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ABSTRACT

Many technologies are nowadays moving towards to make easy ways to
measure accurate power meter. There are two types of main waveforms (i.e. voltage
and current waveform) are crucial to calculate power consumption in the smart meter
system. The main aim of the smart meter makes users aware of the energy consumption
on daily basis and to promote energy saving. As we knew that many proposed smart
meters tried to obtain and create new methods, however, the majority acquire voltage
waveform by cutting the cables. However, a number of research works proposed the
concept of replacing the voltage transformer by the non-contact voltage sensor. The aim
of this research is to study and develop a low-cost non-contact energy measurement
system, which does not need any electrical contact with physical load or its conductor
of power cables, obtain both voltage and current waveforms. We developed a
contactless voltage sensor based on the parasitic capacitive-coupling technique. The
proposed system achieved accurate power measurement, in fact, the error is

approximately 2.5% compared with a standard wattmeter.
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CHAPTER 1
INTRODUCTION

1.1.  Introduction

In the recent years, there have two directions such as smart grid and
smart meter. These directions have distributed and managed the effort of the
engineering communities in the electrical energy field. The usages of the electrical
energy and the poor quality of the power transmission determine the waste of energy
and low reliability of distribution systems. These reasons lead to visualize a new, to
intelligent way to produce and to distribute the directions of the energy field. The smart
meter is to promote more accurate of the resources and to make new awareness about
the cost of the energy. Thus, among the first groups contributed to this concept, Non-
Intrusive Load Monitoring (NILM) [1]. In addition, smart grids are expected to reveal
the main characteristics, i.e. energy storage system, power system reliability, power
quality, and renewable energy integration. The smart meters use a digital meter to
record the real-time information. It can also provide a dynamic pricing and to remotely
connect or disconnect the power load based on demand response [2]. In [3], smart
meters measured voltage and current waveforms based on different working schemes

needed to be digitized and processed by ADC or microcontroller.

According to [4], the authors measured voltage waveform designed with
capacitive coupling. The voltage waveform was transferred via wireless transceiver
with the IEEE 802.15.4 standard. Finally, the authors compared between their proposed
non-intrusive methods and using direct access to the wire can achieve high accuracy
with a maximum error lower than 1%. In [5], the authors discussed a technique to
measure the 3-wire household power line without detached the insulation by using stray
electric field energy harvesting. The authors also predicted that the non-intrusive
voltage AC system could be applied to the smart grid system. According to [6], Gemini
designed as a smart meter, which improved on accurately compute true power. Gemini
marked the drawbacks of prior approached by decoupling and distributing the voltage

and current measurement acquisitions to offer noninvasive technique.



The aim of this research is to develop the low-cost capacitive voltage
sensor based on capacitive coupling sensor technique. Our design techniques measure
the voltage and current waveform without intruding the cable. The voltage is measured
using a noninvasive voltage sensor based on capacitive coupling element developed in

this work, while a conventional current transformer is occupied for the current sensor.

1.2.  Objectives and Scopes of Research

A new low-cost voltage sensor based on capacitive coupling, in a single
line, is proposed. The voltage and current waveform will be monitored with the
MCP3901 evaluation board 16bits MCU as illustrated in Figure 1.1. The MCP3901
evaluation board communicates with a computer via a Universal Serial Bus (USB)
cable. The voltage and current waveform will be recorded with the board to analyze
both data waveforms.

SENSOR MCP3901 EVAL BOARD DATA VIEW & MONITORING

CURRENT
SINGNAL

=y

VOLTAGE
SIGNAL

daimdbiigab " e L poby

Figure 1.1: The block diagram

The design is capable of measuring voltage waveform without intruding
the cable size. To complete this design, the parameters of research have to be

determined the limited parameters of research as follows:

e Analyze the reliable energy usage from the voltage and current

waveform
e Study the characteristics of the capacitive coupling
e Design an analog front-end

In order to achieve the goals, the different tasks have to be identified as

following:



e The mathematical model of non-contactless capacitive coupling
e  The behaviors of the parasitic capacitive sensor
e The behaviors of our proposed system

e The voltage and current waveform monitor with the MCP3901

evaluation board



CHAPTER 2
THEORY

2.1. Smart Meter

The smart meters use as a key element design for measuring power
consumption data to record and analyze energy usage in the daily report. However,
smart meters currently have limited settings to manage and measure power
consumption i.e. the range of data logging maintenance according to the differences
and changes of the appliances [3]. Many researchers consider that the power meters can
also use only current drawn and ignore voltage levels. By the other way, the power
meter can also not address the devices for implementation and customization. Thus, the
authors can find the approaches of the smart meter, which the methodologies to find the
necessary parameters are presented such as transformer and calibration factors. They
have also expected that these approaches might also be applied for the customizable
smart meter in the future. Other researchers also note that smart meters should have the
quantity of their measurement, i.e. accurate data validation [7]. By the way, the key
features of smart meters can be summarized as the time-based pricing, which easily
provides the consumption data to the consumers and utilities. Looking at a last-meter
proposed by [8], the authors designed an architecture and implementation of customer
domain in the smart meters. This last- meter also applied an Internet of Things (loT)
platform to host in smart home applications. The authors also proposed 3 main parts of
the platform such as the smart plug as sensor and actuator networks, 10T servers as a
control server, and user interface as modifier and monitoring. The sensor and actuator
communicated in the reliable 10T server by using gateway communication and
displayed on a web-based graphical interface that made user-friendly as shown in
Figure 2.1.
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Figure 2.1: Communicated between 10T and Smart Meter [8]

In this platform, the authors applied the smart plug as the smart meter,
which is implemented in home-prototype. The smart plug has monitored a load of
information, which provided the active, reactive, and apparent power of phase. This
smart plug has also measured power factor and sample waveforms with the root mean
square value. The authors believed that the last-meter is the key to a widespread
acceptance of smart grid applications and equipment to be developed at home.
Furthermore, [9] mentioned that the smart meter was an electrical grid to deliver
electrical in the controlled environment. The smart meter measures electronically the
power consumption and possibly other parameters, in a certain time interval and
transmits the measurement over a communication network to the utilities or the other
responsibility for metering. This power information shared with the end-user devices
to inform the customers about their power measurement and also related costs. Each
type of smart meters is also different from the combination of some features or products
such as the storage power consumption, communication types (i.e. one-way or multiple-
ways), and connection with the providing supplier. The comparison between the
traditional smart meters and the smart meters using 2-way communication with the
smart meters and information to provide an automation and distribute advance energy

delivery network is shown in Table 1.1 [10].



Table 1.1: Compared between smart meters and traditional meters [10]

Smart Meters Traditional Meters ‘

Digital Electromechanical
Two-way communications One-way communication
Distributed generation Centralized generation
Sensor throughout Few sensors
Self-monitoring Manual monitoring
Self-healing Manual restoration
Adaptive control Failure and blackouts
Pervasive control Limit control

Many customer choices Few customer choices

2.2. Non-contact VVoltage Measurement

2.2.1. Capacitor Principle

A capacitor is an electrical device for storing the electrical energy. In the
similar components with resistor and inductor in an electric field, the capacitor is the
very often-encountered component in the electrical circuit designs. By the way, the
capacitor is used to smooth the current in rectified AC outputs, in the field of
telecommunication, i.e. radio receivers. Next, the authors are also applied to the turning
to requiring frequency such as the filters, time delay circuits, oscillator circuits, and
checking body scanners, to name but a few practical application [11].

Every static electric field arises with the electric charges and the
electrical field lines. Both electric charges and electrical field lines begin and end on
the electric charges. Thus, these electric charges are provided with two plates, which is
the description of the field each of the fields indicated between the negative and positive

electric charges as namely capacitor (see Figure 2.2).



Figure 2.2: The two parallel conducting plate separate by air

The capacitor is also one of the electrical components that have one or
more plates of the conductor. This conductor separated by an insulator and it is used to
collect the electrical charge. The capacitor was charged as +Q coulombs on each plate
and —Q coulombs on the different side of the other plate. Thus, the capacitance is the
properties of these pairs of plates that determine how much correspond to a given
voltage between these conductor plates. The capacitance can also be proportional to the
change between an electrical charge (Q) and its electric potential (V) of a system. The

capacitance value is given as follows:

v (1)

The unit of capacitance is measured as farad (F) which defined as the

capacitance. It means that one coulomb charged with a voltage of one volt appear across

the capacitance plates.



2.2.2. Capacitive Voltage Sensor

The capacitive voltage sensors are very often used to obtain the voltage
waveform in a wire or piece of equipment. The capacitive voltage sensors also make
with the non-contact of the direction and the conductor or the part of the electrical
energy. The capacitance-voltage sensor has been the standard for high accuracy
electrostatic potential measurements. By the way, the cost of material is are more
expensive and their accuracy is also very dependent. The authors found the voltage
changed about 5 percent over between the sensor and the surface of the capacitive
distance of 3mm to 30mm [12]. There are many papers studied the traditional single
capacitive measurement approach. However, this approach is not an accurate
measurement and can easily be made a difference to the many environmental factors.
However, the two-sensor head capacitive probe has been developed. Moreover, the
authors also mention the accuracy of these capacitive voltage sensors in the AC voltage
system as mentioned in Figure 2.3. With adding these sensor heads, the sensed voltage
measurement is less sensitive to the medium of the sensing condition and the distance
between the sensing surface and the sensor. The results are able to reduce the estimation

error to around 5% [13].

sensor heads copper foil

bottom view

cross-sectional view BB

v |
AY 1

sensor heads copper foil

(a) Construction of the sensor

(b) actual sensor

Figure 2.3: (a) Prototype of the sensor; (b) Real capacitive sensor [13]



It is a completely non-invasive and self-power meter which capable of
sensing in a non-contact manner [14]. The extension of the ADC front-end permits the
usage for the mono-phase electrical load intruding the cable by using the capacitive
coupling. The software on board elaborated the current waveform and then computed
some power quality features of the electric load, i.e. the power consumption as shown
in Figure 2.4. The authors also obtained the cylindrical capacitor situated between the
inner side of the copper plate of radius, R2 and the surface of the conductive wire of the
cable for radius R1. The insulating of the cable, with permittivitye, separates these radii

as mentioned.

Contactless

voltage and
current

Smart meter

Figure 2.4: The block diagram of the single-phase meter [14]

The capacitive coupling on both sides of cables on the power lines was
wrapped; after that, both capacitive couplings to the differential input system were
attached to each other shown in Figure 2.5. By the way, the analog front-end of this

system is illustrated in Figure 2.6.

Csensor Vin

Vin < ” Front-end
Electronics
_| l__

Csensor

Figure 2.5: Diagram of the voltage measurement
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Figure 2.6: The design contactless voltage measurement system [14]

According to the literature [15]- [16]- [17], the researchers proposed the
smart power consumption measured the power meter from voltage and the current

sensor in three-phase as shown in Figure 2.7.

(LR

Figure 2.7: The block diagram of a three-phase meter [16]

The power monitoring which follows the mixed signal architecture (i.e.

sensors) including the current, the voltage measurements, and the digital processing
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signal is able to represent the time and frequency analysis energy. It was reported that
the low-cost smart meters demonstrated the similar high performance with a maximum

3% deviation to the standard measurement.

In other work, It was reported a single sensor which can measure both
voltage and current signal on a type of cable for the domestic applications as the
installing prototype in Figure 2.8. The flexible non-invasive power sensor, which
provided as the good proximity, was for the accurate electric voltage and current
sensing on a standard SPT-2 18AWG as Zip-cord power line. However, due to the
materials and production process, the cost was relatively high and the sensor can use
with only one type of the cable. The authors designed the voltage and current sensor
with 100um-thick flexible PET substrate. In addition [18], with the coil combing of 50
turns with two sensing electrodes in the space of 1.3x1cm? the power sensor exhibited
the sensitivity of 31.1uV per 1A, current, and 98.9mV per 115V, voltage respectively.

This sensor is detected 60Hz electric standard [18].

Current”

Current*

Current Sensor

Power Cord

Flexible PET Substrate
Voltage™

Voltage Sensor

Current

Current*

Figure 2.8: (a), The flexible power sensor and (b), The cross-sectional view [18]

According to [19], the principle of measuring voltage without contacting

the conductive part is using the stray electric field to sense the voltage through the non-
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contactless parasitic capacitance on the high voltage cable. These parasitic sensors were
installed as shown in Figure 2.9. The authors also designed this sensor as electric and
magnetic fields onto 1 cm by 2 cm printed circuit board (the “Analog” board).
Moreover, the authors proposed 4 analog boards in order to measure the electric and
magnetic fields at four different points. All of the sensors are connected to an ARM
microcontroller via USB connection to a computer. The comparison illustrated the
conventional power measurements and the contactless power measurements agree to be

better than 1% over the dynamic range of 1000W.

AT
P

Figure 2.9: The parasitic capacitive sensors wrapped on the high voltage cable [19]
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CHAPTER 3
MATERIALS AND METHODS

3.1. Materials
3.1.1. Copper Plate

The copper plate has the best electrical conductivity, both electrical and
thermal. The copper plate is also the good electrical conductivity as well as a resistance.
Every electrical current were flown through to every metal, however, they still have
some resistance, and the current needs to be pushed (by a battery) in order to keep
flowing. The current can flow easily through the copper material because of its small
electrical resistance, without much loss of energy. This is why the copper material is
used in the main cables such as overhead and underground. By the way, many overhead
cables tend to use aluminum but this material has less dense than copper. It means that
copper is the best choice [20]. We applied 0.2mm of copper plate thickness with 1.25cm
length as the voltage sensor (see Figure 3.1). By the way, applying 0.2mm of copper
plate thickness is easy to wrap around the cables. The more thickness and length were
increased the more capacitance values were bigger. In short, we have to design a

capacitive sensor as small as possible.

Figure 3.1: The copper plate
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3.1.2. LF351N Single Op-amp

The LF351IN as shown in Figure 3.2 is Junction gate Field-effect
transistor (JFET) input operational amplifier with an internally compensated input
offset voltage. This JFET input device provides wide bandwidth, 4MHz, low input bias
currents, 50pA, and offset current, 25pA, respectively. We used this JFET to convert

voltage and current waveform, which will be discussed in 4.3.

Figure 3.2: The LF351N JFET

3.1.3. MCP3901 Evaluation board 16bit MCU

The MCP3901 ADC evaluation board [21] is launched from Microchip
Company as shown in Figure 3.3. It utilized to perform all the measurements in the
energy meter. It provides with a development platform for 16-bit PIC® MCU-based
applications, coming with existing 100-pin plug-in Module (PIM) system. By the way,
this firmware for this board came with a built-in firmware dsPIC33FJ256GP710 PIM
module that communicates with the LabVIEW™ software Graphic User Interface for

data exchange and the ADC set up.
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Figure 3.3: The MCP3901 Evaluation Board [21]

The evaluation board comes with a dual MCP3901 ADC output using
USB cable (or serial communication) to PC software interface. It comes with 4 ksps at
98dB SINAD and the top speed of 55 ksps that performs on a dual channel ADC. The
MCP3901 ADC performs the system through the graphical PC software interface such
as the noise with histogram, frequency, the time-domain scope plot, and the statistical
numerical analysis. The MCP3901 ADC also supports the input voltage 1Vp-p. In short,
the MCP3901 Evaluation board, built-in with PC firmware that can measure the voltage
and current waveform by using MCP3901 ADC.

3.1.4. Software Overview

The MCP3901 ADC Evaluation board comes with the Graphical User Interface
(GUI) displayed on a personal computer that performs such as the ADC configuration,
the Data analysis for easier system debugging, and the evaluated device board as
depicted in Figure 3.4. This MCU board cooperates with MCP3901ADC, which is
digitized the quality of charge integrated by a modulator loop as a quantizer. The
quantizer is the block performing the analog-to-digital conversion. By the way, this
evaluation board can also view and calculate the sensor waveform as frequency and the
total harmonic distortion (THD), and the signal to noise and distortion (SIND).
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Figure 3.4: The GUI interface of the MCP3901 Evaluation Board

3.2. Methods
3.2.1. Current Sensing

Section

The current transformer is one of the main parts of power-measurement

circuit design. Non-intrusively, the current can be measured by the electromagnetic

field radiated from the wire without any interruption or cutting. It is convenient and

safe to install. In this work, we exploit the noninvasive current transformer to obtain

the current waveform as shown in Figure 3.5.

Figure 3.5: The current transformer [22]

We can find a turn ratio of this ideal current transformer [23] as follows:
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a= k = I78 = E
Ng ~1p ~ Vg )
Where a is turns ratio of a transformer, Np, primary turns, Ns secondary
turns, Is, secondary current, lp, primary current, and Vp, primary voltage while Vs is
secondary voltage, respectively. In this work, the current transformer used in our

prototype is SCT-013-030 [22], available on market, with built-in burden resistor.

3.2.2. Voltage Sensing Section

The voltage signal is crucial for calculating the active power (W) and
the apparent power (VA), and power parameters such as the power factor (PF). This
parameter requires precise voltage measurement in order to obtain the correct voltage
information. The conventional voltage measurements techniques in the AC power line
require electrical connecting to the conductive wires inside the power cord. In contrast
to the conventional methods, we proposed a contactless voltage measurement consist
of a small-thickness copper plate film wrapped around the insulating sheets of the cable.
The capacitive coupling (capacitive voltage sensors) wrapped between the internal
conductive element of the wire and the external are used. These sensors can generate
the electrical field by line and neutral cable. Thus, the sensors obtain as current in
response to the drifting voltage because the coupled voltage sensors obtain the voltage
waveform from part of each cable through the external insulation of the system as

shown in Figure 3.6.

Figure 3.6: The capacitive coupling sensor [24]

We obtained a cylindrical capacitor situated between the inner side of

the copper plate of radius R> and the surface of the conductive wire of the cable for
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radius R1. The insulating cable comes with permittivity € separates these radii. We can
calculate the capacitance value between the two conductors of such structure given by

following [25]:

_ 2mel

C =
Sensor R ) (3)

1

The issue statement consists of equations, which provide to obtain the
unknown of two parameters: Csensor and Vin. These two equations are calculated with
the transfer function of two identical filters. We choose to calculate the process of the

analog front-end (see Figure 3.7).

Vcc
C-sensor

ya

Vout

Vin H :T:c1 o

Figure 3.7: The capacitive voltage sensor front-end

The filter as illustrated in Fig. 17 is a voltage divider for the AC signal
made of two capacitors: the capacitor, Csensor, Whilst precision capacitance Ci was
chosen as 470pF by regarding the value of the two capacitors. The output relationship

of this filter is illustrated as the formula:

V — Csensor V

out C +C1 in 4)

sensor

Where Csensor IS the capacitive coupling and Cy is the precision capacitor.
In addition, the analog front end converted the signal from both filters (voltage divider)

through the input of ADC by using the differential amplifier as shown in Figure 3.8.
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R2 R3

Vout

From Voltage follower

R2

Figure 3.8: The differential amplifier

Then the output voltage of the differential amplifier is calculated by

following formula:

\V/

out

= _R3 V.
in (5)
R
2
Where Rz of 20kQ and R> of 1kQ is the precision resistances. The whole

circuit designed of the analog front end is shown in Figure 3.9. By Eq.5, the gain of the
differential amplifier (Vou/Vin) is 1/20.

12V
C-sensor ’
_| % - R2 R3
e AN A
I ’_- U1l 12v
) Vout
| o

C-sensor
' R2 R3
_| ! J_Cl N\ AN

] & m 1

Figure 3.9: The analog front-end circuit
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Once the value of Csensor iS known, the calculation of Vi, can be
performed by using Eq.6. To appropriately measures AC voltage from a power line,
Csensor and C1 should be chosen to result in a ration that defines Vou in the range of

operating voltage of the analog front-end circuit.

Cl

in C VoutCC (6)

sensor

3.2.3. Power Features Calculation
The expressions for the root mean square (rms) value is obtained as

following [26]:

_V
Vrms - ﬁ ©)

rms \jz (8)

Hence, real power consumption is illustrated, as follows:
— * *
P=V_*I_.*cosO )

The phase angle of the load impedance plays a key role in the absorption
of power by the load impedance. To recognize the importance of this factor in the AC
power computations, the term cos(6) is referred to as the power factor (PF). Hence, the

expression for the power factor is illustrated as following:

P
PF =cos(0) = ———
(0) V] (10)

rms " rms

Where Vims, rms voltage value, and Irms, rms current value of the load,

respectively. Incidentally, power factor (PF) also can also be investigated with the
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phase shift offset as the period of the reference signal 20ms for 360 degrees. The phase

shift offset will be discussed in section 4.3.
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CHAPTER 4
EXPERIMENTAL SETUP

4.1. Current Measurement

SCT-013-030 transformer is used to convert current to voltage. This
current sensor performs a noninvasive measurement so we clamp it on the line cable
side as shown in Figure 4.1. The line and neutral cables are connected to a 220VAC
50Hz power line source. The line and neutral cables are connected to the power line
source, which employs a 200W tungsten lamp. Its main electrical characteristic is the
maximum output voltage of 1V, which response to the maximum input current 10A as

a specification in [22].

Figure 4.1: The current sensor installation

Figure 4.2 has illustrated the experimental set-up obtains 90.5mV on the
Oscilloscope with 0.905A as calculated in 3.2.1. The blue color is the current waveform
signal measured by the current transformer and the orange color is the output of the
proposed voltage system.
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Tek Ank Trig"d M Pos: 0,000s MEASLRE

Proposed System

Freq
Current Transformer S0.00Hz
MaTH Off
Pk-Pk
CHT S00mY  CH2 100mYy M 10.0ms CH2 /7 =3.000%

Push an option button to change its measurement

Figure 4.2: The current waveform displayed data
4.2. Capacitance Characteristic Measurement
4.2.1. Capacitor Measured with LCR Meter
A copper sheet of dimension (I=1.25cm-length) wrapped around the side
of cable standard TI 11-2531 cable. In the preliminary study, the direct measurement
of the capacitance value Csensor iS used the LCR HITESTER HIOKI 3551 with the set-

up illustrated in Figure 4.3. With this LCR meter, the capacitance value Csensor iS
identified as 7.55pF (see Figure 4.4-4.5).

Copper Plate LCR Meter

@q?q
|

Figure 4.3: The prototype of the copper plate measure with the LCR meter

o |

CELE

Cable Cord
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Figure 4.5: The capacitance value obtained by LCR meter
The LCR meter measurements are also connected with 1V AC 50Hz

voltage reference (see Figure 4.6). The capacitive sensors clip with clipper of the LCR
meter as mentioned in Figure 4.4. The capacitance values are also changed while

measuring with LRC meter in 30 minutes.
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Capacitance Measurement
12
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0
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Figure 4.6: The capacitance value shifted with the LCR meter

4.2.2. Sensor Output Voltage Drift for Calibration
The cable is wrapped with a copper plate sheet of dimension (I=1.25cm
length). The copper plate, namely the capacitive sensor, soldered to the precision

capacitor (Cpre =12pF), illustrated in Figure 4.7.

Precision capacitor

‘ TI 11-2531 Cable

‘ Capacitive Sensor ‘

Figure 4.7: A capacitive sensor soldered with the precision capacitor
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The capacitive installed with the LCR meter, the Oscilloscope, and the
function generator as illustrated in Figure 4.8. The voltage amplitude of the function
generator is varied from 5V to 15V in 9 samples. The experiment results were obtained
the changing of capacitance value as shown in Figure 4.9. While we supply 5V, the
capacitance values are varied from 2.71nF to 6.55nF. The capacitance values change
from 2.69nF to 6.86nF when we supply 10V. Moreover, by supply 15V the capacitance
values are varied from 2.69nF to 6.86nF

Oscilloscope Cable Cord LRC Meter

Copper Plate

i ol

pacitance

L ﬁ =
l Precision Ca)

Coupling
Capacitance

Figure 4.8: Prototype of the capacitor with equipment meters

Measurement Capacitance Value

6.55
621 046

5.82

2.71
—0—5V

Capacitance Value (nF)

Samples

a). The capacitance values obtained with 5V supply
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Measurement Capacitance Value

6.6 6.86
6.15

6.46

Capacitance Value (nF)
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—e— 10V
1 2 3 4 5 6 7 8 9
Samples
b). The capacitance values obtained with 10V supply
Measurement Capacitance Value
° 6.86
7 646 077 >
LL
% 6
=5
>
8 4
s3 2% —o— 15V
[S]
S 2
[
O
0

Samples

c). The capacitance values obtained with 10V supply

Figure 4.9: The capacitance values obtained from the varied voltage

4.2.3. Capacitive Sensor with Voltage Buffer
Figure 4.10 has illustrated the capacitor sensor and the precision
capacitor obtained the capacitance data using the LF353 JFET as the voltage follower.

The Line and Neutral of the function generator is a 10.4vp-p AC 50Hz connected to cable
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and on the other sides, the LF353 JFET connected to the capacitive sensor by the load,
which employ with the 100€2 of the precision resistance.

Oscilloscope |

" . b CEBEREE®
f e
! &~

Function Generator Cable Cord

Copper Plate

I Precision Capacitance
Coupling =
Capacitance

Figure 4.10: The prototype of the capacitive sensor connected to the LF353
The experimental result of measured Vo is illustrated in Figure 4.11.

The result has shown that Vou=4.04V,.p. It can examine that the capacitor sensor can

measure by using a copper plate sensor.
Tek A Tria'd M Pos: 400.0,us MEASLRE
+ v

4.04%
CH2
Freq

a0.20Hz

LA

CH1 2.00Y CH2 1.00% M 5.00ms
14-Mar-15 11:01

Figure 4.11: The result of the capacitive voltage sensor with a voltage buffer

4.2.4. Capacitor Sensor with Instrumentation amplifier (1A)
The advantage of the three op-amps provided the ability to reject

common-mode signal components i.e. noise or undesired DC offsets) while amplifying
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the differential-mode components. The three op-amps (Operational Amplifier) were
connected to both sides of the voltage followers, which connected with the capacitive

sensor (see Figure 4.12).

i il |
| Voltage follower | | Differential Signal Generator | | Difference amplifier

Figure 4.12: The prototype of the capacitive sensor attached with 1A
For the primary study, the voltage output obtained 11.8Vp.p, with gain=3
from both sensors are given as shown in Figure 4.13 while the function generator
provided 10.06V,p. The results have shown that the capacitive waveform can reject
noise and DC offsets and testing signal condition.
Tek ifE Trig"d M Pos: 0,000s MEASURE

put Csensors

CH2
Pk—Pk
11.8Y
CH2
Freq

a0,05Hz

MATH Off
Pk—Pk
CH1 2.00% CH2 2.00% M 10.0ms CH2 7 =127mY
23-Mar-15 20:55 50.0260Hz

Figure 4.13: The results from 1A study
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4.2.5. Humidity and Temperature Effects

The humidity and temperature of capacitive coupling sensors, namely
voltage sensors, are measured by SHT11, a single chip relative humidity, and
temperature sensor. The humidity and temperature values have calibrated the data with
Arduino MEGA 2560 using the embedded software. Figure 4.15 and Figure 4.16
illustrates the measurement of capacitance drift caused by humidity and temperature.
The experimental results of the sensor output voltage value obtained from testing 128
sample values (see Figure 4.17), which are given average value such as 0.58% of
humidity, 27.8 C of temperature, and voltage 481mV of voltage. When the humidity
and temperature are increased the capacitance value is also increased. As the results, it
can be concluded that the voltage value shifts 1% as compared to the voltage result as

mentioned in 4.3.

Figure 4.14: The SHT11 sensor
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The Drift capacitor with humidity

Humidity (%)
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Figure 4.15: The drift capacitive voltage sensor with humidity
The Drift capacitor with Temperature
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Voltage (mV)
—Temperature

Figure 4.16: The drift capacitive voltage sensor with temperature
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Figure 4.17: Humidity and temperature measured by SHT11

4.3. Implementation of Proposed System

To evaluate our hypothesis and the performance of the proposed design,
we implemented the proposed system of voltage sensor as shown in Figure 4.18. A pair
of copper sheets (I=1.25cm-length) is wrapped around both sides of the line and neutral
as the T111-2531 cables. Once both capacitive sensors connected to precision capacitor
C1, displays as 471pF by regarding the value of the two capacitors. The voltage divider
ratio is 0.02 (Voutcc/Vin).
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C-sensor ;

E—— ) z )

/

Figure 4.18: The proposed system installation

Both sensors are connected to the input of the analog front-end, and the
oscilloscope to monitor the output voltage Vouit. Moreover, we connected the current
transformer at the line cable as discussed in 4.1. Its output is connected to another
channel of the oscilloscope. The line and neutral cables are connected to a 220V AC
50Hz power line source at one side and the other side connected to the resistive load,

which employs a 200W tungsten lamp (see Figure 4.19).

Figure 4.19: The new proposed system connected with Tungsten lamp 200W

Experimental result of measured Vout value is illustrated in Figure 4.20.
The results have shown that Vout =476mVp-p with gain =1/20, as mentioned in 3.2.2. By
using the backward calculation, we calculated the value of Voucc = 4.76V (impedance
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buffer). At the same time, we got the value of capacitor sensor 7.33pF. Finally, Vi is

approximately 220V ms by Eq.6.

Tek i Trig'd M Pos: 0.000s MEASURE
+

CH2 Off
21

CH2 Off
Freq

MATH Off
Pk-FPk

M 10.0ms
27-May-15 1245

Figure 4.20: Result of the newly proposed voltage sensor

Moreover, we investigated the phase shift offset of the proposed system
in comparison with a voltage transformer. The oscilloscope as illustrated in Figure 4.21
shows the result. The output of the proposed system is 900us. This causes from the
behavior of the parasitic capacitance of the sensors. The output of the proposed system

used for compensation of the power factor calculation.

Tek Al Trig'd M Pos: 0,000s CURSOR
+

b f/ \
\

Voltage transformer
\ 4 g

Type
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Proposed system

T lﬁw }1—

/

& 3

N\ /
{/I)I

CH2 5.00Y M 2.50ms
Use multipurpose knob to move Cursor 1

+ =3z 1.111kHz

§ a\ 5.60Y

Cursor 1
T00,us

5.80Y

Cursar 2
=200 ps

200rmYy
H2 & 0,00y

Figure 4.21: Phase shift offsets between voltage transformer and the proposed system
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The period of the reference signal is 20ms (from Figure 4.21), thus, the
phase shift error between voltage transformer and proposed system is 16.20 degree as
At is 900us. The voltage leads current phase shift approximately 27.00 degree as At is
1.50mS (see Figure 4.22). Then the active power P and power factor (PF) are obtained
as 199.09W and 0.99 respectively based on the voltage and current waveform of our

proposed system.

Tek .. @ Stop M Pos: 0,000s CURSOR
*
/ \n Type
- \
| Proposed system rf 'Y:. source
L ] ~H
| W J{ K

1 Current transformer =
| at 1.500ms

= bB6.7Hz

__,_r'
ey
-
r_—r'_'

! | Cursor 1

f l~ - ;i:i 0us

!
CH2 2000mY M 2.50ms
3-Jun-15 13:46

Figure 4.22: Phase shift between current transformer and output voltage

The results have been validated by using a calibrated digital wattmeter
providing the active power and the power factor as illustrated in Figure 4.23-4.24. The
proposed system demonstrates the capability of measuring power and power parameters
with the error of active power estimation approximately 2.5% in comparison with the
standard Wattmeter. By using the knowledge of phase shift offset, the compensated
power factor determines 0.99, which is the same as the reference value from the
Wattmeter.
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Figure 4.23: Active power displayed on Wattmeter

Figure 4.24: Power factor measured with Wattmeter

4.4. The Capacitor Drift in the Proposed System

The drift if the capacitive voltage sensor is from the humidity and
temperature as mentioned in 4.2.5. The capacitance value changes 1% while the
humidity and temperature are increased. The Vout is designed for the input of both
analog channels of the MCP3901 evaluation board (CHOx, CH1+), while both channels
have to acquire voltage input waveform only +1V 50Hz. The Figure 4.25 is illustrated
the capacitance value calculated Vout from 350mV to 1V within 9 samples were chosen

during in three days. Thus, we can obtain the varied capacitive value with the voltage
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waveform. The results have shown the capacitance varied from 350mV, 5.35pF to 1V,
15.61pF respectively. In short, the varied capacitance values are affected based on some

conditions such as environment, humidity, temperature and noise signal.

Vout(mV)

1000

Vout (mV)
D
o
o

—e—\/out(mV)

5.35 6.12 7.33 7.68 9.2410.82 12.4 14 15.61
Capacitance value (pF)

Figure 4.25: The drift of the capacitive voltage sensors

4.4. Monitoring Waveform with GUI

Figure 4.26 illustrated the voltage and current waveforms of the
proposed system monitored by Graphic User Interface (GUI). The voltage and current
waveform input to pins of MCP3901 ADC presented in GUI interface. The GUI was
monitored and calculated data such as both voltage and current waveform with 50Hz
of frequency. Furthermore, it also can obtain total harmonic distortion (THD), 13.06dB,
signal to noise and distortion (SINAD), 8.22, respectively.
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CHAPTER S5
CONCLUSION AND SUGGESTION

5.1. Conclusion

We present the low-cost capacitive voltage sensor and current waveform
measured without intruding the cable. The nonintrusive manner measures the voltage
and current waveform in the single-phase electrical line. In the proposed system, a low-
cost capacitive voltage sensor is developed. The advantage of our proposed system is
that it does not need cutting or tapping of wire. In our work, it can be concluded that
the capacitance value of the sensor (i.e. real calculation and measured with LCR meter)
is approximately around 5pF to 15pF with 350mV to 1V respectively. The sensor is
used with the analog front end in the simulated power measurement in the experiment.
The proposed system achieved accurate power measurement with 2.5% of errors as

compared with standard Wattmeter while the sensor measure 476mV.

5.2. Suggestion and Future Work

There are many factors affecting the capacitive coupling such as
humidity, temperature, signal frequency, and age of capacitor. However, the humidity
and temperature cannot be controlled due to the limitation of equipment. It is suggested
that a calibration factor should be dynamically modified related to the environmental
effects, i.e. auto/self-calibration to reduce output voltage drift.

The GUI interface of the MCP3901 Evaluation board can monitor some
data such as total harmonic distortion (THD), frequency, voltage, and current
waveform, and signal to noise and distortion (SINAD). It is suggested that once the
GUI interface will be monitoring the voltage and current it should also be able to

calculate and obtained the power consumption value.
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SHT11

o L O

#include "cactus_ioc SHT15.h"

int SHT _DataPin = SDA; // pin used for data

int 5HT_ClockPin = 5CL; // pin used for clock
int woltage=R0;

SHI1S sht = SHT1S5({SHI_DataPin, SHI_ClockPin);

wvoid setup()

1=

3
10
11
12
13

pinMode (A0, INPUT) ;
Serial.begin{115200);
Serial.println("Sensirion SHT15 Humidity - Temperature Sensor | cactus.ioc | Voltage™):
Serial.princln{"BH\t\tTemp (C)\tTemp (F)“tDew Point (C)“tVoltage™):

}

1458 void loop(){

15
16
17
18

[
(=3

B T R N

(=5

RyORA RS RS RN ORI R RS R

]

sht.readSensor()
int voltageval = analogRead{voltage);

Serial.print(sht.getHumidity()):; Serial.print(™ F\t\t");
Serial.print (sht.getIlemperature C()); Serial.print(™ *C\t"):
Serial.print (sht.getTemperature_F()); Serial.print{" *E\t"):
Serial.print(sht.getDewPFoint{)); Serial.print (™ *C\t\t"};
Serial.print (voltageval, DEC) rSerial.println{™ W\t")»

/f Bdd a 2 second

delay(1000):

Figure B.1: SHT11 codes

Table B.1: Humidity, temperature, and capacitive sensor data

No. Humidity (%) Temperature (C) Voltage (mV)
1 0.43 33.66 460
2 0.43 33.55 460
3 0.44 33.28 468
4 0.45 32.95 468
5 0.46 32.60 468
6 0.46 32.23 468
7 0.47 31.91 472
8 0.48 31.60 472
9 0.49 31.30 472
10 0.50 31.02 472
11 0.50 30.78 472
12 0.51 30.55 472
13 0.51 30.32 472
14 0.52 30.12 472
15 0.52 29.90 472
16 0.53 20.71 472
17 0.53 29.57 472
18 0.54 29.40 472
19 0.54 29.27 472
20 0.54 29.14 472
21 0.55 29.06 472
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22 0.55 28.94 472
23 0.55 28.81 472
24 0.56 28.73 472
25 0.56 28.61 472
26 0.56 28.50 472
27 0.56 28.42 472
28 0.57 28.32 472
29 0.57 28.24 472
30 0.57 28.16 472
31 0.57 28.08 472
32 0.57 28.01 472
33 0.58 27.96 476
34 0.58 27.88 472
35 0.58 27.82 472
36 0.58 27.76 476
37 0.58 27.70 476
38 0.59 27.66 476
39 0.59 27.61 476
40 0.59 27.56 476
41 0.59 27.52 476
42 0.59 27.48 476
43 0.59 27.46 476
44 0.59 27.43 476
45 0.59 27.41 476
46 0.60 27.37 478
47 0.60 27.34 478
48 0.60 27.32 478
49 0.60 27.32 478
50 0.60 27.30 478
51 0.60 27.26 480
52 0.60 27.26 480
53 0.60 27.25 480
54 0.60 27.24 480
55 0.60 27.20 480
56 0.60 27.20 480
57 0.60 27.18 480
58 0.60 27.18 482
59 0.60 27.16 482
60 0.60 27.16 482
61 0.60 27.14 482
62 0.60 27.13 482
63 0.60 27.13 482
64 0.60 27.11 482
65 0.60 27.12 482
66 0.60 27.12 482
67 0.60 27.12 482
68 0.60 27.09 482
69 0.60 27.08 482
70 0.60 27.08 482
71 0.60 27.07 482
72 0.60 27.06 482
73 0.60 27.06 488
74 0.60 27.06 482
75 0.60 27.04 488
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76 0.60 27.04 488
77 0.60 27.02 488
78 0.60 27.00 488
79 0.60 26.98 488
80 0.60 26.96 488
81 0.60 26.94 488
82 0.60 26.94 488
83 0.60 26.93 488
84 0.60 26.91 488
85 0.60 26.90 488
86 0.60 26.87 488
87 0.60 26.86 488
88 0.60 26.85 488
89 0.60 26.83 488
90 0.61 26.82 488
91 0.61 26.82 488
92 0.61 26.77 488
93 0.61 26.76 490
94 0.61 26.73 488
95 0.61 26.74 488
96 0.61 26.71 490
97 0.61 26.71 490
98 0.61 26.70 488
99 0.61 26.69 488
100 0.61 26.68 488
101 0.61 26.66 492
102 0.61 26.67 492
103 0.61 26.68 492
104 0.61 26.69 492
105 0.61 26.70 492
106 0.61 26.70 492
107 0.61 26.70 488
108 0.61 26.74 488
109 0.61 26.72 488
110 0.61 26.72 488
111 0.61 26.72 488
112 0.61 26.74 488
113 0.61 26.74 488
114 0.61 26.73 488
115 0.61 26.73 488
116 0.61 26.73 488
117 0.61 26.75 488
118 0.61 26.75 488
119 0.61 26.74 488
120 0.61 26.72 488
121 0.61 26.74 488
122 0.61 26.76 488
123 0.61 26.75 488
124 0.61 26.76 488
125 0.61 26.75 488
126 0.61 26.75 488
127 0.61 26.75 488
128 0.61 26.76 488
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Oscilloscope \ Cable Cord LRC Meter
b b B Copper Plate E’
1 & s s

J_ﬁ il
Coupling ]E: Precision Capacitance
Capacitance

Figure C.2: the capacitive sensor and precision capacitor were clipped
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.............. T N Capacitive sensor | Oscilloscope

Load 100Q

Figure C.3: The capacitive sensors connected to the LF353P
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Image of the newly proposed circuit and analog front-end
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Figure D.1: PCB board designed for analog front-end

Figure D.2: The capacitive sensors wrapped on cables



!

Figure D.3: The analog front-end board

Figure D.4: The proposed system
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