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Abstract—Multiphase voltage regulator modules (VRMs) for micro-  two-phase interleaved converter can effect a reduction in rip-
processor power delivery with coupled output inductors are discussed. ple. Unlike the ripple cancellation in an uncoupled multiphase
Strong coupling is shown to be feasible and effective at reducing ripple if P . . o
the correct magnetic topology is used. For more than two phases, this can Converte_r’ tf_‘IIS ripple _reduct|or_| extends to the currentin the in
be a “ladder” core with windings around each rung. Typical ripple re- ~ductor windings and in the switches. In [10], one topology for
duction is better than a factor of six with no effect on response time. One coupling larger numbers of inductors in a multiphase VRM is

can also chose to improve response time while still significantly reducing considered, but is not found to offer major advantages
ripple. A simultaneous numerical optimization of the magnetics and the ! ’

circuit is used to minimize loss in a fast-response 100 A design. In this paper, we show that coupled inductors can be used
to obtain significantly greater performance improvements than
those obtained in [8], [9], [10]. For two-phase converters, we
show that a different gapping configuration leads to higher rip-
High-current low-voltage power converters with fast repje reduction, and we present a simple explanation of the cir-
sponse are needed for powering digital systems such as gijit behavior in the limit of ideal coupling. For multiphase
croprocessors, which are projected to require 100 A or morgafore than two phases) coupling, we introduce a new topol-
under 1V [1]. What makes this application particularly chalgy that allows practical operation with much stronger cou-
lenging is that the load current can step from near zero to ffing than is possible with the topology in [10], and thus al-
load or vice versa in a matter of nanoseconds, and the voltaggs greatly reducing ripple while simultaneously improving
must be held stable throughoutthe step, with a projected tolggnsient response.
ance of less than 50 mV [1]. The combination of high current |, 5rder to most effectively apply the new multiphase topol-

and fast response requires a voltage regulator module (VRM) \ve have developed a simultaneous optimization of the cir-
located immediately adjacent to the load. The VRM must b&;it and the coupled inductor structure. The calculation of per-

smallin size as well as have high efficiency and extremely fg{mance used for the optimization is described in Section IV,

response. _ _ and the results of the optimization are given in Section V.
Presently, the standard design used for high-performance

VRMs is a buck converter with multiple parallel sections, stag-
gered in phase [2], [3], [4], [5], [6], [7]- In a buck converter
with a load-current step, the output capacitor supplies (orFor the purpose of economizing on magnetic material and
sinks) the immediate difference in current while the inducteeducing the loss in the magnetic material, it is possible to
current is ramped up or down to match the new load curreghare a core leg between two inductors in a two-phase buck
A small inductor allows ramping the current quickly to miniconverter. If a high-permeability ungapped leg is shared, as
mize the output capacitor requirement. However, small indughown in Fig. 1a, the coupling between the two windings is
tor values also lead to large ripple current. In a single-phagery small, and itis possible to reduce the amount of magnetic
converter, large ripple current in the inductor increases the ootaterial required without affecting circuit performance. With
put capacitor requirement when the inductor is very small [@})e phases oriented as shown in Fig. 1, the ac flux is reduced in
[7]. The standard multiphase interleaved design avoids thfe center leg, and so are the losses, but the dc flux requirement
problem because it achieves substantial ripple current candel-that leg is increased [9], [8]. These effects are of minor
lation in the output capacitor. This allows smaller inductandgportance, because the center leg is a small portion of the
without requiring a large output capacitor. However, the futiverall core volume.
ripple current flows through the MOSFET switches (includ- More interesting is the configuration shown in Fig. 1b with
ing synchronous rectifiers) and through the inductor itself, rgaps in all of the legs. The phases then become coupled, re-
sulting in higher losses and higher peak current requiremergsiting in a moderate ripple reduction [9], [8]. However, the
One strategy to reduce the ripple current throughout is to agirongly-coupled configuration in Fig. 1c is capable of pro-
erate at very high switching frequencies (e.g., see [6]), but thigcing greater ripple reduction. With high permeability core
increases switching and gate-drive losses and imposes difiaterial, at low duty cycles the coupling approximately cuts
cult requirements for magnetic materials capable of low losgple current in half for the same transient response. As duty
at very high frequencies. cycle increases towards 50%, the ripple is reduced further and
In [8], [9], it was shown that coupling the inductors in approaches zero with 50% duty cycle and very high perme-

|I. INTRODUCTION

II. TWO-PHASE COUPLING
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Fig. 1. Alternative gapping configurations for two-phase coupled inductor. Val?
The voltages, are the switching node waveforms for each phase, as in ‘
Fig. 2. 0 T "
Model of coupled inductor structure
O .
Vin ) _Ideal transformer
| Yraii Upr SO0 Fig. 3. Waveforms for the circuit in Fig. 2. The twg nodes have identical
/ WW waveforms, shown in the bottom plot.
J: _— <L O Yout
| W Yy where we have dropped the index on th&s because they are
- \%LUUU Cout equal. Givenw,; andv,, from the switching configuration,
% W L, “ = we can findv, = (vz1 + vy2)/2: the voltages, are equal

to the average of the voltages at thenodes. Thus, for ex-
ample, for small duty cycles, eael) pulses toV;,, once per
cycle. Because they are equal to the average of ils the
. . vy's pulse toV;,, /2 twice per cycle, as shown in Fig. 3.
ability core mater_|al. ) , For the leakage inductances, this is like having a converter
An electrical circuit model for this coupled structure Carr]unning from a input voltage;,, /2, switching at twice the
m 1

be easier to understand than a magnetic circuit model. The. -, switching frequency,. The on-time is unchanged, but

cm;wt shown in Fig. 2, with I(_aakage '”d“‘%t"’?”d% andLy, the apparent duty cycle is twice the original duty cycle, so that
an ideal transformer, and a single magnetizing inducténge the output voltage is the same as without coupling.

can be used to model any linear magnetic structure with tWOTg evaluate the ripple with perfect coupling; — oo),

windi_ngs. With equal ”“”?ber? of tuns on the two Winding%bnsider that the ripple in a standard buck converter is pro-
as with all the structures in Fig. 1, the ideal transformer h Srtional to(1 — D)/f,. With both the effective duty cycle

a 1.1 turns ratio. The gapping coqflguratlons and gap leng d the effective frequency doubled, the ratio of ripple current
affect the value§ OL.“ "’?”de2 (which are equal by symme- with coupling to ripple current without coupling (using induc-
try) and Lj;; this circuit model can be used to analyze th?ors equal tr) is
behavior for any set of these values. However, the circuit in
Fig. 2 is easiest to understand when we consider Fig. 1c. In Lyp coup (1-2D)/(2f,) (1/2—D)
this configuration, the magnetizing inductance is proportional 7"~ ~ = T = (1 _py - 1)
to the permeability of the core. For the purpose of a qualita- '
tive understanding of the circuit, we can consider the case inThis circuit in Fig. 2 can also be used to derive the wave-
which the permeability approaches infinity such that the magbrms with finite magnetizing inductance. This analysis is not
netizing inductance is approximately an open circuit for alghown here because it leads to expressions for ripple in the
ac currents or voltages. case of imperfect coupling that are equivalent to those in [9],
To make a fair comparison with the uncoupled case, veid because it is a special case of the more general analysis
consider equal energy storage in nominal dc conditions. Bge present in Section IV.
cause the magnetizing inductance’s energy storage is negliStrong coupling can substantially reduce the ripple in the
gible when the magnetizing path is ungapped, equal enegggady-state waveforms. Now consider the effect on transient
storage implies that the values of the leakage inductabges response. During recovery from a load transient, the controller
and L, are equal to the values of the uncoupled inductors. should simultaneously activate either both high-side switches
With no magnetizing inductor, the ideal transformer (witlr both low-side switches (synchronous rectifiers). In this
the polarity as shown) forces the ac currents in the two phasase, the ideal transformer does nothing, as the voltages at the
to be equal. Thus the ac currents in the two leakage indieo v, nodes are equal teach other and equal to the volt-
tances,L,; andLy, are also equal, assuming that (by symmeages at the tweo, nodes. So the transient response is deter-
try) the leakage inductances are equal. With equal ac curremtined exclusively by the leakage inductandes and L,
the leakage inductances also have identical voltages acrasd is identical to the transient response with uncoupled in-
them. Thus, the voltages at the nodes labelgdindv,» must  ductors sized to match the leakage inductances (the same siz-
match. The transformer equation requivgs—v, = vy, —v.2, ingthat gives equal energy storage, as discussed above). Since

Fig. 2. Model for two-phase coupled buck converter.
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the coupling does not affect the circuit behavior when all the
phases are switched together, the analysis of transient response
is virtually identical to the analysis of transient response in
uncoupled multiphase converters [4], [7], [6], [11], [12], and b, % _\g a
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does not require further discussion here.

Another way to think about the operation of this magnetic
structure is in terms of common-mode and differential-mode 9}
inductances. We want the differential mode inductance highin l
order to reduce ripple associated with the differences between Vvx1 Vx2 vx3 Vx4
the ac voltages at eaeh node. At the same time, we want the
common mode inductance to be low for fast response when g 4. New topology for miti-phase oupled inductors, shown for four
phases all switch together in a transient condition. The con- Phases. The placement of windings on the rungs of the ladder core struc-
. . . . T ture, instead of on the outer legs, allows the use of high-permeability ma-
figuration in Fig. 1c is similar to the standard common-mode terial for high coupling, without the dc current (equal in each winding)
choke used to reduce conducted EMI, but with the winding producing saturation.
polarities flipped to maximize differential mode inductance in-
stead of common-mode inductance. As in a standard commol
mode choke, the gapped center leg is netassary; without
that leg present, a small leakage inductance results from tt *« u u
air paths between the top and bottom core legs and will oftel + Ry Reooo Ry
still provide sufficient leakage inductance. In a common-mode @ @ @
choke, the equal and opposite low-frequency currents allov - - - -
the use of high permeability core material without saturation.
In the configuration in Fig' 1c, the OppOSite Winding-pOIaritl\éig 5. Magnetic circuit model for four-phase coupled induct®.is the
allows large dc currents in each phaseheiit saturation as .relluctance of a given pattR, is the leakage reluctanc®,, is the éum of

long as the dc currents are equal. the reluctances of top and bottom outer legs across any one window, and
R, is the reluctance of the rung (post around which the wire is wound).
The MMF sourceVi corresponds the the current and number of turns in
the corresponding winding.

The advantages of the coupled inductor in Fig. 1¢ may Qg equal dc currents in all the windings is retained. With
extended to inductors with any numbe_r of pha_lses. Itis not iBgual currents, the MMF produced by each winding is equal,
mediately clear how to do this, as it is possible to construgtq the only flux circulation induced is through leakage paths

magnetic circuits with multiple windings (transformers) withnroygh the air. Fig. 5 shows a magnetic circuit for this struc-
the winding branches in parallel or in series [13], or in othgf;a

configurations such as in [10]. The effect that we want from IV. CALCULATING PERFORMANCE
the transformer aspect of the device (the ideal transformer pqr
tion of the model in Fig. 2) is to balance the phase currents.
With the ac current in all the leakage inductances equal, it fol-Formulating a model in terms of a matrix equation will fa-
lows that the voltages, must be equal, and hence equal téilitate developing an analysis that applies to any number of
the average of the voltages. The multiwinding transformer phases. Based on Fig. 5 we can write

configuration that enforces equal currents is with the wind- b — AT )

. ) . . " u = ;

ing branches in parallel. With a high-permeability core, the

parallel branches must all have the same MMF across themhere,, is a vector containing the magnetic flux in each rung
and so theVi product must be the same feach. With equal of the ladder structuré; is a vector of the MMF values at each
numbers of turnsV, the current must be equal. This is imode at the top of Fig. 5, and, for four phases,

contrast to a conventional multiwinding transformer with the

©

—|

Vout

IIl. NEW TOPOLOGY FORMULTIPHASE COUPLING

" Model Formulation

1 1 1
winding branches in series (or all the windings on the same Rev Jrl Re R, 01 0
leg) which enforces equal/ N on each winding, and requires A — T Ry Rep +1 Re Q*R_tbl 01 ,
thatSNi = 0 [13]. 0 TRe Re LR T Ra
Thus, we want to configure the winding branches in parallel 0 0 T Ry R T Re

in order to force the currents to match as closely as possible. 3)
The core can be a ladder structure, as shown in Fig. 4, whighe matrix A may be similarly expressed for any number of
is drawn without the optional gapped center legs shown Yhases. Using

Fig 1c—the leakage flux paths serve the same purpose. With )

the windings placed on theings of the ladder (rather than on H, — Ni—J (4)
the outer legs as in [10]), the advantage of avoiding saturation “ Ry
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we can find an expression for the vector of currents in eacl ‘ ‘ ‘ ‘ ‘ B Do oo
winding as a function of the vector of flux in eaalng,

— - phase 3
10F [y i — - phase 4

1
) = — :’Ru Afl D,. 5 0 05 1 15 2 25 3 35
i=5RutAT) (%) S N

B. Calculation of Steady-State Waveforms

Using the model derived above, we wish to calculate mag
netic flux waveforms and current waveforms; both have d¢z |
components and ac components which we calculate sep”
rately. % 05 1 s 2 25 3 35

The dc components are calculated by assuming that the f ‘ ‘ ‘ ‘ ‘ ‘
currents in each phase are equal. This is necessary for prog vgfo//\\/\/\/\ i
operation, and may be achieved by the same active or passi ‘ ‘ ‘ ‘ ‘ ‘

. 0 0.5 1 15 2 25 3 35
methods that are used for uncoupled multiphase converter_. )
Thus, if we have total current in the lodg,;,; and the number

of phases is:, the dc component of current #ach phase is Fig. 6. Example waveforms calculated as described in the text for the four-
' phase coupled-inductor converterwith the parameters specified in Table I.

Iphase,dc = Itotar/n. The dc component O_f ﬂU_X in th_e outside  shown for each phase are: switching-node voltagesouter core leg
legs of the ladder core (top and bottom in Fig. 4) is zero and fluxes®, core rung fluxe®.,, and phase currents

the flux in each rung is

TABLE |
DESIGNPARAMETERS FOREXAMPLE WAVEFORMS.

NIphase,dc
(I)u,dc = W (6) Symbol Value
U L Vin Input voltage 12V
Vout Output voltage 1.45V
With the switches operated with duty cycl# the voltage Itotar  Total output current _ 1007
. . . . Lo tot Parallel combination of all leakage inductances  8.25 nH
across each winding will switch frorif;,, to zero. The rela- n Number of phases a4
tionship between the flux change in the rung and the voltage Number of winding turns 3
. fs Switching frequency 312 kHz
IS Core material Magnetics K
V=_N d(I)u (7) Geometrical parameters, as defined in Fig. 4 (mm)
- dt a 1.34
by 243
) ) c 28.0
From the duty cycle and the period, we can obtain the ac com- d 3.86
ponent of flux in the rung. From equation (5), we can calculate o 3%
the ac components the winding currents. The ac component of g 1.84

the MMF F can be found by inverting (2); the MMF can then
be used to calculate flux in the outside legs of the ladder cqre

e . Calculation of Power Loss
(top and bottom in Fig. 4) using

There are three parts of power loss that we consider in our

AF analysis: winding loss, magnetic core loss, and loss in the re-
TRy (8)  mainder of the circuit.

With high-frequency current, winding loss increases be-

Now we have all the components of fluxes and currenguse of eddy-current effects [14]. However, with strong cou-
Example waveforms are shown in Fig. 6, for the paramete?éng, the ripple current can be small, which means that ne-
shown in Table I. The strong coupling makes the current wav@ecting this effect will not lead to major errors. Thus, we
forms in the four phases virtually indistinguishable. The cugalculate winding loss using simply the total rms current and
rent ripple of about 20 A peak-to-peak looks large, makiri§e dc resistance?,, = I, Rae-
one wonder how effective the coupling is at reducing ripple, For the calculation of the core in ferrites, the Steinmetz
but this design takes advantage of the coupling effect to opgguation is often used:
ate at a relatively low frequency (312 kHz), while having the P — kfops

. v = kf*B", 9
low leakage (common mode) inductance that would normally
only be feasible with a switching frequency above 1 MHz. lvherek, a, 3 are constants often given by the manufacturer
this design was operated at the same frequency (312 kHz) wafithe magnetic materiaP, is power loss per unit volume}
no coupling, the peak-to-peak current ripple would be 123 i& peak flux density, and is the frequency of sinusoidal exci-
in each phase, over six times higher. tation. Unfortunately, the Steinmetz equation applies directly

Dy



APEC 2002: LI, SULIVAN: COUPLED NDUCTOR DESIGN OPTIMIZATION FOR FAST-RESPONSE LOW-VOLTAGE . 5

TABLE Il

only for sinusoidal waveforms. While it may be an adequate
PARAMETERS FOR OPTIMIZATION

approximation for symmetric triangular flux waveforms, it is

not adequate for extreme duty cycles (for example, ina12 V tcﬁymbol : : \g“i/e
1V converter) [15], much less for the unusual irregular wave-;/* =~ SERE8e Y
forms that appear in some legs of the coupled inductor. Not&:ota: Totallftlltputgurrent allloak § 100 A
: . : . s Lo tot Parallel combination of all leakage inductances 8.25nH
that _separatmg_ the waveform_ into sinusoidal components V'%smh Total switching loss per cycle for all phases 5,29
Fourier analysis and calculating the loss separately for eacl.....  On-resistance of all low-side switches in parallel 0.8m
. . Ry tot On-resistance of high-side switches in parallel 2.X6 m
I(;omponent does not worlebause the loss mechanisimen- ¥ Maximum height allowed 3mm
neatr. A Maximum footprintarea 582 mfn
To solve this problem, we use the “Generalized Steinmetz Core material Magnetics K
Equatlon_ (GSI_E) method _Introquced In [16] for analyzmg fOl‘ Parameters for core material: Magnetics K material ~ MKS units
losses with arbitrary nonsinusoidal waveforms. The GSE finds Core loss constant for (9) 0.759
the time average core loss per unit volufeas p Sore loss ijgi:;{;égggﬁg;t 1508
k1 Core loss constant for (10) 0.192
. 1 T 3 Relative permeability of core material 1500
P, = —/ k1|(dB/dt)|¥|B(t)|"~“dt (10)
T 0

phase, but we allow the switch parameters to vary continu-
ously. We believe this analysis is more useful than constrain-
k ing the results to integer numbers of available MOSFETS in
ki = o E— (11) parallel because it allows us to see tiaderlying design is-
(2m)>=t 5" |cost|*|sinf| P~ d6 sues. For practical application, one could then modify the
. . ... results to find what works best with presently available de-
F-lrg effectiveness of the GSE was experimentally verified Vice sizes, or work with a MOSFET manufacturer to produce
o S ... the size device needed. The parameters in Table Il are based
Applying the GS_E to a general periodic plece-W|se-I|ne%rn using ten of the STB70NFO3L is parallel for the low-side
waveform, we obtain switch, and using a smaller, non-integer number (3.7) in par-
. (12) allel for the high-side switch, scaled down for the lower rms
Y o1 current.
|Bf+*1‘Y+1 — B Rather than fixing the total number of parallel MOSFETS,
we could choose to select the number to minimize total loss

whereB; are the flux densities at timeés For (12),B is as- inc_luding swtihing and gate—dr_ive loss and conduction loss.
sumed to always be greater than or equal to zer®. dfosses 1 Nis would give lower-loss designs than the ones we report,
the line of B = 0, we convert the negative part to its absolutBUt in practice the number and size of MOSFETSs used is lim-
value before applying (12). ited by cost. _ _ _

In addition to the loss in the inductor itself, the calculations T0 calculate conduction losses, an effective on-resistance of
and optimizations take into account circuit losses. Losses in
the output-capacitor ESR are neglected, assuming that rip- Ronery = DRy + (1 — D)Ry, (13)
ple cancellation reduces them to near zero, and that ripple = _
cancellation and fast response allow the use of low-ESR éé_muﬂlphed by the square of the rms_cur_rent. The_ S‘_N'tCh'
ramic capacitors. Thus, we consider only losses in the Mo'89 IOS_S energy, scaled _by the_cur_rent, is simply multiplied by
FET switches. We assume fixed total switching loss per @W'tCh'ng frequency to find switching loss power.
cle Esuiten, including gate drive loss, and fixed total paral-
lel resistance of the high side switches (considered in paral-
lel) and of the low side switches. The values of these pa-Given a complete method for calculation of performance,
rameters used in the example optimization in Section V ags described in Section IV, standard numerical optimization
based on datasheet parameters of low-gate-charge commeasighrithms can be used to find the optimum values for a set of
MOSFETs (STB70NFO3L), and are listed in Table Il. Theskee parameters, given fixed values for the other parameters.
numbers are scaled by the number of phases to find paraW& used the Nelder-Mead simplex algorithm as implemented
ters for a given phase—resistance for a given phase is scafethe MATLAB functionfminsearch  [17].
up by the number of phases and switching loss is scaled downThe parameters for which we have run the optimization are
The idea of this is that the overall numbers represent malisted in Table II. Fixed optimization parameters include the
parallel MOSFETS, and that the total number of MOSFETtechnology and number of parallel MOSFETSs as discussed in
stays fixed as we change the number of phases. In practi8ection IV, the size of the magnetic structure, and the elec-
an integer number of MOSFETs must be allocated to eatfcal parameters of the converter. The footprint area of the

whereq, ( are the same as in (9) and

Bit1—B;
tit1—t;

k
T(ﬁ711+1) Z

V. OPTIMIZATION
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TABLE Il

OPTIMIZATION RESULTS FOR1I00 A 12 VT0 1.45V CONVERTER

n Number of coupled phases 1 2 3 4 5 6 7

N Number of turns 2 2 3 3 3 3

a Window 135 128 134 129 125 121 mm
b Window breadth 32.7 22.1 24.3 19.6 16.7 14.7 mm
c Device breadth 36.0 265 280 238 212 194 mm
d Rung width 6.72 6.03 386 360 332 306 mm
el Rung thickness 1.65 1.72 1.66 1.71 1.75 1.79 mm
eo Height 3 3 3 3 3 3 mm

g Outer leg 165 224 184 210 226 236 mm
fs Switching freq. 872 525 387 312 281 279 295 kHz
Toc,rms Total rms ripple current* 51.1 36.9 28.1 21.2 145 8.85 450 A
Py Winding loss 069 095 137 165 190 212 W
P. Core loss 047 074 092 121 148 173 W
Py, Total Inductor Loss 1.16 1.69 2.29 2.86 3.38 385 W
Ps Switching loss 505 3.04 224 181 163 161 170 W
Pras MOSFET conductionloss 122 110 104 101 985 972 966 W
Py Total MOSFET loss 172 140 126 119 115 113 114 W
P, Total loss 152 143 142 143 147 152 W

*The sum of ac rms currents in each phase.

magnetic structure is fixed at 582 rimbased on an esti- cal and electrical ordering of the phases can help reduce cur-
mate of the area that would be required for a conventionaint ripple. The idea is that a large phase difference between
discrete-inductor design for 100 A. The inductor performanceearby phases will improve the ripple cancellation effect com-
is strongly affected by height. This optimization was pepared to putting phases in order, which would makeeeijt
formed for a maximum height of 3 mm; allowing a thickephases have relatively small phase differences. For small num-
device could rapidly cut inductor loss and/or area, althoudpers of phases, optimal phase orders can easily be found by
inductor loss turns out to be a small fraction of the total losmspection. For example, [1 3 2 4] is the optimal ordering for
The output voltage of 1.45 V was chosen to be in the rangefolur phases; [1 3 5 2 4] for five. For large numbers of phases,
interest, and to be a value that doesn’t have any simple integer have not yet found a way to determine the optimum phase
relationship with the input voltage of 12 V. The total outpubrder, but we have used our best guesses of good phase or-
current is fixed at 100 A, and the per-phase current is adjustigting. In designs with an ungapped, high-permeability core,
according to the number of phases used. Thus, for examgles coupling between any two phases is good enough that the
for four phases, the per-phase current is 25 A. phase order makes very little difference, especially for small

The coupled inductor system allows improving respon&g/mbers of phases. Given this and given that the optimal
time for the same level of ripple current, or decreasing rippfSigns we have computed tend to have less than about six
for the same fixed response time. In these optimizations, RB2Ses, the unsolved problem of optimal phase ordering for
fixed response time, by fixing the total parallel inductance fdf€ general case is not important at this point, even though it
the 100 A output to allow a current slew rate in the inductoi¥0uld be a very interesting topic to study.

faster than any existing VRM we know of, thus minimizingthe Because the optimization routine we used does not directly
output capacitance requirement. We assumed initially that thecount for the requirement that two of our parameters—
appropriate leakage inductance would be achieved throughr@imber of phases and number of turns—can only take on in-
paths and widening of the outer core legs. Because the opéger values, the optimization proceeds in three stages. First,
mization resulted in long, thin rungs, itis likely that additionglgr any give number of phases, the design is optimized based
core legs will be needed in practice to achieve the necessgf allowing non-integer numbers of turns. Then, from those
leakage inductance. The most practical way to implement thatults, we select the closest integer number, and repeat the op-
is a topic for future study. timization with the number of turns fixed at that integer value.
With the constraints discussed above set, there remain kirally, from a list of the results with different numbers of
degrees of freedom to be adjusted for minimum loss. Thegeases, we can select the result with the best performance.
could be expressed in various linearly-related sets of param@ble Il summarizes the design details and performance for
ters; we used cross-sectional area of the core in two differéhifferent numbers of phases.
places (the rung and the outer leg), the thickness of the rungrne results in Table 1l show that any of the numbers of

(e1 in Fig. 4), the switching frequency, the number of turns 0 ases considered achieve very good performance when the
each phase, and the number of phases. inductor design and operating frequency are optimized. The
We find that changing the relationship between the physiinimum loss is achieved with four phases, and it has about
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7% lower loss than the two-phase coupled system. Perhapsrements for fast response time. A new topology for multi-
more important than this reduction in overall loss is the 15 fhase (more than two phases) coupled inductors allows prac-
19% reduction in silicon loss that the four- to six-phase daeal operation with much stronger coupling than is possible
signs provide relative to the two-phase configuration. Thigith previous multiphase coupled inductor topologies. The
could allow using smaller MOSFETS, reducing cost. circuit topology aside from the inductors is a standard multi-
An uncoupled multiphase converter with the same resporggase buck topology, identical to that used with uncoupled in-
time, and with the switching frequency optimized for miniductors. Optimization of the complete system including the in-
mum MOSFET losses (considering gate drive and conductidnctor geometry and switching frequency shows that the best
loss), would have 17.2 W of MOSFET loss, and would operaperformance can be obtained with four coupled phases, for
at 872 kHz. The total loss would depend on the details of thige particular parameters considered in this optimization. This
inductor design, which would entail significant ac resistanggovides a reduction in MOSFET losses by 31% compared to
effects that we did not consider in this coupled inductor den uncoupled design with the same response time.
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