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研究成果の概要（和文）：本提案は，電力エネルギーの伝送において，電力の送り手と受け手の協調制御によっ
て送り手と受け手を区別して電力を配送するという分散協調電力カラーリングのコンセプトに基づくものであ
る．
複数の電源，負荷が混在する電力ネットワークにおいて，変動する電源の発電量に可制御負荷の消費電力を一致
させるように同期制御する，あるいは，変動負荷の消費電力に可制御電源の発電量を一致させるように同期制御
することで，特定の電源から特定の負荷へ，仮想的に電力を個別配送したものとして扱うアルゴリズムを考案し
た．

研究成果の概要（英文）：Our project proposes the unique concept of the power flow coloring, by 
allocating a unique ID to each power flow between a specific power source and a specific power load.
 It allows us to design versatile power flow patterns between distributed power sources and power 
loads by taking into consideration energy cost, accessibility and gas emissions. It performs virtual
 power flow from specific power source to specific power load on the power grid.
We implemented e-Power distributer that controls generating and consuming electrical power of 
sources and loads. And we evaluated our concept by experimental environment including three power 
sources(PV generator, battery and utility power line) and three power loads (fan, TV and heater).

研究分野： 情報通信分野

キーワード： 電力フロー　電力カラーリング　分散協調制御
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様	 式	 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通）	

１．研究開始当初の背景 
本提案の目的は，分散協調電力制御システム
における情報理論と制御理論の統一理論の構
築である．電力制御においては，電力ネット
ワーク上の消費電力と供給電力を一致させる
ことは電力ネットワークの安定維持のための
重要である．  
	 本提案は，複数の分散配置された電力制御
装置間の協調制御により電力の送り手と受け
手を区別して電力配送を行う「分散協調電力
カラーリング（図１．）」とよぶ電力配送にお
いて，情報理論の観点から電力ネットワーク
の安定性を維持しつつ電力制御装置間で電力
配送が可能な限界を求めるための基礎理論の
構築を目的とする． 

	 分散協調電力カラーリングのように情報通
信技術を用いて電力制御を行う場合，情報通
信技術と電力制御技術が互いに関連して電力
ネットワークの安定性に影響を与える．この
ような状況において情報理論と制御理論を統
一したモデル化を行うことで電力配送の理論
的限界を定義できると考えられる．従来の電
力ネットワーク制御であれば，電力の送り手
と受け手の区別はなく，電力ネットワーク全
体の大域的な制御モデルと取られるため，電
気回路としての複雑なモデルが必要であり，
個々の電源や負荷の変動の影響を見積もるこ
とが困難であったが，送り手と受け手を区別
して協調制御する分散協調電力カラーリング
のモデルであれば，基本的に送り手と受け手
の一対一の関係であり，それが電力ネットワ
ークに与える影響として問題を簡略化できる． 
２．研究の目的 
本提案では，分散協調制御する電力ネットワ
ーク制御において，情報理論と制御理論を統
合した新しいモデルを構築することであるが，
具体的には以下の２つの項目に関する研究を
行う． 
A) 需要家内などの小規模電力ネット
ワークにおける分散協調電力カラーリングの
基礎理論の構築，および，実証実験 
少数の電源，電力消費機器が接続された小規
模電力ネットワークでは，電力ネットワーク
の安定性は電圧の制御によって維持される．
このような簡略化された状況で，送り手であ
る電源と受け手が１対１の関係で協調制御を
行う場合の基礎理論の構築を行い，実際の電
力制御装置を用いて提案理論の検証を行う． 
B)一般的な電力網への拡張の検討，および検

証 
A で構築した基礎理論を，送り手と受け手が
N 対 M の場合に拡張するとともに，変動電
源，変動負荷が混在する状況に一般化する方
法を検討する．  
３．研究の方法 
平成２８年度には，まず数台の電源や負荷が
含まれる小規模の電力ネットワークにおいて，
１個の電力の送り手が１個の電力の受け手に
電力を伝送する場合における基礎理論の構築
を行う．また，実際に協調動作する電力制御
装置を用いた実証実験を実施する．	
本提案は，電力ネットワーク上に分散配置し
た電力制御装置の協調動作により，電力の送
り手と受け手を区別して電力を配送するとい
う「分散協調電力カラーリング」に基づいた
電力伝送を前提としている．		
本提案では，このコンセプトに従った電力制
御システムにおける情報伝達が電力ネットワ
ークの安定性にどのような影響と与えるかと
いう問題として理論構築を行う．	
具体的には，太陽光発電のような変動電源を
電力の送り手とし，可制御負荷を電力の受け
手としたとき，変動電源の供給電力の情報を
受け手に伝えて，受け手である可制御負荷が
電源の供給電力に合わせて負荷制御を行う．
このとき，送り手の供給電力と受け手の消費
電力が完全に一致していれば，電力ネットワ
ーク上の電圧や他の電源，負荷への影響は（配
線上の電力ロスを除いて）ない．このような
状況において送り手の電力変動と情報伝達の
電力ネットワークへの影響をモデル化する．		
また，実際に電力制御装置と協調制御アルゴ
リズムを適用して電力配送実験を行い，提案
手法の有効性を検証する．	
４．研究成果	
ネットワーク制御可能な AC/DC 双方向の変換
を行うコンバーターと蓄電池を組み合わせた，
電力ディストリビュータを開発した（電力デ
ィストリビュータ）．	

電力ディストリビュータは互いに協調動作す
ることで，仮想的に特定の電源から特定の負
荷に電力伝送を行うための装置である．さら
に一般の家電にスマートタップと呼ぶ電力計
測と簡易電力制御機能を持つ装置を組み合わ
せた簡易版電力ディストリビュータを開発し
た．	

 
図１．分散協調電力カラーリング 

 
 

Table. 1 Classification of The Power Flow Coloring. 
 
nominal power levels are hard to maintain physically by 
power sources and loads. 

To deal with practical situations, there is a need to manage 
power fluctuations of power devices. The main idea to deal 
with power fluctuations is through message exchange between 
power agents. When the power consumption of a power load 
fluctuates, its associated power load agent measures the power 
fluctuation and sends that data to its power supply agent(s), 
which then controls the amount of power supply. On the other 
hand, when the power supply fluctuates, its associated power 
source agent informs the fluctuation to its related power load 
agent(s) so that their power consumption match with the 
fluctuating power supply. The presence of power fluctuations 
leads us to another problem for maintaining the voltage 
stability of the entire power system. To maintain the voltage 
stability of the entire power system against power fluctuations, 
the master and slave role assignment scheme has been 
proposed among source agents. 

III. CONCLUDING REMARKS 
In this paper, the concept of the power flow coloring along 

with the classification of different implementation methods is 
presented.  

A cooperative distributed control method is proposed to 
implement the power flow coloring for power fluctuation 
management caused by power sources and loads. Our 
proposed method is already implemented in real physical 
world with various home appliances and distributed power 
sources. In future, our target is to scale up our proposed 
system to realize the power flow coloring over a national wide 
grid. The real world experimental results will be given at the 
conference presentation to show the effectiveness of our 
proposed method in managing dynamic power fluctuations of 
fluctuating power sources and power loads in real-time. 
Acknowledgement: This work was supported by JSPS 
Grants-in-Aid (KAKENHI) Grant Number JP16K12394. 
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[3] implement routing by switching lines on grid between a group of 
power sources and a group of loads and maintain power balance 
- Need dedicated power line between a power source and load  
- No storage mechanism is required  
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[4], [5] proposed a method which can send power from particular 
source to particular load in packets by appending header and footer 
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[1], [2] Our proposed method uses co-operative distributed control 
(CDC) methods to implement power flow coloring 
- Manage all types of connections between power sources and loads 
- No change in existing grid structure 
- Instantaneous power supply and consumption control  
- Maintain voltage stability with master/slave architecture 

Handle power fluctuations 
- Noisy fluctuations  
- large power variations  
Can be used for any type of grid 
(small-scale grid, large-scale grid) 
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Efficient power supply system for multiple power sources and loads 
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Fig. 2.  Realization of The Power Flow Coloring with CDC Method. 
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図２．電力ディストリビュータ 
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transmission inside NG. The difference between these two can
be regarded as the total power loss. Then the accumulated
power loss in the TSk can be defined as,

Lk =
M∑

j=1

Ps
i,k −

N∑

i=1

Pl
j,k (8)

Note that even without any power loss management, this accu-
mulated power loss is supplied by the Master PS thanks to the
stability maintenance mechanism by the master-slave architec-
ture described before. However, to realize a fair usage of PSs
it is better to introduce a power loss management method.

Since power losses are introduced by electrical lines con-
nected to both PSs and PLs, the accumulated power loss can
be decomposed as follows.

Power loss ascribed to PSi:

Ls
i,k =

Ps
i,k∑M

i=1 Ps
i,k +∑N

j=1 Pl
j,k

· Lk (9)

Power loss ascribed to PLj:

Ll
j,k =

Pl
j,k∑M

i=1 Ps
i,k +∑N

j=1 Pl
j,k

· Lk (10)

To realize a fair power supply among master and slave PSs,
each slave PS should supply additional power to compensate
power losses to which that PS is responsible. To this end, the
following new compensation factor is introduced into TSBFC:

D′
i,k = Ls

i,k−2 +
N∑

j=1

Rij · Ll
j,k−2 (11)

Then, the target power supply for PSi in TSk is defined as
follows.

T ′
i,k =

N∑

j=1

Rij · Pl
j,k−2 + Di,k + D′

i,k (12)

This section introduced a new feature to the augmented
protocol to realize the fair power loss management.

Note that the power flow coloring can be implemented
not only in one household but also among many house-
holds, offices, and factories. In the latter case, the question
arises who should pay for power losses. This economical
aspect of the power flow coloring can be designed based on
equations (9) and (10).

VI. EXPERIMENTAL RESULTS

To show that the proposed system works in real physical
environments satisfying three main requirements described in
Section V, (i) maintain stability, (ii) keep PSR (power supply
ratio) against power fluctuations of LAs, and (iii) accommo-
date communication and computation delays, at first a power
distributer module is developed. It consists of a bi-directional
AC-DC converter, a microprocessor, and a ZigBee wireless
communication device. The real-time (i.e., 16.3 msec control
interval) PWM control is conducted to make it work both as a
voltage source (i.e., as a master power source) and as a power
source (i.e., as a slave power source). Moreover, the frequency

Fig. 5. Physical Environment Setup.

Fig. 6. Experimental Setup.

and phase control can be done both in a grid-connected mode
and in a grid-off mode. As for technical details of the power
distributer module, please refer to [11].

Figs. 5 and 6 illustrate physical and experimental settings
for a grid-off mode operation of our system, where a pair of
DC V power storage batteries are used as independent power
sources. Each battery is connected to a common AC 100V
power line via a power distributer. On the other hand, two
loads are connected to the common AC 100V power line via
smart taps [10], power sensors with embedded microproces-
sors and ZigBee wireless communication devices, respectively.
On these hardware devices, we implemented the augmented
system protocol described in Section V: a pair of power source
agents supply power to a pair of load agents.

As shown in Fig. 5, a oscilloscope is used to mea-
sure detailed fluctuations of power supply and consumption.
Moreover, in the following experiments, a pair of pro-
grammable power load devices were used instead of ordinary
appliances. This is because accurately programmed fluctua-
tions of power consumptions are useful to analyze detailed
dynamical characteristics of the proposed system.

While couple of experiments under a variety of conditions
are conducted, the following result shows a typical charac-
teristic of the proposed system. PSR and the master-slave
assignment are specified manually. That is the experimental
setup does not include the EoD manager or PFM. The PS1
acts as master SA and PS2 acts as slave SA. SA1 supplies
50% power to LA2 while SA2 supplies 100% power to LA1
and 50% power to LA2. Then PSR can be represented as,

PSR =
[

0 0.5
1.0 0.5

]



まず，初年度には電力ディストリビューター
による２台の可制御電源と簡易版電力ディス
トリビュータで計測制御する２台の家電を電
力ネットワークに接続して，家電の負荷変動
に合わせて可制御電源の出力をコントロール
することで，仮想的に特定の電源から特定の
負荷に電力供給を行うフロー制御を実現した．
また，変動電源である太陽光発電を電力ディ
ストリビュータで模擬するように電力制御を
行い，簡易版電力ディストリビュータで制御
する家電を可制御負荷として使用して，変動
電源を含む２台の電源と，２台の可制御負荷
に対して，変動電源の出力に同期して負荷制
御を行うことで，変動電源から可制御負荷に
電力供給を行うフロー制御を実現した．	
平成２９年度には，前年度におこなったシス
テムをさらに一般化し，変動電源，可制御電
源，変動負荷，可制御負荷が混在している場
合における，変動電源−可制御負荷間，可制御
電源−変動負荷間，変動電源−変動負荷間，可
制御電源−可制御不可間の全ての組み合わせ
に対して，仮想的に電力伝送を実現するアル
ゴリズムを考案した．また，電力フローも 1対
1 の関係だけでなく，複数電源からの電力供
給や 1 電源から複数負荷への電力供給など，
一般的な電力配送パターンに対応するアルゴ
リズムを提案した.	また実際に 3 電源(系統
電源，太陽電池，蓄電池)と 3 負荷(テレビ，
扇風機，ヒーター)という構成で，仮想的な電
力伝送を実現し，提案手法の有効性を示した
（図３）．	
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Note that the algorithm processes average power consumption
and supply levels in TSt instead of instantaneous power levels.
Let W (SAc

i , t) and W (SAf
j , t) be the average measured power

levels by controllable and fluctuating SAs in TSt . Similarly,
W (LAc

k , t) and W (LAf
l , t) are the average measured power

levels by controllable and fluctuating LAs in TSt .
The implementation of feedback control considers remain-

ing sectors of the PFS matrix, which includes fluctuating power
devices, i.e., sectors 2, 3, and 4. To solve sectors 2 and 3, con-
trollable power devices compute power levels by adding ratio-
based power of the associated fluctuating power devices with
Algorithms 3 and 4. Here, it is assumed that there are no con-
trol errors for controllable power devices to supply or consume
computed power levels accurately.

For power flow streams between fluctuating devices, there
is a need to evaluate the difference between the actual and
measured power levels in TSt−2 by taking the minimum power
level, W (min, t − 2). Both fluctuating devices compute power
difference, which is denoted as W (SAdiff

j , t) and W (SAdiff
l , t),

which shows power difference computed by the jth fluctuating
SA and the lth fluctuating LA in TSt . The computations are
given as

W (SAdiff
j , t) =

J∑

j=1

R4
j l · W (SAf

j , t − 2)

+ W (SAdiff
j , t − 2) − W (min, t − 2) (5)

W (LAdiff
l , t) =

L∑

l=1

R2
j l · W (LAf

l , t − 2)

+ W (LAdiff
l , t − 2) − W (min, t − 2) (6)

where R4
j l and R2

j l are the GPSR and the GPCR, respectively.
Based on the higher difference, the attached controllable de-
vice will compensate for the power imbalance, which is imple-
mented in the next TS. The calculations of the power level are
given as

W (SAc
i , t) =

L∑

l=1

Rcf
il · W (LAdiff

l , t − 2) +
L∑

l=1

Rcf
il

× W (LAf
l , t − 2) + W (SAc

i , t − 2) (7)

W (LAc
k , t) =

J∑

j=1

Rf c
jk · W (SAf

j , t − 2) +
L∑

l=1

Rf c
jk

× W (SAf
l , t − 2) + W (LAc

k , t − 2). (8)

Note that computation of power levels for controllable devices
is done based on the local power ratio (i.e., Rcf

il and Rf c
jk ). As

noted before, when the PFS is modified, then a new OP will start
from TSt ; some inter OP compensation processes should con-
ducted, which is reserved for future study. When the EoD man-
ager wants to change the PFS, it has to evaluate gaps between
nominal and physical power based on the previous PFS and
conduct some compensation processes before designing a new
PFS.

Fig. 6. Physical experiment setup.

Fig. 7. Experiment setup.

VI. EXPERIMENTAL RESULTS

The simulation results presented in this section verify that the
proposed system works in real physical environments by man-
aging all possible power flow streams, preserving local power
ratios against power fluctuations, accommodating communica-
tion and computation delays, and maintaining voltage stability
of the entire system. For implementation, hardware devices are
developed for power sensing and control, i.e., power distributer
and smart tap. A power distributer consists of a microprocessor,
a bidirectional ac–dc converter, and a Zigbee wireless communi-
cation device. For technical details, refer to [20]. The real-time
(i.e., 16.3-ms control interval) pulse width modulation control is
conducted to make it work both as a voltage source (master PS)
and as a PS (slave PS). Smart taps are power sensors with em-
bedded microprocessors and ZigBee wireless communication
devices [10].

The detailed power fluctuations of PSs and PLs are measured
by an oscilloscope. All power agents associated with control-
lable PSs except master work as slaves. The phase and frequency
control can be done both in a grid-connected or a grid-off mode.
Figs. 6 and 7 illustrate physical and experimental settings for
grid-off mode operation of our system.

In this experiment, four dc storage batteries via a power
distributer, a TV, and a fan via smart taps are connected to a
common ac 100-V power line. One of the storage batteries is
selected as master (i.e., PSc

1), second emulates as a PV PS (i.e.,
PSf

1 ), which supplies fluctuating, third is used as slave (i.e., PSc
2),
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