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Filters With Active Tuning for Power Applications

Joshua Phinngystudent Member, IEE&Nd David J. PerreaylMember, IEEE

Abstract—Filters for switched-mode power converters have ries- or parallel-tuned resonance and a reduced low-pass charac-
traditionally relied on low-pass networks—uwith corner frequen-  teristic [e.qg., the buck converters of Fig.2(a) and 2(b)]. Because
cies well below the ripple fundamental—to attenuate switching hq regonator effectively attenuates the ripple fundamental, an
harmonics over a range of frequencies. The filters explored in this ina | twork be desi d with a hiah
report provide extra attenuation at discretefrequencies, easing the accompanying low-pass network can be designed with a '_g er
filtering requirement of accompanying low-pass networks. When Corner frequer)cy and smaller reaCtan(_?es- |n.asmUCh as suitably
a converter's switching frequency is tuned to a filter resonance low-loss reactive components are available in a small volume,
using a novel phase-lock control scheme, a resonant filter can active tuning can reduce the overall size and cost of the filter

match the ripple-attenuation performance of a low-pass network network as compared to a conventional low-pass design.

for less volume, weight, and expense. The design and application - . I
of resonant filters and active-tuning control are discussed, and Note that unlike resonant converters—which utilize the

experimental results from the input filter and power stage of a Switching frequency to control the converter output—the
prototype dc-dc converter are presented. approach described here adapts the switching frequency to best

Index Terms—Active tuning, electromagnetic interference, fil- Utilize the attenuation characteristics of a resonant network.
ters, inductors, magnetic devices, phase locked loops, power con-Converter control can be realized with conventional pulse-width
version, resonant, resonator. modulation (PWM) techniques, allowing the resonant-filter
approach to be applied to a wide range of converter topologies.
Furthermore, resonant filters with active-tuning control can

rocess high power because they modulate a resonance or
L . imulus frequency to maximize the harmonic selectivity of a
attenuate power-converter switching ripple to acceptal Assive network: they do not, like active ripple filters ([3]-[5]),
'_e"?'s- R|pple_sp§C|f|cat|ons !mposed to observe Condl_JCted E I’ectly drive the waveforms they condition. Using the novel
limits or appllcffmon constramts, however, can result in heay hase-lock control scheme described here, such filters can
bulky filters which are detrimental to the transient performan 8alize all the advantages of resonant networks, matching the

of a power converter and contribute significantly to its cos}; ple performance of low-pass filters for less volume, weight,
Resonant ripple filters offer attenuation comparable to Iow—pag d expense

networks—for less volume and weight—using the immitance

peaking of pgrgllel— and seri_es-tuned circuits_ (Fig. 1) to intrgs Organization of the Paper
duce transmission nulls at discrete frequencies. Because resg- . _ . . .
nant networks must typically have high Q to attenuate targetSeCtIon l.l ofthis reportmtro@c_esasmple phase-lock tuning
harmonics sufficiently, they provide only narrow-band atten-SYStem which controls the SW'tCh'ng freque.ncy ofa power con-
uation. Operating conditions and manufacturing variations Cgﬁrter t?hoperatlg ai_the r(;:stﬁnanrt] pomlt ofka filter. Se;}:t;onﬂl}l ! Ct? nt-h
readily cause narrow-band resonators to miss their design ﬁbd_ers € application ot the phase-iock approach 1o the bo

guencies [2] and fail to attenuate the ripple; for this reason thg1 power stage and input filter of a buck converter. Experi-
are rarely employed in switching power converters. ental results are presented that demonstrate the value of the

approach in reducing the size of passive components. Section IV
considers additional applications and implementations of the

A. Resonant Filters With Active Tuning X ) . .
) _ i _ _ phase-lock control system. Finally, conclusions are outlined in
The filters described here circumvent this detuning proble&ytion V.

by placing a converter’'s switching frequency (or a resonator’s
frequengy rgsponse) und.er glosed—loop control so that rgsonant Il. PHASE-L OCK TUNING
attenuation is always maintained. In this paper we consider the ) ]

controlled to align with the resonant point of a filter having a sébat the converter switching frequency remains aligned with the
filter resonance across all component tolerances and operating

_ _ _ _conditions. Resonant excitation is equivalent to maintaining a
Manuscript received October 29, 2002; revised November 1, 2002. This work

was supported by the United States Office of Naval Research under ONR Grgreistive phase rglatlonshlpc’()(betwe_en resonator voltage and
N000140010381. Recommended by Associate Editor J. D. van Wyk. current (note the impedance angles in Fig. 1). Because the phase

J. Phinney is with the Laboratory for Electromagnetic and Electroniliésponse of a series- or parallel-tuned circuit monotonically
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Digital Object Identifier 10.1109/TPEL.2003.809329 used as an error signal to control for excitation at the point of

, . . maximum immitance. The phase-lock tuning system presented
1Some high-power applications use damped, low-Q resonators precisely .for

their broad attenuation characteristic and insensitivity to detuning, at the 4 this pgper employs this method precisely, feeding back the
pense of attenuation performance [1]. phase difference between resonator voltage and current to drive

|. INTRODUCTION
OW-PASS networks have traditionally been employed
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Fig. 1. Frequency response of second-order tuned circuits, normalized to the natural freguendy /' LC'. The impedance magnitude at a single frequency
can indicate proximity to resonance (with calibration) but not whether resonance lies above or below the stimulus frequency. The impedaneeepbase, ho
increases or decreases monotonically, and its difference ffoiman error signal indicating the distance and direction to resonance.
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Fig. 2. Examples of a resonant filters in a buck converter. (a) The series-tuned leg provides a low-impedance current path (i.e. high attendiatogtpat a
frequency. (b) The parallel-tuned resonator presents a high impedance to switching ripple at a discrete frequency. (c) Transfer functioamnsevitcndrto
input current or switch source voltage to output voltage.

a voltage-controlled oscillator (VCO) toward the resonatora 90 phase shift in lock, which allows a subsequent phase de-
tuned frequency. tector (multiplier 1) to develop zero average output fof &/l

A control topology to excite a series resonance at its mifesonant condition in the resonators. By itself, this phase shift
imum-impedance point is shown in Fig. 3(a). The dual of thi§ PooOr _motivation for introducing the complexity of a PLL, as
tuning system is shown in Fig.3(b), which drives a parallel resH1€ designer could employ a phase detector witbftset? The
nance at its maximum-impedance point (its resistive-impedarf&@re significant function of the inner-loop PLL's, then, is to re-
point). The control circuitry in either case generates the fri&Ct harmonics by locking on ttfendamentatomponent of an
quency command shown at the right. This command specifiggut waveform.
the fundamental—but not the harmonic content or dc level—of Consider, for example, the parallel-resonator tuning system
the sources on the left of the block diagrams. In a power coff:Fig- (3b). The differential amplifier measures the ac voltage

verter, the frequency command would represent an adjusta®fg0ss parallel-tuned tank, a signal with, presumably, a large
PWM frequency. fundamental component. The current through the parallel-tuned

. : circuit, however, is dominated by its harmonic content, since the
To excite the parallel- and series-tuned resonators at reso-

nance, the controller must, in either case, adjust the fundamentaih fairness to an inner-loop PLL, phase detectors witipBase offset (state-

drive frequency such that the resonator current and voftage machine detectors, typically) can be confounded by the edge timing of PWM
aveforms. Signal conditioning of some sort (a filter or PLL) will probably be

damentalsare in phase._Thg inner-loop PLL's in_Fig. _S(a) @NHecessary to develop a signal with zero-crossings in phase with the fundamental
(b) serve two functions in this regard. They provide, first of alkomponent of such waveforms.
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Fig. 3. Block diagram of the phase-lock tuning system for series and parallel resonators. In each case, equivalent tuning controls can be inyseritenitegl
the sensing connections, e.g., by phase-locking to the tank voltage rather than the tank current in the lower diagram. Such an exchange, hibwet/&kevoul
advantage of phase-lock loop’s ability to cleanly extract the fundamental component from the signal most dominated by harmonics.

resonator suppresses the fundamental inasmuch as its Q is la#geAlternative Control Topologies
The PLL effectively filters this harmonic content, extracting
a signal proportional to the fundamental current only. The aclt is worthwhile to pause and evaluate alternative reso-
tank currents can have arbitrary harmonic content as long as ttamt-excitation control topologies to highlight the design
phase-lock loop employs a VCO with sinusoidal output. l.e., @&cisions embodied in the circuitry of Fig. 3. Consider the
long as one input of multiplier 2 is sinusoidal, the product waveesonant-excitation system of Fig. 4(a). The power amplifier
formis a useful phase-detector signal when the ac tank currentie PA, which could be a switching converter or class D
any periodic waveformwith roughly the same fundamental fre-amplifier) drives a series-tuned resonator at the fundamental
guency. The low-pass PLL dynamics ensure that the multiplizequency commanded by the VCO, but introduces harmonics
develops an average detector voltage proportional to the phasépresent in the VCO output. The capacitive divider presents
error between the fundamental frequencies of its inputs: all otheehigh impedance to resonator currents relative to the resonator
sum or difference frequencies are effectively attenuated. Witapacitance, and provides a scaled version of the resonator’s
proper selection of gains, the PLL will apply negative feedbaéhternal node voltage which, at the series-resonant frequency,
to drive its phase error to zero, producinguadrature replica is a measure of the PA driving current shifted® 98Vere the
of the fundamental ac resonator current even when this curr@4t drive purely sinusoidal, the system of Fig. 4(a) provides
is dominated by harmonics. everything need to acquire lock: voltage and current measure-
Multiplier 1 accepts at its inputs the phase-lock replica of thments with a phase relationship at resonance corresponding
fundamental ac tank-current waveform (shifted by #dm the to zero phase-detector error. Because the PA output voltage
original), and a measurement of the ac tank voltage. Again, oridy harmonic-rich, however, the system does not provide a
the fundamental components of the the multiplier inputs prperfect measure of a phase shift between voltage and current
duce an average output, a product in this case proportional to thedamentalsl.e., some harmonic-current signals will appear
phase difference between the fundamentals of resonator voltagehe capacitive-divider output, which—when multiplied by
and current. Multiplier 1 has zero average output (zero error) fibre corresponding voltage harmonics from the PA output—uwiill
a 90 phase shift between its inputs, or zero error fo°a/@l  produce many low-frequency product terms within the tuning
phase relationship at the resonator. Because of the resonatsystem’s control bandwidth. These harmonic product terms
monotonic phase slope, loop gains with the proper sign alwaysy be significant compared to the fundamental term (espe-
push the outer-loop VCO (and hence the controlled ac sourc#glly in high-Q systems), disturbing the controller's ability
toward the resonator’s tuning frequency. to maintain resonant attenuation. With aggressive filtering
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Fig. 4. Alternative resonant-excitation topologies. The PA blocks are power transimpedance amplifiers with current-drive outputs (sudngssemierters).
The capacitive dividers sense the current driving the series-tuned resonators (far left in each subfigure) withes©8hift.

in the signal paths leading to the multiplier, though, such a liT
tuning system might be possible. Only in systems with small

power-amplifier harmonic content or low-Q resonators (see, icl

e.g. [6]) is tuning with no special filtering feasible.

The resonance-tuning topology of Fig. 4(a) accentuates har- Q\/ C=—
monic-term FM of the VCO; the scheme of Fig. 4(b) avoids this R
problem by multiplying the sensed current with the sinusoidal
output of the VCO, eliminating all low-frequency product terms
except that contributed by the V-I fundamentals. Such a design,
however, is only useful when the commanded and driven phases
(the phases at the input and output of the PA) are equal. g 5. “Almost-parallel” resonant circuit in which inductor loss dominates.
a switching power amplifier under duty-ratio control, the PA

introduces duty-ratio-dependent phase shift for &hy£ 0.5. " Phase | vy | Active | v, | Voltage- [
So, while useful for square-wave excitation of a resonance,t = | detector loop filter ‘;"S’fgﬁ‘:tlsf
depicted scheme does not have the flexibility of the inner-PL

topology of Fig. 3. T

B. Equivalence of Phase and Impedance Tuning Conditions

In the tank of a practical parallel-resonant filter, as suggest % Oe K 4 re P K Awo [—f_] %
in Fig. 5, the inductor is the chief source of loss. In such ¢ ° .
“almost parallel” tuned circuit, the®@phase frequency may be
different than the maximum-impedance frequency. For inductor
Q values above 10, however, these frequencies convergeritpe. Basic components of a phase-lock loop, and a linearized ac model for
within 1% of each other. Tuning for maximum impedance thts locking dynamics, below, excluding phase-detector offset voltage and VCO
results in no appreciable phase difference between the curr@hfe" reauency.

entering the resonator and the voltage at its terminals: the VCO and i ¢ Consider f hat th
proposed control scheme can effectively maintain operatifff YO and input frequency. Consider for a moment that the
PLL is not locked and that the PLL input is a sinusoid at some

where the resonator provides maximum ripple attenuation; o -
frequency deviatiod\w; away fromw,. The multiplier detector

voltage is then

C. Tuning System Dynamics

Control design for the tuning system of Fig. 3 includes de- vg = Kgsin(Aw;t)

sign of the inner-loop PLL and design of the outer tuning loop. .
Among the inner-loop PLL components shown in Fig. 6 (pha ere the higher frequency terms are attenuated by the low-pass

detector, loop filter, and VCO), the designer typically encoun®P filter. The VCO command voltage is then approximately

ters the .m'ost choices in shaping th_e loop filter. The Iopp filter, ve = |F(Aw;)| - Kgsin(Awgt)

by amplifying the detector voltage; (itself a representation of

phase errof. = 6; — 6,), drives the VCO with a command v, is atime-varying signal which modulates the frequency of the

voltagewv. away from the VCQO'’s average lock-frequenecy. VCO output, producing a peak frequency variationfgfK ; -

Just how the loop filter uses feedback error to FM the VC@(Aw;)|. Consider the case wherktw; is greater than the

output determines most important features of PLL: its steathCO’s peak frequency deviation. The VCO command cannot

state frequency error, noise immunity, and lock range. support lock, at least not immediately, and so sweeps the VCO
The lock rangeAwy, is the spread of frequencigsAw, over output at the beat note frequendyw;. If w; is brought closer

which the PLL will acquire lock within one beat note betweeto w,, so thatAw, just equalskK, K, - |F(Aw;)|, v. is able to
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Fig. 7. Linearized model for the phase-sensing tuning system in lock.

support the lock conditiow; = w, at the extreme edge of its The three remaining blockdy,;, K,, and H(s) are identical
modulation rangeAwrp, is therefore determined approximatelyto their counterparts in the linearized model of the basic PLL
by the nonlinear equation (see, for instance, [8])K, is the phase-detector gain, the av-
erage phase-detector voltage developed per radian phase devia-
tion in the locked conditionk, is the VCO gain, a measure of
o o the change in VCO frequency for a change in VCO command
Through some S|mp!|fy|ng_ approximations fW(AWL_)L the_ voltage.H (s) is a loop-shaping filter which, in the prototype
lock range for a Pl filter (like that shown in Fig. 8) in a highg, stems, contains an integrator to support the VCO command
gain loop isAwy, ~ 2Cwy, and the PLL s closed-loop phasejit, serq steady-state frequency error, and a low-frequency pole
transfer function is to further limit the bandwidth of phase-error signals from the

A(UL ~ KoDd . |F(A(UL)| .

25Cwn + w2 outer-loop multiplier. Note that no integrator is required in the
I(s) = $2 + 25Cwn + w2 “nested-PLL" model because the tuning system does not operate
’ " on phase signals, but aligns frequencies. The output okihe
. KOK(I WnT2 i i
with w, =y/—= and (= 5 block, the converter frequency command, can sustain arbitrary
T1

phase shift (e.g., from converter dynamics) without affecting the
An additional high-frequency pole iif(s) (provided byC; and OPeration of the tuning system. A more detailed view of the fre-
C5 in Fig. 8) is typically added to the loop filter—far enough beduency-tuning circuitry used in the prototype systems is shown
yond crossover to effect the locking dynamics only slightly—t# Fig. 8, with important component values given in Table I.
improve PLL noise immunity. Modeling and design of linear Though the block diagram of Fig. 7 has proven satisfactory
PLL's with multiplier phase detectors is further developed ifPr developing tuning controls, it does not indicate all details
many sources, including [7]-[9]. relevant to locking and hold-in performance. In particular, the
Fig. 7 shows a linear model for the tuning system dynamidss block summarizes the result of multiplications involving
in lock. Thew,., reference is the OV-I tuning frequency of fWo sensed signals, each of which is a potential source of
the resonant filter. This reference can vary from resonator @§stabilizing disturbances. Though it is difficult to determine
resonator due to component tolerances, and can experiewggther the performance of the system depicted in Fig. 7 is
abrupt changes during load-step inductance swings. Re limited by the inner loop, the tuning controller exhibits the
block represents the fundamental-frequency phase-sensingl@gking and hold-in trade-off typical of a simple PLL. l.e.,
tion of the inner-loop PLL. When the inner-loop PLL dynamic§h0ice of a narrow outer-loop bandwidth has been observed to
are fast compared to the overall tuning dynamics, phase-sififevent(not just slow) the tuning process, as might be expected
sensing—i.e. the generation of a quadrature replica of resond®r PLL pull-in acquisition of a noisy signal. The converter
voltage or current, and the operation of the outer-loop phad@ple waveforms sensed by the tuning controller can be small
detector—can be represented algebraicalfy, is then just Signals €10 mV) with large ringing voltages around switch
the small-signal phase gain of the resonator, the incremerffansitions. Though the noise theory of the PLL (a cumbersome

change in phase-shift for an excursiow of the switching topic) has notbeen extended to guide the selection of outer-loop
frequency away fronw,., bandwidth, we have been able to develop tuning controllers

that reliably achieved resonance lock in under one second using
the presented model.

R ) WEWres [1l. APPLICATION TO ADC-DC CONVERTER
Ky= —* (ch )R ; To demonstrate the advantages of controlled resonant fil-
(ﬁ - “’2) + (T) W= tering, a tuned-filter approach was applied in the design of

both a power stage and input filter for a 12-V output, 300 W
buck converter. In each case, a filter network comprising a
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Fig. 8. Schematic of the inner-loop PLL and outer-loop tuning controller used in the prototype system.
TABLE | a low-pass inductor and a resonant inductor (Fig. 10) in the

COMPONENTVALUES FOR THESCHEMATIC OF FIG. 8 proportion that produced the smallest output current ripple over

a duty-ratio range of interest. All inductors were designed to

R, 1 kQ phase-detector gain adjust minimize the volume of single-wound, powdered-iron toroids
R, 100 kQ phase-detector gain adjust under worst-case operating conditions, i.e. full dc magnetizing
Cy, Cy 022 uF compensation force and highest peak-peak ac flux density. Optimization
Ci, C3  0.01 uF compensation resulted inL; = 235 uH and L, = 127 uH at 0% saturation.
Ry, Ry 68 kQ compensation A small polypropylene capacita?'(0.033 uF) was chosen to
Ry, R3 180 k2 compensation resonate withl» near 100 kHz, and produced tuning points in
Cr  0.0022 pF XR2206 timing (pins 5 and 6)  the range of 108—131 kHz ds saturated under increasing dc
R.  75KkQ VCO base freq. adjust bias. For comparison, a conventional single series inductance

Ra  47kQ + 1k pot VCO base freq. adjust L; was designed to achieve equivalent ripple performance

over the chosen duty-ratio range, resultinglin = 1.14 mH
at 0% saturation.
. . . . The control design focused on achieving stable, reliable
parallel-tuned resonator in series with an inductor replaceqoaCkin f th ; itching f the filt
single inductor. g of the converter switching frequency on the filter
resonant point. See [7]-[9] for a discussion of the modeling
and design of the linear PLL of Figs. 3 and 9. An active
proportional+ integral (P1) loop filter was chosen to minimize
Fig. 9 shows a block diagram of the prototype buck convertsteady-state phase error, and the PLL bandwidth was selected
incorporating a resonant power-stage network and active-tunigch that its lock-in range covered the expected range of
controls. Tuning is necessary for the high-Q filter designesonant frequencies (see schematic, Fig. 8). The linearized
that exhibit the best performance subject to a limit on tot&lining dynamics of the outer loop (Fig. 7) exhibit the same
inductor size. 20QuH total inductance—measured at highedbck-in and holding performance trade-offs as the linear PLL.
saturation—was chosen to limit the size of aresonantfilterin the., lower outer-loop bandwidth decreases phase jitter and
first example converter. This total inductance was split betweanproves lock-in reliability at the expense of lower lock range,

A. Resonant Power-Stage Filter
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Fig. 11. Comparison of the core sizes for the input filter of a 300 W buck
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VCO = filter volume.
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Fig. 9. Block diagram of phase-lock tuning system used to align a buck 160 . .
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Fig. 12. Comparison of the peak-peak inductor ripple current performance of
= = = = the single-inductor and resonant power stages.

Fig. 10. Comparison of the core sizes for the power stage of a 300 W budk Operation at Higher Ripple Ratios

converter. Deep continuous conduction—or, equivalently, low ripple
ratios—favor resonant filters. Circulating tank currents are Q
whereas large bandwidth extends lock range at the expensdiroks larger than ripple currents at the resonator terminals, and
holding performance. The switching currents of the convertean produce large peak ac flux density (hence high loss) in a
power stage can be a significant source of noise power, amdonant inductor. Should the designer choose to operate with
large loop bandwidths can cause the tuning system to lose loklgher power-stage ripple, a resonant inductor using the same
We demonstrated that the system functioned reliably, howeveore material may have to be made larger to support circulating
without the special pull-in techniques often required for noissurrents with acceptable Q. To assess the performance of
signals. resonant filters at higher ripple ratios, a family of 300 kHz,
As seen from the measured current ripple in Fig. 12, bo86 W resonant converters were simulated. Several hundred
the resonant power stage and single buck inductor meet a clpassive designs, using various combinations of Coilcraft SMT
lenging 120 mA maximume-ripple-current specification for alinductors ([10]), were scrutinized, and two representative
duty ratios greater than 0.38. The applied ripple fundamentsigns at the frontiers of performance were constructed and
has the largest magnitude Bt = 0.5, around which point the tested. For each converter, a phasor analysis program calculated
resonant filter obtains the greatest benefit from its parallel-tunedrrent waveforms in each inductor, and designs were discarded
network and outperforms the single inductor at each duty ratihich drove either peak current above saturation limits or RMS
in the range0.38 < D < 0.62. The resonant network with current above the manufacturer's4C-rise limits. The phasor
active tuning achieves this performance for 3.7 times less totalalysis applied to all harmonics the ac resistance measured
filter volume (151cm?3 compared to 55¢m?2) and 3.6 times less at the switching frequency, and made no more sophisticated
total filter mass (691 g compared to 2500 g) than the convesecount of skin effect or core loss.
tional single inductor. The conventional filter inductor necessary Results of this study are illustrated in Fig. 13. Fig. 13(a)
to match the performance of the resonant filter is impracticaljpmpares the filter volume of resonant and nonresonant filters
large. The resonant filter is of acceptable size, and enables apross ripple ratio. For designs with low ripple ratio (i.e., less
eration at lower ripple ratios than might otherwise be practicahan 20%), significantimprovement in filter volume is obtained.
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Fig. 13. Comparison of resonant and nonresonant buck converter magnetics designs. (a) Presentation comparing volume over peak-peak mdiets, curre
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Fig. 14. Circuits and current-loop step responses for the buck and resonant power cells under average current-mode control. The compensagursdvere de
based on a maximum slope provided to the modulator. The converter with the resonant filter has an average inductor-current rise-time morestifast twgice a
the regular buck converter, for the same phase margin and ripple performance.

As the ripple ratio approaches 40%, no volume improvemetgrn, a resonant network allows a designer to lower switching
is achieved, though resonant networks offer a potential cdnequency and switching loss without sacrificing ripple perfor-
trol-bandwidth improvement. At even higher ripple current, resnance or filter volume.
onators must become larger than simple buck inductors to sus-
tain large circulating current with adequate Q.
Fig. 13(b) compares ripple performance as a function of filter The reduction of total filter inductance in the resonant filter
volume for resonant and nonresonant filter designs. As can (e¢ L; compared to the combination @&f andL- in Fig. 10)
seen from the trends in the best-performing designs, resonalsb improves converter control characteristics. The resonant
filter networks offer approximately a factor of three improvenetwork provides the attenuation performance of a large induc-
ment in ripple performance over conventional filters for antance(L3), while presenting an inductance about three times
given filter volume. Note that if efficiency is of particular con-smaller(Z; + L») at control frequencieg< fs.,). This smaller

C. Control of Resonant Power Cells
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reactance permits more rapid transient response (e.g. to load 5 | |ndlIJCtorlripplt=7 currgnt rr?agni'fude |
steps) than is conventionally possible at low ripple ratios.
Consider Fig. 14, detailing simulations of 300 kHz, 36 W
buck converters (both ferrite, resonant and nonresonant) under g
average current-mode control. The current ripple filter was g
required in the resonant-filter controller (but not the single- §
inductor converter) to amplify the ripple fundamental with €
respectto its harmonics. Without this precaution, third-harmonic 5 55/
ripple inflections greatly complicated transient behavior of the f§ ool
averaged dynamics. The compensators were designed based on*§ 15k
a maximum output slope provided to the modulator, with low
frequency gain added for good tracking and roll-off around the = %[ 5~ resonant filter
switching frequency [11]. The compensator transfer functions 5

G.(s) used were 03 035 04 045 05 055 0.6 065 07

s 4 Duty ratio
3 188.4x10
278 x 10 1 nonresonant Fig. 15. Comparison of the peak-peak ripple performance of the
S\ T.88x10° +1 single-inductor and resonant input filters.
S
msoae 1
94.2 x 103.1884x107 © 7 regonant

1
s (5.65><106 + 1)

The converter with the resonant filter has an average-inductor- AL

current rise time more than twice as fast as the regular buck . '1”{,"1

converter, for the same phase margin and ripple performance (at or % Ry,

D = 0.5). The power-cell resonance is closed within the current v, gr V.

loop, so the outer voltage-loop has no special complications: the

controller commands inductor current into the same load and

output capacitor, but with higher bandwidth in the the resonant _ , _
That the resonant filter behaves like a smaller induc 1Ig. 16. Magnetically coupled shunt resonator and its equivalent T model,

case. . ’ ) ) . xCited by a voltage sourde, representing the switch source node or output

across its regulation bandwidth is plausible: the resonator Qofs switching converter.

high enough so that impedance variations are appreciable only

above half the switching frequency, yet not so high that earligf input and output filters. The designer can use this approach
crossover is necessary to maintain acceptable gain margin. o greatly reduce the size of filter components, or achieve im-
proved ripple performance for a given filter size. Alternatively,

a given filter size can support—with resonant techniques—a
The low ripple ratios that are most favorable for resonafiuch lower switching frequency with constant ripple perfor-
filters are common in input and output filters for switchingnance, thus realizing a substantial improvement in efficiency.
converters. In such applications, resonant networks offer claghile the resonant approach has been demonstrated for a simple

volume and mass savings. To demonstrate this improvemasiick converter, it is directly applicable to the a wide range of

both conventional and resonant input filters were developed f8éwer converter topologies (e.g., Fig. 17) and fixed-frequency
the prototype 300 W, 12 V converter. Consider the convention&ntrol methods.

and resonant input filters of Fig. 11. The AC currents measured
through L} and L3, respectively, are plotted in Fig. 15 as a |y, ALTERNATIVE APPLICATIONS AND IMPLEMENTATIONS
function of duty ratio. The resonant and low-pass networks
have essentially identical performance and, when incorporat%d
in ar-section filter with a capacitana@’ across a 50 source ~ The above tuning method is a general technique for control-
impedance (at ripple frequencies), meet aflao dBuV ripple ling the phase relationship of signals, and can be applied to
specification. The resonant filter matches the performance ssfries- and parallel-tuned circuits in the power stages (Figs. 2,
the conventional design with 92 g and 19%r8.0 times less 17), input filters (Fig. 11), or output filters of switching
total filter volume and 2.8 times less mass than wWithalone.  converters. Filters containing series-tuned shunt resonators
and magnetically coupled shunt resonators (Figs. 2(b) and
E. Summary 16] were also considered for use in conjunction with the

As these example show, resonant filters and active tuning d#se-lock tuning system. Shunt networks divert ripple current
provide substantial advantages in converter power stages &4dPresenting low ac impedance at the switching frequency
and its harmonics. The impedance magnitude of a series-tuned

3Faster converter response is compatible with voltage-mode or average-gf&twork at its resonant point, notits Q, is therefore the metric of
rent-mode control. Control schemes which focus on converter waveforms at

ripple frequencies (e.g., peak current-mode control or hysteretic current c&ﬁfsqnator per_formance. As a result, itis no_t Clear_that a high-Q
trol) cannot be applied in any obvious manner to resonant filters. design (one in need of tuning control) will provide the best

D. Resonant Input Filter

Shunt Resonant Filters
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Fig. 17. Parallel-tuned resonant filters can be applied to the power stages of most major PWM switching-converter topologies.

=

(a) (b) ()

Fig. 18. Hybrid inductive-capacitive elements that exhibit resonances: (a) and (c) self-resonant inductors with large inter-turn or intacitaiczaand (b)
schematic depiction of a resonant foil capacitor, similar to a typical film capacitor without extended-foil contacts.

filtering performanceé. The best shunt resonator—the resonatéow loss. Schematically, these hybrid structures introduce con-
with the lowest possible characteristic impedance—is often justlled self-inductance in galvanically isolated foil turns [Fig.
the largest possible capacitor, self-resonant at a frequencyl8{b)] to implement a series-resonant capacitor, or introduce
particular interest. Applications in which the allowed capacitaontrolled inter-turn capacitance in a single foil strip [Fig. 18(c)]
size is limited, or those which can take advantage of the produce a parallel-resonantinductor. Such structures can have
intrinsic inductance of available capacitors, could benefit froparticularly low loss (a 170 kHz Q of 155 is reported in [18]) be-

series-resonant filters. cause of the low-impedance foil construction and the use of the
same conductor for both magnetic and electric storage. Shunt
B. Resonant Components resonators, which for discrete passives were found to be unac-

Phase-lock tuning can realize the benefits of such resongﬁptably lossy in the design example, may perhaps be imple-

structures that, like the lumped resonator in the example filté?,er;?/g 'gliﬁ::tssfvely with good performance using such hybrid

are otherwise limited by component tolerances. Single-resongﬁl\?/ iati in drivi ircuit factured i d
[12] and multiresonant [13] inductors, for instance, use mag- ariations in driving circuitry, manutactured geometry, an

netically coupled tuned circuits to produce high impedances ﬁ{npderatqtre (z;\]nd, |mportz;1_ntly, ?C _mlagnenzmg fo:ce and I?C
discrete frequencies. Such structures exploit mutual inductarﬁg@( ¢ ensity w ?n fmal?rlﬁ Ic ma enastarr-i prtesen )t can ah er
and inter-winding capacitancéf andC in Fig. 18(a)] between € tuning point of all these resonant structures 1o such a
coils to introduce impedance peaks at one or more frequencgggree th"?“ their f||ter|ng properties may be of Ilttl_e peneﬁt
Additional coils that do not carry dc current can be magnetica“ 3 [IJractlcr?I rs]ystgm ;N'tthogt tunlr?g. l\l/loreover., dl'?trlbuted
coupled to the principle winding, and two-terminal devices wit odels or high-order finite-dimensional approximations are
as many as three resonances have been demonstrated in [1 _quwed, in the case O_f foil resonaﬁtors at least, _to _predlct
The self-resonant capacitor/inductor hybrids of [14]-[18], af&sonant frequencies. With active-tuning control déacitation

wound-foil structures which exhibit repeatable resonances wi resonancethe full filtering benefits of the above-mentioned
structures can be practically realized with minimal design

4Note that Q can be made arbitrarily high by increasing a resonator's cheffort. Though not employed for filtering, core-less planar
acteristic impedance with inductor-heavy designs: ESR rises more slowly thgansformers [19] and core-less twisted-coil transformers [20]
inductance, so that Q increases, B&R still increasesThis performance trend p%?@ibit maximum-efficiency points characterized by resistive

is fundamentally opposed to the need for tuning, as the lowest-ESR design s ) ) ) -
series-tuned Q. V-l phase relationships at their ports. Effective use of such
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Annular winding

(1

(2]

@ ~<—— Toroidal Winding
N

Fig. 19. Structural diagram of a cross-field reactor. The magnetic core is
wound with two windings (an annular coil and a toroidal coil) that are not [4]
coupled in the usual sense. Current in one winding modulates the inductance
seen at the other winding.

(3]

(5]

structures, likewise, is a task ideally suited to phase-sensing
control. [6]

C. Resonance Tuning 71

Phase-sensing control can be applied to tune a filter resonant
frequency rather than a converter switching frequency. For in-©
stance, an electrically controlled reactance implemented with gg;
cross-field reactor (Fig. 19, and see [21]-[23]) can shift a filter
transmission null as currents are applied to its control winding 10]
A nested PLL topology like that presented for the frequenc 11]
tuning case can excite the network containing the cross-field re-
actor to achieve controlled operation at resonance. An advantagiél
of the resonance-tuning approach is that it can support tuned
attenuation of multiple frequencies using multiple resonant nety 3
works. Magnetic tuning may also be valuable in coupled- in-
ductor filters and ripple-current steering structures ([24]—[27])[ 14]
where control of coupling can improve performance.

V. CONCLUSION [15]

By modulating a switching frequency or filter resonance tol16]
maximize a resonant-network immitance, phase-lock tuninﬁ17
makes practical the inclusion of narrow-band resonators i
passive ripple filters. Filters with active tuning offset reso-[18]
nant-point variations caused by manufacturing tolerances and
fluctuating operating conditions, and so can realize—repeahg]
ably and without compromised ripple performance—the size
and weight decreases possible with resonant networks and
magnetic structures. As demonstrated by the power stage al
input filter designs in the prototype converters, a tuned filte
can meet the same ripple specification as a conventional design
with only one-third the mass and volume, for low ripple ratios.[21]
A resonant design can always provide lower ripple ratios for &2
given filter volume.

The phase-lock resonant-excitation technique requires &@3l
additional control loop, but no additional power-processing
devices in its frequency-modulating form. PWM controller o4
ICs could be augmented to accept voltage- and current-ripple
waveforms with as few as two pins (for ground-referenced?°!
signals). The remaining control elements—multipliers, signal
filters, and VCOs—are integrable with no external connectiongpe)
if the loop-filter bandwidths are predetermined. The lighter
and less bulky reactive components of actively tuned filterﬁzﬂ
certainly justify this extra control circuitry whenever power
quality and converter size and weight are top priorities.

]
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