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Demand-side load management (DSM) requires greater role-play by end-
users. To lower the investment for this load management concept, non-
intrusive load management (NILM) was introduced as the solution. However,
most of the mathematical techniques used in NILM are complex. This may
hinder users from actively take part in the energy management effort. This
paper explores the possibilities of applying change point detection techniques
with help of differentiation and application of filters. These filters were
selected strictly based on site-specific conditions. As part of the NILM
implementation, a new and practical technique was developed for this paper.
It was found that the developed technique, despite its simplicity it can
identify the electrical equipment which added the significant load demand.
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The performance of the technique was found to be satisfactory as compared
to results reported by other researchers.
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1. INTRODUCTION

Electricity is a vital energy source for our modern society. According to the World Bank, in 2018
almost 89.5% of the world population has access to electricity while for Malaysia it is 100% [1]. Malaysia
recorded an annual 2.6% increase in electricity sales and a 3.1% jumped in maximum demand in 2019 [2].
This is despite the introduction of energy-efficient equipment, programmes and legislation. To reduce the
electricity across all sectors, a demand-side management (DSM) unit has been set up under the Malaysian
energy commission [3]. DSM concept refers to initiatives and technologies that encourage consumers to
optimize their energy use [4]. Among the objectives of DSM are to reduce the peak load or peak load
clipping, overall reduction of energy usage and load shifting [5].

Two major approaches for loads monitoring are intrusive and non-intrusive load management (ILM
and NILM, respectively) could be considered [6]. The former approach requires the extensive installation of
sensors to be installed on every electrical machine. NILM is an interesting approach in which the aggregated
data at the power source will be decomposed. From the decomposition data, it is possible to identify the
identity and operational status of each machine [7], as if a physical sensor is being installed instead. NILM is
also known as the single point measurement approach. Once the machine is identified and its current energy
consumption is known, action can be taken on the machine to achieve any or all DSM objectives.
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Even though scores of NILM techniques have been put forward by researchers, it was noted that the
main problem is to have it as a reliable solution [8], [9]. An apparent problem with current NILM practice is
related to the inaccuracy in the machine’s identification and also to the application of complex techniques
that eventually hinders users to take part in this technology. This paper is going to promote a method that is
ready to be used by most energy players. This will be the main contribution to the NILM study.

Another shortcoming of the current NILM practices is the concentration of the studies mostly on the
subject of residential or electrical appliances. This can be proved from the list of data set available for the
NILM study [10]. From the list, only about 5 data sets are from sources other than residential or electrical
appliances. A lot of other researchers also used data that was measured in a residential building or just
measured their data using lab-based electrical consumption setup [11]-[13]. While all the research
contributed to the understanding of NILM, more research on the implementation of NILM into business
premises is needed [14]. This study echoes the need for real implementation of NILM at a bigger scale. A
campus-wide data collection system was selected as the trial ground to the ambition.

2. RELATED WORKS

As far as the implementation of NILM on-site is concerned, there are several proposals made
available by different researchers. For example, a five-stage implementation of NILM has been proposed by
a group of researchers in [15]. Other than that, a three-step general framework of NILM was discussed in [6],
[16]. However, authors in [14], [17] proposed a four-step procedure to carry out practical NILM. This
proposal was chosen due to its suitability with this study and it is selected as the one followed by this paper.
Among the reasons is its flow is logical and it is suitable for site-specific usage. The steps are:

Data collection and pre-processing.
—  Event detection - change of state in the machine’s operation over time.
—  Feature extraction - unique machine’s signature for example in voltage, current and power.
—  Load identification.

All steps will be discussed as part of the methodology. For the data collection and pre-processing
step, a detailed overview of the system is given as a backdrop on the three scopes or limitations of this study.
The limitations are the electrical parameter available for analysis, the duration of the study, and the sampling
frequency. All limitations are due to the site condition.

The first limitation is only the electrical current signal was considered in this study. This is the site-
constraint limitation. A lot of discussions have been made on what are the best parameters to be used in
NILM. Among the proposals are electrical power, current, and admittance [11], [13], [18]. Nevertheless, the
decision to use an electrical current signal is supported by authors in [17], [19], in the former, the authors
hold to the opinion that the event is more pronounced in the current waveform.

Another limitation is the period of study. This is again a site-imposed restriction. The final
limitation is the data sampling frequency. It was decided that the sampling should be at 5, 10, 15, 30 and 60
minutes. Again, several researchers came out with several proposals on the sampling speed [20], [21].
However, in [22] it was mentioned that a desirable sampling frequency depends on the type of load.
Furthermore, not all existing data acquisition systems are readily equipped with high-frequency data
sampling capability. This shortcoming gives this research to explore whether alternative sampling time is
suitable to be used in NILM. This can also be seen as another contribution of this study.

A group of techniques chosen as the event detection on the aggregate data set is discussed. The
event detection as proposed in the landmark paper of NILM may include filtering, differentiating, peak
detection [23] and also fitting method [11]. However, for this study, only differentiation and filtering were
applied. A detailed explanation of the technique can be found in [8], [11]. While extensive review can be
found in [17]. The data sampling frequency is also included in the discussion.

The third step is feature extraction by detecting the edge of the filtered differentiation data. Since the
outcome of the filter may be made of sequential data points change point detection technique was applied, in
particular edge detection. This technique is used to determine only changes in data points [24]. Finally, for
the fourth step, a discussion about the confusion matrix and its application in identifying loads is presented.
This common technique is used to show the performance of the proposed techniques. A detailed explanation
of the confusion matrix is to be discussed in the methodology section. All analysis using each of the
techniques was realised using Simulink ®.

Different from other studies, this study readily has the aggregate and individual data set. Hence the
decomposition step was omitted. What this study is going to demonstrate is the application of some relatively
common techniques that could also be considered to be used in NILM. Since the techniques employed in this
study is not as complex, problem-related NILM explained in the Introduction section can be overcome. On
top of that, actual operators of energy management can finally practice NILM as part of their works.
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3. RESEARCH METHOD

Data used in this study came from a university campus. The campus has about 20 buildings within
250 acres of land area. Most of the buildings are connected to a central building automation system (BAS).
Using the system, a certain level of controls on selected electrical equipment is available. It’s also has a very
extensive monitoring capability mainly on HVAC, energy monitoring and safety/ security aspects.
Monitoring on the main electrical supply for each major building includes parameters such as voltages,
currents, power factor, all types of electrical power as well the status of selected circuit breakers. However, at
the equipment level, only electrical current is monitored, except for large loads such as chillers that have
more monitoring parameters. Hence only current data is considered in this study and it gives the first scope of
this study.

The system has a central monitoring system, or workstation (WS), located in a facilities office. From
the WS, an operator can monitor a real-time situation of the campus including data on electrical parameters.
The data can also be recorded in the WS at a minimum 1-second sampling frequency. The span of the data
collection is limited by the available disk space. However, during the visit to evaluate the system, the WS’
disk space was low and a lot of electrical monitoring points were unavailable. Therefore, the data collection
points (building and machines), the sampling frequency, and the recording span must be carefully selected.
Due to this, the second scope of this study is the limitation of the span of data collection to only three days.
The recording was started at 0700 on day-1 and ended at 1555 on day-3. However, the analysis will only be
done on data started on day-1 and ended at the end of the business hour on day-2.

An administrative building was chosen for the data collection. It has one electricity main
switchboard (MSB) which in turn supplies the building. Four pieces of machinery that draw their power from
the same MSB were selected. The operation of the building is mainly 0800 to 1700 with a small presence of
24-hour on-duty security personals.

The selection was based on the data available on the machine. They also represent a significant
portion of the power delivered by the MSB. One of the machines was a water-cool package air-conditioning
unit (WCPU), another was the cooling tower motor (CT) and the other two were water pumps (CDW1 and
CDW?2). Many of the literature agreed on four-classification of loads [6], [8], [22]. All the above-mentioned
loads can be categorised as type 1l multi-state machines (also known as finite state machines (FSM). It has a
repeatable switching pattern. Due to this, it is easier to identify.

The data gathered in this study can be divided into two types: the global data which was sampled at
the MSB, and the data taken from four electrical machines. Both types of data were sampled at every 5, 10,
15, 30 and 60 minutes, over three days. The sampling frequency is scope number three. The decision of the
sampling time was made based on the availability and capability of the system as well as due to a review
done in [22] mentioning that a desirable sampling frequency depends on the type of load.

Figure 1 shows an example 5-minute interval of current reading at phase-Y for the MSB, or what is
also known as aggregate electrical current data. The current value is represented by the vertical axis while the
numbers of data are on the horizontal axis. The latter axis may also be represented with the time of the day. A
general pattern can be seen repeated for each day. On the first day, the current reading is around 50 A before
abruptly climbed to about 200 A within 30 minutes from 0800 hours. It hovers around 250 A before plunged
150 A at 1300 and stays there for an hour. It then shoots back to a higher value of about 250 A at about 1400
up to 1700. The same pattern repeats for the second day, albeit lower current magnitude and a certain drop at
around 1500 due to unknown reasons.
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Figure 1. An example of current reading on phase-Y of the MSB
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To process the feature extraction a non-electrical data was employed in this study, specifically the
time. The time constraint is between 0800 to 1730 hours. Any data beyond these hours were not considered
for the feature extraction. In this work, the output from the event detection was directly used to extract
features presumably originated from specific electrical equipment. The data will be going through a series of
processes starting with derivation. This first process seeks the magnitude of increase of current from time n,
tn, to the other, tn+s, where s is the sampling frequency. At this stage, detection of the changes in data points is
made. Next, the outcome of the derivation is then subjected to a filter. The filter is a high-pass filter, with the
magnitude of the filter is selected based on the condition of loads. It will allow a certain value of the
derivation to pass. The outcome of the filter is then checked for a positive edge. This step is designed because
the output of the filter may span more than one sample point. Subsequently, this edge is used to determine the
load identification.

To gauge the performance of the selected methods of disaggregation, [24]-[26] discussed several
related indicators. This paper will use precision, recall, and F4 score as the performance matrices. Terms used
in all of the matrices are part of what is called a confusion matrix [25]. Precision for this paper is defined as
the ratio of all detected edges (true change point, TP) overall change points, including non-edges, or false
change point, FP. Mathematically [24],

. TP
precision =
grEme TP4ER (@)

Recall, or also known as sensitivity, is the portion of the total TP that is correctly identified. That
means this matrix must take into account all edges. This term is known as false non-edges (FN). One way to
understand this is to imagine if all edges were detected, FN value must be zero. Hence the recall gives the
ratio in which how many TP is detected out of the total actual change point or edge. It is calculated using the
following equation [24],

rocall = —F
TECON T raerw 2)

Notice that precision and recall have different attributes. Fy score is given by the following equation
[24], with B is 1 for a harmonic mean between recall and precision [27]. Hence, both recall and precision are
given the same weightage.

L+ & -precision xrecall

Fp score = ———— —
O precision +recail (3)

4, RESULTS AND DISCUSSION
In this section, the data is presented and analyzed according to the four-step implementation
discussed in the previous section.

4.1. Event detection on aggregated electrical current data

Figure 2 shows the Day-1 data for all aggregated current data. Notice all the positive and negative
current changes. All these changes would be subjected to several processes to qualify them as events as
discussed in the methodology section. In addition to that, the processes were done for different sampling
frequencies. The performances of the processes are assessed using the selected performance matrices.

The subsequent Figure 3 (a) is the derivative of the aggregated current measurement using a 5-
minute sampling frequency. Because the title of this paper is to cap the maximum demand only positive
derivation was going to be inspected. Notice that the highest absolute derivation is about 22.26 A over a 5-
min period. It is about 10% of the maximum MSB’s current of 229.87 A.

Based on the site condition, filters were selected so that derivatives of only larger than 5%, 10%.
15% and 20% were allowed to pass. The result is shown in Figure 3 (b) is due to the 10% filter. The filtered
data were then subjected to an edge detection scheme. At this stage, only the incremental edges were
detected. Figure 3 (c) is the outcome from the edge detection of Figure 3 (b). Note that the horizontal axis is
the point of time. Since the sampling time is 5-minute, the total span will be translated to 0 to 575 minutes.
For Figure 3 (a), the vertical axis is the derivation with the unit of A/ 5-minute. On the other hand, the vertical
axis for Figure 3 (b) and (c) is the outcome of the edge detection process. It is a binary outcome of either 1 or 0.
The output of Figure 3 (b) can be consecutively made of more than one point.
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Figure 3. (a) derivation of MSB’s current waveform at 5-minute sampling frequency; (b) output of 10% filter
applied to the derivation result; (c) the edge detection output of figure (b)

If the 10-minute sampling frequency is selected and going through all the processes explained
previously, the outcome is as shown in Figure 4. From the figure, it can be seen that the information about
the aggregated data derivation has now become less. As the result, by applying the same 10% filter, only two
broad passes are registered. Consequently, only two edges are detected as exhibited in Figure 4 (c). This
certainly does not reflect the number of significant edges that can be visually scanned from Figure 2.

With such outcomes, it is safe to conclude that analysis involving data sampled at every 15-minute
and 30-minute will return a worse result. This is largely based on the fact that the derivation for data sampled
at both frequencies will yield a smoother outcome. For example, even if the filter is reduced to 5% for a 10-
minute sampling frequency, the outcome of the whole process will give a result as shown in Figure 5. Data
sampled at 60-minute is not relevant as it exceeded the minimum 30-minute sampling frequency as practised
by the utility company.

Figure 6 is the attempt to visualize the edge detection results with respect to the original MSB’s
current. Figure 6 (a)-(d) is the edge detection result on filter 5%, 10% 15%, and 20% respectively. Visually it
can be concluded that the smaller the filter, the more signals were passed for the edge detection process is
shown in Figure 6. However, no accurate performance of the filtering and edge detection process could be
concluded.
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Figure 4. (a) Derivation of MSB’s current waveform at 10-minute sampling frequency; (b) output of 10%
filter applied to the derivation result; (c) the edge detection output of figure (b)
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Figure 5. (2) Derivation of MSB’s current waveform at 10-minute sampling frequency; (b) output of 5% filter
applied to the derivation result; (c) the edge detection output of figure (b)

Data in Table 1 on the other hand provide the achievement of performance. Note that for filters at
10% and 15%, the recall, precision and F1 score all achieve the mark of 1. This means all possible significant
changes for the 10% and 15% filters were correctly detected by the edge detection process. Therefore, both
filters are the best in this event detection stage. Nevertheless, for the 5% filter, the recall score is 0.5625
points, while the precision is good at 0.8182 points. For the 20% filter, the precision is registered only at
0.4783 points, even though the recall matrix has a perfect 1 point. Hence, although the 20% filter is capable
of correctly identified TP from all events, it is far from capturing all available change points.

Table 1. Performance index of edge detection on MSB’s current waveform

Filter 5% 10% 15% 20%

Recall 0.5625 1.0000 1.0000 1.0000
Precision 0.8182 1.0000 1.0000 0.4783
F1 score 0.6667 1.0000 1.0000 0.6471
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Figure 6. Visual interpretation of edge detection outcome as imposed on the original aggregated current data

4.2. Feature extraction and load identification

The individual selected electrical load data is as shown in Figure 7. Notice that the WCPU load is
only operational within the office hour with a temporary shutdown of about an hour at noon. Appropriately,
the CT and CDW1 and CDW?2 are also expected to be operational in the same period. However, the actual
operating time for both is 30-minute before and after the normal working hour. The way WCPU operating is
to run at a base current demand between 20.1 A to 21 A. It fluctuates in the range of 33.4 A to 35.9 A. These
fluctuations are due to the cut-in and cut-off operation of an additional compressor to maintain the room’s set
temperature.

The CT and CDWs operation are closely related to each other. From Figure 9, it can be seen that the
starting and shutting downtime of CT and CDWs are identical. However, due to the alternating policy
between CDW1 and CDW?2 operation was in place, CDW1 would operating in the first half of the office hour
while CDW?2 for the other half. It is important to remark that the fluctuations in CT and CDWs data sets are
found to be loosely correlated. Statistically, the analysis showed that the R2 value between both data is small.
On top of that, the standard deviation for CT is 0.2 A, for CDW1 is 0.56 A, and for CDW?2 is 0.31 A. It is
also can be noticed that the operational time is related to WCPU. This is expected as the function of CT and
CDWs are to cool down the compressors in the WCPU. As with the CT-CDWs fluctuations relationship, the
correlations between are very low.
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Figure 7. Current curves for WCPU, CT, CDW1 and CDW?2
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Starting of CT and CDW1 was registered as significant derivative value and subsequently detected
as incremental edge but beyond the working hour. Even for CDW?2, the off position at t = 315-minute has
only contributed to the negative derivation value in the total MSB current. All CT and CDWSs have been
classified as type Il electrical machines. However, since all CT, CDW1 and CDW?2 cannot be shut down as
long as any WCPU is operational, may cause them to also be classified as type V.

Notice that the CDW?2 started at t = 315-minute. However, this change was not picked up by the
edge detection because the derivation value on the total MSB current is negative. The sudden increment will
probably never be registered as a positive edge on the aggregated current waveform. This is because the
policy says most WCPUs will be switched off during the break hour starting at t = 315-minute. Hence CDW?2
would never be important to be positively identified.

Interestingly, the base current demand is about the same as the highest derivation magnitude of the
aggregated current data. At this stage, it is logical to assume that the fluctuations at the aggregated current
curve can be traced its origin to WCPU’s demand. In other words, the features of WCPU’s current curve can
be revealed from the event detection done at the MSB’s current waveform.

Figure 8 shows, (a) the derivation of WCPU’s current curve, (b) the output of 10% filter, and (c) the
edge detection of (b). All processes were done on the 5-minute sampling data. Again, the vertical axis for Figure
8 (a) is the derivation value, A/ 5-minute. All horizontal axes are in time (minute). Notice that the derivation
outcomes are almost pulse-shaped. Hence, all the outputs of the filter are pulses. The edge detection is naturally
pulse-type output. Therefore, the outcomes of edge detection are identical to those found in Figure 8 (b).

The edge detection process on the WCPU’s current data yielded the outcomes as shown in Figure 9.
Visually it can be generally deduced that outcomes of edge detection due to 5%, 10% and 15% filters,
Figure 9 (a)-(c) respectively, are quite similar. The worse outcome is clearly can be seen in Figure 9 (d). It is
the result of edge detection for a 20% filter. Only two edges of the current curve can be detected.
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Figure 8. (a) Derivation of WCPU’s current waveform at the 5-minute sampling frequency;
(b) output of 10% filter applied to the derivation result; (c) the edge detection output of figure (b)

As expected, recall and precision matrices for 5%, 10% and 15% filters all return 1.0000 points as
shown in Table 2. It means the process is able to capture all edges and perfectly distinguished between
positive edges and non-edges. The following table is the tabulation of the results. For the 20% filter, it is
capable to capture all edges it managed to detect, which are only two. This is reflected by the very poor
performance in precision.
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Table 2. Performance index of edge detection on WCPU’s current waveform
Filter 5% 10% 15% 20%
Recall 1.0000 1.0000 1.0000 1.0000
Precision 1.0000 1.0000 1.0000 0.1000
F1 score 1.0000 1.0000 1.0000 0.1818
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Figure 9. Current curves for WCPU, CT, CDW1 and CDW?2

With a correct selection of filter selection, changes in WCPU’s operation can be confidently
detected. If those changes are significantly reflected in the aggregated current data, it can be perceived as the
feature extracted from the equipment. In the case of this study, the equipment itself can be directly identified.

Table 3 is the performance indexes of the change point in MSB’s current curve with a change point
in WCPU’s current curve as its predictor. The best performance is when the 10% filter was used to analyze
MSB’s data against the outcome of edge detection on WCPU’s data using 5%, 10% and 15% filters.

Table 3. Performance index between edges in aggregated current data and edges in WCPU current data
Filter 5% 10% 15% 20%
Recall 0.6667 0.7333 0.3333 0.2667
Precision  0.4000 0.5500 0.3846 0.3636
Flscore  0.5000 0.6286 0.3571 0.3077

It can be seen that the result in Table 3 and in [12] are comparable, looking at the average values.
The result from [12], which was based on the domestic data, is as shown in Table 4. Furthermore, it was
reported in the same paper that another study by Salerno (2018) yielded an average F1 score of 0.67. Table 5
is the result as reported in [28]. Comparing the result from this study and [28] also shows a good agreement.

Table 4. Performance index [12]

Apparatus Kettle Washing machine Dish washer Fridge Average
Recall 0.47 0.40 0.90 0.96 0.68
Precision 0.58 0.43 0.73 0.97 0.68
F1 score 0.52 0.41 0.81 0.97 0.68

Table 5. NILM performance [28]

Current value 50 Hz 50 and 150 Hz 50, 150, 250 Hz
Recall 0.536 0.635 0.624
Precision 0.528 0.651 0.639
F1 score 0.566 0.659 0.643

Indonesian J Elec Eng & Comp Sci, Vol. 23, No. 3, September 2021: 1814 - 1824
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5. CONCLUSION

Clearly that using the common techniques proposed in this paper, significant energy-consuming
equipment can be revealed just by analysing the aggregated current demand. The performance of the
technique is comparable to other research. This technique is site-specific and it is justifiable as different sites
may have different electrical load settings, different energy management policies and even have specific
limitations, not unlike the site undertaken under this study. Further study on a more complex system is
needed in order to verify the method used in this paper. Of course, the disaggregation process needs to be
included too. A longer period of study is also preferable to develop a more robust method. Nevertheless, the
method is based on a simple mathematical principle. It is then applied to a very specific site condition. The
lacking of complexity in this technique itself can attract the operators of the energy efficiency industry.
Furthermore, as the actual persons in handling the matter, the operators are all well-versed with their system
and know the limitation of the system in order to fine-tune its reliability and robustness. Practically speaking,
for this site, it is possible to explain the increase in the global electrical data is due to WCPU at a 10% filter.
From this possibility, the operator can make an objective decision to alter the WCPU’s operation in order to
achieve desirable maximum demand control.
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