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Abstract

This paper deals with the energy consumption management problem in build-
ings by modelling and controlling the main electric appliances. Renewable
energies are taken into account by considering the production schedules of
both wind and solar sources. Each appliance is described by modular math-
ematical models by means of the Matlab/Simulink software. A simulator
is designed that allows modelling the load energy consumptions and helps
to recognize how they contribute to peak demand. Moreover, a controller to
manage the load usage is designed in a Petri Net framework. In the proposed
control strategy, the comfort conditions are respected for each appliances on
the basis of the user preferences. Finally, a real case study validates and tests
the effectiveness of the simulator applied to the considered appliances.

Keywords: Building energy management, Appliance control, Simulation,
Petri Net, Matlab/Simulink.

1. Introduction

One of the main problems to be faced in the near future is the increase of
the power demand. Indeed, in the next decade, power demand is estimated
to rise by 19% and the existing infrastructures can increase their produc-
tivity by only 6% [1]. In the last years, the building energy consumption
amounts to around 30% of all energy consumed in advanced countries. In
this context, it is important to encourage the building and business owners
to adopt new technologies in order to reduce the demand for the electric grid
[2]. The literature is poor in accurate real-time simulation and control tools
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about the Building Energy Management (BEM), even if the building en-
ergy consumption represents much of the total energy consumed in advanced
countries.

This paper proposes a detailed model devoted to simulate the building
appliance energy consumptions and control the loads usage by a strategy
that takes in account both the total building energy consumptions and the
respect of the comfort conditions. The aim is twofold: i) provide a simula-
tion framework in order to sensitize the building and business owners to use
new Information and Communication Technology (ICT) tools to reduce the
demand on the electric grid; i) propose a control logic forcing the building ap-
pliances to follow a demand reduction strategy. In particular, the controller
is modeled in a Discrete Event System framework described by a Petri Net
(PN). Moreover, the control strategy is applied in a simulation environment
describing the dynamics of the following loads: Heating Ventilation and Air
Conditioning (HVAC) system, water heater, dishwasher, washing machine,
refrigerator, freezer, oven, iron, TV, PC, dimmable lamps and renewable
sources such as photovoltaic and eolic. In particular, the demand reduction
strategy is implemented by a Building Energy Management System (BEMS)
and aims at monitoring the real-time building energy consumptions in order
to:

e avoid the overcoming of power provided by the electric grid;

e respect the user comfort by an intelligent power reduction based on a
priority list of the electric loads.

The use of the priority criteria in order to manage the domestic electric loads
are introduced in the related literature by [3].

Moreover, a discrete-event formalism modelling the system dynamics is
presented for testing alternative priority lists and capturing emerging criti-
calities. To this aim, the proposed PN model is both a mathematical tool
for process simulation and a graphical tool [4] for allowing a modular de-
sign of discrete event system controller. Furthermore, the PN can be auto-
matically converted into commonly used language for Programmable Logical
Controllers (PLCs) [5].

This paper is organized as follows. Section 2 reviews the literature on
BEM, while Section 3 presents the simulation framework and its components.
Section 4 describes in detail the loads model while Section 5 shows the con-



troller model. Moreover, Section 6 introduces a case study and analyses the
simulation results. Finally, Section 7 draws the conclusions.

2. Literature Review

Recent researches focus on energy management problems and the pro-
posed technological solutions can be divided in two main categories [6], [7]

e predictive energy management;

e real time control algorithms.

The predictive energy management research proposes model predictive
control methods which incorporate both forecasts and updated information
in order to obtain an optimal appliance scheduling. Such models mainly aims
at minimizing the building energy costs [8-12].

Chen et al. [8] present an appliance scheduling scheme for residen-
tial BEM controllers in order to minimize the energy costs. Finite-horizon
scheduling optimization problems are formulated to exploit operational flex-
ibilities of thermal and non-thermal appliances using a model predictive con-
trol method which incorporates both forecasts and newly updated informa-
tion.

In [9] the authors address the problem of finding the optimal control
action for heating, cooling, ventilation, blind positioning, electrical lighting,
humidity. The proposed appliance scheduling is determined in such a way
that the temperature, C'O; and luminance levels in building zones stay within
the desired comfort ranges and the physical and economic constraints are
satisfied.

Moreover, papers [10-12] solve an optimal stochastic control problem for
the home energy management system. Indeed, Li et al. [10] develop an in-
tegrative demand response strategy based on two stage stochastic program-
ming model that considers the energy usage of critical appliances essentially
stochastic. The optimization objective is to minimize a customer electricity
cost. In addition, [11] models the building energy system as pure stochas-
tic differential equation models, and then the authors follow the completing
square technique to solve the stochastic home energy management problem.
Finally, in [12] a stochastic dynamic programming framework for the opti-
mal energy management of a smart home with plug-in electric vehicle energy
storage is proposed.



The second research category develops optimum operation scheduling
models of domestic electric appliances using integer linear programming and
simulation frameworks. The goal is to reduce peak power, energy costs taking
in account the customer comfort range [13-22].

In particular, papers [13-16] propose intelligent energy controller algo-
rithms that efficiently manage energy consumption for both heating and
cooling appliances. In [13] a distributed intelligent energy algorithm that
minimizes energy use in the heating and cooling system within the home by
taking into consideration occupant preferences is proposed. Li et al. [14]
presents a computational experiment approach to develop and investigate
demand response strategies for the HVAC system of a typical residential
house. The authors use four different demand response algorithms: opti-
mization, particle swarm optimization, heuristic method and an integrative
computing platform that combines a home energy simulator and MATLAB
together. Moreover, [15] considers a distributed and cooperative approach
for coordinating the power demand of electric thermal systems while Zhang
et al. [16] focuses on developing an interdisciplinary mechanism that com-
bines machine learning, optimization, and data structure design to generate
optimal demand response policies for HVAC systems.

Since the energy system of the future is expected to be composed of a
large variety of ICT tools, recent works investigate the problem of controlling
each typology of electric appliances. In particular, the energy systems may
lately make use of new controllers and communication infrastructure and
benefit from cyber-physical system advantages [23]. Moreover, the use of
low-power narrowband power line communication can support home energy
management systems with respect to the limits of wireless communication.
Indeed, in an home framework it is difficult to communicate with all electric
appliances for the presence of walls or obstacles. On the other hand, the
use of narrowband power line communication greatly improves the packet
success rate to the electric appliances [24].

Wang et al. [17] propose an agent-base model to evaluate the BEMS
in residential demand response implementation. In particular, the BEMS
intelligently controls household loads with association of smart meters. The
proposed model can be considered as a test-bed to evaluate various demand
response strategies and technologies.

Moreover, [18] presents a home energy management system that schedules
the energy usage in a smart home in response to utility pricing signals. Yu
and Dexter [19] propose a model-free method using reinforcement learning
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scheme to tune a supervisory controller for a low-energy building system
online.

In addition, Lai et al. [20] present a smart appliance management system
to recognize electric appliances in home networks, which uses sensing devices
that measure current to calculate the power consumption of the appliances.
The paper is focused on the architecture to be designed for monitoring the
electric appliances.

In this field Fanti et al. [25] propose a PN model to describe the be-
haviour of e controller that manage the home appliance in order to reduce
the consumptions.

The authors of [22] investigate the possibility to support the development
of home energy systems and residential micro grid concepts by simulations
including detailed load models in order to improve the efficiency of the applied
energy management strategy or control strategy.

In this context, Gudi et al. [1] propose an optimized operation of house-
hold appliances in a Demand-Side Management (DSM) based simulation tool.
In particular, the main purpose of the authors is to illustrate customer-driven
DSM operation, and evaluate an estimate for home electricity consumption
while minimizing the customers cost. A binary Particle Swarm Optimization
is used for optimizing the DSM operation. The consumption of appliances is
deducted by data-sheets that report the energy consumption in steady state.

Moreover, [6] presents a novel algorithm based on adaptive scheduling to
reduce energy during peaks hours without affecting the comfort of occupant
in a smart home. The proposed approach is described and applied to a
realistic example simulated in MATLAB/Simulink framework.

On the other hand, Pilloni et al. [21] analyse the issue of introducing
adjustments in the appliances’ scheduling during the user working period
for energy cost savings. The authors propose a Quality of Experience aware
smart home energy management system, which relies on the knowledge of
the annoyance suffered by the users when the operations of appliances are
changed with respect to the ideal users preferences.

2.1. Paper Contribution

In the related literature, simulation and control studies have paid less at-
tention to the problem of appliances’ scheduling operations. However, some
works [6, 22] highlight the possibility of developing BEMSs by simulations.
Moreover, the authors in [21] are aware that changing the appliance schedul-
ing can be annoyance for the building occupants.



In this context, this paper proposes a simulation and control model for
BEMS in order to monitor and perform the loads real-time control. The
control procedure allows the aggregated power consumption does not exceed
the available power profile and avoid curtailment, by managing the appliances
according to the comfort preferences.

The controller is integrated in a Matlab/Simulink tool where appliances
and renewable energy sources are modeled. In this way, the simulation is not
only a framework to test the controller, but also a suitable tool to sensitize the
building occupants. Finally, the simulation and control model is validated by
experimental data measured in a large size dwelling equipped with domestic
appliances and renewable energy sources. Smart meters and wifi smart plugs
are used to collect energy consumption data.

In conclusion, the main novelties of this paper are summarized as follows:

i) with respect to [1] a simulation and control model for BEMS is pro-
posed to take into account the comfort and the priority of the building
occupants. Moreover, the controller is modeled by a PN that can be
easily converted into a commonly used language for PLCs;

ii) unlike paper [6], this paper models the load dynamics considering not
only the appliances maximum power and cycle time but also their
warm-up period.

3. Simulation Framework for Appliances Modelling and Control

This section introduces the simulation and control framework describing
the BEMS behaviour. The control unit of the BEMS is specified and mod-
eled in a PN framework and manages the appliances by respecting the user
preferences. The appliances and the renewable energy sources constitute the
building micro-grid and are modeled by the Matlab/Simulink tool. More-
over, the load controller is integrated in the Simulink model to perform the
loads real-time control.

The Simulink model of the simulation and control systems is represented
in Fig. 1 and includes 6 modules: the domestic loads for which the state of
functioning (on/off) is provided, the power consumed by each load, the set-
points of each load, the available energy provided by the electric main grid
and the renewable sources, the total power cost and the controller modeled in
a PN framework. The inputs of the controller are the power consumptions,
the available power profile, the set-points and priority vectors of loads. In
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particular, the available power is given by the energy bought by the main grid
and the energy provided by the renewable sources. The control procedure
imposes that that the aggregated power consumption does not exceed the
available power profile in order to avoid power curtailment, by managing the
loads consumption reduction according to the comfort preferences. More in
detail, according to the Italian Distribution System Operator (DSO) rules,
if the available energy profile is not sufficient to satisfy the total energy
demand by the domestic loads, then a power curtailment is applied to the
user. To avoid this inconvenience, the load controller implements a real-time
control procedure with the objective of switching off the controllable loads
or reducing their consumption, according to their priorities and respecting
the comfort settings.

Available  Total cost .
Petri net controller
sources - N
&)= e
S 3

— |

®,

Power
consumption

h!

L

Domestic loads

Figure 1: The Simulink model of the simulation and control framework.

4. Domestic Loads Models

In this section, the most common appliances of a domestic environment
are modeled and controlled by using Matlab/Simulink and Simscape tools.
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It is remarked that other appliances can be modeled and included into the
simulation model depending on the user necessities. Typically, the appliances
can be divided in two categories: controllable and non-controllable. The
controllable appliances can be switched off or partialized by a controller.
In particular, the following controllable loads are modeled: HVAC system
(heating and cooling mode), water heater, dishwasher, washing machine and
dimmable lamps.

The non-controllable appliances are passive loads that cannot be switched
off or partialized: oven, tv, pc, iron, refrigerator and freezer.

Moreover, wind and solar renewable sources are modeled and integrated
in the system.

4.1. HVAC System Model

The HVAC system is modeled both in heating and cooling functioning
mode. Typically, these devices are composed by an external and an internal
units connected by pipelines in which a refrigerant flows. They can be on/off
or inverter driven. The on/off type is typically controlled by a thermostat
that switches on (off) the voltage source of the compressor, keeping the air
temperature at the desired level. On the other hand, in the second type, the
compressor is powered by an inverter proportionally to the difference between
the measured and the desired (set-point) temperatures. In this section, the
second type of HVAC system is analyzed because it ensures better results for
energy consumption minimization.

The model of the HVAC system is represented in Fig. 2. The main
components of this model are respectively specified in Fig. 3, 4 and 5: 1)
heating model, 2) cooling model, 3) building thermodynamic model and 4)
cost of energy model.

In particular, the simplified heating and cooling model is shown in Fig.
3, where the inverter works with a variable power, the thermal power F; is
proportional to AT that represents the difference between the desired (set-
point) and measured indoor temperatures. Moreover, a saturation block
imposes that the technical maximum value of P, is as follows:

KAT,if 0 < KAT < P s (1)
P(t) = .
0, otherwise,
with K[m? * mQL*OC] proportional gain that includes the heat transfer co-

efficient and the surface area. The electric power P,(t) is obtained as follows:
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Fe(t) = : (2)

where it holds v = COP for the heating, i.e., the Coefficient of Performance,
and v = —EER for the cooling, i.e., the Energy Efficiency Ratio [26].

Pefl—"
deltaT
Pt

Fe » P_hvac

Heating model

Power  Cost
P_e cost

deltaT Output

— Energy cost model
) Cooling model

P_t

jRincooy T out -H-T_ml
Building thermodynamic model Qutdoor temperature
El Indoor temperature

priority

Plot T_in

Figure 2: The Simulink model of HVAC system.

Now, in order to model the building thermodynamic the following pa-
rameters and variables are introduced: T}, (¢)[°C], indoor air temperature
(at time t); T (t)[°C], outdoor air temperature at time ¢; Rth[m?{;c], ther-
mal resistance; M [K g|, air weight; C[FJ*K], specific heat at constant pressure
of air; P;(t)[W] thermal power by the HVAC system at time t; P,ss(t)[W],
thermal power loss at time .

The building thermodynamic model is shown in Fig. 4 and is described

by the following equations [27]:
_ 1; <t> _ Tout(t)

PZOSS (t) Rth Y (3)
Till) — L (RA) - Puus(0) ()



deltaT

=

Saturation

Figure 3: The Simulink model of heating and cooling systems

T_indoor

P_loss

Figure 4: The Simulink model of the building thermodynamic.
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Moreover, the energy cost model is shown in Fig. 5. The parameter T}, is
introduced to impose the time horizon in which the energy cost is determined.
Inside time horizon T},, the cost of energy is higher during the time interval

[Tstart 3 Tend] .

c Logical
]
Clock Operator
al Time interval
Power Function  T_start- T_end

Constant

Figure 5: The Simulink model of the energy cost.

Furthermore, the outdoor temperature is modeled by using a sine curve
with mean value equal to the mean air temperature of a typical day (winter
day for heating, summer day for cooling).

4.2. Water Heater Model

The water heater is typically composed by an electric resistance that
heats up the water. The water temperature set-point can be manually set up
and a thermostat allows controlling on/off the power source to keep the de-
sired temperature. The necessary variable of the model are listed as follows:
C[J/°C], thermal capacity of water in the tank; T, (t)[°C], hot water tem-
perature in tank; T;,(¢)[°C], indoor air temperature outside tank; 7T.,[°C],
inlet cold water temperature; Wy(t)[l/sec], average hot water draw per time;
plkg/J], density of water; V[l], volume of tank; C,[J/kg *° C], specific heat
of the water; SA[m?], surface area of the tank; Rth[mﬁ,oc
of the tank.

The heat dynamics is modeled by the following differential equation [28]:

|, thermal resistance

AT (1)

Cdt

= G(Tm - Thw<t)) + HWd(t) (Tcw - Thw(t)) + Pt(t)) (5)
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with C = pC,V}, G = g—i and H = pC,. Moreover, the term G(T;,, — Th(t))
represents the heat lost in the tank and HWy(t)(Tw — The(t)) is the heat
lost to handle hot water. The Simulink model of the electric water heater
is reported in Fig. 6. The water flow is denoted by a variable signal in the
considered time interval, while the thermostat is modeled by a relay block
that drives the on/off switch of the system. The thermostat is controlled by

the temperature difference AT = Thy set — Thw(t).

Water flow [I/'sec]

Water flow in/out

indoor air temperature

flu)

T_cw

1 ]

Xo
hot water temperature
Integrator T _hw

Themodynamic model

cold water temperature

v

set_point P

set point thermostat
Product
5
on/oft 1 -*

Water heater power

X
4

>

power and cost scope

—¥» Power cost

cost of energy

Figure 6: The Simulink model of the electric water heater.

4.3. Washing Machine and Dishwasher Models

Washing machines and dishwashers are heterogeneous systems composed
by mechanical parts, a hydraulic system, a thermal system and an electronic
control system. To model such appliances, an asynchronous monophasic
motor is considered [29] in order to allow the rotation of the machine. In
addition, a thermal system heats up the water according to the washing
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program selected by the user. The parameters of the asynchronous motor
are reported in Table 1 and the direct and inverse impedances of the motor
are formalized in equations (6) and (7), respectively:

X R X

Zforward = (jT)‘KQ_SQ - 372>7 (6>
Xm R X

Zbackward = (] 2 )H(2(2 _2 8) - j?Q) <7>

Then, the input impedance is the following:

2 = 2 + Z forward + Zbackwards (8>
where z; is the stator impedance.

Table 1: Asynchronous motor parameters

Asynchronous Motor
Washing machine / Dishwasher
Source Voltage: V
Source Frequency: f
Stator Resistance: R
Stator Reactance: X;
Rotor Resistance: R,
Rotor Reactance: X5
Magnetic Reactance: X,
Slide coefficient: s
Number of poles: p

The output power is given by (9) where I; = £ is the stator current:
P =VIicosg. 9)

The stator losses, the output mechanical power and the rotation per
minute (rpm) are respectively computed as follows:

Ploss,st = |]1|2R17 (1())

P = |Il|2(Rf0Twa7‘d - Rbackwm’d)(l - 8)7 (11>
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VI
rpm = P (12)

The water heaters of washing machines and dishwashers to manage high
temperatures are modeled as in section 4.2. Moreover, different machine
programs can be considered and modeled by adopting lookup tables.

4.4. Dimmable Lamp Model

The dimmable lamp is controlled by a dimmer that is an electronic regu-
lator able to control the power absorbed by the lamp and to vary its lighting
intensity. It is modeled by adopting the Simscape tool [30] that enables to
rapidly create physical systems, such as electric devices, by assembling funda-
mental components into a schematic, within the Simulink environment (see
Fig. 7). In this case, the Simscape physical blocks are a DC voltage source,
a resistor, a voltage sensor and a current sensor. The output of the Simscape
blocks are input of Simulink blocks through the PS-Simulink converter blocks
that convert physical signals into Simulink signals (see Fig. 7).

—f

plot Current

| PSS > plot Power
{2 —>
I PS-Simulink >

> power
Gurrent Sen

X ’ >
Converter electric power
n/Oft

Product

Number_of_lamps
Power Cost

<V) Voltage Sensor Plots
>

o

(t) DC Voltage Source

Resistor

Cost model
> PS S
J —*
0 PS-Simulink
Converter1 - | - plot Cost
fx)=0 p —— Electrical Reference lamp_prior ‘amp_prior

plot Vottage Priority

Solver
Configuration

Figure 7: The Simulink model of the dimmable lamps.

In addition, the user can set the number of lamps to be used and the source
voltage in the range V,in — Vinae-
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4.5. Non-Controllable Loads
Concerning the non-controllable loads, the oven, the iron, the refrigerator
and the freezer are modelled by the following equation [27]:
dT(t)

= G —T(1) + Q1) (13)

where Q(t) = P(t) for oven and iron, Q(t) = P(t)EER for refrigerator and
freezer.

It is evident that C', G, T}, T(t) and Q(t) are different for each appliance
according to their characteristics.

The Simulink model that describes TV and PC is depicted in Fig. 8. The
power consumption is assumed to be constant when the two appliances are
on.

P ﬁ
X . » P_tv
Rated power
Power
Oon/Off [ ]
Power Cost »
Plots

cost model

Figure 8: The Simulink model of TV and PC.

4.6. Renewable Energies

Finally, wind and photovoltaic renewable energy sources are modeled by
considering their production forecasts for a time period of 24 hours. The
forecasted power Pf(t) and time data vectors are saved in a lookup table in
the Simulink model both for eolic and photovoltaic (see Fig. 9).

5. Controller Model in a Petri Net Framework

This section, deals with the problem of controlling the building energy
consumption by designing the load controller in a PN framework. First, some
basic definitions on PN [4] are recalled, then, the load controller is described
in detail.
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1-D T(u)

C mod »| Pf
Clock ~

Math forecasted power
Function 1-D Lookup

* Table
24*3600 E

Constant

P_f plot

Figure 9: The Simulink model of wind and photovolac sources.

5.1. Basic Definitions

A PN is a bipartite graph described by the four-tuple PN=(P, T, Pre,
Post), where P is a set of places with |P| = m and T is a set of transitions
with |T| = n. Note that symbol |A| denotes the cardinality of the generic
set A. Matrices Pre : P x T — N"™" and Post : P x T — N™" are
the pre- and post-incidence matrices, respectively, which specify the arcs
connecting places and transitions. More precisely, for each p € P and t € T
element Pre(p,t)(Post(p,t)) is equal to a natural number indicating the arc
multiplicity if an arc going from p to ¢ (from ¢ to p) exists, and it equals
0 otherwise. Note that N is the set of non-negative integers. Matrix C' =
Post — Pre is the m x n incidence matrix of the net PN.

For the pre- and post-sets the dot notation is used, e.g., *t = {p € P :
Pre(p,t) > 0}. The state of a PN is given by its current marking, which is
a mapping M : P — N | assigning to each place of the net a nonnegative
number of tokens. A PN system (PN, M) is anet PN with an initial marking
M. A transition ¢; € T is enabled at a marking M if and only if for each
p €° t; it holds: M(p) > Pre(p,t;). When t; fires, the PN reaches a new
marking M’, that is M' = M + C - f;-, where t_; is the n-dimensional firing
vector corresponding to the j-th canonical basis vector.

5.2. Controller Petri Net Model

The controller is modeled by a set of PN modules: each module is de-
voted to control a particular load. Furthermore, the modules are sequentially
connected starting from the lowest priority level (load 1) and ending to the
highest priority level (load n) as shown in Fig. 10. For the sake of simplicity,
Fig. 10 shows just the PN control module of load 1, since the other PN
modules are the same. Moreover, Tables 2 and 3 describe the meaning of the
PN places and transitions, respectively.
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At the initial marking M, shown in Fig. 10, the controller is inactive
(place p; is unmarked), the specific load is on (place pg marked) and the
set-point is not matched (place pip marked). The set-point matched or set-
point not matched are defined for determining if the comfort settings of the
considered load are respected or not.

Now, assume that a demand reduction is necessary because the building
consumption exceeds the available energy profile. More precisely, when the
smart meter detects the overconsumption issue, the BEMS starts a procedure
to reduce the loads consumption (transition ¢, fires). The BEMS performs
the control procedure (¢; fires and place p, is marked) starting from the load
with lowest priority (load 1). Since load 1 is on (place pg marked), the BEMS
checks if the load set-point is matched (transition ¢, fires and places p;» and
ps are marked). For each generic load two possible cases occur: a) the set-
point of load 1 is matched (transition t1; fires and place pg is marked); b)
the set-point of load 1 is not matched (place pjo is marked).

(a): The set-point is matched

Since the load set point is matched (place py is marked), the BEMS
turns off load 1 in order to reduce the building consumptions without
penalizing the user comfort: tg fires and place pg is marked enabling
ts; in turn t5 fires and place ps is marked. At this point, transition tg
fires and place p; is marked again. The BEMS verifies the consumption
reduction. If the obtained consumption reduction is sufficient to avoid
power curtailment, then the control procedure terminates (transition
t13 fires). On the contrary, if the consumption reduction is not suffi-
cient, the BEMS restarts the control procedure (¢; fires). Now, load 1
is off, and the BEMS has to verify the possibility to turn off the next
load (transition t4 fires and place p, is marked). Moreover, when a
load is off, the set-point can turn into the state of not matched (transi-
tion tg fires and place py3 is marked enabling transition t7): the BEMS
switches on the load (transition ¢; fires).

(b): The set-point is not matched
Since the load set-point is not matched (place pyq is marked), the BEMS
cannot switch off load 1 (transition ¢y fires and place pj; is marked
enabling the transition ¢3) and verifies the possibility to turn off the
next load (transition ¢3 fires and place p, is marked).

Let us remark that for the dimmable lamps when place ps5 is marked, it means
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that the load is not off but the load energy consumption is set to a minimum
value necessary to guarantee 300 lux of illuminance in the room [31].

Table 2: Place description.

Place Description
D1 The BEMS starts the control procedure
D2 The BEMS checks the status of the selected load
D3 The load is on
D4 The control procedure ends for the selected
load and is ready to start for the next load
Ds The load is switched off (the load energy
consumption is off or reduced)
De The load is switched on
D7 Conditions for re-initializing the BEMS
control procedure (place p)
Ds Conditions for switch off the load because
the set-point is matched
Doy The load set-point is matched
D10 The load set-point is not matched
P11 Conditions for start the control procedure of
the next load because the set-point is not matched.
D12 Set-point control
P13 Conditions for switch on the load
D14 The BEMS starts the control procedure
for the next load.

6. Case Study

In this section, in order to show the effectiveness of the proposed model,
a real apartment situated in Bari, a city of southern Italy, is studied, that
is equipped with a 3kW photovoltaic plant and includes all the considered
appliances. Furthermore, for the validation of the simulation and control
system, the dwelling has been equipped with a wifi control system composed
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Table 3: Transition description.

Transition Description
to The control procedure starts
t The BEMS starts to investigate the status of the load
123 Verify of the set-point status
t3 End of the control procedure for the selected load
ty End of the control procedure for the selected load
ts Switch the load off
to Re-initialization of the BEMS control procedure
tr Switch the load on
ts Verify of the condition set-point matched
tg Turn set-point in the state of not matched
t1o Verify of the condition set-point not matched
ti Match of the set-point
t19 Start of the control procedure of the next load
t13 End of the control procedure

by: 1) a smart meter that measures the aggregated current and voltage data
of the considered appliances; 2) smart plugs that controls the household
electric appliances and are able to i) activate/deactivate the appliance, ii)
measure appliance consumption with an accuracy of 0.2%, iii) communicate
and transmit data to the central controller; 3) a PLC devoted to apply the
control strategy by managing the measurement and control devices. To this
aim the PN control strategy, has been converted to a ladder diagram program,
downloaded in the PLC.

In particular, the consumption of the domestic appliances during a typical

winter day is studied. It is remarked that applying the model to a summer
day scenario will provide very similar results because the HVAC is the only
appliance that will be used in a different functioning mode (cooling mode).
For these reasons no significant differences will be obtained in term of aggre-
gated consumption and cost if compared to a winter day scenario.
In this case study, the simulations are performed and compared in two cases:
i) all the appliances are not controlled; ii) the HVAC system, the water heater,
the dishwasher, the washing machine, the dimmable lamps are controlled by
the proposed control logic. In the following the parameters of the considered
domestic loads are described in details.
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The dishwasher has a rated power of 1950W and the water heater is
described by the following parameters: V; = 3; SA = 0.3; Ry, = 1;
p =1, C, = 4186; T;, = 10°C. Moreover, the parameters settings
of the asynchronous motors are reported in Table 4. The functioning
of the dishwasher is characterized by four different washing programs:
eco, light, classic and intense. Here, the functioning of the cheap eco
program is described and simulated in order to allow energy saving by
working at low temperature (50°C'). The eco program works for 130
minutes: the electric motor is activated after 3 minutes and it stays on
for 117 minutes with the last 10 minutes dedicated to the cold air flow
to eliminate humidity; the water heater is activated after 30 seconds
and stays on for 85 minutes allowing the water temperature to rise up
to 50°C". The Simulink model of the dishwasher with the four selectable
programs is shown in Fig. 11.

The washing machine has a rated power of 1950 and the parameters
of the water heater are chosen according to the functioning program:
Vi=5SA=0.3; Ry, =1; p=1; C, = 4186; T},, = 10°C". The thermo-
stat range of tolerance is £0.05 and the parameters of the asynchronous
motors are reported in Table 4. The considered washing programs are
white cotton, eco cotton, synthetics, delicates, woolens and centrifuge.
In this case, the behaviour of the white cotton program that lasts 180
minutes is simulated. The washing machine works as follows: the mo-
tor starts to work after 3 minutes allowing the basket to charge water,
and stays on for 162 minutes moving the basket at 550 rpm and work-
ing at half power. Then the centrifuge is activated for 15 minutes at
1100rpm and at maximum power. The water heater of the machine
is on after one second to rise up to the temperature of 90°C' (after 14
minutes), then it keeps on working for 150 minutes. The total power
consumed by the white cotton program is given by the sum of the
motor and water heater consumptions and it is about 2270W at peak
periods. The Simulink model of the washing machine is shown in Fig.
12. The asynchronous motor parameters for the washing machine and
the dishwasher are specified in Table 4.

The HVAC system works in heating mode according to the following
parameters: rated power 8000W, COP = 3.2, Toutmean = 10°C and
71in,set = 22°C.
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4) The Simscape library is used to model a dimmable lamp of 220V and
15W and the source voltage can vary in the range [0 — 220]V, as it is
shown in Fig. 14.

5) The water heater is characterized by the following parameters: V; = 50;
SA =1.2; Ry, =1, rated electric power 1500, range of tolerance for
thermostat £2, Tj, st = 50°C and T, = 15°C.

wash_program
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L I
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| dw_prior l—V dw_prior|

Priority

el

P

Asynchronous motor

e
\_‘
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Figure 11: The Simulink model of the dishwasher.

The parameters of oven, iron, refrigerator and freezer are reported in
Table 5. In addition, the TV and PC have respectively a power consumption
of 120W and 100W.

The on intervals of the appliances and the priorities of the controllable
appliances are reported in Table 6.

Moreover, a GUI is designed to set up all the parameters of the system.
Fig. 13 shows a screen-shot of the simulator panel that is devoted to start
and stop the simulation and to set up and plot the appliances parameters. In
particular, the power grid box allows to set up the power source by the grid.
In particular, according to the Italian DSO tariff [32], three power levels can
be selected that correspond to 3.3, 4.5 or 6kW. In addition, Fig. 14 provides
the layout of the GUI blocks of the controllable loads and of the wind energy.
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Figure 13: A screenshot of the GUI of the simulator panel.
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Table 4: Asynchronous motor parameters

Asynchronous Motor
Washing machine | Dishwasher

V 220V 220V
f 50H z 50H z
Ry 4.2 0.3Q2
X4 1.0382 0.92Q2
Ry 10.0592 4.820)
X5 2.97Q 5.140Q
X 58.17¢) 58.18¢2

5 0.05 0.05

P 10 4

Table 5: The non-controllable loads parameters

Oven | Iron | Refrigerator | Freezer
Rated power [W] 2000 | 1300 120 120
Toot FC] 180 | 140 5 18
Thermostat range [°C| | £10 +10 +1 +1
C 60 | 1031.63 35000 30000
G 0.23 3.26 1.16 1.16
EER ] 7 3.5 2.3

To set up the simulations, 3.3kW of available power from the main grid
are considered. In addition, two different production profiles are initialized
for the wind and photovoltaic energy. Therefore, to avoid power curtailment
by the DSO, the aggregated load of the dwelling must not exceed the total
available profile (sum of power from the grid and power from the renewable
sources) for a specific time horizon. In this case, if the power consumption
by the aggregated load exceeds the available power for more than 2 minutes,
a power curtailment will occur by the DSO [32].
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Table 6: Domestic Loads settings for a winter day

Domestic loads On/off intervals Priority
Dishwasher on: 15.30; 21.30 (pdy) 1
Washing machine on: 19.00 (pry) 2
HVAC on: 19.00-23.00 (heating mode) 3
Lights on: 6.30-7.00; 17.00-18.00; 20.30-23.59 4
Water heater on: h24 5
Oven on: 12.00-13.00; 20.30-21.00 /
Iron on: 15.00-16.00 /
TV on: 8.00-8.30; 11.00-11.50; 13.00-15.00; /

20.00-23.59.

PC on: 8.30-13.00; 14.30-16.30; 19.30-21.30 /
Refrigerator on: h24 /
Freezer on: h24 /

Two simulations are performed to show the PN control efficacy on the
loads consumption: case i) simulation of the aggregated consumption without
PN control; case ii) simulation of the aggregated consumption by enabling
the control. Fig. 15 shows the results of case i): the total load demand ex-
ceeds the available power profile in different time periods for more than two
minutes, rising up to about 8kW. This situation leads to the DSO power
curtailment: to respect the DSO rules and consequently to avoid power cur-
tailment, the load controller is activated. The result of the case ii) simulation
is depicted in Fig. 16. By comparing Fig. 15 and Fig. 16, it is evident how
the application of the controller allows a total consumption reduction in the
time periods where the aggregated load exceeds the available power. This
result ensures the continuity of the power sourcing and consequently avoids
that all appliances are shut down. Moreover, Fig. 17 depicts the incremental
curves of cost in case i and case ii.

In addition, Fig. 18 shows in detail the effect of the controller application
on the controllable loads: the power consumption and cost profiles resulting
by the two simulations are compared. Starting from the load with lowest
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Figure 14: The layout of the GUI blocks of controllable loads and eolic.

priority, i.e., the dishwasher, and following the priority list of Table 6, the
controller reduces the power consumption of each appliance in the time peri-
ods where the aggregated load overcomes the available power. The controller
action allows the power supply seamless, respecting the comfort and reducing
the cost of energy for each load.

6.1. Model validation

To validate the performance of the simulation and control system, it is
necessary determining how closely the simulation model represents the real
system and it is here achieved considering 30 winter days in March 2017. A
scenario is associated to each day to be considered both for model simula-
tion and real plant application. In particular, the performance index is the
incremental curve of cost during a day. Indeed, the dwelling users are very in-
terested in the economic aspect and the energy consumption is related to the
cost. To validate and test the simulation and control model the performance
index is evaluated on 30 days. To this purpose, Fig. 19 shows the incremen-
tal curve of the average cost obtained respectively by the 30 simulated and
real scenarios. The results prove that the simulation closely represents the
real system. It is remarked that the simulation model determines an energy
cost equal to 3.3€ in a winter day, while the measures obtained by the smart
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Figure 18: The power consumption and cost daily profiles with and without the PN control:
(a), (c), (e), (g), (i) show consumption and cost profiles without control of dishwasher,
washing machine, HVAC, lights and water heater, respectively; (b), (d), (f), (h), (j) show

consumption and cost profiles under control application of dishwasher, washing machine,
HVAC, lights and water heater, respectively.
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meter show an average cost of 3.15€ with a consequent relative error of 4.8
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Figure 19: The comparison between the mean cost of the simulated and real scenarios
during 30 days in winter.

7. Conclusions

This paper proposes a simulation and control model in a Matlab/Simulink
environment and a Petri Net (PN) framework to manage building appliances
consumption. This model allows a Building Energy Management System
(BEMS) to perform energy consumption estimation and control of different
kind of appliances. Indeed, the appliances models are integrated in a simula-
tor able to provide their energy consumptions and costs. The designed sim-
ulator can help to analyze many scenarios during peak and off peak demand
and allows the user to reduce the usage of some loads and their associated
costs. To this aim, a PN model is proposed to describe the control of the load
usage. The PN allows specifying the BEMS control strategy that guarantees
the comfort conditions for each of the loads on the basis of the user pref-
erences and to avoid power supply curtailment. The modeling and control
techniques are applied to a building with 12 different loads. The simulation
results validate the model and show the effectiveness of the proposed control
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strategy. Future research will propose a larger simulation campaign, includ-
ing other appliances, and the optimization of the control strategy. Moreover,
the optimal set-points for each appliance will be investigated.

8. Appendix

Nomenclature

List of Acronyms
Building Energy Management (BEM).
Building Energy Management System (BEMS).
Demand Side Management (DSM).
Distribution System Operator (DSO).
Direct Current (DC).
Heating Ventilation and Air Conditioning (HVAC).
Information and Communication Technologies (ICT).
Petri Net (PN).
Programmable Logic Controller (PLC).

Parameters
K, proportional gain including the heat transfer coefficient and the surface
area [m? x —'-].
COP, Coefficient of Performace for heating system.
EFER, Energy Efficiency Ratio.
Ry, thermal resistance [%]
M, air weight [Kg].
¢, air specific heat at costant pressure |
T}, time horizon, Tj, € R.
Tstart, start time of time horizon T, [hh : mm].
Tena, end time of time horizon T}, [hh : mm).
Tout mean, mean of outdoor air temperature [°C].
C, thermal capacity of water in the tank [J/°C].
p, density of water [Kg/J]|.
Vi, volume of tank [I].
C,, specific heat of the water [J/Kg x° C].
S A, surface area of the tank [m?].
V', source voltage of the asynchronous motor [V].
f, frequency of the asynchronous motor [H z].

;]
KgxK1®
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Ry, stator resistance of the asynchronous motor [€2].

Ry, rotor resistance of the asynchronous motor [€2].

X, stator reactance of the asynchronous motor [€2].

X, rotor reactance of the asynchronous motor [€2].

X, magnetic reactance of the asynchronous motor [€].
s, slide coefficient of the asynchronous motor.

p, number of poles of the asynchronous motor.

21, stator impedance of the asynchronous motor [©2].

2 forward, direct impedance of the asynchronous motor [€2].
Zbackward, INverse impedance of the asynchronous motor [€].
z;, input impedance of the asynchronous motor [€].

rpm, rotation per minute.

Vinin, minimum source voltage [V].

Vinaz, maximum source voltage [V].

Variables
P,(t), thermal power (at time t) [W].
P.(t), electric power (at time t) [W].
T:n(t), indoor air temperature (at time t) [°C].
Tout(t), outdoor air temperature (at time t) [°C].
P,ss(t), thermal power loss (at time t) [W].
Tho(t), hot water temperature in the tank [°C].
Thaw set(t), hot water set-point temperature for the tank [°C].
Tew(t), inlet cold water temperature [°C].
P(t), output power (at time t) [W].
I,(t), stator current of the asynchronous motor (at time t) [A].
Poss st(t), stator losses of the asynchronous motor (at time t) [W].
P,,(t), output mechanical power of the asynchronous motor (at time t) [IW].
Py(t), forecasted power production (at time t) [W].
Wa(t), average hot water draw per time [I/sec].
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