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Abstract—Microgrid is well known as key technology to
improve renewable energy’s ease of use. Some previous works
focused on a microgrid that is divided into autonomous electricity
subsystems (AESs) for its reliability and scalability. We have
proposed the MCMC-based autonomous decentralized mecha-
nism (ADM) to perform energy interchange between AESs so as
to be supply energy appropriately for different energy demands
among AESs. In this paper, toward resilient of microgrids, we
design a method to realize directional energy interchange in our
ADM on the basis of the convection diffusion. We investigate
the effectiveness of the proposed method through simulation ex-
periment considering energy shortage and emergency situations.
We clarify that the proposed method can fast supply energy
from external power grid to a microgrid under energy shortage
situation, and can fast gather distributed energy to a specific
AES (e.g., safe shelter) under emergency situation.

I. INTRODUCTION

Renewable energy resources (e.g., sunlight) are hopeful
alternatives of conventional fuels (e.g., fossil fuel). The re-
newable energy generation is well known as low carbon
emission, but its output is usually small scale and unstable.
Hence, renewable energy generators have difficulty supplying
the generated energy appropriately for instantaneous energy
demand. In order to alleviate the disadvantage of renewable
energy, the electricity systems should equip batteries to absorb
fluctuations of energy supply and demand. Moreover, since
there is the difference among energy demand of electric
loads distributed in the electricity systems, surplus energy
in a battery should be transmitted to an electric load with
high demand. Hence, it is important challenge for renewable
energy to develop an effective method to realize such energy
transmission.

Microgrid [1]-[3] is an electricity system to transfer energy
among batteries, micro-scale generators (e.g., photovoltaic
array and wind turbines), and electronic loads. It would be a
key technology to provide energy transmission for improving
renewable energy’s ease of use.

Some previous works [4]-[6] focused on a microgrid that
is divided into autonomous electricity subsystems (AESs) for
its reliability and scalability. For instance, AES corresponds
to electricity system in a home and a community. AESs are
interconnected like a mesh network to be able to perform
energy interchanges among them, see Fig. 1 (a). In [5], the
authors designed the internet-like mechanism of the multi-hop
energy interchange to transfer energy between an AES pair in a
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Fig. 1: System model

mesh network by using an energy routing. In [6], we designed
an autonomous decentralized mechanism (ADM) of energy
interchange between AESs on the basis of Markov chain
Monte Carlo (MCMC). Each AES autonomously determines
the amount of an energy interchange for adjacent AESs in a
mesh network by using MCMC-based expression. We ensured
that the MCMC-based expression achieves the energy supply
appropriately for energy demand in all over the mesh network.
The MCMC-based ADM is such a lightweight solution of
the energy interchange, but is not efficiently support diverse
situations (e.g., abnormal weather and disaster).

In the world, people take a growing awareness for abnormal
weather and disaster, so a mechanism in microgrids should
have high resiliency for diverse situations. If the weather is
abnormal, generators using renewable energy may not supply
energy to be able to satisfy energy demand in a microgrid.
For such energy shortage situation, energy should be supplied
from an external power grid. However, connectable AESs to
the external power grid are limited by geographical condition.
Hence, it is necessary to fast supply energy in a direction
away from the connectable AESs, see Fig. 2 (a). When
disaster (e.g., earthquake) occurs, people evacuate to a safe
shelter, and energy should be supplied preferentially there. For
such emergency situation, energy in a microgrid should be fast
gathered at the safe shelter. Therefore, it is necessary to fast
supply energy in the direction to a high priority AES from
other AESs, see Fig. 2 (b). Considering diverse situations, a
mechanism in microgrids should support directional energy
interchange so as to realize such energy supply.

In this paper, toward resilient of microgrids, we propose a
method to realize the directional energy interchange, which
enables the MCMC-based ADM to fast transfer energy in an
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Fig. 2: Directional energy interchange

appropriate direction. We first design the directional energy
interchange based on the convection diffusion equation, and
investigate the effectiveness of the proposed method through
simulation experiment considering energy shortage and emer-
gency situations. We clarify that the proposed method can fast
supply energy from external power grid to a microgrid under
energy shortage situation, and fast gather distributed energy to
a specific AES (e.g., safe shelter) under emergency situation.

This paper is organized as follows: Section IV explains the
system model. Section III describes the MCMC-based ADM
for energy interchange. Section IV shows the method for fast
directional energy supply. Experimental results are described
in Section V. Section VI concludes this paper.

II. SYSTEM MODEL

To discuss fundamental properties of the proposed method,
we use a simple electricity system model, which is also used
in [6]. This model assumes that any energy transformation
loss in AESs can be ignored. Thank to this assumption, we
can focus on the behavior of energy interchange in mesh
networks because all equipments with a similar function (e.g.,
generation) in an AES are merged to a single equipment.
Hence, the evolution of remaining battery amount ¢;(¢) in AES
i is simply given by

t+ATy
as(t + AT)) — gi(t) = / (6:t) — cs(t))dt

+ ATy Z (J]*)Z(t) 7Jz'%j (t))’

JjEa;

)

where g;(t) and ¢;(t) are the generated and consumed energies
in AES i at time ¢, respectively. Note that ¢;(t) represents
instantaneous energy demand of AES i. Let G be the mesh
network of AESs in a microgrid. a; is the set of adjacent
AESs of AES i in mesh network G. AJ is the time interval
of energy interchange, and J;_,;(t) is the amount of energy
interchange from AES i to an adjacent AES j € a; during
[t,t + ATYy). Figure 1 (b) shows the energy interchange of
AES i in the system model. In the figure, we denote battery
capacity of AES i by b;.

In general, each AES has different battery capacity and
energy demand than other AESs. To represent percentage
achievement of energy supply appropriately for energy demand
in an AES, we introduce sufficiency level ¢;(t) of AES i by

a(t) = B0 =0 o)
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where 6; is the target remaining battery amount of AES . If
q:(t) > 6;, the energy demand of AES i is satisfied. AES i
can know whether its adjacent AES j € a; needs more energy
by the observation of ¢;(t). If §;(t) = §;(t) for all AES pairs
(7,7)’s, the energy supply would be achieved appropriately
for the energy demand of nodes at time ¢t. The MCMC-based
ADM performs energy interchanges to equalize sufficiency
levels of all AESs.

III. MCMC-BASED AUTONOMOUS DECENTRALIZED
MECHANISM OF ENERGY INTERCHANGE

A. Autonomous Decision of Energy Interchange

To equalize sufficiency levels of all AES, each AES calcu-
lates energy interchange amount J;_,;(t) by

Jimsj(t) = b kaier fimsj(Gi (1), G;(t)) Gi (1), (3)

where kqi 1S a positive constant that determines equalizing
speed of sufficiency levels. f;_,;(Gi(t),d;(t)) is given by

fimi(@i(1), 4;(1) = 1=kniclq; () =i (1) (@; () —as (1)) 7, (4)

where kyc is a positive parameter and [z]T = max(0, ).
In [6], we derived Eq. (3) on the basis of MCMC [7]. As kqif
or kyic increases, sufficiency levels are equalized faster.

If kvic = 0, Ji;(¢) is simply calculated by b; kais ¢;(¢).
In this case, the dynamics of §;(t) is given by the well-
known diffusion equation. The dynamics using Eq. (3) if
kyc > 0 corresponds to a non-linear diffusion equation with
the same equilibrium state where all values are equalized.
In [6], we showed that the MCMC-based ADM can fast
equalize sufficiency levels thank to the non-linear effect.

IV. METHOD FOR FAST DIRECTIONAL ENERGY
INTERCHANGE BASED ON CONVECTION DIFFUSION

The dynamics of sufficiency levels in the MCMC-based
ADM corresponds to a non-directional diffusion phenomenon
shown in the left of Fig. 3. The MCMC-based ADM would not
support the diverse situations (e.g., abnormal and emergency
situations) requiring the directional energy supply shown in
Fig. 2. Hence, we design a method that enables the MCMC-
based ADM to support directional energy interchange.

The convection diffusion equation explains directional dif-
fusion phenomenon observed in physics model. Compared
with the diffusion phenomenon, the convection diffusion phe-
nomenon has an additional effect to fast diffuse for a specific
direction, see the right of Fig. 3. The discrete convection
diffusion equation of ¢(¢) on mesh network G is given by

Gi(t+ATy) = Gi(t) + kawATy D 165(t) = 4i(0)]
—keon ATy > [4;(0) —@(®)], (5)

jEwi(t)

where kcony is convection diffusion coefficient, and v;(t) is
the set of adjacency AESs for which AES ¢ should perform
directional energy interchange (v;(t) C a;).

Since the second term of the right side in Eq. (5) represents
diffusion phenomenon, it describes the dynamics of §;(t) by
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Fig. 3: Diffusion vs. convection diffusion for x-axis direction

using Eq. (3), in essentials.! Hence, to perform the direc-
tional energy interchange, we should replace the expression

Ji—)j (t) = dJisg (t) - b1 kconv Z [ij (t) - in (t)} . (6)
JEvi(t)
Note that the first term of the right side in Eq. (6) is calculated
by Eq. (3).

v;(t) is set to be able to perform energy interchange in
appropriate directions. Considering energy supply appropri-
ately for energy demand, each AES should perform energy
interchange in the direction for adjacency AESs with small
sufficiency levels. Namely, v;(t) is set by

vi(t) =45 [ 4;(t) < @(t), j € ai}. )

The setting of v; by Eq. (7) is simple, but the proposed
method with the setting supports diverse situations (e.g., en-
ergy shortage and emergency situations) discussed in Section I.
When supplying energy from external power grid under energy
shortage situations, sufficiency levels of the connected AESs
are always 0, and their sufficiency levels are larger than those
of other AESs. When gathering energy to a high priority AES
h from other AESs under emergency situations, we set energy
demand 6}, to high value, and the sufficiency level of AES h
becomes smaller than those of other AESs. Hence, by using
Eq. (7), each AES can perform energy interchange in the
appropriate direction under such situations.

V. EVALUATION
A. Setting

We investigate the performance of the proposed method
through simulation experiment considering energy shortage
and emergency situations. We use a static simulation model for
easily understanding fundamental properties of the proposed
method. We assume (a) generated energy g¢;(t) of AES i is
always equal to consumed energy ¢;(t) of AES 7, and (b) target
remaining battery amount ; of AES ¢ does not vary with time.
As the future work, we will confirm the effectiveness of the
proposed method by using a dynamic simulation model.

During simulation, each AES transmits own energy ac-
cording to the MCMC-based ADM without the proposed
method (hereafter referred to as previous mechanism) or
with the proposed method (hereafter referred to as proposed
mechanism).

We use the Nj-th nearest neighbor network as mesh net-
work G. The Nj-th nearest neighbor network is generated

IStrictly speaking, the dynamics of ¢;(t) should be described by a non-
linear equation, but we omit rigorous explanation due to space limitation.
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TABLE I
PARAMETER CONFIGURATION

Ni-nearest
mesh network G neighbor
network
number of nearest AESs Ny 4
number of AESs N 100
battery capacity of a AES b; 100

target remaining battery amount of a AES 0; 50

diffusion coefficient kaig  0.0001
control parameter of MCMC kvo 1000
convection diffusion coefficient Econv  0.001
interval of recalculating J;_, ; ATy 1

0 025 05 075 1

Fig. 4: Color map to visualize results shown in Fig. 5

by the following procedures. Initially, each AES is randomly
placed on the two dimensional plane. Then, each AES selects
Ny, nearest AESs as its adjacent AESs. Note that an AES
has adjacent AESs greater than or equal to Nj. Ni-th nearest
neighbor network is a network with considering geographical
dispersion of AESs and wiring cost between AESs.

We use the parameter configuration shown in Tab. I as a
default parameter configuration.

B. Result for Energy Shortage Situation

We assume that the most upper right and the most lower
left AESs in a Ni-th nearest neighbor network are connected
to the external power grid. ¢, (¢) of AESs x connected to the
external power grid are always 0. For convenience, we show
the results when setting the initial sufficiency levels ¢;(0) of
other AESs to -0.2. We also obtained the same conclusion for
the results with other setting (e.g., randomly setting of ¢;(0)).

First, we visually confirm the effectiveness of the proposed
method. Figure 5 shows AES sufficiency levels at ¢ = 0,
300, and 600 on mesh network GG when using the MCMC-
based ADM with the proposed method. In this figure, we use
the color map shown in Fig. 4 to visualize sufficiency levels
of AESs. According to this figure, the MCMC-based ADM
with the proposed method realizes the energy supply from the
external power grid.

Then, we investigate the speed of the proposed method.
Figure 6 shows time series for statistics (i.e., average and
minimum) of AES sufficiency levels when using the MCMC-
based ADM without and with the proposed method. According
to Fig. 6, the proposed method can fast supply energy from
the external power grid. Figure 7 (a) shows the average of
times taken to supply energy until §;(¢t) = £5% for all AESs.
According to this result, the improvement of the proposed
method increases as the initial sufficiency level decreases.
Hence, the proposed method has high effectiveness for severe
energy shortage situation.

C. Result for Emergency Situation

Disaster occurs suddenly, and stops equalizing sufficiency
levels of AESs halfway. Hence, when disaster occurs, each
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Fig. 5: AES sufficiency levels §;(¢) on mesh network G when using the MCMC-based ADM with the proposed method
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Fig. 7: Time taken to supply energy

AES has a different sufficiency level reflecting its energy
generation and consumption. In microgrids, there are several
factors affecting the variability among sufficiency levels of
AESs. In this paper, we represent the variability only by the
variance of initial sufficiency levels ¢;(0)’s. Namely, at the
start of simulation, initial sufficiency level g;(0) of AES i is
given by normal distribution N(u%, 05¢) where o' = 0.3 .

We give high target remaining battery amount (i.e., ¢, = 90)
to a randomly selected AES h as the high priority AES that
means a safe shelter under emergency situation. The speed of
the directional energy supply may be affected by the location
of AES h. We investigate the effect of the location on the
effectiveness of the proposed method. Figures 7 (b) shows the
average of times taken to supply energy for different initial
sufficiency levels, uzt, respectively. According to Fig. 7 (b),
the proposed mechanism can very fast gather the distributed
energy to the high priority AES. Therefore, we can conclude
that the proposed method has the effectiveness under emer-
gency situations.
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VI. CONCLUSION AND FUTURE WORK

In this paper, toward resilient of microgrids, we proposed a
method to realize the directional energy interchange, which
enables the MCMC-based ADM to fast transfer energy in
an appropriate direction. We first designed the directional
energy interchange based on the convection diffusion equation,
and investigated the effectiveness of the proposed method
through simulation experiment considering energy shortage
and emergency situations. We clarified that the proposed
method can perform fast directional energy interchange under
these situations, so conclude that the MCMC-based ADM
would support diverse situations.

To realize the proposed method in a practical electricity
system, we should further investigate the performance of the
proposed method. The dividing of a microgrid into AESs
improves the reliability and scalability of microgrids, but
generates energy loss by energy interchange among AESs. In
this paper, we ignored such energy loss in the evaluation. We
should clarify the effect of the energy loss on the effectiveness
of the proposed method. Moreover, we should investigate the
performance with considering realistic characteristics (e.g.,
fluctuations in energy generation/consumption and transmis-
sion capacity).

REFERENCES

[1] R. H. Lasseter and P. Paigi, “Microgrid: a conceptual solution,” in
Proceedings of IEEE PESC 2004, pp. 4285-4290, June 2004.

[2] S. Abu-Sharkh, R. Arnold, J. Kohler, R. Li, T. Markvart, J. Ross,
K. Steemers, P. Wilson, and R. Yao, “Can microgrids make a major
contribution to uk energy supply?,” Elsevier Renewable and Sustainable
Energy Reviews, vol. 10, no. 2, pp. 78-127, 2006.

[3] J. W. Simpson-Porco, F. Dorfler, F. Bullo, Q. Shafiee, and J. M. Guerrero,
“Stability, power sharing, & distributed secondary control in droop-
controlled microgrids,” in Proceedings of IEEE SmartGridComm 2013,
pp. 672-677, Oct. 2013.

[4] Y. Matsumoto and S. Yanabu, “A vision of the electric power system
architecture aiming for our new generation,” /EEJ Transactions on Power
and Energy, vol. 123, no. 12, pp. 1436-1442, 2003.

[5] R. Abe, H. Taoka, and D. McQuilkin, “Digital grid: Communicative
electrical grids of the future,” IEEE Transactions on Smart Grid, vol. 2,
no. 2, pp. 399-410, 2011.

[6] Y. Sakumoto and I. Taniguchi, “Autonomous decentralized mechanism
for energy interchanges with accelerated diffusion based on MCMC,”
IEICE Transactions on Fundamentals of Electronics Communications and
Computer Sciences, vol. E98-A, pp. 1504-1511, July 2015.

[7] W. Hastings, “Monte Carlo sampling methods using Markov chains and
their applications,” Oxford Journal Biometrika, vol. 57, no. 1, pp. 97-109,
1970.

2016 Design, Automation & Test in Europe Conference & Exhibition (DATE)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


