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a b s t r a c t

From the perspective of global warming mitigation and depletion of energy resources, renewable energy
such as wind generation (WG) and photovoltaic generation (PV) are getting attention in distribution
systems. Additionally, all-electric apartment houses or residence such as DC smart houses are increasing.
However, due to the fluctuating power from renewable energy sources and loads, supply-demand
balancing of power system becomes problematic. Smart grid is a solution to this problem. This paper
presents a methodology for optimal operation of a smart grid to minimize the interconnection point
power flow fluctuation. To achieve the proposed optimal operation, we use distributed controllable loads
such as battery and heat pump. By minimizing the interconnection point power flow fluctuation, it is
possible to reduce the electric power consumption and the cost of electricity. This system consists of
photovoltaic generator, heat pump, battery, solar collector, and load. To verify the effectiveness of the
proposed system, results are used in simulation presented.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Due to global warming and exhaustion of fossil fuels, we are
required to reduce CO2 emissions and energy consumption.
However, CO2 emissions and energy consumption are increasing
rapidly due to the proliferation of all-electric houses. As counter-
measures against these problems, in residential sector, installation
of photovoltaic (PV) system and solar collector (SC) system are
proposed. On the other hand, many of the dispersed generators
such as PV can be connected to Direct Current (DC) sources and DC
systems are expected to be of high efficiencies and lower cost due
to the absence of inverter and rectifier circuits. It is possible to
operate PV and SC systems in residential housewith high efficiency.
Therefore, these equipments can help to reduce the use of fossil fuel
and the emission of CO. As these research, suppress of power
fluctuation by renewable energy are proposed [1e6]. However,
installation of renewable energy causes frequency fluctuation and
distribution voltage fluctuation because output power from
renewable source fluctuates due to weather condition. In addition,
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electricity cost is determined by maximum electric power
consumption for the year. Hence it is possible to reduce electricity
cost by achieving load following control using power storage
facility. It is necessary to smooth power flow from distribution
system to achieve above technical problems and reduce electricity
cost. Because of the above factors, smart grid concept is developed
which cooperatively balances supply-demand between power
supply side and power demand side [7,8]. By applying the smart
grid concept, we can expect high efficiency power supply, energy
conservation and low-carbon society. For the research of smart
grid, a method to obtain the optimal operation of thermal unit,
battery and controllable loads by deciding the thermal unit
commitment is already proposed [9]. The thermal units can operate
in high efficiency by operating the controllable loads in coordinated
manner and can achieve to reduce the total cost of thermal units.
However, the reference [9] mainly focus on supply side in power
system, so it is important to considering demand side. As a coun-
termeasure at demand side, for maintaining supply-demand
balance, controllable loads can be used. The study of supply-
demand balancing by power consumption control of controllable
load at each demand side in small power system is already reported
in Ref. [10].

This paper presents an optimal operation method of DC smart-
house groupwith the controllable loads in the residential houses as
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Fig. 2. DC smart-house model.
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a smart grid. The DC smart house consists of a solar collector (SC),
a PV generator, a heat pump (HP), and a battery. HP and battery are
used as controllable loads in this paper. The proposed method has
been developed in order to achieve the interconnection point
power flow within the acceptable range and the reduction of max-
min interconnection point power flow error as low as possible to
smooth the supply power from distribution system. Power
consumption of controllable load is determined to optimize the
max-min interconnection point power flow error based on the
information collected from power system through communication
system. By applying the proposed method, we can reduce the
interconnection point power flow fluctuation, and it is possible to
reduce electricity cost due to the reduction of the contract fee for
the electric power company. Also, by using battery as the power
storage facility, which can operate rapidly for charge and/or
discharge, the rapid output fluctuations of DC load and PV gener-
ator are compensated. Ultimately, it is important to assume an
independently operation frompower system such as isolated island
[11e13]. Effectiveness of the proposed control system is validated
by simulation results using MATLAB.�

2. Power system model

In this section, configuration of the proposed smart grid is
described. Smart grid and DC smart house are described in section
2.1, and PV system and SC system are described in section 2.2 and
2.3, respectively.

2.1. Smart grid system

The smart grid model is shown in Fig. 1. The smart grid has six
smart houses, and connected to power system and control system
through transmission line and communications infrastructures.
The control system sends required control signals to smart-house
group which response to system conditions. Each smart house
determines the operation of controllable loads. The interconnection
point power flow is the power flow from the power system to the
smart grid in Fig. 1. DC smart-house model is shown in Fig. 2, which
consists of a DC load, a PV generator, a SC, a HP and a battery. HP
and battery are used as controllable loads. Battery capacity is
30 kWh and inverter capacity is 4 kW. HP is used for hot-water
supply. The standard is a 370 l type with 1.5 kW heater, to heat the
water till 55 �C (summer) and 85 �C (winter) using midnight power
in general. In this paper, we assume a summer day as the simulation
case.
Smart Grid
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Power system

House
1

House
2 House
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House
4
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6
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Fig. 1. Smart grid model.
2.2. Photovoltaic system

The amount of PV generation Ps can be calculated by

Ps ¼ hSaIað1� 0:005ðtO � 25ÞÞ ½kWh� (1)

where, h is the conversion efficiency of PV array (%), S is the array
area (m2), Ia is the solar radiation (kW/m2), tO is the outside air
temperature (�C).

In this paper, it is assumed that sum of total insolation are falling
on the PV array, and the angle of incidence is not considered.
2.3. Solar collector system

The proposed solar collector system has HP as the auxiliary
heating source. The hot-water temperature in storage tank is
adjusted by diluting with water, and hot-water is supplied to the
house. In case of hot-water temperature in storage tank lower than
60 �C at 19:00, hot-water in storage tank is heated to 60 �C by HP.

The SC system can be described by (2)e(8) [14]. Fig. 3 shows the
numerical model of SC system. The temperature alteration and
dynamic characteristic of water temperature can be written as

dTh
dt

¼ Qh

1;000Aw
(2)
Fig. 3. Model of solar collector system.
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dQh

dt
¼ �ahðTh � TÞ (3)
where Th is the hot-water temperature in storage tank, Qh is the
heat quantity of hot-water in storage tank, b is the unit conversion
parameter (b ¼ 1000 g/l), Aw is the tank capacity, ah is the coeffi-
cient of heat transfer, T is the air temperature.

Calories obtained from solar radiation can be calculated by

Qa ¼ hhIaSc ½J� (4)

where hh is the heat transfer coefficient, Sc is the solar collector
area.

In this paper, it is assumed that sum of total insolation will be
falling on the solar collector and array, and it does not consider the
incidence angle of insolation a solar collector array.

Using the calories from hot-water of storage tank Qtl and
obtained the calories by water supply Qsw can be calculated by

Qtl ¼ 1000AtlTh ½J� (5)

Qsw ¼ 1000AswTw ½J� (6)

Atl ¼ Asw ¼ Tl � Tw
Th � Tw

Al ½l� (7)

Qe ¼ 1000AwðTe � ThÞ ½J� (8)

where, Tl is the temperature of hot-water supply, Tw is the
temperature of municipal water, Al is the supplied hot-water of
house, and using the hot-water from storage tank Atl is equal to the
supplied water Asw.

If there is no solar radiation and the water temperature is still
below the desired temperature Te, the HP provide calorie Qe. The
parameters of heat collector and electrical heater system are shown
in Table 1.

3. Optimization method

In this section, optimal operation of smart grid is determined to
minimize the interconnection point power flow fluctuations. The
objective function and constraints are described in section 3.1, and
tabu search is described in section 3.2.

3.1. Set-up of objective function

From Fig. 1, PIt, PLt, PBt, PPVt and PHPt represent the interconnec-
tion point power flow, power consumption except controllable
loads, power consumption of battery, PV output power, and power
consumption of HP, respectively, where:

PIt þ PBt þ PPVt � PHPt ¼ PLt (9)

The supply-demand balancing can maintain the equilibrium
state to satisfy the above equation. In this paper, the objective
Table 1
Parameters of heat collector and electrical heater system.

Solar Heater Collector
Heat collection efficiency hh 60%
Heat collection area of one panel Ac 1.655 m2

Number of panels Ac 3 panels
Electrical Heater
Boiler efficiency hb 80%
Capacity of water storage tank Aw 370 l
Heat transfer coefficient ah 0.0060209
function minimizes the interconnection point power flow fluctua-
tion. Due to reduce the interconnection point power flow fluctua-
tion, it is possible to suppress the harmful effects to power system,
and it is possible to reduce electricity cost. The objective function
and constraints are described by the following equations:

Objective function:

min F ¼
X

t˛T
fBIcen � PItg2 (10)

Constraints:

PImin < PIt < PImax (11)

jPBit
j < PBmax (12)

CBmin < CBit
< CBmax: (13)

Where
T: All time section
I: Smart house i group
BIcen: Interconnection point power flow reference
PIt: Interconnection point power flow from power system to

smart grid
PImin: Interconnection point power flow bandwidth minimum

value
PImax: Interconnection point power flow bandwidth maximum

value
PBit

: Charge/discharge power of battery
PBmax: Charge/discharge power maximum value of battery
CBit

: Remaining energy capacity of battery
CBmin:Battery capacity minimum value
CBmax: Battery capacity maximum value
Where, we have power flexibility by defining bandwidth for

interconnection point power flow in equation (11). We set power
flexibility to �10% from power reference BIcen given by power
system in this paper. Equations (12) and (13) show battery inverter
and capacity constraints, and PBmax ¼ 4 kW, CBmin ¼ 20% and
CBmax ¼ 80%, respectively. Furthermore, the proposed configuration
of electric price as shown in Fig. 4 assumes the smart grid system in
the future. If interconnection point power flow within the band-
width (Region A), electric purchase cost is 10 Yen/kWh, and if
interconnection point power flow departs from the bandwidth
(Regions B and C), electric purchase cost are 20 Yen/kWh and
30 Yen/kWh, respectively. Moreover, electric selling cost to power
system is 10 Yen/kWh. The bandwidth is given by power system to
smart grid as power reference. Therefore, it is important that the
customer follows the power reference and interconnection point
power flow within the bandwidth.
Fig. 4. Electric price.
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3.2. Tabu search

TS with local search methodology, which always moves neigh-
borhood solution, are used for optimal technique in order to
address the problems for determine charge/discharge power of
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Fig. 6. Simulation results in sunny weather condition. (a) Power consumption except contro
of HP. (e) Supplying power from infinite bus. (f) Remaining energy capacity of battery.
battery and HP operation time for each smart house. In this paper, it
is possible to determine heating time of HP by assuming power
consumption, except controllable loads and heat load which could
be forecasted. Therefore, charge/discharge power of battery and HP
operation time for each smart house are calculated by using tabu
search under the objective function and constraints. Of course, the
proposed method can be calculated according to other optimiza-
tion methods such as dynamic programming and GA. However, the
searching area is notwide scale sowe adopt tabu search. The details
of the optimization is described as follows.

1. It is possible to forecast loads except controllable load for
electrical and heat in each smart house: PV power output and
amount of SC heat collection are calculated based on insolation
forecasting data.

2. When hot-water temperature in storage tank is lower than
60 �C at 19:00, hot-water is heated to 60 �C by HP. HP heats the
required heat by a fixed power consumption.

3. Based on the objective function and constraints, we determine
charge/discharge power of battery and HP operation time for
each smart house by using tabu search.

TS algorithm is an extended local search algorithm. By intro-
ducing a memory system called tabu list to record the latest moves,
TS algorithm can escape from the current local optimum. TS algo-
rithm has advantages like high search efficiency of local search
algorithm and global search ability of intelligent algorithm.

The flow chart of tabu search is shown in Fig. 5, and the
searching procedure of TS algorithm can be described as follows.

Step 1 The initial search origin is determined. The tabu list is
formatted.
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Fig. 7. Simulation results in cloudy weather condition. (a) Power consumption except controllable loads. (b) PV output power. (c) Water temperature of HP. (d) Power consumption
of HP. (e) Supplying power from infinite bus. (f) Remaining energy capacity of battery.
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Table 2
Operation cost [Japanese Yen].

Sunny Cloudy Rainy

without controllable load 1610 2899 3420
with controllable load 1601 2679 3167
with fault and without controllable load 1610 2899 3420
with fault and controllable load 1583 2739 3185
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Step 2 The neighborhood solutions around the origin are
evaluated.

Step 3 For the neighborhood solutions evaluation, the best neigh-
borhood solution is not recorded in the tabu list which is
selected as the next origin. If the evaluated solution is better
than the recorded best solution, the best solution is upda-
ted. The earliest data in the tabu list are cleared, and new
evaluated solutions are recorded as latest data.

Step 4 The neighborhood solutions around the origin are evalu-
ated, and the best neighborhood solution, which is not
recorded in the tabu list, is selected as the next origin. If the
evaluated solution is better than the recorded best solution,
the best solution is updated. If the conditions of termination
are satisfied, the search process is terminated. Otherwise,
go to Step 5.

Step 5 For the best solution in Step 3, the neighborhood solutions
are generated.

In this paper, it is possible to determine heating time of HP by
assuming power consumption except controllable loads and heat
load which could be forecasted. Therefore, charge/discharge power
of battery and heating time of HP are calculated by tabu search. The
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Fig. 9. Simulation results with fault in sunny weather condition. (a) Power consumption ex
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following algorithmic implementation parameters are used for
simulation.
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4. Simulation results and discussion

In this section, we present the simulation results and a discus-
sion to verify the effectiveness of the proposed optimal method.
Simulation conditions are described in section 4.1, and the discus-
sion at simulation results are described in section 4.2 and 4.3.

4.1. Simulation condition

For smart grid model that has six smart houses as shown in
Fig. 1, we assume that it is possible to forecast loads and PV power
output of smart house, and simulate for weather conditions like
sunny, cloudy and rainy. PV output power can be calculated from
equation [1] using insolation of each weather condition. In addi-
tion, for heat loads of each smart house, we assume that three
people used 100 L hot-water for 1 h in shower from 19:00 to 22:00.
Therefore, a shower takes 3 h for 3 peoples in the simulation. Then
hot-water temperature in storage tank is lower than 60 �C at 19:00,
hot-water in storage tank is heated to 60 �C by HP based on Fig. 3.

4.2. Simulation results

Simulation results for sunny, cloudy and rainy weather condi-
tions are shown in Figs. 6e8, respectively. Assuming power
) Power
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Fig. 10. Simulation results with fault in cloudy weather condition. (a) Power consumption except controllable loads. (b) PV output power. (c) Water temperature of HP. (d) Power
consumption of HP. (e) Supplying power from infinite bus. (f) Remaining energy capacity of battery.
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Fig. 11. Simulation results with fault in rainy weather condition. (a) Power consumption except controllable loads. (b) PV output power. (c) Water temperature of HP. (d) Power
consumption of HP. (e) Supplying power from infinite bus. (f) Remaining energy capacity of battery.
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consumption except controllable loads and PV output power in
each weather conditions are shown in Figs. (a) and (b), respectively.
These figures show power consumption except controllable loads
and PV output power in smart grid and each smart house, respec-
tively. For sunny weather, hot-water temperature in storage tank is
higher than 60 �C at 19:00, hot-water in storage tank is not heated
by HP (Fig. 6(d)). However, for cloudy and rainy weather conditions,
hot-water temperature in storage tank is lower than 60 �C at 19:00,
hot-water in storage tank is heated to 60 �C by HP. Water
temperature of storage tank and power consumption of HP are
shown in Figs. 7(c),(d) and 8(c),(d), respectively. Water temperature
for each weather conditions are higher than 60 �C at 19:00 by
operating HP, and operating time of HP is determined by the
proposed optimal method. In addition, interconnection point
power flow for eachweather conditions are shown in Figs. 6(e), 7(e)
and 8(e), respectively. From these figures, it is observed that the
interconnection point power flow is within the bandwidth (Region
A), and power consumption is smoothed by controlling the
controllable loads. Furthermore, remaining energy capacity of the
battery in each smart house are shown in Figs. 6(f), 7(f) and 8(f),
respectively. From this figures, charge/discharge control of battery
is achieved within the acceptable range of battery capacity. Oper-
ation costs with/without control are shown in Table 2. It is possible
to reduce the cost with the proposed control because the inter-
connection point power flow is controlled within bandwidth by
operating controllable loads. In the sunny weather condition, PV
power output and SC heat generation are highly generated due to
sufficient insolation. Therefore, it is not necessary to heat by HP and
power consumption for each house is not increased anymore. So,
the sunny weather condition is the lowest cost in the three cases.

4.3. Simulation results with fault

Simulation results with system fault for sunny, cloudy and rainy
weather conditions are shown in Figs. 9e11, respectively. We
assume disconnection of the supply power from infinite bus from
12:00 to 13:00. By assuming the simulation results with fault
conditions, the smart grid system can be expected to operate as
independent system without power system. Assuming power
consumption except controllable loads and PV output power in
each weather conditions are shown in Figs. (a) and (b), respec-
tively. These figures show power consumption except controllable
loads and PV output power in smart grid and each smart house,
respectively. For sunny weather condition, hot-water temperature
of storage tank is higher than 60 �C at 19:00, hot-water of storage
tank is not heated by HP (Fig. 9(d)). For cloudy and rainy weather
conditions, hot-water temperature of storage tank is lower than
60 �C at 19:00, and hot-water of storage tank is heated to 60 �C by
HP. Water temperature of storage tank and power consumption of
HP are shown in Figs. 10(c),(d) and 11(c),(d), respectively. Water
temperature of each weather conditions are higher than 60 �C at
19:00 by operating HP, and operating time of HP is determined by
the proposed optimal method. In addition, interconnection point
power flow for each weather conditions are shown in Figs. 9(e),
10(e) and 11(e), respectively. From these figures, it is found that
interconnection point power flow is within the bandwidth (Region
A) except from 12:00 to 13:00, and power consumption is
smoothed by the controlling controllable loads. Furthermore,
remaining energy capacity of battery in each smart-house are
shown in Figs. 9(f), 10(f) and 11(f), respectively. From this figures, it
can be said that charge/discharge control of battery is achieved
within the acceptable range of battery capacity. Operation costs
with/without control are shown in Table 2. It is possible to reduce
the cost compare with using controllable loads because the
interconnection point power flow is controlled within bandwidth
by operating controllable loads. In the sunny weather conditions,
PV power output and SC heat generation are high due to sufficient
solar radiation. Therefore, it is not necessary to heat by HP and
power consumption for each house is not increased anymore. So,
the sunny weather conditions are the lowest cost in the three
cases.
5. Conclusion

This paper has determined an optimal operation for DC smart-
house group, in smart grid, which consists of a battery and a HP
as controllable loads, that may steadily increase in the demand side
in the future. As an optimization method, we have used the tabu
search which determines the operation method of controllable
loads, to suppress interconnection point power flow fluctuation
within the bandwidth, based on information obtained by the
communications infrastructures. By smoothing interconnection
point power flow, it is possible to reduce electricity cost due to the
reduction of the contract fee of the electric power company. Power
consumption in smart grid is smoothed by achieving the proposed
method, sowe can suppress the impact of PV against power system.
Consequently, we can expect high quality power supply and reduce
the cost by cooperative control in smart grid.
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