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ABSTRACT

With the fast development of communication systeowmnputers and consumer
electronics, the power supplies for telecoms, ssrwesktops, laptops, flat-panel TVs,
LED lighting, etc. are required for more efficiggdwer delivery with smaller spaces. The
LLC resonant converter has been widely adoptedttiese applications due to the

advantages in high efficiency, high power densitgt holdup time operation capability.

However, LLC resonant converter meets some issesgsecially in high output
current applications. Those issues include magndasign, start-up, short-circuit

protection, synchronous rectifier drive, EMI no&s®l integration, etc.

To solve those issues, like start-up and shortiitifrotection, SR driving and EMI, etc., a

synthesis method is proposed to find the similaomant topologies like LLC. Based on
this method, lots of multi-element resonant coremsrare found to solve the issues that

LLC resonant converter cannot handle.

To evaluate the performance of found numerous bdu@apologies. Thus, a general
evaluation system is required. State-plane analy#tis new normalization factors is
utilized. Based on it, the voltage stress, curstrésses and apparent power of resonant

converters are easy to compare. This method cgnsleédct suitable circuit topology for



certain applications. Meanwhile, it also can he§sonant converters’ design. The
important performance factors, like start-up, stointuit protection, SR driving,
integration and EMI performance, are also taken axtcount for the whole evaluation

system.

The high switching frequency is needed recentlyhigh power density requirement.
However, LLC resonant converter suffers high tramser loss. Matrix transformer is
introduced to reduce winding loss and total volufiex cancellation method is utilized to
reduce core size and loss. Synchronous Rectifi®) (§evices and output capacitors are

integrated into secondary windings to eliminateniaation related winding losses, via loss and

reduce leakage inductance.

The passive integration is necessary for high podesity resonant converter,
especially for high order system. Based on stesgble passive components are chosen
for integration. Then, the magnetic integration moett is shown based on multi-winding
transformer structure. The passive integrationgyies are discussed. A novel passive

integration method is proposed for multi-elemeptonant converters.

In conclusion, this work is focus on the topologyalysis and integration of resonant
converters. Searching the suitable topologies &tam application, and evaluate the

performance of them. Then, improve the system pa#asity by integration techniques.
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Chapter 1. Introduction

This chapter presents the motivations, objectived averview of this dissertation. The
advantages of LLC resonant converters and its ejgidications are investigated. The challenges
in LLC resonant converter are described. A reviewhis field is provided, followed by the

dissertation outline and the scope of research.

1.1 Background and Motivation

Over the past decade energy efficiency and powesityjehave become the top concerns for
power conversions. Rising energy intensity leadsatdigher cost for delivering power.
Meanwhile, the demand for compact power suppliesvgrsignificantly. It requires power

supplies with high efficiency, low profile and higlower density.

With the explosive development of information teclngy, the communication and
computing systems, such as data centers, telecaenggrs, desktops, laptops and notebooks
have become a large market for the power supplysing. For the advance of the integrated
circuit technology, the density and functionalifycomputer systems are continually increasing,
which requires more efficient power delivery whienaller size on power suppliers [A.1]-
[A.11]. For consumer electronics, such as flat-panés and LED lighting, high reliability, low
cost and high efficiency power supplies are demadnphel2]-[A.15]. More ever, for the
prosperousness of the cloud computing and onliméicge energy saving and cost reduction

become major concerns.



Daocheng Huang Chapter 1

Grid

Fig. 1.1 Ac-dc front-end converter

Ac-dc front-end converters as shownFig. 1.1are widely adopted by these applications.
Driven strongly by economic and environmental consghigh efficiency is becoming more and
more desired for ac-dc front-end converters. Th@BOS programs provide a class of efficiency
requirements as shown fig. 1.4A.9]. Take the 80 PLUS TITANIUM program as an exde)
it provides the highest efficiency requirement tbe front-end converters nowadays. The
certified power supplies are expected to achieé 8fficiency at 100% load, 96% efficiency at
50% load, 94% efficiency at 20% load, and 90% &dficy at 10% load when converting 230V
ac power from electric utilities to dc power usadmost electronics. Right now, some industry
benchmarks are beyond TITANIUM. The efficiency regment at the dc-dc stage is even

higher to meet the overall efficiency from ac inputhe load.

In addition to the efficiency requirement, the powekensity of front-end converters is
continuously increasing as well [A.5]. Higher povdensity will eventually reduce the converter
cost and allow for accommodating more equipmerth@existing infrastructures. As shown in
Fig. 1.3 in the past years, the power density of front-emthmercial converters has increased by
more than twenty times. This will continuously iease in the future because of the fast

developments in new devices, magnetic materialssarah [A.16]-[A.19].
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1.2 Issues of PWM DC-DC Power Conversions

1.2.1 Pros and Cons of Soft-switching PWM DC-DC Corerter

Hard switching pulse-width-modulation (PWM) conwgg are common in power supplies,
however, they suffer high switching losses. Sofitdving techniques can help the PWM circuit
achieve zero-voltage-switching (ZVS) so that loweitching loss and higher frequency can be
accomplished. Soft-switching PWM circuits, suchtlas phase-shift full-bridge PWM converter
(PSFB)[A.20]-[A.23]and the asymmetrical half-bridg&8VM converter (AHB)[A.24]-[A.28], are

widely used for front-end dc-dc conversion. Thegmtogies are plotted iRig. 1.4 respectively.

a1 C1
{40k o
D1 Lf D1 Lf

Ip . II
VmCD . ns Cf Vo Vin . %ns Cf v
- np

D2 D2
oz_IE& os_l[& c2] Qz_”:l}

(a) Phase shift full bridge PWM converter (b) Asyetry half bridge PWM converter

Fig. 1.4 Typical Soft-switching PWM converters

ZVS lost at light load is one drawback of soft-switching PWM convertérst PSFB, large
leakage inductance is needed to achieve ZVS. \Witfelleakage inductance, the duty cycle loss
due to charge and discharge leakage inductancé&viignificant. This will limit the choice of
transformer turns ratio, which will affect the pmrhance of whole converter. Even with large

leakage inductance, still ZVS cannot be achievddlat load. There are many different methods
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to expend ZVS region for phase shift full bridge?8], but they are not been widely adopted due
to complexity. Since AHB also utilizes leakage iotunce to achieve soft switching, there is

similar problem as discussed for PSFB, which a8 Zuring light load condition.

High turnoff loss for primary devices is another drawback. As dash circled in Fig. 1hg, t
turnoff current of primary devices is around thghast point due to the trapezoid or square

shape primary current.

No ZCS for synchronous rectifier (SR) generates large reverse recovery loss. As cirded i
Fig. 1.5, the turnoff current of SR device is arduhe highest point due to the trapezoid or

square shape current.

g o S N ) I s N sl
e - L H — J Q2 | | t
as r—w il |

L1 1 "= —

j - 4 \ m -[ ’ ] ¢ — ]

»

1 lo i ; : t

i : L T t |
Vi : : : —l = Vy i
= = = L 4 -Vo '

(a) Phase shift full bridge PWM converter  (b) Asyetry half bridge PWM converter

Fig. 1.5 Waveforms of typical Soft-switching PWMm@rters
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Passive components are hard to reduce volume. As mentioned above, the switching loss of
soft-switching PWM converters is not small, whiégmit the switching frequency increasing.
That means passive components are not easy toeradigme. On the other hand, there are
usually two individual magnetic components in thecudt, the transformer and the output
inductor. Sometimes, an extra inductor is in sengh transformer to help achieving ZVS. It is

very challenge to integrate them all to shrink\ibkime.

1.2.2 Limitation of PWM DC-DC Converter with Hold-up Time Requirement

The holdup time operation poses a major designlestge in front-end converters. As
shown inFig. 1.6 the front-end ac-dc converters are required tontaia the regulated output
voltage for about 20ms when the input ac line &[A&30].As shown inFig. 1.1 during the
holdup time, all the energy transported to the l@aimnes from the bulk capacitor. The
requirement of this capacitor is determined by slgstem power level and the input voltage
range of the dc-dc converter. The relationship betwholdup time capacitor requirement and
minimum dc-dc stage input voltage for 1kW front-exwhverter is shown iRig. 1.7Apparently,
the wider the dc-dc stage input voltage rangehs, fewer bulky holdup time capacitors are
required, and the higher power density will be. réf@re, to meet the holdup time operation
requirement, the capability of operating within mlevinput voltage range is required for the dc-

dc stage in front-end converters.
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Fig. 1.6 Holdup time operation of ac-dc front-edheerters

=1400 ‘
Eﬂm ]LI 4X220uF
L1000 |
z | 3X220uF
= 800 f -
3 b i 2X220uF
o 600 SE b .
s e [TRIEL
¥ EoEn
= 20%50 300 250

VBUS_min (V}

Fig. 1.7 Holdup time capacitance vs. input voltesygge for dc-dc converters of the front-end corerert

However, conventional PWM converters have to saerihormal operation efficiency to
extend their operation range. It is difficult tostgn a wide-operation-range PWM converter with
high efficiency. Normally, the duty cycle is desaghto be as high as possible to handle the
holdup time operation, shown fig. 1.8 Thus, at normal conditions, the duty cycle is muc

smaller. The primary side to secondary side trans$o turns ratio is small, which leads to high
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primary side current, as equation (1.1) and (Indjcated. Both conduction loss and switching

loss increase. Consequently, efficiency suffersoatnal operation conditions.

Best operation

v, N Duty cycle vs. Voltage gain POl
Ve 1 T 1 T D
= 08 — 17:}*1_min -
.% Holdup operation
o 06 v -
% | Uinomax :.____Wcl)rst
S nak =_  point -
[} -
= Nomirt'u_al
— peration —_—
0.2 point
0 | | | |

0 01 02 03 04 05
Duty cycle

Fig. 1.8 Duty cycle range for PWM converter withdhap requirement.

N _ np _ \/in_min D i

n, V. max (Full bridge) (1.1
N _ np _ Vin_min D .

n, N max (Half bridge) (1.2)

1.3 Opportunity of Resonant DC-DC Converters

1.3.1 Basic Concepts of PWM Converter and Resona@ibnverters

Conceptually, PWM converters control the power flow controlling the duty circle of

switches. When switch is on, the power flows frdra source to the load. When switch is off,
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the power flow is blocked. The output filter of PWddnverters is for switching frequency and

higher order harmonics, as showrFig. 1.9

Source Secondary
Excitation Side Load
Rectifiers

Fig. 1.9 Simplified general isolated dc/dc PWM certgr block diagram

Different with PWM converter, resonant converteesvdn quite different way to control
power flow. In general, resonant converters capresented in a simplified block diagram form
as shown iRig. 1.10 The input can be either voltage or current saufidee output sink is
implemented by rectifier circuits. The output citcaonsists of either a series inductor or a
parallel capacitor with the load resistance in orte give current sink or voltage sink,
respectively. The basic resonant cell consistsenfuiency selective network whose function is to

transfer the energy from the source to the loadther words, it works like a band-pass filter.

— —O— X
Basic
P; * Second
Source in econdary
Excitation - Re(SDO rllla nt Side Load
e Rectifiers
— _O_

Fig. 1.10 Simplified general isolated dc/dc resamamverter block diagram

As shown inFig. 1.11 resonant converter controls the power flow byistiipg the switching

frequency. When the switching frequency is aroumsl resonant frequency, most of the input
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power pass through the band-pass filter. When thiéclsing frequency deviates from the
resonant frequency, the input power is attenuatethé filter, thus, only part of it flow to the

load. This mechanism is quite different from PWNMheerter.

'y 0 7, 2, 3, af, s,

Band-pass filter

Basic i
Resonant i
Cell i
' 0 f, 2f, 3f, 4f, 5f,
0 f, 2f, 3f, 4f, 5f,

Fig. 1.11 Band-pass filter concept for resonanveaders

A good band-pass filter is desirable for efficienergy delivery. Here, good band-pass filter
means the least circulating energy in the convelevertheless, which resonant cell contributes

good band-pass filter?

a. Series Resonant Converter (SRC)

Series resonant converter (SRC) is one of the lrasmnant converters[A.31]-[A.36]. The
schematic of series resonant convertdtigs 1.12 The voltage gain curves of the SRC is shown

in Fig. 1.13 The benefits are ZVS achievable above resomaguéncy, ZCS achievable below

10
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resonant frequency. The operating region is onritfi@ side of resonant frequency owing to

preferred ZVS operation.

Vo

L
D, T

La )

Fig. 1.12 Series resonant converter

Optimal point
Lighr 1
load Viu=300V
k] g b
V=400V
0Gp
£
g 04
02
0

Fig. 1.13 Gain curves of series resonant converter

Series resonant frequency is most efficient point. From the gain curves, we can see the gain
equals one at resonant frequency. The total enfeagy the source is delivered to the load.
However, the resonant frequency is the boundarg\® and ZCS region. It is very risky to
operate at this point. Due to the holdup time remuent, the operation point is far away from

resonant point at nominal input voltage,8400V), and the voltage gain is much smaller than

11
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one. Meanwhile, the turn-off current increases ificantly due to large phase shift between

excitation voltage and current of the resonant.tdile switching loss will be high.

Light load regulation is bad for SRC. It can be seen from the operating region thatgi li
load, the switching frequency needs to increas Yery high value to keep the output voltage

regulated due to the flat voltage gain beyond rasbfrequency.

SRC is not a good candidate for front end DC-DCveoter. The major problems are: light

load regulation, high circulating energy and tufincorrent at nominal input voltage condition.

b. Parallel Resonant Converter (PRC)

Parallel resonant converter is another basic redawverter[A.37]-[A.40]. The schematic
of parallel resonant converter fy. 1.14 The voltage gain curves of the SRC is showFiin
1.15 The operating region of the PRC is showhidn1.1%s shaded area. Similar to SRC, the

operating region is also designed on the right lsade of resonant frequency to achieve ZVS.

D
4
Vo
S
D, -~ 3
1

Fig. 1.14 Parallel resonant converter

Compared with SRC, the voltage gain of PRC carabgel than one. That means PRC can
boost voltage. Meanwhile, the operating region BICPis much narrower. At light load, the

frequency doesn't need to change too much to kegyubvoltage regulated.

12
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Fig. 1.15 Gain curves of parallel resonant converte

However,the circulating energy is very high for PRC, even at light load. For PRC, since
the load is in parallel with the resonant capac#oen at a no-load condition the input still sees
pretty small impedance of the series resonant tdhks will induce pretty high circulating

energy, even when the load is zero.

The major problems of PRC are: high circulatingrgpehigh turn off current at high input

voltage condition.

In sum, to deal with a wide input voltage rangé,tlase traditional resonant converters
encounter some problems. To achieve higher effigienther resonant topologies should be

considered.

1.3.2 Advantages of LLC Resonant Converter (LLC) wh Hold-up Time Requirement

LLC resonant converters (LLC) is drawn a lot ofeation since 1990 [A.41]-[A.48].The

half bridge LLC resonant converter is illustrated Rig. 1.16. The voltage gain of the LLC

13
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resonant converter is drawn #ig. 1.17 When switching frequency lower than resonant
frequency (fs<fo), the voltage gain is more likeglal resonant converter. When switching
frequency higher than resonant frequency (fs>fmg, toltage gain is more like series resonant
converter. With variable frequency control, thetageé gain of LLC resonant converter can be
controlled as boost mode or buck mode. Based ordheination of two resonant frequencies,

LLC resonant converter has more advantages thampeeintroduced converters.

; l3 Transformer
Q1 —||-q- - -
T Y

Vin

i Light load

Fig. 1.17Voltage gain of LLC resonant converter

14
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ZVS is achievable from no load to full load. With the help of parallel resonant frequency,
LLC can operate around series resonant frequenthouti the risk falling into ZCS region. In
addition, voltage gains of differe®@ converge at this point. Thus, the LLC would noamge
frequency too much as load changes. The voltagendeon L., which determines the turnoff
current, is relatively constant. And this curremdependent of load helps primary devices charge

and discharge junction capacitance to achieve ZiV8ther words, ZVS is independent of load.

Low turnoff loss is achievable for primary devices due to low turnoff current. Tiuenoff

current could be controlled ky, to be as low as just fulfill ZVS requirement.

Q1
Q2

Vps

Fig. 1.18 Waveforms of LLC resonant converter abrant frequency

ZCS for synchronous rectifier (SR) is naturally achieved if it operates at or below series
resonant frequency. When switching period equass#ries resonant period, the primary current
(ir) resonances to touch magnetizing currénf)(Meanwhile, secondary side current reaches
zero. When switching period becomes larger, theodiSnuous period of secondary current

extends.

15
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Magnetic integration is easily achieved for LLC. Because of soft-switching for primary and
secondary devices, LLC can increase switching #aqy to push power density. On the other
hand, high switching frequency introduces small nedig component, which makes them easy
integration. For LLC,L, could be the leakage inductance of transformerjewhy, is the
magnetizing inductance, as shownFig. 1.16 Naturally, LLC has the potential to integrate all

the magnetic components into transformer, whictinaoe push power density.

The holdup time extension capability is accomplished without sacrificing the efficiency
under the nominal operating condition. As mentioned before, series resonant frequendtlyeis
optimal operation point for LLC. By reducing the CLswitching frequency, high voltage gain is
achievable, which is desired for the holdup timeerafion. Therefore, the LLC resonant
converter has been a very popular topology for ftbat-end power supplies in computing

systems and consumer electronics systems.

Soft-switching diminish most of switching loss, $hitLC can reach high efficiency and be
easy to push high frequency. High frequency aasly entegration structure give LLC the
potential to reach high power densifyg. 1.19shows the volume and efficiency comparison of
two commercial front-end products. It is obviousttithe front-end converter with LLC has

better power density and efficiency than the ornd WWM converter.

For the benefits of LLC resonant converter as noaetil above, firstly it is adapted by flat-
panel display. Then, telecom quickly accepts itn@sn stream solution. Right now, LLC

gradually takes the markets of LED lighting, seraed datacenter, etc.

16
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26W/in?, 80+ TITANIUM, Front-end (LLC DC/DC)

20W/in>, 80+ PLATINUM, Front-end (PWM DC/DC) e

” g m e .

Wl e o

Fig. 1.19 Commercial products comparison with LLC/DC and PWM DC/DC

Flat-Panel TV Telecom LED lighting Server Datacenter

DC/DC

Converter

Fig. 1.20 Market trend for LLC resonant Converter
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1.4 Challenges of LLC Resonant Converter

However, there are many issues for the LLC resooanverter to deal with, like start-up,

short-circuit protection, SR driving method, EMlis®reduction and magnetic design, etc.

1.4.1 Start-Up and Short Circuit Protection

The first issue is start-up process. Although LL&5 Iparallel resonant frequency to help

achieve holdup requirement, the voltage gain alvegenant frequency is very flat due to the

characteristics of series resonant frequency, @asrsim Fig. 1.21

PRC+SRC Bad band-pass filter
(Desired) (Not Desired)
2.0
- fs>f0

-
[4)

soft start-up zone

LLC voltage gain
—

o
[4)]

Fig. 1.21 LLC soft start-up in above resonant fiety region

During the soft start-up process, the switchingjdiency needs to be pushed to a high value

(fs>fo), and then decreased step by step, in order tomzi@ the voltage and current stress in the

resonant tank, meanwhile building up the outputag®[A.49]-[A.55].

18
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If the start-up frequency #fy) is not high enough, there will be large voltagel &urrent
stress in the resonant tank at the start-up morkentl.2zhows the experimental test of [A.49]
where the voltage and current stress is largeanrésonant tank if starting-up with 1.6 times of

resonant frequency.

cr
100V/div

i, 2A/div :

Vo 4V/div

10ms/div

Fig. 1.22 LLC soft starts process by commerciatiip

Thus, start-up is an inherent issue for LLC resboanverter.

1.4.2 Synchronous Rectifiers (SR) Driving Scheme

For isolated dc/dc converter, synchronous rectifiarecessary to improve the efficiency of
DC/DC converter. The SR driving signals for PWMdictonverter are very easy to get from

primary side device signal. Take phase shift fullisee converter as example[A.56], the circuit is

19
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shown inFig. 1.23 The driving signal of SR2 is the same as SA,theddriving signal of SR1 is

the same as SB.

|:
4

0 o
Vi Cb é%

QB QD Qz2

SB sD | i .
SR1 ; - R A Toeastuy

SR |

Fig. 1.23 PSFB circuit and devices’ driving signals

LLC resonant converter is quite different with PWddnverter for SR driving scheme. The

driving signal of primary side and secondary sideicks are not in phase, as showRign 1.24

fs<fo fs=fo fs>fo

Isec

Vi r r r
Vges2 | I

phase difference phase difference

Fig. 1.24 Desired SR gate driving signals in déferswitching frequency regions
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When f<fy, the SR should be turned off earlier than the nsawtch. Otherwise, the SR
would conduct circulating energy, namely a revassgent from the load to the source, thus
causing a greater increase in the RMS currentstandoff current, and causing efficiency to
deteriorate dramatically. Whegrf,, the SR should be turned off a bit later thanrntiaén switch.
Otherwise, the sharply decreased current woulchgaugh the paralleled body diode, resulting
in a serious reverse recovery. Therefore, the mgiwignals of SRs and main switches cannot
derive from the same PWM signal for control of ttenduction times as those in the isolated

PWM converters.

One solution [A.57] is based on the SR curregtansing by transformers to generate SR
driving signal. The method is precise, but duehe karge current on the secondary side, it
requires a large size current transformer and esqmts a lower efficiency due to the extra

resistance of the transformer windings.

Vo

AR A
Lk

lSignaI processing & SR drivel

Fig. 1.25 SR gate driving signals by secondaryenirsensing

An alternative solution [A.58] is sensing currehtaugh the transformer’s primary side

winding. The primary side current is a precise icgpbf the secondary side current. Although a

21
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smaller loss could be achieved when compared tos@mendary side current sensing, three
magnetic components are needed, losing the integraf leakage, magnetizing inductors and

transformer in a single element.

L, LS

n:1:1 TT1

L, lsec Vo
—_—

Al
AV

= ill
. s,

SR Control

Fig. 1.26 SR gate driving signals by primary curigensing
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Fig. 1.27 The influence of package inductance

A promising driving method is based on the SR dtaisource voltage. The sensed SR V
is processed by the control circuits as [A.59]. lduer, the accuracy of this driving scheme is

highly affected by the SR package [A.60]. Due te itevitable package inductance, the sensed
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terminal drain to source voltage of the SR is dbtudhe sum of the MOSFET’s on status
resistive voltage drop and the package inductiveage dropFig. 1.28hows that the senseqy
of the SR terminal deviates greatly from the purelsistive voltage drop & of the MOSFET.

Thus, the actual SR drive signals¥ris significantly shorter than the expected value.

Therefore, an accurate SR driving scheme under figfdluency is required, which can
control the SR gate driving signal in the whole tshing frequency regions with simple

implementation. This method should not increaserthieme of whole system too.

1.4.3 Chanllenges for High Output CurrentApplication

Isolated high output current dc/dc converter majfesuvery high conduction loss at

secondary side even synchronous rectifier is apphe52] [A.53].

High conduction loss of secondary windings and SR devices is the first issue for low-voltage
high-current applications. To deal with this issagyaralleled winding structure with paralleled
SR devices is a common practice. However, thiggtra is not good enough. The conventional
circuit schematic of the transformer and SR stmacis shown inFig. 1.28 The conventional

planar transformer and the secondary side struarerdepicted ifFig. 1.29

The current sharing among secondary windings and SR devices becomes an issue for this
parallel structureThe current distribution through secondary sideetermined by many aspects,
including the resistance and leakage inductancewioflings, the package inductance and
resistance of SR devices, the trace and connectituttance and resistance, etc. Thus, it is hard

to keep even current distribution by traditionahsformer structure.
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Fig. 1.28 Circuit schematic of the conventionahsf@rmer and SR structure.

Hot spot
termination

Fig. 1.29 Conventional transformer and the seconside structure.

High termination losses is the another issue. Due to the proximity effaad skin effect, the
currents in adjacent terminals with opposite dios attract each other. Thus, very high losses
and hot spots are generated. This termination dessriorates efficiency significantly. For the
conventional design, all SR devices are placechermtotherboard. Physically speaking, a large

loop of the secondary side rectifiers is inevitalensequently, a large distribution loss will be

24



Daocheng Huang Chapter 1

generated. In addition, for large number of SR ckyj it is extremely difficult toachieve a

symmetrical layout for each SR. Hence, currentiagasf the SR is a severe problem.

Thus, how to improve the efficiency and power dgnsi high step-down dc/dc converter is

a key issue.
1.4.4 EMI Performance of LLC Resonant Converter

In EMC standards, such as FCC part 15 in the Urfiiedes and EN55022, CISPR 22 in
Europe, the conducted EMI noise emissions of devéee limited. It is required to meet the EMI

standard for front-end converters.

140
120 Two switch LI.Cresonant
Jorward PWM
= 100 / ] -
) J
C 1
= 80
b ]
g @ L] EMI
z EN55022
= 4 ¥ 7 L
> Class B
20
0
1.0E+05 1.0E+06 1 .0E+07

Frequency (Hz)
Fig. 1.30 CM noise spectrum comparison of PWM ah@ kesonant converters.

Because of the bulk capacitor between PFC and dmudeerter, only common mode noise
of dc-dc converter will influence the grid and ERillter. The measured common mode EMI
noise spectrum of LLC resonant converters is shiomfig. 1.30 Compare with PWM converter,

it is a stringent challenge to reduce the EMI naige to the EMI standard requirement [A.61].
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1.5 Multi-Element Resonant Converters

Since LLC resonant converter has so many issuestddeal those issues but still keep the
merits of LLC is a challenge. Some issues come fteenfundamental characteristics of LLC
resonant converter. How to overcome them remam®iblem. As mentioned in [A.62]-[A.64],
there are more than hundreds multi-element resdoantogies. Is there any resonant topology

similar or better than LLC resonant converter?

Based on the previous sections, the merits of LloGhe from the combination of two
resonant frequencies. Thus, we want to keep theactaistics below series resonant frequency
of LLC gain curves irFig. 1.17 However, we do want to change the gain curvdd.&f resonant

converter above resonant frequency.

For the start-up and short-circuit protection issue, the fundamental reason is the flat
voltage gain above resonant frequency. To deal thithissue, the resonant topology has sharp

gain above resonant frequency is desired as pexsenfig. 1.31[A.64].

o 1.0 2.0
fo=f/fa

Fig. 1.31 Desired voltage gain for LLC start-up.
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For the SR driving scheme, the resonant topology, which can simply utilizenfary side

current information to drive SR without sufferifgetbenefit of integration, is desirable.
Low EMI noise by nature is also desired for resonant topology.

The question is if there is any resonant topologyiring those benefits among the ocean of

resonant topologies. How to find it and how to cangpthem with LLC is very challenging.

1.6 Opportunity of Emerging Technologies

The exponential rise in “Big Data” generation, mesing and storage highlights the
growing demand for datacenter and cloud computmgegp worldwide. The subsequent task is
to maximize energy efficiency, thus saving money amatural energy resource, minimizing

pollution and meeting the US Department of Enerdigsascale” challenge.

Utility Grid UPS PDU Server

. s

Fig. 1.32 Traditional AC distribution system fortdaenter
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For the power semiconductor industry, the challesge provide efficient and high quality
power conversion from 480V 3-phase AC power entetime datacenter, all the way to 1V,

100A+ processorsig. 1.32shows the typical AC distribution system structimedata center.
1.6.1 New System Architectures

The ever-present trend for datacenter distributedegp systems is the pursuit of higher
efficiency and power density. Existing solutionghin the AC-DC conversion-system topology
are struggling to provide even a fewpercentage tpoai large-scale improvement despite

localized improvements in performance.

Utility Grid UPS Server

] A
~380V i i~12v
\ H

Fig. 1.33 380V DC distribution system for data eent

The answer may be to look instead to a very diffe’®C-DC structure, based on new
approaches rather than merely incremental onesagWsgh-voltage DC for power transmission,
in conjunction with new conversion approaches,reftangible and significant benefits for both

sourcing options and system end-to-end performdReeently, Intel proposed a 400 Vdc direct-
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distribution bus for data center applications idesrto reduce the number of power conversion
stages and the power loss in the power distribygath, as shown iRig. 1.33 By eliminating an
AC uninterruptible power supply (UPS) and a trans#er in the power distribution unit (PDU),
the overall efficiency can be improved. In factmgowork from France Telecom and China
Mobile estimate that between 8% and 10% acrossbtaed can be saved by going to DC

distribution[A.7]-[A.8], [A.65]-[A.67].

Continue pushing whole system efficiency, one ¢ffecway is to reduce the regulated
DC/DC stage. For new DC distribution system, th&lino requirement is not valid due to the
battery connecting to 380V bus. IBM supercomputdizas the DC system illustrated Fig.
1.34. The efficiency of each module is also given infebox. There is only one regulation stage:
PRM (Pre-Regulated Module) regulator. Bus convetel VTM (Voltage Transformer Module)

are both unregulated DC/DC converter. The efficyepicthe power train can be as high as 87%.

I ~350V ———"44V, 40V, —— 1V '
i — Bus PRM | :
= VTM !
| Converter Regulator (94%) Processor | |
| —— (95.5%) (97%) | :
L 7S N — J

Fig. 1.34 DC power-train for IBM Supercomputer

Another possible power train structure is showrFigm 1.35 The DC/DC converter from
400V to 12V only needs to deal with small rippletbe bus, which can be easily deal with next
regulated stage (VR). It is obvious that two retedastages are less efficient than one regulated

stage with one unregulated stage.
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~380V 12V
DC/DC VR CPU

Fig. 1.35 Improved DC power-train for 400V to CPU

Thus, how to improve the efficiency and power dgnsf high ratio step-down DCX is one

of the key issues for the whole performance ofcaiter.

1.6.2 Benefits and Chanllenges of LLC-DCX

Compared with regulated LLC-D2D, LLC-DCX has betrformance and less issues

especially at high switching frequency.

Firstly, its switching frequency is fixed exactly the resonant frequency point=f) to
achieve the best efficiency[A.68]. Meanwhile, thR Surrent is in phase with primary side
driving signal just like PWM converter. It is veeasy to achieve SR driving by utilizing primary
side driving signal. Due to new system architegtuteC-DCX do not need to worry about start-

up problem, the regulator before or after LLC-DCdhelp.

Thus, start-up, short-circuit protection and SR driving are not issues for LLC-DCX

anymore.
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Fig. 1.36 LLC resonant converter as DCX

Usually, largeL, is designed for LLC-D2D to help achieve holdup dgirand regulation

requirement, while LLC-DCX does not have that. Mp#irge L, needs extra inductor in series

with leakage inductance of transformer, which iases the volume and loss of whole system.

For LLC-DCX, L, is only the leakage inductance of transformer,@rbe as small as possible

LLC-DCX has potential to be high efficiency and nigower density. For high efficiency

and easy magnetic integration, LLC-DCX could ope&dthigh switching frequencieanwhile,

the high frequency transformer design and EMI are still issuesfor LLC-DCX.

1.6.3 Wide Band Gap Devices —GaN HEMT

High performance active devices have been thefirse to increase power density to meet

the requirements of modern systems including dataceSilicon devices have dominated for

power management since the late 1950s. Howevertalgentinuous device optimization and
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improvements in the production process, materiap@rties of Si are increasingly becoming the

limiting factor.
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Fig. 1.37 Specific on-resistance versus breakdavitage for GaN and Si

In recent years, the GaN HEMT has emerged as aigirayrdevice for high frequency, high
efficiency, high density power conversion due toeéter figure of merit than comparable Si and
SIiC transistors [A.69]-[A.71]. A progressively lamg number of GaN devices have been
manufactured for in field applications ranging frémw power voltage regulators to high power
infrastructure base-stations[A.72]-[A.80]. The shihg frequency has been continuously

pushed up to several MHz to both reduce passivgooents size and increase power density.

1.7 Dissertation Outline

Taking into account the challenges raised durimgréview of the existing literature on the

LLC resonant converters, several issues have ldgnessed in this dissertation.
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Chapter 1:
Research background, motivation, and literaturesvev

The advantages of LLC resonant converter over PVéRVverter and traditional resonant
converters are presented, especially under hokimgrequirement. However, LLC has its own
issues, like startup, short-circuit protection, Sfiving, transformer design and EMI
performance. Multi-element resonant converters @me possible way to deal with them.
Meanwhile, with the new system architecture of damder, there is opportunity to use
unregulated LLC, which has less issues and betdgobmnance than regulated LLC resonant
converter. This new structure and emerging GaN HEM®mote the requirement of high
frequency high efficiency transformer design. To rhere advanced, passive integration for

multi-element resonant converter is also achievable
Chapter 2:

One effective way to solve the fundamental issuekL& resonant converter is to find

alternative resonant converters.

The resonant tank acts like band-pass filter iromast converters. The four type basic
resonant cells are studied. A synthesis of resotapulogy based on basic resonant cells is
proposed. Every two basic resonant cells are coeabio form a new resonant cell. Three three-

element LLC-like resonant converters are discovered

For four-element resonant converters, a notchrfigeintroduced to LLC-like resonant
converters helping limit the inrush current durstgrtup or short-circuit protection period.Eight

LLC-like resonant converters with notch filter aliscovered based on previous synthesis.
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To enhance power delivery efficiency, an extra eemms added to four-element resonant
tank for 3% harmonics band-pass filter. Twenty five-elemensor&nt converters with'3

harmonics band-pass filter are gotten.
Chapter 3:

Lots of LLC-like resonant converters are discovdraded on the method in chapter 2. How
to evaluate each topology still remains an isswefiiid out if new resonant topologies have

similar or better performance than LLC, an evalragystem is necessary.

To utilize state-plane for evaluation, traditiomarmalization factors are not good enough.
The new normalization factors are proposed baseti@apparent power of converter. Utilizing
the state-plane with new normalization factors, dpparent power, voltage and current stresses

of each multi-element resonant converter can biégyeamsnpared.

Current limit capability, SR driving scheme, magnéntegration and EMI noise are very
important to resonant converters. All of them adeet into account to evaluate the performance

of resonant converters.

Based on the pros and cons of each LLC-like redomamverter, several possible

application examples are proposed as reference.
Chapter 4:

To deal the high output current conduction loss,rsonant topology can hardly help. The
circuit topology can help. To alleviate the heawyput current, the matrix transformer instead of
the traditional transformer is proposed. Matrixhg@rmer can help split transformer secondary

current to reduce conduction loss. With the matransformer winding structure, series at
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primary side and parallel at secondary side, tliezotisharing problem among windings and SR

devices can be solved.

The price is the multiple cores of matrix transfermWith the concept of flux cancellation,
the number of core reduces into half. In other wptte core loss and core volume are greatly

reduced without suffering conduction loss.

Meanwhile, a system method is proposed to intedratesformer winding with SR devices
to eliminate termination loss. After that, the waff of termination loss and interleaving is

discussed. Then, the optimal winding structurégigred out.
Finally, a detail design procedure for transformi@nensions is given.
Chapter 5:

To be more advance integration, magnetic integnatieethod for multi-element resonant
converter is proposed based on transformer caatilmodel. A measuring method is given to

identify the parasitic inductance value in comptextilever model.

For better power density, passive integration isessary. However, capacitance integration
is risky due to life time constraint. An evaluatienteria is proposed to determine which

components integrated in the system based on loxeéisge and current stress.

A passive integration method is given to integratk the magnetic components and

capacitor with lowest stresses.
Chapter 6:

Conclusion and future work.
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Chapter 2. Synthesis of Multi-Element Resonant

Converters

In this chapter, a general and systematic methodxpore the characteristics of multi-
element resonant converters is proposed. Each aesaonverter is synthesized by basic
resonant cells. The resonant converter inheritctiaeacteristics of parental resonant cells. LLC
resonant converter is one of the most popular tapes in DC/DC converters. The LLC-like
resonant converters are found by the synthesiagitlsesonant cells. Furthermore, the LLC-like

resonant converters are improved by synthesizing mesonant cells.
2.1Fundamental Concept of Resonant Converters

As mentioned in chapter one, dc-dc resonant coengedan be presented in a simplified

block diagram form as shown fifig. 2.1

The input DC voltage or DC current source is coteceinto square waveform by primary
switches. The output sink is implemented by restiftircuits. The output circuit consists of
either a series inductor or a parallel capacitdhe load resistance in order to give current

sink or voltage sink, respectively.

The basic resonant cell consists of frequency Beénetwork whose function is to transfer
the energy from the source to the load, in otherdaioband-pass filter. The passing-through
energy is controlled by changing the switching frerocy. The band-pass filter characteristic of

each resonant tank could be represented by itagmtransfer functions [B.1], [B.2].
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Fig. 2.1Simple Block diagram for the basic conagjgesonant converter

Most of dc-dc applications are voltage source, hlant-end dc-dc converters. Thus, the
voltage source is taken into account in the follmyvanalysis. The similar concept can also be

applied to current source application.

Zero Voltage Switching

AN
/

Zero Current Switching
VOC

AN \/

fs<fo

j/*‘:’n

o

Fig. 2.2Zero current switching and zero voltagetaing principles
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When the operation point at resonant frequemgyir( Fig. 2.7, the input voltage\() is in
phase with input currenti{). The output power reaches its maximum value glutnpower is
fixed. All of the input power is directly delivere the load. When operation beldw the
voltage is leading the current, so the tank is ciipa. The up slop of voltage gain indicate ZCS
operation, as shown #ig. 2.2When operation abovg, the current is leading the voltage, so the

tank is inductive. The down slop of voltage gaidioates ZVS operation.
2.1.1 Basic Resonant Cells (Two-Element Resonantiks)

Two-element resonant tanks are basic resonant akehsulti-element resonant converters.
For two energy storage elements, there are togadlyt resonant tank configurations as shown in
Fig. 2.3. Tank A, B, C and D are suitable for vgétasource, and Tank E, F, G and H are suitable
for current source. Here, not “suitable” means egutation capability (like Tank E to voltage

source), and/or no resonance (like Tank F to velsmurce).

—{—n——e—] wfm\——oﬂt_o

Tank A Tank B Tank C Tank D

L]

Tank E Tank F Tank G Tank H

Fig. 2.3 Two-element resonant tanks
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Tank A is series resonant tank, which is the resbtaak of series resonant converter (SRC).
It behaves like band-pass filter. The resonantueeqy in Fig. 2.4 (a) is named series resonant
frequency (SRF). When the frequency of input enésgite same as SRF, the whole energy will
pass through it, while the energy of other freqiesds attenuated. However, this band-pass
filter is not good at light load. The voltage gdiacomes flat. Hence, a very high switching

frequency is required for series resonant convéglet load regulation.

The resonant frequency in Fig. 2.4 (b) is namea@lfgmresonant frequency 1 (PRF1). It is
not good band-pass filter either. The high freqyeinput energy will pass through it, but low

frequency energy will be blocked. Thus, it performare like high-pass filter.

The resonant frequency in Fig. 2.4 (c) is namedlfresonant frequency 2 (PRF2). It is
the resonant tank of parallel resonant convertBQ)P It is not good band-pass filter either. The
low frequency input energy will pass through itf high frequency energy will be blocked. Thus,

tank C performs more like low-pass filter.

Both of two PRFs have high gains at light load acbtesonant frequency. Steep slope close

to resonant frequency come with this.

The resonant frequency in Fig. 2.4 (d) is named@mo¢sonant frequency (NRF). This tank
is quite different from previous tanks. It behalige a band-stop filter. When the frequency of
input energy is the same as NRF, the tank impedsnicdinite high, the whole energy will be
blocked. Meanwhile, the energy of high order harit®mpass through the whole tank. Thus,

Tank D alone can hardly form a resonant converter.

All of basic resonant cells are only have one rasbfrequency. The resonant frequency is

the most efficient point for the resonant tank gtdsnd-stop filter, because all the fundamental
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of input power is delivered to the load. Otherwigart of it is attenuated by the tank. However,
they cannot operate at resonant frequency in fefalllng into different soft-switching region,

like from ZVS into ZCS or from ZCS into ZCS, whichdetrimental to devices.
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Fig. 2.4 Voltage gains of two-element resonant $ank
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2.1.2 Synthesis of Basic Resonant Cells

From the discussion above, two-elements resonaviectrs have their inherent limitations.
Because each resonant frequency has its own ceas#fics, the synthesis of two or more

resonant frequencies may give resonant converteg merits.

LCC resonant converter (LCC) and LLC resonant carvgLLC) are very good examples

to illustrate the concept of resonant convertetlssis.

LCC resonant converter (LCC) is a popular resonantverter in many applications. It is the
combination of series resonant converter (tankfg parallel resonant converter (tank C). SRF
is at the left side of PRF2, in other words, ZC§oe of PRC. Around SRF, most region is ZCS
region, which is not preferred. Series resonargueacy (SRF) (black dot in Fig. 2.5 (a)) helps
in operation; however, the operation region (shadowig. 2.5 (a)) is away from SRF. Thus,
LCC is still dominated by parallel resonant freqee(PRF), and have similar pros and cons as

PRC. It cannot operate at resonant frequency either

SRF PRF2

Qf_|rq_:| ’ 2
Vin . C. L n:1:1 D,

=
-
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Q; I
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Fig. 2.5 Circuit and voltage gains of LCC resonzoriverter
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Fig. 2.6 Circuit and voltage gains of LLC resonemverter

LLC is the combination of tank A and tank B. Itddferent from LCC due to the different
order of two resonant frequencies. PRF2 is at #¢fteside of SRF, in other words, the ZCS
region of SRF. PRF2 improves part of this regiot iAVS region. Thus, it is safe to operate

around SRF, where is the optimal point. Howeves,rtght side of SRF is still flat [B.3]-[B.10].

The synthesis of SRF and PRF1 generates many méti}sZVS capability for zero to full
load range; (2) low turn off current for primaryleiswitches; (3) Zero-current-switching (ZCS)
for synchronous rectifier devices; (4) voltage gaimost capability without deterioration of

efficiency at normal condition.

Three-element resonant converters have more reseguencies than two-element. The
synthesis of resonant frequencies could provideaekienefits to the resonant converter.
However, the synthesis should be the right typestha right order of resonant frequencies to

improve the performance, or the improvement coelddry little or worse.

2.3 Synthesis of Three-Element Resonant Converters
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As mentioned before, LLC has many advantages duehé¢o synthesis of resonant

frequencies. A systematic analysis is given belowearch LLC-like resonant converters.

All the three-element resonant topology networles given inFig. 2.7[B.11]. The topology

networks 15, 16, 17 are degraded to two-elementbefblocks replaced by an inductor or

capacitor.
W D—%—Q D—D—D ] = MDE
G O O O G +] 4. ] %

1 2 3 4

: #a G## : :
G 0 4, ¢} o ] 4, ¢}

7 8 9 10
¢, 13 0 [+, 1 0 o 15 0 o 16 O [+ 17 O

Fig. 2.7 Three-element resonant topology networks

Replacing each block of networks with an inductocapacitor, 36 topology candidates are

gotten inFig. 2.8

If the input source types are taken into accolnet,e are some tanks are not suitable. Firstly,
if one or more elements are clamped to input veltasgurce, the whole resonant tank will be
degraded to less order system. Secondly, capaatomot be in parallel with voltage source.

Based on these two criteria, there are only 13logpes left, shown irfFig. 2.9
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Fig. 2.8 Three-element resonant tanks
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Fig. 2.9 Three-element resonant tanks for voltagece
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The tanks in Fig. 2.9 are classified by combinatwdrthe resonant frequencies defined in

section 2.1.1.
From Fig. 2.10 to Fig. 2.14, the dot lines showlibandaries of ZVS and ZCS regions.

As shown in Fig. 2.10, Tank D and Tank H1 are ylesis of SRF and NRF. Thus, this
group has similar characteristics like SRC. NRFAshdlat voltage gains above SRF, so ZVS
region of SRC is improved. Voltage regulation iiagable in a narrow frequency range.
However, resonant frequencies are the boundarieaM8 and ZCS regions. Operation at

resonant frequency is still not achievable in tbfgology group.
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Fig. 2.10 Voltage gains and tanks of SRF+Notch

As shown inFig. 2.11 Tank C and Tank G1 are the synthesis of SRF &RH.N'hus, this
group has similar characteristics like SRC. In tysup, NRF sharps flat voltage gains below

SRF, so ZCS region of SRC is improved.
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Fig. 2.11 Voltage gains and tanks of Notch+SRF

As shown inFig. 2.12 Tank K is the synthesis of PRF and NRF. Thus, ghoup has similar
characteristics like PRC. NRF sharps voltage gaibeve PRF, so ZVS region of PRC is
improved. However, the ZVS region of PRC is shagfote. Thus, the improvement is limited.
Meanwhile, PRF and Notch filter are the boundané<ZVS and ZCS regions. Operation at

resonant frequency is still not achievable in thgology group either.

PRF +Notch
i 5 1 =1
Lljght Load ; : @z
T :. ' o L. C1
15 [] : Q=10
=il | 1
el | Z S :
2 : L4
| : ]
| gl ZVS E J Tank K
_iiHea\{v Load"‘\“\iﬂ-—"ﬁ—-:ﬁ,
o fs/fo

Fig. 2.12 Voltage gains and tanks of PRF+Notch

46



Daocheng Huang Chapter 2
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> : =
':* » AN
— 1~ eawload “ L
fsffo
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Fig. 2.13 Voltage gains and tanks of Notch+PRF

As shown inFig. 2.13 Tank L and Tank O are the synthesis of PRF ané.NRus, this
group has similar characteristics like PRC. SinylaNRF sharps voltage gains below PRF, so
ZCS region of PRC is improved. Operation at resofi@guency is still not achievable in this

topology group either.

SRF +PRF O
3; [ 1] Vs c-"'+
T Tank H(LCC)

I zvs |

| .'_-’:‘::\ "
_’.”Fi#'/ 'Heaw Load_ ¥ 5

fs/fo TankZ  Tank X

Fig. 2.14 Voltage gains and tanks of SRF+PRF (L{BE}

As shown in Fig. 2.14, Tank H, Tank Z and Tank ¥ #re synthesis of SRF and PRF. Thus,

this group has both characteristics of SRC and PRE.locates at higher frequency and SRF at
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lower frequency. Tank H in this group is the resdn@ank of LCC resonant converter. The
typical voltage gain curves are very similar as L&Sonant converter. Thus, this group is

named LCC-like resonant converters.

As shown inFig. 2.15 Tank G, Tank W and Tank U are the synthesis df 3R PRF, like
LCC. The difference is PRF locates at lower freqyesnd SRF at higher frequency. Tank G in
this group is the resonant tank of LLC resonantveaer. The typical voltage gain curves are
very similar as LLC resonant converter. In thisugrpooperation at resonant frequency is durable
due to the help of PRF. The resonant convertehisigroup can operate around series resonant
frequency without the concern falling into the ZG&gion under given load condition.
Furthermore, they have the similar merits of LLie llow loss at nominal conditions, ZVS for
whole load range, ZCS for output rectifier, etceylcan also achieve good efficiency at high
input voltage, where the front-end dc-dc works 386 time, with wide input range. Thus, this

group is named LLC-like resonant converters [B.12].

C. L
SRF "
T oot Lm

" T Tank G (LLC)
=| [ | - N -
E:. 4 =
sl Zes8—_— /h

!@Load ; 4

- ~ fs/fo Tank W (CLL) Tank U (LCL)

Fig. 2.15 Voltage gains and tanks of PRF+SRF (L&}l
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For the inherent problem from SRF, the startup stratt-circuit protection of LLC are still

an issue due to the flat voltage gains above SRF.

2.4 Inherent Issues of LLC Resonant Converter

Fig. 2.16 shows the DC characteristic of the LLC resonamtveaer. Normally, the LLC
operates near the resonant frequency poitjfto keep the best efficiency. During the hold-up
time operation, the input voltage decreases whigedutput voltage should stay constant, thus
the switching frequency decreases<f() to boost the voltage-gain. Under the soft start-u
condition, the output voltage needs be built upnfreero to the steady-state value, in order to
prevent from entering the zero-current-switchingc&J zone, the LLC should work in above

resonant frequency regionXf).

2.0 1 ‘
1
f\&/ hold-up
c 1
Sis| [ A
> H normal operation point
< \
T 1
(o)) H 0:0%
o 0:6
L 05 Fe
Hk start-up
R?L{
o v.=0
0 1.0 2.0 3.0 4.0

. =fJf,

Fig. 2.16 DC characteristic of the LLC resonantwaoter

However, as shown iRig. 2.17 if the start-up switching frequency)(fs not high enough,

large voltage and current stress can be obserntbe atart-up moment [A.49]-[A.54].
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(a) Voltage and current stress of resonant tank dutirfigstart-up
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(b) Output current and voltage during soft start-up

Fig. 2.17 Soft start-up with low switching frequgnc
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large current and
voltage stress

..............

/

full-load steady state

(a) Voltage and current stress of resonant tank dgarfigstart-up

2.0 Voltage Gain

(b) Output current and voltage during soft start-up

Fig. 2.18 Soft start-up with a high switching freqay
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Otherwise, as shown iRig. 2.18 if the LLC starts up with a very higher, thisabout 5
times of normal operation frequency. At the begignithe voltage and current stress will be not
large. However, during the soft start-up procek$; decreases too quickly, large voltage and
current stress can still happen, which will trigfee over-current-protection. As a resudtyill
increase a bit to limit the stress, and then deseamoothly to finish the soft start process; If f
decreases slowly, the stress will stay small, batdutput voltage will build up slowly, which

means, the soft start-up process will take muclgéon

Thus, if frequency control is applied start-up @®% the operation frequency of LLC
resonant converter should be very high to attenta¢e voltage and current stress at the
beginning of start-up. Even start up at high fretuye the high voltage and current stresses still

high.

Vgsq2

o LT L
Vgsos | J |’
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Qlll—l J_ QiIH _L 4cr L, D, | 400
Gl ] |G d 200

Vy o — - \ e
-200 ] \ N

Vin
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-400. ’

3
C, SR

e i
ST e — A —

]
e
-
3
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—YV
2]
S
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Fig. 2.19 Phase-shifted control in full-bridge LIe=2f,, ®=n/2)
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Besides the frequency control, phase-shifted cbo&o be used in full-bridge LLC to limit
the voltage and current stress during the softt gteocess.Fig. 2.19 shows steady state
waveforms whensE2f, with n/2 phase shift. For the leading leg,(&d Q), it is easy to realize
ZVS, since the resonant current is large at the-tdfir moment. However, for the lagging legx(Q
and Q), it is hard to achieve ZVS due to the lower cotr® charge the junction capacitors at

the turn-off instant.

Based on frequency control and phase-shift confiBol,3] proposed an optimal trajectory
control for the LLC soft start-up. The resonanttagé and current stress can be limited, the
output voltage should be built up quickly and srhdgtand the ZVS of all switches can be

guaranteed.

Fig. 2.20 shows the experiment results. The start-up frecpes more than 2 times of

normal operation frequency.

5ms/div

PN I TN TN TN TN NN SN SN TN SN [N SN TN N SN AT TN T T TN [N TN N S S NN T SN TN T SN SO 1

Fig. 2.20 Optimal trajectory soft start-up
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However, all above control methods need very higiiching frequency to attenuate the

voltage and current stress during the processasf-gp. This issue comes from the inherent

problem of series resonant converter.
2.5 LLC-like Resonant Converters with Notch Filter

As discussed in previous sections, three-elemgmtldgies have more merits than two-
elements, but three-element topologies still ha&wedrtown limitations. With poor frequency

selectivity, namely, very wide bandwidth, the freqay has to be increased very high to achieve
enough damping effect.

To improve the flat voltage gain above series rasbrirequency of LLC-like resonant
converters, additional resonant elements are neederkate sharp gain. The desirable voltage
gain curves are plotted iFig. 2.21 One possible way building sharp voltage gainsiéking a

notch filter.

2.0
1.5
1 —
/____,._—-I 0.01
1.0
_,_..a-—""-- 15
0 3.0
o 1.0 f 2 3.0 4.0

02
f.=f/g

Fig. 2.21 Desirable Gain Curves for LLC-like resoneonverters
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The resonant tank with notch filter characterisan create zero voltage gain. Conceptually,
infinite impedance can be created when frequeneyates at the resonant frequerigyof the
notch filter. As a result, if overload or even dledroutput condition occurs, the current can be
limited inherently by the resonant tank charactexig he notch filter center frequenéy can be

designed to achieve the over load protection.

@3

_ﬁ l_—|c
Q. =

R,

AAA.

k-

Fig. 2.22 One example of selected 4-elements res@oaverters

One of these resonant converters is depicteelgn2.22 The notch filter section is created

with L, andC,. The band pass filter section consists9fC, andC,.

In general, with variable frequency control, theamant tank input voltage is excited as a
square waveform. According to the Fourier analytsis,voltage excitation only consists of odd
harmonics. Therefore, to avoid circulating energynaminal condition, notch filter resonant
frequencyfooshould be designed at even times of nominal resbegonencyy:. Meanwhile fo, is

preferred close tt;.Thus,fo, = 2fp; is a good choice.

When converter operatesfgt, the notch filter represents inductive. The impegaofC, is
much larger thah,. The major part of primary side current flows tngbL,, notC,. The current

stress orC, is much less tha@;.
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However, the number of four-element resonant tagiek is numerous. A systematic way

for classification and selection can save a latréfind energy to find desired topologies.

All four-element networks are listed in [B.14], [55], as shown irFig. 2.23 Each square
block represents one energy storage element. Theories in the dot line pane iRig. 2.23are

not suitable for voltage source, for they canngttate voltage.

Fig. 2.24shows the relationship between resonant frequéypss and topology networks.
Each square block iRig. 2.24represents one or more energy storage elemengsretangle
block indicates input source or output sink or otbeergy storage elements. If the resonant
characteristics shown iRig. 2.24are wanted, the network below gain curves shoslgdrt of

resonant tanks.

As discussed before, series resonant frequency)(&Rfeeded to achieve low switching
loss and low circulating energy at nominal condisiovhere the operation point is close to it.
Parallel resonant frequency is required for widegevoltage regulation. With the combination
of these two resonant frequencies, zero-currentchimg (ZCS) is achieved for the output
rectifiers, and no reverse recovery appears. Amblier is also needed for startup and short-
circuits protection. Thus, the candidate topologpudd include PRF, SRF and NRF. The

desired gain curves should be similaFags 2.21
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SRF NRF
i ilin=
L]
Network 2 Network 3 Network 4

Fig. 2.24 Gain curve characteristics vs. networks
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Fig. 2.25 Four-element resonant topology netwanktuding Network 2(SRF)
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Fig. 2.25shows the topology networks including network r21cure based oRig. 2.23and

Fig. 2.24 The number is 24.
[+ : : = : :

Fig. 2.26 Four-element resonant topology netwanktuding Network 2(SRC) and Network 1(PRF)
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Fig. 2.26shows the topology networks including network # aetwork 2 structures based

onFig. 2.24andFig. 2.25 The number is 14.

Fig. 2.27 Four-element resonant topology netwanktuding Network 2(SRC), Network 1(PRF) and
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Network 3 or 4 (NRF)
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Fig. 2.27shows the topology networks including network ltwoek 2 and network 3 (¢

network 4) structures based Fig. 2.26andFig. 2.24 The number is 7.

In topology network shown iFig. 2.27 each energy storage element can be replacec
inductor or capacitor. The result is shownFig. 2.28 ignoring which are not itable for

voltage source.

Q0 0 O o O 0
T;__'"o T
] o=
O_LO - 00 0 O 0 O 0
o i o0 il o
o o O 0 (-2 0 O 0
o ey O [ vy =]
o o O 0 O 0 O o O * ]

1T 1T T T

Fig. 2.28 Fourlement resonant topologies including Netw2 (SRC), Networkl(PRF) and

Network 3 or 4 (NRF)
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- Te
(9) (h)

Q
o

Fig. 2.29 Four-element resonant topologies withrddsesonant frequencies

Three different resonant frequencies should bengea in order. Operation point is near
series resonant frequency (SRF) to achieve lowchkwmig loss and low circulating energy.
Parallel resonant frequency (PRF) should locatéowaer frequency for wide range voltage
regulation. Notch resonant frequency (NRF) showddplaced at higher frequency for start-up

and short-circuit protection. Thus, the order corgant frequencies is PRF, SRF and NRF from
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low frequency to high frequency (shownHiy. 2.29. Eight topologies are gotten based on this
rule shown inFig. 2.29 We can see that they also can be deduced frae-#lement LLC-like

resonant converters.

Similarly, the synthesis method based on resomaguéncies can be utilized in three, four,

five, or higher elements resonant converters.

2.6 LLC-like Resonant Converters with Notch Filter and Two Band-pass

Filters

With leakage inductandg, a second band pass filter is created. A 5-elesresbnant tank
is given as an example, shownHiy. 2.30 The second band pass filter is designed at ttee th
times of the nominal frequency. The third ordernmamics energy of primary side can be
delivered through this band pass filter as showrign 2.31 Obviously, the power delivery is

more efficient.

Q1 |;':I I
Vi, 1 il TEf S
i a ‘ VD
Q?_’ _|ﬁ3 % =: RL
ﬁ -
iyl
lJ -1 82

Fig. 2.30 One example of 5-element resonant coerger
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(a) Power Delivery Concept of LLC
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Fig. 2.31 Power Delivery Difference between LLC &5
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Fig. 2.32 Gain Curves of selected 5-elements regarmaverter
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Fig. 2.33Five element resonant tank cell basedld® With notch filter and ¥ harmonics band filter
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However, the number of five-element resonant togiek is even much more than four-
element resonant converters. A same systematicisvaged for searching resonant topologies

with similar gain curves lik€ig. 2.32

Based on the searching results of previous seabio&,more inductor should be added into
resonant tanks iRig. 2.29 Fig. 2.33shows the searching results of 5-element resarwanvierters

with desired voltage gain curves.

Each resonant frequency expression is shown intiequgé3.1), (3.2) and (3.3) for the

example circuit is shown iRig. 2.30

When switching frequency is very low, the effect@fis weak, L and L, are in series to
resonance with CL, resonances with Jxo get notch filter. If switching frequency reacéry

high, the impedance ofylis very high. Thus, only Gnd G are in series to resonance with L

2
1 chr+chp+chr—\/(chr+chp+chr) —4LrCrlpCp g 5
for =22 2L, CrLpC T om (L +L,)C (2.1)
r r~p%-p

1 1

for =5 e (2.2)

2
1 chr+chp+chr+\/(chr+chp+chr) —4LyCrLpCp 1 rCp 23
fos = 2 2L, CrLyCp T 2n~ 7T (crtCp) (2.3)

Fig. 2.34hows the waveforms of under full load conditiohhe tank current is more like
square waveform which combines fundamental afidh&rmonics.Fig. 2.35 shows the tank

waveforms under short-circuit condition. The outpuiirent is limited to less than half load.
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Fig. 2.34 Experimental results for 5-element regpanverters under full load
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Fig. 2.35 Experimental results of 5-element resbonanverters under short-circuit condition

2.7 Conclusion

A systematic method to classify and select resotaarkts is proposed. Three-element, four-

element and five-element resonant tanks are ardhlyased on the proposed principle.
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Chapter 3. Evaluation of LLC-like Resonant Converters

In this chapter, a general evaluation system ipgsed to help evaluate the performance of
resonant converters. State-plane analysis with nekmnalization is proposed to evaluate the
resonant converter performance. Based on it, th&ag® stress, current stresses and apparent
power of resonant converters are easy to compduie.fiethod can help select suitable circuit
topology for certain application. Meanwhile, it @lsan help resonant converters’ design. The
important performance factors, like start-up, stointuit protection, SR driving and EMI, are

also taken into account for the whole evaluaticsteay.
3.1 Introduction

There are still many candidate topologies whicls fiequired characteristics based on
previous selection methodology. It is not enouglthoose resonant topologies based on the
combination of resonant frequencies. Thus, sewraluation methods are proposed. First, the
current stress of primary devices is major concbatause it will determine the conduction of
primary side. Secondly, the voltage stress on @socapacitor is still important due to the life
time of capacitor. Then, the integration is taketo iconsideration, which includes the ease of
magnetic integration and the impacts of integrationluding synchronous rectifier drive, EMI

noise, transformer loss, etc.

3.2 State-Trajectory Analysis of LLC Resonant Conveer
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In order to determine the optimal trajectory undl@nsition conditions, the state-plane
analysis is introduced. In [C.1]-[C.3], the stalene is presented to analyze the SRC steady state

and transient behavior. In this section, we extéiglapproach to the LLC resonant converter.

To simplify the analysis, it is assumed that thépati capacitor is large enough that the
output voltage (V) can be approximated to be constant. A secondrgdsan is that the circuit

losses, including the resonant tank, switch, atet fiosses, are negligible.

Under these conditions, the LLC resonant converéer be viewed as a piecewise linear

system switching among six possible linear stages.

»  Operation stage |

Fig. 3.1 Equivalent circuit of stage |

) A
IrN

Vern >
(1-nVop, 0)

Fig.3.2 State-trajectory of stage |
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The primary main switch Qturns on, and the resonant current flows throhghsecondary-
side synchronous rectifier.9n this stage, the magnetizing induct@r ik clamped by the output
voltage. The equivalent circuit is shown Rig. 3.1 where the resonant capacitoy &d the
resonant inductor Lform the series resonant tank. The source voka&gess the resonant tank is

Vin-NnV,. Thus, we can write:

1
Ver _EILr (3.1)
1 1
I, = _L_VCr +L_(\/in _n\/o) (3.2)

Wherey, and |, are the resonant capacitor voltage and resondnttor current. Combining

(5.1) and (5.2), & and |, can be expressed as:
Ver _(\/in _n\é) =l [Sir['ao(t _to)] +[VC|O _(\/in _n\é)] [Coh‘o(t _to)] (3.3)

-nVv

Vero ~ (V 0) Edsin[wo (t -1, )] (3.4)

in

Z,

iLr =1 Lro E(t:OS{C'-)o(t _to)]_

where \&,0 and |0, are the initial conditions at time &, =L, /C. is the characteristic

impedance, andy, =ZI,/1/LrCr is the resonant frequency.

By normalizing all voltages with the voltage factdy, and all currents with the current

factor Vin/Zy in (5.3) and (5.4), the following expressions @eeived:
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Vern _(1_ n\éN) =lLon [Sif{\&o(t _to)] +[VCr0N _(1_ n\éN)] [Coh‘o(t _to)] (3.9)

=l Lo [Cob‘o(t _to)] _[chN _(1_n\éN)] [Sil{no(t _to)] : (3.6)
The subscript N in (5.5) and (5.6) refers to noreeal circuit variables.

From (5.5) and (5.6), the trajectory equation 1&giby:

[VCrN _(1_n\éN)]2 +iLrN2 :[VCK)N _(1_ n\éN)]2 +1 LrON2 ) (3.7)

which behaves as a circle as shown in Fig. 5.2,selfa@nter (1-n), 0) is determined by the

source voltage across the tank, and radius deentle initial conditions: ¥, and |o.

»  Operation stage Il

Q D
! C L
Vin |, -I | c",_"I:,' ~ n::t _%_T
:? 1 S1
Lm f Vo VlN nVo
Corm 3R

Fig. 3.3 Equivalent circuit of stage |

/\ -
. | -

(1+nVoy, 0)

. A
ILeN

Fig. 3.4State-trajectory of stage |l



Daocheng Huang Chapter 3

In operation stage Il, Js on, but the current flowing through the secopdade changes its
direction as shown irfrig. 3.3 This occurs when the switching frequency is largian the
resonant frequency (i.es>fp). This stage is similar to Stage |, but the sowmakéage across the

resonant tank changes tg,vhV,.

Similar to Stage I, the trajectory expression i&giby:
2, 2 _ 2 2
[VCrN _(1"' n\{JN)] i _[VCrON _(1"' n\{)N)] o s (3.8)

which behaves as a circle as well, but the ceffitanges to (1+ny, 0) as shown ifrig. 3.4

*  Operation stage Il

Vo
L VN Lm
C. RL

Fig. 3.5Equivalent circuit of stage Ill

. A
ILrN

Fig. 3.6 State-trajectory of stage Il
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In operation stage lll, Qis on, but there is no current flowing through #eeondary side.
This stage occurs whegxfy. In this stage, the magnetizing inductaf jbins the resonance. The
equivalent circuit is shown iRig. 3.5 where G L,, and L, form the series resonant tank. The

source voltage across the resonant tank,jsavid:

.o 1.
Ver _EILr (3.9)
. _ 1 1
I, = I—r + Lm Ver + Lr +LmVin (3.10)
From (5.9) and (5.10),cvand i, in Stage Il are given by:
Vor Vi =0l [Sir{ai(t _to)] +(VCr0 _\/in) [CO%CH('[ _to)] (3.11)
. Vero Vi
e =l EOE{OJL('[ _to)] _% &In[a)l(t _to)] J (3.12)

1

whereZ, =,/(L, +L,,)/C, is the characteristic impedance, anqi=]/1/iL, +Lm5Cr is the

resonant frequency when,lis in the resonance.

With the same normalization factors, the normalifoeths of & and |, are

Ve —1= ZIL% Bir{wl(t -t )] + (VCrON _1) E:()$(‘~‘l(t -t )] (3.13)
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iLrN — ILrON _ _ — 1 —_
Jet =25 odaf -t - o -1, @.14)

The trajectory is obtained from (4.13) and (4.14):

(VCrN _1)2 + [IL;NJ = (VCrON _1)2 +(iu¢j ) (3.15)

ZO/Zl ZO/Zl

which behaves as an ellipse with a center (1,&hasvn inFig. 3.6 Since L, participates in the
resonance, the characteristic impedangdetomes large (27Zp). If it is normalized with the

same current factor¥Zo, the trajectory will be an ellipse.
If switch @, is off and Q turns on, there are another three operation stages

* Operation stage IV

r = Cr LI‘

n:1:1 ET
E S
L Vo nVo

L >
Co 2

AMA
V
P
K,

N
]

Fig. 3.7 Equivalent circuit of stage IV
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ILeN

Vern

(nVONf O)

Fig. 3.8 State-trajectory of stage IV

In operation stage IV, the primary-side main swi@hturns on, and the resonant current
flows through the secondary-side SRaS shown irFig. 3.7 The only difference from Stage | is
the source voltage across resonant tank becomgsDeviving the normalized equation for the

state trajectory, we get:

(VCrN _nVN)2 +|LrN2 :(VCrON _nVN)2 +1 |_r0N2 , (3.16)

(0] (0]
and thus, the circle center changes to.{n¥) as shown iffrig. 3.8

»  Operation stage V

C
" n::1 r L,

C, L
'—I L " A Vo
" E nV
Q;IH S, CoA EE R. ©
) - ¥l
==

Fig. 3.9 Equivalent circuit of stage V

Al
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ﬁlLrN

Vern
>

('nVON, O)

Fig. 3.10State-trajectory of stage V

In operation stage V, Qs on, but the current on the secondary side amitg direction,
flowing through $, as shown inFig. 3.9 This occurs wheng#fy, similar to stage Il. The

normalized expression for the trajectory is:

2 2 _ 2 2
(VCrN+nVN) Tl _(VCr0N+nVN) +|Lr0N : (3.17)

(o] (o]

Now the circle center changes to (sa0) as shown ifrig. 3.10

*  Operation stage VI

L

Fig. 3.11Equivalent circuit of stage VI
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Fig. 3.12State- trajectory of stage VI

In operation stage VI, £s on, but there is no current flowing through Hegondary side.
This stage happens whegff. Like in stage lll, G L, and Ly, form the series resonant tank. But
the source voltage across the resonant tank cham@ed he trajectory after normalization is:

i 2 | 2
Ve 4 (LrNJ :VCr0N2 + (UONJ ) (318)

ZO/Zl ZO/Zl
which is an ellipse as in stage lll, but with ategr{O, 0) shown irfFig. 3.12

The LLC steady-state trajectory is the combinatbrine above six operation stag€.
3.13shows the time-domain waveforms when the LLC dpsrat the resonant frequency point
(fs=fo). Fig. 3.14hows the corresponding trajectory locus when nmapfie normalized resonant
current i and resonant voltagecy to the state plane. To the half-bridge LLC resénan
converter, whengffo, the voltage gain is one; that is, Ja%¥0.5. Therefore, the two half circles of

Stage | and Stage IV have the same center (0.2h0h combine to form one whole circle.

76



Daocheng Huang Chapter 3

Stage | §Stage IV?

Fig. 3.13Steady-state time-domain waveforms wigefy f
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o Stage |
\0.5

o tnk d }
‘(tz) N stas;e v Veu

0.2 | | | | | | | I I I I I I I I I I
05 -04 03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 3.14Steady-state trajectory whetf{

When the LLC operates below the resonant frequeegyon (i<fp), the magnetizing
inductor Ly, participates in the resonance from timgsott, and from % to t;, as shown irFig.
3.15 When mapping to the state planeFig. 3.16 there are two partial ellipse trajectory loci of
Stage Il and Stage VI, connecting two half ciraé<Stage | and Stage IV with split centers. In

fact, when §f,, the voltage gain is larger than one (i.e.o®0.5), and the circle center of
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Stagel is on the left of (0.5, 0), since 1:,R¥0.5; and the circle center of Stage IV is on igatr

of (0.5, 0), since n}>0.5.

Vosor ——
VngZ 2 . > :J

to t, t, ty t,

Fig. 3.15 Steady-state time-domain waveforms wiyefg f

0.2
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Fig. 3.16 Steady-state trajectory whesf

In Fig. 3.1AandFig. 3.18 the LLC operates above the resonant frequendgngf>f). From
time t, to b, it operates in Stage V, which corresponds topiial locus of the large circle,
whose center is located near (-0.5, 0). Similaflgm times % to t,, it operates in Stage I,

corresponding to the partial locus of another lanigge whose center is located near (1.5, 0).
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Fig. 3.18 Steady-state trajectory whest §
3.3 New Normalization for State-plane

State-plane analysis was found to be a simple,pgeterful method which can clearly
portray the steady-state and transient operatioresdnant converters. Also, the current stress
and voltage stress of resonant components cands\@a in one single figure. Significantly the

state plane directly indicates the resonant takgnlevel at which the system is operating.
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As stated above, state plane of resonant convest@sod tool to analyze the performance
of whole converter. However, if we want to compdifferent design of same topologies or
different topologies, there are some revisions ade®revious state-plane analysis is based on
same normalize factors, which arg %r voltage Vi./Z, for current, as shown in Equation (3.19).

Z, is the characteristic impedance of resonant ceexer

Vn =Vin In = Vin/Z, (3.19)

However, Z is varied in different designs or different topgiks. For resonant converters
having two or more resonant frequenciesjsZeven varied at different time period. It is dhaéo

compare the performance basedvizZ,.

Fig. 3.19gives a comparison example of LLC and CLL resomrant/erters. Both converters
work at same condition: ¥/V,=400V/12V, output power £250W, switching frequency
f<=1Mhz. The input current waveforms of two convestare the same. However, the normalized

currents do not represent the real current valeetduhe different characteristic impedange Z

In this exampleZ, =/L, /C, =8¢ for LLC, andZ, =,/L, L, /(L, +L,)/C =13: for CLL.
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Fig. 3.19LLC and CLL state-plane comparison basedamventional normalization

For given application, the output powRy and input voltag#/;, are fixed. These two values
are independent with resonant topologyVi, also means the average input current assuming no
loss in the converteilhus, Py/Vi, is an ideal normalized factor for current. Meanwhile,Vj, is
the voltage normalizing factor, as shown in Equati®.20). In the resonant converters, primary

side current represents the conduction loss of @§nside devices, and the voltage cross
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capacitor express the life time of it. Thus, thatesplane of them can illustrate those key

performances.
VN = Vin In = Po/Vin (3.20)

Because of full bridge structure, the rms valuenplit voltage equals its average value. At
the same time, normalized input currépkruvs equals the apparent powegy,, over output

powerP,.as shown in Equation (3.21).
linnrms = linrms/ (Po/Vin) = linrms X Vin/Po = Pappr/Po (3.21)

Series resonant converter is taken as an exampldustrate how to utilize the new

normalization factors.

When SRC operates at resonant frequency, the tapé&dance is zero. The input voltage of
resonant tank is square waveform, while the inputent is sinusoidal waveform, as shown in
Fig. 3.20 Only fundamental of input voltage contributes| gawer, while high order harmonics
of input voltage do not. The RMS value for fundataéof input voltage is shown in Equation

(3.22).

s
Vi inrRmMs = % - VE (3.22)

The apparent power of whole converter with new radization factors is

Pappr VEe'linrms 1
Pappr v = P, =z = =757 1.11 = Iinnrms (3.23)

22
= VElinRMs p

That means 11% extra power is the minimal valuedeonant converter operation.
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(a) Series Resonant Converter

T ————

s

P ———
-

(b) Fourier transform of input voltagg and input curreni,

Fig. 3.20Series resonant converter operates ataasfrequency

-2

04 -02 0 02 04
VC‘?N

Fig. 3.21State-plane of SRC operates at resoreauiéncy
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Fig. 3.21shows the state-plane of SRC at resonant frequdrey amplitude of normalized

current is1.57 = 1.11 x v/2, which is the minimal value of normalized current.

Design factors for LLC are shown in Equation (3.24) is the ratio of magnetizing
inductance |, and resonant inductor.LQ is the quality factor. Gs the resonant capacitor, R

represents the full load. n is the transformerguatio.

Ly = L /Ly Q = /L./C;/(n?Ry) f, = 1/(2my/L./C;) (3.24)

Fig. 3.2Za) is the voltage gain curves of LLC, wheg=12.5.Fig. 3.24b) plots the steady
state-plane under new normalized factor for difief@ and same JLunder full load. The voltage

and current stresses of different design can bé/easnpared in one coordinate system.

|\ ..I
|| ‘F\'.I Q=0.001 Ln=1 25 iinN f Q=02
M
L lf’ 12\ \\ 1 /
s o

0 |
IR\ /

(a) Voltage gain curves of LLC (b) State-plafigiiwen design @full load

?‘h
\_‘______/

0.5

Fig. 3.22 Steady-state trajectory whesrt §
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Fig. 3.2%lots the steady state-plane under new normaliaeti( for differentQ and same L

under full load. The voltage and current stresdedifterent design can be easily compared in

one coordinate system.

4.0 . T | T
| | . L=12.5
L e R Full Load @f,
finnrms : :
2[] : —___.:-_.___.
I
1.0 ;
] vl'.‘rhl'max
0.8 1.0

4.0

I inNRMS

3.0

1.11

Numin
lineislL

n

Fig. 3.24V-I stresses of LLC resonant convertersifierent L,
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Fig. 3.24lepicts the voltage and current stress of LLC fifeknt L, andQ. Each line irFig.
3.24means those designs swé@for one L,. As Q increases, the current stress decrease, and the
voltage stress rises. The optimal design for eackhlbuld be around knee point of according
line. It is also known that the large thg i, the smaller voltage and current stresses tiee k
point locates. And it is also known that the minirapparent power of LLC is 1.11 times of

output power.

Based on chapter 4, there are three good candidatbsee-element resonant topologies.

The V-I stress figure is easily drawn for other t@gonant topologies.

Fig. 3.25jives the LCL resonant convertéig. 3.2&6hows the whole picture of LCL resonant

converter V-| stress.

Fig. 3.25LCL Resonant Converter
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Fig. 3.26V-I stresses of LCL resonant convertersifierent L,

Fig. 3.2Qives the CLL resonant convert€ig. 3.2&hows the whole picture of LCL resonant

converter V-| stress.

Fig. 3.27CLL Resonant Converter

87



Daocheng Huang

Chapter 3

-

LinNRMS

4.0

3.0 S FR——

20

1.0

R
i " ClNmax

0 0.5

1.0 1.5 2.0

Fig. 3.28V-I stresses ofCLL resonant convertergiffferent L,
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Fig. 3.29V-I stresses ofthree-element resonantexdens for different L.
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Fig. 3.29gives the V-I stress comparison of all three 3rapt resonant converters. It is
obvious that LCL resonant converter have largetagal and current stress than CLL and LLC

resonant converters. The shadow area shows tleeatiffe.

LinN

/
P

12 9 02 04 06 08 7
Fig. 3.30 V-I stresses of three-element resonamterers for different }.

One design for each topology is chosen to depicistate-plane based on proposed

normalized factor irrig. 3.30 Each design is one dot showrHg. 3.29

3.4 Evaluation based on Startup, Synchronous Readtdr and EMI

Startup and short-circuit protection are not good.iC resonant converteFig. 3.31ives
one example of LLC resonant converter startup ghoee The LLC resonant converter starts up
at one higher frequency than resonant frequencgrevhurrent stress depends on current gain.

The output voltage gradually increases at thisueegy. When it reaches one preset voltage, the
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switching frequency slowly decrease to resonamjuie@cy. The whole start up progress is

shown as dot line iRig. 3.31

20
Voltage Gpin

high currentand voltage stress 15

20
Current Gain

i, 2A/div Ve, 100V/div Vo aV/div

- 10ms/div %
(*softstart at full load 10A) ! F

. =400V, V,=24V, L,,=600uH, L,=106uH, C,=33nF
Ref: NCP1395LLCGEVB: 240W LLC Evaluation Board. 1

0.5

[s] 0.5 10 15 2.0

Fig. 3.31Startup example of LLC Resonant Converter

The key problem in LLC startup is the current strssvery high.

Fig. 3.3%resents the voltage gain and current gain cureesparison of three-element
resonant converters. It is clear that CLL resonzonverter has the same problem as LLC.
However, the LCL resonant converter is quite ddfgr The startup current of LCL resonant

converter is small compare with the full load catre
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Fig. 3.32Startup Comparison of LLC, CLL & LCL Resanht Converters

The accurate synchronous rectifier drive is vergioal in high output application for
resonant converters. Utilizing primary side currehtransformer is very easy way to get precise

SR drive signal.

The LLC resonant converter normally integrates thagnetizing inductance into the
transformer. The magnetizing current will give phashift between primary and secondary
current. That is the reason LLC resonant convedanot use primary side current for SR drive.
In another side, LLC can use primary side curreithaut integrate |, and L, which cause

power density suffers.

91



Daocheng Huang Chapter 3

CLL and LCL resonant converter is different as show Fig. 3.33 Both of them can

integrate the leakage inductance without suffed8®e.

i { Magnetizing] |
- . Current
I HH HH

AN

—
=]

jTT;f

Fig. 3.33SR drive Comparison of LLC, CLL & LCL Rewmt Converters
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Common Mode EMI Noise
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Fig. 3.34CM noise spectrum of LLC Resonant Converte

LLC resonant converter has high common mode ndis@@ beyond switching frequency.

One example is shown Fig. 3.3€ompared with EMI standard. The common mode ncaske is

given inFig. 3.35

|||—|}
IH

LISN

Fig. 3.35CM noise path of LLC Resonant Converter
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Fig. 3.36CM noise spectrum of LLC, CLL & LCL Resoh&onverters

Compare with LLC, CLL has lower CM noise at verglnifrequency spectrum due to soft
voltage edge. The LCL resonant converter has véfgrent EMI characteristics. The voltage
cross transformer is like sinusoidal, thus, therkigh peak at switching frequency but very low

for higher frequencie$ig. 3.36shows the CM noise spectrum comparison.

Fig. 3.3Bhows the comparison results of all three resocamierters.

94



Daocheng Huang Chapter 3

V & | Stress High

Start-up (short

o _ Hard Hard Easy
circuit protection)
Synchronous
Rectifier Hard Easy Easy
CM Noise High High Good@ f>f,

Fig. 3.37CM noise spectrum of LLC, CLL & LCL Reson&onverters

3.5 Conclusion

A method based on state-plane is proposed to heljuae the performance of resonant
converters. Based on it, the voltage stress, cusgrsses and apparent power of resonant
converters are easy to compare. This method cgnsleédct suitable circuit topology for certain

application. Meanwhile, it also can help resonamwverters’ design.
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Chapter 4. Integrated System Design for High Current

Application

In this chapter, LLC resonant converter with mattransformer is introduced. Flux
cancellation method is utilized to reduce core sizd loss. Synchronous Rectifier (SR) devices
and output capacitors are integrated into secondamgings to eliminate termination related

winding losses, via loss and reduce leakage indueta
4.1 Introduction

As mentioned before, LLC type resonant convertees excel in both of efficiency and
power density [D.1]-[D.8]. Firstly, it has ZVS cdpbty for zero to full load range. Then, low
turn off current is achievable for primary side t®es. At the same time, synchronous rectifier
(SR) devices are zero-current-switching (ZCS). #& &nd, it gets voltage gain boost capability
without efficiency deterioration at normal conditjocsuitable for application with hold-up time
requirement. In comparison with soft switching PVébhverters, LLC resonant converters can

achieve higher frequency and higher power density better efficiency.

High switching frequency introduces high power digngdowever, the switching loss and
magnetic components losses are increased. The iegpeB@N devices [D.9]-[D.11] give the
opportunity to diminish the switching related lostence, the magnetic design becomes very

critical.
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The isolated high output current DC/DC applicatiofike server, suffer very high
conduction loss, especially for the transformer &Rl devices [D.12], [D.13]. Paralleling SR
devices are required to reduce device conducties. IBor winding loss, matrix transformer is
good candidate for its high current capability [].1However, the price paid for matrix
transformer is multiple cores. Reference [D.15]suéx cancellation method to reduce the core
number for less core volume and core loss. The lolmalss are expensive 12 layers PCB
transformer and the large conduction loss fromrrédtieve current through vias among PCB

layers.

To eliminate the AC conduction loss among layeng, effective way is mounting MOSFET
device on PCB board [D.17], [D.16]. This structwan help reduce conduction loss between
layers dramatically. Both transformer structuresehlitz wires for primary side windings and
PCB board for secondary side windings. Nevertlseliés primary winding is complicated and

hard to manufacture.

High termination losses are the third concern. uthe proximity effect and skin effect, the
currents in adjacent terminals with opposite dioe attract each other. Thus, very high losses
and hot spots are generated. This termination dessriorates efficiency significantly. For the
conventional design, all SRs are placed on the enbdard. Physically speaking, a large loop of
the secondary side rectifiers is inevitable. Consatly, a large distribution loss will be generated
In addition, for large number of SR devices, iteiremely difficult to achieve a symmetrical

layout for each SR. Hence, current-sharing of tRessa severe problem.
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For high frequency high step down LLC resonant eoters, the transformer loss dominates

the whole converter loss [D.12]-[D.16], thus, thensformer design is very critical.

For conventional wired transformer, the primaryesidindings are solid or multi-strand
wires for low switching frequency and low cost @esiAt high frequency, litz wires are chosen
for lower conduction loss. For off-line dc-dc cortees, the secondary side current is much
higher than the primary side. Therefore, coppds faie selected for the secondary side winding.
To alleviate ac winding loss, the primary side #melsecondary side windings are interleaved as
a sandwich structure. Mostly, the secondary sidedings are connected with the motherboard
via copper poles. However, this structure suffeg ermination losses. Due to proximity effect,
the current surges in ac connection terminals. Méda, very little current goes through the
center of the terminals because of the skin effébus, very high losses and hot spot are

generated [D.17].

In reference [D.16], the secondary side windingsiaregrated with the SR devices on PCB
board, as shown iRig.4.1 Virtually, termination is achieved at dc outpthus, the termination
loss can be reduced considerably. However, theeesame limitations. The primary side
windings are interleaved with the secondary sidedwigs as one. For each cell, the primary side
winding is connected in series. To finish the whiéasformer, multiple cells are connected in
parallel. As a result, this structure becomes wenyplicated. In addition, since all primary side
and secondary side windings are paralleled, cursbiiring between windings might be a

potential issue for some circumstances, esped@llizigh current applications.
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Fig.4.1 Circuit schematic of the transformer andiSHD.16].

This transformer structure is simplified by [D.17The primary side winding are placed in
series, and secondary windings in parallel, as showFig.4.2 However, the manufacture
process is still complicated for half litz wireslfi@CB board transformer. The current sharing of

paralleled secondary side windings is not guarahtegther.
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Fig.4.2 Circuit schematic and transformer structnr®.17].

The planar transformer is easy to be adapted susymatic manufacturing process [D.13].
It can achieve high power density and low profNéostly, multi-layer PCB board is used as
planar transformer windings. The primary side aedosdary side windings interleaves as
sandwich structure. Nevertheless, it is hard tegrdte SR devices on secondary side windings

inside PCB board.

The state-of-art industry product is Vicor BCM ssti as shown in Fig.4.3. By the soft-
switching topology called Sine Amplitude Conver(&AC), which is very similar as LLC, the
module can achieve ZVS-ZCS operation. Thus, hiflciehcy and power density is achievable.
There are two half bridge stacked together at pyraale, thus low voltage device can be utilized.

Two core transformer structure is used to helpt sgicondary side current. The secondary side
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conduction loss is reduced. The typical power dgmsithis series is about 1000Wijrwhile the
peak efficiency is around 95.5%. However, this ntedutilizes 12 MOSEFTs, 14 layers PCB

board to achieve this performance.

342

o

Fig.4.3Vicor BCM series.

Thus, how to improve the efficiency and power dgnsi high step-down dc/dc converter is

the key issue for the whole performance of datarent

4.2 Matrix Transformer with Flux Cancellation

The matrix transformer could help to fix the dilemnThe matrix transformer is defined as
an array of elements interwired so that the whotecfions as a single transformer [D.14]. Each

element being a single transformer that contaisstaurns ratio, i.e. 1:1, 2:1 ....n:1. The desired
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turns ratio is obtained by connecting the primamgdwngs of the elements in series or parallel
and the secondary’s in series or parallel. Forhigé output current cases only a single turn
secondary will be considered. The benefits of tlarim transformer are that it can split current
between secondary windings connected in parabeluce leakage inductance by lowering the
N2 value of the secondary loop inductance, and awgthermal performance by distributing the
power loss throughout the elements. On the othed,itae matrix transformer structure also can
effectively reduce MMF (magnetomotive force) of dimgs, especially for PCB winding. That

also means leakage inductance and winding AC eesistreduction.

SR1 I"f'l
SR3 F-'
0, :l}:l SR5 I-_l_lr-l
=+ =
C I, 16:1:1 sr7
Vi = =
T [Tk L
L 3
| {{{ET
4@ Q T
Core SR8
SR6 E
SR4 E
SR2 E

Fig. 4.4LLC resonant converter with four sets otitpu

Fig. 4.4 shows one typical example of 400V/12V 1kWC resonant converter. The GaN

HFETs Q and Q are primary devices. SR1, SR2, etc are synchronectffier (SR) devices.
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The resonant capacitor is;.d.; is the leakage inductance of transformer, whilg it the
magnetizing inductance. The transformer turns r&id6:1:1. Based on optimized loss of
synchronous rectifier devices, four sets of cetdproutput are chosen. The detail reasons are

discussed in [D.18].

12 layer PCB Magnetomotive Force

:I
s 4xi

|

T

Secondary Winding 1
—_— Primary Winding
==== Secondary Winding 2

Fig. 4.512 layer PCB structure with one core aad/iMF

Fig. 4.5 shows the planar transformer structure leynpy Fig. 4.4 circuit by one core
structure and 12 layer PCB board as transformedings. The primary side winding is in series,
and secondary side in parallel. All the windinge arapped around the single core. 12 layer
PCB windings can be divided into 4 sections. Eagdtien has three PCB layers with two layers
for secondary winding and the center one for pnimside. As indicated in Fig. 4.5, when
secondary winding 1 conducts, the secondary win@ngpes not conduct due to center-tap

structure. The current direction for first and setdayer PCB board is marked. The other
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sections are similar. The magnetomotive force (MMé&)wveen primary and secondary windings

is four times of primary side current, as shown Bi&.

Fig. 4.6 shows the PCB winding structure employmgtrix transformer concept. The
current direction for the first three PCB layers ahown, other layers are similar. The primary
and secondary windings wrap on two cores. The Miiwben primary and secondary windings
are only twice of primary current, as indicatedFig. 4.6. Low MMF means low leakage

inductance and low AC resistance of windings.

Magnetomotive 12 layer PCB Magnetomotive
Force Force
in -------------------------------------------------------- .

Secondary Winding 1
—_— Primary Winding
==== Secondary Winding 2

Fig. 4.612 layer PCB structure with two cores aadMMF

However, 12 layers PCB board is seldom used in rimost end applications, like server,
telecom, etc. Four layer PCB board is widely emetbyThus, matrix transformer based on 4
layer PCB board is adopted. The whole transformespiit into four small transformers, whose

primary side are in series and secondary side niallph Each small transformer has four turns
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primary windings and two turns center-tap secondarydings as indicated in Fig. 4.7. As

shown in Fig. 4.8, two PCB layers are taken fomary windings at top and bottom, and the
inner two layers for secondary windings. At thistant, the secondary winding 1 and primary
windings are conducted. The MMF between primary sexxbndary windings are only twice of

primary current, that is very similar as the MMF1& layer structure in Fig. 4.6. Consequently,
low MMF means low AC winding resistance and lowkigge inductance of transformer. At the
same time, the current sharing among secondaryasegdautomatically achieved by the structure

of primary winding in series and secondary windimgarallel.

.
0,
4@ Vo
G, 2 ==
Vin == — __I
0, ?
[

Fig. 4.7LLC Resonant Converter with Matrix Transf@r Structure

When low MMF is achieved, the core loss is incrdasecause of multiple cores. The flux
excursion for each transformer core is the same&aoh matrix element as the traditional

transformer as mentioned in Fig. 4.5. The primanydmg pattern with four magnetic cores in
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Fig. 4.8 is shown in Fig. 4.9. Just one of two @iynwinding layers is shown for simplicity. The

other layer winding pattern is similar.

4 layer PCB

Secondary Winding 1
—_— Primary Winding
=-=== Secondary Winding 2

Fig. 4.8Four layer PCB structure with four cored &aa MMF

Corel Core2 Core3 Cored

Primary
Winding

Fig. 4.9 Primary side winding pattern with four ddres matrix transformer
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It has been known that using integrated magneticttres can allow for flux cancellation
[D.15]. The matrix transformer configuration offean ideal case for magnetic integration as a
result of the cores being excited with identicaltage-second generating the same flux in each
core. This allows for almost complete flux candédia if designed properly. This can decrease

overall size and core loss.

Corel Core2 Core3 Cored

@ ©® ® ©
| 1
|
Winding

Fig. 4.10 Rearranged primary side winding patteith ¥our U-I cores

Corel’ Primary Winding Core2’

Fig. 4.11Primary side winding pattern for two Eeke matrix transformer

The primary side winding rearranged to reverse flinection of core 2 and core 4 inFig.
4.10. Hence, the U-I core 1 and core 2 can both20rdegree and merge into E-I core 1’, while
core 3 and core 4 can do into core 2’ as showrginFkill. The flux density in each core is the

same due to same voltage-second, the magnetiinfloenter leg of core 1’ can be cancelled, so
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can core 2. Thus, the flux density in the cengégy ik nearly zero. The center leg of two E-I cores
actually can be reaped, so two U-I cores are go#iepictured inFig. 4.12. By flux cancellation,
four U-1 cores of matrix transformer can be reduttetivo U-I cores. The core loss and core size

can be reduced into half. Then, the whole ciraughown inFig. 4.13.

Core?’

LILI]

Fig. 4.12Primary side winding pattern for two caratrix transformer with flux cancellation
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Fig. 4.13LLC resonant converter with proposed fi@mser structure
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4.3 Winding Structure Integrated with Synchronous Rectifier Devices

As mentioned above, the planar matrix transformas bnly four layer PCB board as
windings, and easy manufacture. It also can effelstireduce leakage inductance and winding
AC resistance with low MMF compared to the tradifibsingle transformer design. Meanwhile,

flux cancellation method will help reduce magnetees’ size and loss.

For better efficiency, the transformer winding sttue needs more improvement. In [D.15]
and [D.17], we know the termination of secondadesvindings introduces large AC conduction
loss. To eliminate the AC loss introduced by telattion, SR devices need be integrated into
secondary side windings [D.16]. However, [D.16] didt givethe detail loss analysis and
optimal winding design. The following discussioneg insight analysis and optimal transformer

design of previous proposed matrix transformercstime.

The matrix transformer structure shown in Fig. 48hwo parts. Each part has 8 turns
primary windings in series, two sets center-tapsmbsdary windings in parallel and one set of
U-1 core. These two parts are also in series ahgmy side and in parallel at secondary side.

There are two options for winding arrangement.

The first one shown in Fig. 4.13has good interlegwstructure. The winding structure of
one U-| core indicated in dashed box is shown m Eild4andFig. 4.15. The top view is in Fig.
4.14, and the side view in Fig. 4.15. Primary wingdi locate top and bottom side of PCB board.
For one half circle of switching period, primarynding conducts current, when secondary

winding 1 (Secl) conducts and secondary windin§eét®) does not. The magenetomotive force
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(MMF) of this structure is given in Fig. 4.15. Hoveg, the secondary windings need vias and

external terminal to connect the SR devices oratapbottom layers, as indicated in Fig. 4.14.

Fig. 4.14 Top view of 1st winding arrangement

The Maxwell 3D Finite Element Analysis (FEA) simuiten is applied to estimate the
leakage inductance and AC resistance of transfonwviadings. Fig. 4.16 shows the FEA
simulation results of AC current distribution fa@cendary side of transformer. The dash arrows
express the AC current direction. It is clear ttiegre is severe current crowding along the
terminal connecting SR device and capacitors. Téasan is that the termination does not
interleave with primary winding, thus, the AC curt® in opposite direction will attract each
other along the edge. The doted box is where vamecting the middle layer secondary

windings and the top layer. The current througls v$anot even either.
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Corel’

Fig. 4.15Cross view of the first winding arrangetremd its MMF
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Fig. 4.16 AC current distribution for secondary wiimgy of the first winding arrangement
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(b) Magnetic Field Intensity Plot

Fig. 4.17 FEA simulation for the first winding angement

The simulation result of one U-I core transformgegiven in Fig. 4.17. The secondary side

AC resistance including termination igeR6.81n12, and the leakage inductance js=.176.4nH.
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(b) Magnetic Field Intensity Plot

Fig. 4.18 FEA simulation for the first winding angement with output shorted

If the transformer secondary side is cut off addeee indicated in Fig. 4.17(a), and shorted
by copper bar at the cut port. Fig. 4.18is the &atan result. The secondary side AC resistance
IS Rse=3.35n12, and the leakage inductance £ 58.0nH. This phenomenon means the AC
resistance of termination including via is 3.4@2mand the leakage inductance 118.4nH.
However, there are opposite direction currents fiovand out the shorted port, which will also

cause current crowding.
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Fig. 4.19 FEA simulation for the first winding angement with secondary winding shorted

Fig. 4.19is the simulation result for the secondairyding totally shorted, that means no AC
current flow out and in secondary winding, and enination loss. The AC current direction is
shown in solid line in Fig. 4.19. The AC resistame®,.=1.37n12, and the leakage inductance
Lx=36.6nH. Compared with Fig. 4.17, the AC resistapiceecondary winding with termination

is 4 times larger than the one without termination.

114



Daocheng Huang Chapter 4

Based on previous analysis, the lossy parts ofitstewinding arrangement are the terminal
and the vias which connect the secondary windii®i, devices and output capacitors. To
eliminate this termination related loss, the secamuting arrangement is proposed whose SR
devices and output capacitors are integrated iatmregdary windings. For this one, no extra
terminal needed for devices and capacitors coroeclihe devices and capacitors are naturally
part of secondary side windings. The AC currenplobsecondary winding is exactly matching
those of primary side winding. There is no AC caotréowing out and in secondary side

windings, thus no extra AC current loss is intragtlic

Fig. 4.20 Top view of the second winding arrangeimen

2
Core 1 Magnetomotive Force

Secl

Pri
Pri

Sec2

Fig. 4.21 Cross view of the second winding arrang@m

115



Daocheng Huang Chapter 4

The second winding arrangement is proposed in £@0 and Fig. 4.21. The secondary
windings locate top and bottom side of PCB boafttk TR MOSFETs and output capacitors are
part of secondary windings. In Fig. 4.21, the MMgivkeen windings is higher than that of the
first winding arrangement in Fig. 4.15, which meatmss winding structure has worse

interleaving.
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(a) Current Density Distribution
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Fig. 4.22 FEA simulation for the second windingaagement
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The FEA simulation results are given in Fig. 4.ZRe secondary side AC resistance is
Rsec=2.08n12, and the leakage inductancg £ 63.4nH.Although the first winding arrangement
has better interleaving, its AC resistance anddgaknductance are much higher than the second
one. That means the termination loss is much latgan the loss saved by better interleaving

structure.

In the first winding arrangement, SR devices cohmsecondary side winding byvias and
external connection, which cause huge AC condudtiss. The second reason is that its primary
winding and secondary winding are not exactly maabh other. When the windings are not
overlapped very well, the leakage flux induced lyse parts will force the current crowded to
the edge of windings. In the second winding arramg®, the SR devices are integrated into
secondary windings, thus, there is no terminatoms.| The primary and secondary windings are
exactly overlapped, thus, there is nearly no curceowding anywhere in this case as shown in

Fig. 4.22(a). Only little crowding current is indettby SR device package.

4.4 Matrix Transformer Design Procedure

At the beginning of detail transformer design, trensformer width is constrained by the
dimension of synchronous rectifier devices. Fos ttase, we choose Infineon device SuperSO8
package, the minimal width of whole transformer7@mm. Then, 1 MHz is picked as the
switching frequency. The core material 3F45 is endsased on performance factor [B.25]. Then,
the loss density is shown in Fig. 4.23. As the €resea increases, the core loss drops
dramatically. The curve is reach diminishing resuanound shadow area. One point (Ae=44jnm

is chosen in shadow area based on the tradeoffrefsize and loss.
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Fig. 4.23 Loss density vs. Cross area.
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Fig. 4.24 Core and winding dimensions

As shown in Fig. 4.24, the core shape does not iofilyence the core loss but also winding
loss. Because the transformer width is determimedcan only change the a and b value of core

to get the minimal winding loss. Fig. 4.25 and EA@6 show the trend of AC and DC resistance
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of secondary winding and primary winding, which gas as a and b ratio changes. At last, we

can choose the a and b values based on minimataese.

-4 —
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AC Res: FEA simulation
— DC Res: Calculation
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Fig. 4.25 AC & DC resistance of Sec winding.
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Fig. 4.26 AC & DC resistance of Pri winding.
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The last step is chosen suitable winding thickn€ks. simulation results are given in Table
2.1. The skin depth at 1 MHz is around 66um. Howetve results show the optimal thickness is

around 3 0z copper. 4 oz copper is chosen forheffieiency.

Table 4.1The AC resistance of pri and sec windirggghickness

Copper Thickness 20Z(70um) | 30Z (105 um) | 4 oZ (140 um)
Pri AC Resistance (mQ) 90 69.2 68.2
Sec AC Resistance (mQ) 2.59 1.98 1.78

4.5 Experimental Results

An 1MHz 390V/12V 1kW LLC resonant converter profody with proposed matrix
transformer structure is built. The second windangangement is applied. The circuit is given in

Fig. 4.27, while the hardware picture is shownim B.28.
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Fig. 4.27The circuit of 1kW, 400V/12V LLC resonamnverter prototype
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Fig. 4.28The prototype of 1kW, 400V/12V LLC resoheanverter

The primary devices are Transphorm GaN HEMTSs. fetteb efficiency, two GaN devices
is paralleled. Thus, there are four devices at grynside. SR devices are BSCO10NO4LSI from
Infineon. The core material is 3F45.The magnetizargl leakage inductances are used as
resonant elements, which are integrated into matarsformer. The leakage inductance of
matrix transformer is 220nH, while the magnetizimgluctance is 17.6uH. The resonant

capacitor is70nF.The power density of power stageaund 830W/ih
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Fig. 4.31 Experimental waveforms for 100% load dtonl

Fig. 4.29, Fig. 4.30 and Fig. 4.31show the wavetumder 15%, 50% and 100% load.

Vis_q2 is the drain-source voltage waveform of primaryide Q.. Ic, is the current through

resonant capacitdt,;. Even as high as 1 MHz switching frequency, thmary side devices can

easy achieve Zero-Voltage-Switching (ZVS). The ltstodon during dead time is caused by the

leakage inductance and secondary rectifier’'s jonctiapacitance. The turnoff current is as low

as 2A.

One of the best industry products on market is Mmodule, whose power density is around

1050W/irf. To achieve the efficiency and power density, @ hl4 layer PCB board, 12

MOSFETs for 300W output power. Compared with thigdoict, our prototype just has 4 layer

PCB and 12 devices for 1kW to reach similar powensity and efficiency. The prototype

efficiency can reach as high as 95.4%. The effoyesomparison is shown in Fig. 4.32.
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Fig. 4.32The efficiency comparison for CPES pragtetand industry product

One more thing needs to clarify is that the adwgentaf GaN devices is smaller,&
compared with Si MOSFET having the samgo.R That will result in lower turn off current
which help achieve zero-voltage switching. Lowentaff current means less circulating energy
in the circuit. Thus, the major loss reduction par@used by GaN device are the conduction loss
and driving loss of primary devices, the conductioss of primary winding of transformer.
While the major loss saved by new transformer siinecis secondary side winding conduction

loss and termination loss. The detail analysis¥aN device benefits is described in [D.20].

Table 4.2 Loss breakdown of prototype under 10044 lo

Loss Value (V)
Primary MOSFET Conduction Loss 8.2
Primary MOSFET Turnoff Loss 2.2
Primary MOSFET Driving Loss 0.6
Resonant Capacitor (Loss 0.46
Transformer Core Loss 5.10
Transformer Primary Winding Loss 4.49
Transformer Secondary Winding Loss 7.24
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Secondary MOS Conduction Loss 6.6
Secondary MOS Driving Loss 3.6
Secondary MOS Body Diode Loss 2.53
Output Capacitor Loss 1.95
Connection, Trace & Solder Loss 3.56
Calculated Total Loss 46.53
Measured Total Loss 51

Table 4.3 Loss breakdown of prototype under 15% loa

Loss Value V)
Primary MOSFET Conduction Loss 0.27
Primary MOSFET Turnoff Loss 2.2
Primary MOSFET Driving Loss 0.6
Resonant Capacitor {{d.oss 0.015
Transformer Core Loss 5.10
Transformer Primary Winding Loss 0.15
Transformer Secondary Winding Los$ 0
Secondary MOS Conduction Loss 0
Secondary MOS Driving Loss 3.6
Secondary MOS Body Diode Loss 0
Output Capacitor Loss 0
Connection, Trace & Solder Loss 0.24
Calculated Total Loss 12.17
Measured Total Loss 15.75

Based on previous Maxwell 3D simulation, the newmdimg structure can save more than
60% secondary side winding loss under full load.rétihan 20% of total loss is reduced. The
detail loss breakdown for 100% load and 15% loadgiven in Table 4.2 and Table 4.3. It is
clear to see the major loss is distributed arowadsformer and secondary rectifier devices at

full load.

4.6 Conclusion
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To deal with the high output current applicatiomstrix transformer structure help reduce
the leakage inductance and winding AC resistandéeantformer. The price is the rising of cores
loss and volume due to multiple magnetic coresx Elancellation reduces core size and core
loss. Then, SR devices and output capacitors degrated into secondary side windings to
eliminate the termination loss. A high efficienagln power density matrix transformer structure

based on previous discussion is proposed.
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Chapter 5. Design Considerations for Passive Integration

In this chapter, the multi-elements resonant cdever characteristics are reviewed. The
voltage and current stresses of all resonant elenaga examined. Based on stress, the principles
of choosing suitable passive components for integraare proposed. Then, the magnetic
integration method is shown based on multi-windir@gnsformer structure. The basic principles
of passive integration are discussed. A novel passitegration method is proposed for multi-
elements resonant converters. A 1000 W, 800 kH@,\4@8 V test board for resonant tanks is

built to verify the proposed method.
5.1 Introduction

To make practical use of LLC and CLL resonant cor@rs, the over current protection has
to be fulfilled, especially for startup and oveiadbconditions. The purpose of over current
protection is to limit the current stress in thetsyn during over load or short circuit condition,
also to limit the inrush current during start uptkat the power converter can be protected from
destructive damage. Multi-element resonant conkemegre proposed to solve this issue [E.1]-
[E.2]with more passive components added to thenagdotank. However, the additional passive
components impose the demand for integration effortorder to alleviate their impact on

converter size.

At a high switching frequency, the passive comptsierolume can be reduced. However,
in the state-of-the-art resonant converters, teerdte passive components and the heat sink still

occupy more than 80% of the total system volum&][H.0 reduce the volume of the magnetic
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components, magnetic integration has been propdsedever, the passive components still
have large profile. To further reduce the overallume, passive integration technology is
applied to integrate the resonant inductg) @nd capacitor(,), the magnetizing inductot.),
and the transformerT{) (L-L-C-T) into one module [E.4]-[E.10]. There #ill a challenge to
employ passive integration techniques in multi-edate resonant converters. This paper

proposes a novel passive integration method taedbig problem.

5.2 Basic Characteristics of Multi-elements resondrconverters

The LLC resonant tank can be considered as a basd filter which includes series
resonant frequency (SRF) and parallel resonanuéecy (PRF), as shown Hig. 5.1andFig. 5.2
The series resonant frequency is created,landC,, black dot inFig. 5.2 It is the optimal point
at nominal operation. The fundamental componennpfit energy can be delivered from the
source to the load very efficiently. Therefore,hifficiency can be achieved. The hold-up time
capability is given by the parallel resonant freque dash line oval iffig. 5.2 This resonant

frequency is determined hy, L, andC;.

Q,
e
v C Cr L, n:1:1 s,
(1 P E—m—
[ Vg
—
e T3
Tx J'—i|—j'32 R

Fig. 5.1LLC resonant converter
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Fig. 5.2Circuit and voltage gains of LLC resonamtwerter

However, with poor frequency selectivity, namelgrywwide bandwidth, the frequency has
to be increased very high to achieve enough damgifegt. To improve the characteristics of
LLC resonant converters, additional resonant elésnane needed. With additional resonant
element component, a multi-element resonant tamkctwcombines band pass filter and notch
filter, is proposed to solve the current protectisgues. One of these resonant converters is
depicted irFig. 5.3 The notch filter section is created withandC,. The band pass filter section

consists ot,, C; andC,.

Q, ':I }
v"ﬂ; —lt
T C, L,
Q. 'IE} L * VOR
R

Fig. 5.30ne example of selected 4-elements resaasverters
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Fig. 5.4Gain Curves of selected 4-elements resaramnterter

The voltage gain of this four-element resonant tenilustrated inFig. 5.4 The resonant
tank with notch filter characteristic can createrozevoltage gain. Conceptually, infinite
impedance can be created when frequency operatibe aesonant frequendy, of the notch
filter. As a result, if overload or even shortedpat condition occurs, the current can be limited
inherently by the resonant tank characteristic. floéch filter center frequencfp, can be

designed to achieve the over load protection.

In general, with variable frequency control, theamant tank input voltage is excited as a
square waveform. According to the Fourier analytkis,voltage excitation only consists of odd
harmonics. Therefore, to avoid circulating energynaminal condition, notch filter resonant
frequencyfozshould be designed at even times of nominal resbiegnencyo:;. Meanwhile fo is

preferred close tt;. Thus,fo, = 2fp; is a good choice.
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As shown inFig. 5.5 the voltage and current stresses of LLC and megot-element

resonant converter are very similar.

-

LinN 2
1
0
|IFI
Proposed
4-eiement

203 02 071 0071 02 I
1CFN

Fig. 5.5 V-I stresses of LLC and 4-element resocanterters
When converter operatesfat, the notch filter represents inductive. The impedaofC, is
much larger thah,. The major part of primary side current flows tgbL,, notC,. The current

stress orC, is much less tha@,.

With leakage inductande, a second band pass filter is created. A 5-elesrresbnant tank
is given as an example, shownHiy. 5.6 The second band pass filter is designed at tie th
times of the nominal frequency. The third ordernmamics energy of primary side can be

delivered through this band pass filter. Obviousitg, power delivery is more efficient.

However, there are 6 passive components in resdaakt The high number of passive
components might increase the size considerablig Very desirable to integrate the passive

components. Hence, higher power density can beaethi
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Fig. 5.7Gain Curves of selected 5-elements resaramnterter
5.3 Magnetic integration for multi-elements resonahconverters

To improve the power density, the magnetic integratmethod is widely applied in
resonant converters. For LLC resonant converlgrss the leakage inductance, abhg is the

magnetizing inductance, as showRimn 5.1
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For 5-elements resonant converters, there are rfagnetic components:, L, Ly, and
transformer. It is hard to integrate all composeinto one module by traditional transformer

structure. The transformer structure needs to bdifiad.

In this section, a different transformer structuseproposed to integrate all magnetic

components into one.

As mentioned in [E.9], cantilever model is suited rnultiple-winding magnetic modetig.
5.8(a) gives the cantilever model for LLC center-teansformer. Winding 1 is the primary side
winding, and winding 2, 3 are two secondary sidedivigs. The effective leakage inductahge
l13, |23 represent the couple relationship between winding, and 3.n,;, ng represent the

effective turns ratio of winding 2, 3 with windirlg

Normally, the two secondary side windings are velnse, and have same turms=ns),
thus,lo3 is negligible. Thusli,, |13 can be combined dg;3 as shown irFig. 5.8 (b). Then, this
model can be transferred into equivalent modedign 5.§c).Here,L11%/ (L11+l123)represents the

magnetizing inductancé.f), sodoegL11x1123)/ (L11+l123) the leakage inductanck,).

(a) Cantilever model for LLC transformer
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(b) Simplified model for LLC transformer

L11|123 |
., : 4+ 128
L11 + |123 1 N 1 L

11

2

0]

1: n{1+ Iliij
11

(c) Equivalent model for LLC transformer

Fig. 5.8Cantilever model for LLC transformer

With traditional transformer structure, only seriessonant inductor and magnetizing
inductor can be integrated. To integrate the tresbnant inductor, one more winding (winding 4)

is added into transformer.
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The effective leakage inductante, |4, I34 represent the couple relationship between

winding 1, 2, 3 and 4n, represent the turns ratio of winding 4 with wirglih. The cantilever

model is shown iffFig. 5.9

1

Fig. 5.9Cantilever model for proposed transformer

As mentioned abovéys is small enough to be negligible, aag 113 can be combined &3
If winding 4 is not coupled tightly with winding &xd 3,142 andl4, would be large enough to be

ignored. The equivalent circuit is Fig. 5.10

EI 23
o e pe

I:
O
1 Ly HE 2
1:n,

Fig. 5.10Simplified model for proposed transformer
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The resonant tank connection is showrFig 5.11(a). The dash lines are the connecting
wires among integration module and discrete capaoil, andC,. The winding 1 and 4 share
the same ground. Whem=1, the node A and B have the same electrical patersto they can
be treated as virtually shorted asFig. 5.11(b). Thus, the final resonant tankFig. 5.11(c). The

leakage inductance between winding 1 andZ ¢reated .

¢, Gy L3 '
S S PN £
i 1 Lﬂ} || 2
0 i O v
! Iy
| A ngd B

i

1

|

i L : 1:n
= o It -
A

(a) Connection for discrete Cr, Cp and integrategmetics

G Cp I3 I
DHy
oAy o
i 1 Lu} || 2
o E -0—7 i
: Ly
i 1:n

e o . s

Bl 1

(b) Equivalent circuit whensal
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L&

(c) Modified equivalent circuit whernnl

Fig. 5.11 Equivalent circuit for discrete, €, and integrated magnetics

The gain curves for this multi-element resonantveoter are shown iig. 5.12 which is

very similar asFig. 5.9 Namely, superior merits, full load range ZVS, do&requency

controllability for current limit and voltage gaioan be successfully obtained.

fs/fo

Fig. 5.12The gain curves of passive integrationehod
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Each parameter of the cantilever model can be ttireeasured. All magnetic components

in resonant tank are integrated in one transfommatule.

For simplification, an easy way to understanding ihtegration method is based on the
magnetic relationship between windingsg. 5.13 (a) shows the integrated magnetic module
which includes transformer (] magnetizing inductance.{), leakage inductance.§ andLp.
The equivalent circuit is given ifig. 5.13 (b). L, is the leakage inductance indicating the
magnetic decoupling of winding 2, 3 and windingdll, is the leakage inductance indicating
the magnetic decoupling of winding 1 and winding/#agnetizing inductance._) is determined

by the air gap.

b

w O
e

(a) Crossview of integrated magnetics (b) Edeivicircuit

Fig. 5.13The realization of magnetic integrationdule
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The turns of winding 1 and winding 4 is the samm&l these two windings are connected at
one terminal. Thus, we can transforig. 5.13(b) toFig. 5.14(a). While Lr is determined by the
distance between primary winding (1,4) and secon#anding (2, 3), sdrig. 5.14(a) can be

transferred intd-ig. 5.14(b), which is similar as the resonant tanlkign 5.6

-y

\

C. / . C. e N
\ 7 r .
o——fo i o——fo— ‘;
1 1
il 4 3m 2 11 [ L, 2]
0 ! C wa\r : : o~ P :
T ol © To—""— |
C i ! E i
114 L g 31 CTia 3 !
a'a ! |
. )/ . !
[ ——— - .~ -”J'
(a) Transformation 1 (b) Transformation 2

Fig. 5.14The transformation of equivalent circuit
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Fig. 5.15 Volume comparison of proposed and trawiiti magnetic integration method
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One magnetic module is built to verify the volunmeprovement. The previous magnetic
integration method utilizing magnetizing inductarasel leakage inductance of transformer, but
cannot integrate J. The proposed method can integrate all the magreetmponents. The

previous magnetic components volume is 39.73dhe new magnetic module is 16.23cm

The experimental waveforms are providedrigqn 5.16(a). It is clear that the fundamental go
through winding 1 and thé“harmonic through winding 4. For fundamental, tpédance of
Cp and L is very high, while |, and L is relative low. Thus, major part of fundamentawf
through winding 1. For'8 harmonic, the impedance of @nd L is very low, while |, and L is

relative high. Thus, major part ofarmonic flew through winding 4.

400V
Integrated Magnetics
Iy 2
LAL éLm 3 E_O
&Y . / ‘aana

(a) Experiment results for winding stresses Hipyivalent circuit

Fig. 5.16 Stress comparison for integrated magmedidule

5.4 Passive Integration for Multi-element ResonanConverters

In order to further improve the power density, passntegrationincluding the resonant

capacitors is required.
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Firstly, there are two resonant capacitor, and G) in the resonant tank. Which capaci
integrated into module shioube chosen carefully. Voltage and current stiesse very critica
to capacitor’s lifetime. High voltage stress orhigurrent stress will cause short life time
capacitors, in other words, short life of whole werer. Thus, low stress resonanpacitor

should be picked.

Based on the analysis Fig. 5.16 we can see all current including fundamental 8"
harmonic flow through € only small ¥ harmonic through & For half bridge structure, there
half DC input vdtage cross ,, while no DC voltage bias on,Clt is obvious that , has much

less stress than,CThus, G should be taken into integrated mod

C

Insulation

Dielectric _

f : —=A C
. | '\
ht : Cn D:jI CR
Copper e B | AAAA | D —»

(&) Physical structure of LC ¢ (b) Lossless symmetric mo

A o—}—~~n—oD
C (L+M)/2

(c) 1st order model for fundamental de:

Fig.5.17LC cell structure and equivalent circuit

141



Daocheng Huang Chapter 5

LC cell is the basic element in passive integratlstructure is shown iRig. 5.17a). The
dielectric layer is covered by copper layers atltbth side. The lossless symmetric model of this
structure is given iiFig. 5.11b). C is the capacitance of LC cell, while L i telf-inductance of
one side copper strip and M is the mutual induaarts equivalent circuit measured between
terminal A and D is a series of inductor and cadpacias shown irFig. 5.17c).The value of
inductance and capacitance can be controlled byadasy LC cells, as shown g. 5.18 The

equivalent capacitors are in parallel and the exjait inductors are in series.

Al Cl AN CN
L+M L+M

gl‘ i J-crz “.::zJ- b
T L T

Bl L+M D1 BN L+M QN

J— cr2
T

Fig. 5.18Interconnection of LC cells

The capacitance of each LC cell can be calculayddlmowing formula.

g le [
C: 0 r Atu (5.1)
Tdi

C is the capacitanceéA., is the area of each plate. is the relative static permittivity
(dielectric constant) of the material between tlegs.<, is the permittivity of free spacéy; is

the separation between the plates.

The passive integration with a stacked structuregsonant converters has been proposed to
integrate the LLCT module to achieve high powersitgnFig. 5.19jives the winding structure of
LLCT module. The exploded view of an LLCT modulgwihe stacked structure is showrFip.

5.20 Two sets of C core and | core constitute the wirtding windows. The secondary winding
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is made of thin copper strips. The primary windisgmplemented with cascading LC cells in
order to integrate the resonant capacitor in totthesformer. The cells are connected at the
terminals through the interconnections on the eaftsurface at the two ends of the module as
shown inFig. 5.20 The cell dimensions and the properties of théedigc substrate determine
the resonant capacitandg ). The magnetizing inductanck,{ can be adjusted by changing the
length of the air gap. By inserting leakage layetween the primary and secondary windings,

the leakage inductanck) can also be controlled.

Spacefor leakage layer if needed

r—‘,]

Fig. 5.19Interconnections and winding structuramintegrated LLCT module

For the 5-element resonant tank, it is difficultitdegrate both capacitors. The choice of
capacitor to be integrated is determined by thesidemation of reliability. Large voltage and

current stress will cause short life time of cafgaciln this particular topologyC; has very high
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DC voltage bias whileC, only has small AC voltage. Moreovet, carries all the primary
current whileC, only carries the third order harmonics as disaisgsgfore. ThusC, has much
higher voltage and current stress ti@&nin other words, less reliable. Thig, is chosen to be

integrated into the transformer.

Magnetic core

Copper strips in
secondary winding

Insulation layer

Leakage layer

Internal cells in
primary winding of

Vertical surface for
interconnections

Fig. 5.20Exploded view of an LLCT module with tHacked structure

The integrated transformer structure fiogL,,Lm,C,, and transformer is similar to the
integration technigue for magnetic integration @tdbat one winding (winding 1) is replaced by
LC cell, the connection is shown fg. 5.21a). It is a 4-winding structure and the cantilever
model is introduced to derive its equivalent citcWinding 1 and 4 are primary windings
constructed by LC cell and copper wire, respegfivEhe LC cell interconnection is like Fig. 14.
That means the equivalent capacitor of LC celhiseries of parasitic inductance of winding 1,

like Fig. 5.21b). Winding 2 and 3 are secondary side windirgs.is the self-inductance of
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winding 1. The effective leakage inductanke i3, lia, 23, l2s, |34 represent the couple
relationship between winding 1, 2, 3 anch4.ns, n, represent the turns ratio of winding 2, 3, 4

with winding 1, as shown iRig. 5.21c).
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Fig. 5.21Winding model for 4-winding transformer

Normally, the two secondary side windings are velngse, and have same turmg=ns),
thus,l»3 is negligible. Thusliy, l13 can be combined &gs SO canyy, |34 aslszs as shown irFig.
5.22 The dash lines represent connection wire betwaegration module an@,. If winding 4

is not coupled tightly with winding 2 and B;3 would be large enough to be ignored. Then, it is
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the same topology as Fig. 5.12(a). Thus, it also can be modified as the resotenk inFig.

5.12c). They are also have the same gain curves.

¢, Cp I3 7

Omrr oo
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Fig. 5.22The passive integration model

Thus, all passive components are integrated exgefihe high stress component). All the
leakage inductance can be tuned by adjusting ttardie between windings or with magnetic

shunt.L;; can be controlled by air gap.

The transformer structure fig. 5.23s given for exampleC, is determined by LC cell in
winding 1.L;1 is controlled by air gapis (L) is controlled by magnetic shunt between winding
1 and 4123 (L) is controlled by magnetic shunt between windingntl 2. Winding 4 can be

either round copper wire or copper strips.
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Fig. 5.23Transformer structure for integration

5.5 Measurement of Transformer parameters

Different with the transformer module before, passntegrated transformer including LC
cell is not suited to use the same measure mefhiod.capacitance of LC cells makes the

measurement method invalid. A new measure methpo@osed based on cantilever model.

The transformer model of proposed passive integratiructure is shown ifg. 5.24
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C I:n,
H_,f. 1: H;
; \ 1.

Fig. 5.24Transformer model of proposed structure

First, the self-inductanck;;and capacitanc€ are measured based on impedance analyzer

(Agilent 4294A), by open-circuiting windings 1, 2 and 3.

To measure the effective turns ratmsns,...n,, and AC voltagé/iis applied to winding 1,
with the other windings open circuited. The effeetiurns ratiay, is given by
1

—+ jal
q o= Vi jaC V6 Va)LnC 1
K — v, .

Vi is the measured voltage of windikgy is the angular frequency of AC voltage applied to

winding 1. A negative value ok indicates that the winding polarity marks shoutdréversed.

Direct measurement is hard for this transformarcstire due to LC cell. All the inductance
can be calculated based on impedance measuremenmeasurement cases are needed for

effective leakage inductance calculation.
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' | I L, I, I35,

1 L;y3030:30,3 1
O O

L3y

(a) Case 1 (b) Case 2

l12

sy o

1 L3310, L3l 1 LH;lH; 514; 523; 534;
O O

(c) Case 3 (d) Case 4
o ny: 1 ‘T“‘"‘ n 1 ’é\%
13
0 O

(e) Case 5 (f) Case 6

Fig. 5.25. Equivalent circuits for 6 cases

Case 1 is measuring the impedance of winding 1 ippghorting winding 2, 3 and 4. The

equivalent circuit is shown iRig. 5.25a).

Case 2 is measuring the impedance of winding 1lpoghorting winding 2, 3 and opening

winding 4. The equivalent circuit is shownHiy. 5.25(b).
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Case 3 is measuring the impedance of winding 1lpoghorting winding 3, 4 and opening

winding 2. The equivalent circuit is shownHiy. 5.25(c).

Case 4 is measuring the impedance of winding 1lpoghorting winding 2, 4 and opening

winding 3. The equivalent circuit is shownHiy. 5.25(d).

Case 5 is measuring the impedance of winding 4 lpoghorting winding 2, 3 and opening

winding 1. The equivalent circuit is shownHiy. 5.25(f).

Based on above 6 cases, all effective leakage tadces can be calculated. The calculated

results based on real integrated module are showig.i5.26

Fig. 5.26Calculated results of integrated transtarmodule

The final parameters of integrated module aftepsifred are shown irFig. 5.27
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I12nF

o e g o

Fig. 5.27 The final parameters of integrated tram&r module

The volume comparison is givenFg. 5.28 The volume of previous magnetic components

and G is 40.48cm. The passive integration module is 16.78cm

,-- --------H

)

~
"

P il W

||J|J|||||I|}|I||Hi|

22 23 24 25

O EPFRa ke

|I||i||r|'||||'r|||r||||r'|u'|r|||,'t|i|[|m|uu

21

19 20
8
||I||1||||I||1|||||t||l|||l1

III|IIII|IIIII!III!IIII|IIII.[IIII

18
7

Fig. 5.28 The volume comparison of passive moduatediscrete components
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5.6 Thermal Improvement by Heat Extractor

Associated with the increasing power density, Idegsity increases. Although the loss
density in the passive component is much lower thah in power semiconductor devices, the
lower thermal conductivities of most materials aggblin passive components leads to high
temperature gradient inside the component. Thenthleissues limit the increase of power
density. The maximum allowed temperature insideiraegrated module is one of the most

important design criteria.

Although the surface temperature of a passive neodah be controlled by the external
cooling conditions, the temperature rise insiderttuglule is determined by the loss distribution,
the material properties and the structure. For actmal design, the structure is basically
determined by the considerations of electromagrfatiction, and the materials are generally
selected for their electromagnetic characteridiiceneet the required parameter values. When
the structure and materials are fixed, the lossiligion is determined by the circuit operation,
which is normally also fixed. Thus, itis difficutb improve the thermal performance of an
existing design without changing the structure aterials. The most common approach to
reduce the inside temperature gradient is to iserdhe dimensions, which reduces the loss
density and increase the heat dissipation areagVesacrifices the power density. It is clear
that in cases where the thermal constraint is thrailant design criterion, the heat dissipating
ability of a module is directly related to the povaensity. In other words, by improving the heat
dissipating ability, the power density can be inyah. Being aware of this, the heat extraction

technology is developed[E.12].
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To apply heat extractors in power electronics medtihe heat extractor plate should be
parallel to the magnetic flux to avoid influencitige electromagnetic performance. The structure
shown inFig. 5.2Zan embed heat extractors without change the efaegnetic performance,
but the inside filed distribution changes due te tedistribution of the magnetic flux. The
induced fringing effect may even influence the amttbn loss. If the heat extractors occupy a

small relative volume, the change of the magnétid fis neglected.

Heat extractor

Planar winding

Interconnections

Fig. 5.29Integrated passive module with heat etdrac

The embedding of heat extractors also changes i$teibdtion of the thermal field.
Originally regarded as a uniform heat source, the ¢s now several individual heat sources

with higher heat generation.

In the integrated module, there are two heat sgurte winding block and the magnetic
core. By applying the superposition principle, #maounts of heat flux generated by these two
heat sources can be studied separately, and thiksrean be combined linearly. For the heat
generated inside the winding block, both the cové@ laeat extractors are conduction channels,

through which heat can be conducted to the helt $ime internal and external thermal contact
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resistance and the equivalent thermal resistancéhefcombination of the core and heat

extractors are the barriers on this heat path.

For heat generated in the core, the winding blagictions as a conductor connecting the
core and heat extractors. The internal thermalammesistance functions twice on one of the
heat paths. Because of the different heat distdhuthe equivalent thermal resistance of the
combination of core and heat extractors is diffefeom that for heat coming from inside the

winding block.

The equivalent structures of both cases are showrfigi 5.3Q where the core and the
winding block are replaced by equivalent spot rematrces, and the corresponding equivalent
thermal resistance is applied. Here, the thermatgctivity of core material (MnZn ferrites) is
about (3.5~5.0) x I¥K-m-W™, while the thermal conductivity of heat extract@tuminum
nitride), is about 170~190 K-m-W The thermal conductivity of heat extractor is imuarger
than core material. Thus, large portion of heategated by windings and cores would pass

through heat extractor to the heatsink.

Internal Heat External
Interface extr‘actor Interface
[ L E— >
—_— —_—>
Heat flux E— — >
N T T | ., Heat|out
- )
Heat
—
generated
—
L ]

Winding Core Heat
block sink

Fig. 5.30 Diagram of heat paths on cross section
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The core dimension is given I#ig. 5.31 while the heat extractors are made of 0.5mm
aluminum nitride substrates and have the same -eexg®nal dimensions with the core. The
core material is 3F4. The whole core is combine® Ipyeces of 3F4 ferrite and 8 pieces of heat

extractor. The real picture is shownFig. 5.32

13

3,9
3,9
{jt

Fig. 5.31Core dimensions

Fig. 5.32Picture of cores and heat extractors
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The volume comparison after adding heat extrastgnien inFig. 5.33
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Fig. 5.33 The volume comparison of passive moduatediscrete components

5.7 Experimental Results

An 800 kHz 1.2kW 400V/48V five-element integratiprototype is shown iFig. 5.34(a).
The parameters in resonant tank @rel2nF, G=5nF, L,=1.2uH, L,=0.9uH, Lyw=10uH. The
turns ratio is 4:1:1. The no load and 50% load vi@wves are shown iFig. 5.34(b), (c). The
waveforms for secondary side short-circuit is givanFig. 5.34 (d). The output current is

suppressed to 20A at 1.6 times of resonant frequemgich is less than full load current. The

power density is nearly 171W/inth
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(a) Power stage b) No load waveform

Stopped 276 hogs 28 5ep 10 00:01:54 % Stopped = § i = 29 Sep 10 21:30:18

400?4/ ..... 50% IO d .....
N | /’g"“'“
AT VL

+

5, | iy .
Ves.

H H i
Chl S0 Ch2  200mY Q

(c) 50% load waveform (d) Shorteait waveform

Fig. 5.34Experimental results for five-element rema converter with passive integration module

5.8 Conclusion

A novel passive integration method is proposed rfaidti-element resonant converters.
Based on this method, the passive integration feletent, or higher order elements resonant
converters are achievable. Most of passive comgengeapacitors, inductors and transformer)
are integrated into one module to achieve high podensity. The proposed multi-winding

transformer structure with integrated inductor acmpacitor are analyzed with a detailed
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cantilever model. Design guidelines are summaripedhe control of the component values.
One prototype of 1.2kw, 800 kHz 400V/48V 5-elemea#onant converter is built and tested to

verify the proposed structure. The power densitylmaachieved as high as 171W/ifich
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Chapter 6. Conclusion and Future Work

6.1 Conclusion

The LLC resonant converter exhibits higher efficierand higher power density than
conventional PWM converters. Thus, it has been lyiddopted as a desirable power supply for
telecoms, servers, desktops, laptops, flat-paned, ED lighting, etc. To further improve the
LLC performance, several novel concepts and teclmsighave been developed in this

dissertation.

The high switching frequency is needed recently iazh power density requirement.
However, LLC resonant converter suffers high tramekr loss. Matrix transformer is
introduced to reduce winding loss and total voluakix cancellation method is utilized to
reduce core size and loss. Synchronous Rectifi®) (@evices and output capacitors are
integrated into secondary windings to eliminatenieation related winding losses, via loss and

reduce leakage inductance.

To solve the inherent issues, like start-up andtsticcuit protection, SR driving and EMI,
etc., a systematic method is proposed to find itindas resonant topologies like LLC. Based on
this method, lots of high order resonant convertees found to solve the issues LLC type

resonant converters cannot handle.

To evaluate the performance of found valuable togiek, a general evaluation system is

proposed. State-plane analysis with new normatimdtictors is utilized. Based on it, the voltage
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stress, current stresses and apparent power ofiamisgonverters are easy to compare. This
method can help select suitable circuit topologydertain application. Meanwhile, it also can
help resonant converters’ design. The importantopaance factors, like start-up, short-circuit

protection, SR driving and EMI, are also taken iatoount for the whole evaluation system.

The passive integration is necessary for high padegrsity resonant converter, especially
for high order system. Based on stress, suitaldsiya components are chosen for integration.
Then, the magnetic integration method is shown dasemulti-winding transformer structure.
The passive integration principles are discussedovel passive integration method is proposed

for multi-elements resonant converters.

In conclusion, this work is focus on the topologyalysis and integration of resonant
converters. Searching the suitable topologies fertam application, and evaluate the

performance of them. Then, improve the system paeasity by integration techniques.

6.2 Future Work

All of these novel implementations proposed in thiszrk will help find valuable resonant
converters and evaluate their performance. Follgwihis research, there are still some

remaining works can be done:

1. The proposed matrix transformer is high powersdg and high efficiency, but its EMI
performance is unknown. The continuous work maystine EMI noise reduction for matrix

transformer.
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2. By passive integration, the power density oéfalement resonant converter is improved
a lot. If passive integration techniques cooperatiés matrix transformer, how this impact the

efficiency and power density of whole system igiasting for future study.

3. The state-plane with new normalization can derégxo not only resonant converters, but

also can be used for PWM converters.
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