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Abstract— Ancillary services are becoming an indispensable
tool for maintaining power grid stability due to the increasing
adoption of renewable energy resources, many of which (e.g.,
wind and solar power) are inherently variable. Some energy
resources, such as electric vehicles (EVs), have a significant
potential for providing their own ancillary services and creating
ancillary service markets in smart electric grids. The installation
convenience of EVs and plug-in hybrid vehicles (PHVs) has made
them the target of many studies. In previous works, the grid-
integrated-vehicle (GIV) mechanisms are recognized as a suitable
approach to exploit EVs and PHVs for ancillary service markets,
particularly regulation markets, which require fast responses.
It is important to consider individual consumption behavior (e.g.,
vehicle usage and energy consumption) in selecting optimal oper-
ational points of EV and PHV for maximizing resource effective-
ness and user profit. There is, however, currently no mechanism
that takes the individual consumption behavior of market partic-
ipants into account. In this article, a new vehicle-to-home (V2H)
aggregator is proposed, which allows individuals to participate
in a regulation market using the in-vehicle batteries of their EVs
or PHVs. The results show that the proposed V2H aggregator
can successfully supply predictable power to the power grid and
maximize the profits of individual market participants.

Note to Practitioners—This article proposes an architecture
of home energy management systems (HEMSs) with electric
vehicles (EVs) and plug-in hybrid vehicles (PHVs) to participate
in a regulation market using the in-vehicle batteries. Ancillary
services are the mechanism for the power grid to ensure the
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quality of electricity. The proposed architecture is composed of
two stages: 1) calculation of the charge and discharge profiles
considering minimizing the electricity charge at home and maxi-
mizing the capacity to provide for ancillary services and 2) real-
time control of charging and discharging the in-vehicle batteries
to follow the regulation signal provided from the manager of
ancillary services. The simulation result shows the estimated
benefit of the aggregator obtained by the trade in the market
and the precision of HEMSs’ charging and discharging to follow
the request signal.

Index Terms— Ancillary service, distributed decision making,
energy management system (EMS), model predictive control
(MPC).

NOMENCLATURE

T = 48 Time period to be considered in
model predictive scheduling of
charge/discharge.

t ! [0, T " 1] Discretized time step used in model
predictive scheduling (!t = 30 min).

L = 900 Total number of regulation signals
received by the aggregator in !t .

" ! [0, L " 1] Time step of receiving the regulation
signals (!" = 2 s).

m ! {0, 1, 2, . . .} Repeat count of recursive procedure in
the balancing control.

H Set of homes equipping an HEMS.
H #(t) ! H Set of homes with vehicle parked at

home at t .
W̃+

h (k|t) $ 0 Predicted electric power consumed in
home h at time step k predicted at t
(kW).

W̃"
h (k|t) % 0 Predicted electric power generated in

home h at time step k predicted at t
(kW).

P̃cons
h (k|t) $ 0 Consumed electric power of vehicle by

driving at time step k predicted at t
(kW).

F+(t) > 0 Purchase price of electric energy at t
(JPY/kWh).

F"(t) > 0 Sale price of electric energy at t
(JPY/kWh).

#̃h(k|t) ! {0,1} Binary variable indicating whether the
vehicle owned by home h is available
in the HEMS at time step k predicted at
t , where #̃h(k|t) = 0 indicates that the
vehicle is connected to the home and
1 indicates that the vehicle is used for
transportation.
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W max
h > 0 Upper bound of electric power in household

of home h [kW].
Pchar

h > 0 Upper bound of electric power for charging
the in-vehicle battery from home h [kW].

Pdis
h < 0 Lower bound of electric power for discharg-

ing the in-vehicle battery to home h [kW].
Bh(k|t) $ 0 Electric energy of in-vehicle battery owned

by home h at time step k planned at t [kWh].
Bmax

h > 0 Upper bound of electric energy of in-vehicle
battery of home h [kWh].

Bmin
h $ 0 Lower bound of electric energy of in-vehicle

battery of home h [kWh].
B ref

h $ 0 Lower bound of electric energy of in-vehicle
battery of home h at departure time [kWh].

B0
h (t) Electric energy of in-vehicle battery of home

h observed or estimated at t [kWh].
$• > 0 • ! {char, dis}, coefficient of {charge,

discharge}.
Pst $ 0 Standby power of power conditioner system

[kW].
Ps

h (k|t) s ! {up, low}, charging or discharging elec-
tric power of vehicle of home h by model
predictive charge/discharge scheduler at time
step k planned at t [kW], where positive
indicates charge of the in-vehicle battery and
negative indicates discharge of the in-vehicle
battery.

PPOP
h (k|t) Preferred operating point of charging or dis-

charging electric power [kW].
% > 0 Coefficient of penalty for battery degrada-

tion.
& > 0 Coefficient of incentive and penalty for

increasing SoC.
µ("; t) Lagrange multiplier at time step " of t .
w+

h ("; t) $ 0 Consumed electricity power of home h at
time step " of t [kWh].

w"
h ("; t) % 0 Generated electricity power of home h at

time step " of t [kWh].
ph("; t) Charging or discharging electric power of

vehicle of home h calculated by the balanc-
ing controller at time step " of t [kW].

Ps(t) s ! {up, low}, sum of Ps
h (0|t) for h ! H #(t)

which is used by an aggregator to bid to the
regulation market [kW].

W̃ POP(t) Total net electric power for 30 min to be
purchased from the grid by the houses h !
H #(t).

pas(t) Assigned regulation signal that is sent every
30 min from the TSO to the aggregator.

preq(l; t) Regulation control signal that is sent every
2 s from the TSO to the aggregator.

preg(l; t) Sum of the assigned regulation signal and
the regulation control signal.

I. INTRODUCTION

ANCILLARY services ensure the stability and security of
electric grids by minimizing the occurrences of accidents,

such as blackouts or short-term frequency changes. Several
types of ancillary services exist and are specialized to handle
specific issues that arise during the operation of an electric
grid.

There are three main types of ancillary services. The first
ancillary service is the scheduling and dispatch service internal
to an electric grid operator. This type of service operates in
a timescale of days and is responsible for scheduling and
coordinating the generation and transmission units on the
electric grid. The second type of ancillary service is spinning
reserve. Spinning reserve responds to sudden outages and
increases in power load by starting up reserve power resources
within 10 s to supply the required power to the electric
grid. Third common type of ancillary service is frequency
regulation. Frequency regulation balances power supply and
demand instantaneously and corrects small frequency devia-
tions within a few seconds. Because of its characteristic of
faster response times, frequency regulation generally requires
a highly responsive outside energy source.

Recently, ancillary services have become more indispens-
able for electricity grids due to the increased adoption of
variable power generation from renewable energy resources,
such as photovoltaics (PVs) and wind energy power plants
[1], [2]. In many countries, market-based ancillary services
are operated in which energy resources participate by bidding
their capacity as buffers [3]–[5]. In USA, ancillary service
markets are operated by independent system operators (ISOs)
or regional transmission organizations (RTOs), such as the Cal-
ifornia Independent System Operator (CAISO), the Midcon-
tinent Independent System Operator (MISO), the Southwest
Power Pool (SPP), or the Pennsylvania-New Jersey-Maryland
Interconnection (PJM) [6]. A survey shows that the market
size of these transmission system operators (TSOs) grew up
to more than 2000 MW of total capacity by 2014 [7]. Due
to the rapid growth of these markets, there has been an
interest in studying how energy resources can participate in
ancillary markets efficiently and a number of strategies have
been developed [8]–[12].

In Japan, ancillary services are provided only internally
by vertically integrated electric companies. Electricity dereg-
ulation from 2016 allows the Japanese electric system to
introduce open market ancillary services. In fact, the share
of electricity from new power producers and suppliers (PPSs)
increased by 7% of total share of electricity within two
years after the electricity deregulation started [13]. For this
reason, it is important to investigate new strategies for effective
participation in the ancillary service markets to effectively
include newer energy resources for the future electric system
in Japan.

Previously, the authors have proposed a home energy man-
agement system (HEMS), which was operated by model
predictive control (MPC) using in-vehicle batteries of electric
vehicles (EVs) or plug-in hybrid vehicles (PHVs) [14]–[18].
In [14], a method to plan and control charging and discharging
of EV and PHV batteries to minimize household electric bills
over 24 h was proposed. In addition, the effectiveness of
vehicle-to-home (V2H)-HEMS with a prediction of vehicle
usage and energy consumption was demonstrated. In [15] and
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[16], estimation methods for a profile of vehicle usage from the
present time toward the future based on the Markov processes
and greedy algorithm [15] or dynamic programming [16] was
developed. In these articles, it has been demonstrated that
the developed V2H-HEMS could automatically calculate an
optimal charging and discharging profile for EV and PHV
batteries and could minimize the electric bill of the household
over 24 h. The system is expected to be applied for ancillary
service markets by calculating the optimal bidding capacity
using an MPC framework.

EV and PHV batteries have a significant potential for
providing ancillary services—in particular, frequency regu-
lation services—due to their fast response capabilities and
ease of installation. According to these characteristics, several
grid-integrated-vehicle (GIV) mechanisms, such as a V2G
aggregator, have already been proposed [19]–[25]. In [19],
a multiagent system that integrates EVs into the electricity
grid was implemented and deployed. In [20], two different
types of GIV mechanisms were provided and compared quan-
titatively in computational simulation. Al-Anbagi et al. [21]
provided a mechanism to maximize the number of EVs that
can participate in the frequency regulation market. A roadside
unit (RSU) was used to increase the number of EVs to be
reached out by the aggregator. Ansari et al. [22] demonstrated
the mechanism to optimize the coordination of bidding of EV
battery capacities across different ancillary service markets by
a fuzzy optimization technique. They used forecast several
market parameters by the ARIMA model. Gil et al. [23]
proposed a model to maximize the profit of EVs and PHVs
parking lot by participating in day-ahead energy, spinning
reserve and regulation markets considering the individual
contracts with PEV owners. Peng et al. [24] and Liu et al.
[25] proposed V2G aggregator mechanisms that can satisfy
EV driving demand.

Especially, EV and V2G aggregators based on optimization
and multitime horizon controls are proposed [26]–[28]
similar to the proposed architecture in this article.
Vagropoulos et al. [26] provided a framework of EV
aggregator participating in the electric energy and regulation
markets based on three control levels: 1) calculation of
charging power request of the vehicle fleet for 1 h; 2)
dispatching the power request during 5 min to each vehicle
based on priorities; and 3) real-time charging control in the
period of 4 s. Wang et al. [27] designed and analyzed a V2G
aggregator-based MPC. The aggregator derives charging and
regulation control parameters that minimize the total cost of
electricity fee for charging the vehicles over some time slots
considering both the penalty to meet the vehicle usage and
the estimated incentive from the regulation market. In [28],
a regulation mechanism for matching the renewable energy
supply and the power demand was proposed. It is composed
of two stages: day-ahead scheduling for controllable energy
plants and EV charging stations, and real-time charging
control of EVs.

Although there are many literature works addressing how to
design V2H-HEMS that utilizes the batteries of EVs or PHVs
for HEMS, only a few works were devoted to seek the possibil-
ity of exploiting the V2H-HEMS for participating in ancillary

service markets. Ajao et al. [29] proposed a method of model-
ing a variety of household appliances and their operating con-
straints and formulated the design problem as a mixed-integer
linear program (MILP), which minimizes its operational costs,
considering V2G and V2H bidirectional flow abilities. The
difference between V2G and V2H is whether it is required to
consider constraints about in-home electricity or not. In [30],
an optimal automated scheduling scheme was proposed, which
minimizes the total operational cost satisfying various practical
constraints by using forecast future market price data. In [31],
a scheduling algorithm of flexible charging and discharging
based on the V2H technology was proposed, which aims to use
the PEV battery as energy storage in the peak power demand
period. In [32], a stochastic dynamic programming framework
was used for the optimal energy management of a smart home
using PEV batteries and quantified the potential cost savings in
various operational scenarios, including V2G, V2H, and G2V.
A further design of V2H-HEMS, including a predictive model
of home power demand and mobility of PEV, is described
in [33]. In [34], a hybrid V2G/V2H system platform was
developed for demand response in the distribution network
and verified the effectiveness by showing experimental results
of the implemented system. When a vehicle parked at a home
contributes to the stabilization of grid power, the V2H system
can be considered as a subset of H2G [35].

As far as the authors’ knowledge, however, there are no
works on the design of unified scheme that can provide a
bidding strategy considering the consumption behavior and
operating constraints of individuals and algorithm to dispatch
the ancillary market signal appropriately in order to maximize
users’ profit. Based on this consideration, this article presents
a design of new V2H-HEMS aggregator that enables each
household to participate in a regulation market by adopting
a multilayered control strategy that consists of MPC and
real-time balancing control.

The main contribution of this article is to design an aggrega-
tor for V2H-HEMS to participate in the regulation market by
considering the individual consumption behavior and various
constraints. The proposed V2H-HEMS can participate in the
ancillary market so that each household takes a balance
of minimization of electricity charges without violating the
demand on vehicle use for transportation and maximization
of the profits by getting incentives for participating in the
ancillary market. Comparing with the related research works
introduced earlier, the merits of the proposed method are
summarized as follows.

1) V2H can become a new player to participate in the
ancillary service.

2) Different time-scale controls from bidding to real-time
dispatching are proposed in a unified scheme.

3) Scalability is realized due to a decentralized control
architecture.

The rest of this article is organized as follows. Section II
describes an overview of the proposed system and the sys-
tem’s operation. Section III presents the formulations of the
MPC models for planning the optimal power profile, aggrega-
tion, aggregator bidding, and balancing control to respond to



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

4 IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING

Fig. 1. System diagram of HEMS and aggregator for participation in regulation market.

regulation signals. In Section IV, evaluation of the proposed
scheme based on simulation together with evaluation indices
is provided. In particular, the simulation was conducted in a
realistic environment by using data of power consumption and
generated electric power actually measured in real households.
The simulation results demonstrate the effectiveness of the
proposed scheme. SectionV concludes this article.

II. OVERVIEW OF THE PROPOSED SYSTEM

Fig. 1 shows a diagram of the proposed system. The
system consists of multiple homes equipped with HEMSs,
EVs, or PHVs, an aggregator that manages the HEMSs, and
a TSO that operates a regulation market. In the system, each
HEMS calculates the profiles of power capacity based on the
customer’s vehicle usage, household energy consumption and
generation, and the customer’s 24-h electric bill. The profile
provides an upper and lower power bound for charging and
discharging an EV or PHV. This power capacity profile is
calculated every 30 [min] along with the bidding cycle. After
calculation, the aggregator gathers the planned power profiles
from all HEMSs and bids the total power range as a bidding
capacity to the regulation market every 30 [min]. The TSO
determines the regulation signals that will be used to correct
small frequency deviations within the range of the bidding
capacity submitted by the aggregator and sends these signals to
the aggregator every 2 [s]. To follow the regulation signals, the
aggregator dispatches the Lagrange multiplier to each HEMS.
Each HEMS derives its target charging and discharging val-
ues based on both its internally calculated power preferred

operating point (POP) and the Lagrange multiplier provided
by the aggregator second by second. Finally, each HEMS
charges or discharges its in-vehicle batteries using a real-time
charging/discharging controller [36]. We call this system V2H
rather than V2G because our algorithm never directs flows of
power from the EV/PHV batteries back into the grid.

Fig. 2 shows the procedure from the scheduling to the
real-time control through the first optimization of scheduling
for each model predictive HEMS, the bidding capacity of
HEMS aggregation, the receiving regulation signals, and the
second optimization for real-time balancing with the dispatch-
ing of the request control signals to each HEMS (in the
left part). The right part illustrates the different time scales
corresponding to each process in the left part. Note that
Problems Aup and Alow calculate the rough bidding capacity
every 30 min and Problems B’ and B” calculate the charging
and discharging powers every 2 s to reflect the immediate
change of the real power consumption in a house and the
power generation by renewable energy resources. The details
for these processes are described in Section III.

III. PROBLEM FORMULATION

A. Derivation of Power Capacity in Model Predictive HEMS

The model predictive scheduler calculates 24-h profiles
of upper and lower power bounds in 30-min intervals. The
difference between the upper and lower power bounds is the
power capacity, which can be submitted by the HEMS to
the regulation market during the corresponding bidding time
period. The profiles are based on the minimizations of cost
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Fig. 2. Procedure of the proposed scheme from the scheduling to the control.

functions that reflect incentives and penalties for increasing
each state of charge (SoC) of the in-vehicle battery. After
aggregating the upper and lower power bound information
from each HEMS, the aggregator bids the resulting total power
range as a bidding capacity into the market.

The calculation of the profiles of upper and lower power
bounds at home h ! H for 24 h can be expressed in the
following problems Aup and Alow, respectively:

Problem Aup:
Given {W̃+

h (k|t), W̃"
h (k|t), #̃h(k|t), P̃cons

h (k|t), F+(t + k),
F"(t + k)}k![0,T "1], B0

h (t);
find

!
Pup

h (k|t)"k![0,T "1];
which minimize

Z up
h =

T "1#

k=0

F(k)W̃h(k|t)!t

+
T "2#

k=0

%|Pup
h (k|t) " Pup

h (k + 1|t)| "
T "1#

k=1

& Bh(k|t),

F(k) =
$

F+(k), if W̃h(k|t) $ 0,

F"(k), otherwise.
(1)

subject to &k ! [0, T " 1], s = up,

W̃h(k|t) = W̃+
h (k|t) + W̃"

h (k|t) + Ps
h (k|t) + Pst, (2)

W̃h(k|t) % W max
h , (3)

W̃+
h (k|t) + Ps

h (k|t) + Pst $ 0, (4)

Ps
h (k|t)#̃h(k|t) = 0, (5)

Pdis
h % Ps

h (k|t) % Pchar
h , (6)

Bmin
h % Bh(k|t) % Bmax

h , (7)

B ref
h % Bh(k + 1|t)

if #̃h(k|t) = 0 and #̃h(k + 1|t) = 1, (8)

Bh(0|t) = B0
h (t) (9)

Bh(k + 1|t) = Bh(k|t) " #̃h(k|t)P̃cons
h (k|t)!t

+
%
1 " #̃h(k|t)

&
$Ps

h (k|t)!t, (10)

$ =
$

$char, if Ps
h (k|t) $ 0,

$dis, otherwise.
(11)

Problem Alow:
Given {W̃+

h (k|t), W̃"
h (k|t), #̃h(k|t), P̃cons

h (k|t), F+(t + k),
F"(t + k)}k![0,T "1], B0

h (t);

find
!

P low
h (k|t)

"
k![0,T "1];

which minimize

Z low
h =

T "1#

k=0

F(k)W̃h(k|t)!t

+
T "2#

k=0

%|P low
h (k|t) " P low

h (k + 1|t)| +
T "1#

k=1

& Bh(k|t),

F(k) =
$

F+(k), if W̃h(k|t) $ 0,

F"(k), otherwise.
(12)

subject to &k ! [0, T " 1], s = low, (2)–(11).
In the cost functions (1) and (12), %|P(k|t) " P(k + 1|t)|

works to smooth the profile of charge and discharge. As a
result of smoothing, frequent switching of the charging and
discharging states is moderated. The terms "& Bh(k|t) in (1)
and +& Bh(k|t) in (12) work so that the battery is charged as
much or less as possible under the constraints. These terms
are a new contribution comparing with our previous research
[14], in which an optimal profile of charging and discharging
is derived. On the contrary, to derive the profiles of upper
and lower bounds of charging and discharging, these terms
are added in the cost functions (1) and (12). Note that the
cost functions do not include the rewards from the regulation
service directory. The purpose of these cost functions is to
obtain the regulation capacity as much as possible. Estimation
of the rewards is possible such as in [27]. The inclusion of
the rewards in the cost function is future work.

Equation (2) is the net power purchased by house h from
the grid. When the net power is positive, the power purchase
by h exceeds the power sold to the grid and vice versa. The
constant values Pst indicates the standby power of the charging
and discharging controllers. Equation (3) is a constraint of
the upper bound, W max

h , of the net power for each house,
which is generally specified in the contract between the house
and the power supplier. Equation (4) prevents the reverse
power flow from the in-vehicle battery to the grid to comply
with current regulations in countries (e.g., Japan) that prohibit
reverse power flow to the electric grid from batteries. By this
backward flow restriction, it is possible to prevent power from
flowing directly from EVs and PHVs to the grid. This is
considered to lead to maintaining the quality of electricity
in the grid and is a necessary constraint in some countries
such as Japan. By removing this constraint, the proposed
method can be applied even in countries where backward
flow from a storage battery is approved. Equation (5) is a
complementary condition reflecting that the in-vehicle battery
can be charged or discharged only when the vehicle is parked
at home. When the vehicle is at home, #̃h(k|t) = 0, Ph(k|t)
can take arbitrary values while satisfying other constraints.
When the vehicle is out of the house, Ph(k|t) must be zero
and #̃h(k|t) = 1. Equations (6) and (7) are constraints based
on the characteristics specific to the in-vehicle battery. If the
SoC reaches 100% or 0%, the HEMS cannot provide a bidding
capacity because the bidding capacity must have the same
amounts of charging and discharging capacity from the POP
value. As a result, the performance to follow the regulation
signal will become worse. To avoid this situation, the upper
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and lower bounds of the SoC are set as (7). Equation (8)
is a constraint that indicates the user’s requirements on their
vehicle usage. The in-vehicle battery must be charged to at
least B ref

h before the user starts driving. Equations (9) and (10)
correspond to the dynamics of the SoC of the in-vehicle
battery. The initial value of B0

h (t) should be observed when the
vehicle is parked. When the vehicle is away from the house,
B0

h (t) is estimated as B0
h (t) = Bh(1|t " 1) based on (10). The

dynamics of the SoC described as (10) affects depending on
whether or not the vehicle is parked. In addition, the coefficient
$ switches depending on whether charging or discharging
is occurring. Although problems Aup and Alow are nonlinear
optimization problems, they can be reformulated efficiently
using a formulation technique for mixed logical dynamical
systems in [37] (see [14] for the details).

Each HEMS calculates the POP for charging and discharg-
ing the battery as a middle value between the upper and lower
power bounds as follows:

PPOP
h (0|t) = Pup

h (0|t) + P low
h (0|t)

2
. (13)

Note that this POP is not an optimal value in the meaning
of minimizing the cost functions (1) or (12). This POP is
employed to derive the maximum amount of bidding capacity
because the bidding capacity must have equal amounts of
maximum charging power and maximum discharging one.

Fig. 3 shows the capacity range of the in-vehicle battery
connected to the HEMS and its POP profile limited by
the upper (charging) bound Pup

h (0|t) and lower (discharging)
bound P low

h (0|t). Pup
h (0|t) and P low

h (0|t) are obtained after
solving problems Aup and Alow and twice every 30 min. The
current SoC and the two bounds make a triangle, which
depicts the available range for the charging/discharging of
the in-vehicle battery, and the gradient of the center line
from the current SoC to the scheduled POP point shows
the reference power PPOP

h (0|t) in real time. The actual SoC
profile is the result of the real-time balancing communicated
with the HEMS and the aggregator at the phase described in
Section III-D.

B. Aggregation and Bid by the Aggregator

A set of houses with a surplus capacity to submit to the
regulation market at time step t can be expressed as

H #(t) =
!
h ! H |Pup

h (0|t) " P low
h (0|t) > 0

"
. (14)

Each HEMS h ! H #(t) sends the following information to
the aggregator: the upper and lower power bounds for 30 min
from time t; Pup

h (0|t) and P low
h (0|t); and the net electric power

for 30 min to be purchased from the grid by house h if its
in-vehicle battery is charged/discharged in PPOP

h (0|t):

W̃ POP
h (0|t)= W̃+

h (0|t)+W̃"
h (0|t)+ PPOP

h (0|t)+ Pst (15)

W̃ POP
h (0|t) is also used as the target value for balancing

control.

Fig. 3. POP profile of an in-vehicle battery connected to the HEMS.

Fig. 4. Bidding capacity of charging/discharging by the HEMS aggregation.

After aggregating this information, the aggregator bids to
the regulation market by sending the following information:

Pup(t) =
#

h!H #(t)

Pup
h (0|t) (16)

P low(t) =
#

h!H #(t)

P low
h (0|t) (17)

W̃ POP(t) =
#

h!H #(t)

W̃ POP
h (0|t). (18)

Fig. 4 shows the net charging/discharging capacity of the
HEMS aggregation for all in-vehicle batteries participating in
the regulation market every 30 min. The upper and lower
bounds are illustrated with the red dotted line and the blue
dashed–dotted line, respectively.

C. Regulation Signals From the Market to the Aggregator

The aggregator receives the regulation signals preg("; t)
from the TSO. There are two types of regulation signal:
assigned regulation signals pas(t) and regulation control sig-
nals preq("; t). The assigned regulation signal is specified as
follows:

pas(t) = W̃ POP(t). (19)

This value is constant for 30 [min] at time step t . In practice,
the regulation control signal is determined according to the
condition of the market. The aggregator dispatches

preg("; t) = pas(t) + preq("; t) (20)
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to each HEMS based on the balancing control, as will be
described in Section III-C. Because the market is influenced
by the power fluctuation on the grid due to renewable energy
resources, the HEMSs can contribute to the issue of renewable
energy resources if they precisely follow the regulation signal.

Please see again Fig. 4. The assigned regulation signals
pas(t) calculated by (18) are placed at the middle point in the
range of the net capacity. The broken line shows an example
of the regulation control signal preq("; t) sent to the HEMS
aggregator from the market every 2 s.

D. Real-Time Balancing Between HEMSs and Aggregator

The primary purpose of the aggregator is to calculate the
overall net power purchased from the grid by the customers
following the regulation signal preg("; t). On the other hand,
from the viewpoint of each customer, the in-vehicle battery is
charged/discharged according to the POP W̃ POP

h (0|t) planned
by the model predictive scheduler. The balancing control
accommodates the demand of each HEMS and the requirement
of the aggregator.

First, the aggregator calculates the degree of contribution
against the regulation for each home h ! H #(t) based on [39]

'h(t) =
'

h!H #
%
Pup

h (0|t) " P low
h (0|t)

&

Pup
h (0|t) " P low

h (0|t) . (21)

Then, the balancing control is formulated as the following
Problem B, which is calculated by the aggregator every time
instant that the regulation signal is updated.

Problem B:
Given {w+

h ("; t), w"
h ("; t), W̃ POP

h (0|t), Pup
h (0|t),

P low
h (0|t)}h!H #(t), preg("; t);
find {ph("; t)}h!H #(t);
which minimize

J =
#

h!H #(t)

'h(t)
%
wh("; t) " W̃ POP

h (0|t)
&2; (22)

subject to
#

h!H #(t)

wh("; t) = preg("; t), (23)

&h ! H #(t),

wh("; t) = w+
h ("; t) + w"

h ("; t) + ph("; t) + Pst, (24)

wh("; t) % W max
h . (25)

w+
h ("; t) + ph("; t) + Pst $ 0, (26)

P low
h (0|t) % ph("; t) % Pup

h (0|t). (27)

By minimizing the cost function (22), each model-predictive
HEMS charges or discharges following the planned value
while following the constraint condition (23), which is
imposed to keep the overall net power purchased by the cus-
tomers equal to the regulation signal. The total electric power
consumed in home h at " calculated using (24) is restricted
by (25). The amount of charging and discharging is bounded
by the upper and lower power bounds that are calculated by
the model predictive scheduler in (27). Therefore, the stored
energy in the battery does not exceed the lower and upper
bounds of the battery capacity. The upper and lower bounds

in this equation, P low
h (0|t) and Pup

h (0|t), are derived by solving
problems Alow and Aup under the constraint that the SoC does
not exceed the battery capacity even if the battery is charged or
discharged by the value of P low

h (0|t) and Pup
h (0|t) for 30 [min].

Because this problem has a high computational cost when
H #(t) is large and is considered to take a significant amount
of time to solve, it is decomposed into small problems that
can be solved by each HEMS based on a dual decomposition
technique [40]. In this procedure, first, Problem B is trans-
formed into a form of dual problem with Lagrange relaxation
by which the condition (23) is included in the cost function.

Problem B-dual:
Given {w+

h ("; t), w"
h ("; t), W̃ POP

h (0|t), Pup
h (0|t),

P low
h (0|t)}h!H #(t), preg("; t);
find µ("; t);
which maximize

min
{ph(";t)}h!H # (t)

(

)
#

h!H #(t)

'h(t)
%
wh("; t) " W̃ POP

h (0|t)&2

+µ("; t)

*

+
#

h!H #(t)

wh("; t) " preg("; t)

,

-

.

/; (28)

subject to

&h ! H #(t), (24)(26)(25)(27). (29)

Problem B and B-dual are equivalent because of the duality
theorem. By substituting (24) into (28),

(28) =
#

h!H #(t)

min
ph(";t)

0
'h(t)

%
wh("; t) " W̃ POP

h (0|t)
&2

+µ("; t)ph("; t)
1

+ cµ("; t) (30)

where c is a constant value, and then, this problem is decom-
posed to a recursive process between Problem B’ for each
home h ! H #(t) and Problem B” for the aggregator. In
the recursive procedure, the updating step is expressed by m
and the charging and discharging power for each HEMS is
ph(m|"; t), the Lagrange multiplier is µ(m|"; t).

Each HEMS starts to solve Problem B’ with m = 0
with µ(0|"; t) = 0 and sends the calculation result to the
aggregator. The aggregator gathers the results of the HEMSs
and updates the Lagrange multiplier µ(m|"; t) by Problem B”,
and then, it is broadcasted to each HEMS. Then, the HEMSs
solve Problem B’ again with incrementing m. This recursive
process ends when the Lagrange multiplier converges.

Problem B’:
Given w+

h ("; t), w"
h ("; t), W̃ POP

h (0|t), Pup
h (0|t), P low

h (0|t),
µ(m|"; t);

find ph(m|"; t);
which minimize

Jh = 'h(t)
%
wh(m|"; t) " W̃ POP

h (0|t)&2

+µ(m|"; t)ph(m|"; t); (31)
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subject to

wh(m|"; t) = w+
h ("; t) + w"

h ("; t)

+ph(m|"; t) + Pst,

wh(m|"; t) % W max
h ,

w+
h ("; t) + ph(m|"; t) + Pst $ 0, (32)

P low
h (0|t) % ph(m|"; t) % Pup

h (0|t).
Problem B”:
Given {wh(m|"; t)}h!H #(t), µ(m|"; t), preg("; t);
find µ(m + 1|"; t);
subject to

µ(m + 1|"; t) = µ(m|"; t)

+(
#

h!H #(t)

!
wh(m|"; t) " preg("; t)

"
(33)

where ( (> 0) is the parameter to adjust the speed of
convergence of µ(m|"; t).

IV. SIMULATION EVALUATION WITH REAL-WORLD DATA

A. Simulation Setup

A simulation of 200 homes equipped with HEMSs as
described earlier was conducted. Each household is supposed
to have one EV with a 30 [kWh] capacity and a 3–5 [kW]
PV cell. The simulation period was one week. In this article,
the SoC is not initialized every morning. The initial value of
SoC is only defined on the first day in the simulation as 50%.
In order to mitigate the effect of the initial setting, the simula-
tion was continued for one week. This setting is different from
the authors’ previous work [14]. The computational resources
used to carry out the simulations and associated optimizations
are listed in Table I.

The model predictive scheduler uses future profiles of the
electric power consumed and generated in a house, represented
as W̃+

h and W̃"
h , respectively, #̃h , a binary variable indicating

whether or not the vehicle is parked, and P̃cons
h , the average

electric power consumed when the vehicle is running. Such
variables are usually predicted using models for, e.g., electric
power consumed in a house [41], [42], electric power gener-
ated by a PV [43]–[45], and individual vehicle use [15], [16].
Note that the proposed method is applicable to a home that
does not have a PV cell. In this case, we set W̃"

h (k|t) = 0 and
w̃"

h (l; t) = 0,&k,&l,&t . If a stationary battery is used as an
alternative for EV/PHV, we set #̃h(k|t) = 0,&k,&t .

The simulations conducted in this article, however, do not
use the future profiles derived from these models. Actual data
obtained from real households and a statistical survey are
directly used as the future profiles. This was done because
the purpose of our simulation is to evaluate the possible per-
formance of the proposed HEMS and aggregator and remove
the effect of prediction error. In the authors’ previous research
[14], the robustness of MPC of HEMS itself is verified by
using a real system and prediction error uncertainties. It is
possible to discuss the robustness about MPC of Problem A
in the same manner. The effect of the prediction error on the
proposed system will be investigated in our future work. In
the simulations conducted in this article, the aggregator bids

TABLE I

COMPUTATIONAL RESOURCES

to the regulation market by reducing the capacity by r %
from the original aggregated capacity forwarded by the houses.
This was done to create a more robust system for protecting
the HEMS from sudden changes of available electric power
in the houses. In situations of sudden change, it may not be
possible to follow the regulation signal if there is a violation
of the constraint conditions. The likelihood of this fault is
increased if predictions of consumed and generated electric
power and car use are considered. Three cases with r = 0%,
10%, and 20% were examined in the simulation.

In this article, the regulation control signal preq("; t) is
determined based on the “regulation self-test signal” [38] in
the range [P low(t), Pup(t)] and is sent every 2 s from the
aggregator. This test signal is used to check whether the client
can participate in the regulation market or not. Therefore,
the test signal is considered to include a certain degree of
evaluation of uncertainty, though the real regulation signal will
be more random.

Data on household electric power consumption and
generation—respectively, W̃+

h (k|t) and W̃"
h (k|t) (sampling

time 30 [min]) and w+
h ("; t) and w"

h ("; t) (sampling time
1 [sec])—was obtained from 20 real houses in Japan [46].
Using these data, 200 profiles of energy consumption and
generation were constructed for various days. Profiles of car
use, #̃h(k|t) (sampling time 30 [min]), were generated based
on a statistical survey of car use in Japan in 2015 [47] in
which users were categorized based on their primary use of
their car, as shown in Tables II and III. Usage time and energy
consumed by the car are listed for each category and in the
category column. The average electric power consumption,
P̃cons

h , was calculated by dividing the energy consumption by
the car use time. The number of cars per category was derived
from the population ratio obtained from the survey. Patterns
of weekday and weekend use are given in Tables II and III,
respectively. The electricity rates for purchasing and selling
power to the grid, F"(t) and F+(t), were set to be 23.4
[JPY/kWh] and 11 [JPY/kWh] for all t [48], respectively. The
purchasing electricity rate was based on a standard plan from
TEPCO [49], while that for selling was based on a report
on procurement price calculation produced by a committee
in the Japanese Ministry of Economy, Trade and Industry.
Other parameters are listed in Table IV. The parameters $char,
$dis, and Pst are specified based on an experiment [14].
Generally, $char is smaller than 1 because it represents the
ratio of charging energy to the increment of SoC. On the other
hand, $dis is larger than 1 because it represents the ratio of
discharging energy to the decrement of SoC. The coefficients
% and & were determined empirically in this article but should
be derived based on a concrete model of battery degradation.
Analytical derivation of these parameters is our future work.
The parameter ( was also determined empirically so that the
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TABLE II

PROFILES OF CAR USE (WEEKDAY)

iteration between problems B’ and B” ends in almost two
rounds. Note that the large value of ( is likely to lead an
undesirable oscillation in the Lagrange multiplier.

B. Evaluation Indices

The electric bill is an average fee paid by a household to
the supplier of electricity that is calculated based on the elec-
tricity rates for buying and selling described in Section IV-A.
Bidding capacity is calculated as Pup(t) " P low(t) ($ 0). The
precision rate Pr(t) [%] or ratio of the average rate for 30
[min] of actual electric power consumption over all houses,'

h!H #(0|t) wh("; t), to the regulation signal sent to the aggrega-
tor from the regulation market, preg("; t) = pas(t)+ preq("; t),
is calculated as follows:

Pr(t)

= 100

$

1 "
1
L

'L"1
"=0 | 'h!H #(0|t) wh("; t) " preg(n|t)|

1
L

'L"1
"=0 |preg("; t)|

2

.

(34)

The precision rate is one of the criteria proposed by the PJM
to judge the client who can participate in the regulation market
[50]. The client requires scores of at least 75% in the three
criteria, including the precision rate. From that viewpoint, the
proposed system has enough precision rate, and however, there
are penalties to a lesser or greater degree when the client
cannot follow the aggregation signal. If the calculation way
of the penalties is available, Problems Aup and Alow should
include the penalties. This is a future work.

In the simulation, the electric bill was calculated for the
three cases r = 0%, 10%, and 20% and for an HEMS without
an aggregator. An HEMS without an aggregator calculates
the charge/discharge value P'

h (0|t) in the same manner as in
Problems Aup and Alow, with the exception that & = 0 is set
in (1) or (12), and calculates ph("; t) as in Problem B’, with
the exception that µ("; t) = 0 is set and

W̃ POP
h (0|t) = W̃+

h (0|t) + W̃"
h (0|t) + P'

h (0|t) + Pst. (35)

TABLE III

PROFILES OF CAR USE (WEEKEND)

TABLE IV

PARAMETERS USED IN THE SIMULATOR

Fig. 5. Bidding capacity and regulation signal (Day 3, r = 10%).

This means that an HEMS without an aggregator only attempts
to determine a minimum electric bill for each house and is not
rewarded for participation in the regulation market.

The reward that the aggregator received from the regulation
market was estimated based on a survey of actual regulation
markets [51], from which the average hourly regulation market
price in the PJM in 2015 was found to be the equivalent
of 3.715 [JPY/kW-h]. For example, when the aggregator
submitted a capacity of 100 [kW] for 24 h, it was able to
obtain 3.715 ( 100 ( 24 = 8, 916 [JPY]. The reward that the
aggregator actually obtains from the regulation market depends
on the precision rate, Pr(t).

C. Simulation Results

Table V shows an index of the values obtained by the
simulation. As the aggregator greedily bid a larger amount of
capacity when r was low, it received a higher reward from
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TABLE V

EVALUATION INDICES

Fig. 6. Regulation signal and the overall net power of houses (9:00–11:00,
Day 2, r = 10%).

the regulation market. On the other hand, the electric bill
increased when r was low because charging and discharging
occurred at values dissimilar to PPOP

h (0|t), making the electric
bill obtained by the HEMS without the aggregator lowest in
this case.

The total cost is defined as the electric bill minus the
estimated reward. When the reward is assumed to be evenly
distributed among the HEMSs, the proposed HEMS with
aggregator was more profitable than the HEMS without the
aggregator. The function of an aggregator is considered to
be a fund manager. Because individual HEMSs are not able
to participate in the regulation market, the aggregator gathers
their sources and invest them in the market. The expected
reward each house receives from the aggregator is less than
the estimated reward shown in Table V because the operational
cost of the aggregator is not considered; estimation of the
cost for operation of an aggregator is beyond the scope of
this article but will be considered in future work. In addition,
if the aggregator is operated by a community, the reward may
be used for public services. The usage of the reward is also a
key issue of the HEMS aggregator for the future.

Fig. 5 shows the regulation signals sent to the aggregator
from the regulation market over the course of one day.
The regulation signals change over the range of the bidding
capacity with a reduction rate of r = 10%. Fig. 6 shows the
overall net power bought by the houses from the grid. When
the net power was positive, the total power purchased from

Fig. 7. Bidding capacity and number of vehicles connected to HEMS (One
week, r = 10%).

Fig. 8. Precision rate and number of vehicles connected to HEMS (One
week, r = 10%).

the grid exceeded the total power sold to the grid; the reverse
held when the net power was negative.

As shown in Fig. 7, the amount of available capacity
depended on the number of vehicles connected to the HEMSs.
Fig. 8 shows that the precision rate was also affected by
the total number of vehicles connected to HEMSs. This
implies that the future information on the number of vehicles
connected to the HEMSs is important both in calculating
the capacity for bidding and for predicting the performance
of the HEMSs in following the regulation signal. When the
initial SoC is changed to higher or lower than 50%, the
bidding capacity of the first day is only largely changed
and the proposed system works successfully in the one-week
simulation. The proposed system can work robustly as far as
the constraints in Problems Aup, Alow, and B’ are satisfied. For
example, extremely low initial SoC is invalid because of the
violation of constraints (6) and (7).

Figs. 9 and 10 show the SoC profiles of two of the total
of 200 houses equipped with HEMS. Each house provided
bidding capacity to the aggregator only when their vehicle
was parked at home. In both cases, the in-vehicle batteries
were correctly charged higher than B ref

h = 18 [kWh] prior to
vehicle departure.

It is also seen that, over time, the electric energy of each
in-vehicle battery fluctuated around the full charge state. This
occurred because the lower limit value in the calculation of the
minimum power capacity in Problem Alow cannot be reduced
due to the constraint on reverse power flow (4); as a result,
the POP is likely to take a value larger than zero.

Finally, the computational time of Problems B’ and B” was
measured. Problem B’ takes average 0.44 [ms] to be solved at
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Fig. 9. SoC profile of house no. 1 (Day one, r = 10%).

Fig. 10. SoC profile of house no. 39 (Day one, r = 10%).

each household, and the calculation of Problem B” finishes in
almost no time because this problem just updates the Lagrange
multiplier by (33). The iteration of Problems B’ and B” has
converged in two or three times on average. If the round-trip
communication time, delay, is assumed to be average 200 [ms]
and standard deviation 20 [ms], one cycle of iteration ends in
300 [ms] at most. In this assumption, because the iteration
cycle can be conducted six times in 2 s, it is enough to
converge Problems B’ and B”. The case of Problems B’ and
B” not converging in six times is that there is no solution
because of the constraints violation in Problem B’. Such cases
are mitigated when the value of r is higher. Note that control
delay in EV charging/discharging and data collection time
should also be considered to implement the proposed real-time
dispatch control in a real system.

V. CONCLUSION

In this article, an HEMS equipped with EVs and PHVs that
can participate in regulation markets via an HEMS aggregator
was proposed. The proposed method uses a dual composition
technique to successfully reduce what would otherwise be
a burdensome computational time, enabling the system to
operate in conjunction with existing equipment and allowing
scaling through the aggregation of large numbers of HEMSs.
As TSOs require minimum capacities ranging from 100 kW
to several megawatts, such aggregation of large numbers of
EVs and PHVs is necessary because the individual battery
capacity is limited. By including an aggregator, an average
weekly saving of 491.8 JPY/house is achieved compared with
the case when an aggregator is not present. In addition, the
high-precision rate of 95.12% was achieved in average.

Future work will involve experimental assessment by con-
sidering the starting-up and shutting-down delays of in-vehicle
batteries. Because the accuracy of response to a regulation
signal is lowered by such system delays, system performance
will be lowered as well, making it important to conduct assess-
ments involving delays associated with existing equipment.

We also plan to conduct simulations using data obtained
from a predictive model instead of data obtained from the field.
As system effectiveness depends on the accuracy of prediction,
determining the effect of such prediction on results will be
important.
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