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ABSTRACT

A method has been developed for carrying out residential
load research in a nonintrusive and inexpensive manner. A
Nonintrusive Appliance Load Monitor can be installed in the
kilowatt—hour meter socket of a residence; it requires no entry
or wiring in the house. The microprocessor-based unit analyzes
the detailed power flow characteristics of the circuit to
identify the nature of the major appliances operating within. It
is able to determine what portion of the total energy is consumed
by each of the major appliances on the circuit.

This report describes the makeup and operation of this Load
Monitor, emphasizing the algorithms which are used to perform the
load analysis, It also reports on the success of three field
trials of a prototype Load Monitor, and the directions that
current research is taking to expand the applicability of the
method.
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1.0 INTRODUCTION

In this report we describe the makeup of a new Nonintrusive
Appliance Load Monitor. This is a microprocessor-based device which
has been de#eloped by MIT as a low cost and easy-to-use method for
utilities to carry out residential appliance load research. In con-
trast to existing load research equipment, which requires entry into a
residence to connect sensors to individual appliances and branch
circuits, this new method requires only a single external connection
at the kilowatt hour meter or on a utility pole. From this external
location, the load monitor carefully measures characteristics of the
total residential load and uses sophisticated algorithms to determine
what portion of the total load can be allotted to each separate
appliance inside the residence. In the course of this operation, it
first determines the number of major appliances in the residence, and-
the electrical nature of each one. It should be emphasized that this
process 1is carried out in a completely automatic and unassisted
manner, without the need for any appliance survey- or contact with the
occupants.

There are two main limitations of the device. The first is that
its performance degrades as one considers smaller and smaller appli-
ances. The greater the power consumed by an appliance, the easier it
is to recognize its presence in the aggregate load. In the residen-
tial settings in which it has been tested, it appears that the thres-
hold of useful operation occurs between 100 and 200 watts. Only
appliances which consume more power than this can be accurately detec—

ted and reported on., Mest of the appliances of interest to load



researchers fortunately fall in this range. Lighting appears to be
the single major exception.

The second limitation is that the Load Monitor, at its current
state of development, is only capable of learning and reporting on a
somewhat restricted class of appliances. This is the class that we

[
call two-state appliances. This refers to appliances which at all

times can be completely described as being either ON or OFF. The
majority of consumer appliances fall into this class., A second
version of the algorithm is under development which is more complex,

but capable of operating on the wider class of multi-state appliances,

which includes not only the two-state appliances, but also appliances
which have more than one type of ON state. This includes appliances
such as dishwashers and washing machines which have "wash," "rinse,"
and "spin" or "dry" states, and fans or air conditioners with "low,"
"medium” and "high" settings.

Given these two limitations, we recommend that use of the load
monitor be targeted towards certain appliances. FElectric water
heaters and refrigerators, for example, are excellent targets for the
monitor. Central air conditioning should be a good target except in
the case of heat-pump air conditioners with complex controllers, which
are multi-state appliances. The two-state version of the monitor has
been. operated and tested with successful results which are reported
below. When faced with multi-state appliances, the two-state load
monitor either ignores them or learns their separate components (e.g.
motors and heating elements) as unrelated appliances. The multi-state
version is still under development. As it is improved, we believe

that the class of appliance targets will be widened.



‘The key to the load monitor lies in the method by which the the
total load is analyzeé. The bulk of this report describes the details
of the method. Real and reactive power measurements are taken at a
rate of once or more per- second, and examined for increases and
decreases which indicate that jndividual appliances are being turned
on or off. The sizes of these increases and decreases are then
analyzed statistically to determine which should be associated with
the same appliance, and which belong to different appliances, thus
giving the number of appliances. {Small changes in power, helow a
cut-off threshold of approximately 100 W, are ignored,) The times at
which they occur are used to determine the energy consumption versus
time-of-day characteristics of each of the appliances. This infor-
mation is then used to identify the nature of each appliance. Power
consumption versus time—of-day information is then output at monthly
intervals for the use of load researchers.

A prototype load~ monitor has been developed using 2a general
purpose microcomputer and a power-sensing peripheral. This prototype
has been tested for two weeks in three homes. In all three cases, the
load monitor succesfully learned the electrical characteristics of all
the major two-state appliances which operated during the test period.
It was able to track their energy consumption with an accuracy between
75 and 90%. ~Based on these results we are continuing to refine the
load monitor in ways which will improve its operation. Ve are confi-
dent that the next generation prototype Load Monitor can achieve an
accuracy of approximately 95%.

Sections 2 and 3 of this report describe the two-state algorithm.
In Section 2, the essentials of the algorithm necessary to any imple-

mentation are discussed in general. In Section 3 we describe the

-



details of a particular program we have written which realizes this
algorithm. This program forms the heart of the prototype load monitor
which has been successfully field-tested in three residences under
conditions which mimic that of nonintrusive monitoring. The results
of these tests are included in Section 3 and Appendix " E. A second
version of the algorithm, suitable for multi-state appliances, is
adumbrated in Section 4, This is a report of ongoing research. The
details of the multi-state algorithm have not been specified, and it
has not been tested.

In Section 5, the hardware of the nonintrusive appliance 1load
monitor is discussed from two points of view: its computational
requirements, and the details of its mounting and installation.
Section 6 describes the work which is yet to belcompleted before the
load monitor can be brought forth as a commercial product. This
includes developing the multi-state algorithm further, improving its
ability to identify appliances by common name, and additional testing,

Before continuing with the technical details of the load monitor,
an ethical question must be considered: does the nonintrusive nature
of the monitor result in an invasion of privacy to the occupants? An
analogy might be made between the manner in which the monitor works
and that of tapping a telephone line. To emphasize the problem,
consider that the method described herein is capable of detecting and
reporting highly detailed information concerning the activities taking
place within the house. ~ For example, in two of the field tests
described below, the prototype monitor could correctly report all the
details of the bathroom light usage, printing out exactly when and for

how long (to the second) it was turned on. It does this using only

1
1
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information extracted from measurements that could be taken outside
the house, at the uti}ity pole.

Despite the potential for abuse of the method, we feel there is
no real moral problem with the load monitor when we consider how and
why it is used. It has been developed for load researchers who are
interested in the energy usage characteristics of classes of
appliances. For the purposes of planning future generation capacity
or transmission and distribution requirements, utility planners are
looking for load models which can be built' up from individual
appliance load models.. Public policy makers require data on the
energy consumption of appliance classes in order to rationally make
decisions affecting the sale of appliances. Utility rate setters also
need information concerning typical energy consumption of appliance
classes in order to assess the worth to the utilities, and economic
consequences, of different metering schemes such as time—of-day
metering, demand metering, and water—ﬁeater discounts.

Thus there appears to be no legitimate use for the detailed
information concerning when each appliance turns on and off. The Load
Monitor is therefore programmed not to store or report the detailed
information. Only average energy usage over a monthly period for each
appliance is kept. The utility, which might have hundreds of Load
Monitors in place, then averages this information with data from other
houses. In summary, extremely detailed load information does pass
through the load monitor--this is essential to the method--but it is
processed so that only average information is available from the
results, and individuals are not identified.

We should also note in passing that there may be legitimate uses

for the detailed switching information in applications of the method
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which are not directly related to this project. For example, a load
controller could - be designed to operate a deferrable load as a
function of the on/off state of other, nondeferrable, 1loads. The
nonintrusive technique may be suitable for sensing the state of the
nondeferrable loads from a single central sensor, at a lower cost than
individual sensors. A second application would be to provide detailed
usage information for the homeowner for his/her own purposes. It
could be a useful tool for determining exactly where and when energy
is used, or for locating appliance failures. In this latter capacity,
the load monitor has been used to determine that one of two under—
ground septic pumps at the Acton House (described in Section 3.2.3)
has failed. When the operating pump is manually switched, the power
consumption of the house increases by an amount compatible with the
manufacturer's description of the motors. However, the power con-
sumption of the house increases only minimally when the other pump is
switched on manually,

Although this report is designed to be self-contained, it may be
helpful to be familiar with progress report [1]. The earlier report
contains background material that explains why various options were

selected here.



2.0 TWO STATE ALGORITHM

The two-state algorithm is the method by which the nonintrusive
load monitor can learn and report on the nature of .the two-state
appliancés in a residence. As defined above, these are the appliances
which have only one electrically significant mode of being turned on.
They do not have multiple speeds or contain independently switchable
elements. The algorithm described below has been designed to learn
only the two-state appliances in a residence. When faced with multi-
state appliances it is designed to either ignore them altogether, or
to learn their separate components as jindividual two-state appliances.
Thus, the algorithm will learn the separate heating elements of an
oven or stove as distinct electrical appliances, without realizing
that they belong to the same physical assemblage.

There are two different points of view which can be taken when
describing the algorithm. Suppose that one wanted to collect a year
of load data from a residence. From the first point of view, we
imagine that detailed power measuremehts for the residence for the
entire year have been collected and stored in some form, and we now
wish to process them. Civen this large mass of data, one can in
principle describe what operations to carry out in order to arrive at
the final results. The calculations can be designed to optimize
various parameters (e.g. minimize the error) over the entire year.
Although storing and processing & year's worth of detailed data may
pose technical problems, it is certainly possible in principle. From
the second point of view, we consider the constraints imposed by the
finite computing resources available in a small microprocessor-based

load monitor. Even if the memory facilities permitted it, we do not



wish to store a complete year of data and then begin to analyze it.
Instead, we wish, at each point in time to have analyzed all the data
collected up to that point to the maximum extent possible.

The first point of view is a static optimization problem. We are
given the data and we ask what is the most likely analysis of it in
terms of a set of appliances which would explain the observations,
The second point of view gives rise to a dynamic optimization problem.
At each point in time we try to formulate the most likely analysis of
the data collected up to that point, but we do not keep all of that
data around. Instead, we keep only the minimal amount of data—a set
of sufficient statistics—-with which to solve the problem. As new
measurements are recorded, they are not stdred, but instead are used
to update the statistics to arrive at an improved estimate of the most
likely set of appliances given the earlier and new data. In this way,
a finite machine with a small amount of memory can continue to operate
for an indefinite time period; the first method would eventually lead
to a shortage of memory capacity.

In this section we describe the two-state load monitor from the
static point of view. This also provides a basic introduction for a
later discussion of the dynamic algorithm. Those aspects of the
algorithm are postponed until Section 3. In addition, the static
problem gives a broader presentation because it is compatible with
many different dynamic versions, of which only one is described in
this report.

The overall algorithm can be broken up into eight steps, which
are described in the following sections. The steps are:

(1) Measurement

(2) Normalization
(3) Edge Detection

-8~



(4) Clustering

(5) ON/OFF Matching

(6) Separating Simultaneous Changes

(7) Transfer to Central Facility

(8) Identification
Fach of these steps might be performed in several alternative manners.
The most suitable manner is described first, followed by options which
may be appropriate in certain circumstances. (The progress report [l1]
contains additional alternatives.)
2.1 Measurement

The power and voltage of the residence are measured once per

second. By "power" we are referring to four independent quantities to
be measured every second: the real and reactive power consumption on

each of the two out-of-phase legs entering the residence., These four

measurements are grouped into a power vector. The RMS voltage om cach

of the two legs is also measured every second.

If the residence does not have two separate "legs" at its service
entrance, the method simply scales to the number of independent
circuits available. The voltage, real power and reactive power of each
separaté circuit (referenced to ground) is measured. These measure-
ments can be combined into a vector which contains the real and
reactive power of each of the separately measured circuits as its
elements.

Alternative embodiments of the device could measure only the real
part of the power or only the reactive part of the power. This would
simplify the device at the cost of reducing its discriminating power,
but might be appropriate for some class of target appliances. If it
is necessary to increase its discriminating power, other measurements
from the following list might be used in addition to, or in place of,

the power measurements, but this has not been tested:

-9~



Power, current or admittance at the 3rd or 5th Harmonic

Power, current or admittance of sub-harmonics

DC bias current

The exact rate at which sampling occurs is not critical to the
method.. A slower rate can be used if it is all that the apparatus
allows, but this leads to more frequent errors by the device. A
slightly higher rate may be preferable, but there is no advantage in
exceeding approximately ten measurements per second. The measurements
need not be at regular intervals; if, for example, computational
requirements necessitated the skipping of occasional ‘samples, the
overall accuracy would not be significantly affected.

2.2 Normalization

In the current embodiment of the device, the two circuit voltages
are also measured every second. From this data, the real and reactive
parts of the power are adjusted every second to correct for the fact
that the utility allows the line voltage to vary, using the following

formula:

120 2
Adjusted Power = Measured Power * ( ————-r )
Voltage
When applying this formula, each component, real or reactive, of each
sample is adjusted using the corresponding voltage for that lég (or
circuit) at that second.

This normalizes the power to what it would have been if the
utility voltage were the nominal 120 volts. By doing this we arrive
at more consistent changes in power for each appliance when we perform
the edge detection procedure below. It also eliminates changes in

power which are caused only by changes in line voltage.

Variations of this procedure which could be used with similar

-10-



effect are to:

(A) Choose a different normalizing voltage instead of 120 in
the numerator of the fraction; or

(B) Choose an exponent other than 2.

Note that if 1 is used as the normalizing voltage, the normalized
power becomes equivalent to admittance. The use of 2 as the exponent
is a consequence of assuming the power varies as the square of the
voltage. This is not exactly the case for most applignces. Exponents
other than 2 are considered in Appendix B. It is shown there that it
may be preferable to normalize the real part of the power using an
exponent of approximately 1.5 and the reactive part with an exponent
of approximately 2.5.

2.3 Edge Detection

The third step of the method is to look for changes in power with
the following two-step procedure, which is illustrated in Figure 2-1
for hypothetical power measurements:

(A) Divide the sequence of power measurements into time periods
in which the power is steady and time periods in which it is changing.
A steady period is defined to be one of a certain minimum length in
which the load does not vary more than a specified tolerance. The
remaining periods, in between the steady periods, are defined to be
the periods of change. The current embodiment of the device uses two
seconds as the minimum length and 15 watts or VARs as the allowable
tolerance in the definition of a steady period, but other values of
these parameters could be used with a similar effect.

Note that a time period is defined to be steady if and only if
all the measured quantities in the measurement vector remain steady.

If any of the components are changing, the period is "changing."

-11-



(B) For each time period in which the power is changing, compute
the total change in power across the period by subtracting the steady
power level before the change begins from the steady power level after
the change ends. The current method reduces the effect of noise by
averaging all of the measurements {of each vector component) during
each steady period to arrive at noise-reduced steady values. The
change, or transition, for each period of change is therefore a four-
component vector computed by subtracting the average of all the
measurement vectors 1v the previous steady period from the average of
the measurement vector: in the subsequent steédy period.

Note that this description is appropriate only if it is possible
to store a long stream of four-component measurements at one-second
intervals. In a small Load Monitor this would be quite impractical.
The prototype Load Monitor therefore uses an algorithm for edge
detection which is a dynamic version of the above static description.
It produces the identical effect by means of a small number of suffi-
cient statistics, without the need for storing a long stream of

measurements. Section 3.1.2 describes this dynamic edge detection.

g . = Measurement
—
= $= Transition
o7 ® ®
w 2”4 ®= > Threshold
e
K Dl mtuln
Stéady ~ *  Steady  *  Steady * = Changing
TIME

Fig. 2-1. FEdge Detection,
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2.4 (Clustering

The observed changes are then grouped into "clusters." A cluster
of changes is simply a set of changes all of which are approximately
the same (in all components), For example in Figure 2-2 we show a
hypothetical one-dimensional example in which many changes have bheen
observered which can be grouped into four clusters. Each change is

approximately 200, 500, -200 or -500 W,

2 o de Mo g

608 -500 408 -308 -200 -iB@ @ 188 200 2300 428 383 689

Fig. 2-2, Example of Clusters.

The purpose of the cluster analysis is to allow for a certain
variation in the measured change each time an appliance is switched on
or off. The data in Figure 2-2 is what one would expect to observe if
there were a 200 W appliance and a 500 W appliance in the residence.
Each - time the 200 W appliance turns on, the total power consumed by
the home increases by approximately 200 W, but not necessarily exactly
200 W. Due to variations in the conditions when the appliance is
turned on, and measurement noise in the sensors and A/D converter, the
observed_increase in power will not be exactly 200 W, Similarly, the
cluster of changes of approximately 500 W results from the times when
the 500 W appliance turns on. The clusters of changes with negative
power levels result from the turning off of the appliances.

- Actual' data from a residence will be more complex than the above
example indicates. There are likely to be several dozen clusters,

because there are typically dozens of appliances in a residence.
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There is more information available however, than in this one-
dimensional example. The independent components of the transition
vectors allow clustering to be performed in a higher number of
dimensions. For example, four-dimensional clustering can be carried
out to separate appliances which draw the same real and reactive
power, but are on opposite legs.

Many statistipal techniques of cluster analysis are well-known
and could be used for this purpose {(in the static formulation). For
example, References [2] and [3] each list dozens of cluster analysis
techniques. The clustering technique used in the prototype load
monitor has several new features which allow it to function recur-

sively in the dynamic implementation. It is described in Section

3.1.4,

2.5 ON/OFF Matching

Next, the observed changes from the ON and OFF clusters of each
appliance are grouped together into pairs according to their time
coordinates, Each ON/OFF pair corresponds to a. single cycle of
appliance usage. For example if there is a change of approximately
200 W at 6:00 and a change of approximately negative 200 W at 9:00
(with no other changes from either of those clusters in the interim),
they are grouped together into one appliance cycle. From this we
compute that the 200 W appliance was on for the three hours, and
consumed 600 watt-hours of energy. Changes which do not fit into an
ON/OFF alternation are ignored unless they can be handled by the
method of the following section. 4 detailed account of the method by
which the prototype load monitor pairs ON and OFF transitions is given

in Section 3.1.3.
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2.6 Separating Simultaneous Changes

From time to time, two appliances are turned on or off (or one on
and one off) simultaneously, or in rapid succession so that the second
appliance is switched before the transient of the first has ended.
When this occurs, the change computed by the method of Section 2.3
above will be the sum of the changes that would have been observed if
the two appliances were switched at different times. For example, if
the 200 W and 500 W appliance are turned on nearly simultaneously, a
700 W increase in total power consumption of the house is observed.
This 700 W change is easily interpreted by the facts that:

(A) It rarely happens. (e.g. The cluster of 700 W changes is
very small; perhaps containing only one example.)

(B) It occurs, in time, between two ON or two OFF transitions of
some appliances, which could not both be paired by the matching proce-
dure above (e.g. The 700 W change occurs between two -200 W changes in
a row—-a +200 W change is missing--and between two -500 W changes—a
+500 W change is missing.)

(C) The observed change is approximately the sum of the two
missing changes (e.g. 700=+200+500).

When all three of these conditions occur, the unusual observed
transition is "broken apart" into its two simultaneous components, and
the procedure continues as if the two components were available for
matching ON's and OFF's as above. Thus the load monitor "understands"
that the 700 W change was really two independent appliance transitions
which happened to occur at the same moment.

Note that the prototype Load Monitor, as it stands, does not
decompose simultaneous transitions. Time has not permitted incorpora-
ting the algorithm into the current software, The above technique
was developed and tested .in the "Recognition Program" described in
Reference [1]. We expect that it will also work when implemented

here. The next generation prototype Load Monitor, described -in
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Section 6.2 will incorporate thig technique.

2.7 Transfer to Central Facility

The final step of the method that is performed by the micro-
processor unit ig tg output the characteristics of the observed
appliances. This includes g description of the clusters in the signa-
ture space and pParameters specifying their electric pover usage such
as their total eénergy consumption. - Many such parameters could be
selected, In all probability, load researchers .would prefer energy to
be broken up by hour of the day on weekdays and weekends. (Thus there
will be 48 numerical energy values per appliance each month.)  Other
temporal divisions are, of course, easily arranged if they are of
interest to the end users ‘of the data. We expect output to occur at
approximately monthly intervals, The energy for any appliance during
any given hour is 8imply the sum oflthe energy consumed in each of the
observed cycles (as calculated in Section 2.5 above) which happened to
occur during the épecified clock hour, Time-of-day usage plots of
this form, which demonstrate the type of results the load monitor is
capable of, are given in Section 3.2 and Appendix E,

Another parameter which energy consumption can be correlated

with is temperature., We expect the load monitor will contain a tem-

-Perature sensor sc that the sensitivity of the appliance to tempera-

ture can bg tabulated. (A temperature-humidity index may be even mozre
suitable.) This information should be very useful for identification
purposes. For example it should enablé space heaters to be clearly
distinguished from other large resistive loads. It will also be
important for lead researchers reconstructing space conditioning lcads
as a function of weather models. We are not sure at this point what

form of energy-temperature data is most useful for this 1latter
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purpose, so we will not propose any particular format here.

The actual data transfer could be performed by telephone link
directly to a central computer, or by transfer to am intermediate
storage device which is carried from house to house by a meter reader.
Various hardware options for data transfer and temperature measurement
are considered in Section 5.2.

2.8 ldentification
Each ON/OFF pair of clusters (a positive and negative cluster of
the same magnitude) represents a.separate two-state appliance or
appliance component (for example the heater and motor components of a
dishwasher may be observed as two separate ON/OFF clusters). The
algorithm must examine the properties of the clusters and try to
identify the appliance class of each (e.g. "refrigerator," "heater of
dishwasher," etc.). To do this, a table of appliance classes and
thelr properties will be provided. The algorithm will check each
luster against the classes in the table to see which item in the table
1s closest to each observed cluster pair. The proper:ies used will
include real and reactive components of the turn-on transitions. For
example, refrigerators as a class are expected to exhibit a change of
100-300 W and 100-500 VAR on only a single phase when they turn on,
‘”whlle electric water heaters are expected to be approximately 4000 W
- balanced on two Phases. Weather related correlation factors can also

be included, As mentioned above, space heating can be identified by
.ithe fact that it on more frequently when it is cold outside. Air
conditloners should be identifiable by their positive correlation with

temparature.

The table will also contain timing information, such as the
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average length of time per ON/OFF cycle of the appliance and the
number of .cycles per day. Expected time-of-day and time-of-year
properties can also be used (e.g. lights are used more often at night,
electric lawn mowers are used more often in the day and in the
summer } . We do not wish to rely tco heavily on temporal expectations
however, as this could cause the load monitor to fulfill its own
prophesies, and only find results which are predictable. For example,
if the table erronecusly claimed that lights are only used in the
evening, and somecne ran lighting all day, there would be a danger
that the load monitor would misidentify the lights and call them by
some other name.

It is important to stress that the identification portion of the
methed has not yet been developed., We see no major obstacles in doing

so however. It is discussed further in Section 6,1,

-]18-



3.0 REAL TIME IMPLEMENTATION
This section describes the current status of the prototype load
monitor. The hardware consists of a Hewlett Packard 9845PB desktop
scientific computer and a Digital AC Monitor [4) as a sensor instry-
ment, as shown in Figure 3-1. The HP9845B computer runs a program
which incorporates a dynamic version of the two-state algorithm. This
program consists of approximately 1500 lines of interpreted BASIC code
requiring approximately 64 K bytes of memory. Built-in tape drives
and printer are used as output devices for the load data. The Digital
TAC Monitor is 8 programmable microprocessor-based sensor device which
can measure voltage, and real and reactive power on up to eight AC
circuits simultaneously. It transmits these measurerents to the HP

computer over an R5-232 link at one-second intervals.

- SERVICE MAIN SENSORS

JENTRANCE sC
OF HOUSE Im'

)

DISTRIBUTION
PANEL
)
. DIGITAL
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MON ITOR
RS-232
HP 9045 8
DEKTOP
COMPUTER

Fig. 3-1. Prototype Load Monitor.
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Sectior 3.1 below describes the architecture of the BASIC program
which forms the "brains" of the load menitor. Section 3.2 describes
the results of testing the load monitor on three residences. In
Section 3.3 we list the improvements to the load monitor which we
would like to make in the near future, based on the testing to date.

3.1 Program Structure

Most of our research effort over the past year has gone into
designing, implementing, and testing the software which controls the
load monitor, The program executes what was termed the dynamic two-—
state algorithm in Section 2. It therefore contains capabilities
which allow it to run continuously in real time, which were not dis-
cussed above. Some of these complications consist merely of buffering
techniques which allow the processor to be focused on certain
computation-intensive aspects of the problem while interrupt-based
processes continue to collect and analyze measurements from the
sensors at regular one-second intervals, These data-flow aspects of
the program are described in Section 3.1.1 below. Section 3.1,2
details the manner in which transition-detection is performed by the
load monitor. The static description given above in Section 2.3 is
adapted so that it does not require storage and subsequent processing'
of a potentially unbounded set of measurements. The technique chosen
to match ON and OFF transitions is explained in Section 3.1.3. Again,f
& method was selected which allows a finite memory to be used for
pairing transitions over a potentially unbounded time pericd.
Additional complications arise from the need to perform _ciuste; 1
analysis in a dynamic and open-ended manner. These problems have ©
necessitated the development of a new cluster analysis technique which i

is described in Section 3.1.4.
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3.1.1 Architecture and Data Flows

Flow of control and data in the load monitor is shown in Figure
3-2. The géneral flow of information proceeds from left to right
across the center of the diagram., Measurements from the Digital AC
Monitor are processed at one-second intervals, and normalized to 120 V
as described in Sections 2,1 and 2.2. Real and reactive power on each
of the two legs form a four-component measurement vector. An edge
detection algorithm is called every second with the ‘rew measurement
and seeks to locate and quantify step changes in the measurements over
time. The edge detection algorithm results in 8tep transitions as
described in Section 2.3 above, but this is achieved in a slightly
.more complex manner. A dynamic edge detection method, described below
in Section 3.1.2, allows for edges to be found without storing long
streams of measurements.

-These three parts of the algoriﬁhm, measurement, normalization
and edge detection, are performed as an interrupt process. The
Digital AC Monitor is programmed to transmit measurements at one-
second intervals. When they are received by the HP9845B computer, the

‘Tprncessing subroutines are triggered. Generally, no edge is detected,
énd these subroutines return control to the background process for the
rémalnder of the second until the next measurement arrives. If an

edge is detected, then it is converted to a two-and-one-half-

ﬂiﬂg&g&gggl format and buffered in the pre-buffer before the sub-

rogtines relinquish control;
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The pre-buffer is a circular format buffer which stores transi_
tiens until the background process has time 1o analyze them. The
format in which they are stored and later processed is called "two-
and-one-halfdimensional™ because the four-dimensional measurement
vector is compressed to a format with fewer degrees of freedom. The
assumption is made that all loads are either 120 V appliances or
balanced 240 V appliances. Then the tramsition observed when an
appliance turns on can he expressed as a two-dimensional quantity, the
real and reactive power it draws, along with a quantity which takes on
one of three discrete values. This latter quantity is a "flag" which
indicates which of the two legs the appliance ig on, or whether it ig
L ﬁieed across both legs., Thus the space can be visualized as three
g parallel two~d1men51onal planes,

) The two-and-one-half-dimensional format was selected partly
i because it reduces storage and computation time at later stages of the
1 §rd¢es§, and partly for reasons discussed in Appendix A, The cost of
this format is rather high however. The Program, as it stands, can

not 1e§rn about unbalanced 240 V appliances. No Provision is made for

appllances which draw unequal amounts of power on the two 120 V legs,
I Hae expected that such appliances would be. rare. Results from two
of the three tests described in Section 3.2 show that this expectation
vas 1ncorrect‘ Unbalanced 240 v appliances seem rather common, and
therefore "we will adopt a four-dimensional Tepresentation in future
Yersions. of the ;qad monitor. This will increase the range of loads
#hich can pe taegets.

Thﬁ.tfeght he;f of Figure 3-2 shows the transition-analysis
rtion of theiload monitor, The tramsitions which wers held in the

Pre*buffer'afe'moved to a working buffer for analysis to determine how
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they relate to each other and the set of appliances already learned.
This portion of the algorithm operates as background process, working
in the fraction—of-a-second gaps between the time intervals required
to process the one-second measurements, As such, this portion of the
program typically operaﬁes slightly behind real-time. When the load
monitor is started up, the appliance table is empty, Initial transi-
tions are analyzed to create entries in the table. Later transitions
could be analyzed as new .appliances, or used to update the propérties
of previous}y—learned ‘appliances. Sometimes two entries in the
appliance table need to be fused tcgether into a single appliance in
the 1light of later data., Other times, an entry is split into two
distinct entries, In this manner, mnew data is used to correct and
update earlier estimates. Section 3.1.4 below details the dynamic
cluster analysis technique used to perform these corrections.

The user control portion of the prototype load monitor is
indicated at the top of Figure 3-2. Although only sketched the
figure, this function of the program is by far the 1érgest in the
prototype, . It permeates and interacts with all of the previously
mentioned portions. By means of a simple command language, it allows
the user to examine and modify the operation of the locad moniter's
different functions. It can generate listings or plots of measure-
ments, transitions, or clusters of transitions which define
appliances. Output can be sent to the computer screen, a printer, a
plotter, or to data files. It also allows for a variety of input
sources. Keyboard input of measurements or transitions can be m,acle-j
for testing purposes. Data files of transitions can be "played back"

to see the effect of changlng parameters. Although the user control
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portion of the load monitor Consumes over half of the total software,
and is essential for testing, analysis and debugging, this much versa-
tility will not be needed in the actual lcad monitor. Therefore, it
is not described in detail in thig report. The commands which it
accepts are listed 1in Appendix C.

3.1.2 Dynamic Edge Detection

The edge detection process described above in Section 2.3 has
been implemented in a "djnamic" manner. By this we mean that it is
programmed in a way which does not require storage and subsequent
processing of a long list of Mmeasurements as Section 2,3 might seem to

wmply.. Insteed, a few Parameters are kept ard updated every second

- .based on the new measurement., Thig ig done in such a way that the

Program returns. the same Tesults as would be Benerated if all the

‘imgasurements were kept. (It may be useful to review Figure 2-1 while
'% feadlng the following discussion,)

} One aspect of edge detection which uses a long stream of measure-
@ents  1s. the averaging process which reducee the effects of measure-
ment noise. All'of the one-second pdwer Mmeasurements which are taken
“duringl‘the relatively steady time pPeriod between twg successgive
appllancea—transitions can be considered to be approximations to the
&Ctual power level that the house is at during this peried, They are
only :approximations because small variations due to appiiance opera-
ticn éaﬂ meaﬁurement noise will always‘be Present. It can be shown
(Siféﬂ " Certain reasonable assumptions) that averaging the entire list
of sessurenents will result in the optimal estimate of the actual
Sower 1e¥e1. The -actual set of measurements could contain tens of
Tousands éf.entries if several hours elapse between appliance tranpsi-

s  ard.
ons, ;ﬂ,otder~to calculate the average of this list of measurements
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