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Abstract—Because power generation of renewable resources
are unstable and demands of the customers are time-varying, the
supply power and demands of the customers are always unequal.
To meet the demands of the customers, power is transmitted
from primary power generation to secondary power generation.
It will cause high power loss. To solve this problem, a distributed
algorithm is proposed in this paper. By using the algorithm, the
micro-grids are able to exchange power with their neighbors so
as to minimize the total power losses of the smart grid. Moreover,
communication overhead (bandwidth) is reduced, comparing
with centralized algorithm. Through computer simulations, we
demonstrate that the proposed algorithm can lead to near-
optimal result for alleviating the average power loss per micro-
grid and reduce the communication overhead significantly in
contrast with the centralized approach.

Index Terms—Distributed algorithm, micro grid, smart grid.

I. INTRODUCTION

Smart grid is regarded as the next-generation power
grid([1]-[4]). Unlike the traditional power grid, the smart
grid does not only send power to customers, but also send
demands of the customers through communication technology
and infrastructure. Based on the demands of the customers,
the power plant could decide the quantity of power generation
so as to abate waste. In other words, the emergence of the
smart grid causes a revolution of power grid.

Smart meters which is an important component of smart
grid, are installed in equipment of the customers. It can
help the customers to save power and send demands to
secondary power station (e.g., micro-grid) that they are linked.
To meet the demands, the micro-grids will generate power by
renewable resources (i.e., wind, solar, water and so forth).
Comparing with the traditional power grid, micro-grid is
more easy to control the quantity of power generation. It
plays an increasingly important role in the modern power
grid. Although the micro-grids possess some advantages, we
cannot neglect its shortcoming. For instance, those renewable
resources cannot guarantee stability of power generation. It
causes that the supply of micro-grid is often not equal to
demand. Hence, the micro-grids need to sell/buy power from
primary power generation (e.g., macro-station) ([5]). However,
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the power loss between the micro-grid and the macro-station
is higher than that between the micro-grids. To enhance the
efficiency of the smart grid (reduce the power loss), the micro-
grids hope to exchange power with other micro-grids instead
of the macro-station, so as to reduce power loss. Nevertheless,
if the micro-grids have more than one neighbor, which is the
proper partner is the most important problem that the micro-
grids have to face. To solve this problem, an algorithm is
proposed to help the micro-grids to choose proper neighbors
to exchange power so as to minimize the total power loss. At
first, based on the demands of the customers and generation
power, by using the algorithm, the current remaining powers
can be calculated. If current remaining powers are not zero, the
micro-grids will exchange information of the remaining power
with their neighbors. Then, depending on the information each
micro-grid generates and sorts the set of neighbors which are
able to exchange power with, sends offer to the first element of
this set and waits the response. If the “accept” response from
the first element is received, the two micro-grids will exchange
power. After that the first element will be deleted from the
set. Additionally if the response from the first element is not
received and time-out occurs, or receive “reject” response, the
first element will be deleted as well. Then, the offer is sent
to the “new” first element of the set if the set is not empty.
At the same time, the micro-grid can receive offers from the
other elements of the set when it is waiting the response
from the first element. If the offer is from other elements, the
offer will be “hold” and the “hold” message will be returned.
For instance, if the offer from the second element, it will be
hold. If the first element is deleted, this second element is the
“first” element and the hold offer will be activated. Moreover,
the hold offer will be deleted when time-out occurs as well.
Sending offer and receiving response/offer will not stop until
the neighbor set is empty or the current remaining power is
zero. After exchanging power with their neighbors, the micro-
grids will exchange power with the macro-station if current
remaining power is not zero. If the current remaining power
is zero and receive offers, the micro-grids will return “reject”.

The remainder of our paper is organized as follows. The



background and related works are discussed in Section II.
The system model is discussed in Section III. In Section IV,
distributed algorithm for micro-grids is discussed. In Section V
the simulation result is presented, and the conclusion is drawn
in Section VI.

II. BACKGROUND AND RELATED WORKS

In this section, we introduce several power loss reducing
methods for the smart grid that exist in literature. Moreover,
the drawbacks of these existing methods are delineated.

The first method is dynamic pricing strategy ([6]). It means
adjusting the electricity price in different period (raising the
price in high power consumption period whilst reducing the
price in the low power consumption period). It will help
the customers to adjust work schedule of equipment from
high power consumption period (e.g., 8 PM) to low power
consumption period (e.g., 2 AM). Although this kind of
method could guarantee the demands of the customers, the
drawbacks are evident. For instance, the customers have to pay
more money than that in low power consumption period, when
their electric equipment must be operated in the high power
consumption period (e.g., TV). Additionally, this method could
not alleviate the mount of the demands of the customers, if
the schedule of equipment cannot be changed.

The other kind of method is reducing power loss ([5], [7]-
[9]). If a micro-grid cannot meet the demands of the customers,
it needs to obtain power from other neighboring micro-grids or
the macro-station. And the power transmission causes power
loss. Our previous work [5] proposed an algorithm which can
help the micro-grids to form groups and exchange power with
others, so as to alleviate the power loss and meet the demands
of the customers. This algorithm is a centralized algorithm. For
obtaining global information which could help the micro-grids
to make decisions, the micro-grids will communicate with the
macro-station. Compared with distributed algorithm, although
its result is better than that of distributed algorithm, it costs
more bandwidth than that of distributed case costed. W. Saad
et al. [9] proposed a distributed algorithm to help micro-grid to
communicate with others. In [9], by using the algorithm micro-
grids will choose the nearest neighbors to exchange power so
as to reduce the local power loss. Nonetheless, the authors did
not consider the total power loss.

Note that the above-mentioned power loss minimization
techniques described do not consider all the power losses
affecting the power system comprising the macro-station and
numerous micro-grids. They usually adopted a localization
approach, e.g., how to propose a centralized algorithm to
help micro-grids to exchange power with others, or how to
exchange power with the nearest neighbors, so as to reduce
the power loss. On the other hand, in our paper, we focus on
a scalable total power loss minimization approach across the
entire smart grid.

III. SYSTEM MODEL

In this section, our proposed model will be considered.
As shown in Fig. 1, we consider that there are three layers

in our model. The primary power station (macro-station) is
the first layer. It could exchange power with the secondary
power station (micro-grid). For simplicity, assume that the
macro-station has enough power to meet the demands of the
micro-grids and receive the surplus power from the micro-
grids. Following as our previous work [5], each micro-grid
is linked to the macro-station directly. The micro-grids are
the second layers in our model. Comparing with the macro-
station, they could be deployed nearer to customers. Therefore,
the customers could be linked to the micro-grids directly.
The micro-grids support power to the customers so as to
meet the demands of them. And they will exchange power
with their neighbors or the macro-station, when supply and
demand are unequal. Because they just know the location of
their neighbors, a distributed algorithm is to be proposed. The
algorithm could help the micro-grids to find proper partner so
as to minimize the total power loss of the smart grid. The smart
meters are installed in equipment of the customers. Therefore,
they can send the demands of the customers to the micro-grids.
Finally, the customers, who obtain power from their respective
micro-grids, form the last layer of our considered system.
Let AV denote the set of the micro-grids and N = |[N|. In
the given time period (e.g., one second), for micro-grid;, we
define real function D;(t) as the current remaining power of
macro-grid; and it can be expressed as follows:

D;(t) = G;(t) — Wi(t). (1)

where G;(t) and W;(t) are the generation power of
micro-grid; and the demands of the customers which are
linked to micro-grid;, respectively. It means that micro-grid;
wants to obtain power to meet its demand (D;(t) < 0),
micro-grid; has a power surplus to sell (D;(t) > 0), or its
supply equals its demand (D;(¢) = 0). The micro-grids can be
divided into two types, namely “exporters” and “importers”.

TABLE 1
PARAMETERS DECLARATION

Parameter Definition
Gi(t) Generation power of 5*" micro-grid of slot ¢
W (t) Demand of customers linked to 7*" micro-grid of slot ¢
D;(t) Currently remaining power of 42" micro-grid within slot ¢
Actual exchange power between i*"* micro-grid
Qoi (?) and the macro-station of slot ¢
Qi; (1) Actual exchange power between *"* micro-grid
Y and j*" micro-grid of slot ¢
« Conversion power loss ratio
Ri; Resistance between 3¢ micro-grid and j¢* micro-grid
Ro; Resistance between 7¢" micro-grid and macro-station
Uy Voltage between it micro-grid and ;% micro-grid
Uo Voltage between 4" micro-grid and macro-station
Power loss when 4*" micro-grid exchanges
PL;j(t) S cth s
power with 5°” micro-grid of slot ¢
PLoi(t) Power loss when ith micrq—grid exchanges
power with macro-station of slot ¢
PLC;(t) | Power loss when power is converted from Uy to Uy of slot ¢
PLT;(t) Power loss due to power transmission of slot ¢
PLA;(t) Total power loss of i*"* micro-grid of slot ¢




The “exporters” have surplus to sell while the “importers”
need additional amount of power to meet the demands of the
customers. If the current remaining power of micro-grid; is
zero (D;(t) = 0), micro-grid; is considered to be either an
“exporter” or an “importer”, and it cannot affect the result. In
fact, the demand of customers W;(t) and production power
G;(t) are always considered as random numbers in the real
smart grid networks [9]. As a consequence, the value of D;(t)
is accordingly considered as a random number with a certain
observed distribution.

Macro-station Power exchange <=

Communication <=

I 1 [ 1
[ |

Customers Customers Customers
The construction of considered model

Fig. 1.
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When D;(t) # 0, micro-grid; will exchange power with
other micro-grids or the macro-station. It will cause pow-
er loss. For simplicity, two kinds of power losses will be
considered in our model. The first one is Power Loss due
to Transmission (PLT)([9]). To alleviate power loss of long-
distance transmission, voltage between primary power station
to macro-station is high (e.g., 50 kV [9]) while that between
micro-grid and macro-station is middle (e.g., 22 kV [9]).
Therefore, high voltage will be converted into middle voltage.
This process will cause the other power loss named Power
Loss due to Conversion (PLC).

First, the power loss between two micro-grids are con-
sidered. Based on [9], if micro-grid; transmits power to
micro-grid;, the power loss function P;;(t) can be expressed
as follows.

Ri;Q3;(t

Pi(t) = ]UIJ() @
where R;; is the resistance of the distribution line between
micro-grid; and micro-grid;. U, denotes the transfer voltage
between micro-grid; and micro-grid; and it is less than
Up. In this model, we do not consider the power loss of
transforming between micro-grid; and micro-grid;. Also,
Qi;(t) is defined as.

Q% ()R .
0u(t) = { L — Dy(E:IDi1)] > D (1)

3
D;(t) @

:otherwise.

If micro-grid; sells power to micro-grid;, the current
remaining power D;(t) will be updated as:

D;(t) = Di(t) — Qij;(t). “4)

If micro-grid; buys power from micro-grid;, D;(t) will
be updated as follow:

Dz(t) = min{Di(t) + Qij (t) — PLZ‘j (t), O} 5)

After exchanging power with other micro-grids, if D; # 0,
macro-grid; will exchange power with the macro-station. In
this process, we consider two kinds of power losses, namely
PLT and PLC ([9]). If micro-grid; wants to sell D;(t) to
the macro-station (D;(¢) > 0) or buy D;(¢) from the macro-
station (D;(t) < 0), we are able to express the power loss
PLg;(t) as follows.

2

PLyi(t) = %gl(t) + aQo;(1), (6)

where Rg; is the distribution line resistance between the

macro-station and micro-grid;, the voltage of power transfer

between the micro-grid; and the macro-station is Uy, and «

is a fraction of power loss caused by voltage conversion. For

simplicity, « is treated as a constant ([9]). Qo;(t) is the power

that micro-grid; wants to buy or sell. The value of Qo;(t) is
any of the following.

Quilt) = Gl 1 aQuilt) — Di(t) = Di(t) <0
: Di(t) otherwise.
@)

Based on eqgs. (2) and (6), in a given time slot ¢, the total
power loss of the i*" micro-grid PLA;(t) is,
PLi;(t)

PLA;(t) = PLoi(t) + ) —5~ ®)
J

If micro-grid; exchanges power with micro-grid;, pow-
er loss PL;;(t) should not be calculated twice. Therefore,
PLA;(t) includes half of PL;;(t).

Our research target is to minimize the total power loss.
Hence, the objective function is,

Minimize » ~ PLA; (t)
i )
st Di(t) < Gi(t) +ni(t) VieN,
where  7;(t) = sign(D;(t)Qoi(t) — PLoi(t) +

3, (sign(Di(0)Qis(t) — PLyy(1)). sign(Di(t)) = 1 if
D,(t) < 0, and sign(D;(t)) = —1 otherwise. Therefore, our
condition is that the demand at each micro-grid does not
exceed the sum of the amount of remaining produced power
and the power it exchanged with other micro-grids and the
macro-station.

IV. ALGORITHM FOR POWER EXCHANGE

In Section III, the model and functions are discussed. Based
on these functions, the total power loss of smart grid could be
calculated. However, unlike centralized algorithm, the micro-
grids do not acquaint the total information. They just know
the locations of one-hop neighbor(s) and exchange power with
it/them.

At the beginning of time slot ¢, micro-grid; receives W;(t)
from the customers. To meet W;(t), micro-grid; generates



power G;(t). If current remaining power of micro-grid;
D;(t) # 0, micro-grid; will exchange power with its
neighbor(s). The micro-grid; will exchange information of
D;(t) with its neighbors. Based on the remaining power of
neighbors, micro-grid; generates a set of Potential Exchange
power Neighbors (PEN). This set means that if micro-grid; €
PEN, micro-grid; has opportunity to exchange power to
micro-grid;. If PEN of micro-grid; has more than one
element, it needs to choose proper neighbor to exchange
power, so as to minimize the total power loss. The “Reducing
power loss per Unit exchanged Power” (RUP) of micro-grid;
and micro-grid; for the micro-grid pair can deal with this
problem. If micro-grid; exchanges power with micro-grid;,
the function is expressed below,

RUP(Q, (1) = PO e PR,

This function represents potential extra payoffs (reducing
power loss) per unit exchange power, if micro-grid; joins
the coalition. PLo;(t) and PLg;(t) represent power loses if
the same power Q;;(t) was exchanged with macro-station by
both micro-grids, in the current coalition. Merging them could
replace these two by power exchange between them, with
power loss PL;;(t). Higher values of RUP mean saving power
per unit power. Therefore, based on eq. (10), the micro-grids
can make the best decisions to merge their coalitions.

The micro-grid; calculates RUP (eq. 10) of PEN and
sorts PEN in descending order according to RUP. Then,
micro-grid; considers the first element j from PEN, if PEN
is not empty. Micro-grid; sends D;(t) to micro-grid;, waits
for the response from micro-grid; unless time-out occurs. If
micro-grid; receives “accept” response from micro-grid;, it
will exchange power with micro-grid;, based on D;(t) and
Dj(t), delete j from PEN, and update D;(t). Micro-grid;
will be deleted when micro-grid; is waiting for the response
from micro-grid; and time-out occurs, or the response is
“reject”. At the same time, micro-grid; receives offers from
its neighbors as well. If micro-grid; is waiting the response
from the first element of PEN j and receives the offer from
other neighbor k(k # j), the status of micro-gridy will be
set as “hold” and the hold message is returned. The neighbor
k will not be deleted until time-out occurs. The above action
will not repeated until D;(t) = 0 or PEN is empty. After
exchanging power with one-hip neighbors, D;(t) has been
updated by the quantities of exchanged powers. If D;(t) # 0,
micro-grid; will exchange power with the macro-station. For
instance, assume that there are one macro-station (MS) and
five micro-grids (MG1 to MGS5) (2). RU Py12=1.2, RU P»3=2,
RU P34=3.5, and RU P,5=4. Based on those RUPs, MG1 will
send offer to MG2, MG2 will send offer to MG3, MG3
will send offer to MG4, and MG5 will send offer to MG4.
Because MG4 sends offer to MG5 and waits the response,
MG4 will send “hold” to MG3. In the same manner, MG3
and MG2 send “hold” to MG2 and MG, respectively. When
MGH4 receives response from MGS, they will exchange power.
Because PL45=0.2, Q45=1.3. After that Ds=D5=0 and MG4

(10)

Algorithm 1 DISTRIBUTED POWER EXCHANGE ALGO-
RITHM OF MICRO-GRIDs (Input: W;(t), G;(t), Output:
Qij(t), Qoi(t), and PLA; (1))
BEGIN
for each micro-grid
Loop
Calculate D;(t), based on W;(t), G;(t) (eq. 1)
While (D;(t) # 0)
Send information of D;(t) with its neighbors.
Generate PEN, calculate RUP of PEN and sort PEN
While (D;(t) # 0 and PEN is not empty)
Get first element of PEN j
If (j.status==hold and time-out occur)
Delete j from PEN
Else
Send offer to micro-grid; and wait response
while (time-out does not occur)
If (the response from j ==“accept”)
exchange power with j, calculate Q;;(t), PL;;(t)
based on eqs. 2, 3, update D;(t) and delete j from PEN.
Endif
If (receive offer from neighbor k and k # j)
k.status=hold and send “hold” to k
Endif
Endwhile
Delete j from PEN
Endif
Endwhile
If (Di(t) # 0)
Calculate Qo;(t), PLo;(t) based on egs. 6 and 7 and
Else
If receive offer from neighbor [
Send “reject” to the neighbor [
Endif
Endif
Endwhile
Endloop
END

sends “reject” to MG3. When MG3 receives “reject”, it will
activate the offer of MG2 and exchange power with MG2
(Q23=3). Therefore, MG1 receives “reject” from MG2, after
power transmission between MG2 and MG3 (Dy=D3=0).
Finally, MG1 will exchange power with the MS (Qo1 = 3.5).

Theorem 4.1: The solution of Algorithm 1 is Pareto Opti-
mal.

Proof: Assume that the solution (ai,as,...,an) is not
Pareto Optimal. Therefore, there exists a micro-grid [ € N
least, which can adjust its action g; to a] so as to augment
its utility while utilities of others will not be diminished. In
other words, u(a;,a—;) < u(aj,a_;). Because the algorithm
could help micro-grids to find the most proper neighbors and
exchange power so as to maximize their payoff, micro-grids
cannot augment their utilities through change the solution of
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Fig. 2. A simple example showing how the algorithm 1 lead to power
exchange between micro-grids and macro-station with minimized power loss.

the algorithm. Therefore, u(a;,a—;) > u(aj,a—;) Vaj € A;.
This result contradicts the previous assumption that the solu-
tion is not Pareto Optimal. ]

V. PERFORMANCE EVALUATION

In this section, simulation results are presented to evaluate
the effectiveness of our proposed algorithm. The performance
of our proposed scheme is compared with that of a distributed
algorithm dubbed as NMS used in [9] (The micro-grids
will choose the nearest neighboring micro-grid to exchange
power) and our previous centralized work GT-CFS [5]. Our
considered simulation scenario comprises a power distribution
grid topology, area of which 10 x 10 km?2. The macro-
station is placed at the center of the grid, and the micro-
grids are deployed randomly in the topology. Each micro-grid
is linked with its one-hop neighbouring micro-grid and the
macro-station. Similar to the assumption made by [9], the
power demands of the customers W;(t) of micro-grid; is
derived from a Gaussian distribution between 10 MW and 316
MW. The power generation G;(t) is obtained from a Gaussian
distribution between 10 MW and 316 MW. The resistance
between the micro-grids is the same as that between the macro-
station and any micro-grid, and its value R = 0.2 Q per km.
The fraction number of power conversion o = 0.02 according
to the assumption in [10]. The voltage values of Uy and U; are
set to 50 kV and 22 kV, respectively, which represent practical
values in a variety of smart grid distribution networks [10].
The prices of the each of the unit power are set as w; = 1
and wy = 3 [5]. The simulation results are presented in the
remainder of this section.

Fig. 3 depicts the average power loss per micro-grid for
varying number of micro-grids from 5 to 50 in case of a
conventional algorithm called NMS [9] (micro-grids will find
the nearest micro-grid to exchange power) and our proposed
algorithm. The results in the figure indicates that when the
number of micro-grids increases, the power losses decrease.
However, the result of our proposed algorithm is less than that
in NMS algorithm. The reason is that in our algorithm the
total power loss is considered, global optimal is better than
local optimal. By using out proposal, the micro-grids could
find the proper one-hip neighbors to exchange power, so as to
minimize the total power loss.

40
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Fig. 4. The percentage of cost saving using our proposal compared with the
NMS algorithm.

Fig. 4 demonstrates the percentage of cost saving using
our proposal compared with the NMS algorithm. As shown
in the figure, when the number of micro-grids increases, the
percentage becomes bigger. This is because our proposal could
help micro-grids to find proper neighbor so as to minimize the
total power loss and saving the money. Hence, our algorithm
will help the entire power grid to save a significant amount of
money in contrast with the NMS algorithm.

Fig. 5 demonstrates that the macro-station in the NMS
case needs to supply more power for the micro-girds to meet
their demands than that in our proposal. The reason is that
in the NMS case, micro-grids only exchange power with
the nearest one-hip neighboring micro-grids and it did not
consider the total power loss while by using our algorithm
micro-grids could exchange power with others so as to reduce
the total power loss. Higher power loss will cause higher
power load from the macro-station. Therefore, the proposed
algorithm helps the macro-station to decrease the peak of
power generation and improve efficiency of power.

Next, let us consider the comparison in centralized algo-
rithm and our proposal. In centralized algorithm, the micro-
grids will send demands to the data center (e.g., macro-
station). The macro-station will help all the micro-grids to
find proper neighbors, as it knows all the information of the
micro-grids. However, in distributed system, the micro-grids
only know the demands of one-hip neighbors. By using our
proposal, the micro-grids will send the demands to one-hip



2000
1800
1600
1400
1200
1000
800
600
400
200

NMS scheme  mmm— |
Proposed algorithm m—

Power load from
macro-station (MW)

5 10 20 30 50
Number of micro-grids (N)

Fig. 5. The power load on the macro-station in NMS case and our proposal.

40 Y T T T
GT-CFS algorithm
“» § 35 Proposed algorithm  —
g5 30
<
1
i 20
ot
S 15
SE
54 5 10
< & 5
0
5 10 20 30 50
Number of micro-grids (N)
(a) Average power loss
60 . - :
GT-CFS algorithm m—
2 sof Proposed algorithm |
S
- 40r
8
o 30
3
_% 20
g
m 10f

5 10 20 30 50
Number of micro-grids (N)

(b) The bandwidth cost

Fig. 6. The comparison in GT-CFS and our proposal.

neighbors so as to minimize the total power loss. If the time-
out occurs, the micro-grids will give up this neighbor and try
to exchange power with other neighbors. And it could add
power loss. Therefore, the average power loss in our proposal
is sightly more than that in centralized algorithm (e.g., GT-
CFS). The fig. 6(a) talks about it. In the other hand, because
the micro-grids do not send information to the data center, the
communication bandwidth cost in our proposal is less than that
in the centralized algorithm. Therefore, from Fig. 6(b), we can
see that the communication bandwidth cost in our proposal is
less than that in our previous work GT-CFS. It means that by
using our algorithm, more micro-grids could share the fixed
bandwidth by using our proposal than that in GT-CFS.

VI. CONCLUSION

In this paper, we proposed a novel cooperative power ex-
change algorithm for the distributed micro-grids. Our proposal
allows the micro-grids to form coalitions so as to minimize
the total power loss, when power is transmitted from a micro-
grid to other micro-grids or the macro-station. The proposed
algorithm also allows the micro-grids to make decisions on
whether to form or break the coalitions while maximizing
their utility functions through alleviating the power loss.
Through simulation results, the effectiveness of our algorithm
is verified. Comparative results demonstrate its superior per-
formance, in contrast with the conventional NMS algorithm
and our previous work GT-CFS. In the future, it will be
interesting to analyze the interactions of the customers with
their corresponding micro-grids with power storage devices to
explore possibility of formulating more effective coalitions and
reduce further total power loss in the realistic power system.
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