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Abstract—This paper presents the implementation and ex-
perimental evaluation of a new current-sharing technique for
paralleled power converters. This technique uses information
naturally encoded in the switching ripple to achieve current
sharing and requires no intercell connections for communicating
this information. Practical implementation of the approach is
addressed and an experimental evaluation, based on a three-cell
prototype system, is also presented. It is shown that accurate and { {
stable load sharing is obtained over a wide load range. Finally,
an alternate implementation of this current-sharing technique is V. Converter Cell 2 Load [——_
described and evaluated. - -

Converter Cell 1

Index Terms—Cellular, current sharing, load sharing, modular,
parallel.

b

I. INTRODUCTION Converter Cell n

OWER conversion systems are sometimes constructed
by paralleling many gquasiautonomous power converteg. 1. A cellular converter architecture supplying a single load.
cells (Fig. 1). Advantages of such a parallel, or cellular,
converter architecture include high performance and reliability,rent sharing, including root-mean-square (rms) cell current
modularity, and the ability to attain large system rating$n) eighted cell current stress [21], and maximum cell
[1], [2]. One important characteristic of a parallel convertet rent [22]. The current-sharing information is most often
architecture is that the converter cells share the load C“”%‘@nerated and shared across a single interconnection among
equally apd stably. Good current-sharing behgvior is.importa@gns [11]-[19], [21]-[23]. For example, the interconnection
for reducing system losses and stresses, for improving system, i may be designed such that if each cell generates a
reliability, and for achieving desirable control characteristic%“age proportional to its output current, then the voltage
Current sharing is sometimes achieved using a centralized C8-q interconnection wire is proportional to the average (or
trol scheme in which a single (possibly redundant) Contm"‘?ﬁaximum etc.) of all of the output currents
regulates the current balance among cells [3]—_[10.].. AnotherapThe single interconnection approach to generating and dis-
proach, often preferred for modularity and reliability reasonﬁ’ibuting current-sharing information is both simple and ef-
is distributed current-sharing control, in which the cells ShafSctive and is widely used. However, a desire to improve
information and work together to maintain current sharing. the reliability of parallel converter systems has led to the

. T.O implement dlgtrlbuted. current-sharing control, only aevelopment of distributed current-sharing techniques which
limited amount of information needs to be shared among,  require direct interconnection of control circuits. Droop
cells. If all of the cells are provided with information abowthods, in which the voltage drops across the cell output
the average cell output current, for example, then each iImpedances are used to enforce a degree of current sharing
can adjust its own putput current tq be (_:Iose fo the av nd are sometimes used in dc-output applications for this
age, thereby achlewng current sharing with the pther C€f&ason [10], [24], [25]. Similarly, in fixed-frequency inverter
[11]-[19]. Other quantities can also be used to 'mplemegbplications, both voltage and frequency droop are sometimes

used to achieve current sharing [26]. Unfortunately, by their
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Fig. 2. Schematic representation of the switching-ripple method of current-sharing control.
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Fig. 3. Abuck converter cell operating at the edge of discontinuous conduction. The switching frequency is inversely proportional to the geérageenit

at half load. Improving the current sharing requires the use of [I. THE SWITCHING RIPPLE METHOD

either a larger voltage droop in the output or more accurateryg paper considers the switching-ripple method of current-
references. The situation does not_|mprove as more convgrtgxiaring control proposed in [27] and [28] and illustrated in
are paralleled, because the load impedance to be supplieghls 5 ™, this approach, each converter cell is controlled
reduced at the same rate as the net output impedance Of&b@h that its average output current is directly related to its

paralleled converter system (droop-based current sharing Witching frequency. As a result, the frequency content of the

the many cpnverter case Is ad_dres_seq_m [24]). What may gregate output ripple voltage contains information about the
concluded is that, despite their reliability advantages, droop.: .
S . individual cell output currents. Each cell measures the output
methods have limitations which make them unacceptable In S . .
o ripple voltage and uses this information to achieve current
many applications. .
bglance with the other cells.

In this paper, we present a new current-sharing metho Implementing a relationship between the cell output cur-
which requires no additional interconnections among cells and P 9 P P

which does not rely on output droop characteristics. It céﬁnt and the switc_hing frequency is _typically Straightforward’.

thus achieve the reliability advantages of the droop approach, many conversion approaches y'el,d a natural relationship
without its performance limitations. The new method, whic etween them. For example, controllmg the _bUCk converter
was proposed but not explored in [27] and [28], uses im‘ormg_]f Fig. 3 to_ opere_lte at the e(_:lge ‘?f discontinuous cgndyc-
tion naturally encoded in the frequency content of the outpﬂ?n results in an inverse relationship between the switching
switching ripple to achieve current sharing among convertifauency and the average output current (equal to the ref-
cells. The use of the switching ripple to encode curren@€nNce currgnt). Conversion approaches which do not _exhlblt
sharing information falls into the category of frequency-baséti relationship between the output current and the switching
current-sharing methods proposed in [27]-[29]. The approafRauency can often be modified to do so. For example, such
described here has a number of performance advantages &veglationship could be achieved in a clocked PWM converter
the frequency-based approaches explored in [27]-[29], andP¥ adjusting the clock frequency (and PWM ramp slope) as a
quite different from an implementation point of view. function of the output current.

Section I of the paper describes the operation of the newThere are many methods by which the information in the
current-sharing method. Section Ill details one implemefdggregate output ripple voltage can be extracted and used
tation of this method and presents the design of a loP achieve current sharing. In the implementation considered
power prototype system. An experimental evaluation of tHre, each cell employs a frequency estimator which generates
current-sharing method using the prototype system is presendgositive (differential) signal when any other cell is operating
in Section IV. Section V discusses the application of that a lower switching frequency. Each cell uses this information
approach to systems with different power levels, numbers ©f adjust its output such that no other cell is operating at a
converters, and operating frequencies. Section VI describeslewer switching frequency. The cells thus converge to operate
alternate implementation of the current-sharing approach amicthe same switching frequency and achieve current balance as
presents an experimental evaluation of it. The final secti@result. This approach is simple and robust, and is insensitive
summarizes the findings of the paper. to the switching-ripple harmonic content and waveform shape.
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Fig. 4. Structure of the frequency estimator used in the prototype sydiem. is the rms of the filtered rippleE:o+ is the rms of the total ripple.
These signals are used by the current-sharing controller.

Ill. PROTOTYPE SYSTEM IMPLEMENTATION B. Frequency Estimation

The current-sharing approach is demonstrated using a low-To decode the current-sharing information contained in
power three-cell prototype system composed of buck convertee output voltage ripple, each cell employs a frequency
cells operating at the edge of discontinuous conduction. Eaestimator which detects whether any other cell is operating at a
cell has an inner current control loop, a middle voltage-contrldwer switching frequency. The estimator structure used in the
loop, and an outer current-sharing control loop. The inner cysrototype system, shown in Fig. 4, is composed of three stages:
rent control loop maintains operation of the cell at the edge b a prefilter stage, 2) a frequency-tracking filter stage, and
discontinuous conduction and enforces a relationship betwe3ran rms-to-dc conversion stage. The prefilter stage removes
the cell switching frequency and the average output curretiie low-frequency and high-frequency (noise) components
Current-sharing control is achieved in the prototype system b§ the output voltage, while amplifying the switching-ripple
having each cell adjust its local reference voltage (used by themponent. The frequency-tracking filter is a high-pass filter
voltage-control loop) if any other cell is operating at a lowewhose cutoff frequency is continuously adjusted to fall just
switching frequency. Methods and circuits will be describeldelow the local cell switching frequency in order to attenuate
for controlling cell switching patterns, making estimates awitching-ripple components at frequencies below that of the
switching-ripple frequency content based on output voltagecal cell. The rms-to-dc conversion stage measures the rms of
measurements, and controlling the output voltage and currgmé switching-ripple signals before and after the tracking filter.
balance among cells. A more detailed discussion of the designhe rms of the filtered switching ripple is lower than that
and implementation of the system can be found in [30] ang the unfiltered ripple, it indicates that one or more cells are

[31]. operating at switching frequencies below that of the local cell
and, therefore, are supplying more current. Thus, the estimator
A. Prototype System Power Stage structure of Fig. 4 provides enough information to implement

The prototype system uses low-power buck converter celfi current-sharing approach described previously.
operating at the edge of discontinuous conduction under peal N€ prefilter stage is a cascade of a second-order But-
current control. Each cell has an inner current control lodgrworth high-pass filter(f. = 500 Hz), a second-order
which causes the cell output current to ramp between zero dsigfterworth low-pass filter(f. = 40 kHz), and a high-
twice the reference currefife; with an average value af.; 9an frequency-dependent amplifier. The frequency-dependent
and is designed to handle a peak current of 20 mA, yielding?&Plifier compensates for the fact that the magnitude of the
per-cell load range of 1-10 mA. The system has a total outﬁﬁ_ﬂtage nppl_e across the capacitive output filter decreases
capacitance”; of 45 F and is resistively loaded. ywth increasing frequ'ency. For fre:\que'nmes below 20 kHz,

Operation at the edge of discontinuous conduction yieldfsacts as a differentiator to amplify ripple components by
an average output current (equal to one half of the pe@R amount proportional to their frequency. Above 20 kHz,
output current) that is inversely proportional to the switchintj acts as an integrator to attenuate high-frequency noise. The
frequency, with the maximum switching frequency set by tHutput of the prefilter stage is thus an amplified and frequency-
minimum load specification of the system. Specifically, fofompensated version of the output switching ripple, with
the parameters shown in Fig. 3 and an approximately constAigh-order switching harmonics (and high-frequency noise)

output voltageuv. s, we find attenuated. o _
The frequency-tracking filter stage is a fourth-order Butter-

fow = M (1) worth high-pass filter whose cutoff frequency is continuously
2VinLitrer adjusted to 0.8 times the local switching frequency. A But-
For example, in the prototype system, with= 125 mH, terworth filter is selected because it exhibits no peaking in
Vin = 10V, andwv.s = 5V, full load for a cell corresponds its response near the cutoff frequency. The tracking filter
to a 1-kHz switching frequency, while a minimum 10% loads implemented using an LMF100 switched- capacitor filter
corresponds to a maximum 10-kHz switching frequency. Thehose clock frequency is derived from the local switching
cell output current switching ripple causes a very small%) frequency.
ripple in the output voltage at the same fundamental frequencyTo achieve the desired tracking filter cutoff frequency,
It is the frequency content of this output voltage ripple whicthe LMF100 clock frequency must be 80 times the local
carries information about the average cell output current. switching frequency. A frequency multiplier based on the
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Fig. 5. Block diagram of the cell control structure used in the prototype system.

74VHCA4046 phase-locked loop (PLL) IC is used to generalecal reference voltages,.; over a limited range about a

the LMF100 clock from the local gate drive waveform. Abase valuev, hase. The individual converter references are

divide-by-eighty counter in the feedback path of the PLEhifted via integral control, based on the difference between

yields a switched-capacitor filter clock frequency of 80 timethe two frequency estimator outputs minus a small offset.

the (input) switching frequency. This results in a tracking filteéFhat is, the system uses the difference between the rms of

cutoff frequency of 0.8 times the switching frequency. the total switching ripple and the rms of the switching-ripple
The rms-to-dc conversion stage of the frequency estimeemponents at frequencies of the local cell and higher, minus

tor measures the rms of the switching-ripple signals befoam additional offset, i.e.,

and after the tracking filter. It is implemented using AD637

integrated circuit rms-to-dc converters connected in the two- dv,.

pole Sallen—Key filter arrangement. The averaging and filter e K;[Eior — Elim — AE] (2)

capacitor valuegCay = 0.022 uF, Cy = C3 = 0.047 uF)

are §elected to yield a 1% settiing tlmg .Of 8 ms. Th's. '\?/hereKj is the (integral) control gaink,; and Ey;,, are the

considered fast enough to track the variations in swﬂchmgm frequency estimator outputs, a is the offset. The

:Lpeplfm;rfgléecnggnsgrr:;ern;htwl:‘t'lse ﬁt]"el t\?vl:)pfr:]essiljngc ré%%'\?er'nth reference is adjustable over a small range from a base
puts. lue U, j base 10 & Maximum value, ; max (Which is about

outputs form the output of the frequency estimator stage. A%g
L

) . L % larger than the base value) and is prevented from going
difference between these signals indicates that another ce Sside this range. The offs&tE guarantees that the reference
operating at a lower switching frequency. This information ig i

. . f the lowest switching frequency (highest current) cell will
\lljv?tehd tE)é tgtehg:ucrzlrlw;-sharmg controller to achieve load balanéﬁvays be driven down toward its base value, so that current
: sharing can be achieved.

To implement this outer-loop control structure, the prototype
system uses the reference adjustment circuitry provided in the
This section describes the design of the control circuittyC3907 load-sharing IC. The UC3907 is designed to imple-
used in the prototype converter system. A block diagrament a single-wire current-sharing scheme in which the local
of the cell control structure used in the prototype system vltage reference is adjusted based on the difference between
shown in Fig. 5. In simplest terms, each cell can be viewade highest cell current and the local cell current minus a small

as having an inner current control loop, a middle voltageffset [22]. By properly scaling and shifting the two outputs
control loop, and an outer load-sharing control loop. The innef the frequency estimator and using them in place of the
current loop, which maintains cell operation at the edge @fcal and highest current inputs to the UC3907, the UC3907
discontinuous conduction, causes the average output currest instead be caused to adjust its local reference voltage as
ious 10 accurately track a current referenggr and allows described above. The integrating compensator implemented in
the cell power stage to be modeled as a controlled currehe UC3907 yields a current-sharing control bandwidth on the
source of valuei,.; (yielding H(s) = 1 in Fig. 5). It also order of 1 Hz.
inherently enforces a relationship between the cell switchingThe three control loops operate together to properly regulate
frequency and average output current, thus encoding currethie output voltage of the system while maintaining current
sharing information on the output switching ripple. sharing among cells. While other design approaches are pos-
To regulate the output voltage, each cell has a middible, this multilayered control strategy has been found to be
voltage-control loop which generates the current referenbeth simple and effective.
for its inner loop, based on the difference between a local
voltage reference and the output voltage. The prototype system
employs a lag compensatgr, = 0.0159, 7, = 0.001 59, dc
gain = 50 mA/V) for this purpose. This yields a voltage- This section presents an evaluation of the switching-ripple
control bandwidth on the order of 100 Hz, with less than 5%hethod of current-sharing control using the three-cell proto-
load regulation over the load range of the cell. The output bfpe system design presented in the previous section. Addi-
the voltage-control circuit has a clamp to keep the commandgahal results can be found in [30]. It should be noted that
reference current within the specified load range of 1-10 m#he approach is independent of the number of cells in the
To achieve load balance among cells, each cell has a sleystem and can be applied to systems with an arbitrary number
outer current-sharing loop which operates by adjusting tloé cells. Fig. 6 shows operation of the prototype system

C. Control Design

IV. EXPERIMENTAL EVALUATION
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Fig. 7. The static current-sharing characteristic of the prototype system. (a) Without current-sharing control. (b) With current-sharing control

at approximately 66% of full load, both with and without

current-sharing control. Without current-sharing control, there
is a significant imbalance in average output current among
the three cells. The inverse relationship between switching

frequency and average output current is also apparent. With N VN S Ay Ve

current-sharing control, the switching frequencies and average

cell output currents are almost precisely equal. This high

degree of current sharing is achieved by using the information

encoded in the frequency content of the output switching .

ripple, without additional interconnections. i i [Ty ::g
Fig. 7 shows the static current-sharing characteristic over — 2 J Lo

the load range of the system both with and without current- 1234
sharing control. Without current sharing, there are significant
current imbalances over much of the load range, while with
current sharing the cells share current to within 5% of the _ ,
average over the entire load range. This high degree of actfy 'e?)‘, Z;rgﬂfj'%rg(]/:)egf?ur}ffog)'Ioggnséﬁf:at?zt‘pg%‘igsizn‘:ezngfez(%%p\r/‘;ﬁf
current sharing is obtained with less than 5% load regulation

over the entire load range.

Current-sharing behavior was also investigated under trahen current-sharing control is turned on. Again, accurate
sient conditions. Fig. 8 shows the current-sharing behavigiirrent sharing is rapidly achieved with stable dynamics. What
for load steps between 673 and 224 corresponding to may be concluded from these results is that the switching-
approximately 27 and 83% of full load. The current-sharingpple method can be used to achieve accurate static and
behavior is seen to be stable for even large load steps. Figdyhamic current sharing without the need for additional in-
shows the reference current transient response for two cedisconnections among cells.

Chl: 1V
Ch3:1V

Ch2:1V
Ch4:1V

Time: 1 s/div



PERREAULT et al: SWITCHING-RIPPLE-BASED CURRENT SHARING 1269

main practical limiting factor is the higher noise levels seen
by the control circuitry as the power level increases. However,
the control circuitry used to implement the new current-sharing
WMM‘ ‘ ] method does not appear to be significantly more susceptible to
AT R ::J’ noise than that used in many widely employed current-sharing
JITE techniques. We thus conclude that the new current-sharing
method is directly applicable to systems operating at a wide
range of voltage and current levels.

A second issue is how the approach scales with increases
in the switching frequency. It is straightforward to develop a
system scaling similar to the previous ones, which preserves
12 signal magnitudes and waveform shapes, but increases the
operating frequency by a factdr. The primary question to

Ch1:200mV Ch2: 200 mV Time: 200 ms/div be answered is whether the control circuitry can be modified
) ) to accommodate this increase in frequency. For switching
Fig. 9 _Current refer_ence transient response for two cells when curr(-];nt . . .
sharing is turned on witt; = 500<2. Currents are represented at 200 v/A.frequencies of up to several hundred kilohertz, appropriate
modifications of the voltage control and current-balancing
control compensators (Fig. 5) and the first and last stages
V. SCALING OF THE APPROACH of the frequency estimator (Fig. 4) are easily accommodated

The new current-sharing approach described in this papbrough simple component changes. However, modification of
has been evaluated using a low-power prototype convertbe frequency-tracking filter stage of the frequency estimator
system operating at switching frequencies in the 1-10 kHibes require additional consideration. The frequency-tracking
range. In this section, we describe how the implementation afiiter in the prototype system is implemented using a switched-
effectiveness of the new current-sharing method is expectedcapacitor filter circuit, whose cutoff frequency is continuously
scale for systems operating at higher voltage and current leveldjusted to track the cells switching frequency. For switching
at higher switching frequencies, and for different numbers éfquencies of up to several tens of kilohertz, this is an
paralleled converters. effective approach. At higher switching frequencies, however,

We first address how the new current-sharing approaittbecomes difficult to implement the tracking filter function in
scales to systems operating at higher voltage and/or currénis manner due to the lack of appropriate switched-capacitor
levels than the prototype system. Beginning with the lowfilter IC’s. Nevertheless, the tracking filter function (a high-
power prototype converter system described in the previopass filter with a voltage-controlled cutoff frequency) can
sections, we consider scaling the design in the followirgasily be implemented for higher frequencies through other
manner. First, consider scaling the inverse of the converteeans. It is straightforward to construct filters with voltage-
inductances, the inverse of the current sensor gains, the outptrolled cutoff frequencies by combining fixed elements
capacitances, and the inverse of the load resistance by a faetith voltage-controlled impedances (see [33] and the refer-
k. This will yield a system in which all the waveform shapegnces therein). For example, a voltage-controlled resistance
and frequencies remain identical to those in the prototyp@4], [35] can be used with a fixed capacitor to create a
system. The voltages will remain exactly the same as thosecintrolled first-order Butterworth filter. Thus, we conclude that
the prototype system, while the current levels will be exactlytae new current-sharing approach can be directly employed
factor k larger. (That is, the current waveforms will be scaletbr switching frequencies of up to several tens of kilohertz
in magnitude by a factor ok, while all the other waveforms and is useful for switching frequencies of up to at least
and sensed signals remain invariant to this transformatiosdveral hundred kilohertz, with only minor implementation
From the standpoint of the control circuitry (including themodifications.
current-sharing controller), this scaled system is identical toA final issue is how the approach will scale with different
the prototype system and should exhibit precisely the samembers of converters in parallel, particularly with respect to
behavior. Similarly, if the input voltage, the inductances, thilae magnitude of the feedback signals. We assume that each
inverse of the capacitances, the inverse of the voltage senselt is provided with its own output capacitor, so that the output
gains, and the load resistance are all scaled by a factér ofcapacitance of the system is proportional to the number of
we will again obtain a system which has the same waveforrells paralleled. In this case, the output voltage ripple would
shapes and frequencies as the prototype system. In this cageentirely invariant to the number of cells paralleled if the
however, the current waveforms will remain the same as thipple signals were at the same fundamental frequency and
prototype system, and the voltage waveforms will be scaled bynchronized in time. However, in practice, the switching
a factor ofk. Again, all the waveforms sensed by the contrdrequencies are never quite synchronized in frequency or
circuitry remain invariant to the scaling, and the scaled systgrhase, even when the desired degree of current sharing is
will exhibit the same current-sharing behavior as the prototyjgstablished. Nevertheless, using the ripple analysis techniques
system. In principle, therefore, the new current-sharing methtmt paralleled converters developed in [36] and [37], it can
is directly applicable to systems operating at much highbe shown that even though the frequencies and phases of
voltage and/or current levels than the prototype system. Ttiee individual ripple signals are not identical, the peak ripple
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magnitude will remain constant as the number of converterss of the cell currents can be used by the individual cells
changes, while the rms ripple magnitude will be proportional to implement a current-sharing control scheme.
N~1/2 whereN is the number of cells in parallel. Therefore, Consider the relationship between the reference current,
if the number of paralleled converters paralleled is changsditching frequency, and harmonic content of a buck converter
by a factor of ten, the peak ripple-signal magnitude will stagell operating at the edge of discontinuous conduction. The
constant, and the rms ripple-signal magnitude will vary only byutput current of théth cell can be written as a Fourier series
a factor of about 3.2. We thus conclude that the magnitude of 0o
'the ripple signal uggd to implement the current-sharing control I = Z Chr 1 6(w — nwy,) (4)
is relatively insensitive to the number of converters paralleled oo
and that it is feasible to use this current-sharing approach even .
in systems where the number of cells in parallel can valy'eréws is given by
widely. TV (Vin — Voy)

From the results of this section we draw three conclusions. Wk =  Vilieerr (5)
First, the new current-sharing method is directly applicable o ’ ) o
to paralleled converter systems operating at many differefpProximating the output current as a piecewise-linear func-
voltage, current, and power levels. Second, the current-sharfi@y (i-€., a triangle wave), theth Fourier coefficient for the
method is applicable to systems with switching frequencies 8§tPut current of theith cell can be expressed as
up to at least several hundred kilohertz, and perhaps higher. Mo
Finally, the signal levels used to implement the current—shariﬁjguk =
scheme are relatively insensitive to the number of converters
paralleled, so the approach is applicable even when the number

s mQAtQ PN
(1 _ ejnu,kAtz) _ Cjnu,kAtz

272wy, 27 in

+ my (e—jnkatl _ 1) _ mlAtl e—jnkatl (6)

. 22w o

of paralleled converters can vary widely. Wk Tjn
where my = (Vin — vop)/L,ma = —wvop/L, A =
VI. AN ALTERNATE IMPLEMENTATION Zirer,x/m1, and Aty = —2iwerx/my [32]. For the ripple

) . ) i component ofix, Co = 0, while all other terms are given
The simple and effective current-sharing control |mplemer5— 6) ’

tation described in the previous sections operates by indirectl){/Carefm examination of (5) and (6) reveals that the val-

extracting current-sharing information from the switchingaesc , are proportional toi.x, while wy is inversely
_ripple frequency_ content and using it to enforce cur_rent sh r'oportional t04,0 . ThiS is dué to the fact that the shape
ing. However, given that the output voltage harmonic conte f in(1) is invariant to the value Of vor : the waveform is

contains information about the individual cell currents, it iﬁ1erely scaled in time and magnitude for different values of

reasonable to ask if quantities such as the average or rfreik, as illustrated in Fig. 3. Recognizing this, we can define

cell currents can be directly extracted from the output voltage ' .- 4 \ariables which are independent.of :
harmonic content for use in current-sharing control. This -

section explores that possibility and examines the advantages é Crk @)

n

and disadvantages of such an approach. For simplicity and Tref,k

consistency, a cellular system composed of buck converter

cells operating at the edge of discontinuous conduction wi

again be considered. GO = Wy ret k- (8)
A. An Rms Current Estimator Because the normalized variables are independent.gf,

o _ , they are the same for every converter cell, provided that the
The switching frequency and ripple current harmonic COR%lis are identical

tent of a converter cell operating at the edge of dlsc:ontmuoususing this normalized variable representation and employ-

conduction is uniquely related to its average output currerﬂgg power spectral analysis, the rms values of some important

Thus, the aggregate voltage ripple due to paralleled cellg. it waveforms and their derivatives can be computed to be
operating at the edge of discontinuous conduction contains

information about the individual cell output currents. Here we = s 2 19

present a method for estimating the rms of the cell reference rms{en(B)} = firer g Z [Cnl ©)
. n

currents for such a system directly from the output voltage

ripple. The rms of the cell reference currents for &rcell rms{i}(t)} =  [&2 Z InC, |2 (10)
converter system is defined as m ’

n

Yoo QD)

k

rs (@ (1)} = l% S G2

fon
irms(t) = (3) :
» 2 )
where i..¢ , is the reference current (or equivalently, the —rms{vcs(t)} = o7 > InCul?| N 12)

average output current) of theth cell. Knowledge of the
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Fig. 10. Functional block diagram of the prototype rms reference current estimator.

where we denote the ac components of waveforms withirdormation is implicitly contained in (12). In summary, (14)
tilde and assume that the load impedance is much greater thlows computation of the rms of the cell reference currents
the filter capacitor impedance for the switching frequency anging only information locally measurable at each cell, without
above. These computations can be used for the purposerazfuiring a priori knowledge of the number of cells, circuit
calculating the rms of the cell currents. Taking the ratio gfarameters, or operating point. This information can, in turn,
(11) to (12) yields a quantity that is proportional to the rmbe used to implement current-sharing control.

of the cell currents

B. Rms Current Estimator Implementation

n
., Z |C*n|2 Z ifefyk The implementation of an rms estimator based on (14) is sig-
rms {0} (#)} _ n k=1 (13) nificantly more complicated than that of the estimator structure
rms{v;;(¢)} o2 Z InC,,|?2 N presented in Section Ill. Nevertheless, a direct implementation
n of the estimator in analog circuitry is quite possible, as is

. ) . ] an equivalent microprocessor-based implementation. Here, we
To cancel the proportionality constant in (13), we multiply byyiefly describe an analog implementation of an rms cell
the ratio of (10) to (9) and also multiply each side &y.x.  cyrrent estimator based on (14).
This yields the desired estimate of the rms of the cell currentsthe estimator implements the following rms current esti-

rns (i, (£)} ms{ iy (8) Yirer x mation equation
rms{v;(t)} rms{7;(t)}

Gost = it rmsde{ K7, ()} rmsde{ Kty (£) biret x (15)
les = =
' rmsde{ K1 K207,(£)} rmsdc{ix ()}

where rmsdc denotes operation of a conventional integrated
(14)  circuit rms-to-dc converter an&|, K>, and K3 are scaling

constants used to keep intermediate computations in range.

This result means that by properly combining the rms valués functional block diagram of the implemented estimator

of the ac components of, and v.; and their derivatives, circuit is shown in Fig. 10. Detailed circuit diagrams for the
the rms of the cell currents can be computed. The value edtimator may be found in [31], [32]. The estimator of Fig. 10
this result is that while all of the quantities on the top linés composed of four stages: 1) a prefilter stage, 2) a gain and
of (14) can be measured or computed locally at each cdlifferentiation stage, 3) an rms-to-dc conversion stage, and 4) a
their combination computes the rms of all of the cell outputultiplication and division stage. The estimator is designed to
currents. This is possible because the output voltage ripfile used with converter cells of the type described in Section Il
and its derivatives contain information about all of the ceiperating within a load current range of 1-10 mA (which
currents, as seen in (11) and (12). The additional factors in (9rresponds to a 1-10 kHz switching frequency range).
compute needed proportionality constants in an in-line fashion,The prefilter stage comprises a pair of bandpass filters
without requiringa priori knowledge of the circuit parameterswhich isolate the ripple components of the output voltage
or operating point. Also note that the computation does nabhd local-cell current signals, respectively. The bandpass fil-
requirea priori knowledge of the number of cells, since thigers attenuate both the low-frequency and high-frequency
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This contrasts markedly with the estimation approach taken
in Section Ill, which is insensitive to waveform shape and
harmonic content.

Perhaps a more significant source of error is the suscepti-
bility of the estimator to noise. The estimator structure uses
a cascade of differentiators to extract information about the
cell currents from the voltage ripple waveform (Fig. 10). It
was found that the differentiator cascade heavily amplifies
the inevitable switching noise. This heavily-amplified noise
component is captured by the rms-to-dc conversion stage and
affects the final estimate. This estimator structure is thus
unlikely to be practical in the high-noise environment of a
full-power switching converter system.

: 5 : A ; The presented method for estimating the rms of the cell
00 2 :‘ 6 ;} 1;0 1 curre_znts i_s thus not viable in this particular case. It is _the
Reference Current (mA) relationship between the output current and the output switch-
Fig. 11. Estimation performance of the rms reference current estimator wi'ng ripple in- t-his con\{erter that makes the -e-Stimatior! task
alg']s-inglé cell. The daghed line is the actual output current of the cell, Whll%épeually dlf‘flcult'; e;tlmathn of other quantities or _Wlth a
the solid line is the estimated current. control strategy yielding a different output current/switching-
ripple relationship may produce very different results. Thus,
while the approach we have presented for deriving and imple-

(n0|s_e) components of the measured S|gnals, vyh|le p"?‘s‘?’lﬂ@nting the estimator may not be advantageous in this case,
the ripple-frequency components. The gain and differentiatign, .. ne quite useful in the development of estimators for

stage computes the r_equwed d_erlvatlvesﬂg; an(_j L" and ey guantities, or for use with other converter types.
provides the proper signal scaling for the remaining stages.

Band-limited differentiator circuits are used which act as
differentiators for the frequency range of interest, but whose
gains roll off at high frequencies in order to attenuate high- This paper presents the implementation and experimental
frequency noise. The rms-to-dc conversion stage compugsgluation of a new current-sharing approach for paralleled
local-time approximations to the rms values of the requirgebwer converters. This approach, which is based on encoding
signals. The effects of using such local-time approximations tee current-sharing information in the switching ripple of the

the rms (in terms of frequency resolution and response speedhpverter cells, eliminates the need for additional current-
are addressed in [28] and [31]. The multiplication and divisiogharing interconnections among converters. One practical im-
stage computes the final estimate from the different factorsptementation of the approach is addressed, including meth-

Estimated Current (mA)

VIl. CONCLUSIONS

(15). ods for controlling the cell switching patterns, decoding the
current-sharing information from the output switching ripple,
C. Experimental Results and Evaluation and controlling the output voltage and current sharing. An

. . , experimental evaluation of the new current-sharing approach

An rms_current estlmator (_)f the described design Wagqeq on a three-cell prototype system is also presented. It is

constructed and used with a single converter cell of the tyRf,n that accurate and stable current sharing is obtainable

described in Section lll. The estimator was tested by using itier a wide load range using this approach. It is also argued

estimate the cell's own reference current over the load rangg.. he implemented approach is applicable to converters
[For a single cell, the rms reference current of all cells equg|s many voltage, current, and switching frequency regimes,
the cell's own reference current, as per (3)]. As illustrategh y that it is practical even if the number of paralleled
in Fig. 11, the results of this test indicate that while the MSnverters can vary widely. Finally, an alternative method

current estllmator does track the reference current, estimatigp extracting current-sharing information from the switching
errors as high as 10% occur over the load range. r(ijpple is described and evaluated

Careful examination of the operation of the circuit reveale
two primary sources of estimation error. The first source
of error is the inaccuracies and approximations in modeling
the converter waveforms. Second-order ripple effects, filter The authors thank the anonymous reviewers for their useful
capacitor ESR, and semiconductor device drops all contrib@@mments and suggestions.
to the circuit waveforms deviating from the idealized ap-
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