load implies high switah frequency in order to have a constant
output voltage. This is a main drawback and linotafor the SRC.

Based on the above analysis SRC is not approstateture of the resonant tank for DC-DC

converter. Its main limitations are: in light loeejulation and high circulating energy.

e e — ———— o g J--——--J--—--—J-———— -
| I I | I | I |
I I I I I I I | —
09— - -0 a4 __ e —
I I I I I I I |
| | | | | | | | — 10
< ! e

| | | | | | | | — 12 ||

Fig.2- 2: DC-gain characteristics of SRC resonant converter
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2.2.2 Parallel Resonant Converter

The schematic circuit diagram for the PRC is shanwthe Fig.2-3 and the arrangement of the

capacitor and inductor are still similar as desilin SRC, when they are compared with the

arrangement of resonant tank components. The dffrehce is the arrangement of capacitor

with load, where capacitor in parallel resonantvester is parallel to load but series in series

resonant converter. More familiar names for thiavester can be called as a series resonant

converter with parallel load impedance.

As described in the series resonant converter #rergl code developed in appendix[A2]
generates value for the parameter of the resomaf(ite. L,, C,, Ls, and G). The developed
code interface with simulink developed plant outpottage and switching frequency. The
generated values of the resonant tank parametee &k selected if they satisfay the required
resonant frequency. From Fig.2-4 the parameteregatue

Lp=543.8uH, L= 12.8uH, G=4522nF and £= 225uF.

The parameters value for this parallel isolatedréadional resonant converter are specified as
follow:

Transformer turn ratio: 25:3

Input voltage: 400V

Rioad : 0.8

Resonant frequency: 100KHz

The dc-gain characteristic of the resonant conkvétehown in Fig.2-4. As shown in the figure

the dc-gain characteristic(Q) of the PRC is randiom 4 to zero.

13
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Fig.2- 3: Full-bridge parallel resonant converter

As shown on Fig.2-2 in the SRC operating regioivasy narrow with small load but the
switching frequency is very high and make difficidthave almost constant and regulated output
voltage. But PRC has a wider operation region Vigtht load and very small switching voltage
variation. Therefore it has an advantage to havestemt and regulated output voltage. At high
input voltage the converter is working at highezguency even far away from the resonant

frequency values.

PRC still faces some limitations in circulating emewhich occur during small load. So that the
load is parallel with resonant capacitor in theuinpide of the isolation part with small value
impedance even at no load condition. Even thougallphresonant converter have better range
of operation but still have the above limitatioT$erefore Parallel resonant converter is not
preferable similar to series resonant convertedurl active full-bridge bidirectional DC-DC

converter and this lead to another alternativeooptd solve the limitation.
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Fig.2- 4: DC-gain characteristics of PRC resonant converter

2.2.3 Series Parallel Resonant Converter

SPRC merges the above two resonant topologieshtaigahd its resonant bank consists of three
components, such as series resonant inductor(erjessresonant capacitor(Csr) and parallel
resonant capacitor(Cpr). Its schematic diagramh@wve in the Fig.2-5. The resonant tank of
SPRC is constructed from both structures, serissnant converter and parallel resonant
converter. This combination leads to minimize thmithtion in each resonant topology
separately. The Combination of these two structofeSPRC can regulate the output voltage

even at no-load conditions.

The dc-gain characteristic(Q) of the series pdra#isonant converter is mirror of the LLC

resonant converter which will see in detail in tiext section of this chapter.
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Fig.2- 5: Full-bridge series parallel resonant converter

As discussed in the two different topologigbove; they have a circulating energy and turn off-
current for switches (in this case MOSFETS) facaniback at high input voltage. Even though
SPRC arrangement structure of the capacitor andctodreduce the problems on one but not for
the second, still it has a high conduction loss swilching loss at wide input voltage. While
SPRC has limitation of wide range input voltageigigsin this wide range of voltage input the
conduction loss and switching loss will dramatigalhcrease at high input voltage, so the

switching loss is very approach to PWM convertghatsame level input voltage.

Then it is possible to generalize based on Hwwe drawback of designing on SRC, PRC and
SPRC difficult to optimize at high input voltagaeadto high conduction loss and switching loss.
So that, to achieve high switching frequency amghéi efficiency researchers developed another
type of topology called LLC (resonant Inductor, aieant capacitor and magnetizing
inductor)[28].
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Fig.2- 6 : DC-gain characteristics of SPRC resonant converter
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2.3 LLC Resonant Converter

The above three traditional resonant topologies haany limitations during the high voltage
input. Their main limitations are high circulatiremergy and large switching loss which are
occurring during the high voltage input. From Fig.2LC resonant can be designed by
interchanging the position of the L to C and C tdram LCC arrangement of inductor and
capacitors in series parallel resonant converterelhere are two resonant frequencies: Lr and
Cr determine the higher resonant frequency and Itheer resonant frequency which is

determined by the series combination of inductdmmand Lm with Cr[28].

W sl i akz
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| M |
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o . é Lms
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Fig.2- 7: LLC resonant converter topology

Even though the LLC resonant converter existedafoery long time, its lack of understanding
of the characteristics of the converter helpsetwes as a series resonant converter with passive
load. In other words it is designed to operatenatching frequency which is much higher than
the resonant frequency of the series resonantabbkand Cr; but in series and parallel resonant
converter switching frequency is equal to the rasorfrequency. Advantages of LLC resonant
converter compared to the above three traditioesbmant converters has a narrow switching

frequency range with light load and ZVS capabilifyh even no no-load.
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2.4 Operation of LL C resonant converters
LLC resonant converter have zero voltage switch(Z&®1 zero current switch(ZCS) regions of

DC characteristics as shown in the Fig.2-7. For ktk€onant converter have two types resonant
frequencies due to parallel arrangement of onedimidu one is determined by the resonant
components of Lr and Cr and the second type ohadofrequency is produced due to Lm and

Cr. The frequencies can be analysis as the follgwiuations:

1
2nvVLrCr (1)
1

fT‘Z - 21/ (Lm+Lr)Cr (2)

frl=

"LLC DC characteristics is sketched and analyzéake samples for 400V input operation; it
could be placed at the resonant frequencyofwhich is the resonant frequency of the series
components of the LLC resonant converter(i.e. hd &r)[25]. As shown in Fig.2-8 low

switching frequency and large DC characteristiesaitained as input voltage decreases.
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Fig.2- 8: DC characteristicsof LL C resonant converter
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2.5 System Optimization For LLC Resonant Converter

The practical results show that PWM converters hdnaavback to achieve high efficient and
large operation ranges. The LLC resonant convestgi® the drawback of PWM due to exhibit
of high performance in small voltage stress and kwitching loss on rectifier side of the

converter and this results lead to have higheciefit than PWM converter.

251 Improve MOSFETSs Selection For High Frequency Resonant Converter
For high-voltage MOSFET's, it is better to selddgh quality switches such as super-junction

MOSFETs which offers low & Infineon's CoolMOS have such quality for low sshihg loss
and high efficiency[29]. It is necessary to disuthe performance of the convectional
MOSFET's in this application before deciding to uséineon CoolMOS in LLC resonant

converter.

Under low-load situation the switches become un#blfilly recover, therefore large recovery
current can cause the switches to breakdown ardl tlea failure of the system. The unique
Infineon MOSFET quality is to overcome these unaklgovery in low load using its internal
intrinsic diode structure of switches. The spepialperty of Infineon super-junction MOSFET's
solve the conventional drawback in low-load reversgent by applying different path for the
reverse current[30]. Even though the failures isovered by the MOSFET's intrinsic diode

property, but the reverse recovery current dropftficiency of resonant converter.

Since the current through the convectional switghilevice and the reverse voltage are very
small , this lead the MOSFETSs to fail in the prign&ull-bridge side. This small reverse voltage
is not sufficient for the conduction of the withihis short conduction period. Since in super-
junction MOSFETs the P-doped column is added ¢oNkepi region, the P-column serves as
balancing the charge at the conduction channel thigl gives the device to have high
concentration of doping with the same blocking agé[29,31]. The higher concentration of
doping in N-epi leads high conduction or low onistemnce in the super-junction MOSFETSs. The
P-column serves to have enough time for reverseeruflow and solve the drawback of the

convectional MOSFETS in reverse current leadsitoréaof the device.
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2.6 Operation principle of LL C Resonant Converter
As described in the above sub-sections LLC resoraomtverter topology has reduced

magnetizing inductance than the series and phrabé®nant converter. The less magnetizing
inductance in LLC resonant realize soft switching the primary side switches. As shown in

Fig.2-10 dc-voltage characteristic gain can beegrar less than one. From these voltage gain
curves, the switching frequencies are normalizedhkyresonant frequency which is developed

in chapter-4 and represented as:
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Fig.2-10 dc-voltage gain characteristic for LLGaBant converter

From Fig.2-10 due to its different probability oagon of LLC resonant converter, it is complex
to gate the operational frequency of the convertdris happened if the converter haven't
controlling feedback from the output. Accordingdwitching frequency of the LLC resonant

operation can be classified as above, below andl éguesonant frequency[32, 33].
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The general code developed in appendix[A3] gengraddue for the parameter of the resonant
tank(i.e. lp, Lmp, G, Ls, Lms and G). The developed code interface with simulink deped
plant output voltage and switching frequency. Thenegated values of the resonant tank
parameter value are selected if they satisfay ehjaired resonant frequency. From Fig.2-10 the
parameter values are:

Lp = 6.5pH, ls=93nH, Lnp = 71.5pH, lns = 1pH, G = 27.25pF and = 391nF.

The fixed value are similar to the series and felredsonant converter as defined above.

2.6.1 Switching Frequency equal to resonant frequency

Series and parallel resonant converter are opevatede resonant frequency equal to switching
frequency increase the efficiency of the convedsr described in the above sub-section.
Furthermore the magnetizing component of the rasonanverter modifies the voltage gain

characteristic. In SRC and PRC, the ZVS operatgion ensures for designing margins during

design stage, however the converter is an ablpacate at this operational region.

In LLC resonant converters, ZVS region has notthtion of operation. Therefore ZVS can be
achieved for any switching rages that is eithehéigor lower than the resonant frequency. Here
in LLC resonant converter no need of designingifiargin, so that the converter can be operated

with resonant frequency to achieve high efficiefaythe converter.

When the switching frequency is equal to the resbnghe converter has achieved zero voltage
switching for the primary full-bridge sides. Howewtbe switches turn-off current has very high
magnetizing inductor current. These high switchinggnetizing current can be reduced by
choosing suitable magnetizing inductor, which reduturn-off losses. Two of secondary full-
bridge intrinsic diodes are either turned-on onad-off with low di/dt. This refers the intrinsic

diodes have small recovery loss.

Therefore, the resonant converter has high effigiamhen its switching frequency is equal to
resonant. From Fig.2-10, output and input voltaayesvirtually connected together. The resonant

converter has also one voltage gain.
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2.6.2 Switching Frequency greater than resonant frequency

If the LLC resonant converter operates with thegeanf switching frequency greater than the
resonant frequency, the converter has similar ptppes the series resonant converter SRC. In
forward mode of operation with this range of swibchfrequency, ZVS on the primary full-
bridge switches is occurred due to high turn-offent. But this large turn-off current results for
high loss while the secondary intrinsic full-briddi@des have large di/dt ratio. Due to high di/dt
ratio during the turn-off the diodes are under gnessure of voltage stress, which make the

converter less reliable for application.

Therefore, the resonant converter has less effigiavhen it is compared with the switching

frequency which is equal to the resonant. From2Fid), output and input voltages are virtually
connected together. The resonant converter hasr lthea one voltage gain. However, as it
shown in the figure the LLC resonant converter aahieve gains larger, equal or less than to

one.
2.6.3 Switching Frequency lessthan resonant frequency

If the LLC resonant converter operates with thegeanf switching frequency lower than the
resonant frequency, the converter has similar ptpmes the parallel resonant converter PRC.
Similar to the above two sub-sections the convastable to achieve gain(Q) smaller, higher or

equal to 1.
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Chapter 3-Isolated Bi-Directional DC-DC Converter

3.1 Introduction

This chapter present detail description on thecgetkebi-directional DC-DC converter described
in chapter-2 for telecommunication application. tAe beginning the topology evaluation for
full-bridge current-fed and voltage-fed are theestld topologies[34]. Then the working
principle of the converter will be discussed intbagses; discharging and charging mode of
operation will be discussed. Each mode of operatiitirbe followed by simulation result and all
the simulation results are obtained by LTspice, &oklectronic Simulator(PSIM) and Mat-lab

Simulink.

3.2 Topology of Bi-directional DC-DC LL C resonant converter

As mentioned in the introduction( i.e. chapter owifferent types of bi-directional dc-dc
converter types are categorized. Non-isolated Bagzst, and isolated dual active full-bridge are
typically known topologies in bidirectional dc-dorverters. Dual active full-bridge isolated bi-
directional dc-dc converter is the proper selecfanthis paper with LLC resonant converter.
Isolated dual active full-bridge type of bi-diremtial topology has the following advantages over

non-isolated buck-boost bidirectional dc-dc corsest

« Electrical isolation between input and output isugunteed; system protection is
possible when output load short circuit takes place

» Higher step-up ratio can be implemented due tdartresformer turn ratio which
is impossible in practical for duty ratio

« The transformer can be served as storage energpaladcing the impedance

variations between two side etc.

For these reasonable and other advantages isdlditéidge topology is preferable to select for
bi-directional dc-dc LLC resonant converter. Thealdactive full-bridge isolated bi-direction
dc-dc LLC resonant converter topology is sketche#ig.3-1. Full-bridge topology of isolated
bi-directional dc-dc LLC converter contains two iaet switch bridge on both sides of the

transformer. The active switch bridge on the highage side is fed by utility while the low side
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voltage is fed by current source for charging mofdeperation and reverse for disch

of operation.

The LLC resonant converter is placed on both sideke full-bridge. The LLC reson:i
topology has high quality to reduce losses duertwulating energy within the converter
leads for balancing the impedance on both sidéiseoisolations and prevents net flo
from any side of the isolation[B5Therefore the LLC resonant converter prevenss

energy circulation both in the transformer and-fuwitige switch.
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Fig.3- 1: High voltage side with voltage-fed converter and with low side current-fed

From Fig.3-1due to low voltage, high current and high switchfngquency as a
primary and secondary side full-bridge switchessmlected as MOSFET'Since the
frequency of the converter is ranged from 100KH23%0KHz,it is suitable to select I
for this dcec converter rather than IGBT's which are applieafdr high voltage
switching frequency. The full-wave bridge invertand rectifier contaim eight |

switches in total for dual active full-bridge.

Implementing power MOSFET's in bi-directional dc-donverter inthe inverting

converter zero voltage switching is required. 8itite converter has MOSFETS i



current switching by adding series inductesistor component to the output in order
current flow through the intrinsic diode of the MEEST's[38].

High and medium power bi-directional dc-dc resor@mtverters contaihoth LLC res:
transformer isolation and these useminimize overshoot voltage during switchir
from on-state to off-state. These have ats® ability of zero voltage switching du

stored in resonant and transformer leakage indue&i86].

3.3 Operation of the converter and simulation results

The isolated bidirectional LLC resonant convertas two modes of operatigmown ir
In the charging mode power flow from the dc-buéitytio battery or load buih the dis
mode of operation power flow from the battery te thc-bus whemower interruptior

the source.

3.3.1 Charging mode of operation

In LLC resonant bidirectional dde converter at the step down mode of operationet
shown in Fig.3-2. The 400V voltage source siepm to 48V output either to loac
depending on the application of the converterhla mode of operation the resonant

implements zero voltage switching and zero cursgritching application[37].
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Fig.3- 2: Bidirectional DC-DC converter in step-down mode of operation



In this mode energy flow from the DC-source tadagtor load of the application. Switcheg S
S, S and S gate signal from the controller while intrinsiodes in § S, Sy and $§ serves as
rectification of the sinusoidal source to the l@ad Fig.3-2 and Fig.3-3 indicates the operation
of charging mode. The dc source supplies powedual active bridge converter and then to the
battery or load. The input voltage is step downtlhy transformer and either the battery is
charged or the load gates a nominal voltage Yhe MOSFET § S, S and S on the primary
full-bridge side have gate signals with less thah duty cycle due to dead time added to the
controller, while diodes ofs5S, S and S give rectification purpose for this mode of opienat
This dead time is important to overcome the shiocuit that occur during over lapping of time
rise and time fail of the MOSFET's.

The operation of the converter is in every peribd ®and it has four stages operation for each
switching time with the following time intervals;o T, Ti-T2, T2-Ts, and E&-T4 intervals as

shown in Fig.3-3.
Interval To-Tq:

From Fig.3-3 either Sand $ or § and § are switching alternatively. For this durationtiofie
both §, and $ switches-off while $and g are turn-on . At time g S; and Q are gating rise
while S, and $ failed from on-state due to the dead time interlrakthis interval the switches
either rising or fail due to delay and rise or taihe of the MOSFET's. The primary side of full-
bridge output voltage; ¥ fails from dc-bus voltage to zero andg se from zero to dc-bus
voltage. Since the transformer is not inverted itlitensic diodes in the MOSFET's in;,SSs,
gates off-state while the;&nd § are on-state. The currents in the primary LLC-nest bank
gates fail to its negative bus-current. The oufpitier component is only capacitor which filters
the rectified signal to the battery or load. Tergy stored from the previous interval in the

resonant and magnetizing inductors provides the todattery power.
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Fig.3- 4: Converter operating in the forward modein theinterval T1-T2
Interval T1-To:

Fig.3-5 shows that the circuit operation of thevaater with this time interval. Switch
are turned-on at the instant ®f and switches S and $ turn-off, while the seca
switches remain turn-off. Similar to the first tinngterval the energy stored in th
supplies power to the load or battery. The pringdg of full-bridge output voltage; v
but V, is equal to dc-bus voltage. Since the transfolimantinverted the intrinsic dic
MOSFET's in § S, gates off-state while the; @nd $ on-state. Since the voltage
inductor is reverse, the inductor current decre@bese provides the intrinsic diode:
full-bridge switches Dsand Dg are reverse biased since the primary side switShas
not conducting while Dsand Ds are forward biased. The diodes gate product of

magnetizing current (hy*n) from primary side , there by provide rectifiedrrent o the
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Fig.3- 5: Converter operating in the forward modein theinterval T1-T2
Interval To-Tj3:

Fig.3-6 describes the converter signal diagram during tilige interval. The opera
resonant converter is similar to the time intefiglT; where $ and $ rise switches
S; and g are go-down untills. The switches are linearly rise or fall due to thtrins
conductor structural property of the switches. EFfae the switches in nature never
state directly from on-state to dcdfate or alternatively. Since the switches have tiis

they change the state linearly.

The primary side of full-bridge output voltage; Wise from zero voltage value
voltage but \ go-down from dddus voltage to zero. Since the transformer is na
intrinsic diodes in the MOSFET's in,, S, gates on-state while intrinsic diodes in ad

off-state.
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Fig.3- 6: Converter operating in theforward modein theinterval T2-T3
Interval T3-Ty:

The converter operation in this case is similathi time intervall;-T,. The first halff
the primary sides(i.e.1Sand ) are turn-on, while thes;Sand S switches are turoff.
shows the circuit operation of the converter witls time interval. Switch Sand S ar
on at the instant of; and switches $ and S are turneff, while the second bridg

remain turn-off.

Reverse to th@;-T, time interval energy is storirig the inductors from the supplies
voltage supply. The primary side of full-bridge put voltage; \ is zero but Yis eqt
bus voltage. Since the transformer is not invetiedintrinsic diodes in the MOSFET
turns to off-state while thes®nd $ turn-on. Since the voltage across the inductor i
inductor current increase and provides the inttidébdes in the second flldge swi
and Dg are forward biased whereas the primary side sedth and S are switched-
Dss and Dg are Reverse biased. The diodes gate product mfrétio and magnetizi

(ILmp*n) from primary side , there by provide rectifiedrrent to the load.



POWER FLOW

L
TFT
L]

k
5 J,_

'\, D55 A8

I
'S

Cin—
Vs
Lmp

“J3 =k L

L}
[

Fig.3- 7: Converter operating in theforward modein theinterval T3-T4

Voltage and current output:

The proposed isolated bi-directional DC-DC convevedidatesproposed high efficiel
flow. Fig.3-8 indicates the simulation result of the convertethwselected valu
parametefrom the given specification, selected materiald selection of the param

resonant component from previous chapter LLC rasona

Fig.3.8 shows that the DC-DC converter has higitieficy with small ripple of the y/
The ripple value of output voltage and currenessslthan 1% and its Efficiencydsot
Which is high achievement in decreasing tipple as well as excellent efficiency fo

the life time of the converter components specilyMOSFETS.

As mentioned in the earlier chapter, zero voltagéching and zerocurrent swit
benefits of LLC resonant in the convertefherefore the converter will be r
conduction loss during the freewheeling cycle duyrihe high voltage-side of ehfu

switch due to zero voltage switching application.
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Fig.3- 8: Voltage and current output in charging mode

3.3.2 Forward mode of operation with flux imbalance

The four time intervals described are considereddeal without considering flux imbalance.
Therefore the dual active full-bridge bi-directibeanverter in the forward mode of operation is
considered with balanced flux between the two sifethe transformer. First it need to define
the flux balance and saturation of transformerthd average output voltage applied to the
primary side of the transformer where the posifiutse is not the same as the negative pulse for
each cycle the transformer flux balance can't lmeiwed. Therefore the transformer flux density
increase with the number of cycle and finally fldgnsity saturation occurred. Gradually the
saturation of the transformer goes to the slopbysteresis curve. The magnetizing inductance
of the transformer increases with the proportiomysdteresis curve and finally gates saturation

and burns down the switching MOSFET's and gateedrontrolling components.

The node voltages at the junction A and B eachainsthalf cycle DC-bus voltages may not be

the same. This condition of the full-bridge outpuditage may result in saturation of the
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transformer core metal and sever the switching MEBs . Fig.3-1 shows thahe

tank serves for balancing the voltage differendaveen each half cycle output voltage .

3.4 Backup/Current Fed Mode

The converter operates in discharging mode of dperawvhen dcbus supply

interrupted. In the lack of dous power supply the battery start discharge irrorad s
the rest of power network. Fig.3-9 shows the steffrom 48V to 40V where the bat
source of the power. The secondary full-bridge dvds g, S, Sy and S are active |
for this mode of operation and the first full-bredgwitches § S, Ss and S are alway:

but their intrinsic diodes are participate in récétion.
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Fig.3- 9: Bidirectional DC-DC converter in step-up mode of operation

The duty ratio of the bidirectional is not exach5 due to the switch intrinsic
property. Therefore from the graphcharacteristic of the MOSFET's they have a
0.45 duty ratio due to smoothly rise and fall o tMOSFET's. Rectification at th
carried out by intrinsic MOSFET diode's of;, &, S and S switches. The stepp
described with the wave-form shown in Fig.3-10. described in the stegewn or
mode of operation the resonant and magnetizingentgrare assumed continuous

form describes in the time interval betwé&erandT, for the converter operation within
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Fig.3- 10: Wave formsfor the discharging mode of operation
Interval To- Tq:

SwitchesS; andS are on the turn-on state before the time instafidg and then aft
begun to fall-down until'; ; while switchesS; andSs on the offstate before the time
To. The converter circuit diagram at this time intdris difficult to identify due to it
property of the MOSFET's all have transition peraither from on state to offtat:
versa. The secondary transformer winding subjeahagnetizing inductor, which stc
that appear across the battery. From Fig.3a&0inductor currents increase with sec
parabolic graph which shares equally®yandSs switches. Dung this time interval t
is stored in the g and provide the load power through the dc-busesyst



The energy is transferred to the dc-bus from théehaby S; and & switches intrin:
rectification. The [¥ and 5 intrinsic diodes are conducting whileSpand D5 ar

reverse biased.
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Fig.3- 11: Converter operating in thereverse mode for T3-T4 interval
Interval Ty - Ta:

S, and S at instantT; continue to remain on-state whifs and & are turnedff du
interval of time which is clearly described in Hgl2 From the waveform shown in F
energy stored in the Inductors during the two presiintervals then provides load
dc-bus by rectification through the intrinsic MOSF& diode of the primary fulbric

Since the power flow to the dc-bus, the inductoedirly decrease unfil, time interval.

In this time interval ¥ is zero but Yis equal to ddattery voltage. Since the transf
inverted the intrinsic diodes in the MOSFET's i &d $, gates offstate while the
DS, intrinsic diodes are turned on. Thus, theywe the same current flow through
diodes of the $and S switches.
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Fig.3- 12: Converter operatingin thereverse mode for T3-T4 interval
Interval T»- Ta:

Fig.3-10 shows that intervah - T3 have similarity withTp - T; interval. S andSs switc
signal from gate drive and turn from off-state testate, whileS; and S switches tur
on-state to off-state due to the intrinsic propeftfMOSFET's. Sinc& andS are goin
on the inductors core store energy with secondraise of current, which is not the !
above interval with linear rise of current. Voltaggross node C riséisearly from zer

Vpatat T, similarly Vy decreases linearly frompy/to zero with corresponding time.
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Fig.3- 13: Converter operating in thereverse mode for T3-T4 interval
Interval Ts- Ty

The converter circuit operating during this timeeiwal is shown in Fig.3-14The wav
the signal is similar td@;- T, time interval. As shown in the wave form for thime int

inductors store energy due to conductingodndSs.

POWER FLOW

Jiost
Va f

v @_) —Cin

Fig.3- 14: Converter operating in thereverse mode for T3-T4 interval



Voltage and current output:

In the forward mode of operation the output voltage current detailed discussed. Here the
difference is the change of power from batteryht DC-bus source. The proposed isolated bi-
directional DC-DC converter validates proposed refficiency power flow. Fig.3-15 indicates

that the simulation result of the converter witlested values of the parameter from the given
specification, selected materials and selectiothefparameters of the resonant component from

previous chapter LLC resonant tank.

Fig.3.15 shows that similar to forward mode of @pien the converter has high efficiency with
small ripple of the Yand L. The ripple value of output voltage and curreness than 1% and
its efficiency is around 97%. This is great acki@ent in decreasing the voltage and current
ripple therefore this prototype is better choice &xtending the life time of the converter

components specially for MOSFETSs.

The benefits of LLC resonant in the converter agtioaed in the earlier chapter is zero voltage
switching and current switching. Therefore theaater will be reduced the conduction loss
during the freewheeling cycle during the high vgétaside of the full-bridge switch due to zero

voltage switching application.

T4HF
omerE
143 4014
z -
= = o3
=
T4z
i
T 4 ool
400
T4
1 1 1 1 1 | | 4004
6383 634 a341 6342 6343 B84 6.545 L L L L L L L L L
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Tmaiz) =
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a) current to bus b) bus-voltage

Fig.3- 15: Voltage and current during discharging mode of operation

39



Chapter 4- Small Signal Analysis

4.1 Introduction

The converter circuit parameters and their ratialyes are analyzed at steady state in chapters
two LLC resonant topology. The output voltage of tlesonant converter is controlled as the
output load and input voltage vary by regulating $iwitching frequency value in DSP-controller
to drive the MOSFETS in new frequency. Therefoediinamic change of output voltage of the
converter can be accomplished by applying feedbesktrol from output to the error

compensator as shown in Fig.4-1[39].

The compensated error amplifier compares' the epter value with the feedback or current
value in order to modify switching frequency of galtives in the resonant converter. In order to
design the compensator; developing mathematicaiessgn of the converter plant at dynamic
performance is the basic tool for developing thetwsler of the converter. Therefore the

dynamic performance of the resonant converter ptantbe expressed in small signal transfer
function using; harmonic function, extended desoghbfunction and steady state expressions.
These transfer function of the plant uses to detfigncompensate error amplifier(controller);

which gives to control overall system based on dyinaesponse of the system.

The isolated bi-directional dc-dc LLC resonant aamer system shown in Fig. 4-1 contains two
transfer functions; gs) is the Laplace-Domain transfer function of gient that is the resonant
converter and @s) is the controller transfer function which catthe output voltage by

varying the switching frequency.
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Fig.4- 1: Theblock diagram of the system including feedback.

This chapter describes the small signal analysisbfith forward and backward mode of
operation. The transfer function of the systemeaseatoped under voltage control mode which

also used to analyze and design of the compensatiar the closed control loop.

4.2 State Space Approach

In nature power supply from switching devices ao¢ linear; so that they are discontinuous
which needs techniques in order to linear the systed the circuit can be analyzed. State space
modeling is the best way to tackle the non-lingatesm[40-41] by approximating the non-linear

operating points to linear mathematical expression.

State space modeling is mathematical expressiomooflinear operating points in linear
expression by considering some approximations suraptions. The state space averaging
approach described in [40-42] are use to deriveopien loop and control loop transfer function.

There are some assumption for driving the trarfsfestion in the next sub-topic.

4.3 Considered Assumptionsfor Simplifying Small Signal Model

The assumptions for simplifying the performancetiod resonant converter in small signal

modeling with the following procedures.

v" The output ripple is negligible.
v' The switching devices are instantaneous switchioghfstate to state using the first
harmonic method.

v" The output filter frequency is around two times s$hétching frequency
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4.4 Small signal analysisfor charging mode of operation

In forward mode the small signal analysis startsrhgsferring secondary circuit parameters to
the primary side by using turn ratio of transform&he transfer operations are secondary
resonant inductor, resonant capacitor, magnetigsgnant inductor and load. In general there

are four steps to analyze the forward small sigr2d/[which are described as follow:
1) State the time variant non-linear state equatio
2) Harmonic approximation
3) Applying extended describing function
4) Developing the states space Model

4.4.1 Statethetimevariant non-linear state equations

As described in the considering assumption to a@malgmall signal is simplifying the

construction of the converter by using ideal switghdevice. To have simplified topology of
the converter, then transferring the resonant festk secondary to primary side will give non-
complex approach for state equations analysis.€buévalent circuit for the resonant converter
is built as the following three figures with thep\dquare wave signal output of the first full-

bridge converter.

The simulation of the small signal is sampled tog first harmonic components because the
assumption for simplifying the analysis of the dns&nal. Here are the steps to gate the final

equivalent circuit signal design of resonant cotere
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Equivalent circuit LLC Resonant Converter

Cp Lp Ls Cs
— n-1 Ay |

L

ks

@ Vab Lmp % %Lms . Vo gRluad

. 1

Fig.4- 2: Equivalent circuit with two resonant tank

Va  AC-voltage with first harmonic peak value of thamut from the primary full-bridge

converter

s(secondary), p(primary), mp (primary magnetizinghponent) and ms(secondary magnetizing

component)

Transferring the secondary components of LLC resbt@k parameters to primary side of the

transformer by using transformer turn ratict %)

Ls' = Ls *n? Cs' = Cs *n? Lms' = Lms *n?
Cp Lp Ls' Cs'
’ n:l
Rload
HFT

Fig.4- 3: Equivalent circuit with transferred resonant to primary side
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Furthermore simplify the converter resonant thgkassembling the two parallel r

components:
Lm = Lms//Lms'

The equivalent circuit of LLC resonant converteowh in Fig.43 is the simplifie

diagram from Fig.4-2 by combining the parallel metizing inductors into one inductor

Cp Lp Ls' Cs'

) Isp
by Is v | ml I
@ Vab
HFT

Fig.4- 4: Equivalent circuit with equivalent resonant bankson the primary side of the converi

From the equivalent circuit in Fig.4i8put voltage to the resonant tank can be anal

dip
vabzvp+vm+lpg or
di )
Vap = Vp + Vs + lpf + sgn(is) * v, (1)

Where sgn(is) = {—1,if v, < 0 discharging mode of operation
={1,if v, >0 charging mode of operation

— l dim — l dip dis

Um mge mge lm at (2)

Substituting equation 2 into 1:



dig
m at

dip
dt

Vap = Vp — 1 +(p + 1) 3)

Similar to the input voltage of resonant tank isgible to develop the output voltage at the

secondary side of the transformer using Kirchhdéfie:

*R R
vy = abs(Isp) + r;lvc 4)

o~ r+R;

4.4.2 Appling harmonic approximation

On this thesis the converter is designed basedsinedl and controlled output voltage due to the
variation of load.As discussed and shown in chapter 2 the resonanteder has very low

switching voltage loss and zero current switchimgf is why LLC resonant converter substitutes
for pulse width modulation [44]. Therefore, thistlee best approach of minimizing loss by
applying frequency control variable in order tovéaaconstant output voltage . This can be

achieved using Fourier series expansion form.

Using the Fourier series expansion form which dgmmses periodic function or periodic signals
in to a sum simplified oscillating functions(asesiand cosine) components[42-43]. The general
Fourier series expansion form is given as the ¥alig equation for the first harmonic and

general component derivation.

f(x)=aox Z(an sinnx + b, cosnx) (5)
n=1
Considering only the first component of the harnsoralues; since the fist harmonic is enough
to manipulate for the simulation. Whereas the aialis complex when the analysis consider
above two harmonic components for the developnménimathematical expression of the
resonant converter plant. Therefore the mathematiqaession for first harmonic component of

a function as:
f(x) =aysinx £ bycosx  (6)

From the above general expression of first harmooitmponent approximation(i), is(t), vp(t)
and \(t) can be expressed and decomposed into sine asideccomponent as following

mathematical representation:
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ip(t) = ipssin wt — ipc cosot @)
is(t) = iggsin wt — iz cos wt (8)
vs(t) = vgssino t — vy, coso t 9)
vy (£) = vpssinow t — vy cosot  (10)

The parameters written in small letter indicatesythre function of time. From the equivalent
circuit diagram shown Fig.4-3, the state equatiares defined and decompose into sine and

cosine components using Fourier series transfoomafihe state equations are decomposed in

two sine and cosine components as expressed fro@4qo (17).

U = Vg by * Ry + 1 2 (a1
is = C'S% (12)
iy = cp 2 (13)
W= obe (G o) 09
C;—i: = % + wige — (% - wiss) (15)
B - (B on) 9
B - (B on) )

Reis the load transferred from secondary to primadg of the transformes stands to sine and

¢ also stands for cosine components of the functions

4.4.3 Applying extended describing function

Extended describing function is the mathematicalression of functions for easily understand,
analyze, modifying and designing of non-linear ey®t, since most electrical systems are non-
linear systems and complex[45-46]. From the two-lear equations above equation (1) and

(4) can be linear using extended describing functio
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Vap () = f1(d, i) sin wgt — f5(d, viy,) cos wgt (18)
sgn(isp)vc' = fz(iss, Lsps vc) sin wgt — f3 (isc, lsp) vc) coswst  (19)
isp = ﬁt(isc' iss) (20)

The functions f;(d, vin), f2(iss: isps Ve )s fs(iser isps Ve ) fa(ise iss) and f5(d, vy,) are  called
Extended Describing Function (EDF); algpand iss are sine and cosine component of current

at the primary side of the transformer.

Vabis the output voltage from the full-bridge coneerfrom the high side of the converter which
is shown in the Fig.4-4. Full-bridge output voltafymdamental value can be analyzed using

Fourier series expansion clearly described in ¢heing mathematical expressions.

Output voltage from Full-bridge converter
T T T

400

300

200

100 d*pi

Vab
o

pi 2*pi
-100{-

-200+

-400|-

Y

-500 Ts

off
(&

10 15
Time -6

Fig.4- 5: Switch form of full-bridgeinverter
Vab ® = fi (d, Uin) sin wgt
f1(d, v;,) is amplitude or maximum value of the sine compowéthe first harmonic. Therefore

we can derive from the average value. Where phase shift:

2 T—Q 2M—a
fild,vin) = E(J- Vip * sinwt dwt + J- Vip * sin wt dwt)
a

n+a
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2
=— Evin(cos wt|T"% + cos wt|2T,*)

4
= -V cosa,

Wherea can be related with the duty ratio in generaifoeven though it is not declared on
Fig.4-4.

2a=m—d=*2m a=§—d7r

But for this paper since duty cycle is fixed (d .5)0which impliese = 0. Final we can conclude

for our case :
fi(d,vin) = %vin
Vg (t) = %vin sin wgt (21)
Similar to Vp, secondary voltage can be transferred using eixtgnitscribing function[42].
fol(issr ispr ve) = %ils—ssvc' where,v, = nv,
Iyp=nlg > Iy = m, therefore
fa (iss, Isps vc) = ?—UC = Uy (22) is the sine component

Similarly the cosine component is:

. . ’ 4ni
f3 (lso lsptvc) = _ivc = Ve (23)

T Ig

4.4.4 States Space Equation For Forward M ode of Operation

State space is mathematical expression of a pysiedel as combination of input, output and
state variables which is fundamental Fourier sedemponent analyzed from differential

equations[47, 48]. But for this case it is seledtea first order differential equation due to its
simplification and approximate function of the stp1 Before developing the state space

equation it is better to gate the mathematical @sgion from time varying functions. So that the
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state variable, input and output of different paggars are derived from (1) to (23) time varying

equation in addition to Kirchhoff's current andtagle law.

From equation (1) and (2)

dlp

Vap =Vp+ Uy + 11— ”
di di di
14 S 14
Vap = V. l l l,—
ab p Tl Timg T gy

di

Vap = Vp + b 2 = (U + L) L

The sine component of i, current: fromeq. 3, 14 and 15

Vabs — Ups + lm( + wlsc) (l + lm)( + a”pc)

L
lps = L +l f(vabs Ups + lpwig)dt — f(a)lpc)dt+l L (24)
the cosine component of i, current: from eq. (3),(14) and (15)
di di
Vane = Vpe + (- = @iss) = (b + L) (- = Wips)
i ! f( l ')dt+f( ips)dt + ——i (25)
L = 1% — VUpye — wl wl l
pcC lp +lm abc pcC mWtss DS lp T lm sc

From equation (2) and (3)

_ L dim diy, ] dis

mdt T Mge - Mgy

di
Um = Vs +is* R, +l5dt

diy, . dis

lmﬁ_vs_ls*Rez(l’s‘l'lm)E
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Where Re is equivalent resistance of the secorgldeyof the transformer transferred to primary

side of the transformer.

The sine component i, current:
. dips . diss .
—lissRe — Vg5 + Ly ( dt + wlpc) = (L + L) dt + wig)

bn

1
iss = 1 f( —lissRe — Vg5 + Lpwiyc)dt — f(wisc)dt + ] s (26)
S m S m
The cosine component of ig current:

. dipc . disc .

—iscRe — V5 + lm(? - a”ps) = (U + 1)( dt — Wwigs)
) 1 _ . . b .

g = L TL f( — IRy — Vg5 + Lpwis, — wig)dt + L+ Ips (27)

Sine and cosine component of current on the resahank component transferred from the
secondary to primary side of the transformer areveeé as the following mathematical

expressions from equation (12).

is Sinecomponent

vS S

Iss = Cs( dt + W)

1
Uss = J-(C_,iss — Wy, )dt (28)
s

i cosine component
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1
Vse = f(?isc + wvgg)dt (29)
s

From equation (13) sine and cosine component ofdhage at primary side of the resonant

capacitor:
. =cC %
P p dt
v, Sinecomponent
dv,
. K s
lps = c,( It + a)vpc)

1
Vps = f(c—_ips —wyy)dt  (30)
S

v, cosine component

V.
, , pc
lpc = cs( dt - vas)

1
Vpe = f(;ipc — vas)dt (1)
S
The output current can be analyzed using Kirchaffirrent law:

ic =Isp — i,

dv,
dt

ip=C

Where { filter current, {c peak output current of secondary resonant tank.argload current

2n f
Isp = ? Iss2 + Iscz
1 2n %
Vo= [(2 1+ - g ()
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Fig.4- 6: Thelarge signal modeling of sineand cosine components

The state space equations from eq. 24 to 32 alswik as time domain approachhi
simplified and compact way to model the state speagg simlink tool with nine diffe
equations. Fig.%& represents large small signal of the equatiomivete above from i
Therefore the state space representatiohLC resonant converter can be model

general expression of state space model as:
& Ax' + Bu (33)
dt
y' = Cx'+ Du’ (34)
Wherex' = (ips ipc iss isc Vps Vpe Vss Vsc Vc)' State variables of the system

11 — () eantral innnt whih ic franniane



From the above equations and the parameter vatagsdsin chapter 2 and their state space
coefficient matrix are analyzed using mat lab simluimodel from the simulation of the whole

converter plant. Therefore the matrix values fatesspace coefficient is shown in the following

matrix form.
[-001 O 0 000 000 0 0 004 005
0 0 0 480 327 063 0 0 0
0 0 0 327 478 0 063 O 0
0O -005 O 0 0 0 0 063 000
A 1054 0 0 -005-278 -407 O 0 000 063
0O -063 O 0 0 0 0 480 327
0 0O -063 O 0 0 0 327 480
0 0 0O -063 0 -005 O 0 0
0 0 0O -000 -063 O -005 -28 -407
o T
-235994
-0.0141
3629
B=| 36397 | C= [0.9987 0O O 0000 O O O 0.0068 0.0099] D =[0]
- 46651
- 46522
- 57975
| 39652 |

4.4.5 Comparing simulink resultsfor the step response

The dual active bridge resonant converter is netddl with variable switching frequency
depending on the load and fixed duty ratio for tase duty ratio is half. The voltage transient
step response of LLC resonant DAB converter uniiarftequency controlling strategy[49, 50]
is analyzed under open loop operation. The convdgieamic model is expressed in state space
which control output DC voltage constant when clean§ load or power flow by controlling

switching frequencysf state variable. From the above developed dynanudel in simulink
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which defines the resonant converter in termsthe switching functions in the Fo
harmonic equivalent states. Figg4# and 8 shows step response whoad ch
disturbance occurred on the lofad forward mode of operati. As shown in Fig.4-&
change of switching frequendsom 100 to 101KH, this leads to dzease the outp
Since it is assumed an open loop system the camveutput voltage will have le:
desired voltageln this case the step responses are not simuladtefegédback cont

shows the step response with change freque

The simulation takes place at three different com$; dynamic nc-linear step
dynamic linear step response and-bridge step responsa& the real time simula
though all have similar gberesponse, but the step response in th-bridge has m
than the dynamic linear and néinear response. The simulation difference betwig
linear shown in Fig.4-6,7and@ith a stei-frequency from 100KHz to 101KHz. Frofi
simulation results shows futlridge converter has hi magnitude harmonic valugt
step change of the frequenioyt the two step response haven't ripple vi. For all sir
the frequacy step change takes after 05sec.Over all the simations have the sar

output voltage.

Step Response of linearized system

Frem: fn To: Subsystem

Ampltude

Time (seconds}) x1C

Fig.4- 7: step response of linear dynamic model
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Fig.4- 8: Output voltage step response with full-bridge converter
Non-linearzed dynamic LLC resonant converter
as.5l ‘ ‘ ‘ ‘ ‘ ‘ ‘ 7
a8 g
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Fig.4- 9: Output voltage step response of the non-liberalized dynamic model
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4.4.6 Control output Transfer function
The transfer function of the plant can be solvadgimat lab from eq. (33) and (34) using mat lableco
sys = ss(A, B, C, D)Thessmat lab command arrangés B, CandD matrices in state space response.

Therefore the continuous s-transfer functionhefplant can be given by the Mat Lab command as:
Gy=tf(sys) and its zeros and poles can be stated as
o> tf(num, den)

zpkfiG from these mat lab commands the transfectfan of the plant is

shown in Equation 35.
Gp(s) = Gpi($)Gr(s)

—-51.192 (s—2.072€9)(s+5€6)(s—9.317€e5)(s?+ 1.214€5s + 3.979e11)

(s"2 + 8.098e5s+1.86e12)
= *
GP (S) (s+6345)(s%+ 2.69e4s + 7.639e10)(s%+ 7.968e6s + 1.627e13) Gf (35)

(s 2+ 1.181e5s + 3.983e11) (s 2 + 2.69e4s + 9.617e11)

Gy = transfer function of the convert&, = transfer function of the whole plant

Gr(s) is Laplace-domain transfer function of the feedbhdhe feedback sub-system include the
voltage sensor and noise filter capacitor. Its dfanfunction is developed from the voltage

divider and the parallel connected capacitor.
1
Gr(s) = Ke iy (36)
wherek, = 0.06 and K; = 3.183 * 10™*

—964.98(s—2.072€09)(s+5€06)(s—9.317€05) (s?+ 1.214e05s + 3.979e11)
G, (s) = (s"2 + 8.098e05s + 1.086e12) (37)
(4 (s+6345)(s+3142)(s2+ 2.69e04s + 7.639¢10)(s%+ 1.181e05s + 3.983e11)
(s"2 + 7.968e06s + 1.627e13) (s"2 + 2.69e04s + 9.617e11)

In order to control the output it need to add congag¢or and feedback from output. Since the
feedback is included in the plant, therefore trebBack has unity value. The compensated error
for the operating points is acceptably selectednfthe plant and feedback transfer function

using MATLAB command:

#opt = pidtuneOption&lrossoverFrequenc2*pi*Fs)

#G; = pidtune(H,'pid',opt)
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From the command the suitable controller is PIDtaler with K, = 4.46*16, K; = 1.29*10
and K, = 82.7

Therefore the s-transfer function is derived inamn 38.

Ge(s) = Kp + Ki < + Kps (38)

G.(s) = 446 * 103 + 1.29 * 107§+ 82.7s

The open loop transfer function of the whole coteresystem including the compensator as shown in
Fig.4-1 developed in the following steps.

GoL(s) = Gp (s)Gc(s)

79798 (s—2.072e09)(s+5e06)(s—9.317e05) (s+5.091e04)(s+3055)
(s? +1.214€05s + 3.979e11)(s? + 8.098e05s + 1.086e12)
GOL(S) = 2 2
s (s+6345)(s+3142)(s2+ 2.69e04s + 7.639e10)(s2+ 1.181e05s + 3.983e11)
(s"2 +7.968e06s + 1.627e13)(s"2 + 2.69e04s + 9.617e11)

(39)

The system response with small variation frequenrcyariation in load current expressed as
transfer function that verifies a relationship bedéw input and output variables. This can be
described using the closed loop relation using ftiikowing general relation from Fig.4-1

diagram.

Gey(s) = —oL 37)

1+Gor

79798 s (s—2.072€09)(s+5€06)(s—9.317€05)(s+5.091€04) (s +6345)(s+3142) (s+3055)
(s?+ 2.69e04s + 7.639e10)(s?+ 1.214€05s + 3.979e11)(s%+ 7.968e06s + 1.627€13)
(s"2 + 1.181e05s + 3.983e11)(s"2 + 8.098e05s + 1.086e12) (s"2 + 2.69e04s + 9.617e11)
Ger(s) = 5 (s+6345)(s+3142)(5+3018) (s2+ 71415 + 3.607€07)(s2+ 2.618¢04s + 7.63110)  (*0)
(524 2.69€04s + 7.639e10)(s2 + 7.968e06s + 1.627e13)2(s2+ 1.181e05s + 3.983e11)2
(s"2 +2.695€04s + 9.617e11) (s"2 + 2.69e04s + 9.617e11)
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4.4.7 Controlled output voltage

As described in the above simulation the step mspmf the converter is not controlled. The
voltage output stay after the change of the frequeBut the goal of developing the control
transfer function is to develop the controller nder to control the output voltage while the load
changes. From Fig.4-9 indicates controlled outpltage with 48V at steady state. When a load
change the compensator detect the error and fedbet@ontroller and adjust the controller
switching frequency in order to have constant \g#taThe simulation result shows an increase
of load at the load terminal, which result to regltice output voltage as a result detect the error
and finally adjust the switching frequency to apgmately 99.5KHz to gate constant output

voltage.

55— -

50 - -

451 .

40 .

vbat(v)

35~ -

30 -

251 -

1 1 1 1 1 1 1 1
35 4 4.5 5 5.5 6 6.5 7
Time(s)

x 10°

Fig.4- 10:Controlled output voltage
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4.5 Small Signal Analysis For discharging Mode of Operation

The procedures to analysis the small signal madaitép-up mode of operation is similar to the step-
down mode of operation. Equivalent circuit of tmaverter is developed by reflecting circuit parterse

to secondary of the isolated transformer usingsfaamer turn ratio N. The detail analysis of eaichuit
component and equivalent circuit is similar asisacd.4.1, 4.4.2, 4.4.3 and 4.4.4. The detail asislpf

the small signal for backward mode of operatiopr@vided in appendix C.

4.5.1 States Space Equations For Backward M ode of Operation
The steps to develop for this state equationsianiéas to section 4.4.4. The details analysis isvided in
the appendix B. The state space equations for terckmode of operation have the following expression

which is similar to the forward mode of operation.
' Ax' + B 33
ac X u (33)
y' = Cx"+ Du’ (34)

Wherex' = (ips ipc iss isc Vps Vpc Vss Vsc V)T state variables of the system and A,B,C and D are

matrix coefficient of the states.

u = (w) control input which is frequency

[-003 O 0 000 000 O 0 005 005]
0 0 0 013 011 063 O 0 0
0 0 011 013 O 063 O 0

-163 O 0 0 0
0 -163 -043 -051 O 000 063
-063 O 0 0 0 013 011

0 063 000
0
0

0 -063 O 0 0 0 011 013
0
-16

A =10° =«

0 0 -063 000 -163 0 0
0 0 -000 -063 O 3 -043 -051

O O O O o o
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4.5.2 Control output Transfer function

The relationship between the output voltage andpemsator is the same as the forward mode of
operation. The compensator error amplifier candaeelbped from converter plant. Therefore the resbna
converter Laplace-domain transfer function is anedyfrom the state space equation in section Fel.
transfer function of the plant can be solved usirag lab commands as :

sys = ss(A, B, C, D). The ss mat lab commamdnges A, B, C and D matrices in state space
response. Therefore the continuous s-transfertimc of the plant can be given by the Mat Lab

command:
Gp= tf(sys) and its zeros and poles can bedtas
o5 tf(num, den)

zpk( from these mat lab commands the transfactfon of the plant is

shown in Equation 35.

Gp($) = Gpi(s)Gr(s)

—3.6733e—11 (s—4.022e11)(s—9.793e08)(s+2e07)(s—2.112e05)
(s™2 + 1.632e05s + 1.897e11)(s"2 + 4.714€04s + 6.041e11)
Gy (s) = (5T2666) (52 + 4.708€055 + 5.94610) (52 + 3.851¢04s + 1.981e11) Gy
(s*2 + 3.851€04s + 6.597e11) (s2 + 4.708e05s + 1.48e12)

(41)

Gr(s) is Laplace-domain transfer function of the feedibdihe feedback is the voltage sensor
with noise filter capacitor. Its transfer functi@s developed from the voltage divider and the

parallel connected capacitor.
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Gr(s) = Kp (42)

Kis+1
wherek, = 0.06 and K; = 3.183 « 107*

6.9243e—10 (s—4.022e11) (s—9.793e08) (s+2e07)(s"2 + 1.632e05s + 1.897e11)
G,(s) = (s—2.112€05)(s 2 + 4.714€04s + 6.041e11) (43)
p (s+3142) (5+2666) (5"2 + 4.708€05s + 5.94€10)(s"2 + 3.851e04s + 1.981e11)
(s*2 + 3.851€04s + 6.597e11)(s"2 + 4.708e05s + 1.48e12)

The compensated error for the operating pointsacieeptably selected from the plant and
feedback transfer function using MATLAB command:

#opt = pidtuneOptionglrossoverFrequenc2*pi*Fs)

#G, = pidtune(H,'pid',opt)

From the command the suitable controller is PIDtaler with K, = 1.49*16, K; = 2.68*10
and Ky =72.1

Therefore the s-transfer function is derived inaopn 36.

G(s) = Kp + Ki < + Kps (44)

G.(s) = 1.49 * 10° + 2.68 109§+ 72.1s

The open loop transfer function of the system fthengeneral diagram in Fig. 5-1

GoL(s) = Gp(s)Ge(s)

—5.0e—08 (s—4.022e11) (s—9.793e08) (s+2e07) (s—2.112e05) (s+1.869e04)
(s+1993)(s"2 + 1.632e05s + 1.897e11) (s"2 + 4.714e04s + 6.041e11)
Go(s) = s (s+3142) ("2 + 4.708e05s + 5.94e10)(s 2 + 3.851e04s + 1.981e11l
(s"2 + 3.851e04s + 6.597e11)(s 2 + 4.708e05s + 1.48e12) (s+2666)

(45)

The system response with small variation frequenrcyariation in load current expressed as
transfer function that verifies a relationship begéw input and output variables. This can be
described using the closed loop relation using ftll®wing general relation from Fig. 5-1

diagram.
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Ger(s) = JoL (45)

1+Gor

4.6 Frequency Response From Small Signal Analysis

Body plots are critical to determine the behaviothef frequency response of the resonant convéiter.
simulated bode plot of the control to output voltagansfer function based on the calculated circuit
parameter from the design isolated bi-directioeabnant converter derived in chapter 4. The cdatrol
also called compensated error amplifier in both enol operations are designed based on the transfer
function of the converter plant.

The simulated body plot shows an open loop frequeesponse from the open loop transfer function of

the compensated error amplifier and the plant efisblated bidirectional resonant converter.

4.6.1 Bode plotsfor the forward mode of operation
In forward mode of operation the theoretical boti# pf the compensated to output transfer functton
simulated in forward open loop operation. The conspéed converter and uncompensated converter open

loop transfer functions are included in the Fid.24-

The parameters numerical values derived in chapterd in small signal analysis in section 4.3-4é a
used for the simulations. For the control to outpamsfer function, 400 V DC input voltage to 48 \CD

with 62.5A load isolated bi-directional dc-dc reanhconverter application.

The bode shown in Fig. 5-12 has a frequency cressaiv4.54 KHz in compensated resonant converter.
The bode plot shows the system is closed loopestdlhle theoretical bode plot shows the marginai gai
is 31.1dB at 272 KHz frequency and also has phasginaé of 60

4.6.2 Bode plotsfor the backward mode of operation

In backward mode of operation the theoretical bgldeof the compensated to output transfer funcison
simulated in backward open loop operation. The camspted converter and uncompensated converter
open loop transfer function are included in Fig.3%-The parameters, numerical values derived ipteha

4 and appendix are used for simulations. For cbtaroutput transfer function, 48 V DC input voltaige

400 V DC with 7.5A load isolated bi-directional dc+dsonant converter application.
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Bode Diagram
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Fig.4- 11: Open loop bode plot for foreword mode

The theoretical bode plot indicates a frequencygswaer at 4 KHz in compensated resonant converter.
The bode plot shows the system is closed loopestdlhle theoretical bode plot shows the marginai gai
is 44.3dB at 130 KHz frequency and also has phasginaé of 60.
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Bode Diagram
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Fig.4- 12: Open loop bode plot for backward mode
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Chapter 5- Designing Power Component And Controller

5.1 Filter design and analysis

Since Ac power are always available at low costrtmtitfor DC power; therefore it need methods
to change from AC to DC. This leads consumptioexifa components at the dc terminal[51].
As described and sketched in chapter 3; both tierging and the discharging mode of
operation bi-directional DC-DC LLC resonant coneetthas rectifier at their output. The output
is full-wave rectified; then it is necessary to Hiter at the output side in order to have DC
output. Due to have high peak to peak or ripplei@at output may have cause of heat loss and
increase the temperature [52].
In general filters can be classified in to thresamrcategories:

1 capacitor filter

2 inductor filter

3 combination of capacitor and inductor filters
For this topology design of bi-directional DC-DC Clresonant converter is enough to use only
capacitor filters. Because the power applicatianloiv 3KW, the capacitor has the ability to
filter the ripple current as well as voltage muehd than 3% which is the minimum requirement
of the filter.

5.1.1 capacitor filter

As discussed in the simulation part of the two emofloperation the output of the rectifiers are
full-wave voltage and current with very large rigpl The large fluctuation of the signals can be
filtered using capacitor and reduce the ripple stwded in the capacitor and discharged by the
load.

Fig.5-1 shows that the full-bridge rectifier of thesonant output signal of step-up or charging

part of the last chapter simulation.
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The approximate sinusoidal output of the secondasgnant converter serves as a source to
the full-bridge rectifier with amplitude 400V a282.84V rms. As shown in figure 4.1 filter
capacitor is represented by C and the load als@septed by Rt From Figure 4.2a the
ripple of voltage is very high approximately 400haveas the standard ripple value is less
than or equal toAV=3% .

The voltage across the capacitor and the loaduishnenough filtered and its ripple value
much less than 3% as shown in Figure 4.2b. The¥etois critical to evaluate numerical
analysis for capacitor magnitude for the given gpations and selected ripple value. Even
though it is common to select ripple factor BB, but there is a generalized equation to

calculate the ripple factor[52].

1
Rf = VZ(2frRC-1) (1)

Where R is the load resistance

fr resonant frequency

C capacitor
Then it is possible to analysis the value of Capador the given specified parameters, From
the given power 3KW and output voltage 400V we caltulate the load resistance 53333
and given 100KHz resonant frequency. To have a raccerate dc output you need to select
less ripple factor less than 1%, let us take RfE40. But value of the resonant frequency is
doubled because the rectifier is full-bridge sdatibles the frequency of the rectified as well
as filtered output.

From equation 1
1
—+1
o V2Rf
~ 2frR
1

——+1
__ \2%0.001
2 x2%100000 = 53.33

C = 127yF
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5.2 Design of L L C resonant components

Growing the application and demand of the LLC restrtonverter as mentioned in chapter 2
in its half bridge is necessary to study how tolysis.each component in relation to the given
specification of the converter. The purpose of gub-topic is a qualitative detail analysis at
steady-state operation of full-bridge converterotogy which is similar to the half-bridge
topology converter. In general more detail stepghef analysis for the LLC component is

developed in the reference[53]; but here will dgscithe most common design procedure.

5.2.1 Design procedurefor LLC analysis
The most basic detail step by step design proegidurcalculating the parameters of the LLC
resonant converter has been defined from [53]. Filoengiven specification and using the
following ten steps we can calculate the valuesrebonant inductor, resonant capacitor and
magnetizing resonant converter.
Procedure 1. Design specifications

» Input voltage range: ¥ min- Vdc.max

» Nominal input voltage: ¥ nom

e Output voltage: VWut

e Output power: R

» Resonant frequency: f

* Maximum operating frequencymdx

» Parasitic capacitance from node to neutral NisC

» Dead time of driving circuit:

Procedure 2. General criteria for the design
» The design will be assumed for the converter abgierating of resonance and
nominal input voltage
* The resonant converter must always work at ZVShia whole operating
system
Procedure 3. the ten step to analysis the LLC resonant compsnent

Step-1: calculate the transformer turn-ratio

__Vdc.nom
" Vout
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Step-2: calculate the maximum and minimum reqg@aés at the extreme

values of the input voltage range

Vdc.max

Mmax =n
Vout

Vdc.min
Vout

Mmin =n

Step-3: calculate the maximum normalized operatgfliency

fmax
fr

fnmax =

Step-4: calculate the inductance ratio by assurttiegconverter is under the

maximum frequency at zero load and maximum invpliage

1-Mmin fnmax?

1=

Mmin fnmax2-1
Step-5: calculating the effective load resistarefected at the primary side
of the transformer

2n%Vout?
Rac = ——

m2Pout
Step-6: evaluating the maximum Q characteristidhie operation of ZVS

region at minimum input voltage and full loachddion

Qzvs'= 0.95Qmax = 0.95 AL + Mmaz?

Mmax\ A Mmax2-1

Step-7: evaluating the maximum Q characteristidhie operation of ZVS

region at maximum input voltage and no-load ctodi

2Afnmax.Td
n((l+ 1)fnmax?2 —A)Rachvs

Qzvs" =

Step-8: choose the best character&¥& quality control in the operating

range such that:

Qzvs < min{ Qzvs, Qzvs' }
Step-9: calculate the minimum operating frequeaicfull-load and minimum

input voltage
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fmin = fr

1

Qzvs
Mmax Qmax

1
14+(1- )

Step-10: calculating the characteristic impedasfaesonant tank and

calculate each parameters of the resonant tank.

% = QzvsRac
1
Cr = 2nfrZo
Zo
Lr = 2nfr
Lm = Zo __Lr
M= onfra — 2

Based on the above procedures it is possible tulea the resonant tanks on both sides of

the dual full-bridge LLC resonant converter. Thieghation is classified in two ways:

A. Design L L C resonant component for primary side

Procedure 1. Design specifications
* Input voltage range: 380Vv420V
» Nominal input voltage: 400V
* Output voltage: 48V
e Output power: 3KW
* Resonant frequency: 100KHz
* Maximum operating frequency: 150KHz
» Parasitic capacitance from node to neutral NisG 350pF

» Dead time of driving circuit: = 270ns

therefore from the above steps of procedure 39y &acalculate the value of

parameters:
step-1: n=8.33
step-2: Mhax=1.05  Myn, = 0.952
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Step-3: fmax=1.5
Step-4: A =0.0907

step-5: R.=10-81Q

Step-6: Qus =0.3769

Step-7: Qus = 2.70

Step-8: Qus < 0.3769

Step-9: 4=4.074)

step-10: ¢=391nF L =6.5uH =715 pH

B. Design L L C resonant component for secondary side

Procedure 1. Design specifications

Input voltage range: 45.6\50.4V

Nominal input voltage: 48V

Output voltage: 400V

Output power: 3KW

Resonant frequency: 100KHz

Maximum operating frequency: 150KHz

Parasitic capacitance from node to neutral NisG 350pF
Dead time of driving circuit: § = 270ns

therefore from the above steps of procedure 39y &acalculate the value of

parameters:

step-1: n =0.120048

step-2: Mhax=1.05 My, = 0.952
Step-3: fmax=1.5

Step-4: A =0.0907

step-5: R.=0.15%2

Step-6: Qvs = 0.3769

Step-7: Qus = 2.70

Step-8: Qus <0.3769

Step-9: 4 =0.0584)

step-10: G=27.25uF Lk=93nH  Lp = 1pH
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5.3 Gatedriver design

Fig. 5-3 shows the H-bridge gate driver selected imtopology for half-bridge MOSFETSs
control circuit. IR2110 is the selected gate drigee to its specification which is compatible
with this bidirectional dc-dc resonant convertd®2110 is high voltage, high speed power

MOSFET's driver with high and law side referengauinand output channels[54].

Symbol Definition Min Max Unit

Vp High side floating supply voltage -0.3 525

Vs High side floating supply offsetVy-25 Vpt+0.3
voltage

Vho High side floating output voltage .3 W+0.3

Vee Low side fixed supply voltage -0.3 25

Vio Low side output voltage -0.3 M0.3

Vad Logic supply voltage -0.3 M25 \

Vss Logic supply offset voltage M25 Vect0.3

Vin Logic input voltage (i, Lin and SD) \(s0.3 Vyet0.3

dvydt Allowable offset supply voltage----- 50 V/ns
transient

Py Package power dissipationI&25 | ----- 1.6 W

Rrhia Thermal resistance, junction te---- 75 °c/w
ambient

T, Junction temperature | - 150

Ts Storage temperature -55 150 °c

Table 1 Absolute Maximum rating information of IRIZL
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Fig.5- 3: Gatedriver circuit design for half-bridge switch control

The gate driver circuit components are selectecddam the specification of MOSFETS,
application type and the noise considerations. SEhé shutdown signal which has signal
with amplitude of zero. Since the switching freqeeis very large, the gate driver signals can
be disturbed. ThereforesRwhich a value in 56K drops the noise from the surrounding in
SD channel. Rand R are series resistance to gate terminal of switehits5W power rate.
These resistors safe the MOSFETs during overshioebltage from gate driver. & is the
decoupling capacitor applicable for compensating ittductance supplied from the supply
voltage \ec.

5.3.1 How to select the bootstrap component
As shown Fig.5-3 bootstrap diode and capacitors thee only critical and external

components to generate the PWM signals for the M&XSFoperation. The selection of
bootstrap component depends on the MOSFET and MaDsSelyiver.

The voltage that supply to bootstrap capacitor ds. Whe capacitance of bootstrap capacitor

is determined by the following specifications[55]:

Gate voltage required to enhance MOSFET gate driver
loes -quiescent current for the high-side driver citgui

Current within the level shifter of the controller

P w D P

MOS-gate driver gate-source forward leakage current
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5. Bootstrap capacitor leakage current
These are the general factors for selecting thésbrap electrolytic capacitor, but for non-

electrolytic capacitors have the following genergliation.

chs(leak)

f

Iqbs(max)

Qps = 2Qg + f

+le+

1 I
2% |20, +w+ 0 + cbs;eak)

Cps =
Vcc - Vf - VLS - VMin

where:
Qg = Gate charge of high side of FET
Qs = Gate charge from bootstrap to source
f = Switching frequency
lebs(eak= BoOtstrap capacitor leakage current
I gos(maxy™= Maximum Vgg quiescent current
V¢ = Logic section voltage source
V: = Forward voltage drop across the bootstrap diode
Vs = Voltage drop across the low side FET
Vmin = Minimum voltage betweenpand \
Qs = Level shift charge required per cycle (typicdlyC for 500V)

Therefore from the data sheet of IR2110 gate diawer 2SK4012(Q) MOSFET the bootstrap
capacitor is selected from the analysis.
f = 150KHz

lgbs(max™ 230MA  kpsgeak= O (very low)

Q; = 30nC Q@ =5nC
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Vmin = 10V Vi = 0.5V
Vis=2.5V Vee = 15V
So that from the above equation:
&> 0.44uC

But from practical application and implementationpst of time it is recommended to

multiply the calculated value with four just forfety.
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Chapter-6: Experimental results

6.1 Introduction

This chapter discusses the practical result ofgideanic isolated bidirectional DDEC
resonant converter. This experimental result previibr the charging(stegown) verific
for the resonant converter with the one develop€® s constructed where its sc

diagram shown in Appendix E.

6.2 Charging mode

6.2.1 Experimental waveforms

Fig.6-1 shows that the isolated bidirectional DC-LLC resonant converter in cha
step-down mode of operatiohhe important test points for this experimentalhessar
shown in the following figures. The birectional LLC resonant converter shown i
has been tested for 100V input and around 25V owtpitage.

The experiment take for 9.9W test, 100V input wdtand 72.8 resistor load with 1&
ratio high switching transformer and 134.4KHz switg frequency of the controlli

drive signal.

POWER FLOW JX
SI.J EES DJ EESss Ds5 7, D§7
A }Cp L}g Lo s G c
Ve (i Cin |° . - Cout L
T Lmp % H Lms
B T D
JiFs R 7iDss  7iDss

Fig.6- 1. Converter in discharging mode of operation
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Fig.6- 2: @) CH1: Vg, 250V/div, CH2: V4, and b) CH1 and CH2 aregatedriver sign
S1 and S2 and CH3 and CH4 to S3 and $4 respectively with 10V/div

The output voltage of the primary bridge is showrthie Fig.62. As it shown in the
the gate drive signal have not 0.5 duty cycle due taddéme of the MOSFETs. Tt
from the specification of the switches calculatiba controller generate the signals
cycle less than 0.5 value and its duty cycle viduground 0.45The gate source volt
values are shown in the Fig.6-2 with in part (is) approximately 15V which is en
switch-on the MOSFETSs.

Fig.7-3 shows that the secondary voltagg Nave a peak value around 24.4nd |
average output current with 100V input voltage 5Z2resistor load, 15/4 transforr
ratio and the switching frequency of the gate drsignal is 134.4KHz.
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Fig.6- 3CH1: lo 1A/div, CH2: Vcd 100V/div, CH3: Vo 25V/div and CH4: Vak
100V/div



Chapter-7: Conclusion and Recommendations for futurework

7.1 Conclusion

This report has presented isolated bidirectionatM LLC resonant converter for multi-
propose application. The proposed topology is categh and combination of isolated
bidirectional DC-DC converter with LLC resonant kamhich characterizes the power to flow
in both direction. The converter unit has a highitgwing frequency transformer and
purposed for galvanic isolation between the highage side with low voltage side or battery
but load for this thesis.

This presented isolated bidirectional DC-DC LLCarant converter concerns the converter
to include dual active bridge switches with tramsfer isolation. The full-bridge on the high
side is called voltage-fed bridge and also thelftilige on the low side is named as current-
fed bridge. The simulation results of the isolateidirectional DC-DC LLC resonant
converter for both charging and discharging showsefficiency of 97%. But from the

laboratory result shows that the efficiency of tbaverter is approximately 95%.

This presented bidirectional dc-dc converter aleatains detail analysis for small signal
approach to develop the controlling system of thieverter and also a controller is developed
for automatic control of the power flow when a tagxkist in utility. It is also developed a
new approach for selecting the resonant tank pasamevalue by developing C-code

programming which interface with the output valoéshe simulink results.

7.2 Suggestion for futureworks

The following suggestions are proposed for furthverk in isolated bidirectional DC-DC
LLC resonant converter. One of the best way toesdhe harmonic disturbance developed
from switch can be solved by developing IME filtBrevelop laboratory setups for automatic
bidirectional controller during interruption of pew from utility. This leads to shift the
switching operation from charging mode of operatiordischarging mode of operation in
order to stay the converter operating.
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APPENDIX

Appendix Al

%% The general code developed to generates
% value for the parameter of the resonant tank
% (i.e. Lp, Cp, Ls, and Cs)

clc;
clear all ;

warning off ;
f_points = (1:1:60)*1e3; % switching frequency

Q=[0.10.2050.8125810];
% Constants

Rac = 10.81; % Resistance load viewed from the primary side
Racl = 0.155; %Resistance load viewed from the secondary side
fr = 100e3; % Resonant frequency

lambda = 0.0907;

Vin = 400;

vout = zeros(length(f_points),1);
for | =1:length(Q)

Z0 = Q(l)*Rac;

Z01 = Q(I)*Racl;
Cp = 1/(2*pi*fr*z0);
Lp = Z0/(2*pi*fr);

Cs = 1/(2*pi*fr*Z01);
Ls = Z01/(2*pi*fr);

fprintf( \n========= Simulation with Q = %f ==============\ n',Q())
fprintf( \n Lp = %0.01f uH , Cp = %0.01f uF, Ls = %0.01f uH ,Cs =
%0.01f uF \n' , Lp*1e6, Cp*1e6, Ls*1e6, Cs*1eb);

for k= l:ilength(f_points)

fin =f_points(k);

sim( 'Full_gain.sIx' );
vout(k) = data(end);

fprintf( \n simulation %d out of %d done....\n' k,length(f_points))
end
plot(f_points/fr,vout/Vin, 'linewidth’ ,2); grid on; hold all ;

end

%% Plot Data

legend(num2str(Q(1:end)");

xlabel(  'f_s/f_r' ); ylabel( 'V_o/V_{in} );

disp( 'Dear DC_DC LLC converter, Plotting successfully co mpleted!!!!!' );
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Appendix A2

%% The general code developed to generates
% value for the parameter of the resonant tank
% (i.e. Lp, Cp, Ls, and Cs)

clear all ;
warning  off ;
f_points = (1:1:60)*1e3; % switching frequency

Q=[0.10.2050.8125810];
% Constants

Rac = 10.81; % Resistance load viewed from the primary side
Racl = 0.155; %Resistance load viewed from the secondary side
fr = 100e3; % Resonant frequency

Vin = 400;

vout = zeros(length(f_points),1);
for |=1:length(Q)

Z0 = Q(l)*Rac;

Z01 = Q(l)*Racl;
Cp = 1/(2*pi*fr*Z0);
Lp = Z0/(2*pi*fr);

Cs = 1/(2*pi*fr*Z01);
Ls = Z01/(2*pi*fr);

fprintf( "\n========= Simulation with Q = %f ==============\ n', Q)
fprintf( "\n Lp = %0.01f uH , Cp = %0.01f uF, Ls = %0.01f u H,Cs=
%0.01f uF \n' , Lp*1e6, Cp*leb, Ls*1e6, Cs*1eb);

for k= l:ilength(f_points)

fin =f_points(k);

sim( 'Full_gain.slIx' );
vout(k) = data(end);

fprintf( \n simulation %d out of %d done....\n' K length(f_points))
end
plot(f_points/fr, vout/Vin, 'linewidth’ ,2); grid on; hold all ;

end

%% Plot Data

legend(num2str(Q(1:end)");

xlabel(  'f_s/fr ); ylabel( 'V_o/V_{in} );

disp( 'Dear DC_DC LLC converter, Plotting successfully co mpleted!!!!!" );
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Appendix A3

%% The general code developed to generates
% value for the parameter of the resonant tank
% (i.e. Lp, Lmp, Cp, Ls, Lms, and Cs)

clc;
clear all ;

warning off ;
f_points = (1:1:60)*1e3; % switching frequency

Q=[0.10.2050.8125810];
% Constants

Rac = 10.81; % Reaistance load veiwed from the primary side
Racl = 0.155; %Reaistance load veiwed from the secondary side
fr = 100e3; % Resonant frequency

lambda = 0.0907;

Vin = 400;

vout = zeros(length(f_points),1);
for |=1:length(Q)

Z0 = Q()*Rac;

Z01 = Q(l)*Rac1l;
Cp = 1/(2*pi*fr*Z0);
Lp = Z0/(2*pi*fr);
Lmp = Lp/lambda;
Cs = 1/(2*pi*fr*Z01),
Ls = Z01/(2*pi*fr);
Lms = Ls/lambda;

fprintf( \n========= Simulation with Q = %f ==============\ n',Q()
fprintf( \n Lp = %0.01f uH , Cp = %0.01f uF, Ls = %0.01f uH , Lms =
%0.01f uH Lmp = %0.01f uH Cs = %0.01f uF \n' , Lp*1e6, Cp*leb6,

Ls*1e6, Cs*1e6, Lmp*1e6, Lms*1e6);
for k= l:ilength(f_points)
fin = f_points(k);
sim( 'Full_gain.sIx' );
vout(k) = data(end);

fprintf( ‘\n simulation %d out of %d done....\n' K length(f_points))
end
plot(f_points/fr,vout/Vin, 'linewidth’ ,2); grid on; hold all ;

end

%% Plot Data

legend(num2str(Q(1:end)");

xlabel(  'f_s/f_r' ); ylabel( 'V_o/V_{in} );

disp( 'Dear DC_DC LLC converter, Plotting successfully co mpleted!!!! );
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Appendix C
The figure illustrates the zeros and poles of thentpthat is found using MATLAB command

pzmap(G). From the pole-zero map the system is stablefétis poles are less than zero values.
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Body plot is used to determine the frequency respdhe LLC resonant converter. The ideal
body bloat of the control to output transfer fuonotias shown in the figure 11 is developed
from the plant transfer function using the MATLABramand#bode(G). The theoretical

body plot shows the open loop frequency responsthéopen loop of the resonant converter

transfer function.
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From equation 35, 36 and 37 the closed loop tramsfestion is analyzed as follows.

HP*HC

R=He(s) = 1+HyH HF

The closed loop transfer function of the whole eysiprovides information on
the corner frequency due to the voltage sensoo, @ed crossover of the inner
current loop. While the open loop transfer functaetermines how the system
responds to dc signal input because the referegoalss dc, the open loop gain
provides information on the overall system stajilit

Figure 12 shows bode plot diagram of the closeg.loo
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R: stands for the BP loop gain and H: Stand8f®iof the resonant plant only ;
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Appendix D
The simulink component of the converter are captimeletail as the following figures.

D1 Thewhole converter system including the controller, sensor and noisefilter
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D2 Plant of the converter
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D3: sine component V,-subsystem
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D7: sine component | p-subsystem
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D10: cosine component of |5 subsystem
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E PRINT CIRCUIT BOARD(PCB)

E1 Top View of the PCB
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