


[n this paper. we present the development of a sub-metering
system which permits the real-lime analysis of residential
consumption, the storage of detailed information including
voltage, frequency, real and reactive power and room tempera-
ture. The proposed system using free software and a hardware-
software processing architecture offers many advantages for
research and development activities. In order to illustrate the
usefulness of the proposed system. we also provide an analysis
of electricity consumption of an electrically heated residential
building in winter period.

The remainder of this paper is organized as follows: section

Il presents a discussion of the context and motivation of

this work; section Il describes the proposed system; section
IV yields experimental results and analysis; and concluding
remarks in section V.

[I. CONTEXT AND MOTIVATION : IMPORTANCE OF POWER
MEASUREMENT IN SMART GRID APPLICATIONS

A detailed monitoring of electric power in residential sector
becomes a challenging task in Nordic countries, where the
climatic conditions impose the use of space and water heat-
ing systems. Particularly in Quebec province of Canada, the
electric baseboard heaters controlled by electronic thermostats
are widely employed for space heating. The energy use on
space heating represents near to 60% of household energy
consumption [2], [3]. Similarly, the water heating systems.
which are mostly electric, represent about 20% of the energy
use. Thus, these two loads are responsible of about 80% of the
annual electricity bill of Quebec’s residences. In fact, during
the periods of more intense cold in the winter, the utility grid
is highly demanded because of them. To avoid those periods,
demand side management strategies are essential to mitigate
the over charge impact and to improve the power balance
between demand and production. To achieve this balance, sev-
eral activities are imposed in the energy management context:
1)- One of them is the Load Monitoring to allow access the
information of power and energy consumption necessary to
the decision making process. The data of the consumption
from such monitoring systems, can be aggregated or detailed
by load or by circuit (in the electrical panel); but may also
include complementary information e.g. voltage and power
quality, weather and occupation. i1)- In Load and Building
Modeling as it is necessary to evaluate control and manage-
ment strategies before their adoption and deployment. iii)- The
analysis of energy efficiency before and after the adoption of
energy management strategies become also essential to verify
the effectiveness of each proposition. Pilot or demonstration
projects are carried out before the massive deployment.

All these activities are supported by power measurement
systems in the research and development context which is
the focus of this paper. Thus, we provide the details of the
proposed and implemented sub-metering system designed to
be installed in the distribution panel of the residential building.
Some examples of use are also presented.

[II. PROPOSED SUB-METERING SYSTEM

The proposed architecture of the sub-metering system is
depicted in Fig I, and the characteristics are summarized in
Table 1. In the proposed architecture, two main parts can
be differentiated: an embedded and electronics part and a
microprocessor and software part, both are detailed hereafter.
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Fig. 1: Simplified diagram ol proposed sub-metering system.

A. Measurement and Embedded Processing

The measurement and embedded processing part is com-
posed of electronic circuits for the measurement of the cur-
rents, voltages and temperature, and a FPGA based customized
processor. The electronic circuit is responsible for converting
the physical to electrical magnitudes, and the FPGA core
performs the acquisition of the data. This embedded processor
is charged of the control of each electronic stage of the
measurement, of the analog-to-digital conversion. and the
/O interfaces and communication ports. Fig. 2 illustrates
the main elements of the hardware implementation and their
interconnections.
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Fig. 2: Embedded processing and measurement diagram.

As illustrated in the Fig. 2, the sub-metering system’s
architecture and processing is able to plug-in 24 sensors 1in
parallel to A/D converters. As a matter of fact, there are 2
voltage sensors to measure the main power supply line, and 22
current sensors for the main and each subsidiary circuits. Three
AD7606 converters permit the analog-to-digital conversion
of the 24 channels in parallel and simultaneously. thereby
ensuring data acquisition in the order of microseconds (us).
After the conversion, the AD7606 delivers a serial data flow
directly connected to FSM (1) in the FPGA core, which is in
fact is the applicative layer in charge of the data processing and
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acquisition control. The embedded Power Analysis block has
two important tasks. One is the serial signal disaggregating,
and second it calculates characteristic values such as real,
reactive and apparent power, frequency and harmonic content
[10], [11]. Finally, the data signal is sent to a second FSM (2)
which sets up a data transfer protocol toward external devices
Or processing systems.

B. Data Acquisition and Storage

The sub-metering system’s architecture, coupled with any
local display or remote web application, provides an overall
measurement of electric consumption, as well as, providing
measurement of specific residential electric loads. The ac-
quisition application running on a Raspberry-Pi starts the
serial communication, through the UART, with the FSM(2)
embedded in the FPGA (see Fig. 3). The FSM (2) approves
the serial communication request. Then, the Raspberry-Pi send
a data request to the FSM(2) and establishes the connection
to the database enabling the storage. This allows the FSM(2)
to get the required data from the embedded processing (Power
Analysis block). It is clear that the FSM(2) is always waiting
for the request of the data. The requested data is saved in a
buffer and sent to the application, which is directed to store
the data one by one in the database until the FSM(2) sends
the stop bit. The cycle re-starts with a new data request sent
by the application (cycle N in Fig. 3). The data is stored
in a SQL database using a structural model which allows
flexibility and availability of data management for research
purposes. In the application layer of the system a web interface
provides different views and data search tunctionalities to the
users to access the stored data allowing the visualization and
downloading (see Fig. 1).
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Fig. 3: Simplified diagram of data acquisition and storage protocol.

IV. FIELD TESTS RESULTS

Field test of the proposed system has been carried out in
electrically heated residential buildings during winter period.
The buildings are situated in different geographic locations
in the province of Québec (Canada) as detailed in Table II.
One is at Saint Etienne des Grés and the other at Trois-
Rivieres. A real view of prototype installation is illustrated

in Fig. 4a, and a screen-shot of the web user interface is
presented in 4b. The collected information has been processed
to provide the following analysis. This validation search to
present the potential of the sub-metering system in research
and development taking into account its flexibility, resolution
of measurement and precision. Thus, even if the potential
utilization is large, this paper have only considered three
aspects : 1) the analysis of voltage and frequency; 2) the
analysis of energy performance of the studied residential
buildings. and 3) the analysis of detailed consumption of one
building.

TABLE I: MAIN CHARACTERISTICS OF PROPOSED SuUB-
METERING SYSTEM

Description
Hardware processor
Software processor

Value / Description
Xilinx - XC7TAT00T-1CSG324C
Raspberry Pi-3

Local storage capacity ITB
Database engine PostgreSQL
Web [ramework Django
High-level programming lunguage Python
Measured voltages / currents 2/22
Signals sampling frequency 250k H =
Data storage frequency 16H =
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Fig. 4: View of installation : (a) residential electric board panel with
prototype. (b) screen-shot of French version of web user interface.

A. Analysis of Voltage and Frequency

The end-user voltage is regulated by the utility to be
kept within the recommended limits near its nominal value
regardless of the load condition; normally Vo ar +5%. Thus
for a nominal value of 240V the voltage range is between
228V and 252V, Fig. 5 shows the plots and histograms of
the measured voltage during a week on January 2017, It is
to remark that the regulation system keeps the voltage near
its nominal value in both locations. However, the mean value
measured at house 2 is higher than the one measured in the
house 1I; this difference can be explained by the location of
each building with respect to the electrical substation in the
distribution grid. The frequency of the service voltage is also
well regulated and maintained close to the nominal value.
60H > Canadian case. The plot and histogram of frequency
measured at house 2 are presented in Fig. 5c. It is to be notice
that the frequency variations are mostly under +0.1H z.

1215



TABLE II: MaIN CHARACTERISTICS OF HOUSES USED IN FIELD
TESTS

Description Value / Description

~_House 1
Saint-Etienne-des-Grés (QC)
46.44809 / -72.76506

Location
Latitude / Longitude

Construction year 2010
Housing type Isolated - Detached
Approximated total surface 131 n?

2 Adults / 2 children
240V 7120V / 60Hz / 1-phase
Heat pump/Bascboard heaters

4.5k /60 gallons

Occupation

Scrvice voltage

Main/secondary space heating system
Electric water heater

House 2

Trois-Rivieres (QC)
46.37254 / -72.62989

Location
Latitude / Longitude

Construction year 2012
Housing type Twin - Semi-detached
Approximated total surface 90 m?

2 Adults / 2 children
240V 7120V / 60Hz / 1-phase
Baseboard heaters/heat pump

1.5EW [ GO gallons

Occupation

Service voltage

Main/secondary space heating system
Electric water heater
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Fig. 5: Voltage measured during a week on January 2017 at (a) house
1. (b) house 2. and (c) frequency mecasured at house 2.

B. Analysis of Energy Performance

The energy consumption of a residential building depends
on several aspects. The most important among theny are: 1) the
building dimensions and characteristics of thermal insulation;
2) the needs of heating defined in terms of the difference
between the setup of the indoor temperature and the measured
outdoor or extemal temperature (AT = Tinv — Trext);
and 3) the occupancy behavior and family composition. We
performed an analysis of energy consumption versus the needs
of heating (Tynr — Trxr) as illustrated in Fig. 6. Two

different periods of one week are defined for the house I, one
on January with mean temperature close to 0°C and another in
February with mean temperature under —15°C. A consecutive
period of two weeks are defined for house 2. As expected the
results show that the house 1, with a larger surface, exhibits
higher consumption versus the outdoor compared to the house
2. More specifically, the mean thermal conductance of the
houses I and 2 are 143.87W//J and 95.641/ K respectively.
The mean daily energy consumption of each house has been
compared to the expected consumption according to R2000
Standard for energy-efficient housing technology [12], and
new ordinary houses with similar dimensions and location.
Table Il summarizes these results showing that the studied
buildings perform better than ordinary new houses but with
inferior performance than the R2000 Standard.
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Fig. 6: Energy efficiency analysis (a) one week of house | on January,
(b) one week of house | on February, and (¢) two consecutive weeks
of house 2 at end of February and begin of March.

TABLE III: COMPARISON OF ENERGY PERFORMANCE FOR THE
PERIOD OF ANALYSIS

“Description House I House 2 Units
Mean heating degree day+ 29.57 3227 °0
Daily energy use
— Expected for ordinary new house 107.06 83.96 kWh
— Measured performance 101,63 72,85 AWh
— Expected for R2000 Standard A e 55,97 kWh

=the preference setup temperature in Quebec is 21°C

C. Analysis of Power and Detailed Consumption

The total power consumption during a week is plotted in
Fig. 7a for house | and in Fig. 7b for house 2. The high
sampling rate of the proposed sub-meltering system allows to
identify transients and particular behaviors of each household
power profile. In plots of Fig. 7, it is clearly detectable that
the power of house | shows higher peak values and the one
of house 2 presents more variations. This is explained by the
higher heating energy requirements for the house I which is
larger than house 2. The differences on the power variations
are explained by the type of heating system. In the case of
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study it is expected that house 2, using baseboard heaters con-
trolled by electronic thermostats as the main heating system,
shows more variations on the measured power [13].
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Fig. 7: Power profiles of (a) house 1. and (b) house 2.

An important advantage of sub-metering is the possibility
of detailed analysis of consumption, in this case measuring up
to 22 circuits or loads. The data of house 2 detailed by circuit
have been grouped in seven categories according to similar
load use : (a) the baseboard heaters, (b) the heat pump and air
exchanger, (c) the water heater, (d) the clothes dryer/washing,
(e) the kitchen appliances (e.g. stove, oven, refrigerator), (f)
the lighting and (g) other pluggable appliances. Fig. 8 presents,
for each category, the profile during a week, the histogram and
a zoom-in of each power profile. As expected, the baseboards
exhibit the most diverse power distribution and the highest
number of transitions. As a matter of fact, in the zoom-in
of Fig. 8a several events, or abrupt changes in the measured
power, appear within a short period of some seconds. This
behavior is due to the distributed use of heaters in the house
for each room of the building, and because the use of electronic
thermostats with heating cycle of 15 seconds.

The plots and histogram of Fig. 8b reveal a power dis-
tribution under 1AW for the heat pump and air exchanger.
Contrary to the previous case, the transitions on the power
profile take several minutes and present damped slope when
power is rising. Even in the detailed power profile (zoom-in
at right of Fig. 8b). it is difficult to identify the steady state
power consumption.

The quasi rectangular profile of the water heater. plotted
in Fig. 8c. permits to easy confirm the nominal power of
the heating element. in this case 1.541 commonly used in
Canadian households. This is a good illustration of two-state
(or ON/OFF) loads with dominant real power.

An example of multi-state appliance is presented in Fig. 8d
through the clothes dryer power pattern. This load. with very
low density of events. presents at least two level of power
easily identified by direct observation of the histogram or the
shape of power profile.
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Fig. 8: Dectails of power consumption on house 2 (a) baseboard
heaters. (b) heat pump. (c) water heater, (d) dryer, (¢) kitchen, (f)

lighting and (g) other apphances. Measurements of January 2017,
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In this composite load of Fig. 8d, the low power state
corresponds to the functioning of the blower motor, and the
high power state to the simultaneous operation of the motor
and the heating element.

The power profile of the kitchen appliances. plotted on Fig.
8e, presents higher activity in the afternoons of each day. The
histogram reveals at least three power levels which can be
easily associated to the loads. The first power level with more
frequency of occurrences are of under L&V which corresponds
to the low power refrigerator and the small elements of the
stove. The second bunch of occurrence shows a mean power
between 1AW and 2k which correspond to the microwave,
the toaster, the coffee-maker and the medium elements of the
stove. And the third. with a power level higher than 2A1,
which corresponds to the big elements of stove and the oven
or combinations of previous levels of power.

The plots and histograms of Fig. 8g correspond to the
combination of other pluggable appliances e.g. computers,
hair-dryer, audio and TV, cleaner, etc. In this category most
of the power levels are under 50011,

It is to highlight that the kitchen and heating (several base-
boards working simultaneously) present peaks power higher
than other appliances; in contrast, lighting loads present the
lowest power consumption among the defined categories.

The data of measures, taken during the month of January
2017 to the house 2, were analyzed to determine the distribu-
tion of the utilization of the energy and is presented in Fig.
9. Here, the space heating and air exchange count conjointly
for 58.7%, being 51.1% and 7.6% respectively, the water
heating represents 22.7%: kitchen and clothes washing/dry
demand is 8.6% and 4.1% respectively of the total household
consumption. The distribution of electricity demand for this
particular house follows the typical use of energy of the
Canadian households where about 80% of energy bills are
associated to the space and water heating needs [2].

Enargy consumption of house 2
lanuary 2017

Others
55%

Fig. 9: Distribution of consumption of house 2 on January 2017.

V. CONCLUSION AND FURTHER WORK

This paper proposes the development of a hardware-
software co-design architecture for a power sub-metering
system. The resulting design has been implemented and exper-
imentally tested in field to collect information of consumption
of two electrically heated buildings.

The proposed and implemented architecture permits [) to
perform embedded processing using the customized FPGA
core. 2) to store the measurements information in a SQL
database and 3) to access remotely this data by means of a
web application running on the Raspberry processor.

Significant analysis has been carried out taking advantage of
the detailed information obtained through the prototype of the
proposed sub-metering system. This study covers the voltage
and frequency analysis. the energy efficiency evaluation and
the assessment of the distribution of household consumption.

The work related in this paper confirms the usefulness of
the proposed system and permitted the collection of highly
detailed dataset of consumption useful for research purposes
in residential energy management context.

Current works include the design of an optimized version
of the tested prototype to collect information of a park of
residential buildings and the proposition and evaluation of new
methods for big data management.
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Abstract—Residential load management plays an important
role in Demand Side Management (DSM) when a more optimized
Smart Grid (SG) is envisaged. Actions must be done to address
the local and remote control to obtain a load profile matching the
available power. The identification of the working cycles of
controllable and non-controllable loads, out of an aggregated
load profile, is a desirable feature for the implementation of DSM
technologies. A detailed knowledge of the loads can be obtained
by means of intrusive or non-intrusive methods. Non-intrusive
ones are preferred by customers and utilities due to the lower
cost, lower hardware complexity, and easy installation. Non-
Intrusive Appliances Load Monitoring (NIALM) is not a new
concept in order to extract loads signature; it is lately taking
more importance with the evolution of the SG technologies. Most
of the literature works are devoted to the off-line NILM
algorithms. Nevertheless, real-time load monitoring becomes
necessary to feed the future Home Energy Management Systems
(HEMS); the consumers and the utilities with accurate
consumption  information. This paper proposes the
implementation in Ficld Programmable Gate Arrays (FPGAs) of
real-time admittance analysis for residential load monitoring.
Explorative experimental results of Non-intrusive Load
Monitoring are provided and discussed.

Keywords— Non-intrusive load monitoring, Demand side
management, Programmable logic arrays, Power analysis

[ INTRODUCTION

MART Grid (SG) technologies have been recently

introduced and promoted by governments and utility
operators to increase the reliability and capability of future
power systems. SG technologies at the distribution level
include the integration of clean energy sources for stationary
and mobile power applications. The recent developments in
information technology (IT) can be also applied for the load
and distributed generation monitoring and control. The SG
approach thus focuses a smarter power network with smart
centralized and distributed generation, smart transport and
distribution and also with the client intervention as manager of
his own energy [1]-[3]. Accordingly at the residential side,
the concept of IHome Energy Management Systems (HEMS)
has arisen to improve the role of customers adopting a friendly
controlled consumption behavior in the SG scenario [4]. A
HEMS, proposes a path for the consumption management,
considering the monitoring and control of smart appliances,
the distributed generation implementation and the local
storage such as plug-in vehicles and thermal loads. For the

978-1-5090-0873-5/16/$31.00 ©2016 [EEE

monitoring and control of the residential loads, a good
knowledge of the loads characteristics and profiles is required.
As a matter of facts researchers and industry have been widely
working over the past two decades on the analysis of
residential profiles for load identification using non-intrusive
methods. Such methods are better preferred as they respect the
consumer’s privacy [S]-[7]. Non-Intrusive Appliances Load
Monitoring (NIALM) or in a more wide concept Non-
Intrusive Load Monitoring (NILM) has evolved in time with
the evolution of technology especially with the Information
Technology (IT) progress [8]-[23]. Early algorithms and
techniques were based on the total power analysis of the
residential load. New techniques consider the harmonics, the
waveforms, the transient response, the power profile and the
combinations of those variables, to establish a signature which
permits to identify each load.

Very Large Scale Integration technologies (VLSI) have
permitted to introduce the Field Programmable Gate Arrays
(FPGAS) as a promising technology which is suggested as the
target device for many applications including signal
processing, monitoring, and control of power systems [24]-
[27]. FPGAs’ high capacity of programmable resources and
parallel processing capability permit the flexible operation of
different functions avoiding the communication constraints of
multi-processor systems.

This paper proposes a real-time analysis of the admittance
for non-intrusive residential load monitoring implemented in
VLSI technology. The remainder of this paper is organized as
follows, section 1l presents the proposed FPGA-based smart
measurement system; section Il describes the implementation
of non-intrusive load monitoring system based on the real-
time admittance analysis; sections [V presents the
experimental results and discussion, and in section V some
concluding remarks are presented.

[I. FPGA-BASED SMART MEASUREMENT SYSTEM

Residential electric systems in Canada employ two electric
lines which are used to supply the loads at 120V/60Hz or at
240V/60Hz according to the type of load and respecting the
international and local standards [28], [29]. The baseboard
heaters, water heaters, oven electric ranges and clothes dryers
are normally wired at 240V and the other pluggable
appliances at 120V. Fig. 1 illustrates a block diagram of the
proposed measurement system for a typical 240V residential



installation, where the two main currents and the two voltages
are measured at the electric panel level. Conditioning and
analog-to-digital converters (ADC) are employed to convert
the measured signals into the digital information sent to the
FPGA-based computing core. The power and admittance of
each line are computed by means of a Multiple Variable
Frequency Adaptive Linear Neuron with Frequency Locked
Loop (M-VF-ADALINE&FLL) [24], [30], which permits to
obtain, in real-time, the harmonic decomposition of current
and voltage signals,

” (/)+§j [W(2n+1,k)cos(nwkTy)
e | + W (2n.k)sin(nekT,)

n=0

where W, and W are respectively the DC and the orthogonal
components of the measured alternating signal y at the 4
instant denoted as y(k). The harmonic decomposition for each
power line can be useful to better identity a specific load from
others with similar fundamental power characteristics (P and
Q); e.g. in reference [8] the total active and reactive power and
the total harmonic distortion (P, Q, and THD) are used for
clustering purposes.

The proposed computing core, as detailed in Fig. |,
comprises the following structures: four Weight Vector
Updating (WVU) blocks with one pair per voltage line
(voltage and current); one Frequency Locked Loop (FLL) fed
by the WVU of the voltage line |; and one Variable
Frequency Direct Digital Synthesizer (VF-DDS) [24]. The
apparent Fundamental power of line | (S;/), at the k instant,
can be computed from the orthogonal components of voltage
and current as follows,

S,k =W, (0,6)- W,y (0.k) + W, (1K) - Wy (LA
+J.(I/VVL|(|~/‘) W, (0,6) =W, (0.)- W, (LK)

where VL1 and /L[ subscripts refer to the voltage and the
current components of line | respectively. Similarly, it is
possible to compute the apparent power of line 2 (S.2). The
total power of the residential system is then the result of the
addition of the two individual powers (S=S;1+Si2). The
admittance components (conductance G and susceptance jB)
of each line, at the 4 instant, can be determined by using the
orthogonal components of fundamentals voltage and current
as follows,

yik)=

@)
)

(0.K) Wy, (0,6) + Wy, (1K) Wy (L)

.
L] - 2 2
W,.,_l (l,k)+W,.Ll (0,£)

”/VLI(I’k) W (O’k)—”/VLl(O’k) ) Wll,l(l’k)
Wy, (L) + Wy, (0,4)

Admittance information can be used directly as the input of
the event detection algorithms or transformed into a
normalized power (Pyvorys) by using

iB (k=]

_ A
I NORM — G- VNU,\«/ (%)
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where [ exponent depends on the nature of the load.
Considering that in our case the most important residential
loads are the space heating systems by baseboards and due to
their resistive nature B can be assumed as 2. In this work, all

analysis are carried out using admittances instead of
normalized powers.
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Fig. 1. Simplified diagram of the FPGA implementation of the Smart
Measurement System for Non-intrusive load monitoring.

[II. REAL-TIME ADMITTANCE ANALYSIS FOR NON-INTRUSIVE
LOAD MONITORING

Admittance analysis includes the following functions: low
pass filtering, events detection, clustering, admittance
mapping and signal reconstruction.

A. Low pass filtering

The admittance information, obtained from ‘the M-VF-
ADALINE&FLL structure, is passed through a low pass filter
bank. This filter bank counts with four-channels; two for each
line admittance (conductance and susceptance), which is
implemented by using

s k=As (+(1-2)s, k=1 (6)

et " et



where A permits to define the time constant (T) of the low pass
filter with a sampling period (Ts).

t=T./4 e

The time constant (t) of the filter bank must be set
“cautiously” considering the possible switching frequency of
the measured loads. e.g. baseboard heating systems with
electronic thermostats work with cycling periods of 15 or 20
seconds with a minimal duty cycle near to one second (in
some cases sub-second). Thermostats employed in central
HVAC systems typically use heating periods varying between
5 and 15 minutes. Irons, toaster-ovens, and stoves use
thermostatic controls with ON/OFF periods under 30 seconds.
Other appliances have cycles of several minutes or hours.

Considering the switching frequency and the minimum
pulse width of baseboard heaters, it is reasonable to use a filter
frequency higher than [0Hz (t<I00ms); the use of a lower
frequency can eliminate important information resulting in a
high number of events overlapping or misinterpretation and
consequently an inaccurate disaggregation.

B. Online events detection

Events detection can be achieved online by comparing the
instantaneous and the mean values (filtered) of the
conductance and susceptance; Fig. 2 illustrates the events
detection logic for the conductance of line 1 (Gy); the outputs
of this logic are the indication of the positive and the negative
events (Gppeand Gp.yx) and the event waveforms (G pewr
and Grraewr). The thresholds So and S, can be defined
considering the characteristics of the measurement system and
the minimally detected conductance (or susceptance)
variation, so S; must be higher than the measurement error and
Si: must be lower than the minimal variation to be detected.
The waveforms and event state can be employed to establish
the peak value (vepand vyp), the steady state (vsp and vsy) and
the duration (vpp and wpy) of each detected positive and
negative event. This information can be used for transient
analysis which permits to obtain better performances than
steady state NILM techniques [23].

_’(\:_)—o—o >3, s
a
»—v[ <8 1—4} R
Gurars
<5y s
= Q
Fig. 2. Simiplified diagram of the proposed structure for event detection

(conductance of line ).
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C. Clustering Finite State Machine

In the implemented approach, each event is analyzed online
by means of a Clustering Finite State Machine (C-FSM) and
an “admittances’ map” implemented in Random Access
Memory (RAM), only using the steady state information of
the positive and negative events. The admittances’ map
contains the information of the already detected loads. At the
first system start-up (at installation), the map is empty and is
progressively updated by the C-FSM. The updating ts made
with the information of the detected events. The value of
admittance itself and its actual state are the information for
each entry. The actual state represents the number of active
loads with similar admittance; e.g. two or more baseboard
heaters with same rated power and located at a comparable
distance from the electric panel can be classified in the same
entry like similar admittances.

The C-FSM operation can be summarized as follows:

o [dle state: the FSM is waiting for events.

e Pre-event computation: if one event is detected the actual

“total admittance” ( G and B ) is computed from the
“admittances’ map” information and using

6= ()5

M

B=""b(i)-s(i)

where g(i) and bh(i) are the registered mean values of
conductance and susceptance, s(i) is the actual state of the
entry /; and M is the total number of detected loads with
different admittance characteristics.

(8)

&)

e Event search: the value of the detected event (v;,) is searched
in the “admittances” map”; if it is found, it is registered in
the map if the admittance related to the event is already
registered in the map, then an “updated state” (s,) and an
“updated value™ (v,) are generated according to the “event
state” (sy) and the “registered value and state” (v and s);
else, in the case that the admittance of the event is not found
in the map, a “new entry” is appended to the map.

v, if not found

v, = (10)
a-v, + v(l - 0!) if found
S, if notfound

S, =935, s if found and (s, +s)=0 (1D
0 otherwise

where O<a<l is the updating factor of the registered value.
The inputs v;, and s;, are obtained from the detected event as
follows,

v, = |Vep+ v (12)



5, =sigr(vg,) +sign(vg, ) (13)
where vsp and vgy are the steady state values of the positive
and negative events respectively; sign(a) yields +1 if o is
positive and -1 if o is negative. It is to remark that the
structure of the event detection provides only one event at a
time, and the event detection is only enabled during the “Idle
state” of the FSM.

e Admittance Map update: the “admittances’ map” is updated
with the new values and with the states v, and s,.

e Post-event computation: the “total admittance™ is again
computed in order to obtain the new estimated value of the
aggregated admittance using (8) and (9).

D. Disaggregated cycles and signal reconstruction

The information of each Admittance Map entry permits to
generate online the operation cycles of a detected load /, using,

Gli) = gty stiy (14)
B(i)=b(i)- s(i) (15)

The total admittance is reconstructed using (8) and (9), and
is constantly compared with the measured one. All the
information is sampled, formatted and transferred to the user
interface for analysis and post-processing. This work does not
consider the modeling and labeling of disaggregated loads.

V. EXPERIMENTAL VALIDATION

The proposed measurement and admittance analysis system
has been implemented in FPGA development board Nexys-4
[31]7 equipped with an Artix-7 device (XC7A100T-
1CSG324C). The prototype of the measurement system is
illustrated in Fig. 3, which includes: the current and volitage
sensors, the conditioning circuits, the analog-to-digital
converters, and the communication ZigBee module. This
version of measurement system permits to transfer the
information to a LabVIEW application or to a
MATLAB/Simulink-Xilinx interface using the USB port or
the ZigBee communication ports. The main characteristics of
the implemented system are listed in Table II.

A. FPGA implementation
All functions of the proposed system have been embedded
in an Artix-7 FPGA as mentioned betore. Xilinx ISE

Foundation has been employed to generate the bitstream file
corresponding to the main structure of the admittance analysis.
As summarized in Table 111, the implemented system uses 9%
of available slices registers and 21% of slice LUTs of the
targeted device (XC7A100T-1CSG324C); the remaining
resources could be used to implement additional features or
more complex algorithms.

B. Comparing measured and normalized power

Experimental tests have been carried out by using a 240V
baseboard heater (controlled by an electronic thermostat) and
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a portable heater in order to illustrate the difference between
the normalized power (from conductance and equation 5) and
the measurement Pyogy and Pigs. In the first test, the
baseboard heater is controlled by a commercial electronic
thermostat with a heating period ot 15 seconds.

€) crcutbresker
e Meaiurement system
o Local VGA interface
o 240V/200A pane!

Fig. 3. A prototype of developed measurement system installed at the
Hydrogen Research Institute.
TABLE L. MAIN CHARACTERISTICS OF THE IMPLEMENTED
MEASUREMENT SYS 1M

Description (units) Value
Embedded system
FPGA device

FPGA clock period (ns)
Measurement system

XC7A100T-1CSG324C
10

Voltage sensor LV25-P
Current sensor HASS 100S
Analog-to-digital converters (ADC) AD7476A 12bits
Sample time of ADC (us) 4

Voltage and current analysis

Number of analyzed harmonics 32

DDS sample time 10 (ps) l

Number of implemented WVU-TO 4

WVLI-TO learning factor 0.1

FLL gain GFLL 3.5

FLL sampling period - TFLIL (ps) 10

FLL error threshold - sMIN 0.1

FLL sliding window period -TSW (ms) 20

Events detection

Low pass filter time constant T (ms) 80

Event detection thresholds SU and SL (mS)
Seriat interface USB-UART bridge
ZigBee Interface

0.6944, 0.069
FTDIFT2232HQ
Digi XBee 2,4 GHz
(ImW)

VGA port resolution 1 2bits

TABLEII. DEVICE UTILIZATION FOR XCT7A100T-1CSG324C

Logic Utilization Utilization  Used / available

Number of Slice Registers 9% 12024 / 126800
Number of Slice LUTs 21% 13601 /63400
Number ot DSP48F1s 37% 91 /240

The voltage, conductance, and powers have been
measured/computed during one hour. The second test was
carried out, in the same way, using the portable heater (always
on during the test). The measured and the normalized powers
(from the estimated conductance) versus voltage are plotted in
Fig. 4. As expected, the results show that the normalized
power is a more voltage-independent signal (immune to



voltage fluctuations) and consequently better adapted for

events detection. According to Fig.4-a, the same baseboard
shows a steady slate value varying within a £3,5W margin
when normalized power is employed; this variation margin is
+13.5W for the measured power when voltage varies from
23525V to 239V. Similar behavior is observed with the
portable heater (Fig. 4-b), where the voltage varies from 229V
to 234V and the margins are +12.5W for normalized and
+14.5W for measured powers (voltage varies between 230 and
234V). Evidently, it is a real advantage if a steady state
analysis is used for the clustering of cvents. It is to remark that
a low variation of power among detected events from the same
load enables the creation of clusters with a small radius. This
characteristic permits a more accurate load identification
taking into account that the international standards define the
acceptable limits of voltage variation between 88% and 110%
of the nominal value (e.g. 221.2 — 264V for a 240V system)
[29]. This means that in the worst case, and neglecting the
thermal and aging effects of the load, the measured power of a
resistive load can vary belween 77.44% and 121% of its
nominal value.

Steady stah
mformation _

Transient
wformation

26 268 )

ol =
¥ 8
Valiags (V)

(a)

g —
A

o paanr? |

Normabzed power

Mensured power

(b)
Fig. 4. Plots of normalized (from the estimated conductance) and

measured power of a) basecboard heater and b) portable heater.
Experiments span one hour.

C. Laboratory tests with conventional loads

Laboratory tests have been carried out using commercial
loads. The following loads have been employed in the tests:
two 120V portable heating systems (800 and 1000W) and
120V commercial light bulbs (one of 200W, two of 100W and
two of 60W). Fig. 5 shows the experimental results of 22
events within a period of 240s. Fig. 5-a and 5-b present the
measured and the estimated total conductance during the test
period and a zoom-in between 105 and 140s; the number of
estimated working loads is presented in Fig. 5-c; and the
desegregated information of each operation cycle of the seven
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loads is presented in Fig. 5-d. In this test, all the events have
been correctly classified and all of the estimated operating
cycles correspond to the ones imposed to each load.

0.14;

012 pra——
_ o1k i
i | ]
3
3
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— LEsumated
1"'5.- 120 140 160 180 200 .1} 20
Tirme (3)
(a)
0.108 g
@®l ] 5
7 0,085+ [
| Meawored _\.,_,_,_
— Estmmted
007 |
108 1o s 10 115 130 1is 146
Teme (%)
(b)

0.06.

140

Time (s)

(d)

L id ]
60 100 120 160 180

Fig. 5. Experimental results of a) measured and reconstructed
conductance; b) zoom-in of measured and reconstrueted conductance; ¢)
estimated number of working loads and d) disaggregated conductance.
System with seven manually switched loads.

V. CONCLUSION

This paper proposes a real-time admittance analysis system
used for on-line non-intrusive load monitoring. The proposed
embedded structure includes the voltage and current analysis
by means of M-ADALINE&FLL, the events detection
algorithms, and the admittances mapping.

The proposed system has been implemented in FPGA for
the experimental validation in a laboratory test bench using
conventional loads. The main advantages of the real-time non-
intrusive load monitoring system based on the admittance
analysis proposed in this work are:

All functions are embedded in a sole digital processor



enabling high-frequency analysis and more accurate
events detection compared with commercial systems;
The admittances’ map is built on-line from the detected
events and no information about the number and type of
loads is required in advance;

Additionally to the online load monitoring capability, the
proposed system includes local user interface and
communication ports looking forward to a smart energy
monitoring and home energy management functions.
Current works include 1) the test of the proposed system in an
occupied house, and 2) the update of the system enabling the
measurement of other variables (e.g. room temperature and air
moisture) and the control of some thermostatically controlled

loads allowing the implementation of Home Energy
Management strategies.
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A-5 Modélisation du confort

Dans I’évaluation d’un modele de batiment le parametre d’occupation est trés important a
considérer. Egalement I’évaluation de I’environnement intérieur tel que percu par les étres
humains. La norme ASHRAE 55 [108, 119] précise la méthode pour mesurer et évaluer
I’ambiance thermique « idéale » pour atteindre 1’état idéal de 1’esprit pour déterminer une

étiquette de confort acceptable et neutre.

Le vote moyen prévisible PMV ( pour Predictive Mean Vote) et le pourcentage prévu des
insatisfaits PPD (pour Predictive Percentage of Dissatisfied) introduits par Fanger [108, 140]
et adoptés par I’ASHRAE, établissent une prévision quantitative du confort. En effet, la norme
définit par équations, I’équilibre thermique entre le corps humain et son environnement. Ces
équations établissent alors, des parametres physiques qui dans I’environnement thermique
tiennent compte de la température de 1’air, de la température radiante moyenne, de la vitesse
relative de I’air et de la pression de vapeur dans 1’air ambiant; ainsi que les parameétres tels
que le niveau d’activité et la résistance thermique des vétements qui sont plus directement pris
en compte dans I’équilibre thermique du corps et de la sensation thermique pour obtenir une

perception de neutralité thermique.

Le facteur de température intérieure du batiment varie selon la différence de température a
I’intérieur du batiment et I’extérieur. Pendant I’hiver la température intérieure des différentes
surfaces a I’intérieur de la maison comme le toit, les fenétres, les murs est toujours inférieure
a la température de I’espace intérieur. Pour 1’été la température de réglage idéale considérant
le confort des habitants est autour de 75 ou 78 °F (23.9 ou 25.6 °C). En pratique, il peut y
avoir une tolérance de +2 a 3 °F (£1.1 — 1.7 °C) qui est considérée acceptable en termes de
confort [108]. En termes de sensation, le confort thermique est décrit comme une sensation
thermique de n’&tre ni trop chaud ni trop froid, défini par ’ASHRAE sur sept niveaux de

sensation thermique.
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-3 | froid
-2 frais
-1 | légerement frais
0 neutre

" +1 | 1égérement chaud
+2 chaud
+3 trés chaud

TABLE A-1 Niveaux de sensation thermique [ [40].

La température opératoire 7, est un indicateur du confort thermique du corps humain dans
son ensemble et qui tient compte de la température de 1’air, du rayonnement thermique moyen
et de la vitesse de I’air (0.15 a2 0.2 m/s). La température opératoire varie selon la saison (hiver
ou été) ainsi influencée par la tenue vestimentaire. A un taux d’humidité relative de 50 %, ces

températures se retrouvent entre 23 et 26 °C en été, et entre 20 et 23,5 °C en hiver.

L’indice de perméabilité a I’humidité i, indique la perméabilité a I’humidité de 1’habille-
ment. Selon ’ASHRAE, pendant I’hiver, la zone de confort est basé€e sur une isolation de
0.9 clo y compris pantalons lourds, chemise a manches longues et veste. Les limites de la
température sont normalement définis entre 74°F (23.3°C) et 64°F (17.8°C). Ainsi, la vitesse
de 'air a I'intérieur de la maison, pendant I'hiver est suppos€e de moins de 30 pieds par

minute (0.15 m/s).

L’humidité relative minimale est considérée acceptable pendant I’hiver entre 30 et 40% étant
donné que I"humidification de I’ambiance produirait plus de consommation d’énergie et de la
condensation de la vapeur d’air sur les surfaces froides. Pendant I’ét€ 1’humidité intérieure

peut varier entre 50 et 60%.

Les équations du PMV et du PPD sont définies comme suit selon [140, [45] :
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PMV = (0.303¢'%" 1.0.028) - {58.15 x (M = W)
—3.5x 1072-[5733 —406.7(M — W)] — p,

—24.42x [(M=W) = 1]—107%-M (5867 — p,)

(A-25)
—0.0814-M x (34— 1,)
=396 1071 x | (10 +273)* = (1 +273)’)
_ f('/ . /l(- . (’('/ — ’(1)}
o =35.7— 1.628(M — W)
0155 1,{3.96 x 10 £, [(rc, T3 (1 + 273)4} (A-26)

+fc[ : hc' (tc'l - ’a)}

238 (1, — 1,00 i (ty—1)" > 121V,
b= ( ! ) (c/ () 7 (A-27)

=
12.1/V,, si (tg —1)"% < 12.1/V,,

pa =610.78 x exp ( X I7.2894) x RH (A-28)

ta
ta+238.3
ou
M = taux métabolique [Btu/h - ft* (W/m?)];
W =travail externe (typiquement=0);
I, = indice de perméabilité a la vapeur d’eau du vétement [clo];
t.; = température de la surface externe du vétement;

fe = facteur d’habillement;;
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Pa = pression de vapeur d’eau dans |’air inspiré [kPa];

t, =température de I’air;

h. = coefficient d’échange convectif, W/m2.K.

V. = vitesse relative de I’air [m/s]; normalement entre O - lm/s

RH =taux d’humidité .

I clo=0.155m*K/W
1.; varie normalement entre 0 - 2 clo (0 - 0.3 [0 m*K/W).

La surface moyenne, définie par la formule de Du-Bois, du corps humain est d’environ 1,8 m”
(19,4 pi®). La chaleur métabolique totale pour un corps moyen peut étre calculée en multipliant

avec la surface.

En tenant compte de cela, et selon [’analyse réalisée par Fanger le vote PPD (Indice de
pourcentage prévu des insatisfaits), par rapport au confort thermique, lorsque PMV = 0

correspond a un 5% et PMV = 1 est autour 27%.

Les calculs du confort thermique considérent les parametres selon le tableau du taux métabo-
lique de I’étre humain selon P’activité, le Tableau A-2 et selon la tenue vestimentaire tel que

présenté par le Tableau A-3 :

TABLE A-2 Taux métabolique du corps humain selon I’activité

Activité [W/m?] W [Btuhr] [Met]
Dormant 46 83 282 0.8
Assis détendu 58 104 356 1.0
Debout au repos 70 126 430 1.2
Activité sédentaire 70 126 430 1.2
Travail domestique* 100 80 64 1.7

*rasage. lavage et habillage

L’implémentation du code en MATLAB, a donné comme résultats la Figure A-1 et Figure
A-2 en 3-D pour un plage d’humidité entre 20 et 70%. Les paramétres du métabolisme, M et

le taux d habillement /,; ont été définis pour les conditions du jour, ¢’est-a-dire légérement
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Habillement I I
[m’K/W]  clo

Culottes, T-shirt, shorts, chaussettes légeres, sandales 0.30 0.050

Slip, chemise 2 manches courtes,

pantalon léger, chaussettes [égeres, chaussures 0.50 0.080

Culottes, jupon, bas, robe, chaussures 0.70 0.105

Sous-vétements, chemise, pantalon, chaussettes légeres,

chaussures 0.70 0.110

Culottes, chemise, pantalon, veste, chaussettes, chaussures 1.00 0.155

Culottes, bas, chemisier, jupe longue, veste, chaussures

chemise, pantalon, veste extérieure lourde et matelassée

et salopettes, chaussettes, casquettes, gants .10 0.170

Sous-vétements a manches longues et jambes, chemise, pantalon,

Pull a col en V, veste, chaussettes, chaussures 1.30 0.200

Sous-vétements a manches courtes et jambes, chemise,

pantalon, gilet, veste, manteau, chaussettes, chaussures .50 0.230

habillé et en activité sédentaire, et pour les conditions de soir, comme par exemple, bien habillé

(normalement avec pyjama et une couverture) et le métabolisme en dormant.

~ Condition Diurne

PPD
p
g

PPD
)

W0 12 14 16 18 20 22 24 26 28 30 90 12z 14 18 18 20

M=0.8: 1 =2
V_=0.1
L

Condition Nocturne

22 24 26 28
Tamperature intériure ("C) Temperature intériure (“C)

(a) Conditions diurne. (b) Conditions nocturne.

30

FIGURE A-1 Variations de température en fonction des conditions d’habillage et métabolisme

diurne et nocturne.

Tel qu’on peut remarquer comparant les deux figures c’est la température de confort qui varie;

pour le soir a 19°Cet pour la journée a 22°C.
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Condition Diurne Condition Nocturne

P

M=1:1 =5,
v =0.1

M=08; | =2
v =01

PPD

1

08 25 T2
04 . 20 0.4 : “on
Humidité mténere 3 z N 5

il Temperatura inténure {'C ;3 1

B ! Humidite intériere Temperature intériura (' C)

(a) Conditions diurne. (b) Conditions nocturne.

FIGURE A-2 Variations de humidité et température en fonction des conditions d’habillage et
métabolisme diurne et nocturne.

A titre d’exemple aprés I'implémentation en MATLAB, la Figure A-3 montre I’évaluation
du confort a travers la température intérieure mesurée, pour deux différents pourcentages
d’humidité considérant la maison d’étude No. | pendant une période d’une semaine. L’étude
du confort nous permet de déduire qu’a partir de 12% il est possible que la sensation de confort
commence a se dégrader. Afin d’identifier le fréquence de sensation d’inconfort la Figure A-4
présente I’histogramme pour la méme période d’évaluation. Comme les résultats le montrent
pour la maison analysée la plupart de temps le niveau de confort est acceptable sachant que

les seuils d’acceptation du PPD sont :

PPD < 20% = niveau typique;

PPD < 10% = niveau exigeant.

C’est bien de remarquer que la maison en évaluation date de 1954 et a un niveau d’isolation
inférieur aux normes en vigueur, de ce fait il est plus probable d’avoir des périodes de sensation

d’insatisfaction pour les occupants.
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FIGURE A-3 Evaluation du confort avec des mesures réelles du cas d’étude No.l M=l :
Icl=1.5¢clo.
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FIGURE A-4 Histogramme d’évaluation du confort pour deux différents pourcentages d’humidité
relative HR ; M=1; Icl=1.5clo.
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A-6 Méthodes méta-heuristiques

Cette section se concentre sur I’étude des méthodes méta-heuristiques pour résoudre des
problemes multi-variables ou multi-objectifs. Dans ce sens, quatre méthodes méta-heuristiques
ont €té sélectionnées : le Recuit Simulé, la Recherche Tabou, les Algorithmes Génétiques
et I’Optimisation d’Essaim de Particules. Ces méthodes ont été explorées en considérant
I’évaluation de fonctions de test complexes ol I’espace de solution a n dimensions. Cette
analyse a fourni des informations utiles qui ont aidé dans le choix de la meilleure méthode
d’optimisation qui tient compte de la performance et de la complexité de la fonction de cofit

avec ces caractéristiques ainsi que de la complexité de la méthode elle-méme.

A-6.1 Recuit simulé

Avec son nom en anglais Simulated Annealing (SA), cette technique est essentiellement basée
sur ’observation dans les procédés métallurgiques pour obtenir un alliage sans défauts en
alternant les cycles de chauffage et le refroidissement lent des métaux. Son principe consiste
a explorer de maniere itérative I’espace des solutions. L'organigramme représentant cet
algorithme est présenté a la Figure A-5. Comme illustré, une solution aléatoire Sol(i) est
générée comme solution potentielle a chaque itération /, avec cette solution la fonction de
Colit Cost (i) = F(Sol(i)) est évaluée et utilisée pour appliquer le critere de Metropolis défini
par I’équation (A-29). Ce résultat est compar€ a un nombre al€atoire pour définir si la solution

potentielle devient la nouvelle solution optimale Sppr.

—(F(Sppr) —Cost(i))
T

ap = exp (A-29)
Ce processus est répété N fois, jusqu’a ce que la rempérature T, qui est réduite a chaque
itération N par le facteur «, reste supérieure @ un minimum 7Ty n. Ainsi, le nombre total

de cycles d’évaluation dépend des parameétres : Tyy 7 (température au démarrage), Ty
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(température minimale), & (coefficient de réduction compris entre O et 1), et N (nombre

d’itérations). Le nombre total de cycles de I’algorithme Ns4 peut €tre défini selon I’équation

(A-30).

NSA _ N INIT

log {o} (A-30)

’ i=i+1
Solfij=rand

| Cost(i)=f(Sol(i))
¥

|F ap = Metropolis criteria

2

~__ap>rand?

| Sopr=Sol(i)

—

I=Tu«a
¥

Not  _—

( -—E'n d—-..\ ,
S

FIGURE A-5 Organigramme de Recuit Simulé (SA).

A-6.2 Recherche Tabou

Avec son nom en anglais Tabu Search (TS), cet algorithme d’optimisation, comme illustré
dans la Figure A-6, commence par une solution initiale s générée aléatoirement d’un ensemble
de solutions locales. Un nombre N d’itérations permet de chercher une meilleure solution dans
un voisinage généré aléatoirement, ol chaque candidat voisin est situé dans un rayon défini

par d, ; en d’autres termes, la distance entre chaque voisin et la solution réelle est inférieure a
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dn. Ainsi, chaque solution potentielle dans le voisinage permet d’évaluer la fonction de coiit F.
La solution qui améliore la valeur de F' est conservée et incluse dans le Tabu list qui a une
longueur maximale L. A chaque itération, I’algorithme cherche de nouvelles solutions autour
du voisinage de la meilleure solution en éliminant les solutions précédemment incluses dans
le Tabu list. La fonction de colit doit étre évaluée, N - 1 times, ou N est le nombre d’itérations

et 1 est le nombre de candidats voisins.

l Solution=rand ‘

b—

| i=itl |
v

‘. Search the neighborhood J

)

Function evaluation for
each neighborhood

Evaluate candidate
solutions

Not e e
— Best candidate?  ——

Update tabu list

(End

FIGURE A-6 Organigramme de Recherche Tabou (TS).

A-6.3  Optimisation par essaim de particules

L’ optimisation par essaim de particules est une autre méthode méta-heuristique ; coopérative et
intelligente qui est basée sur le comportement naturel de nombreux essaims d’individus comme
les abeilles, les fourmis et les oiseaux. L’ algorithme doit étre initialisé par une population
aléatoire de particules. Chaque particule initialement avec une position et une vitesse aléatoire

représente une solution potentielle a travers I’espace du probleme. Les particules ont de la
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mémoire et chaque particule conserve une trace de : ) sa position px et sa vitesse pv actuelles,
et 2) sa meilleure position précédente px,,, et sa fonction (F(pxpes)) associiée ou qui s’ajuste
mieux (fitness) a pxpes,- Dans ’essaim il y a un nombre P de particules et la meilleure, qui
signifie celui avec le plus grand fitness ou meilleure position par rapport aux autres est la
meilleure globale du groupe gxp.s. A chaque itération , 1’objectif consiste a accélérer chaque
particule de I’essaim vers la meilleure position individuelle pxp,.y et simultanément jusqu’a
avoir la meilleure position de I’essaim gxp,.,. Un organigramme simplifi€ de 1’algorithme
PSO est représenté sur la Figure A-7. Le processus de mise a jour de la vitesse de chaque
particule est couramment accompli au moyen de I’équation A-31. Les parametres C| et C; sont
respectivement li€s aux composantes cognitives et sociales des particules dans ’essaim, le
nombre aléatoire (rnd(-)) introduit un comportement chaotique au mouvement des particules

comme dans le comportement naturel des essaims.
pv(k) =pv(k—1)
+Cy xrnd () X (pxpes (k—1) — px(k—1)) (A-31)

+ (o X I‘I’ld(-) X (gxbesl (k_ 1) _px(k_ U)

px(k) = px(k— 1)+ pv(k) x At (A-32)

ou le terme At est la vitesse de convergence normalement fixé entre 0 < Ar < 1. La meilleure

position de chaque particule est mise a jour par I’équation (A-33).

px(k) Si
PXpest (k) = F(pXpes (k— 1)) < F(px(k)) (A-33)

PXpest(k— 1) Sinon
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de la méme fagon la meilleure position de I’essaim gxp,,, €st mise a jour avec (A-34)

px(k) Si
8pest (k) = F(gxpes (k— 1)) < F(px(k)) (A-34)

8Xpes (k— 1) Sinon

! Parameters

=

'\;:‘lii__ﬁalization R
__-_"_-________/

>
r 4

Update of velocities of particles

v

Update of positions of particles

v

Update of cost function

Update of best particles
position of the group

' n=n+1

|

Optimal value

’

Y

‘x._fﬂg_,,./"

FIGURE A-7 Organigramme d’Optimisation par essaim de particules (PSO).

A-6.4 Implémentation, comparaison et choix de algorithme d’optimisation

Les méthodes présentées précédemment ont été codées dans MATLAB et comparées pour
vérifier leurs avantages concernant les performances et la complexité. Le Tableau A-4 présente
les principaux parametres utilisés pour chaque méthode évaluée. Ces parametres ont été choisis

afin d’obtenir des résultats similaires.



TABLE A-4 Parametres des méthodes d’optimisation.
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Parametre

Description

Valeur

OPTIMISATION PAR ESSAIM DE PARTICULES

P.N
C,G
At

Population des particules, nombre d’itérations
Composante cognitive, Composante sociale
Variation de vitesse

40.30
0.1,0.2
0.1

RECUIT SIMULE

Tivir

Température Maximum
Température Minimum
Coefficient de réduction , nombre d’itérations

1.0
le3
0.9,10

RECHERCHE TABOU

a3
=2

~

Nombre de voisins, Nombre de itérations
Distance maximum entre voisins normalisé
Taille maximale de la liste Tabu

4,50
0.125
30

A-6.5 Fonctions de test pour évaluer les algorithmes d’optimisation

Nous avons choisi trois fonctions d’€valuation [146—148] qui comportent plusieurs optima

locaux (minima ou maxima) pour évaluer les méthodes d’optimisation SA, TS et PSO visant

des applications avec fonctions de colit complexes. Parmi les fonctions choisies la premiere et

la seconde sont la fonction d’Ackley et la fonction Rastring dont les définitions numériques

pour les dimensions d peuvent étre trouvées dans [148] et montrées par les équations A-35 et

A-36.

F(x)=—a-exp

| d
—exp QZcos(c-xi) +a+exp(l)

i=1

(A-35)

ou les valeurs de paramétrés recommandées sont a = 20, b = 0.2 et ¢ = 27. Nous avons utilisé

d =1 pour faciliter la comparaison des méthodes.
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d
F(x)=10d+ Y (xf — 10cos(27x;)) (A-36)

i=1
ou d est la dimension de la fonction.

La troisieme fonction de test est le Griewank avec une modification tel que définie dans
(A-37). Cette modification représente un défi plus important pour la solution d’algorithme

d’optimisation.

d 2 d_cos (‘7>
— -7 —Yz (A-37)
F =X 3000 IJ L+ ]

i=I

Les trois méthodes d’optimisations étudiées ont pour but de minimiser la fonction objectif. Les
trois méthodes commencent avec la méme initialisation aléatoire. Les résultats plus importants
sont montrés par la suite. D’abord les résultats des trois méthodes évaluées avec la fonction
Ackleys sont présentés dans la Figure A-8, ceux obtenus avec la fonction de Rastring sont
présentés dans la Figure A-9. Ici on observe, que les trois méthodes obtiennent le minimum de

la fonction alors qu’elles commencent avec la méme solution potentielle initiale.

Les résultats de la fonction Griewank sont illustrés sur les Figures A-10; dans cet exemple

particulier, il est a remarquer que [’algorithme PSO présente la meilleures performance.

Ensuite, sur les Figures A-11, nous avons rassemblé les résultats d’erreur évaluant le SA, TS et
PSO en exécutant 5000 fois les fonctions de test définies précédemment. Comme le montrent
les résultats, la distribution de ’erreur démontre une meilleure performance pour I’algorithme
PSO, toujours moins de 4% ; méme pour la fonction Griewank modifiée qui présente plus de
défi parmi les trois fonctions évaluées. Il est important de souligner selon les résultats, que les
trois méthodes d’optimisation permettent d’obtenir une solution proche des optima globaux;

et aussi que chacune d’elles prend son propre chemin pour améliorer la solution.



FIGURE A-8 Résultats de minimisation de la fonction Ackleys utilisant SA, TS et PSO.
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FIGURE A-9 Résultats de minimisation de la fonction Rastring utilisant SA, TS et PSO.
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FIGURE A-10 Résultats de minimisation de la fonction Griewank modifiée utilisant SA, TS et

PSO.
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FIGURE A-11 Résultats de la minimisation et de la distribution d’erreur a 1D sur 5000 tests des
fonctions de Ackley, Rastring et Griewank modifiée au moyen de SA, TS et PSO.
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La performance de la méthode PSO a €té évaluée a multiples reprises sur différentes fonctions
de colit plus complexes tel que sera montré par la suite. En premier lieu nous montrons les
résultats apres avoir exécuté 100 fois la fonction d”Ackleys pour tester la convergence de
I’algorithme ol le maxima ou la solution optimale est 14.29. On a constaté que la relation
minimale entre le nombre de particules versus le nombre d’itérations (P/N) est 20/20 (A-12b).
On peut également souligner que méme si la meilleure option de toutes les six montrées
sur la Figure A-12 correspond a P=40 et N=40 (A-12g), le pourcentage d’erreur est autour
de 1.7%; et a partir de la relation 30/30 la moyenne est toujours proche du maximum. Ces
résultats prometteurs pour le cas d’application ont été décisifs pour les choix de I’algorithme

d’optimisation.

Avec plus de défi, nous avons testé les fonctions Ackleys, Rastring et Griewank avec PSO
pour ’optimisation 2D avec N = 40, P = 40 ou on cherche le minimum dans I’espace de
recherche. Les autres parametres restent tel qu’utilisés pour I’optimisation 1D comme présenté
dans le Tableau A-4. Les résultats, présentés sur la Figure A-13, montrent que I’objectif de

minimisation est atteint dans tous les cas et avec une faible erreur.

Un test final de la méthode PSO a été réalisé, cette fois-ci en utilisant les trois fonctions de test
pour une évaluation 5000 fois dans la minimisation et les résultats sont montrés par la Figure
A-14. Comme prévu, la méthode PSO fonctionne mieux pour les fonctions de test classiques
(Ackleys et Rastring). Cependant, méme avec la fonction Griewank modifiée, I’erreur de

distribution est toujours inférieure a 4%.

En prenant en compte les performances obtenues avec PSO pour les différentes fonctions de
test présentées, nous avons choisi cette méthode et I’avons utilisée pour la fonction objectif

qui considere le confort et la pointe de consommation.
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A-7 Systéme d’émulation de batiment

L article de journal suivant porte sur le syst¢me d’émulation de batiment proposé.
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Real-time Emulation of Residential Buildings by
Hardware Solution of Multi-layer Model

Cristina Guzman, Student Member, IEEE, Kodjo Agbossou, Senior Member, IELE,
and Alben Cardenas, Member, IEEE

Abstract—Building modeling and consumption analysis take
vast importance in smart grid applications. Particularly the mod-
els of residential buildings in Nordic countries, where multi-layer
slabs are mandatory to meet energy efficiency requirements, the
modeling task becomes challenging. In fact, the comiplexity of the
detailed model rises as the number of layers and thermal zones
increases. This situation limits in some cases the implementation
of model-bascd predictive control where the computation time for
the execution of the model must be as short as possible to achieve
optimized loop time performance. In this perspective, this paper
proposes the development of a modular, accurate and flexible
real-time multi-zone and multi-layer building emulation system
representing the dynamic thermal-electric behavior of residential
buildings. The proposed Hardware Implementation Architecture
(HIA) includes space and water heating systems, as these are
main consuming loads in Nordic countries. The emulation system
can perform in accelerated simulation or in real-time modes,
for one building or for a virtual park of buildings. Experimen-
tal validation using measurement data of occupied Canadian
buildings with different insulation characteristics and using a
Hardware-in-the-loop configuration has permitted to corroborate
the usefulness of the proposed emulation system.

Index Terms—Real-time systems, Building Modeling, Field
programmable gate arrays, Space Heating.

l. INTRODUCTION

OWADAYS one of the major challenges for utilities is

to improve the energy efficiency at all levels so as to
meet a growing end-user demand. Significant changes have to
be made in the future smart grid context, changes which must
be supported by innovative monitoring technologies as well as
by advanced control and management strategies [ []-[3].

A key element, at the end user level, is the integration of
home energy management systems (HEMS) and demand side
management (DSM) strategies, so as to support the power
requirements of users while minimizing the stress of the grid
[4]-[6]. The implementation of optimal real-time control for
energy management requires, as an essential prerequisite, the
accurate modeling of the building dynamics [7]-[10]. A com-
plete building modeling for these purposes, DSM or HEMS,
should include the main controllable loads, which in Nordic
countries are represented by the space and water heating
systems. Particularly in Canada such thermostatic loads are
responsible for about 80% of residential energy consumption
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Sciences and Engineering Research Council of Canada.

C. Guzmidn, K. Agbossou and A. Cardenas are with University of Québec
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[11], 112], and are suitable for energy management strategies
taking into account the important portion of household load
they represent and because of their intrinsic energy storage
capability.

The great challenge, in real-time control applications, con-
sist in the rapid execution of building models, whose equations
have to be solved inside predefined prediction horizons or
time limits. Simulation tools, such as TRNSYS, GridLAB-
D, EnergyPlus, or DOE Building benchmarks, are excellent
specialized tools to explore widely the behavior of the build-
ing system [13]-[16}. However, the computational time and
resources requirements are not suitable for control applications
needing short sampling periods. As an example, the com-
mercial software TRNSYS computes the Conduction Transfer
Function (CTF) coefficients for a time-base which depends on
the characteristics of the multi-layer slabs of the building. If
the simulation uses a short time step, e.g. ls, the difference
between time step and time-base, which is normally higher,
“creates a stair-step effect which becomes more pronounced
as the difference increases” [13]; In fact, the CTF-based
simulator permits to obtain proper simulated response and
energy balance only if the time-step is equal to or higher than
the time-base period. Otherwise an interpolation mechanism is
employed to obtain the transient response between two valid
samples, but this mechanism introduces an undesirable bias
in the form of stair-step. This inaccuracy makes inappropriate
the utilization of such software solutions in real-time control
applications requiring a short sampling period, e.g. demand-
side setback strategies typically needing time steps under |
minute {13].

Usually, simplification strategies are also used to reduce the
model order, however the compression of complexity affects
the fidelity of the model [8], [13], [17]. Consequently, such
strategies would not be adapted, in most cases. for detailed
control studies or applications.

It is to be noticed that, for the real-time applications of
complex building models, a compromise between fidelity.
speed, and complexity must be met. Accordingly, approaches
such as semi-physical building modeling based on the thermal-
electric analogy, known as RC models, are widely used in the
literature [18]-]20]. The reason is that this kind of approach
permits representing a building considering different levels on
complexity that depend on the defined number of thermal
zones and walls layers. Detailed RC models provide high
fidelity, and permit to describe complex multi-zone building
structures; however, the speed of solution is directly dependent
on complexity. Such approaches are thus preferred for their
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modularity and their flexibility for control and management
purposes [21]-[23]. To fulfill the named characteristics, it
must be remarked that the complexity of multi-zone models
certainly increases with the number of thermal zones (or
rooms), as well as with the number of defined layers of the
building elements, and these represent the order of the model
[4], [8], [20]. In fact, the order of the model is related to the
number of storage elements (or nodes), each one associated to
a thermal capacity and a differential equation or state function.

Progress in electronics has permitted the emerging of Very
Large Scale Integration (VLSI) technology which represents
an interesting option for a complex computation process.
Specifically, optimal hardware implementation, using Field
Programmable Gate Arrays (FPGA) or Application-Specific
Integrated Circuits (ASIC), could meet real-time requirements
by exploiting the parallel processing and pipelining features
possible in such technologies |24]|-[29]. For example, high-
performance real-time platforms are nowadays proposed and
commercialized for simulation and rapid prototyping. and.
lately, are increasingly adopted by industry and academia.
Such commercial solutions normally comprise hybrid config-
urations combining multi-core (CPU) and FPGA processors
[30]-[32]. However, their utilization is, in some cases, limited
by the cost or by the available resources.

This paper proposes a hardware implementation architecture
(HIA) for a multi-zone and a multi-layer description which
permits to reproduce the dynamics of any building with a
reduction of the burden time or latency and the computational
cost represented by the resources utilization. More specifically.
the latency of the hardware implementation is reduced by
the paralleled disposition of elementary processors (EPs), and
the structure of each EP permits to reduce the number of
arithmetic blocks necessary to solve the equations of high
complex models. The HIA is a low-cost, high-performance
solution that, for the rapid and accurate simulation of build-
ing models, will certainly contribute to the deployment and
implementation of model-based home energy management
strategies. The proposed architecture permits the real-time em-
ulation as well as the reconfigurable accelerated simulation of
building models including individually their high consuming
thermostatic loads, space and water heating systems.

The remainder of this paper is organized as follows: the real-
time emulation concept to be applied to residential manage-
ment system is presented in section L. Section 1l describes the
modeling approach used to represent the residential building
including the space and water heating systems. Section [V
presents the proposed HIA for the real-time emulation and
accelerated simulation. Section V provides experimental re-
sults, and a discussion part. The conclusions and perspectives
are presented in section VI.

[I. REAL-TIME EMULATION OF RESIDENTIAL BUILDINGS

The design of a building emulation system, which is meant
to run in real-time with short sampling periods, must consider
the characteristics indicated below:

1) A dynamic updating of the variables: All variables

should be updated dynamically at each time step.

1)

2) Transient & Steady State Analysis: The instantaneous
and mean values of signals (power, energy, temperature)
must be provided at different sampling rates permitting
the transient and steady state analysis.

Evaluation of Classic and Optimal Control: The eval-
uation of control and management strategies should
be available; the iterative execution of the building
model should permit the implementation of optimization
strategies within a defined time step.

[nteraction with External Devices: The system should be
able to interact with external devices e.g. sensors and
measurement systems, thermostats, relays. electric loads
and communicating devices using different technologies.
Multi-zone Analysis: The data of multiple zones should
be available for analysis and control purposes.

4)

3)

Besides the previously mentioned characteristics. the em-
ulation system should offer the option of evaluation of the
aggregated profile of a virtual park of buildings. This feature
might allow the analysis of the impact of the local and global
profiles on the power grid considering a HEM or DSM context.

As mentioned earlier, the commercial systems proposed for
emulation are often based on hybrid configurations with multi-
core (CPU) and FPGA processors, and are mostly employed
for the emulation of power systems [26], [30], [31]. However,
they could be adapted for the emulation of buildings, but their
implementation cost, which is usually very high, depends on
the definition of the desired performance: which would be
associated with the number of nodes or masses (or layers or
equations to be solved) and a minimum achievable sample
time. As a matter of fact, those hybrid configurations are
usually restricted to specialized rapid prototyping laboratories
of high-tech manufacturers’ facilities. Recent co-simulation
platforms integrating different simulation software compo-
nents have been proposed as a method to achieve real-time
emulation [21], [30]. In such cases. the main concern is
related to the complexity of the implemented system. where
the performance depends mainly on the characteristics of
the host processor(s) and the particularities of each software
component.

I11.

Experience has shown that, in Canadian residences during
winter time, space and water heating systems (ESH and
EWH) counts for about 60% and 20% respectively of energy
consumption [11], [12]. The emulation of those thermostatic
loads, mostly controlled by electronic thermostats with 15 or
20 seconds cycles [33], becomes then essential if focusing on
the local power or energy management. Consequently, both
ESH and EWH with their thermostatic controls are considered
as main parts of the proposed emulation system. User-driven
loads, e.g. appliances, can be emulated by using statistical
approaches [34], or, as in this work, using measurements of
loads operation in occupied residential buildings [12].

MODELING APPROACH

A. Building Modeling

The national and provincial energy policies and building
codes, in Canada as in many other countries, are basic tools

s
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to meet the requirements for the design and construction of
new buildings [35]—[38]. In the Canadian context of today,
two constraints on building design are of paramount impor-
tance: (1) Because of the relatively cold weather, the thermal
insulation requirements of buildings are much higher than in
other countries. This makes essential the use of a multi-layered
description of the walls [20]; and (2) the ever-widening use
of electric home-heating, through separate baseboard heating
elements in every room, with each element controlled by
its own thermostat with its own heating cycle [I1], [39].
This obviously demands a multi-zone subdivisioning, and
is the approach used in this paper. Under these conditions,
and in order to achieve real-time emulation for control and
optimization relevant processes in the HEMS context, a multi-
layer and multi-zone modeling n RC" approach is developed in
this paper. The walls are modeled as a series of nR( sections
as represented in Fig. 1. The thermal-electric analogy [8], [16]
is used for the dominant wall layers (such as brick, polystyrene
rigid insulation, and gypsum board) which have non-negligible
resistance or heat capacity.
7, RetRy o, RUR, T, RyCR

Ry iRy Ty RFRy They
Cy ( (—"

T T T
Fig. 1: Basic structure of an equivalent electrical representation of
an outer wall with N defined layers.
In this representation, the mean thermal capacity C'; (de-
fined in equation (1)) of each layer 7, is computed considering
the physical properties of the construction materials (specific

mass heat capacity C'p; and density p), their thickness L, and
their area A.

Ci=p-Cp,-L-A [kWh / K] (N
Also, the mean thermal resistance R; (K /k1V) of each layer
i is oblained using the thermal conductivity of materials and
the layer dimensions (thickness and area) or, if available, from
datasheet specifications. Otherwise, the R; can be obtained
from recommended RSI (metric thermal resistance) limits
defined for each building element. Indeed, RSI assignments
are usually based on the heating energy needs according to the
heating degree day (HDD) for a specific geographic location
[35]-[38}. Once the structure of the building and the thermal
parameters ((; and £;) of each building element are defined,
it is possible to formulate the ordinary differential equations
(ODE) of the heat balance for each node corresponding to an
equivalent thermal mass ;. In our approach, an equivalent (',
refers to a wall layer or to any thermal mass of the considercd
building that in fact is one of the nodes of the system. From
the ODE formulation, a generic transfer function H;(s) can
be defined by

-1
T,'(.S’) - L J 1
wi(s) Crvs J;R—,J @

with the generic input u;(s) defined by

J ¢
u;(s) = z R_‘J’ + Qi, with Q; = ZQQ (3)
=1 g !

a=

H;(s) =

where R; ; refers to the thermal resistance between the thermal
mass 4 and the adjacent mass j; T; ; is the temperature of
the adjoining zone j; and Q. represents the total heat gains
or losses. This takes into account the gains from the heating
systems, solar radiation, equipment and human occupancy, and
losses to infiltration (or exfiltration) and ventilation. The dis-
crete form of each transfer function can be obtained using the
zero-order hold method (ZOH) and z-transform as follows

Tz z—=1 _ ( Hi(:
Hi(z) = uf:;= . -4< f)> 4)
, -1
T,‘(C) -1 - . 1
= A Ci s+ —_— 5
U,L'(Z) z ’ ° J_z_; R;‘J‘ ( )
; ~1
T;(z) 1—-9y — 1
— =R;- , Ry = — 6
u;(2) Sz —l ]z::[ B4 ©
Yi=e 7,1 =C; R )

With the ZOH method, the input signal is held constant
during the time step (sampling interval), and the difference
equation describing the temperature of the node i can be
written in terms of its previous value and the input u;(z) as

T,'(Z) 3 [)\, ! ‘I.L,'(Z) + - Tl(.)] . -?Ul‘ rx=R- (1 — 1,') (8)
Neovwi(2) = [Tia(2) Tra(z) - Tig(2)] O+ Ai-Qi (9
with )
o= 6, --- 0,]"=x-[R7' R --RY
(10)

In a multi-layer wall description the number of nodes, and
consequently the number of equations, depends on the number
of dominant layers. Hence, the number of equations required
for the full description of the building increases with the
number of defined layers and thermal zones. The discrete for-
mulation can be used to describe the mean temperature of any
thermal mass in the building and can be illustrated graphically
in Fig. 2. This figure shows that a direct implementation of this

i1 —y
y A l o,

a4, = ‘_’-+
Nz y._:-: .

X — + ' A

H . Qi 4 — x 4

1 - T X

lid —y l l r ;

X— + —————————— + 7 — ¢ .
Lo, -

Fig. 2: Graphic representation of the direct implementation of a
differences equation for an equivalent thermal mass with J adjoining
nodes and G heat sources (or sinks).

formulation would impose Al multiplications and A additions,
where AJ and A can be defined depending on the number of
adjoining nodes J and the number of heat sources (or sinks)
G (1.

M=J+2 A=J+G (rn
Thus, the complexity of the described system directly impacts
the burden time and/or the implementation cost of the emula-
tion system.
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B. Electric Water Heater Modeling

In this paper we privilege the use of a composite two-mass
mode! for the EWH as adopted by GridLAB-D [40], [41]. The
reason is that this approach permits a fast computation of the
thermal-electric behavior with reasonable accuracy, compared
to more sophisticated models based on partial differential
equations [42]. Indeed, in the GridLAB-D approach. two
different models are employed depending on the state of the
tank; the mean temperature of the hot water Ty, using a one-
mass model, can be described in the frequency domain using

Lvls) . (12)
'LL(S) N Cy s+ rhcl, + UAywpy

’(,L(-S‘) =Q, + 'IiI,C/) Tr+UAywy - Ta (13)
where C'y- is the thermal capacitance of the water in the tank
(in kWh/K), m is the hot water flow rate (in kg/hour),
(", is the specific heat capacity of water (in AW h/{kgK)),
UA,vy is the thermal conductance of the tank (in #117/K).
(). is the heating capacity of the heating element of the water
heater (in kW), T, and T, are respectively the inlet water
and room temperatures (in K). A two-mass model considers
two vertical compartments, one for the hot water and the other
for the cold water. This model reproduces the behavior of the
water heater’s partial depletion stage through the variable /i,
the height of the hot water in its compartment. h varies from
zero to H, where H, the maximum height of hot water.

and

L h(s) 1
G(s) = wnl(s) (S N u) (14)
H Q. +UAyy (Ta—T1) .
UplS) = — — ( '
un () Cw { (Tw —T7) " J (1)

The modeling of the system is done by applying the one-
mass model of heat transfer (using (12) and (13)) to the heat
transfer through the walls, and switching to the two-mass
model (using (14) and (15)) when the hot water starts to flow (
M = My,in), and is used while the level of hot water h remains
below H. When the hot water level reaches H and no more
hot water consumption is detected, the simulation is switched
back to the one-mass model. Obviously only one model is in
use at any moment of time, thus only the differential equation
of the working model is updated after each time step.

[V. PROPOSED HARDWARE IMPLEMENTATION
ARCHITECTURE FOR REAL-TIME EMULATION

To overcome the drawback of excessive computational
resources and burden time just described in the previous
sections, we propose an HIA based on paralleled elementary
processors (EPs), which are strategically optimized to permit
a fast solution of models of high complexity. The proposed
HIA employs customized sharing of fixed-point operations
and parallelized EPs allowing short burden with low resources
utilization. Fig. 3a illustrates the architecture of the proposed
EP permitting the solution of multiple differences equations:;
in this structure, the number of multipliers and adders are
respectively

A

2, A=2r (16)
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with » the number of difference equations to be solved by the
EP. The dynamic inputs vector «;, and the static coefficients
vector w; of the thermal zone 7 are defined as follows:
o;=[T.1 Tz T, Qi Qia Q¢
(17)

A"

The «; and w; here are column vectors with the same
dimension defined by the number of adjoining nodes and heat
sources (or sinks) as J+G . This way, the reduction of compu-
tational resources depends on the multiplexing levels and the
desired latency. The synchronization block is responsible for
the generation of control signals to correctly address each vec-
tor to solve each difference equation. This block is driven by
the EP-Clock signal defined by the clocking block according
to the mode selected by the user. This characteristic permits a
flexible control of the sample time and of the computing time,
enabling real-time emulation or even accelerated simulation.
In fact, the two mode selection input has been defined as
shown in Fig. 3b. This permits choosing between the real-
time emulation or the acceleraied simulation options, using
predefined clocking signals. This feature permits to drive the
EP at different rates, without any other changes necessary.
[t should be noted that the EP can be reproduced as many
times as necessary as the modeling detail increases, permitting
the solution of building models with very high complexity.

Wi = 9/.[

G B0 N A (18)
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Fig. 3: Simplified diagram (a) of the clementary processor (EP) for
the solution of - difference equations; and (b) of the structure with
k EP of the proposed architecture and of the EWH model.
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For example, the structure illustraled in Fig. 3b permits the
solution of up to r x k differential equations describing the
dynamics of a building. This modular architecture is well
adapted for the implementation of emulation systems in low
cost programmable logic devices.

To illustrate the improvement in terms of computational
cost, Fig. 4 compares the need in the number of arithmetic
blocks when using the proposed architecture (in blue) to
that number required under direct implementation defined
by equation || (in red). The advantage of using the HIA
proposed here is quite apparent, particularly when the limit
of resources (the dashed line imposed by using the Xilinx
Artix-7 series XC7A100T hardware) is taken into account. A
higher multiplexing factor (presently at » = 4) would permit
even lower numbers of arithmetic blocks (DSP48E1 slices).

00~ =
[ Adders - dreet implementation i
& MuRipSers - dwec! mplementation i
& Adders - proposed HEA (=) -
v Mukiphers - propesed HIA (r-1) .
Avuilahle DSPARE] slices an XT7ANOT Artix-™ | |'I|\‘ .

a
0 L] x 1 ! 1 ! L 1 i L L
] 16 M AL LU " 50 (2] n ] [13 26
Wumber of thermal nodes

Fig. 4: Comparison of arithmetic blocks usage for direct implemen-
tation and the proposed HIA.

The EWH model described in section III has been similarly
implemented in hardware, as illustrated in Fig. 3b. Here,
the HIA takes into account the interaction, through the heat
exchange structure, between the model of the building and the
model of the EWH (considering the zone where the EWH is
installed).

The description methodology established for the emulation
of one or multiple buildings is presented in Fig. 5. As
shown, this methodology permits the generation of the generic
hardware description (VHDL) and also the bitstream file for
the implementation in a specific FPGA device, this from the
information of building characteristics. The proposed HIA can
also be adapted for the emulation of a virtual park of buildings
with different insulation ratings and characteristics. For this
purpose, and according to Fig. 5, the definition of parameters
must be executed inside a loop as many times as the number
of desired buildings, each building having its own individual
characteristics. The coefficients (© and A) corresponding to
each building and their associated difference equations are also
solved inside the loop. Thus, the «, and w, vectors illustrated
in Fig. 3a, become the matrices ¢, , and w;, respectively
referring to the difference equations 7 of the building n.
For this larger context, the only modification needed is the
mapping of extra memory to store the values of additional
vectors given the number of buildings to emulate.

V. EXPERIMENTAL VALIDATION

The proposed HIA has been used to implement the multi-
layer and multi-zone description of a residential building
model in a Xilinx Artix-7 (XC7A100T-1CSG324C) FPGA.
In this study, MATLAB/Simulink has been employed to edit

FOR each Building to be emulated

Definition of building characteristics
(Dimensions, layers of walls, materials, number of
zones, heat exchange structure, insulation level,...)

It

MATLAB ] . = Scri
Simulink Computing thermal parameters cript
{Heat capacities and thermal resistances for each node)
Computing discrete model coefficients
from thermal parameters and time step
Instantiation of elementary processors and Hardware
heat exchange structure Description file
B (VHDL/Verilog)
XSG/ISE l ‘
Hardware implementation for an specific Bitstream
target and validation file

Fig. 5: Simplified diagram of the description methodology established
for the emulation of one or multiple buildings using MATLAB and
Xilinx XSG/ISE.

and run the script permitting to obtain the coefficients of the
discrete model based on the characteristics of the building, and
Xilinx System Generator (XSG) and ISE Foundation (ISE)
have been employed for the hardware description and the
bitstream generation. However, the architecture proposed in
this work can be implemented using other tools, depending
on the programmable logic device.

The resulting building emulation processor is then used
to emulate the thermal-electrical dynamics of the residential
building through two different test bed configurations. In the
first case permitting the real-time emulation as well as the
accelerated simulation mode, and in the second case enabling
Hardware-in-the-loop (HIL) real-time emulation.

A. Real-Time Emulation and Accelerated Simulation

The first test bed configuration illustrated in Fig. 6 uses data
of occupied buildings, and permitted to validate the proposed
system under different scenarios. The tests performed using
this configuration corroborate the usefulness of the proposed
HIA for the emulation of temperature, power and energy
behaviors of occupied buildings.

Y Internal temperatures

To
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Building madel
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Fig. 6: Block diagram of the test bed of the emulation system.
The mode selector switch is set to position A when using measured
heating power as input, and to position B when under thermosiatic
control.

The implemented mode selection, in Fig. 6, permits the
solution of the model by real-time emulation, imposing
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Terrn = Ts = 100ms, or by accelerated simulation, using
clock signals varying from T¢p =5us to I's. The inputs of
the emulation system, stored in lookup tables, correspond to
measurements of voltages and powers, internal and outdoor
temperatures, the estimated heal gains from appliances and
solar radiance, and hot water withdrawal and occupancy. The
real-time (RT) or simulation time (ST) signal, generated by the
embedded clocking entity, drives the model of the emulated
buildings, enables the control of acquisition of the input signals
from the lookup table or directly from a measurement system,
and also the storage of the output signals. The data of external
temperature and solar radiance is acquired from the SIMEB-
Hydro-Quebec website [43] and the other signals have been
obtained directly from field measurements and observations
on occupied residential buildings.

An interfacing control logic makes possible the interaction
of the user wilh the emulation system in different ways: 1)
via a graphical user interface (GUI), developed in MATLAB.
permitting the monitoring of all or some selected signals;
2) via digital and analog signals of the emulated powers.
temperatures and states of thermostats (which are available
as outputs) permitting to drive external hardware; and 3) via a
serial port interface that permits to receive the information of
input signals and to obtain the information of the emulation
results from and to custom applications.

1) First case: Temperature analysis in occupied buildings:
The first study case considers a Canadian residential building.
with an occupation of 2 adults and 3 children, defined with
the characteristics of Fig. 7 and Table I.

(c)

Fig. 7: (a) Real view, (b) SketchUp model for TRNSYS-3D and (¢)
distribution plan of the building model of the case of study.

The dimensions and construction characteristics are used as
the primary information permitting to obtain the coefficients of
the discrete model. The power consumption of the loads. the
heating power, as well as the indoor temperature have been
measured during the winter time and used to estimate the
equivalent thermal parameters of the building (heat capacity
and thermal resistance). Accordingly, the equivalent mean
building thermal losses and heat capacity obtained after the
model calibration are: 164W/K and 25kWHh/K respectively.
These parameters correspond to a bungalow construction with
low energy efficiency and high heat capacity. The objective. in

6

TABLE I: CHARACTERISTICS OF THE HOUSE CASE STUDY

LT S 0. 200 &0

Description Value Units

Building characteristics

1954
Trois-Rivieres (Canada)
46.36068 / -72.57298
Double glazing with air
Standard with glazing
Multilayer(brick. insulation, gypsum)

" Year of construction
Location
(Latitude / Longitude)
Type of windows
Type of doors
Type of external walls

Area zone |- Living room 14.56 m<
Areu zone 2- Hallway 6.87 m?
Area zone 3- Bedroom | 8.61 m?
Area zone 4- Bedroom 2 11.02 m?
Area zonc S Main Bedroom 17.64 m?>
Area zone 6- Pantry 5.07 m?
Arcu zone 7- Kitchen/dining room 14.97 m?>
Area zone 8- Bathroom 5.24 m?
Electric Water Heater

Power of heating element 3 W
Thermal conductance 1.05521073 EW/K
Tank capacity 189.19 (50) L (U.S.gal)
Thermal capacitance 0.220 EWh/K
Height of tank 115 m

this case, is to validate the capability of the emulation system
to reproduce the behavior of the internal temperature; thus, the
measured heating power is imposed as input. Since this is an
emulation using measured heating power, the embedded ther-
mostatic control is bypassed vy setting the heating selection
switch to position A as illustrated in Fig. 6.

Fig. 8a shows the outdoor temperature and Fig. 8b the
measured. the emulated and the reference signals of the indoor
temperature of the hallway, for a week from February 26
to March 5, 2015. It is evident from the results (Fig. 8c),
that the emulation system closely reproduces the dynamics of
the temperature; and that the Mean Absolute Error (MAE) of
temperature for this period is 0.38 °C, which is an acceptable
result. It is expected that better results can be obtained if the
information of other gains (and losses) were available, e.g.
gains by solar radiation and human occupancy, and losses by
infiltration and exfiltration of heat. As a matter of fact. only
the heat gains from the appliances were considered as “‘other
gains” in this validation.

2) Second case: power analysis in occupied buildings: In
this second test. the objective is to validate the capability of
the emulation system to reproduce the behavior of the heating
power while under thermostatic control. The setting of the
heating selection switch is therefore in position B (Fig. 6),
with the thermostatic control set for a reference temperature of
21°C, that being the preferred indoor temperature for Canadian
homes during winter time [44]. Data of outdoor temperature
and power consumption of occupied residential buildings
located in Montreal (Canada) is the point of comparison in
this validation. Note that in this case the setup temperature
now becomes an input of the model. Fig. 9 shows the plots
of the results for a 26-day winter period run. It i1s to be noted
from Fig. 9 that the profile of the emulated total power closely
fits the measurements, and for this case the calculated MAE 15
0.423kW. This error can be explained by the effects of other
heat gains, the source of which was not available and hence
not considered.

et
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3) Third case: interfacing with external hardware: The ob-
jective of this third validation is to demonstrate the capability
of the emulation system to interact with external hardware.
A 4-channe] 8-bit DAC with SPI device (AD7303) has been
used as electronic interface to send to a digital oscilloscope
the setup, indoor and outdoor temperature signals, and the
emulated total power. Fig. 10 presents some results and the real
view of the experimental setup. Plots in Fig. 10a correspond to
data received by the GUI, and a snapshot of the four analog
signals displayed using the digital oscilloscope is shown in
Fig. 10b. It is to be remarked that in this test, the sctup
temperature is programmed with a setback of 2°C applied
during the night and office hours, which is commonly used
when electronic programmable thermostats are employed |33].
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¢) real-view of experimental setup with zooming of the SPI DACs
and the Xilinx FPGA development board.

To better illustrate the emulation of the instantaneous power
of the baseboard controlled by electronic thermostats, Fig. 11
shows the analog signals of the total power of the building
the heating power of the thermal zones 1 and 2 (living room
and hallway) and the outdoor temperature. Notice in the
oscilloscope screenshot (Fig. 11) that the electronic thermostat
cycle of the emulated heating system corresponds well to the
15 seconds as in commercial thermostats. This heating cycle
(155) in accelerated mode, using T =10us and Ts=100ms,
is equivalent to 1500pus.

4) Long-term emulation of residential building: This last
validation gives an example of the utilization of the emulation
system for power, energy and temperature analysis in resi-
dential buildings. Here, a dataset of input vectors has been
built based on field measurements and used to validate the
emulation system as illustrated in Fig. 12.

In fact, the emulation of the residential building defined
in Table I have been repeated for different insulation ratings
and indoor temperature settings. As an example, the effect
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of outdoor temperature and time of day on the total power
consumption and the internal temperature of zone 2 (hallway)
during winter and spring 2016 is illustrated in Fig.12. In this
emulation, the setup of the internal temperature includes night
and office hours setback (Fig. 12¢).

B. Hardware-iIn-the-Loop Real-Time Building Emulation

The second test bed configuration is devoted to Hardware-
in-the-loop real-time emulation. For this test we have im-
plemented, in the same low cost Xilinx FPGA, a paralleled
embedded configuration of the Residential Building Emnulation
processors proposed in this paper and the Measureinent and
Power Analysis processor proposed in [45]. The structure of
the test bench is illustrated in Fig 3. This paralleled imple-
mentation enables to take into account real-time measurements
in the residential building emulation process. This version of

the proposed emulation system has also been implemented in
the laboratory of the Hydrogen Research I[nstitute.

As illustrated, this setup permits to reproduce the be-
havior of a part of the residential building’s power con-
sumption through an electronically-programmable AC load or
real baseboard heaters adapted to the Quebec utility voltage
(120/240V).

The information from the measurements of voltage and
currents is obtained by means of LEM-sensors and analog-to-
digital converters (ADCs) interfaced to the measurement and
power analysis system via a Serial Peripheral Interface (SPI).
These measurements permit to compute in real-time the infor-
mation of power through the Measurement and Power Analysis
embedded core. In fact, the customized cores implemented in
parallel in the same FPGA device share common information
in real-time e.g. voltage, frequency and power. Additionally,
each implemented core (MPA and BE) communicates sep-
arately with Python-Django applications, the Measurement
Application and the Emulation Application respectively. This
by means of Finite State Machines (FSM) which control the
data exchange through serial UART/USB dedicated ports.

The Measurement Application. running in a Raspberry-
pi, consist of a data management function permitting the
acquisition and storage of the measurements information in
a PostgreSQL. database and a web server permitting to access
this data remotely through a secured Internet connection.

The Emulation Application permits to obtain the informa-
tion of the outdoor temperature from a public weather web
site (https://www.openweathermap.org/), this information is
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auythor ]
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Fig. 13: Hardware-in-the-loop conliguration for real-time emulation,
(a) simplified diagram and (b) real-view.
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used directly as input for the building model running in the
embedded emulation core. This application also includes a user
interface which permits to modify the setup ol temperatures
of the electronic thermostats corresponding to cach emulated
thermal zone of the residential building; this interface also
permits to manually emulate the behavior of home appliances.
The information of all variables used in or resulting from
the emulation process (which include voltages, powers and
temperatures) is collected in real-time and stored in the Post-
greSQL database, to be available for further analysis.

Several tests have been conducted using the setup of Fig. 13
to emulate the residential building with similar charactcristics
to the one described in Table I and taking into account the
preferred indoor temperature of 21°C. In these tests a kW
baseboard heater of the building is emulated by means of the
electronically programmable AC load.

The plots of the outdoor and indoor temperatures, the
power and grid voltage are presented in Fig. 14. These results
correspond to HIL real-time emulation tests carried out over
a span of 4.5 days in February 2018, and show the effects
on the heating power of both the outdoor temperature and
the utility voltage. The five-minute plot presented in Fig. 15
permits to verify the proper emulation of the instantaneous
baseboard power controlled by electronic thermostat with a
heating cycle of 15 seconds.

These results confirm that this HIL structure of the proposed
emulation system enables the analysis of power consumption
and indoor temperature in real-time and taking into account the
real variations of external variables, e.g. weather condition and
utility voltage. Consequently. the proposed system is suitable
for the real-time evaluation of control strategies under more
realistic scenarios than those of common simulation software.
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Fig. 14: Hardware In the Loop real-time emulation results, (a)
Outdoor and indoor temperature, (b) Heating power, (¢) Grid voliage.
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Fig. 15: Measured power of kW emulated baseboard heater.

C. Discussion

A comparison with a recognized building simulation soft-
ware has been carried out to highlight the advantages of the
present proposition. Thus, an eight-zones model. such as the
one implemented for the emulation, has also been defined in
SketchUp (Fig. 7b) and TRNSYS-3D plugin, and simulated
using Type 56 of TRNSYS-17, with a time step T's=1s. To
have similar characteristics, the emulation system is configured
with T =10ps and considers the same time step as the
commercial soltware (T's=1s). The results of the comparison
of performances demonstrated that the proposed emulation
system has a response of about 80 times faster than TRNSYS
while keeping the fidelity of that modecl. For example, and
as shown in Fig. 16 over a simulation period of a week (168
hours), the proposed HIA system takes 6.65 seconds compared
to the TRNSYS software’s 585 seconds. Note that this last was
running on a Windows Intel Core 15, 3.2GHz computer, with
16GB of RAM.

» TRNSYS-I0D L]
1 b | @ HIA Propased .

- T
Simulation period (H)

Fig. 16: Comparison of the burden time of TRNSY'S and the proposed
emulation system (with T¢< =10us).

The HIA system, for the model! case of study, summarizes
81 thermal nodes corresponding to the same number of equa-
tions to be simultaneously solved. This complex model has
been implemented in hardware using 20 paralleled EP, some
of them solving up to 8 difference equations (r=8). Under
these conditions, the resulting latency of the EP is defined as
384 cycles of the main clock. Thus, for a 100MHz main clock,
it is possible to solve all the equations within 3.84us.

In the upper half of Table Il we present the utilizalion of
the resources of the proposed HIA, using specifically one
Xilinx FPGA XC7AL100T-1CSG324C. As shown, only 55%
of available logic and 67% of DSP blocks have bcen used for
this implementation of the building model. the proportional
thermostats (one for each intemal thermal zonce), the EWH
model with its thermoslatic control, and the control logic for
the DAC circuits. This ellicient optimization of resources is
obviously very desirable, and reflects the advantage of the
method as shown by Fig, 4. This means that to solve a similar

ALl
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system of equations by direct implementation would need
multiple or higher capacity FPGA devices.

As summarized in Table I, the paralleled implementation of
the proposed Building Emulation (BE) core and the Measure-
ment and Power Analvsis (MPA) core can be achieved using
the same low cost Xilinx FPGA device. This represents a huge
advantage in terms of real-time execution of the emulation
including real-world variables, e.g. voltages and temperatures.

TABLE II: RESOURCES UTILIZATION FOR A XC7A100T-
1CSG324C
Logic Name — . Ul_lllidlﬂ'l; Available
i BE BE&MPA Resources
Occupied Slices 8.874 (55%) 10,767 (67%) 15,850
DSP48E| blocks 163 (67%) 218 (90%%) 240
RAMI36E!L blocks 2 (1%) 24 (17%) 135

BE: Building Emulation core. MPA: Meuasurement and Power Analysis core

VI. CONCLUSION

This paper proposes a Hardware Implementation Architec-
ture (HIA), working as a real-time emulation system, to closely
reproduce the thermal-electric dynamics of any residential
building. The HIA considers a multi-zone and multi-layer
description of the building, and has the advantage of solving
the model equations within some microseconds or even in real-
time. The proposed emulation system presents many potential
applications. Among these the following can be mentioned:
the execution of on-line management strategies for multi-zone
energy and thermal comfort optimization, the easy integration
of external hardware enabling the real-time evaluation of
controllers by hardware in the loop (HIL), and the emulation
(or accelerated simulation) of a virtual park of buildings.
This last characteristic makes possible its use in the context
of Home Energy Management as well as in Demand Side
Management without the incurred cost if a real residential test
building had been used.

The performance of the HIA system has been successfully
validated with real measurement data and evaluated under
different scenarios of occupied residential buildings using a
HIL structure conceived and implemented at the Hydrogen Re-
search Institute Laboratory. The experimental results confirm
the potential of the proposition for both accelerated simulation
or HIL real-time emulation. Furthermore, the proposed HIA
can be easily adapted to any complex system with similar
timing requirements and challenging characteristics to be
implemented using low cost FPGA development boards or
commercial real-time emulation platforms.
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