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Abstract—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. The 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 a photovoltaic generator, heat
pump, battery, solar collector, and load. To verify the effectiveness
of the proposed system, results are used in simulation presented.
Index Terms—DC smart house, interconnection point power
flow, optimal operation, smart grid.

I. INTRODUCTION
UE TO GLOBAL warming and exhaustion of fossil
fuels, we are required to reduce CO emissions and
energy consumption. However, CO emissions and energy
consumption are increasing rapidly due to the proliferation of
all-electric houses. As countermeasures against these problems,
in residential sector, insolation of photovoltaic (PV) system
and solar collector (SC) system is proposed. On the other hand,
many of the dispersed generators such as PV can be connected
to dc sources and dc systems are expected to be of high efficiencies and lower cost due to the absence of inverter and rectifier

D

Manuscript received June 20, 2010; revised September 25, 2010; accepted
May 03, 2011. Date of current version August 24, 2011. Paper no. TSG-000802010.
K. Tanaka, K. Uchida, K. Ogimi, T. Goya, A. Yona, and T. Senjyu
are with the Department of Electrical and Electronics Engineering, Faculty of Engineering, University of the Ryukyus, Okinawa, Japan (e-mail:
k098544@eve.u-ryukyu.ac.jp; k098533@eve.u-ryukyu.ac.jp; e075511@eve.uryukyu.ac.jp;
k108532@eve.u-ryukyu.ac.jp;
yona@tec.u-ryukyu.ac.jp;
b985542@tec.u-ryukyu.ac.jp).
T. Funabashi is with the Meidensha Corporation, Tokyo, Japan (e-mail: funabashi-t@mb.meidensha.co.jp).
C.-H. Kim is with the School of Electrical and Computer Engineering,
Sungkyunkwan University, Suwon City 440-746, Korea, and NPT Center
(e-mail: chkimskku@yahoo.com).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TSG.2011.2158563

circuits. It is possible to operate PV and SC systems in residential house with 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 is proposed [1]–[12]. However, installation of renewable
energy causes frequency fluctuation and distribution voltage
fluctuation because output power from renewable energy fluctuates due to weather conditions. In addition, 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 a power storage facility. It is
necessary to smooth power flow from the distribution system to
achieve above technical problems and reduce electricity cost.
Because of the above factors, the smart grid concept is developed which cooperatively balances supply-demand between the
power supply side and power demand side [13], [14]. The smart
grid optimizes the whole power system based on operation such
as unit commitment problem for thermal power generation in
the supply side [15] and controllable loads in the demand side
by exchanging each information using a smart meter. Reference [15] decides the schedule of thermal unit commitment
in the power system integrated with the controllable load and
battery. However, [15] mainly focuses on the supply side in
the power system, so it is important to consider the demand
side. As a countermeasure at the 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 a small power
system is already reported in [16]. By applying the smart grid
concept, we can expect high efficiency power supply, energy
conservation and low-carbon society. As a countermeasure
at the demand side for maintaining supply-demand balance,
it is possible to control in controllable loads which are introduced in all-electrification houses. These all-electric homes are
becoming common in Japan and could connect ZigBee with
wireless systems between each home. In fact, the research of
supply-demand balancing by power consumption control of
controllable load at each demand side in a small power system
is already proposed [17]. The optimal power flow based on the
smart grid is calculated using an optimization technique.
This paper presents an optimal operation method of a dc
smart-house group with the controllable loads in residential
houses as smart grid. The dc smart house consists of a solar
collector (SC), a PV, a heat pump (HP), and a battery. HP
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Fig. 1. Smart grid model.
Fig. 2. DC smart-house model.

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
determines to optimize the max-min interconnection point
power flow error based on information collected from power
system through communication system. By achieving 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 a battery as the power storage
facility, which can operate rapidly for charge and/or discharge,
the rapid output fluctuations of dc load and PV generator are
compensated. Effectiveness of the proposed control system is
validated by simulation results using MATLAB.
Fig. 3. Model of solar collector system.

II. POWER SYSTEM MODEL
In this section, configuration of the proposed smart grid is
described. The smart grid and dc smart house are described in
Section II-A, and the PV system and SC system are described
in Section II-B and Section II-C, respectively.

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.

A. Smart Grid 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 the hot-water temperature in storage tank is lower
C at 19:00, the hot water in storage tank is heated to
than
C by HP.
(8)[18]. Fig. 3
The SC system can be described by (2)
shows the numerical model of SC system. The temperature alteration and dynamic characteristic of water temperature can be
written as

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. The interconnection point power flow is the power flow from the power
system to 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
C (summer) and
C
1.5 kW heater, to heat the water till
(winter) using midnight power in general. In this paper, we assume a summer day as simulation case.
B. Photovoltaic System
Amount of PV generation

can be calculated by
kWh

where is the conversion efficiency of PV array (%),
array area
is the solar radiation kW
.
outside air temperature

(1)
is the
is the

C. Solar Collector System

(2)
(3)
where
is the hot-water temperature in storage tank,
is the
heat quantity of the hot water in the storage tank, is the unit
conversion parameter
g L
is the tank capacity,
is the coefficient of heat transfer, is the air temperature.
Calories obtained from solar radiation can be calculated by
(4)
where
area.

is the heat transfer coefficient,

is the solar collector
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Due to the reduction of interconnection point power flow fluctuation, it is possible to suppress the harmful effects to the power
system, and it is possible to reduce electricity cost. The objective
function and constraints are described by the following equations:
Objective function :

TABLE I
PARAMETERS OF HEAT COLLECTOR AND ELECTRICAL HEATER SYSTEM

(10)
Constraints :
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 an solar collector array.
Using the calories from the hot water in the storage tank
and obtained the calories by water supply
can be calculated
by
(5)
(6)

(11)
(12)
(13)
(14)
where
all time section;

(7)

smart-house group;

(8)

smart-house index;

is the temperature of the hot-water supply,
is the
where
is the supplied hot water of
temperature of municipal water,
the house, and using the hot water from the storage tank
is
. If there is no solar radiation
equal to the supplied water
and the water temperature is still below the desired temperature
, the HP provide calorie . Equation (1)–(8) can be used for
the model of PV system and solar collector system. Based on
forecasted insolation data, the PV power output and the amount
of SC heat collection are calculated by (1) and (4), respectivery.
The HP operation time is determined by (8) based on Fig. 3.
After determining the HP operation time, the charge/discharge
power of battery and the HP operation time for each smart house
are optimized by tabu search based on an objective function and
constraints. The parameters of the heat collector and electrical
heater system are shown in Table I.

interconnection point power flow from power
system to smart grid;
interconnection point power flow bandwidth
central value;
a penalty function produced by deviating
constraints;
interconnection point power flow bandwidth
minimum value;
interconnection point power flow bandwidth
maximum value;
charge/discharge power of battery;
charge/discharge power maximum value of
battery;
remaining energy capacity of battery;

III. OPTIMIZATION METHOD
In this section, optimal operation of the smart grid is determined to minimize interconnection point power flow fluctuations. Objective function and constraints are described in Section III-A, and tabu search is described in Section III-B.
A. Setup of Objective Function
From Fig. 2,
represent the interconnection point power flow, power consumption except controllable loads, power consumption of battery, PV output power,
and power consumption of HP for each smart house, respectively, and the whole active power for these variables in the
smart grid are equal to the following:
(9)
Supply-demand balancing can maintain the equilibrium state
to satisfy the above equation. In this paper, the objective function minimizes the interconnection point power flow fluctuation.

battery capacity minimum value;.
battery capacity maximum value.
Where the bandwidth is defined for interconnection point power
flow in (11); the relaxation of the restricted condition. We set
power flexibility to
from power reference
given
by power system in this paper. Equations (12) and (13) show
kW,
battery inverter and capacity constraints, and
and
, respectively. Furthermore,
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 bandwidth (Region A only), 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
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Fig. 4. Electric price.
Fig. 5. Tabu search flow chart.

follows the power reference and interconnection point power
flow within the bandwidth.

TABLE II
FUZZY RULE

B. Tabu Search
TS is a local search methodology, and is used for optimal
technique in order to address the problems for determine the
charge/discharge power of battery and HP operation time for
each smart house. In this paper, it is possible to determine the
heating time of HP by assuming power consumption except
controllable loads and heat load can be forecasted. Therefore,
the 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 optimization
method such as dynamic programming and GA. However, the
searching area is not wide scale so we 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 at each smart house, and PV power
output and amount of SC heat collection are forecasted
based on insolation forecasting method.
2) When hot-water temperature in storage tank is lower than
C at 19:00, hot water is heated to
C by HP. HP is
heated to the heat requirement in time average.
3) Based on the objective function and constraints, we determine the 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 introducing a memory system called tabu list to record the latest
moves, TS algorithm can escape from the current local. TS algorithm has advantages like high search efficiency of the local
search algorithm and global search ability of the 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.
Step 2: The neighborhood solutions around the origin are
evaluated.
Step 3: For the neighborhood solutions evaluation, the best
neighborhood 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 updated.

Step 4: If the conditions of termination are satisfied, the
search process is terminated. Otherwise, go to 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 can be forecasted. Therefore, the charge/discharge power
of battery and heating time of HP are calculated by tabu search.
In addition, TS produces much the same results each time because it has a small variables, narrow searching area, and large
searching number on optimization problem in this paper, and
we propose optimal operation method of controllable loads, but
do not focus on optimization method. Therefore, the optimization methodology is not described in detail. The following algorithmic implementation parameters are used for simulation:

C. Insolation Forecasting Method
The insolation is forecasted by fuzzy logic using weather
forecasting. The fuzzy rule is shown in Table II, and these inputs are humidity and amount of cloud. Fuzzy functions and
PV output pattern are shown in Figs. 6 and 7, respectively.
The insolation forecasted value uses the observed value at Naha
in 2005, including error. The insolation forecasted error using
fuzzy logic is corrected by PV output observed values. Fig. 8
shows the ratio of PV output observed value to PV output forecasted value, and its approximate curve sets to correction value.
The PV power output error and distribution error obtained by
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Fig. 6. Fuzzy functions. (a) Amount of cloud. (b) Humidity. (c) Insolation
level.

Fig. 9. PV error distribution. (a) PV power output error. (b) PV power output
error with correction. (c) Error distribution.

A. Simulation Condition

Fig. 7. PV output pattern.

Fig. 8. Magnification correction.

correcting are shown in Fig. 9. It is confirmed that the error is decreasing by correcting. A step of insolation forecasting method
is shown in the following.
1) The insolation is forecasted by fuzzy logic using a weather
forecasting data.
2) Calculate a ratio of PV power output obserbed value to PV
power output forecasted value, and its approximate curve
sets to a correction value.
3) The PV power output error is decreased by correcting to
forecasting value that is calculated based on fuzzy logic.
IV. SIMULATION RESULTS AND DISCUSSION
In this section, we present the simulation results and a discussion to verify the effectiveness of the proposed optimal method.
Simulation conditions are described in Section IV-A, and the
discussion at simulation results are described in Section IV-B.

For the smart grid model that has six smart houses as shown
in Fig. 1, we assume that it is possible to forecast loads, and use
forecasting data for PV power output of the smart house based
on insolation forecasting. PV output power can be calculated
from (1) using insolation. In addition, 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 people in the simulation. Then the hot-water temperaC at 19:00; the hot water
ture in storage tank is lower than
C by HP based on Fig. 3.
in storage tank is heated to
B. Simulation Results
Simulation results are shown in Fig. 10. Assuming power
consumption except controllable loads and forecasting PV
output power in each house are shown in Fig. 10(a) and 10(b),
respectively, where total load and PV output power in smart
grid are shown in the same Fig. 10(a) and 10(b). In these conditions, the hot-water temperature in the storage tank is lower
C at 19:00 for each smart house because insolation
than
is not much obtained, as shown in Fig. 10(b). Then the hot
C by HP. The water
water in the storage tank is heated to
temperature of the storage tank and power consumption of
HP for each smart house are shown in Fig. 10(c) and 10(d),
respectively. The water temperature in these conditions are
C at 19:00 by operating HP, and operating time
higher than
of HP is determined based on the proposed optimal method.
In addition, interconnection point power flow is shown in
, and
show the whole
Fig. 10(e). Here,
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Fig. 11. Electricity cost of each houses.

and
in Fig. 11 is
is shown in Fig. 11. Each case
depicted in sunny, cloudy, and rainy weather conditions, and
and shows simulation cases without/with
subscript
controllable loads, where the case without controllable loads
in Fig. 11 is calculated by current electric cost used in Tokyo
Electric Power Company as a conventional electric cost, and
set to 21.87 Yen/kWh from 7:00 to 23:00 and otherwise 9.17
Yen/kWh (1$=80.81 Yen). The simulation results of Fig. 10
as shown in Fig. 11.
stands for the electricity cost of case
From Fig. 11, each house pays a similar electricity cost and it
is possible to reduce the electricity cost compare to the without
controllable load. 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 the sunny weather condition is the lowest cost in the
three cases. Reference [18] presents that the payout time for
the needed investment costs is about 10 years for such assumed
customer in this paper. Furthermore, the state of charge for the
battery introduced in each smart house is shown in Fig. 10(f).
From this figure, the charge/discharge control of battery is
achieved within the acceptable range of battery capacity.
V. CONCLUSION

Fig. 10. Simulation results. (a) Power consumption except controllable loads.
(b) PV output power. (c) Water temperature in storage tank. (d) Power consumption of HP. (e) Supplying power from infinite bus. (f) State of charge for battery.

active power for each equipment in the smart grid, and the
bandwidth is the power reference given by the power system
as shown in constraint (11). From this figure, interconnection
point power flow within the bandwidth (Region A) and power
consumption is smoothed by controlling controllable loads.
The electricity cost for each house from the power system

This paper determines an optimal operation for a dc smarthouse group in the smart grid, which consists of a battery and
HP as controllable loads that may steadily increase in the demand side in the future. As an optimization method, we use 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 the smart grid is smoothed by
achieving the proposed method, so we can suppress the impact
of PV against power system. Furthermore, we show the concept
of the smart grid introduced in all-electrification houses using
controllable loads. Consequently, we can expect high-quality
power supply and reduce the cost by cooperative control in the
smart grid. The effectiveness of the proposed control system is
validated by simulation results in MATLAB.
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