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Abstract

It is necessary to measure and control electric power in the Home Energy Management
System (HEMS). Although many smart taps have already been developed for HEMS, they are
not used widely in homes because they do not have enough usefulness that deserves their
prices. In this study, we develop a tap that has an additional useful functionality; that is, it
can cut off a current to prevent whole-house electricity outages. The developed tap is able to
measure the waveforms of a voltage and a current, and it can cut off the current more quickly
than circuit breakers used in homes. The tap consists of a relay, an electric energy metering
IC, and a Wi-Fi module, and can be manufactured at low costs.
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1. Introduction

In recent years, the use of photovoltaic power generation, wind power generation, and other
natural energies has been promoted, and as a result, power supplies affected by the weather
and with significant temporal variation are being connected to the power grid. Thus, attention
is being increasingly focused on smart grid [1] and Home Energy Management System
(HEMS) technologies to ensure a stable supply of electric power. With the use of smart grids,
the introduction of smart meters that can replace conventional electricity meters and
determine the electric power used in a house on the supply side every 30 minutes is
accelerating.

For HEMS, smart taps [2][3][4][5] or smart meters [6][7][8][9] that can identify and
control the power consumption of individual residential electronics are used to control energy
use. However, compared with smart meters, the use of smart taps has not yet become
widespread. Currently, a tradeoff relation exists with smart taps between higher performance
and cost, and one factor that is thought to hinder the widespread use of smart taps and prevent
users from experiencing their convenience firsthand is the cost burden on them.

We focused our attention on residential electrical outages due to the operation of
residential wiring circuit breakers, and more specifically on the overall load connected to a
circuit breaker and its operation. With that focus and with an awareness of manufacturing
costs, we embarked on the development of a tap that can measure and control electric power
in real time for the operation of the wiring circuit breaker to be prevented till the possible
extent [10]. Additionally, our goal was to avoid the operation of the circuit breaker using the
developed tap to rapidly estimate the overcurrent of a circuit breaker prior to its operation,
and then cut off current, primarily to lower-priority devices, for which power cutoff would
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not cause a major impact. As a result, highly important loads, such as those of medical
devices and of computers, can be continuously utilized.

In this paper, we examine the development of a tap using a commercially available,
relatively inexpensive Peripheral Interface Controller (PIC) microcomputer, as well as its
function to avoid the operation of a circuit breaker based on actual measurements. By
measuring the operation time of a residential circuit breaker, we confirmed that several
seconds are required for a circuit breaker to trip. Thus, for developing this tap, we targeted an
electric current cutoff within a second. The tap that we developed uses a Wi-Fi module to
connect with a personal computer (hereinafter, abbreviated as PC) via a wireless LAN, and
can cutoff electric current within approximately 0.6 s, even when simultaneous multiple taps
are used. The details are reported herein.

2. Tap developed for real-time measurement and control of electric power

An exterior view of the tap developed in this research is shown in [Figure 1], and a photo
of the internal configuration is shown in [Figure 2]. The performance of the tap is listed in
[Table 1].

For developing the tap, we utilized an electric-energy-metering integrated circuit (IC)
(Analog Device, Model no. ADE7753, commercial price of approximately 500 yen) to
measure electric power; a PIC microcomputer for control (Microchip Technology, Model no.
dsPIC33FJ32GP202, commercial price of approximately 400 yen), a latching relay for cutoff
(Panasonic, Model no. ADJ23005, commercial price of approximately 800 yen), and a Wi-Fi
module (Digi International, WiFi (S6 version) commercial price of approximately 3,500 yen)
for communicating with a PC. The components used in this tap are all general-purpose parts
that can be inexpensively procured. Additionally, data measured by the tap can be transmitted
by wireless LAN to a PC, and current can be cutoff on the basis of a command from the PC.

The developed tap has two measurement modes, and those modes can be switched on the
basis of the commands from the PC. Mode 1 transmits effective values for voltage and current,
crest value, voltage cycle, and power factor to a PC, and is the mode that is ordinarily used
because it employs only a small amount of communication data.

In addition to the data of Mode 1, Mode 2 also transmits waveform data for the voltage and
current. This mode employs a large amount of communication data and thus is not ordinarily
used.

Outlet
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<Y >

50 mm
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Figure 1. Developed tap
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Figure 2. Inside of developed tap

Table 1. Specifications of developed tap

Item Value Remarks
Rated Voltage 100V Max 240 V
Rated Current 15A -
AJD Converter (ADC) Second-order 2-A ADET7753
ADC Resolution 24 bit ADET7753
ADC Sampling frequency 895 kHz ADET7753
ADC Bandwidth 40~1230 kHz ADE7753
PIC 40 MIPS dsPIC33FJ32GP202
Power Control Device Relay Latching Relay
Communications Standard IEE802.11 b/g/n Wi-Fi
AC Power Plugs 2P -
AC Power Outlet 2P -
Power Consumption 1w -

The effective voltage value measured by the developed tap in Mode 1 was compared with
the effective voltage value measured using a digital power meter (Yokogawa Meters &
Instruments, Model no. WT210), and both values matched within + 0.01%. Similarly, when
the effective current value measured by the developed tap was 0.4 A or greater and was
compared with a measurement obtained using the digital power meter, the two values
matched within + 3%. However, when the measurement was less than 0.4 A, the amount of
DC offset of the electric-energy-metering IC influenced the measurement, and resulted in a
margin of error of +20%"45%. The power-factor measured for the tap was also compared
with the measurement from the digital power meter, and the two measurements matched
within + 3%.

3. Real-time measurement of electric power and evaluations

3.1. Testing method
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The time between the detection of an overcurrent by the circuit breaker and tripping was
measured. Then, the aim was to control this trip time with a tap, and achieve a time that
avoids the operation of the circuit breaker. Next, the measurement results of the tap were
collected by the PC, and the time between the PC-detected overcurrent and a trip command
send by the PC to the tap and the execution of the trip was measured.

On the basis of these two measured durations, we considered whether avoiding the
operation of the circuit breaker would be possible.

3.2. Simulated distribution board

A simulated distribution board, shown in [Figure 3], was fabricated for testing. The board
is configured such that a circuit breaker with a rated current of 20 A is connected to a
commercial power supply, and power is supplied from there to 15, 10, 5, and 3 A circuit
breakers. The simulated distribution board is configured with the intention that the developed
tap can be attached to each wiring plug connector (hereinafter, “outlet”), and the installation
position can be changed on the basis of the testing method.

The measurement environment is shown in Figure 4. The trip time of each circuit breaker
installed in the simulated distribution board was measured. When the circuit breakers were
used at the rated current, a load of 15 A, which is the maximum current per single load, was
connected, resulting in an overcurrent. The current was measured every 0.1 s using a digital
power meter, and the results were recorded with a PC. The duration between the point where
current increased to 15 A and till it became 0 A was measured; this value was used as the trip
time.

Plug (Input 100 V 20 A)_l
Breaker ; Breaker
(20 A) 2 N or (15 A

Breaker
(10 A)

Outlet (To load)

600 mm

450 mm

Figure 3. A simulated distribution board
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3.3. Circuit breaker trip time

The measurement results for the circuit breaker trip times are listed in [Table 2]. When a
total of 25 A was sent through a circuit breaker, i.e., with a rated current of 10 A (the current
of 10 A was flowed for 30 s or longer) and then a current of 15 A, the time required for the
circuit breaker tripping averaged 4.0 s over 10 runs. According to the specifications of the
circuit breaker with a rated current of 10 A, the trip time was a minimum of approximately
1.5 seconds. Similarly, when 15 A were sent through a circuit breaker with a rated current of
15 A and then a total of 30 A, the time required for the circuit breaker to trip averaged 2.2 s.
Furthermore, according to the specifications of the circuit breaker with a rated current of 15 A,
the trip time averaged 7.0 s.

Table 2. Results of measurement of circuit breaker trip time

Circuit breaker Measurement average trip Circuit breaker specification
rated current | [A] time t, [s] minimum trip time t, [s]
10 4.0 15
15 2.2 7.0

Power meter

AG100V

===

Computer

Load (15 A)
Simulated distribution board

Figure 4. Schematic circuit diagram of estimation board for measuring trip-time of circuit breaker

On the other hand, the 3 and 5 A rated-current circuit breakers with built-in instantaneous
tripping devices immediately tripped, making it impossible to obtain measurements. However,
it is believed that many general households do not have 3 A or 5 A rated-current circuit
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breakers installed for the most part, and therefore, the discussion of this paper focuses on 10
and 15 A rated current circuit breakers.

4. Real-time measurement and control testing of electric power

4.1. Usage load

Mode 2 of the tap developed in this research was used for real-time measurement and
control testing of individual appliances with different types of electrical power usage, and the
operating voltage - current waveforms of the load were measured. The current waveform of
an incandescent light bulb (Ohm Electric, Model no. LW100V95W2PA) is shown in [Figure
5]. From this figure, apparently, the power factor is approximately 1 with a linear load.

The current waveform of a fluorescent lamp for ultraviolet light (Sunhayato, Model no.
BOX-W09B) is shown in [Figure 6]. In this case, while the load is linear, the power factor is
0.57, which is the lowest of the loads studied. This is thought to be due to the impact of the
fluorescent lamp stabilizer, which uses a choke coil.

The current waveform of an electric vacuum cleaner (Hitachi, Ltd., Model no. CV-PL700)
is shown in [Figure 7]. The load is nonlinear, and as is clear from this figure; the peak current
is highest at approximately 28 A.

150 : ‘ 5
Voltage 14
100 L Current e 15
42
— 50 F —
2 11 =
% 0 - -
2 o
< -50 + ] ,3
100 b N 41 -3
| {-4
150 . | s
0 3 10 15 20

Time #[ms]

Figure 5. Waveforms of a filament lamp
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Figure 6. Waveforms of a fluorescent lamp
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Figure 8. Waveforms of a hair dryer (low setting)

The current waveform of a hair dryer (Koizumi, Model no. KHD-1236), on the low hot-air
setting, is shown in Figure 8. When the hair drier is operated, electric current that has been
rectified by a diode is supplied to the electric heating wire, and thus, a half-wave rectified
current waveform is observed. Here, the electric-energy-metering IC (ADE7753) used by the
tap we developed was set to use a built-in High-Pass Filter (HPF) when the initial current is
measured.

However, when the current waveform is half-wave, an unintended offset is generated in the
current waveform using an HPF. On the other hand, when the setting is such that an HPF is
not used, a DC offset component that is applied to the AD converter for measuring electric
current cannot be removed. Thus, when the current is very small, a problem occurs: the
current-measurement margin of error increases. Therefore, because the current that should be
detected by the tap is the maximum current value, we decided to perform testing with a
setting that does not use an HPF in this research.

4.2. Tap trip time

Copyright © 2020 Global Vision Press (GV Press) 27



Study on Real-Time Measurement and Control Tap of Electric Power

Using the testing equipment shown in [Figure 9], we transmitted the data measured in
Mode 1 of the tap to the PC, estimated the current of the circuit breakers for electric power
distribution with the PC, sent a trip command when it was determined that the rated current
value was exceeded, and measured the time required for the tap relay to cutoff the electric
current. The equipment used in this experiment was the 15 A rated-current circuit breaker for
power distribution shown in [Figure 9].

Using a digital power meter, we measured the current of the 20 A rated-current circuit
breaker for power distribution every 0.1 seconds. A load of 10 A or greater (hair drier on the
high hot-air setting [high] to achieve a state of no rectification by the diode) was additionally
connected to one tap and operated, and we tried to exceed a total load current of 15 A at this
time. Then, we measured the time it took from the point when the current measured by the
digital power meter began to increase until the tap cutoff the load on the basis of a command
from the PC and the current returned to the original current value. This time was used as the
tap trip time.

Next, we increased the number of taps from one to nine by adding one tap at a time and
measured the trip time when a load of 10 A or greater was connected to only a single tap. The
average trip time (measured ten times for each quantity) and the standard deviation are shown
in Figure 10. On average, the trip time was equal to or lesser than 0.6 s, regardless of the
increase in the quantity, and the standard deviation averaged 0.12 s. Furthermore, even with
an increase in the number of taps, a decrease in the trip time was not confirmed. However, the
standard deviation was somewhat large.

4.3. Measuring the resultant power from individual power

In this research, the effective current value of the load was measured in Mode 1 of the tap,
and the effective current value flowing in the circuit breaker was estimated by summing each
of the effective current values.

Power meter ‘= Breaker
WT210 20 A
AC100V - T
S _ Eermem === Breaker(& *E=Breaker
10 A B B 15 A
S p—— -y w
Load
Computer Simulated distribution board
1~

WirelessLAN
router

Figure 9. Schematic circuit diagram of estimation board for measuring trip-time of developed tap
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Figure 10. Results of measurement of smart tap trip time

We also developed an application for displaying the estimated effective current value of
the circuit breaker for power distribution on a PC. A screen of the PC is shown in [Figure 11].
From this screen, the effective value of the current used by each piece of electronic equipment
can be confirmed in real time, and the priority levels that were set when the tap was initially
connected can also be confirmed. Those priority levels include “highest,” “high,” “standard,”

and “low.”

n | Main -0 “
Communication Utility
Rated Network 19216802 Search  Start | Stop Utility
current
¢
~[10 A] Lounge
r—_— A
2.22 A Voltage  Current [A] Prigily Appellation Reccive[/s]
== d 018 Thigh 1 PC 94
22.2 0/0 113 | Low | Hair dryer 52
087 LNDImZ\lJ Lighting 40
Using
total Rec. start
current Rec. stop
every \ I
breaker \_ Priority
—_ = |
b
Voltage  Current [A] Priority  Appellation Recceivel/s]
L= =4 134 High TV 50
102 I Normat | Lighting a0
e 061 |Highest | Hard disk recorder 50
e . 764 I_Lov\. g Hair drycr a0
Utilization| gec sar
factor
Rec. stop

Figure 11. Developed taps management application
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The values that can be measured in Mode 1 of the tap include the effective voltage value,
V (for residential voltage, this value is thought to be constant at 100 V and thus the measured
voltage is a constant value), the effective current value, li, and the power factor, cos¢ (the
current value and power factor differ for each tap); using these values, the effective power, P,,
for each tap can be calculated from Equation (1). Moreover, the reactive power, Q,, can also
be calculated as shown in Equation (2). Here, the electric energy metering IC used with the
tap expresses the power factor as “lagging” or “leading” using signs, and thus, the expression
is used to determine the sign of the reactive power.

P, =VI, cosg D
Q=+ (17 @
W=3(r+Q) 3

i=0

S=VI =P?+Q? 10
| JPr+Q* ©,

Vv

However, the current of each load has different phases, and there are cases of half-wave-
rectified waveforms. Therefore, a margin of error will occur if the effective current values of
each load are merely totaled, without consideration of phase, to obtain the effective value of
the current flowing to the circuit breaker for power distribution. Hence the overall effective
power, P, and reactive power, Q, as viewed from the circuit breaker for power distribution
are determined by summing P, and Q, of each tap, as shown in Equation (3); the apparent
power, S, is then calculated from Equation (4). Then, a method was used to calculate the
effective current value, | , of the circuit breaker for power distribution from S using
Equation (5).

Power meter WT210
AC100 V
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(::) e == Smart taps
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WirelessLAN Load 1
router

Computer

Figure 12. Schematic circuit diagram for measuring current of developed two taps
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As shown in [Figure 12], two loads were connected via smart taps under a single wiring
circuit breaker, and the current flowing to the wiring circuit breaker was calculated using the
measurements from the taps.

Table 3. Results of measurement of a total of two smart taps current

average sum current [A]
Smart taps
Loads WT210 bunched
Vector calculated | Directly sum
current /,
current /,, current /,,
Bulb Bulb 2.0 1.9 1.9
Bulb Fluor lamp 2.1 2.2 2.3
Bulb Cleaner 134 134 13.6
Bulb Hair drier 8.7 8.6 8.8
Fluor lamp Cleaner 13.8 14.0 14.0
Fluor lamp Hair drier 8.6 9.6 9.6
Cleaner Hair drier 17.7 20.3 20.3

As the loads, a linear load (current approaches a sine wave) with a power factor of nearly 1
(white incandescent light bulb), a linear load with a low power factor (fluorescent lamp,
power factor = 0.57), and a nonlinear load (current is not a sine wave but rather is a waveform
having a half-wave or harmonic wave superimposed) (vacuum cleaner or drier at a low setting)
were respectively combined and measured. When the respective loads were combined, the
measured values from the taps for the current flowing to the wiring circuit breaker were
summed, and were compared by the difference that occurred when the loads thereof were
measured simultaneously with a digital power meter. Each combination was measured 20
times. Of course, the power consumption of a single tap is approximately 1 W, and the impact
of the power consumed by the two taps when connected to the digital power meter was
negligible.

The results for the electric current values obtained by adding the current values measured
by each tap and the results for the lump-sum measurements obtained by the digital power
meter are shown in [Table 3]. When the total current, I, flowing to the wiring circuit
breaker was calculated using Equation (5) and then compared with the current value, 1.,
obtained by merely adding the effective current values of the two taps, the two values almost
matched. Thus, it is thought that |, could possibly be used as the estimated current value of
the wiring circuit breaker. However, when the drier on a low setting was combined with the
fluorescent lamp or the vacuum cleaner, an anomaly occurred such that a difference of
approximately 10% occurred between the current for the wiring circuit breaker, I, measured
by the digital power meter and the |, measured and added by the two taps.

5. Considerations

5.1. Wiring circuit breaker trip time
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We were able to confirm that in some cases, the trip time of the wiring circuit breaker is
shorter than noted in the specifications. The shorter trip time is thought to be caused by a
flowing overcurrent when the bimetal of the circuit breaker is thoroughly heated, and the
bimetal then quickly reached a tripping temperature. Also, for a circuit breaker with a built-in
instantaneous tripping device, an inrush current of the load flowing when the power is turned
on is thought to cause the instantaneous tripping device to operate, and thus the circuit
breaker immediately trips. From the above, we believe that with ordinary wiring circuit
breakers that do not have a built-in instantaneous tripping device, one or more seconds are
required to detect an overcurrent and then trip.

5.2. Tap trip time

The trip time of the tap developed in this research was on average approximately 0.6 s
regardless of the number of taps. Therefore, it is thought that the tap can complete its
operation well in advance of the wiring circuit breaker operation. However, while the average
trip speed of the tap was a short duration, it became clear that the standard deviation is
somewhat large.

5.3. Calculating the total current from individual currents

The electric current simultaneously measured and the total value of the electric currents of
the taps was generally within £ 0.1 A. However, depending on the combination of the loads,
in certain cases, a difference of 1 A or greater occurred. The total current of linear loads was
effectively calculated, but the results generated a margin of error for nonlinear loads
containing a significant harmonic component.

To calculate the total current with good precision in the case of the nonlinear load as well,
the Fast Fourier Transform (FFT) is thought as a must to be used for measuring the current
values summed for each frequency component, or sampled waveform data is assumed as a
must to be transferred to a PC; an algorithm for summing multiple waveforms must then be
used on the PC side. However, calculating the FFT requires a significant arithmetic
processing capability and a large amount of memory capacity; this requires the introduction
of equipment that is more expensive than the PIC microcomputer currently being used.

Moreover, if sampled waveform data are transferred to a PC, the communication load
increases, and more time is required to determine an overcurrent state. This leads to the
possibility of the inability to trip at high speeds, and new problems arise.

6. Conclusion

In this research, we developed a tap that enables inexpensive real-time measurement and
control of electric power for HEMS. We measured the operating time of a wiring circuit
breaker, and confirmed that approximately 1 second is required for a circuit breaker to tripp.
From there, we aimed to develop a tap capable of tripping at a speed higher than 1 second. As
a result, we successfully developed a tap that can cutoff electric current according to a priority
ranking in approximately 0.6 seconds prior to the operation of a wiring circuit breaker. This is
achieved by connecting respective taps between numerous loads connected to a single wiring
circuit breaker, and then estimating the overcurrent of the wiring circuit breaker from the
electric current measured by the taps.

We also verified that even when a total of nine taps are used, the trip time remains nearly
constant. However, when a nonlinear device was connected, in some cases, the total of the

32 Masashi Ohchi and Tomonobu Tanaka



International Journal of Energy, Information and Communications
Vol.11, No.2 (2020), pp.21-34

respective electric current measurement values measured by the two taps exceeded the actual
measured current of the circuit breaker for power distribution.

In other words, it became clear that an accurate current value cannot be estimated by
merely totaling the effective values for the electric current; this results in the problem of
current being cut to low-priority devices by the taps even when the rated current of the wiring
circuit breaker has not been reached. However, from the test results this time, because the
rated current of the wiring circuit breaker was not exceeded, at the current point in time, we
feel that this will not be a major problem.

An issue for the future is to accurately estimate the electric current of a wiring circuit
breaker even when load devices having a unigque current waveform are connected.
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