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Abstract

A Non-intrusive load monitoring (NILM) system is an energy demand monitoring and load identification system that
only uses voltage and current sensors that are installed at the power service entrance of an electric system. The
system is better than traditional intrusive monitoring systems because it is able to reduce the cost of sensors and
installations. In this study, a real single-phase three-wire unbalanced 220V/110V distribution system model of a
residential building is designed and implemented, and some non-intrusive techniques are executed in the Intel Atom
Embedded System and a LabView program. To enhance the performance, the paper proposes using Particle Swarm
Optimization (PSO) algorithm to optimize the parameters of a Back-propagation Artificial Neural Network (BP-ANN)
for training steady-state power signatures such as real and reactive power (PQ). In this paper, the NILM system can
identify some major appliances correctly in an unbalanced 220V/110V distribution system of a residential building.
The real test identification accuracy can reach 100%.
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1. Introduction

In a power system, there are usually some sensors installed in each load to monitor the energy
consumption and to indentify load status. This method is called intrusive load monitoring system. Non-
intrusive load monitoring systems (NILM) can drastically reduce hardware and maintenance costs
because only one set of voltage and current sensors are needed at the electrical service entry (ESE). By
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analyzing voltage and current waveforms, the NILM system can estimate the number and the nature of
individual loads, and their energy consumption [1, 2]. One of the earliest studies about the NILM system
was developed in 1980s by Fred Schweppe and George W. Hart. It was used in load monitoring
techniques for balanced distribution systems of residential buildings based on steady-state values [3].
There are also some references of studies that proposed some methods to extract and select power
signatures for improving the identification accuracy such as turn-on transient energy, power spectrum of
the Wavelet transform coefficients (WTCs) etc. [4, 5].

The NILM system of an unbalanced single-phase three-wire distribution system for residual buildings
is demonstrated in Fig. 1. The potential transformer (PT) in the system is a traditional PT. A Hall current
transformer is used to replace traditional iron cored current transformer (CT) to reduce the space of
instruments and to avoid saturation of traditional CT. In this paper, an embedded system is employed for
the meter database management system (MDMS).
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Fig. 1. Load identification system, (a) NILM system; (b) the unbalanced single-phase three-wire distribution system
2. Proposed Methods
2.1. Power Signatures
For steady-state linear time-invariant loads, complex power can be calculated from voltage, current,

and phase angles. In Eq. 1, the real part of the apparent power (S) is the real power (P) or average power
and the imaginary part is the reactive power (Q). They can be computed by
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where the variables V,, and [, are the maximum value of voltage and current, respectively; 8y and 6, are
the phase angles of voltage and current, respectively. The variable  is the frequency number with n =0, 1,
2,..., N. The variables V, and [, are the DC voltage and current while V, and I, are the effective nth
harmonic components of the voltage and current. The variables 6y, and ,, represent the phase angles of
the nth harmonic components of voltage and current, respectively.

2.2. Particle Swarm Optimization
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Some researchers have used Genetic Algorithm (GA) to find sets of weights and thresholds of ANNS,
but migration among sub-species of machines will be a problem due to GA crossover. To mitigate the
disadvantages of the GA, a method for load identification of the NILM system is proposed in this paper.
This method applies Particle swarm optimization (PSO) to optimize the parameters of training algorithms
in ANN and to find the optimum solution of load pattern recognition for traditional steady-state power
signatures by updating the velocity and location of particles. Moreover, it is expected that the
identification accuracy can be better than only using neural network as in conventional methods.

Particle swarm optimization algorithm always begins with initializing the population of particles. Each
particle is provided with a random location and velocity. The fitness of a particle is evaluated and updated
in each iteration [6]. There are terms of pg,, and gz, in this algorithm. The pp,,, is the best location fitness
value (individually), while gz, is the global best solution among all particles to simulate the social
behavior of bird flocking or fish schooling.

Velocities and locations can be updated by the following formula,

Vit + 1) =W (0) + €1 X (P (O =X, (D) + €375 X (e (1) = Xi(£)) )
xi(t+1) = xi(0) +v.(t+1) ®)
(6)

where ;l_(t+1) and x,(r+1) are the new velocity and position of particle i at time ¢+/; vector VT_(;) and

w= Wu _(Wu _WI).(niter /n

max_ irer)

;c,-(t) represent the original velocity and position of particle i at time #; ;bem(t) and gbm(z‘) represent the
position of the best solution discovered so far by particle i and by all particles in the neighbourhood of
particle i; ¢; and c; are the acceleration constants; 7 and 7, are random vectors with a uniform

probability from 0 to 1, and w is the inertia weight affecting the velocity of a particle at time #; w, is the
maximum inertia weight and w; is the minimum inertia weight.

2.3. Embedded System

Embedded system has also been widely used nowadays. It’s a simple structure compared to personal
computer (PC), which makes it become more popular for some communities. It is expected that the
environment will be less complex, with smaller space usage, and low power consumption.

Embedded device used in this research is Portwell product, PQ7-C100XL, with Intel Atom Processor
CPU E660. Figure 2 shows the Portwell module. The Intel Atom has low-power, low-cost and high-
performance of x86 and x86-64 microprocessors. The package size is 22mm x 22mm, runs at the
frequency of 1.3 GHz (2 CPUs) with 512 KB CPU cache. It has 1024 MB RAM. It also has 0.8 — 1.175
Volt core voltages and 3.6 Watt thermal design power [7].

Harddisk Connactor

Power Button
Resct Button

Harddisk Connec tor

SD Card Slot

Fig. 2. Embedded device for Portwell PQ7-C100XL
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3. Experiments and Results

The NILM system is used to monitor voltage and current waveforms at a single-phase three-wire
110V/220V unbalanced electrical service entrance powering several loads in cases studied. The neural
network algorithm in the NILM system identifies three actual loads with steady-state P and Q signatures.
These loads include a 900W vacuum cleaner, a 600W hair dryer, and a 1200W vacuum cleaner.

Table 1 shows that values for the actual test accuracy of load identification in multiple operations are
100% for using features with real and reactive power.

Table 1. The results of load identification in case studies

SO 209 2112 2134 2156 217.8 220 2212 2222 2266 2288 231
Voltage (V)

Load 1 1 1 1 1 1 1 1 1 1 1 1

Load 2 2 2 2 2 2 2 2 2 2 2 2

Load 3 3 3 3 3 3 3 3 3 3 3 3
Load 1+2 142 142 142 142 142 142 142 142 142 142 12
Load 1+3 13 143 143 13 13 143 13 143 143 13 143
Load 2+3 243 243 243 2+3 243 2+3 243 243 243 2+3 243

Load 1+2+3 1+2+3 1+2+3 1+2+3 1+2+3 14243 14243 1+2+3 1+2+3 1+2+3 1+2+3 1+2+3

4. Conclusions

To verify the validity of the proposed method, an actual experimental case study is investigated in the
paper. Even though the case includes some of the most challenging scenarios for a NILM system to
identify such loads with ratings covering a wide spectrum, and simultaneously turn-on/off load, the
proposed method yields excellent recognition accuracy for the single-phase three-wire unbalanced
distribution system.
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