DISTRIBUTED INTERLEAVING OF POWER CONVERTERS

0.7, Perreanlt and J.G. Kassakian

Maegsaehusetts Institute of Techrnology, Cambridge, MA TISA

Mhsiract, Thiz paper introduces a distributed approach to interleaving paralleled power cunverter

S cells. Unlike conventional methods, the dismibuted appioach requires no centralized control,
automarcally accommodates varying numbers of convener cells, and is highty tolerant of sebsystem

failures, - A general methodolegy for achieving distributed inferleaving is proposed, along with o

_ speeific implementation approach.. The design asd experimenta! verification of a 30 kHz projoiype

svsiem i5 also prescnfed.
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INTRODUCTION

One approach to constructing & farge power converier

= gyseen i the vse of & cellular architectire, in which many
gUasl-BHONDINIOUS CONVETTers, called cells, are paralleled to
create @ single large converter system [1,2]. One of the
primary benefits of this approach is the Targe degree of input
‘and outpet ripple canceflation amang cells which can be
achieved, Consider operation of an M-cell perallel converier
system. If 21l of the cells are clocked synchronously, then
the sysiem behaves exactly as a single large converter.
However, if the cells are clocked independently {and hence
eperate at slightly different frequencies), it can be shown
thias rims input and ootpat cumrent ripples will be reduced by
a factor of ™ due o the passive (sochastic) ripple
cancellption which occurs among cells.  Active ripple
cancellation methods can yield even higher performance
benefits, The active method of inferfeaving, in which the
cells are oparated &l the same switching frequency with their
switching waveforms displaced in plmse over a switching
pericd, is well known. (See [3] lor a review.) The benefits
of this lechnicue are due o larmonic cancellation among the
cells, and include low mipple amplitude and high ripple
frequency inthe apgregated output. For a broad class of
topolopies, mterleaved operation of A ozlls vields an N-fold
increase in fondamental coment npple frequency, and o
rechiction in peak ripple magnitude by a factor of & or more
compared to synchrenous operation [3-3].

To be effective i a cellular converter archiecivre, however,
an inferleaving scheme must be able 1o accommaodate a
varying number of cells and maincain operation afier some
cells have failled. This paper describes a new approach 1o
interleaving parallel (or series} connecied power converiers.
This new approach avoids some of the drawbacks of
conventional methods, and is well suited for use in a cellular
architecture. A means for implementing the new approach
is deseribed, and soane of the major design issues are
addressed.  Experimental sesulls from @ 3-cefl, 50 kHz
protatype converter system implementing the approach are
akso presented.

INTERLEAVING

Intedeaving N parallel {or senas) connected converter cotls
requires thai the cells be operaied &t the same swirching
frequency but phase displaced with respect to one another
by 2/ radians. This is conventionally achieved by using
a centralized control circuit to supply properly phased clock
or synchronization pulses 1w the individual cells. Typical
implementations include the wse of a shift n:gﬁ[r; o
counster and decesder o generaie the shified cloel pulses [4]

The conventional approach is effective and simple for
sysiemms with 3 fixed number of cells. However, it becomes
less practical if there 15 4 varying number of cells in the
system, especially if interleaving is to be maintained after
failure of one ar more cells as is sométimes desired [7]
The difficulty lres i the ciwcoil and nterconpecnos
complexity required 10 generale the proper numiber of pilses
and direct them 1o the appropriate celis. Furthermorz, any
farture of the centralized control circuit will cause failure of
e whole system, which 15 undesirable if hagh reliabality w
1o be achieved. These limitations have fed 1o the
development of the distibuted  interleaving  approach
describied in this paper,

THEDISTRIBUTED INTERLEAVING APPROACH

In the new distributed interleaving appeoach, the cimcutry
needed to atain imerleaved operation is distribuied among
the cells, with only minimil cennections among cells. The
connections ameng cells are non eritical, i.e. filure of the
connection disrupts only the interleaving funciion, e the
basie operation. of the system. Unlike the conventio sl
approachy each cell generates its own clock pulses, and anly
wses intereell information to determine exact frequency and
phating af the local clock. The approach automatically
accommodaies varving numbers of cells, I an individual
cell 15 remaved of fails, the remaining cells auntomatically
interleave among themselves, Any failures affecting the
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Figure 1 The distributed interleaving approach.

informsation-sharing conmections inhibit the interleaving, but
do not cause the system o fail,  These attnbuates lead o a
flexible, reliable and robust interleaving system.

To whicve distributed imterbeaving, all of the cells are
connected by an interleaving bas, typically consisting of
single wire (Fig. ). Each cell has its own clock generatoe,
and places information about the frequency and phase of its
local clock on the interleaving bus, generally in the form of
signals telated w the clock waveform iself. Using the

aggregated information on the interleaving bus, each cell .

adjusts the frequency and phase of its own clock to schicve
the desired interleaved effect.

A PRACTICAL IMPLEMENTATION METHOD

Consider the implementation of distributed mtedeaving -
shown in Fig. 1. Each cell contains its own clock generator. .
The clock gencrators are connected together by a single-
wire inlerleaving bus, which is terminated in a known
resistance, K, connected to ground.  The structure of the
clock generator circuit is illustrated in Fig. 2. Each clock
generator contains a voltage-controlled aseillator {VCO)
whose frequency (and phase} can be varied over a small
range with a control voltage. The YOO generates both a
sinuscidal and a square wave output voliage. The square

wave outpul is used for the local clock. The sinuscidal .

output is run through a voltage-to-current converter, which
drives a current proportional to the sinusoidal voltage onio
the interleaving bus and through By, The voltage of the bus
will thies be proportional to the vector sum of tee sinusoidal

i, @ =

VCO outputs of all the cells: Each clock generator senses
this vedtage and subtracts out its own contribution, leaving
a signal which is the aggregate voltage of the other cells. 4
phase detecior commparss this signal to the output of the cell's
local oscillator. A filiered version of the phase. detector
output is used for e conrol input to the YCO. This is done
to drive the oscillator 180° out of phase with the aggregate
output of the other cells. Each clock generator is dhus
designed o phase-lock out of phase with the aggregate
outpuat of the others.

When two elock generatoes are connected 1o the interleaving
bus, they each phase-lock 1807 out of phase with the ather,
When three clock generators are connected, they each
phase-lock 1807 out of phase with the aggregate of the other
two, leading o a locked condition where each clock is 1207
out of phase with the others. For situations where more than
three chock generators are connected, there is more than one
stable fockmg condition. Hewever, they all involve sub-
groups of cells interleaving among themsebves. .

PROTOTYPE SYSTEM DESIGN

The design of a distributed interleaving system wsing phase-

locking rechniques requises careful artention W the system -
dynamics. ‘We address the system dynamics in the comtext

of the design of a three cell prototype system: operating af

approximately 50 kHz. First, consider the' design of the-

phase-locked loop (PLL) within the clock generator cireuit
ofFig. 2. The PLL is comprised of a phase detectde, a loop
fitter His), and a voltage-controlled oscillator [6]. The
phese detector generates an output voltage whose average i
refated 1o the phase difference between the input wavelgrm
and the local ocscillates. The multiplier phase detector

employed in the prototype system yields a nonlinear. . .

relationship which can be modeled as a linear gain (K, = 4.8
Virad) for small perturbations away from the locked
condition. The voltage-controlled oscillator converts a step

in input voltage 1o @ step in owtput frequency {ramping. .

phase), and hence can be modeled fin a linearized sense) as
an integrator with a gain (K, = 6289 rad/{V-s)). The loop
filter His) serves both w0 mmove high-frequency
components from the phase detector output and 10
compensate the closed-loop dynamics of the PLL. Ta lmit
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Clock
Structure of the clock generator for the example implementation,
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seady-siale phase error of the system while allowing a
e 5 j degree of play in the phase alignment, an active loop
ofthe npe in Fig. 3 was selecied. As described in [6],

ﬁw of 1pop filter yields a steady-ste phase emor of
YL 4
»" XK H(D) 0

where B ig the maximum frequency deviation of the
gscillator. Eor the parameters of the prototype sysicm, (his
yiekds Jess than 1.4% of phase emor for a 5 kHE frequency
yviasion, which was deemed acceplable. The resulting PLL
design has the (linearized) input 10 oulpal phass transfer
function Shawn in Fig. 4. This design provided sufficient
jock range and tracking range for the 1ask. - Note that the $0°
phise shift associated with the multiplier phase detector
glong with an adifftional 20° phase shift in the VCO sine
wive CUIpUL Wi employed to achieve the 180 ° phase Jock

woon desired for the interleaving system. The additional
clock generalof components are simple op-amp circuils

. whose dynamics can he neglected in the profotype system

11 must be recognized that the individual clock generators
wie themselves interconnected in a feedback confi guraion,
yelding clozed-loop system dynamics which are a function
of the individual clock penerator dynamics. We can find the
clmsed Ioop dynamics of a two-cell clock generator sysiem
igsing the foedback model of Fig. 5, whesz we have denoted
the (lineasized) irput 10 cutpat phase transler function of the
¥ clock penerator as Py fs)- For the profotype system
“design, this approach yields closed-loop system poles at s =
4542, -406.3, -1.05, and 0 Npfs. The pole at the origin
behaves a5 an integrator, and may @1 first seem o indicate
only marginal stability of the sysiem. Howewer, in reality,
this pole merely indicates that & glep mput phase distorbance
can canse the system &0 seitle al a different frequency (e.g.
with rumiping output phase in the linearized medel). Thus,
the fact that the desired phase lock condinen can occur over
& range of frequencics yickds the pole ot the origin in the
lincarized model, The fimited adyustment range of the
VCO's prevents this fact from causing problems. I a
disturbance brings one of the ¢lock generaters 1o the edge of
its adjustment range, the other clock generator will lock out
of phase with it &t that frequency with the dynamics of a
single clock gencrator, A similar feedback configuration

Loop filter structure for the proletype
system. C =022 pF, R, =100 LR, =
10kQ, R, = 4.3 MQ.
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Figure 4 Inpwt 1o culpol phase transfer function

for the linearized model of a single
prodatype clock generator circuit

arsalysis can be made for the three-cell case. This also yiclds
2 mixture of stable high- and low- frequency poles and a
pole at the cnigin,

EXTERIMENTAL RESULTS

To validate ihe proposed implemenanon, a 3-cell
discontinuous-moade boosl-converter Syslem operaling o
approximately 30 EHzx has been constructed apd vsed w
werify the validity of the approsch,  Each cell employs a

' epnventional cumresd-mode control chip with is of-chip

oscillator overndden by the local clock generstor circuit
The clock generators themsehves were constructed with
available discrete componemts; an ADG33 differential

* multiplier was used 15 a phase detector, while an XR2206

mionolithss function genemtor was ueed a5 the VOO, Figure
6 shows the clock waveforms from the prototype system
with 2 and 3 converter cells connected to the interleaving
bus. Phase locking was found 1o be wery slable with
acceptable locking and tracking characteristics for both the
two and three cell case. The commect phasing of the clock
waveforms to within design specifieations (1.57) iz obtained
undes all conditions,

Te venfy the npple cancellation benefits of the approsch,
the output voliage npple was measured with synchronows

disturbance
wit) — P (s) 0
P,(s
i RO
Figure 5 Feedback model for predicing the

dymamics of a wo-cell distmbuted

intericaving sysicen
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Figure 6 Experimental clock wavefarms for the prototype distributed interleaving systam with two and three cells.

clocking, independent clocking, and (distitu red) interleaved
clocking of the three cells.  As shown i Fig., T(a),
synchranized clocking of the cells leads to an qutput voliage
ripple of approximately 2.1 Vi, and 0.633 V. As shown
in Fig. 7b, independent clocking of the cells (yielding
sochastic ripple cancefiztinn) leads 1 a time-varying output
voltaze ripple. with the rms ripple reduced as. expected
down o 0,35 = 0.03-V,,. Operation under distribued .
interleaving, as shown in Fig. 7 fe) and {d), yields a ripple -
of 0.3 V,, and 0.072 }, . with the first major ipple -
component at three times the individual clocking frequency. |

aperating at high frequencies (where small nme delays
correspond to large phase mismarches). For systems with
large N, groups of threc cells can be interleaved, with

. stochastic * ripple . cancellation _eccurming _among - e

interieaved groups. Nevertheless, in some cases it may be
desirable to generate 2RIV interleaved clock waveforms for
higher numbers of cells. This is achievable through simitar’
means a5 described here, but at the expense of mcreased
complexity in the clock generakor circuit structure andfor the
inierconneciion structure.

This represcats a factor of 7 reduction in peak-to-peak |, ¢

rinple over synchronired clocking. [eally. a factor of 9
reduction should be obtained: a factor of three from the
current ripple cancellation, and a factor of three from the
frequency increase across the capacilive output filter. The
yeason for this discrepancy is shown in Fig. 7(d), where itis -
secn that the cancellation of the fundamental ripple
frequency is not perfect due to second order effects such as
phasing ersor, differences in the boast inducters and sense
resisioes, ot Nevertheless, use of the prototype distributed
interleaving circuitry yields a wemendous performance
improvement over bath synchronized and independent
clocking of the converter system.

OTHER APPROACHES

The distributed interleaving implementation described in
this paper generates /W interleaving far up to 3 cells,
abeve which the locking conditions are as yet unknown,
While this may at first seem very restrictive, it should be
pointed out that the benefits of inferleaving cease to acerue
beyond & very limited number of cells due w mismatches .
among cells [4]. This effect was scen in the profotyps
system, and s especially rue for gystems employing
distribuled current-sharing technigues (where smalk current
mismatches meviahly exist -{7-124), and Tn systems ©

B 2 -t

CONCLUSION

The paper has introdueced a distributed appeoach to -
interleaving coaverter cells in which the circuilry required
to attain interleaving is distributed among the cells. Unlike.
conveniionz] methods, the new approach fequires no

. centralized control, autematically accommodates varying

numbers of cells, cand is highly toletant of subsysterm
failures. A general methodology for achieving distributed
interleaving has been proposed, along with a specific
implementation approach and its experimenial verification
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