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Abstract: The concept of i-Energy as a new smart demand-side energy management system is
proposed, which can realize the versatile and efficient control of e-power flows between distributed
generators, numerous appliances, and energy storage systems in the home domain, factories, offices,
and local communities. The Energy on Demand (EoD) system is proposed, which is the automatic
power control and management system that supplies power to home appliances based on the power
demand requests issued from the home appliances. The EoD system can guarantee the reduction
in total power consumption by implementing a ceiling control while keeping the quality of life
(QoL) of the home user considering the limitation of power supply. This paper proposes an adaptive
battery storage management and control method based on the EoD system, which we call the “storage-
supported EoD system”. In particular, the storage-supported EoD system can handle multiple power
generators, including storage batteries. The overall goals of this paper are not limited to the extension
of multiple power supplies only; rather, it provides additional contributions, which are (i) extend
the existing power consumption control of home appliances and peak demand shift control (i.e.,
EoD system) by adding a second power source, i.e., a storage battery system; (ii) propose adaptive
storage system design and management for the EoD system; (iii) realize minimum storage capacity
for large peak power consumption; and (iv) minimize the home user’s discomfort level due to the
limited power supply of one power source. The simulation results have shown the effectiveness of
the proposed algorithm with a couple of experiments using real-life data in the smart apartment
room. Additionally, simulation results are presented to compare and evaluate the proposed system
performance with the EoD system.

Keywords: Energy on Demand (EoD); energy storage system (ESS); home energy management
system (HEMS); i-Energy

1. Introduction

For the stable operation of power systems, it is important to maintain a power balance
between power generation and power consumption in real time [1,2]. In conventional
power systems, the power generation capacity is restricted because of the development
cost of power plants, the continuous affect on the environment, and the government
legislation or policies to limit or stop using power from nuclear power plants [3]. These
existing power systems aim to manage the power balance between generation and demand
with the limited power by asking power consumers to reduce their power demand by
sending a dynamic pricing and demand response signals [4]. While the effectiveness of
these techniques has been proved already [5–7], their power adjustment capabilities and
functionality are limited; for example: (1) the rate of power consumption reduction is about
10–15%; (2) power consumers should respond to the power provider’s request to reduce
power consumption; and (3) real-time power consumption adjustment is not possible. These
methods focus on suppressing power consumption by introducing attractive incentives
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for customers and changing electricity prices instead of boosting power generation to
meet power consumption demands. In short, the schemes of the current power systems
are basically designed to facilitate the power supplier side, in which a power provider
asks power consumers to support power balancing by reducing their power demands.
Meanwhile, this paper is proposed to facilitate the power consumer side, i.e., a demand-side
management system.

The exploitation of renewable energy sorces (RES) is another new attractive feature
of current power systems [8]. As the power consumption is expected to increase, the
integration of RESs such as photovoltaic (PV) and wind turbines is also promoted to meet
power demand. However, PV and wind power generation systems are highly affected
by the weather conditions, and the generated power from these sources tends to be vari-
able [9,10]. The addition of RESs in the current power system leads to difficult situations of
controlling power fluctuations and designing optimal solutions for efficiently mixing power
generations (both conventional and renewable). The development of smart demand-side
energy management systems is required on the power consumer side, which can instantly
and reliably respond to the power supplier’s requests for power saving. Such energy
management systems for the consumer side are needed to control power consumption
without affecting the quality of life (QoL) of the home user [11–14]. To realize such systems,
the introduction of decentralization, personalization, and bi-direction is essential.

We proposed the concept of Energy on Demand (EoD) [15,16] as a novel smart demand-
side energy management system to manage home appliances and distributed power sources
including storage devices in consumer domains, i.e., houses, offices, factories, and local
communities. With this thought in mind, we propose the concept of an EoD system to
realize efficient and versatile control of e-power flows among distributed power genera-
tion/storage batteries and home appliances by integrating ICT, i.e., information networks
and power networks. Thus, the power consumers are able to manage their power gen-
eration, power consumption, and storage devices autonomously to realize reductions in
power usage, cost, and gas emissions. In [15], an EoD system was presented in which
each home appliance issues a power demand request to the manager, i.e., EoD manager.
The EoD manager then determines the available power for each home appliance based
on the current power usage situation and the priority of the home appliance. Thus, the
power management is done while keeping the quality of life (QoL). The power consump-
tion for each home appliance is based on a mediation process in which the total power
limit or ceiling is fixed by the home user. This limited total power is considered for the
mediation process for all home appliances. That is, total consumption cannot exceed this
power limitation. The EoD system guaranteed the total power consumption limit below
the maximum limit. The home user can also change the ceiling value in real time to save
power or respond to the demand response signal for reducing power consumption. For
example, in order to save power, the ceiling limit can be set lower than the usual limit.

Keeping the maximum power limit by changing the home appliance usage time or
reducing the power consumption of the appliances can increase the level of dissatisfaction
for the home user, particularly when a home user wants to turn ON a home appliance with
large power consumption. To deal with such situations, we propose (i) energy storage
design and management for the EoD system, (ii) a plan for a storage battery for charging
and discharging to comply with user demand, and (iii) real-time control of the storage
battery, i.e., charge/discharge control implementation. The addition of a second power
source raises many questions, such as: Which power source will supply power at what time
to the appliances? When should the storage battery charge or discharge? etc. In addition,
we model distributed power supplies with different characteristics, i.e., a load factor profile
with different usage conditions. A load factor profile defines the ability or efficiency of a
power generator to supply power to loads. The proposed method can mediate all power
demands from home appliances with multiple power supplies in real time. The simple
charge and discharge control of storage batteries such as charging at night and discharging
during the day is not sufficient due to dynamic changing patterns of power consumption.



Designs 2022, 6, 97 3 of 25

For daily power consumption patterns, there is a need to design an efficient charge and
discharge control to work in real time, which is another contribution of this paper.

The structure of the paper is arranged as follows. The energy on demand (EoD)
system overview is presented in Section 2. Section 3 shows the EoD system based on a
demand mediation process for home appliances. This mediation algorithm reduces power
consumption by considering the supply limit. In Section 4, our proposed storage supported
EoD system is introduced to manage the real-time supply demand based on a mediation
method with planning and implementation phases. The simulation results have shown the
effectiveness of the proposed algorithm with a couple of experiments using real-life data
in the smart apartment room. Additionally, simulation results are presented to compare
and evaluate the proposed system performance with the EoD system in Section 5. In last,
Section 6 discusses the concluding remarks.

2. Research Problem

We propose the concept of Energy on Demand (EoD) [15,16] as a novel smart demand-
side energy management system to manage home appliances and distributed power sources
including storage devices in consumer domains, i.e., houses, offices, factories, and local
communities. The EoD system can guarantee a reduction in total power consumption
by implementing a ceiling control while keeping the quality of life of the home user
(through appliance priority). With this system, power consumption can be controlled
under a specified limit by setting its ceiling value (both instantaneous power (W) and
accumulated power (Wh)). Hence, EoD can act as a smart demand response system with a
limited power supply from the utility companies. However, the EoD system proposed a
demand-based mediation algorithm which controls power flows from the EoD manager to
appliances only. To optimize the supply and demand in a home environment, a supply–
demand-based power mediation algorithm is required for intelligent power management.
The supply–demand-based mediation algorithm controls and manages the power flows
between distributed power sources and the EoD manager and also the power flows between
the EoD manager and appliances.

Battery storage systems are becoming an essential part of any modern power system
operating as energy backup for disaster situations, providing ancillary services such as
load leveling and peak load shifting [17,18]. From the power user perspective, the main
contribution of the storage system is to reduce electricity expenses and improve power
supply continuity. Therefore, storage battery control is of great importance [19,20]. A large
number of power control and management strategies have been proposed in the past for
storage battery management systems [21–23]. In [21], the MPC algorithm is used to realize
the battery storage model. In [22], an optimal power control scheme is used for the storage
battery management system for smoothing renewable-based power generation, and peak
shaving is used to achieve maximum profit as an optimization problem. In [23], minimum
storage capacity determination is proposed for grid-connected power systems. Compared
with these existing power control and management strategies, our proposed approach
works more effectively for discrete-time systems with a dynamic priority of appliances and
load factor for power sources. The real-time power balance between the power supply and
demand is another motivation for this work. The implementation of the proposed algorithm
in a smart apartment proves the effectiveness of the proposed work. The adaptive control is
established for the effective use of the storage battery by charging and discharging control
when needed. This paper proposes an adaptive battery storage management and control
method based on the EoD system; we name it the “Storage supported EoD System”. The
overall goals of this paper are not limited to the extension of multiple power supplies; rather,
it provides additional contributions, which are (i) extend the existing power consumption
control of home appliances and peak demand shift control (i.e., EoD system) by adding a
second power source, i.e., a storage battery system, (ii) propose adaptive storage system
design and management for the EoD system, (iii) realize minimum storage capacity for
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large peak power consumption, and (iv) minimize the home user’s discomfort level due to
the limited power supply of one power source.

3. Demand-Based Mediation Algorithm for Intelligent Power Management

The demand-based mediation algorithm controls the power supplied to home ap-
pliances considering the limitation of power supply. This section describes an automatic
power consumption control method named Energy on Demand (EoD), which includes a
power demand control protocol used in a household domain for a single power source (i.e.,
grid power supply) as proposed in [15].

3.1. EoD Protocol

The Basic EoD protocol is given in Figure 1; the EoD consists of a manager and
numerous home appliances. The EoD protocol supplies power to all home appliances after
receiving power demand requests from each home appliance. Upon receiving demand
requests, the EoD manager mediates power demands with a message exchange between
home appliances and a power manager. Note that for ordinary home appliances such as
heaters and fans, a smart tap is associated to each ordinary home appliance. The smart
taps are responsible for monitoring the home appliance status (i.e., ON/OFF), current
power consumption, issue messages (e.g., power demand requests), and finally measuring
and controlling the power consumption of the attached home appliance. Please refer
to [24–27] for the details of smart taps. On the other hand, smart home appliances can
communicate with the EoD manager directly via a home network. They can notify their
status as well as measure and control power consumption according to the allocated power
assigned by the power manager. As for the implementation of smart home appliances,
some complicated appliances controlled by ECHONET-Lite or IR remote control can be
used such as air-conditioners and smart TVs.

1.#Power#
request�

Smart0tap�
2.#Media6on�

3.#Accept/
reject�

Figure 1. The Energy on Demand (EoD) system with one power generator.

The EoD protocol consists of two phases: (i) a preliminary planning phase, and (ii) an
implementation phase. The preliminary planning phase includes the off-line planning of
power usage used by home appliances. A target value (i.e., a power usage plan) of the
total power consumption for each time period is given in advance. For example, the time
period can be an hour of a day, a day of a week, or a week of the month. Meanwhile,
the implementation phase is a real-time mediation phase in which the power manager
mediates all power demand requests and assigns power to requested home appliances for
their use. Both phases are discussed in detail below.
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3.2. Preliminary Planning Phase

In this phase, the power consumption patterns in the past few days are analyzed to
decide on a power usage plan to be achieved for the next coming day in advance. This
plan for the next day should satisfy the following constraints: (i) maximum instantaneous
power level and (ii) the ceiling of the integrated power level.

These constraints are the values fixed by the home user in advance. The first constraint
of maximum instantaneous power represents the upper limit for instantaneous power
that is supplied by the power source continuously. The second constraint of the ceiling
of integrated power shows the upper limit of integrated power during a certain period of
time. These are called “planning periods”. It is further possible for the home user to change
the ceiling for a time period as a maximum instantaneous limit of the power level.

The power usage plan which is planned in advance is considered the target power
limit for the total consumed power of all appliances in the home for each time period.
Meanwhile, the consumed power of an appliance is controlled during the implementation
phase so that the consumed power of the appliances cannot exceed the target value. Since
the assumed power consumption patterns and the actual power consumption patterns can
differ from each other, in that case, the power usage plan needs to be updated continuously
based on the actual power amount.

3.3. Implementation Phase

Based on the power usage plan created in the preliminary planning phase, the max-
imum instantaneous power and ceiling limits are required to be maintained during the
implementation phase. In order to keep power limitations both in W (Watt) and Wh (Watt
hour) for instantaneous and integrated power, the power manager mediates the power for
each home appliance through a message exchange procedure, which is as follows:

1. When a home appliance changes its operation mode (i.e., ON/OFF), a power demand
request message containing the actual power demand (required power) and appliance
priority is issued from the home appliance and sent to the power manager.

2. Upon receiving a request from appliance, the power manager mediates the power
demand based on appliance priority, available power sources, and actual power
demand given in the power demand request message. Based on the target power
usage plan, the target power level for the home appliance is calculated, which is called
allocated power. If the sum of consumed power of all current appliances (already
turned ON) is less than the power usage plan, the power manager sends a power
acceptance message and allows the home appliances that requested power to use
the demanded power. In case the power usage plan is at capacity or exceeded, the
power level of the home appliance with low priority would be reduced, or the power
rejection/reduction message will be transmitted to these requested home appliances
based on their priority.

3. After receiving the power acceptance/allocation message, home appliances can use
power specified by the power manager. If a power rejection is received by the ap-
pliance, it has to stop its operation for a while until the appliance sends a request
message for power again to the EoD power manager.

The EoD power manager supplies power to a home appliance when the ceiling
constraints are satisfied. This shows that if the permission of a new request leads to the
violation of the ceiling constraints, the power manager chooses the least priority home
appliances for power reduction or power rejection. In this way, only home appliances with
higher priority can be served with supplied power.

During power allocation for home appliances, the ceiling limit for instantaneous
power consumption can be violated due to power consumption fluctuations. In this case, a
feedback mechanism at regular intervals is used to solve this issue. Since human activity
patterns are changing dynamically, therefore, the actual power consumption at a particular
time may be different from the power usage plan created in the preliminary planning
phase. In this situation, the difference between the planned power and the actual power
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at that time is computed and used as feedback to update the power usage plan at regular
time intervals (every 10 min in the experimental results). Additionally, the total power
consumption of all home appliances is measured continuously to keep the integrated
ceiling limit. In violation situations, low-priority appliances are asked to reduce their
power consumption.

3.4. Dynamic Priority Profile of Home Appliances

The demand-based algorithm controls the power supplied to home appliances taking
into account the limitation of power supply. As explained above, appliances with the least
priority can be interrupted when a new power demand request with higher priority is
received by the power manager. In order to keep ceiling limitations defined by the user,
priority assignment to home appliances is a crucial task. The EoD system uses a dynamic
priority model for the home appliance, which is used to control the flow of power in real
time. The dynamic priority changes dynamically depending on home appliance properties,
human activity plan, power consumption of the previous day and its analysis, and power
supply limitation. Additionally, the dynamic priority model is a monotonically decreasing
function. That is, the appliance priority increases as the power level decreases. Additionally,
the priority model uses discrete values ranging from 0 to 1.

For example, Figure 2 shows the dynamic priority profile of an air conditioner. The
operation can be delayed even if it is switched ON, which is called the time-shift capability
of an appliance. The amount of power supply can be increased or decreased, which is
called the power adjustment capability of an appliance; please refer to [15] for appliance
characteristics. In situations where home appliances are delayed or suspended, the priority
of those appliances increases until they start/resume their operation again. Meanwhile,
the appliance priority decreases after adequate appliance operation. This dynamic priority
modification function plays an important role in efficient appliance usage in daily life. For
the details of priority definition, function, and the demand power mediation algorithm
between home appliances, please refer to the [15,16]. In short, this priority function
mechanism make full use of the appliance properties under the power limitation control.

Figure 2. An air-conditioner working with a dynamic priority model.

4. Proposed Method: Supply–Demand Based Mediation Algorithm

In this paper, the conventional EoD system described in the previous paper [15] is
extended to accommodate multiple power sources including energy storage batteries. Due
to the limited power supply of one power source of conventional EoD, the quality of life of
home users is affected by either reducing the power demand of home appliances or turning
OFF the appliances.

The overall goals of this proposed mediation algorithm are to (i) combine the power
consumption control of home appliances and peak power demand shift control by adding
a second power source, i.e., a storage battery system, (ii) realize minimum storage capacity
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for large peak power consumption, and (iii) minimize the home user’s discomfort level
due to the limited power supply of one power source. The target of the conventional
EoD system was a single power source, and it can guarantee reductions in the power
consumption of home appliances. However, in this paper, we focus on the extension of
the conventional EoD system by introducing a storage battery as a second power source
(see Figure 3). For this purpose, we propose (i) energy storage design and management for
the EoD system, (ii) a plan for storage battery charging and discharging to comply with
user demand, and (iii) real-time control of the storage battery, i.e., charge/discharge control
implementation. The addition of a second power source raises many questions such as:
Which power source will supply power at what time to the appliances? When should the
storage battery charge or discharge? etc.

The conventional EoD system consists of two phases: a preliminary planning phase
and an implementation phase. A power usage plan is generated in the preliminary plan-
ning phase from a standard power usage pattern learned in advance from the power
consumption history. In an extended EoD system (i.e., storage-supported EoD system), two
plans are generated: a power usage plan for home appliances as explained in the previous
Section 3 and power supply plans for power sources. As for the power supply plan, sep-
arated plans are generated for grid power supply and storage battery (i.e., charging and
discharging plans) at the same time. The supply plan for both power supplies represents a
breakdown of the power supplied from each power source to the power usage plan (for
home appliances). The implementation phase of a storage-supported EoD system deals
with the mediation of power requests in real time. In addition, the power to be supplied
from each power source is also determined at the same time.

1.request�

3.result�

1.Load/factor�

3.control�2.media6on�

Storage/ba:ery/management�

Power/source/management�Appliance/management�

Figure 3. Storage-supported Energy on Demand system overview with multiple power generators.

4.1. Problem Formulation

Let A be the group of home appliances indexed as a ∈ {1, 2, 3, . . ., A} and PDa(t) be
the power demand/consumption pattern of ath home appliance at time t. Let PSs be a
power supply pattern, where s identifies as s ∈ {c, b}. Here, c and b show power supply
patterns at each time instance t of an electric grid as PSc(t) and storage battery as PSb(t),
respectively. Please note that PSb(t) > 0 implies power discharge from the storage battery
to home appliances, and PSb(t) < 0 indicates charging of the storage battery from the
utility grid, i.e., PSc(t). The consideration of power losses and power measurement errors
are reserved for future study; these aspects are not discussed in this paper.
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The total power supply and total power consumption are always equal to satisfy
power balance constraints as given,

∑
a∈A

PDa(t) = ∑
s∈{c,b}

PSs(t) (1)

The accumulated power supply ESc(t) from the electric grid at time t and the accumu-
lated power stored ESb(t) in the storage battery at time t can be represented as

ESc(t) =
t

∑
δ=0

PSc(δ), (2)

ESb(t) =
t

∑
δ=0

(
−PS′b(δ)

)
, (3)

PS′b(t) =

{
αbPSb(t) if PSb(t) < 0
1
α′b

PSb(t) otherwise
(4)

where αb and α′b represent charge and discharge efficiency and range between 0 < αb < 1
and 0 < α′b < 1. Here, the representation of accumulated powers (1)–(3) are shown with
summation not integral to represent the average power for each unit time (20 s in the
experiments). The time t can be defined as a period, which is used for preparing a power
usage plan at the preliminary planning phase such as 1 day, 1 week, etc. When time t is
t = 0, it shows the starting time of the power usage plan, and t = T is the ending time of
the power usage plan; we call them “planning periods”.

The maximum instantaneous power supply limitation and maximum accumulated
power supply limitations from electric grid supply are defined as PSc(t) and ESc, respec-
tively. On the other hand, the maximum power discharge limitation of the storage battery
and maximum power charge limitation are defined as PSb and PSb, respectively. The
capacity of the storage battery can be shown as ESb. Each power source always satisfies
physical constraints given as,

0 ≤ PSc(t) < PSc(t), 0 ≤ ESc(t) < ESc, (5)

PSb ≤ PSb(t) < PSb, 0 ≤ ESb(t) < ESb (6)

To achieve power balance, it is essential to satisfy (1), (5) and (6) while supplying
power to home appliances with the maximum user satisfaction.

4.2. Preliminary Planning Phase

In the preliminary planning phase, a power usage plan PDPLAN(t) for power con-
sumption is created in advance, which represents the target value of power consumption
for each time zone (i.e., planning period). The purpose is to create a power supply plan for
electric grid power PSPLAN

c (t) and a storage battery plan for charge/discharge PSPLAN
b (t).

Here, PDPLAN(t) represents the target power values for power consumption to be
used at time t in the implementation phase. For power supply, PSPLAN

c (t) and PSPLAN
b (t)

are the target values of the power supplied from the electric grid and the storage battery
in the implementation, respectively. Since the power supply and power consumption are
always equal, as shown in (1), the target power usage plan and power supply (from both
power sources) always hold as PDPLAN(t) = PSPLAN

c (t) + PSPLAN
b (t). In this paper, we

first create an initial power usage plan that satisfies (5) and (6) without using a storage
battery like conventional EoD in [15]; then, we prepare a charge/discharge plan for the
storage battery based on the initial power usage plan.
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4.2.1. Create Initial Power Usage Plan

The initial power usage plan, PDPLAN0(t), is created to satisfy (i) the maximum
instantaneous power limit of the utility grid, PSc(t) as shown in the expression (5) without
using a storage battery (i.e., PSb(t) = 0), and (ii) maximum limit of integrated energy, i.e.,
ESc. Then, the initial power usage plan can be defined as

PDPLAN0(t) =
ESc

∑ D′(t)
D′(t), (7)

D′(t) = min
(

D(t), PSc(t)
)

(8)

where D(t) is the standard power consumption pattern learned in advance.

4.2.2. Create Power Supply Plan by Minimizing Dissatisfaction

The initial power usage plan, PDPLAN0(t) shown in (8), always restrict the power
demand to be less than the maximum power supply limit, PSc. In this case, a user may
feel discomfort after turning ON multiple home appliances at the same time due to limited
power supply. The introduction of a storage battery in the power system as another power
source can solve this issue.

Based on an actual power consumption pattern, D(t), and the power usage plan,
PDPLAN(t), created in advanced, the degree of dissatisfaction, DS(PDPLAN), for the power
usage plan can be defined as

DS(PDPLAN) =
1
|T|

√√√√ T

∑
t=0

ds(D(t), PDPLAN(t)) (9)

However, ds(d, p) = (d− p)2, the degree of the home user’s dissatisfaction function,
reduces power over the entire planning period.

The implementation of a storage battery management system can reduce this dissatis-
faction level. A storage battery can supply power to home appliances during peak power
consumption while complying with the maximum power limits; hence, the dissatisfaction
level can be reduced as much as possible. The basic idea to obtain DS(PDPLAN), which
actually implies charging and discharging power to/from the storage battery when the
dissatisfaction level is small or large.

In order to minimize the degree of dissatisfaction, the initial power usage plan is mod-
ified using a storage battery, and we create a power supply plan for each power source
PSPLAN

c (t), PSPLAN
b (t) as

min. :DS(PDPLAN) (10)

s.t. :∀t
(

PDPLAN(t) = PSPLAN
c (t) + PSPLAN

b (t)
)

(11)

∀t
(

0 ≤ PSPLAN
c (t) < PSc(t)

)
(12)

0 ≤ ESPLAN
c (T) < ESc (13)

∀t
(

PSb ≤ PSPLAN
b (t) < PSb

)
(14)

∀t
(

0 ≤ ESPLAN
b (t) < ESb

)
(15)

The superfix PLAN shows that the planned power supply and power consumption
are considered to derive a new plan, DS(PDPLAN). Note that the physical constraints
on ceiling power (i.e., instantaneous power and accumulated power) are preserved. The
degree of dissatisfaction of a user’s comfort can be related to reduced storage, as shown in
Figure 4.



Designs 2022, 6, 97 10 of 25

Time%t�

[W]�

Dissa-sfac-on%�

Storage%ba6ery�

PSc (t)

Figure 4. Time shifting of power consumption from blue box to pink box by energy storage system to
minimize user’s dissatisfaction.

4.3. Implementation Phase

In the implementation phase, the power consumption of each home appliance and
power supply from each power source are adjusted according to the power usage plan and
power supply plan (i.e., utility, battery charge and discharge). These plans are determined
in the preliminary planning phase.

Since the power consumption patterns vary dynamically, it is not possible to follow
power consumption and power supply plans. Therefore, at the implementation stage, while
referring to these planned values, it is important to correct or update the future planned
values according to the actual power consumption and supply conditions.

4.3.1. Power Supply Characteristics and Conditions

In a conventional EoD system, how much power is required for any home appliance in
real time is based on the priority of that appliance. The priority indicates the importance of
home appliances as an index. In the case of multiple power sources for the extended EoD
system proposed in this paper, it is necessary to decide in real time which power source will
supply the requested power to which home appliance and also consider already allocated
power for requested appliances, because all home appliances use power continuously, i.e.,
without any break.

If the power consumption level is the same as planned in the power usage plan, then
the power can be determined from the planned power supply for both power sources.
However, if the power consumption is different from the power usage plan, then the system
needs to decide which power source will supply the power (i.e., the difference in planned
power and actual power level).

For this reason, it is important to update future planned values of power supply from
each power source based on the current power usage situation. To achieve these objectives,
we introduce an index called “power load factor (LF)” for each power source based on the
characteristics and supply conditions of that power source. The power load factor is defined
as a function of the supply power from the utility power and storage battery, as shown in
Figures 5 and 6. The computation of the load factor for each power source is given below,

LFs(p) =


1 if p > PSs
2
π tan−1

(
βs

p−Ts
ESs−ESs(t)

)
if PSs ≤ p ≤ PSs

−1 if p < PSs

(16)
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Here, Ts shows the target power supply level of a power source s ∈ {c, b}. The initial
value is the same as the planned power supply value described in the previous section as
Ts = PSPLAN

s (t). The power supply planned values are updated according to the latest
consumption information by a periodic process, which would be explained later in this
section. βs is the setting parameter that determines the slope of the periodic function. In
the case of storage batteries, the load factor LFb(p) is assumed to represent charging when
the supply power p is negative. For the power grid supply LFc(p), reverse power flow is
not considered and is assumed as p ≥ 0.

)(PSc tcT

0

1

cPS−1

Load%factor�

Supply%power%[W]�

LFc(PSc )
accept�

reject�

Figure 5. Load factor of utility power source.

)(PSc tcT

0

1

cPS−1

Load%factor�

LFc(PSc )
accept�

reject�

)(PSb t 0
Supply%power%[W]�

charge�− discharge�+

Figure 6. Load factor of storage battery.

The power load factor is defined as a monotonically increasing function that defines
the capacity or efficiency of a power source for supplying power. That is, the burden on
a power source increases with the increase in power supply from that particular power
source. The power supply load factor is set to 0 when the supplied power from that
power source matches the target power supply Ts. In addition, the tan−1 makes the
slope of the function steeper as the current cumulative supply amount ESs(t) approaches
the upper limit value ESs. This indicates that an increase in supply power becomes a
heavier burden.

In our proposed algorithm, the power supply conditions can be determined by com-
paring the power load factor with the priority of the home appliance that requested power.
That is, if the priority of a requested home appliance is higher than the power loads factor
of the source, the power supply is granted. In case the priority of the requested home
appliance is lower than the power source load factor, the power supply is rejected.

In the conventional EoD system [15,16], all requested demands whose total power
consumption exceeds the power usage plan are rejected for power supply. In the proposed
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method, if the priority of the requested home appliance is higher than the power load
factor of the power source, it is possible to realize a flexible control such that the power is
supplied even if it exceeds the target power supply. This is because the timing of actual
power consumption deviates from the standard power consumption pattern which is
assumed at the preliminary planning stage.

Based on the above definitions, the objective is to determine the power used by each
home appliance and the power supplied from each power supply so that the following two
conditions are maintained at the implementation stage.

∑
a∈A

PDREQ
a = ∑

s∈S
PSRES

s (17)

∀a ∈ A, ∀s ∈ S : Pria(PDREQ
a ) ≤ LFs(PSRES

s ) (18)

However, PDREQ
a and Pria(PDREQ

a ) represent the power allocated to home appliance
a and its priority, respectively. PSRES

s shows the power supplied from power source s. The
expression (17) represents the physical constraint that the total demand power and supply
power are equal. The expression (18) indicates that only requested power demand with
higher priority than the power load factor is permitted for power supply allocation.

From this condition, the slope of the power load factor function represents how
strictly the target power supply Ts should be maintained. In (16), the slope becomes
steeper as the integrated power supply amount ESs(t) of each power source approaches
the upper limit value ESs, so that the target power supply is strictly maintained. When
the power supply is less than the target power supply, the value of the power supply
load factor becomes negative, while the priority of home appliance is defined in the
range of 0 to 1. If the supplied power is less than or equal to the supply target power,
all power demands are permitted, and conversely, a power request with a priority of 0
means that power is supplied only when the supplied power is less than or equal to the
supply target power.

4.3.2. Real-Time Power Mediation Process

The power mediation algorithm starts when the power manager obtains all important
information about the power system such as power sources and loads. The algorithm
uses (17) and (18) for power control. For the understanding of the algorithm, a flow chart
is provided, as shown in Figure 7 According to the first constraint given in (17), the total
power demand by all appliances must be equal to the total power generation by all sources.
This is called the power balance constraints between supply and demand. In case the total
power demand is higher than the total generation, the power supply will be increased from
the power sources with the least load factor. When the total power demand is lower than
the power generation, the power supply will be decreased from the power sources with the
largest load factor to satisfy the constraint (17).

After constraint 1, i.e., (17), is satisfied, the second constraint (18) will be checked. If
the request appliance priority is smaller than the load factor, the power demand will be
decreased from the lowest priority appliance.

4.3.3. Power Request Arbitration by Event-Driven Process

In the proposed method, the three conventional arbitration processes of EoD described
in Section 3 are extended to multiple power supplies. As in the conventional method, the
basic idea is that the event-driven process arbitrates each time a request is received from an
appliance, and the periodic start-up process feeds back the gap between the plan and the
power usage record. In addition, the constant monitoring process monitors the total power
consumption so that it does not exceed the maximum instantaneous power.
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Figure 7. Real-time mediation.

In the event-driven process, the electric power used by the home appliances and the
electric power supplied by the power sources are determined so that the expressions (17)
and (18) are satisfied for each power request from home appliances. The power request
message is sent from each home appliance in situations such as ON/OFF status change
or power level change (i.e., low power to/from high-power operation mode of the home
appliance). The change of the operation can be detected by sensing the operation mode
change with an interruption of the remote control by the home user, by noticing the change
of average power consumption, or by the threshold value in each operation mode of
the home appliance, which is learned in advance. To know the details of these learning
methods, please refer to [15].

The power supply–demand mediation algorithm by the power manager starts when a
new power request is received by the event-driven process. The power request is issued
from the home appliance areq, as shown in Figure 8. To compute power allocation based
on received power requests, the system controls power consumption by all home appli-
ances and power supplies from power sources according to the power usage and power
supply plans.

Let A be a set of currently operating and new requested appliances (i.e., the appliances
that request for power but are not yet arbitrated), and the allocated power of home appli-
ances a ∈ A (when operating) is PDREQ

a . Here, it is assumed that the required power is
PDREQ

areq for the home appliance areq that issued the power request message. In addition, the
priority of home appliance a for the allocated power p is Pria(p). On the other hand, the
set of power sources is represented by s = {b, c}, and the power load factor of the power
source s with respect to the supplied power p is represented by LFs(p).
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Figure 8. Algorithm for appliance-source mediation.

Initialization: In order to satisfy the expression (17) for the new power request, the power
supply from the power source with the lowest power load factor to the current power
supply of each power source is increased by PDREQ

areq .

smin = argmins∈{c,b}LFs(PSRES
s ) (19)

PSRES
smin

:= PSRES
s + PDREQ

areq (20)

Step-1: Select the home appliance amin ∈ A with the lowest priority and the power source
smax with the highest power load factor.

amin = argmina∈APria(PDREQ
a ), (21)

smax = argmaxs∈SLFs(PSRES
s ) (22)

Step-2: If Priamin(PDREQ
amin ) ≥ LFsmax(PSRES

smax) is satisfied, then we terminate the mediation
process because constraint (18) is satisfied.

Step-3: Decrease supply to amin according to the controllability of home appliances
described in [16] (by either turning it OFF, shifting the power request on standby,
temporarily suspend operating home appliances, etc.). Let PDNEXT

amin
be the reduced

power consumption for amin. Update the supplying power for smax and the required
power for amin as follows.

PSRES
smax := PSRES

smax − (PDREQ
amin − PDNEXT

amin
), (23)

PDREQ
amin := PDNEXT

amin
(24)

If amin is turned OFF or its operation is suspended, then its power request would be
removed from the arbitrated home appliance A. If the power allocation is reduced,
then the allocated power along with appliance priority are updated, and then, the
procedure returns to Step 1.

The explanation of the algorithm described above shows that the mediation is per-
formed by reducing the power consumption of the home appliances, temporarily stopping
their operation, and changing the power supply from power sources. Note that the com-
munication/control errors can affect the actual and measured power levels of the home
appliances and power sources. In these situations, it is impossible to satisfy (17) and (18)
due to the difference between actual and measured power levels. Additionally, the me-
diation algorithm proposed in this paper can only deal with the large power variations
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detected as a change in the operation mode of the appliances. However, small noise
fluctuations can also affect the mediation algorithm.

To deal with such a problem, the storage battery is used whose charge/discharge is
controlled to maintain the supplying power PSRES

b by absorbing or supplying an excess or
shortage of power fluctuations. The power supply from the grid power source cannot be
controlled for such issues. The difference between the actual and measured power is corrected
by the feedback based on the actual value by the regular start-up process, which is described later.

In addition, as described in Section 3, the home appliances that have been kept on
standby/suspended will issue a power request message again with a higher priority after a
certain period of time and perform mediation. Power can be allocated when there is the
available capacity or when the priority is higher than the power load factor.

4.3.4. Correction of Supply Plan by Periodic Start up Process

In the event-driven process, the power consumption of each home appliance and the
power supply of each power source are determined by a mediation algorithm while keeping
their individual plans; however, the actual behavior patterns of consumers may differ day to
day. Therefore, it is difficult to match actual power values with planned values completely. In
addition, the event-driven process performs mediation when each home appliance changes
its power level largely by changing its operation mode. However, small noise fluctuations of
home appliances that occur continuously can also affect the mediation process.

Therefore, we have a periodic start-up process. This process modifies/corrects the
planned values based on actual power values with the help of continuous feedback. The
target power supply given by the power supply/charge plan is corrected based on the
actual power usage record and supply record. The target power supply Ts(s ∈ {c, b}) of
each power supply used in the event-driven process is given as Ts = PSPLAN(t)

s according
to the supply plan in the initial state. In the regular start-up process, this target power
supply is updated every fixed time (10 min in the experiment) based on the actual value of
the power supply as shown in the following equation,

Ts :=


PSs(t) if T ′s > PSs(t)
PSs(t) if T ′s < PSs(t)
T ′s otherwise

(25)

T ′s =PSPLAN
s (tnow)−

tnow

T

(
ESs(tnow)− ESPLAN

s (tnow)
)

(26)

Here, tnow
T plays the role of feedback gain to correct and keep the plan within the set

parameters and becomes larger at the end of the planning period. If the target power
supply is not the same as the corrected value, the expression (18) may not be satisfied.

In addition, the power consumption of home appliances is constantly fluctuating.
It does not always consume power according to the allocated power mediated by the
event-driven process. In this case, the expression (18) may not be satisfied. For (17), the
total power consumption and the total power supply are always the same. As mentioned
earlier, the effect of fluctuations in power consumption is absorbed by changing the power
supply. Therefore, for the newly updated target power supply Ts and the actual power
supply, the expression (18) is analyzed. If this condition is not satisfied, the mediation
algorithm described in Section 4.3.3 will be executed.

On the contrary, if the power is used more than the allocated power at the time of
mediation, or if the target power supply increases due to the updated power level, the power
can be reduced, stopped, or newly allocated to the standby home appliances. However, it is
not necessary to perform mediation again during the regular start-up process, because these
home appliances will make requests again to the EoD manager after a certain time.
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4.3.5. Maximum Instantaneous Power Monitoring by Constant Monitoring Process

As mentioned in Section 4.3.4, the storage battery is controlled to maintain the supply
power determined during the mediation process. The power supply from the storage
battery absorbs the effects of power fluctuations and power losses of home appliances. The
power supply of the power system may exceed the maximum instantaneous power PSc
due to the influence of such power fluctuations. Therefore, the constant monitoring process
is introduced to monitor power levels at each time instance for critical situations such as
when the maximum instantaneous power is about to be exceeded, power reduction during
the mediation process in Section 4.3.3, etc. For example, as shown in the formula (16),
when the power supply exceeds the maximum instantaneous power PSc, the power supply
load factor becomes 1, which is the maximum value. Then, the electric power of home
appliances will be reduced to decrease priority until the supplied power decreases below
the maximum instantaneous power.

5. Experimental Results

In order to confirm the effectiveness of our proposed method, a couple of simula-
tion experiments are performed to compare and evaluate the proposed system with the
conventional single power supply-based EoD system proposed in [15,16].

5.1. Experimental Environment

For experiments, a smart apartment of 1LDK is prepared as shown in Figure 9. The
smart apartment is equipped with 19 types of home appliances, as shown in Table 1.
Each home appliance is equipped with a smart power sensor called Smart Tap [24], and
the power consumption of each home appliance is measured at every 0.5 s. The real
power consumption data of a couple living in a smart apartment for 24 h are used for our
experiments. The visualization of the detailed power consumption of a smart apartment is
demonstrated in [26].

cv�

Smart(apartment(room�

Kitchen�

Liging(room�
Bed(room�

Smart4tap(

Smart4tap(

EoD(Manager(

Circuit(breaker�

Air(Condi=oner(w(Smart4tap(

Bath(room�

�LDK���.����� Single(or(Couple�

Figure 9. Smart apartment room.

In the simulation, real-time mediation at the implementation stage detects the op-
eration time and mode of each home appliance from real-life data. It is assumed that
the mediation is performed at the same time when a power request is made from the
home appliance.

Table 1 shows a list of home appliances used in the experiment and their controllability
properties. Moreover, the details of controllability and the priority of home appliances
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are described in [15]. The appliances mentioned in red color are home appliances that
make power requests so that the accumulated power is constant. Home appliances in
black represent those appliances that make power requests so that the required time is
constant. The power demand of appliances with adjustable property can be reduced
from the requested power level by a mediation process. The priority of these appliances
increases, and the power decreases. The stand-by home appliances (i.e., time-shiftable
property) can wait for a certain period of time to receive power allocation after making a
power request: the longer the standby time, the higher the priority of such appliances. The
home appliances with an interruptible property can be stopped by the mediation process
during operation, as shown in the example of an air-conditioner described in Section 3.

Table 1. List of appliances and their properties.

Controllability Appliances

Adjustable
Time-shiftable
Interruptible pot

Adjustable
Interruptible air-conditioner, heater

Adjustable lighting (living room, bedroom, kitchen, entrance,
restroom, bathroom), TV (adjust brightness), electric carpet

Time-shiftable
Interruptible coffee maker

Interruptible refrigerator

Time-shiftable rice cooker, washing machine

Non-controllability
(priority is fixed to 1.0) DVD player, microwave oven, washlet, IH cooking heater

5.2. Experimental Results of Planning Phase

Here, the average power consumption is calculated for every 10 min based on 24 h
real-life data and used as a standard power consumption pattern D(t). For the power
supply from the grid (i.e., commercial utility source), the maximum instantaneous power
limit is set to PSc(t) = 1000 W.

In addition, the ceiling ESc is considered as 15% less than the one computed from
the standard power consumption pattern of one day. In our experiment, the maximum
reduction of 24% is possible to achieve, as shown in [15]. Moreover, the real-life experiment
using a single supply-based conventional EoD system [15,16] can reduce power from 10%
to 30% significantly without impairing the convenience. The intermediate value of these
results, 15%, is used as the ceiling value.

For the storage battery parameters, the storage capacity is set to sufficiently large capac-
ity as ESb = 10 kWh; the maximum charge power and discharge power are PSb = −1000 W
and PSb = 1000 W, respectively. The charge/discharge efficiency including the efficiency of
the inverter/converter is set to αb = α′b = 0.83. Here, we consider the charge and discharge
efficiency of the lithium-ion battery along with the efficiency of the commercially available
storage batteries considering the loss of the inverter/converter.

The generated power usage plan is shown in Figure 10. In this figure, the blue line
shows the predicted power consumption D(t), the green line shows the power usage plan
created by conventional EoD without using a storage battery, and the red line shows the
power usage plan by the method proposed in this paper. The charging/discharging of
storage battery plan is shown in Figure 11.

From these results, in the conventional method, the power usage plan is greatly
reduced in the time period when the standard power consumption pattern exceeds the
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maximum instantaneous power, whereas in the proposed method, the storage battery is
charged in the time period when the power demand is less. Please note that by discharging
power at the time when power demand is large, the power usage plan is close to the
standard power consumption pattern, and the degree of dissatisfaction can be suppressed.
The storage battery charged energy at this time is shown in Figure 12. The purpose of this
research is to realize peak power reduction without impairing the convenience of the user
with the minimum capacity of the storage battery. Therefore, from the maximum value of
the storage battery, it is clear that the minimum storage capacity required to meet 1000 W
of power consumption is around 400 Wh.
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Figure 10. Results for the off-line planning.
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Figure 11. Charge–discharge plan for a storage battery.
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Figure 12. Charged energy for a storage battery.
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5.3. Experimental Results of Implementation Phase

The simulation results of real-time mediation at the implementation phase using
the power usage plan and supply plan created in advance are presented. Considering
the changes in life patterns, the real-life power consumption is collected from the smart
apartment and power plan (i.e., power usage plan and power supply plan) created 2 h in
advance. The mediation result by the conventional EoD is shown in Figure 13, and the
result by the proposed method is shown in Figure 14. In these figures, the blue line shows
the required power, the red line presents the power usage plan, and the green line indicates
the power used as a result of mediation.
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(a) Instantaneous power consumption.
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(b) Accumulated energy consumption.

Figure 13. Result of conventional EoD system.

In the conventional EoD system, all the required powers above the maximum instanta-
neous power limitation are rejected, and the allocated power is greatly reduced. Meanwhile,
in the proposed method, it is clear that the power above the maximum instantaneous power
limitation can be used. In addition, when the peak power consumption occurs earlier than
the predicted power pattern, the conventional method cannot allocate more power than the
power plan. Hence, the power consumption is greatly reduced. In the proposed method,
the mediation condition is relaxed by the power source load factor, which shows that the
peak power consumption that occurred in the early hours can also be accommodated.
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(a) Instantaneous power consumption.
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Figure 14. Result of proposed real-time mediation method.

5.4. Study on Peak Power Reduction Limitations

In order to investigate the limit of peak power reduction by the proposed method, the
degree of dissatisfaction DS(PD) and power supply Flattening Factor of grid power supply
with a changing maximum instantaneous power limitation are presented in this subsection.

The Flattening Factor rate is defined as the ratio of the average power to the maximum
power as given in (27): the smaller the value, the smaller the load on the grid power.

FF =
1
T ∑T

t PSc(t)
maxt∈T PSc(t)

(27)

Here, Figure 15 shows the result when the maximum instantaneous power of the grid
power source is changed by 20 W in the range of 300 to 1500 W. These results show that the
proposed method has a lower degree of dissatisfaction than the conventional method. In
addition, it can be seen that while the maximum instantaneous power is less than 840 W in
the conventional method, the degree of dissatisfaction increases significantly, whereas in
the proposed method, it changes smoothly.

To confirm the details of power in the conventional EoD system, Figure 16 shows the
arbitration results when the maximum instantaneous power is 860 W and 840 W in the conven-
tional method. In the case of maximum power of 840 W (red line), the power consumption is
always low; almost no power is used. This is because a home appliance (i.e., coffee maker) with
a large power demand exceeds the maximum instantaneous limit and continues in stand-by
operation mode, and other home appliances with lower priority cannot use power.
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Figure 15. Dissatisfaction and flattening rate.
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Figure 16. Power consumptions for previous EoD system against changing maximum power limit.

On the other hand, in the proposed method, even if the maximum instantaneous power
is less than 840 W, the degree of dissatisfaction is low around 700 W, which shows that the
satisfaction of the user is not affected. At this point, it is found that the power flattening
rate is improved by a factor of two. The storage battery capacity required for the maximum
instantaneous power of 700 W is 411 Wh, which shows that the large power reduction in peak
power can be achieved with a sufficiently small capacity of the storage battery.
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5.5. Comparison with Peak Cut Using Only Storage Battery

In order to demonstrate the effectiveness of the proposed method, we compare the
case where the peak shift was performed using the storage battery only without control-
ling the power consumption by EoD system. The storage battery capacity required to
achieve 700 W is calculated, which is considered to be the limit of peak cut of the pro-
posed method obtained in the previous section. This calculation is defined as a linear
programming problem,

min. :ESb (28)

s.t. :∀t
(

0 ≤ ESPLAN
b (t) < ESb

)
(29)

∀t
(

D(t) = PSPLAN
c (t) + PSPLAN

b (t)
)

(30)

∀t
(

0 ≤ PSPLAN
c (t) < PSc

)
(31)

∀t
(

PSb ≤ PSPLAN
b (t) < PSb

)
(32)

The computation of minimum storage battery capacity ESbmax can satisfy the required
power demand D(t), the supply plan PSPLAN(t)

c , and charge/discharge power PSPLAN(t)
b

as shown in Figure 17. The maximum instantaneous power is set to PScmax = 700, while
the charge and discharge powers of the storage battery are set to PSb = −1000 W and
PSb = 1000 W, respectively.
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Figure 17. Results of peak-cut by using storage battery.
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From this result, the maximum value of stored electricity is 1812 Wh when the maxi-
mum instantaneous power of 700 W is achieved using only the storage battery. Please note
that the capacity required is about three times more than that of the proposed method.

6. Conclusions

The EoD system can guarantee the reduction in total power consumption by im-
plementing a ceiling control while keeping the quality of life (QoL) of the home user
considering the limitation of power supply. This paper proposes an adaptive battery
storage management and control method based on the EoD system; we name it the
“storage-supported EoD System”. In particular, the storage-supported EoD system can
handle multiple power generators including storage batteries. At first, the peak power
management by controlling the power consumption of home appliances using the EoD
power control and the peak power shift by using the storage battery are combined in this
paper. In addition, the storage battery with the minimum capacity is kept as much as
possible for the convenience of the power user. The proposed real-time supply–demand
mediation algorithm is proposed to achieve a large power peak reduction. The method
uses the best effort policy to reduce peak power. That is, home appliances use dynamic
priority and power generators use the load factor to reflect the importance of power
control from the user’s perspective. The simulation results are presented to prove the
guaranteed peak power reduction.

In simulation results, it is found that the maximum instantaneous power can be
reduced to about half of the original power consumption pattern with a storage battery that
has about one-third the capacity compared to the case when only the storage battery is used.
In this paper, we do not consider the power charges for each time zone such as midnight
power, but only the index of how much power the user wants to use can be calculated from
the ceiling of the maximum instantaneous power and the integrated energy, which is set by
the power user. The power usage plan and the supply/charge/discharge plan are created
from the power history; however, these plans are created as a cost minimization problem at
the planning stage so that the power can be effectively utilized at night time. Moreover, it
is possible to respond to the demand response signal for power saving for a certain time
zone such as demand response by changing the maximum instantaneous power for each
time zone.

In the future, we will study how to deal with the charging system by time zone and
demand response as well as how to expand to other power sources such as photo-voltaic,
wind turbines, fuel cells, etc. In this paper, the degree of dissatisfaction is defined as an
index of user convenience; however, we did not evaluate how much this value is acceptable
to the power user. This research discussion is also kept as a future task.
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Nomenclature

αb Charge efficiency
α′b Discharge efficiency
PSc(t) Maximum instantaneous power supply limitation from electric grid supply
ESc Maximum accumulated power supply limitations from electric grid supply
PSb Maximum power discharge limitation of storage battery
PSb Maximum power charge limitation of storage battery
ESb Capacity of the storage battery
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PDPLAN(t) Power usage plan of power consumption at time t
PSPLAN

c (t) Power supply plan of electric grid at time t
PSPLAN

b (t) Power storage plan of storage battery at time t
PDPLAN0 (t) Initial power usage plan at time t
PDREQ

a Power allocated to requested home appliance a
Pria(PDREQ

a ) Priority of requested home appliance a
PSRES

s Power supplied from requested supplier s
A Group of home appliances
PDa(t) Power demand of ath home appliance at time t
PSs Power supply pattern
PSc(t) Power supply from electric grid at time t
PSs(t) Power supply from storage battery at time t
ESc(t) Accumulate power supply from electric grid at time t
ESb(t) Accumulated power stored in storage battery at time t
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