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Abstract

This thesis reports a R&D project of development and implementation of “Wireless

Digital EMI measurement System”. This system is developed to replace presently-

used “Fibre Analogue EMI Measurement System” and acquire the fast transient EMI

signal 1in substations.

This system is a typical “distributed field data acquisition system”. The front-ends of
this system are several “Remote Acquisition Units” (RAU). The background (or

back-end) of this system is a PC. A point-to-multipoint wireless local area network is
used to connect RAUs and PC.

The RAU is placed in substations with a sensor together and controlled by a remote
PC. The RAU performs 80MSPS sampling rate, has 512kB memory and tngger
capability. It captures the fast transient EMI signal, stores the data in its memory and

sends the data to remote PC. Because general purpose acquisition products (such as

DSO) are not suitable for this application, the RAU had to be implemented through a

board-level design, i.e. using components and custom designed PCBs to build the
RAU. In this board-level design, ADC, memory and a CPLD were employed to build

the high-speed acquisition circuit, a micro-controller was applied for control and

communication functions.

The wireless communication network is a bi-directional network, which transmits the

data from RAUs to PC and vice versa. This communication network is based on

Bluetooth wireless modems.

The PC is the background of this system, which provides a Man-Machine Interface

to users. The application software is written 1n Assembly language.

The “Wireless Digital EMI measurement system” has been fully tested in the
laboratory and some measurements were made in a substation. The tests and
measurements showed that the system can significantly increase the efficiency of
EMI measurement in substations or of emissions from large systems. Furthermore
the acquisition circuit in this system can be produced as an individual product

for other diverse applications. Intellectual Protection is being sought in the latter case.
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Chapter 1 Introduction

This Ph.D project is a “Research and Development” (R&D) work to design and
implement a prototype “Wireless Digital Measurement System”. This system is a
typical “Distributed Field Data Acquisition System”, which is used for the EMI

measurement 1n substations replacing presently-used “Fibre Analogue Measurement

System”.
This thesis addresses four issues:

1) Brefly introduces EMI measurement in substation. Explain the application of

the newly-developed measurement system.

2) Reports the research and development work on the newly-developed system.
3) Studies the principles of this system and give the details of the design.

4) Gives a reference to users who will use this new system and designers who

will upgrade the new system in the future.

Among them, (2) and (3) are the main goals of this thesis and form the bulk of
the thests.

1.1 The proposal of this project

EMI stands for Electro-Magnetic Interference. In substations, EMI arises from any
electrical current or voltage discontinuity, such as switching operations in switchyard
[1]. In substations, when the switches, such as circuit breakers or disconnectors, are
opening or closing, they cause significant electrical discharges and electrical
emissions. For the switches in substation, which usually interrupt huge current, the
electrical emissions are considerable. These emissions will cause EMI signals, which
can interfere with electronic equipment over the air or through cables. EMI
measurement 1n a substation is conducted to record the EMI signals and characterize

the EMI immunity level of that substation.



The high frequency EMI signal is a transient signal. Depending on the duration of the

discharge, the radiated EMI signal usually lasts several milliseconds to one second.

. « EVENT 228 C2 MACNETIC FIELD ON 2.63 w TEST STAND BrLOW L2/%
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Fig. 1.1: Radiated EMI signal in an air-insulated

switchyard

The interval of switching
events in a switchyard is
usually tens of minutes to
several days. The EMI
signals, according to their
medias, are classified into
Radiated EMI and
Conducted EMI. Fig.1.1
shows a typical example of

the radiated magnetic-field

(H-field) EMI signals

recorded in a switchyard [2].

Nowadays, the radiated EMI

measurement campaigns in substations (such as in the UK) are typically based on

high frequency three-axis electric (E) and magnetic (H) field sensors linked via

optical fibres to large memory digital recording scopes [3].

Fig.1.2 shows the typical fibre-based radiated EMI measurement system.



Test Van or Control-room

> @
Sensor-2 '

a3 B

Sensor-n 'Optical- communication
electro cable

converter

Switchyard
. ; : Digital
- ectro- . _ : il
JC optical : 100m optical ; Oscilloscope E
converter fibre . :
D U el
Sensor-1 : :
| '
i \
; .
{ '

s = nNlls e s s s s s e »

a e s A s = e 4 RO W v il v e

Fig. 1.2: Typical present radiated EMI measurement system in substation

Sensors 1~ n are placed in the switchyard, PC and DSOs are placed in test bench

(Test Van or Control Room). They are linked with 100 meters optical fibre.
The brief operating mechanism is summarised as below:

In this measurement system, the analogue electrical signals output from the sensors
are converted into optical signal by electro-optical converters. The optical signals are
transmitted over 100 meters optical fibre to the test-van or relay room. The optical
signals are re-converted into electrical signals at the other end, and the electrical
signals are then input to digital oscilloscopes. The digital oscilloscopes work on a
single-trigger mode! to capture the transient EMI signal. Once a switching action
happens, the EMI signal triggers all the oscilloscopes. They will record the EMI
signals in their local memories. The recorded data, which contain the information of

the waveform of the EMI signal, can then be downloaded to a computer through

! In single-trigger mode, when the acquisition starts and the trigger condition becomes true, the waveform is
updated once only and the acquisition stops. The waveform will be kept in the screen and memory of the

oscilloscope, until the triggered situation is released and new acquisition is enabled [106).



GPIB cables or other links. These data are the raw output of the measurement. The
data then can be displayed and analysed on or off the measurement site using other
software, such as FFT (Fast Fourier Transform) processing software. For the details

of the operation mechanism of this system, please see [1, 4].

In the field of the switchyard, where sensors are placed, the EMC environment 1s
extremely harsh. Measurement equipments, such as PC and DSO, cannot work well
there. The test equipment has to be housed within a shielded test-van or control room,
which are situated away from the source and may be separated from sensors for tens
of meters. Since analogue signals must be transmitted in real time, the transmission
of the EMI signal cannot avoid the moment when EMI signal happens. If a long
cable were applied to transmit the analogue EMI signal from sensor to oscilloscope,
the cable could couple significant EMI signal and add the interference to the pure
EMI signal, i.e. sensors output. Thus, optical fibre is chosen as the medium to
transmit the analogue signal. This femoves the risk of corruption of the signal being
transmitted [4]. Figl.3, Fig.1.4 and Figl.5 give a real example of this fiber-based

measurement system.

Fig. 1.3 shows 4 sensors placed in a switchyard. The nearest one with a tripod 1s the
high-frequency H-field sensor. The two with red pedestals are high-frequency E-field
sensors and the dish-shaped one in the background is the low-frequency E-field

SCNSOT.



Fig. 1.3: 4 Sensors in the field of switch-yard

Fig.1.4 shows the test-van stopped away from the source. It obtains AC 240V power
supply from a petrol generator.

Fig. 1.4: Test-van in a substation
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Fig.1.5 shows the measurement equipment
inside the test-van. There are several DSOs and
++. some optical-electrical converters in the picture.

This system has been used for years. As it uses
optical fibre to transmit analogue signal, it 1s

named as “Fibre Analogue Measurement

System™. The downside of this system is that

Fig. 1.5: Inside of the test van

optical fibres are difficult to lay out and easily
broken. Since the EMI measurement system is

temporarily installed in the substation only when the measurement is being carried
out, there are no permanent stands or trenches to accommodate the fibre in
substations. Each time, before measurements were taken, operators had to spend a
day to layout the fibre network and set up. If some fibres were broken, it would take
further time to replace them. Thus, to solve this “fibre” problem, a new system was
proposed. That 1s “Wireless linked Measurement System”, which uses wireless to

link the sensors and the PC, giving operators the most flexibility. Fig.1.6 shows the
configuration of this wireless system.

1.2 The digital wireless solution

The EMI signal to be transmitted has up to 10MHz frequency components. It is well
known that to transmit an analogue signal, the RF carrier should have much wider
bandwidth. Obviously, 1t is impossible to apply a dedicated wide RF bandwidth for
this engineering. Thus, this wireless link has to be built in a “license-free” band. In
the “license-free” band, there 1sn’t any existing wireless product with such wide
bandwidth. Also wireless transmission is more susceptive to the EMI compared with
a cable. Therefore, wireless channels cannot carry the real-time analogue signal and
so a digital transmission solution is considered. The EMI signal is a transient signal,
which usually has just several milliseconds duration and only arises from the
switching operation. The interval of switching actions in a switchyard is usually
several days in normal situation and tens of minutes during maintenance work or

measurement work. In other words, during the interval, only several milliseconds



signal needs to be transmitted from the front-end to PC over the wireless channel. A

digital system can achieve this transmission with a narrow bandwidth carrier but

takes a long time as outlined below.

This solution uses a Remote Acquisition Unit (RAU) in the front end (close to

sensors) to digitise the analogue signal and capture the significant transient EMI

signal, record it in its memory. The recorded data can then be transmitted to PC over

the wireless link at anytime.

In substations, apart from the moment of switching action, the EMI environment is
fairly quiet and suitable for wireless data communication. Unlike the analogue signal,

the digital signal need not be transmitted at real-time. Because the digital EMI signal
has been captured and stored in the memory, the data can be transmitted at any time
and the transmission can be at a slow rate, which requires a narrow bandwidth of the
carrier. That is to say, by the advantage of digital technology, the wireless data
communication can take longer time and narrower bandwidth to transmit an analogue
signal having shorter period and wider bandwidth. Furthermore, modemn wireless
data communication technology can employ data protection strategy, such as FCC
(Forward Correction Code) and ARQ (Automatic Repeat Request). This ensures the
integration and correctness of the communicated data. Fig.1.6 shows the block

diagram of the Wireless Digital Measurement System.
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Fig. 1.6: Block diagram of wireless digital measurement system

In Fig.1.6, RAU (Remote Acquisition Unit) is placed in the front end near the sensor
to capture the EMI signal. It is controlled by PC from a remote place over a point-to-

multipoint wireless network.

Because the newly-developed measurement system uses a wireless channel to
transmit a digital signal, it is named as “Wireless Digital Measurement System” or
“Wireless Data Acquisition System”. Comparing with the currently-used Fibre
Analogue Measurement System, shown in Fig.1.2, it can be seen that, in wireless
digital measurement system, DSOs have been removed. The acquisition functions of
DSO are fulfilled by RAU and the display and control function of DSO are fulfilled
by PC. Operators can use the PC to control RAUs and download data from them just

like controlling a remote DSO. For this reason, RAU can be regarded as a “wireless

oscilloscope”.

In this system, RAU is designed to acquire the signal and communicate with the PC
through the wireless network. To realise the communication function, RAU needs an
intelligent unit, such as computer or an embedded CPU. To acquire the signal, RAU

needs an acquisition unit. Obviously, RAU should consist of two parts—



communication unit and acquisition unit. Based on this structure, there are three

RAU solutions that can be considered:

1) DSO solution: This design uses a DSO and a PC with the DSQO’s application
software building the RAU. By implementing the DSO’s application software
and a PC-to-PC wireless communication network, the local PC (at RAU) can

obtain the data of the measured signal and send the data to remote PC (at test-van

or control room).

2) Industnial PC solution: It uses an industrial PC with an acquisition card building

the RAU to acquire the signal and communicate with remote PC.

3) Board-level solution: Using a custom acquisition circuit and embedded CPU with

custom software to obtain the data and communicate with remote PC.

DSO solution and industrial PC solution would make the RAU physically bulky and

costly (This project addresses a cost-effective solution). They also need a large
power supply, which is not suitable for a battery-based device (There 1s not always
available power supply in switchyard). Thus, DSO and industrial computer are not
suitable for the RAU in this system. RAU design took the “Board-level” solution.
Board-level solution means using custom PCBs and general components to build the
RAU. It reduces the cost, physical size and power supply, but makes the

development complicated. However, this is the best choice for this project.

In the RAU, a custom acquisition circuit is responsible for data acquisition function
and an embedded CPU is responsible for the communication function. There are two
acquisition modes for this custom acquisition circuit design—software mode and
hardware mode. Software mode is using a CPU to input data from an ADC
(Analogue to Digital Converter) directly and store the data into its memory. This
CPU also implements the trigger function. Obviously, all of this process is
implemented by a program and its speed 1s limited. Software mode has a simple
circuit but can achieve a lower sampling rate than hardware mode. Practically,
software mode cannot achieve a sampling speed more than 20MSPS. In this system,
the desired sampling rate is 8OMSPS. It has to be implemented by hardware mode.
Hardware mode is using logic circuits to manage the conversion and storage

processing, as well as the trigger function. Based on the components available



commercially, hardware mode can achieve the sampling speed as high as several
giga samples per second. Most fast acquisition devices use hardware mode, such as
DSO and computer based acquisition cards. According to the requirements of the
project, the RAU is built by a board-level design using a hardware mode. This design
achieve 80MSPS sampling rate with 512K memory size. The downside of hardware

mode 1s the complexity of its circuit configuration. Fig.1.7 shows the assembled
RAU. In chapter 3, Fig. 3-1 shows the configuration of the RAU.
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Fig. 1.7: Picture the of RAU

1.3 Overview of this thesis

This thesis is organised along the sequence of the development work.

Chapter 2 is devoted to a literature review. The materials to be reviewed in this
chapter are in three aspects. First of all, as background to the application of the
Wireless Digital Measurement System, the EMI measurement campaign in

10



substations 1s introduced. Secondly, the existing data acquisition equipment 1s
reviewed, which have a similar function to RAU. Finally, some key techniques to be

taken 1n this project are reviewed, such as CPLD technique and Bluetooth technique.
Additionally, the solution of this project is explained.

Chapter 3 presents the system design. The structure of the whole system is given as
well as the arrangement of research and development works. Also the principle and

the functional design of the acquisition part are descript in Chapter 3.

Chapter 4 descnbes RAU. Section 4.1 and 4.2 describe the details of Acquisition
Board and CPU Board. Section 4.3 of chapter 4 gives the assembling instruction of
the RAU box. In section 4.4 the commissioning result of RAU will be reported.

Chapter 5 describes the Wireless Data Communication Network. It gives the protocol

of this communication network and explains the communication programs in both
the RAU side and the PC side.

Chapter 6 describes the control software in the PC side with a flow chart and its

explanations.

Chapter 7 reports the test results of the newly-developed system. These tests were

made in the laboratory and at substation.

At the end of the thesis, Chapter 8 concludes this project and gives some

recommendations for future development.

1.4 Summary of this project

The development in this project includes high-speed digital and analogue circuit
design, software and hardware design for a microprocessor, logic design for PLD,

software design for PC and design of a communication system.

According to Joseph A. Schumpeter, the Austrian-American economist, innovation 1s

a new combination of existing elements and conditions of production [6]. Another

economist Ian. M. Rose has pointed out that since the 1930’s, more R&D practices
are aimed at innovations but not inventions [7]. As with most R&D practices in the

electronics field, this project creates a new product by novel combination of existing

11



technologies and components. Therefore, it can be regarded as an innovation, which

1s an original work and produced two new products:

1)

2)

The Wireless EMI Measurement System that can be applied in EMI measurement

In substations replacing presently-used Fibre Analogue system and solve the

“fibre problem”.

The Acquisition Board in RAU has an interface compatible with most 8-bit
embedded CPU (Intel style bus or Motolora style bus). It can be an individual
product used for embedded design to acquire fast transient signals especially

when DSO or PC-based acquisition cards are not applicable. This feature will be

presented 1n later chapters.

12



Chapter 2 Literature review

This chapter 1s dedicated to the literature review. Firstly, as application background
of this project, the EMI measurement campaigns in substations are reviewed. Next,
as design reference, some data acquisition equipments are reviewed. Finally, some

technology and components to be employed in this design are examined.

2.1 Introduction to substation engineering and the EMI

measurement in substations

2.1.1 An introduction to the electrical supply system

An electric power system, or as it 1s sometimes called today, an electric energy

system 1s the name given to the group of power stations, transformers, switchgear

and other components interconnected by overhead lines and underground cables.

In Britain, the generation and transmission of electricity is the responsibility of many

utilities. All the utilities work closely together and the whole transmission system is

interconnected and synchronized [8]. The electric power network consists of power

stations, transmission lines and substations.

The network connecting power stations and primary substations 1s known as
supergrid. It was built to carry large quantity of power across the country on 400kV
or 275kV overhead lines. In the UK, the electricity is transmitted in 3-phases at SOHz.

Primary substations take the power from 400kV or 275kV overhead lines and

transmit the power to other secondary substations or distribution substations with

lower voltage such as 132kV, 33kV or 11kV. Distribution substations deliver

electricity to consumers with single-phase 240V at 50Hz.

2.1.2 Substations and emissions in substation

The substation 1s built for the transmission and distribution of the electricity as well
as for the control and protection functions. Substations usually consist of busbars,
transformers, switchgear, and a low voltage control and protection system.

Transformers, busbars and switchgear are located in the switchyard and most (but not

13



all) control equipment is housed in a control room away from the switchyard to avoid
EML.

For protection, 1f a component, whether a transformer, terminal network or a section
of transmission line, develops a fault, it is important that the faulty component be
1solated from the other components as rapidly as possible. Switchgears are used to
1solate the faulty components. There are 3 different types of switchgear: Breaker,
Fuse and Isolator (Disconnector) [8]. For example, to protect the power system from
a fault on the overhead line, the power network is divided into a large number of
zones. One zone, for example, could be a length of overhead line between two
substations. At each end of this overhead line, each phase of the lines is monitored by
a current transformer (CT), which is designed to sense the amount of current through
the overhead line. If a fault occurs in this section, such as overhead line short circuit
to ground, the output of the CT is larger than normal. In each end of the line, the
abnormal CT output trips the relays, which in tumn trip the circuit breakers, so that the
faulty line 1s isolated from the rest of the system. In a similar way, other components
can be protected. This protection system also employs automatic re-closing strategy,
1.€., the protection system re-closes the breakers a while after they have been opened.
If the fault 1s still present, breakers will open again. After several attempts, the
breakers will permanently open and this section of the overhead line 1s dead, until

operators confirm that the fault has been removed and breakers are then closed [9].

Switchgear in substations automatically reacts to fault events. Also, during

maintenance works, or installation works, operators use switchgear to 1solate a

certain part of the network.

When the breaker 1s opened, it interrupts the network currents. The network reacts to
the current interruption by transient oscillations, which give rise to a so-called
transient recovery voltage (TRV), across the two contactors of the breaker and forms
the arc. Fig.2.1 shows the model circuit for TRV. Ug is the voltage between two lines
and L 1s the distnbuted inductance in the network, R and C are the distributed

resistance and capacitance.
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Fig. 2.1: Simplest model circuit for TRV evaluation

Switchgear uses 3 different methods for insulation or arc extinction: oil-insulated
switchgear uses oil to protect contactors; air-insulated switchgear uses air to blow the
arc; gas-insulated switchgear uses gas (SF6) to blow the arc [10]. The substation,
which employs air-insulated switchgear, is called an air-insulated substation (AIS)
and the substation employing gas-insulated switchgear is accordingly called gas
insulated substation (GIS). Fig.2.2 shows a gas-insulated switchgear.
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Fig. 2.2: Installation view of the gas insulated switchgears in a GIS
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Due to the huge current the switchgear interrupts, the electric discharge between
contactors of the switchgear is significant. This current interruption also causes
considerable transient high frequency oscillatory current on the busbar [12]. This
forms electric emission, which is the EMI source in substations. In other words,

switching actions are the reason of EMI in substations.

The circuit breaker is always applied with two disconnectors together as in the
structure shown in Fig.2.3.

—

Disconnector Disconnector

Circuit Breaker

Fig. 2.3: Layout of Circuit Breaker and Disconnector

Where disconnectors are located on both sides of a circuit breaker, they are designed
to provide more spacing between the live line and the dead line. Because the circuit
beaker is designed to quickly close or open, its two contactors cannot move a long
distance, and the space between two the contactors may not be adequate which
makes leak occasionally from the live line across the contactors to the dead line.
Therefore, the disconnector is applied to provide further interval. It usually opens in
1~5 seconds when the circuit is dead and closes before the circuit breakers is to be
closed. Due to the remaining electric charge on the dead line, when disconnectors are

opened, they also create electric emission and oscillatory transient current in the

busbars or wires, which also cause EMI in substations.

Circuit breakers and disconnectors are the major EMI sources in substations.
Accordingly, there are four types of EMI signals to be measured in substations; EMI
made by opening of a circuit breaker; EMI made by closing of a circuit breaker; EMI
made by opening of a disconnector; EMI made by closing of a disconnector. These

EMI signals interfere with electric devices through radiation and conduction.
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2.1.3 Emissions measurement in substations

The EMI measurement is done to characterize the EMI environment in substations.

The data can be used to evaluate if the equipment to be installed in the substation

have adequate EMI immunity.

Especially in recent years, more and more new control, protection and
communication technologies have been applied in substations. Some examples are
protection equipment based on microprocessor technologies, replacing power line
carriers (analogue based technology) with wireless communication or optical fibre
systems (digital based technology) etc. To successfully introduce and operate newer
microprocessor-based technologies in the harsh EMI environment of HV substations,

they must be immune to such interference, which needs to be very well characterised.

Normally, depending on their location, equipments used in a substation is typically
required to comply with levels 2 to 4 of the most often used generic immunity
specifications (UNIPEDE Norm Spec 230.05 or IEC 61000-6-5). For some new
technology equipment that are distnbuted closer to EMI sources in the switchyard,
their EMI requirements need to be carefully evaluated, particularly on the basis of

the true characteristics of the environment [3]. There are six basic standards covering
transient immunity tests: IEC 61000-4-2 (electrostatic discharges - ESD), 61000-4-4
(fast transients), 61000-4-5 (surges), 61000-4-9 (pulse magnetic field), 61000-4-10

(damped oscillatory magnetic field), and 61000-4-12 (oscillatory waves).

According to a survey on recent EMI measurement reports [13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 12, 23, 24, 24a, 25, 26], the Working Group 36.04 (EMC general aspects)
has made the conclusion that the highest frequency generated in AIS substation is
10MHz and 140MHz 1n GIS substation [3].

For GIS substations, to measure the signal up to 140MHz signals with adequate
precision, the analogue bandwidth of DSO should be more than 200MHz and the
sampling rate should be more than S00MSPS (the relationship between bandwidth
and sampling rate will be discussed later in chapter 4). If building an acquisition
circuit with this performance, the components (ADC, logic circuit and memory)

should have 1GHz working speed. Such a design cannot be achieved by
TTL(Transistor-Transistor Logic) or CMOS (Complementary Metal-Oxide
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Semiconductor) circuits so other higher speed components and interfaces, such as
VLDS or ECL circuit should be required. That would increase the development
difficulty and require expensive components and facilities, such as FPGA with
VLDS interfaces and latest FPGA development kit. The fund and time period
allocated for this project could not support such a development. Therefore, the
prototype design employs TTL/CMOS technology and addresses the EMI
measurement in AIS substations, where the upper frequency is 10MHz. On the other
hand, the frequency of 140MHz in GIS was measured close to the source. Away
from the source, the voltage/current would have undergone significant attenuation
and hence, for the purpose of the radiated emission, a similar bandwidth is sufficient
for GIS [12]. To provide a suitable bandwidth, the acquisition device in the Wireless
Digital Measurement System is chosen to have 20MHz bandwidth. For such |
analogue bandwidth, the sampling rate should be at least SOMSPS (Minimum 2.5
times of the signal bandwidth that allows filter take SMHz bandwidth for “roll
down”). The final result is 8OMSPS, which approaches the limitation of a TTL

circuit.
2.1.4 Emissions measurement equipments

Depending on the structure of the substation, types of switchgear and different
operational currents and voltages, the EMI signals have different frequencies, periods,
amplitudes, and shapes. Therefore, the measurement should take place under
different conditions. The EMI measurements according to their types are divided into
conducted measurement and radiated measurement. Conducted EMI measurements
using current transformer (CT) and voltage transformer (VT) sense the EMI signal
on the transmission lines in the control room or switchyard. Radiated measurements
using antenna sense the EMI signal at different places in the switchyard. The EMI
measurements according to the EMI characteristics are divided into 4 types: S0Hz
magnetic field (S0Hz H-field), S0Hz electric field (S0Hz E-field), high frequency
magnetic field (High frequency H-field) and high frequency electric field (High
frequency E-field). Different measurements apply different sensors. For example, a
HI-3604 ELF Survey Meter can be used for low-frequency E-field low-frequency H-
field measurement, a SU2 electric sensor can be used for high frequency E-field, and

ARAPLA-2051B can be used for high frequency H-field [27, 28, 29].
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A block diagram of fibre-based radiated EMI measurement system has been given in

Fig.1.2, while F1g.2.4 shows the details of each channel of that system [31, 32]:

DT ——

Optic Cable

Optical Trmnsmitier Optical Receiver

Fig. 2.4: Block diagram of radiated transient measurement system

ACD (Asymptotic Conical Dipole) or MGL (Multigap Loop) is the high frequency

sensor, which senses the strength of electric field or magnetic field respectively.
These sensors have high frequency response and their voltage output presents the
frequency information and amplitude information of the fields. In the system,
operators use digital storage oscilloscopes to record the waveform of the output
signal from sensors. These Oscilloscopes are set to single trigger mode to capture the
transient EMI signal during the switching operations. The recorded data can then be
analyzed on or off the site to evaluate the EMI distributions in the time, space and

frequency domains.

2.2 Review of data acquisition technology

2.2.1 Feasibility of a digital measurement system

The aim of this project is to design and produce a Wireless Measurement System for
EMI measurement to replace current fibre systems. As explained before, the signal at

the front end should be captured and converted into digital form, consequently, the

acquisition device at the front end should have the functions of DSO. This signal

acquisition device or, as described in many similar projects [33], digital front-end is

the key point of this new system.

In fact, such a digital front-end has been considered since early 1997, when the EMC
group in Strathclyde University was developing an EMI measurement system. At

that time, since the digital equipment would be complex and physically bulky, they
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had to abandon the digital solution and instead chose the “Fibre Analogue” solution.

The problem of the digital acquisition unit had been reported in [1].

The obstacles for building a digital system in 1997 were:

1) Ifthey employed existing digital equipment, such as PC-based acquisition cards,

the whole system would be bulky and susceptive to EML.

2) Ifthey developed their own circuit, the development work would be difficult and

would take a long time (They had just 1year to develop that measurement

system).
In 2002, when this project commenced, the situation had changed.

1) Thanks to the rapid development of digital ICs in recent years, especially PLD
technology and their derived products, developing a high-speed, large-scale

digital circuit becomes easier than before.

2) As aPh.D project, the expected time allowed a designer to accomplish the
development of the digital system, overcoming the significant challenges

presented.

2.2.2 Necessity to develop a custom acquisition circuit

As mentioned before, this digital wireless system is designed to replace a DSO and
fibre link 1n current measurement systems. Obviously, the acquisition unit at the
front end fulfills the functions of a DSO to record the waveform of fast transient

signals.

For a CPU-based system, there are two ways to acquire a signal: Software mode and
hardware mode. These two modes have been briefly explained before in chapter 1.
Software acquisition mode uses ADC to feed data to the CPU directly. Since the
acquiring process is controlled by software, which is a sequential operation, the
sampling speed is limited. Even with fastest DSP, the single channel acquisition
speed cannot exceed 20MSPS. Hardware acquisition mode builds a hardware
acquisition circuit with ADC, memory, and other logic circuits. Using this method,

the converted data can be buffered into a memory at a high speed and the CPU can
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read the data from memory at low speed non-simultaneously. The hardware mode
can achieve a sampling speed much higher than the software mode. The fast transient

signal here refers to a signal with such a high frequency that software mode

acquisition techniques cannot deal with.

There are two kinds of universal devices performing the hardware mode

acquisitions—DSO and PC-based acquisition card.

Oscilloscopes were originally designed to display repetitive signals. Many years
before the digital oscilloscope was invented, to observe a transient signal had been a
problem for engineers, since analogue oscilloscopes can neither stop the signal nor

store the signal. Philips Corp. developed a camera-oscilloscope to deal with a

transient signal, which applies a camera cooperating with the trigger function of the

oscilloscope to take a picture of the display of the oscilloscope. Fig.2.5 shows the

photograph of this product.

Fig. 2.5: Philips single-picture recording system equipment “PM9300” Camera-Oscilloscope [32]

Now it 1s easier since digital technique 1s applied in oscilloscope. Digital
Oscilloscope can store a transient signal in memory by either automatic “trigger”

action or manual “stop”, then the captured transient signal can be displayed the

transient signal for as long as operators want.
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A DSO 1s applied to record the transient EMI signals in an existing EMI

measurement system. However, in this project, DSO cannot be used at front-end for

the reasons of:

1) The front-end is expected to be a small and simple device, which should use an

embedded CPU to obtain the data and encode them for wireless communication.

However DSO manufactures don’t provide users the interface to an embedded
CPU. DSO just provides user with two interfaces: one is keyboard and display;
the other is the application software in a PC. Users’ embedded CPU cannot

obtain data from both the display or PC software. That is to say, DSO is not

suitable for an embedded application.

2) DSO is not suitable to be placed in the front-end in switchyards due to EMC

problems.

3) Again, this project 1s aimed at a low-cost solution, which tends to favour a

system without DSO.
Next, PC-based acquisition products are examined:

Since PC’s have become increasingly popular, huge numbers of Virtual DSO and

PC-based acquisition products have been developed. PC-based DSO uses an add-in
card or a stand-alone acquisition unit to acquire the measured signal and use a PC
system to display waveform and implement keyboard functions. Such PC-based

systems have the functions of DSO and also provide integrated man-machine

interface to the user.

There are thousands of PC-based acquisition products, which are designed for many
diverse industrial applications, such as imaging acquisition, radar system, laser
detector, etc. Such acquisition products always provide a standard computer
interface, such as PCI, ISA PXI, USB etc, which are attached to a computer (PC,
PowerPC or so). They also provide users with a device driver program or integrated
application software, which needs a general Operation System (OS) such as Window,
Unix or similar. Thus, these acquisition products usually need to be installed in a

computer system. An embedded CPU cannot obtain data from the acquisition card

directly.
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If an industrial computer had been used in the switchyard, it could provide a solution
using a computer with acquisition card and a wireless communication modem to
build a digital front-end. However, this solution was rejected when it was discussed
in the EMI group, since a PC or industrial computer has a complex construction,
which may cause EMC problem. Also, the computer, even a signal-board computer
would impose a power consumption that is not suitable for battery-powered

equipment (power supply product in switchyard may not be conveniently located).
Again, the hardware and software of the computer system would increase the cost

compared to using a single-chip embedded CPU.

Thus, the universal acquisition instruments, i.e. DSO and PC-based acquisition card,

have been rejected in this project. The next paragraph discusses the feasibility of

utilizing other specific equipment.

There 1s much electrical equipment designed to deal with fast transient signals,

especially in the applications of radar systems, ultrasonic images, CT images and in
some automatic control systems. Most of this equipment employs computer-based
data acquisition products to acquire the fast transient signal. However, there are still
few equipment that use monolithic embedded CPU instead of a computer for the
requirement of small size or low-cost. For such equipment, designers have to make
their own acquisition circuits. However those designs are not available to be used for

this project due to following 2 reasons:

1) As a part of certain equipment, the acquisition circuits are usually not supplied as

products. Designers rarely publish the details of their acquisition circuits.

2) All the custom acquisition circuits in the equipment are designed for some
specific purposes. They always have their specific performances or functions. It
1s not possible to find a proper acquisition design from them that is suitable for
this type of EMI measurement system. For example, a digital distributed video
monitoring network may have their own acquisition circuits in the front-end
following the outputs of video can;eras. That acquisition circuit doesn’t need an

adjustable triggered function, which is essential to EMI measurement system [33].

Therefore a custom design of the acquisition unit is necessary, which is a board level

design, 1.e. using general components and building a custom PCB circuit.

23



2.3 The techniques and components for the wireless data acquisition

system

2.3.1 Review of wireless “Data Logger”

This wireless digital EMI measurement system has the common construction of so-
called “distributed field data collection (or acquisition) systems”. Such kind systems
acquire signals at several front-ends and transmit the collected data to a remote
background, usually a PC. There are many “distributed field data collection system”
products that exist in the market and are known as “data loggers™. However, such
data loggers are not applicable for the “EMI measurement system™ as they only
provide slow sampling rates, which match the communication speed. Since the data
logger samples the signal, converts the signal and sends the data to PC
simultaneously, the sampling rate of the data logger never exceeds the
communication speed. In other words, a data logger acquires a slow real-time signal,
whereas the “EMI measurement system™ acquires a fast transient signal. For example,
HOTEK Technologies Ltd. Has a
- series of wireless data logger

& products with adjustable sampling
- * rate from10 samples per second to 1

ki sample per hour. Fig.2.6 shows the
example of a temperature monitoring

- system using their products [39].

- Because such products are designed

~ for real-time acquisition, most of

! them haven’t enough memory to
buffer the converted data in front-

ends. Even though some of these

Fig. 2.6: Temperature monitoring System with
HOTEK data loggers

products have small memory, it is
designed for temporary buffering of the data in case the communication is
interrupted for a short period. For example, Fluke’s wireless logger 2625/WL can be
configured to “interval scan mode” and buffer 16K data. However, the maximum
rate of this data logger 1s only 11kSPS, which cannot be used for the measurement of

24



the fast transient signal in this project [40]. In addition to the above, no data logger
has a trigger capability.

2.3.2 PLD and its application in large scale logic circuit

In order to realise 1its correct function, the acquisition circuit should consist of 3

elements: an ADC, a memory and a logic circuit. ADC and memory can be simply

chosen from the products available in the market. But building the logic circuit is the

key part of this design.

Examining the required functions of the acquisition unit, it is clear that the logic
circuit in this part 1s complex and working at a high-speed. It should manage the
storage process, realise trigger functions and build an interface to embedded CPU.
This needs a huge amount of logic resource (Gates, registers and interconnections).
Also, within every conversion cycle, the logic circuit should finish all the actions of
generating a memory address, taking the converted bytes from ADC, writing the data
to memory. This requires the logic circuit working at a speed higher than the ADC
conversion. Considering the circuit scale and working speed, a Programmable Logic

Device (PLD) is chosen for this logic circuit design.

A PLD is a monolithic semiconductor circuit containing a large number of logic
elements (gates and flip-flops) and interconnection wires, which allows the user to

build different circuits by programming the interconnection matrix of the PLD.

Over 4 decades ago, the digital logic circuits were built entirely by discrete resistors

and transistors, resulting in a simple logic gate being fairly bulky.

In 1962, 74-series TTL family first became commercially available. The 74-family
includes a series of monolithic Integrated Circuits (IC) and every chip in them
integrates a certain elementary logic circuit. Users can connect different 74-series
ICs together to build their complex logic circuits. By the early ‘80s, a veritable
alphabet soup of logic family variants were released—TTL, S, LS, F, ALS, CD4000,
HC, HCT, AC, ACT, FCT, LVT, AHCT. Also different packages and speed-grades

products were provided. Today, over 500,000 unique 7400 devices can be chosen to

suit different applications [34].
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However, to build a complex logic circuit using 7400 products, designers still need to
make large PCBs to contain a mass of interconnection wires and plenty of 7400
devices. Although Application Specific Integrated Circuit (ASIC) can synthesize a
large circuit within a single chip, it doesn’t suit small quantity production or
prototype systems. PLD products thereafter were invented in the middle of 1980’s,
for the original purpose of reducing the numbers of 7400 devices in some logic
designs. Early PLD products are PAL (Programmable Array Logic) and GAL (Gate
Array Logic), which usually have 10~20 configurable flip-flops and many gates
within a single chip. After that, some larger PLD devices were released with more
usable logic units in one chip. These large scale PLDs are called CPLD (Complex
Programmable Logic Device), which usually have 30~300 macro-cells, each macro-
cell has 1 or 2 configurable flip-flops, several product terms and a configurable
input/output port. Another kind of PLD 1s FPGA. In1985, Xilinx pioneered FPGA
(Field Programmable Gate Array) technology, which based on so-called lookup-table
technology uses RAM (Random Access Memory) to implement logic functions.
FPGA provides much more logic resources and higher speed than CPLD but needs to
be re-configured every fime it is powered up. Additionally, FPGA always have a
high price and need expensive development facilities. Thus, unless FPGA 1is

necessary, users usually select CPLD to build logic circuits.

PLD products have rapidly developed in recent years, and the performances of the
PLD, either CPLD or FPGA, have improved significantly. Latest CPLD may have

more than 300 macro-cells and recent large FPGA may have millions of equivalent
logic gates [35, 36, 37, 38].

Nowadays, PLD is widely applied in digital circuits. Compared with discrete logic
devices, PLD 1s more preferred for complex digital design as it has the following

advantages:

1) PLD can significantly reduce the PCB size as well as the number of components

by building a complex circuit inside a single chip.

2) PLD can achieve higher speed. As most interconnection wires are built in the

PLD, the “transmission line delay” is reduced to a minimum.
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3) PLD provides most flexibility to users. For prototype designs, designers can
modify their logic designs by simply changing the program codes and re-
configuring the PLDs without remaking new PCBs.

In this project, the acquisition unit emplosrs CPLD to implement the logic circuit.

2.3.3 Features of wireless modems

The general way to build a wireless link between two CPUs is using wireless
modems. Usually, in such wireless communication systems, wireless modems
implement the protocols in lower layers, such as addressing and data protection,
whereas host machines implement the protocol in the application layer. In this EMI
measurement system, host machines® (the unit where the original data is generated or
received) are the embedded CPUs in front-ends and the PC in the background. The
following paragraphs discuss the features of wireless products and how to select the

wireless modem for this EMI measurement system.

Dependent on the media, wireless data communication products can be divided into
RF, Infrared, laser or other wireless modes. Infrared or other modes are not suitable

for this project. In this thesis, “wireless’ always refers to the RF mode.

The modulation modes of RF communication device can be divided into AM
(Amplitude Modulation), FM (Frequency Modulation), PM (phase modulation), etc.
As FM mode usually provides better interference immunity for digital

communication, most digital wireless modems employ FM technology [41].

Every RF transmission device transmits signals by emitting an electromagnetic wave
at a certain frequency with a limited bandwidth. In an adjacent place, if a different
wireless communication device emits RF signals in the same frequency band, they
may interfere with each other. To avoid such frequency collisions, some standards

were established. These standards divided the RF spectrum (from 9KHz to 30GHz)

into numerous channels (frequency bands) and allocated them for different

2 In a modems linked network, the machine, where a modem obtains non- modulated data from or sends

demodulated data to is the host machine for that modem. E.g. in the dial-up network, the PC is the host machine
for its attached modem.
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applications or reserved them for future uses. These standards also limit the
emission power of wireless products. For example in the UK, a GSM system takes
the band from 935.2MHz - 939.6MHz and 947.4 MHz- 954.8MHz. The frequency
band from 86.9MHz ~93.5MHz is allocated to BBC Radio 2,3,4 (For more detail,
please refer to http://www.ofcom.org.uk). These standards were made by
organizations known as “wireless communication administrators”. The “international
Frequency Registration Board™ is responsible for allocating the part of frequency

spectrum, which 1s used for global applications. Different countries or different

regions have their own “wireless communication administrators” responsible for
allocating the frequency spectrum to applications in the local region, as well as
supervising wireless device manufacturers. For example, in America, all the wireless
products should be compliant with the standards of FCC (Federal Communication
Commission). In the UK, wireless products are compliant with the standards made
by ETSI (Europe Telecommunication Standard Institute) and ERC (Europe Radio

Committee). Wireless standards in different counties or different regions may be
slightly different [42, 43, 44)].

Most available radio frequency resource has been allocated to public services, such
as TV broadcast, navigation systems, the public mobile phone network and security
and military networks. For private wireless communication, the wireless device can
operate in certain so-called “license-free” frequency-bands. Operators can use these
frequency bands for their own miscellaneous applications without applying for a
frequency access license from their local administrators. Most industrial automatic
control engineering uses “License free” products to build their own wireless local

area network (WLAN). Likewise, in this project, designers will use “license-free”

wireless modem building a LAN.

Popular “license free’” wireless modems in the UK market mainly operate in 4
“license-free” bands: 458MHz (457.5~458.5), 433MHz (433.05~433.79), 868MHz
(867~870), 2.4GHz (2400MHz~2483.5MHz). 458MHz is a Telemetric band,

433MHz 1s SRD (Short Range Device) / ISM (Industrial Scientific and Medical)
band, 868MHz and 2.4G are ISM bands [45].
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Examining these products, it has been found that 2.4 G modem products usually have
higher communication speed, since they use wider bandwidth. Therefore, 2.4 G

products are preferred for the application of the EMI measurement system.

Another reason to choose 2.4 G products is that they always implement “Spread
Spectrum technology” (SST). SST was developed by the military, since it allows
many wireless devices to share an enlarged frequency band. SST also improves the

EMI immunity of wireless communication [46]. It is therefore important for the EMI

measurement system.

There are 3 major open protocols that are implemented for 2.4 G modem products—
HomeRF, Bluetooth and IEEE 802.11(Wi-Fi). HomeRF products have limited range
(50 metres), which 1s not suitable for this measurement system. Compared with
Bluetooth, the advantage of Wi-Fi is fast speed. The downside of Wi-Fi is it needs

more complex configuration and it is more susceptible to interference [47]

The communication speed required for this EMI measurement system is not very

crucial, Bluetooth modem is preferred for this project. Using Bluetooth product also

brings an additional benefit. Since it would be the first time that a Bluetooth product

was used in EMI measurement in switchyards, the experience can be a reference for
other EMI measurement projects potentially using Bluethooth device within

switchyards.

Apart from the 3 open protocols, some 2.4 G data modem implement manufacturers’
private protocols. These products have different performances, such as range, speed,
to fit different applications. Because these products are usually designed for
industrial applications, they always have adequate EMI immunity. The only
downside of such products is that they usually cost more than Bluetooth wireless
modems. However, this kind of wireless modem is also a good choice to build the

wireless data communication network in this EMI measurement system.

All the wireless modems, that were deemed to be suitable for this project, are listed

in chapter 5, where the selection of an appropriate modem is considered.
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Chapter 3 System design and the solution for Acquisition

This chapter presents the system design. System design is aimed at finding a solution

at the system level to fulfil the functions. It also divides the whole system into

several parts to determine the functions of every part and clear the relationships
between each part. In other words, system design determines the structure of the

whole system and the interfaces between every subsystem.
3.1 Functional design of the system

This system is a field data collection system based on a wireless network. This

system has 3 main functions:

1) Capture and record the transient EMI signal, which comes from different sensors.

The desired sampling rate 1s SOMSPS or higher, which is capable of acquiring the
EMI signal with maximum 20MHz frequency.

2) Transmit the recorded data to a remote PC through a wireless network
3) Control the acquisition process and collect the recorded data from the PC.

Thus, the whole system can be divided into 3 parts as shown in Fig.1.6: Firstly, the
Remote Acquisition Unite (RAU), which is located in switchyard, takes the role of a
DSO in the Fibre Analogue Measurement System. Secondly, Wireless Data
Communication Network, which should be a bi-directional Point-to-Multipoint
network that transmits control commands from the PC to RAUs and data from RAUs
to the PC. Finally, the PC-based control platform, which is an application program to

provide an operating environment to users.
3.2 RAU and its interface to communication network

The RAU is designed to capture the EMI signal as a DSO. As mentioned in chapter 2,
the sampling rate of the RAU should be more than SOMSPS. The design of RAU 1s
thereafter aimed at SOMSPS and as high as possible (Actually 8OMSPS). The
memory size of the RAU determines the length of signal that can be recorded.
Experience at Strathclyde indicates that Sms is adequate. Thus the RAU has 512k
Bytes memory. The input of the RAU is the analogue signal output from the sensor.
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RAU uses an A/D converter to digitise the analogue signal and uses a memory to
buffer the data. Once the measured signal meets the trigger condition, the RAU will
stop the buffering operation. At that moment, the data kept in the memory is the
information of the signal around the trigger point. An embedded CPU can then read
the data from the memory and send them to a remote PC over the wireless
communication network. A Complex Programmable Logic Device (CPLD) is used in
this design for logic functions. The CPU needs an interface to the wireless
communication network to exchange data. Most applicable modems, which are
designed for such applications, have RS-232 or other serial port to the host machine.
To adapt to more wireless modems, the RAU provides RS-232, RS-422 and TTL
serial ports. These ports are driven by a Universal Asynchronous Receiver and

Transmitter (UART) of the embedded CPU. Fig.3.1 shows the block diagram of the
RAU. The details of the RAU design will be described in next chapter.

Trigger
Function
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Fig. 3.1: Block diagram of RAU

A visual impression of the completed unit is shown in Fig.4.52 and repeated here in

Fig.3.2 for ease of reference.
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Fig. 3.2: Inside of the RAU

3.3 Wireless communication network

This wireless data communication network must have a bi-directional point-to-
multipoint topology. RAUs in this network are slave-machines and the PC is the
master-machine'. The wireless modem should be responsible to transmit data
between PC and RAUs. Since in the PC and the RAU, the software cannot
implement much low-level communication protocols, which are usually complicated,
the modems should implement a complete communication protocol and provide easy
interfaces to their host machines (RAUs and PC) to build a wireless network. For
example, in some so-called “Transparent Link”, two modems can make a modem-

pair as shown in Fig.3.3. In that pair, modem can take original data from its host

' If a communication network has one and only has one node can exchange data with all other nodes in the

network simultaneously or non-simultaneously, this network is defined as point-to-multipoint network. The node
can exchange data to multi nodes is called master-node and the others are slave-nodes [107].
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machine, then encodes, modulates, and sends the data to the remote opposite modem.

The opposite modem receives, demodulates and decodes the wireless data, then

sends the original data to its host. Thus, for the host-machines in both sides, the

wireless link acts as a transparent link or “wireless cable” [5].

Transparent Link (Wireless Modem Pair)

'l-.-l-l-l-l-i---l-.-i---'-.---l-l'_l‘-‘-I-.-l-l-l--‘--‘---I-.-.-l-i-
[ ]
»

Local
connection connection connection
(Cable) (Radio) (Cable)

Fig. 3.3: Wireless pair (point-to-point)

The data sent to the modem will be replicated on the other side without any extra
information. Thus, for the PC and embedded CPU, they only need to build a
communication interface between the application software and the lower network
service. Therefore in this communication system, host machines only realize the
functions of application layer and modems realize other lower layers functions.
There are plenty of wireless products have such a “Transparent Link” feature, most
of them connect to the host machine with a serial port, such as RS-232 port RS-422
or TTL UART port. The final choice should refer to their actual performance.
Before the final selection is made, the RAU reserves 3 types of serial ports (RS-232,

RS-422 and TTL) to adapt more products. The detailed design of this network is
described 1n chapter §

3.4 PC-based control platform

The PC-based control platform is an application software, which provides a man-

machine interface to operators. Using this interface, operators can set-up the

parameters of RAUs, such as trigger-level, trigger-delay, pre-trigger, sampling rate
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etc. This software also displays the states of RAUs. Once a RAU is triggered, the

operator can download the data from the remote RAU. These data are the raw
product of the measurement, which can then be displayed and analysed in other DSP

(Digital Signal Processing) software, such as FFT (Fast Fourier Transform)

processing software.

The control-platform also controls the data communication network.
3.5 Research and development of configured system

Fig.3.4 shows the flow diagram of the research and development of this system.

After the system 1s designed, every part can then be developed separately. The
development work of the RAU includes hardware and software design, which took
more time to develop than other two parts. The RAU is also the most complex and

difficult part in this project. Consequentially, the bulk of the thesis was devoted to
the RAU description.
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Fig. 3.4: Research and development work in this project
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3.6 Functional design of RAU

Functional design is to make the specification, which specifies what functions and
performances would be fulfilled with the new product. Two things should be
considered in functional design: one is to understand the user’s requirements; the

other 1s to understand the engineering constraints such as development time,

available facilities, techniques, team and the fund.

Of course, the higher the capability the RAU has, the better the performance of the

measurement system is. But, a higher capability means more difficulties for the

development work, and more cost on working time and fund. Thus, to determine the

capability of the RAU, it must balance the performance and engineering constraints.

As the RAU will work as a DSO, the RAU should have the functions of analogue to

digital converter, trigger function, storage function and data communication function.

These functions can be described in terms of the following aspects:
3.6.1 Dynamic range

Generally, for an A/D-based measurement instrument, its dynamic range is the
dynamic range of the A/D. To adequately utilise the resolution of A/D, a proper
design should make other errors in this system less than the equivalent value of LSB
(Least Significant Bit) of the A/D [48].

Currently, in the EMI measurement in substations, people mostly use DSO to record
the EMI signal. Operators are more concerned with the signal’s distribution in
frequency, time and space rather than the accuracy of the signal’s amplitude.
Obviously the dynamic range of DSO is adequate for the measurement work. In EMI
measurement field no academic published article has been found to discuss the

dynamic range of a DSO and its effect on the measurement result.

Universal DSOs have 8-bit A/D converter. It is well known that when a high-speed
A/D works in its full speed, its resolution will become worse. For 8-bit A/D, it will
generally drop down to 7-bits or 7.5 bits, which can provide 40-50 dB dynamic
range. Therefore, following DSOs, RAU employs an 8-bit A/D to obtain 40dB-50dB

dynamic range.
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The accuracy/error here refers only to the static signal. The dynamic signal will be

discussed later.
3.6.2 Bandwidth and sampling rate:

The bandwidth quoted for an oscilloscope often refers to the frequency at which the
amplitude has fallen by 3dB [49]. The bandwidth quoted for RAU has the same
meaning. It must cover the whole bandwidth of the signal to be measured. As has
been pointed out before, the measurement system is designed for the transient
measurement in high voltage substations, and in most high voltage substation the

dominant EMI frequency is 3MHz and the highest frequency is about 10MHz {3].

In a bandwidth limited measurement system, dynamic signal is always attenuated.
Such bandwidth limitation introduces measurment error for high frequency signals,

called “rising time error”. DSO designers used to estimate the “rising time error” by
following table™ [50]

Table 3.1: Rising time error versus bandwidth

DSO bandwidth

Rising time error

for Gaussian response for Flat response

20% 1.3 times of signal
bandwidth
bandwidth
bandwidthe

In Table 3.1 Gaussian response and flat response are used to describe the gain-

1 time of signal bandwidth

1.2 times of signal
bandwidth

1.4 times of signal
bandwidth

frequency characteristic of the analogue channel. If the gain-frequency response

graphic has a sharpen “roll-off”, it is call “Flat response” otherwise it 1s called

“Gaussian response”

Assuming the response of the analogue channel in RAU will be a Gaussian system,
pursuing a good accuracy, the bandwidth of RAU should be more than 19MHz (1.9

times the signal bandwidth). For convenience of calculation, 20MHz 1s chosen for
the bandwidth of RAU.
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Theoretically, for a sampling measurement device, to recover the signal containing
20MHz frequency component, it must have at least 40MHz sampling rate (Nyquist
sampling principle). However, practically for a measurement equipment, e.g. DSOs,
1t usually has the sampling rate of 2.5 to 4 times of the bandwidth for anti-alias
purpose. This anti-alias design will be discussed in section 4.1. Thus RAU is
designed to have more than 5S0MHz sampling rate and actual implementation will

pursue the sampling rate as high as possible (Actual sampling rate is S0OMHz).

Furthermore, the sampling rate of RAU should be adjustable for the purpose of

recording a signal with a lower frequency over a long time, like changing the time
base of an oscilloscope. According to the measurement request, RAU has eight shifts:
8OMSPS, 40MSPS, 20MSPS, 10MSPS, SMSPS, 2.5MSPS, 1.25MSPS and 625kSPS.
Also, for the commissioning work, it designed to have a real time data acquisition

mode, which can realise 40kSPS (Depends on the wireless transmission speed) real

time data acquisition.
3.6.3 Memory size

For a DSO, when 1t records a signal, one sampling point takes a byte (8 bits) of
memory (every sampling point in DSO is represented by a 8-bit digital code). The

memory size limits the length of the signal that can be recorded.

In substations, short transient EMI signals usually have several micro seconds to
several milliseconds duration, long EMI signals may have 1 second duration, which

1s made up of several short duration EMI pulses.

The memories in DSOs are usually limited, so which not be able to record a long
signal at its full sampling speed. Practically, for long duration EMI signals, it is a
common practice to use a low sampling speed to record the whole shape of the
signal, find the interesting area of the signal and position the area, then record the
details of that area at a high sampling rate using trigger-delay function in the next
electrical emission event (a EMI signal caused by a certain switching action makes
the same waveform under the same condition). Thus, with the trigger-delay function

of DSO, operators can measure features of interest within a long signal using small

memory. Fig.3.5. illustrates this application.

38



— | T

1S

Recorded waveform with
0.5S Delay, 50% pre-trigger

50% Pre-
trigger

Memory
length

Fig. 3.5: Using Trigger-Delay Function to Measure features within a long-period signal

Fig.3.6 shows the real measurement record in a substation. Fig. 3.6 (a) 1s the

waveform of the whole signal (Magnetic field), which has 100ms length and consists

of several so-called micro-pulses. Fig. 3.6 (b) is the waveform of a micro-pulse,

which has 12 microseconds length [51].
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Fig. 3.6: Real measurement records of an H-field test in substation [2]
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