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Ting Ge

Abstract

High-frequency noise at the switthnode is a common issue the hardswitched buck
converters fopoint-of-load (POL) applications such ageleconmunicatiors, network systes)
FPGA, and ASICWhenthe galliumnitride (GaN) transistors ammployedin thoseconverters
for higherefficiencyand higher power density, the noise is meggere due toa fast switching
speed.Conventionalguastsquarewave (QSW) zeravoltageswitching (ZVS) buck converters
havea cleanswitchednode butthe switches and inductors masistain very high current stress
To overcomethe highstresslimitation, a resonant crossommutated RCC) converter is put
forward in this workThe basigremises to inject the resonant current generated from one phase
of two interleaved converters into th&itched node of the other phase to turn on the active switch
at zep voltage oveawide load range, and to turn off the synchronous switch atzaezarcurrent
attherated load The objective of this dissertation isstudy the RCC topologgpply it in atwo-
phase buclkconverter, anagchieve low noisewhile maintainng efficiency, power density, and
transient performance.

Closedform analytical formulas of four switched states in a resonant-cayasutated buck
(rccBuck) converter were derived to understand its operating principlecomplex fourtrorder
circuitwassolved by decomposingiitto two seconérdercircuit modesThe current to discharge
the parasitic capacitor adhe MOSFET was calculated by usin@ stateplane trajectory. The

method of statspace representatiomas employed to calculatéhe inductor RMS current,



MOSFET turnoff current, and voltage stressébe expectationsverevalidatedby threerccBuck
convertersswitched at 2 MHz with 1¥ input, 3.3V at 20 A output, and peak efficiencies of
93.6%, 93.6%, and 93.3%he discrepancy bewenthe measured and modeled instantaneous
state variables was less than 2hen he rccBuck converter operates at discontinuous voltage
mode (DVM) the activeswitch is turned off with neazero currentTherelevantringingis also
addressed.

The magngc design foran rccBuck converteis challengingas a result ofhe significant ac
and dc fluxes in resonant and output induct@esmmercial ondurn inductorswith a full
utilization of the winding windowareaare limited in this applicatiodueto thesignificant core
loss and ac winding loss. The etugn inductor witha certainspacebetween the winding arghp
was suggestedn this work toreducethe ac resistanc@he core loss densitieand biasrelated
reliabilitiesof MHz magnetic materials weedsosurveyed The core los$or anirregularvoltage
waveformwasmodeled by thequivalent elliptical loogEEL) method. The ac winding loss was
modeled by calculating the magnetic field stresgth the top surface of the windingour one
turn inductes were fabricated for a 12 V to 1.2 V rccBuck converter switched at 2 and 2.5 MHz.
The designed ontirn inductors demonstrated?.1% higher efficiency at 20 A outpand 50%
smallertotal magnetic volumethanthe commercial inductors with similar indtancesin the
same rccBuck converter.

Four inductors in the rccBuck convertanbecoupled itio asingletwisted EE core to lower
the part count, minimize the mismatch betwete two phases, reduce dc flux density, and
improve power density. The indtorsL:a and Lo have irphase voltages. TheductorsLr, and
Ln haveinterleavedvoltages. Four windings witmixed in-phase andnterleavedrelationships

then comprise Omncoupled inducta (OCIl). The steadgtat current wasnodeled bythe



decomposition of the commanode(CM) voltage and differentialnode(DM) voltage. The PCB
winding in the OCI simplifies the fabrication work and reduces the module h&lghtcompact
twisted EE cae achieve negative inteicouplingsthat are not availal@ for conventional £
cores. Theselfinductances coupling coefficients, and core losgere calculated fom the
reluctance network witlerrois less than 8%, 10%, and 11%, resgively. A 3.3 V GaNbased
rccBuck converter witl©OCl was fabricated and ackied a 57% magnetic volumesductionand
a0.5% efficiencyrise, compared tomrccBuck converter with discrete otigrn inductors.

The dynamic progrty of the rccBuck converter wasudied by using the averagehavior
model. The feedback design ofrecBuck converter is more difficult than that of a buck converter
due to an additional EC tank and an additional rigktalf-plane zero. A modified pelll
compensator that offers00 kHz bandwidth and 8@hase margin was suggestddce load
transient respnse of this rccBuck regulator is comparable to that of a buck regulator with the same
output capacénce and closelbop bandwidth.An input filter could be employed in a buck
converter to mitigate the higinequency noise, but was verified by simulatiorhave 60% lower
bandwidth, three times largeb,Gnd doubled settling time during a load transient, compared to

the rccBuck converter with the same EMI spectrum.
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The switching noise in a haswitched poirtof-load (POL) converter may resultfiase turn
on, electromagnetic interference issues, or even device breakdaesonant crossommutated
buck (rccBuck) convertenperates withdw noise since all MOSFETs are turned on with zero
voltage within a wide load ranga statespacenodelwasdeveloped to calculate the voltage gain,
voltagestresses, and current stresdessign guidelines fothe rccBuck converter operating at
continuows voltage mode adiscontinuous voltage mode are providéte design miodology
of a oneturn inductowith significant ac and dc fluxesgsven Fourfabricated ongurn inductors
achievel 2.1% higher efficiency and 50%mallertotal magnetic volume thathe commercial
inductorsin the same rccBuck convertérhe Omnicoupled inducta (OCI), composed of a
twistedE-E core and PCB windingfurther improvepower density and efficiencyrhe core loss
and inductancesweremodeled from @omplex reluctance networRccording to the lossolume
Pareto fronts,hetotal inductorlosswasminimizedwithin asmallervolume than that afliscrete
inductors The expectationserevalidatedoy an OCl-based rccBuck converter switched at 2 MHz
with 12V input, 3.3 V at 2(A output, and peakfficiencyof 96.26. The smaHlsignal modeivith
a good accuracy up to half switching frequen@sdeveloped based on the averaged equivalent
circuit. The transient performance af eccBuck regulator is compariahto that of asecondorder

buck regulator with the samevigching frequency, output capacitance, and cldseg bandwidth.
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Chapter 1  Introduction

Nomenclature

Symbol Description
Coss Output capacitance of MOSFET
D, d, andQ Dc, instantaneous, and smalgnal duty ratio
fs Switching frequency
Gud Controtto-output transfer function
id Channel current of MOSFET
Lioop Parasitic inductance mpower switching loop
Ryate Gate resistance
Vds Drain-to-source voltage of MOSFET

The applications topologies, footprint, and efficienciesf pointof-load (POL) power
modules are surveyedn this chapterMost commercial POL converterare hareswitched and
have a turron noise related to higthi/dt. Even with the statef-the-art P layout, the high di/dt
still exists and causes40% voltage overshoofonventionakercvoltageswitching (ZVS) buck
converters haveerodi/dt, buttheir high currem stress and high core loss wetghtheir benefits
of low nase and low switching les The resonant cree®mmutated (RCCyonverteris a
promisingtopology thatachieve ZVS with acceptable current stress€supled inductas could
be applied in RCC converters to shrink the voluriierefore,generalcoupkd inductorsare
surveyed andlassifiedaccording tatheir energytransfercomponent energystorage type, and
phase relationshiprhe concept of Omsaoupled inducta (OCI) is then presentedimproving
the dynamic response is anotbbjectivefor POL convertersThe smalisignal malelingmethods

for a dedc converter arantroducedby using the example afbuck converterTheir availabilities
1



for modeling the RCC converters are discus3ée.contributions and outline of this dissertation

aregiven at the end of thishapterThe related simulation files are given Appendix F

1.1 Survey of Point-of-Load Power Modules

Pointof-Load (POL) converters solve the challenges of high current demands and low noise
margins, required by higherformance semiconductors such as microcontrollers or ASICs, by
placing individual power supply regulators close to their point ofljseThe applications of POL
converters include CPU cormemory teleconmunications networking systes) FPGA, DSP,
automotive infotainment, etc. The specificatianfstheir Vin, Vo, and b are summarizedin
Tablel-1. The challengeof the conventional CPU voltage regulator (\éR¢low output voltage
(< 2V) and high output cument (>20A per phase) The POL converters for
telecom/network/FPGA/ASIC applications haaenedium steglown ratio and medium output
current, compared with oth&OL applicationsPower MOSFETS, gate drivers, controlleasd
passive componengse usually integrated into a power moduldot@er the part count, improve
reliability, and reduce costhe nextgeneration CPU VR needls step down from a typical 48
Vinto a \b lower than 2.5V with 1o > 30 A for each phaséchievingsuchahigh gep-down ratio
while maintaining high efficiency and high powgensity is challenging. Severainglestage,
two-stage, anthput-seriesoutputparalleltopologies were developed in receptys to deal with
the high steglown ratio [2]i[6]. The applications o&utomotiveinfotainment and adveed
driver-assistance systems (ADAS) require convettieisavewide Vin and wide \6. Meanwhile,
their electromagnetimterference (EMI) should satisfy tlserict CISPR25 standardi7]. Because
of this requirementa high switching frequencyd2 MHz) for avoiding the interaction witthe

radio frequency, as well &®ft switchingfor low noise arepreferred.



Table 1-1. Specificationsof existing POL converters

Applications Vin (V) Vo (V) lo per module (A)| Reference
Conventional CPU VR 4571 14 0.87 1.6 207 50 [8]71[12]
Telecom/Network/FPGA/ASIC 10.271 13.2| 0.671 3.5 107 25 [13] [16]
NextGeneration CPU VR 4071 54 | 0.571 2.5 307 120 [2]1[6]
Automotive Infotainment and ADAS| 3.67 40 1.17 20 215 [17]1[18]

Thisdissertation is focused on a gengyatpose POL converter withtypical 12V inputand
1.271 3.3 V output.The autputcurrent is 20 Aand the switching frequency is around 2 MHke
research goask to realize low noisby zerevoltage switchingand to maintairhigh efficiency,
small size, and fast transient respoidee POL convertarwith a high stepdown ratio and wide

Vin range for the nexgieneratiorCPUVR and automotive applicationare notconsideredn this

work.
Loa
Ll ays
laT -
*%
MZa
mh = Vin
M=
- L | = =
Vin Mz_
(@) (b)

Fig. 1-1. (a) Two-phase buck converter and (b) seriexapacitor buck converterwith extended duty ratio anc

50% voltage stress reduction foM 1a and Maas.

The multiphase interleaved buck converter is commonly used for POL apphisatiee to its
high current capability, low output current ripple, and high efficigt®y [21]. In order to reduce
the voltage stress, increase the efficiency, and improve the dynamic response;ghasg/buck

converter inFig. 1-1(a) is modified to a seriesapacitor buck (SCBuck) converterkig. 1-1(b)
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[22]i [23]. The voltage acrosSsis half of the input voltageSwitched node voltageswa andvswb
are also reduced to halfi\v According too 0 W, the duty ratio D is doubled to
maintain the sameg/namely, \{/Vin = D/2.

The SCBuck converter has maagvantagesThe voltage stresses ofilka, 2rare reduced to
half Vin. The MOSFETS, having better figure of merit (FOM)Xould be used to improve the
efficiency. The voltsecond otthe output inductor is reducethius the inductor size is smaller.
The output capacitands reduceddue tothe extendeé duty ratio anda better curentripple
cancellingeffect The dc current of daand Lo is balanced automatically due to the charge balance
of Cs.

However,the disadvantages dhe SCBuck converter shoulde noted The Ma hasa high
current stress since it conduétsa + iLon) Wwhen M, is on and Mais off. The phase shedding
method for improving the ligHbad efficiency is not feasibl@s a result ohsymmetric phases.
The maximum voltage gain is limited by 0.25. As a result, the SCBuck converter is not available
for POL applicationswith 3.3 V output

The output current, inductor typeptal volume, and maximum efficiencyf the
stateof-the-art power moduleswitched at 2 MHand 1.2 V outpytaresummarized imablel-2.

The buck converten [26] usingamonolithic haltbridgeGaNmodule has the higest efficiency.

The SCBuck convertan [23] usinga Si MOSFEThas theminimum sizeand maximum power
density If the GaNFET andintegratednagnetic structutee.g., PCB inductor or LTCC substrate,
wereapplied in the SCBuck converter, the efficiency and power density could be further improved.
Notice that 8 the power modules ifiable 1-2 are hard switched aritius may havethe high

frequency noise discussedSactionl1.2



Table 1-2. Surveyedswitches rated current, inductors, volumes, and efficienciesf the hard-switched
converterswith state-of-the-art efficienciesat Vin =12 V, Vo = 1.2 V, and £ =2 MHz, for conventional CPU

applications in Table 1-1.

Reference| Topolo Switches Phase| Rated| Inductor | Volume | Maximum
bology # lo (A) | Package | (mn¥) | Efficiency
[24] Buck Si (CSD97370) 1 20 | . PCB | 1ox00xa| 85.1%
inductor
[25] Buck GaN (IR) 1 | 20 | MTCC 1 ix21x3| 86.0%
substrate
[26] Buck GaN (EPC2100) 1 20 Discrete L| 18x23x6 876%
[22] SCBuck | Si(CSD16411Q3) 2 10 Discrete L| 13x30x4| 86.1%
[23] SCBuck Si (TPS54A20) 2 10 | Discrete L| 10x16%x2| 87.1%

The S@uck converter is not available for 3.3 V POL applicatioasd most of the
commercial poductswith that \,, employthebuck converter. The switching frequencyisgially
below 1 MHz, as shown iRig. 1-2. The Muratgproducthas the highestominatload dficiency,
92.5% at 20 A, du# a low switching frequency and large core size. The kWterter has the
highest lightload efficiency sincét operates ah pulseskipping mode witha reduced switching

frequencyat light load

, 2 MHz ZVS
@ maintaining efficiency and size?*
94 MPS 500 kHz
15 12| 4=720 mm

3

w
N

Efficiency %
(s}
o

.400 kHZ

33 13 .775 mm” Vin =12V
Ny V, =33V
Intersil- 550 kHz—— Same power: 66 W
0 17 19 3.6=1163 mn 15 20

Fig. 1-2. Surveyedefficienciesof the commercial power modules inf13] [16] at Vin=12 V and \b=3.3 V.
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One objective of this worlsito realize ZVS and low noise for POL converters. The efficiency
and size are expected to be maintained by using theti@ss ZVS topology, GaRETS low-
loss magnetic material, amdupled inducta:. A higher switching frequency, e.g., 2 MHz, could

reduce the inductor size and improve the transient response.

1.2 High-Frequency Noisan Hard-SwitchedPOL Converters

Conventional hargwitched POL converters have the higbquency switching noise, which
is related to theéurn on speed and switching loop layt. This section analyzes the high di/dt
problem of GaN an&i FETs and thersurveysa stateof-the-art layout for minimizing th@ower
loop inductance.

The schematic of a buck converter wiéh ideal layouis shown inFig. 1-3(a). The input
capacitor is assumedlith zero equivalent series inductance (ESL), and the total switching loop
inductance is zerolhe switching waveforms were simulated by using ltfispice models of

commercial haHbridgemodules

Vo=12V
lb=20A

[
dm1

122V
Cn VngTM
Lideal IayoutV q
VinT T and e
package
=

(a) (b)

Fig. 1-3. (a) Buck converter with ideal layout/package and zero switchingoop inductance (b) Realistic buck

converter with parasitic switching-loop inductance

Both GaN andSi switcheshave high di/dt athe turn-on transitionperiod according to the

simulated drain current waveforms fig. 1-4. This high di/dtin the GaNbased converter is
6



caused by thihigh dv/dt on the gssof the synchronous switdR7]. The high di/dt inhe Si-based

converter iausedy the reverse recovery effect of the synchronous sjz&h

GaN @5 Apeak g

1

Fig. 1-4. Simulated gate voltages and drain currentof M1 in Fig. 1-3(a) for (a) EPC2100 [29] and (b)
CSD86360Q5030] with Rgate=2  @nd Lo = 150 nH Current spike is more severe for GaN FET.

The turnron peak current is higher than the tafficurrentin Fig. 1-4; thus the turron noise
is more severe than the tuoff noise. If the turroff di/dt exceeds the turan di/dt whertheoutput
current or inductor current ripple is very high, the taffiringing is more severe.

The switchingspeed could be slowed byargergate resistancfRgatd. This method reduces
the current spike bumduceshigherswitching los431]. Theswitching energy and turon current
spike weresimulatedby sweeping thRgatef r 0 m 0 . 5. Tl adtive switchand gqynchronous
switch had the samegkein the simulationThe dead time was tunedanuallyto achievethe
minimum swithing loss.Both turnon energy & and turnoff energy & of the active switch
increase with Reas shown irFig. 1-5(a). TheSi MOSFET has higherdzand ks« because of the
higher output capacitan¢€os9 and sloweswitchingspeedThe GaNFET with anegligible turn
off loss is more suitable fahe ZVS operation since the ZVS converter usually has high-offrn

current.
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Fig. 1-5. Simulated (@) turn-on energy, turn-off energy, and (b) peak turnron current of active switchesin
Fig. 1-3 versus gate resistance ativ=12 V, lb=20 A, Vo= 1.2 V, £ =2 MHz, and Lo = 150 nH GaN switch ha:

a smaller switching energy but higher current spike. Rate reduces current spikebut increases loss.

The Rjatecanreduce the current spike ettevely, as demonstrated iRig. 1-5(b). However,
higher Ratecauses higher switching losspecially the turoff loss of Si MOSFET, as shown in
Fig. 1-5(a). The higher peak current die GaN FET is aresult from the fasteswitchingspeed.
Thehigh di/dtandthe parasitic inductansén Fig. 1-3(b) mayinduce severe voltage overshoot at
the switcled node, false turn on, electromagnetic interferemaise or even device breakdown
[32]i[35]. In order to avoid those issydke parasitic inductansshould be minimized. There are
three critical kinds of parasitic inductances that have a significant impact oswitehing
performance of a converter: the common source inductagcté power loop inductanceody,
and the driver loop inductancg.lBoththe MOSFETpackage and PCB lautwill contribute to
the parasitic inductances. Ti&aN manufactures have used advanced packagek as the
GaNPX, PQFN, and land gratray(LGA) to reduce the parasitic inductances to a very low level
[36]1[38]. The gate drivers veryclose tothe GaN FET to minimize the drivingoop inductance
[43]. The stateof-the-art package for the SHIOSFET usesthe DrMOS structure, in which the
high-side and lowside MOSFETsas well as the driverare copackaged as one chip9]i [41].

Thedriving-loop inductance is then minimized. The stacked di&gg@ntroducedn [41], allows



the highside and lowside MOSFET diceo bestacked directlyinstead ofbeingconnected by
wire bondng, further reducing the parasitieductancesSince the package inductarered diving
loop inductance havbeenminimized, this sectioonly focuses on the power statggyout to
minimizethe power loop inductance.

Some guidelinesf thepowerloop PCB layoufor the POL converters are givan[42]i [45].
The stateof-the-art Stbase&l power module haa lateral switchingloop layout, as shown in
Fig. 1-6(a) and (d). The MOSFET ar@» are on the top layer, anch @&xtrashielding layer is
placedon the second layeto cancel the flux generated by the power lodpe power loop

inductanceof this lateral layout is 0.5 nH, extracted frome finite-element simulation tool, Q3D

Chn U G N

Drlve;_,_* -
: ‘-.\ e aN[-"l.n

S -

Drivepsm s s s

h-.-.»-.p-.‘

"1 Half-bridge ©y
eGaN !!
st o |

@

Layout 2
(b)
Cop er eGaN eGaN
NexFET
Layout 2 L7mm | ayout 3
(e) (f)

Fig. 1-6. Surveyed (a) halfbridge MOSFET module [42], (b) discrete GaN FETH43], and (c) halfbridge GaN
module [29]. (d) is the horizontal power loop of (a); (e) and (f) are vertical power loops of (b) and (
respectively. Half-bridge GaN module achieves the minimum lop.

The GaNFET with a LGA package prefers the vertical layout since the adjacent top and

second layers iRig. 1-6(e) and (f) offer a smaller loop area. The width of the copper laymuch

9



larger than its thickness, thus the effective areath®dtigh-frequency current flows througts

much larger. The equivalent loop inductance of a vertical layout is then lower than that of a lateral
layout. The footprint of the monolithic Hiebridge GaNmoduleis smaller than that dhediscrete
GaNFETs The loop inductance for the monolithic GaN is 0.15 FRid.(1-6(c)), lower than that

of thediscree GaN, 0.4 nHKig. 1-6(b)).

The vertical layat for the discret&saN-based POL converter was systematically analyzed
[45]. Theconcept othe multi-loop layout was introduced and implemented on three examples in
Fig. 1-7. The simulated loop inductance$ those casesthe split capacitor layout, parallel
capacitor layout, and the douldaled layoutare 0.2 nH, 0.23 nH, and OnH, respectively. All
of them are lower than the original vertical layouFig. 1-6(b) and (e). Additionallythethermal
performance is improved since the distance betweeswtiteheds increased. It should be pointed
out that blind vias are used in thlieuble-sided layout in Fig. 1-7(c), which will add some

additional costs.

« - B

Vgw  Shielding GND

(@) (b) (c)
Fig. 1-7. Surveyedlayout with the minimum power-loop inductances for discrete GaN FETSs irfrig. 1-6(b): (a)

split capacitor layout, (b) parallel capacitor layait, and (c) doublesided layout[45].

Compared with discreteETSs the monolithic hatbridgemodulesare more suitable for POL

10



applications since they save spataprove efficiency, simplify the layout design, and lower

system costslhesimulated voltagpeaksof vswversus.ioop for buck convertersvith monolithic
half-bridgeSi and GaNmodules, are shown irfFig. 1-8(a). The stateof-the-art layous in Fig. 1-6
correspondo 1.6 \» for the GaNFET and 1.75 W, for the SIMOSFETat I, = 20A. The voltage

spike is reduced dramatically at light load, e.g<25A for the GaN FET, as shownin

Fig. 1-8(b). This isa resultfrom the partiatZVS of the active switchThe Si converter has a
narrowerpartiatZVS range than the GaN convertegcause of larger Coss If ZVS could be

achieved foanentire load range, the voltage spiauldbe reduced signiantly. TheVsw-peak

droop is caused by the voltage drop of active swittie Risom0 f t he acti ve switec

t he Si modul e and 8 Y twpeakdtodpéorthe GaN mochld is incee; t h u

significant.
2.5 2.0
V .
20 sz_pk_GaN ~ SW_pk_S)
c c N . . V
= = |/ p~>Hard switching"-P«-aN
815 g .
s g Partizal ZVS
>’ >"1.0
1.0
0.5 0.5
0 0.2 0.4 0.6 0.8 1 0 5 10 15 20
Lioop (NH) lo (A

Fig. 1-8. (a) Simulated peak voltags of vsw versus loop inductancefor the Si and GaN converters inFig. 1-4
atVin=12V, Vo= 1.2 V,l0 = 20 A, fs= 2 MHz, and Rgate = 2 Y. GaN FET has a smaller Loop and lower vew
spike. (b) Simulated peak voltages of a are almost independent ofoad current for state-of-the-art layouts

marked by the symble© in (a). The peak voltages are reduced at light load thanks to partiafVs.
The commercial buck convertg9] with amonolithic haltbridge GaN moduland stateof-

the-art layout inFig. 1-6(c) was testedThe measuretsy and conducted EMI spectruat |, =

20 A are shown irFig. 1-9. The voltage overshoot #1% of s, and the noise in 4300 MHz

11



range is significanfThe measured overshoot is slightly lower than the simulated éng. i+8(a)

because mordamping(higher trace resistancahd temperature effectxistin the experiment

L= 20 A &t ™ 90 Highfrequency noise
17. 80 .

a o
o O o

Harsdwi t ¢

Amplitude (dBV)

N
o

.

20
1E+05 1E+Oq:requéﬁg)9ZHZ) 1E+08

() (b)

Fig. 1-9. (a) M easuredvsw peak voltage agrees withthe simulated onein Fig. 1-8(a) with 8% discrepancy.(b)

SV div BWO=nS§0—

Measured conductedEMI noiseis significant in 307 150 MHz for the two-phaseGaN-based buck converters
with the layout in Fig. 1-6(c), operating at Vin =12V, Vo =1.2V,Cin=Co= 4 7 o0& B0OnHLlo,= 10 A per
phase,and fs= 2 MHz.

The @nclusion is givenbased orthe above analysis, simulation, and experiment. Tiga h
turnron di/dtand parasitic loop inductance would cause severe voltage ringing anddidl
Even with the statef-the-art layout (Loop = 0.15 nH), the voltage overshoot for the monolithic
half-bridge GaNFET is 44% In order to overcome this highequency noise, the root cause, high
di/dt, should be avoided. A large Bould limit the di/dt butncreaseheloss by ~30%The ZVS
operation forthe entire load range is a potential method to stitedigh turrron di/dt. Thisis

introduced inSection1.3.

1.3 Two-Phase ZeraVoltage Switching (ZVS) Converters

Conventional hardgwitched buck convertersan be retrofited to realize ZVSThe large
output inductos could be replaced tsynalker ones as shown irFig. 1-10(a). The current ripple is
very high for each phase bbhsa cancelling effect on theutputdueto the interleaved phases

[19]. The inductor operates undecritical mode athenominal load. The negative current ofi
12



in Fig. 1-11(a) discharges thes6s0f M1ain Fig. 1-10(a) when Mais turned off. The s1adecreases
to zero before the Mis turned onConventional POL converters have no such negative current

for ZVS because the inductor current ripple is around 30% of the dc current.

+Vdsla‘_
s L

Y Y Y\

Mlaj-.‘-* iam2alM
Vgla
.|
MZa

(a) (b)
Fig. 1-10. (a) Two-phase quasisquarewave (QSW) ZVS buck converter needs two inductors with high

current ripples; (b) selfassisted ZVS buck converteneeds only one inductor with high current ripple[46].

The simulated voltage waveforméien ZVS is realizedre shown irFig. 1-11(b). The active
switch Miaand synchronous switchdylare softly commutated:he body diode of Whis always
off, and Mia has no turron current spike. The voltage at the switch nogehas m significant
voltage overshookven with a certain parasitic power loop inductance. Furthermore, therturn

loss is eliminated because theand 4 have no crossover interval, and thgs softy discharged.

i . in hard-switched Buck

..... Reduced nofse -
STV |

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

i, in QSW-2vSBlick

Lo

(a) (b)
Fig. 1-11. The negative current of (a) Loa dischargesthe CossOf buck converter in Fig. 1-10(a) to achieve (b)
ZVS and low noiseat Vin =12 V, Vo =1.2 V, b= 20 A,fs= 2 MHz, and Lioop = 0.15nH (Fig. 1-3).
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The inductors of théwo-phase QS\WWZVS buck converter irFig. 1-10(a) need to handl
significantdc and ac fluxes. Bothohand Lop are subjected to a high core loss. The modified two
phase converter, the s@$sisted buck converter iig. 1-10(b), utilizes amauxiliary accoupled
inductor connected between the two switch nodes to achievd4®y.SThe peakto-peak current
of theauxiliary inductorLsis similar to thabf Loanin Fig. 1-10(a). Since khas no dc current, the
magnetic design is easier than that Fog. 1-10(a). Another benefit of the sedfssisted ZVS
topology is the output voltage ripple could be reduced since the filter indligtarhavesmall
current ripple.

The synchronous MOSFET RMS current of the-asHisted ZVS dck converter is much
higher than that odnormal QSW ZVS buck converter, as compareBigq 1-12. This isaresult
from the significant plateau afui2a, Whichhappens when both active switches are turned off. Two
converters have the same RMS currentyafsdbecause their current waveforms @ik are the

same.

(@) (b)

Fig. 1-12. The RMS current of iavza in (&) two-phase QSWZVS buck converteris smaller than that in (b) self-

assisted ZVS buck converterKig. 1-10). The operating conditionsare givenin Fig. 1-11.

The simulated RMS current folne aboveZVS convertersversustheload currentis shown
in Fig. 1-13. The normalizedRMS current increasedramaticallyat light load since the current

rippleis almost indepedtent of the load curremtith a fixed switching frequency. Thlynchronous
14



switch of theselfassisted ZVS buck converter tebighelRMS currenunder alloadconditions

as a result othe plateau effeciThe high RMS current at light load would redube converter
efficiency significantly. Increasinthe switching frequency is a potential method to reduce that
RMS current andhe relatecconduction loss.

A Buck converter can achieve ZVS bisingquastresonantonversion (QRC), muliesonant
conversion (MRC), quasiquarewave (QSW), or zerooltagetransition (ZVT)[47] [50]. The
QSW buck converters have the lowest voltage stress and lowest MOSFET Towosghase
QSW-ZVS buck converters are reviewad this section.They have low noise and negligible
voltage overshoot at the switmthnodes. The selfassisted Z\ buck converter is not suitable for
POL applications because of the plateau current. The RMS cuafréhé MOSFETSs much
higher than that ad hardswitched buck convertewhich mayoutweighthe benefits of low noise
and low switching lossNew topol@ies witha lower current stressas well as ZVSare needd.

The magnetic design is another challeamee the inductors need to cope with significant dc and

ac fluxesfor ZVS.
V V., =0.1
0.7 VoV, =0.1 14 of Vin = {
Active switch Sync. switch
0.6 15

elf-assisted ZVS Buck

_O
=9 1.0
D:I
208
~  QSW-ZVS Buck
0.6
01 Hard-switched Buck 04 HardswitchedBuck
0.2 0.4 .6 0.8 1
/¥ oax 0.2 0.4 Iol?c.)gax 0.8 1
(a) (b)

Fig. 1-13. Two ZVS buck converters inFig. 1-12 have the sameRMS current of (a) active switch The self

assisted ZVS buck converter has higher RMS current ofb) synchronous switchdue to the plateau region
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1.4 Applications, Classification, and Synthesis o€oupled Inductors

Multiple inductors or transformeiig a single or multi- phase power converter could be
coupled into a single magnetic core to improve power density, effigcieend dynamic
performance. Such inductowith at least two coupled windingsd one shared cqrarecalled
coupled inducta. The functionalityof coupled inductors includesteadystate current ripple
reduction dynamic responsanprovement diode reverserecovery alleviation, soft switching
realization, high stepp/down gain conversion, mulbutput conversion, and singitage PFC
realization[51]. This section classifies the coupled inductors based on tw@rgytransfer
componentgnergystorage type, and voltage relationships. Thphase coupled inductors and
interleavedcoupled inductors are introducky using the examples tife Cuk converter anduck
converter, respectivelyThe concept ofomnicoupled inductords then put forwardas this
concept haalreadybeen useth many existing topologies. Finally, sormeportant features dhe

Omnicoupled inductorare summarized.

1.4.1 Classification of Coupled Inductors

Coupled inductar can be classified from several perspectivEsom aphase relationship
perspectivecoupled induct@canbe classifieasin-phase inductaor interleavednductos. The
primary and secondary windingsariin-phase coupled inductbavepositively or negatively in
phasevoltages. The interleaved coupled inductor usually exists in mufthase interleaved
convertersln terms of connectivity between primary and secondary sides, coupled irsahactior
be clasified asanisolated typeor non-isolated typeCoupled inductors can also be clagsifby
applicationtype[51]. However, allof the external observations, e ghase relationship, isolation

type, and application type, are not enougbléarly distinguish any two coupled inductor§wo
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more intrinsic propertiesf coupled inducta; energy transfer and energy storasfeouldalsobe
taken into accounBased ornhosetwo propertiesageneral classification dhe coupled inductors
is thenpossible.

A commonly usd equivalent circuit model afoupled inductaris shown inFig. 1-14. The
mutual inductor M, leakage inductorsale, or both mayneed to transfeenergy when used in a
converter. According to the component that transfers energy, there are three basiccyppledf
inductors the mutual basedoupled inductor, the leakage based coupled inductor, and the all

magnetic based coupled inductor.

LYY YN\ e & o o WS
+ lel * * L|k2 +
Vi1 M Vo

Fig. 1-14. A general eqiivalent inductance model forcoupled inductors.

The methodto determinewhich componentransfers energig given below If the converter
cannot workwith zero leakage inductanee., infinity current ripple or zero output voltag¢he
coupled inductor is leakage basdthe leakagenductor must transfer energyf the converter
camot work with zero mutual inductancehe coupled inductor is mutual baséthe mutual
inductorthenmust transfer energyf themutualand leakag@enductorsare bottneeadto transfer
energy, the coupled induxtis basedn mutual and leakage inductoFor example, the Flyback
converter cannot work if the mutual inductance is zero. ,TimesFlyback coupled inductor is
mutual basedThe Cuk and buck convertewnith negativecoupled inductorscan work if the
mutual inductance is zero but cannot work if the leakage inductance is zero. Therefore, the coupled

inductors in the Cuk and buck converters are leakage based. Theremesss applied for the
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coupled inductors in the thresvitch buckin [60] and Flybuck converter ii62]. They arebased
on mutual and leakage inductdmscause both their mutual and leakage inductors need to transfer
energy.The otherxisting coupled inductors are classifiedTiable1-3.

Table 1-3. Classification of coupled inductors

trarllzsrf]::?e{j by Mutual inductor(Lmutua) Leakage inductoflieakagg L mutuatandL ieakage
Winding
voltages In-phase In-phaseand In-phase | Interleaved| In-phase In-phaseand
- interleaved interleaved
Current in
L mutual Lleakage
Boost
Flybackwith Buck with
Flyback[52], OCI [54], Cuk[56], "
De De TappedL buck[53] BoostPush Sepic[57] Egsmflei{ Fly-buck(62]
pull with OCI up
[55]
Buck with
negatively
Ac De coupled L
[58]
Threeswitch
Dc |Dcé& ac buck[60],
[61]
Phaseshifted
Forward
Line transformer Flybackwith
Ac Ac HB/FB based resonan{ OCI [66],
converterg64], [65] Multi-phase
LLC with
OCI[67]
Isolated Cuk ?)Z(civw(t:a
Dc& ac [Dc & ac with OCI otential
[59] o)
[63]
Dc& ac| Dc RccBuck with OCI

Another classification ibased on the energpgorage type in mutual and leakage inductors. If
the mutual and leake inductors have dc current, they are dc type; otherwise, they are ac type.
For example, dc current exists in the mutual and leakage inductors of the FlybackeroResite,
its mutual and leakage inductors are dc type. For thebnid§e (HB) or fultbridge (FB) based
resonant converters, there is no dc component in the mutual inductor and leakage inductor; thus,

they have ac mutual inductor and ac leakage indu€te conventional line transformer is also a
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type of ac mutual and ac leakage inductor. Some converterfamaymultiple mutual inductors.
Some of those inductors have dc currents, and the others have ac clitentsutual inductors
then have both dand ac currents, e.g., Isolated Cuk convert&ah

Coupled inductors could be further classified by looking at the relationship betwesamdv
vz in Fig. 1-14. If the inductor has only two windings, e.g., the Cuk inductor anepivese buck
inductor, the winding voltages have two possible phase relations, in phaseéealedving If the
inductor has more than two coupled windings, e.g., the Beégbtack converter irf54], the
winding voltages may have mixed phase relations, namely, both in phaiseesiedving

This dissertation is focused on the topolofjtheresonant crossommutated buck (rccBuck)
convererwith coupled inductas. Thatcoupled inductor is leakage based sitieEecurrent ripple
will be infinity if the leakage inductance rera The mutual inductors of kb and Leashhave no
dc current, and therdonand Linoahave dc current. All leakage inductors have dc curdembther
feature of this coupled inductor is theesenceof mixed phase relations. Thealand Ly have

interleavedvoltages, while the & and Lo, have inphase voltages.

1.4.2 Interleaved Coupled Inductors

The interleaved coupled inductor is usually applied in mythase converters. It is
exemplifed in a buck converter with the schematiownin Fig. 1-15a). Since two windings are
interleavedtheinductor voltages have a 18ghase shiftThe inductor currenvaveformhasfour
slopesin a switching cycleas shown irFig. 1-15(b). Slope 1 determines the steastate current

ripple, and slopes 2 and 4 determine the transient current [§&ed
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Fig. 1-15. (a) Phaseshifted coupled inductors applied in aninterleaved buck converterwith the (b) simulatec

inductor current s of ica and iLob.

If only the fundamentatomponentis consideredthe sinusoidalinductor voltages are

calculated by

'aQ 'aQ
@ @ 6 O 0 95 . p O 0o
@ @ o o o oo Yo p (019 (1-1)

where Kaobis the coupling coefficientf Loaand Lob;, L = Loa= Lob iS the selinductance
The inductor voltage for one phase is obtained by

(0]9)
Q0 (1-2

The equivalentiductance for one phase(1-Koaon L. A negativecouplingis required to increase

® Op O

the equivalent inductance and reduce the current rippérealvoltage waveforms ifig. 1-15(b)
yield thepresencef higherorder harmonics. The odd harmonics always lzend8C phase shift,
but the even harmonics akvays in phase. The equivalent inductance calculatéttbyis only
valid fortheodd harmonics. For the even harmonthg,equivalent inductance is (1 +ods L. If
Koaobis -1, the inductance fahe even harmonics would be zerbug atight coupling should be

avoided. Under dynamich1aand My areturnedon or turred off at the same timé& he voltages
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of two windingsare in phaseand theequivalent inductace underatransientis thendetermined
by (1 + Koaop L, lower than the equivalent inductancethe steady stat€1 - Koaoy L. The
transient performance could leprovedwithout sacificing the steadystate inductance
If all harmonicsare considered, the equivalent inductaaicthe steady state given by[68]
w Q p O

‘0 O O, 1-3
=] (1-3)

where Mopp, ILopp, and D are defined iRig. 1-15(b). WhenD = 0.5, the even harmonic is zero and

Leq= (1 - Koaoy L agrees with tb equivalent inductance for odd harmonic§1i2).

1.4.3 In-PhaseCoupled Inductors
The inphase coupled inductor is introduced by using the eleaofpphe Cuk converter with
the schematic shown fRig. 1-16(a). This converter has one phase but two inductors, one input
inductor L; and one output inductor,LThe capacitor g blocks the dc voltage, Vi Vo. When
M1 is off and M is on, the voltages acrossdnd L, are the same, ¥ When M is on and M is
off, the inductor voltages are also the samg, Mence, two inductors have the same voltage
waveformsand current rippkeall the time as shown irFig. 1-16(b).
Current ripples of Land L are calculated by
aQQ
W O 00 0 Q0
Qo0

where K, is the coupling coefficient between &nd L. Let M =0 0 0 . The equivalent

inductances of Land L, are obtained by
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(a) (b)
Fig. 1-16. (a) In-phase coupled inductors applied ira Cuk converter; (b) corresponding simulatedvoltages
and currentsof Li and Lo.
There are twapproacheto desigrthe coupled inductors ithe Cuk converter: théalanced

designwith L = Lo = M andthezerorippledesignwith Lj > Lo = M or Lo > Li = M. In the balanced
design, he equivalent inductansare two timeselfinductancesn (1-5), having he benefi of
redued coresizeand windingoss The equivalent inductanced.or Leqoin theunbalancedlesign
is infinite, having the benefit aferoinput or output current ripple

The equivalent inductance tfe interleavedcoupled inductors dependent upoduty ratio
D, while that ofthe balanceih-phase coupled inductor is independent of D. They are compared
in Fig. 1-17. Theequivalent inductance oh¢ in-phasecaseincreasedinearly with |K|, and the
maximum Leq/Lsis 2 at |KF 1. Theequivalent inductance of thaterleavedtasehas a pdawhen
D is high, e.g., D = 0.4t decreases with |Khonotoni@ally when D is low, e.g., D = 0.Erom the
transient response point of view, tinéerleavedcoupled inductor is better since it achiglever
transient inductance while maintaining the stest#ye inductanc&.heprinciple todesignthein-

phase anthterleaveccouplingsis then clearthein-phase couplinghould bedesignedashigh as
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possibleto minimize the magnetic volumandtheinterleavedcoupling should be designatithe

peak(if possiblg or satisfythe transient requirement

In-phase coupling
15F
2 D=04
2 1 —
8 02
D=0.1
05
Interleaved
0 | coupling
0 0.2 0.4 0.6 0.8 1

K|

Fig. 1-17. Normalized steady-stateequivalent inductance ofthe balancedin-phase coupled inductoiin (1-5) is

higher than that of the interleaved coupled inductorin (1-3).

1.4.4 Existing Omni-Coupled Inductors

The couplednductos with at least three windingsnd multiple functionalities (e.g., mixed
in-phase andhterleavingoperatios, mixed filters and transformerstc) aretermed the Omai
coupled inducta. The Omnicoupled induct® naturally have the benefitsfrom the discrete
coupled inductors: fluxcancelling effect,reducedselfinductance small core sizeand fast
transient response

An example of the mutuddased Omncoupled induct@is the BoostFlyback converteras
shown in Fig.1-18(a). The boost converter andlyback converter operate witimterleaved
voltages(Fig. 1-18(b)). The boost inductoand Flyback transformer share the safE core
(Fig. 1-18(c)). The boost inductouses the center leg, and the Flyback transformer uses the side

legs.With the phase shift operati@md fluxcancelling effectthe peak fluxdensityis reduced by
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about 45%454].
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Fig. 1-18. (a) Schematicand (b) typical waveforms of the Boostlyback converter[54]. (c) The Omni-coupled
inductors comprise three windings and a EE core.

The inductors insix-switch buck converteintroducedin [63] have the potentialof being
Omnicoupled inducta: The schematic of this converter is shownFig. 1-19(a). The four
inductors have not been integrated to a single cof&3h The La and L.a formed coupled
inductoss; the Ly and Lo formed another copled inductorHowever, those four inductors could
be integrated to a single® to formOmnicoupled inducta since thevoltages via and \, have
an 180 phase shiftandvm, and b are in phaséFig. 1-19(b)). The flux density and core size are

expected to be reduced.
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Fig. 1-19. (a) Schematic and (b) typical inductor voltage waveformsf the six-switch buck converter[63]. (c)

The Lrab and Loan can be integrated into Omnicoupled inductors.

Two or more interleaved transformemuldform Omnicoupled inductes. An example is the
phaseshifted ForwareFlyback converter with the schematishown in Fig.1-20(a). The
intraswindings (in the same transformehave inphase voltagesas shown irFig. 1-20(b). The
interrwindings(between transformerbaveinterleaved/oltages. The winding pattern is illustrated
in Fig. 1-21. ThisOmni coupling allows a single-E core used famo transformersThedcfluxes

generated by 1. and L.aarecancelledn the center leg.
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(a) (b)
Fig. 1-20. (a) Schematic and (b) typical inductor voltage waveforms of the Phashifted Forward -Flyback

[66]. Two transformers form Omni-coupled inductors.

= —-——. ‘ L —1 T i, |E 9 : -
T gl T3 LFE
L Ly L v Ly
Coupled Coupled Integrated
inductor L; inductor L Magnetic

Fig. 1-21. Implementation of Omni-coupled inductorsin the Phaseshifted Forward -Flyback [66].

The input inductor, oputinductor, and transformer ah isolated Cuk convertar [59] can
also form Omnicoupled inductors, as shownhig. 1-22(a). The L is designed with zero current
ripple since Land L1 have inphase voltages. The lis also designed with zero curreigple
since b and Lo have inphase voltagesThe zereripple mechanism is introduced in
Subsectionl.4.3 The Ly and L2 have no dc current sinceiicand Gz block dc current. TheiL
andlbare based on | eakage i ndangdlyhmrengimpgadiongshe t he

VinlVo. The luand l,ar e mut ual i nduct or siandlpthassmpactoh e t ur
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Vin/V,o. The Omnicoupled inductors are implemented by ahdére as shown iRig. 1-22(c). The
L« and Lo windings are placed at the center leg to maximize the coupling coefficient0fTke
Li and L, windings are placed at two side led@éie keakage inductances of &ndL, would not
cause voltage spikeBlowever, the leakage inductances afdnd L. would cause/oltage spikes

on switched nodes, and thus high:Ks desired.

0
ViaH -\ L

0
Ve ~

= GND GNI2

() (b)

L, Ly Ly
o—_: <--“‘b é’ .—-—-1>
in24— A4—ONP4 s

(€)
Fig. 1-22. (a) Schematic and (b) typical inductor voltage waveforms of thisolated Cuk converter[59]. (c) The

Li, Lo, and transformer form Omni-coupled inductorsby usingan E-I core.

The general principleto construct Omncoupled inductoraresummarizedsfollows:
1 All windings arerequired to have theame frequencies.
1 If two inductors have Hphase voltages, a positive coupling that increases the equivalent

inductance irf1-5) is desired; otarwise, thezolume of the couplethductor may be larger
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than that of discrete inductor.two inductors have interleaved voltages, a negative
coupling that increases the equivalent inductan¢&-8) is desiredIf multiple windings

are coupledasmall equivalent induance, as exemplifieid Sectiord.2, is beneficialfor

the core size.

T I'f the coupled inductors are based on mut
voltage gain, e.g., Flyback converter, tapfeduck converter, anchteeswitch buck
converter. Ifthe coupled inductordsr e based on | eakage inducto
impact on voltage gain, e.g., Ca&nverter, buck converter, and rccBuck converter.

In summary,this section classifies the coupled inductorschgcking the energiyansfer

component, energstorage type, andinding-voltagerelationships. This method may be helpful

in understanding the intrinsic properties of the coupled inductors in various applications. The
operating principles of the couplewuctors with inphase ointerleavedvoltages are introduced

by using the examples dhe Cuk converter and buck converter. Besides those exemplary
converters, e n-phase operath alsoexists in trasformerbased converters.e., Flybackand

LLC converters The interleavedoperationalso existsin multi-stage converters, i,eBoost
Flyback converter and BoeBushPull converter. Thecoupling coefficient ofthe interleaved
coupled inductorss usually designed around 0i40.7, lower thanthat of in-phasecoupled
inductors ~0.9. The inphase coupled inductor has the benefitacdmall inductor sizeThe
interleavedcoupled inductor has the advantage of a fast transient resgdres®@mni-coupled
inductorshave both benefifandareimplementedn someexisting converters such #s Boost
Flyback converter, phashifted ForwareFlyback converter, mulphase LLC converter, etc.

One-turn Omnicoupled inductafor therccBuck converter ardescribedn Chapter 4
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1.5 Small-Signal Modeling of DeDc Converters

The smallsignal modelingof dc-dc conertershasbeen developed for abouthalf century
and is important forthe feedback loopdesignin POL regulatorsAccording to theeffective
frequencyrange, the smalignal model can belassifiedas a low-frequency model ohigh-
frequency model. The losfrequency model iavailablefor voltagemodecontrolled pulsewidth-
modulated (PWM) converters, in whitle aitput filter and compensator act as {pass filters to
block the highfrequency component in the control lodghe lowfrequency model is accurate
enough to predict the dynamic performance.

The highfrequency modehppliesfor two kinds of convertersthe fastcontrolled PWM
converterand the resonant convertdihe fast controls in PWM converters include, argnot
limited to, currentmode control, ¥ control, charge contrpktc The inductorcurrent orcapacitor
voltage ripples aresensedin the feethack loop to improve the dynamic response. The 4ow
frequency modelvithoutthe ripple effectannotwork in this scenario. Another kind of converter
that requires high-frequency model is the resonant converter. The resonant frequency is close to
the swithing frequency, and the resonant componeedsto transfer energy. The highequency
harmonicsup tothe switching frequency, shddibe included in the model.

This dissertation is focused on the modeling aodtrol of the resonant crossommutated
(RCO converter. This converter belongs to the PWM convefderily but with additional
resonant filtersThree classical average models areoducedin this section The average
behaviomodel is selected faterivingthetransfer functions ahe RCCconverter. Thémpactof
the resonanfrequency of thdilters on the model accuraay studied by using the example of a

buck converteat the end of this section.
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1.5.1 Equivalent-Circuit basedAverage-Behavior Model

The basic concept in lodfvequency modelings to averagethe switching waveformsand
represent thewitched dedc converterdy approximate continuous models. This average concept
was firstput forwardby Gene W. Wester in 197189]. Equivalent circuits were developed for
designing and understanding the dynamic behavior of corresponding switched poweilkiages.
subsectionintroduceghe equivalentircuit based averageehaviormodel by using the example
of abuck converter.

The schematic of a buck converter is showRim 1-23(a). The typical voltage waveform at
the switch node ¢ and the currentvha are shown inFig. 1-23(b). The ww is averaged as
Vsw=dVin = Vo, and thewm: is averaged awmi = dl., where d is the duty ratio. Theil4 replaced
by a dependent current sourcae,, dls illustrated irFig. 1-23(c). Similarly, the M is replaced by
a dependent voltage source,sddWrhose dependent sources @geivalent to a dc transformer with
thet u r ratido ®@Q as shown irFig. 1-23(d). The buck converter with switched waveforms is
then modeled as eontinuous circuit A reversedreplacemenis also effective to obtain the
continuous circuitthe MOSFETM1 is replaced by voltage source, (1d)Vin, and M is replaced
by a current source, €1d)lo. The simplified circuit is equivalent teig. 1-23(d).

In order to derive the smadignal model, a small perturbation of the control parameter is
applied on the averageodel. For exampleQis taken inb account to derive the contrm-output
transfer function. Since the input source is ac shorted, and the small terms are ignored,the small

signal equivalent circuit is simplified tig. 1-24(b).
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Fig. 1-23. (a) Buck converter with (b) thePWM waveforms of wand im1. (¢) MOSFETS are replaced by duty
ratio-controlled voltage source and current source. (d) Simplified largsignal model
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Fig. 1-24. (a) Perturbation is added on the average model dfig. 1-23(d). (b) Simplified small-signal model

The transfer functiovg = 0 ¥Qis calculatedby usingthe Laplace transform

o (1-6)



The key steps to manipulate the averbgbavior model are summarized below. The
MOSFETs with switched voltages current are replaceby dutyratio-dependent voltager
current sourcesA small perturbation of the control parameter is applied on the-taggel
behavior model to derive the smaignal behavior modelFinally, the Laplace transform is

performed to calculate the traasfunction.

1.5.2 Three-Terminal Switch Model

The active and passive switches in a PWM converter are modeled astatimieal nonlinear
device, callecthreeterminal switcH74]. The dc and sma#ignal characteristics of a large class
of PWM converters catenbe obtained by a substitution of the PWM swittkig. 1-25(a), with

its equivalent circuit modslin Fig. 1-25(b).

== 7 | le
a iy ¢ : WHODIND, 2
| T | * DDrg
:L I dle D=1-D
p P
(a) (b) ©

Fig. 1-25. PWM switch comprising (a) an active and a passive switch, (b) its PWM switch largggnal model,

and (c) its PWM switch smaltsignal model

The alternate forms of the PWM switch models introduceld%h are more convenient for
analysis and could be used to graphically manipulate the converter circuit to a form that can be
analyzed by inspection. Howevehet threeterminal model ionly effective for the converters
wi th one orpcndo rsewcdlisFiglded5(a) which can be identifiegasily When
the converter has a complicated switched network, this metlhgaot work. For example, in the

seriescapadtor buckconverterin Fig. 1-1(b), the MOSFETs M, and My, could be replaced by a
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threeterminal switch cell easily, but the MOSFETsMnd Maare separated by ap=citor and
cannot be modeled as a thiteeminal switch.The rccBuck converter is anothexaenple that
cannot be modeled ligreeterminal switches because of the additional resonant tanksdrcl

Lra/b.

1.5.3 State-Space Average Model

The statespacanodel is ageneral method tonalyze the switched convertdihe exact state
space representation could be used to derive the st¢agywaveforms for any converters with
or without resonant tanks in a numerical wadis performedn Chapter 2The statespace model
could also be averaged terive the transfer functionghe statespaceaverage model was
proposedy R.D. Middlebrook in 197671]. It was extended taGSSA model iff72] and TIMF
model in[73]. Thosemodified statespace modelsonsiderthe effect of higkorder harmoit
ripples. Thissubsectiononly introduces the originadveraged statspace model by using the

example of a buck converter.

Lo L
Y Y Y\ Y Y Y\ 9
>
J_ < R_ ILO 4 & R_
GT 3% GT 3
Vin T
(@) (b)

Fig. 1-26. Switched states of buck converter when the active switch is (a) on and (b) off.

The first step is to derive the state space matrices for each switch state. The buck converter
has two switch stages as showrkig. 1-26. The statespace representations for the two switched

linear networks are
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Theaveraged system is givery

o —0 =P 0e [0 |p 0d
e = = [ )
‘ e i ' (1-10)
b FQ Fp Qe
The steadystate average, or simply dc, valugghe states are calculated by
L = |o o 4|§|£ (1-11)

where—= =0 —p 0,] [0 | p ©0,acl Ho Hp o
Perturbatiors areapplied on the largsignal average modéRl 'O '‘Qande £ . The

linearized smaibkignal model is

Qe
By = = =+ | oo
\ JJl JJl JJl 1 (1-12)
b qfe g qF =0
The controlto-state transfer function thenobtained by using Laplace transform
o
k= = =4 ) 1-13
o I (1-13)
The controlto-output transfer function is
U i 1] [ J V 1] 1]
o) 1] e de L 1-14
a s a T (1-14)
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The Gq calculated by1-14) is the same a4-6).

The most significantadvantage of the stapace average model tise fast conputing of
transfer functiom since lhe matrix calculation is ea$gr computersThe disadvantage is the lack
of physical insight of the converters, especially when the order of the system is more than two.
Opposite to the statgpace average modéhe guivalent circuit model has more physical meaning
but is more timeconsuming. In the modeling dlfe rccBuck converter, the equivaleaircuit
model is employed for a better understanding of the poles and zeros causedutpubidters

andinputresonat filters.

1.5.4 PWM Converters with Resonant Filters

The L and G in the rccBuck converter are essentially filleakhough they have resonant
waveforms. They are similar to the &nd G in a buck convertebut with"Q  pf ¢ A D &
close to fs. Theobjective of thissubsectionis tocheck if theaverage modes effectivewhen the
fro iINncreases from dc toearlyfs.

The simulated and modeledv{Gparametric with'Q  "Q ¥'Qfor a synchronousbuck
convertelis shown inFig. 1-27. The dc gain of the average modeloat 0.9 §is 3 dB lower than
that of SimplisThe phase has ~5° discrepancy in 100 kHz to 1 MHz fasf= 0.9 £. If fon is too
high,e.g, 0.7 §, the output inductor and capacitor have significant resonant wavefldowgver,

themodekd Gy still matches wittthe simulated onevith negligible discrepancies
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Fig. 1-27. Modeledcontrol-to-output transfer functions agree with simulated ones wheffon is swept from 0.1
to 0.9 inthe synchronousbuck converter in Fig. 1-23(a) with Vin = 12 V, D = 0.275,§= 2 MHz, R. =0.33q_,

andL 4, 4 TEH, o1l
Compared with the resonant components in resonant converters, the filters in PWM converters

may have resonant waveforybsit they do not transfer ener@jhey have no impact omée voltage

gain. However, he resonant tanks the resonant converterseeed to transfer energy. Their
resonant frequencies and tank impedances have significant impacts on the voltage gain. The
rccBuck convesdr belongs to the PWM convertamily becauseghe L and G have a negligible

impact on the voltage gain when the converter operates under continuous voltagéharafere,

the average modek expected tobe effective for the rccBuck converterwhich will be

demonstratech Chapter 5

1.6 Contributions of This Dissertation

1.6.1 Low-Noise ResonanCrossCommutated Buck Converter

The resonant current from one phase of two interleaveatt donverters is injected into the
other phase for zero twon of all switches withirthe entire load range and zero teoff of
synchronous switches at theminalload. This concept, named resoharosscommutation, was

appliedin a twophase buck convertér reduce the voltage overshoot and switching n@lesan
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waveforms of draifio-source voltage ofhe active switch, ¥s15 switch node voltage,sws and
gatedriving voltage, y14 areobsevedin the experimen{Fig. 1-28(a)). The conductedEMI is
lower than that othe hardswitched buck by ~15 dB from 6 MHz to 500 MHz(. 1-28(b)).
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Fig. 1-28. (a) The measuredvoltagesare clean when ZVS is achievedb) High-frequency EMI noise is reduce!
by 15 dB for the rccBuck converter in Fig. 3-26(a) at Vin = 12 V, Vo= 1.2 V,l0 = 20 A andfs= 2 MHz.

The input inductors &b conduct norpulsating input current, thusthe lowfrequency
harmonics, e.g.," and 3 orders are reducedThe ZVSsolvesthe turron ringing problem,
consequentlyhe highfrequency noise at 10600 MHz is reducg Some other technologies also
contributeto the noise reductioill switchesare turned off wittzeracurrentswitching CS) or
nearZCS at nominal loadunder discontinuous voltage mode (DVMhe negligible turroff
current reduces the tuoff noise.The switchingloop layout of the GaMased rccBuck converter
employs an interleaved placement ef The Ga-Cr, loop inductance is 0.33 nH, and the@ND
loop inductance is 0.25 nH. Those lowamitic inductances allow the rccBuck convetterunat
a higher frequency, e.g., 10 MHZhe Omnicoupled inducta utilizing PCB windings and a
twisted EE core lower the mismatchbetweenthe two phasesreducing thefundamental

frequency noise b¥8 dB.
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1.6.2 SteadyState Modeling of RccBuck Converterunder CVM and DVM

The closedform analytical formulas of four switched stageswere derived in order to
understandthe operating gnciples of an rccBuck converter.The calculated steadgtate
waveforms of the inductocurrent agree with the measured omath the error less than 1%
(Fig. 1-29a)). The statespace modelvasalso developed to calculate the gain and stress curves.
Based on those normalized curveéke sep-by-step design procedureas presented The
normalized resonant frequenay Yoltagegain Vo/Vin, and inductance rationlunder boundary
voltage mode (BVM)follow the curvesn Fig. 1-29b). The operation mode is CVM wheni$
below the BVM lingfor lower L; loss and DVM when fis above the BVM lindor lower turnoff
loss The CVM design has less current ripple at heaayl] andiie DVM designcan achievéess
current ripple at light loadby slightly increasing the switching frequendyhe DVM rccBuck
converter has a special lampedance swita@dstage in which the G is shorted by the b4, Mup,
and My (Fig. 2-1(b)). ThecapacitorCia and parasitic indttances cause a severe ringgcould

be solved by adding a clamped diode witheadrificing the efficiency.
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Fig. 1-29. (a) Modeled inductor current waveforms of rccBuck converters inFig. 2-57 agree with measured
and simulatedones at Vh = 12 V, Vo = 3.3 V, b= 20 A, and £ = 2 MHz. (b) Normalizied resonant frequency,

fn, versus W/Vin with M 14,10 turned on at zero voltage and Ma,2» turned off at zero current (on BVM lines).
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1.6.3 Design Methodology ofa One-Turn Inductor with Significant Ac and Dc Fluxes

The inductors in @ rccBuck converter need to coraduhigh current ripple for ZVS.
Commercial ondurn inductors are nauitablefor such applicationdue to the high core loss and
high ac resistancé systematic design of a ottern inductor is presented to overcome the above
limitations. Three gap placements were compared, and the vesioagap design was selected
dueto the lowest ac resistanc&€he ac winding loss of the vertieghp oneturn inductor was
modeledconsideringhe penetrating fieldreducing the error from 419%il@0]) to 10%, compared
with finite-element simulation (FESh Fig.3-12(a). Severh MHz magnetic materials were
compared, and the impact of dc bias on the core loss was mobdetadductance and loss models
greatly reduced the calculation time compared td-#®8from 1.5 minutes to 0.12 second$ie
winding and core dimensions were designed to minimize the total loss within a srohllae
than that of a commercial producthe designed onmirn inductors were demonstrated
experimentally to have 2.1% higherfielency than the commercial inductors with similar

inductances and double magnetic volunoesthe same rccBuck convertéid. 1-30).

Liagzmnz =70.2 nH
Lia@ 5wz = 70.3 nH Gap: 0-1mm 89% r¢cBuck with designed one-turn L at 2,5 MHz and 2 MHz
Lisgomz = 70.4 nH 6 e do = =

Lisgesmiz = 70.3 n /’7/;) 87%

£ o
§$ >.85£ P uck with commercial
o™ § 83% L at 2 MHz with same
L ? 2 magnetic volume
rafrb &=

81% recBuck with commercial L

at 2 MHz and
2.5 MHz

ez ~ 402 H - Gap: 0.24 mm
=40.2 nH

L

Lua@2 SMHz 6 79%
Loh@2MHz =41.2nH %’7)

L =41.2n

0b@25MHzE 77% V'n =12V
I
g vV =12V
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« 4 6 8 10 12 14 16 18 20
Loalob lo (A)
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Fig. 1-30. (a) Fabricated oneturn inductors were applied in the rccBuck converter to achieve (b) the maximu
efficiency. The converter prototypes are showin Fig. 3-26.
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1.6.4 Omni-Coupled Inductors Implemented bya Twisted E-E Core

The steadystate currerst of the Omnicoupled inducta (OCI) were modeled by the
decomposition of thecommon modevoltage and differential modevoltage. The OCI with
specified inductancesasrealized by a twisted-E core.The Laand Lo, are negative coupled so
the input and output dc curreritavea cancelling effectThe inductances of the twistedHEecore
weremodeled bya reluctance network witan error less than 10%. The tirt®main core loss
wasmodeled by the equivalent elliptical loop (EEL) methbde inductance and core loss models
greatly reduced the calculation time compared to the FES from 13 minutes to dssdten
winding losswasmodeled numericallthrougha finite element simulatiohe PCB winding in
the OCI simplifies the fabricatiowork and reduces the lahdrhe prototype of the O@lkccBuck
converter is shown ifrig. 1-31(a). The total volume is reduced by 43%, and the ieffiy is

improved by 3.3% at 28, compared with the Murata moduleFkiyg. 1-31(b).
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Fig. 1-31. (a) The OCI realized by a twisted EE corewas applied in a 2 MHz rccBuck converter inFig. 4-43

to achieve(b) the maximum dficiency (96.2% peak) compared with commercial POLmodules in[13] [16].
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1.6.5 Small-Signal Modeling and Feedback Design of RccBuck Converter

The modeled contretb-output transfer functios accurate up to/, as demonstrated in
Fig. 1-32. The typelll compensator wittanadditional phaséead compensation could offab6°
phase margin for the rccBuck converter under voltage mode coftekcorrespondindoad
transient performance is comparable to that of a buck conweittethe same bandwidtiand
without input filters, as shown Fig. 1-33(a) and (b)An input filteris addedn the buck converter
to mitigate the higHrequency EMI, andauss 60% lower bandwidth, three times largey;, @nd
doubled settling time during a loacnsient, compared to the rccBuck converter with the same

EMI spectrum.

40 0
20
~ 0 3180
m (]
2-20 =
£ 40 %360
& RccBuck_Simplis 8 RccBuck_Simplis
60 . RccBuck Model n'_540 ----- RccBuck_l_\/Iodel_
-80 Buck_Simplis_without input filter Buck_w/o input filter
-100 Buck_Simplis_with input filter -720 Buck_with input filter
1.0E+021.0E+031.0E+041.0E+051.0E+061.0E+0" 1.0E+02 1.0E+031.0E+04 1.0E+05 1.0E+06 1.0E+07
Frequency (Hz) Frequency (Hz)

Fig. 1-32. Modeled Gua of rccBuck converter in Fig. 5-23 agrees withsimulated one. Buck converter without
input filter s (Fig. 5-17) has the same bandwidth (100 kHz) with rccBuck converter. Bck converter using an

input filter ( Fig. 5-23) achieves similar EMI with rccBuck converter, but has a lower bandwidth (4kHz).

The motivations and contributions of this dissertation are summariZeabie 1-4. Steady
state analysis, orirn inductor design, Omygoupled inductadesign, and feedback design, are
discussed inChapter 2Chapter 5 respectively. All of the innovations used for the rccBuck
converter could be extended to other topologies. For exameldegign methodology of the ene
turn inductor is also available for a CRM buck converter. The design methodology of the Omni

coupled inductais also available for the PhaskiftedForwardFlyback convertel{66].
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Fig. 1-33. Simulated load-transient responseof (a) rccBuck converter in Fig. 5-23(a) is similar to that of (b)

buck converter without input filter in Fig. 5-17. (c) Buck converter with an input filter in Fig. 5-23(b) hasa

longer settling time. The compensator parametersre givenin Table 5-1.

Table 1-4. Motivations and contributions of this dissertation

Motivation s

Contributions

Benefits

Minimize switching
noise of POL
converters

A RccBuck converter with ZVS and
minimum current stress
A ZCS for all switches under DVM

Av_ overshoot<1V
A High-frequency EMI reduced by 15 dt

Minimize size and loss|
of aoneturn inductor
with significant ac and
dc fluxes

A Modified winding loss model
considering penetrating field

A Systematic design of ortarn
inductor

A Error of winding loss model < 10%
A Magnetic volume reduced by 50%
A Efficiency improved by 2%
(Comparedo commercialbneturn L)

Minimize the total
magnetic volume of
rccBuck converter

A Omni-coupled inductas implemented
by twisted EE coreand PCB winding

A Inductancesnd loss models of
twisted EE core

A Error of inductance model < 10%
A Error of core loss mode! 11%

A Magnetic volume reduced by 57%
A Efficiency improved by 0.5%
(Comparedo discrete ondurn L)

Realize feedback
control of rccBuck
converter

A Averagebehavior smailkignal model
A Type-lll compensator with additional
phaselead compensation

A 56° phase margin, 0.12 V overshoot,
and?2 5 s settling time, comparable to
buck converter
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1.6.6 Dissertation Outline

This dissertation introduces the topologies, operation principles, st&sey modeling,
magnetic design, smadignal modeling, and feedback control of the resonant-carssnutated
(RCC) dedc regulatorsThe objectiveis to reduce the switching noisehike maintaining the
efficiency, size, and transient response.

Chapter 1discusses the background of pemfittoad converters and the noiserfr hard
switching. A review of traditional methods to reduce the switching noise is also given which
initiates the challenges and scope of this st@hapter 2ntroduces the operation principles of
the rccBuck converter. The switched stages under CVM and DVM are desadibedually. A
systematic desigmased on thstatespace models also given. Finallythevoltage gain and stress
curves arererified experimentally by uisg Sktbased rccBuck converters

Chapter 3introduces the design methodology of a-tum inductor with significantdand
ac fluxes. Ac winding loss is modeled by calculating the magnetic field strength in the window
area. The core loss is modeled by usingetingvalentlliptical loop (EEL) method. The designed
oneturn inductors are compared to the commercial onggigsame rccBuck converter.

Chapter 4iscusses the Omabupled inducta (OCI) design for the rccBuck convertdihe
required coupling coeffieints and inductances arealizedby a twisted EE core and PCB
windings Thefabricated OCGrccBuck converteis compared to commercial POL power modules
in terms of efficiency and volume

Chapter 5employsthe averagdehaviormethodto derive thesmaltsignd model of the
rccBuck converterThe ompensator is designed accordingly. The cldseg@ response is
compared to that dfuck cawvertes with and without input filters

Conclusions and future work are giverGhapter 6
43



Chapter 2 SteadyState Modeling ofResonant
CrossCommutated Converter

Nomenclature

Symbol Description
fn Normalized resonant frequentifs
fr Resonant frequency &f andC;
fs Switching frequency
Ln Inductance ratido/L,
N Number of phases
Rads(on) On-state resistance
tzvs Minimum dead time for ZVS
Zn Normalized impedance

Thebasic cell and operating principlestbéresonant crossommutated RCC) conveter are
introduced in this chapte€Closedform formulas of inductor current and capacitor vol&agere
derived during each switchesfate In modelingcontinuous voltage modehe complex fourth
order circuit mode was solved by decomposing it to two seoathel modes. The current to
discharge the parasitic capacitortttd MOSFET was calculated by usiagtateplane trajectory.
In the analysis of the discontinuous voltage modeséivereingingwas addressed and solved by
clamped diodesThe statespace representationethodwas employed to calculatbe inductor
RMS current, MOSFET turoff current, and voltage stresses. Thgextationsof the CVM
operationwere validated by threRCCconverters switched atMHz with 12 V input, 3.3 V at 20
A output, and peak efficiencies of 93.6%, 93.6%, and 93.3%. The discrepancy b#teeen
measured and modeled instantaneous state variafle less than 2% he DVM operation was

validated by arccBuck convererwith the same specificatioas theaboveCVM case exceptfor
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the 1.2 V output The severeringing was elimnatedin the experimenby usingclamped diodes,
while maintaimng efficiency. Another 1.2 CVM rccBuck converter was fabricated and
comparedo the DVM converter. The CVM convertachievedl.2% higher efficiency €20 A by
switching at 2 MHzput 1.9% lower efficiency at 5 Avith a2.6 MHz switchingfrequency The

relatedsimulation files are given iAppendix F

2.1 Introduction

2.1.1 Generalized Resonant CrossCommutated Converters

Zero-voltage switching (ZVSj)s realized by discharginthe output capacitanceCgsy of the
MOSFETbefore thechanneis turned onThe discharging currerbuld be offered byheoutput
inductorin a quastsquarewave (QSW)converter or the auxiliary inductorin a ZVT converter
[76] [77]. A two-phase buck converter with input filteess shownn Fig. 2-1(a), is modified toa
ZVS topology inFig. 2-1(b). The resonant current generated from one phasejected into the
switched node of the other phase turn on theactive switch at zero voltage ovawide load
range, and to turn off the synchronous switch at-mess current at rated loathe modifiedtwo-
phasebuck converterin Fig.2-1(b) is termeda resonantrosscommutatedbuck converter

(rccBuck).

. + Visia -
ILra |d1a Loa V
SWaﬂY\

M Ji]l' Id2a
M2a
C..Y Cra

(a) (b)
Fig. 2-1. (a) Two-phase buck convertemwith input filters are modified to (b) an rccBuck converter.
The generatell of theresonant crossommutation (RCCin Fig. 2-2(a)is also valid foother
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multi-phase convertesuch asboost converter, buekoost conveer, and fullbridge converter,
in Fig. 2-2(b) (d). ZVS isavailable for all switchegnd voltage gain may beproved dueto the
crossed capacitors storing ener@yossed capacitors weatso used in the converters|[irg]
[83], butthey haveifferentfunctionalities such aseducing the input currenipple, reducing the

voltage stressesffering Z-source features, etc.

(©) ' (d)
Fig. 2-2. (a) RCC cell applied on (b) boost converter, (c) buckoost converter, and (d) fultbridge converter.
The simulated waveforms dfie rccBoost convertaare shown irnFig. 2-3(a). The output

voltage is higher than the input voltage with the voltage gain given by

®
=~ p O ¢ (2-1)

The synchronous MOSFET 2Machieves ZCS at the rated load, and all MOSFETs achieve
ZVS within an entire load range. The ZVS is achieved when the valley & higher than the
peak of iwm. The voltage stress is2{Vo - Vin) for Moapand ~(Vo - Vin) for Mian The rccBoost

converter is a dual circuit of rccBuck convergrdthe rccBuck converteran be employed in bi

directional applications.
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The simulated waveforms of the rccBuBkost converter are shown Fig. 2-3(b). The
voltage gain is
,d)— — 1T O p (2-2)
W
The synchronous MOSFET 2Machieves ZCS at the rated load, and all MOSFETs achieve
ZV/S within an entire load range. The ZVS is achieved when the valley,a$ ihigher than the

peak of ira. The voltagestress is 2Vin for Mianand ~Vin for M1an The output voltage is negative,

following conventional BuciBoost converter.

lam13 |
ldmza lamza "
o s

"

a0v- 27V
Vds2a 21v+ Vs1a
35\,_——( Vsw D/(2fs 1591 Vswa / (Zfs)
9y
v
-8Y -3V
AFY: — S 12.6Y — —
Vo=40 V

40V © Vin=12V
32V= 7.6V

24V .

16¥- Vin=12 V Vo =3.3V

ik 2.7v-= — — — =
5. 44 qa

4. 24— Th= i

3.04+ ; 5A Lob

1.84= 3a+ .

0,64 iLrb 18- ILra
-0.64 T T T T 14 T T T T e

Ons 200ns 400ns 600ns 800ns Ons 200ns 400ns 600ns 800ns
(a) (b)

Fig. 2-3. (a) Simulated waveforms of rccBoost converter irFig. 2-2(b) with Vin = 12 V, Vo =48 V, £ =2 MHz,
lo=2A, Lr=Lo=1.4¢H, C; =18 nF, and G = 800 nF. (b) Simulated waveforms of rccBuckBoost converter
in Fig. 2-2(c) with Vin=12V,Vo=3.3V,§=2MHz, 1o0=20 A, Lk = Lo=230nH, Cr =110nF, and G = 4.2¢F.
Both converters achieve ZVS for all switches.

An isolated fultbridge converterevenwithout RCC,can achieve ZVSvithin a wide load

range. TheMIOSFET M2a conducts the circulating current of the magnetizing inductor when M

and My are turned on, inducing high RMS current ofaMas illustrated irfFig. 2-4(c).
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Fig. 2-4. Schematics of (a) conventiondiull-bridge converter and (b) rccfull-bridge converter in Fig. 2-2(d),
with Vin =100V, Vo =12 V, = 2 MHz, and lo = 50 A. (c) and (d) are corresponding simulated waveforms

The rcc-full -bridge converter has lower RMS current of Mea.
In the rcefull-bridge converter irFig. 2-4(b), the MOSFET M2, conductS(iira + i) when

M2z and My are turned on, reducing the RMS current egMs shown irFig. 2-4(d). The RMS
currents of Ma in both converters are similar. The voltage stresses of all MOSFETs in
conventional fulbridge converter are i¥ The voltage stss is 2(\h - NiVo) for the active
MOSFETs and (M1 NtVo) for the synchronous MOSFETSs in the-fall -bridge converter, where

Nei s the turnds ratio of t he-fulk-bridgemcerfvertermer . The
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6 0 o
o 6 ¢ O P (2-3)

The voltage stresses and voltage gain offutiebridge are similar to those of the rccBuck

converter. The functionality of;land G is to redice the RMS current of My (in rcc-full-bridge

converter) instead of to realize ZVS ofid (in rccBuck converter).

2.1.2 Multi -PhaseResonant CrossCommutated Buck Converter

The twephase rccBuck convertém Fig. 2-1(b) is extendedto a thregphaseconverterin
Fig. 2-5(a). The input currerdiira, i, and irc, are injected into the swit@dnodesswg swa and
swh respectively. ZVS is realized for all switch@&be threephase and twphase converters have
the samevoltage stresss,2(Vin - Vo) for the active MOSFETand (Mn - Vo) for the synchronous
MOSFET, asshown inFig. 2-6. Thedriving signalsof theactive MOSFETSs areotrecommended
to be overlappetiecausehe MOSFETwould sustaina high voltage stress. For exampiieM 1a
and My wereturned onat the same timehe voltage across iMwould bevcap + Vene + Veea =
3(Vin - Vo). If three active MOSFETwereturned on at the same time, all capacitwould be

shorted, and this situatiaouldbe avoided.

(b)

Fig. 2-5. (a) Threephase rccBuck converter and (bN-phase rccBuck converter.
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The active MOSFETs and resonant capacitorsig. 2-1(b) form a loop: MaCir-M1p-Cra
Mia Similarly, Fig. 2-5(a) hasaloop: MiaCar-M16-Che-M1c-Cac-M1a Following this idea, a muki
phase rccBuck convertés thenconstructed. The schematic of M-phaserccBuck converter is
shown inFig. 2-5(b). All of theresonant capacitors and active switches form a [®bp.input

inductors converge to then\hode. Theoutput inductors converge to the Node.

VISn a,swa)

Y[inb,swh]
/o :

_______________________________

—Vinl Vo PN
Fig. 2-6. Typical waveforms for three-phase rccBuck converter inFig. 2-5(a) at Vin = 12 V, Vo = 2.5 V,
Lr =150nH, Cr = 350 nF, Lo =200 nH, §=2 MHz, and b= 20 A

Let D = pNfs, where p is the ontime of the active MOSFETHg. 2-6). Each capacitor in
Fig. 2-5(b) has the dc voltage (- Vo). Theswitchednode voltages are (V- Vo). Theaveraged

VswiS Vo, namely, OVin T Vo)/N = Vo. The voltage gain of the {dhase rccBuck converter is

W 0 .

o g O P (2-4)

According to(2-4), the maximum ¥ decreases with NThe multiphase configuration is
suitable fodow-voltage and higiturrentapplicationsThe voltage stress of the active s\wis is
2(Vin - Vo), same as twphase rccBuck converterhis dissertatioronly focusesn a two-phase
rccBuck converterThe oneturn inductor design ilChapter 3could be extended to mujphase
rccBuck convertergdowever, he steadystate modeling in this chapténge smaHsignal modeling
in Chapter 5and the Omncoupled inductos designin Chapter 4areonly available for a two

phase rccBuck converter at this point
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2.2 SteadyState Modelingunder Continuous Voltage Mode (CVM)

The rccBuck converter iRig. 2-1(b) is a fourthrorder circuit when Mk, 2vturnson and Ma, 16
turns off, and it changes to a seceadder circuit when My, 1pturns off and Mpa, 2oturns on. The
stateplane trajectory israeffective method to analyze resonant converters, but it requires resonant
tanksno higher than second ordg@4] [85]. The ransfercharacteristics curve is a useful tool to
analyzetheresonant converter with higbrder tanks, but these tanks are required to be invariant
and connect to a half bridge or full bridf$6] [87]. Modeling the steady state tife rccBuck
converter with a hybrid fourtbrder and secondrder tankis thenchallenging.

A statespace representatidimat cargive an exact steaeltate soltion numerically{88], is a
fundamental tool for circuit simulatigbut it is difficult to give physical meanintp high-order
systems. Decomposition of higitde circuit modes into basic secoodder resonant mode
makes it possible to obtain a geometrical representation for the -stiedeyesponsi89]. Both
methodsare usedin this sectionto understandhe operating principles @n rccBuck converter,
andto deriveits characteristic curves.

The nductancelra = Lw = L (Fig.2-1(b)), capacitanceCia = Cn = C: (Fig. 2-1(b)),
inductance ratioLn = Lo/Lr, and dutyratio D = 2(t2 7 ty)fs (Fig.2-7) are defined inthe
steadystateanalysis. The normalized frequenfgys defined from the switching frequentsyand
the resonant frequendyof L, andC; according to

Q OTQ 1 T¢'Q pr¢t Q06 (2-5)
The base frequency selecitiére sincedfis fixed in an rccBuck converter, and thesfthe studied
object in steadygtate design. In swnant converters such@aralletresonant convertePRC) and

LLC converter if90] [91], the studied object is the switchifrgquency range as the load or gain
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varies; thus, tha,fs defined asnf= fJ/f; for convenience.

Vdsia

t RN AR AR 2/
Fig. 2-7. Simulated (a) waveforms and (b) corresponding switched stages o€aBuck converter operating
under CVM with fn= 0.6, Ln=1, and Z, = 1.8.

The normalized impedance bfandC; is defined as

& 5716
w 2_6
© o710 © ©T0 O (26)

wherelomaxis the rated current below whi@Vs is feasibleandlcosgvsis the current to discharge

the Gssfor ZVS.
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2.2.1 Analysis of Switched Stages

Let [0, 1, 1, O] represent the switch states witha (dn active switch) off, Ik (a synchronous
switch) on, My on, and My off, respectively. The reBuck converter cycles from [0, 1, 1, 0] to
[0,1,0,0]to[0, 1,0, 1] to [0, 0,0, 1] to [1, 0, 0, 1] to @0, 1] to [0,1,0, 1] to [0, 1,0, 0] to
[0, 1,1, 0] in eachswitching period. The first four switch states generate the switched circuits in
Fig. 2-8 Fig.2-13 in one half of a switching period. The other switch states create the same
waveforms, but in opposite phases. The purpose of thisextlon is to analyze the resonant
circuit in each interval, derive the clostm formulas of the key state variables, study the
requirement for ZVS realization, and calculate the minintum-off current of the synchronous
MOSFET.

The switched circuit during t t2 is illustrated inFig. 2-8(a). TheActive MOSFET My is
turned onwith zero voltageat t; M2ais on and Ma, 2nare off in this interval. The currenki (=
iLoa*iLobT iLra T iLm) @and b (= iLob T iLra) @re dependent on inductor current; the voltage: (=
Vcra+ Vo) and \is2n (= Vers) are dependent on capacitor voltages. The statables, i, i, and
Vcr, are analyzed by using the simplified resonant converteigir2-8(b) with the assumption of
negligibly largeC, and constant ¥ The ouput inductor Lais linearly discharged by &/ other

capacitors and inductocemprise a fourthorder resonant circuit.

Vo

(@) (b)

Fig. 2-8. (a) Circuit during interval (t 17 t2) defined inFig. 2-7 and (b) corresponding simplified schematic.
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The complete time response of eatdte variablés the sim ofzerainput response and zero
state responsé.he zroinput respons relies onthe initial condition of each compent and
ignores input sources. Therp-state respongelies only orthe circuit structurgncluding sources
and components, and ignores initial conditions.

The differential equations that descrikig. 2-8(b) are

‘QQ P . P . P,
05 b iopUn 5O (2-7)
aQ p . p .
05 5 Vi EQ}QQ (2-8)
aJQ p . p .
B P LIy o 2.9
Q6 00 ol OFD (2-9)
oV P.
a5 & %o (210
oV P. P. P.
00 0—@‘1 d)é—@i &)6—@5'&) (2-11)
The correspondinmatrices are
e =9 | T (2-12
oM T T LYY
:: Vi l:)':: £ oo
0 . [T T Tt Tt 7 |l|')l 1l
e~ 1l . Ui , 'p - 5
I:IQ i _ IIT[ p I,I I-E)"_ II_ d)
® 11 no= Tt Tt Tt oo " 11 ! Y] T (b (2'13)
g1 L g Pon
Ws i L o n ma H Uj Dg 1t
IQ‘I ¥ Ut n IJ
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R TR UL
Ww; O (o} v
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The zerestate respons®f iLra and \eraare simplified as

3 w i — 0 ®
Q i o, v = OUU,. E U,
i o _ p; VU p UL I ] [
LUO 0006 (2'15)
0] o 1 o 1T ® o 0w
001 1 T 7 6061 1 i 1
o’ol W
o i o, & |iUO1 (i)U1Q
(2-16)
O 0] p O ®] 0wl ] i 0wl ] O 0] i
071 7 i 1l 1 1 (. 01 7 1 (.
— and— (217

Corresponding timelomain zerestate responses afiand \ea are

0] ® 1 ® ® ... 1 ® ® 0w

Q — OBl o — OBT o 2-18

) L U] T 1 B 0 0] 1 B ( )

b © ol @ 91 2011 geie L1 0 9T g4y (2-19)
: 071 1 01 1 01 1 1

In the analysis of zermput responses,iVand \, are set to 0, and initial conditionsofre

consideredThe Sdomainzeroinput response of during (& t2) is

[ ] > “Yi: = é

(2-20)

L 0, 0O, 0O, ® , o ,

The Sdomain zeranput responses @fra and \eraare simplified as
o i N Qi Q Qi (2.2
1 ®, , v -
. p 1 11

‘ , N Qi Q Qi

0] ‘ l o, T - 7 (2'22)
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The timedomain zerenput responses foirk and \traare
v QL e e QL
Q 1—1 QeEo0 Q weli o 1—1 Qt0 Q wéli o (2-25)
\ Qo e xea. QL
VI W_Oal 0 Q Al100 1—1 Qe 0 Q wéli o (2-26)

Notice thatthe coefficients fothe sin(. 1t) of ira_zsin (2-18) andthec o sit] of vcra zsin

(2-19) have the common term . Through observations and proper

simplifications, ira and \era could be decomposed to two secamder resonant modes by

0 —=0 =0 (2-27)
© 9l 9l ©1 (2-28)
071 7 1 ] :
Q o OBT o — h Q o OBT o — (2-29)
VI o AT10o — h 0 \ o Ao — (2-30)
6 ©° , o ,h 6 O , o , (2-31)
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wherelira@ty, Iubety, lob@t, Vera@t, and em@uare L, ium, itob, Vera, and e at i, respectively.
The lase variablesia s, Vcra_s) and (wra_s2 Vcra_s? are circulating withangular frequenciesf

1 and , respectivelyThe initial current of ira_s1and ira_s2depends onphe@t and (Lob@tr T

ILib@t), and the initial voltages ofcw siand \era_s2depend on ¥, Vemwets, Vin, and \b. The
amplitudeo  and angle—; depend on initial conditions of state variablesig. 2-8(b). Other
state variablesq 0, — 00— 0 Qoho & 00— U hand Q 0 ,

v

— 0 ®» Qo could be derivedwith i ra andvcra replaced by2-27) and(2-28). The wmawe> 0

should be satisfied; otherwise, the converter operates at discontinltage voode (Sectioh.3).
The initial condition< is calculated in Subection2.2.2 The steadystate solution ighen
obtained by cascadirsyitchedstage solutions. For exampte, is theinitial condition of stage 1;
the solution of stage is the initial condition oftage 2, and so on

As L decreases to zero, thedl converges to infinite and 7 converges to 1, as shown
in Fig. 2-9. Both iLra and \traare dominated by the modejof since the coefficients i(2-27) and

57



(2-28) are inversely proportional o y and] , respectively As L, increases to infinite,

1A o W7 pdHcand 7 o WuTc Tt ¢ All state variables have

harmonicavhenL,O 0. 5 & i ng®dFig. 2-9). The harmonics may lower the slope@f i
near the valleyand that of ion Near the peglas shown irfFig. 2-7, reducing the turoff current

of M1b (= iLob T iLra) at b.

0 0.5 1 L, 15 2 2.5

Fig. 2-9. Normalized angular frequency,¥12/ # versus inductance ratio L in (2-17).

The interval1i tz( A d e a dn Fig.i2-i) & teserved fotheZVS turnon ofthe synchronous
MOSET,M2an. The a&tive MOSFET My is hard turned off abt The turroff voltage,vasib= Vcrb,
is lower than that ahe conventional buck converte¥;,. The low turroff current and voltage of
M1p contribute tahelow turn-off loss. The inductor currenty, flows intoswaafter My is turned
off, as shown irFig. 2-10(a). The high current (b - iLra) discharges ss (=Coss_ ma + Coss_m1b+
Coss_Mm29 in Fig. 2-10(b) with a short time, thanks to highod and low ira at & as illustrated in

Fig. 2-7. Moreover, the voltage acrosss€at ¢ is the valley of ¥w, easing the ZVS of b.
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C:)ss_Mla Vana VO
" I SWa_~~ |_O
Lra Loa l S
M2 S
Gix
Lo g Vou Lob ]
Loy, Goss M1b -> = o y
_I n Coss_MZb"
(a) (b)

Fig. 2-10. (a) Circuit during interval (t 21 t3) defined inFig. 2-7 and (b) correspondingsimplified schematic.

The synchronous MOSFEM 2, is ZVS turned on agtThe bbad current is disconnected with
the input source as illustrated king. 2-11(a). A higher ratio of (( 7 t1)/(ta 7 t3) leads toa higher
Vo. The inductors k, mand capacitors & n comprise two independesecondorder resonant

tanks as shown iRig. 2-11(b).

(b)

Fig. 2-11. (a) Circuit during interval (t 31 t4) defined inFig. 2-7 and (b) corresponding simplified schematic.

The state variables ot iLra, Ve, and i during g to t are sinusoidal and given by

0 W W 5 w WEél O 0 O, Oi Q¢ 0 o (2-35)
Q O, wel o o Tl Qe 0 O (2-36)
0 W W 5 w A0 06 o 0, GOBI 0 o (2-37)
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O ®

Q O, Aii0o o -
w

OB1T o0 o (2-39)

where lra@s, ILwes, lLbes, Vcra@s, and erm@s are Lra, ium, iLob, Vera, and \em at &, respectively.
Notice that \émw@tz<< Vin; thus i increases quickly during t t4, which is beneficial for the ZVS

Of M la.

The output inductorsdaand Lop are discharged byMvith the linearly decreasing current of

Q O 9 N 0 0 (2 39)
U U

o] ( )

£2 O 9 NN 0 0 2 40

The short tz3 for ZVS transition is ignored in the steadtate verification irFig. 2-12. The

closedform equations irff2-15) (2-40) are validated byhe numerical statspace model in Sub

section2.2.2
8 . R 12 s NUMETiCal v
= Numericali, ., = = Analytical v -
6 - = Analytical i, » Cra
)
— 1
< 4 = |
o @ 10 !
— 2 >D |
o 9 =13
1 t1 |
2 8 ! 7]
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 25
Time (s) %107 Time (s) <107
() (b)

Fig. 2-12. Numerical and analytical (a) i.ra and (b) vcra during t1 ts for the rccBuck converter with Vin =12V,
Vo=33V,b=20A,t=2MHz, L =120 nH, Lh=2, G =200 nF, and G=5¢F.

The synchronous MOSFET, A\ is turned offat & with (l.oa@ts T ILwa@tg). The current
(iLb - iLoa) then discharges 6ss (=Coss M1a+ Coss_mM2a+ Coss_m1y) during & i ts as shown in

Fig. 2-13(a). The equivalent circuit is shown Fig. 2-13(b) and further simplified to the second
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order circuit inFig. 2-14(a), as a result of £&s<< C.. Next steps are to deri¥ee kosszvs loff M2a,

and tvs.

Fig. 2-13. (a) Circuit during interval (t 471 ts) defined inFig. 2-7 and (b) corresponding simplified schematic.

The voltage sourcegyin Fig. 2-14(a) equals the sossafter reaching the equilibrium state and

solved by

OO0, 0, 0 (2-41)

The state variablesel (= iLoa- i) @nd \eossfollow the state trajectories Fig. 2-14(b) when
2Veq> Verm@wu and inFig. 2-14(c) when 2/eq O cMew The extra current for dischargingsC

considered irf2-6) is approximagd by

0 oo e o0 @ 0 (2-42)
O W W w w U TI0 w w 0 fI0

The approximation ofchsszvsat the last step qf2-42) is valid since g can be simplified
conservatively as.3 Vi, for 0.5 < Ly < 2 from the nmerical calculation.

The ative MOSFET Mais ZVS turned on att If ZVS can be realized at rated load, it is also
feasible at lighter load sinégp Oiioa+ lcosszvat tis always true. The body diode obMs always

off within the load range (0 A lomax), €liminating the losses associated wealierse recovery.
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The requiredturn-off current b m2ais @ , W ® , A® for 2Veq > Vcragw

(Fig. 2-14(b)) and O for ®eq O cMets (Fig. 2-14(c)). The triangular regions on behalf of
2VeqOVcra@is aresurrounded by three lings Fig. 2-15. The upper line represents BVM, the
same a$ig. 2-20. The right line represents maximum voltage gain at the maximum D. The left
line satisfie2Veq= Vcra@ts The converter with higherLhigher f, and higher WVin is easier to

realize zerecurrent switching (ZCS) of M.

V] V]
Leq:'—rb// Loa
VCoss ) v
/Y Y Y\ .
.e ___(A_)__a__()__(}_J O.-‘. ________
ILeq + R
Cos o L7 b o o,
Veq of o (]
4
= ZVS W Q
() (b) (©)

Fig. 2-14. (a) Equivalent circuit of Fig. 2-13 by assuming G >> Cossand corresponding state planes with(b)
2Veq> Vcra@u and (C) Neq OVCra@t4-

The time to realize ZVS is

@ W
6 o0 o ¢ © T 6 TE AGASRI—= * T am 5 (243
The approximation of2-43) at the last step is available since the angles of the arcs in
Fig. 2-14(b) and (c) are always smalldgran 180. The tvs < D/(2fs) should be satisfied to have

regulation.
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CV'M (YO/Vin)Max

4

0.7
...................... Ln =1
0.6
0.5
0.4
0.3
0.2 0.25 0.3

VD/Vin

Fig. 2-15. Normalized resonant frequency f versus Wo/Vin With 2Veq O cMewu at CVM.

Theimpact of Gsson the inductor current and tuaff current is shown ifrig. 2-16. When
Coss= 0, the ira and Lob have no overlap, and Mis turned off at zero current. Whens6= 1 nF,
an overlappedcosszvd2, is required foriira and Lob. Theturn-off current of Mais loff m2a> 0 In
Fig. 2-16(b) and bt m2a = O in Fig. 2-16(c). The Fig. 2-16(b) corresponds to the regions with
2Veq> Vcra@s andFig. 2-16(c) corresponds to the regions withe2® cMets however, the tumn
off current of Mais negligible compared witthe load currentMoreover, the ZCS or ne@CS
condition of Mais only available at rated load. The twofi current of Maat 25% load is much
higher than that at the rateabld andis independent of gss as shown irFig. 2-16(d) (f). Thus,
the ZCS or neaZCS of Mpais notemphasized in later analysis.

The impacts of €son lcosszvsand tvs are shown irFig. 2-17. The kosszvsis dependent on
Vin and \s since (L//Lo) 1%cosszvsoffers the energy to discharge the drirsource voltage of M,
while thesimplified tzvs in (2-43) is almost independent ofivand \, since the time constant of
Cossand L//Lo is independent of M and \.. Higher L//L, correponds to smallerchsszvsbecause
(Li//Lo) Pcosszvs@ CosdVed is almost constant. Highet/IL, corresponds to highesk because of

alarger time constant.
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i 7 L A, | cosszvd2
ILra

Coss= 0 Coss=1 nF
/‘@M
offf M2a >
NearZCS
(a) (b)
5.“: iLra' ‘ﬂ ' : : :: : : i: :
214 id

/TN 4 A
/ U/ N 2/ V

T T T T
0.0ns 200.0ns 400.0ns 600.0ns 800.0ns

(d) (e)

000 4000, 600 800

Fig. 2-16. Simulated waveforms ofinductor and MOSFET currents in rccBuck converters with (a) Vo= 3.3V,
lo=20A, 1=0.6,%4=25,and Gss=0, (b)) Vo=3.4V, lb=20 A, 1 =0.6, 4 =1.9, and Gss= 1 nF, and (c)
Vo=3.8V, b=20A, fa=0.65, 4 =2.3, and Gss= 1 nF. All converters have the sam&/in =12 V, fs= 2 MHz,

and Ln = 1. (d), (e), and (f) are corresponding waveforms of (a), (b), and (c) at 25% load

10 VvV, =01 120
----- V)V, =0.3 "

8 o Vin Pt 100
% LI, = 100 i M1CaT 2000k e
%6 2

5 % 60
34 9
_Q B

40
L/IL,=300 nt 20

2
Ges(NF)
(a)

L//L,= 300 n

7IL, = 200 nH

L//L,= 100 nH

2
Coss (MF)
(b)

Fig. 2-17. Calculated (&) lcosszvsby (2-42) and (b) tzvs by (2-43) for rccBuck converter with Vin = 12 V.

2.2.2 StateSpace Model of CVM rccBuck Converter

The objective ofa statespace model is to calculate tirdemainwaveforms of the state
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variable vector
e MHY A FQ A N M (2-44)

Theoutput capacitanceCgssin Fig. 2-13) is set to0 so thatdi t2=t57 ta= 0in Fig. 2-7.

- Cm;Mla Vawa mmm Vo
Lia ) Loa
Mo S
CiR

Lo g Vo Lob
_ é\/ C;)ss_Mlb - =
_I in CJss_Mzb“

(b)

Fig. 2-18. Circuit sduring interval s (a) t1 7 tzand (b) ts 7 ta defined in Fig. 2-7.
The differential equations that represent the switched stagés 28(a) andrig. 2-11(a) are

e =e | sande =e | = respectively, where
o =IE‘ +< W] o =ID + @ Ul
P i mnnn ° P o n oo Got¥ro- 0
I(i_) 1 I(b ] I T T o
= 'p p P = ! p "G om ma o (2-49)
= — T w— TU TU TO ITT — T TU TUT 1T TIn 1 P
1P 0 0 I TR ] '_ll_!]"
( p P r 1 p P r u 0
J’[ Tt 5 0— T 7T T U Llh Tt 5 3 T T T[U
b LS LS LY p p T p M T P '
J U mome mop oM mop om p_ © oy
O < T TU Ug o mTom P 4 T Tm P e nT O (2-46)
ult T TT O T p P moTmp s
The orrespondingransition matrixes are <« O ande « O . Since
thetwo phases are symmetrtbginitial condition of x (at1) is given by
L | &4 <44 « 4 4+ <« ¢+ <« (2-47)
¢ < T | =" + <« T | st (2-48)
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Jp MMM M,

p T T T M T T,

(L. T TP T, (2_49)
F mnpnnnm

Ift T T U T p TO

h mnnmp m

Ut m m m nn n oV

The timedomain state/ariablevecto is
e 4 <« ¢ « O 0O o
(2-50)
e 4 qo 4 ¢+ <« o O o

Notice that ¥mat > 0 should be satisfied, ottvése the converter operatesdiscontinuous

voltage mode (DVM). The statgpace modedf DVM is introduced irSection2.3.

2.2.3 Required Conditions for CVM Operation

The rccBuck converter operates at continuous voltage mode (CVM)@vinaisa continuous
steadystate voltage witlthe corresponding waveforms showmFkig. 2-7, and atDVM whenC;
hasa discontinuous steaelstate voltagevith the corresponding waveforms shownFig. 2-31.
The discontinuous capacitor voltagecaused by the clamping effect of the body diodes of half
bridge MOSFETSs, when significant resonance exists, and the capacitor voltage dropsTiezero.
boundary voltage mode (BVM) is defined as the boundary of them, where the capaltdge
valley can just touch zero. Thesibsectionderives the BVM curves first, and then discusses the
requiremenfor CVM.

Two constraints are met in the calculatiorBMM in Fig. 2-20(a). The valley of ica equals
the peak ofiib, SO Miais turned on with zero voltagand Mais turned off with zero currenthe
capacitor voltag@crn, drops to zero abtandis higher than zero at other tisef the cycle There
is a unique pair of.fand 4 to meet these constraints tbegiven D and k.

The BVM curve inFig. 2-20(a) was calculated followinthe procedure irrig. 2-19. The
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innermostioop is sweeping £ For a gven Vin, lo, Ln, and f, Z, is adjustedo satisfy ZVSi.e.,
the valley of io» equals the peak ofri. The medium loop is sweepingtb ensureghe valley of

VcraCan just touch zero. Tharutermost loops sweeping D, corresponding to the voltage gain, the

x-axis ofFig. 2-20(a).

Inputs Vip, lo, Ln, and £
(eg.,Vin=12V,1,=20A,L,=0.2,and £ =2 MHz)

v

|npUtS DMim DMax‘ Dstep aniny anax; fn_step ZnMinw ZnMax‘ Zn_step
(e.g., DMin = 01, DMax = 09, Dstep: 01, anin = 01, anax = 095,
fnﬁstep:O-OSI Zawin = 0.1, Zymax = 5, Znistep: 0.1)

v

@ = Dwin, fn = fomtiny Zn = ZnMD

fn < fomax?

Run statespace mode

i LraJJeak> i Lob val Iey?

No

Yes

(Record WVin, Zn, and )

P( END )

Fig. 2-19. Flowchart for calculating the BVM curves in Fig. 2-20.

The BVM curve is extended for more in Fig. 2-20(b). The normbazed resonant frequency
fn decreases with Win since hgh Vo/Vin requiresalarge D, long interval of ti t1), andlong

resonant period of/land G. Higher L, corresponds tahigher L,, and needs lower; to maintain
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ZVS of the active MOSFETsWhenL, is negligibly large, e.g., h=10, most current ripple for
ZVS is contributed from L. and f, is then independent of,LAll curves inFig. 2-20(b) converge
tofn =1 as \W/Vin decreases to 0. The reason is as D shrinks, the secd@dmode during {i

ts) is dominant, andsheeds to belose to fto meetthe BVM constraints.

1 Coss= 0 1 Rated Load  Coss= 0
0.9 0.9 ‘
0.8 v 0.8
c07 VCra ‘ e - :07
S - S
0.6 OV Discontinuous 0.6
Voltage Mode
0.5 &M BV ’ 0.5
0.4 Continuous Boundary. 0.4
Voltage.Maéle:...Voltage:Mode =
0.3 2 bi=0:2 0.3
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Vc/vin Vn/Vin
(a) (b)

Fig. 2-20. (a) Definition of CVM, BVM, and DVM; (b) normalized resonant frequency, f, versus \W/Vin with
M 1a,1b turned on at zero voltage and Ma, 2vturned off at zero current, parametric with respect to inductance

ratio, L n.

The maximum fis limited bythespecifiedVo/Vin in the CVM region that is below the BVM
curve as shown irFig. 2-20(a). Higher L, allows more choices of, inder CVM. Generallyfor
the active MOSFETghedesign close to thBVM has high voltage stress but low twofi current,
which is demonstrated irSection 2.5.1 Conversely if f, is away from the BVMcurve e.g.,
fn = 0.1,theconvertewould operatavith linear waveforms ankbw voltage stresses, as wellas
wide-range \/Vin (from 0 to 0.33). The properties of rccBuck converter under CVM are depicted

in Section2.2.1

2.2.4 Impedance and Stress Curveander CVM
The statespace model inSubsection2.2.2 was used in thisubsectionto calculate the

normalized impedancenZvoltage stress, RMS current the MOSFET and inductors, twoff
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current of Ma,1n and duty ratio D versus voltage galo/Vin, parametric with the inductance ratio
Ln(=05,1,andRThelhi s usually designe® Rnsbheéhaangée
ripples of Lk and L, are comparable. The,l= 0.5, 1, and 2 are exemplary poiridl. cases are
under CVM.
The curves of normalized impedance id Fig. 2-21 are used for calculating, land G by
(2-5), (2-6), (2-33), and(2-34). A higher Vo/Vin and higher f (=f//fs) needa higher z, since L,
need to increase for ZCS (or near ZCS)ths volt-second increases. Thume limition ofthe
high f.is high inductance, usually related to higher losses or footprint. The maximum voltage gain

also limits the selection of,fe.g., # = 0.7 is not valid for WVin = 0.25 at I, = 2.

_ 3
25 09 =08f =07 o dn=08f=07
2 =5 =06
15 . 2
N f N f,.=0.5 NG
! ' 1
0.5
0 01 02 03 0 01 02 03 0O 01 02 03
Vo/Vin VolVin V, Vi,
(@) (b) (©)

Fig. 2-21. Normalized impedance Z versus W/Vin with (&) Ln = 2, (b) Ln = 1, and (c) Ln = 0.5under CVM.
Zero-voltage turn-on is guaranteedfor M 1am, and zero-current turn -off is guaranteedfor M 2a. Design points

in Table 2-2 are marked by the symbop.
Another limition of high § is the voltage stress tie MOSFET as shown ifig. 2-22. With

ahigh f,, voltage stresses would increagithouttheresonance, i.e., fs low, the voltage stresses
of M1a,1p and Mea, 20 are 2(Mn - Vo) and (Mn - Vo), respectively. If Vi = 12 V andVo = 1.2 V,the
voltage stress is ~22 V for iy .nand ~11 V for Ma, 20 If Vin = 12 V anaV, = 3.3 V,thevoltage
stress is ~18 V for My1band ~9 V for Ma, 26 TheMOSFETwith a 15V voltage rating and low
on resistance is available fibre synchronouswitch while a30-V or 25V MOSFETiIs required

for theactiveswitchin those applications.
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25 = : :
Active FE f,=0.5-0.9 2:5 Active F f =0.5-0.9 25 pctive FET f,=0.5-0.9
2 2 2 é\o\
4.5 fn=0509 1.5 fn=0.50.9 A5 fn=0.50.
> £ o <5 LT %g
R - ——— 1 # =1 ’%,-o—
05 Sync. FET 05 Sync. FET 05  Sync.FET
0 =2 0 =1 0 =05
0 01 02 03 0 01 02 03 0 01 02 03
VIV, Vol Vin in
(@) (b) (©)

Fig. 2-22. Normalized MOSFET voltage stressesersus W/Vin with (a) Ln= 2, (b) Ln= 1, and (c) L, = 0.5under
CVM . Zero-voltage turn-onis guaranteedfor M 1ap, and zero-current turn -off is guaranteedfor M 2an. Design

points in Table 2-2 are marked by the symbok . The operating conditions are the same asig. 2-21.

The RVIS current for both active and synchronous MOSFETS is independeptafilf, as
illustrated inFig. 2-23. This is becausteir current ripples are related to the sum afipple and
iLo ripple, which relies only on {F lin), exceptin the case oéxtremely highd, e.g., 0.9. Similar
to a buck converteras the \/Vin increases, the RMS current increases foraittere MOSFET

anddecreases fahe synchronous MOSFET

0.8 Sync. FET 0.8 0.8
Sync. FET Sync. FET
0.6 06 AW 0.6
o s~—— = f,=0.5-0.9 _o f =05-0.9
20.4 f,=0.5-0.9 :§0.4 D4 n”
02 Actve FEL/ 0.2 AW 0.2 W
f,=0509 L,=2 f =0.5-0.9 f,=0.5-0.9
0 n . . 0 n Ln =1 0 Ln =0.5
0 01 02 03 0 01 02 03 0 01 2 03
Vo/Vin Volvin Vo/\9in
(@) (b) (©)

Fig. 2-23. Normalized MOSFET RMS current versus Vo/Vin with (&) Ln = 2, (b) Ln =1, and (c) Ln = 0.5under
CVM . Zero-voltage turn-on is guaranteedfor M 1an, and zero-current turn -off is guaranteedfor M 2an. Design

points in Table 2-2 are marked by the symbolP . The operating conditions are the same asig. 2-21.

The RMS current for My 1o at CVM andnominal loadis

O WO 9 (2-51)
) ow
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The @rresponding RMS curreof M2a, 2pat nominal loads

Cw LW W oW ‘0 (2-52)
00 ® CW

0

The total switch stress S and switch utilization U, defindd &3], of the ccbuck converters
and stateof-the-art buck converter irFig. 1-9, areshownin Fig. 2-24. The voltage stress is
1.45Vi, for the synchronous switch and 1.25 #r the active switch in the hasslvitched buck
converter, considering the poweop inductance and voltage overshoot. The rccBuck converters
achieve ZVS andalmost zero voltage overshodfid. 1-28(a)); thus, the voltage stresses in
Fig. 2-22 without voltage spike effect are utilized to calculaten® U The switch utilizations of
the rccBuck converters and buck converter are similar, yielding their total conduction losses are
similar if MOSFETs ar®ptimized Notice that the rccBuck converters have lower switching loss

andlower noise, thanks to Z¥ operation.

12 f.=0.5-0.9 12 f=0509
L soABu & e 1 SoA Buck > =
D0.8 Rar S 508 .74 S
%O'G SoA Bﬁik %0'6 SoA Buck
0.4 o . |
N U - 0n0.4 U R
0.2 0.2
Q b= L=2 0 -- L=1
0 01 02 03 0 01 02 03 0 . .
Vo/Vin Vo/Vin Vo/Vin
(@) (b) (©)

Fig. 2-24. Total switch stresses S (defined ifil65] and normalized by Vinlo) and switch utilization U versus
VdVin for the rccBuck converters at(a) Ln = 2, (b) Ln =1, and (¢) Ln = 0.5 under CVM, compared with the
state-of-the-art two-phasebuck converter in Fig. 1-9. Zero-voltage turn-on is guaranteedfor M 1an, and zero-

current turn -off is guaranteedfor M 2an. The operating conditions are the same dsig. 2-21.

The duty ratio D increases with Vin as shown irFig. 2-25. Higher f, gives higher Dbut

not significanly. Thevoltage gairunder CVMis wfw  OF ¢ 'O with anerror less thathi0%
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0.8 0.8 0.8
0.6 0.6 0.6
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0.4 0.4 0.4
0.2 0.2 0.2
0 0 - 0 L,=05
0 0.1 VO/\(/)i;]Z 0.3 0 0.1 VOAQi'nZ 0.3 0 0.1 VOA(/)i.nz 0.3
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Fig. 2-25. Normalized duty ratio D versus Vo/Vin With (a) Ln =2, (b) Ln =1, and (c¢) Ln = 0.5under CVM. Zero-
voltage turn-on is guaranteedfor Miam, and zero-current turn -off is guaranteedfor M 2ap. Design points in

Table 2-2 are marked by the symbolP . The operating conditions are the same dsig. 2-21.

The ac RMS currerdf L and L, depends on bothnland £, as illustrated irFig. 2-26(a) (c).
Since the sum of.ripple and i, ripple is almost fixedthe inductance ratio k.controls the ac
current sharing for Land L. A higher L, givesalower L, anda higher RMS currenof L;. The
peakto-peak current of gis 'O p Ofc ¥ " 0 . As fyincreases, Lwould increase,
and ppLo decreases.ifally, the ac RMS current of;lwould increase.

The total RMS currents of;land L, are shown irFig. 2-26(d) (f). The L has a constant RMS
current since its dc current is dominant. Théas low dc current; thus, the total RMS current is
similar to the ac RMS current. In higrequency POL applications, the ac RMS current should be

paid more attention since the ac resistance is much higher than the dc resistance >e5gR:RKR

at 2 MHz for oneturn gapped inductor i@hapter 3
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Fig. 2-26. Normalized inductor ac RMS currentversus Vo/Vin with (a) Ln= 2, (b) Ln =1, and (c) Ln = 0.5under
CVM. (d), (e), and (f) are corresponding total RMS currentsZero-voltage turn-on is guaranteedfor M 1am,
and zero-current turn -off is guaranteedfor M 2an. Design points inTable 2-2 are marked by the symboP . The
operating conditions are the same aBig. 2-21.
The synchronous MOSFET is turnetf with near ZCS, whereas the active MOSFET is hard

turned off with the currentuhorr, asshown inFig. 2-27. A higher £, leads to dower Im1off Since
the drainto-source current of M, inhas harmonicsnstead ofa linear trianglar waveform as
shown inFig. 2-7. The reduction ofuior is important for higkcurrent applicationdn particular,
when ZVS is achieved for all MOSFETS, tharn-off loss is the only switching lossvhich is
demonstrated ifig. 2-65.

To summarize, a high fs beneficial for the ac RMS current of &nd the turroff current of
M1a, 1n With the sacrifice of increased voltage stressebiacreased ac RMS current of. A
higher L, could reduce the ac RMS current ofliut increase that of,LThe RMS current of the

MOSFETSs is independent of bothand L.. For a highcurrent application, e.g.oMax = 20 A, a
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high f. is preferred, since the tuoff loss is the main switching loss.

IMloﬁ‘llo

f=08 =0
o4 Ltz Ln=05
0 01 02 03
Vol Vin
(©)

Fig. 2-27. Normalized turn -off current of M 1a, 1bversus Wo/Vin with (&) Ln = 2, (b) Ln =1, and (c) L = 0.5under
CVM . Zero-voltage turn-on is guaranteedfor M 1am, and zero-current turn -off is guaranteedfor M 2an. Design

points in Table 2-2 are marked by the symbok . The operating conditions are the same asig. 2-21.
2.2.5 MOSFET Current Comparison for Two-Phase ZVSBuck Converters and RccBuck
Converter
The MOSFET RMS current ofhe rccBuck converter is compareathat of the twephase
QSW buck convertein Fig. 2-28(a) and the self-assisted ZVS buck converter Fig. 2-28(b).
They operate at a constagtihdachieveZVS for all switches within the entire load rangée
operating principles and current waveforms obsin twephase ZVS converters have been

introduced inSection1.3

idMl
r|q_| 961 I-oa

Mlaj-.‘-* iam2alM
1 Small
M2a L}
b = e
Mg
- 1
Vin M2 =
(a) (b)

Fig. 2-28. (a) Two-phase quasisquarewave (QSW) ZVS buck converter needs two inductors with higk

current ripples; (b) self-assisted ZVS buck converter needs only one inductor with high current ripplgt6].
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The simulated RMS curreof the active and synchronous switclasthree cases is shown
in Fig. 2-29. Two autput conditions areonsideredVo/Vin = 0.1 and ®75.The Ly = 0.5and 1 are
selected for WVin = 0.1and 0.275yespectivelyso that the ac RMS currents of dand L, are
comparableKig. 2-26(a) (c)). Thedesigns of, = 0.7 at \4/Vin = 0.1and L, = 0.5,and f,= 0.6 at
Vd/Vin=0.275and L, = 1, are close to the BVM lines iRig. 2-20(b), having resonanhductor
currens and capacitor voltageThe f, = 0.2 hat offerslinear waveforms is also considerasl a
reference desigto demonstratehe impact of f on RMS currentsThe selfassisted ZVS buck
converter has the highest RMS current under all condjtimngg to the plateau current. The
normal twephase QSW buck converter haasimilar RMS current as the rccBuck converter with
asmall f, at Vo/Vin = 0.1. The rccBuck converter with £ 0.7 has resonant waveforms and the
lowest RMS current, especially ab/Vin = 0.275.As the % increases, the assistance of input
current is more significant, and the current ripple inNI@&SFETsis lower.

The simulated current stresses, voltage stresses, and inductor counts offvatiched! buck
converter, the twgphase ZVS buck converters, and the rccBuck converter are compared in
Table2-1. The rccBuck converter has a lower voltage spike than theskatched buck converter
and alower current stress than the tpbase ZVS buck converters. The advantages are more
significant at a higher ¥/ e.g., 3.3 V.The rccBuk converter employs more inductors than the
hardswitchedandZVS converters, but the total magnetic voluraebe minimized by the Omni

coupled inducta; asdiscussed ilfChapter 4

75



0.6 V Vi, =0.1
Active switch
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IdM2 RMéIO
=
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©
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3

05 fccBuck @ f,=0.7&L,=0.5

0.2 0.4 0.6 0.8 1
IO/IOMaX
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2.0 VIV, = 0.275

Sync. switch

SelfassistedZVS Buck
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ck @f=028&=1

rccBuck @,f= 0.

0.2 0.4 0.6 0.8 1
IolloMax
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Fig. 2-29. Simulated RMS currents of (a) active switch and (b) synchronous switch at3Vin = 0.1 for rccBuck

converter and two-phase ZVS buck convertersn Fig. 2-28; (c) and (d) arethe RMS currentsat Vo/Vin = 0.275.

Table 2-1. Normalized current and voltage stressesf the hard-switched and ZVS converters withthe

state-of-the-art layout (Lioop = 0.15 nH)

Vin=12V, §=2 MHz, and| HardSW Normal Self-assisted rccBuck
lo=20 A buck ZVS buck | ZVS buck | f,=0.7,L,=0.5
Number of L6 s 2 2 3 4
lam1_RMs 13(2 1.19 1.19 1.06
Vo=1.2V lam2_RMS 19(9H 1.20 1.51 1.21
Max. Vsw 11@) 0.76 0.76 0.71
lam1_RMS 15.3A 1.13 1.21 0.96
Vo=33V ldm2_RMS 1@85A 1.15 1.35 1.19
Max. Vsw 11@) 0.76 0.76 0.55
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The total switch stress S and switch utilization U of -pliase ZVS buck converters and
rccBuck converter are shown ig. 2-32. All of them have negligible voltagepikes since ZVS
is achievedAt Vo/Vin = 0.1, the S and U of the QSYWS buck converter and rccBuck converter

with f, = 0.2 have similar S and U. The rccBuck converter has lower current stresses but higher

the rccBuck converteteading to the highedi. As f, increases, the increase of voltage stress is

more significant than that of current stress; thus, the S increases and Uateaidas.

3.0 V /V,,=0.1
Total switch stress: S

0.14 V /V;, =0.1
0.12 Total switch stress: U

QSW-ZVS Buck

2.5 Self-assisted ZVS Buck
2.0 rccBuck @ f,=0.7&L,=0.5 0.10
n1is cBuck @ f,=0.2&L,=0.5 30'08 Self-assisted ZVS Buck
0.06
1.0 004 rccBuck @ f,=0.2&L,=0.5
QSW-ZVS Buck ' rccBuck @ f,=0.7&L,=0.5
0.5 0.02
0.0 0.00
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Io/I oMax Ioll oMax
(@) (b)
3.0 VolVip = 0.275 0.40 rccBuck @ f,= 0.2 &L, = 0.5
) Total switch stress: S 03g'ota| switch stress: U
S Self-assisted ZVS Buck 0.30 Vo/Vin = 0.275
2.0 rccBuck @ f,=06&L,=1 0.25 SW-2VS Buck
n15 SW-ZVS Buck D0.20 Self-assisted ZVS Buck
1.0 0.15
0.10 = =
05 | rccBuck @f,=0.2&L, =05 rccBuck @1, =06 & L, = 1
0.05
0.0 0.00
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
IolloMax IolloMax
(©) (d)

Fig. 2-30. Simulated (a) total switch stresses S and (b) switch utilizations U of rccBuck converter and tw:
phase ZVS buck converters irFig. 2-28 at Vo/Vin = 0.1; (¢) and (d) are the S and U at ¥Vin = 0.275.
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2.3 SteadyState Modelingunder Discontinuous Voltage Mode (DVM)

Whenthef, is designedibove the boundatyoltagemode (BVM) curve irFig. 2-20(b), the
rccBuck converter is operating at discontinuous voltage mode (DVMS3.mode also exists for
other topologies such as Cjg2] [93], buck[94], andbuck-boosi95] convertersThe advantages
of DVM in those topologiegcludethe inherent power factor correctigRFC) capability, zero
turn-off voltage of the active switch, and zero tamm current for the synchronous switd¢h.the
rccBuck converter, the major benefits of the DVM amgallerturn-off current of active switches
and improvement of lighibad efficiency.

Fig. 2-31 shows the simulated switched voltages and cuweatDVM rccBuck converter.
The(t1 ts) is a half switching cycle. Theonverter operates withe same wavefornduring (&
to), but in the opposite phase.

Thechallengesn designinga DVM rccBuck converter aras follows (1) The synchronous
switch turron time(tsi t2) is dependendn C; and L in DVM and independent of them in CVM.
The statespace model for the DVMsimore difficult because of thariable(t: t2). The updated
model is introduced iBubsection2.3.1 (2) The driving voltagesf the active and synchronous
switches need an overlauwring (ti ts) in the DVM, which makes the control more complicated
That special interval is discussedSnbsection2.3.2 (3) The DVM has higher current and voltage
stressesas demonstrated iBubsection2.3.3 (4) The steep current drop @fdat  may cause
severe ringng if parasiticinductanceexists at DVM. This phenomenon is not seen in the CVM

condition. The modeling of this ringingnd solutions are introducad Subsection2.3.4

78



i7 15 Iy 2/,
Fig. 2-31. Simulated waveforms and corresponding switched state®f rccBuck converter under DVM with
Vin=12V, b=20A,6=2MHz,D=0.8,G= 2 ¢&EF140bH, G=71nF,fn=0.8,ln=1,and Z,=2.3,

Ly trt: tafs 15

2.3.1 StateSpace Model oDVM rccBuck Converter

The statespace matrix for the intervab(ts) is
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T 0 0 i
:(5R TN T, T[p E I[[
—= 11 () O:I | (2'53)
U T T T m 1T p
I_h p p X n 18 p
n — = -
u O O mn T[U’
The corresponding transition matrix iss <h< a" . Other state matrixeé\1, Az,
andB, are the same &28-45) i (2-46). The initial condition at DVM is
L} & ame o améb 4 om0
(2-54)
+m <ha (O3 | 721
The timedomain statevariablevectoris
e 4 0L ¢ 06 0 0o 0O
e 4amO0e0 4m0 O O O (2-59)

e 4 000 ¢ O O O O
The procedure to calculate the thdemain waveformsfa CVM or DVM rccBuck converter
is shown inFig. 2-32. The operating mode is determined by the capacitor voltagatvb. The
converter operates in CVM agereO 0 a n d chu¥<M. Aniteration o{2-55) is needed
to calculate the 4it1). Thus the DVM calculation takes more time than the CVM calculation. All
state variables are calculated by
e O HQ AQ HQ M M (2-56)
The MOSFETvoltages and current could be calculated accordifiglis model is also valid

for the rccBuck converter witbmnicoupled inducta by replacing the discretemax in (2-46)

by a coupled. max in (4-1).
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C Input Vi, lo, D, and §>

v

Calculate X by (2-5)
Verbare = Xo(6) e

Calculate(t>-t;) by
iteration of(2-40)
st. XO(G)@ZZ 0

Calculate x by(2-7)

Calculate x by(2-40)

Fig. 2-32. Flowchart for calculating the time-domain state variables under CVM or DVM.

The calculated waveforms of inductor current and capacitor voltages under DVM agree with
the simulated ones, as showrFig. 2-33. The statespace model is able tietect the zeraross

point of erapand calculate the resonant waveforims.

Voltage (V)

Time (s) 107
(b)

Fig. 2-33. Calculated and simulated inductor current and capacitor voltageswith the specifications in

Fig. 2-31.

2.3.2 Analysis of Switched Stages

As mentioned earlier, the intervabi(ts) is special for DVM. The equivalent circuitsiring
the other intervals are the safoe DVM and CVM. The equivalent circuit duringz{tts) is shown
in Fig. 2-34. The synchronous switch&4:, and My are turned on. Therds virtual shorted, and

VswabiS connected to ground. The current through 8iring (ki t3) at DVM iS iv1b = ium, lower
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than that at CVM, iob T ira. Thus the turnoff current of My at & is reducedAs duty ratioD
increases, theJjtts) is longer, and the turaff current of Myis higher. The BVM has the minimum

turn-off current M1_ofr, which is discussed in Stdection2.3.3

||I— .

(b)

Fig. 2-34. (a) Circuit during interval (t271 ts) defined inFig. 2-31and (b) corresponding simplified schematic.

2.3.3 Impedance and Stress Curveander CVM or DVM

When the fand W/Vin exceed the boundary conditiondHig. 2-20(b), the rccBuck converter
operates in DVM, andche statespace modeah (2-53)i (2-55) is used to calculate the impedance
and stess curves

Fig. 2-35 shows the normalized twoff current of the active MOSFETThe dramatic dip
correspods to theBVM, which is mentioned iSubsection2.2.3 The negative turoff current
means the diode is still on when the channel is turned off. Thetuourrent of DVM is much
lower than that of CVM, especially when it is close to the BVM point. Thedtfrtoss of the
DVM rccBuck converter then is lower than tlodtthe CVM caseWhen f, is smallenough, e.g.,

fn=0.5 at L = 2, the DVM is not available, and there is no dip.
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Fig. 2-35. Normalized turn -off current of M 1a, 1nversus W/Vin with () Ln =2, (b) Ln = 1, and (c) L, = 0.5 for
both CVM and DVM . Zero-voltage turn-on is guaranteedfor M 1an, and zero-current turn -off is guaranteed

for M 2am.

Another benefit of the DVM is the extended duty ratio as showrign2-36. As discussed
earlier, the voltage gain is almost independent, @it ICVM (2-4). However, the DVM voltage
gain would increase with.fThisis the result of the reduced effective tam time of the active
MOSFETSs.It is noted thathe DVM here is only fothe nominal load. At light load, all cases in
Fig. 2-36 would operate at CVM. Therefore, ihaccBuck converter is designed with DVM at

nominal load, the duty ratio would decrease at light load.

' f,2050967
0.8 L
0.6
|
0.4

0.2

Fig. 2-36. Normalized D versus W/Vin at (&) Ln= 2, (b) Ln =1, and (c) L, = 0.5 for both CVM and DVM. Zero-
voltage turn-on is guaranteedfor Mian, and zero-current turn -off is guaranteedfor M2ap. The operating
conditions are the same abig. 2-35.

The modeledRMS current of the MOSFETgnderCVM and DVM at the nominal loads
shownin Fig. 2-37. The DVM casehas lower RMS current for the active FET and synchronous
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FET. The ative FET at DVM has two triangular ripplasa switching cycleRig. 2-31), reducing
the peak current and RMS curreiihe synchronous FET also has a mldtiel ripple in a

switching cycle, reducing the RMS current.

08 0.8 0.8
Sync. FET =2 Sync. FET L,=1 Sync. FET =05
06 \ 0.6 \\Q_& 0.6 \g____‘\
° ~‘&:/ = .= _ _ N_ =7
0.4 f =05-09 .4 fn=0.5-0.9 \_3,)-4 f,= 0.5 09&/
£ : = i z Active FET
~ 0.2 Active FET —_ 0.2 Active FE = _ﬁ-‘f"—;
10500 DVV - e
0 n=050.9 — vy 0 ; ) In 005; 0.9 o 0 f,=0.5-0.9
: : : 0 0.1 2 03
0 0.1y 02 03 VN v \9in
(a) (b) ©

Fig. 2-37. Normalized MOSFET RMS current versus Vo/Vin with (&) Ln = 2, (b) Ln = 1, and (c) L, = 0.5 for
both CVM and DVM . Zero-voltage turn-on is guaranteedfor M 1an, and zero-current turn -off is guaranteed
for M2an. The operating conditions are the same abig. 2-35.

The DVM rccBuck converteasuallyhasa lower G and higher voltage stresas illustrated
in Fig.2-38. The maximum voltage stress is 2.2 Yor the active FET and 1.7 iWfor the
synchronous FET. Fdr2 V input applicationsthe 30V ratingMOSFETIis recommended for the

activeswitch, andthe25-V ratingMOSFETIis recommended for the synchronaugtch

25 25 : . .
Active FET @ﬁ\o-&w Active FET fn= 0509 Active FET 1= 0509
2 —— =“~~ 2 —TLTSS 2 -

S

-

——CVM = =
o DWM.-_S _15'5 /’:/’_% :° ,,’:" =
2%1 ?”é 21 E QIZZ T igl Z
> = S

L ync. FET Sync. FET

05 Sync. FET L,=2 05 L=1 05 L,=0.5

0 0.1 2 0.3

VIV 0 0.1 Vo/\9i}12 0.3 0 0.1 Vo/\9i}12 0.3
(a) (b) (©)

Fig. 2-38. Normalized MOSFET voltage stressesersus W/Vin with (&) Ln =2, (b) Ln = 1, and (c) L, = 0.5 for
both CVM and DVM . Zero-voltage turn-on is guaranteedfor M 1an, and zero-current turn -off is guaranteed

for M 2. The operating conditions are the same &sig. 2-35.

The total switch stress S and switch utilization U of the rccBuck converter andviidcted

buck converter are shown kig. 2-39. The DVM-rccBuck converter has higher S and lower U
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owing to higher voltage stress.

©
%0'6 SoA Buck
0.4 V.
0.2 /
0 L U L=05
0 01 02 03 0 01 02 03
V, Vi Vol Vin
(b) (c)

Fig. 2-39. Total switch stresses S (defined ifil65] and normalized by Vinlo) and switch utilization U versus
VdVin at (a) Ln = 2, (b) Ln = 1, and (c) L, = 0.5 for both CVM and DVM, compared with the stateof-the-art
two-phase buck converter inFig. 1-9. Zero-voltage turn-on is guaranteedfor M 1, and zero-current t urn-off
is guaranteedfor M 2. The operating conditions are the same a8sig. 2-35.

The ac RMS current increases forand decreases fob lwhen the operation mode changes
from CVM to DVM, as shown irFig. 2-40. At large Vo/Vin, the impact of § on the inductor ac
currentis not significant since theotd current ripple is low. Atsmall Vo/Vin, the ac current
increases withpfdramatically, and high f, should be avoided'he L, is usually designed in the
range nO. 5. OTa s i mpd=ilfsyecommendedvensniNg®, 0 L 2,=0.8n d

is recommended whenoWin < 0.2, so that the ac RMS currents efihd L, are comparable.

0.3
L,=1 fn={5-0-9 L,=05
0.2 \Lf
) ‘\
5 S
N e -
—_— ¢ o=
- L,
5 0
0 0.1 0.2 0.3 0 0.1 OR./Z 0.3 0 0.1 0.2 0.3
Vo/Vin V, in Vo/vin
(a) (b) (©)

Fig. 2-40. Normalized inductor ac RMS currents versus W/Vin at (&) Ln = 2, (b) Ln = 1, and (c) L, = 0.5 for
both CVM and DVM . Zero-voltage turn-on is guaranteedfor M 1an, and zero-current turn -off is guaranteed
for M 2an. The operating conditions are the same asig. 2-35.
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The RMS current of &is almost independent of §ince dc current is dominant, as shown in
Fig.2-41. The RMS current of Lis significant at DVM, i.e., highnf since the ac current is
dominant, especially at smalb¥in.

0.6 L=2 0.6 0.6

0.5 L 05 = =1 0.5 9-_——Ln:—0'5
- - G ~ G
0.4 ?u)OOA , 0509
50.3 \ 203 o
@ S 3
o2 \..; - =0.2 <\\ -
o1 f,=0509 L 0.1 E e
L
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0 0.1 0.2 0.3 0 0.1 2 0.3 0 0.1 0.2 0.3
Vo/ Vin V()?\/ in Vo/V in
(@) (b) (©)

Fig. 2-41. Normalized inductor RMS current s versus W/Vin with () Ln = 2, (b) Ln = 1, and (c) L, = 0.5 for
both CVM and DVM . Zero-voltage turn-on is guaranteedfor M 1an, and zero-current turn -off is guaranteed
for M2an. The operating conditions are the same aBig. 2-35.

The resonant tank design for the DVM is similar to that for the CVM. Tland % are

obtained fronfig. 2-42. The L and G are calculated b{2-5)i (2-6). The higher impedance means
higher L, larger size, and higher core lo¥be design of Lis challenging under DVMdue tothe

high RMS current and highnZ

0.1 0.2
VO/Vin

(©)
Fig. 2-42. Normalized impedance Z versus Vo/Vin with (a) Ln = 2, (b) Ln = 1, and (c) L, = 0.5 for both CVM
and DVM. The designs inTable 2-5 are marked by symbles. Zero-voltage turn-on is guaranteedfor M 1am,

and zero-current turn -off is guaranteedfor M 2a. The operating conditions are the same asig. 2-35.

Fig. 2-42 can alsarepresent the frequency range when the converter operates under critical
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mode namely,a variablefrequency controlThe Z is proportional to theoliaxin (2-5), and the f
is proportional to the 14in (2-6). If the rccBuck converter has no resonance, i.eis @finity,
the frequenyg at 25% load iSsf 25ui0ad= 4 fs_100%l0ad If the 1, = 0.9 and k= 0.5 are designed at the
nominal loadZ, is 3.8 atthe nominal load and 0.95 at 25% load, corresponding $00f9 and
fn = 0.5 inFig. 2-42(c). The frequency change isfs«ioad= 1.8 & 100%i0a¢ The lightload efficiency
then could be improvedhanks to the narrower frequency ran§emmarized fronthe above
analysis the DVM rccBuck converter has the advantages of low-adirrcurrent, extended D,
lower MOSFET RMS currenaind higher lightoad efficieng. The disadvantages are highitage
stresses and high ac current far L

The current and voltage stress curveBig 2-35 Fig. 2-38 are modified to the contour plots
in Fig. 2-43(a) (e). The RMS currents of the MOSFETSs are not considered since they are almost
independent of.f(Fig. 2-37). Higher WW/Vin corresponds to lower &, Vasl, Imioff, ILracrms and
lLoacrms thus, the worst condition of an rccBuck corigeisatthe minimum \§/Vin. Lower f, is
beneficialto voltage stresses andadrmvs and higher {is beneficial to wiorr and Loacrms The
available f range and Yrange arghenobtained when all voltage and current constraints are
specified, as shown irrig. 2-43(f). In this example, the constraints aregsiV< 1.9 Vi,
Viasi < 0.9Vin, Imioff <0.81o, liracrms < 0.12 b, and Loacrms < 0.1 b. Higher W/Vin offers more
choices of £, e.g., 0.2 << 0.5 at \W/Vin = 0.3. The availablenfrange decreases as/Vin
decreases. The minimumo¥i, is 0.19 in this casdimited by the lracrms constraint In the
available range of.fand \&/Vin in Fig. 2-43(f), higher f offers lower loacrms and higher \si.
Finally, one can design an rccBuck converter with a prop&rf¥range, considering the traoé
amongthe voltage and current stresséa/hen f is determined, £is read fronFig. 2-42, and L

and G are calculated b{2-5) and(2-6).
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Fig. 2-43. Contours of (a) Vash/Vin, (b) Vas/Vin, (C) Im1ofi/l o, (d) ILracrms/lo, and (€) Loacrms/lo VErsus Vo/Vin and
fnat Ln = 1. (f) Exemplary fn and Vo/Vin ranges with specified \sh, Vdsi, Im1off, ILrackms, and lLoacrms. All data is
same agrig. 2-35 Fig. 2-38.
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2.3.4 Elimination of DVM Ringing by Clamped Diodes

The low impedance path MCin-M1-Mab) in the equivalent circuifig. 2-34(a) may cause
severecurrentringing, EMI noise or efficiency degradationThis subsectionsolves the DVM
ringing by aclampeddiode method.

The schematic aherccBuck converter with paséic inductors is shown iRig. 2-44(a). The
MOSFET package inductandgman) and capacitor ESL(Lcar) are consideredThe low

impedance path duringits in Fig. 2-31 is highlighted in Fig. 2-44(b). The Gy is resonant with

Lco + L.
e

L.c0.30H 7 Lc0.6 H

Fig. 2-44. (a) RccBuck converterswith parasitic inductors and (b) low-impedance path during -tz (Fig. 2-31)
under DVM.

The current waveform$or the DVM rccBuck convertersvith and without the parasitic
inductancesire compared ifrig. 2-45. The b, Id2a and iz in Fig. 2-45(b) have severe ringing
and higher RMS currenThe currenthange ofqib at & offersthe initial energy of the resonant

tank inFig. 2-44(b).
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Fig. 2-45. Simulated current waveformsof the DVM rccBuck converter (a) without and (b) with the parasitic
inductances The converter is operating atVin = 12 V, Vo = 1.2 V, lvax = 20 A, § = 2 MHz, Ls = 125 nH,
Lo=62nH, and C: = 56 nF. The parasitic inductances are given irFig. 2-44(a).

The equivalent circuit ofig. 2-44(b) is simplified toFig. 2-46(a) considering only ac
componentThe Lws and Lcy are considered as an equivalentuctor L,. The Ry is the total dc

parasitic resistance, and thg;Rs the total equivalent ac parallel resistance.

1

J 12 _
05 Crb 8 lLp
b <
o 0 =4
g g
S
S 3
-1 Model -4 Model
15 = — —Simulation 8 — — —Simulation
0.0E+00 1.0E-07 2.0E-07 0.0E+00 1.0E-07 2.0E-07
Time (s) Time (s)
() (b) (©)

Fig. 2-46. (a) Simplififed low impedance path inFig. 2-45(b) during t2 T ts; corresponding modeled and
simulated waveforms of(b) vero and (C) ipatCib =56 nF, Re= 4  mgQ0.9nH, Rep= 0 . 9 initif] = 10IA,
and Vcrb_initial = 0.

The initial conditions of this resonant tank aré&uVinitas = 0 and lp_initial = lLob@t2 1 ILb@t2:

The Sdomain responses oy and ip are

. Y o -
o i - ° & Qi - — (2-57)

The corresponding timdomain responses are
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0 0 Q iqEo (2-58)

p —_—
Q96 00 Ol 0O p Y 0 i Q¢ 0.5G
0 wEél O q VR 5 i Qe o (2-59)
" 0 . p . p p Y . _
I R — 2-60
&) 5 h ’l')_c")_h_ a Y B 5 h p - (2-60)

Higher parasitic resistances could reduce the ringing dusirtg but the efficiencyis
sacrificed In order to improve the impedanoe dampingduring &i ts, while maintaininglow
dampingfor theother intervalstwo diodes are used to clamp the capacitor voltageslustrated
in Fig. 2-47(a). The DVM noise is eliminated, and the RMS curreitthe MOSFETS is reduced.

/\A “V\A AN

¥

SWa |, RMS: 11.4A
swb Lo

() (b)

Fig. 2-47. RccBuck converter with clamped diodes R and Drw; corresponding simulated current waveforms.
The operating conditions are given irFig. 2-46.

The mechanism of diode clamping is illustratedrFig. 2-48(b). When the diode voltage
vz ( &cw) decreases to zero, the diode B turned on, andhe forward voltageVq forces the

inductor Lwvb to decrease. Thenergy in the resonant tank is then partially consumed by the D
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Fig. 2-48. (a) Equivalent sub-circuits of Fig. 2-47(a), and (b) corresponding simulated waveforms

The diode loss is calculated as folloWkeYo 0 0 is calculatedrom

S oo b0
= — € O X
L ® = T— 1 \ (2-61)

The inductor curreni ¢y at b1 is

0 0 Q =, . O P Y 5 Qe o 9.62
s wEll oo g Y 6 5 I Qe wo (2-62)
The intervalYo 0 0 is determinedby O O, .TheO | and

‘0 , arecalculated by
o , O , 5 wo (2-63)
o, 0, Q DET o
2-64)
0, p O 6, . (
= Q
d Y © L 0 ] Qe oo
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0 0o . p P p = -
@ 5 wh — h- g V8 5 h p -1 (2-65)
The diode loss is then calculated by
0 W Q. Q (2-66)

For theexemplaryDVM rccBuck converter inFig. 2-45, the loss causeby the parasitic
ringing is 193mW when the Benis8 mq f or t he acmqg vfeo rMQShFeE Ts yanncdh
MOSFET.The diode loss i270 mW in Fig. 2-47. The efficiency degdation by the clamped
diode is (276193)/24000=0.3%In practice, the parasitic ringing may cause higher trace loss.
Finally, the efficiencies for the rccBuck ogerters with and without the clamped diodes are

similar.

2.4 Current-Sharing Analysis for Unbalanced Phases

The component and layout mismatches betviketwo phases may lead to the unbalanced
current which is detrimental for the system efficiency and H®B]i [101]. Both CVM- and
DVM- rccBuck converters maflave the mismatche The unbalancedurrent of the CVM-
rccBuck converter is exemplifieth this section. The parasitic resistances and component
tolerances are considerddhe worstcase analysis and Monte Carlo analysis are perfornteakin

section2.4.1 The currenself-balancing mechanism is introducedSnb-section2.4.2

2.4.1 Component Tolerance Analysis

When the rccBuck converter has mismatched comportetsystem hasevenorders, and
the analysis is complicated. The analytical formulas are difficuttetove; thusthe statespace
method is used herein to anadythe impact of component tolerané@ur inductors and two
resonantcapacitors are independeint the modeling. Duty ratios of thevo phases are also

considered as independent variables. The capacitor E&Rasnsidered since it imuchsmaller
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than he inductos &c resistance3he phase shift ialways0.5, and he Gss= 0 is assumed.

Sincethe two phase are asymmetric, the stagpace matrixes oh1 and Az in (2-45) are

modified to

~ U Y U U rl oy )] Y U U N
— T T m U M Tt +— T T 1T 11 1T TOO
11 1

= 11 .’.F]= - L
T — T — nnm im — T T T n mw
11 Y] L) n 1l
l,lT[ Mm — — T 1T T 0 J[ — T T T

The resistance matriRmat is constructed byhe dc resistances ofakn and Loason

Y T T T
m Y T T
=|D:|=‘ m m Y s
Tt Tt m Y

The statespace matrix for the intervakits) in Fig. 2-7 is

o 0 Y 0 U 0l

= — — mnn m pom T
— ] R o, P p T

M — T T 1T mTm y mn P

L) ¥ m T P

UTT m— — T mTTn 0

The correspoading statespacdlifferentialequations are

e , (0]
9 = ° [ m o o
> _. e O 0
Qo ° 19 W ° 7
O L ™ , PO
Qo ° 19 7 ° T
e O, ™
Qo ° 1® W ° /g

(2-67)

(2-68)

(2-69)

(2-70)

(2-71)

(2-72)

(2-73)

The calculation otheinitial condition is similar tq2-47), exceptthe transition matrivAs is
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included.The steadystate variables and their average values are calculat@daf)i (2-73), and
the current and voltage mismatches are calculated accordingly. Only one parameter is unbalanced
each time. For exampla5% variationis applied for L, namely,Loa= 095 L, andLop = 1.05 Lo,
and other parameters (RL:, R, and G) are balanced

The mismatches of the inductor dc current, peaeak current, and voltage stresses of the
MOSFETs are shown iRig. 2-49. The xaxis means the mismatch of the component, and the
y-axis means the unbalanced current or voltages. The normalized variation is defined by the
difference between the two @es over the balanced value. The parasitic resistances and
capacitances have negligible impacts on the current sharing and voltage stresses. The mismatch of
L leads to a significant current imbalance. The unbalanced current at,legi ff = 0.4, ismore
severe since the resonant waveforms are significant. At sipalgf, f = 0.2, the waveforms are

straight, and the switched node voltages have symmetric rectangular waveforms.

=200% d00%

[ It f =04 S f,=0.2 mk L[
= n Bk L[ 2 S5n0

8160% 880% mk L[ ;
< .RL[ 2 @ KL |
>120% KL[ N =60% [
5 mkL[ N mRLL
N 80% _ o N40% kK £ Ri
g k+Ra ®© -
£ 40% k+tadg S520% kxal
pd | z

0% = - " - 0% [ | | n I [ | _
K[ 2kw[ 2k [ Nk w[ N/ NJ K[ 2 kKw[ 2Kk[ NJkKw[ Nk / NJ
(a) (b)

Fig. 2-49. Calculated variations of inductor current and MOSFET voltage stress fora single componentvith
5% mismatch at (a) f = 0.4 and (b) f = 0.2 Converter operates at \h =12V, Vo=3.3V,b=20A, G=2¢ F
Lo=100nH, Lk =144 nH,Rr =Rw=5 mGr~=264 nF,D =0.78, and §= 2 MHz.

In the Monte Carlo analysishe interaction amongqultiple variations is consideredhe

variations ofLra, Loa, Ra, Roa, @and Ga are generatedgsimultaneouslyand randomlyin the range
of -5% 5%. The calculated results with 500 sweeping times are shotig.i@-50. The variations

of ILopp @and Lipp follow the uniform distributionsindicatingthe curent rippk is only dependent
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on the inductance. The variations @bd and Lrac follow normal distributionsjndicating the
current sharing is dependeart multiple variables. The imbalance af=f 0.4 is more severe than

that of f = 0.2, which agrees with themwclusion from the worstase analysis.

ILode ILopp Ierc ILcdc Ichp Ierc

100 100 . 100 0
- ” 100
: g
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i 50 s P 50 50

0
04 02 0 02 -0.05 o 0.05 -1 0 1 04 02 0 02 -0.05 0 0.05 -1 0 1

Times
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Variations Variations
100 ILrpp Vdsh sz ILrpp Vdsh sz
100
150
200 200 100
@ @ w @ @ @
Qo Qo @
E 50 E E ﬂEJ 0 ﬂEJ‘1DD E
(= 100 i 100 [ [ i 950
50
0 0 0 0 0 0
005 0 005 0 005 01 01 0 01 02 005 0 005 0 005 .01 01 0 01 02
Variations Variations

Fig. 2-50. Histograms of phasea variations in rccBuck converter with the parameters in Fig. 2-49 by Monte
Carlo analysis. The mismatch at(a) fn = 0.4is more severe than that a{b) fn = 0.2.

The unbalancedurrentcould be solved bthe currentsharing controlLet Gi be the transfer
functionfrom kd =da- dp to theY'Q "Q ‘Q . The averagematrix of A1, A2, andAsis
= 'O = 'O = p 'O ,O = (2'74)

The average:statespace model is

e =0 = = 4L S'/'Q
(2-75)
WQ FOF T PPN
The G is calculated by
— — é
O F~E = (2-76)

A closedform Ggi is complicatecandnot available at this poinsince it is a seventarder
system.The numerically calculated i&Gfor an unbalanced rccBuck converter is shown in
Fig. 2-51(a). A typell compensator with the bandwidth of 20 kHz was designed by using the

method in165]. The compensated zero was placed at 6tkHimprovethe phase margin, arlde
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compensated pole was placed at 1 Mbélreducehe highfrequency noise.

T
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(@) (b)

Fig. 2-51. Simulated (a) Gs¢ and (b) loop-gain of the rccBuck converter inFig. 2-49with 10% mismatch for L.
(Lra =158 nH and L = 144 nH), 5% mismatch for Lo (Loa =95 nH and Lo, = 100 nH), and 5% mismtach for
Cr (Cra=251 nF and Gy, = 264 nF)

Another lowpath filter with 250 kHz corner frequency was placed between the power stage
and the compensator to reduce the switching ripples. dvezall schematic is shown in
Fig. 2-52(a). The feedback parameter is a weighting function of input and output imbaldhees.
normalized mismatch isdimn = 2|lra dc T lirb_dd/(Ira_de + Iumw_ad) for the input current and
adion = 2|loa_dci Lob_dd/(ILoa_dc+ lob_dd for the output currentf the percentage @#on is 100%,
the control objective is to minimize the output current mismédftthat percentage is 0, the control
objective is to minimize the input current mismatclmeTurrent balance control reduces the

mismatclesbelow2% as demonstrated ing. 2-52(b).
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Fig. 2-52. (a) Current balance control of the rccBuck converter with Gig and loop gain in Fig. 2-51; (b)
simulated normalzedoutput and input dc-current imbalances versusoutput/input weight. The input current

mismatch is more significantsince resonant current is dominant in L.

2.4.2 Current Self-Balance Mechanismn RccBuck Converter

The current selbalance mechanisnexist for severalmulti-phase converters such #ee

seriescapacitor buck convertdd02], the ZVS buck convertgil03], and the series resonant

converter{104]. The rccBuck converter also has a current-balince mechanismased on the

partial ZVS operation.

Fig. 2-53shows the simulated current and voltages for the unbalanced rccBuck converter with

ideal switches (zerods). The Rison)is 8 mY in the simulationThe wo phases have significant
unbalancd current and voltages. The mismatch of the input curread.is = 103%, and the

mismatch of the output currentagon = 31%.
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Fig. 2-53. Simulated (a) current waveforms and (b) voltage waveforms for the unbalanced rccBuck converte
in Fig. 2-49with id eal switches at4 =20 A.

When the ideal switches were replaced by the Gzl model, EPC2100, theurrent and
voltages are more balancedsa®wn inFig. 2-54. The input mismatchbdn and output mismatch

& decreases to 36% and 11.5%, respectively.

I[Lrh] N Ix[U1:drainin] Ix{U3:drainin)
; : : PIM1ia ‘ ‘

I[Ls
fer a ; [m}A5
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Fig. 2-54. Simulated (a)inductor current, (b) MOSFET voltages and MOSFET currentfor the unbalanced
rccBuck converter in Fig. 2-49 using the haltbridge module, EPC2100at I, = 20 A.

The selfbalance mehanism is explained as follows§L 2> L, iLra hasalower current ripple,

andLra has a lower losthan L. Therefore, heequivalent impedance of thes is lower than that
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of Lw, leading toa higher dc currentua d, as shown irFig. 2-54(a). The iob T iLra has moe
negative current thanok T im, andimib has more negative current thama as shown in
Fig. 2-54(b). The My realizes ZVS, andM1arealizespartial ZVS. Finally, the partial ZVS of
increases the loss and the equivalent impedance of phase a. The higher imbalarmedofi,
thehigher switching loss of M. The mismatch afhetwo phases is then sdédflanced.

The GaNmodel was modifieth Fig. 2-55(a) so that the parasitic capacitorgsqs, and Gs
could be configured in théop-level schematic The current imbalances decrease wiflyq
significantlysince higher g leads to higher switching loss, as showig. 2-55(b). The Vs |4
crossover loss during the gate platedarvalis the dominant loss at tuon, for the MOSFETor
GaN [153] [155]. The Gs and Gs have no significanimpacts on the switching losdius the
mismatchvariation is only 20% a€gsor Cysincreases from 0 to 2 nF
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Fig. 2-55. (a) RccBuck converter with configurable parasitic capacitors (G, Cgs, and Cus); (b) simulated input
and output current mismatch versus those capacitances. The nominal condition isgd> 1.3nF, Css= 0.7 nF,

and Cga = 0.3 nF. Other parameters are the same dsg. 2-49.

2.5 Experimental Verification

The statespace model, gain curves, stress curves, and DVM ringing are verified

experimentallyin this section. Three rccBuck converters switched under @uNIL, = 2, 1, and
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0.5 are designed iBubsection2.5.1 The measured waveforms and voltage gamscompared

to themodeled ones. A DVM rccBuck is designedSubsection2.5.2and comparetb a CVM
reference design. Their waveforms and efficiencies were measured under the same input and
output conditions.

All of the converteranentionedabove use the PCB layout iig.2-56. The resonant
capacitorswvereplaced close tthe MOSFETS to reducthe parasiticindudances The parasitic
inductance ka = Lcp = 0.2 nH and ka = Lsb = 0.87 nHwere extracted fronthe finite element
simulation tool,Q3D. Those inductances may induwatage spiks at theswitchednodes when
theactive MOSFETs Mhinareturned off espeally at heavy loadTwo half bridges Mand M,
have negligible parasitic inductances @f &nd Ly Since they are connected by a laogpper

plane(GND), on thetop layer ofthe PCB.

]
<]
]
]

(@) (b)

Fig. 2-56. (a) Resonantcapacitors are close to MOSFETs to minimize (b) the parasitic inductancesch.and

Lco in rccBuck converter.

2.5.1 CVM Verification
Thetime-domain modebnd stress curvad CVM rccBuck convertersn Section2.2 were

verified bythreeexampls (L, = 2, 1, and 0.5ith Vin = 12V, Vo = 3.3 V, lomax = 20 A and
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fs=2 MHz. The specified andalculated parameters are givermable2-2.

Table 2-2. Step-by-step designfor CVM rccBuck converters with examples

Paramete Design Method Value
Lh=2 Lh=1 Ln=0.5
Vo Specified 3.3V
Vin Specified 12V
lomax Specified 20 A
fs Specified 2 MHz
D d);(‘z)pmxfg“;‘tced 4 0.76 | 0.76 0.76
fn Max. fn at specifiedVo/Vin in Fig. 2-21| 0.6 0.6 0.5
Zn Read fronFig. 2-21 1.8 2.5 2.9
VdsMia 186 V 190V 19.2V
Read fromFig. 2-22
Vdsmza 114V 13.0V 13.0V
Coss 2Coss_miat Coss_m2affrom [105] 4.2 nF
L Calculated by2-36), (2-37),and | 93NnH | 129nH | 176 nH
C (2-42) 189nF | 136nF | 144nF
Lo Lo = LnLr 186 nH | 129 nH 88 nH
tzvds Calculated by(2-43) 0.10 0.10 0.10

For achievinghigh resonance dahe required gainf, = 0.6, 0.6, and 0.5 were selected and
marked by circular symbols)(on Fig. 2-21 (a), (b), and (c), respectively, = 1.8, 2.5, and 2.9
were selected accordinglyo@esponding voltage stresses are ~20 V fogddnd ~13 V for Man
(Fig.2-22. The switches wer e r eal SD&8585mhRowell Bocks s
offering Ras(on)0f 2.8m g for Miapand 0.9m q for M2an, and 30V voltage ratingGate drivers
were LM5113.With the capacitor €= 4 . 7 g=2, thegpeaholpeak voltage across the
output is 5% of . The normalized RMS current is 0.5 forM and 0.24 for Man (Fig. 2-23).

ThenormalizedacRMS current is 0.14 for/dand 0.05 for b (Fig. 2-26). Thenormalized turroff
102

ns



current of Map is 0.59 Fig.2-27). The duty ratio isD =0.8 at rated load Fig. 2-25).

Corresponding numbersforE 1 ar e 6.2480.1008, 0.95, abd, 0. Worresponding

numbersforb,=0. 5 are 12 e¢F, 0.5, @Equkaentoliputtfritandd. 0 7 ,

was calculated b€oss= 2Coss_m1a+ Coss M2a SINCEVin, Vo, lomax, fs, fn, Zn, Ln, andCosswere already
specified or derived, three unknown parametard,,, andC; could be solved fror2-36), (2-37),
and(2-42). The last step is to chetk/s< D/(2fs), as mentioned irsubsection2.2.1 All three
exemplified designs met that constraint.

The C; of Ln = 2 consists ofone 100-nF, one 2nF, and two 331F ceramic cagcitors in
parallel with ESR=1.6mq tota.TheC,of L, =1 consists o0bnel00-nF and one 3&Fceramic
capacitors in parallel with ESR 1.5mq total. The C; of L, = 0.5consists obne100-nF, one
33-nF, and one 20F ceramic cagcitors in parallel with ESR2mq total. The prototypes are

shown inFig. 2-57, and the activéootprint is 22 mm x 27 mm.

- by
“.Lob +

(b)

Fig. 2-57. Prototypesof rccBuck converter with (a) Ln =2, (b) Ln =1, and (c) Ln= 0.5, operating at \h =12V,

lo=20 A, and £= 2 MH. Other parameters are given inTable 2-2.

The measured inductances, dimensions, numbetuafs dc resistances (g, and ac
resistances at 2 MHz {kw2omHy Of Lr and Lo are shown inTable 2-3. The & resistance is ~10
times thedc resistangeowing to skin effect and proximity effed thick wire was selected foroL

to reduce dc winding loss.
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Table 2-3. Measured inductances, dimensions, and resistances afdnd Lo, for CVM rccBuck converters
Wire

(nLH) di("’r‘;“rﬁ)ter COII(Sr:fnTeter jrriind (Rfri\’( R?O@r%w )
] L, | 96 1.06 11.27 3 23 17.7
A I T 1.22 11.60 5 2.9 37.0
] L. | 130 1.06 10.65 4 26  27.7
el I R 1.22 11.71 4 23 250
] L. | 180 1.06 13.11 5 34 332
e BT 1.22 11.96 3 18 16.8

The measured draisource voltages of M, gatedriving signals of Ma, and ¢raatlo = 20A
andV, = 3.3 V are shown ifrig. 2-58. ZVS is achieved for M. Voltage stress is ~19 V for M
and ~12V for M2a The onverters operated under CVM sinegaw 0. The slifpt voltage ringing
is caused by the hard tuaff of M1n. The voltage waveform ofwais cleanas a result oZVS of

all MOSFETSs and low turoff current of Man, as discussed ineStion2.2
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Fig. 2-58. MeasuredVvasia Vgia Vcrb, and Vswafor the converters in Fig. 2-57 with (@) Ln = 2, (b) Ln = 1, and €)
Lhn=0.5atlo=20A.
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Fig. 2-59. MeasuredVdsia Vgia Vcrh, and Vswafor the converters in Fig. 2-57 with (a) Ln = 2, (b) Ln = 1, and €)

Ln=0.5atlo=5A

The measured waveforms @fsia Vgia Vswa andverm at 25% load Ip = 5 A) are shown in

Fig. 2-59(a) (c). ZVS is also achieved for M The voltage ringing o¥swais higher than that at

rated load owing to the hard tuoff of M2ap The ZVS of all MOSFETSs is maintained witttime

wholeload range, but ZCS of Myis realized only at rated load using fixed switchiregjuency.

If both ZVS and ZC&re required, switching frequency should increase at light load.
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Fig. 2-60. Measured simulated, and modeled inductor current of rccBuck converters irFig. 2-57 with (a)

Ln=2,(b)Ln=1,and (c) ln=0.5at lo=20 A
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The measuredjmulated, and modeled inductor current waveforms are compdfag #160.
The error is less than 2%, calculated by one minus Pearson correlation coefficientedrodu
[106] for measured and modeled waveforms. The current ripple increasgsdod decreases for
L, asLn decreasesl@able2-4).

Table 2-4. Recorded voltage stresses of M2{Fig. 2-58), peakto-peak current, | ppLiLo (Fig. 2-60), and peakto-

peak voltagesVppcr (Fig. 2-61).

Ln | Vasiama(V) | Vswamax(V) | lppr (A) | lppro(A) | Vipper(V)

2 17.2V 9.9V 125A | 53A 5.9V
17.6 V 10.8 V 9.3A 7.4 A 9.3V

0.5 17.9V 10.7 V 5.6 A 10.3 A 8.1V

The neasured, simulated, and modeled capacitor voltages are comp&igd2i®1(d) (f).
The impact ofCosson the waveforms is negligible heas a result o€oss<< C;. The peako-peak
voltage,vppcr, Of Ln = 1 is higher than that &f, = 2 as shown iTable2-4, since the design point,
(Vo/Vin = 0.275,f» = 0.6,Ln = 1), is closer to the BVM line shown Fig. 2-20(b), thanthe design

point, (Vo/Vin = 0.275f» = 0.6, L = 2).
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Fig. 2-61. Measured simulated, and modeled capacitor voltagecva of rccBuck converters inFig. 2-57 with
(@ Ln=2,(b)Ln=1,and (c) Lh=0.5atlo=20 A

The neasured and simulated efficiency curve§ig. 2-62(a) ascend up to rated load. Peak
efficiencies ofL, = 2, 1, and 0.5 are 3%, 93.6%, and 93%, respectivelyZVS is realized from

0 to 20 A using constant switching frequency (2 MHx)\ariable switching frequency will be
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tried in the future to improve the lighaad efficiency, similar tahe critical-mode ZVS buck

converterin [107] [108].
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12 _ _ _ mln=2
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Fig. 2-62. (a) Simulated and measured efficiencies(b) simulated loss breakdownversus load current of
rccBuck converters inFig. 2-57.

The loss breakdown dfiree rccBuck converteetlo = 20 A is evaluated ifig. 2-62(b). The
winding loss ofL: is calculated by 0Y O 'Y . The dc winding loss,
‘O Y ,isnegligible becauderdc < | LrackmsaNdRLrdc << Rirac. The normalizedO for Ln
= 2,1, and 0.5Kig. 2-26) is 014, 0.1, and 0.07, respectivelhecorrespondingdr.rac (Table2-3)
is 17.7 mY, 2 7mY7Finally, the easedif, 323has2he highe$t,. Thewinding
loss ofL, is calculated by 0 Y O 'Y . The case of,= 2 has the highest
Riodc and Rioac (Table 2-3), and the lowesltioacrms (Fig. 2-26). The total winding loss off, is
similar forthethree cases. The conduction losshefactive MOSFET ig) R OB A
where'O  can be calculated bf2-51), and Rusn includes theRus(on) of the MOSFET and
connecting trace resistance (~1 mY forthet he 1| a
synchronous MOSFETPcond , is higher thand ~ since O (in(2-52)> O
(in(2-51)). Threecases were designed with the same MOSFET, layout, and RMS current so that

their conduction losses are almost the same. All MOSFETs have lownuoss Ph_onandPy_on),
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as a result athe realization of ZVSand low turroff loss of Man (Pi off) becaise ofZCS of Man

at rated load. The normalized twoff current of Man for Ln =2, 1, and 0.5Fig. 2-27) is 0.59,

0.55, and 0.59, respectively. The caskqf 1 has the lowest turaff lossof M1an (Ph_o) because

its turn-off current is the lowesftThe total gatalriving loss is 0.8, independent of. Notice

that Py n < Pg_| sincethe synchronous MOSFET has larger die and larger Capacitor los$cr

is relatively low since multiple ceramic capacitors were placed in parallel to lower the ESR of
(below 2 mY). Overall, from the==%isthebesbsndeuct or
its turnoff current ad switching loss are minimaFromthe inductor point of view, the case of

Ln = 0.5 is the best according tive lowest loss ot.

2.5.2 DVM Verification

The aircore inductors iffrig. 2-57 were redesigneaf the verification otheDVM operation.
The specifications are the same witible2-2 except \6 = 1.2 V. Two design points are marked
in Fig. 2-42(c): fn = 0.9, L = 128 nH, Lt = 64 nH, ad G = 60 nF for the DVM desigrf, = 0.8,
Lr=90nH, Lo = 45 nH,andC, = 111 nFfor the CVM reference d#gn. The parameters of the
air-core inductors are given imable2-5.

Table 2-5. Measured inductances, dimensions, and resistances afdfor DVM /CVM rccBuck converterswith
Vin=12V, V=12V, b=20A, and §=2 MHz.

L Wire diameter Coil diameter Number Ryc Raca@2vHz

(nH) (mm) (mm) ofturns  ( mY (. mY)
( —og | L | 127 1.06 108 4 26 19
OVM) | | 67 1.72 12.0 3 0.83 7
_og | Lo | 130 1.06 11.8 3 21 11.5
CVM) | L | 132 1.72 9.8 3 0.67 4.4

The measured waveformstbEDVM rccBuck converter with and without the damped diodes
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are shown itrig. 2-63. The damped diodes weWdBRS130LT3Gwith a30 V rating.The switches
were realized by@ x as | n s BD8IBHHQSD Pavér BlGcks offerindRdson)of 3.9m q for
M1ap and 0.9mq for M2an, and 30V voltage rating.The output current for the case without
damped diodes was limited by® 1 Sowirfyg to the significant ringing, which was cadssy
the lowimpedance path ifrig. 2-44(b). The waveforms for the rccBuck converter with the
damped diodes are cleahid. 2-63(b)). The dampediode method could eliminate the ringing
effectively.

The DVM rccBuck converters with and without clamped diodes have the same efficiencies as
shown inFig. 2-64(a). The maximum current increases from 15 A to 20 A by usinglémeped
diodes.

Vdsl(a4 V' Vdsl(a4 \

Vv V
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i /
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(a) (b)
Fig. 2-63. Measured voltage waveforms for the DVM rccBuck converter inTable 2-5 (a) without clamped
diodes at b= 15 Aand (b) with clamped diodes al, = 20 A. Both cases have the sam&, =12 V, Vb =1.2V,
andfs=2 MHz.

The efficiency of the CVM converter isdhier than that of the DVM converter within an entire
load range for a fixed switching frequendyid. 2-64(a)). The lightload efficiency of the DVM
convertercanbe improved significantly by increasing the efficienay illustrated irFig. 2-64(b).

This is the result of reduced current ripple. The improvement oflglat efficiency for the CVM
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converter is not significanE{g. 2-64(c)). Finally, the CVM converter hasl.2% higher efficiency
than the DVM converter at 20 A by switching at 2 MHz. The DVM convertealia8% higher

efficiency at 5 A by switching at 2.4 MHz.

90% 90%
CVM @ 2 MHz

80% 80% 2.6 M
§ § DVM @ 2 MHz
S70% DVM with R, @ 2 MHz 2 70%
= =
LlJ Lu
60% 60%
= .
DVM without Dy, @ 2 MHz
50% 50%
) A
(a) (b)
90%
6 90% CVM {=2-2.4 MHz
———
80% 80%
? § DVMf, = 2- 2.4 MHz)
5 70% 3 70%
= i
60% 60%
50% 50%
0 5 10 15 20 0 5 15 20
IO (A) IOJ&)
(c) (d)

Fig. 2-64. Measuredefficiencies for (a) the converters imable 2-5 switched at 2 MHz; (b) DVM and (c) CVM
converters switchal at a fixed fs; (d) CVM and DVM converters switched ata variable fs. All converters
operate with Vin=12Vand \b=1.2 V.

The estimated loss breakdown of the CVM and DVM converters at the nomina Eramvn
in Fig. 2-65. The inductor lossPof the DVM case doubles that dfie CVM case because of the
higher RMS currentiig. 2-40) and high R:(Table2-5). The turnoff lossof the active MOSFET,
Potth, is negligible under DVM because of the small tafhcurrent. The clampeeiode bss is

much lower than the inductor loss and conduction loss.
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Fig. 2-65. Simulated loss breakdown for the CVM and DVM rccBuck converters inFig. 2-64 at lo = 20 A

2.6 Conclusion

The steady state dhe rccBuck converter under CVM was calculated thg statespace
model. Closedorm formulas were presented and verified by three 1®-¥ V converters
switched at MHz with L, =2, 1, and 0.5, reaching peak efficiencies 08%3.93.6%, and 98%
at 20 A, respectively. The errors between measured and modeledioimaen state variables were
less than 2%The recommended designofiLs 0, 1Q LThe act i onewiths wi t ¢ h
zero voltage ovea wide load The voltage stress is 1.6-,\or the active switch and ¥ for the
synchronous switch. The tuoff current ofthe active switch is below 0.6,las a result othe
resorance between (Land C;. Air-core inductors were employed in the experiment since the
commercial ferrite inductsr with the required inductances (usually < 200 hidye high ac
winding loss and high core loss at 2 MHZhose aircore inductors are replacéy designed
ferrite oneturn inductors irChapter 3o reduce the loss and volume.

The clamped diodes were demonstrategerimentallyand effectivdy eliminatal the

parasitic ringing under DVM while maintaining efficiency. The resonant inductor in the DVM
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rccBuck converter needs to handle high ac #tmd has high ac winding las$he lightload
efficiency can be improvedsignificantly by increasing the switchinffequency for the DVM
converter.

The major losses at rated lodor both CVM and DVM convertes are the MOSFET
conduction loss and inductor losses. The synchronous switch couddavgeating MOSFET to
reduce the conduction losSalient findings alsincludethe significant impact of Lon current

sharing ana partiatZVS based selbalance mechanism.

112



Chapter 3

Design Methodology ofa One-Turn Inductor with

Significant Ac and DcFluxesi Demonstration in aGaN-Based

Nomenclature

RccBuck Converter

Symbol Description
Aeandle Effective crosssectional area and effective length
Cm,| ,and Core |l oss coefycients
Hdc andHmax Dc and maximum magnetic field strength
hw andwy Winding thickness and width
Hx andHy Magnetic field strength in-and y directions in the window area
Hx rmsandHy rvs  The RMS value of Hand H, on top winding surface
lac andlpk Dc current and peak current
Jac Ac current density
Kadc Dc effect on core loss density
Khy Curvefitted factor representing -effect on ac winding loss
le, we, andlg Core length, core width, and gap length
Ln Inductance ratio ofo/L:
lwg Vertical distance from the winding to the gap for vertigap core
lwe Vertical distance from the winding to the core for horizogtgbcore
PcL andPyo Total are loss with dc effect and core loss density without dc effect
PcondhandPcona Conduction loss of higkide and lowside MOSFETSs
PgatehandPgatel Gatedriving loss of highside and lowside MOSFETs
PswhandPswi Switchingloss of highside and lonside MOSFETSs
Pwt andPwac Total winding loss and ac winding loss
Rac andRac Dc an ac resistances
Vol Magnetic volume
eT Temperature difference between the inductor surface and ambient
1 Skin depth
* and Vacuum permeability and relative permeability

Copper conductivity
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Oneturn inductors must cope with high dc flux in conventional +swidched poinof-load
converters. These inductors need to handle both high dc and ac fluxesswitdfed converters
with high current ripple, for example, resonant crossimutated bek (rccBuck) converters. In
order to understand the losses associated with those ftheewinding loss in MHz range was
modeled through calculating the fringing field in the window area. THeiaked caog loss for
resonant waveforms wasodeled by th&quivalent Elliptical Loop (EEL) method. According to
the loss models, winding and core dimensions were designed systemically to minimize the total
loss within asmallervolume than that of a commercial produth rccBuck converter switched
at 12V input and 1.2V at 20 A output was constructed and compared with apinase
synchronous buck converter with the same specificatibmsy employthe same GaN switches
and filter capacitorsand are designed to hatlee same magnetic volume, so that teerall
volumes ar&omparableThe rccBuck converter using the designed-tuma inductors achieved
1.1% higher efficiency at rated lodny switching at ZVIHz, and 0.8% higher efficiency at medium
load by switching at 2.3MHz. All switches have clean wavefornasd low noise withira wide
load range even with zero gate resistanthe rccBuck converter with ZVS operatj@chieves
~15 dB lower conducteBMI noise in 100 500MHz than thatof the hardswitched buck
converter The periment also demonstratetie designed on¢urn inductors gave 2.1% higher
efficiency than the commercial inductors with similar inductances and double magnetic yolumes

on the same rccBuck convert&éhe related simulation files are givenAppendix F

3.1 Introduction

Multi-phase buck converters for peitload (POL) applications operate at low output

voltage and high dc current, usually requiring filter inductors to have low inductance for low
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volume and low dc resistance for high efficiefit®9]. Oneturn inductors with both features and

a simple structure are generally adopted in such converters. They are classified agubateral
inductors[110]i [115] or verticatflux inductors[116]i[117]. A lateralflux pattern means the
magnetic flux path plane parallels the core substrate. The winding is realized by awsttire

or the printed circuit board (PCB) viso the winding loss is reduced significantly; however, the
accurrent capability is limited. This is a result of the short flux path length, high ac flux density,
and high core loss densit10]. A verticatflux pattern means the flux path plane is perpendicular
with the core substrate. It employs rectangular flat wire with a longer flux path length and thus can
hardle higher ac current. The gapped ferrite inductor with a vedffticalpattern is selected and
studied in thissectionbecause of the low core loss density of ferrite at MHz range, higllxdc

capability of the gapped core, and highflag capability ofthe verticalflux inductor.

38nH Gl |o

©

MZa 3
Wb LOb 20A

38nH I gh=

69 nH _lMlb

—f/mzlzv fs=2 MHz _I% Map

(@) (b)

Fig. 3-1. (a) Resonant crosscommutated buck converter and (b) current waveforms for Lan and Loan.

The Si-based rcBuck convertersvith air-core inductors wermtroduced inChapter 2 This
chapterextends the concept 1.2 V GaNbased poinbf-load converter with four inductars
realized by ondurn gapped coreas shown irFig. 3-1(a). The simulated MOSFET losses for the
commerciahalf-bridge power blocks at 2 MHz are comparedFig. 3-2. The rccBuck converter
offers lower switching loss than the haswvitched buck converte€Compared withhe Si switch
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with a slow turroff speed, the GaN switch with low tuoff loss is more suitable for the ZVS
convater with high turroff current[108]. The half-bridgee-GaN, EPC2100, with the minimum

loss, was selected in thakapter

m Buck
1.8 m rccBuck
1.5
===
1.2 | :
< 1
1
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! I
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0 ! /
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Fig. 3-2. Simulated MOSFET loss (including driving, switching, and conduction losses) per phase fc
commercial half-bridge modules[111] [113] used in the buck and rccBuck converters with M = 12 V,

Vo=1.2V, fs=2 MHz, and |, = 10 A per phaseHalf-bridge GaN module has the lowest loss.

The passive componerits, Lo, and G in Fig. 3-1(a) are designed by using the steadgte
model inSubsection2.2.2 With this configurationall switchescanachieve ZVS atl= 01 20A.
The G was implemented byarallelingseveral ceramic capacitoghownin Table3-1. The C0G
080533cF capacitor was setteddue tothe minimum ESRThe total ESRvas0.3 mq when
eightwereparalleled to achieve the specified value, 264 nFjgn3-1(a).

All inductors need to handle high ac current ripple as showigir8-1(b). The design for the
Loabis more difficult than that for b since Lapconducts higher dc curremiReducing core loss
for theinductors with high dc and ac fluxes is challenging. As showh24d], the core loss of a

commercial inductor grows exponentially @ current increasedgor realizing an entirdoad
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range ZVS in a seriesapacitor buck converter. Thitation of high core loss is also mentioned

in the design of highaflux inductors for the QSWZVS flyback convertef125]. Along with ac

flux, dc flux has an adverse impact on core loss of the ferrites such as MMG F49, N87 antiCC,

3F3[126]i[129]. Moreover, high dc current may induce irreversible high core loss f@mNi

ferrite [130]. Selectig proper magnetic material and modelingbised core loss are challenges.

Table 3-1. ESR and ESLfor Commercial Ceramic Capacitors[131]

EIA package| Quality type| Rating C (nF) ESL(nH) | ESR @2 MH z
0402 X7R 50V 10 0.64 206
0402 X7R 50V 100 0.53 30.2
0603 CoG 50V 10 0.93 4.4
0603 X7R 50V 33 0.77 48
0603 X7R 50 V 100 0.64 23.5
0603 X7R 25V 1000 0.84 6.6
0805 C0oG 100 V 10 0.64 3.7
0805 C0G 50 V 22 0.61 3.3
0805 C0G 50 V 33 0.93 2.4
0805 X7R 50V 100 1.01 234
0805 X7S 100 V 1000 0.70 7.9
0805 X7R 25V 4700 0.80 2.9

High ac winding losscaused by the fringing flux in the window areaanother challenge of

a gapped onturn inductor. A conventional ortern inductor with full utilization of a winding

window is not available for high &tux applications A little space between the gap and winding

would be helpfuln reducing the ac imding loss. This method is discussed in thaptey and its

impact on winding loss and volume is modeled.

In summary oneturn gapped inductors with significant dc and ac fluxesdassgnedand
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applied for the rccBuck converter in this wofke core sucture and ac resistance of commercial
oneturn inductors are surveyed 8ction3.2 The ac resistance and tirdemain core loss are
modeled in 8ctions3.4 and 3.5, respectively; both are verified by finite element simulations
Section 3.6 describes the effects of tw@nding thickness, core thicknessinding width, and
utilization factor of the winding window on the total loss. Tdwerall design procedures then
presented.Modeled inductances, efficiency improvement, and ZVS operetiare verified

experimentdly in Section2.3. The conclusin and future work are given Section3.8.

3.2 Limitations of Commercial One-Turn Gapped Inductors

Commercial ongurn gapped inductors are usually designed with dtilization of the
window area for low dc resistance as showRim 3-3(a) and (b) The winding is close to the air
gap and exposed to significant fringing flux as showikign 3-3(c). The ac current daesity is

crowded around the gap because timgging flux goes through the winding

Winding close to gap

4.3mm

Fluxlines in the core

6.6mm
(b) (©)

Fig. 3-3. (a) Commercial oneturn inductor [136] and its side view.(b) Simulated flux lines and ac current

density (Jac) at 2 MHz when winding is near the gap.

The surveyed dc resistancesfRac resistance at 2 MHz {&2vH7, andthe dimensions of
commercial ongurn inductorsfrom [136] are list&l in Table 3-2. The inductance range is 36
100nH. For the inductors iMable 3-2, the ac power loss is given by thalculator in[137]

multiplied by a factor of 2.5 recommended by the manufactiiteeexcitation in this calculator
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is 2 MHz PWM voltage witha 0.2 V-¢ s -geadhdtand 50%duty ratia The Rcin Table3-2is

the equivalent ac resistance, representing the suinea€ winding loss and core losworra fixed
core dimensionhigher inductance tends to have more significant core loss and highétigh
Rac@2mH/Rdc of the commercial orturn gapped inductors ifable3-2, yields hey are not suitable
for MHz converters with high ac currefithe magnetic material could be replaced leyldw-loss
ferrite selected in &tion 3.3 to reducethe core loss. Core and winding dimensions could be

redesigned by using the modelsSections3.4and3.5to reduce the ac winding loss.

Table 3-2. Rac, Rac at 2 MHz, and dimensions of Commercial On€lurn Inductors from [136]

Package Footprint Height Rac Rac@2mHz
L (nH R R
No. (m?) mm) | "V (ma)  (ma) | ReemmdRe
36 0.18 7.78 43.20
51 0.18 15.61 86.70
SLC7649 7 7.6 5
70 0.18 29.40 163.33
100 0.18 52.50 291.67
50 0.123 30.00 243.90
64 0.123 49.15 399.61
SLC7530S 6.7 75 3
82 0.123 80.69 656.00
100 0.123 120.00 975.61
SLC1175 7.5 10.8 7.2 70 0.252 14.70 58.33
75 0.23 21.09 91.71
SLC1049 6.9 10.2 5.2
100 0.23 37.50 163.04

3.3 Dc-Biased Core Loss Densities of MHElagnetic Materials

A one-turn inductor withsignificantdc and ac fluxes requires magnetic material \&itbw

119



dc-biased core loss density. This seatmpmpares the core loss densities ofdtateof-the-art
ferrites without dc biafirst, and then discusses the dc leéfect

The measuredate loss densities withothiebiasat 2 MHz of 4F1 (Ferroxcubedy (Fairrite),
3F46 (Ferroxcube), and ML91S (Hitachi Metatse compared irfrig. 3-4. The neasurement
procedure followed[132]. The dimensions of the toroids under test weras follows
OD (outerdiameter)= 25.7 mm, ID (inner diameter) = 14.9 mm, adtd(height)= 10.5 mm for
4F1; OD = 9.5 mm, ID = 4.75 mm, adt = 3.3 mm for 67;0D = 14mm, ID = 7 mm, and
Ht =5 mm for ML91S; OD= 10 mm, ID = 5 mm, and Ht 3.5 mm for 3F46The core loss
densities from datasheefd33]i[134] are also included. The discrepancy betweethe
measurement and datasheeight come from capacitor ESR, phase discrepancy, parasitic

capacitances, environmental temperature, etc.

1000
Frequency: 2 MHz
& 100
€
L
% Measured 4F1@25°C
~ Measured 67 Ferrite@25°¢
o 10 Measured 3F46@25°C
Measured ML91S@25°C
----- Datasheet 67 ferrite@25°C
----- Datasheet 3F46@100°C
g L] =me=e Datasheet ML91 23°C
0.001 0.01 0.1

Bac(T)
Fig. 3-4. Zero-biased core loss densitiesf 4F1, 67, 3F46, and ML91S at MHz.

The MnZn ferrites(3F46 and ML91S) could handle higher ac flux density)(anthe
Ni-Zn ferrites (4F1 and 67) at 2 MHEor examplethe By is ~ 30 mT for MAZn ferrites and
~20mT for Ni-Zn ferrites at P= 200mW/cn?. In terms of the dc characteristic, the saturation

flux density of MrZn ferrites is ~ 0.5 T, higher than that of-Eh ferrites, ~ 0.3 T. The M@n
120



ferrites also hava higher permeability and lower dc magnetic field strength,)(Fbr gapped
cores.Thereforethe MnZn ferrites are more suitable for theeturn inductor operating at 2 MHz
with high ac and dc fluxes.

As mentioned earlierthe dc effect orthe core loss is also importasnd needs to be
characterizedAnotherwinding was addedn the toroidal core as tlike current excitation. The
measurerant procedure followefd 30]. According to the shape tieP, T Hqc curve, the dc effect
is classified agitherareversible dc effeatr irreversible dc effeciThe reversible dc effect means
the R increases with K, and recovers to initial Pafter Hic decreases to 0. The irreversible dc
effect meansheP, increases with K, but cannot recover to initialRfter Hic decreases to 0. The
material is not stable if the irreversible dc effect is significant. An unstable example is shown in
Fig. 3-5(a). The maximum ktis 70 A/m for he small loop and 100 A/m for the large loop. The
Py at Hic = O increases to 2.3 times the initial@ter the large loop is applied. This phenomenon

was also observed [230], but the inner mechanisms are still unknown.

Unstable material large loo

3F46 Largelog

g 4 z
© . ie]
& Mediu g
I T
g loop g
o o
zZ 2 zZ

-100 -50 0 50 100 -100.0 -50.0 0.0 50.0 100.0
Hye (A/m) Hoe (VM)
(a) (b)

Fig. 3-5. Measured core loss densities atdd= 20 mT and §= 2 MHz under room temperature for (8) unstable
case and if) the stablematerial, 3F46.

The most stable material is 3F46 wéliny irreversible effect as shown Kig. 3-5(b). The

P, at Hic = 0 has onlya 16% variation #ier the large loop is appliedhe hysteresidoss

121



phenomenomvas verified experimentally by applying a 3F46 toroid in a buck converter gditch
with Vin = 2.4V, Vo = 1.2 V, £ = 2 MHz, and dvax = 2.4 A. The magnetic core operates with

Bm =17 mT and Hc max = 100 A/m.The setup is shown irig. 3-6(a) and (b).

OD =10 mm wEEEr
ID =5 mm # ;
Ht=3.5mm .
14
My Vo=1.2 \{|_
Vin M 4.7 sF-l-
2.4V
= fs =2 MHz 2.4 A ARR
() (b)

Fig. 3-6. (a) Buck converter for testing the core loss of (b) the ortirn toroidal core; (c) measured thermal
map atlo=1.6 A

The difference betweethe core temperature and ambient temperatwees recordecsthe
output current increased from 0 tadx, ard back to 0. The steady state was reached for each point

by waiting at least 30 minutes. The winding loss waich lower than the core loss, as a result of

the short wire.

16 240
14 —
S 200
12 S
%) uw') 160
= 10 3
>~ = 120
8
6 4 qEnd -7
4 Start
40 Start
0 20 40 60 80 100 0 20 40 60 80 100
Hye (A/M) Hye (A/m)
(@) (b)

Fig. 3-7. Measured (a)temperature rise on the toroidal core surface and (b) total system loss for the buc
converter in Fig. 3-6.

Fig. 3-7 shows the measured core temperature and system loss versus the-H——).

The hystersis loss density inFig. 3-5(b) was then verified by the hysterestemperaturen
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Fig. 3-7(a) andhysteresidossin Fig. 3-7(b). The 3F46 haanegligible irreversible ddiased loss
since hetemperature increased by onRClafterthe 100-A Hqc loop was applied.
The3F46with a low core loss dengitand stable biased property svselected in this design.
The debiased core loss,cP, is modeledby
0 oauv v O (3-1)
where A and L are the equivalent crosectional area and length of a eénen gapped coreP,o
is the zerebiased core loss densitifyc represents the dc effect on core loss igrakrived from
Fig. 3-5(b). The maximum K in the analysis oSection3.6is less tharyO A/m, which is in the
small loop ofFig. 3-5(b). Since the hysteresis feature of the small loop is not significant, the
Py T Hqc curve of the smalbop at Bn = 20 mTwasaveragedor simplification anditted by
0 O MInnooc MingQ s p (3-2
The Ky is usually treated as a factor independent ®BB demonstrated {128] and[135].
The reason to choosenB 20 mT at this point, is B =15 26 mT is used for the designs in

Section3.6.

3.4 Modeling of Winding Loss

The placement ofhe air gap, core structure, and winding dimensions are key factors that
determine the ac winding loss. There are three types of gap placement: vertical one gap, vertical
two gaps, and horizontal two gaf3neturn inductors withthesegap placemestare shown in
Fig. 3-8. The core with one vertical gaji¢. 3-8(a)) is utilized for the commercial ottern
inductors inFig. 3-3. The gap length is fixednd cannot be adjusted by spacés opposed to

commercial inductors, a space exists between the winding and ddag. B8(d) for a lower
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fringing effect. The core with two vertical gapsd. 3-8(b)), has two symmetric €ores.The gap
length could be easily controlled by inserting Kapton tapes bettiedwo C-cores The winding

in Fig. 3-8(e) is located at theenter of the window area for thenimum fringing effect. The core
with two horizontal gapsHg. 3-8(c)) is mmpatible with the PCB winding and usually applied for
embedded power supplies. The gaps are close to the edges of the wikdn@-8&(f), inducing

a higher ac widing loss than the other two ca$&38]. This section focuses on modeling the ac
resistance of vertical gaps. The ac resistance of one vertical gap is madekufithen extended

to two symmetrical gap&oth are verified by D finite element simulations.

I c l I Cc I
(b) (©)
(€) (f)

(d)

Fig. 3-8. One-turn inductor with (a) one vertical gap, (b) two vertical gaps, andc) two horizontal gaps; (d)i (f)

corresponding cross sections.

The inductor current with an arbitrary wavefooanbe decomposed into several harmonic
currents with a sinusoidal waveform by the Fourier transform. diaé winding loss i®btained

from the sum of winding loss under each harmonic frequengyyi-f
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0 oY 0, Y, (3-3)

where }cis the dc current anésaits is thei™order harmonidRMS current. In practice, only the
first several harmonics are considesatte the Avsaits quickly decreases with frequency.

Ac resistances modeled forteinductor with oneverticalgap. The methodescribedn [139]
modeled the aigap asthe line-currentdensity by the Fourielecomposition in space, but it
ignores the penetration de@hd isnot accurate for MHz applicationReferencg140] givesthe
formulas to describe the magnetic field strength in the window area but with the assumption of an
infinite winding width and no penetration depth. This paper modifies the formuldgl® to
satisfy the boundary conditions for a finite winding width. The penetration effect is also included
by using a curve fitted factor from finite element simulation.

The finging fidd alongthe xaxis in the window area &fig. 3-8(d) is given in[140] by

. o .. ol ,
(@] G — 0wE —— a“ (3-9)
® w
The fringing field along the-gxis is

0 ~ & E 1’1
0 o —a S . (3-5)

' C 1, a o

2T

whereO mOTa, m=0 w w —andm=12 ® ® —; lacis the amplitude of

sinusoidal current. The fringing field is assumed independent of the frequency. On the top surface
of the winding, x and y ii3-4) and(3-5) should satisfyo & and U ¢ @ U Tc.
The nodeled Hhinging_x along the winding top surface is far beltve simulated H, as shown

in Fig. 3-9(a), since the winding width wis not included in(3-4). The boundary conditions
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between the winding and corehig. 3-8(d) should be considered. The &ttwo sides, anthe Hy
at the bottom surface of the winding, are zero because the winding is adjacent to the core, and the
permeability is assumed i nf ionthetop séface oftheéi n g

winding is modified as

ONO) ~ oo

— . 3-6
. KO) oo Qo (36)

0O w

The modified H then matches with the simulated pas shown irFig. 3-9(a).

0.2 0.06 —<
. H, from (3-6) -7 §— Hy from (3-5)
0.15 SimulatedH, 0.03
3 8 I
>0.1 > 0 A=A
e SimulatedH,
0.05 : N -0.03
- ’HX from (3-4) N \
0 -0.06 Sl
-0.5 -0.25 0 025 05 -0.5 -0.25 0 025 05
XIw,, XIw,
(a) (b)

Fig. 3-9. Calculated and simulatednormalized (a) Hx and (b) Hy along thetop winding surface in Fig. 3-8(d) at
fs= 2MHz with 1 g=0.2mm, we= 1.2 mm, wy =2 mm, hy = 0.25mm, and g = 0.5 mm.

The calculated fringing field along theaxis on the top surface of the windinig compared
with the simulated Hin Fig. 3-9(b). Notice that kKl = 0 at two sides and the center. A linear

subtraction is applied onskdging_y t0 ensure the boundary condition and symmetry.

V)
& 0 & o T (3-7)

A large discrepancy still exists for the modeled and simulajedltiough the twaides can
agree. An accurate formula of I8 difficult to develop, but numericaljt¢ould be obtained easily
by a finite element simulation. Furthermore, the impactyaiithe ac winding loss could also be

corrected by using the simulation method. Thtwgo steps are then combined into one correction
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factor for simplification.

If only Hy exists, the ac winding loss is obtainedRc=—"0 [141], where, is the

copper conductivity] pf “"Q , is the skin depth, and xtkms is RMS value of H
in -ww/2 < x <ww/2. If the Hy effect is considered, 31 rus multiplied by acorrectionfactor Ky

is added on B rws.

v
c” (.|

CA

b O (3-9)

The factorKny depends om 7 , as shown irFig. 3-10(a), and could bétted by

T2

. 0 0 0
o ¢dcpmn® — T c&)wwp,ncj— T® X G @ —

w X
w ; 1 ; %Y (39
0 ] T PTITWE W 8 lp‘]_ Qv
Ac and dcresistance are given by
. ¢ a ., ., o
Y (V) — 3-10
O wEe o0 (3-10

The modeled R/Rq4c with and withoutheHy effect isshownin Fig. 3-10(b). They both agree
with thesimulated R/Rqcat smallw, (0 71 p It As ww increases, [is more significant, and

Khy is effective to predict the additial loss caused byyH

05 35 _
/ Modeled R/Ry. with Kiys,

30

03 1 %25 Simulated Ig'l{/RdC ,,,,,,,
G Original I, g0 B
0 15 _,—‘
( 10
0.1 / 5
0

-~
-
-

odeled R/R;. without K,
2 4 10 20 30 40 50 60
0 0 WW94 60 80 w, /1

(@) (b)

Fig. 3-10. (a) Curve-fitted Kny and (b) modified RadRac versus normalized winding width with lwg = 0.1 mm and

other specifications inFig. 3-9.

The Kuy in (3-9) is obtainedat lgff 4 and i 2. After |y and g are extended to
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2<lgl <loand gl > 2, themodeledRad/Rdc can also agree witthe simulated one wittan
error less than 10%s shown irFig. 3-11. It is reasonable tassume thay is independent ofl
because th&,c is almostindependent ofy) according to the simulatiotn terms of g, the H,
decreases withw according to(3-5). The Kny is not importantand could be considered

independendf lwg atlwgh >> 2.

35 T e
W M.odeled R,/Rye M_odeled R./Ryc
—— Simulated R, /Ry, 30 — Simulated R, /Ry

25 25
20 It =2 £20 It =4
15 15
10 ! 10
5 =R —— 5
0 (W= 3,2,1,and 0.5 mm 0 w, =3,2,1,and 0.5 mm
2 6 10 14 2 6 10 14
lg/t lyg/!
(@) (b)
30 30
) N Modeled R, /R, A Modeled R,/Rg.
—— Simulated R,/Ry Simulated R, /Ry

(© (d)

Fig. 3-11. Modeled and simulated RJ/Rqc for the vertical one-gap inductor in Fig. 3-8(a) with (a) Ig= 0.1 mm,

(b) lg=0.2 mm, (c) § = 0.3 mm, and(d) Iy = 0.6 mm; other dimensions are givern Fig. 3-9.
Finally, the effective range with 10% erréor the model in(3-4)i (3-10) is as follows
wdlg>4, i >4,10<wwi <65 2<Igl <1¢, and kgl > 2. The firstconstrainis required to

ensure(3-4) and (3-5) are valid. The second constraint ensures thatc8uld be considered
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independent ofhsince the current density is crowded at the top surface of the winding. The other
constraints are limgd by the effective range of

The analysis above is based on the vertoalgap design ifrig. 3-8(a). The model could be
easilyextended t@ verticaltwo-gapdesign inFig. 3-8(b), due to the symmetric field amairrent
distributions.The current excitation and gap length are halve@-#)i (3-10) for calculating the
Racof each gap. The adeled R/Rq4c can also agree witihe simulated onevith anerror less than
10% as shown irFig. 3-12(a). The total R is slightly lowerthan that ofa onegap design as
demonstrated ifrig. 3-12(b). The horizontatwo-gap core is also simulated and compared with
thevertical gap desigg andit is almost constant witkd. The reasofor thisis the H is dominant
in the horizontal gap. Higher does not decrease, Hignificantly, however, igher l.c might be

useful to reduce 8since H decreases with.

25 30 - _
W, = 4mm__ | _ Modeled Rac/Rdc _________________
20 Simulated R, /R 25 ‘
Wy = QMM _._._ Literature [140] 0 N T =t m e o
D\f% L 15 " e RN m i
x o =2,3,and 4 mm
W, 10—
=] 5 Vertical 1 g?i?) -----------
------ - - - - -Vertical 2 gaps
0 0 ‘—-=<-Horizontal 2 gaps
4 6 8 10 12 14 4 6 8 10 12 14
gt g/
(a) (b)

Fig. 3-12. (a) Modeled and simulated RJ/Rdc for vertical two-gap inductor in Fig. 3-8(b) with hyw = 0.25mm and
lg= 0.2 mm; (b) Smulated RadRdc for vertical one-gap inductor (Fig. 3-8(a)), vertical two-gap inductor
(Fig. 3-8(b)), and horizontal two-gap inductor (Fig. 3-8 (c)) with the same dimensions oflg=0.2mm,
We =1.2mm, ww =2 mm, hy = 0.25mm, lwg= 0.5 mm hw=0.25mm, lwc=0.2 mm, and§=0.2mm at fs=2MHz.

This model is also effective for high order harmonic current since the frequency effect is
reflected by the skin depth As the frequency increases, thdecreases, thg/1 increases, and

theww/ increases. The model was verified by simulation to be effective up to 8 MHzddr
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harmonic) with the error less than 1186 demonstrated Fig. 3-13.

(R J— Modeled R/R,,
15 — Simulated R/Ry.

-
=
-
-

2T
€ g Tt
nfg —————————————————
6 = ==
3 w,=3,2,15,1,
0 and 0.6 mm
0 2 4 6 8

fs (MHz)
Fig. 3-13. Modeled and simulated RJ/Rdc versus frequency parametric with ww, for vertical two-gapinductor

in Fig. 3-8(b) with lwg = 0.5 mm and other dimensions irFig. 3-12(a).

3.5 Modeling of Core Loss and Inductance

Resonace exists in the rccBuck convert€he classicabteinmetz equation®( & ¥a
0 "Q0a 6 "Y ) andRGSE method in[146] will not work since he voltage acrossidy is
neither sinusoidal nor rectanguldhe MSE method ifil43] and GSE method if144] model are
frequencydomain based, and the field needs to be integrated over an entire period for calculation
The iGSE method in[145] could solve an arbitrary waveform by using the transient dB/dt and
steadystate B.. The transient B is not included in the iGSE model. Another method, the EE
model in[147], could solve the arbitrary waveform by using transient B, transient dB/dt, and
steadystate B.. The EEL method was adopted by the finite elementisition software (Ansys
Maxwell) and also selected in this work. The zbrased core loss density is then modeled by

0 (3-11)

Ca

HEi — Q6o
Qo

o
— (3-12
¢ = O io—
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(3-13)

E;?

where 6 ; Bmaxmin IS the maximum/minimum flux densiin a

switching cycle.
The transient flux densitB(t) is integrated from inductor voltage by

.. .0 000
60 g (3-14)

By observing the simulated & the oneturn inductorin Fig. 3-14, the equivalent magnetic

length kand crosssectional area fare approximated by

"0
a qo ca cQ T a (3-15

. . a
0 0 < a (3-16)

The crosssectional area Ais extended bygl2 with the consideration dhe leakage flux in
the air. Thedin (3-15) and A in (3-16) are utilized forcalculatingthe flux density in(3-14) and

core loss in3-1).

B [teslal

1. SEEQE-BO2
1, 4BETFE-BB2
1.3133E-082
1, 22BRE-B02

1, 1267E-BH2
1.8333E-002 U4

9, 49PEE-203

B, 4BE7E-003 1 A dc Current
7.5333E-003
5. GEPAE-E63
5. 6BB7E-BRE
4, 7333E-003
3. GOEDE-203
2. 8657E-003
1.9333E-003
1. AOEOE-203

Fig. 3-14. Simulated B for two-vertical gap inductor with unit current excitation, ww = 2 mm, and other

specifications inFig. 3-12(a).
The zerebiased timedomain core losses calculated(Byl), (3-2), and(3-11)i (3-16) match
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with the simulated timelomain core losses Fig. 3-15(b). The resonant inductoridhas a higher
core loss than that ofob, as a result of the higher vedecond Fig. 3-15(a)).

15 300

10 Viob — Lra —— Modeled core loss
= 2 250 === Simulated core loss
> e
E, 5 ‘(;200
g 0 8150
2 5 ’ 2 100

-10 O 5o

15 Vg 0 o

00 01 02 03 04 05
Time 65) 0.0 0.1 Q[%me @05)3 0.4 0.5
(a) (b)

Fig. 3-15. (a) Simulated voltage waveforms for the designed vertical twgap inductors in Table 3-3. (b)
M odeled and2D-transient-simulated core losses without dc effect.

The dc and maximum magnetic field strengthapproximated by

"C) i 3 I ; ’
d ‘ ( i

"O i 3 18

d ‘ ( i )

where kcis the dc current angilis the peak current; both are derived from circuit simulatica or
statespace modelThe Hqc determineghe dc effect ofcore lossn (3-2). The Hmax is the worst
operatingcondition for the coreln magnetic desigrimax is selected first, and ddis calculated
accordingly.

The nductance o&vertical twagapcore inFig. 3-8(b) is calculated by

. v a a a
0 5 (3-19

Both core width and core lengtire extended by ko include the fringing effedtl61]. The

modeled inductance agrees wilte simulated ongas shown irFig. 3-16.
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Fig. 3-16. Modeled and simulatedinductancesfor vertical two-gap inductor in Fig. 3-8(b) with ww =2 mm,

lwg = 0.5mm, and other specifications inFig. 3-12(a).

3.6 Parametric Analysis and Systematic Design of OR&urn Inductors

Theoneturninductorswith inductances of: = 69nH and L, = 38 nHwere designeth this
section Table3-3 shows a systematic desigdteinmetz parameteasederived fromthecore loss
densities at 1, 2, and 3 MHaz [133]. The peak current, dc current, and RMS current upeo
4"-order harmonic for Land L, are calculated bgstatespace modednd Fourier decomposition
The core and winding parameters,.j.Blmax, Ww, hw, We, and |g are selected firsbased on the
design curvesThe inductance model iection 3.5 then can be applied to calculate other
parametersThewinding loss and core loss are calculated by the modé&sations3.4and3.5.

In the parametric analysis ofdak (Fig. 3-17), ww (Fig. 3-18), hw (Fig. 3-19), and kg (Fig. 3-20),
wc is swept from 0.5 mm to 2.5 mny ik adjusted to meet thequired inductanceMlagnetic
volumeis related to those parameters by

w acb 0 ¢ «a Q (3-20)
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Table 3-3. Stepby-step design obneturn gapped inductor with examples

Parameters Design Method Value
Lr Lo
L Specified 69 nH 38 nH
Material Selected fronfig. 3-4 3F46
Cm U andb Curve fitted from{133] Cn=5567 10°0 = 2. 21,
& From measurement 710
I pk Statespace model 6.4 A 17.0A
ldc Statespace model 10A 10.0A
IrMs@fs Statespace model 293 A 3.52A
|rRMs@2fs Statespace model 1.05A 1.66 A
IrRMs@3fs Statespace model 0.53 A 0.97 A
|rvs@ats Statespace model 0.36 A 0.60 A
Himax Selected fronfig. 3-17(a) 50 A/m 50 A/m
W Selected fronkrig. 3-17(c) 1.2 mm 1.2 mm
Wiy Selected fronfrig. 3-18 2mm 2 mm
hw Selected fronfig. 3-19 0.25 mm 0.5 mm
lwg Selected fronfrig. 3-20 0.5 mm 0.5 mm
lg Calculated by3-18) 0.2 mm 0.5 mm
Hac Calculate by (3-17) 7.1 A/m 28.2 A/m
Kudc Calculated by(3-2) 1.1 1.7
lc Calculated by3-19) 7.6 mm 8.4 mm
Ruc Calculated by(3-10) 0.26 mY 0.14 m
Racars 1.4 myY 1.4 myY
Recgae Calculated by(3-4)i (3-10) 1.9 mY 2. 1 my
Rac@st 2. 4 mY 2.5 mY
Rac@ats 2.8 mY 3.0 mY
Put Calculated by3-3) 15.1 mW 41.5 mwW
Pt Ca";“;g‘gf’l%?z;)l’%s 2, 34.9 mw 29.0 mW
Vol Calculated by3-20) 106 mnd 126 mnd

The valley point exists for loss versuslume when Raxis fixed, as shown irFig. 3-17(a).
Lower volume means smallecand higher ac flux density, which causes higher core loss. Higher
volume meantower | and causes higher winding loss. Highertusually corresponds towaer

lg, lower k, smaller size, and higher losghe Pareto frons in Fig. 3-17(a) representhe lowest
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volumes when Haxand w are sweptAs the magnetic volume ineases on the front Parekimax
would decrease, and:wvould increasegasshown inFig. 3-17(b) and (c) This designchosethe
knee pointin Fig. 3-17(a), Hmax = 50 A/m, for both L and L. The corresponding sis 1.2 mm

With this configurationthetotal magnetic volume 64 mm? for thetwo phases

120 80

110 70

Soe N Hpax= 70, 60, _60

= 50, and 30 A/m € 50
730 Lo

@70

S |_ 20
50 > ~ (0]
S === 10 Lr
40 7
30 Pareto front =Lr 0
50 10 150 200 50 300
50 1R£agne E:OVoluzrr?g (mﬁ%SO 300 R/Iagnetslc Volume (mﬁf
() (b)
L
1.9 T
1.7
—~15
£13
1.1
0.9
0.7
0.5

50 100 150 200 250 300
Magnetic Volume (m#A)

()

Fig. 3-17. (a) Modeled inductor lossesversus magnetic volume forLr and Lo in Table 3-3, parametric with

Hmax; corresponding(b) Hmax and (c) we versus magnetic volume orthe Pareto front s.

The loss versus magnetic volume parametric withsrsshown inFig. 3-18(a). The sweeping
parameter is still w As thewinding width wy increasesthe loss would increase since: weeds
to decrease to maintain the voluraed induce higher ac flux densityhe los versuswy
parametric withmagneticvolume is shown irfrig. 3-18(b). The loss would increase dramatically
at wy > 2.2 mm and slightly for w< 2.2 mm. From a fabrication point of view, a small,w

e.g.,1 mm, makes it difficult to assemble the core anddivig. Here, w, = 2 mm was selected for
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both Ly and L for easy fabrication and low loss.
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Fig. 3-18. (a) Modeledinductor lossesversus magnetic volume folLr and Lo in Table 3-3, parametric with ww;
(b) modeledloss versus w, parametric with magnetic volume.

The winding thickness, wh is selected according to the modeled Joslsime curves in
Fig. 3-19(a). For L, the dc current is negligible, and the ac winding loss is dominant. A higher h

cannot reduce the ac winding loss at>h> , a8 discussed i®ection 3.4. A small winding

thickness, h = 0.25mm, was selected for.L

160 |, 140
\
140
o o
2120 O\ s =
E o N whe=075mm S
g \\\:\\\\ /s h, = 0.15mm ggo
— 80h,=0.5 MM~ ] h o= 9:25 mm -
60 —_— 60
40 L' h,, =0.5,0.25, anchS mm 40
70 Jl\ﬂggneti&%?olumela%m 190

(@)

Fig. 3-19. (a) Modeledinductor lossesversus magnetic volume folLr and Lo in Table 3-3, parametric with hw;
(b) modeledloss versushw, parametric with magnetic volume.

The output inductor .conducts both high dc and ac current. Lowgtdads to higher R

and higher dc winding loss. However, the loss is almost constant wheinigher than & mm,
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as shown irFig. 3-19(b), because the ac winding loss is dominant. Finally=08.5 mm was
selected for b.

The most important parameter that affects the ac winding logg iSHe total loss reduces
~10 mW when g increases from 0.25 mm to 0.5 mas illustrated inFig. 3-20(a), but the loss
reduction is negligible when, increases from 0.5 mm to 0.@im. A continuous impact of4
on the total inductor loss is shownhig. 3-20(b). Theminimum point lwg = 0.5, was chosen for

Lr and L in this design.

140
g = 0.25mm

120 N
o~ \
= M Awg=0.5mm
élOO \ \\Klwg =0.75mm
3
o
|

40 ' lwg=0.750.5, and0.25 mm

70 lol\glagneillé({/olumlés?mﬁ) 190 0 02 O'If,lvg (mrr?)'6 08 !
(a) (b)
Fig. 3-20. (a) Modeledinductor lossesversus magnetic volume folLr and Lo in Table 3-3, parametric with lwg;
(b) modeledloss versudwg, parametric with magnetic volume.

The modeled 2D-transientsimulated, and 3Bransientsimulated inductances, inding
losses, and core loss are compared ifable3-4. The discrepancy of inductance is less than 5%.
The modeled core loss can agree with #i2 tPansient simulated loss butsmallerthanthe 3D
simulated one because the ac flux density along theimg direction is not uniforr(ig. 3-21(c)).

The 2D simulated and modeledns higher than that of the3 FEA at the center of the winding.
This phenomenon could be understood by analyzing the magnetic field generated leyvarenit
(scenario of & FEA) and an infinite wire (scenario ofl2 FEA). The BiotSavart law yields the

magnetic flux density on the bisecting plane generated by a finite wire, is lower than the magnetic
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flux density generated by an infinite wir48].

Table 3-4. Modeled, 2D and 3-D simulated inductanceswinding losses, and core lossésr one-turn

inductors in Table 3-3

Model 2-D Transient FEA | 3-D Transient FEA
Inductance | 69.0 nH 67.1 nH 72.0nH
Lr | Winding loss| 15.1 mW 16.3 mW 22.2 mW
Core loss | 34.9 mW 35.0 mW 28.4 mW
Inductance | 38.0 nH 37.1 nH 38.4 nH
Lo | Winding loss| 41.5 mW 45.4 mW 67.0 mW
Core loss | 29.0 mW 28.9 mW 21.4 mW

3.3 mm

Percentage of ?é%gth (along line A) 1

(b) (©)

Fig. 3-21. 3-D models of (a) Lam and (b) Loaob With the specivications inTable 3-3; (c) 2-D and 3-D simulated

Bm along line A.
The winding loss from a-B FEA is higher than that of a2 FEA since the terminal effect
is included. This is shown iRig. 3-22(a) and (b. Theoneturninductor with one vertical gaip

Fig. 3-8(a) has a lower fringig field at the terminals and may haviewer terminal loss.
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Fig. 3-22. 3-D simulated averaged Ohmic losasfor (a) Lramw and (b) Loaobin Fig. 3-21 with meshes.

Ter mi n

The methods used in this section can be extended tocutheerters The inductances need
to be specified iMable3-3. The RMS currents are obtained from the circuit analy$ieloss
volumePareto frontparametric wittHmax (Fig. 3-17), is plottedoy using thecore loss and winding
loss modelsThe Hnaxis selected on the front according to the required loss and volume.xThe w
hw, and |,y are selected on tHessvolume curvese.g.,Fig. 3-18 Fig. 3-20. The design of other

parameters follow the procedureTiable3-3.

3.7 Experimental Verification

The inductors designed Bection3.6 and commercial inductors with the same inductances
are applied in the rccBuck converter to verify the efficiency improveimentagnetic desigm
two-phase interleaved buck converter with commercial inductoralsafabricated as a reference
design to demonstrate the efficiency improvement by the RCC topology.

All converters have the same input/output capacitors and thesggoiéications irFig. 3-1.
With the capacitoC, = Cin = 8 x 4.7¢ Hor thetwo phasesthe peakto-peak voltage i45 mV
across the outpaind 10mV across the input for the rccBuck converidre switches were realized

by EPC210Gnhanced GaN half bridgeffering Risonyof 8mq f euysand@2imq f ewk anii
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a 30V rating. Gate drivers were LM5113he G for one phaseonsists o8 x 33 nF ceramic
capacitorgTable3-1) with ESR=03mq i n The &dardIGs were mounted and interleaved

on two sides of the PCRs shown ifrig. 3-23(a) and (b). The interleavirqgacementould reduce

the parasitic inductanceffectively [149]. The ground on the second and third layeevidesa

short path in the switching loop. Moreover, the ground can cancel the flux generated by the

capacitor path (inawb and inkswa),furtherreducing the parasitic inductance

swa
i\nb

GND—

(@) (b) (©

Fig. 3-23. (a) Top view and (b) side view of theomponents placement in thewitching loop for the rccBuck

converter; (c) 3-D layout model for Q3D simulation.

The hgh-frequency switching loop inductors the rccBuck converter are shown in
Fig. 3-24(a). Those loop inductors and thes&will causeringing at theswitchnodes when kb
or Mzap are hard turned off. Since the GND, swa/b, and ina/b tiacesy. 3-23(c) havea flux
cancelling effect, the simulated inductance matrixes were used to calculate the equivalent loop
inductances ifrig. 3-24(b) (d). The simulated tracrbis 0.33 nH. The simulatecclabeno is 0.25
nH. The switching loop inductance of the rccBuck converter is higher than thiaeé blick

converter in150], 0.15 nH, owingo the multiple switching loops amdore components.
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