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Abstract— A set of four coupled inductors is applied to a In power converters for microprocessor power delivery, fast
four-phase interleaved 1 kW bi-directional 14 V to 42 V dc/dc  response to transients is essential. Small inductor values can
converter for automotive applications. The coupled-inductor help, but that approach leads to large ripple currents and thus

structure is optimized, and the performance is examined through hiah | Usi led induct helo the desi
simulations and experimental measurements. Although coupled Igh [0SSeS. USING colpied INAUCLors can neip e designer

inductors offer bigger advantages in applications that require Pypass this tradeoff. In [6], [7] it was shown that coupling
fast transient response, they also have significant advantages inthe inductors in a two-phase interleaved converter can effect

this type of application. a reduction in ripple. A topology using three gaped legs was
introduced. Based on this work, [1], [2] show a different
gapping configuration for two-phase converters which leads to
. , higher ripple reduction. Additionally, a topology that allows
Buck converters comprising several parallel sections, Opz,tical operation with strong coupling and with more than
erated staggered in phase (interleaved) have become popWas nhases was introduced. The result was significant per-
particularly for microprocessor power delivery circuits (ofteR, . ance improvements; the ripple current in the inductors

referred to as VRMs—voltage regulator modules). Receghy the MOSFETSs could be reduced without degrading the
work has shown that introducing coupling between the indug: sient response time [1], [2].

tors in the different phases of suqh a multi-phase convertgr €@ our automotive application, however, transient response
offer dramatic advantages for microprocessor power dellvq@/ not important — batteries are available on both sides

applications, because it can offer very fast transient reSponge e converter to buffer transients. The most important
W'thO‘,“ large inductor-current ripple [1], ,[2]' In this paper, w onsiderations are simply cost, efficiency and size. In the work
examine the advantages that coupled inductors can offer [gb e ntad here, we have found that coupled inductors offer

an aPp"CaF'O” in which traf15|ent response I .no.t an_'mportaé?bnificant advantages even when transient response is not a
consideration: an automotive 14 V to 42 V bi-directional dcéonsideration

to-dc converter.
Low-cost, but efficient and reliable 14 V to 42 V bidi-
rectional dc-to-dc converters will soon be in great demand. Il. PRINCIPLE OF OPERATION

For the year 2005, reference [3] expects the electrical POWEl-q: the purpose of explaining the basic principle of coupled

negded in' a car to be between 3000 W and 7000 W [:i)’llrductors, we discuss only a two-phase system in this section.
This electrical power demand can not be handled by the 14) ¥ goction ll, a model of a multiphase coupled-inductor
electrical system. To solve this problem a new 42 V Standaégnverter will be presented

has been developed [4].

I. INTRODUCTION

The generator supplies the 42 V bus, and a bi-directional dc/dc
converter is required to charge the 12 V battery or to supply
power from the 12 V battery to the 42 V bus [5]. o

Before the transition to the 42 V system is completed, + Viy .
many vehicles will require both 42 V and 14 V buses to —/~I—ML
accommodate the electrical subsystems still working with thotoh Vou
14 V [5]. One possible architecture for such a dual voltagé i"“ IM
electrical system includes A 36 V battery is connected to the L Lo . —
42 V bus and a 12 V battery is connected to the 14 V bug" C) | " 2 - fV\V/Y\_
I
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The basic topology of a two-phased coupled inductor ieductor topology. This topology affords strong coupling for
shown in Fig. 1. The two phase inductofs and L, are multi-phase inductors, which cannot be achieved with other
coupled together and the mutual inductadiderepresents the topologies, as confirmed by the review of possible multi-phase
coupling effect between the two inductors. The dots, placedupling topologies in [8].
as shown in Fig. 1, indicate a negative value Mdf for the

voltage polarities shown. The voltages applied across the two I1l. DESIGN
corresponding windings are related to the currents by [6]: A \odel Formulation
v = Ll@ M@ (1) One way to construct the the ladder core topology for multi-
dt dt phase coupling [1] using only standard core shapes is shown
s = L;%z +M% @ in Fig. 2 [2].
One can see that the current slope of one inductor is affected <L> <L> <>
by the voltage across the other inductor; as shown in [6], [7]
[1], [2], the result is reduced ripple current. i
If we wish to consider the coupling factor » Ii\ Ii\ Ii\ Ii\ °
M - T /I 1=
o = f (3) A 4

and analyze its effect on the ripple, it is important to first
consider which other parameter(s) will be held fixed. In [7];ig_ 2. Core configuration used, shown for four phases.
[1], [2], the leakage inductance is held constant in order to

keep the transient response constant, and it is shown that L o .
increasinge as high as possible minimizes ripple. For our N [1] the magnetic circuit shown in Fig. 3 is developed to

application, transient response is not important; we wish galyze the behavior of the ladder core structure. In Fig. 3,
minimize the size and cost of the converter without degradig is the leakage reluctanc@,; is the sum of the reluctances
efficiency. As a first approximation, the energy storage c&h 0P and bottom outer legs across any one window, and
be used as a proxy for the size and cost of a magne‘ﬁe is the reluctance of_the rung of_the ladder, which is
component. Holding leakage inductance constant also me&ff° the post around which the wire is wound. Each MMF
that the energy storage is fixed, and so is an approprig@Urce corresponds to a winding, with a valtié equal to
condition for comparing different degrees of coupling, eveift€ Product of the the currentand number of turnsV in the
when transient response is not a primary concern. corresponding winding [1].

The ratio of ripple with coupling to the ripple without

coupling, based on holding the leakage inductances, and thus J\/\/\/ /\/\/\/ /\/\/\/

the energy storage, fixed is given by [6] R R R
Binow _1*orp @ § . § ) § ”“ §
AiL,uncou,p l-« . X R R R,
Note thata is between -1 and 0 becausé is negative. ’ ’ ’ ’ @
Uncoupled inductors correspond to = 0. The coupling

effect gets stronger as the absolute valuexahcreases, and
thus the current ripple is reduced. The smallest ripple can b 3. Magnetic circuit model for four-phase coupled inductor. From [1].
achieved when there is perfect coupling € -1). In practice
perfect coupling can not be realized, but the highest practicalgased on Fig. 3 [1] writes
value of« gives the best ripple reduction.
The operation of the coupled-inductor converter may also ¢, = AT, (5)

be understood in terms of a transformer model 'nd“d'r\ﬁhere ®, is a vector containing the magnetic flux in each

leakage inductance and magnetizing inductance, as descrinﬁpg of the ladder structuré is a vector of the MMF values
in [1]. Although the terminal behavior of the transformerat each node at the top of Fig. 3, and, for four phases
model is identical to the behavior described by (1) and (1), it ' ’ ’

offers a different way of thinking about the circuit operation gg%b + 3% —g%tb 0 0
that may be more intuitive. The interested reader is referre% _ —g%tb g%tb + R% —R%b 0
- 1 2 1 1 )
to [1]. . _ 0 e TR R
To use the advantages of coupled inductors in a converter 0 0 7%11) ﬂ%b + %
t 4

with any number of phases, [1], [2] introduced a "ladder core” ' (6)
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The matrixA may be similarly expressed for any number :Z

phases. From S,
Ni—F

(I)u = y 7 il

R ) "

an expression for the vector of currents in each winding ¢
function of the vector of flux in each rung can be found. |

B, (T)

1= %(RU—I-A_l)q)u (8) 03+

By (T)
o
o

Fp R

B. Calculation of Seady State Waveforms =T B =

The magnetic flux waveforms and current waveforms 20 -
calculated using the model derived above as described in =z
Both waveforms have dc components and ac compon ']
which are calculated separately. 14

The dc components are calculated by assuming that the dc N i
Eig. 4. Example waveforms calculated as described in the text for the first

currents in eajCh phase are equal [1] This is necessary otr-phase coupled-inductor converter described in Section V with inductors
proper operation, and may be achieved by the same actiw@nd with eight turns on a single set of U cores. Shown for each phase are:

or passive methods that are used for uncoupled multi-phé\@@ first switching-node voltages, 1, all four outer core leg flux densities
converters. Thus, with total current in the lodg, and Byy, all four core rung flux densitie®,,, and all four phase currents
. ) tal
n phases, the dc component of current in each phase is
Iphase,de = Itotar/m. The dc component of flux in the outside
legs of the ladder core (top and bottom in Fig. 2) is zero andWith high-frequency current, winding loss increases be-

the flux in each rung is [1] cause of eddy-current effects [10]. As described above, we
NI can achieve small ripple current with strong coupling, which
Dy ge = % (9) means that the eddy-current effects do not influence the

U 74

winding losses very strongly. Thus a simple approximation
The voltage across each winding will switch frdm, —V,.«  for R,. in a single-layer winding is adequate:

to —V,.:. The relationship between the flux change in the rung
and the voltage is [1] Ry = Z—Z Ry (13)

42, (10) whered is the wire diameter and is the skin depth. We

dt assume that AC current flows only within a small part of the
From the duty cycle and the period, (10) can be used to obtgyss section of the wire and not on surfaces facing a high-
the ac component of flux in the rung, and from equation (8)ermeability core. The size of this area is determined by the
the ac components the winding currents can be calculated [di, depth which depends on the frequency of the AC current.
The ac component of the MMF can be found by inverting Note that although (13) is only a rough approximation, more

(5); the MMF can then be used to calculate flux in the outsi@gmmonly used ac resistance formulas can have very large
legs of the ladder core (top and bottom in Fig. 2) using [1]grror [11].

V=-N

AF For calculating core loss in ferrites, the Steinmetz equation
Py = R, 11 s commonly used [12]:
th
Now we have all the components of fluxes and currents. P, = kfan’ (14)

Example waveforms are shown in Fig. 4, for the first four- )
phase coupled-inductor converter described in Section V wifherek, a, § are constants given by the manufacturer of

inductors wound with eight turns on a single set of U coreghe magnetic materialp, is power loss per unit volume
is peak flux density, and is the frequency of sinusoidal

_ excitation. The Steinmetz equation in this form can only be
C. Calculation of Power Loss used for sinusoidal waveforms. To solve this problem, we
We are taking three components of power loss into accounse the “improved Generalized Steinmetz Equation” (iGSE)
These are winding loss, magnetic core loss, and the lossesninoduced in [12] for analyzing for losses with arbitrary
the circuit. nonsinusoidal waveforms. In reference [12] the effectiveness
The winding loss is calculated as [9]: of the iIGSE was experimentally verified.
Besides the losses in the inductor, we consider the losses
Puinding = I3 Rac + Iz rms Rac (12) in the circuit. We assume that the ripple reduction reduces
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TABLE |

phases. Table | shows the fixed parameters based on this
PARAMETERS FOR OPTIMIZATION

converter. The inductor design is based on the configuration

Symbol Value shown in Fig. 2, but using a pair of stacked U cores, each
Vin Input voltage 4zv with a dimensionc of 6 mm.

Vout Output voltage 14V

Liotal Total output current 68 A

Ly tot Parallel combination of leakage inductances 478 nH

n Number of phases 4 I i Fi

FEswiten,  Total switching loss per cycle for all phases 13,38

Riow On-resistance of low-side switches 8.0m ‘ ‘

Rpign On-resistance of high-side switches 8.2m ‘ by B

dawa AWG number of the wire used 16

Geometrical parameters as defined in Fig. 2

a=25mm,b=16 mm, c =12 mm :
= Tomm ez 13 mm I/V\MN\M/VW\/W\
Parameters for core material: 3F3 MKS units

k Core loss constant for (14) 1.895°

o Core loss frequency exponent 1.8 Fig. 5.  Waveforms with good coupling. The upper waveform shows
Jé] Core loss flux density exponent 2.5 the rectangular waveform produced by the switch (20 V/div). The lower
k1 Core loss constant 2H)6 waveform shows the ac component of inductor current (10 A/div). The time
L Relative permeability of core material 2000 scale is 5us/div.

the losses in the output-capacitor to near zero [1]. So we
do not take these losses into account, and analyze only the -
losses in the MOSFET switches. We can make the standard L_V

assumption (e.g., see [13]) that the total loss per switching ‘

cycle is fixed [9]. We represent this &5.,¢cr, including gate ' — '

drive loss. Multiplication by the switching frequency vyields

the switching power loss.

The combination of the on-resistances of both switches of
each phase is given by [1]:

Ron,eff = DRhighfside + (1 - D)Rlowfside (15) . . .

Fig. 6. Waveforms with poor coupling. The upper waveform shows
where Rhigh—side and R;,.,—s:4e are the resistances of thethe rectangular waveform produced b_y the switch (20 V/div)‘. The onver
high—side gnd onv-side svyitghe_s afd is the duty-cycle of \;V;;/Igf?srrgussr;g;/\\llls the ac component of inductor current (10 A/div). The time
the high-side switch. Multiplication of the square of the rms
current by (15) yields the conduction loss [1]. ) ) )

Table I shows the values &, ich, Riow, andRy;,, Which Table Il summarizes the design details and performance
were used for the optimization in Section IV. The values af@r different numbers of winding turns. We see that the best

based the datasheet of the commercial MOSFET SUP75N(G@Sults are for numbers of turns between five and seven,
10. with per-phase switching frequencies between 73 and 47 kHz.

Although frequencies for non-optimal numbers of turns range
widely, the frequencies for the best turn numbers are close
to the original switching frequency of 82 kHz, which is not
The calculation of losses in Section Il is used to optimizsurprising given the careful optimization that was performed
the design of the coupled inductors. As in in [1], a staren the original design [15].
dard numerical optimization algorithm — the Nelder-Mead If we do not limit the design to using standard core
simplex algorithm as implemented in theAvLAB function shapes, but rather assume that a custom core shape would
f mi nsear ch [14] — was used to minimize loss. be developed for high-volume production of coupled-inductor
In [1] numerous free parameters were used. In our firsbnverters, significant improvements are possible. Table |lI
optimization, we have only three free parameters: the numtsdrows that the design with an optimized core, using the
of winding turns, the switching frequency, and the leakaggeame core volume as the original uncoupled inductors, is
inductance. The optimization starts with a bi-directional ongredicted to achieve a 0.7 W reduction in loss relative to the
kilowatt converter that was optimized with uncoupled ineoupled design built on a standard core. This is still with a
ductors in [15]. Originally the converter operated with fiveectangular core; a round center-post core would allow further
uncoupled phases, but it was modified to work with foumprovements.

IV. OPTIMIZATION
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TABLE I
OPTIMIZATION RESULTS FOR68 A 42 VTO 14 V CONVERTER

N Number of turns 3 4 5 6 7 8 9

fs switching frequency (per phase) 1475 98.3 72.6 57.8 47.0 40.9 35.9 kHz

L;;,¢ Parallel combination of all leakage inductances 1010 1247 1472 1705 1906 2163 2404 nH

Irms Total rms current 17.01 17.01 17.01 17.01 17.01 17.01 17.01 A

Ipp Peak-to-peak ripple current 221 2.24 2.28 2.28 2.35 2.28 2.26 A

Py Winding loss 0.34 0.60 0.95 1.37 1.81 2.39 3.0 W

P, Core loss 2.72 1.77 1.26 0.94 0.74 0.58 0.48 w

Ps MOSFET Switching loss 1.97 1.32 0.97 0.77 0.63 0.55 0.48 "%

Prys MOSFET conduction loss 10.06 10.06 10.07 10.07 10.07 10.07 10.07 W

Py Total MOSFET loss 12.04 11.38 11.04 10.84 10.70 10.61 1055 W

P Total loss 15.10 13.76 13.25 13.15 13.24 1360 14.02 W
TABLE Il

RESULTS FOR OPTIMIZATION OF COUPLED INDUCTOR DESIGN WITH
OPTIMIZED CORE SHAPE BASED ON A42 V T0 14 V 1KW CONVERTER

Leakage Plate

N 6 turns

fs 441  kHz

Li total 1752 nH

o ig-ég mm Main Core \

c 13.81 mm - -

d 10.87 mm Windings

e 17.73  mm . ) . . . " .

)’ 1701 A Fig. 7. Configuration of coupled inductors with additional ferrite plate placed

I’”ms > 8'5 A on top to boost leakage inductance to 300 nH total parallel leakage inductance.
p,p .

P’winding 101 W

Peore 0.79 W

Pswitching 0.59 W . . .

Peond 1007 W the desired value of 1586 nH. This is calculated to result in a

Pyosrer 1066 W power loss increase of 0.57 W compared the the predicted loss

Piotal 1246 W

with the desired 1586 nH. An additional ferrite leakage path
was added as shown in Fig. 7 to boost leakage inductance to
300 nH, with brings the predicted loss to within 0.3 W of the
predicted loss with the desired 1586 nH. Better methods to
Our first prototype of the coupled inductors was built witlincrease leakage inductance are an important topic for future
eight winding turns on a set of four single cores, rathetudy and optimization work.
than the stacked cores described in the previous section. The&ig. 8 shows the power loss of the coupled-inductor con-
measured parallel combination of all leakage inductances waster compared to that of the same four-phase converter oper-
483 nH. Fig. 5 shows the current waveforms of the modifieating with the original uncoupled inductors. Results from both
converter. They match the calculated waveforms of Fig. 4 vettye original coupled structure in Fig. 2 and the configuration
well. But one can see that, as mentioned in Section Il, perfegith boosted leakage inductance shown in Fig. 7 are shown.
coupling is not achievable. Fig. 6 shows an example of weakBine coupled designs have similar but slightly higher losses
coupling. The waveforms were taken from an early variant ¢fian the original design. This is achieved with smaller cores:
the coupled inductors. Dirt between the contact surfaces folir cores with 8620 mr of ferrite each, compared to the
the U-cores created air gaps between them and impaired ih@uctors used in the uncoupled design which use RM10 cores
coupling. After we cleaned the area of contact the couplingith a volume of 1620 mrheach. Thus we achieve similar
improved tremendously as shown in Fig. 5. performance with only 60 % of the original core material.
To evaluate the performance of the coupled-inductor d@/ith better winding construction, we expect that the coupled
signs, we constructed a design similar to one of the optimizéesign could perform better than the uncoupled design. The
designs in Table Il. Because the five-turn design was closedesign using the optimized core shapes shown in Table IlI
the original switching frequency, we opted to use five turrghould offer an even larger advantage relative to the uncoupled
with the original 82 kHz switching frequency. The inductorslesign.
were hand-wound with multiple parallel layers of AWG #18
wire. The measured DC resistance of 1.08 mas 8% higher
than the predicted resistance due to imperfections in the hand-
winding process. 1The original design used with eight turns of 33 twisted strands of AWG
The initial leakage inductance of 213 nH was lower thaff® copper wire on an RM10 core of Ferroxcube 3F3 material.

V. EXPERIMENTAL RESULTS
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Fig. 8. Power loss of the converter using a four-phase coupled inductor
compared to that of converter using uncoupled inductors. The converter is
operated in buck mode, converting 42 v to 14 V 5]

[6]
VI. CONCLUSION

Coupled inductors are known to offer advantages in ap)
plications requiring fast response — they allow reducing
ripple current while keeping the leakage inductance, Whiclfb]
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