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Abstract: This paper presents a home area network (HAN)-based domestic load energy
consumption monitoring prototype device as part of an advanced metering system (AMS). This
device can be placed on individual loads or configured to measure several loads as a whole. The
wireless communication infrastructure is supported on IEEE 805.12.04 radios that run a ZigBee
stack. Data acquisition concerning load energy transit is processed in real time and the main
electrical parameters are then transmitted through a RF link to a wireless terminal unit, which works
as a data logger and as a human-machine interface. Voltage and current sensing are implemented
using Hall effect principle-based transducers, while C code is developed on two 16/32-bit
microcontroller units (MCUs). The main features and design options are then thoroughly discussed.
The main contribution of this paper is that the proposed metering system measures the reactive
energy component through the Hilbert transform for low cost measuring device systems.
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1. Introduction

Growing concern about energy consumption is promoting the better usage of energy resources
at different levels of human activities. It is a fact that the domestic sector has an increasing impact on
world’s energy consumption [1,2]. As an example, in the European Community space heating energy
needs account for about 70% of a typical home electricity bill, followed by water heating, which
accounts for 10%. Despite continuous improvement efforts made by domestic equipment
manufacturers, appliances such as refrigerators, space heating/cooling systems, water heaters, clothes
washers, dryers, lighting and dishwashers continues to burden household energy bill [3]. On the
other hand, appliances based on non-linear loads are continually increasing with the mass production
of electronically operated devices, so their impact on electricity energy consumption is tending to
grow over the time [4].

Recent studies argue that is possible to accomplish energy savings of 30% when energy efficiency
measures are implemented [5]. Different strategies are being planned toward transformation of the
classical electric network into smart grids [6], and tariff schemes based on demand response
programs that call for a paradigm shift in terms of domestic energy consumption habits [7], or by
technological interventions at the level of alternative control techniques for reducing electric energy
consumption in the normal usage of domestic appliances [8].
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Power measurement is a very old and often discussed topic [9]. Professionals from the industry
have identified and defined the many elementary methods frequently utilized in power meters [10].
Such types of methods have been employed for decades in the current power meters. Normally, the
international standards specify the allowed variations of frequency and voltage in common AC mains
[11]. In case of the measurements for the power quality, harmonics capable until 40th order can be
measured [12]. In case of contemporary power meters, the voltage of the mains is measured directly
and the phase current is frequently measured with a hall-effect current sensor or a low-resistance
current sensor.

The application of ZigBee sensors to smart metering has been researched in the last few years.
An implementation and assessment of a ZigBee sensor network for smart grid advanced metering
infrastructure is described in [13]. A prototype for a meter reading system that uses a common meter,
ZigBee modules, and a mesh network is presented in [14]. In [15] the lower physical distance delivery
protocol based on the ZigBee specification in the smart grid in order to optimize the transmission of
the monitoring and command packets was studied. The goal of the project described in [16] was to
create a communication infrastructure with exchange data related to energy usage, energy
consumption and energy tariffs in the home area networks. In [17] the performance of ZigBee has
been assessed concerning the network throughput, energy consumption, end-to-end delay, and
packet delivery ratio in different smart grid settings, including an indoor power control room. In [18]
is described the foundation and implementation of a microcontroller and ZigBee-based load
controller system controlled by a home energy management system. The performance potential of
wireless digital network equipment employing the ZigBee protocol for smart metering applications
was researched in [19].

Whatever the approach followed, home advanced metering systems will be part of this
revolution providing an advanced monitoring capability, easy interaction with the home user and
flexible management options that facilitate domestic load scheduling according to daily needs in
order to achieve energy savings with a positive cost-benefit ratio [20,21].

At the core of any home energy management system, the metering infrastructure relies upon a
network of power meters [22]. In this context, a 2.4 GHz ZigBee-based distributed home energy
metering system is presented. The proposed metering system measures the reactive energy
component through the Hilbert transform for low cost measuring device systems. The novelty lays
in the extraction of the reactive energy measurement in residential buildings, which is not commonly
addressed in the literature. Its main functionalities as well as the technical details behind the power
meter design are discussed. Development and testing of the energy metering solution is based on
pre-built boards provided with MCUs. The RF link is ensured by pre-manufactured boards equipped
with a wireless transceiver. On the other hand, a custom analog front was designed taking into
account specific requirements for voltage and current measurements, namely signal acquisition and
filtering. The power meter prototype is projected for acquiring, processing and computing the main
electrical quantities used for quantifying an electrical load connected to an AC low voltage systems,
such as the root mean square (RMS) voltage or current, active and apparent power, along with the
load power factor. The main contribution of this paper is the metering system measurement of the
reactive energy component through the Hilbert transform.

This paper is organized as follows: Section 2 describes an energy metering system integrated on
a home communication architecture. Section 3 is dedicated to the distributed metering system and
describes wireless Watt-meter prototype technical details. Experimental characterization of the
power meter devices is provided on Section 4. Lastly, concluding remarks are given in Section 5.

2. House Energy Metering

2.1. Home Communication Architecture and Cloud Integration Based Services

An AMS for home application depends on specialized meters created for the purpose of regular
recording of gas and electricity consumption—smart meters. In turn, the clients will also access
monitors called In-Home Displays, which consequently allow them to understand how much power
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is being consumed at any time and how much it is costing them [23]. The obtained data could inspire
consumers to utilize less energy, thus reducing their bills and supporting the environment. They will
also be able to identify when it is more economical to run appliances [24].

The increasing deployment of smart meters to people’s homes results in abundant quantities of
data that need to be processed by power utilities [25]. Cloud computing platforms can bring great
scalability and availability concerning network computational resources, bandwidth, and storage.
Notwithstanding, with the installation at a large scale of distributed power meter devices for
individualized energy consumption control purposes, an unparalleled increase of data generation
arriving from smart meters is expected, which could in turn give rise to severe problems with the
quality of service provided by the communication infrastructure between the utility and consumers
[26]. Cloud computing could ease smart grid agents’ concerns and home owners” apprehension by
contributing additional dependable services. This signifies greater scalability and availability of
resources concerning network bandwidth, computational resources, and storage.

The benefits of introducing the two-way communications of the AMS/Home Area Network
(HAN)-based power meters with a cloud-based system relate to the information on the house’s
expected electricity usage behaviour being concentrated and made accessible to a utility, load serving
entity or an aggregator, so that those entities being able to perform their optimization processes by
guaranteeing precise information to their customers [27]. Moreover, end-users could use a
smartphone to remotely access data concerning their electricity consumption or to set the parameters
to the HAN connected domestic appliances in real-time. In addition, from the homeowner’s
standpoint, the usual domestic computing resources may not be satisfactory to store long-term data.
In conclusion, there is always a risk of it being misplace or corrupted by a defective device [28].

Figure 1 presents an overview of a global energy management paradigm through the cloud
computing link. As can be observed, the cloud computing infrastructure executes a crucial interface
by acting as a virtual decoupler between the smart grid universe and home users, while at same time
offering high interoperability concerning communication capabilities.
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Figure 1. AMS/HAN-based home energy management system.
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2.2. ZigBee

ZigBee is a wireless protocol aimed at low power applications that require a low data rate.
ZigBee is built on top of the IEEE 802.15.4. That is, the ZigBee norm specifies the higher network
layers while the physical and medium control access layers are based on the aforementioned IEEE
standard. It can be operated in the 2.4 GHz, 915 MHz or 868 MHz bands (license-free ISM band). Data
rates of 250 kbits can be achieved in the 2.4 GHz band for each of the 16 channels available in this
band. Each channel has a fixed bandwidth of 2 MHz with a channel separation of 5 MHz. The protocol
offers high flexibility in terms of network arrangement. The network can be set between the start
topology, peer-to-peer communication or mesh networking [4,29,30].

3. House Energy Metering

3.1. Block Diagram

Figure 2 presents the block diagram of a home energy management system based on the wireless
watt-meter prototype. The minimum configuration consists of a metering unit built on the MSP432
MCU that performs the power and energy calculations. Aggregated with this unit, a display enables
visualization of the real-time energy consumption with regard to the appliance being monitored.
Plugged into the MCU is a CC2530 transceiver that sends the energy/power data to a remote unit in
charge of gathering the energy consumption profiles from each of the items of domestic equipment
being monitored by the power meter. The wireless networking technology is ensured by the ZigBee
protocol. In this research work the concept development and experimental tests have been conducted
with the metering unit and terminal unit prototypes.
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Figure 2. Wireless power meter and terminal unit block diagram.

3.1.1. MSP432P401R and MSP430F5529

The MSP432P401R belongs to a new generation of MCUs with advanced mixed-signal features
targeting low power applications, while providing significant performance processing capabilities
for moderate signal processing tasks thanks to the ARM 32-bit Cortex M4 RISC engine [31]. Its
operating time base can be configured with external or internal clock sources enabling a system clock
rate up to 48 MHz. It is analog-digital conversion (ADC) capabilities allow data digitization at a
maximum conversion rate of 1 Msps with a configurable resolution from 8 to 14-bit. In addition, the
ADC module allows data to be digitized with only a positive input range (unipolar mode) or by
accepting also negative analog signals (bipolar mode). As for the MSP430F5529 model, it features a
16-bit RISC architecture equipped with a rich set of internal peripherals such as four 16-bit timer
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units, several serial bus interfaces (I12C, SPI and UART modules) and an eight channel DMA unit. In
terms of ADC specifications, it is less flexible and powerful than the ADC available in the
MSP432P401R MCU. The conversion module is implemented with a 12-bit successive approximation
register (SAR) ADC that can accept only positive input values. The maximum sampling frequency is
200 ksps under single channel mode. When multiple signals are acquired the maximum sampling
frequency is shared between the ADC channels. For the metering unit, the MSP432P401R MCU was
chosen, while the terminal unit was built based on the MSP430F5529.

3.1.2. CC2530 Radio

CC2530 is what is known as a system on a chip (SOC). The transceiver functionality and MCU
device are merged into a single chip. The radio side contains an IEEE 802.15.4-compliant RF
transceiver and MCU function is supported on an 8051-derived microcontroller featuring 256 kB of
flash memory, 8 kB RAM memory, having also two USARTs, 12-Bit ADC, and 21 general-purpose
GPIOs. Its architecture meets well the needs of wireless applications with moderate data processing
demands that can be performed by the internal MCU, while at the same time providing a compact
solution enabling robust and flexible operation for networking configuration, operation and
maintenance due to mesh networking capabilities offered by the ZigBee protocol. ZigBee-based
wireless applications are gaining increasing acceptance for smart grid applications and for improving
HAN-based AMS functionality [32]. The MCU supports the ZigBee, ZigBee PRO, and ZigBeeRF4CE
standards.

3.1.3. ACS712 Current Sensor

A Hall effect principle operated current sensor is used. Basically, it outputs a voltage that is
created as function of the directions of both the current and the magnetic field. The main
specifications for the current sensor are the radiometric linear output capability, output sensitivity
100 mV/1A (+/-20 A), adjustable bandwidth up to 80 kHz and low noise analog signal (maximum 92
mVpp for bandwidth of 80 kHz).

3.1.4. LV 25-400 Voltage Sensor

The mains supply voltage is measured through a LV 25400 voltage transducer manufactured
by LEM (Geneva, Switzerland). Likewise, it follows the same Hall effect physical principle translating
the voltage reading into a low current value with galvanic isolation between the electric power circuit
and the electronic acquisition board. This means a typical analog interface system can be designed to
bridge between the voltage reading and the MCU. Its main application ranges from AC variable
speed drives to welding equipment power supplies that demand current monitoring for control and
protection purposes.

3.2. Metering System Design

Figure 3 shows the signal path for voltage and current channels. Due to the internal ADC
resources limitation available in the MCU, both channels cannot be digitized at the same time. The
lack of simultaneity in the signal acquisition implies some error due to the voltage and current
sampling time difference. However, sampling the channels as close as possible the error introduced
can be negligible if the time difference does not surpass 25 s [33].

3.2.1. Channel Reading Resolution

The analog signals have to be conditioned before being digitized in order to match their
amplitude level with the ADC dynamic range. This function is performed by an individual analog
signal chain providing the required conditioning link for each of the two channels. Furthermore, the
analog block is also designed with the purpose of preventing the effects of aliasing on sampled data.
Amplitude variations in voltage supply are not translated to the output since the sensor gain and
offsets are proportional to the supply voltage, Vcc, due to the radiometric feature output.
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Figure 3. Voltage and current channel signal paths.

This means the sensitive range is proportional to the supply voltage and for null current
measurement the output is Vcc/2. The current sensor is supplied with 2.5 V corresponding to the
MSP432P401R ADC internal voltage reference. This option simplifies the instrumentation chain
design.

The transfer function for the current measurement is:

Vis = Kerlpom +Voc 1

where Vs is the output voltage, K.r is the traducer gain, I;,44 is the sensed current and V. is the
offset voltage related to the transducer zero current.
Thus, the voltage at ADC input is given by:

Vis_apc = Kcs (KesIioua +Voc) (2)

where K is the signal conditioning circuit gain.
The resolution of the sampled data is:

2M
Neoge GADCVIS_ADC :2_5VN_ADC 3)

where Vv, ,,. is the ADC code, M is the ADC resolution and G,p. is the ADC gain. A similar

approach can be made for the voltage measurement channel.

In measuring electrical quantities the choice of the ADC plays a crucial role on the accuracy of
the power meter. By norm, commercial power metering solutions incorporate 24-bit ADCs. This high
level of resolution is mandatory to fulfill international standards such as EN 50470-1:2006 or EN
50470-3:2006 [34]. Most MCU manufactures are now offering internal ADC with up to 24-bit (sigma
delta converter). However, their effective bit resolution is lower than advertised, since the internal
MCU noise prevents this level of resolution being achieved for the highest sampling rate. To avoid
high costs due to implementation of a discrete 24-bit ADC chip, the power meter proposed takes
advantage of the MCU'’s internal ADC. However, by taking this approach the resolution available is
considerably lower. In fact, the MSP432P401R comes with a 14-bit ADC. The voltage channel is
dimensioned for 300 V as the nominal RMS reading, which translates into a maximum voltage peak-
to-peak measurement of:

Uy oy =300x3/2x2=848 V 4)

Given that the noise-free resolution is 12-bit for MSP432P401R ADC in unipolar operation, the
accuracy of the conversion corresponds to 0.02% of the full-scale ADC range. Therefore, the lowest
value of the voltage at which the power meter is able to read is:
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U L speak o pea = 848 V' x0.0002 = 0.17 V )

U, ep.razs =300 Vx0.0002 = 0.06 V ©)

3.2.2. Antialiasing Filter Requirements

According to Nyquist’s theorem, any digitized signal must be acquired with a minimum signal
sampling f; of twice the bandwidth signal. Failure to comply with this rule implies that the analog
signal cannot be fully reconstructed from the input signal. Moreover, it introduces low frequency
terms on the digitized signal that comes from the high frequency components above the sampling
frequency. This phenomenon is known as aliasing. Also, the filter displays the function of removing
high frequency noise. In fact, all electronic front end (AFE) systems generates broadband noise which
affects the effective dynamic range for data acquisition.

For the power metering device in development, it was defined to set the signal’s useful
acquisition bandwidth up to 1000 Hz. That is to say, the voltage and current signals are acquired
taking into account their harmonic content. Given that the power grid frequency is 50 Hz, then the
acquisition bandwidth specification enables harmonic measurements up to the 20th order. To
accomplish this, a low pass filter is required to limit both electric signals in terms of bandwidth. The
choice of a Bessel analog filter presents one particular advantage over the other filter topologies—the
filter’s group delay is approximately constant across the entire pass-band, this being a critical design
specification to minimize the effect of distortion on digitized signals. To guarantee a negligible
attenuation at 1000 Hz, which makes up the useful bandwidth of acquisition, the filter cut-off
frequency is set as 2000 Hz.

To take full advantage of the analog-digital converter (ADC’s) dynamic range, which is
characterized by its signal-to-noise ratio (SNR) [14], several design criteria must be considered to
match the AFE with the ADC performance. The MSP432 14-bit ADC provides an effective resolution
slightly higher than 12-bit at unipolar operation [31], which means the ADC SNR is 74 dB. To achieve
the maximum dynamic range from AFE circuit, the RMS noise levels and aliasing effects at the ADC
input have to be minimized below the ADC noise floor. For this a high order Bessel filter was
designed in order to reduce the sampling frequency requirement overloading the MCU code
execution. As a result, a 10th order Bessel filter matches the attenuation requirement at approximately
12.3 kHz. Then, the Nyquist Frequency (f;/2) can be associated with this frequency and the sampling
rate is approximately doubled to comply with Shannon’s theorem. The Bessel filter frequency
response is shown in Figure 4. The implementation of the conditioning circuit combined with the
anti-aliasing filter is depicted in Figure 5.

3.2.3. Post-Acquisition Digital Filter for DC Offset Removal

Voltage and current waveforms are digitized using the MSP432’s ADC unipolar single-ended
inputs because the instrumentation chains translates the electrical magnitude signals into a positive
scale of values. Consequently, the unsigned digitized signals from the voltage and current
measurements must be converted into signed integer format in order to proceed to the
characterization of the electrical quantities associated with the load energy transit. One common
strategy is to fill a data buffer with a specific number of samples and then estimate the offset term by
calculating the average of the samples. If the analog chain output provides a stable DC bias point,
then it is simply assumed to be a constant offset term, meaning that each ADC sample is immediately
subtracted to this fixed term. Both approaches have their pros and cons. A data buffer offers an
effective way of removing DC content. However, its implementation demands considerable memory
resources whose availability is scarce in low-end MCUs.
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On the other hand, despite being the simplest option, the second choice has a limited
applicability since the AFE DC offset output signal may vary in an unpredictable way, thus
jeopardizing the result. Moreover, the noise generated inside the signal chain may also have an
impact on DC bias point stability over time.

An alternative possibility requires a high pass digital filter for the job. The filter performs the
offset removal in real time enabling immediate use of the electrical quantity calculation algorithms.
Generally, an infinite impulse response (IIR) filter provides a lower design for same filtering
techniques and it can be the best choice if sharp response low-pass magnitude output is required.
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To maintain low signal processing resources requirements, a first order IIR filter is implemented
with the following discrete transfer function:

~0.996-0.996z""

H(z 7
)= 0996 @

Then, the difference equation for code execution is:
y[n]=0.99xy[n-1]+0.996xx[n]-0.996 x x [n—1] (8)

The filter transient response was settled within 1% of its final value around 1000 samples. The
input samples and coefficients are both 32-bit arithmetic fixed points and signed to suppress the
effects of binary word length on filter’s outcome performance.

3.2.4. RMS

Mathematical definition for the RMS of an analog signal x(f) is:

,1 T
VRMS_analug = ?J.xz (t) dt (9)
0

where T is the acquisition time window.
On the other hand, digital RMS calculation is as follows:

M 172
Vv =4 /M (10)
RMS _ discrte M

where V; is the voltage sample at instant k and M is the time window.

Digital RMS estimation is described by two operations. One is to square the samples as they are
acquired. The other involves the use of an averaging filter to extract the dc component of VZ with a
low pass filter. The discrete transfer function is presented below:

P
H(z)=—F——— 11
(2) 1—(1+2”’)Z’1 (1)
where p factor is used to determine the cut-off frequency of the IIR filter which is calculated as:

F 27 12
¢ _Efs (12)

where f; is the sampling frequency.
Selecting a cut-off frequency of circa 1.9 Hz with a sampling rate of 25 ksps the Equation (12)
outputa p value of 11.

3.2.5. Active Power Measurement

The instantaneous current i[n] and voltage u[n] samples are multiplied which result in what is
called the instantaneous power p[n]. Next, it goes through a low pass filter in order to extract the DC
component which represents the average active power consumed by the load. A 10 Hz cut-off
frequency single pole IIR filter is chosen.

Its discrete function is given by:

~0.030-0.03z""
1-0.939z"

H (z)

(13)

Then, the difference equation form is:

y[n]=0.939xy[n-1]+0.03xx[n]-0.03xx[n—1] (14)
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Residual ripple at twice the power grid frequency is present in the filter’s digital output due to
the instantaneous power signal. Further processing to calculate the energy consumed will remove it
because the ripple is sinusoidal in nature.

3.2.6. Reactive Power Measurement

For steady power grid frequency and linear time-invariant loads, the voltage and current signals
are pure tones. That is, there are no harmonics or mixing products, which means it is only necessary
to shift one of the waveforms by 90 degrees in relation to the other waveform. Normally, grid voltage
signal has low harmonic content but the current signal does not. Furthermore, the delay needs to be
accurate to ensure good results. Reactive power instantaneous value for nth harmonic is described
as:

Q, =2V, I, sinfxsin (e —0 +gj (15)

Then, the total reactive power is:

N
Q=3 SVlsing, (16)
n=1

One way is to get the FFT of each signal and applying the results periodically to compute Q
according to the Equation (16). This estimation technique is powerful and has the purpose to identify
the signal frequency composition. The same cannot be said of the estimation of the amplitude of the
components since the FFT method is prone to errors.

The Hilbert transform of a waveform is given by:

1x(s)
H|x(t)|=—|—-=dt 17
[x(0)]=—] = (17)

The transformer operator allows each signal frequency component to be shifted at /2 while the
respective magnitude is preserved. In other words, when applied to a function, it introduces a phase
delay of 7/2 on positive frequency components and a phase advance of /2 on negative frequency
components. Its implementation is normally done through a linear filter. The transfer function is
given by:

- <Ww<Tm
H(e™)= (18)
i, —t<w<0

Since the ideal Hilbert transform shows an infinite impulse response, its applicability is not
viable. Hence, to limit the impulse response length a practical Hilbert transform implementation
must be approximated through a linear-phase FIR filter [35]. To that end, the FIR filter design needs
to define a finite size window that corresponds to a filter of order N. The FIR filter specification based
on the window approach means that the window weight coefficients discards the Hilbert coefficients
that are outside the window. A window function that can be approximated as an ideal window can
be achieved by combining a Kaiser window with hyperbolic-sine function. The Kaiser window is
expressed by the equation:

on\
.
o=\ 7 M7 (19)
0, |n] >%

where 3 = wa% and I, is the zerot-order modified Bessel function of the first kind.



Energies 2017, 10, 398 11 of 18

Normally, the value of the parameter 3 is selected according to the desired filter characteristics.
The window length is determined by N =2M + 1 where M is the constant group delay. Typically, FIR
filters are designed as casual filters. Therefore, the Hilbert FIR filter phase is equal to Hilbert phase
response plus a linear phase term with a slope equal to M. For practical calculations the desired
magnitude and phase characteristics of FIR Hilbert filter were obtained by setting the Kaiser window
with a filter length N =21 and 3 =4.

3.2.7. Active Energy

The active power time series is integrated over the time in order to provide the energy
consumption profile. The integral operation in the digital domain is carried out by using a first order
IIR digital integrator based on Backward Euler method according to:

U [k]xI[k]xAt

Whk] = Whlk-1]+ ==

(20)
where At = 1/f; is the sampling time and instant k is related to the current sample while instant k —
1 refers to the previous sampling instant.

3.2.8. Reactive Energy

The reactive energy is performed in analog domain as an infinite integral of the instantaneous
shifted phase voltage delayed by 90° and phase current signal given by:
1=
VARh = —— |u(t—90°)i(t)dt
3600, 90 () @1
Applying Backward Euler rule to approximate the integral term in discrete domain and using
the Hilbert transformer, it follows that:

_oo [K]xi[k]x At

VARK[k] = VARK[k-1]+=
3600

(22)
where At = 1/f; is the sampling time, U_go[k].

4. Experimental Results

Tests were carried out to characterize the power meter capabilities. The testing procedures
consist on evaluating the readings facing two type of loads in order to check the measurement
performance, whether the load is linear or not-linear.

With regards to the linear load, an electric heater commonly found in households is chosen. For
non-linear testing an AC-DC adaptor connected to a network computer is used. A general view of
the experimental test bench is shown in Figure 6.

@ LV 25-400 Voltage Sensor
ACS712 Cumrent Sensor
© Terminal Unit

@ Wireless Power Mefer

Figure 6. Experimental test bench.
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4.1. Linear Load

The electric heater has a rated power of 1200 W regulated as a function of the three power setting
levels available. When the maximum power is not required the user can select either the 400 W or 800
W mode. The tests focused on comparing the current waveform acquired by the power meter
developed with the wave trace observed on an oscilloscope. For current measurement, digital sample
set acquisitions and post processing are synchronized with the bench instruments.

The idea is to get comparable electric quantity calculations on the same time windows using an
accurate current meter. For that purpose, a 34461A 6.5 digit precision multimeter (Keysight,
Santa Rosa, CA, USA) was employed to determine current RMS values at minimum, medium and
full power. These measures made it possible to assess the prototype RMS estimation capabilities. In
addition, several oscilloscope graphs were taken concerning the voltage and current readings.

Figure 7 shows the main voltage waveform. The sensor is powered by the MCU board, meaning
that the energy consumption is negligible. Hence, there is no impact in the acquired waveform. The
distortion apparently seen on the waveform is not caused by the load, yet it is visible. In fact, the
mains grid into which the electric heater is plugged has a non-zero output impedance, depending on
the equipment connected to the power grid, such as light ballasts, motors and so on.

In Figures 8-10, current waveforms in respect of the three levels of power consumption are
illustrated at different levels of signal processing chain. In the first part of each figure the impact of
analog filtering can be observed. The second part of the figure is related to the readings in digital
format after being acquired by the ADC. In Figure 8a the measured current (green trace) looks noisy.
In fact, more than 20 mV was measured as peak-to-peak noise. This level of noise limits the sensor’s
sensitivity. That is, for a sensitivity ratio of 100 mV/1 A, lower readings than 20 mA are virtually
impossible to track and distinguish. The anti-aliasing filter (blue trace) proves to be effective by
cutting most of wideband noise outside the filter bandwidth that comes from the output sensor.
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Figure 8. Electric heater at minimum power: (a) Current reading before and after analog filtering; (b)
ADC current reading and post processing 80 tap linear-phase FIR filter.

As the electric heater is switched from the lowest to the highest power settings, the pre-filtered
noise content has less influence on measurement resolution. In sum, when acquiring low amplitude
currents the anti-aliasing filter has the important function of improving the signal-to-noise ratio of

the readings. In turn, the sampled current data have considerable spikes on the samples (Figures 8b,c
and 10c, blue trace).
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Figure 9. Electric heater at medium power: (a) Current reading before and after analog filtering; (b)
ADC current reading and post processing 80 tap linear-phase FIR filter.



Energies 2017, 10, 398 14 of 18

KEYSIGHT

TECH =3

0:1
10.0:9

10—

Current [A]

y Scaled ADC Output
] FIR Filter Qutput

| | 1 | | | | | |
-10
0 200 400 600 800 1000 1200 1400 1600 1800

Sample [n]
(b)

Figure 10. Electric heater at full power: (a) Current reading before and after analog filtering; (b) ADC
current reading and post processing 80 tap linear-phase FIR filter.

The severity of the spikes is more significant for electrical quantity calculations such as RMS
measurement. In these figures the RMS estimations are illustrated and compared when the discrete
data is passed through a digital filter of 80 tap. The band cut-off frequency (2100 Hz) chosen is slightly
higher than the anti-alias filter bandwidth.

4.2. Non-Linear Load

The DC power for a laptop is commonly derived from a single-phase full-wave diode bridge
rectifier connected to the AC line, followed by a DC-to-DC power conversion stage called the switch-
mode power supply. This AC-DC converter technology has gained wide acceptance, providing a
smooth DC output with small and lightweight components. In addition, power supplies of this type
tolerate large variations on input voltage.

Figures 11 and 12 illustrate the current waveform readings before and after analog filtering. In
Figure 11 the laptop is not running any specific program application. It can be seen that the input
current comes in very short pulses as the capacitor is charged on a tiny half-cycle fraction. When
executing a windows based application like a video file player, the current waveform is less sharp,
as can be verified in Figure 12. In sum, in light load conditions the input current tends to be more
distorted, revealing a higher current peak. Moreover, the AFE circuit extracts significant noise
superimposed on the current signal.

For such low load current measurements, the AFE has a dramatic effect, since we are talking
about an AC-DC adaptor maximum input current of 1.5 A, which corresponds to 7.5% of the dynamic
range specified on the power meter.

Next, a second AC-DC connected to another laptop was analyzed, revealing a different input
current pattern (Figure 13). For this case, the peak current measured falls below 1 A, exposing the
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level of noise aggregated to the sampled current at 25 ksps. Even after being processed by the FIR
filter, the level of noise remains considerably high. Increasing the complexity of the digital filtering
may not be a good choice because the MCU will spend more time on performing digital filtering.
Therefore, a simple moving average filter can solve most of the noise issues at this measurement level.
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Figure 12. Full load input current.
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Figure 13. AC-DC adapter input current: ADC current reading and post processing 80 tap linear-
phase FIR filter.

5. Conclusions

In this paper the development of a power measurement unit for use in the domestic context as
part of a home energy system was proposed. The utilization of Hilbert transforms was explored in
this paper, as a new contribution to earlier studies, since it is not that commonly applied in metering
systems in the residential sector. It is well known that Hilbert transforms are designed and
implemented through a FIR filter. This signifies that implementation is quite heavy in terms of MCU
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execution time. Therefore, it is perfectly affordable for a current MCU system to run this algorithm
in order to measure the reactive measurement component. While this power element is not directly
billed to the final client, it does have an impact on the bill since it contributes to the growth of the
contracted apparent power. Power-related readings are acquired and processed in real time and sent
to a remote terminal unit that runs as a data logger and provides human-machine interface
functionality. The communication is established through an RF link based on the ZigBee protocol.
The system proposed has some advanced measurement capabilities. It can track the energy profile of
conventional loads as well as non-linear loads such as those found on electronics- operated
appliances. The power meter’s high bandwidth acquisition allows reactive power and energy reactive
readings with high harmonic distortion. In this sense, the voltage and current channels are prepared
to measure electrical quantities with harmonic content up to 1 kHz. As a tool for monitoring energy
consumption, the present performance can give a useful insight to the home user.
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