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A CONTROLLABLE, VARIABLE WAVEFORM, HIGH
VOLTAGE, SWITCHED MODE POWER SUPPLY FOR
ELECTROSTATIC PRECIPITATORS

PHILLIP DEVINE

ABSTRACT

Increased awareness of the effects of atmospheric pollution has meant that electrostatic
precipitators, which have been used since the early part of this century to separate
particulate matter from process gas streams, are now required to achieve particulate
collection efficiencies in excess of 99.7% for a number of processes. Increasingly
stringent legislation concerning industrial particulate emissions has challenged the
precipitation industry to consider how equipment can be improved to reduce, in

particular, heavy metal and respirable size particulate discharges.

Electrostatic precipitators charge dust particles in a gas stream by corona-producing
electrodes, and remove the charged particles by electrostatic attraction under high electric
fields.

This thesis details the development of a prototype high frequency (20kHz), high voltage
(50kV), high power (25 kW) switched mode precipitator power supply with technological

advances over conventional units.

A high frequency, high voltage, high power precipitator supply using high frequency
inverter technology coupled to a novel ferrite cored, high voltage transformer-rectifier
unit has been designed and built. It is capable of delivering in a controlled and responsive

way 25kW at 50kV into a load that may suffer from sparking and flashover.

The developmental stages of the prototype from initial concept through to field trials of
the supply at a power station in the UK are detailed
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1. INTRODUCTION

1.1 Atmospheric particulate matter

In recent years there has been a world-wide recognition of the problems associated
with environmental pollution and how particulate matter suspended in the atmosphere
as a resuit of industrial processes can significantly effect the health of the population
[1-5]. Combustion of fossil fuels is the principal source of fine particulate emissions,
including the burning of coal, oil, diesel fuel, coal-fired power stations and industrial
boilers. High temperature industrial processes such as metal smelting and steel

production are another significant source of particulate emissions.

1.2 The nature of particulate matter

There are a number of ways to classify atmospheric particulate matter; environmental
regulators have chosen to divide particles up into various size fractions (as measured
by diameter) and measure them in units of particle mass per volume of atmosphere.
Suspended particles may be solid or liquid, organic or inorganic. They may be
emitted directly as a result of an industrial process (primary particulates) or form later
resulting from chemical and/or thermal reactions in the atmosphere (secondary
particulates).

The entire domain of particulate matter in the atmosphere is known as the total
suspended particulate (TSP). This includes all airborne solids and liquid particles,
except pure water, ranging in size from approximately 0.005pm to 100um in

diameter.



1.3 Health effects of inhalable particles

If particles greater than 10um are inhaled, they tend to collect in the throat or nose,
and are eliminated from the body by sneezing, coughing, nose blowing (collectively
known as the upper respiratory system), or through the digestive system.

Generally, these particles are not associated with human health problems since 10um
is the threshold for entering the human pulmonary system [5]. One obvious exception
is pollen, which triggers allergic reactions among many people.

Of particular concern are particles that are less than 10um in diameter. These are
called ‘PM10’ particulates and are commonly referred to as inhalable or thoracic
particles in that they can penetrate into the thoracic compartment (from the trachea
down to and including the alveoli) of the human respiratory tract.

PM10 particulate matter has been shown to cause respiratory symptoms such as
bronchitis, pulmonary inflammation and changes in lung function [1-5]. The five-fold
increase in cases of asthma in the UK in the last 20 years has also been strongly
linked to this and other forms of particulate pollution of the atmosphere [6].
Polynuclear Aromatic Hydrocarbons (PAH’s) are another sub-group of PMI10
particulates and are products of incomplete combustion in certain industrial processes
such as coal/ wood burning. These have been shown to react with macromolecules

such as human DNA and are considered toxic and “probably carcinogenic to humans”

[7].

1.4 Legislation to minimise particulate air pollution

During the last decade, the link between air pollution and ill health has been at the

centre of much political, public and media attention. This concern has been fuelled by



evidence of increasing respiratory ill health, especially in children, and the search for
an explanation has focused upon environmental pollution.

As concerns over health and the environment increase, the legislated limits
concerning particulate emissions into the atmosphere have become increasingly
stringent. Examples of this are the 1988 EC Directive, L336, 7.12.88 which specifies
limits for emission of respirable size particulates as well as SO, and NO, into the
atmosphere [8] and The Canadian Environmental Protection Act of 1995 which
specifies limits for respirable particulate emissions as well as SO,, NO, and PAH’s
[7].

As an example of the power of these and previous directives, the allowable particle
emission rate from coal fired power stations in Great Britain has decreased ten fold
over the last thirty years [9].

Increased modern day awareness of the effects that atmospheric pollution can have on
the human body means that legislation will continue lowering the allowable emission
limits in industrial processes.

Apparatus used to inhibit atmospheric particulate emissions in industrial processes
such as coal fired power generation, cement production and heavy metal production
are now required to capture in excess of 99.7% of all particulates produced as a result
of the industrial process. [7-9]

These changes have challenged industry to consider how emission control equipment
can be improved to meet ever tightening legislation concerning, in particular,
respirable size particulate discharges.

There is an industrial requirement to further improve the equipment and processes
used to reduce pollution if the trend of a steady reduction in air pollution is to be

achieved.



1.5 Particulate collection apparatus

There are various apparatus available for the separation of particulates from industrial
flows. They are each based upon a different physical operating principle and therefore
the collection efficiency, cost and application suitability is distinct for each method.
The main methods are:

e Settling chambers

e Fabric filters

e Wet scrubbers

o Centrifugal collectors

¢ Electrostatic precipitators

1.5.1 Settling chambers

The gas stream containing the particulates is passed through a chamber of varying
length depending on the application. The separation process of the particulates from
the gas stream relies simply on gravitational forces.

Whilst this method is the cheapest to install and operate, its dust collection properties
are only effective on particles of the size 100-1000 pm and therefore its range of
applications is limited. A typical application of a settling chamber would be to

separate grit, sand or heavy dusts from a gas stream [9].

1.5.2 Fabric filters

The gas stream containing the particulates is passed through a physical filter before
being released into the atmosphere. The filter is constructed from porous man made
fibres. As the entrapped particulates deposit and build up on the fabric filter, the

4



particulate collection efficiency of the filter increases since particles of a diameter
smaller than that of the fabric pore size will also be trapped. Fabric filters are capable
of entrapping particles of a diameter less than 0.1 pm.

The disadvantage of this method is that the filters have to be regularly cleaned to
avoid a large pressure build up between the industrial process equipment and the
atmosphere. Maintenance costs are also a limiting factor since a large industrial
process may use thousands of fabric filters, which have to be individually cleaned on
a regular basis.

A typical application of a fabric filter may be in the separation of particulates such as

fly ash, incinerator dust, bacteria and pollen [9].

1.5.3 Wet scrubbers

The gas stream containing the particulates is passed through a chamber where a liquid
spray is introduced. The droplets of the spray (usually water) attach themselves to the
particulates increasing their size and mass dramatically. The particulates are then
removed from the gas stream through gravitational forces.

Wet scrubbers are effective at separating particulates of diameters as low as 0.1 um.

A disadvantage of this method is the large power demands of the apparatus used to
create the spray, the large water usage and the associated effluent problem due to the
dilemma of being left with a large amount of contaminated (possibly acidic or toxic)
water. A typical application of a wet scrubber would be in the separation of
particulates such as fly ash, cement dust, incinerator dust and a limited range of

bacteria [9].



1.5.4 Centrifugal collectors

The gas stream containing the particulates is made to spin rapidly within a cylindrical
containment unit. This method is sometimes referred to as a cyclone chamber.
Because the mass ratio of particulate to gas molecule is high, the particulates are
forced to migrate towards the outer area of the collector due to centrifugal forces.
Here the turbulence / flow rate is low and the particulates are therefore separated from
the high-speed gas.

Centrifugal collectors are effective at separating out particulates of a size as low as 50
pum. The main disadvantage of this method is the large amount of power required to
maintain a cyclone.

A typical application of a centrifugal collector would be the separation of particulates

such as grit, foundry sand and a limited range of cement dust and pollens [9].

1.5.5 Electrostatic Precipitators

In electrostatic precipitators, the gas stream containing the particulates is passed
through an electric field. The charged particles then migrate through the electric field
to a collection electrode where they are regularly removed into hoppers by
mechanical rapping of the electrode. Electrostatic precipitator action is discussed in
detail in chapter two of the thesis.

Electrostatic precipitators have collection efficiencies far higher than all other
filtering apparatus [9]. They are capable of separating all of the previously mentioned
particulate types as well as PM10 particulate matter. Electrostatic precipitators have
several key advantages over other apparatus, which, for the majority of industrial

applications, have made them the most attractive option:

6



¢ High particulate collection efficiency

e Low maintenance costs

e Low pressure loss

e The precipitator can operate over a wide range of pressures and temperatures
e Acceptable operational costs in comparison to other collection methods

e Long operational life

e High reliability

1.6 Summary

There is now worldwide recognition of the problems associated with environmental
pollution. Research into atmospheric particulate pollution and its effect on human
beings clearly show a correlation between ill health and atmospheric pollution.

This has lead to increasingly stringent legislation to minimise the levels of
particulates in the atmosphere.

In many industrial processes, electrostatic precipitators are the only method that will
maintain particulate emission levels within legislated limits.

For particulates in the PM10 size band, many of which are the most toxic and

carcinogenic, the precipitator is the superior collection apparatus.
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2. ELECTROSTATIC PRECIPITATOR OPERATION

2.1 Electrostatic precipitation process

Electrostatic precipitators (ESPs) are used to collect solid or liquid particles (dust,
mist or fumes) from large gas flows such as flue gas from coal-fired power stations.
They do this by charging the particles and collecting them electrostatically.

Figure 2-1 shows two parallel electrodes connected to a high voltage source. Between

the electrodes there is an assumed homogenous electric field.

GAS FLOW
Pre-charged
Neutral particle (net
partice e > positive
—i charge)
0 p
O ’
+
!
lc
Positi \ Negative
ositive electrode
electrode
oy

Figure 2-1 Parallel electrode model

Consider the cases of a neutral and a charged dust particle carried by the laminar gas
flow in the electric field created by the electrodes. The neutral particle is influenced
by the electric field, but the net electrostatic force acting on the particle is zero.

Typically the particle will pass straight through the field since the dominant forces on



it are only those due to the gas flow. The pre-charged particle in this example is
assumed to have a net positive charge. It is therefore pulled towards the negative
electrode under the influence of the electric field. Assuming the pre-charged positive
particle is conductive, then, when it comes into contact with the negative electrode,
the positive charges are transferred to the electrode and the particle gains a net
negative charge. If the particle has negligible adhesion to the electrode, the net force
on the pérticle is reversed and the particle is pushed toward the other (positive)
electrode. Here the process is repeated and so in theory the particle will move back
and forth between the two electrodes progressing in the direction of the gas flow. This
back-and-forth motion can be seen in the common demonstration of a conductively
coated ping-pong ball hanging on a thread between two high-voltage plates.

Figure 2-2 shows how particle behaviour is changed when one of the electrodes is
altered to a small diameter wire. The electric field strength in the immediate vicinity
of the wire surface is now extremely high, so much so that corona discharge occurs
here. The corona produces a large amount of monopolar charge which drifts to the
opposite plate electrode. If the charge is negative (i.e. the wire is at a negative
potential), any particle entering this area is effectively bombarded by these charges
and becomes very negative itself. As before with the pre-charged particle, the particle
now moves toward the positive electrode (referred to as the collection electrode)
under the influence of the electric field. There is now such an excess of negative
charges within the flow area, however, that the particle charge does not change its
sign through its contact with the positive electrode; it stays in place on the positive
collecting electrode. The wire is referred to as the discharge electrode. This process
illustrated through Figure 2-2 is the fundamental one underlying electrostatic

precipitation [1,2,3]
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As yet we have only discussed the behaviour of a single dust particle. A dust cloud
contains a multitude of particles. The precipitation process operates on large numbers
of particles in essentially the same way as it does on an individual particle; the
sequence of charging, motion through the action of the electric field and adhesion on

the plate electrode is still the same.

GAS FLOW
Pre-charged
Neutal particle (net
particle  i——— ¥, e > positive
L. charge)
i—i
cT
.0
+
'
0
Negative
discharge
Positive electrode
(earthed) ,
collection
electrode

Figure 2-2 Precipitator model with a negative wire discharge electrode

2.2 Precipitator separation processes

In precipitators, the separation of particles from flue gases can be divided into three
steps, which are illustrated in Figure 2-3:

1. Generation of charge carriers

2. Charging, deflection and separation of the particles

3. Dust deposition and dust removal

11



Flue gas
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carriers

electron

negative 1on 9w Charging and deflection of

particles

Dust deposition

g «Ni

: Rapping and
l
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Figure 2-3 ESP separation process [1]

2.3 Physical structure of commercial precipitators

The physical structure of commercial electrostatic precipitators falls into two
categories, single stage and two stage. In single stage precipitators the processes of
particle charging, deposition and removal have no clearly defined physical boundaries

within the precipitator structure.
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In two stage precipitators the process of particle charging, deposition and removal are
separated from each other. Two stage precipitators are only used in small-scale
applications such as clean room technology.

For large-scale applications such as particulate emission control from a coal-fired
power station, single stage electrostatic precipitators are nearly always used and
therefore have far greater industrial significance.

There are predominantly two types of single stage electrostatic precipitator structures
used in industry:

L. Parallel plate type

2. Tube type

Figure 2-4 shows the structure ofboth types ofprecipitator.

Discharge
electrode
Clean gas
Collection
electrode
Flue gas
Flue gas
Tube type precipitator Plate type precipitator

Figure 2-4 Commercial precipitator structures



In tube type precipitators the discharge electrode is positioned geometrically central
to the cylindrical collection electrode. Tube type precipitators are often used in
applications where the collected particles are a liquid form, e.g. acid mists. The
collection plates are normally purged by flushing a liquid over the plates, which then
runs down into a sump at the base ofthe precipitator.

In plate type precipitators, a row of discharge wires is positioned between parallel
collection plates. The dust or large agglomerates collected on the plates are removed

by mechanical rapping, falling into hoppers at the base ofthe precipitator.

2.3.1 Precipitator sectionalisation

In industrial applications, the precipitators are sectionalised into series and parallel
fields, each field having its own power supply unit. The fields can therefore be
energised differently to each other resulting in a unique electrical and dust collection
situation for each individual field.

The fields may be controlled by a computer system which will energise the fields in a
way that will optimise precipitator performance under the prevailing conditions at that
time.

Figure 2-5 shows a typical precipitator installation

Figure 2-5 Precipitator installation

14



2.4 Electrical characteristics of a precipitator

2.4.1 Precipitator voltage - current relationship

To produce large numbers of charge carriers in the flue gas, a high voltage is applied
to the discharge electrode. This creates a high electric field strength in the inter-
electrode space. When the applied voltage reaches a distinct value, an electrical
current between the discharge and collection electrodes can be measured indicating
the onset of corona discharge within the precipitator. This is called the corona onset
voltage. A further increase in discharge electrode voltage will lead to an increasing
current until spark-over occurs which marks the electrical breakdown of the gas. The
discharge electrode voltage can be either positive or negative. However, for a given
geometry, the electrical breakdown of a gas occurs at higher voltages for negative
than for positive energisation

Because of the higher electric field strengths, industrial applications prefer negative
corona. Most precipitators work with the collection electrodes grounded and the
discharge electrodes energised with a negative voltage [1,4]

Figure 2-6 shows a typical voltage-current relationship for a precipitator operating

with a dust of moderate resistivity (1010ohm-cm)

025 T Spark over

0.2 -

0.15 -
(0]
Q 0l

Corona onset
£ 0.05 -
0

Precipitator voltage (kV) (negative)

Figure 2-6 Typical ESP voltage-current relationship
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2.4.2 Electrostatic precipitator equivalent circuit

Figure 2-7 shows the electrical equivalent circuit for a precipitator. It consists of an

equivalent precipitator capacitance Cp and an equivalent voltage-dependent resistor

(DC)

Figure 2-7 Precipitator equivalent circuit.

The precipitator capacitance Cpis a function of both the sizing and geometric layout
of the precipitator discharge and collection electrodes. A typical value for an
industrial size precipitator field may be in the order of 100-300nF [1].

The equivalent precipitator resistance Rp is a complex function of several factors;

1. The resistivity of the dust flowing through the precipitator at any time

2. The applied discharge electrode voltage

3. The flow rate and volumetric distribution of dust within the precipitator

4. The effectiveness ofthe discharge electrode geometry

5. The number and positioning of fields within the whole precipitator structure

6. The temperature ofthe flue gas flowing through the precipitator

These factors are not isolated from each other but form multiple interactions, which

effect the precipitators electrical and collection performance at any one time [5]

16



However, to give the reader an idea of magnitudes, in a typical industrial precipitator
installation, for instance, a coal fired power station, a field energised to -50kV DC
may draw some 200-400mA of current. It must be stressed however that these values
are completely dependent on the factors outlined above [1,6].

A parallel capacitor-resistor network as shown in figure 2-7 is often used as the in-

house test load for precipitator power supplies before they are commissioned on site.

2.4.3 Effect of variations in dust resistivity on precipitator
performance

Until relatively recent times the sources of coal (for instance for pulverised coal fired
power stations) were usually located close to the plant, and certainly within the same
country. Its properties were well known and the precipitator could be commissioned
to deal solely with this form of dust. There would be little need to ever change the
operating parameters of the precipitator to compensate for variations in coal type.

The availability of cheap coal from countries such as Australia, South America and
South Africa means that power stations are now burning several different coals each
with different electrical and physical characteristics [1,5,7]

This gives rise to differing electrical and collection processes within the precipitators,
which will, in turn effect both the electrical and collection performance of the
precipitator.

For particles with a resistivity in the range 10'° to 10'' Ohm-cm the charging of the
particle within the inter-electrode space and consequent discharging of the particle
when it reaches the collection electrode continues ordinarily.

As the particle resistivity increases, the charging process occurs normally, however,

the particle on reaching the collection electrode only slowly loses its charge and a
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potential difference develops across the dust layer, the magnitude of which is
dependent on the dust resistivity and layer thickness.

For dust particles with resistivities in the 10"> Ohm-cm range, the voltage developed
across the dust layer can become so high as to cause sparking within the dust layer.
As a result of this, large quantities of positive charge are produced. These neutralize
negative charges within the field which adversely effects the dust collection process.
This phenomenon is known as back-ionisation and results in a lower average
precipitator voltage and an increase in current drawn by the precipitator.

Modern electrostatic precipitators, therefore, have to be designed such that the
discharge electrode voltage can be altered to accommodate variations in dust

resistivity and to maintain collection performance [5]

2.4.4 Factors effecting collection efficiency

For efficient operation of a precipitator field, several points may be established:

1. The magnitude of discharge electrode voltage should be set such that precipitator
collection efficiency is maintained within legislative limits at all times. The discharge
electrode voltage required to meet this criteria is dependent on the electrical and
physical properties of the dust passing through the precipitator.

To maintain collection efficiency when the resistivity of the dust is moderate the
discharge electrode voltage should be raised to a level whereby dust emission levels
are within statutory levels. On the contrary when dust resistivity is very high the
discharge electrode voltage may have to be lowered to avoid back ionisation
occurring within the precipitator

2. Precipitator collection performance is not always improved with an increase in

input power. An abnormal increase in power being drawn by the precipitator may
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be an indication of back ionisation. The input power should be optimised for the

prevailing operating conditions.
3. Apart from variations in dust resistivity there are additional factors which affect the
performance of a precipitator:
e Excessive particle deposits on the collection plates
Efficient cleaning of the electrodes is a vital requirement to maintain precipitator
operating‘efﬁciency. The collection plates are cleaned by subjecting them to a short
mechanical impulse of set duration and period, a procedure known as rapping.
In a precipitator operating with an effective rapping schedule, the majority of the dust
present on the collecting electrodes will fall into the hoppers situated below the
precipitator after a rapping event. However, the dust, which does not reach the
hoppers, will re-enter the gas stream. To minimise this loss of collection efficiency, a
modern precipitator installation works in conjunction with the rapping system to
ensure that the electrical conditions present immediately following rapping are ideal
for rapid dust charging and collection.
¢ Uneven corona distribution on the discharge electrode wires
Figure 2-8 shows three scenarios (A, B & C) for corona discharge on the energised
discharge electrode:
A. As the discharge electrode voltage is increased, a corona discharge spot develops
at a certain point on the discharge electrode. The dust collection properties of the
inter-electrode space are effective only at this point.
B. As the discharge electrode voltage is increased further, several more corona
discharge points develop on the discharge electrode.
C. The discharge electrode voltage is increased further. Corona discharge points are

evenly distributed across the surface of the discharge electrode leading to an even
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distribution of field strength within the inter electrode space and a subsequent high
dust collection performance. This is the most favourable situation out of the three
scenarios.

However, this is only possible with good discharge electrode design. Even then, dust
collection efficiency may be affected by other factors such as turbulence within the

dust flow.

Discharge Corona
electrode discharge spot
A B

Figure 2-8 Corona discharge distribution on discharge electrodes

Modem coal fired power stations now produce much finer ash with far higher
resistivity than several years ago. To retain an effective field strength in a precipitator
dealing with high resistivity dust, the discharge voltage must be lowered.

Consequently, the corona distribution shown on discharge electrode B in Figure 2-8 is
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often representative of precipitator operation [2]. This is a non- optimum operating

situation and can lead to a loss of collection performance in the precipitator.

2.5 Precipitator performance optimisation

Methods by which precipitator performance may be improved are detailed.
2.5.1 Precipitator Control methodologies

There are two common methods established to control a precipitator:

e Spark rate counting

This is a method whereby the amount of sparks detected within the precipitator per
minute are analysed and compared against a pre-programmed level.

This programmed level, set by the manufacturers or the personnel operating the ESP
installation, will be variable depending on the specific ESP installation, its application
and the electrical and mechanical properties of the particulate flowing through it.

For the specific set of conditions within the ESP at that time, this level will be
deemed the optimum point of ESP operation and the discharge electrode voltage will
be varied accordingly to maintain the optimum spark rate [8]

e Mean voltage sensing

This is a method whereby power input to the ESP is raised in pre-determined steps.
The mean discharge electrode voltage is constantly monitored to find the point on the
characteristic curve where the slope is neither positive nor negative. This is deemed
the optimum working point.

Beyond this point, the mean discharge electrode voltage begins to reduce due to the
increasingly high rate of sparks and flashovers. The disadvantage of this method is
that the power levels have to be regularly reduced and then ramped back up to find
the point of inflexion, which can temporarily affect the dust collection process [8].
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2.5.2 Precipitator operational characteristics

With more stringent environmental controls being placed upon sources of dust
emissions, an electrostatic precipitator may be required to operate with a collection
efficiency as high as 99.7%. These stringent pollution control limits have resulted in a
significant increase in electrostatic precipitator power consumption.

The assumption that precipitator collection performance is always improved by
simply increasing the input power is incorrect. In fact, a point may be reached in the
operating characteristic of a precipitator, depending on the dust type present, where an
increase in input power above a certain level leads to excessive sparking and back
ionisation which will limit the dust collection efficiency.

Figure 2-9 shows a typical operating characteristic for a precipitator operating with

standard DC energisation and with a dust of moderate resistivity.
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Figure 2-9 Typical operating curve for an electrostatic precipitator [2]

From Figure.2-9, Increasing the input power above 20 kVA results in a lower mean
discharge electrode voltage, an increase in dust emission and a power wastage since

the additional input power is simply dissipated in excessive sparking and eventually
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arcing within the precipitator. Sparking is a momentary short circuit between the
discharge electrode and collection electrode and occurs randomly and frequently in
any precipitator energised to operational levels. The sparking rate can increase to
wasteful levels if the precipitator is operating at a point where there is excessive input
power.

From Figure 2-9 it can be seen that a maximum of the mean discharge electrode
voltage coincides with a minimum in dust emissions. This is the optimum operational
point for the precipitator. This point will, however, vary depending on the electrical

and physical characteristics of the particles passing through the precipitator.

2.6 Power saving and dust collection optimisation in a
precipitator

There are four methods by which power consumption in a precipitator can be
minimised. Under certain circumstances (depending on the electrical and physical
properties of the dust), this reduction in power does not have an adverse effect on dust
collection efficiency;

e Reduction of discharge electrode voltage

e Power control of individual units within the precipitator

¢ Intermittent energisation

e Pulse energisation
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2.6.1 Reduction of discharge electrode voltage

This is a method whereby the discharge electrode voltage is minimised to a point
where the precipitator is operating just within legislated limits. This method is an
extremely effective way of saving power, especially when the precipitator has been
designed for dust burdens which are higher than those typically encountered (or dusts
more difficult to collect than those often encountered). In such cases, the operating
point for maximum collection is often wasteful of power when weighed against
returns in increased collection. This method is also particularly effective when the
precipitator is dealing with highly resistive dusts, which are becoming more prevalent

throughout the power industry.

2.6.2 Power control of individual fields within the precipitator

The normal practice in precipitator design is to sectionalise the precipitator into
individual fields. The energisation levels of each field can then be set to optimise
collection efficiency under the prevailing conditions at that time.

With certain dusts such as fly ash which are low in sodium it is possible to shut down
the power to several of the precipitator fields without any noticeable variation in dust

emission [1]. This clearly results in a significant power saving.

2.6.3 Intermittent / Semi - pulsed energisation

Intermittent or semi-pulsed energisation was introduced in the early 1980’s as a way
of saving energy and increasing collection efficiency (with certain types of dust).
Intermittent energisation systems operate by repetitively blocking the power supplied

to the precipitator. The operator sets the time duration of this blockage.

24



Figure 2-10 shows a typical power flow waveform for intermittent energisation.

As a consequence of the suppression of power, the mean and rms values of
precipitator voltage and current are lower than they would be with standard DC
energisation.

The effect intermittent energisation has on precipitator collection efficiency is highly
dependent on the resistivity of the dust. For dusts of low resistivity, the power
reduction due to intermittent energisation can result in a lower collection efficiency
compared to standard DC energisation. For dusts of high resistivity, however, the
collection efficiency can be higher than that achieved with standard DC energisation.
The reduced power consumption can lower the amount of back ionisation.
Consequently, a saving in power consumption is made alongside an increase in dust

collection efficiency [1,10]
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Figure 2-10 Intermittent energisation power flow time sample

2.6.4 Pulse energisation

Pulse energisation systems began entering the precipitator market in the early 1980’s
in an attempt to increase the collection efficiency of precipitator units dealing

particularly with highly resistive dusts.
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Figure 2-11 shows a typical voltage waveform from a pulse energisation unit.

Pulse energisation consists of a short duration, high voltage pulse superimposed on a
base voltage, whose level is kept close to the corona onset voltage. A typical pulse
may be 60kV above the base level. The pulse width may be 100uS with a repetition
rate of 300 pulses per second. These three parameters are variable and are adjusted to
suit the prevailing conditions in the precipitator.
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Figure 2-11 Pulse energisation waveform

A commercial pulse energisation unit is normally physically separate from the

precipitator power supply. The high voltage pulses are introduced onto a common

busbar, which is energised to the base level by a standard precipitator power supply

[9,11]

Pulse energisation has several advantages over standard DC energisation:

e Corona discharge with standard DC energisation may not be evenly distributed
across the discharge electrode surface. With pulse energisation, the peak voltage
(pulse magnitude + base level) significantly exceeds the corona onset level,

resulting in an intense corona discharge during a pulse. This has been shown to
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lead to a more uniform current density within the collection area and a consequent
improvement in dust collection (particularly dusts of high resistivity) [9].

e By varying the pulse repetition rate, the precipitator current can be controlled
independently of the constant precipitator voltage (Vdc + Vpulse). It is therefore
capable of minimising the precipitator current to a level just before the onset of
back corona without having to lower the precipitator voltage [11]

e Enhanced particle charging and collection due to the higher field strengths
associated with pulse energisation.

e An enhancement in collection efficiency. For high resistivity dusts this
enhancement factor has been shown to be around 2 compared to standard DC

energisation and around 1.5 compared to intermittent energisation [1, 12]

2.7 Summary

The fundamental operational characteristics of an electrostatic precipitator have been
detailed in this chapter. It is evident that a modern precipitator power supply must be
designed with a high degree of operational flexibility incorporated into it. The power
supply must be able to cope with the ever-increasing demands placed on precipitator
operation due to tightening environmental legislation and the increasing variation of
particulates entering the precipitator.

The trend, due to economic constraints, to source coal from various countries rather
than utilising local, well defined varieties has lead to a general increase in the
resistivities of particulates entering the precipitation process in coal fired power
stations.

This can place significant demands on precipitator operation, namely, trying to

achieve the correct balance between minimal power wastage and high particulate
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collection efficiencies. These factors will effect the choices made in reaching a

specification for a modern power supply capable of effectively energising a

precipitator under conditions detailed in this chapter.
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3. THE CONVENTIONAL PRECIPITATOR
ENERGISATION TOPOLOGY, ITS LIMITATIONS AND
THE CONCEPT OF A NEW, STATE OF THE ART
PROTOTYPE SWITCHED MODE BASED POWER
SUPPLY AS A REPLACEMENT.

3.1 Conventional power supplies

The power supply topology shown in figure 3.1 has been the conventional circuit used
to achieve high voltage energisation of a precipitator [1].

The single phase, line to line voltage (415V rms, UK) is regulated by a pair of anti-
parallel thyristors before it is applied to the primary winding of a step-up, high
voltage transformer. By variation of the firing angle of the thyristors, power flow to
the precipitator can be controlled. The secondary voltage of the transformer is then
rectified by a high voltage, full bridge rectifier and applied directly to a precipitator
section. The full wave bridge rectifier is configured in such a way that the rectified
output voltage feeding the precipitator section has a negative potential with respect to
electrical earth.

Often, an inductor is placed in series with the primary winding of the transformer.
This has the effect of adding to the series impedance of the transformer, thereby
limiting the input current to the power supply in the event of sparking or arcing within
the precipitator section [2].

The topology shown in figure 3.1 is referred to commercially by precipitator
manufacturers, as a ‘thyristor- rectifier set” and has been the conventional precipitator
power supply adopted by manufacturers for over 30 years.

The power electronics, current limiting inductor, switchgear and control electronics

that constitute the supply are normally contained within the same cubicle. The high
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voltage transformer, however, is situated in its own containment storehouse to comply

with health and safety legislation. This is detailed further in section 3.4.4.

High voltage rectifier Precipitator
section

T,

%

H
|
|
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' v |
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T, T : Anti-parallel thyristor set
L, : Curent limiting inductor (optional) e

n;: n; High voltage step-up transformer

Figure 3.1 Conventional precipitator power supply

3.2 Operational principles of the thyristor regulated
precipitator power supply.

The high (negative) DC output voltage of the power supply shown in figure 3.1 is
controlled by the variation (advancing or delaying) of the thyristor firing angles with
respect to the zero voltage crossover point of the AC input line voltage.

Figures 3.2 and 3.3 show typical line voltage, primary current, precipitator voltage
and current waveforms for a thyristor-rectifier set supplying a precipitator section,
illustrating how these parameters are influenced by a variation in thyristor firing
angle.
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From figure 3.2, in this particular example, with the thyristor firing angle set to 54°,
the precipitator voltage can be seen to have a peak value of 75kV and a minimum

value of45kV.
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Figure 3.2 Voltage and current waveforms of a typical precipitator power supply
operating with DC energisation and a thyristor firing angle of 54°.
[Courtesy of K.Parker [2]]
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In figure 3.3, the firing angle (delay time) is increased to 108°, the precipitator voltage

can be seen to have a peak value 0f45kV and a minimum value of 23kV.
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Figure 3.3 Voltage and current waveforms for a typical precipitator power supply
operating with DC energisation and a thyristor firing angle of 108°
[Courtesy of K.Parker [2]]
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It is evident from the two examples shown in figures 3.2 and 3.3 that there is
significant voltage ripple present on the DC output level supplying the precipitator
(30kV and 22kV). This can be detrimental to precipitator collection efficiency and is

detailed in section 3.4.1

3.3 Control methodologies for the thyristor based
precipitator power supply.

As discussed in section 2.5, there are two common methods established to control
precipitator operation, namely, spark rate counting and mean voltage sensing [3].
Both are applicable to the conventional thyristor regulated precipitator power supply.
Adoption of either technique (or name of technique) varies from manufacturer to
manufacturer. The fundamental operating principles, however, are the same, namely
that the thyristor firing angles are controlled to optimise both the precipitator dust
collection and electrical efficiency as greatly as possible for the particulates present in
the precipitator at that time.

Intermittent or ‘semi-pulsed’ operation can increase collection efficiency of the
precipitator and simultaneously lower its power consumption. The effectiveness of
this energisation technique is highly dependent on the resistivity of the particulates
passing through the precipitator and is suited best to particulates of high resistivity
[2,4].

This technique is readily incorporated into the conventional power supply. Along with
controlling the firing angle of the thyristors, the control electronics will allow
suppression of a certain number of half cycles of the primary current delivered to the
transformer by the single phase AC line input. This suppression is achieved by setting

the thyristor firing angles to 180°.
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The optimum suppression period, i.e. the period for which particulate collection
and/or electrical efficiency is highest, is a complex function of many factors including
precipitator particulate resistivity, discharge electrode geometry and flow rates within
the precipitator as detailed in section 2.4.2.

In modern versions of the thyristor rectifier set, a range of suppression periods is
stored within the control electronics of the power supply and the suppression period

best suited to precipitator conditions at that time will be selected by operational staff

[5].

3.4 Limiting factors of the thyristor regulated precipitator
power supply.

3.4.1 Ripple magnitude

Conventional transformer-rectifier sets have output voltage ripples that are typically
between 40% and 50% of the mean voltage. This can be seen in figures 3.2 and 3.3
where the ripple magnitudes are 30kV and 22kV respectively.

The secondary output of the high voltage transformer undergoes rectification by a full
wave, single phase bridge rectifier. Hence, the fundamental frequency of the ripple
voltage is twice that of the AC line supply. Arcing occurs if the peak of the voltage
ripple exceeds a critical value and so for much of the cycle, when the voltage is much
less than this critical value, little corona current is produced. Typically the mean
current is much less than half that producéd at the peak.

Figure 3.4 shows a typical precipitator V-I relationship for a dust burden of moderate
resistivity. The ideal operational point would be with a ripple free DC voltage level,
thereby maintaining a high average precipitator voltage and current. However, it is

clear that the ripple magnitude lowers the minimum instantaneous voltage and current

35



(point A). Consequently the average precipitator voltage deviates away from the
optimum operational level. This can have an adverse effect on the collection
efficiency of the precipitator, particularly when the precipitator is operating with a
dust burden of low to moderate resistivity.

In this particular example, the optimum precipitator voltage for high collection
efficiency is shown as point B. This point is highly dependent on several factors such
as particulate resistivity, discharge electrode geometry and flow rates within the

precipitator as detailed in section 2.4.2.
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3.4.2 Power supply response to sparking and arcing within the
precipitator

There are various control methodologies used by different manufacturers to energise a
precipitator efficiently. Whilst the name, and operational claims of the control system
varies from manufacturer to manufacturer, the fundamental principles of operation
remain thé same. Spark rate counting (section 2.5), as a control method, is still used
widely throughout precipitator industry. Figure 3.5 illustrates the control strategy.

A spark is detected by monitoring of the precipitator voltage through a potential
divider network. In the event of a spark a momentary dramatic decrease of
precipitator voltage is experienced. An arc or flashover is characterised by a
prolonged spark lifetime and low precipitator voltage [6].

The firing angle of the thyristors is increased to lower the mean precipitator voltage
and current by a setback margin, thereby extinguishing the spark or flashover. The
firing angle is then decreased linearly over a time T, causing the precipitator voltage
and current to ramp up until a spark/flashover is again detected and the process
repeats [3].

An arc/flashover in the precipitator creates a prolonged short circuit between
discharge and collection electrodes. The arc is quenched only when power flow to the
precipitator is blocked. In the conventional thyristor based power supply, this can
only happen during the next zero crossing point of the mains supply. It is, therefore,
possible for an arc to last a duration of half a mains cycle (10ms on a 50Hz mains
supply) and, to avoid multiple arcing, at least a further half cycle before recharging of

the precipitator can take place [2].
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On precipitators operating with multiple arcs, this ‘down time’ can become
significant resulting in a lower average precipitator voltage, lower current and a
consequent lowering of collection efficiency. Secondly, multiple arcing of long

duration can be harmful to the precipitator installation and reduce its operational life

expectancy.
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Figure 3.5 Spark rate counting control principle

3.4.3 Cabling and switchgear sizing to cope with single-phase
operation.

The thyristor regulated power supply draws input power from a single-phase
connection. Consequently the input line current is significantly higher than if the
supply was based on a three phase input connection. This results in all mains voltage
side components such as cabling and switchgear having to be dimensioned larger than
if power was drawn from a 3-phase system. This problem was recognised some years

ago and attempts were made to use three-phase energisation. However, this led to
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unresolvable problems with arc quenching within the precipitator and three phase

investigations were halted [2].

3.4.4 Size, weight and cost considerations of the high voltage, oil
insulated step up transformer.

The step up high voltage transformer used in the thyristor regulated power supply is
based upoﬁ a mains frequency (50 Hz, UK), iron cored structure. To achieve the
required insulation strengths within the transformer structure, oil is used as the
insulating media. To avoid electrical breakdown of the oil due to a build up of
impurities at areas of high electric stress, it must be continuously filtered and pumped
around a sealed containment vessel [7].

Due to the iron core construction of the transformer, the low frequency mains
operation and the use of insulating oil, the size and weight of the transformer is
considerable.

Figure 3.6 shows such a transformer; taken out from a conventional thyristor based
power supply at Didcot ‘A’ coal fired power station, UK

Because the transformer is oil insulated, a health and safety requirement is that it be
housed in its own individual containment cell. In a typical precipitator installation
there may be as many as 40 thyristor rectifier sets, each set energising a section
within the whole precipitator. Therefore, the civil engineering costs of actually
installing the power supplies, along with the required sealed transformer cells is
significant.

A second consequence of this is that the ‘primary’ side of the supply (thyristors,

switchgear, control electronics etc) is housed in a cubicle separate from, and possibly
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a considerable distance from the transformer rectifier units (figure 3.7). This again,

increases the cost and complexity of installation .

Figure 3.6 High voltage (54kV output) transformer-rectifier taken from a
conventional precipitator power supply

Figure 3.7. Area containing all the precipitator power supplies cubicles at Didcot ‘A’
power station. The transformer- rectifier containment sheds are a considerable
distance from this area
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3.4.5 Summary of power supply characteristics
The following advantages and disadvantages of the thyristor regulated precipitator
power supply can be summarised:

1. A robust, well known topology

2. Output voltage ripple is appreciable and can have a detrimental effect on the

particulate collection efficiency of the precipitator

3. Power supply response time to sparks and flashover within the precipitator is poor

due to the low frequency operation and switching characteristics of the thyristors

4. Since the power supply is itself powered from a single-phase supply, then input

line current will be higher than that of a system powered by three-phase supply.

5. Consequently all switchgear and cabling will have to be rated for this higher

current

6. The high voltage, oil insulated transformer is large, heavy and requires its own

containment cell to comply with health and safety legislation

7. Because the transformer-rectifier and the rest of the power supply are separated

from each other, power supply installation is made more complex and costly
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3.5 Research Objectives

The specific }objectives of the project was to produce a step change in precipitator
power supply design, advancing it to encompass modern technology, and thereby
making electrostatic precipitators more controllable and efficient. The EPSRC
PEDDS LINK project entitled “VARIWAVE’ was funded to design, build and test a

new high frequency, switched mode based precipitator power supply prototype.

3.6 Industrial motivation

Many plants in the UK need to reduce particulate emissions to meet new
environmental legislation which requires that the amount of particulate exhausted to
the atmosphere be strictly controlled. As concerns over health and the environment
increase then the legislated requirements are becoming more stringent for example as
stated in 1988 EC Directive which also specifies requirements for emission of SO,
and NO, [8].

Increased awareness of the effects of atmospheric pollution has meant that
electrostatic precipitators, which have been used since the early part of this century to
separate particulate matter from process gas streams, are now required to achieve
efficiencies in excess of 99.7% for a number of application. These changes have
challenged the precipitation industry to consider how the equipment can be improved
to meet ever tightening legislation where control is now focusing on heavy metal and

respirable size particulate discharges.
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3.7 Market requirement

There is a market requirement for constructing a modern electronic power supply
which would give the following advantages over the traditional supply:

e Higher efficiency

e Highly controllable and programmable

e No oil filled transformer

e Three phase supply

The estimated European market for power supplies for new precipitators is estimated
at up to £10 million/year. If the new supply design is sufficiently advantageous to
precipitator performance, this market may be expanded by the replacement of existing
conventional supplies. During the lifetime of a precipitator, the total power and
maintenance costs to the utility are normally reckoned at £2000 per kW rating of the
precipitator (this is based on a typical penalty clause to a manufacturer by a utility).
Typically a power station may use 300kW to supply its precipitators. If the efficiency
of the supply is improved from 60% to 90% this would imply a 100kW saving or

around £200,000 over the lifetime of the precipitator [9].

3.8 Design concept

There has been little change in the precipitator power supply market away from
conventional thyristor regulator based power supplies.
This is in part due to the lack of availability of ‘off the shelf’ high voltage step-up

transformers capable of operating efficiently at frequencies above that of the mains

supply.
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The transformer structures being used are still based around oil insulation, which
bring with it the problems of regular oil cleansing [7], containment cells, and the
distance between transformer/rectifier and the rest of the supply.

The aim of the research is to address the limitations of conventional precipitator
power supplies by utilising modern power semiconductor device technology, modern
magnetic material technology and novel methods of high voltage insulation.

These technological advances would be applied to produce a prototype precipitator

power with significant operational improvements over the conventional supply.

3.8.1 Expected improvements of the prototype supply compared to
conventional supplies

The improvements in power supply operation where expected to be:

e Significant reduction of precipitator voltage ripple

A significant reduction in precipitator voltage ripple due to the use of high frequency
switching topologies. This results in a higher average precipitator mean discharge
current and, as described in 3.4.1, an improved particulate collection efficiency.

o A faster power supply response to precipitator sparking and flashover (arcing)

A faster response to sparking/arcing in a precipitator implies less power wastage and
less operational ‘down time’. The conventional thyristor based power supply has
severe drawbacks in its response to flashover within a precipitator as detailed in 3.4.2.
It was envisaged that if a topology was designed ‘whereby switch off control was
possible at any time, not being under the control of the mains cycle, then arc times
would be minimised resulting in a higher precipitator electrical and particulate

collection efficiency.
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e An increase in power supply efficiency

High frequency switched mode operation would allow the adoption of low loss,
ferrite technology in the design of the high voltage step up transformer core.
Consequently, transformer power losses would be reduced resulting in an increase in
power supply efficiency.

® Reduction in size and weight of the transformer-rectifier stage

High frequency switched mode operation results in a higher transformer power
density in comparison to mains frequency operation [10,11,12]. Consequently the
required geometric size of the transformer will be reduced resulting in a more
compact and lighter design.

The use of novel insulating techniques within the transformer rectifier unit would
further minimise the sizing of the transformer- rectifier.

In fact, an aim of the research was to produce a transformer-rectifier unit compact
enough to be housed in the same cubicle as the rest of the power supply. This would
mean a complete power supply unit could be housed in a single containment cell.

This is unlike the conventional situation where the transformer-rectifier and rest of
the power supply are separated and housed in different areas.

e Reduced input line currents and consequent cabling/switchgear size reduction.
The prototype supply would be developed with a three-phase diode bride rectification
unit as the front end of the power supply instead of the conventional single-phase
thyristor regulator. This will result in a reduction in sizing of required input cabling
and switchgear.

e Ability to improve the quality of power drawn from the utility

As an optional feature of the proposed prototype power supply, investigating the use

of a three phase diode rectifier with boost converter for active line current shaping
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and DC link voltage boost was carried out. The reasoning behind this decision was

two fold:

1. To provide an input stage whereby high quality input line currents could be drawn
from the utility resulting in low input current distortion and high input power
factor.

2. A consequence of the active line current shaping is a boosting of the rectified DC
output voltage of the topology above that which would normally be achieved with
a standard three phase bridge rectifier. This feature could be utilised to provide a
means of either minimising the necessary turns ratio of the high voltage step up
transformer for a given precipitator output voltage or to increase the magnitude of
the precipitator output voltage for an ‘already built’ transformer. Naturally, this
increase would be limited by the electrical insulating strength of the transformer-

rectifier unit in question.

3.9 The Prototype precipitator power supply system

Figure 3-8 (overpage) details a system diagram of the proposed prototype precipitator

power supply.
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Figure 3-8 System diagram ofproposed high voltage power supply
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3.9.1 Prototype power supply system overview

The prototype precipitator power supply depicted in figure 3-8 consists of nine

distinct elements:

1. Front end three phase full bridge rectification unit

2. An optional thrée phase diode rectifier with boost converter for DC link voltage
boost and active line current shaping

3. A high frequency voltage fed inverter controlling power flow to the primary
winding of the high voltage step up transformer

4. A high voltage, high frequency transformer-rectifier unit

5. Control and supervisory circuits

6. Semiconductor switching device drivers

7. Remote unit, allowing control of power supply operation a distance from the main
cubicle. In practice this may also form a link in a computer network controlling
an entire precipitator installation.

8. Power supply switchgear and protection

9. A future retro-fitted pulse energisation circuit (see chapter 9)

These elements constitute the proposed prototype supply and are analysed in detail in

the following chépters.

As described previously, a disadvantage of conventional precipitator power supplies

are that the main elements of the supply and the transformer-rectifier unit are

separated from each other, often by a considerable distance. This increases

installation costs due to extra wiring and civil engineering demands. All elements of

the proposed prototype (including transformer-rectifier) are to be housed in one

cubicle, apart from the remote access unit.
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3.10 Review of current power semiconductor switching
devices and recommendations of usage within the prototype
power supply

This is a review of current switching techniques and power semiconductor switching
devices available on the market. A comparison of devices is made to ascertain which

is the most suitable for use in the prototype power supply.

3.10.1 PWM (Pulsed Width Modulation) switching technique.

The PWM Technique controls power throughput of a topology by varying the duty
ratio (on: off) time of the semiconductor switching device.

Switching devices acting under PWM control can operate under hard turn on and turn
off conditions. The main loses in such a topology (e.g. boost converter, buck
converter, full bridge inverter) are the switching losses [13,14]. These tend to limit
the maximum operating frequency at which the topology can successfully and reliably
operate without excessive power loss in the device and consequent lowering of power
supply efficiency.

The suitability of semiconductor devices operating under hard switched PWM

conditions is dependent on the characteristics of the switching device.

3.10.2 Resonant switching techniques

A resonant switching concept was proposed to improve switching losses for
semiconductor switching devices in a power topology [15,16]. The resonant method
of operation processes power in a sinusoidal form. The power switches are turned on
or off at either zero current and/or zero voltage. This technique minimises the power

dissipated in the device during transition times. Consequently, devices operating
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under resonant conditions generally have the ability to operate at frequencies higher
than if they were operated in hard switched mode.

A disadvantage of the resonant technique is that voltage and current stresses within
the device can be increased to several times that of the supply voltage and average
current value [17,18,19]. This has to be carefully considered when performing a

suitability investigation of a semiconductor switching device for a resonant topology.

3.10.3 Demands placed upon switching devices

Since the introduction of semiconductor switching devices, the levels of operational
stress and technical demands placed upon the devices has increased considerably:

e Higher current handling capability

There is an ever increasing need by industry to maximise the power throughput of a
single device, thus limiting the need for paralleling up devices or substituting a
different switching device altogether. The current handling capabilities of a device are
limited by the on state resistance or voltage drop, the turn on/turn off time and the
physical heat transfer characteristics of the device.

e Higher blocking voltages

This is a measure of the maximum reverse blocking voltage the semiconductor
switching device can operate effectively at without overvoltage failure.

e Resistance to a high di/dt and dv/dt

High operational frequencies brings with it higher rates of change of voltage / current
and can be a limiting factor in switching device operation.

The level of di/dt and dv/dt a switching device can handle is determined by the
physical structure of the device, the breakdown strength of the materials used to

fabricate the device and parasitic elements existing within the structure.
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e Lower on state losses

This is linked to the current handling capabilities of the device and the maximum

temperatures allowed within the switching device structure.

Any on state voltage drop across the device will lead to power dissipation within it.

This is converted into thermal energy, causing the internal temperature to rise.

The maximum power dissipation is limited by several parameters. These parameters

are the maximum junction temperature, ambient temperature and case temperature

and are correlated by the thermal resistance of the device.

o lower switching losses (i.e. shorter turn on & turn off times)

This varies considerably from one device to another. Since these losses are

proportional to the switching frequency of the device, a major motivation in power

semiconductor technology is to minimise these switching times as much as possible.

The ‘ideal’ switching device would, naturally, have zero turn on/turn off time. In

practice however, these times do exist and place a limitation on maximum operational

frequency and/ or power handling capability.

o Higher operational frequencies.

High frequency switched mode power topologies have several key advantages over

low frequency power supplies operating in a ‘linear’ or regulatory mode:

* The minimisation of voltage and current ripple magnitudes within the switching
topology

» High frequency operation allows the use of low loss ferrites as the core material in
transformers and inductors. This results in a higher operational power density, a
reduction in physical size and weight and lower core losses. The maximum
switching frequency at which a device can operate is a function of not only the

characteristics detailed previously (switching loss, turn on/ turn off times, heat
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transfer characteristics) but also the manner in which the device is being switched.
For example, an IGBT operating in a hard switched topology may be limited to an
operational frequency of 20-30 kHz. The same IGBT in a resonant mode of
operation may operate at frequencies upto 100kHz provided the IGBT rating is
such that it can deal with possible elevated levels of voltage and current.
o Simplified drive requirements.
The methods required to successfully drive switching devices is naturally dependent
on the semiconductor structure of the switching device and varies considerably from
one device to another. Clearly, the simpler the device is to drive then the more
attractive it is to the customer as it minimises complexity of the system, minimises

component count and associated costs.

3.10.4 Power semiconductor devices

3.10.4.1 Power bipolar transistor

The power bipolar junction transistor is a two junction self-controlled device where
the collector current is under the control of the base drive current. It is a linear device
that is operated in switching mode. The bipolar power transistor has existed for many
decades and in that time constant improvements have been made. Devices are now
available with breakdown voltages above 1400V and average current ratings upto
1000A.

The current gain of a bipolar transistor is low, typically between three and seven and
this value varies widely with collector current and temperature.

This indicates that considerable drive power is required to maintain a saturated switch
under high load current conditions. The use of a Darlington BJT does increase the

current gain, however, considerable base drive power is still required [20,21].
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Although devices are manufactured at high current ratings it is not possible to operate
the device at the maximum current rating since the gain would become impracticably
low. Devices tend to be over-dimensioned in terms of their power handling capability.
A further limitation of the power transistor is their susceptibility to 2nd breakdown
effects, which occur when the collector current is switched on. An effect known as
emitter crowding can develop whereby the collector current is constricted into a
narrow area. This tends to create a hot spot and the device fails due to thermal
runaway.

Typical applications of a power transistor would be motor drives and switch mode

power supplies operating at several kHz.

3.10.4.2 Thyristor

A thyristor is a three-junction pnpn device where pnp and npn components are
connected in a regenerative feedback mode. The thyristor is triggered into forward
conduction by a short current pulse applied to the gate. Once the device is in a
conduction state the gate loses control to turn off the device. Thyristors are available
with blocking voltages upto 6500V and current ratings of 3500A.

Switching times of a power thyristor are slow in comparison with other switching
devices and this normally limits thyristor operation to frequencies of a few kilohertz.
They are, therefore not suitable in high frequency switched mode power supplies.
Typical applications of a thyristor would be DC motor drives, large power supplies
(MVA) and electronic circuit breakers due to the large current surge capability of the

thyristor [22].
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3.10.4.3 Gate Turn Off Thyristor (GTO)

The gate turn off thyristor has a structure which is similar to that of a conventional
thyristor. The difference between them is that a GTO can, not only be turned on by a
positive gate current but also turned off by a negative gate current pulse.

GTOs are manufactured covering a wide range of power and voltage levels. Ratings
of 4.5kV and 3000A have been achieved. The Turnoff current gain is poor (4 to 5)
and because of high switching losses, GTO operational frequencies are normally
limited to below 1kHz [22].

Currently, GTOs are mainly used in variable speed motor drives, and medium

frequency inverter topologies with operating frequencies below 2kHz.

3.10.4.4 Static Induction Thyristor (SITH)

The Static Induction Thyristor (SITH) is a self controlled GTO like device that was
commercially introduced in 1988. It is a ‘normally on’ device which ceases
conduction when a negative current pulse is applied to the gate.

The turn off current gain of a SITH is low (< 3) and the device displays a large tail
current. Unlike conventional thyristors the current surge capabilities of a SITH are
usually limited to 3 to 4 times their average current rating. Typical operational
switching frequencies are of the order of several kHz and modern devices have

ratings as high as 1200V, 300A [23]

3.10.4.5 MOS Controlled Thyristor (MCT)

The MCT is a thyristor like device that can be turned on or off by application of a

short voltage pulse to the MOS gate of the device. A negative pulse turns the device
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on; a positive pulse turns it off. Typical operational frequencies are in the order of
tens of kHz and the on state conduction drop is low (typically 1.1V).

Developmental samples where released by Harris semiconductor in 1988.
Commercial MCTs are now available with ratings of 600V, 60A. Typical
applications are AC motor drives, high frequency switched mode power supplies and

induction heating systems [24].

3.10.4.6 Power MOSFET

The Power MOSFET is a voltage controlled, insulated gate device developed in the
late 1970’s. If the gate voltage is positive and beyond a threshold value, a conducting
channel is induced within the device permitting current to flow between drain and
source. Because a power MOSFET is a majority carrier device, the turn on and turn
off times are extremely short compared to thyristor technology. A disadvantage of the
power MOSFET is its relatively large conduction drop (3.2V) [25].

Power MOSFETS have been applied widely in medium power, low voltage, high
frequency switching applications where the operational frequency has been tens of
kHz [26,27].

At medium to high power applications, especially when high blocking voltages are
required (>500V) then the MOSFET suffers from high on state losses. At present,

MOSFETS are available with ratings of 800V, 200A.

3.10.4.7 Insulated Gate Bipolar transistor (IGBT)

IGBTs combine the high input impedance and high speed characteristics of

MOSFETS with the high conduction (low saturation voltage) of bipolar transistors.
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The device is normally turned on by applying a positive voltage to the gate (8-15V)
and turned off by applying a zero or negative voltage (0 to -15V).

The IGBT has a higher current density compared to a BJT and MOSFET, its input
capacitance is significantly less than that of a MOSFET and its operational frequency
range is higher than that of a BJT. An IGBT is a faster device than a BJT and can
operate at high power levels upto 30kHz switching frequency. Modern commercial
IGBTs are available with ratings of 1700V, 800A. The device has found popularity in
applications such as AC motor drives, high frequency (>20kHz), high power switched
mode power supplies and U.P.S applications. Due to these favourable characteristics
IGBTs have replaced BJTs in the majority of applications and are now the ‘switching
device of choice’ in the majority of high frequency, medium to high power
applications [22,28,29]

Table 3-1 shows a detailed comparison of the power semiconductor devices covered
in this review displaying key criteria, which determine suitability for a particular

operation.

3.10.5 Choice of semiconductor device

The most popular power semiconductor devices in the industrial marketplace have
been reviewed in this chapter to determine their technical advantages and limitations
when used in a switched mode, high frequency power supply. The device which
shows the most favourable properties for a medium power, high frequency switched
mode supply is the IGBT which has the following desirable characteristics.

e Simple drive requirements

e Operation at realistic switched mode frequencies (20kHZ)

e Relatively low losses at switched mode frequency
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e Device availability at high voltage and current ratings

e Reasonable cost and availability

BJT thyristor GTO SIT MCT MOSFET IGBT
Present 1400V 6500V 4500V 1200V 600V 800V 1700V
power 1000A  3500A  3000A  300A 60A 200A 800A
capability
Gating current current current current voltage voltage voltage
T j range -40to -40to -40 to -50to  -55to -55to -20 to
150 125 125 150 150 150 150
Conduction
drop at 1.9V 1.9V 4V 4V 1.1V 3.2V 2.5V
rated
current
Turn on 1.7us l.1ps 4us 2ps lps 0.9ps 0.5us
time
Turn off Sus 220ps 10us 9us 2.1ps  1.4ps 0.5ps
time
base gate gate gate gate gate gate
Protection control  inhibit inhibit  inhibit  inhibit control control
or fast orfast orfast or fast
fuse fuse fuse fuse

Table 3-1 Comparison of power semiconductor switching devices [23]
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3.11 Summary

The conventional thyristor based power supply still used widely in electrostatic
precipitators has been analysed. Both operating principles and control methodologies
have been examined and limiting factors of these supplies discussed.

With ever tightening legislation concerning particulate discharge to the atmosphere
Electrostatic precipitators ére now required to achieve collection efficiencies in
excess of 99.7%. This has challenged the precipitator industry to examine all means

by which this collection efficiency can be maintained at economic costs.

A modern switched mode power electronic supply is proposed which has key
advantages over the conventional power supply in electrical efficiency, voltage ripple
reduction, installation, operational and maintenance costs.

Power semiconductor switching devices have been evaluated to determine suitability
for use in the proposed power supply and the IGBT is found to be highly suitable to

the required operating conditions.
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4. DESIGN AND CONSTRUCTION OF THE POWER
SUPPLY TRANSFORMER AND RECTIFIER

4.1 Requirements of the high voltage transformer.

The high voltage DC requirement of an electrostatic precipitator has conventionally

been achieved with a single phase thyristor based AC regulator. The regulator

controls the power delivered to the low frequency, iron cored, oil insulated

transformer. The secondary voltage of the transformer is subsequently rectified and

transmitted to the precipitator installation through a high voltage cable.

There has been little progress from this system over the years due, in part to the lack

of availability of high frequency, high voltage transformers commercially.

The topology, whilst robust and relatively simple has severe drawbacks:

e Low power supply efficiency due to the high leakage reactance of the transformer
and the iron core losses of the transformer

e Sluggish operating characteristics

e Size, weight, civil engineering and maintenance costs associated with the oil
insulated transformer- rectifier set.

e Significant ripple content in the output voltage resulting in a lower average
voltage between the electrodes and a possible reduction in collection efficiency
[1]

The improvements that may be expected from the adoption of high frequency

switched mode operation are:

e High frequency operation will allow much more precise control over operational

parameters such as precipitator voltage level, current level, and voltage rise times
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° High frequency operation will result in a high power density within the
transformer core and hence a significant reduction in the size and weight of the
high voltage transformer and consequent installation and maintenance costs.

e The ability to modulate the output voltage (intermittent or semi-pulsed
energisation) at much higher speed than can be achieved with the standard
topology. In electrostatic precipitators this method may improve particle charging
and collection depending on the characteristics of the dust or gas.

e In conventional 50Hz thyristor-rectifier based power supplies, the ripple
magnitude can be in the order of 50% of the mean voltage. Figure 4-1 shows a
typical voltage-current relationship for a precipitator installation. The significant
ripple results in lower average voltage between the precipitator electrodes and a
possible reduction in collection efficiency [1]. A reduction of ripple content in
the output DC level, which is expected with high frequency operation will lead to
a higher average precipitator current and a possible improvement in particulate

collection. It is estimated that the ripple content may be reduced to as little as 1%
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A thorough and careful design of a high voltage transformer is required to ensure that
the electrical and magnetic loads are optimised, the electrostatic and thermal stresses
are acceptable for the voltage and power requirements, and that parasitic parameters
are minimised.

The design of a high voltage, high frequency transformer differs widely from the

standard design methodology [2]. Several related issues must be analysed:

1. Insulation requirements

2. Corona effects

3. Core loss and heat dissipation
4. Parasitic elements

5. Rectification requirements

High voltage transformers generally have a large turns ratio, typically 600:1 to 900:1.
Sufficient insulation thickness between the primary and secondary windings is
required to avoid electrical breakdown. Therefore, the electromagnetic coupling of the
primary and secondary winding will not be as tight as in conventional low voltage
transformers. This results in a parasitic leakage inductance referred to the primary
side, which can effect the maximum power throughput of the transformer and place
overvoltage stress on power electronic switching devices. Hence, the design must be a
judicious compromise between the two conflicting factors.

Furthermore, the high number of turns required for the secondary winding causes a
high distributed capacitance. When referred to the primary this capacitance value is
multiplied by the square of the turn’s ratio and therefore is not negligible. This
parasitic capacitance induces an ineffective current in the secondary winding which

can result in a loss of power supply efficiency.
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Corona discharge can seriously effect the operation and life expectancy of a high
voltage transformer. Any sharp corner or protrusions may lead to an enhanced electric
field and corona in this vicinity. A corona will create highly reactive molecules,
which will, in tjme degrade the insulation leading to electrical breakdown.

Bearing these factors in mind a high voltage, high frequency transformer for an
electrostatic precipitator power supply was designed with the following electrical
specification:

e Vprimary,,, = 560V (quasi-square wave)

® Vsecondary,,, = 50kV

e Power rating = 25kVA

e Switching frequency = 20kHz

¢ Maximum operational flux density = 0.25T
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4.1.1 Modular design of transformer and rectification unit.

The transformer is designed to drive a cascaded full wave rectification unit and to
have a modular design so that different power supply voltage ratings may be
specified. The transformer is therefore designed with two secondary bobbins each

driving a diode bridge as shown in figure 4-2.
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Figure 4-2 Transformer and rectification network.

4.2 Design of the high voltage transformer

The transformer design required consideration of the insulation materials, the
magnetic materials and the management of electrical, magnetic and thermal stresses.
4.2.1 Magnetic Design

Because of the high frequency operation of the transformer, a low loss ferrite material

is used for the core construction.
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4.2.1.1 Ferrite characteristics

Ferrites are ceramic ferromagnetic materials having a crystalline structure consisting
of mixtures of iron oxide with either manganese or zinc oxide. Their eddy current
losses are negligible, as their electrical resistivity is very high, in the order of 10° to
10° ohm-m. Core losses are then due mainly to hysterisis losses which are so low as to
permit use of some materials upto a frequency of 1Mhz [3, 4, 5]

4.2.2 Selection of ferrite material

The most common operational frequency range of a ferrite material in power
electronics is 2-100 kHz. The cores used for frequencies in the 20 to 50 kHz range are
generally operated at flux densities approaching 200 to 250 mT .[4]

In high power applications, losses within the core are specified as a power loss
density (P,) (the total power loss per unit volume or unit weight of the core) at a given
frequency and flux density. Power losses are usually expressed in material data pages
for power ferrites as the power loss density in mW/cm™

A high saturation manganese-zinc ferrite designed specifically for high power, high
frequency applications was chosen as the core material to be used in the high voltage
transformer (F44 - MMG Neosid Ltd). It is a low loss ferrite used at operational
frequencies upto 300 kHz depending on flux density magnitude. Characteristics of
the ferrite are shown in figures 4-3, 4-4 and table 4-1.

The power loss density of the ferrite at the working frequency of 20kHz and ambient
temperature level can be seen from figure 4-3 to be approximately 170mW/cm’.

Notably, figure 4-4 shows that the power loss density for this particular ferrite type
can display an inverse relation to temperature over the range 0 to 100 °C.

At ambient temperature, the power loss density is 140 mW/cm’ reducing to 85

mW/cm? at 100 °c.
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Power loss Density vs. Temparature
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Parameter Unit F44 Ferrite
Initial permeability -
(nominal) 1900 (+/- 20%)
Saturation flux density
(typical) mT 500 @ 25°C

400 @ 100°C

Coercivity (typical) A/m 27
Curie temperature
(minimum) °C 230
Resistivity (typical) ohm-m 10°¢

Table 4-1 F44 Ferrite Characteristics taken from MMG Databook [4]

4.2.3 Mechanical properties of the chosen ferrite

A rectangular core of cross sectional area 2" x 2" was chosen, not only fulfilling the
magnetic and thermal requirements but also providing enough mechanical strength to
be able to withstand the weight of the bobbin structures and general high voltage
framework surrounding the core.

The physical shrinkage during sintering of a ferrite core is a function of many
manufacturing parameters and it is not possible to avoid its variations. Consequently
the dimensional tolerances are large (+/- 0.06" is a typical value).

Despite an exhaustive supplier search worldwide it became clear that the required size
and cross sectional area of ferrite core required could not be achieved with a single

ferrite structure.

69



To achieve the required size of core it was necessary to purchase “I”” shaped cores of
dimensions 100 x 25 x 25mm, to machine and grind the ferrites to achieve acceptable
tolerances (+/- 0.25mm) and bond these to the correct dimensions.

The bonding adhesive and clamping force used was after consultation with technical

staff at the ferrite manufacturers.

4.2.4 Magnetic calculations

A method described by McLyman [6] was used for the magnetic calculations. This

method has been implemented using MathCAD, the output of which is in Appendix

A. This implementation is very useful as it facilitates an iterative design process in

which the consequences of a parameter change are immediately reflected on the

computer screen.

The key parameters are.

e Two primary windings in series, each containing 13 turns of AWG7 wire giving a
primary copper loss of 4.6 W

e Two secondary windings in parallel, each containing 700 windings of AWG21
wire

e Total losses of 5S10W

4.2.5 Thermal analysis

The McLyman technique was also used for checking the thermal design of the
transformer. The MathCAD output, shown in Appendix A, also shows such thermal

calculations. A maximum temperature rise of 50°C is specified. The method indicates

a minimum required area of 533 cm2, which is considerably less than the area of
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approximately 1500 cm2 that was actually used (although only about 50% of this is

exposed) A temperature rise of less than 50°C was therefore to be expected.

4.3 Design of high voltage bobbins

4.3.1 Choice of insulating bobbin material

It is clear that the secondary bobbin needs to be large enough to prevent surface
tracking from the high voltage winding to the transformer core or the primary
winding. The thickness of the bobbin also has to be great enough to prevent
breakdown through the insulation. Tracking always occurs when the surface electric
field exceeds that of either the solid or the encapsulation surrounding it. It may occur
at lower fields because of physical and chemical inhomogeneities on the surface and
because of geometric field enhancements. Although reliable figures appear to be hard
to find, a distance of at least 1 kV/mm is commonly allowed for well controlled
surface conditions (for example Rowland and Nichols [7] found voltages of at least
15kV were required to sustain dry band arcing over a 10mm gap on an “arc resistant
thermoplastic compound”.)

The voltage waveform to be experienced by the high voltage bobbin is rather unusual
in this application since it is of high frequency (20 kHz) and has a negative DC offset
of half the supply output voltage. The negative DC offset may give rise to space
charge injection [8] and consequent field distortion within the insulation. The
maximum (Poissonian) field within the material may therefore be greater than the
average (Laplacian) applied field. The high frequencies may also lead to accelerated
ageing processes due, for example, to partial discharges. Because of the large bobbin

size, it was decided not to use a very expensive material such as PTFE. Nylon 6,6
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was chosen as a compromise between ease of manufacture, cost and insulation
properties. The breakdown strength of such materials under these conditions is not
readily available but work by Montanari, Dissado, Crine and others [9-11] suggests
that they should be able to withstand such conditions at fields up to approximately
12 kV/mm. Because of the unknowns, especially to do with space charge effects, it
was decided to limit the electric field in the bobbin to 5 kV/mm. Nevertheless, this is
still high; typically 0.5 to 2.0 kV/mm are used in high voltage supplies for safety

critical applications [12].

4.3.2 Primary and secondary bobbin structure

Two bobbins of the required thickness and geometric shape and size where machined
from a solid block of nylon 6,6.

The primary and secondary bobbins where designed with several criteria in mind

e To provide a mechanically rigid structure for the primary and secondary windings

To provide sufficient insulation to prevent electrical breakdown from the
secondary to the primary windings

e To encase the ferrite core as tightly as possible providing mechanical rigidity

e To minimise both the leakage inductance and parasitic capacitance of the
transformer as much as possible

e To provide an ease of assembly/ disassembly from a prototyping standpoint

Figure 4-5 shows the secondary bobbin structures. The secondary bobbins were
designed to fit as firmly as possible over the primary bobbins providing sufficient
insulation to prevent electrical breakdown and so producing a semi ‘bifilar’ winding

topology. Figure 4-6 shows the primary bobbin structure. The bobbins where
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designed to fit the length of the core limb and to provide a firm ‘slip’ fit with respect
to the core.

Both the primary and secondary bobbins where based on a machined cylindrical
geometry.

Figure 4-8 shows a completed high voltage bobbin. The secondary bobbins contain
two unusual features:

1: The use of electric stress reliefrings

2: A slotted bobbin that allows layered secondary windings.

An analysis of these features is detailed in 4-5-3 and 4-5-4.

Figure 4-9 shows the high voltage transformer structure including secondary

windings, ferrite core and insulating framework.

Stress
Relief
Rings

Slots foi
layered
winding

Figure 4-5 Secondary Bobbin
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Figure 4-7 Top View of Bobbin/ Core structure
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Figure 4-8

Secondary Bobbin and Winding structure

75

Electric stress
reliefring

Slotted
bobbin
winding



Ferrite core

Primary
windings

Secondary
windings

Figure 4-9 Transformer structure

4.4 Transformer encapsulation

Given the considerations for the high voltage bobbin, it was necessary to consider the
choice of materials for the transformer encapsulation. A solid encapsulation is likely
to have many drawbacks, especially during the design phase of a prototype. It is
likely to be inferior in transporting heat from the transformer, it would be impossible
to make modifications to the transformer once the encapsulation was in place and, if
the encapsulation suffered electrical breakdown, it may be necessary to completely
re-build the transformer. A fluid encapsulation such as transformer oil or an
insulating gas was therefore considered. Transformer oil is a good medium for heat
transport. Under ideal natural convection conditions it has a heat transfer coefficient
of approximately 95 W.m"2K 1; this is equivalent to forced air cooling with a flow
velocity of approximately 25 m.s'1[13]. In a prototype structure, however, oil causes

severe disassembly problems, as the oil needs to be removed from the surfaces of all
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components. Impurities in oil tend to accumulate at points of high field divergence,
i.e. at the most critical points, due to dielectrophoresis leading to localised
discharging [14]. It is therefore usual to continuously pump and filter the oil.

For these reasons it was decided to use a gaseous encapsulation. Although it may be
possible to use air at normal atmospheric pressure (this is the case in many high

voltage laboratory supplies), this would make the transformer structure rather large as

the breakdown strength of air is only 2 — 3 kV.mm™ even under ideal parallel plate
conditions. The air would also need to be clean and dry and therefore maintained in a

sealed container.

4.4.1 Characteristics of Sulphur Hexafluoride

Sulphur Hexafluoride (SF4) is a non-toxic, inert, insulating gas of high dielectric
strength and thermal stability. The strong interaction of high energy electrons with the
polyatomic SF¢ molecule ensures that SF, breakdown is only possible at relatively

high electric field strengths [13].

4.4.1.1 Electrical breakdown characteristics of SF

Figure 4-10 shows the breakdown strength of SF as a function of gas pressure.
[Figure 4-10: 50Hz breakdown strength in a homogeneous field for a 20 mm inter-
electrode gap as a function of absolute gas pressure].

It can be seen that even at a pressure of 1 bar, the breakdown strength of SF, exceeds
the maximum design strength for the bobbin (5 kV.mm™). At 2 bar, the breakdown
strength is comparable with nylon 6,6 and so tracking resistance is unlikely to be
improved above this pressure. It is noted that the breakdown strength of SF; is also

independent of frequency.
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Figure 4-10 SF, breakdown strength vs. pressure [13]
4.4.1.2 Heat characteristics
Sulphur hexafluoride has a favourable heat transfer characteristic compared to air.
Figure 4-11 shows the heat transfer coefficient of air and SF6. It can be seen that at a
pressure of 2 bar and a gas flow velocity of 2m.s the heat transfer coefficient of SF

is approximately 66W/m’K compared to the transfer coefficient of air, which is 15

W/m’K.
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Figure 4-11 SF, Heat transfer coefficient vs. flow velocity [13]
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It was for the reasons of dielectric strength and heat transfer capability that is was
decided to use sulphur hexafluoride pressurised to a minimum of 2 bar as the

encapsulation material for the transformer.

4.5 Requirements and design of the high voltage windings.

The transformer-rectification unit was required to provide a maximum DC output
voltage of -50kV. The transformer topology was such that each of the two secondary
windings would be energised to -25kV. These two secondary outputs would be
subsequently rectified and the rectifier outputs connected serially to produce the 50kV
requirement.

This meant that each secondary bobbin had to be able to accommodate 700 turns of
secondary cable (Appendix A).

To achieve this it was necessary to find a cable which satisfied 3 criteria:

e Minimal cable diameter ( < 1mm)

¢ Highest available voltage rating for a cable of this thickness

e A current rating of at least 1.6A (twice the design rating). The cable must also be
able to withstand transient overcurrents of approximately 10A during precipitator

arcing.

4.5.1 Selection of secondary winding cable.

A wire originally designed for aerospace and military high density wiring applications

was found to be the most suited to the above criteria.
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4.5.1.1 Cable specification.
The wire consists of 7 strands of 0.102 mm tinned annealed copper wire with a dual
wall insulation of polyalkene and polyvinylidene fluoride, with the following

specification.

1. Overall diameter = 0.68mm

2. Voltage rating = 600V

3. Current rating = 2A

4, Temperature range = -65°C to +150°C

The cable is highly flame resistant and displays a chemical inertness to most acids,
alkalis, hydrocarbon solvents, fuels and lubricants. This is another favourable quality
of the wire since SF, can produce corrosive by-products in the event of an electrical

discharge (e.g. electric arcs due to a transformer fault).

4.5.2 Winding configuration

An obvious characteristic of a high voltage transformer is the high turns ratios
involved requiring a large amount of secondary cable.
If we consider a secondary winding, wound in a conventional ‘up-down-up’ manner
as shown in figure 4-12, the potential of any of the windings of the 1st layer is given
by:
Eqn. 4-1 Vam=m.b

m = secondary volts per turn

b = number of turns from start of layer 1
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Bobbin

Layer 2 start

Layer 1 start

Figure 4-12 Standard bobbin winding

The potential V.., of any turn on the second layer is given by
Eqn. 4-2 Vi = (Mm.X + m.g)

where x= total number of turns in 1st layer

g= number of turns from layer 2 start point to the turn of interest

The potential difference between two adjacent windings on separate layers is
Eqn. 4-3 V.= m( x+g-b)

The maximum potential difference between two adjacent layers is

Eqn. 4-4 Vonax= M(2x-1)

where X=r r = total number of secondary turns

y y = total number of layers
(Equation 4-4 assumes the total number of turns per layer are equal)
Figures 4-13 and 4-14 show the normalised layer to layer voltage Vn As a function of
secondary turns number and layer number . As an example, if the total number of

turns was 700 distributed evenly over 5 layers the maximum normalised layers to
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layer voltage would be 279. In a 25kV transformer this would equate to a layer to
layer electric stress of 9.96kV. As the number of layers increases the maximum
electric stress between adjacent layers decreases.

This winding method requires an insulating media of suitable thickness to be placed
between every winding layer to prevent electric breakdown. This results in a wound
bobbin of increased size and complexity. An increase in the number of layers also
results in a higher leakage inductance of the winding due to the insulating gap
between layers and the consequent imperfect electromagnetic coupling coefficient

[15]. This is detailed in 4.5.7.

1000 2 layers
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Figure 4-13 Normalised layer to layer voltage Vn vs. number of secondary turns.
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Figure 4-14 Normalised layer to layer voltage Vn vs. number of secondary layers.
(Total number of secondary turns =700)
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4.5.3 Slotted bobbin winding

To alleviate the problems highlighted in 4-5-2 it was necessary to think of a
somewhat unusual method to wind the transformer which would minimise the
electrical stresses placed on the winding layers and yet maintain a compact
mechanically rigid one piece structure. Figure 4-15 shows the secondary bobbin,

focusing on the slotted winding configuration adopted.

Figure 4-15 Secondary bobbin focusing on slotted winding structure

The bobbin is machined with 35 cells, each 3.75mm deep and 3mm wide. Each cell
contains 20 turns wound over 5 layers in the direction indicated in figure 4-16

Each group of 20 turns is mechanically isolated from the adjacent cell by a separating
wall of 1.5mm thickness. A 0.68mm channel is machined in each wall to allow

continuity ofthe winding from cell to cell down the full length ofthe bobbin
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3.75mm

1.5mm

Figure 4-16 Slotted winding structure.

4.5.4 Voltage stress analysis of winding

A feature of this winding method is the significant reduction in demands placed upon
the insulation ofthe winding wire.

Figure 4-17 shows a plot of the maximum potential difference between adjacent

layers in the 2 cells shown in figure 4-16.
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Figure 4-17 Maximum potential difference (Va) vs. turn number. Total number of
turns =700; Vsecondary = 30kV (20% above rated)

It can be seen in figure 4-17 that the maximum potential difference Va between
adjacent layers for the slotted configuration is 300V This can be compared to the
conventional five layered configuration given as example in 4.5.2 where the
maximum potential difference per layer is.9.96kV.

The voltage rating of the wire used to wind the secondary is 600V and so no extra
layer to layer insulation is required.

The maximum potential difference across separating walls is 985V, which is well

within the insulation strength of the material.

4.5.5 Electrostatic stress analysis of winding and bobbin

Such an arrangement does give rise to locally high divergent fields at the corners at

the bottom of the slots and an electrostatic analysis was made to ensure that a field of

5 kV.mm™' was not exceeded. The results of this analysis are shown in figure 4-18.
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Figure 4-18 Electrostatic field analysis around slots in the high voltage bobbin. The
hashed regions corresponding to the windings which are assumed to be equipotential

regions. The highest fields of 5 kV.mm'l can be seen to occur on the comers of the
slots. (Courtesy of Dr JC Fothergill, Leicester University)
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4.5.6 Electric stress reliefrings and anti-tracking grooves

In order to obviate the divergent electric stress that would otherwise occur at the ends
of the windings, stress relief rings are used. These rings, which are split to prevent
shorted turns around the transformer core, are connected to the ends of the windings;
indeed they form the connections. The usual way to relieve stress in a high voltage
transformer is to alter the winding spacing at the ends but this can be very wasteful of
space.

The stress relief rings decrease the divergent field («F/r) due to the high voltage, F,

by increasing the effective radius ofthe wire, . In this way the maximum field, on the

inside ofthe stress reliefring, is limited to 5 kV.mm'L

Two grooves of the dimensions shown in figure 4-19 are machined at each end of the
bobbin to increase the effective path length from the winding ends to the ferrite core.
Before the transformer is encapsulated, all surfaces are thoroughly cleaned with
solvent to clear the surfaces of any inhomogeneities, which may adversely affect the
breakdown strength.

Stress reliefring
(22mm dia)

2 anti-tracking
grooves (2 each
end) 4mm
wide.20mm deep
with radius at
bottom.

Connection from
winding end to
stress relief ring

Figure 4-19 Electric stress reliefrings and anti-tracking grooves
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4.5.7 Minimisation of leakage inductance

When currents flow through windings of a transformer, they establish a resultant
mutual flux that is confined essentially to the magnetic core. However, a small
amount known as leakage flux links only one winding and does not link the other.
The effects of this leakage flux can be accounted for by an effective leakage
inductance L,,.

Energy that is stored in the leakage flux can be detrimental in a high frequency
inverter because when it is released it can result in oscillatory overvoltages across the
switch leading to device Failure [6]. Furthermore leakage inductance increases the
impedance of the transformer which is unfavourable for high power applications.
Leakage inductance is dependent on the physical geometry of the transformer and the
physical orientation and spacing of the windings. It is almost independent of core
material [6].

The magnitude of leakage inductance can be minimised in several ways:

L. Minimise the number of primary turns

2. Reduce the build of the coil

3. Increase the winding width (ie. Fully cover the bobbin length)

4. Minimise insulation layer thickness between windings

In conventional high voltage transformers its is difficult to implement all of these
because of the large amount of inter layer insulation required.

Minimisation of the number of primary turns can reduce the leakage inductance
however this is at the expense of a higher operational flux density and an increase in

core loss [15,16,17].
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Figure 4-20 shows the model of a high voltage transformer including the lumped
leakage inductance L, magnetising inductance Lm and lumped secondary parasitic
capacitance C, referred to the primary side C= C.(n,/n))»)

Core and copper losses are neglected in this model.

Lp
O—"Y YV : 0

Lm Cs

— Cp

n . n

Figure 4-20 High voltage transformer equivalent circuit
The lumped leakage inductance L, of a high voltage high frequency transformer is
theoretically calculated from Equation 4-5 [15,17]. This expression assumes that both
the primary and secondary windings cover the entire length of one limb of the core
and that the bobbins are of a cylindrical geometry.
2
i " 7
L =——(t +t¢ )(———+w3)x10 H
Eqn 4-5 p h P S 3
Where n, is the primary turns number, t, and t are the average one turn lengths of the
primary and secondary windings respectively (m), h is the total winding length (m),
w, is the winding width of the primary winding (m), w, is the winding width of the

secondary winding (m) and w; is the insulation thickness between primary and

secondary windings.
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From Eqn.4-5 the estimated total leakage inductance referred to the primary winding
is 16uH.

This leakage inductance value is greatly affected by the number of primary windings
and the geometric size of a transformer structure. It is clear that a compact design
with minimal distance between winding layers will minimise the leakage inductance
of a high voltage transformer. The design of the primary and secondary winding

structures attempts to follow this criteria as much as possible.

4.5.8 Winding capacitance

There are many stray capacitances that can exist in a transformer. The most important
of these are listed below.

1. Winding to core

2. Winding to winding

3. Layer to layer

4. Turn to turn

In a conventional high voltage transformer, the stray capacitances exist mainly
between each layer of the secondary winding [6]

When referred to the primary winding this secondary layer to layer capacitance is
multiplied by the square of the turn’s ratio and is often named the parasitic
capacitance.

Due to the high turns ratio of a high voltage step-up transformer, this parasitic
capacitance value may not be negligible and will induce an ineffective current

through the secondary winding resulting in a overall loss of power conversion

efficiency [15,17]
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There are several known ways of minimising the parasitic capacitance of a
transformer [6].

1. Increase layer to layer insulation thickness

2. Reduce the winding width

3. Increase the number of layers.

The lumped stray capacitance value is theoretically estimated in Equation 4-6 [15,17].

This expression assumes that the secondary bobbin is of a cylindrical geometry.

2
&gy, rhyn

P 2
Eqn 4-6 3d (mlayer —Dm,,, Mg

Where ¢ is the dielectric constant of a vacuum (8.85x10"? F/m); &, is the dielectric
constant of the inter layer insulation; r is the average radius of the secondary winding
(m); n is the turns ratio of the transformer; d is the distance between 2 layers of the
secondary winding (m); mlayer is the number of layers of secondary winding; m,,, is
the total number of secondary winding for each leg; m,, is the number of legs.

The magnitude of parasitic capacitance is greatly influenced by the turn’s ratio of the
transformer and the total number of secondary windings

From Eqn.4-6 the estimated parasitic capacitance referred to the primary side is
130nF

4.5.9 Compromise between leakage inductance and parasitic

capacitance

It is clear that compromises have to be made in the design of a high voltage
transformer since corrective measures of minimising the leakage inductance and the
parasitic capacitance work against each other. A tight, compact design lends well to
the minimisation of leakage inductance; however, due to the insulation requirements

of a high voltage transformer this is only possible to a certain extent.
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A geometrically large transformer with a low turns ratio and a large number of
secondary layers lends itself well to the minimisation of parasitic capacitance, but
again, these factors would have an adverse effect on the leakage inductance, the high
voltage requirement and the size cost and complexity of the transformer.

A judicious compromise was reached keeping both leakage inductance and parasitic

capacitance minimal.

4.6 Design of the high voltage rectification stage

Figure 4-21 shows the high voltage rectification unit. The high voltage AC output
voltages of both secondary windings are rectified by two full wave diode bridge
rectifiers. The individual outputs of each rectifier are connected in series to generate
the required negative DC Voltage level.

4.6.1 High voltage diode modules.

The full bridge rectification is achieved with eight separate high voltage diode
modules.

These modules are designed specifically for high voltage, high power applications
and consist of 30 diodes connected serially and capacitor compensated. These are
then encased in an insulating material and machined to produce a module of required

size.The specification for each diode module is shown in table 4-2.

Repetitive peak reverse voltage V. 36kV
Average maximum forward current I, . @55°C 2.25A
Maximum forward voltage drop V; 42V
Maximum surge current I (8.3ms) 150A
Maximum reverse recovery time t 75ns

Table 4-2 High voltage diode module specification [18].
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Figure 4-21 High voltage rectification unit
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The cathode terminals of diodes D7 and D8 are connected to electrical earth through a
4.7R shunt resistor. This ensures that the output voltage of the power supply is of a
negative potential with respect to the earthed precipitator collecting electrode.

Each of the two full wave bridge rectification stages consists of four diode modules.
These four modules are grouped together and mounted on a common black anodised
heatsink.

The thermal rating of the heatsinks is such that the diode module case temperature
remains below the rated maximum of 75°C under full load conditions.

The rectification structure is shown in figure 4-22.

Rectifier
heatsinks

Diode
modules

Shunt resistor

Smoothing
capacitors

Discharge
resistor

Figure 4-22  Rectification stage

The heatsink on which diode modules D5-D8 are mounted is connected to electrical
earth. This is to prevent a “floating” potential occurring on the heatsink which could
damage the diode modules. This method also limits the amount of damage sustained

in the event of a rectifier failure.
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The heatsink on which diode modules D1-D4 are mounted cannot be connected in the
same manner. This is due to the fact that rectification stage 2 can exhibit, with respect
to earth, the full working voltage of the power supply.

This potential difference would be beyond the breakdown strength of the diode
module encapsulation. Nonetheless, it is still unfavourable to leave the heatsink

electrically floating and so it is connected to the midpoint of the 2 rectification stages.

4.6.2 Smoothing capacitors

In conventional S0Hz thyrsitor-rectifier sets, capacitors are not normally used and the
smoothing of the DC rectified output voltage which contains a 100Hz ripple
component relies entirely on the capacitance of the precipitator installation and the
high voltage cable energising it. The value of precipitator capacitance is determined
by the size and geometry of the precipitator installation. A typical value is between
100-200nF [1].

The ripple magnitude (peak to peak) can be in the order of 20-30kV resulting in a
lower average voltage between the precipitator electrodes and a reduction in
collection efficiency.

The utilisation of a high frequency, high voltage transformer-rectifier enables the
magnitude of this ripple to be considerably less than a conventional power supply.
Rather than relying simply on cable capacitance and the capacitance of the
precipitator (which can vary from site to site), two high voltage capacitors of value
0.01uF are connected across each rectification output stage. These perform not only a
smoothing role but also act as a potential divider network to ensure a voltage balance
between rectification stages during a rapidly changing output voltage event (e.g.

during sparking).
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Figures 4-23 and 4-24 show Pspice simulations of the high voltage rectifier.
In the simulation the precipitator is modelled as a simple resistive load drawing

maximum rated power from the rectifier. The transformer output voltage is modelled

as a quasi-square wave of frequency 20kHz and duty 80%.

: Precipitator voltage
:
48KV
208KV
Wt-eeremmm—— B R il e === - ——e——— r-—--—=---=-- mm————————— -
s 28us 48us 608us 808us 180us 128us 140us

o U(R1:2,C4:1) Ti
ime

Figure 4-23 Transformer output voltage and precipitator voltage
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Figure 4-24 Voltage ripple magnitude

The maximum peak to peak ripple voltage is shown in fig 4-24 to be 420V (0.8% of
The high voltage DC output).

In actual fact, the ripple magnitude may be considerably less since the simulation
does not take into account the capacitance of the precipitator and the high voltage
cable. This was omitted purposely to show the ripple reduction characteristic of the
rectification stage regardless of precipitator and capacitance value.

The connection of the capacitors to the diode modules are made with hollow, rounded
edged tube busbars as seen in figure 4-22. This is to obviate any enhanced electric
field and corona, which could occur with a sharp corned connector. The busbar also

provides rigidity to the rectification structure.
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4.7 Instrumentation and measurement systems within the

transformer-rectifier unit.

It is necessary at all times to be able to monitor the output voltage and current of the
power supply. These parameters are used by control circuitry to detect sparking and
flashover within the precipitator and to provide signalling to the analogue meters
mounted on the remote control unit (chapter 7).

In addition, by analysis of the voltage/current data it is possible to characterise the
precipitator installation performance under varying operating conditions (e.g. varying
coal dust types, flow rate, temperature etc).

There are three sensors attached to the transformer-rectifier structure:

1. High voltage sensor
2. Current sensor
3. Temperature sensor

4.7.1 High voltage sensor
This comprises of a series resistor network consisting of ten precision (+/- 1%)
ceramic resistors of rating 47MQ, 10kV, 2W. The eleventh resistor is rated 47K (+/-

1%), 600V, 1W.
This network is connected between earth and the high negative DC level of the power
supply output. The potential difference across the 47K resistor is thus a 1:10000

representation of the power supply output voltage.

Figure 4-25 shows the circuit for transmission of the signal to the main control and

protection circuits.
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Figure 4-25 High voltage power supply voltage sense and transmission circuit.

4.7.2 Current sense resistor

The current sense resistor is a 4.7Q 10W isotop package connected between earth
and the cathode side of diode modules D7 and D8 as shown in figure 6-19.

It is mounted on the side of the earthed heatsink and provides an effective method of
power supply output current sensing.

Figure 4-26 shows the circuit used for transmission of the signal to the control

circuits.
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Figure 4-26 Current sense and transmission circuit.

4.7.3 Transformer temperature sensor

The temperature internal to the pressure vessel is measured with the use of two
thermistor probes. One being clamped in contact with the earthed ferrite core of the
transformer, the other mounted on the earthed diode module heatsink.

As a prototype power supply, these two measurements are not actioned upon by the

control circuitry. They do, however provide useful data on the temperatures within the

transformer-rectifier structure during operation.

4.7.4 Mechanical structure of transformer-rectifier and pressure
vessel

A requirement was that the transformer-rectifier be held in a rigid framework that
provided strength and rigidity to the structure without compromising the electrical

insulation strength of the framework or encapsulation gas.

It was recognised that the unit would be installed within a sealed metallic container

pressurised with SF; to at least 2 bar.
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This placed several constraints upon the design of the structure:

1. The frame had to fit within a designated volume of container. There had to be
sufficient spacing between high voltage elements and the electrically earthed
container to prevent electric breakdown.

2. The layout of the transformer rectifier had to be such that connections to and from
the unit could be routed in a sensible and minimal distance and could then be clamped
to this route to prevent a high voltage element coming within close proximity of an
earthed element.

3. Sharp corners / protrusions that could cause field enhancement and consequent
insulation degradation must be avoided.

4. The insulating base of the unit had to fit tightly within the container walls to
prevent any damage during transportation.

5. There had to be a means of routing a cable/busbar from the high voltage output of
the rectifier to a suitable high voltage socket on the lid of the pressurised container.
There had to be minimal play in this once it was in position and so a spring
connection that would take up any cable slack as the lid was sealed into place was

developed.

Figure 4-27 shows the final structure of the transformer, rectifier, sensors and cabling.
The material used to manufacture the frame was nylon 6,6. This was used so as not to
compromise the electrical insulation strength of the bobbins or the encapsulation
media.

Rods of size 50mm by 50mm of nylon 6,6 where machined to the required size and

fused together using a plastic welder to produce the required framework.
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Figure 4-27 Structure oftransformer rectifier framework
I: Nylon 6,6 frame; 2: ferrite core; 3: high voltage connector; 4: secondary winding;

5: rectifier and heatsink; 6: stress relief rings; 7: voltage sense network; 8: base; 9:
shunt resistor.

4.7.5 Pressure vessel

It was recognised that in order not to compromise the insulating strength of the nylon
bobbins and framework, the transformer- rectifier structure would have to be enclosed
in a sealed unit and pressurised to at least 2 atmospheres with the gas SF6.

This placed several requirements on the sealed container:

1. It must be able to withstand the force placed on its walls and lid due to the high

internal pressure

2. There must be minimal gas leakage over time
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3. The container must be easily machinable for connections from the transformer-
rectifier (primary connection, high voltage output connector and sensing signals) and
the inlet/outlet valves for the gas.

Figure 4-28 shows the technical drawing of the transformer-rectifier pressure vessel.
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Figure 4-28 Technical drawing ofthe transformer-rectifier pressure vessel
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4.7.5.1 Pressure vessel lid.

All connections to and from the transformer rectifier would be through the lid of the
sealed container. The lid was machined for the following electrical connections:

1. Transformer primary terminals

2. High voltage socket: This forms a plug/socket connection with the high voltage
cable and is shown figure 4-29. The cable termination is in the form of a metal socket
which makes contact to the plug socket via an internal metal pin.

3. PET Terminals for connection of voltage, current and temperature signals from
inside the container.

4. Gas inlet valve.

Figure 4-29 High voltage cable termination and socket
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4.7.5.2 Gas pressure monitoring

An automatic system for evacuation of the gas in the event of an overpressure
situation was designed. The lid of the pressure vessel was machined for the following:
1. A sealed pressure gauge measuring 0-10 bar

2. A ‘normally closed’ pressure switch, which open circuits in the event of an
underpressure/ leakage situation (where the gas pressure drops below 2 bar).

The switch forms part of the switchgear protection system detailed in chapter 7.

3. An overpressure blow-out valve.

In the event of an overpressure situation the unit had to be able to be evacuated to
atmospheric pressure automatically and rapidly.

This was achieved by the installation of a one way, none resettable blow-out valve. If
the pressure rises above 3.4 bar, the valve opens, rapidly evacuating the pressure
vessel.

Figure 4-30 to 4-34 shows the transformer-rectifier/ pressure vessel under various

stages of construction.
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Figure 4-30 Pressurised transformer- rectifier vessel

I: Transfomer-rectifier; 2: rubber gland; 3: pressure vessel
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Figure 4-31 Internal pressure vessel structure
I: Primary cables; 2: high voltage spring connector; 3: rectification stage; 4: low

voltage signal interface.
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Figure 4-32 Installation ofpressure vessel lid
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Figure 4-33 Complete sealed transformer-rectifier pressure vessel.
1: Gas inlet valve; 2: pressure gauge; 3: overpressure blow-out valve; 4: high voltage

cable; 5: gas cylinder pressure regulator; 6: gas cylinder
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Figure 4-34 Pressure vessel lid
l: Overpressure blow-out valve; 2: pressure gauge; 3: high voltage terminal;
4: underpressure switch; 5: primary winding terminals; 6: voltage and current sense

outputs
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4.8 Summary

The requirements of a high voltage transformer suitable for use within the prototype

precipitator power supply are investigated.

The disadvantages of conventional high voltage transformers (low efficiency, oil

insulation problems, size and weight) are detailed and the advantages to be gained

from a high frequency, oil free transformer-rectifier unit are established.

With the application of state of the art electromagnetic, electric insulation and high

voltage semiconductor technology, a novel high voltage transformer-rectifier has

been designed and constructed.
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S. DESIGN OF THE HIGH FREQUENCY, HIGH POWER
INVERTER TO CONTROL POWER TO THE PRIMARY
WINDING OF THE HIGH VOLTAGE TRANSFORMER

3.1 Voltage fed, high frequency, high power inverter

The topology used to control power flow to the primary winding of the high voltage
transformer is the voltage fed, full bridge inverter shown in figure 5-1. The power
semiconductor switches used within the inverter are four individual IGBT power modules

rated at 1200V, 200A.
S.1.1 Power control of the transformer primary winding

Control of power to the primary winding of the transformer is achieved with the
application of fixed frequency variable phase modulation as shown in figure 5-2.
With this form of modulation the four IGBTs in the full bridge inverter are switched at a
set frequency (20kHz) and fixed duty cycle (50/50). A switching frequency of 20kHz was
chosen since the power supply transformer design detailed in chapter four is based upon
this frequency of operation. Secondly, 20kHz is within the frequency limitations of the
IGBT gate driver units used in the prototype (see 5.1.2).

Each device in a leg pair is fired on a complimentary basis (A-C, B-D). Control of power
to the transformer is achieved by varying the relative phase angle of advancement
between two leg pairs (B and D).

The disadvantage of conventional PWM switching techniques is that if the required duty
ratio of the switches becomes very low under light load conditions (i.e., a very short on
time) a situation may be reached where either the IGBT gate driver circuits or the IGBTs

themselves experience difficulties in fully switching on and off in such a short time [1].

115



Phase modulation alleviates this problem since, although the effective duty ratio of the
inverter under the same load conditions will still be low, the IGBTs are switched on a

fixed 50/50 duty cycle [2,3].

.

—— |DC link
Volts

-

transformer- rectifier
and precipitator load

BT B T

Pt TS SR

I IGBT driver
--------- unit

IGBT driver
-- unit

A : ;
) ]
i H

|\ Phase shift

modulation control

Control electronics

Figure 5-1 Voltage fed; full bridge inverter supplying power to the high voltage

transformer-rectifier
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mi = power flow to primary transformer winding

Figure 5-2 Typical gate firing patterns for the inverter operating in phase shift modulated

mode.

5.1.2 Drive control and protection of the IGBT modules.

Two dedicated driver units control gate drive of the IGBTs. Each driver unit controls the
two IGBTs in each leg of the inverter.

Internal magnetics within the units provide the necessary electrical isolation between the
upper and lower IGBT gate signals and the low voltage power supply to the driver units.
The IGBTs are switched on by application of a +15VDC signal to the gate-emitter
junction and switched off by a -15VDC signal. The +15VDC signal ensures that the
device is fully saturated and that the collector-emitter voltage is at the specified minimum

for the devices rated current. The -15VDC signal reverse biases the gate emitter junction
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of the IGBT and ensures the device is not turned on by external noise. It also discharges
the gate capacitance faster to enable a fast turn off characteristic [4,5].

The gate is low ohmic connected with the emitter as long as the IGBT has to remain in
the off state and as long as the supply voltage is present. In case of failure of the supply

voltage the gate —emitter connection is provided by a 22K resistor.

5.1.2.1 Safety interlock.
The two IGBT’s in each leg of the full bridge inverter are interlocked by the driver unit to

prevent then from being in the ‘on’ state simultaneously. The locking time between the
turn off of one switch and the turn on of another is set to 1.5us by resistors external to the

driver unit.

5.2 Phase shift modulation circuit

The circuit controlling the signals to the IGBT driver modules and ultimately the
precipitator power supply output voltage is detailed in figure 5-3.

The UC3879 is a dedicated phase shift modulator [6]. The internal transconductance
amplifier of the i.c is bypassed and a DC voltage level of 0V to 3.8V applied directly to
the compensation input will vary the phase shift angle between 0° and 180°.

This signal is provided by the power supply energisation circuitry detailed in chapter

seven.

Soft start, in the event of a fault trip or power supply start/ re-start is provided by a 100nF

capacitor connected between OV and pin 6 (SS).
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Figure 5-3 Phase shift modulation circuit
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5.3 Overcurrent protection

V. monitoring of the four IGBT’s provides overcurrent and switch fault detection within
the inverter. The value of V.. is compared with a pre-set value internal to the driver units
[7]. If the value increases above the pre-set level at a time when the device should

display the rated collector emitter saturation voltage, then the driver signals are disabled.

5.4 Over-temperature protection

Heatsink temperature of the inverter stage of the power supply is monitored by a bimetal
thermal trip mounted on the heatsink surface and connected to the error input of the
driver units. If heatsink temperature exceeds 70°C the gate driver signals to the IGBTs

are disabled.

5.5 Summary

A high frequency (20kHz), high power (25kVA) full bridge inverter has been designed
and constructed to control power to the high voltage transformer-rectifier of the
precipitator power supply.

Phase shift modulation is implemented as the inverter switching method. This has key
advantages over standard PWM methods in that the inverter devices are switched at a
constant duty and frequency. This minimises control and drive complexity and can help
minimise switching stresses on the IGBT devices under certain operating conditions.
Fault protection within the inverter topology is provided by monitoring of the collector-

emitter voltages of the switching devices and the heatsink temperature.
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6. DESIGN AND ANALYSIS OF THE THREE PHASE
DIODE BRIDGE WITH BOOST RECTIFIER FOR DC LINK
VOLTAGE BOOST AND INPUT POWER FACTOR
CORRECTION

6.1 Review of AC to DC conversion techniques

The prototype precipitator power supply shown in figure 3-8 is based upon a front end
AC to DC converter, a capacitor based DC link and high frequency voltage fed inverter
supplying the primary winding of a step-up high voltage transformer.

Front end conversion of AC mains supply voltages to a DC level suitable for
energisation of a DC link has conventionally been dominated by diode bridge rectifiers.
In low power applications this is generally achieved with a single-phase diode bridge
rectifier. For medium to high power applications, AC to DC conversion is accomplished
with a three-phase diode bridge rectifier. The non-ideal characteristics of the input line
current drawn by these rectifiers are well known and create a number of problems for the
utility supply and other electrical systems in the vicinity, namely:

e High input current harmonic content and low input power factor

e Large voltage ripple superimposed on the DC output causing voltage control

problems, especially in inverter applications

e Input AC mains voltage distortion due to the associated higher peak input currents.
Based on the standards (IEC555-2) and recommendations (IEEE-519) aimed at
kmaintaining power supply quality within acceptable levels [1], both passive and active

current wave shaping techniques have been suggested in literature [2]-[19]
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The technique of using passive filters is the most commonly used method which is easy
to implement and operate but requires low frequency magnetic components that are bulky
and expensive [6,7] The development of active current waveshaping techniques, namely
unidirectional pulse rectifier systems operating at high frequency has been the object of
increasing interest [3]-[19].

Three-phase rectification at close to unity power factor has, in the past, been realised
using three single AC to DC converters (figure 6.1) with suitable input and output
connections. This topology can yield close to unity input power factor but does exhibit
several disadvantages:

e Requires complex input synchronisation logic

o Switching frequency is load dependent

e The number of components required to construct the topology is three times that of

the single-phase converter making the topology complex and expensive.

In [3] which constituted a major advance in the development of three-phase rectification

systems, a single switch discontinuous inductor current boost rectifier is introduced

characterised by the following:

e Approximately sinusoidal input line currents

¢ The use of one single switching device

o Controllability of the output voltage to levels higher than the peak value of the mains
line to line voltage.

The circuit diagram of this topology is shown in figure 6-2
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Figure 6-2 Circuit diagram of three phase, unity power factor, DICM single switch boost
rectifier. L1, L2, L3: Filter inductor. L4, L5, L6: Boost inductor. C1, C2, C3: Filter
capacitor. D1-6: Three-phase diode bridge. X1: IGBT. D7: Boost diode. C4: DC filter

capacitor. R1: Load
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6.2 Motivation behind usage of the three phase, unity power
factor, DICM single switch boost rectifier as an element within
the prototype precipitator power supply

The utilisation of the three phase boost rectifier as an alternative to a conventional three

phase diode bridge rectifier for the prototype power supply has key advantages:

e The ability to increase the DC link voltage magnitude above that of a conventional
three phase diode bridge has significant and favourable consequences in the design of
a step up high voltage transformer. A higher applied primary winding voltage implies
a lower required transformer turns ratio. This has the advantages of a consequent
minimization of number of secondary turns which can help alleviate the problems
associated with high voltage step-up transformers; namely transformer leakage
reactance, significant stray capacitance referred to the primary winding and the
required size of secondary bobbin to accommodate the windings [16]. These
problems and measures taken to alleviate them are detailed in chapter 4.

e The ability to improve the quality of the input line currents drawn from the utility,
thereby increasing the input power factor of the prototype supply.

e The minimisation of voltage ripple on the DC link due to high frequency switched
mode operation.

e Minimisation of component count in comparison to the conventional three phase AC-

DC switched mode converter shown in figure 6.1
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6.3 Principle of operation of the three phase, unity power
factor, DICM single switch boost rectifier

6.3.1 Circuit description

Figure 6-2 shows a circuit diagram of the rectifier. It consists of two main power
conversion stages. The first stage is a three phase AC to DC rectifier consisting of three
input low pass LC filters (L1-L3, C1-C3), three high frequency switched boost inductors
(L4-L6) and a three phase diode bridge rectifier (D1-D6).

The second stage is a single switch boost rectifier consisting of a power semiconductor
switch (IGBT X1), a high frequency, boost power diode (D7), a capacitor based DC link
(C4) and a load (shown as purely resistive). In actual fact this can be analysed as any kind
of load requiring a regulated or unregulated DC bus such as a single or three phase high

frequency inverter, a DC-DC converter or a resistive load [3]
6.3.2 Principles of operation.

The active shaping of the three input current waveforms is obtained through the use of
the five boost converter elements (inductors L4-L6, IGBT switch X1 and boost diode
D4). The IGBT is switched on at a constant frequency. The on time with respect to cycle
time (duty ratio) is altered to cope with load variations or to produce a desired change of
output voltage (DC link voltage).

During the ON time of the boost switch, all three input phases are effectively short-
circuited through L1-L6, the three-phase diode bridge and boost switch X1.

As a result of this the three input phase currents begin simultaneously to increase at a

rate proportional to the instantaneous value of their respective phase voltages.
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The specific peak current values during each ON interval are proportional to the average
values of their input phase voltages during the same interval. Since each of these voltages
average values varies sinusoidally, the input current peaks also vary sinusoidally as
shown in figure 6-3. In discontinuous mode the current pulses always begin at zero, this
means that their average values during the on time are also proportional to the phase
voltage.

During the OFF time of the switch, the energy stored in the three boost inductors is
discharged through the converter. The time required to discharge each inductor is
dependent on its phase voltage, the DC output voltage and the inductance value.

The boost switch X1 is switched at a frequency considerably higher then the mains
supply frequency. As a consequence of this all three input current consists of a
fundamental mains frequency and a band of unwanted high frequency switching

components.
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Figure 6-3 Single phase input line current before filtering (I L4)
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Since the high frequency spectral component of the inductor currents IL4-IL6 are

separated by an appreciable window from the fundamental utility frequency, it is a
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simple process to filter these with a relatively small LC filter at the input of the rectifier.
(L1-L3, C1-C3).

The DC output voltage level of the rectifier is a function of the input supply voltage, the
switch duty ratio, switching frequency and the load power [3,7].

Different strategies for control can be used. The simplest one is constant switching
frequency and variable duty ratio. Other methods such as variable frequency and variable
duty ratio can also be used however the advantage of the first method is its simplicity to
implement [13].

To maintain discontinuous boost inductor current, the duty ratio of the boost switch is
varied within a designed band dependent on the load considerations. For the rectifier
operating in PWM discontinuous inductor current mode, both the output boosted voltage

level and input power factor are a function of the duty ratio of the boost switch [3,19].

6.3.3 Output voltage control

Output voltage control is achieved with a suitable controller which senses variation in DC
output voltage and varies the duty ratio of the power switch accordingly to maintain a
constant output voltage. PWM based integrated circuits have, in the past few years come
onto the market place designed specifically for this task. A specific IC (SG3526) was

implemented within the control electronics of the prototype test rig and is detailed in

6.5.1.
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6.3.4 Three phase boost rectifier specification.

A specification for a prototype rectifier was determined and component values were

calculated using design procedures set down in [7].
The circuit was then modelled using the electrical simulation software package Pspice to

verify correct choice of component values before a prototype rectifier was constructed.

Converter specification:
= Supply voltage =415V 50Hz

»  Converter output voltage = 800 VDC
= Qutput power rating = 15kW

s IGBT Switching frequency = 22 kHz
= L[L1,L2,L3=6.3mH

= L[4,1L5,L6=44pH

= Cl1-C3=6.8uF

» C4=4700pF

6.4 Pspice circuit Simulation results

Figures 6-5 to 6-8 show the simulation results of the converter depicted in figure 6-4. The

converter delivers 15kW at 800VDC. The load on the converter is depicted as purely

resistive (Rload =42R)

The switching device is modelled as a Toshiba IGBT (MG120V2YS40: 240A, 1700V)

and is switched at a frequency of 22kHz. The duty ratio of the switch is controlled by a
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e

Pspice voltage pulse source (V4) and is set to 40% to achieve the required boosted output

voltage of 800Vdc.

Rectification and boost diodes within the spice circuit are modelled as the freewheeling
diodes connected antiparallel across the collector emitter junction of a permanently off
IGBT. This was done to overcome the lack of high power diodes present in the Pspice

component library

e
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Figure 6-4 Circuit diagram of converter simulated in Pspice.

L1,L2,L3 =6.3mH, L4, L5, L6 = 44uH, C1-C3 = 6.8uf, C4 = 4700uF, Rload= 42R

~ X1=IGBT (MG100V2YS40 TOSHIBA)

Transient analysis of the converter was performed over 20 cycles of the 50Hz mains

supply to verify correct operation. A digital Fourier transform of the simulated input line
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currents was then performed in Pspice to verify elimination of the high frequency
switching component.

Figure 6-5 (Top) shows the 3 input line currents after filtering by inductors L1-L3 and
capacitors C1-C3. The pre-filtered line current with a high frequency 22kHz switching
component is shown at the bottom.

Figure 6-6 shows a harmonic analysis of both the filtered (top graph) and pre-filtered
input line currents (bottom).

Figure 6-7 shows the switching voltage waveform (Vce) of the IGBT switch, the
collector current, the filtered input line currents and the pre-filtered input line current
(boost inductor current)

Figure 6-8 shows a zoomed out waveform of the IGBT switch collector current
displaying a six-pulse ripple due to the three-phase diode bridge rectification (bottom).
Figure 6-9 shows the boost diode current (ID4); 2nd IGBT collector-emitter voltage and
Bottom: IGBT collector current over two switching cycles.

Figure 6-10 shows a zoomed in waveform of the three pre-filtered input line currents

(boost inductor currents)
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Figure 6-5 (Top) Three phase input line currents (IL1, IL2, IL3).

(Bottom) Boost inductor current (IL4)
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6.5 Construction and testing of the prototype rectifier

A three-phase, unity power factor, DICM single switch boost rectifier was constructed

with the component values given in 6.3.4. Figure 6-11 shows the constructed rectifier.

UWUU

Figure 6-11 Prototype rectifier: 1: Input filter inductors. 2: Filter capacitors. 3:
Switchgear and protection. 4: Boost inductors 5: IGBT/boost diode, heatsinking and DC

link capacitors. 6: Control electronics
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6.5.1 Control and drive electronics

A circuit diagram of the control electronics of the converter is shown in figure 6-12 and
consists of four main stages

1: Converter 1t nse, i ion and fe

Converter oﬁtput voltage sense and isolation is achieved by the implementation of an
opto-tracker circuit.

A proportion of the converter DC output voltage is applied to a none inverting amplifier
which is powered from a secondary source to the main control electronics supply. An
optocoupler diode/transistor (ILD 74) in the feedback path of the amplifier isolates the
output signal from the rest of the control electronics. The output signal from the
optocoupler is then linearized by a second differential amplifier with a secondary closely
matched optocoupler in its feedback path. This ensures that the output voltage of the
optotracker circuit is linear with respect to changes in input DC link voltage

2: PWM circuit

Pulsed width modulation of the IGBT switch is achieved by the use of a dedicated PWM
integrated circuit (SG3526) designed specifically for operation of switched mode
converters. The output voltage of the opto-tracker circuit provides input to the inverting
pin of the transconductance amplifier internal to the SG3526.

The Reference voltage to the none inverting pin is provided via a variable potential
divider network. Gain and stability compensation is achieved through a parallel RC

network applied to the COMP pin [20]
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The circuitry required to satisfactorily drive and provide protection for the IGBT switch
is achieved by the use of a dedicated IGBT drive module (Semikron SKHI21)

This module provides an isolated positive (+15V) signal to switch the IGBT on and
negative 15V to turn it off. The state of the driver is directly controlled by the SG3526
output.

4. Short circuit protection

In the event of a short circuit fault occurring at either the output of the converter or within
the converter topology itself a supervisory current sense and protection circuit is
implemented.

The input line current IL1 is monitored via a Hall effect current transducer. This is then
compared against a pre-defined level by a single supply LM358 comparitor.

If the overcurrent threshold is reached then a 555 timer operating in monostable mode is
triggered. This causes shutdown of the output of the SG3526 PWM IC for a set duration.
Assuming that the fault has cleared (i.e. the output of the comparitor has returned to it
high state, a soft start of the SG3526 is performed to regain circuit operation.
Conventional three-phase semiconductor fusing protects the converter. Timing
switchgear is also used to ensure that control electronics supply is present before mains

supply voltage is applied to the converter.
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Figures 6-13 to 6-16 shows the input line currents and the measured input power factor
under increasing switch duty ratio. It can be seen that as the duty is increased, so too is

the measured input power factor and the DC output voltage ofthe rectifier.

50A/div
Sms/div

Figure 6-13. Input line current: (Vin=415Vrms, Vout DC=560V, Duty=0,
Power factor =0.305, Rload=42Q)

20A/div
10ms/div

Figure 6-14 Input line current: (Vin=415Vrms, Vout DC=673V, Duty=10%,
Power Factor 0.668, Rload=42Q)

143



20A/div
10ms/div

Figure 6-15 Input line current (Vin =415Vrms, Vout DC= 760V, Duty= 20%,
Power Factor = 0.832, Rload =42Q)

10A/div
10ms/div

Figure 6-16 Input line current (Vin=415Vrms, Vout DC =806V, Duty = 40%,
Power factor= 0.98, Rload=42Q)
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50A/div
Sms/div

Figure 6-17. Boost inductor current (IL1)

Figure 6-18 IGBT collector-emitter voltage
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1000V/div

6504335923151199

Figure 6-19 Boost inductor current (top). IGBT collector-emitter voltage
(bottom)

Duty ratio vs. DC output voltage

900
850
800
750
700
650
600

QO o

550
500
450

400
20 25 30 40 45

Duty ratio (%)

Table 6-1 Switch duty ratio vs. rectifier DC output voltage
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Duty ratio (%) vs. Input power Factor

0.8

0.4

0.2

25 35 45
duty ratio (%)

Table 6-2 Switch duty ratio vs. measured input power factor

6.6 Analysis of Test results

The results show an increase in rectifier DC output voltage and input power factor as the
duty ratio of the boost switch increases. The reader is drawn to the noticeable
improvement of input line current quality as the switch duty ratio is increased.

From table 6-1, it can be seen that the switch duty ratio where required output voltage
(800VDC with a load power of 15kW) is met is approximately 40%. This is consistent
with the Pspice computer simulation results. The input power factor can also be seen to

be almost unity (0.98) at 40% switch duty ratio (table 6-2).
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6.7 Summary

The utilisation of a three-phase boost rectifier as an alternative to a conventional three-
phase diode bridge rectifier has key advantages, which have been discussed in this
chapter.

A rectifier design was simulated with the use of the electrical simulation software Pspice
and a prototype rectifier was then constructed to verify simulation results.

The rectifier has displayed it effectiveness in boosting the DC output voltage above that
of a conventional three-phase diode bridge rectifier. Moreover, the input power factor of
the rectifier is also greatly improved.

The boosted DC output level, applied to the voltage fed inverter section of the
precipitator power supply, would enable a minimisation of the high voltage transformer
windings or alternatively, a higher negative DC output level applied to the discharge

electrode of a precipitator section.
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7. POWER SUPPLY CONTROL ELECTRONICS,
PERIPHERAL CONTROL AND INSTRUMENTATION

7.1. Control scheme

Figure 7-1 shows the flow diagram of the entire electronics and instrumentation scheme
within the prototype precipitator power supply.

This may be divided into several sub-circuits such as boost rectifier and inverter control
circuitry previously detailed in chapters 4 & 5, however, control, fault detection and

instrumentation signals may be used by more than one of these sub-circuits.

Input
rectification. A Transformer- Precipitator
DC link and rectifier section
inverter V

Precipitator

power &
energisation
control.
Power supply
switchgear
Precipitator I/'V
Precipitator instrumentation
I/V detection. < 4,/- cet. DC link &
Fault detection IGBT fault

detection

Remote unit

Figure 7-1 Power supply control and instrumentation
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7.2 Precipitator energisation control

The control and instrumentation circuitry within the power supply was designed
specifically for prototype commissioning and testing at National Power’s Didcot “A”
Power Station. The possibility of interfacing with existing precipitator hardware at the
power station was investigated but since the existing power station control and
instrumentation systems are based around conventional low frequency power supplies
then interfacing was unsuitable.

The control and instrumentation circuits within the prototype had to be robust and of
minimal complexity to allow rapid modifications to be made if required before
undergoing testing at the power station. The circuits were based upon analogue designs

and constructed on separate plug in boards to aid modifications and possible fault finding.

Figure 7-3 shows a diagram of the circuitry used to produce and control signalling to the
inverter phase shift modulation circuit detailed in 5-2.

The control methodology used by the energisation circuit is based upon the spark rate
counting principle detailed in 2-5. The circuit can operate in either ‘automatic’ or
‘manual’ mode. In ‘automatic’ mode a ramp voltage of controllable magnitude and rate
of change is generated from a clamped integrator. This is then summed with a manual
voltage level (controlled by the operator). The output from the summing operation is then

transmitted to the inverter phase shift modulation circuit.
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7.2.1 Spark/ flashover response

e Automatic mode

If a precipitator spark/ flashover is detected, then the detection circuit transmits a ramp

¢

‘shutdown ° signal to the energisation circuit. This forces the phase shift modulation
circuit to lower the effective duty ratio of the H bridge inverter causing the transformer-
rectifier output voltage to decrease to a manual base level.

This is in order to commence a further ramping sequence and to extinguish any possible
prolonged flashover in the precipitator. This mode of operation is shown in figure 7-2.

e Manual mode

In ‘manual’ mode of operation, the ramping function is disabled and the transformer —
rectifier output voltage is controlled by the operator via the remote control unit detailed in
7-6.

If, however, a precipitator spark/ flashover is detected, the monitoring circuit transmits a
ramp ‘shutdown’ signal to the energisation circuitry forcing the inverter to temporarily
switch off. Once the detected spark/ flashover clears then the effective duty ratio of the H

bridge inverter is gradually increased over a pre-set time period causing an effective soft

re-start of the power supply.
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Figure 7-2 Precipitator energisation principle
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Figure 7-3 Precipitator energisation control
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7.3 Transformer -rectifier voltage / current detection &
signal processing

Effective monitoring of the transformer rectifier voltage and current is crucial in effective
energisation of the precipitator. Both the transformer—rectifier's voltage and current
signals are ineasured and transmitted as detailed in 4-7.

The detected current signal is used to identify sparks and flashover within the precipitator
section. The signal is also used by the remote control unit to display the current being
drawn by the precipitator section.

The detected rectifier output voltage is monitored for any possible over-voltage situation,
which could take high voltage components and insulation within the transformer-rectifier
above safe design limits. If an over-voltage situation is detected then a monitoring circuit
rapidly trips the power supply by permanently shutting down gate drive signals to all
power devices. The signal is also used by the remote control unit to display the
precipitator voltage on an analogue meter.

A Hall effect sensor is also used to detect transformer primary current. If the current level
rises above a pre-set maximum then the power supply is tripped in the same fashion as an
over-voltage trip.

Figure 7-4 shows a diagram of the circuits used to monitor and process the transformer-

rectifier input/output currents and output voltage signals.
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Figure 7-4 detection and processing circuits

7.4 Power supply switchgear and protection

Figure 7-5 shows the wiring diagram of the prototype power supply.

Energisation of the supply is initialized by closing of the master switch X1. A three-phase
contactor K1 provides further protection. Closing of the start switch energises the
contactor which then provides the unit with a connection to the mains supply.

Activation of the stop / emergency stop switch will open the main contactor.

The supply is further protected by an under-pressure switch mounted internal to the
transformer pressure vessel. This opens if the pressurized sulphur hexafluoride within the

transformer-rectifier vessel falls below 2 bar, causing the main contactor k1 to open.
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7.5

Cubicle assembly

Figure 7-6 Precipitator power supply cubicle

Figure 7-7 Precipitator power supply cubicle (ground view)
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Figure 7-8 Power supply control electronics
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Figure 7-9 DC link and inverter stage
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7.6 Remote control unit

Conventional transformer-rectifier power supplies have control switches mounted on the
cubicle door as shown in figure 3-7. This causes no access problems since the main
power supply cubicle of a conventional precipitator power supply is housed in a low
voltage aréa, away from the transformer-rectifier.

During field trials at Didcot Power Station (chapter 8), The entire prototype power supply
could be installed in a single vacated high voltage containment shed due to the “all in
one” design philosophy of the supply.

Physical access inside the high voltage area during precipitator energisation is strictly
forbidden. The remote unit was therefore constructed to enable manual control of the

prototype power supply outside of the high voltage containment shed.

Figure 7-11 shows the remote control unit with the following features:

1. Analogue displays of power supply output voltage and current

2. Analogue display of input voltage and current

3. Start, stop, emergency stop and manual/automatic switches

4, Output voltage control potentiometer/ dial (active under manual control)
5. Power on, spark detect, start, stop and trip indicators

6. IGBT driver trip reset switch
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Figure 7-11 Power supply remote control unit

7.7 Summary

Control and instrumentation circuits within the power supply are detailed as well as the
control system used for precipitator energisation and spark detection.
The assembly of the entire power supply into one single cubicle is discussed, as is the

separate remote control unit.
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8. RESULTS OF PROTOTYPE POWER SUPPLY

8.1 Prototype installation at Didcot “A” Power station

The prototype precipitator power supply was temporarily installed on a trial basis in
National Power’s 2035 MW coal fired “Didcot A” power station at Didcot (near Oxford)
UK in July 1999 where it replaced a conventional 50Hz transformer-rectifier set and
supplied an electrostatic precipitator field.

Precipitators are difficult loads since they are prone to sparking and flashover [chapter 2]
during which time they act as virtual short circuits. The current they draw is very
unsteady due to the corona discharge and continuously changing dust burden.

The power supply contained protection circuits to ensure that precipitator field supply
voltage was rapidly reduced during arcing and sparking.

Until this point, high voltage testing had only been carried out on a specially designed
high voltage, high power resistive load (50kV, 25kW) within the high voltage laboratory
at Leicester University.

The field trial at Didcot was therefore a useful test to ensure that the prototype supply
was sufficiently powerful and robust but it was difficult to obtain accurate results because
of the unsteady current drawn.

Figures 8-1 to 8-3 show the installation of the precipitator at Didcot “A” Power station.
Figure 8-1 shows one of the 34 transformer rectifier containment sheds. The conventional

transformer rectifier [figures 3 —6 and 3-7] was decommissioned and replaced with the

prototype unit.
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The power supply was controlled via the remote box detailed in chapter 7. This was
installed on the safety interlock door of the containment shed (figure 8-2).

The output voltage of the power supply was applied to precipitator field by a direct
mechanical connection of the high voltage cable termination to the high voltage discharge
electrode busbar as shown in figure 8-3.

Due to the prototype nature of the experiment, in order to fulfil stringent safety criteria at
the power station, it was required that utility power to the prototype supply and
consequently to the transformer be manually controllable from outside the high voltage
containment shed. Power was supplied to the prototype through a high power (25kVA)

three-phase variac positioned outside the containment shed as seen in figure 8-1
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Figure 8-1 Transformer-rectifier containment shed
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Figure 8-2 Remote Box

Figure 8-3 High voltage cable and busbar connection
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8.2 Power supply results

Figure 8-4 shows the measured current voltage characteristics of the electrostatic
precipitator load; the line is an exponential curve drawn to assist the eye. The current
increased rapidly above a corona inception voltage of approximately 30kV. The circled
groups of measurements at approximately 0.2A (~38 kV) and 0.4A (~43kV) were almost
certainly made as the supply was recovering from a spark in the precipitator.

The voltage is increasing at this point but little corona is being produced. By
extrapolation of the exponential, it may be estimated that the transient arcing current was
several amps at the higher voltages. The dotted exponential curve shows the average

“steady state” characteristics of the precipitator.

Conventional transformer—rectifier sets have output voltage ripples that are typically 50%
of the mean voltage [1]. Arcing occurs if the peak of the voltage ripple exceeds a critical
value and so for much of the cycle, when the voltage is much less than this critical value,
little corona current is produced. Typically the mean current is much less than half that
produced at the peak.

Figures 8-5 and 8-6 show the observed output voltage ripple of the prototype power
supply. It can be seen that very little ripple was observed.

At 32kV the ripple was 85 10V, at 44kV it was 230 £20V; i.e. it was much less than

1% under all operating conditions. This is consistent with the simulation results shown in

4.6.2.
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It is therefore possible for the supply to produce more than twice as much current
without arcing occurring than a conventional transformer-rectifier. This has considerable

benefits to the particulate collection process and efficiency as detailed in chapter 3.

Figures 8-7 and 8-8 shows the primary current and voltage waveforms for an output of
38kV and 44kV. As the primary voltage is provided by a phase controlled H-bridge, there
is a dead time between both positive and negative cycles when the duty is less than
100%. By considering the voltage waveforms in figures 8-7 and 8-8 it can be seen that
the period is approximately 50us corresponding to a switching frequency of 20kHz. The
duty cycle was set to 60% with the dead times equal to 10us and the positive and
negative ON times being 15us. the primary voltage was 500V in figure 8-7 and +560V
in figure 8-8.

During the positive (negative) on times, the current increased (decreased) reasonably
linearly to a value of approximately +64A. Phase shift modulation ensures that during the
dead time, either the two top or bottom IGBTs are ‘on’ and so there is always a current
path through the IGBTs or flywheel diodes. The current during this period is otherwise
uncontrolled and the small current oscillation during the dead time probably corresponds

to a resonance of the magnetising and leakage inductance with the parasitic capacitance.

8.2.1 Estimation of power supply efficiency

It was difficult to estimate the efficiency of the transformer accurately because of the

measurement uncertainty in the continuously fluctuating secondary current and
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unfortunately the experimental arrangement precluded measurement of the instantaneous

secondary current.

All our estimates lead us to believe that the efficiency of the transformer with rectifier
was better than 97%. The total rectifier voltage drop was 200V which, at 0.4A, would
give an 80W power loss and contribute ~0.5% to the overall power lost. The best
indication of power loss was the temperature rise of the transformer core, which was
measured using the thermistor detailed in 4.7.3. The temperature rose from 16+2°C, to
33°C, arise of 1712°C, when the output voltage was 45kV, 0.4A, a power of 18kW.

The design calculations given in Appendix A suggest that with a loss of 510W, a
temperature rise of 50°C would be found for a core surface area of 533cm’.

The actual exposed surface area was 800 cm®. An estimate of the actual power lost is

therefore:

17°C 800cm?

5 X > xS10W = 260W
50°C 533cm

For an output power of 18kW this corresponds to an efficiency of 98.5%. The overall
efficiency of the power supply was estimated to be > 95% which compares very

favourably with conventional 50Hz transformer-rectifier sets with efficiencies of only

~60%.
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50A

20ps

Figure 8-7 Voltage and current waveforms for an output voltage of 38kV. Top:
transformer primary current. Centre: transformer primary voltage. Bottom: output

voltage.
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Figure 8-8 Voltage and current waveforms for an output voltage of44kV. Top:
transformer primary current. Centre: transformer primary voltage. Bottom: output

voltage.
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8.3 Summary

The prototype precipitator was temporarily installed in National Power’s 2035MW coal-
fired Didcot “A” Power Station, UK under a short-term test programme to evaluate the
power supplies effectiveness at energising a precipitator field within the station.

The results show a dramatic reduction of output ripple voltage compared to the
conventional transformer-rectifier. Under all operating conditions the ripple voltage did
not exceed 1% compared to conventional units in service (typically 50%). This will
invariably improve the particulate collection properties of a precipitator.

Secondly, the power supply is found to be highly efficient. The overall efficiency of the
supply was estimated at >95% which compares very favourably with conventional 50 Hz
transformer-rectifier sets with efficiencies of only ~ 60%.

It is noted that of all the recent EPSRC PEDDS LINK funded research projects, the
“Variwave” project is to date the only one which has progressed from university
laboratory testing to prototype commissioning in an industrial environment within the

timescale of the project.

8.4 References

1. Parker KR, “Applied Electrostatic Precipitation”, 1997 Chapman and Hall, ISBN 0
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9. CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK

9.1 Technological advances

The aim of this research was to address the limitations of conventional precipitator power
supplies by utilising modern semiconductor device technology, modern magnetic
materials and novel methods of high voltage insulation.

These technological advances were applied to develop a prototype precipitator power

supply with significant operational improvements over conventional power supplies.

e The combination of high voltage, high frequency and high power operation

A technological advance of the power supply is its combination of high frequency
(20kHz), high power (25kVA) and high voltage (50kV) operation.

High frequency operation is possible due to the ferrite core transformer design. This leads

to a more compact design for such a high power rating in comparison with conventional

low frequency power supplies.

e Compact and novel transformer design
The high voltage transformer represents a significant technological advantage. The
application of pressurised sulphur hexafluoride as the encapsulation medium overcomes

the problems associated with conventional oil insulated transformers.
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The use of machinable nylon 6,6 for both the bobbins and the framework gives excellent
flexibility to design and manufacture and permits a bobbin design which minimises
leakage inductance and parasitic capacitance whilst not compromising electrical
insulation requirements.

The electrical stress relief rings used to obviate the electric stress in the bobbins is a
technical advance on the conventional ‘winding spacing’ technique employed by many
high voltage manufacturers.

The use of high frequency ferrite material for the core minimises the size and weight of

the transformer —rectifier structure in comparison with conventional units.

e Internationally competitive precipitator power supply
The prototype power supply clearly displays operational advances over the conventional
unit. The electrical efficiency of the prototype is greatly improved from around 60%

conventional supply) to an estimated >95%.

The power supply dramatically reduces the output voltage ripple magnitude from around
50% (conventional units) to lower than 1% which can have considerable benefits to the

precipitator particulate collection process.

The three-phase boost rectifier is also an operational advancement. Although a boosted
DC link was not required in the final prototype due to the 560V primary voltage design of
the transformer, application of the rectifier in future units will improve the quality of

power drawn by the supply and also aid further transformer size reductions.
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Furthermore, The compact “‘all in one cubicle’ design of the supply is an advancement

since installation costs to the customer will be significantly lower.

A major European precipitator manufacturer, FLS Milj¢ have recently developed a
switched mode supply [1]; this technology is clearly perceived by precipitator users as
the way forward. The supply developed under this research has several significant
features not found on the FLS Milj¢ unit. These include the novel and compact

transformer design, the use of gas insulation rather than oil and the optional controllable

boosted dc link.

The technical advances of the prototype power supply would certainly make a production

model commercially competitive in the worldwide precipitator marketplace.

9.2 Recommendations for further work

Recommendations for future work to improve upon the design, construction and

operation of the prototype unit are detailed:

9.2.1 Improvement of transformer design

Construction of the transformer did bring with it a number of complications, which if
addressed in future work would be beneficial to the manufacturer.

e Ferrite material

It had been hoped that specific cores shapes of the required size could be manufactured
by a UK manufacturer. However, despite an intensive search this proved impossible

within the time constraints of the project. Instead, easily available I sections where used
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as the ‘building bricks’ of the core. Each I section had to be machined to overcome the
appreciable size tolerances of ferrite and then cemented together.

This took a considerable time; in future work a further more upto date search of
worldwide ferrite manufacturers who are capable of engineering a complete half core
would be highly beneficial. A complete core would also add structural strength to the
transformer and aid assembly / disassembly.

¢ Redesign of pressure vessel gasket and minimisation of gas pressure

The mechanical design of the transformer pressure vessel is based upon a conventional
container-lid structure where the two are sealed together by a rubber gasket under high
bolt compression. Gas loss over time due to the gradual gasket thinning and expansion
was found to be a complication. Future work may examine a re-design of the gasket
(possibly using an ‘O’ ring) to alleviate this problem.

Minimisation of gas pressure would be advantageous in that it would lower the required
~ wall/lid thickness of the container. If the pressure was minimised to atmospheric, then
gas leakage, particularly with a dense gas such as sulphur hexafluoride would be
minimal.

However, lowering of the gas pressure would also lower the electrical insulation strength
of sulphur hexafluoride. This would require a redesign of the secondary nylon bobbins

and the nylon frame structure within the container.

e Use of a more environmentally friendly gas
Future work may examine the move away from sulphur hexafluoride (SFe) in favour of

an alternative gas which is less harmful to the environment.
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Although SFs is none toxic, it can contribute to the greenhouse effect when released into
the atmosphere.

SF6 is also relatively expensive in comparison with similar gases with electrical
insulation properties such as nitrogen, but it does, however, have superior electrical

insulation strength in comparison with these gases.

9.2.2 Development of digital based control electronics with computer
interfacing

The control and instrumentation circuitry within the prototype power supply had to be
robust and of minimal complexity to allow rapid modifications to be made if required
before undergoing field trials. The circuits were based upon analogue designs and
constructed on separate plug in boards to aid modifications and possible fault finding.
Future work could be the development of a commercial digital based control board with
the ability to communicate within a computer network.

It is envisaged that in future commercial power supplies, real-time control and
monitoring of all the units within a precipitator installation will be performed by a

dedicated computer system [2].

9.2.3 Development of a pulsing unit.

Pulsing units which superimpose high voltage pulses (typically 60kV, 100us) with a
repetition frequency of 20 to 300Hz on fhe DC output of transformer-rectifier units may
improve the particulate collection efficiency of a precipitator [3].

Future work could be the development of a pulsing unit capable of being retro-fitted as an

extra module to the new power supply
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9.2.4 Development of matrix converter technology to control power to

the high voltage transformer-rectifier

Current research into high frequency inverters has generally centred upon indirect
converters utilising IGBT technology, namely voltage or current fed inverters.

Series, parallel or series-parallel resonant tank inverters have been used where the
leakage reactance and parasitic capacitance of the transformer are utilised to form part or
all of the resonant element of the inverter [4-7].

In general, indirect converters have an intrinsic need for an initial rectification stage and
an intermediate storage stage. They are, therefore, bound to use large reactive elements.
Furthermore, the intermediate storage destroys all information about input voltage

waveforms and phasing.

A recommendation for future research is the investigation of a direct AC-AC high
frequency matrix converter to control power to the high voltage transformer-rectifier.
The matrix converter is an “all silicon” topology omitting the need for costly passive

components and minimising topology size.

9.2.4.1 A proposed high frequency matrix converter

Figure 9-1 shows the configuration of a proposed high frequency matrix converter. It

consists of six bilateral switches, each switch containing two IGBT’S and two blocking

diodes.

The general features of this proposed converter are summarised :
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The converter delivers directly from a 3 phase mains supply, a high frequency, single
phase, voltage fed quasi-square wave (QSW) to the primary winding of the high
voltage transformer.

A high frequency, single phase, quasi-square wave output is synthesised by six
distinct IGBT modulation functions shown in table 9-1. Each function contains the
necessary high frequency switching algorithm to achieve a high frequency QSW
output.

Crossover from modulation function one through to six occurs at the six points in the
mains period where two line voltages converge. Thus, the high frequency QSW
output resides within a six-pulse envelope of the three-phase mains supply.

The high frequency modulation functions ensure that switch overlap is embedded
within the switching patterns. This maintains a bi-directional current path at any

transition time.
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Figure 9-1 Proposed matrix converter
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time

v LLL an 00 00 00 P 0i 0i 0i CGéal

RY AOD1 A0OD1 A1DO A1DO B1CO B1CO BOCI BOCI A0D1
1 A1DO B1CO B0C1 AOD1
RB AO0F1 AO0F1 EODO EODO E1Co0 E1C0 BOFO BOFO AO0F1
2 EODO E1C0 BOFO AO0F1
YB Al1F1 Al1F1 EOD1 EOD1 E1C1 E1C1 B1F0 B1F0 Al1F1
3 EOD1 E1C1 B1F0 Al1F1
YR A1DO A1DO A0D1 A0D1 B0C1 B0C1 B1CO B1CO A1DO
4 A0OD1 B0C1 B1CO A1DO
BR EODO EODO A(0F1 AOF1 BOFO BOFO E1CO E1CO0 EODO
5 AO0F1 BOFO E1CO EODO
BY EOD1 EOD1 A1F1 Al1F1 B1F0 B1F0 E1C1 E1C1 EOD1
6 Al1F1 B1F0 E1C1 EOD1

Table 9.1 Matrix converter switching functions. Acknowledgement to Dr G.A.Smith

(Loughborough University) for his assistance in development of'the switching functions.
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9.2.4.2 Simulation results

A model ofthe proposed converter has been developed on simulation software.

Figure 9-2. shows a transient analysis of the model showing input 3-phase mains voltage,
high frequency quasi-square wave output voltage and rectified output voltage of the high
frequency, high voltage transformer. The converter Switching frequency in this particular

simulation has been decreased to facilitate viewing.

SEL»
-HOOU
a u(u79:+) « u(u88:+) v u(u8l:e)
745.46U r-

28397339396465706780885757252358

-636.36U
0 U(R73:2,R73:1)

Sns 1.5ns 2.0ns 3.0ns 3.5ns

ov(r122:1(c14:1)
Tine

Figure 9-2 Pspice simulation results of matrix converter
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10 APPENDICES

APPENDIX A MAGNETIC AND THERMAL DESIGN USING
THE McLYMAN DESIGN METHOD

Magnetic and Thermal design using McLyman Design Method

("K" values are coefficients defined by McLyman)

Vp =587 V - primary square wave voltage

V, i=50000 V -secondary voltage

P, 1=25000 VA -output power

f:=20000 Hz - operating frequnecy

n =0.98 efficiency - specified efficiency

AT =50 deg. C - allowable temperature rise
B, =025  Tesla- maximum core flux density

1. Calculation of power handling capability, P
P. =P VA - approximate power input

m o
@_§ H 43 P¢i=2Py, Py= 5-104 VA - apparent power
[ —

handling capability

2. Calculation of area product, A
k:=4 coefficient indicating square wave input
K, =0.01 (window utilisation factor) K i 1=323 (current density coefficient)
1.16

P,-10* 4

ApiE |l A 5 =3243010 cm4
kB TK K

3. Evaluation of core geometry
3.1 V olume of transformer core

K, =179 (volume coefficient for C-core)

volume :=K ,-A ,°™  volume = 4.326+10*

cm3

3.2 Transformer core surface area, A
K :=39.2 (surface area coefficient for C-core)

3

— 0.5 _ 2
At"Ks'Ap A =7.05910 cm

3.3 Transformer current density, J
K i :=468 Current density coefficient for C-core at temperature rise of 50 deg. C

J:=Kj.Ap‘°"25 J=127.755  Alcm?2
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4. Total estimated transformer losses, Py

PO
Py :=—;1——P0 Py =510204 W

5. Maximum efficiency when P, (core loss) = P,, (copper loss'
Best case efficiency when P =P,
Py
Py = P, =255102 P =P, P =255102 W
6. Calculation of core loss

For Fernk type 1100/57/44 (mmg-neosid) at 0.25T and 20kHz:

Wicm3 at 25 deg. C =0.3 W/cm?3 at 100 deg. C

P Ee2s =02 P Fe100°

So at T=ambient + 50 deg. C, i.e. T=75deg. C
75— 25

Pp. =P puyst —:(P -P P . =0.267 Wicm3
Fe Fe25 100— 25 ( Fel00 Fe25) Fe
. P €
We need an effectivevolume of core of greater than: =956.633 cm3
P Fe
The worst case efficiency is for P,>>P , so we need an effective volume of core:
P
—Z o 191210° cm3
P Fe
7. Calculation of primary turns, ny
Cross sectional area A T42.4642.4646 A  =24.291 cm?

of mmg 1100/57/44 core

v_-10*
ny =P 4 p =12.083
4B A f

To ensure flux density is not exceeded use n p =13 turns

8. Transformer current density
J=127.755  Alcm?

9. Primary current, |,

P V1
[ =% 1 =05 1. :=—22 1,=42589 A
(o] Vo o] p Vp
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10. Calculate base wire size for primary, A,

I

= P - 2
Aw=— Ay=0333  om

11. American Wire Gauge

A
Since there are 2 parallel primary windings area of each= A =% A=0167 cm2
2
This is approximately AWGS. It is possible to use AWGY (area of 0.105 cm  2)
if primary losses can be neglected. For 2 in parallel, area = 0.21 cm 2

12. Calculation of primary resistance
mean length per turn: MLTp =192 ¢cm

Resistivity of copper: -
y PP p:=1.7188110°° Q.cm

resistance per cm R =F_ R, =8.18210° Q/cm
P 021 p

temperature coefficient of resistance at 75 deg. C: £:i=1.24

R, '=MLT 0 , R, % Rp=2.533'10-3

. = mw
pMpRp Rp 1000=2.533

13. Primary copper loss
2

R._= w
I P Rp 4.595

14. Calculation of secondary turns

n
ng=—L2v_ n =110710
v

-]

To allow use of a nominal 80% duty cycle on the primary n. i=—2 ng= 1_334»103
And so n g 1=1400 was chosen
15. Calculate base wire size for secondary

Ay,i=—2 A, =391#10°  cm?

therefore use AWG21

16. Calculation of secondary resistance
mean length per turn; MLT:=2-m-15.5 ©m
resistance per cm (interpolating by 1.26513): R 1=418.910° Q/cm from AWG table

R SMLT n R % R =70823 W
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17. Calculation of temperature rise
Assume that P (=P +P,
Assume that thermal energy is distributed throughout the core and winding assembly

Heat transfer by thermal radiation:
k= 57.10'2  Stefan-Boltzman constant, W.cm -2.K4
£:=0.95 emissivity

T,:=75+ 273 hot body temperature, K
T:=254273 cold body temperature

w

Tke -(T 24 -T 14) W =0.0367 W/cm?2 of surface area

Heat transfer by convection:

— -3
k.i=1410

F:=3.5 air friction factor: 1 for vertical surface, 1.25 for horz. flat surface
SFg is at least 3.5 times better than air at low flow rates

0 :=50 deg. C temperature rise
¢:=1.25 depends on surface shape, varies from 1 to 1.25
P:=2 relative barometric pressure

= S - 2
W=k F0 »\/; W .=09213  Wicm? of surface area

Total heat transfer:
Wi=W _+W_, W=009581 W/cm?2

Assuming worst case efficiency, 7, (i.e. P, = =P)
the minimum surface area required is:

P
:._E.A

. _ 2
smin ' W smin ~ 532.538 cm

A

(Actual area is approximately 1500 cm 2
Approximately 50% of this area is exposed - so well within spec.)
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A HIGH POWER UNITY POWER FACTOR THREE-PHASE RECTIFIER
FOR HIGH VOLTAGE APPLICATIONS.

P.J. Devine and P.W . Lefley.

University of Leicester, United Kingdom

ABSTRACT

Conversion of AC mains supply voltages 10 a DC level has

traditionally been achieved with diode or phasc rectification. The

unfavourable characteristics of the input current drawn can lead to

a number of problems including:

e Low input power factor.

. High supply peak currents leading to mains voltage
distortion.

. High rcactive component sizes.

To overcome these problems power factor correction methods are

becoming increasingly popular. This paper presents a three-phase

unity power factor rectifier for pacticular use in high voltage, high

power applications. The converter draws sinusoidal input current

wavelorms with a power factor approaching unity.

The output varisble boost characteristic of the rectifier is taken

advantage of, in that a high voltage DC bus (in the order of

800VDC) may be utilised. This is of particular interest in the ficld

of high voltage, high frequency, inverter fed DC power supplies

(>10kV) and can significantly reduce the magnitude of primary

winding current. As a result there may be a substantial decrease in

size and weight of the output transformer.

An initial circuit model has been investigated on the PsPICE

circuit simulation package to determine suitable circuit parameters

from which a prototype was built. A discussion on the performance

and analysis of the prototype will be given.

1. INTRODUCTION.

Conversion of AC line voltages to a DC level has traditionally
been achicved with diode or phase rectification. The low power
factor and large harmonic line currents which occur due to the use
of these rectifiers are well known problcins.

Several techniques have been put forward to keep power supply
quality at acceptable levels in accordance with 1EC standards (1EC
555-2) and |EEE recommendations (1EEE-519).

These techniques can be classified into two main categories.

e Passive and active filter techniques.

. Unity power factor AC-DC converters.

The first category deals with well known rectification systemns
where both power factor and harmonic distortion are corrected 1o a
certain extent. The use of passive filtering has been the most
commonly used method being both simple to implement and
operate. However, passive filtering requires magnetic components
operating at low frequencies and tends to be bulky and expensive.
Active filtering techniques (harmonic injection techniques for
example) tend to require a large number of passive components,
semiconductor switching devices and complex control algorithms
and are thercfore very costly.

The second category indicates an intent to minimise the harmonics
created by a rectification system and operate it at improved power
factor. In these systems active switching methods are used 1o
control the DC vutput voltage whilst maintaining nearly sinusoidal
input line cuments at near unity power factor. These topologtes
have been the object of increasing interest since 1980.

Ia (1), which constituted a major breakthrough in the development

of three phase rectifier systems an unidirectional three phase boost
rectifier is introduced.
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This has the following characteristics:

e Approximately sinusoidal input currents.

s Operation at power factors approaching unity.

*  Resistive fundamental mains behaviour.

¢ Controllability of the DC output voltage which is higher than
the peak AC line voltage.

. Simplicity of the power circuit structure and control systems.

This converter is of special interest in the field of process
technology power supplies, ¢.g., the application of this converter
for supplying the DC link voltage of a PWM inverter makes
possible the following:
e  The control of the DC link voltage to a constant value
independent of the mains voltage.
*  The maximum utilisation of the rated power of the PWM
inverter.
Another key area of technology for which this converter can be
applied is the initial AC to DC conversion stage within a high
voltage DC power supply (>5kV). .
Such power supplics can be found in many industrial and medical
processes that require the generation of high DC voltage levels at
high power ratings, e.g., x-ray generation equipment in medical
and physics research facilities and electrostatic precipitators used
as pollution control systems in many industrial processes.
The output voltage variable boost characteristic of this converter is
taken advantage of, in that a high voltage DC bus in the order of
800V or more may be utilised. This can significantly reduce the
magnitude of the primary winding current in the subsequent
inverter section of the supply. As a result there may be a significant
decrease in the size and weight of the output transformer.
This paper addresses the analysis and design of a three phase AC-
DC converter drawing high quality input current waveforms from
the mains for such an application.

2. DESCRIPTION OF THE PROPOSED SYSTEM
CONFIGURATION.

MAINS
SUPPLY
—¥| SECTION 1|”] SECTION2[® SECTION3

H T |
, i
CONTROL SYSTEM

Section |: Three phase AC-DC converter.

Section 2: High frequency inverter.

Scction 3: High voliage, high Irequency trunstormer and high
voltage side rectification.

Fig. 1. System layout of the proposed high voltage DC power
supply.

Fig. | shows the system layout of the proposed high voltage DC
power supply. Of paniicular interest to this paper is the three phase
AC-DC converter of section 1.
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Fig. 2 Structure of the power circuit of the three phase unity power factor AC-DC converter. High frequency spectral components
filter (L1,1.2,L3 C1,C2,C3). Boost inductors (L4,L.5,L6). Three phase diode bridge (Dr). Active switching device (S1) shown as an
IGBT in this model. Boost/blocking diode (Db). Boost capacitor (Cb). Output modelled as a resistive load (Rload) in this model.

(a)
>< X M/(\h,;(,,w)&
S el s 0N e 1nay toe (b)
- (c)

AN
JEYTARAAN
VT

Fig. 3 PaPICE simulation of the three phase AC-DC conventer being operated with u constant switching frequency.

(a) Mains phase voltages Van,Vbn,Vcen. (b) [nput phase currents afler lil(cr!ng. (c) qust inductor (L4) current.

(d) Boost inductor (L4) current viewed over a shorter timebase. () Boost diode blocking voltage (top) and current (bottom).
(f) Switching device (S1) voltage (top) and current (bottom).

2.1 PRINCIPLE OF OPERATION.

A circuit disgram of the thice phase unity power factor AC-DC converter is .\“huwn in Fig.2.This shows the tlgrcc phuase SIIPN)"
(Van,Vbn.Vcn), the high frequency spectral components tilter, the unity power factor recl,tlcr stage consisting of the three 'bo<_)sl
inductors (L4-6), a three phases diode rectifier (Dr), an active sw"itch (Sl), a ‘boo§(’ dque (‘Db) and an output filter capacitor
(Cb). Consideration of the circuit operation will initially be given without inclusion of the high frequency spectral components filter

network (L1-3. C1-3).
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During the ‘On’ time of the active switch (SI) all threc input
phases are short circuited through the three ‘boost’ inductors, the
three phase diode rectifier and the switch.

As a result of this the three input currents begin simultancously to
increases at a rate proportional to the instantancous values of their
respective phase voltages (Fig. 3(d)). The circuit is operated at a
constant switching frequency. The duty cycle of the switch
however is modulated for variations in load and is such that the
input currents are always discontinuous.

The specific peak current magnitudes during cach ‘On’ interval are
proportional to the average value of their respective input phase
voltages during cach ‘On’ time. Assuming that each of the input
phase voltages varies sinusoidally then the input current peaks will
also vary sinusoidally (Fig. 3(c)). Assuming discontinuous input
curremt mode the average valuc of these peaks also varies
sinusoidally.

Consequently all three input AC currents consist of a fundamental
component at mains supply frequency and a band of high
frequency components centred around the switching frequency
(25kHz in this simulation)

Flg. “. TAMFINUVIIC SPECIIUIN V) 1NPUL Curreast wiltliout ater,

The fundamental component and high frequency swilching
component of the input current can be seen in Fig. 4.

During the ‘Off° time of the switch the energy stored in the three
boost inductors is discharged through the converter (Fig. 3(¢)). The
time required to discharge the boost inductors is dependant on the
phase input voltage and the voltage across the three phases bridge
rectifier during the *Off" time. The average values of the input
currents during this time are therefore not proportional to the phase
voltage.

Genenally,the *Off time of the switch is kept much shorter then the
‘On’ time to ensure that the average input currents during each
switching cycle are proportional to the average phase input
voltages during the same switching cycle.

.

L _:

sume Temx; S 20y

-
LET{RY]
Proemncy

Fig. 5. Harmonic spectrum of input current with filter.

The unwantcd spectral components of the input current wavclonn
are centred around the switching trequency of the circuit as shown
in Fig. 4. Since the switching frequency vfill be very high
compured to that of the mains. A high (requency spcclml‘
components filter will successfully reduce the hanpumf contents of
the input current waveform. This can be seen m_hg. 5.whlgh
shows the harmonic spectrum of the input current with the filter in

operation.
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The converter draws nearly sinusoidal input currents from the three
phase supply with a power factor approaching unity (Fig. 3(b).

2.3 APPLICATION OF THE CONVERTER TO HIGH
VOLTAGE DC POWER SUPPLIES.

The voltage boost characteristic of the converter is well known
from conventional converter theory as being:
vV, |

v, a
Where V= DC output voltage.
Vu= DC input voltage.

a = duty ratio of the active switch.

For the three phase boost converter of Fig. 2 the DC input voltage
Vb is replaced by the three phase rectifier output voltage.

R
I-a

<|<

Where Va= DC output voltage.
Ve = Three phase rectifier output voltage.
a = duty ratio of the active switch.

Pforr (§) showed that for (he'thrce phase unity power (actor
converter input power factor improves as the voltage boost ratio
(Va/Vr) increases. This can be seen in Fig. 6.

(1

os

075§ ———r

1k 1 8 3 38 ‘ % H L}
Vorur

Fig. 6. Relationship between voltage boost ratio and input
power factor.

For high voltage applications the implementation of this converter
topology as the initial AC to DC conversion stage of a high voltage
DC power supply has two desirable features.

1: The DC output voltage of the converter can be boosted to a level
well above the conventional 575VDC obtained from a three phase
diode rectifier. This allows a reduction in magnitude of currents in
the inverter section of the supply and consequently a reduction in
size and weight of the high voltage, high frequency inverter fed
transformer.

2: By the very nature of this topology input power factor improves
as the boost ratio of the converter increases.

3.0: EXPERIMENTAL RESULTS.

A hardware prototype of the three phase unity power factor
converter has been constructed and tested using a power MOSFET
as the active switch. The prototype has the following parameters:

. 1.5k VA output power.

e Output DC voltage = 650V.

. Input rms phase voltage = 160V.

. MOSFET switch frequency = 25Khz

Experimental waveforms obtained Irom the prototype arc shown in
Fig. 7.
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Fig.7. Experimental waveforms obtained from the prototype
converter. (a) Mains supply voltage Van (top) and curment
(bottom) with the high frequency spectral components filter in
operation.

(b) Boost inductor current(top) with the converter operating at a
low switching frequency to show the effcct of MOSFET switching
(bottom).

(c) Converter input current without the high frequency spectral
components filter.

(d) Harmonic spectrum of converter input current without filter
(top) and with filter (bottom).

4.0 CONCLUSIONS.

A three phase unity power factor converter has been implemented
as the initial AC-DC conversion stage of a high voltage DC power
supply. The advantages of this rectifier over the traditional three
phase diode bridge are the following:

¢  Current is drawn from the mains supply with near unity
power factor and minimal harmonic distortion.

o The converter provides a boosted DC output voltage level
capable of driving a subsequent high voltage inverter fed high
frequency transformer.

A prototype of the converter has been designed and constructed.
Experimental results verify the simulated results achieved with the
PsPICE simulation software.

4.1 FUTURE WORK.

A higher power and higher DC output voltage rated converter will
be designed and constructed. This will be tested in conjunction
with the inverter stage of the DC power supply.
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A HIGH POWER HIGH FREQUENCY TRANSFORMER FOR HIGH VOLTAGE
APPLICATIONS.

P.J. Devine, P.W .Lefley, J.C.Fothergill.

University of Leicester, United Kingdom.

ABSTRACT.

The paper considers the design of a high voltage (17kV) step-up 17kVA transformer designed for use with a high
frequency (30kHz) switched mode power supply (SMPS). A comparison of single phase rectifier circuits with SMPS
is made highlighting the advantages of moving towards high tfrequency inverter technology in applications such as
clectrostatic precipitator power supplics. High frequency operation will allow much more precise control over the
operating parameters of the power supply such as voltage step levels and response to variations in load demand.

The design considerations for a high voltage wanslormer are presented and, in particular, the issues of insulation
requircinents, parasitic elements, core loss, heat dissipation and corona effects are considered in detail.

The transformer uses a ferrite core design to allow operation at high frequencies which results in significant saving

in size and weight.

1. INTRODUCTION.

Conversion of AC mains voltages to a high voltage
(> 10kV), high power (#10kVA) DC level is a key
arca of technology which is a requircment in many
industrial and medical imaging processes, c¢.g.,
clectrostatic precipitators used as dust control systems
and x-ray generation cquipment in medical and
physics research facilities.

In the majority of cases this high voltage DC
requircment is achicved with a single phase AC
regulator (figure 1). The regulator controls the supply
to the high voltage transtormer. A bridge rectitication
network is implemented on the secondary of the
transformer to produce a high voltage DC level.

I‘1 FIRING ANGLE CONTROL

’ J D1D2
l
|
3

&)
TH1.TH2
D34
Fig. 1. Conventional high voltuge DC power
supply.

TEH TH2: Thynstor set.
T1: High voltage, low frequency transformer.
D1,D2,03,D4: High voltage bridge rectifier.
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Power and voltage control is accomplished by

variation of the firing angle of the thyristor set.

There has been little progress from this topology over

the years due, in part to the lack of availability of

high frequency, high voltage transformers on the

market. This has made conventional 50/60Hz design

the more attractive solution. This topology whilst

robust and simple has severe drawbacks as far as

opcration is concerned :

e Low quality input currents and low power factor.

e Sluggish operating characteristics.

e Low power supply ctficicney.

e Size, weight and civil engineering  costs
associated with the oil insulated transformer.

e EMC problems.

A high frequency switched mode based power supply
is being developed. The improvements expected from
the adoption of high frequency switched mode
operation are three fold :

1: High frequency switching operation will allow
much more  precise  control over the operating
parameters such as output voltage level, current level,
voltage rise times and response to variations in load
demand.

2: The high frequency switching will allow a
significant reduction in the size and weight of the
high voltage transformer. This reduction in size and
weight leads to a compact design which minimises
the installation and maintenance costs.

3: Ability to modulate the output voltage.

In some applications the ability to pulse the DC
output voltage of the converter trom one level to
another at a specific and programmable magnitude,
time duration and period has substantial benefits, ¢.g.,
in electrostatic precipitators this method may improve
dust/gas particle charging and collection. .
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Scction 1: Three phase unity power factor rectifier.

Section 2: High frequency inverter.

Scction 3: High voltage, high frequency transtormer

and high voltage side rectification.

Fig. 2. System layout of the proposed high voltage
DC power supply.

The design and coustruction of section 1 of the
system is addressed in {1]. Of particular interest to
this paper is the design and construction of the high
voltage, high frequency transformer.

2. TRANSFORMER DESIGN.

Tlic design of a high frequency, high voltage
transformer  differs  widely  from  the  standard
transformer design methodologics used  for mains
voltage applications [2]. One must analyse several
related issues:

1: Insulation requirements.

2: Parasitic clements.

3: Core loss and heat dissipation.

+4: Corona cllects.

High voltage transformers generally have a large
turns ratio, typically 600:1 to 900:1.

Sulficient insulation thickness between the primary
and secondary windings is required 1o avoid clectrical
breakdown. Theretore, the clectromagnetic coupling
of the primary and secondary winding will not be as
tight as in conventional low voltage transformers [3].
This results in a parasitic leakage inductance referred
o the prisnary side which can effect the maximum
power throughput of the transtormer. FHence, there is
a trade off between insulation distunce and leakage
inductance.

Furthermore, the high number of tums required for
the sccondary winding causes a high  distributed
capacitunce. When referred  to the  primary  this
capacitance value is multiplied by the square of the
turns ratio and therefore is not negligible [4,5]. This
parasitic capacitance induces an ineffective current
through the sccondary winding which results in a loss
of ranstormer clficicney.

Corona discharge can scriously effect the operation
and life expectancy of a high voltage transtormer.
Any sharp corner or protrusions may lead 1o an
enhanced cleciric ficld and corona in this vicinity. A
corona will create highly reactive molecules which
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will, in time degrade the insulation leading to
clectrical breakdown.

Beuring these factors in mind a high voltage, high
frequency transformer is designed with the following
clectricad specitication:

Vprimary = 750V (quasi-square wave).
Vsecondary = | 7kV.

Power rating = 1 7TkVA.

Switching frequency = J0kHz.
Maximum flux density = 0.2T.
Insulation requirement = 100k V.
Maximum clectric field = 3kV/mm.

2.1. Magnetic core design.
The design procedure adopted for the design of the
core required for this transformer is based upon
previous designs for high frequency, high power
transformers  in  aerospace  and  astronautical
applications where size, weight and power rating are
extremely important tactors [6,7].
Because the power rating of the transformer is high
(17kVA) there are no suitable “U” or “C" ferrite
cores on the market. To overcome this problem a
number of “I" cores have been machined to the
required size and shape and bonded, under the ferrite
manufacturers assistance, to provide the required core
cross scctional area and geometric size.
The ferrite used is a high saturation manganese-zinc
designed for high power, high frequency applications.
The power loss density of the material at the working
frequency and flux level is low (< 0.1 W/em? ) as
shown in figure 3.

1000

PLD
mwWice

Frequency (ktiz)

Fig. 3. Power Loss Density vs. Frequency.

Figure 4. shows that these losses are further
minimised at elevated operating temperatures since
the power loss density of this material reduces as the
operating temperature rises. This is another beneficial
characteristic of this ferrite,
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Fig. 4. Power Loss Density vs. Temperature.

2.2. Minlmisation of parasitic clements.
An cquivalent circuit model of a high voltage
transformer is shown in figure 5. This shows the
parasitic  leakage  inductance L, magnetising
inductance L, and parasitic capacitunce C, referred
to the primary.

O Y Y Y. o
|
G "' L TG
o , ! L0

2 .
N n;:n,
C = —l) C
v (n, , (hH

Fig. 5. Equivalent circuit model of a high voltage
transformer.
‘The leakage inductance L, arises due Lo the imperfect
coupling ol the primary and sccondary windings and
according o [5] is caleulated as follows:

2
”np(‘p + (s) m, +m,

-7
- = b +m, | x10 2)

where L, is the leakage inductance referred 1o the
primary winding (H) ; n, is the number of primary
turns ; t, und t, are the average one i lengths of the
primary  and sccondary windings (i) ; h is the
etfective height of the two windings () and m,, m,
and iy are the geometric sizes of the transtormer
shown in figure 6.

) Ferrite core

:':' X, o i i'n ,“ '"s'
: ,.‘ AR Ful
A B E
S T e A 4
e ekl AEd fmy m,

Fig. 6. Winding configuration of transformer.
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Referring to figure 6, A is the secondary winding ; B
is the insulation between primary and secondary
winding ; C is the primary winding ; m, is the primary
winding thickness (m) ; m, is the secondary winding
thickness(m) and my is the insulation thickness(m).
According to (2) the leakage inductance is a function
of both the geometric size of the transformer and
more importantly, the square of the number of
primary turns. L, can therefore be reduced greatly by
lowering the number of primary turns.

However, according to (3) lowering the primary turns
will result in an increase of operational flux density.

V. x10*
S ekt (3)

n, -
"7 4BA I

Where Vp is the applied primary voltage (V) ; B is
the operational flux density (T) ; A, is the ferrite core
cross sectional area (cm?) and [ is the operating
frequency (1z). ’

Thus, the number of turns must be determined as a
result of judicious compromise between these
conflicting factors.

Parasitic capacitance C, arises due to the significant
secondary capacitance owing to a high number of
secondary turns [S].

8x¢, 6, th, n? 4)

" I(m, - )}
Where O, s the primary referred capacitance (F) ; &,
is the dielectric constant of a vacuum (F/m) ; ¢, is the
relative diclectric constant of the insulating medium
used ; rois the averuge radius of the sccondary
winding (metres) ; by is the effective height of the
sceondary windings (metres) ; n is the tumns ratio ; d
is the distance between layers of the secondary
winding (metres) ; mg is the number of layers of
scecondary  windings and m, is the number of
secondary windings.
According to (1) and (4) this capacitance value when
referred to the primary is hugely influenced by the
turns ratio (n) of the transformer.
Generally, the  turns  ratios  of high voltage
trunstormers are between 600:1 and 900:1 depending
on the desired output  voltage. If a  voltage
requireinent results in a turns ratio higher than this
then the power supply is usually sectionalised or
voltage multiplier circuits are added after the high
voltage rectification stage which can adversely effect
the dynamic performance of the power supply.
Turns ratio and therefore parasitic capacitance can be
significantly reduced in the transformer by driving
the primary winding at a high voltage level (2750V
yuasi square wave). This requires the DC link section
of he supply to be encrgised to this voltage level
which implics a voltage boost clement. This section
of the supply is analysed in [1].

2.3. Insulation and electric stress management

within the transformer. :

One of the incentives for adoplmg high frcqucncy
switched mode technology in this application is to



minimise the size of the transformer. A factor
nfluencing this sice is the maximum clectric stress
which can be tolerated by the insulating media within
the transtonmer. Ol insulated transformers are heavy
and prone to leaking. The oil needs o be regularly
cleaned or impuritics build up at high stress points
which can lead 10 clectrical breakdown,

Inert gases gencrally have a diclectiie strength 2 1o 3
times higher than that of air. A method of reducing
the required insulation gap between primary  and
sccondary windings is to encapsulate the transformer
in a scaled unit containing such a gas at a pressure
slightly above wtmospheric. Another advantage of
adopting this technique is that such gases can have
heat transfer cocflicients up 10 3 times that of air
which assists heat dissipation from the core and
windings.

Solid insulation may be used but presents difficultics
during transtonner  developmient (it breakdown
occurs then it may be necessary to start again) and it
may prevent  sutficient heat  loss. Some  solid
insulation is required for mechanical support of the
sccondary windings.

Stress rings are employed 1o prevent high divergent
ficlds at conductor comers which would otherwise
discharge and lcad to rapid degradation of the
insulation. Such a structure is shown in figure 7.

,,7! Insulation

- -

o Femiegore

Sccondary winding o
Primary winding

Fig. 7. Structural diagram of the transformer.

3.0 CONCLUSIONS.

A high voltage, high frequency transformer based
upon the design considerations outlined in this paper
has been designed and constructed. Its clectrical
characleristics are currently being analysed and will
be presented 1o the conference. ’
By adoption of tcchniques outlined in this puper it has
been possible to minimise the undesirable effeets

of leakage inductance and patasitic capacitance,

[t has also been possible to control the electric ticld
stresses within the transformer structure and so
prolong the life expectancy of the high voltage
transformer.
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A METHOD FOR SUPPLYING A HIGH FREQUENCY, HIGH VOLTAGE
TRANSFORMER, BASED UPON A FORCED COMMUTATION
CYCLOCONVERTER (MATRIX CONVERTER) TOPOLOGY.

P.J.Devine, P.W.Lefley
University of Leicester, United Kingdom

ABSTRACT

Conversion of AC mains voltages to a high voltage (> 20kV), high power DC level is a key area of
technology which is a requircient in many industrial processes, for example  particulate emission
control by clectrostatic precipitation. In the majority of present installations the high voltage
requirement is achieved with a single phase thyristor based AC regulator. This topology, whilst robust
and simple, has severe drawbacks notably sluggish operating characteristics [1], low supply efficiency
due 1o the high reactance of the mains frequency transtormer and the associated costs due to the size
and weight of the 50760 Hz transtormer. A direct AC-AC high frequency  matrix converter is
proposed. The converter delivers, directly from a 3 phase mains supply, a high frequency (20kHz),
single phase, voltage led quasi-square wave (QSW) to the primary winding of a high frequency, high
voltage, ferrite core based transformer developed as part of a high voltage power supply. The
advantages to be gained from this include a reduction in size of the magnetic structure, the eradication
of cosily DC link components and the allowance of much faster and precise control over operational
parameters than has previously been achieved with a thyristor based AC regulator,

Introduction. involved with transferring from a  mains
frequency operation 1o a high frequency

Couvetsion off AC mains voltages 10 a high switched mode operation. The advantages of

voltage, high power DC level is a key arca of this would be a significant reduction in the

technology which is a requirement in many magnetic  structure  dimensions  and  the

industrial processes, for example clectrostatic allowance of more precise  control  over

precipitators used in flue gas or dust enrission operational parameters such as output voltage

control. In the majority of present installations npple, voltage rise times and response to

the high voltage sequirement (10-80 kV) s variations in load demand. The research has

achieved with the single phase thyristor based generally centred upon indirect converters

AC regulator shown in Fig. {. utilising IGBT technology, namely

’ . _ voltage/current  ted  inverters  and  series,

k- ~ parallel  or  scrics-parallel  resonant  tank

' inverters used in situations where the leakage

| reactance and parasitic capacitance of the

(\ - ) ] transformer are not negligible and are utilised

c 1o form part or all of the resonant element of

(C the “inverter  [2-5).  In genceral, indirect

| converters have an intrinsic need for an initial

rectification stage and an intennediate storage

ZF stage. They are, therefore, bound to use large

T reactive clements. Furthermore, the

Vin Phyostor set HVAHF wansi Recutics w/p intermediate storage destroys all information

about input voltage wavetorms and phasing. A

Fig. 1. Conventional high voltage DC power direct  AC-AC high frequency  matrix

supply. ) converter is proposed. The converter delivers,

) . directly from a 3 phase mains supply, a high

Power and voltage control is achicved by fiequency, single phase. voltage led quasi-

vatiation ol the liwing angle ot the thyristor set. square wave (QSW) 10 the primary winding of

This topology, whilst robust and simple. has a high ficquency, high voltage transtormer

severe drawbacks notably stuggish operating developed as pant of an electrostatic

characieristics [1], low supply cl'fixcicn‘cy due to precipitator power supply. One of the notable

the high reactance of the mains  icquency propertics of this conventer s il dynamic

wanstouner  and  the  assocrated ' cwtl' range of vperation. The converter is capable of

cugineering costs due to the size und weight ot supplying u QSW output of 0 10 20 kit with u
the oil insulated transtormer. Present rescarch duty ratio controllable from 0 to 100%.

in this area is
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The gencralised matrix converter is shown in
Fig. 2. The general features of which are
summatised below:

1. The converter consists of nine bilateral

swilches, implemented as cither nine pairs of

anti-parallel thyristors or nine bridge rectifier
cmbedded 1GBT’S as shown in Fig. 3.

2. The general application of this converter to
date has been to AC variable speed  induction
motor drives [6].

3. High frequency modulation of the switches
results in a sinusoidal output voltage waveform
of zero to 95% of the input [7]

________/____]
3-PHASE ———/—] 3-PHASE
-PHASE
MAINS OUTPUT
SUPPLY

/.
N

—

BILATERAL
SWITCHES

Fig. 2. Generalised matrix converter

4 Output frequency can be controlled from 0
(DC) to typically 200 Hz. The reason for this
frequency ceiling is to achieve a large
scparation between the fundamental
sinusoidal output frequency and the switch
modulation frequency [8,9]

Proposed Matrix Converter.

Fig. 4. shows the configuration of the
proposed high frequency matrix converter. It
consists of six bilateral switches, each switch
containing two IGBT'S and two blocking
diodes.

—/— _ o O'_JK

Fig. 3. Bilateral switch configurations
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o ] PHASE CONYERGENCK
LOGIC

SWITCH CONTROL SIGNALS

CONVERTER OUTPUT V/)
CONTROL

SWITCH DECODE
LOGIC PROM

Fig. 4. High frequency matrix converter.
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The genceral features of the high frequency
malrlx converter;

1. A high frequency, singie phase, QSW
output is synthesised by six distinct IGBT
modulation functions. Each function contains

the nccessary  high  frequency  switching
algorithin 10 achicve a high frequency QSW
outpul.

2. Crossover from modulation function one
through to six occurs at the six points in the
mains  period  where  two  line voltages
converge. Thus, the high frequency QSW
output resides within @ six pulse cnvelope of
the 3-phase mains supply.

3. A notable feature of both the converter
topology and high frequency switching
algorithim is that switch overlap is embedded

SELD) | oo
ROYTT TR
a v(vl9
I18% %00,

~634.360

within the switching patterns. This maintains a
bi-directional current path at any transition
time.

4. Output frequency, voltage and current are
controlled by PWM control circuitry.

Experimental Results.

A full model of the proposed converter has
been developed on simulation software.

Fig. 5. shows a transient analysis of the model
showing input 3-phase mains voltage, high
frequency QSW output and rectified output
voltage of the high frequency, high voltage
transformer.  Switching frequency in this
particular simulation has bcen decreased to
facilitate viewing,

s v(ri22i1,cinil)

Fig. 5. Simulation results.

Conclusions.

A novel high frequency AC-AC converter has

been described. The converter is capable of

producing a high frequency, single phase,
QSW ouiput directly from a three-phase mains
supply. The advantages to be gained from (h?s
include a reduction in size of the magnetic
struchure, the cradication of costly DC link
components and the allowance of much t}nslcr
and precise  control  over opcral_lonul
parameters than has previously been achicved
with a thyristor based AC regulator.
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A Novel Prototype Design for a Transformer

for High Voltage, High Frequency, High Power use

Dr. John C. Fothergill SMIEEE, Philip W. Devine and Dr. Paul W. Lefley
Electrical Power Engineering Research Group, Department of Engineering,

University of Leicester, Leicester LE1 7RH, UK

ABSTRACT ’

A prototype transformer has been designed and built which is novel in its combination of
high voltage (50 kV), high frequency (20 kHz) and high power (25 kVA) specifications. The
design technique utilized a spreadsheet approach which facilitated an iterative design
procedure. The transformer used a ferrite core, nylon insulated secondary bobbins and
pressurized sulfur hexafluoride encapsulation. It was designed as part of a high-voltage
switched-mode power supply for driving electrostatic precipitators. The transformer was

field tested at a large coal-fired power station and was found to have an efficiency of better

than 98%.

Keywords: EHV transformers, gas insulated transformers, HF transformers, power

transformers, AC-DC power conversion, dielectric materials/devices, ferrite

materials/devices, HVDC insulation
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l. INTRODUCTION

Conversion of AC mains voltages to a high voltage (>10kV), high power (>10kW) DC level
is a key arca of technology which is a requirement in many industrial processes; for example

in particulate emission control using electrostatic precipitators.

In the majority of cases this high voltage DC requirement is achieved with a single phase AC
regulator (Fig. 1). The regulator controls the supply to the high voltage transformer. A bridge
rectification network is implemented on the secondary of the transformer to produce a high

voltage DC level.

Power and voltage control is accomplished by variation of the firing angle of the thyristor set.
There has been little progress from this topology over the years due, in part, to the lack of
availability of high frequency, high voltage transformers of sufficient power ratings. This has
made conventional 50/60Hz design the more attractive solution. This topology whilst robust

and simple has severe drawbacks as far as operation is concerned:
e Low quality input currents and low power factor.
o Sluggish operating characteristics.

e lLow power supply efficiency.

e Large size, weight and civil engineering costs associated with the oil-insulated

transformer.
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A high frequency switched mode based power supply has been developed with an output
voltage of SO KV at 0.5 A continuous rating for electrostatic precipitation. There are several
improvements that may be expected from the adoption of high frequency switched mode

operation;

I. High frequency switching operation will allow much more precise control over the
operating parameters such as output voltage level, current level, voltage rise times and

response to variations in load demand. ‘

[N

High frequency switching will allow a significant reduction in the size and weight of the
high voltage transformer. This reduction in size and weight leads to a compact design,

which minimizes the installation and maintenance costs.

3. High frequency switching will allow the reactance of the transformer core to be much

lower and hence the efticiency of the power supply can be improved.

4. The ability to modulate the output voltage. In some applications the ability to pulse the
DC output voltage of the converter from one level to another at a specific and
programmable magnitude, time duration and period has substantial benefits, e.g., in
electrostatic precipitators this method may improve dust/gas particle charging and

collection.

The transformer must be designed to be driven from a voltage sourced H-bridge inverter,
Fig. 2. There is sufficient flexibility with this type of inverter for using a range of voltage
control strategies e.g. pulse width or phase shift control. Furthermore, the load may be made
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resonant if required. This flexibility in inverter control and operation is important to avoid
undesirable atfects such as ringing. Such effects may occur because of the nature of the
transformer, exhibiting parasitic capacitance and inductance, which affects the voltage and

current waveforms in the inverter.

A thorough and careful design of a high voltage high frequency transformer is required to
ensure that the electrical and magnetic loadings are optimized, that the electrostatic and
thermal stresses are acceptable for the voltage and power requirements, and that the parasitic

parameters are minimized.

The design of a high frequency, high voltage transformer for electrostatic precipitator power
supplies differs widely from the standard transformer design methodologies [1]. Several

related issues must be analyzed:

l. Insulation requirements.

2. Parasitic elements.

3. Core loss and heat dissipation.
4. Corona effects.

5. Rectification

High voltage transformers generally have a large turns ratio, typically 600:1 to 900:1.

207



Sufficient insulation thickness between the primary and secondary windings is required to
avoid electrical breakdown. Therefore, the electromagnetic coupling of the primary and
secondary winding will not be as tight as in conventional low voltage transformers [2]. This
results in a parasitic leakage inductance referred to the primary side that can effect the
maximum power throughput of the transformer. Hence, there is a trade off between insulation

distance and leakage inductance.

Furthermore, the high number of turns that is required for the secondary winding causes a
high distributed capacitance. When referred to the primary this capacitance value is
multiplied by the square of the turns ratio and therefore is not negligible [3, 4]. This parasitic
capacitance induces an ineffective current through the secondary winding which results in a

loss of transformer efficiency.

Corona discharge can scriously effect the operation and life expectancy of a high voltage
transformer. Any sharp corner or protrusions may lead to an enhanced electric field and
corona in this vicinity. A corona will create highly reactive molecules, which may degrade

the insulation and lead to electrical breakdown.

The transformer was designed to drive a full-wave rectifier and to have a modular design so
that different maximum voltages could be specified. The transformer was therefore designed
with two secondary bobbins each driving a separate diode bridge as shown in Fig. 3. In order

to ensure equal voltage sharing, a capacitive divider was also used.
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Bearing these factors in mind a high voltage, high frequency transformer for an electrostatic

precipitator power supply was designed with the following electrical specification:

®  Vyimary = 587 V (quasi-square wave).

vuccondary =50 kv

e Power rating =25 kVA.

Switching frequency = 20 kHz.

The transformer was field tested as part of a HF HV supply for electrostatic precipitators in a

large coal-fired power station.

Il. TRANSFORMER DESIGN

The transformer design required consideration of the insulation materials, the magnetic

material and the management of electrical, magnetic and thermal stresses.

- A. Magnetic Design

Because of the high frequency requirement, it was decided to use a ferrite core. In order to
accommodate two bobbins (one for the low voltage and one for the high voltage winding) a
rectangular core was used with a S0 mm x 50 mm (2" x 2") cross-section. This was made
from 100 mm x 25 mm x 25 mm (4" x 1" x 1") sections, since they were the largest
available; these were ground to give good fits between the sections. To ensure low lossees the

flux density was limited to 0.25 T.
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A method described by McLyman [5] was used for the magnetic calculations. This method
was implemented using MathCAD; the output of which is in Appendix A. This
implementation was very useful as it facilitated an iterative design process in which the

consequences of a parameter change were immediately reflected on the computer screen.

The important parameters are

* T'wo primary windings in series, each containing 13 turns of AWG7 wire giving a

primary copper loss of 4.6 W.
¢ Two secondary windings in parallel, each containing 700 windings of AWG21 wire.

e Total losses (copper and "iron") of 510W.

B. Insulation Materials

In addition to the solid insulation required for the bobbins, the insulating encapsulation

needed to be defined.

It is clear that the secondary bobbin needed to be large enough to prevent surface tracking
from the high voltage winding to the transformer core or the primary winding. The thickness
of the bobbin also had to be great enough to prevent breakdown through the insulation.
Tracking always occurs when the surface electric field exceeds that of either the solid or the
encapsulation surrounding it. 1t may occur at lower fields because of physical and chemical

inhomogeneities on the surface and because of geometric field enhancements. Although
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reliable figures appear to be hard to find, a distance of at least 1 kV/mm is commonly allowed
for well-controlled surface conditions. (For example Rowland and Nichols [6] found voltages
ofat least 15 kV were required to sustain dry band arcing over a 10 mm gap on an “arc

resistant thermoplastic compound”.)

The voltage waveform to be experienced by the high voltage bobbin was rather unusual in
this application since it was of high frequency (20 klHz) and had a negative DC offset of half
the peak-to-peak AC voltage. The negative DC offset may give rise to space charge injection
[7] and consequent field distortion within the insulation. The maximum ("Poissonian") field
within the material may therefore be greater than the average ("Laplacian") applied field.

The high frequencies may also lead to accelerated aging processes due, for example, to partial
discharges. A polymeric insulation was to be used for ease of machining. Because of the
large bobbin size, it was decided not to use a very expensive material such as PTFE. Nylon
6,6 was chosen as a compromise between ease of manufacture, cost and insulation properties.
The breakdown strength of such materials under these conditions is not readily available but
work by Dissado, Montanari, Crine, Lewis and others (e.g. [8, 9, 10]) suggests that they
should be able to withstand such conditions indefinitely at fields up to approximately

10 kV/mm. Because of the unknowns, especially to do with space charge effects, it was
decided to limit the electric field in the bobbin to SkV/mm. Nevertheless, this is still high;
typically 0.5 kV/mm AC or 1.0 kV/mm DC are the maximum used in high voltage supplies

tor safety critical applications [11].

Given these considerations for the high voltage bobbin, it was necessary to consider the

choice of materials for the transformer encapsulation. A solid encapsulation is likely to have
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many drawbacks, especially during the design phase of a prototype. 1t is likely to be inferior
in transporting heat from the transformer, it would be impossible to make modifications to
the transformer once the encapsulation was in place and, if the encapsulation suffered
electrical breakdown, it may be necessary to completely re-build the transformer. A fluid
encapsulation such as transformer oil or an insulating gas was therefore considered.
Transformer oil is a good medium for heat transport. Under ideal natural convection
conditions it has heat transfer coefficient of approximately 95 W.m2K™'; this is equivalent to
forced air cooling with a flow velocity of approximately 25 m/s [12]. For prototyping oil
causes severe disassembly problems, as the oil needs to be removed from the surfaces of all
components. Impurities in oil tend to accumulate at points of high field divergence, i.e. at the
most critical points, due to dielectrophoresis [13] leading to localized discharging. It is
therefore usual to continuously pump and filter the oil; this is inconvenient for a small

transformer.

For these reasons, it was therefore decided to use a gaseous encapsulation. Although it may
be possible to use air at normal atmospheric pressure (this is the case in many high voltage
laboratory supplies), this would make the transformer rather large as the breakdown strength
of air is only 2 = 3 kV.mm™ even under ideal parallel plate conditions. The air would also
need to be clean and dry and therefore maintained in a sealed container. Sulfur hexafluoride,
SF,, has a much better diclectric strength, Fig.4. It can be seen that, even at a pressure of

1 bar, the breakdown strength of SFs exceeds the maximum design strength for the bobbin

(5 kV.omm™"). At 2 bar, the breakdown strength is comparable with nylon 6,6 and so tracking
resistance is unlikely to be improved above this pressure. It was therefore decided to use SFe

at a minimum of 2 bar as the encapsulation material for the transformer.

212



(. Thermal Analysis

The Mcl.yman technique was also used for checking the thermal design of the transformer.
The MathCAD output, shown in Appendix A, shows such thermal calculations. A maximum
temperature rise of 50°C was specified. The method indicates a minimum required area of
533 cm?, which is considerably less than the area of approximately 1500 cm? that was
actually used (although only about 50% of this area was exposed). A temperature rise of less

s

than 50°C was therefore to be expected.

D. Design of High Voltage Bobbin and Electrostatic Analysis

Fig. S shows a drawing of the high-voltage bobbin on which the high-voltage secondary
winding was wound, Fig. 6 shows a photograph of the bobbin. The bobbin contains two

unusual features.

Firstly, in order to obviate the divergent electric stress that would otherwise occur at the ends
of the windings, stress relief rings are used. These rings, which are split to prevent shorted
turns around the transformer core, are connected to the ends of the windings; indeed they
form the connections. The usual way to relieve stress is to alter the winding spacing at the
ends but this can be very wasteful of space. The stress relief rings decrease the divergent
field (=}/r) due to the high voltage, V, by incréasing the effective radius of the wire, r. In this

way the maximum lield, on the inside of the stress relief ring, is limited to 5 kV.mm"™.
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The other unusual fgature is a slotted bobbin that allows layered windings. In this way it was
possible to increase the number of turns considerably without placing large demands on the
insulation of the winding wire; indeed this was only rated at 600 V. Furthermore the parasitic
capacitance between the ends of the windings is reduced. A single cylindrical winding along
the surface of the bobbin, which only had 300 turns, was found to have a parasitic
capacitance of 13() nl at | kHz. However the arrangement shown here, which had more
win(.iings (700 turns), had a reduced capacitance of 64 nF. Such an arrangement does give
rise to locally high divergent fields at the corners at the bottom of the slots and an
electrostatic analysis was made to ensure that a field of 5 kV.mm™' was not exceeded. The

results of this analysis are shown in fig 7.

Ill. TEST RESULTS

The transformer was tested as part of the high frequency, high voltage power supply
desgribed earlier. It was installed in National Power's 2035 MW coal-fired "Didcot A" power
station at Didcot (near Oxford) UK where it replaced a conventional 50 Hz transformer

~ rectifier and supplied an electrostatic precipitator field. Precipitators are difficult loads since
they are prone to arcs and sparks, during which time they act as virtual short circuits, and the
current they draw is very unsteady due to the corona discharge and continuously changing
coal dust burden. The power electronics contained protection circuits (o ensure that the
supply voltage was rapidly reduced during arcing and sparking. The load was therefore a
usclul test to ensure that the unit was sufficiently powerful and robust but it was difficult to

obtain accurate results because of the unsteady current drawn.
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Fig. 8 shows the measured current-voltage characteristics of the electrostatic precipitator
load; the line is aﬁ exponential curve drawn to assist the eye. The current increased rapidly
above a corona inception voltage of approximately 30 kV. The circled groups of
measurements at approximately 0.2 A (~38 kV) and 0.4 A (~43 kV) were almost certainly
made as the supply was recovering from a spark in the precipitator. The voltage is increasing
at this point bui little corona current is being produced. By extrapolation of the exponential,
it may be estimated that the transient arcing current was several amps at the higher voltages.
The dotted exponential curve shows the average "steady-state” characteristics of the

precipitator.

Conventional transformer-rectifier sets have ripples that are typically 50% of the mean
voltage [ 14]. Arcing occurs if the peak of the voltage ripple exceeds a critical value and so for
much of the cycle, when the voltage is much less than this critical value, little corona current
is produced. Typically the mean current is much less than half that produced at the peak.
Furthermore the ripple produces a considerable capacitive displacement current which
increases the size of the secondary transformer windings. In this high frequency supply, very
little ripple was observed. At 30 kV the ripple was 85110V, at 44 kV it was 230120V i.e. it
was much less than 1% under all conditions. It is therefore possible for the supply to produce

more than twice as much current without arcing occurring.

Fig. 9 shows the primary current and voltage waveforms for an output of 38 kV. As the
primary voltage is provided by a phase-controlled H-bridge, there is a dead time between
both positive and negative cycles when the duty cycle is less than 100%. By considering the

voltage waveform in Fig. 9 it can be seen that the period is approximately 50 ps
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corresponding to a switching frequency of 20 kHz. The duty cycle was set to 40% with the
dead times equal to 10 s and the positive and negative on times being 15 ps. The primary
voltage was £500 V. During the positive (negative) on times the current increased
(decreased) reasonably linearly, due to the magnetizing inductance, to a value of
approximately + (-) 64 A. During the dead times all four H-bridge transistors are off but there
is a current path (lhmugh their flywheel protection diodes. The current during this period is
othe.rwise uncontrolled and the small current oscillation during the dead time probably

corresponds 1o a resonance of the magnetizing inductance with the parasitic capacitance.

It was difficult to estimate the efficiency of the transformer accurately because of the
measurement uncertainty in the continuously fluctuating secondary current and unfortunately
the experimental arrangement precluded measurement of the instantaneous secondary current.
All our estimates lead us to believe that the efficiency of the transformer with rectifier was
better than 97%. The total rectifier voltage drop was 200 V which, at 0.4 A, would give an
80 W power loss and contribute ~0.5% to the overall power lost. The best indication of
power loss was the temperature rise of the transformer core, which was measured using a

* thermistor. The temperature rose from 1642°C to 33°C, a rise of 1742°C, when the output
was 45 kV, 0.4 A, a power of 18 kW. The design calculations, Appendix A, suggest that with
a loss of S10 W, a temperature rise of 50°C would be found for a core surface area of

533 cm®. The actual exposed surface area was approximately 800 cm?. An estimate of the

17°C 800 ¢m?
x

50°C 533 cm’? x 510 W =260 W . For an output power of
50°C  533cm

actual power lost is therefore

18 kW this corresponds to an efficiency of 98.5%. The overall efficiency of the power supply
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was estimated to be >95% which compares very favorably with conventional 50 Hz

transformer - rectifier sets with efficiencies of only ~60%.

IV. CONCLUSIONS

A highly efficient high-voltage high-frequency transformer has been designed, built and field
tested. The transformer formed part of a switched-mode power supply for electrostatic
precipitators. Th¢ design, which is still at a prototype stage, was found to be xpuch more
efficient and smaller than conventional 50/60 Hz transformer rectifier sets. The unit will now

be developed for manufacture.
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Figure Captions for Fothergill et al

Fig. I

Conventional high voltage DC power supply. THI, TH2: Thyristor set. T1: High
voltage, low frequency transformer. D1, D2, D3, D4: High voltage bridge rectifier

Voltage fed H-bridge output stage of the proposed high voltage DC power supply
Transformer with two secondary bobbins driving separate diode bridges

50Hz breakdown strength in a homogeneous field for a 20mm inter-electrode gap as
a function of absolute gas pressure

Side-view of high-voltage bobbin showing stress-relief rings and slots for layered
windings

Photograph of the high voltage bobbin

Electrostatic electric field analysis around slots in the high voltage bobbin. The
hashed regions corresponding to the windings which are assumed to be equipotential
regions. The highest fields of S kV.mm™' can be seen to occur on the corners of the
slots.

Mecasured current-voltage characteristic under electrostatic precipitator load

Primary voltage (lower trace) and current (upper trace) for 38 kV output
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