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A power packet s 2 unit of sleceric power omposed
of 2 power pulss and an infonmation @g. In Sannon’s
ndormasian shoory, mossges aee reprosenisd by
symbal squences In 3 digitieed manner Rekring
= this formwlation, we define symbols #n power
acketization asa ik of power

by @ ugged pube Here, power & dightred and
guantized. In this paper we owsldor packetived
power In metworks for 2 Bnke dumsion, giving
symbalsand thelr e &0 the neworks. A nawork
sucsim b= defined using a graph whse nodos
PN [ORROTS, SOUNTES and distinzions. Firs, we
ML B concept of 3 symbol propagabon sl
EFM) In which symboks are tanskomd at Hnks
during unit imes Fackesized power i described 25
a nexwork Sow in a spesio-iesporal stnactuce. Then,
we study the problem of scloctng an SPM in enss
of transierability, thas s, the possibiley 1o

given crorgics 2 soumes and destinadons during
Ew Anks dumton. To soloct an SPM, we consider
a nexwork Bow probles of packetized power. The
problem k& forssibied 35 an Moneex submodulsr
flow problem which ks 2 soivabie gencralization of
% minimum st Bow problem. Fimily, thmegh
oxzmples, we venfy shat shis formulasion provides
masonabie packstized power.

1. Introduction

Eleriric power has boen coeslderod 28 & conelmoes
fow asd on cincek teory, in which power fow &
govemad by Elrchhoff Laws and Tellegen's theoem [1].
The ciroul Eeary @n be generiizod &0 mpmsent varies
nonlinear COMpIEX SYSoms in B sysem iopology Wi
eneRy dissimdon and encrgy somge as 2 newwock

e

manner under ehe: consenvasion
on theory [3] thae “all sechnical
all sechnical communicesions
of mndom binary digis” [4)
pemizr by using packet swisching,
frrami asmignmant of network
fer, power disribuzion will be
(. we consider leckrical energy
Fer packelzzion [6-15]

nage complicated power Aows
mgulation [15]. In the: proposal,
e nemaliod intm she clocirical
E acconding 0 the Sow comiml
for the diffierance botwoen the
ok, POWST PACka HERnsacs ns
(e concept of power packa also
fFium, meead In lossons leamed
jgned for disribesed mnowabie
“Enefgy packet networks” wem
sorvers [20]. There &2 proposl
r ks delivered through discress
(rersal power Foeser is designed
M, In most of thise proposals,
[ysical design s not mentoned.
ith eleciric power In the me
jc power has been high-power
feed with low-power and high-
izl layer @nd the logical layer,
[aging power.

fpon cartide (SHC) and galllum
[devics operation at prentaly
current Sl sechnology [23.24]
high-frequency switching, mver
high-frquency doceniciey, and
In the develpad sysem, an
fiot with Its voltage waveionm.
Huzl packst level. A schosasc
[hw Sysiom comsisis of NEEWOrE
ing Hr e 13 ETmanon
power due to diffierent soumes,
send the power packess esing

SETEE LI e - |

&he power 2t mach Bne by esing the
il 20 identify the diferent kinds
packoss beswoen routers [10,14,15]
emesker In Shannon’s infoemasion
pElznd manmer [3]. Referring o s
[Einimerm ek Of POWET iRnsioTd
rmibcd ks 2 minimum unit of powes,
arsferred during 2 wnlt S=e nthe
y determined 2s 3 ral messber-2
FEWSSIEs and TRy With symibol
of mEsIges I teeeed 25 2 coding
fhe lenggh of codewords. [n power
fen energy during a #nle durasion
rmentation is 3 problem enige o
pd wikh a set of symbol sequences

b, wihich was intmodscad In [12]
(o probiem of powner packe bdon.
fetworis. Then, mackedzod power &
and guantized maseer: 3 symbol
s represenind wikh symbals s w0
.

i power, we mfer to @ work about
megquences: [2728]. In this work, o
awer 2 sufficensly long e pericd
[t are designed by priorszing the
Hirected scychic graphs wiose sdges
with their masching probability in

(W CONCEER Lo nepnesent packetized
Emporal comspondence. In power
each symbel has bs coergy and
pora] connecedness: i Imponant in
f “stri, Lo the spacal diffierenoe
jF storad In cach roeser Thon, we
picrability, shat ks, the possibllity 5
fg the Anie dumdon To seos an
of, wrigheing suppliod crergy fom
fenergy at mch link during cach unit
[bw probles b formulaed as a0 M-
pization of the: minimess oo fow

n provides masonable ransmission
wir Wi a network Bow probles,
FEw packer meimorks wikh queucing
ly different from our problem, It &
[sng 2 specific sysiem similar ko the
fiscuss our frmulaton mEerTing

[ oried ms sy Thas, powr b discosend

fimgle syl The: proparrias tha: ayrsals do
12 torrra 2 secterciary af dw rpre.

it ey v 3 o nobnmastisroreireds [

2 powser pulse with an Information g Her, packedred power k& spatally and osporally
imnsfermd & symbols in 3 dighleed and quanized manner At mach node, the cnogy &
represanied 35 Sw HMal amount of energy of symbols which am sent 1o and moived fom
neighbouring nodes during 2 Bnke durstion.

T mathematically mpmsent such Hersmision of packesizod power, wie Intmdecd te SPM,
In which a symbol & rressferred at 2 lUnk during a unit tme. ¥ia SPM, packetived power
described 25 2 network. Aow in 2 spato-lempona| stucune. Then, we msidered 2 renvork fow
protiom for stlecting, 20 5PM In o of tansferbiley, Bat s, e possiblily 0 eprsems given
encrgies ai snueoes and dissinadions during the fndsr desdon In nesworks, packosdeod power
appears & suppliod energy from scemes and s=pplicd encqy w0 destnations V1), inséemsd
SNETEY 2t @ch Ink during oach wnk Hme (¥2) and changs of $orod cReTgy In cach muter
[V3). Setting 3 aminar R=dly of subss of nodes In spatio-empor| sruckan for the mses of
¥1and V3, we can formalaie s problem as an M-onvex submodular Sow problem wivich
b5 2 solvabie generalization of the minimum cost Sow problem.  Unile comnemsional minimum
oo Bow probless, her, we weigieed not only valkses of nenwork Aow [VE) bai also valus of
boundary of noswork Bow and thoir sime Iniogak (V1 and VI Finally, B mulaton was
disnmami thresgh examples and & ks shown thas power can be packeiized 2nd be controllabic
whille prserving reasonabic propen:ios of power

The estabisned packet-Cenirc Famework is ompicsdy diiemnt from ehe Cicult eheory,
In which powsr s handkd In 2 continuous manner and & governed by Elchhol Laws and
Tellegen's thanrem [1]. Here, the concept of 3 power packet s Eemduced 25 2 unk of docric
power, s that power bs digkized and geantized. The wesults of this paper sugges 2 mathemaeical
fmmewcrk which intograies energy and informasion in cecrical encrgy networks.

Laaarrubiry. This work dos nos bares sy cxprimerral des. All romputiionsl i wen: obeined wid
e cycke-anadling slgtm 2]

Artes MATEEa. The monorpt of 5PM wa monasvad by SN, and AM. The remwork Ao prtler was
forrmubiasd and ramoricaly strulued by 5. TH, Ssdgnad s posir packas renerek ard irittand e
wzachy The papes was drafted by 5N, and cantally rovised By all the suthors All sathen gave Snal sppeoval
for publicanion.

Compoting pi=iy. We doclase we have no compesing, iniores i

hnd ik i wk: we: iramcally wepporaad by the Croms bliréserial Strsingie Inncmsen Progeam
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A power packet is a unit of electric power composed
of a power pulse and an information tag. In Shannon’s
information theory, messages are represented by
symbol sequences in a digitized manner. Referring
to this formulation, we define symbols in power
packetization as a minimum unit of power transferred
by a tagged pulse. Here, power is digitized and
quantized. In this paper, we consider packetized
power in networks for a finite duration, giving
symbols and their energies to the networks. A network
structure is defined using a graph whose nodes
represent routers, sources and destinations. First, we
introduce the concept of a symbol propagation matrix
(SPM) in which symbols are transferred at links
during unit times. Packetized power is described as
a network flow in a spatio-temporal structure. Then,
we study the problem of selecting an SPM in terms
of transferability, that is, the possibility to represent
given energies at sources and destinations during
the finite duration. To select an SPM, we consider
a network flow problem of packetized power. The
problem is formulated as an M-convex submodular
flow problem which is a solvable generalization of
the minimum cost flow oroblem. Finally, throush
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Jure 1. A schematic of power packet dispatching network. (Online version in colour.)

ermodynamics [2]. Here, energy flow is handled in a continuous manner under the conservation
‘energy. On the other hand, it is shown in Shannon's information thecrythat ‘all technical
mmunications are essentially digital; more precisely, that all technical communications
e equivalent to the generation, transmission and reception, of random binary digits’ [4].
ymmunication networks have been developed in a digitized manner by using packet switching,
hich breaks messages into smaller pieces named ‘packets’, for dynamic assignment of network
sources [5]. If we handle electric power in a digitired manner, power distribution will be
anged completely different from the conventional. In this paper, we consider electrical energy
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in which power is handled in a continuous manner and is governed by Kirchhoff Laws and
Tellegen’s theorem [1]. Here, the concept of a power packet is introduced as a unit of electric
power, so that power is digitized and quantized. The results of this paper suggest a mathematical
framework which integrates energy and information in electrical energy networks.
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