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ABSTRACT

This paper addresses the design of resonsnt pole levener cells m
the pe-board level, inluding loss modeling and resomant companent
selection.  Trudeoffs berween cperming frequency, mimiemum
switching curment, industor energy storage, and converter bosses are
described for sclecting resonant compomess. Two methods are
presented for enimating convener losses an a function of resonant
componzents and operating point. The first method uses clossd-form
equations based on very simple device models, while the second is
based on simulation of the coavener over one Fwilching <y<le using
more complex device models,

INTRODUCTION

The construction of high-power converter systems using a cellular
archilecure, io which large numbers of ka-power converer cells
are peralleled Lo achieve & high power mting, has besn the focus of
recent ressarch [1-3). The cellular architernare has several poteotial
sdvamages over conventbonal design spproaches, insluding improved
performance, hipher reliability, and reduced cost [1L0[2]. The
Resonant Pole Loverser (RPD) is one promising topology for low-
power converter cells st the po-board level. This topalogy, shown
in the half-bridge configention in Fig, |, bas many sdvantages
including simplicily, small owipul megmelics, and the ability i
operate af high frequenciss,

To take advemiage of the Rescnant Fole topology, design
methedologies for the BPI cells must be developed. This paper
wddressea the design of RPI c<lls including the selection of resonsns
somponeatd and modeling of convenmer losses. A method for
selecting the resonant compooents in Resonant Pole Inveriers has
been preseated in [4], bul this approach does not provide a full view
of the ndecffs in sizing the resonant compopents. Tradeoffs
between opersting frequency, minimum swikching current, inductor
energy sorage and coaverer losses will be elucidited. Twao
methods will be presentad for oblaining converier koss estimates as
& fupction of resonant components and the of ling poind. The firsl
method wses closed form equations based on wery simple devics
madels, while the sscond is based on simuslation of the convercr
with more complex devics maodels.

CALCULATING RFI FOWER LOSSES

In order to design Resonanl Pole Ioverier cells, it is important 1o
be able ko predict converler bosses as a function of resonant
compomnents and operating point. While cpude predictions of device
losses usnally suffice for rescnam component selection, mane exact
madals are desimble for validsting these predictions and designing
the thermal menagement sysiem. Two methods of oblaining these
eslimales are preseoled here. The first method uses closed-form
equations based on very simple models of the devices. This method
allows rapid caloulation of the boss sarfase (over varving resonam
component values) al the expense of accurasy. The sscond method
i based on smulation of the converier over one pwikching cycis
uging more complex device models. Thiz provides a beter pieture
of the boss surface st large compuiations| expense.

With silher estimation method, the sppeoach for obtaining & loss
surface is the same. First, 8 moge 15 picked o evaluate C,. and [,

aver, One possible guidaling is 10 pick ©, _ w0 be bebow the mnge
wheee it provides sigrulicant clamping on the device during urn-off,
und to pick L, _, sach that the rwiching frequency naver Glls below
some desired value at full load. Fors gives L, and C, the loasesla
a wwiching cycle are a function of oulput voltage mnd peak
commanded currenl in the converier. For & given owpus volage,
losses should slways be evalumed st the peak poasible commanded
cumrent to oblain the worsi-cass condition. The power boss is
evaluated over Lbe range of oulpul voltnge, and the maximum los
is retained 3 the worst case for thet set of fesonsns components,
Once the parameier range of L, and C, 13 covered, the data can ke
ploted and used in the componeat oplimization process.

Clased-Form Loss Calculatioas
At congan losd, the wask device lomses in tbe BPI zan be modeled
i
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where fis the switching frequency ot the opemting poins, E__ is the
comduttion loei over ome cyele, Eg @5 e tum-aff loss ab e
specified current, and E_ is the wrm—on logs for e device. The
peak currents i, . f.) used are dictsted by the FP] control struegy.
For all such strategies, the peak currents sre specified 45 3 funciica
of the refercece current, filer capscitor vollage, snd circuit
paremeters [4,5].

The switching frequensy of the RF] vanes with opemting poia
If the resonant trancilions are thor, and do nol strongly affect the
resaaanl mdus1ar current, the opemling frequency of the converies
can be approcimated as:
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It should be noled that this expression is hased on & u'is:.;um
spproximation of the inducior current waveform (Fig. 1), end
becomes lesa accurile when the indusior currenl waveloom becomes

:i:ujﬁ;uru.'lj' poqbriangular due to the resonant transiions
The device model wied for closed-form loss caloulaibons asnimes
constanl forward and reverss conduction voliege drops of 'r"‘.- e
Vg Using this model allows the conduction loss epergy in a devise
to be approximated as the device drop times the sppropriaie srea
under the mductor currest waveform. Using the triangular
approximation 1o the inductor currenl, this model predicis a per

cyole conduction loss for all devices in a half-bridge oft
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For chosed-form calculations, a linear-fall wam=-off mods] is us=d

with currens fall time g, This model is smple, but ofien sdequis

for selecting resorant componens [6). b s ssoucned than the
induetor current changs duning device tlumn-ofl is nepligible, beading




by i

[l
Ll

Figere 1 The Resonant Pole Inverisr and s oulput cusreat waveform,

1 the turm-off model of Fig, 2. For wming off currenss I, much
Sl

4 i

tas device will be well pnubbed, sed wm off befors the voluge
#e7oss IE rises 1o the fisll bas volage, In this case the tumeoff boas
for e swilch wnder this model is:
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For cisrrents kigher than specified in (4}, e urmeoff loss under this
miode] becomea:

Eg = i¥ulis - v 7C, - W Vacy

Noie that thess coleilations do not include dissipation of device
peckige leakage indsclance coergy, whish must be handled
seperutely if il is & signiflcant component,
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Fgure? The device mwmoff modd wed in closed-form
caleulations,

Idenlly, the Resonant Pale Inverisr has no burn-oa loss, since the
incoming devics tums on whils is artiparallel diode is conduetiag.
Hawewer, some power devizes such a5 MCTs [6] exd IGETs [7-5]
exhibita trumsient volge spike ot farn-on. Thess effess depend an
the device manufictare, and vary signifizandy emong different types
of devices, To mods| this effect, it is Bemumed that the devize dogs
Bt Birn oo unlil 8 certmin voliage V, iz built up scross it Ooce this
volage is reached, the devise ms oa and its valage drops ta Ve
Thes enccgy sioeed in the reconant capazitors during the wollage build
up is dumped into the device when il turns an, Assuming Lol V,?
is much largee than ¥/, the ensegy loss during wen on of & swiizh
18 then approximatsiy:

E =CU}. m

Combining thess [oas lerms & specified in (1) vields 5n gmalyteal
caleulation of the sxpeated power dissipation for a given cparating
poant, and san casily be waed 10 celouline the I3ss sucface o
previously deseribed.  These equations repredert a mignifiesms
extension of the loss calzulstions made in [4], sed bear Gk relaton
b the method wed o [9], which sseumes & S0 duly ¢ycle and
entrely ignores swilching losses,

Simulation-Based Lass Caleulstions

Use af elosed-form loss calewlations allows rapid computation of
|0 approximaton 1o the losg surfece. However, more accursie
metiods are ofies desimble, such as when making izl componcal
:dnﬁmq-de:iguin,gﬂﬂhmlmnqem:mqmm. Limitaticns
of the closed-form method include the inageuracy of the wrn-off and
conduction Joss madals for many devices, and the [imited BECUmECY
of (1) under some coadiions. For these reasans, boss calculationg
based en 0 simulsticn approsch have also been developed, To
caloulate Josses, the cirouit is sieulstad for aac swilching cyele st
the specified opsrteg poinl, with the outpul vollige psmumed
clamped ot the pecified point by the outpul filler. Turm-ofl ioasss
sre predicied usieg a linear-ond-tall wWrn-off model (Fig. 3], which
is simple while sccurmtely capluring the bebavior of many real
devices. Conducton losses nre caloulated uEng constanl plus
resistive drop models for both fonserd (Vo K} ond reveme (¥, ,
£y) soadustion. The method also sliows addition of ather effzcis,
Sch ad resonant capacitor nondinearities, inducior ESR, w5, but
these effects will be excluded here for simplicity,

Siate equatioas for the convertsr of Fig. 1 are required for cash
possible switch state along with condidions for wransitioaing o the
next gwitch sate, allowing simulution for the comverer for s
aperating cycle. Equations 1o caloulaie the puower Joss i each
device pair (8,40, $200,) over a time step are also pesded for esch
possible soiteh sate, Simulstion of the convener over & full eyele
while sdding up the losscs st each time Hep yialds the Lotal energy
losa over 2 oyele. Mole thar the relevant seate variables are the
mesonant imducior cumrent ard either of the pesonent capesilon




wvoltages. For simplicity, the device drops on the sapacior voltkges
are ignored whea finding the transition points beteeen swilch stales.
During rwm off, ke device current Is caleulsted as shown in Fig.
3, whers ¢ is e time referenced Lo the beginaing of wm off. For
brevity, Bate and power boos equations are only provided for one
half of the opemtiosal cycle, since the squations for the other halfl
of the cycle are wery similar. The smulation equsticas are as
follows:

Staie Az 5, on D, 5; Dy off;

di 1rs
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This state lasts until i > i, Althia point, 5 is weeed off, cauding
a lransition W mate B.

Snte B: §, wming off or off, 0,, 5, D, off:

di, 1
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This state lasts umil ¥, < 0, when state C i4 eatered.
Sute O §, mming off or off, Oy on, D, §; off:
diy lin
—_ = == « ¥, =i -
& L{:"‘?f - * f.hmr] o
¥,
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This state lasts until §, < @ If wro-on tensient effects are
considered, stite Y is entered, Otherwise, state [ is entered directy.

S ¥: 5. By, Dy off, 5, wming oa:
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This state only occurs when modeling the nam-on transient of 5.
Loss energy is caloulsted s the incrementsl energy which ia sored
an the reaonant capacitors, and is dissipated instantansously when &,
triggers oo, This sate ends when ¥, > V.. At this poimt, 5
Iriggens on, ¥, is reset o O, ¥, i8 reset to Vi, and sie D b
enlered.

The mate and power lows equations for the second half of the
comverter eperating eyele are sEimilar o those of the find half, and
are aoited for brevity. The maies the comverier traverses in the
second half of the cycle are:

ty Iy

Figure 3 The hinear-and-tsil turme-off model.

Sute B 5 on, 5, Dy, Dy off
Saie E: &, turning off or off, 5, D, D, off
Swte F: §; wming off or off, D; oa, 5, D) off
Siate Z: 5, wrning oa, D,, 5, D, off

This simulation approach yiclds & more acourace pictare of i
loases uf » given operating point i sigaificant compuatational expens
compared o the closed-form equations. I alse provides a mon
sccunme pleture of the opersting frequency as & functon of opersting
point than (2), especially when the inductor current wavelorm i
sigaificantly affected by the rescnant transitions.

SIZING RESONANT ELEMENTS

Sizing the reponant elements is o complex but critical componts
of RPI cell design. One method for selecting the mesosan
somponents in Resonant Pole laverisrs wis pressnsed in [4]. Thi
approach is based on minimizing comverter lossss for & prespecifin
operating conditicn and swiiching frequency. While thas appros:
has merit, il doea oo provide s full view of the radeclTs in wzin
the resonant components of the RFL cells in w cellular archilecture.

Sizing the resonant elements in an EFI cell imvolves trmdin
betwesen several competing factors, including total power dissipstion
minimum ewitching current, Inductor energy stomige, full-lis
minkmum switching frequescy, and no-load maximom swikcbin
frequency.

Power dissipation i3 an imporant aspect of he compons
selection process, Given esimates of the loss surfaces for differe
device pammeters, sclection of the best avoilable semicondisc
devices oan be made, For the main devices, coe generally has o
trade off between forward drop, wrm-off fall time, and oirmo
voltsge transient losses. The loas surface over the mnge of resona:
component vilues aleo allows the designer o resdriel sitention §
component values which are practical frosm thermal desig
considerutions, and 1o trade-off thermal mansgement requirsmen
with cther design chjsctives.

In sddition o addressing peak power dissipatica, i i imporin
10 address whal happens st partiel boad when selssiing resons
components. The panisl-dosd performance of the RPD cell |
strongly affected by the minimum peak swiching current which |
required 10 makitsin zero voltsge swilching. This minimum cure
is in turn & fumetion of the resonant component values, As describe
in [3,5], the minimum peak current which must be maintsined ft
zero-volisgs switching is:

.'_..*;I%r*wfq_ [117]

Keeping this current small relative to the current miting of te &
is imporasi for schieving a design with good penisl b
periormance.

The saengy storaps requirement of the resonant inductor is anoth

impartant azpect of BF] cell design. As discussed in [2-3], the &




and som of the sulpus magesics in 4 eellalar architecture can be
significant. I is thas importanl to address the resonant inductor
sizing as pert of the design process. Caloulating the energy siorsge
of the resonant inductor as:

W= 1Litl, (an

it can be seen thet the energy storege is o finction of both resonsm
commpone ot values, since §, i partally deeemiped by (16).

The foal major considerations when selecling the mesonant
components are the maximum and minimam switching frequencics
kst eccur over the load rangpe of the cell. The minimum switching
frequancy of the BPI oocurs at full load (max [, V3, end is &
funetion of the specified volunpe bus utilization (30-%0% typical) as
can be geen in {2). The minimum swilching frequency is important
becase B impacts the speciml performance of the cell and the
resulting output filker design. The maximum swicking frequency
cocurs al no loed (min [ ¥, and is important mainly becauss it
determines the required bepdwidih of the sensing snd contrel
circuitry of the RPI cell. Becsuse significant time may be spent in
the resonant transitions al oo load, B B best w venfy maximom
swilching frequencies using simulation, instesd of relying on (7).

Selecting resonant component values is thus & muli-sttribuce tude-
off berween the conflicting goals of minimem power dissipstion,
misimum padiching eurrent, minimum magoeab: enengy somge, and
desired swilching frequency range. By exemining esch of thesa
aspects o5 & fonction of resonant component velues, the desipner can
select the devices apd resonanl components which wield the best
posaible combination of sorbutes for the spplication,

CONCLUSION

The resapant pale iovener is 2 promising topelegy for the cells in
a cellular converer archisecmire, This paper has sddressed the Joss
modeling and the selection of devices and resomant componenks in
the design of lowspower RP] cells. Two methods for estimating the
loss surface over reaonhanl components have been presented. The
fist is besed on closed-form expressions, and s wery
computationally efficient, The second is based on simulsticn, and
yuelds more accurste resulis o1 the ewpense of compuatational
overbiesd, The malti-ansibute teadeoff in seleciing resomant
component velues his alsos been described, and = design
methododogy suggested.
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