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(57) Abstract: The invention relates to an opera-
tional state determination apparatus (1) for deter-
mining whether a variation in a determined elec-
trical parameter of an electrical network (2) is
caused by a variation in an operational state of an
electrical consumer of the electrical network. The
electrical network comprises multiple electrical
consumers (3, 4, 5) and a voltage source (6),
wherein a variation classification unit (10) deter-
mines whether a variation in the determined elec-
trical parameter of the electrical network is
caused by a variation in the operational state of
an electrical consumer of the network depending
on a decision variable which depends on a varia-
tion in a measured voltage and a variation in a
measured current of the electrical network. This
determination can be performed, without directly
using the variation in the determined electrical
parameter of the electrical network and is there-
fore less influenced by random voltage fluctua-
tions in the electrical network.



WO 2012/049601 A2 I W00 )0 000 A

— as to applicant’s entitlement to apply for and be granted Published:
a patent (Rule 4.17(i1)) —  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))




10

15

20

25

30

2010PF00928
WO 2012/049601 PCT/IB2011/054428
1

OPERATIONAL STATE DETERMINATION APPARATUS

FIELD OF THE INVENTION

The invention relates to an operational state determination apparatus, an
operational state determination method and an operational state determination computer
program for determining whether a variation in a determined electrical parameter of an
electrical network is caused by a variation in an operational state of an electrical consumer of
the electrical network. The invention relates further to a disaggregation apparatus, a
disaggregation method and a disaggregation computer program for identifying an electrical

consumer, of which an operational state has been changed, in an electrical network.

BACKGROUND OF THE INVENTION

The article “Non-intrusive appliance load monitoring system based on a
modern kWh-meter” by H. Pihala, VTT publications, Espoo, 1998 discloses a disaggregation
apparatus for determining a change in an operational state of an electrical consumer of an
electrical network. The disaggregation apparatus allows detecting the change in the
operational state of the electrical consumer and determining of which electrical consumer the
operational state has been changed by monitoring the normalized complex power of the
electrical network. However, the detection of a change in the operational state can be
disturbed by random voltage fluctuations in the electrical network. For example, a significant
voltage drop will strongly influence the reading of the complex power and, thus, adversely
influence the detection of a change in the operational state on an electrical consumer of the

electrical network.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an operational state
determination apparatus, an operational state determination method and an operational state
determination computer program for determining whether a variation in a determined
electrical parameter of an electrical network is caused by a variation in an operational state of
an electrical consumer of the electrical network and not by, for example, random voltage

fluctuations in the electrical network, wherein the reliability of this determination can be
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improved. It is a further object of the present invention to provide a corresponding
disaggregation apparatus, a disaggregation method and a disaggregation computer program
for identifying an electrical consumer, of which an operational state has been changed, in an
electrical network.

In a first aspect of the present invention an operational state determination
apparatus for determining whether a variation in a determined electrical parameter of an
electrical network is caused by a variation in an operational state of an electrical consumer of
the electrical network is presented, wherein the electrical network comprises multiple
electrical consumers and a voltage source, wherein the operational state determination
apparatus comprises:

- a voltage meter for measuring a voltage in the electrical network,

- a current meter for measuring a current in the electrical network,

- a decision variable determination unit for determining a decision variable
depending on a variation in the measured voltage and a variation in the measured current,
wherein the decision variable is indicative of whether a variation in the determined electrical
parameter of the electrical network is caused by a variation in the operational state of an
clectrical consumer,

- a variation classification unit for determining whether a variation in the
determined electrical parameter of the electrical network is caused by a variation in the
operational state of an electrical consumer of the network depending on the determined
decision variable.

Since the decision variable, which depends on a variation in the measured
voltage and a variation in the measured current, is used for determining whether the variation
in the determined electrical parameter of the electrical network is caused by a variation in the
operational state of an electrical consumer of the network, this determination can be
performed, without directly using the variation in the determined electrical parameter of the
electrical network. The influence of random voltage fluctuations in the electrical network,
which generally affect the variation in the determined electrical parameter, on the
determination whether the variation in the determined electrical parameter of the electrical
network is caused by a variation in the operational state of an electrical consumer of the
electrical network or not can therefore be reduced, thereby improving the reliability of this

determination.
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The operational state determination apparatus is preferentially adapted to
measure the voltage and the current in the electrical network at a single location in the
electrical network.

The operational state of an electrical consumer is changed, if, for example, the
electrical consumer is switched on or switched off.

It is preferred that the decision variable determination unit is adapted to
determine the decision variable depending on a ratio of a variation in the voltage and a
variation in the current. It is further preferred that the variation classification unit is adapted
to determine that a variation in the determined electrical parameter of the electrical network is
caused by a variation in the operational state of an electrical consumer by comparing the ratio
with a predefined threshold. In an embodiment, the threshold can be zero. It is preferred that
the threshold is predefined such that a ratio, which is smaller than the threshold, indicates that
the change in the determined electrical parameter of the electrical network is caused by a
variation in the operational state of an electrical consumer, wherein the variation
classification unit is adapted to determine that a variation in the determined electrical
parameter of the electrical network is caused by a variation in the operational state of an
electrical consumer, if the ratio is smaller than the threshold. The determination whether the
variation in the determined electrical parameter of the electrical network is caused by a
variation in the operational state of an electrical consumer based on the ratio and the threshold
allows performing this determination in a very simple way by just calculating a ratio of two
measured parameters and by comparing this ratio with a threshold.

It is further preferred that the variation classification unit is adapted to
determine that a variation in the determined electrical parameter of the electrical network is
caused by a variation in the operational state of an electrical consumer of the network
depending on the determined decision variable and depending on the magnitude of the
variation in the determined electrical parameter. In particular, the variation classification unit
is adapted to determine that a variation in the determined electrical parameter of the electrical
network is caused by a variation in the operational state of an electrical consumer of the
network depending on the determined decision variable and depending on whether the
magnitude of the variation in the determined electrical parameter is larger than a predefined
threshold. The predefined threshold can be determined by calibration measurements, wherein

it is known whether an operational state of an electrical consumer of the network has been
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varied or not, while the variation in the determined electrical parameter is monitored. Since
not only the decision variable but also the magnitude of the variation in the determined
electrical parameter can be used for determining whether a variation in the determined
electrical parameter of the electrical network is caused by a variation in the operational state
of an electrical consumer of the network, the reliability of this determination can further be
improved.

It is preferred that the operational state determination apparatus comprises an
electrical parameter determination unit for determining the electrical parameter depending on
at least one of the measured voltage and the measured current. The electrical parameter can
also be the measured current or the measured voltage. Preferentially, the electrical parameter
determination unit is adapted to determine a power consumed by the electrical network as the
electrical parameter. In particular, the electrical parameter determination unit is adapted to
determine the normalized complex power consumed by the electrical network as the electrical
parameter.

It is further preferred that the operational state determination apparatus
comprises a variation determination unit for determining whether a variation in the
determined electrical parameter is present. For example, the variation determination unit can
be adapted to determine that a variation in the determined electrical parameter is present, if
the magnitude of the variation is larger than a predefined threshold, wherein the decision
variable determination unit and the variation classification unit are adapted such that they
perform their determination procedures, after the variation determination unit has been
determined, that a variation in the determined electrical parameter is present.

In another aspect of the present invention a disaggregation apparatus for
identifying an electrical consumer, of which an operational state has been changed, in an
electrical network is presented, wherein the electrical network comprises multiple electrical
consumers and a voltage source and wherein the disaggregation apparatus comprises:

- an operational state determination apparatus for determining whether a
variation in a determined electrical parameter of an electrical network is caused by a variation
in anoperational state of an electrical consumer of the electrical network as defined in claim 1,

- an electrical parameter determination unit for determining the electrical

parameter depending on at least one of the measured voltage and the measured current,
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- an electrical consumer determination unit for determining an electrical
consumer, of which the operational state has been varied, depending on the variation in the
determined electrical parameter, if the variation classification unit has determined that the
variation in the determined electrical parameter is caused by a variation in the operational
state of an electrical consumer of the network. Since the electrical consumer determination
unit determines an electrical consumer, of which the operational state has been varied,
depending on the variation in the determined electrical parameter, if the variation
classification unit has determined that the variation in the determined electrical parameter is
caused by a variation in the operational state of electrical consumer of the network, the
determination of the electrical consumer, of which the operational state has been varied,
really depends on a variation in the determined electrical parameters, which is caused by the
respective electrical consumer, and not, for example, by random voltage fluctuations in the
electrical network. The identification of an electrical consumer within the electrical network
can therefore be improved.

Preferentially, the electrical consumer determination unit comprises a memory,
in which characteristics of the variation of the determined electrical parameter, which is
indicative of the respective electrical consumer of the electrical network, are stored. By
comparing the determined variation in the electrical parameter with the stored characteristics
the electrical consumer, of which the operational state has been changed, can be determined.

It is further preferred that the disaggregation apparatus comprises an energy
consumption determination unit for determining the energy consumption of the determined
electrical consumer.

In a further aspect of the present invention an operational state determination
method for determining whether a variation in a determined electrical parameter of an
electrical network is caused by a variation in an operational state of an electrical consumer of
the electrical network is presented, wherein the electrical network comprises multiple
electrical consumers and a voltage source, wherein the operational state determination
method comprises:

- measuring a voltage in the electrical network,
- measuring a current in the electrical network,
- determining a decision variable depending on a variation in the measured

voltage and a variation in the measured current, wherein the decision variable is indicative of
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whether a variation in the determined electrical parameter of the electrical network is caused
by a variation in the operational state of an electrical consumer,

- determining whether a variation in the determined electrical parameter of the
electrical network is caused by a variation in the operational state of an electrical consumer of
the network depending on the determined decision variable.

In another aspect of the present invention a disaggregation method for
identifying an electrical consumer, of which an operational state has been changed, in an
electrical network is presented, wherein the electrical network comprises multiple electrical
consumers and a voltage source and wherein the disaggregation method comprises:

- a method for determining whether a variation in a determined electrical
parameter of an electrical network is caused by a variation in an operational state of an
clectrical consumer of the electrical network as defined in claim 1,

- determining the electrical parameter depending on at least one of the
measured voltage and the measured current,

- determining an electrical consumer, of which the operational state has been
varied, depending on the variation in the determined electrical parameter, if the variation in
the determined electrical parameter is caused by a variation in the operational state of an
electrical consumer of the network.

In a further aspect of the present invention an operational state determination
computer program for determining whether a variation in a determined electrical parameter of
an electrical network is caused by a variation in an operational state of an electrical consumer
of the electrical network is presented, wherein the operational state determination computer
program comprises program code means for causing an operational state determination
apparatus as defined in claim 1 to carry out the steps of the method as defined in claim 11,
when the operational state determination computer program is run on a computer controlling
the operational state determination apparatus.

In another aspect of the present invention a disaggregation computer program
for identifying an electrical consumer, of which an operational state has been changed, in an
electrical network is presented, wherein the electrical network comprises multiple electrical
consumers and a voltage source, the disaggregation computer program comprising program

code means for causing a disaggregation apparatus as defined in claim 9 to carry out the steps
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of the disaggregation method as defined in claim 12, when the disaggregation computer
program is run on a computer controlling the disaggregation apparatus.

It shall be understood that the operational state determination apparatus of
claim 1, the disaggregation apparatus of claim 9, the operational state determination method
of claim 11, the disaggregation method of claim 12, the operational state determination
computer program of claim 13 and the disaggregation computer program of claim 14 have
similar and/or identical preferred embodiments as defined in the dependent claims.

It shall be understood that a preferred embodiment of the invention can also be
any combination of the dependent claims with the respective independent claim.

These and other aspects of the invention will be apparent from and elucidated

with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following drawings:

Fig. 1 shows schematically and exemplarily an embodiment of a
disaggregation apparatus, which includes an operational state
determination apparatus and which is connected to an electrical
network comprising several electrical consumers,

Fig. 2 shows exemplarily a time evolution of an overall power consumption
of an electrical network,

Fig. 3 shows a flowchart exemplarily illustrating an embodiment of an
operational state determination method,

Fig. 4 shows a flowchart exemplarily illustrating an embodiment of a
disaggregation method,

Figs. 5 and 6 show exemplarily a voltage, a current and a normalized overall
power over time, while an electrical consumer is switched on and
switched off, and

Figs. 7and 8 show exemplarily a voltage, a current and an overall
normalized power, while the voltage fluctuates in the electrical

network.
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DETAILED DESCRIPTION OF EMBODIMENTS

Fig. 1 shows schematically and exemplarily a disaggregation apparatus 13 for
identifying an electrical consumer, of which an operational state has been changed, in an
electrical network 2. The electrical network 2 comprises multiple electrical consumers 3, 4, 5
and a power source 6. The disaggregation apparatus 13 comprises a voltage meter 7 for
measuring a voltage in the electrical network and a current meter 8 for measuring a current in
the electrical network at a single location in the electrical network, i.e. the disaggregation
apparatus 13 does not measure the voltage and the current of each electrical consumer 3, 4, 5
at several locations at which the respective electrical consumer 3, 4, 5 is connected in the
electrical network 2.

The electrical network schematically and exemplarily shown in Fig. 1 can be
an electrical power network in a building, for example, in a home or in an office. In Fig. 1,
the electrical network is modeled, wherein the model electrical network comprises an ideal
voltage generator 6 and an effective internal impedance Zy, which are modeled in accordance
with Thévenin’s theorem. The ideal voltage generator 6 and the effective internal impedance
Z, can represent one or several voltage sources, one or several current sources and one or
several loads. Fig. 1 is preferably an equivalent electrical scheme of a single phase house.

The disaggregation apparatus 13 includes an operational state determination
apparatus 1 for determining whether a variation in a determined electrical parameter of the
electrical network 2 is caused by a variation in an operational state of an electrical consumer
of the electrical network 2. The operational state determination apparatus 1 comprises the
voltage meter 7 and the current meter 8 and an electrical parameter determination unit 11 for
determining the electrical parameter depending on at least one of the measured voltage and
the measured current. In this embodiment, the electrical parameter determination unit 11 is
adapted to the determine the power consumed by the electrical network 2 as the electrical
parameter. In particular, the electrical parameter determination unit 11 is adapted to
determine the normalized complex power consumed by the electrical network 2 as the
electrical parameter.

The operational state determination apparatus 1 further comprises a variation
determination unit 12 for determining whether a variation in the determined electrical

parameter is present. In this embodiment, the variation determination unit 12 is adapted to
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determine whether a variation in the power determined by the electrical parameter
determination unit 11 is present. If a variation is present in the determined electrical
parameter, it has to be determined whether this variation in the electrical parameter is caused
by a variation in an operational state of an electrical consumer of the electrical network 2 or
by, for example, random voltage fluctuations in the electrical network 2. The operational state
determination apparatus 1 therefore further comprises a decision variable determination unit 9
for determining a decision variable depending on the variation in the measured voltage and
the variation in the measured current, wherein the decision variable is indicative of whether
the variation in the determined electrical parameter, i.¢. in this embodiment in the power, of
the electrical network 2 is caused by a variation in the operational state of an electrical
consumer. In this embodiment, the decision variable determination unit 9 is adapted to
determine the decision variable depending on a ratio of a variation in the voltage and a
variation in the current.

The operational state determination apparatus 1 further comprises a variation
classification unit 10 for determining whether a variation in the determined electrical
parameter of the electrical network 2 is caused by a variation in the operational state of an
electrical consumer of the network depending on the determined decision variable. In this
embodiment, the variation classification unit 10 is adapted to determine that a variation in the
determined electrical parameter of the electrical network 2 is caused by a variation in the
operational state of an electrical consumer by comparing the ratio with a predefined threshold
which is predefined such that a ratio, which is smaller than the threshold, indicates that the
change in the determined electrical parameter of the electrical network 2 is caused by a
variation in the operational state of an electrical consumer, wherein the variation
classification unit 10 is adapted to determine that a variation in the determined electrical
parameter of the electrical network 2 is caused by a variation in the operational state of an
electrical consumer, if the ratio is smaller than the threshold. The threshold may be zero. In
particular, the variation classification unit 10 can be adapted to determine that a variation in
the determined electrical parameter of the electrical network is caused by a variation in the
operational state of an electrical consumer of the network, if the ratio is smaller than the
threshold and if the magnitude of the variation in the determined electrical parameter, i.e. in
this embodiment in the power, is larger than a further threshold. These thresholds can be

determined by calibration measurements, wherein the electrical parameter, i.e. in this
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embodiment the power, is determined while it is known whether the operational state of the
electrical consumer is modified or not.

The disaggregation apparatus 13 further comprises an electrical consumer
determination unit 14 for determining an electrical consumer, of which the operational state
has been varied, depending on the variation in the determined electrical parameter, if the
variation classification unit 10 has determined that the variation in the determined electrical
parameter, i.c. in this embodiment in the power, is caused by a variation in the operational
state of an electrical consumer of the network 2. Each electrical consumer 3, 4, 5 has a
characteristic complex power, which can be stored in a memory of the electrical consumer
determination unit 14. The electrical consumer determination unit 14 is preferentially adapted
to determine of which electrical consumer the operational state has been changed by
comparing the power determined by the electrical parameter determination unit 11 with the
stored characteristics of the power of the different electrical consumers 3, 4, 5. This will in
the following be described with reference to Fig. 2 which shows exemplarily a time evolution
of the total complex power which can be determined by the electrical parameter

determination unit 11.

Fig. 2 shows the real part P of the normalized complex power, i.c. the active
power, and the imaginary part Q of the normalized complex power, i.e. the reactive power.
In Fig. 2, the active power is indicated by the broken line 20 and the reactive power is
indicated by the solid line 21. In this example, at about # =5 a compact fluorescent light
(CFL) having a nominal power of 20 W is switched on and at ¢ =20 switched off. This
results in a change in the active power and the reactive power in region 22. At ¢ =35 an
incandescent lamp having a nominal power of 40 W is switched on and at # =45 the
incandescent lamp is switched off. This results in a change in the active power and the
reactive power in region 23. At about # =80 and at # =100, respectively, further electrical
consumers are switched off. These further switching procedures result in further changes in
the active power and the reactive power in regions 24, 25, 26. In region 26 all electrical
consumers are switched off. At # =110 the CFL with the nominal power of 20 W is switched
on again, which results in a change of the active power and the reactive power in region 27
which is similar to the change of the active power and the reactive power in region 22. At

t =140 a further CFL having a nominal power of 5 W is switched on resulting in a further
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change in the active power and reactive power in region 28. At about # =160 the first CFL
with the nominal power of 20 W is switched off and at about # =180 also the second CFL

with the nominal power of 5 W is switched off. This results in further changes in the active
power and the reactive power in regions 29 and 30.

In this embodiment, the changes or jumps, which are characteristic for the
respective electrical consumer, are stored in the electrical consumer determination unit 14. By
comparing the stored changes or jumps with the jumps or changes of the actually determined
complex power, it can be determined which electrical consumer has been switched on and
switched off and it can be determined at which time the respective electrical consumer has
been switched on and switched off. For example, the electrical consumer determination unit
14 can be adapted to assign an electrical consumer to a jump or change by comparing the real
part, the imaginary part or the entire complex power defined by the actual jump or change
with the stored corresponding values. The electrical consumer determination unit can be
adapted to determine the electrical consumer, for which the real part of the complex power,
the imaginary part of the complex power and/or the entire complex power is closest to the
actually measured real part of the complex power, imaginary part of the complex power
and/or entire complex power of the actually measured change or jump. The electrical
consumer determination unit can also be adapted to use more evolved techniques for
comparing the actually measured jump or change in the complex power with stored
corresponding values. For example, the electrical consumer determination unit can be adapted
to compare the time evolution of the actually measured real part of the complex power,
imaginary part of the complex power and/or entire complex power, with characteristics of the
time evolution of the real part of the complex power, imaginary part of the complex power
and/or entire complex power, respectively, which may be stored in the electrical consumer
determination unit.

The disaggregation apparatus 13 further comprises an energy consumption
determination unit 15 for determining the energy consumption of the determined electrical
consumer. Preferentially, the energy consumption determination unit 15 receives from the
electrical consumer determination unit 14 the times, at which the respective determined
electrical consumer has been switched on and switched off, if the respective electrical
consumer has already been switched off. Based on the switch on and switch off times or

based on the switch on time and the actual time, if the respective electrical consumer has not
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already been switched off, the time of power consumption is determined by the energy
consumption determination unit 15, and the energy consumption determination unit 15
determines the consumed energy by multiplying the amplitude of the change or jump in the
real power with the determined time of power consumption.

The disaggregation apparatus 13 comprises the elements which are shaded in
Fig. 1 and the current sensor 8, wherein the voltage meter 7, the current meter 8, the decision
variable determination unit 9, the variation classification unit 10, the electrical parameter
determinationunit 11 and the variation determination unit 12 are comprised by the operational
state determination apparatus 1 which is included by the disaggregation apparatus 13.

In the following an embodiment of an operational state determination method
for determining whether a variation in a determined electrical parameter of an electrical network
is caused by a variation in an operational state of an electrical consumer of the electrical
network 2 will be exemplarily described with reference to a flowchart shown in Fig. 3.

In step 101, a voltage and a current are measured in the electrical network 2 by
the voltage meter 7 and the current meter 8. In step 102, the electrical parameter
determination unit 11 determines the electrical parameter depending on at least one of the
measured voltage and the measured current. In this embodiment, the electrical parameter
determination unit 11 determines the normalized complex power consumed by the electrical
network 2 as the electrical parameter. In step 103, the variation determination unit 12
determines whether a variation in the determined electrical parameter, i.e. in this embodiment
in the normalized complex power, is present. If the variation determination unit 12 determines
that a variation in the determined electrical parameter is not present, the operational state
determination method ends with respect to the actually measured voltage and current in step
104. If the variation determination unit 12 has determined that a variation in the determined
electrical parameter, i.e. in this embodiment in the normalized complex power, is present, the
operational state determination method continues with step 105.

In step 105, the decision variable determination unit 9 determines the decision
variable depending on a variation in the measured voltage and a variation in the measured
current, wherein the decision variable is indicative of whether the variation in the determined
electrical parameter of the electrical network 2 is caused by a variation in the operational state
of an electrical consumer. In this embodiment, the decision variable determination unit 9

determines the decision variable depending on a ratio of a variation in the voltage and a
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variation in the current. In step 106, the variation classification unit 10 determines whether
the variation in the determined electrical parameter of the electrical network is caused by a
variation in the operational state of an electrical consumer of the electrical network 2
depending on the determined decision variable. In this embodiment, the variation
classification unit 10 determines that the variation in the determined electrical parameter of
the electrical network 2 is caused by a variation in the operational state of an electrical
consumer by comparing the ratio with a predefined threshold which may be zero. The
threshold is predefined such that a ratio, which is smaller than the threshold, indicates that the
change in the determined electrical parameter of the electrical network 2 is caused by a
variation in the operational state of an electrical consumer. The variation classification unit 10
determines therefore that the variation in the determined electrical parameter of the electrical
network 2 is caused by a variation in the operational state of an electrical consumer, if the
ratio is smaller than the threshold. If it is determined that the variation in the determined
electrical parameter, i.e. in this embodiment in the normalized complex power, is caused by a
variation in the operational state of an electrical consumer, the operational state determination
method ends with respect to the currently measured voltage and current in step 108. If the
ratio is larger than the predefined threshold, the variation classification unit 10 determines
that the variation in the determined electrical parameter, i.¢. in this embodiment in the
normalized complex power, is not caused by a variation in the operational state of an
electrical consumer and the operational state determination method ends with respect to the
currently measured voltage and current in step 107.

The current and the voltage are preferentially repeatedly measured, the
normalized complex power is preferentially repeatedly determined, and steps 103 to 108 are
preferentially performed for each determined normalized complex power value, in order to
continuously monitor the electrical network.

In the following an embodiment of a disaggregation method for identifying an
electrical consumer, of which an operational state has been changed, in an electrical network
will exemplarily be described with reference to a flowchart shown in Fig. 4.

The disaggregation method comprises the steps of the operational state
determination method described above with reference to Fig. 3. After step 108, the
disaggregation method determines the electrical consumer, i.e. identifies the electrical

consumer, of which the operational state has been varied, depending on the variation in the
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determined electrical parameter, i.c. in this embodiment on the variation in the normalized
complex power, in step 109. In step 110, the energy consumption determination unit 15
determines the energy consumption of the determined electrical consumer.

The disaggregation apparatus 1 is preferentially adapted to perform
nonintrusive load monitoring (NILM). NILM is a technology that infers the energy
consumption of multiple devices, i.e. of multiple electrical consumers, via a single point of
measurement. Basically, it is looked at a determined electrical parameter of the electrical
network like the overall power consumption or the overall energy consumption, and the
contributions of each single electrical consumer can be recongized, for example, for the
purposes of providing a breakdown of energy consumption to users. The disaggregation
apparatus is preferentially adapted to be sensitive to changes in the operational state of an
electrical consumer caused by switching the respective electrical consumer on or off.

A variation in the determined electrical parameter of the electrical network, for
example, a variation in an overall energy consumption or in an overall power consumption,
can be regarded as an event. The disaggregation apparatus and the operational state
determination apparatus, which is comprised by the disaggregation apparatus, are adapted to
determine whether an event is generated by changes in devices’ status, i.e. in a variation in an
operational state of one or several electrical consumers, or by changes due to, for example,
voltage fluctuations. In particular, the operational state determination apparatus can be
adapted to use the variation of the normalized complex power AS for detecting the respective
event. Basically, an event could be detected by determining whether a variation is larger than
a given threshold. The operational state determination apparatus and, thus, the disaggregation
apparatus consider the decision variable which includes the voltage variations AV and the
current variations A/, in particular which is similar to the ratio AV/AI .

If the ratio AV/AI is larger than zero or another threshold, for example, 50 Q,
then it is determined that there has been a variation in the supply voltage. If the ratio
AV / Al is smaller than zero, there has been no variation in supply voltage and the observed
variation in normalized complex power was due to the change in status of one or more
appliances, i.c. electrical consumers. The operational state determination apparatus can
therefore also be regarded as reducing the false positives of existing event detection

algorithms.
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Smart metering and energy monitoring demand is creating a rapidly growing
market in the residential sector. Some products on the market today are able to provide
appliance-level energy monitoring to provide consumers with a breakdown of their energy
usage. However, in order to do so, they must typically measure consumption at the point of
usage, which can become very costly if scaled up to include the entire local electricity
network, especially if lighting appliances are included. By contrast, NILM requires a single
current measurement at the central electricity entrance location, for example, the meter
cupboard, and a single voltage measurement to derive how much energy each device
consumes.

The main limitation of known event-driven disaggregation approaches is the
dependency of the whole system performance on the detection of the event. If one single
event is missed, the error tends to propagate in the system. The present invention allows to
increase the reliability of the event detection for energy disaggregation applications.

Although in the above described embodiments the determined electrical
parameter is preferentially the consumed power, in particular, the normalized complex power,
other variations in other electrical parameters of the electrical network can be considered like
the energy consumption or the voltage, wherein, for example, a variation in the consumed
energy and/or in the voltage can be used for determining of which electrical consumer the
operational state has been changed, in particular, which electrical consumer has been
switched on or switched off, if it has been determined that the variation in the consumed
energy and/or in the voltage is caused by a variation in the operational state of an electrical
consumer depending on a comparison of the decision variable with a predefined threshold.

The disaggregation apparatus and the operational state determination apparatus
preferentially look at the variation of the normalized complex power defined in equation (15)
mentioned below.

The admittances of the appliances are not really constant and might change due
to different voltage levels. If the admittances are not constant, the event detection based on
the variation of the normalized complex power suffers from too many false positives since a
change in voltage might cause a change in complex admittance so that the normalization
proposed in below mentioned equation (14) looses in effectiveness. The problem is further
magnified by the fact that the complex admittances of multiple devices change in the same

way. This means that if there is a voltage drop all the resistive loads such as incandescent
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lamps, hair dryers, water boilers, space heaters, et cetera, will have a higher admittance, i.¢.
lower resistance, thus causing a quite significant change in the normalized power of equation
(15) without having any new device. The disaggregation apparatus and the operational state
determination apparatus are preferentially adapted to improve the robustness of the event
detection based on the normalized power.

In the following the electrical scheme described above with reference to Fig. 1
will mathematically be described.

The delivered voltage v, (¢) 1s approximated by a sinusoidal wave with a time-
varying peak amplitude \/EVRMS (k) with k =—oo,...,0 that preferentially changes only once

per period in the model described above with reference to Fig. 1. The frequency f,=w /27 is

50 Hz (in EU, 60 Hz in USA) and assumed constant. The voltage can be then written as
Vou (1) = N2V s (k) sin (ot +a (k)). (1)
The voltage can be equivalently represented in the phasor notation
Vou (1) = N2V s (k) sin (@t +0(k)) = Vy (k) = Vigs (K)e?*®

where

1 +T

Vs )= | [ (00 @)

and T =1/ f, is the period of the waveform. The current can be also

approximated as
b (0) =N 2 g (B sin (00t + B (K)) 3)

in which 7, (k) is defined as
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+T

Lys (k)= |— [#(0)dr. (4)

1

T

Also in this case the phasor notation for the current can be introduced, i.e.
Ly (k) = Lpygs 1o (KD

The voltage ¥, (k) seen by each device and can be expressed as
Vitk)=Vy(k)=Z,1,,, (k). )

It is recalled that for a passive bipole, the complex admittance is defined as

Y(k) = % . (6)

In Fig. 1, every electrical appliance, i.c. electrical consumer 3, 4, 5, is

modelled from the electrical perspective as a complex admittance ¥, =1/Z, . In this way the

overall current can be simply written in the phasor notation as
N
L,(K)=V,(k)) b, .Y, k), (7)
n=1

in which the overall current at the time period £ is proportional to the sum of
all the complex admittances at the period &, wherein

1 if appliance » is ON at time k&

0 if appliance nis OFF at time &
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to model a switching ON and OFF of the different devices at different time

instances. The expression of the complex power can be described as

S(k) =V, (k). ©)

The amplitude of the complex power is referred to as apparent power

A(k):VRMS(k)[RMS(k)' (10)

The real power is

P(k) = Viargs B pags 100 (k) COS @, (1D

the reactive power is

Q(k) = Vs (KM gygs o (K)sIN @, (12)

and the complex power becomes

S(k)=P(k)+ jO(k). (13)

In Fig. 1, also the location of the current sensor 8 for the NILM is shown,
wherein it is assumed to have access to the overall current. From the expression of the
current, also the dependency on the voltage can be seen, which should preferentially be
reduced, in particular, which should preferentially be eliminated. Therefore, the overall

current is divided by the overall voltage and the complex admittance is used, which is

expected to be much more stable. The complex admittance of the observed electrical network

can be defined by the following equation:

b, ¥, (k) = 28

Vi(k) (19
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However, the admittance is not a measure commonly used. The power, for
instance, is much more intuitive and of common use. For this reason, the complex admittance
is multiplied by the square of the nominal voltage, and the normalized complex power is

defined as

n

— _ — N
S(k) = P(k)+ jOk) =V, Y b, Y, (k), wherein V,,, =230V (15)
n=l

is assumed, which is the nominal value of the voltage in EU. The normalized
power is the most intuitive device signature.

From equation (5) the voltage at time instant & can be written as
V() = Vo)~ Zy1,, (k) (16)
and the voltage at time instance & +1 as

Viik+) =V (k+1)-Z,1

tot

(k+1). (17)

If the change in voltage was due to a change in status of a device then the

voltage at & +1can be written as

Nk+D=V,-21

tot

(k)=2,1, (18)

where 7, is the current flowing through device n. Taking the difference

between (18) and (16),
AV =V (k + D)~ Vi(k) =~Z,], (19)

can be obtained.
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If the change in voltage was due to voltage fluctuation, then the voltage at
k +1 can be written as

Viik+) =V (k)-Z,,  (k+1) (20)

tot

where [, is the current flowing through device n . Taking the difference

between (20) and (16),
AV =Vi(k+ 1)~V (k) ==Z,(1,, (k +D~1,,(k)==Z,Al (1)

can be obtained.

It should be noted that A/ is small. Also, AV is usually not large, typically
less than 5 to 10 % of the nominal voltage, as per power quality norms defined by regulation.

From equation (21) the value of the effective internal impedance can be

estimated as

Z,=———. (22)

It is proposed to use equation (22) to discriminate between events caused by
the changing state of one or several devices and events caused by voltage fluctuations. The

effective internal impedance Z, is small and the energy distribution network preferentially
aims at having Z, as small as possible. A large Z, corresponds to large losses in the network

and losses in revenues.

If event detection has been generated by a voltage fluctuation, then Z of
equation (22) as obtained from equation (21) has a large absolute value of, for example,
thousands of Ohm and is negative. If the event is generated by a device, i.e. an electrical
consumer, then it is positive and in the order of the unit of Ohm. Thus, it is preferentially
determined that a change in the complex power is caused by an event generated by an

electrical consumer, if the ratio AV /Al is negative and Z, is positive. This corresponds to a
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determination that an event is generated by an electrical consumer, if the condition

Re (AV /AT <0 is fulfilled.

Fig. 5 shows exemplarily a voltage V measured by the voltage meter 7, a
current I measured by the current meter 8 and the normalized power P determined by the
electrical parameter determination unit 11 depending on the time ¢. In this example, the
electrical consumer is an incandescent lamp which has been switched on at around ¢ =300
and switched off at around ¢ =750. Fig. 6 shows exemplarily details from Fig. 5 around
t=310. In particular, in Fig. 5 an event is shown at ¢t =311. The relatively small voltage
drop generated by the event can also be seen in Fig. 6.

The normalized power is calculated in accordance with equation (15). The
current and voltage plots indicate what is preferentially anticipated to be a large current
variation and a small voltage variation. From Fig. 6 a variation in current of about 0.18 A and
a variation in voltage of about -0.4 V can be derived. The effective internal impedance can be

estimated by using equation (22):

ALY (23)
0.184

The effective internal impedance is positive and small and therefore the
variation in normalized power is generated by the change of status of an appliance, i.e. by the
variation of an operational state of an electrical consumer.

Fig. 7 shows exemplarily the measured overall current, the measured voltage
and the measured overall normalized power of the electrical network comprising the
incandescent lamp as an electrical consumer, wherein in Fig. 7 not the incandescent lamp is
switched on and switched off, but the voltage fluctuates between 200 V and 250 V . Fig. 8
shows exemplarily details from Fig. 7 in a temporal range of 400 to 600.

Since, as can be seen in Figs. 7 and &, the normalized power varies, a
conventional event detection algorithm applied to the normalized power would indicate an
event caused by a change in an operational state of an electrical consumer. Particularly from
Fig. 8 it can be inferred that the change in current is a bit more than 0.01 A . By using

equation (22) the effective internal impedance can be estimated as being
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7, --2" =~ 23000 (24)
0.014

which significantly differs from the effective internal impedance estimated
from the example described above with reference to Figs. 5 and 6. In the example described
with reference to Figs. 7 and 8 the decision variable, i.e. the ratio of the measured voltage and
the measured current defining the effective internal impedance, is larger than a predefined
threshold, which is, in this example, zero. The variation classification unit 10 would therefore
determine that, in this example, the change in the determined electrical parameter, i.c. in the
normalized power which has been determined in accordance with equation (15), is not caused
by a variation in an operational state of an electrical consumer, but by, for example, voltage
fluctuations in the electrical network.

Although in the embodiment described above with reference to Fig. 1 the
electrical network comprises three electrical consumers, the electrical network can comprise
more or less than three consumers. Moreover, the disaggregation apparatus can be adapted to
determine of which electrical consumers the operational state has been changed, in particular,
which electrical consumers have been switched on or switched off, even if several electrical
consumers are active, i.e. are switched on.

Other variations to the disclosed embodiments can be understood and effected
by those skilled in the art in practicing the claimed invention, from a study of the drawings,
the disclosure, and the appended claims.

In the claims, the word "comprising" does not exclude other elements or steps,
and the indefinite article "a" or "an" does not exclude a plurality.

A single unit or device may fulfill the functions of several items recited in the
claims. The mere fact that certain measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot be used to advantage.

Determinations like the determination of a decision variable, the determination
of an electrical parameter, the determination whether a determined electrical parameter is
caused by a variation in an operational state of an electrical consumer, et cetera performed by
one or several units or devices can be performed by any other number of units or devices. For
example, steps 102 to 110 can be performed by a single unit of by any other number of

different units. The determinations and/or the control of the disaggregation apparatus in



10

15

20

WO 2012/049601 PCT/IB2011/054428
23

accordance with the disaggregation method and/or the control of the operational state
determination apparatus in accordance with the operational state determination method can be
implemented as program code means of a computer program and/or as dedicated hardware.

A computer program may be stored/distributed on a suitable medium, such as
an optical storage medium or a solid-state medium, supplied together with or as part of other
hardware, but may also be distributed in other forms, such as via the Internet or other wired or
wireless telecommunication systems.

Any reference signs in the claims should not be construed as limiting the
scope.

The invention relates to an operational state determination apparatus for
determining whether a variation in a determined electrical parameter of an electrical network
is caused by a variation in an operational state of an electrical consumer of the electrical
network. The electrical network comprises multiple electrical consumers and a voltage
source, wherein a variation classification unit determines whether a variation in the
determined electrical parameter of the electrical network is caused by a variation in the
operational state of an electrical consumer of the network depending on a decision variable
which depends on a variation in a measured voltage and a variation in a measured current of
the electrical network. This determination can be performed, without directly using the
variation in the determined electrical parameter of the electrical network and is therefore less

influenced by random voltage fluctuations in the electrical network.
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CLAIMS:

1. An operational state determination apparatus for determining whether a
variation in a determined electrical parameter of an electrical network (2) is caused by a
variation in an operational state of an electrical consumer of the electrical network (2),
wherein the electrical network (2) comprises multiple electrical consumers (3, 4, 5) and a
voltage source (6), wherein the operational state determination apparatus (1) comprises:

- a voltage meter (7) for measuring a voltage in the electrical network (2),

- a current meter (8) for measuring a current in the electrical network (2),

- a decision variable determination unit (9) for determining a decision variable
depending on a variation in the measured voltage and a variation in the measured current,
wherein the decision variable is indicative of whether a variation in the determined electrical
parameter of the electrical network (2) is caused by a variation in the operational state of an
clectrical consumer,

- a variation classification unit (10) for determining whether a variation in the
determined electrical parameter of the electrical network is caused by a variation in the
operational state of an electrical consumer of the network depending on the determined

decision variable.

2. The operational state determination apparatus as defined in claim 1, wherein
the decision variable determination unit (9) is adapted to determine the decision variable

depending on a ratio of a variation in the voltage and a variation in the current.

3. The operational state determination apparatus as defined in claim 2, wherein
the variation classification unit (10) is adapted to determine that a variation in the determined
electrical parameter of the electrical network (2) is caused by a variation in the operational

state of an electrical consumer by comparing the ratio with a predefined threshold.

4. The operational state determination apparatus as defined in claim 3, wherein
the threshold is predefined such that a ratio, which is smaller than the threshold, indicates that
the change in the determined electrical parameter of the electrical network (2) is caused by a
variation in the operational state of an electrical consumer, wherein the variation

classification unit (10) is adapted to determine that a variation in the determined electrical
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parameter of the electrical network (2) is caused by a variation in the operational state of an

clectrical consumer, if the ratio is smaller than the threshold.

5. The operational state determination apparatus as defined in claim 1, wherein
the variation classification unit (10) is adapted to determine that a variation in the determined
electrical parameter of the electrical network (2) is caused by a variation in the operational
state of an electrical consumer of the network (2) depending on the determined decision
variable and depending on the magnitude of the variation in the determined electrical

parameter.

6. The operational state determination apparatus as defined in claim 1, wherein
the operational state determination apparatus (1) further comprises an electrical parameter
determination unit (11) for determining the electrical parameter depending on at least one of

the measured voltage and the measured current.

7. The operational state determination apparatus as defined in claim 6, wherein
the electrical parameter determination unit (11) is adapted to determine a power consumed by

the electrical network as the electrical parameter.

8. The operational state determination apparatus as defined in claim 1, wherein
the operational state determination apparatus (1) further comprises a variation determination
unit (12) for determining whether a variation in the determined electrical parameter is

present.

9. A disaggregation apparatus for identifying an electrical consumer, of which an
operational state has been changed, in an electrical network (2), wherein the electrical
network (2) comprises multiple electrical consumers (3, 4, 5) and a voltage source (6), the
disaggregation apparatus (13) comprising:

- an operational state determination apparatus (1) for determining whether a
variation in a determined electrical parameter of an electrical network (2) is caused by a
variation in an operational state of an electrical consumer of the electrical network (2) as
defined in claim 1,

- an electrical parameter determination unit (11) for determining the electrical

parameter depending on at least one of the measured voltage and the measured current,
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- an electrical consumer determination unit (14) for determining an electrical
consumer, of which the operational state has been varied, depending on the variation in the
determined electrical parameter, if the variation classification unit (10) has determined that
the variation in the determined electrical parameter is caused by a variation in the operational

state of an electrical consumer of the network.

10. The disaggregation apparatus as defined in claim 9, wherein the
disaggregation apparatus (13) further comprises an energy consumption determination unit

(15) for determining the energy consumption of the determined electrical consumer.

11. An operational state determination method for determining whether a
variation in a determined electrical parameter of an electrical network is caused by a variation
in an operational state of an electrical consumer of the electrical network, wherein the
electrical network comprises multiple electrical consumers and a voltage source, wherein the
operational state determination method comprises:

- measuring a voltage in the electrical network,

- measuring a current in the electrical network,

- determining a decision variable depending on a variation in the measured
voltage and a variation in the measured current, wherein the decision variable is indicative of
whether a variation in the determined electrical parameter of the electrical network is caused
by a variation in the operational state of an electrical consumer,

- determining whether a variation in the determined electrical parameter of the
electrical network is caused by a variation in the operational state of an electrical consumer

of the network depending on the determined decision variable.

12. A disaggregation method for identifying an electrical consumer, of which an
operational state has been changed, in an electrical network, wherein the electrical network
comprises multiple electrical consumers and a voltage source, the disaggregation method
comprising:

- a method for determining whether a variation in a determined electrical
parameter of an electrical network is caused by a variation in an operational state of an
clectrical consumer of the electrical network as defined in claim 1,

- determining the electrical parameter depending on at least one of the

measured voltage and the measured current,
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- determining an electrical consumer, of which the operational state has been
varied, depending on the variation in the determined electrical parameter, if the variation in
the determined electrical parameter is caused by a variation in the operational state of an

electrical consumer of the network.

13. An operational state determination computer program for determining whether
a variation in a determined electrical parameter of an electrical network is caused by a
variation in an operational state of an electrical consumer of the electrical network, the
operational state determination computer program comprising program code means for
causing an operational state determination apparatus as defined in claim 1 to carry out the
steps of the method as defined in claim 11, when the operational state determination
computer program is run on a computer controlling the operational state determination

apparatus.

14. A disaggregation computer program for identifying an electrical consumer, of
which an operational state has been changed, in an electrical network, wherein the electrical
network comprises multiple electrical consumers and a voltage source, the disaggregation
computer program comprising program code means for causing a disaggregation apparatus as
defined in claim 9 to carry out the steps of the disaggregation method as defined in claim 12,
when the disaggregation computer program is run on a computer controlling the

disaggregation apparatus.
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