DESIGN AND DEVELOPMENT OF A SIMPLE POWER QUALITY MONITOR
FOR LOW VOLTAGE DISTRIBUTION SYSTEM

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ONDER YAZLIK

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

FEBRUARY 2014






Approval of the thesis:

DESIGN AND DEVELOPMENT OF A SIMPLE POWER QUALITY MONITOR
FOR LOW VOLTAGE DISTRIBUTION SYSTEM

submitted by ONDER YAZLIK in partial fulfillment of the requirements for the de-
gree of Master of Science in Electrical and Electronics Engineering Department,
Middle East Technical University by,

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Goniil Turhan Sayan
Head of Department, Electrical and Electronics Engineering

Prof. Dr. Muammer Ermis
Supervisor, Electrical and Electronics Eng.Dept., METU

Assoc. Prof. Dr. Ozgiil Salor Durna
Co-supervisor, Electrical and Electronics Eng.Dept., Gazi Uni.

Examining Committee Members:

Prof. Dr. A.Nezih Giiven
Electrical and Electronics Engineering Dept., METU

Prof. Dr. Muammer Ermis
Electrical and Electronics Engineering Dept., METU

Prof. Dr. Isik Cadirci
Electrical and Electronics Engineering Dept., Hacettepe Uni.

Assoc. Prof. Dr. Cagatay Candan
Electrical and Electronics Engineering Dept., METU

Dr. Turan Demirci o
Energy Institute, TUBITAK

Date:




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all
material and results that are not original to this work.

Name, Last Name: ONDER YAZLIK

Signature

v



ABSTRACT

DESIGN AND DEVELOPMENT OF A SIMPLE POWER QUALITY MONITOR
FOR LOW VOLTAGE DISTRIBUTION SYSTEM

Yazlik, Onder
M.S., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Muammer Ermis

Co-Supervisor : Assoc. Prof. Dr. Ozgiil Salor Durna

February 2014, 12| pages

Power Quality (PQ) is an important issue in the operation of distribution systems. The
power delivered to the consumers should be as clean as possible. Quality of power
is defined in various standards or regulations such as The Electrical Distribution Sys-
tem Supply Reliability and Quality of Electricity Regulation in Turkey. To comply
with these regulations the quality of the electrical power should be monitored and
controlled at the consumer side which is at the end of the distribution system. This is
achieved by designing and implementing a stand-alone and real-time Power Quality
Monitoring device dedicated to the distribution system within the scope of this thesis.
The PQ monitoring device, which is named Mini-PQ, processes the power signals
in accordance with the international standard IEC 61000-4-30 and sends the data to
a PQ monitoring center by using Power Line Communication (PLC). PLC use the
existing power lines thus eliminating the need to the existing or a new local area net-
work. Both hardware and software running on the Mini-PQ have been developed in
this thesis work. In addition, a graphical user interface (GUI) software is developed
to be used in the PQ monitoring center. Performance verification of the designed PQ
monitor with field measurements are carried out and the associated results are also
presented in the thesis.



Keywords: Power Quality, Power Quality Monitoring, Power Line Communication,
Mini-PQ, Signal Processing on Power Quality
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DUSUK GERILIM DAGITIM SISTEMLERINDE BASIT GUC KALITE
MONITORU TASARIM VE GELISTIRILMESI

Yazlik, Onder
Yiiksek Lisans, Elektrik ve Elektronik Miithendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Muammer Ermis

Ortak Tez Yoneticisi  : Dog. Dr. Ozgiil Salor Durna

Subat 2014 , [T12]sayfa

Gii¢ Kalitesi, dagitim sistemlerinin isletiminde énemli bir konudur. Tiiketiciye ile-
tilen gii¢ olabildigince temiz olmalidir. Giiciin kalitesi, Tiirkiye’de Elektrik Piyasasi
Dagitim Sisteminde Elektrik Enerjisinin Tedarik Siirekliligi, Ticari ve Teknik Kalitesi
Yonetmeligi gibi ¢gesitli yonetmelik ve standartlarda tanimlanmaktadir. Gii¢ kalitesi
konusundaki standart ve yonetmeliklere uymak icin elektrik giiciiniin kalitesi dagi-
tim sisteminin son noktasi olan tiiketici noktasinda izlenip kontrol edilebilmelidir.
Bu gereksinim, bu tez kapsaminda tek basina calisabilen, ger¢cek zamanli, elektrik
dagitim sistemlerine 6zel tasarlanmig Gii¢ Kalite izleme sistemi tasarimi ve uygu-
lanmasiyla karsilanmigtir. Mini-PQ adiyla tasarlanan cihaz, uluslararasi standart olan
IEC 61000-4-30°de belirtilen gereksinimleri karsilayacak sekilde, gii¢ sinyallerini is-
lemekte ve elde ettigi verileri gii¢ kalitesi merkezine gii¢ hatt1 haberlesme metoduyla
gondermektedir. Gii¢ hatt1 haberlesme metodu var olan gii¢ hatlarim1 kullanmakta,
boylelikle var olan veya yeni yerel ag kurulumu ihtiyacini ortadan kaldirmaktadir.
Sistemin donanim ve iizerinde yiiklii yaziliminin tasarimi bu tez kapsaminda gelisti-
rilmistir. Bunlara ek olarak, gii¢ kalitesi merkezinde ¢alistirilmak iizere bir kullanici
arayiiz programi da gelistirilmigtir. Tasarlanan gii¢ kalitesi monitOriiniin arazi 6l¢lim-
leriyle birlikte performans dogrulamasi bu ¢alismada yapilmig ve elde edilen sonuglar
tezde sunulmustur.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

Electrical power is extremely important raw material that should be available in terms
of quality. It is used almost every field in human life, besides in all commercial activ-
ities. Essential missions of the organizations which generate, transmit and distribute
electrical energy are to provide uninterrupted, cheap and high quality service to the
consumers. If a power problem causes a failure or mis-operation in the electrical or
electronic equipment, that causes an economical and environmental loss. To detect
the problems in the power line and determine solutions to these problems it is neces-
sary to use power quality (PQ) monitor devices in the supply and demand sides. As
technology improves PQ becomes very important since new and different electrical
and electronics devices are available in the market. Figure [I.] gives the number of
papers in the INSPEC (The Institution of Engineering and Technology) database [4],
which use the term "power quality" in the abstract, the list, or the title of keywords.
This figure gives an perception to the increasing importance of the PQ monitoring
and controlling in the last decades [4]]. These new devices are more sensitive to power
quality than older ones. In order to improve electric power quality and energy effi-
ciency, the sources and reasons power quality problem must be known by both supply
and demand sides. The major objective of PQ monitor system is to analyze the mass
of power quality data collected by various monitor sites [15]. Power quality is a big

issue not only in the electrical grid but also in vehicles such as ships[16].

Monitoring and controlling the quality of the electrical power at the consumer side,
which is at the end of the distribution system, comprise the main reason of this study.

The aim of this thesis is to design and implement simple power quality monitoring



1000

800

600

4001

Number of papers

200r

1970 1975 1980 1985 1990 1995 2000 2005
Year

Figure 1.1: Use of term power quality [4]

system for low voltage distribution system level that communicate with a PQ center
via a proper communication medium which already exists such as power line com-

munication (PLC).

The design of monitoring system will be implemented with minimum costs and flexi-
ble design specifications. The system will be able to analyze the power quality of the
connected electrical grid in real time. The existing power quality monitor systems are
designed to be able to measure the quality at the transmission systems, therefore they
are complex, expensive and big devices [17, [16]. The systems which monitor PQ at
the customer level, store the results on-board or send the results via Ethernet, GPRS
(General Packet Radio Service) etc., which requires human effort to collect and assess
the data afterwards. Moreover, sending data on Ethernet requires building a network.
In terms of hardware, the monitoring devices are based on PC (Personal Computer) or
DSP (Digital Signal Processor) including high-level commercial software platforms
such as MATLAB, Lab-VIEW, C++. These devices only collect raw data from wave-
forms and process the data by using software platforms. Using these devices at the
customer level may cause difficulties in terms of design, price and flexibility. Main
motivation of designing such complex, high level monitoring systems is to detect all
possible power quality parameters defined by the standards [S)] in the transmission
system. On the other hand, at the customer level, there is no need to detect all PQ

parameters. Because, at this level, more simple events occur and this makes the mon-

2



itor devices more simple than their counterparts in the transmission system level. So,
a monitoring device in the distribution system level requires less computations since

all the requirements of IEC-61000-4-30 [5]] do not need to be met.

The device in the scope of this thesis, uses power line as the communication environ-
ment and hence there is no need to build a new network for communication. Devices
in the market use GSM (Global System for Mobile Communications), Ethernet, serial
communication or parallel communication for communicating with the power quality

centers [15, 117,18, 19].

There are several PQ monitoring techniques in the field of the power quality measure-
ment. Using data acquisition (DAQ) cards and PCs is one of the most popular method
in the field. On the other hand, using DSP technology is another popular methodology
[20% 21} 118} 22]. For example, power quality monitoring system in [22]] is based on
Lab-VIEW, which uses the commercial software platform. Hardware of this system
includes two computers, two cases, one modulation card and one DAQ card, which
are all commercial. The use of Lab-VIEW requires a PC, which makes the system ex-
pensive and inflexible. This system also uses Lab-SQL (Structured Query Language)

to generate old data and generate reports for certain periods of time.

Yet another PQ monitoring method is based on DSP and PCI (Peripheral Component
Interconnect) technique [23]]. This system combines the capabilities of DSPs and
resources of the computer together. In this system PCI bus is adopted to PC and
DSP to communicate each other and meet the needs of data communication. PLX,
TI (Texas Instruments) and Lab-VIEW products are used in this method. Data are
processed in the DAQ card and all results are sent to PC via the PC bus which is used
as communication medium. An upper computer initializes the DSP by using the PCI
bus. Without the PCI bus DSP cannot be initialized, so use of a PC is compulsory
here. The upper computer reads the pre-processed data through the PCI bridge. Driver
in the upper PC controls all sub-units such as DSP and PCI. By setting up PCI bus,
DSP is initialized. Lab-VIEW software is set up on the upper PC and this software
processes all the pre-processed data on the PC. DSP only processes the analog signals
and sends them to the PC. By using database technology processed data are compared

with the standards. Comparison and decision are not made on the DSP, these are



achieved on the PC. This monitoring system needs a PC nearby the DSP, and it also
uses a commercial software Lab-View that runs on the PC. In addition, using PCI bus
and PC reduce the mobility of the device, which also increases the complexity of the

system. Every single system needs one PC, one PCI bridge in this method.

Another architecture is based on DSP interfaced to a host computer [24]. Although an
embedded system architecture appears in this system, all system level requirements
are implemented on a PC which is the host computer. While real time tasks are
implemented on the DSP chip system user interface, system level requirements such
as Interrupt Subroutine are implemented on the host computer. An environment is
necessary on the host computer to process some tasks. That means, embedded system
cannot work without a PC and for all user-interfaces the device needs a PC alone.

Communication between the PC and DSP is made through a parallel interface.

A DSP-based PQ monitoring device is proposed in [25]. This type of device detects
and classifies disturbances in real-time. To measure and monitor power quality, device
uses an application program in (DSP Starter Kit) DSK using a software platform.
There is no record or storage in DSP and the main function of DSP is data processing.
A host PC is used to control and obtain output from DSP. The host PC works here
as the controller. Similar to mentioned above devices, this device also cannot work
without a PC. There is no communication platform, and JTAG (Joint Test Action

Group) emulator is used to send the results to the PC.

A monitor based in a PC is proposed in [[17]. This monitor consists of voltage and cur-
rent sensors, signal conditioning board, DAQ card and one PC. All data are processed
and stored in the PC. This system uses Lab-VIEW as software development platform.

User interface is commercial software by National Instruments, Lab-VIEW.

A system for detecting only disturbances is proposed in [26]. It uses stand-alone DSP
that can work by itself. It consists of a multiple sensor boxes, DAQ card and a PC.
Communication is implemented via USB between DAQ and PC. Data are recorded

on the PC. Therefore it is not suitable to set up it to consumer level.

A nationwide monitoring system for PQ with monitoring devices, installed at the

electricity transmission network, and the interface between the transmission and the



distribution networks are presented in [27]]. The system has been developed through
the National Power Quality Project of Turkey. In this proposed system, all monitor-
ing devices, which are installed in the transmission system, both collect and compute
real-time PQ parameters in addition to measuring active power, reactive power and
power factor [[19]]. The devices also detect PQ events and faults, and collect raw data
of line voltages and currents. The devices use fiber optic cable, ADSL (Asymmet-
ric Digital Subscriber Line) or GPRS network to send the data. The hardware of the
device is composed of a mini-ITX motherboard, a DAQ unit, analog signal condition-
ing unit, digital I/O (Input and Output) functionality circuits, GPS (Global Positioning
System)-based synchronization circuitry, various power supplies and human-machine
interface circuitry. Despite compactness, robustness and flexibility of the environ-
ment, this device is far too equipped and expensive to be installed into a distribution

system.

A mobile PQ monitoring device is developed in [28]. In terms of hardware, the device
consists of one DAQ Card 6036E, one card for sample and hold purposes, three cur-
rent probes, three voltage dividers, a laptop computer, an uninterrupted power supply,
and an isolation transformer. NT Lab-VIEW is employed as software development
platform. The device can perform online data processing, raw data collection and
storage and software reporting. The data can be stored in DVDs (Digital Versatile

Disc) or data cartridges, but the device has no capability to send the collected data.

Various commercial devices also exist in the market for monitoring PQ in the distri-
bution system level. Fluke 435 is one of them [29]]. It requires a memory card to store
the PQ data, however, it is not designed to send the data online for signal processing,
which requires human effort afterwards. Similar to this device, another commercial
device is proposed by Hioki 3196 [30]]. It is another device which is able to send the
PQ data immediately on Ethernet, however it is extremely expensive to be used in

large numbers in the distribution system level.

The outstanding features of the designed and implemented device in the scope of this

study are:

1-) Analysis of the simple PQ events and faults;



2-) Power interruption interval and duration detection;

3-) Low power consumption;

4-) Inexpensive unit cost suitable for using in the distribution system level;
5-) Usage of power line as the communication medium;

6-) Centralized control in the distribution system.

This thesis consists of design and implementation of a Power Quality Monitoring
device, hardware and software design, and also setting up of the power line commu-

nication.

The outline of this thesis can be summarized as follows:

€ Chapter 2: This chapter starts with the explanation of the power quality pa-
rameters, which are stated in the Standard IEC 61000-4-30 [5]. System block
diagram and connections are given in this chapter. Specifications of the de-

signed and implemented system are explained.

€ Chapter 3: After designing the processing requirements according to the stan-
dard IEC 61000-4-30, the architecture of the algorithms are explained in detail.

Simulation results of the algorithm are given in this chapter.

€ Chapter 4: Hardware and PLC design of the device are given in this chapter.
Architecture of the designed hardware including the DSP and communication

medium are discussed.

€ Chapter 5: Detailed explanation of the design and implementation of the DSP

software and computer interface program are given.

€ Chapter 6: System verification in the laboratory environment and later field
measurements are provided. Outputs of the designed device are presented for

verification.

€ Chapter 7: The conclusion of the study with suggestions for the future work are

given.



CHAPTER 2

GENERAL SYSTEM DESIGN

The International Electrotechnical Commission (IEC) defines the power quality (PQ)
term in IEC 61000-4-30 [158, page 15], as: “Characteristics of the electricity at a
given point on an electrical system, evaluated against a set of reference technical pa-
rameters.” In general, it is a fact that customers always demand information about the
quality of the service and the product. It is not different in energy market; customers
would like to know everything about the power quality. If something goes wrong with
the supply, they want to know what caused this fault and who is responsible. When
this power quality problem causes a damage in an electronic equipment, financial re-
sponsibility becomes more and more important. In the Netherlands, after a damage in
an electronic device, a court stated that the operator of the grid has to prove whether
the quality of the power and power parameters were within the limits when the dam-
age occurred [31]]. Since there was no evidence, that meant the operator could not
prove that quality of the supply was in the range of the normal limits, therefore half
of the loss was paid by the operator. Hence, it is always necessary to obtain and col-
lect information about the quality of the power in the network at all levels; generation,
transmission and distribution. Considering the power system in the Figure [2.1] there
are many customers in the grid at the distribution level. The number of nodes is too
high to be compared with those of the generation and transmission levels. Clearly,
the power monitoring device in this level should be simple and as cheap as possible.
As also mentioned before, a monitoring device in the distribution level requires less
computations since all the requirements of IEC-61000-4-30 [S]] does not have to be
met. So it is possible to sacrifice evaluation of some parameters to make the device

simple and cheaper.
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Figure 2.1: Electrical Grid

In this study, main motivation was basically to design and to implement a simple,
compact, cheap and flexible power quality monitoring device for low voltage distri-
bution system, which communicates with a Power Quality Center via Power Line
Communication. In this case, the power quality center is a device, which had been
already designed and implemented by TUBITAK UZAY and named PQ++ [32] .
All processed PQ parameter logs are sent to this device by using power line as the
communication medium, which makes the system cheaper and compact, in terms of

network components.

The measurement process is defined in international standard documents such as IEC
61000-4-30 [5] (IEC 61000-4-30: Testing and measurement techniques - Power qual-
ity measurements methods. (2008).:IEC, Geneva, Switzerland.) and IEEE 1159-2009
(IEEE Recommended Practice for Monitoring Electric Power Quality). The standard
document explains working requirements of PQ instruments in detail. Part 4 of IEC
61000 defines the methods for measurement and interpretation of results for PQ pa-

rameters in 50/60 Hz a.c. power supply systems.

The objective of PQ monitoring can be defined as follows [33]:

€ The diagnosis of incompatibilities of the power system with the load,

€ The evaluation of the electric environment at a part of the system in order to

refine modeling techniques or to develop a power quality baseline,
€ The prediction of future performance of load equipment or power quality miti-

8



gating devices.

Electrical power quality may be described by a set of parameters as:

€ Continuity of the service,

€ Power frequency,

€ Voltage magnitude,

& Flicker,

€ Supply voltage dips and swells,
€ Voltage interruptions,

€ Transient voltages,

€ Supply voltage unbalance,

€ Voltage harmonics.

The designed monitoring device, which we call Mini-PQ, in this thesis obtains conti-
nuity of service, voltage and current magnitude, power frequency, voltage dips, swells
and interruptions, current harmonics from the above list. In addition, power consump-

tion (active, reactive and apparent power) in the load are also computed.

2.1 Power Quality Parameters Obtained by Mini-PQ

In this section, basic power quality parameters and measurement methods used in
this thesis will be described in detail. Definition and theoretical calculations of power
frequency, magnitude of the supply voltage, magnitude of the current, supply voltage
dips and swells, voltage interruption etc. will be explained. Other parameters in the
above list are not crucial for the distribution system levels, therefore Mini-PQ is not

designed to obtain them.



2.1.1 Power Frequency

The frequency of the system is a measure of the speed with which the electrical ma-
chines rotate [4]. If a system is synchronously interconnected, all machines rotate at
the same speed. However, we know there are always small speed differences among
the machines in an interconnected system. The system frequency is defined as the
weighted average of the frequencies of the machines. Voltage frequency is the rep-
etition rate of the waveform of the voltage at a specific location. Therefore, system
frequency and voltage frequency are very close to each other and it is possible to

assume that voltage frequency is the same as the system frequency.

Variations in the frequency changes depending on the load character and the response
of the generator control systems to the change in the loads. In a transmission system,
a measured frequency variation during a large disturbance is shown in the Figure [2.2]
Changes in the frequency may cause faults in the grid. Therefore, variations in the fre-
quency is limited to a range by national and international standards such as EN50160
[1]. According to the standard [S], the frequency reading shall be obtained maximally
every 10 seconds [3]. Measurement method of frequency in IEC 61000-4-30 is de-
fined as the ratio of the number of integral cycles during the measurement interval,
divided by the cumulative duration of the integer cycles. The measurement uncer-
tainty is recommended as has a maximum value £50 mHz over the measuring ranges
42.5Hz - 57.5Hz. If the measurement involves three-phase channel, it is necessary to

designate a reference channel and measure frequency in this channel.

50.6

50.4+

50.2+

50

49.8r

Frequency (Hz)

4961

49.4+

492

0 50 100 150 200

Figure 2.2: Measured Frequency Variation [4]]
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2.1.2 Magnitude of The Supply Voltage

The RMS (Root Mean Square) value of an AC (Alternating Current) sinusoidal volt-

age waveform is considered as voltage magnitude. The voltage waveform is:

u(t) = V2u cos 27 ft (2.1

where

f : Voltage frequency,
u : RMS voltage.

Change of u in Equation 2.T|causes voltage variations. RMS reduction in the AC volt-
age defined as a voltage dip, whereas RMS increase in AC voltage is a voltage swell.
In an electrical grid, at the transmission system level, to guarantee the system security,
voltage RMS control is an important issue. Whereas at the distribution system levels,
this is an issue about power quality. Variations in voltage magnitude can effect the
performance of electrical-electronic end-user equipment. Therefore, variations in the
voltage RMS is limited to a range by international standards. According to the IEC
61000-4-30 the measurement shall be the RMS value of the voltage magnitude over
a 10-cycle time interval for 50 Hz power systems. In case of power frequency oscil-
lations, a possible method is using frequency value obtained in compliance with the
standard to obtain exact 10-cycle analysis windows. The measurement uncertainty
shall not exceed 0.5 % of Udin (value obtained from the declared supply voltage by a

transducer ratio), over the range of 20 - 120 % of Udin.

2.1.3 Active, Reactive and Apparent Power

In an AC circuit, voltage and current have sinusoidal waveforms, naturally. So, the
amplitude of the voltage and current change over time in an AC circuit, hereby, power
is a quantity that will come in different attributes. An electronic circuit have three
main components: resistor, capacitor and inductor. Each of these circuit components
has different characteristics and effects on a circuit. While a resistor causes no shift
between voltage and current, a capacitor and an inductor cause 90 degrees phase shift

between voltage and current. Resulting power of a purely resistive load is known as

11



true power, measured in Watts. Another type of power is defined as reactive power,
which is the resultant power of an inductive or capacitive load and measured in VA
reactive (VAr). In a capacitive load, the voltage lags the current waveform by 90
degrees and this will produce negative reactive power. In an inductive load, positive
reactive power is produced because the voltage leads the current waveform by 90
degree. This negative and positive power occurs because inductors consume reactive
power, capacitors generate reactive power. Any AC system have a composition of
true and reactive power, whose angle varies between voltage and current as shown in
the Figure 2.3] The combination of active and reactive power is known as apparent

power, measured in volt amps (VA).

Power

Angle Between Voltage

and Current

Valtage

Current

Figure 2.3: Active and Reactive Power

The formulas for the active, reactive and apparent power are defined as:

P =VIcost (2.2)
Q= VIsinf (2.3)
S=VI 2.4)

where

P : Active power,
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@ : Reactive power,

S : Apparent power,

V' : RMS value of the line to neutral voltage,
I : RMS value of the line current,

6 : Angle between voltage and current waveforms.

These power quantities are trigonometrically related to each other. This relation is

shown in the Figure [2.4] The relation is formulized as:

Reactive Power = \/(ApparentPoweﬂ) — (Real Power?) (2.5)
Real Power = \/(ApparentPowerz) — (Reactive Power?) (2.6)
Apparent Power = \/(Realpowe?"Q) + (Reactive Power?) 2.7

Apparent Fower
Reactive Power

P

Active Power

Figure 2.4: Power Triangle

Although the above power parameters are not included in PQ parameters in the IEC
61000-4-30 standard, they are computed in the Mini-PQ. Because in the distribution

system level, especially reactive power is a very important issue.

2.1.4 Supply Voltage Dips and Swells

A short-duration reduction of the RMS voltage is defined as voltage dip. During the
event, the RMS voltage may be any value that is between zero and nominal voltage
values. Reduction in the RMS value causing short-duration increases in the magni-
tude of the load current. Generally, a PQ monitoring device is triggered for a voltage-
dip logging, when the actual RMS voltage is below its 90 % of its nominal RMS
values. The residual voltage is the lowest input RMS value measured on any channel

during the dip. Voltage dip is stated for poly phase systems in IEC 61000-4-30 as:

13



"a voltage dip begins when the RMS input voltage of the channels are below the dip
threshold and ends when the URMS (value of the RMS voltage measured over one
cycle) voltage on all the channels are equal to or above the voltage dip threshold plus
the hysteresis voltage." Hysteresis is difference in magnitude between the start and
end thresholds. The duration of a voltage dip is the time difference between the start

time and the end time of the voltage dip.

A short-duration increase in the RMS voltage is defined as voltage swell. The voltage
swell threshold is a percentage of the line RMS voltage. Voltage swell is stated in IEC
61000-4-30 as :"a voltage swell begins when the input supply voltage of the channels
are above the swell threshold and ends when the URMS voltage on all measured
channels are equal to or below the swell threshold minus the hysteresis voltage." The
start time of a swell shall be time stamped with the time of the end of the input supply
of the channel that initiated the event and the end time of the swell shall be time
stamped with the time of the end of the input supply voltage that ended the event, as
defined by the threshold minus the hysteresis.

Voltage dip and swell are shown in Figure 2.5]and Figure [2.6] [34].

[
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0,54961

Figure 2.5: A Voltage Dip

2.1.5 Voltage Interruption

In general, PQ monitors compare the measured supply voltage magnitude with a pre-
defined threshold level. When the measured supply voltage pass this threshold for

longer than a certain time, the monitor detects a voltage interruption. The monitor
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Figure 2.6: A Voltage Swelll

continues to record the time duration until the supply voltage magnitude rises above
the threshold. The time interval between the beginning and end of the event is logged

as voltage interruption duration.

2.1.6 Current Harmonics

Harmonics refers to the amount of distortion to the sine wave. In a distribution sys-
tem, harmonics are any non-linear current or voltage. A typical distorted waveform
is shown in Figure 2.7, Harmonics is generally referred to as electrical noise. At
customer level, harmonics can be caused by several sources, such as fluorescent light
ballasts, speed control devices, halogen lights, electric arc furnaces, battery chargers,
AC to DC (Direct Current) rectifiers and power supplies which are used in most of
the electronic devices. When any electrical device draws unbalanced current from
the supply, that causes a vibration harmonic, the current is not drawn as a smooth
sine wave. Resonance, exist at integer multiples of the main frequency. These integer

multiples of the main frequency define harmonic order of magnitude.

In the electrical distribution system, odd number of harmonics ( 374, 5, 7', etc. )
have the greatest importance. Because, the sinusoidal wave distortion is symmetrical
below and above the average center line of the waveform. Even number of harmonics
are usually given less importance (2"¢, 41, 6", etc. ) because of their equal swinging

in both the positive and negative directions.
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Figure 2.7: A Typical Distorted Waveform

Harmonic current distortion is only a power quality issue if it affects sensitive equip-

ment. Some effects of harmonic currents are in the distribution system level are:

€ Additional heating in transformer,
€ Increase in power loss,
€ Noise in communication and telephone lines,

€ Overloaded capacitors.

2.2 Power Quality Standards

Measurement techniques and limits of the power quality parameters described above

are standardized according to the national and international standards.

A norm called EN 50160 [1] is created by the CENELEC (European Committee
for Electrotechnical Standardization) in Europe. The norm designates in the point
of delivery to the customer (PCC - Point of Common Coupling), the power quality

parameters of a distribution system. Some European countries have already adopted
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to this norm. International Electrotechnical Commission (IEC) and the Institute of
Electrical and Electronics Engineers (IEEE) have also published norms which aim to

limit the harmonic contents in the voltages, named IEEE-519 and IEC 61000.

The main set of international standards on power quality is found in the IEC docu-
ments on EMC (Electromagnetic Compatibility). The IEC EMC standards consist of

six parts, each of which consists of one or more sections [4]:

€ Part 1-General: This part of the standard contains for the time being only a

section in which the basic definitions are described and explained.

€ Part2-Environment: Quantification of various disturbance levels sections are
contained in this part. This part also contains environment description, classifi-

cation and methods for quantifying the environment.

@ Part 3-Limits: This part is the basis of the EMC standards where the several
emission and immunity limits for equipment are given. Standards IEC 61000-
3-2 and IEC 61000-3-4 give the limits for emission for harmonic currents; IEC
61000-3-3 and IEC 61000-3-5 give emission limits for voltage fluctuations.

€ Part 4-Testing and Measurement Techniques: Definition of immunity and emis-
sion limits are not enough for such a standard. The standard also must define
standard ways of measuring techniques for the emission and of testing the im-

munity of equipment. This is taken care of in part 4 of the EMC standards.

€ Part 5-Installation and Mitigation Guidelines: This part gives background in-
formation on how to avoid electromagnetic interference at the design and in-

stallation stage.

€ Part 6-Generic Standards: Immunity and emission are defined for many types of
equipment in specific product standards. For those devices that are not covered

by any of the product standards, the generic standards apply.

EN 50160 is the most important non-IEC standard defining voltage characteristics,
which have been created by CENELEC, defining voltage characteristics. Several
countries have created power quality documents of their own. The IEEE has pub-

lished a significant number of standard documents on PQ, with the harmonics stan-
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dard IEEE 519 probably being the most widely used outside of the United States.
A more recent document that has become a global standard is IEEE 1366 defining
distribution reliability induces. Other IEEE power quality standard documents worth
mentioning are IEEE 1346, IEEE 1100 (power and grounding of sensitive equip-
ment), IEEE 1159 (monitoring electric power quality), and IEEE 1250 (service to

sensitive equipment) [4]].

The main measurement ranges and uncertainties of the measured signals according to

the EN 50160 are presented in the Table 2.1

2.3 Installation of Mini-PQs in the Distribution System

The device described in this thesis, the Mini-PQ, is designed for the low voltage
distribution system levels. In the beginning of this chapter, electric grid scheme has
been given in the Figure [2.1] The electrical connection of the installed power quality
monitoring devices in the Turkish Power System is shown in Figure In this
figure, PQ+ and PQ++ devices are designed implemented by TUBITAK UZAY. The
PQ+ analyzer is specifically designed for multipurpose usage such as event recording

and raw data collection, in addition to the usual PQ analysis functions [27].

These devices communicate with each other and National Monitoring Center for
Power Quality (NMCPQ) via Asymmetric Digital Subscriber Line (ADSL) or fiber
optic lines. The PQ+ analyzers are continuously communicate with NMCPQ to send
obtained data or result. The exported data by the analyzers are stored in the PQ
database of the NMCPQ and they are also displayed on the country map on the digi-
tal light processing technology based screen for the PQ operators of TEIAS to do the
analysis and take necessary actions [27]. The PQ++ also uses ADSL or fiber optic
cable as the communication medium. A PQ++ is setup into the distribution system

and it can measure and collect data from up to ten feeders.

The Mini-PQ is designed to be integrated to these devices. The Mini-PQ is installed
to the customer level, which is the end of the low voltage distribution system of the
power system. It sends the power quality logs to the PQ++ via power line. As stated

before, PQ++, PQ+ and NCMPQ communicate with each other via an ADSL modem
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Table 2.1: EN50160 limits for characteristics of supply voltage [[1]

Characteristic | nominal | ip variation min/max meas. | note
value period
Power 50Hz 10s -1%/+1% @ 99.5% of a year 1 week
frequency 6% /+4% @ 100% of a year
50Hz 10s -2%/+2% @ 95% of a week 1week | for systems
-15%/+15%@ 100 % of a time Isolated systems
Magnitude of | LV: untit 2003 LV Un
supply 230V may be according
voltage Mv: natonal HD 472 S1
Ue
Supply LV:
voltage Un 10min | -10%/+10% @ 95% of a week 1 week
variation -15%/+10% @ 100% of a week
Mv:
Ue 10min | -10%/+10% @ 95% of a week 1 week
Rapid voltage | LV generally £5% 1 day indlicative
changes Un max +10% several time a day
Mv: generally +4%
Ue max +6% several time a day
Flicker Pit<1 @ 95% of a week 1week | Pstis not used
severity
Supply Lv 10-1000/ year, <1s,depth< 60% | 1year | indicative
voltage dips caused by large loads depth% of Un (Uc)
Mmv 10-1000/ year, <1s,depth< 60%
caused by large loads and faults
Short 10 to several hundreds , 70%<1s | 1year | indicative;
Interruptions duration < 3 min
Long 10-50 1year | indicative;
Interruptions prearranged  are
not counted in
Temporary Lv <1.5kVrms upto 5s indicative
overvoltages | MV < 2.0 Uc; failures
< 3 Uc; ferroresonance
Transient Lv <6kV inclicative
overvoltages | MV
Supply 10min | <2% @ 95% of the week | 1week
voltage occasionally up to 3%
unbalance
Harmonics 10min | table 4 @ 95% of the week 1 week
Inter- 10min | limits under consideration 1 week
harmonics
Mains 3s less then EN50160 curve on | 1day
signalling figure 16 @ 99% of a day
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and the internet or fiber optic cable. PQ++ sends the collected data from the Mini-
PQ to the PQ+ or to the NCMPQ by using one of these communication networks.
The communication diagram of the devices is shown in Figure[2.10] In the figure the
gray colored lines indicate communication lines between the devices and NCMPQ.
By looking at these lines we can see that; whereas it is necessary to set up a new
communication network for PQ+ and PQ++, this is not necessary for the Mini-PQ
since power lines can be used as communication network. As stated in Chapter 1,

this network is already installed for power systems with PQ+ devices [27, [19]. The
Mini-PQ is designed to use this network to send the data to a PQ++.

2.4 Measurement Setup and Hardware Structure for the Mini-PQ

Hardware description for a power quality monitor is provided in IEC 61000-4-30
[5l]. This measurement setup for power quality monitors is shown in Figure 2.8] The
electrical quantity to be measured may be either directly accessible, as is generally
the case in low-voltage systems, or accessible via measurement transducers. The
first step in a power quality monitor is transformation of the input signals to a level
so that these signals can be measured in the measurement unit. Next step is the
signal conversion, signal is converted from analog domain to digital domain to be
processed in a processing system. Final step is the evaluation, where the measured

and processed signal is evaluated according to the requirements of the international
standards [5, 34].

Measurement

Measurement Evaluation

T | transducers k unit A unit ‘

o
‘ ‘
|
\

;.

L & I‘ﬂ | [
\ Electrical input ' Input signal to Measurement Measurement |
signal be measured result evaluation

Figure 2.8: Measurement Chain [S]
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Figure 2.9: Conceptual illustration of the installed PQ monitoring devices in the Turkish electrical grid with multiple Mini-PQs
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as the communication medium. TSO:Transmission System Operator, DSO:Distribution System Operator



The requirements of IEC 61000-4-30 are only ensured by the usage of a powerful
hardware, since time aggregations of parameters have to be made and certain level of
uncertainties have to be satisfied. The hardware of the designed device was imple-
mented with satisfactory capacity for its performance and for possible performance

upgrades. A simplified measurement setup block diagram of the device is presented
in the Figure 2.11]

As shown in the figure, the device involves a signal-conditioning module, a high-
speed multi-channel ADC, a powerful DSP, and a power line communication modem.
The objective of the proposed device is to calculate power quality parameters and
classify disturbances and events in real-time. It uses data processing capability of
embedded DSP with high speed bipolar, 16-bit ADC. The device also has a battery
and storage ability to detect the duration of voltage interruption. The real-time logs
are send to a PC via power line communication modem. Furthermore, a user-friendly
interface which is designed to run in PQ++ devices and can be set up into any PC is

developed to access the outputs of Mini-PQ obtained from the modem.

MULTI CHANNEL
SIGNAL A/D CONVERTER DSP BOARD
CONDITIONING BOARD (Parameter
MODULE (Signal Evaulation Unit)
ANALOG Measurement Unit)
INPUT
SIGNALS
PLC MODEM

Figure 2.11: Simplified Measurement Setup of the Mini-PQ
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CHAPTER 3

SIGNAL PROCESSING ALGORITHMS OF THE MINI-PQ

In this chapter, designed algorithms to calculate PQ (power quality) parameters, which
are described in Chapter 2, are explained. First, general information about the algo-
rithms are shared and they are supplied with simulation results. Then, individual

algorithm for each parameter is described in detail, as well.

3.1 An Overview of Algorithm Design

All signal processing algorithms are implemented in MATLAB signal processing en-
vironment. Therefore, they can easily be adopted to the C environment in which the
DSP (Digital Signal Processor) operates. The designed system is capable of sam-
pling both voltage and current data generated of three phases of the power system,
simultaneously. As a result, there are six independent input channels on the Mini-PQ.
Sampling frequency in which the analog data is converted to digital is chosen as 1.5
KHz, therefore the Mini-PQ can compute current harmonics up to 13" order, which
is good enough for the distribution system level. However, the sampling rate and

hence the maximum harmonic order is upgradable up to 40 if required.

As defined in IEC 61000 4-30, the frequency measurement is required to be realized
every 10 sec at most. In this study, the period of frequency measurement is chosen
as nine sec. Calculation of voltage RMS values are done at each period of three
sec. Therefore, each nine sec-length raw data-segment is used to calculate one power

frequency, three voltage RMS, and the rest of PQ parameters for each phase.
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As recommended in the [5], unwanted harmonics and interharmonics are filtered out
from the raw data by using a low-pass filter at the beginning of each calculation
period. In addition, zero-crossings are used to determine integer cycles. The low-
pass filter which is used to eliminate harmonics on the voltage waveform is a linear
phased Finite Impulse Response (FIR) filter. The cut-off frequency of this filter is
chosen as 2 KHz for harmonic calculations and 60 Hz for the rest of the parameter

calculations.

All data are sampled at 1.5 KHz; therefore, in a data segment for one channel there

are:
N =9 5 x 1500 (samples/second) x 1 channel = 13500 samples/channel.

Performances of all the designed signal processing algorithms satisfy the aggregation

and measurement requirements described in the [3]].

General signal processing flow diagram is provided in Figure

9 s Data Block

Digital Filtering

T

Signal Analysis

<

Analyzing Power Quality
Parameters

<

1 Power Frequency (every 9-s)
3 Vrms (every 3-s)
Irms (every 3-s)
1 Active Power (every 9-s)
1 Reactive Power (every 9-s)
3 Current Harmonics (every 3-s)

Figure 3.1: General flow diagram of data processing
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3.2 Power Frequency Calculation

As stated before, line voltage contains odd and even harmonics and these harmonics
affect the sensitivity of frequency calculations. Therefore, a low pass filter is designed
to attenuate these harmonics. At frequency calculations, cut-off frequency of the low-
pass filter is chosen 60 Hz. As discussed in Chapter 2, the frequency measurement
range for a 50 Hz system is between 42.5 Hz and 57.5 Hz. Therefore, the chosen

cut-off frequency is beyond this range and suitable for this application.

FIR low pass filter can be designed by using equation [35]:

N-1
Yn = ) Cin (3.1
1=0

(3.2)

where

N : Degree of the filter,
X, : Input signal samples,

C; : Filter coefficients.

In the above equation, N = 10 for the designed filter. As given in[3.2] filter coefficients
are constant and equal to each other. In addition, the filter creates N point linear phase
shift. In order to eliminate phase shift effect, filtered signal is shifted by N points.
Frequency response of the designed filter is shown in Figure [3.2] and phase response

is shared in Figure[3.3]

Counting of zero crossings is one of the most commonly used method to calculate the
power frequency. IEC 61000-4-30 clearly defines the method of the frequency calcu-
lation as: “the ratio of the number of integral cycles counted during the maximally 10
sec time clock interval, divided by the cumulative duration of the integer cycles.” In
this study, frequency measurement is based on zero-crossing method, calculating the

number of samples between the consecutive positive to negative transitions.
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Figure 3.3: Phase response of the LP FIR filter

For an exact 50 Hz frequency, there are 450 cycles in a 9-s interval. If the frequency
raises to 50.01 Hz, there are more than 450 cycles during a 9-s interval. In order to
achieve high frequency measurement accuracy, exact time interval containing integer
number of cycles should be used. When analyzing PQ events (e.g., estimating the
phase-angle jump with voltage dips), the frequency is assumed constant, therefore a
voltage dip or another event causing a change in phase angle shows up as a large fre-
quency variation [4]]. Hence during these events, frequency data is flagged to remove

corrupted such frequency values from the statistics.

An example of voltage waveform which is used in zero-crossing detection algorithm
is shared in Figure 3.4l x[n] and x[n+1] represents two consequtive samples. If

multiplication of these two sequential signal samples equal to or smaller than zero;

zn] x z[n+1] <0 (3.3)

that means a zero-crossing is detected.

The most important point which affects the overall performance of the algorithm is
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Figure 3.4: An example voltage signal for detecting zero crossing

that, the determination of exact time at which the zero-crossing occurred. Choosing
x[n] or x[n+1] as zero crossing point directly affects the accuracy of the calculated
frequency. A closer view of Figure [3.4] around the zero-crossing is shown in Figure
3.5] This figure shows, a zero-crossing point can be represented by two triangles
assuming that signal changes linearly from one sample to the next. ABC and EDC
triangles are similar triangles. So, the lengths of corresponding sides should have the
same ratio. By using basic similarity theorem, point C can be found exactly. Using
point C as the zero-crossing point provides more accurate frequency computation,

when compared to using points B or D.

At every nine seconds, frequency is calculated once in real time. So, contents of
index and counter should be reset at the beginning of the each nine seconds period.
After initialization of the index and the counter, the sampled data is stored in a vector.
Process begins with the occurrence of the first zero-crossing and ends with the last
zero-crossing point. The time interval falling between these two zero-crossing points
is used for calculation instead of constant time interval of nine sec. Zero crossing
points are determined for every voltage cycle (AC voltage cycle). In equation [3.4]
frequency calculation for a cycle is given. Finally, an average of the determined

frequencies is calculated in order to get line voltage frequency.
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Figure 3.5: A closer view to the zero-crossing point

fs
n = 3.4
/ zi[n + 1] — zi[n] (4)
where
n : Number of loop,
fn : Frequency of nth loop,
f : Sampling frequency,
zi[n] : The index of the nth zero-crossing point.
Flow diagram for the frequency calculation is given in Figure
3.3 Voltage and Current Magnitude Calculation
RMS value of the line voltage is calculated from equation [3.5]
1 (T
Vs = 1] = / (Asin(27 ft + 0))2dt (3.5)
T Ji=o
where
t : Time,

f : Frequency,
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Figure 3.6: Frequency algorithm flow chart
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A Amplitude,

T : Period of the waveform.

Integral calculation is a time consuming process for a processor; therefore, if equation
is converted to discrete domain, RMS value can be calculated using summation easily.
The voltage magnitude V is obtained from the sampled waveform by using equation

[36]:

> (vg)?
N
where N is an integer multiple of the number of samples in one half-cycle of the

waveform and k represents kth sampled data.

The standard [5] does not state the determination of the length of a cycle. The fre-
quency calculated from a 9-s raw data may be used to determine cycle length determi-
nation in accordance with the standard. Using a short time window to calculate RMS
Voltage causes noisy appearance. Applying a longer window gives a more smooth

function of time [4]]. Effect of window length on RMS voltage calculation is provided

in Figure

One cycle Two cycles
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=
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=
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o
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o 20 40 80 o 20 40 80

Time (s) Time (s)

Figure 3.7: Effect of window length on RMS voltage versus time [4]

Voltage magnitude is calculated at each 3-s segments in a 9-s data block. Number
of samples in a 9-s data block is already known, and by dividing this data block into
three equal parts, three data blocks are obtained which represent 3-s data segments.

Therefore, after processing a 9-s data block, three voltage magnitude is calculated for
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each channel. Eventually, for 3-s data segment, voltage magnitudes of all cycles are
calculated. First, the sum of the squares of samples in a cycle is obtained. Then, this
sum is divided by the number of samples and; finally, square root of the result of the
division comes out as the RMS value of the voltage waveform. All RMS values ob-
tained for 3-s data segments are averaged to calculate one RMS value. Flowchart for
voltage magnitude calculation is given in Figure [3.8] Similarly, current magnitudes

for three current channels are calculated by using the same algorithm.

3.4 Active, Reactive and Apparent Power Calculation

The parameters needed for power calculation have already been given in Chapter 2

with equations [2.2]2.3]and [2.4]

For the calculation of symmetrical components, the angular difference between volt-
age and current is needed [4]. The power is obtained by multiplying values of the
voltage and the current using a function of phase angle between them. Voltage and
current amplitudes are defined and calculated in the previous sections of this chapter.
When voltage and current are out of phase, the active power is always less than the
maximum power. To calculate active, reactive and apparent power, phase angle be-
tween voltage and current should obtained, which is 6 in equations In Figure

[3.9]two out of phase waveforms are shown.

Zero cross indices for each channel are obtained using the frequency determination
algorithm whose flow-chart is shown in Figure The indices are stored for phase
angle calculations. Index difference between two zero-crossing points, represented by
"d", is shown in Figure @ Then, index difference is converted to seconds by mul-
tiplying it with the sampling period (1/sampling frequency). Finally, time difference
between two zero crossing points is converted to radian to obtain the phase angle. All
phase angles obtained for a 9-s data block are averaged to calculate one phase angle
for the corresponding data block. Flow chart for power calculation is shown in Figure

3.10]
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Figure 3.8: Flow chart for RMS calculation algorithm
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Figure 3.9: Voltage and current waveform which are out of phase

3.5 Current Harmonics Calculation

The Fast Fourier Transform (FFT) is one of the most commonly used operations in
digital signal processing to provide a frequency spectrum analysis [37]. Spectrum
analysis is the process of determining the frequency domain representation of a time
domain signal and most commonly employs the Fourier transform [38]]. An FFT can
be computed in two ways: the decimation-in-frequency and the decimation-in-time.
The FFT is an efficient algorithm that is used to calculate frequency domain repre-

sentation of a time-domain signal, based on the Discrete Fourier Transform (DFT).

The standard IEC 61000-4-7 [34]], defines the measurement of harmonic distortion.
The way in which harmonic current distortion shall be measured when comparing

equipment emission with the emission limit is described in this standard.

Mini-PQ is capable of measuring harmonics up to 13" order. The harmonic calcula-
tion is repeated every hour by using one 9-s data block of that hour. In the previous
section, we stated that the sampling frequency for the Mini-PQ is 1.5 KHz. The
choice of this sampling frequency is important because of the aliasing issues. Illus-
tration of the phenomenon of frequency aliasing is shown in Figure [3.11} In a 50 Hz
system, 13" harmonic of a waveform corresponds to the 650-Hz frequency compo-
nent. According to Nyquist theorem, in order to avoid aliasing, sampling frequency

should be chosen more than 2xf, where f is the frequency of 13" harmonic compo-
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nent. Therefore, in the Mini-PQ system, sampling frequency is chosen as 1.5 KHz,

which is able to detect frequencies up to 750 Hz.

: Samping requency =2 5 Samping recuency <2
AN A
1 1 /
05 1 05
5 18

05 4 05

- -1

ALARARES CANAN

0 002 004 006 008 01 012 0u 0 002 004 006 006 01 012 0M
Time [s] Time s]

Figure 3.11: Illustration of the phenomenon of frequency aliasing [6]

The continuous Fourier Transform of a continuous time domain signal g(t), which

comes out as G(jw) in the frequency w, is given as [6]:

o0

Gljw) = / g(t)eTutdt 3.7)

t=—00

The equation is not practical to be used with a DSP and therefore for a signal sampled
at discrete times tn and in the finite duration, the so called Discrete Fourier Transform

(DFT) in equation [3.8]is used instead of

k
G(w) =" gt,)e 7" (3.8)
n=1

In the Mini-PQ, the frequency f in Hz is used instead of w in rad/s. Therefore, equa-

tion [3.8] becomes:

G(w) =Y g(t,)e >/t (3.9)

The DFT formula in equation[3.9|contains both real and complex components. A DSP

processor cannot perform complex processes. Therefore, it is required to disregard the
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complex exponential /. By using the Euler formula, we can disregard this complex
exponential. According to this formula, exponential e/* is related to the cosine and

sine via the definition:

e = cosh + jsinb (3.10)

e 19

= cosf — jsinf (3.11)
Now equation [3.9]is divided into two parts, real part with cosine and complex part
with sine. DFT formula in equation [3.9]is applied by using Euler’s expansion. Fi-
nally, real and complex components are summed up and harmonics of the current are

calculated up to 13" order.

It 1s already stated that, the power spectrum represents the average distribution of
power of a time signal related to (integer multiples of) the fundamental frequency.
However, a problem experienced when there is power components of the time do-
main signal at the frequency components which are not harmonics of the fundamen-
tal frequency (interharmonics). Since 200 msec data windows are recommended for
FFT analysis is IEC 61000-4-7, the FFT frequency resolution is 5 Hz. As the inter-
harmonic occurs, the power of these components is misrepresented. This problem is

referred in the literature as Spectral Leakage [39].

In order to minimize spectral leakage, the frequencies at 5 Hz of each harmonic
component are included in geometric mean calculation of amplitudes of harmonics.
Spectral leakage effect is shown in Figure [3.12] As seen in this figure, to calculate
the power of 3" harmonic component of a 50 Hz signal, the frequency components
at 145 Hz and 155 Hz are also included in the calculation as geometric means of
the amplitudes of 145 Hz, 150 Hz and 155 Hz components as recommended in IEC
61000-4-7, which is called subgroup method of harmonic computation. The spectral
leakage problem also occurs during any fundamental frequency deviations. The sub-
group method also aims to solve the spectral leakage for this case as given in [34].
Finally, all harmonic components are normalized by the main component to represent

them as percentage of the fundamental component.

Flowchart for harmonics calculation is given in Figure
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Figure 3.13: Flow chart for harmonics calculation algorithm
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To test the algorithm for harmonics calculation, synthetic data are created in MAT-
LAB environment. The data is composed of 8 sinusoidal components, whose relative
amplitudes and frequencies are 100% 50 Hz, 9% 100 Hz, 7% 150 Hz, 11% 250Hz,
13% 350 Hz, 9% 450 Hz, 17% 550 Hz and 19% 650 Hz. At the end of the simulation,
it is expected to observe the following harmonic results:

15" harmonic component is 1,

274 i5 0.09,

3t is 0.07,

4th 0,

5" is 0.11,

6" is 0,

7t is 0.1,

8" is 0,

9 is 0.09,

10t is 0,

11t is 0.17,

12t is 0,

13t is 0.19.

The simulation results are shown in Figure [3.14]and in Table 3.1}

Harmonics result (normalized)
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Figure 3.14: Harmonic algorithm simulation result
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Table 3.1: Harmonics simulation results

Harmonic | Expected | Obtained % Error
Number | Result % | Result % | wrt to expected

1 100 100 0.00

2 9 8.98 0.22

3 7 7.01 0.14

5 11 11.02 0.18

7 13 12.98 0.15

9 9 9.02 0.22
11 17 17.02 0.11

13 19 19.01 0.05

41

Results are quite close to the expected harmonics values as shown in Table 3.1}
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CHAPTER 4

HARDWARE DESIGN AND POWER LINE
COMMUNICATION

The Mini-PQ analyzer developed within the scope of this thesis, acquires instantaneous-
voltage and current data on three phases and performs real-time analysis from the
gathered raw data. Three voltage and three current inputs are sampled at a sampling
rate of 1.5 kHz per channel corresponding to 30 samples per cycle of a 50 Hz signal.
Total sampling rate of the Mini-PQ is "6 x 1.5 kHz = 9 kSamples/sec (kS/s)". The
device consist of the following units: signal conditioning unit for gathering current
and voltage data, Analog to Digital (A/D) conversion unit, digital signal processing
unit, battery and Power Line Communication (PLC) modem. First, signal condition-
ing unit is used to collect and filter the data and sends the signal to the ADC unit
for sampling and conversion. Sampled data is sent to the digital signal processing
unit by the A/D conversion unit. The processor makes all necessary calculations in
accordance with the designed algorithms to analyze power quality (PQ) parameters.
This unit uses serial port (RS232) to send the PQ parameters. Finally, PLC modem
accepts the data from the DSP (Digital Signal Processor) through RS232 and sends it
through the power line. The Mini-PQ is designed to operate stand alone. Simplified
hardware block diagram of the Mini-PQ is shown in Figure @.1]

The device has two operational modes: minimum and maximum. In the minimum
mode, as the PLC modem is available, the Mini-PQ sends reduced size of data due
fact that PLC modem has certain data rate limitations. The reason of the data transfer
limitation will be described in detail in Section[4.4l In the maximum mode, the device

sends all the PQ parameters via serial port communication. Detailed hardware design
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Figure 4.1: Simplified hardware block diagram of the Mini-PQ

AJ/D Conversion Unit

DSP Unit

including PLC is given in the following sections, as well.

4.1 Signal Conditioning Unit

Main functions of the signal conditioning unit are given as:

€ Attenuation of the voltage signals to be compatible with the ADC (Analog to

Digital Converter) inputs,

@ Converting AC currents to AC voltages for ADC input compatibility,
@ Filtering and adapting signals (anti-aliasing filtering) to the ADC sampling rate,

€ Generating necessary DC voltages for transducers, the A/D conversion unit and

the DSP unit,

€ Switching between battery and regulator voltages and battery charging.

The voltage transformers used in this unit are purchased form EL-KOM [40] com-
pany as professional products. The nomenclature of the transformer is EI30/10,5
RN130242, which has been designed in accordance with VDE0570 and EN61558
standards [41]. These products are short-circuit-proof devices. Furthermore, the volt-

age transformer provides the electrical insulation between input (high voltage) and
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output (low voltage) sides. The transformer accepts input voltages up to 260 Vrms
and the attenuation rate is 20:1 for the phase voltage. The upper limit in the line volt-
age is 260 Vrms, as a result the output voltage of this transformer is 13 Vrms, which
is out of range for ADC inputs. Therefore, together with the transformer, a voltage
divider is used for more attenuation. Division ratio of the divider is 2/5, and total
attenuation becomes 50:1 ((20/1)x(5/2)=50/1). 260 Vrms (364 V peak value) input
voltage is attenuated by using the transformer and the divider circuit in order to have
an output of 7.28 V peak value. Since, Mini-PQ is designed for three-phase systems,

three of these voltage transformers are employed for three phase lines.

The current transducer used in the device is a product of LEM [42]. The model of the
transducer is CKSR-15NP, which is capable of measuring currents between £51A
range. This sensor can measure both AC and DC currents with galvanic isolation
between the primary and secondary sides. CKSR-15NP uses closed loop hall effect
current sensing method, which is based on employing magnetic sensors. Magnetic
sensors inside the transducer, operates by the principle of measuring the magnetic
field generated due to current flowing in the line. In this method, inputs of the sensors
are completely isolated from the output signals. An external buffer in the current
sensing circuit is not required due to the fact that Magnetic sensors’ output ports

have low impedance. Functional block diagram of the current transducer is shown in

Figure 4.2

ouT

oV
Out

JL
oRef l

Figure 4.2: Current transducer functional block diagram [7]
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Output voltages of the current transducer is in between 0.375 (Vjouer) and 4.625 V
(Vupper). As stated above , measurement range of the transducer is in between -
51AIjower) and +51A (Iypper). In equations .1} .2 and [4.3] relationship between
input current and output voltage is given. By using these equations, sensitivity is
calculated as 41.67mV/A, which means the transducer output increases 41.67mV for

I A increase in the input.

V;’ange = ‘/;Lpper - ‘/lower (41)
Irange = ]upper - Ilower (42)
V,
]sensitivity = (43)
Irange
where
Vrange - Output voltage range of the current transducer,
Vupper : Maximum output voltage of the current transducer,
Viewer : Minimum output voltage of the current transducer,

~

range - Current transducer current measurement range,

~

upper - Maximum measured current magnitude,
L1ower : Minimum measured current magnitude,

Lsensitivity : Current transducer measurement sensitivity.

In addition to the digital filter described in Chapter 3, an analog RC low pass filter
is implemented in the signal conditioning unit. The RC filter has a cut off frequency
of 60 Hz for voltage and 2 kHz for current inputs. Frequency response of the analog
filter for voltage signals is shown in Figure 4.3] As seen in this figure, the RC filter
has -3dB magnitude at the frequency of 60 Hz, which is the cut-off frequency.

All supply voltages, which are necessary to power up the whole system, are generated
by the DC/DC converters in the signal conditioning unit. Mini-PQ is powered by
applying a +18 Vp¢ in the supply input and all voltage conversions are carried out
by this supply. ADC unit requires =12V for conversion, a 5 Vpo for analog
processing and a 5 V¢ for digital processing. The DSP unit requires +5 Vpe and
finally current transducers work by applying a 5 Vp¢. Therefore, 5 different voltage
converters are employed to generate all the required supply voltage for all units of the

Mini-PQ.
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Figure 4.3: Frequency response of RC low pass filter

Mini-PQ includes a battery inside in order to backup supply voltage to provide ad-
equate voltage during a possible voltage interruption and any short-duration voltage
reductions. The +18 V¢ input supply charges the battery during normal voltage
conditions. When an interruption or voltage reduction occurs, Mini-PQ is supplied
by the battery power. Switching operation is performed by means of ORing method
between supply and battery power. ORing method is based on using two Schottky
diodes. Functional diagram of the battery charging and switching is given in Figure
B4 As seen in the figure, the common power bus feeding DC/DC converter is sup-
plied by the higher of 2 supplies, which are +18 V p¢ input supply and battery power.
Only the higher one is passed through the diodes to the output. The red line in Figure
H.4)indicates battery charging line during normal voltage conditions and battery feeds
the DC/DC converters when input supply drops below the battery terminal voltage,

which is shown as the green line in the figure.

Picture of the signal conditioning unit is shown in Figure 4.5
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4.2 Analog to Digital (A/D) Conversion Unit

Implementation of power-line systems requires monitoring current and voltage on
three phases with A/D converters (ADCs). In order to meet the standard [5] require-
ments, these converters should be synchronized. It is ensured that the three phases
are sampled at the same time by synchronizing the ADCs. Various ADC vendors
offer simultaneous-sampling ADCs in a single package because it is often hard to

synchronize individual converters manually.

If an ADC has a high input impedance (Z;,,), voltage and current measurements can be
directly fed via the interface of the ADC. High Z;,, eliminates the need for additional
precision buffers and amplifiers, thus providing small board area and consequently

less cost. The relation for the input impedance of an ADC is given in equation 4.4]

1
Zin = 4.4
" Cin x fsample 4.4)

where fsample is the sampling frequency and Cin capacitance is typically 15 pF.

A phase shift occurs in the output of the voltage transformer which is described in
the previous section. Therefore, ADC should be capable of adjusting signal-phase
digitally, which makes it preferable. Measurement of harmonic distortions in the

current input requires at least a 16-bit ADC [43]].

Because of the problems described above, AD7656 of Analog Devices [44] is selected
as the analog to digital converter for Mini-PQ. One advised operation area of this
ADC is power line monitoring systems [9)]. The AD7656 is a 250 kS/S, 6-Channel,
simultaneous sampling, bipolar ADC. It provides six analog input channels with 16-
bit resolution and maximum data throughput rate up to 250 kS/S. It is also capable of
handling the phase shift phenomenon. Six-channel analog input is divided into three
groups since the device is used for three-phase systems. Channel-1 and 4 are used
for V1 and I1, Channel-2 and 5 for V2 and 12 and Channel-3 and 6 for V3 and 13.
Functional block diagram of AD7656 is provided in Figure 4.6]

Main features of the AD7656 :
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€ Contains six 16-bit independent SAR (Successive Approximation Register)
ADCs,

€ Simultaneous sampling,

€ Maximum data throughput rate up to 250 kS/s,

€ High input impedance Z;,,

€ Wide input range £10V,

€ High speed serial interface,

@ Parallel, serial, and daisy-chain interface modes.
Rather than designing a Printed Circuit Board (PCB) for the A/D conversion unit,
the evaluation board of AD7656 is purchased. The Analog Devices EVAL-AD7656
evaluation board (EVB) serves as the A/D conversion unit. The evaluation board

consists of a 16-bit ADC, six pre-amplifiers and four EMC filters. Functional block
diagram of EVAL-AD7656 is given in Figure
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The output coding of the AD7656 is defined as 2’s complement. The least significant

bit size (LSBS) is given as in equation 4.5}

where LSBS is the size of the LSB, FSR is the full scale range and n is number of bits
which is 16 for the AD7656. LSB sizes and FSRs are given in Table 4.1| for different
input ranges. The code transitions occur between integer LSB values, those are 1/2

LSB and 3/2 LSB. Finally the AD7656 ADC ideal transfer characteristic is given in

Figure [4.§]

Lo = P55

Table 4.1: LSB size and FSRs for different input ranges

Input Range | Least Significant Bit Size | Full Scale Range
+10V 0.305 mV 20V /65536
+5V 0.152 mV 10 V /65536

Two interface options are offered by the AD7656: a serial interface and a parallel

interface. Serial interface is preferred in Mini-PQ because of its high transfer rates
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and compactness. The AD7656 sends output data via serial peripheral interface (SPI).
This interface allows devices to communicate in master and slave modes, where the
master device initiates the data frame. In this study, AD7656 serves as the slave
whereas the digital signal processor (DSP) is used as the master device. The out-
put data is read from the ADC by the DSP. Timing diagram for reading data from
the AD7656 is shown in Figure 4.9 BUSY signal goes high after the rising edge
of CONVST (Conversion signal) for conversion start indication. The BUSY signal
returns low when the conversion is complete 3 us later. Output registers of the ADC
is loaded with the new results, and the data can be read from the AD7656. The input
serial clock signal (SCLK) is the clock signal source for the serial interface. The chip
select (CS) signal goes low to read data from the AD7656. Data is valid on the SCLK
falling edge and 16 clock must be provided to the AD7656 to access each conversion

result. The output data can be read from DOUT line.

A picture of the analog to digital conversion unit used in the Mini-PQ is shown in
Figure 4.10]

4.3 Digital Signal Processing Unit

Digital signal processors (DSP) are embedded systems for real time applications.

The DSP must be supported by memory and interface hardware. Embedded systems,
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Figure 4.9: AD7656 Serial read operation [9]

Pre-amps

Figure 4.10: Analog to digital conversion unit
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such as DSPs, provide high-performance for the real-time tasks. However, DPSs are
system components hard to develop. They are used in various applications, such as
image , speech and data processing etc REF [37]. The DSPs are advantageous for
their properties of being software upgradable, low power consumption and low cost.
Prior to selection of a DSP, the application must be thoroughly understood and system

requirements must be assessed. The issues in selecting a DSP are [24]]:

i) Computation speed: Speed performance of the DSPs can be compared by the
time it takes to execute benchmark algorithms such as performance of Finite Impulse

Response (FIR) filters and Fast Fourier Transform (FFT).

ii) Fixed Point versus Floating Point: For wide dynamic range applications floating-
points DSPs are suitable. High cost is a major drawback. Although a fixed-point DSP

cost less, provide lower dynamic range.

iii) Memory: If data are available on the fast memory or on static random access
memory (SRAM), a DPS operates at the maximum throughput rate. Therefore, a

DSP should have enough on-chip memory in order to store the input data buffer.

iv) Interface: Interface capability of the DSP is an important aspect for performance.
The input/output (I/O) interface between an external device and the DSP should max-

imize the data transfer rate.

v) Ease of programming: Programming the floating-point DSPs are easier compared
to fixed-point ones. If a DSP-based system is developed, choosing a floating-point

DSP is a more reasonable choosing than fixed-point DSP.

vi) Real-time concerns: A timer is necessary for synchronization in real time sys-
tems. Therefore, a programmable on-chip timer is desirable when choosing a DSP. In

order to handle non-synchronous tasks, interrupts are exploited.

vii) Cost: DSPs are generally expensive chips. However, in a complex system, they
eliminate the need for a lot of external hardware. Functions of expensive external
hardware are performed on on-chip software, thus reducing the cost of the whole

system.

In the Mini-PQ, the DSP chip is used for:
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€ Driving the ADC chip, AD7656,
€ Front-end data collection, pre-calculation and processing,
€ Serial communication management,

€ Data storage management.

The Mini-PQ needs to make fast accumulation and multiplication operations. In or-
der to ensure the Mini-PQ to satisfy the desired functions and performance, Texas
Instrument [45] TMS320C6747 DSP chip is used as the core processor chip, which
is a floating-point processor and based on the very-long-instruction word (VLIW)
architecture. The TMS320C6747 processor is an ideal choice for mathematical pro-
cessing. It supports features that facilitate efficient high-level language compilers

development [37].

Highlights of the TMS320C6747 [[10] are:

€ 300 or 200-MHz C6747 VLIW DSP,

€ TMS320C674x Fixed/Floating-Point VLIW ,

€ Enhanced Direct-Memory-Access Controller 3 (EDMA3),
€ 128K-Byte RAM Shared Memory,

€ Two External Memory Interfaces,

€ Three Configurable 16550 type UART modules,

4 LCD Controller,

€ Two Serial Peripheral Interfaces (SPI),

€ Multimedia Card (MMC)/Secure Digital (SD),

€ Two Master/Slave Inter-Integrated Circuit,

€ One Host-Port Interface (HPI) (C6747 only),

4 USB 1.1 OHCI (Host) With Integrated PHY(USB1)
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Figure 4.11: Functional block diagram of TMS320C6747 [10]

Functional block diagram of TMS320C6747 is shown in Figure {.11]

The Mini-PQ architecture makes use of the Spectrum Digital OMAPL137 evaluation
module (EVM). OMAPL137 is a Texas Instrument device with a C6747 VLIW DSP
floating point processor and an ARM926EJ-S processor. The EVM achieves full
complement of on-board devices which are suitable for a wide variety of application
environments. It comes with all necessary hardware and software tools for real-time
processing, including the Code Composer Studio (CCS). The EVM is designed to
work with Texas Instrument (TI) CCS with the board through a JTAG (Joint Test

Action Group) emulator which is on board.

Key features of the EVM are[11]:

€ A Texas Instruments OMAP-L137 device with a C674x VLIW DSP floating
point, processor and an ARMO926EJ-S processor operating up to 300 Mhz.,

€ 64 Megabytes SDRAM,

¢ SPI Boot EEPROM,

€ 2 Port Ethernet Physical/switch,

€ Secure Digital (SD)/ Multimedia Card (MMC)/MMC Plus media card inter-
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faces,
¢ TLV320AIC3106 Stereo Codec,
€ USB 1.1 High speed interface,
4 USB2 2.0 Full speed interface,
€ RS-232 Interface,
€ On chip real time clock,
€ Configurable boot load options,
€ 4 user LEDs/4 position user DIP switch,
€ Single voltage power supply (+5V),
€ Expansion connectors for daughter card use,
€ Embedded JTAG Emulation,

€ 14 Pin TI JTAG/20 Pin ARM JTAG Interfaces

Using OMAP-L137 EVM, containing all these listed features is much more practical
than designing a new PCB.

Block diagram of OMAP-L137 EVM is given in Figure 4.12]

The Mini-PQ collects the 9-s data via the six input channels. As stated before in
Chapter 3, sampling frequency is 1.5 kHz and ADC sends the data in 16-bit format.
The data size (DS) of the output data in a 9-s data block can be evaluated as:

DS =9-s x 1500 (samples / s) x 6 channel x 16 bit = 1,296,000 bit.

After conversion of the DS to bytes, taking 1 byte as 8 bits, DS becomes 162000
bytes. This data size is too long to save in the DSP internal memories. Therefore, one
of the two SDRAMs on the EVM should be used for this purpose. The EVM uses two
16-bit, 256-Megabit memories on the SDRAM bus which is a dedicated 32 bit wide
memory bus. In order to control the SDRAM memory timing, the internal SDRAM
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Figure 4.12: Block diagram of OMAP-L137 EVM [[11]]

controller uses a PLL (phase locked loop). The OMAP-L137 internal SDRAM con-
troller handles automatically memory refresh for the SDRAM. EMIF-B is used for
the SDRAM memory interface, see Figure d.12]

The AD7656, which is described in the previous section of this Chapter is interfaced
directly to the SPI1 port of the TMS320C6747. General purpose input/output (GPIO)
pins are also used to drive the ADC, which are sent through EMIF(External Mem-
ory Interface)A-4 and EMIF A-6 pins of the DSP. Communication between the PLC
modem or PC is facilitated through a serial interface between UART1 port on the

DSP.

Picture of the digital signal processor unit is shown in Figure .13

4.4 Power Line Communication Modem

Local area network (LAN) is normally used as a method for investigating the status
of PQ monitoring devices [15, 23} 27, 128, [19]. To establish a new LAN is a difficult

process in buildings which are already equipped. It is a high cost process, as well.
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Figure 4.13: Picture of the digital signal processor unit
Power Line communication (PLC, also called BPL in the USA, where the acronym
stands for Broadband over Power Line, or NPL, Narrow band over Power Line) is a
communication technology which uses power lines as the communication medium.
Since the same wires are used for communication and power distribution, the need
of new establishing costs for data network are eliminated by using the existing power
lines. In order to operate PLC systems, a modulated carrier signal is added to the ex-
isting wiring system. The PLC can transmit data easily everywhere electricity is used

without any additional installing of communications, and also it has an advantage of

convenience to change the measurement sites to measure the status of power [46].

A typical communication system contains four major components:

@ 1. Receiver,
& 2. Transmitter,
4 3. Communication medium,

€ 4. The signal.

In PLC, the communication medium is the power line, as mentioned before. A block
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diagram for a typical power line communication system is given in Figure #.14] The
signal is modulated and injected into the power line. At the end of the power line link,
the signal is demodulated and retrieved by the receiver. Due to the nature of power-
line channel, it is not suitable for applications which requires high data transfer rates,
such as controlling applications. However, it is an applicable and cost-effective way

of data transfer for monitoring purposes [47].

2] = = —
=N
Q) 4
| | ]
. Coupling Powerline Coupling .
ey Circuit Channel Circuit PBERIeE

Figure 4.14: Block diagram of a powerline communication system

While the signal travels to the receiver through the power line, the impedance of
the power line attenuates the signal. Also, any noise in the medium corrupts the
transmitted signal. The noise in the power line is generated due to all loads connected
to the grid. In addition to this noise, broadcast radio signals interfere with the power
line. The integrity of the signal is dependent upon the amount of the noise on the
power line, hence as noise level increases, data corruption rate on the line increases, as
well. Noise on the line can be investigated in two types [12]: continuous and impulse
noise. Impulse noise is unpredictable and occurs in burst sequence. Thus it is difficult
to design a system that can tolerate impulse noise without compromising its data rate.
On the other hand, continuous noise has more predictable characteristics. It is usually
a function of the power line installation quality. An example for a continuous and an

impulse noise is shared in Figure 4.1

The power-line is often considered as a harsh environment due to time-varying noise
and attenuation characteristics. As a result, only limited performance can be achieved
on the PLC. The reason causing poor characteristics of the PLC in terms of noise
robustness and attenuation is that, the power line channel has not been designed to

carry data on the electrical energy [48]].
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Figure 4.15: Impulse and continuous noise types on the power line [12]

Signal attenuation is the most limiting parameter when low-voltage power cables are
investigated in terms of data transfer of the power line. The maximum data transfer
distance is determined by the signal attenuation. Another considerable parameter is
the electromagnetic wave propagation speed that is determined at high frequencies
by insulation material’s electromagnetic characteristics. The interface of the power
line is designed as a band pass filter which has a pass band at the carrier signal fre-
quency. Node conditions of the power line are required to be examined in order to
solve the voltages and the currents in each node on the transmission line. Impedance
and sources of all loads must be modeled to get satisfactory PLC performance. Since
the phases are dependent to each other, impedance and source modeling problem be-

comes challenging.

In addition to noise on the power line, other disturbance sources exist. For instance,
the intersymbol interference (ISI) occurs due to the low-pass behavior of the power
line channel, which smooths the very rapid fronts of the digital information. Increas-

ing the bit rate is not suitable because of the ISI, as shown in Figure [4.16|

Transmitted signal | | | | | | I—|_|-I_”_

Related voltage levels /. - “threshold

on the powerline

Received signal

Figure 4.16: The intersymbol interference (IST)
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In European countries, PLC modems use CENELEC (French: Comite Europeen de
Normalisation Electrotechnique; English: European Committee for Electrotechnical
Standardization)-standardized frequency band. The European PLC regulation norm is
called CENELEC EN 50065-1: "Signalling on low-voltage electrical installations in
the frequency range 3 kHz to 148.5 kHz."[2]. It defines the allowed frequency ranges
of power-line communication, maximum signal amplitudes, as well as the limits of

the interference to the surrounding frequency bands. The frequency range division is

shown in Table

Table 4.2: Frequency range limits [2]]

Band| Frequency range Purpose
3 kHz - 9 kHz for electric distribution companies use only
A 9 kHz-95kHz for electric distribution companies use and their licenses
B |95kHz- 125 kHz available for consumers with no restriction
C [125kHz-140kHz |available for consumes only with media access protocol
D 140 kHz - 148.5 kHz Javailable for consumers with no restriction

As seen in Table[d.2] the standard allows frequencies between 3 kHz and 148.5 kHz.
This causes a restriction on power line communications and is not enough to support
high-bit-rate applications. Maximum output levels in the range from 9 kHz to 150
kHz for a single-phase-device is shown in Table As stated before, the US FCC
(The United States Federal Communications Commission) Part 15 defines the avail-
able range of frequency much wider because in the US the LW (Long Wave) radio

transmission range is not used. North America vs. European regulation in the area of
PLC is given in Figure

Table 4.3: Frequency range limits [2]]

Frequency range |Maximal transmission level Type of devices
3 kHz - 95 kHz 134 dB (uV)
95 kHz - 148.5 kHz {116 dB (uV) general purpose devices
95 kHz - 148.5 kHz 134 dB (LV) special devices (such as industry applications)

A PLC modem executes the following operations:

€ Send the packet structure,

62



Q

\\

¢+ North American Proh|b|ted

Regulations:

General Use

//

L " L 2 1 2 1 L 1 \

T T T T T
100kHz | 200kHz  300kHz  400kHz 500kHz  600kHz T00kHz Frequem,\,

Band Designations

HA!! “B!! HC!!“D!!
. N
:,_gl Consumer %‘E%E \\\ ¢ CENELE.C
z Electricity Suppliers Use ZE 2 Prohibited REQ ulations
'E and Their Licensees Pr(?tzm] g% Ez % (E uro pe) .
. N
ror. . nm—m T '

20kHz 40kHz 60kHz 80kHz  100kHz 120kHz ~ 140kHz  160kHz

Figure 4.17: North America vs. Europe regulation in the area of PLC REF

€ Level converting to allow communication with PC in RS232,

€ Transmission of the data through power line.

In the Mini-PQ, UPLM-M16 PLC modem is used which is purchased from UDEA
[49]] company including RS232 interface. The UPLM-M16 does support the Euro-
pean CENELEC A or B band standard. Only external component have to be modified
to adapt to the selected standard REF. UPLM-M16-A for the CENELEC A band is

used in the Mini-PQ.

Technical features of UPLM-M16 [3]]:

€ Modulation : DCSK (Differential Code Shift Keying)
€ Frequency A : 3 kHz — 95 kHz

€ Frequency B : 95 kHz — 125 kHz

€ Data Rate PLC : Max. 2.5 kbps — Min. 0.62 kbps

€ Network ID : Max. 1023
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€ Node ID : Max. 2047

4 Communication Port : RS232

€ Data Rate Communication Port : 9.6 kbps
€ Protocol : Proprietary udea

€ Supply : 220 VAC

In the modem, to connect the communication system to the power line a coupling
circuit is used. The aim of the circuits is two-fold. Firstly, it prevents damaging 50 Hz
signal used for power distribution, to enter the equipment. Secondly, it certifies that
the major part of the received/transmitted signal is within the frequency band used
for communication. This guarantees that the transmitter introduces no interfering
signals on the channel. The modem enables extremely robust communication over

the existing electrical wiring.

The modem uses YITRAN IT800 as PLC modem chip, which is a highly integrated
SoC (System on a Chip) modem. It provides an ideal solution for a variety of applica-
tions and supports the implementation of various protocols. The PLC modem general

scheme based on YITRAN IT800 is shown in Figure @.18§]

Application circuity in Figure 4.1§]is part of the Application Subsystem. It imple-
ments specific applications, providing the user interface for the device. Host is also
part of the application subsystem. It is implemented using a general-purpose micro-
controller. It also provides an interface allowing the device application to commu-
nicate with the IT800D over the UART host interface. IT800D handles the entire
communication over the line in addition to handling the channel access on behalf of
the device. Analog front end and line coupler is between the IT800D and the physical
network. It connects the device to the power line with amplification and filtering.

Finally, the line coupler couples data to the power line. A picture of the modem is

given in Figure 4.19]

The modem uses ASCII (American Standard Code for Information Interchange) cod-
ing to send the data on the power line. MAC (Media Access Control) command frame

of the modem is given in Table @ As seen in the table, the command "Send Data"
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Figure 4.19: The PLC modem outside (left) and inside (right) view
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should start with the character B following by the destination identity of the receiver
modem. After placing data stream in the command frame, data package is finished

by placing the characters OD to the end of the data.

Table 4.4: MAC Command Frame of the PLC Modem [3]]

COMMAND COMMAND FRAME FUNCTION
C: command header
<> <NIDXXXX> <$0D> NIDXXXX: network ID (XXXX=1-1023)

$0D : enter code

C: command header

<(C> <SIDXXXX> <$0D> SIDXXXX: source node ID (XXXX =1 -2047)
$0D : enter code

C: command header

<C> <TXR1><$0D> TXRI : auto transmission rate

$0D : enter code

C: command header

> <TXR2><30D> TXR2 : rate is robust 2.5kbps

$0D : enter code

C: command header

<C> <TXR3><$0D> TXR2 : rate 1s exterme robust 0.625kbps
$0D : enter code

ID command

Transmission | _ C
commands

C: command header

<C><EACK><S0D> EACK : Enable ACK Mode

$0D : enter code

C: command header

<(C> <DACK=><$0D> DACK : Enable NACK Mode

$0D : enter code

D: Unicast transmit for command header

DID : destination node ID (0001 —2047)

SEND DATA STREAM : send data max 120 char
$0D : enter code

B: Broadcast transmit for command header

<B> <DID> <SEND DATA STREAM= DID : destination node ID (0001 —2047)

<$0D> SEND DATA STREAM : send data max 120 char
$0D : enter code

><EACK><$0D> EACK: Enable ACK mode
><DACK><$0D> DACK: Enable NACK mode
><k><$0D> NID, SID and DID show

><h><§0D> All parameters 1s show

Transmission
mode
command

<D> <DID> <SEND DATA STREAM=><8§0D>

Send data
commands

User
command

Due to the fact that the data rate of the power line communication is limited in the
Turkish Distribution System, small-size data can be transferred. The sources of the
data rate limitations are described in this section. In field applications, the maximum
data rate is measured as 700 bps (bits per second) by the manufacturer of the modem,
UDEA company. Performance and reliability of a PLC system is affected by several

factors as stated previously. These factors are:

€ Noise on the powerline,
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€ Powerline network’s impedance,
@ Protocol of the network,
€ Sensitivity of the receiver,

€ Signal strength of the transmitted signal.

Due to the slow data rate and ASCII coding of the modem, the Mini-PQ cannot send
all obtained PQ parameters. When in minimum mode, the Mini-PQ sends the data
only when an event or disturbance occurs. When there is no event or disturbance on
the power line, the Mini-PQ sends a message which is defined as NORMAL to the
PQ++. During a voltage interruption, there is no voltage signal on the power line,
which means there is no signal to measure. Therefore, power required for Mini-PQ
is supplied by the battery during the interruption and the Mini-PQ holds the track of
the interruption duration. It does not send data via power line during the interruption.
The Mini-PQ stores the interruption duration into the SDRAMs which are placed
on the signal processing unit. When the line voltage appears again, before making

calculations, the Mini-PQ sends the duration of the voltage interruption to the PQ++.

PQ parameters which are obtained by the Mini-PQ are mapped to ASCII code. That
means, each result is mapped to a symbol represented in ASCII table. This mode of

the Mini-PQ is already named as minimum mode at the beginning of this chapter.

An operator in the DSO, which is shown in Figure is assuming to be following
the PQ parameters. When a long duration PQ event is realized, which is determined
by the Mini-PQ, the operator saves the ID number of the Mini-PQ. In order to detect
the problem in detail, the operator goes nearby the Mini-PQ and follows the detailed
PQ parameters via serial communication port of it. This serial communication mode

is also named as maximum mode as stated at the beginning of this chapter, as well.

In summary, in this chapter, hardware design of the Mini-PQ and implementation of
power line communication modem has been described in detail. Firstly, hardware
components are summarized and visuals of each component are shared. In terms of
hardware, The Mini-PQ consists of a signal-conditioning unit, an A/D conversion
unit, a digital signal processing unit and a PLC modem. These units are shown in

Figure all together in the Mini-PQ as a rear view.
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Figure 4.20: Units of the Mini-PQ

A case has been designed specifically for the Mini-PQ. Analog input ports of the
Mini-PQ is shown in Figure #.21] as seen in this figure it has three current inputs,
three voltage inputs and one input for neutral. The Mini-PQ has switches and LEDs
on it to be controlled by an operator. As shown in Figure[4.22] there are two switches
and three LEDs on the case. The Red LED indicates that the Mini-PQ is supplied by a
+18V pe supply. A/D conversion unit is controlled by the switch-1, when the switch
is turned to ON position, the yellow LED is light and this means A/D conversion
unit is in operation. The DSP unit is controlled by the switch-2, when this switch is
turned to ON position the green LED is light and the DSP unit starts to operate. The
Mini-PQ is programmed through the program port of it on the case.

Final front and rear views are shown in Figures [4.23| and Figure [4.24]
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Figure 4.21: Analog input ports of the Mini-PQ

Figure 4.22: The Mini-PQ’s switches and LEDs
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Figure 4.23: Front View of the Mini-PQ

Figure 4.24: Rear View of the Mini-PQ
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CHAPTER 5

SOFTWARE AND INTERFACE DEVELOPMENT

Design of software in this thesis is composed of two parts: Digital signal processor
(DSP) program and user application software (interface program between the Mini-
PQ and PQ++), which is planned to run on the PQ++ computers in the PQ manage-
ment center illustrated in Figure 2.10]in section [2.3] The DSP program implements
data acquisition and raw data processing, transferring data between the Mini-PQ and
the PQ center tasks. The user application program displays and stores the PQ pa-
rameters in the PC. As stated in Chapter 4, the Mini-PQ has two operational modes:
minimum and maximum modes. Software are designed separately for each of these
modes, in other words, a DSP program and an interface program are designed for each
individual mode. In maximum mode, Universal Asynchronous Receiver/Transmitter
(UART)-DSP program and UART-Interface programs run, whereas in the minimum
mode, Power Line Communication (PLC)-DSP and PLC-Interface programs run. If
the PLC modem is connected, the Mini-PQ sends the reduced-size data and the PQ++
at the PQ center accepts this data to display on the screen and stores it into a hard
drive. In the case of serial port usage (maximum mode) instead of a PLC modem, the
Mini-PQ sends detailed PQ parameters and the upper PQ center accepts the data to

display and store them.

5.1 DSP Software Design

In the Mini-PQ, a real-time environment is developed by using a mixture of C and

assembly languages. The current and voltage waveforms are sampled in the Analog
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to Digital (A/D) conversion unit and processed in the TMS320C6747 DSP processor.
The measurements, which are described in Chapters 3 and 4, are realized by the DSP.
Besides that, driving ADC (Analog to Digital Converter) and data transferring to the
upper PQ center are implemented by the DSP. The DSP software is designed in C
language in The Code Composer Studio (CCS) environment, which is developed by
Texas Instruments. The CCS provides a complete environment to obtain PQ parame-
ters in the DSP. The operator may observe input signal and perform signal analysis in
the main dialog of the CCS. Real-time analysis of the input signal is easy to perform

by using CCS [25]. A snapshot for the CCS is show in Figure[5.1]
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Figure 5.1: A snapshot for Code Composer Studio (CCS) with the DSP codes run-

ning.

Main features provided by the CCS are:

€ Integrated code development environment,
€ Software tools for code generation such as C language compiler and assembler,
€ Graphical capabilities,

€ Real-time debugging support.
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The DSP software is designed to fulfill the tasks which are to perform all the codes,
to capture the data coming from the ADC, to measure the PQ parameters and to send
the data via PLC or serial communication port. The DSP program consists of the
initialization of the whole system, interrupts for data acquisition, data processing, pa-
rameter calculation and communication. Firstly, in a timer interrupt the DSP program
reads the sampled data from the ADC unit. After the required size of data acquitted,
the DSP program computes power frequency, amplitudes of the voltages and currents,
phase angles, active-reactive and apparent powers, voltage interruption based on the
developed algorithms, which are described in Chapter 3. Meanwhile, another buffer
is filled by using the timer interrupt with sampling frequency. While one buffer is
processed the other buffer is filled with data by the help of interrupts and the system
goes on. Block diagram of the DSP program is given in Figure[5.2]

C PROGRAM START >

SYSTEM INITIALIZATION

START ADC

-

STORE DATA TO BUFFER 1 A—‘
IS BUFFER 1 FULL

YES

-

WHILE PROCESS THE DATA STORED
1IN BUFFER-1 SAVE NEW DATA TO
BUFFER 2

| SEND THE DATA ‘

[ SEMD THE DATA

’—{ WVVAIT UNTIL BUFFER 2 1S FULL ‘
MO
WHILE PROCESS THE DATA STORED
1 E S IM BUFFER-2 SAVE NEWY DATA TO
BUFFER 1

Figure 5.2: Block diagram of the DSP program.

Firstly, the DSP initializes the sub-systems such as central processing unit (CPU),

serial peripheral interface (SPI), serial communication interface, interrupts, external
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devices and data acquisition. Secondly, the DSP starts the AD7656 (ADC) to save the
sampled data. Timing diagram for the AD7656 is described in Chapter 4. All timing
requirements to drive the ADC unit are set by the DSP via SPI and GPIO (General
Purpose Input Output) ports. In order to communicate with a PLC modem or through
serial port, the DSP performs corresponding communication protocols. The DSP uses

UART protocol for serial communication.

As stated before, DSPs are used in real-time system designs. Real-time systems need
to perform calculations in a certain amount of time, in other words, the DSP must
finish processing before the fresh data becomes available. A DSP is not capable of
performing parallel computations, therefore an interrupt based architecture should be
used in the DSP in order to guarantee that no data is lost during computations. The
DSP cannot read new data during computations from the ADC unless an interrupt is
set . As a result, in the DSP program a multiple-buffering system which is known
as ping-pong buffer is designed. Implementation of the ping-pong buffer is shown in
Figure[5.3] Firstly, the read data stored into the ping buffer till this buffer is full, then,
the DSP starts to implement ping buffer data. Meanwhile, the fresh data is pumped
into the pong buffer in the background. The DSP finishes the processing of the ping
buffer data before the pong buffer is full. When the processing is finished, the roles

of the buffers are switched.

In-0

. l . tB
Rev Buffer (Ping) |  Rev Buffer (Pong) |  Rev Buffer (Ping) ‘

ProcessFing)| [ Prcess Pong)| |

L —
Xmt Buffer (Ping)

Outd

Latency

Figure 5.3: Implementation of ping-pong buffer [14]

In the Mini-PQ, two 9-s length buffers are employed to implement multiple-buffering
system. At system start, the DSP controls whether Buffer-1 is full or not while in-
terrupts in the DSP fills the buffer. When the Buffer-1 is full, a flag is created and it
starts to save the new data into Buffer-2. While new data are stored into Buffer-2, the

DSP processes the data in Buffer-1. Processing time for a data of one buffer length is
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shorter than the length of the individual buffer; therefore, no data loss is experienced.
After finishing processing the data in the Buffer-1, the DSP again controls whether
Buffer-2 is full or not. When Buffer-2 is full, a flag is created and it starts to save the

new data into Buffer-1, and the process goes on.

5.1.1 DSP Design for Maximum Mode

In the maximum mode, the DSP and upper PQ center communicates via serial port,
that is RS-232 port. The DSP opens UARTT1 port in 9600 bps (bits per second) data
rate which is enough to send detailed PQ parameters. After 9-s calculations, the
DSP sends one frequency value, which is measured in the reference channel. For
each channel three Vrms, three Irms values are also sent by the DSP. In addition to
these, phase angles are sent for Channel-1 (voltage) and 4 (current), Channel-2 and
5, Channel-3 and 6, separately, as well. Block diagram for the maximum mode of the

Mini-PQ is shown in Figure[5.4]

Mini-PQ PC

UART

Figure 5.4: Block diagram for the maximum mode of the Mini-PQ

The main function of the Mini-PQ is monitoring the PQ on the power line. Therefore,
it has to detect events and disturbances on the power line. In order to achieve this aim,
limits which are described in EN50160 standard [[1]] and shown in Table2.1]in section
[2.2] are defined as thresholds in the DSP software. Calculated PQ parameters are
compared with these thresholds. After the comparison, the DSP decides whether an
event or disturbance occurred or not. If there are no events or disturbances occurring
on the line, the DSP sends a NORMAL message to the PC. If the DSP detects an
event or a disturbance, it sends the type of characteristics of event or disturbance
to the upper PQ center. For instance, in Table supply voltage variation limit is
defined as + %10 for a week. In Turkey, low voltage electric grid supply voltage has
a magnitude of 220 Vrms. If the supply voltage decreases below its % 10 nominal

value, that is 198 Vrms, the DSP sends an under voltage error message to the upper
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PQ center.

5.1.2 DSP Design for Minimum Mode

In the minimum mode, the DSP performs all calculations similar to the maximum
mode. However, it does not send detailed PQ parameters due to PLC limitations,
which are described in Chapter 4. After 9-s of calculations, six channel parameters
are send to the upper PQ center. The Mini-PQ executes its main function, that is
PQ monitoring, when operates in the minimum mode. The DSP makes comparison
with respect to the EN50160 standard and maps the results to the ASCII table. For
example, if everything is normal on Channel-1, the Mini-PQ sends a message which is
actually the character "N". It does not send the actual value of the channel voltage. If
the Mini-PQ detects a frequency deviation, it classifies the deviation. If frequency is
below its 1% value, the Mini-PQ sends a character "A" message, which means under

frequency error. Block diagram for the minimum mode of the Mini-PQ is shown in

Figure[5.5]

PLC PLC

*

, \ PC
uartT | Modem o Modem | yart

Mini-PQ

Figure 5.5: Block diagram for the minimum mode of the Mini-PQ.

5.2 Interface Design

To monitor the PQ parameters in the upper PQ center in real time; a graphical user
interface (GUI) program is designed and implemented within the scope of this thesis.
In addition, the GUI is used to save calculated PQ parameters. The GUI provides
a friendly environment to monitor the PQ parameters in the upper PQ center. GUI
software is designed in the Borland Developer Studio. The Borland Developer Studio
has several key benefits on developing a GUI program. It is based on C++ language,

which makes an interface easier to develop. The GUI is updated at every 9-s period,
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because the DSP sends data with a 9-s period . In order to capture the update on the
GUI screen, the DSP also sends message number for the incoming data. GUI updates

PQ parameters in accordance with the information in the incoming message .

The GUI program is compatible with two operation modes of the Mini-PQ. First mode
is the minimum mode GUI and second is the maximum mode GUI. In the maximum
mode, the DSP sends PQ parameters in hexadecimal (base 16) positional numeral
system format. Therefore, when the Mini-PQ operates in this mode, the GUI reads
the data in hexadecimal format. The GUI is capable of reading data in hex format and
displaying it on the screen. On the other hand; in the minimum mode, the Mini-PQ
sends the data in ASCII format. Hence another GUI program has to be designed for
the minimum mode, which can read the data in ASCII format and display it on the

screen.
Detailed explanations of various windows of the GUI for both modes are given below:

Communication Setting Window:Serial port number selection of the PC for the
UART communication is made by the available combo-box in the "Serial Port" part
of the GUI. After selecting and opening the serial port, the GUI starts to read data
which are sent by the Mini-PQ. The GUI also creates a file to save the data. After
closing the serial port, the file is closed and saved by the GUI program in a selected
folder, which is created by the operator. Communication settings of the GUI is shown
in the Figure[5.6

Serial Port

Open Port

com 1] -

conr |
Close Port | [COMZ

= |COM3

Com4

COMS5

COMB

CoM7

COMB 7

Figure 5.6: Communication setting window of the GUI.

Logs Window: Event or disturbance logs are displayed in the logs window of the
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GUI. If the Mini-PQ sends an event or disturbance information, the GUI reads and
displays it on the log window with the corresponding date information. All data on
this window are saved to a log file after closing the serial port of the PC. In addition,
this window displays status of the serial port. For example, if the serial port is open,

"Port is open" message is shown in logs window. Logs window of the GUI is shown

in the Figure

Logs

Port Is Open

UnderF Faulty Time:5.1.2014--14:20:18:388ms

VR_1 under22V Fault Time:5.1.2014--14:20:18:390ms
VR_2 under22V Fault Time:5.1.2014--14:20:18:392ms
VR_3 under22V Fault Time:5.1.2014--14:20:18:394ms
VS_1 under22V Fault Time:5.1.2014--14:20:18:395ms
VS_2 under22V Fault Time:5.1.2014--14:20:18:397ms
VS_3 under22V Fault Time:5.1.2014--14:20:18:399ms
VT_1 under22V Fault Time:5.1.2014--14:20:18:401ms
VT_2 under22V Fault Time:5.1.2014--14:20:18:403ms
VT_3 under22V Fault Time:5.1.2014--14:20:18:404ms

Figure 5.7: Logs window of the GUI.

Line Interruption Log Window: As stated in Chapter 4, the Mini-PQ logs the track
of the voltage interruption durations and sends it to the upper PQ center, which is
a PC in this study. The Mini-PQ makes calculations for 9-s data blocks, therefore
resolution of the voltage interruption durations is 9-s in the Mini-PQ. When voltage
interruption duration is read by the GUI, this information is displayed on the line
interruption log window for each phase. The GUI never erases this information from
the screen in order to save the interruption information. Line interruption log window

of the GUI is given in the Figure[5.§]

Power Monitor Window: This window is active only when the Mini-PQ operates
in the maximum mode. This window is refreshed every 9-s period and gives detailed
information about PQ parameters. Three RMS values for each channel (since 3-s data
are measured for each channel in 9-s period), one apparent power for each channel and
one frequency value are displayed on the power monitor window. The GUI creates

a file to save power monitor values for post-processing purposes. Power monitor
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Line
Interruption
Log Window

18
Seconds

Line Interruption
13
Seconds

Line Interrupticn

13
Seconds

Line Interrupticn

Figure 5.8: Line interruption log window of the GUI.

window of the GUI is shared in the Figure[5.9]

Power Monitor Window

MesajMo 122 I I
F1 50,020 H=
Wi 1 224 14V

Wi > 224 52 W
Wi_3 224,64V

W2 1 225,32V

W2 2> 225, FTF VW

W2 3 225,82 W
W34 224 .88 "W
W32 225,294V
W33 225,39V
Iri_ 1 5,6100 A
Ii_2> 65,6100 A
Ii_ = 65,6100 A

I2 1 0 Fat

I2 2> 0 Fan

I2 = 0 Fat

Iz 1 0, 1000 A

Iz 2 0, 1000 A

Iz = 0, 1000 A

[ o § 148,41 Watt
P2 0 Watt
P32 0 Watt

Figure 5.9: Power monitor window of the GUI.

Harmonics Information Window: Similar to the Power Monitor Window, harmon-
ics information window is active only when the Mini-PQ operates in the maximum
mode. The Mini-PQ calculates current harmonics of a current channel up to 13" or-
der. In the maximum mode, the Mini-PQ sends the detailed harmonics information to
the upper PQ center with a period of an hour. The GUI reads data through serial port
and displays the harmonics information on the screen. In addition, it creates a file
to save harmonics information for post-processing purposes. Harmonics information

window of the GUI is given in the Figure[5.10]
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Harmonic Information

Harm1

Harm2 0,1199999973
Harm3 0,4679399947!
Harm4 0,0869999974¢
Harm5 0,1359999345
Harme 0,0630000036¢
Harm7 0,0970000028¢
Harma 0,0460000000%
Harm3 0,0299999993;
Harm10 0,0309999994¢
Harm11 0,0219999998¢
Harm12 0,0500000007-
Harm13 0,0630000036¢

Figure 5.10: Harmonics information window of the GUI.

All of the explained GUI windows above are arranged together in the whole GUI

program window as shown in Figure[5.11]
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Figure 5.11: The GUI program.
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CHAPTER 6

SYSTEM VERIFICATION AND FIELD MEASUREMENTS

6.1 System Verification

In order to implement and test the performance of the Mini-PQ, a test setup has
been installed for both maximum and minimum modes. Setup structures for the two
modes will be explained in this chapter. All measurements have been performed in
TUBITAK SAGE [50] electronic design department laboratory, with their equipment.
The digital information of PQ parameters such as RMS value, frequency value, ap-
parent power, active power, voltage interruption and current harmonics are displayed

in the GUI window. All data are calculated real-time every 9-s period.

General block diagram of the test setup is provided in the Figure The test station,

adopted for performance verification of the Mini-PQ consists of:

Mini-PQ

Oscilloscope

Voltage Probe

Current Probe

AC Supply

RS232 to USB serial converter

Laptop PC for using GUI

® & 6 6 & O o o

Hair dryer as a load (as any AC load)
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Va | -
Vb Power
Power v Load
Supply e Socket
Voltage Probe
N
Current Probe |
Oscilloscope
Va Wb Mo N
Volta et )
Tranzfmg;sem T,::szﬁcers USB to Serial
Converter Laptop PC
Mini PQ (GUI)
L+ USBJTAG EMULATOR—]

Figure 6.1: General block diagram of the test setup.

The oscilloscope that has been used is a Tektronix DPO7104 oscilloscope [51] with

the following specifications:

@ 4 channels,

€ 3.5 GHz bandwith,

€ 140 GS/s sample rate,

€ Advanced math functions,

€ 500 Mega-point optional record lengths.

All equipment used for verification of the Mini-PQ are calibrated every year at TUBITAK
UME (National Metrology Institute), which acts as the reference for measurements
conducted in Turkey and is the highest national authority in this field [52]. A hair
dryer is used here as an AC load, because its output power can be controlled easily by
changing its output level. The AC supply has the capability of giving output voltage
between 2-312 Vrms ranges and frequency between 10-400 Hz ranges. Functional

tests of the Mini-PQ have been done by changing supply voltage and frequency level
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and load current level. During the functional tests, the oscilloscope with a current
and a voltage probe is used for verifying the measurements of the Mini-PQ. Volt-
age and current waveforms have been measured and monitored on the oscilloscope
screen. Measurement results of the oscilloscope and the Mini-PQ have been com-
pared during the verification tests. The Mini-PQ has been connected to the laptop PC
in order to load the DSP program. The PC does not have a serial port on it, therefore a
USB-to-serial converter manufactured by the MOXA company has been used to make
conversion between RS232 and USB signals. The Mini-PQ sends the PQ parameters
via its serial port to the MOXA converter, which converts serial port signals to the

USB signals. Picture of the measurement setup is shown in Figure [6.2]

Vand| Probes USB-to-Serial Converter

Oscilloscope

AC Load Mini-PQ Laptop PC (GUI)

Figure 6.2: Picture of the measurement setup

The AC supply has been set to give an output voltage which has an amplitude of
220 Vrms and frequency of 50 Hz. The oscilloscope measurement is given in Figure
[6.3] and the Mini-PQ measurement is given in Figure [6.4 As seen in Figure [6.3|
the osciloscope measurement for voltage is 220.4 Vrms and frequency is 50.0 Hz. In
Chapter 3, it is stated that the Mini-PQ gives three 3-s voltage outputs for each channel
for a 9-s period. Hence, in Figure [6.4] three voltage results for each voltage channel
and one frequency value are shown. TEC 61000-4-30 [5] describes the measurement

uncertainty of the frequency as £50 mHz over the measuring ranges 42.5 Hz and
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57.5 Hz. The Mini-PQ frequency measurement is 50.02 Hz as in Figure[6.4] which is
inside the uncertainty range +20 mHZ.

File | Edt | wertical | Horiziécq | Trig | Display | Cursars | Measurs | Mask | Math | MyScope

Analyze | Ltities | Help |“
B e s ey ey ey e S

" PR R SO S R . SO R S

& 100V Offset:-160mV  1M0 SR

Value Mean Min Max St Dev Count  Info

249 acqs
| Auto January 05, 2014

RL:50.0k

|220-W 12:39:40

|50.0Hz

[195.39641 [2.684
|s.7723308K [a9.77

[220.4
[250.0K

[69.08
[19.52

[249.0 T
[249.0 | |

Figure 6.3: The oscilloscope measurement for 220 Vrms output

IEC 61000-4-30 describes the measurement uncertainty of the voltage measurement
as 0.5 % of supply voltage over the range of 20 % and 120 % of the supply voltage.
For 220 Vrms input, +0.5 % is 221.50 Vrms and -0,5 % is 219.30 Vrms. Therefore,
obtained voltage values should be in between 221.50 Vrms and 219.30 Vrms. There
are 9 results for voltage measurements in Figure[6.4] The minimum obtained voltage
value is 220.47 Vrms and the maximum obtained voltage value is 221.24 Vrms, which
are inside the uncertainty range defined by the IEC standard. Results for different
frequency values are given in Table [6.1] and results for different voltage values are

given in Table [6.2]

Table 6.1: Frequency measurement results

Test Number | Expected Result | Obtained Result | % Error of the Mini-PQ
1 50 Hz 50.02 Hz 0.04
2 50 Hz 49.98 Hz 0.04
3 49 Hz 49.03 Hz 0.06
4 51 Hz 50.97 Hz 0.05
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Figure 6.4: The Mini-PQ measurement for 220 Vrms output

As seen in Table [6.1] all frequency measurements are in the range +20 mHz and -

30 mHz. This uncertainty range satisfies the standard requirement [5]. In addition,

maximum frequency measurement error is 0.06 % for the Mini-PQ.

Table 6.2: Voltage measurement results

Test Number | Expected Result | Obtained Result | % Error of the Mini-PQ
1 220.80 Vrms 221.24 Vrms 0.19
2 220.80 Vrms 220.47 Vrms 0.14
3 220.80 Vrms 221.02 Vrms 0.09
4 245.20 Vrms 245.01 Vrms 0.19
5 245.20 Vrms 244.86 Vrms 0.13
6 245.20 Vrms 246.12 Vrms 0.37
7 198.10 Vrms 197.75 Vrms 0.17
8 198.10 Vrms 198.86 Vrms 0.38
9 198.10 Vrms 198.46 Vrms 0.18

The Mini-PQ calculates voltage amplitude with a maximum error of 0.38 %, which

is inside the uncertainty range defined by the IEC standard [3]].

The hair dryer has been connected to the I1 input channel as a load. The hair dryer has

been operated at its maximum performance (1800 W) and load current is measured

with the oscilloscope by using the current probe. The oscilloscope measurement re-

sult is shown in Figure[6.5] As shown in this figure, drawn current by the hair dryer

is 6.64 Arms. The current values measured by the Mini-PQ are shown see Figure[6.6]
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Hence, measurement uncertainity of the Mini-PQ for current measurement is 0.4 %
for 6.64 A measurement. This test has been repeated for three current channels and
the results for different Irms values are given in Table [6.3] The Mini-PQ calculates

current amplitude with a maximum error of 0.88 %.

Fle | Edt | vertical | Horiziaca | Tig | Display | cursors | measure | Mask | Meth | MyScope | analyze | Utities | Help |-| Tek
LENNL B S B s S s B S .

Curs1 X Pos gy

-20.1ms

Cursz X Pos (3)

-17.6ms

o RV O O B O O | N O 0O O O A O O O RO |0 O -0 O 00 O R

T 3.0A/div RLTTe R, 1200 € _/0.0A 5.0ms/div 500kS/s
Preview

0 acqs RL:25.0k

Auto December 08, 2013 11:28:22

2.0psipt

Value Mean Min Max StDev  Count Info
RMS  [6.641A 6410689 [6.641 [6.641 [o.0 [1.0 [ |
Freq [49.88Hz  |40.983256 [49.98 [49.98 0.0 [10 | |

= Cursor Controls Cursor Twbe
H Bars V Bars Waveform Screen
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ESIRE"D I EED)

Move Cursors
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Cursor 1 Cursor 2
Ch1 v Ch 2 v

Figure 6.5: The oscilloscope measurement for current.

Table 6.3: Current measurement results

Test Number | Expected Result | Obtained Result | % Error of the Mini-PQ
1 6.64 Arms 6.63 Arms 0.15
2 6.64 Arms 6.61 Arms 0.45
3 6.64 Arms 6.62 Arms 0.30
4 3.42 Arms 3.39 Arms 0.88
5 3.42 Arms 3.40 Arms 0.58
6 3.42 Arms 3.40 Arms 0.58

In order to verify power calculations, the hair dryer was connected to I1 channel and
supplied by V1 channel. In Chapter 3, it is stated that for power calculation, phase
angle between voltage and current waveforms should be obtained. The voltage probe
has been connected to the Mini-PQ’s V1 channel and the current probe has been
connected to the hair dryer’s power cable at the same time. The two waveforms have

been monitored on the oscilloscope screen simultaneously. Time difference between
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Figure 6.6: The Mini-PQ measurement for current.

the voltage and the current waveforms which has been measured by the oscilloscope
is shown in Figure [6.7} In this figure, the red line indicates voltage waveform and
the blue line indicates current waveform. Time difference between them is 2.4 ms as
shown in the figure. Converting this time value to radians, we obtain 0.75 radians.
By inserting these values into the equations [2.2]2.3] and [2.4] we obtain cos teta =
0.73. So active power in Channel-1 should be 1066 W and apparent power should
be 1460 W. The GUI displays apparent power on the GUI window. Due to the data
size limitations, the DSP sends power values by dividing them by 10. This means,
the Mini-PQ shows 10 % value of the calculated power. As shown in Figure [6.8] the
Mini-PQ has obtained apparent power as 1487 W with a % 1 measurement uncertainty

€ITor.

To verify active power calculation performance of the Mini-PQ, a DSP code was
generated in CCS environment. As stated before, time difference between voltage
and current waveform has been measured as 2.4 ms (Figure [6.7). Radian equivalent
of this time difference is 0.75 rad. as stated before. The DSP in the Mini-PQ obtains
this value as 0.749 rad., which is shown in Figure[6.9] The measurement uncertainty

1S % 0.1 for this measurement.
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Figure 6.7: Time difference between the voltage and the current obtained by the os-

cilloscope.
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Figure 6.8: The Mini-PQ apparent power result.
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Figure 6.9: Phase angle measurement of the Mini-PQ.

Harmonics measurement of the hair dryer by the oscilloscope when operates at the
maximum load is shown in Figure [6.T1] In Chapter 3, it is stated that the Mini-PQ
obtains the current harmonics up to 13" order. Calculated harmonic results by the

Mini-PQ are shown in Figure[6.10]

We see that, fundamental and 3"¢ harmonics are big enough to be displayed on the
oscilloscope screen. The Mini-PQ obtained 3"¢ harmonic as 46 % of the fundamental
component. Comparing oscilloscope results and the Mini-PQ results, it has been ob-
served that 3¢ harmonic is approximately 46 % of the fundamental frequency in both
measurements. The rest of the harmonics are so small to be monitored by the oscillo-
scope. However, the Mini-PQ still obtains those very small harmonic values as given
in Figure [6.10] As seen in Figure[6.11] harmonics analysis tool of the oscilloscope is

not good enough to analyze small-valued harmonics.

In order to be more satisfactory harmonics performance verification of the Mini-PQ,
the collected current raw data have been analyzed in the MATLAB environment with
the implemented harmonics algorithm described in Chapter 3. Hence, the results of
the Mini-PQ and those obtained in the MATLAB environment have been compared

for the verification of the harmonic algorithms running on the Mini-PQ. Harmonics
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Figure 6.10: Harmonics measurement of the Mini-PQ.
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Figure 6.11: Harmonics measurement by the oscilloscope.
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results obtained using MATLAB are shown in Figure

Harmonics result (normalized)
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Figure 6.12: Harmonics measurement by using raw data.

Comparison of the Mini-PQ measurement and results in MATLAB environment is

shown in Table[6.4] The Mini-PQ calculates the harmonics with a maximum error of

13.1 % which is a satisfactory result.

Table 6.4: Harmonics simulation results

Harm.No. | MATLAB Results% | Mini-PQ Results% | % Error Mini-PQ
1 100 100 0.00
2 12.09 11.99 0.83
3 46.01 46.79 1.69
4 8.80 8.69 1.25
5 12.99 13.69 5.11
6 6.01 6.80 13.1
7 9.38 9.70 341
8 4.90 4.60 6.12
9 3.09 2.99 3.23
10 2.94 3.09 5.10
11 2.00 2.19 9.50
12 5.10 5.00 1.96
13 6.89 6.80 1.30

In Chapter 3, it is stated that duration of a voltage interruption has a 9-s resolution in
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the Mini-PQ. Therefore, the Mini-PQ obtains the duration of a voltage interruption as
the multiples of 9-s periods. To verify the Mini-PQ in terms of voltage interruption,
supply voltage was shut-down and started again to measure the time the supply volt-
age was off. For this example, time duration between turning-off and on of the supply
voltage was 54 s. After turning on the supply again, the Mini-PQ sent 54-s voltage
interruption messages for all phases as shown in Figure [6.13] which verifies that the

Mini-PQ is able to measure the supply voltage-off time accurately.

Line
Interruption
Log Window

Figure 6.13: Voltage interruption measurement by the Mini-PQ.

6.2 Field Measurements

Field measurements have been carried out in TUBITAK SAGE laboratories. Due to
two different operational modes of the Mini-PQ, two setups are configured for the

field measurements.

6.2.1 Field Measurements for Maximum Mode

Block diagram for field measurement setup for the maximum mode is shown in Figure

[6.14] Picture of the setup for the maximum mode field measurement is shown in
Figure[6.15]

The Mini-PQ collects data on the power line and sends them to the PC via serial
port communication. As stated in Chapter 5, the Mini-PQ can store all the data in a

file. The AC supply is used in field measurements in order to create PQ faults. After
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Figure 6.14: Block diagram for maximum mode field measurement.

Figure 6.15: Picture of the maximum mode field measurement setup.
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connecting the Mini-PQ to the power line, serial port is opened and the GUI starts
to collect the PQ parameters, which are sent by the Mini-PQ. During measurements,
output voltage and frequency of the AC supply are changed and PQ logs are moni-
tored on the PC. Finally, the serial port is closed in the GUI. The saved file is parsed
to the MATLAB environment and by making post-processing the graphs are plotted.

Field measurement starts by applying 50 Hz signal to the power line. Then the fre-
quency is decreased below 49.95 Hz for 10 times and increased above 50.05 Hz for
15 times. The Mini-PQ detected all frequency faults and monitored on the GUI, in
addition to saving the frequency faults to the file with date information. The graph of

frequency measurement is shown in Figure [6.16]

Frequency Measurement by the Mini-PQl
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Figure 6.16: Frequency measurement by the Mini-PQ.

As the frequency decreased 10 times below 49.95 Hz, the Mini-PQ detected 10 under
frequency faults and as the frequency increased 15 times above 50.05 Hz, the Mini-
PQ detected 15 over frequency faults. The field measurements started on January 05,
2014 1:58:20 PM and ended at January 05, 2014 2:16:29 PM. The Mini-PQ sends
a message at every 9-s, therefore there are 122 messages in the measurement time
interval. Total duration of the measurement is 1098 s. Under and over frequency
faults are shown in Figure As shown in this figure, at 234-s, 243-s, 252-s, 261-
s, 702-s, 711-s, 720-s, 1008-s, 1017-s and 1026-s frequency values are under 49.95
Hz. Total number of under frequency error messages are 10 as expected. Besides,

at 279-s, 288-s, 297-s, 306-s, 315-s, 324-s, 333-s, 342-s, 351-s, 360-s, 369-s, 1035-
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s, 1044-s and 1053-s frequency values are over 50.05 Hz. Total number of over
frequency messages are 15 as expected. Hence it is verified that, all frequency faults

are detected by the Mini-PQ.
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Figure 6.17: Under and over frequency faults.

To test the voltage fault detection capability of the Mini-PQ, the output of the AC
supply is set to give 220 Vrms voltage to all phases. During field measurements,
output of the AC supply is changed between 0 Vrms and 244 Vrms values. The Mini-
PQ obtains three voltage values for a 9-s data block. Therefore, three voltage values
are measured during field measurements for each channel. Voltage measurement of
the Mini-PQ is shown in Figure [6.18] with respect to time. As shown in the figure,
there are three voltage measurements for three channels. Voltage measurements are

very close to each other for all channels, as expected.

A closer view of the first 70-s of the voltage measurements are shown in Figure [6.19]
The measurement values at 3-s and 63-s are shown in boxes in this figure. Mea-
surement error between the channels, which is also observed in Figure @ is shown
in Table [6.5] As seen in the table, maximum error occurs between Channel 1 and

Channel 3, that is 0.52 % with respect to the nominal voltage value.

Table 6.5: Current measurement results.

% Error %Error %Error

Channel 1 Channel 2 Channel 3 (Ch1-Ch2) (Chl-3) (Ch2-3)
211V 206V 2200V 0.22 0.30 0.27
2099V 2093V 2088V 028 (.52 0.23
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Figure 6.18: Voltage magnitude measurement of the Mini-PQ.
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Figure 6.19: First 9 measurement of the Mini-PQ.
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The field measurement started on January 05, 2014 1:58:20 PM and ended at January
05, 2014 2:16:29 PM. The Mini-PQ sends a message at every 9-s, therefore there are
122 messages in the measurement time interval. Total duration of the measurement
is 1098-s. Voltage faults for Channel-1 is shown in Figure [6.20] As shown in the
figure, at 75-s voltage decreases to 87.99 Vrms and the Mini-PQ sends an under 198
Vrms error to the GUI for this measurement. All voltage magnitude faults are shown
in this figure. In total, the Mini-PQ sends 8 over 242 Vrms fault error messages, 24
under 198 Vrms fault error messages and 4 under 22 Vrms fault messages. In addition
to under 22 Vrms fault messages, the Mini-PQ sends 36-s voltage interruption error

messages to the GUIL.
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Figure 6.20: Voltage faults captured by the Mini-PQ.

In order to verify current measurements, the hair dryer as a load is operated between
549-s and 576-s and 1071-s and 1098-s as shown in Figure [6.21] RMS current at I1
channel is measured at these time intervals. In addition, power is measured only dur-

ing current measurements. Power calculation with voltage and current measurements

are shown in Figure

Although the Mini-PQ obtains current harmonics every hour, for this measurement,

current harmonics are measured at every 9 min. The field measurement started on
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January 05, 2014 1:58:20 PM and ended at January 05, 2014 2:16:29 PM. Total du-
ration of the measurement is 1098 s. Since 9 min. makes 540 s, the Mini-PQ obtains
current harmonics in the Channel-4 twice in 1098 s. As seen in Figure [6.21] the
hair dryer starts at the 549th s and 1071st of the measurement period. The obtained
harmonics at 1071st s by the Mini-PQ is shown in Figure [6.23]

Harmonics measurement by the Mini-PQ
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Figure 6.23: Harmonics measurement of the Mini-PQ.

6.2.2 Field Measurements for Minimum Mode

Block diagram for field measurement setup for the minimum mode is shown in Figure
Picture of the setup for the minimum mode field measurement is shown in
Figure [6.25] The Mini-PQ collects data on the power line and sends the data to the
PC via PLC.

As stated in Chapter 5, in the minimum mode the Mini-PQ doesn’t send detailed
PQ parameters. Instead of this, the Mini-PQ sends only type of PQ events or dis-
turbances to the PC. Field measurements were made at TUBITAK SAGE. Similar to
the minimum mode measurements, in this mode a variable AC supply is used. By
changing the output of the AC supply, the GUI in the PC is monitored and tracked.

After finishing the measurement saved data files can be used to view the PQ logs.
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Firstly, the AC supply of the setup is turned-off to create voltage interruption and
under 22V faults. The GUI displayed under frequency and under 22 V faults on the

screen as shown in Figure [6.26]
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Figure 6.26: Voltage magnitude and interruption messages on the GUI.

After setting the output of the supply to 220 Vrms and 50 Hz, the Mini-PQ sends the
duration of the voltage interruption, which is 54-s for this measurement. The Mini-
PQ sends a NORMAL message for the frequency measurement and under 198 V fault
error messages V1-1, V2-1 and V3-1 as expected. This situation is shown in Figure
The reason for under 198 V error is that, the voltage output of the AC supply

gradually increases in 9-s period.
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Figure 6.27: Normal frequency and under voltage fault messages on the GUI.
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Another scenario is decreasing the voltage frequency value. The frequency is de-
creased to 49 Hz and under frequency fault error is displayed on the GUI. Other PQ
parameters are in the normal limits, therefore other parameters are displayed as nor-

mal in this scenario. Snapshot of the GUI for this scenario is shown in Figure[6.28]
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Figure 6.28: Under frequency error on the GUL.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

Monitoring of the power quality (PQ) is essential for all generation, transmission and
distribution of the electricity grid all over the world for supplying the continuity of
the service. There are various PQ monitoring devices developed for all system levels.
However, existing PQ monitoring devices have some disadvantages in terms of ap-
plication in the distribution system level. Typically, these PQ analyzers are equipped
with a data acquisition card, which requires a PC (Personal Computer) for process-
ing raw data later. However, they are insufficient for online PQ assessments in the
distribution system level. Usually, the analyzer have such designs that their hardware
structure enables calculation of all PQ parameters recommended in the IEC standard
61000-4-30. However, all these parameters need not to be measured at this level.
Therefore, they are not compact enough, usually not stand-alone devices and they
have high price to be equipped into the distribution system level, which requires large

number of PQ analyzers compared to generation and transmission levels.

The purpose of this thesis is to design and implement a flexible, low-cost, high-
performance PQ monitoring device dedicated to the distribution system level, and
make it able to communicate with a PQ center via PLC by using power line as the
communication medium. In this thesis, a PQ monitoring device dedicated to the dis-
tribution system level using PLC is implemented. The PQ monitoring device uses
the existing power lines instead of building a new local area network. The designed
PQ monitoring device is named Mini-PQ. The Mini-PQ is a compact, low-cost, high-
performance device which is able to satisfy IEC 61000-4-30 standard requirements

for just the required PQ parameters. The Mini-PQ is able to send the obtained PQ
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parameters to an upper PQ center. Both hardware and software running on the Mini-
PQ have been developed in this thesis work. In addition, a graphical user interface
(GUI) software has also been developed to be used by the PQ++ devices at the upper
PQ center. Moreover, communication protocol software has been implemented for

the communication of Mini-PQ and PQ++ devices via PLC.

The Mini-PQ is able to measuring three-phase electric grid with three inputs for volt-
ages and three inputs for currents. It can analyze the PQ parameters for all three
phases. Due to the fact that some PQ parameters are not crucial for the distribution

system levels, the Mini-PQ obtains the listed PQ parameters below:

€ Continuity of service,

€ Power frequency,

€ Voltage and current RMS values,

€ Voltage dips, swells and interruptions,
4 Current harmonics up to 13" order,

€ Active, reactive, apparent power.

Designing a stand-alone and a real-time PQ monitoring device is one of the goals
of this thesis. Because there are excessive numbers of customer in the distribution
system level in the electrical grid. Achieving this goal, the device is based on the
system-on-chip concept. All signal processing routines are implemented in a single
digital signal processor (DSP) chip in the scope of this concept. Besides the signal
processing, analog to digital converter (ADC) driver and communication modules are

implemented in the same DSP chip.

The Mini-PQ consists of a signal conditioning unit, an ADC unit, a DSP unit and a
PLC modem. The signal conditioning unit filters and adapts the input signals to the
ADC and provides required supply voltages of the Mini-PQ. The ADC unit samples
the input signals and sends them to the DSP unit. The DSP unit makes all computa-
tions to obtain PQ parameters, in addition to this, the DSP controls the ADC and the

communication protocol.
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The measurement methods are analyzed according to the recommendations of the
IEC 61000-4-30 Standard. To calculate PQ parameters, algorithms are designed and
simulated in MATLAB environment. The designed algorithms are embedded into the
DSP chip by using a C language environment, which is Code Composer Studio (CCS)

in this thesis.

Two PLC modems are used to implement communication over the power line. One is
connected to the Mini-PQ and other one is designed to be connected to the PQ++ in
the upper PQ center. In other words, one serves as the transmitter and the other one

serves as the receiver modem.

Due to the data rate limitations, the Mini-PQ is designed for two modes; minimum
and maximum modes. In the minimum mode, the Mini-PQ sends reduced size of data
via PLC. On the other hand, in the maximum mode, the Mini-PQ sends all PQ pa-
rameters in detail via serial communication. Therefore, two DSP codes and two GUI
codes are developed for each mode of operation. In order to display the PQ parame-
ters, a GUI program is designed within scope of this thesis. User interface program
reads the data from the Mini-PQ via Universal Asynchronous Receiver/Transmitter
(UART) communication protocol by connecting to the PLC modem or directly to the

DSP depending on the operation mode.

Verification of the Mini-PQ has been made by applying different waveforms to its
inputs. Measurement sensitivity of the Mini-PQ satisfied the IEC 61000-4-30 Stan-
dard requirements. In addition to verification, field measurements have been made by
the Mini-PQ for both operation modes: The Mini-PQ and a PC have been connected
via PLC modems and then they have been connected via serial communication port.
During the tests, the Mini-PQ has been able to detect all PQ events and disturbances

(those can be measured by it) on the power line.

The Mini-PQ hardware and software are designed to be upgradable, which provides
the ability of making much more powerful computations and analyzes in the future.
In order to increase the compactness and flexibility of the Mini-PQ, recommendations

for future work are listed below:

€ In the Mini-PQ, all hardware units are separated from each other. In the future,
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all units can be lumped to one electronic-board including the PLC modem. To
achieve this, a new electronic card can be designed by using selected electronic

components used in this thesis.

The Mini-PQ sends reduced size data when it operates in the minimum mode,
because the power lines in the Turkish Transmission System are not designed
for communication. In addition to this, available range of frequency in the
European standard [2] is not wide enough to send high-speed data. With in-
creasing the technology on the PLC and if the power lines are optimized for

communication, the Mini-PQ can send detailed PQ parameters via PLC.

The DSP unit consists of OMAP L-137 as a core processor chip. OMAP
L-137 is a device with a C6747 VLIW DSP floating point processor and an
ARMO926E]-S processor. The Mini-PQ uses C6747 as core processor for PQ
parameter calculations and all control tasks. To reach more powerful calcula-
tions, ARM926 and C6747 can be employed at the same time. In this scenario,
ARMO926 can be employed as a controller and C6747 as a processor. While
ARM926 drives the ADC and implement communication modules, the C6747
can process the raw data simultaneously. This will make the Mini-PQ more
powerful and can be used at all levels of the electrical grid with increasing

number of measurable PQ parameters.

The DSP technology improves very rapidly. The speed of the DSP limits the
calculation performances of the Mini-PQ. Using new DSPs, may allow to set a
higher sampling frequency. All developed algorithms in the scope of this thesis
are C language adopted. This provides that, the algorithms can be moved to
another DSP easily. In the future, the same algorithm can be moved to a much

more faster DSP chip.

In the future, multiples of the designed Mini-PQ can be connected to electrical
grid at the distribution system level and communicated with the National Mon-
itoring Center for Power Quality [27, [19] of the utility in order to monitor the

PQ on the Turkish Distribution System through PQ++ monitoring devices.
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