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This paper presents the operation of an Electrical Demand-Side Management (EDSM) system in a real
solar house. The use of EDSM is one of the most important action lines to improve the grid electrical effi-
ciency. The combination between the EDSM and the PV generation performs a new control level in the

local electric behavior and allows new energy possibilities. The solar house used as test-bed for the EDSM
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system owns a PV generator, a lead-acid battery storage system and a grid connection. The electrical
appliances are controllable from an embedded computer. The EDSM is implemented by a control system
which schedules the tasks commanded by the user. By using the control system, we define the house
energy policy and improve the energy behavior with regard to a selected energy criterion, self-consump-
tion. The EDSM system favors self-consumption with regard to a standard user behavior and reduces the
energy load from the grid.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The permanent increase of the electric demand is a general con-
stant around the world. The availability, cost and sustainability of
the energy resources have caused supply and energy instabilities in
recent years. Moreover, environmental damages have shown the
need for new energy models. Therefore, investments in new energy
infrastructures and grid improvements must be achieved [1,2].

Nowadays, this research is carried out mainly in the industrial
sector because it holds the highest energy demand. However, the
residential sector is not outside these problems, as this sector is
the one which experiences the strongest increase on its electric de-
mand [3]. Moreover, because of the number of users in the residen-
tial sector, its consumption is increasing in recent years, reaching
the 28.8% of the total electricity consumption in the EU [4,3].
Therefore, the study of the electric demand in the residential sector
is an important task for the electric grid controllers as already
shown in [5,6].

Recently, the European Commission requested a study to design
strategies which guarantee a permanent electric supply to the
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users [7]. This study concluded that new actions must be concen-
trated on the demand, where Electric Demand-Side Management
(EDSM) techniques are excellent candidates [8]. A powerful attri-
bute of the EDSM is when it is used together with Distributed En-
ergy Resources (DERs). DER systems are small-scale power
generation technologies used to provide an alternative or an
enhancement of the traditional electric power system. This combi-
nation allows the use of local control systems, which may improve
the efficiency and the energy forecast. However, the use of DERs
must be handled with special care. The connection of several
DER generators to the grid causes well studied problems such as
generation randomness, reactive power increase and automatic
shutdowns against voltage drops [9,10]. Hence, new improvements
in the interaction of distributed generation and electricity net-
works must be carried out. Some of these developments have al-
ready been studied and tested in PV systems with remarkable
success [11].

Furthermore, one of the main research fields which arises when
combining EDSM and DERs is self-consumption. The use of self-
consumption systems are of particular interest for the develop-
ment of a sustainable and responsible demand. When connected
to the grid, self-consumption focuses on the usage of the own gen-
erated energy, while the energy provided by the grid remains as an
optional generator or consumer. Therefore, self-consumption
offers a stronger flexibility to the system, in which the power
requested to the grid at peak times can be reduced by using the
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self-generated power. Because of these advantages, self-consump-
tion starts to be present in many countries around the world as a
technique to improve efficiency and stability [12].

In this paper, we propose a control architecture which focuses
on the optimization of self-consumption over an EDSM system
with PV generation as a DER. The EDSM system has been installed
in a real house equipped with controllable appliances, a PV gener-
ation system, a battery system and a connection to the grid [13].
The system objective is to adapt the house behavior to a specific
energy criterion.

The remainder of this paper is organized as follows. Section 2
describes the house and offers a brief overview about the PV sys-
tem installed. In Section 3 the control architecture is described to-
gether with the controllable elements on it. Experimental results
are presented in Section 4. Finally, Section 5 concludes the paper.

2. The house

The EDSM system has been developed and tested in a real solar
house (see Fig. 1). The house integrates sustainable elements based
on renewable energies, self-sufficiency energy methods, biocli-
matic architecture and recycled construction materials [14].

As aforementioned, the DER system is based on a PV installa-
tion. Solar energy has a great potential in the residential sector
and its presence is increasing since the last decade [15]. In our
house, the PV installation consists of single-crystalline PV genera-
tors distributed in four south-oriented surfaces with different incli-
nations. The energy is collected in six arrays with a total nominal
power of 7.2 kW,,.

Additionally, the house embodies a lead-acid battery energy
storage system of 72 kWh. In a PV isolated installation the objec-
tive of the battery is to store the maximum amount of energy dur-
ing the sun hours, so as to be used the rest of the day. However, in a
grid-connected installation, as it is this house, batteries are used to
improve the electrical behavior by controlling the maximum
power consumption at different hours or ensuring the electric sup-
ply when a grid breakdown occurs [16-18]. In our application, the
battery system stores the excess of PV energy and decreases the
electricity demand to the grid.

The electrical system has been implemented based on an AC
topology (see Fig. 2). In this topology, the connection between
the different parts is based on an AC bus. This connection allows
the energy exchange between the different devices without an ex-
plicit hierarchy; therefore, it increases the system scalability. No-
tice that the battery stores only PV energy excess and it gives its
stored energy solely to the loads. Therefore, there are not energy
exchanges between the battery storage system and the grid.

Because of the different elements of the system, the electrical
topology performs a variety of energy flows into the AC bus. These
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Fig. 2. Topology of the AC system installed in the solar house.

flows define the energy state of the house and are used by the con-
trol system (see Section 3). An schematic view of the energy flows
is represented by the following equations:

If EBsuc < EBmax - Pbat =pP;- (Pload - PPV)

1
If EBSOC = EBmax — Pgn'd = Pload — PPV ( )

Pload < PPV{

Ploud:PPV"Pbat:Q Pgridzo (2)

If EBsoc > EBmin — Py Pbat + PPV = Pload
If Egsoc = Emin — Ppv + Pgrid = Pioaa

Poat > va{ 3)

where:

e Pjyqq is the power consumed by the loads. It is always positive.

e Ppy is the power generated by the photovoltaic system. It is
always positive.

o Pgiq is the power exchanged with the grid. It can be either posi-
tive, when we consume from the grid or negative when we sup-
ply energy to it.

e Py, is the power exchanged with the battery storage system. It
is positive when we get power from the battery storage system
or negative when we charge it. Notice that this power repre-
sents the internal energy exchange because the battery perfor-
mance coefficients are into equations.

e Epgoc is the state of charge of the battery storage system. It is
always positive.

e Epnax 1S the maximum charge level of the battery storage
system.

e Epnin is the minimum charge level of the battery storage system.

e p; is the input battery performance coefficient.

e p, is the output battery performance coefficient.

(b)

Fig. 1. (a) Birds eye view and (b) south frontage of the solar house.
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3. Control system
3.1. The setup and the objectives

The main objective of the EDSM system is to schedule different
tasks commanded by the user throughout the day. The tasks at
home can be classified into two different types: (i) deferrable
and (ii) no-deferrable. Deferrable tasks can be moved in time; that
is the ones which can be executed within certain time limits (e.g.,
the washing machine can be started form 10:00 to 15:00, but it
must be finished before 16:00). On the other hand, no-deferrable
tasks cannot be moved in time and must be executed at the time
asked by the user (e.g., the TV must be switched on).

The EDSM system presented in this paper works with deferrable
tasks. It tries to modified the time at which each task is executed to
optimize an energy criterion. No-deferrable tasks are not taken
into account by the EDSM system. However, they have been con-
sidered for sizing the PV system.

For the EDSM system implementation we have installed eight
different controllable appliances in the house: Washing machine,
dryer, dishwasher, hood, oven, refrigerator, freezer and air condi-
tioning. The appliances are connected to a Power-Line bus gov-
erned by a residential gateway (see Fig. 3), this communication
technology has been already used to perform distributed energy
management [19]. The gateway owns a web server which provides
an interface to start, stop and pause remotely each appliance.
Moreover, the gateway is able to offer real time information about
the actual status of each appliance.

To allow the EDSM system to create the planning, the user must
provide a list with the appliances to execute the next 24 h. He must
provide the name of the appliance together with the program vari-
ables and the time limits. A summary of these variables is pre-
sented in Table 1. Note that we assume that the user is involved
in the EDSM system and he offers flexibility by giving time limits
to the appliances which must be executed.

Before starting, the EDSM system must know the tasks the user
wants to execute, the PV generation forecast and the actual battery
state of charge. At that time, it starts planning the different tasks
according to a specified energy criterion. The energy criterions
can represent different energy or economic objectives. To reach
an efficient EDSM, in this paper, the EDSM system has been pro-
grammed in order to favor self-consumption. Note the EDSM sys-
tem does not reduce the energy consumption, but moves the
tasks throughout the day favoring the use of our own generated
energy. The experiments presented in Section 4 will show how
the EDSM system is able to maximize the PV consumption at the
detriment of the grid use.

U
!

i
ll
s BILIEE

@ o—

==

e
e~ ©

GATEWAY

Fig. 3. Depiction of the Power-Line bus which governs the controllable appliances
in the house.

Table 1
Appliances variables supplied by the user to the control system for its scheduling on
the next 24 h.

Appliance Variable 1 Variable 2
Washing machine Temperature Spin revolutions
Dryer Spin revolutions Not used
Dishwasher Washing parameter Not used

Oven Temperature Cooking time
Hood Fan speed Light intensity
Refrigerator Temperature Not used
Freezer Temperature Not used

Air conditioning Temperature Cooling time

3.2. Architecture

To implement the EDSM system, we have developed a modular
architecture (see Fig. 4). The architecture is divided in two main
blocks, one distributed and one centralized.

The distributed block is divided in sub-systems. Each sub-sys-
tem is made up of the appliance, a communication module and a
data base which holds information about the appliance. Each appli-
ance receives information of its execution; that is, if it must be exe-
cuted or not in the following 24 h. In case it must be executed, it
receives which is the program and the time limits in which it has
to work. As a first step, each appliance places itself inside the time
limits requested by the user. Then, it communicates with the oth-
ers to obtain their orders and generates an egocentric scheduling.
This egocentric scheduling means that each appliance will supply
a planning which includes all the appliances requested by the user
to be executed but favoring itself. Once the different plannings
have been created, they are offered to the centralized block.

As an example, the user could have ordered the execution of
three appliances as shown in Table 2. An standard scheduling out-
come is presented in Fig. 5.

The centralized block receives the different plannings and deci-
des which one to execute in accordance with the specified energy
criterion. As observed in Fig. 4, the centralized block is divided in
two layers: (i) the coordination layer and (ii) the actuation layer.
In addition to the plannings, the coordination layer receives energy
information. This information includes the PV generation forecast,
the battery state of charge and the grid state. Moreover, it obtains
information about the appliances consumption and program dura-
tion stored in a data base (see Section 3.3). Furthermore, the coor-
dination layer is aware of the house energy flows explained in
Section 2. By using these energy flows, the coordination layer fore-
casts the energy behavior of each planning proposed by the distrib-
uted block. Finally, the energy criterion is applied to decide which
planning will be carried out.

Once a planning has been chosen, it is sent to the actuation
layer. The actuation layer executes and monitors the planning se-
lected. It is permanently monitoring the actual time and comparing
it with the time at which each appliance must be executed. If both
variables agree, it starts the appliance execution. Simultaneously,
the actuation layer reads information from some electricity meters
installed in the house which are measuring the energy flows. By
comparing the forecasted energy balance and the measured one,
the forecasted error and the real energy behavior can be observed.

3.3. Data base

As aforementioned, the EDSM system needs a data base which
must be used to calculate the program duration of the appliances
and their energy consumption. In an ideal system, this information
should be provided by the appliances. However, given the actual
development status of these smart appliances, this information is
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Fig. 4. Block diagram of the control architecture.

Table 2

Example of a standard execution ordered by the user.
Appliance Variable 1 Variable 2 Start time End time
Washing machine 90 °C 1200 rpm 06:00 16:00
Dryer 1200 rpm Not used 08:00 23:00
Dishwasher Quick wash Not used 04:00 16:00

not accessible. To achieve this goal, we have built a data base asso-
ciated to each appliance which embodies a table where the differ-
ent programs are modeled in terms of energy and duration. This
data base has been created after a statistical study of the appli-
ances execution. For its creation, each appliance was plugged into
a wattmeter. Each program was run 10 times and the energy and
duration mean was used as the appliance behavior.

As an example, Fig. 6 shows the washing machine power con-
sumption at two different temperatures (40 °C and 90 °C) and a
spin revolution of 1200 rpm. The principal difference observed is
the energy consumption in the heating phase (beginning of the
program). Note, it is important that this appliance behavior
information can be offered to the users in order to improve their
habits.

Washing m. time limit

4. Experiments
4.1. Evaluation method

Because the control system behavior must be analyzed in terms
of energy, we have developed two coefficients which evaluate the
energy behavior for a given time period. In our experiments this
period has been fixed to 24 h.

Let us define the PV energy production of the house as:

Epv = Epvi + Epvb + Epyg (4)
where Epy is the total amount of energy generated by the PV instal-
lation, Epy, is the PV energy used by the loads at the same time of
production, Epy, is the PV energy given to the battery and Epyg is
the PV energy given to the grid.

Let us define the internal battery energy relationship as:

()

where Ej, is the total amount of energy introduced on the battery,
Egpa is the total amount of extracted energy from the battery, Egsoc
is the final battery state of charge at the evaluated time period and

Elbat = EEbat + EBsoc - EBsoc‘O

L 3
! < i Dishwasher time limit :
: ‘ Dryer time limit ._
Washing m. Wa;:;'?g m. Dryer |Dishwasher
planning 1200 rpm 1200 rpm|Quick wash o
::;rrzfrﬁ; Dishwasher| Dryer Waségigg L
PEDed Quick wash|1200 rpm| 00°% :
‘ ; -
Dishwa_sher Dishwasher wa;g‘",‘ h Dryer
planning Quick wash 1200 rpm 1200 rpm i
0h 4h  6h  8h 16 h 23h24 h

Fig. 5. Example of different plannings offered by the distributed sub-systems to the centralized block.
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Fig. 6. Washing machine consumption at 1200 rpm and (a) 40° and (b) 90°.

Epsoco is the initial battery state of charge at the evaluated time
period.

Let us define the relationship between the energy generation
and the energy storage as:

Epac = p;Epwp (6)

where p; is the input battery performance coefficient with a value of
0.9 in our system. Notice that Eq. 6 implies that the battery is

where ¢ € [0,1] defines the amount of energy used by the house
that comes from its PV system. When ¢ =1 all consumption is sup-
plied by the PV system as in an isolated installation. On the other

Table 4
Experiments results — energy parameters during the day.

charged only by the PV system and not the grid. PV shape  Parameter  Control system  User (week)  User (weekend)
Let us define Egiq as the energy extracted from the grid and Ejoqq Profile 1 ¢ 0.735 0517 0.687
as the energy used by the house. Therefore, the energy used to sup- n 1.465 1.466 1.465
ply the consumption is defined as: Profile2 ¢ 0.770 0.641 0.769
3.924 3.924 3.924
Eioad = Epvi + Egria + PoEgpat (7) 1
) ) ) Profile3 ¢ 0.693 0519 0.690
where p, is the output battery performance coefficient with a value n 2.066 2.066 2.065
of 0.9 in our system.. N Profile 4 ¢ 0.560 0.449 0553
Based on the previous definitions, let us define ¢ as the self-con- n 0.561 0.559 0.554
sumption coefficient:
. Epvi+ poEea
§ = 20 Loumn ®)
load Table 5
Experiments results - initial tasks time.
Setups Appliances
Table 3 - - -
Working parameters and time limits for the experiments. Washing machine Dryer Dishwasher
R o User
Appliances Timing Parameters Week 19:30 20:30 21:30
User User Control system (time Weekend 12:00 13:00 20:30
(week) (weekend) interval) Control system
Washing 19:30 12:00 07:00-22:00 60 °C, Profile 1 10:50 12:22 11:48
machine 1200 rpm Profile 2 13:00 14:00 14:30
Dryer 20:30 13:00 10:00-24:00 1200 rpm Profile 3 15:34 16:32 15:00
Dishwasher  21:30 20:30 07:00-22:00 Quick wash Profile 4 11:40 12:38 13:12
Q |
79}
s - —— Profile 1
= - - - Profile 2
8 o | Prof!le 3
z Profile 4
a i
B T T 7 T T T T
00:00 3:20 6:40 10:00 13:20 16:40 20:00 23:20
Time (h)

Fig. 7. Forecasted daily PV generation.
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Fig. 8. Power generation and consumption prediction with Profile 1 for the (a) control system, (b) user (week) and (c) user (weekend).

hand, when ¢ = 0 all the energy is supplied by the grid, as in a con-
ventional house.
Let us define the generated energy as:

E¢ = Epv + Egsoco

9)

As observed in Eq. 9, we consider the generated energy as the
one supplied by the PV system together with the initial battery
state of charge. This is because in our system all the energy in
the batteries comes from the PV system and Egscp is the excess
of energy from previous evaluation periods. Therefore, the battery
is also considered as an energy generator in our experiments.

Moreover, the lost energy is:

Eiost = (1 = pi)Epvy + (1 — P, )Eppar (10)

As shown in Eq. 10, Ej,s considers both the energy inserted and
extracted from the batteries with their adequate input and output
performance coefficients respectively.

Finally, let us define 1 as the energy coefficient which repre-
sents the amount of utile generated energy with regard to the con-
sumed one:

EG - Elost

11
Eload ( )

1/’:

Note that # € [0,00], where # = 0 if no energy is generated or all
the energy is lost and 77 = co when no energy is consumed. On the

other hand # = 1 when the generated and consumed energy are the
1
same.

4.2. Experimental results

As aforementioned, the EDSM system objective is to schedule
different household tasks during the day to improve the energy
behavior with regard to a standard user behavior. However, the
behavior of a user depends on different factors such as the owner-
ship level, the socio-economic group or the environmental aware-
ness [5]. For the experiments carried out in this paper, we have
considered a young worker who is not at home during the daytime
at weekdays. Therefore, he does the household tasks at evenings.
Nevertheless, in order to consider other setups, we have included
a standard weekend day for this user in the experiment. Finally,
we compare the energy behavior of the house for both setups
(week and weekend days for the user) with the outcome of the
EDSM system with small time restrictions.

We have defined the tasks to be carried out by the user as the
three primary deferrable loads: (i) washing machine, (ii) dryer
and (iii) dishwasher. The time at which the loads must be executed
depends on the different setups. As shown in Table 3, the user

! Note that the battery performance coefficients are included in the equation.
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Fig. 9. Energy consumption: (a) forecasted consumption and (b) real consumption.

behavior is fixed according to his time availability; the tasks must
be executed at the evening during the weekday and preferably dur-
ing the afternoon at weekends. On the other hand, the time interval
for the EDSM control system covers all day. Note that in this last
setup we suppose that the user has not time restrictions and the
appliances are always ready for their execution. Finally, the battery
storage capacity has been limited to 2.4 kWh. This capacity is more
realistic for a real house than the 72 kWh installed in our labora-
tory house (see Section 2). Moreover, we assume zero initial condi-
tions at the beginning of the experiments, that is Egso0 = 0.

For the evaluation, we run the experiments in simulation where
the information is given to the system and we observe the outcome
of the process. In the user set of experiments the system executes
the tasks at the time ordered by the user. In the EDSM system
experiments, the time intervals are offered to the system. As de-
scribed in Section 3, the EDSM system creates a planning for each
sub-system (i.e., three plannings in our experiments). These plan-
nings are sent to the coordinator which foresees the energy con-
sumption of each planning. Remember that the coordinator
makes an estimation based on the forecasted PV generation, the
battery state of charge, the appliances consumption and the grid
status.

We tested four different PV generation prediction profiles (see
Fig. 7) to study the EDSM system behavior. The EDSM system
should adapt the tasks’ execution to them. Remember, the EDSM
system must maximize the self-consumption coefficient (&).

Results show that the EDSM system is able to find a better plan-
ning than the predefined executions of the user in all experiments.
As shown in Table 4, the plannings obtained by the EDSM system
improve the self-consumption behavior. The EDSM system obtains
the highest ¢ for all profiles. Notice that, the energy coefficient (#)
is similar for all plannings in the same profile. That is because # de-
pends on the total PV energy generated. The small changes ob-
served between the plannings, for the same profile, are because
of the use of the battery. A planning which uses the battery more
frequently obtains a lower energy coefficients because of the bat-
tery performance.

Moreover, Table 5 shows a comparison between the time exe-
cution proposed by the user and the time at which the EDSM sys-
tem has decided to execute the tasks. This information could be
provided to the user in order to inform about self-consumption
improvements. Moreover, this information allows a user without
controllable appliances to manually execute the appliances at opti-
mal times. Finally, Fig. 8 shows a graphical comparison of the task
scheduling for Profile 1. Notice that a basic consumption level is
observed for the experiment duration. This is because the refriger-
ator, fridge, computer and other loads are always active in the
house.

In order to make sure the EDSM system fits the real world, we
executed all the plannings at hand in the real house. During execu-
tion, the installed electricity meters measured the real consump-
tion in order to monitor the energy flows and to test the
prediction accuracy. Notice that the real energy balance depends
on different factors which are not controllable by the EDSM sys-
tem. The most important is the PV energy generation. For this rea-
son, it is unavoidable to find differences between the simulated
predictions and the real experiments. However, because we run
the real experiments in the immediate days following the simula-
tion experiments, the generated PV energy was similar to the one
predicted. Therefore, the self-consumption and energy coefficients
were similar too (differences of less than 8% were observed). Fig. 9
shows a comparison between the execution obtained in simulation
and reality by the EDSM system with Profile 1.

5. Conclusions

We have presented experimental results of an EDSM system
with PV generation as a DER. The combination of EDSM and PV
generation allows the use of local control techniques and achieves
energy efficient levels. As observed in this paper, these techniques
are severely connected with self-consumption. Self-consumption is
the most distributed energy implementation, because consump-
tion is at the same place as generation. This electrical topology re-
duces the transport losses and the energy demand to the grid.
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An EDSM with PV generation could have different energy crite-
rions and operation policies. The experiments presented in this pa-
per follow the criterion of “maximizing the PV energy consumption
”. By using this criterion, we obtained that the PV energy used lo-
cally increases with regard to the PV energy delivered to the grid.
With this operation policy, the load of the grid gets reduced. More-
over, the system allows a reduction on the power peaks demanded
and the generation randomness typically present in renewable en-
ergy systems.

The evaluation of an installation equipped with generation,
storage and consumption is not trivial. In order to study the energy
behavior of our system, we have developed two different
coefficients: (i) self-consumption coefficient (¢) and (ii) energy
coefficient (7). The former relies on the self-consumption
goodness, while the latter evaluates the installation sizing.

The experiments carried out show that the EDSM system
reduces the consumption from the grid. This improvement is
observed as a reduction of 1.2-2.2 kWh during the days of the
week, for the experiments presented. This is because the principal
consumption peaks of the residential sector are found at evenings
during the week [3,6]. This demand reduction causes not only en-
ergy savings but reactions on the grid overloads. On the other
hand, the energy coefficient informs about the goodness of the
installation with regard to the user loads and PV generation.
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