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Abstract

Conventional 'hard switching' converters suffer from significant switching loss due to the
simultaneous imposition of high values of current and voltage on the devices during commutation.
Resonant converters offer a solution to this problem. A review of resonant circuit topologies is
presented, which includes a summary of the interference problems which may occur when using
power converters 1n the rail traction environment. Particular attention 1s given to the Resonant
DC Link Inverter (RDCLI) which shows a great deal of promise using currently available

devices.

The frequency domain simulation of RDCLIs 1s discussed as a means of rapidly evaluating
circuit behaviour, especially i relation to modulation strategies. A novel modulation strategy is
proposed for Resonant DC Link Inverters, based on a procedure known as Simulated Annealing
which allows complex harmonic manipulations such as harmonic minimisation, to be performed.
This 1s despite the fact that RDCLIs are constrained to use Discrete Pulse Modulation whereby
switch commutations are restricted to specific moments in time. The modulation algorithms were
verified by use of a low-power test rig and the results obtained are compared against theoretical

values. Details of the hardware implementation are also included.

A single-phase pulse-converter input stage i1s described which may be incorporated into the
Resonant DC Link Inverter topology. This input stage also benefits from soft-switching and
allows four-quadrant operation at any desired power factor. A modulation scheme based on
Simulated Annealing 1s proposed for the pulse-converter, to achieve harmonic control whilst also
synchronising with the supply waveform. Practical results are presented and compared with those

obtained by simulation and calculation.

Finally the design of Resonant DC Link Converters 1s discussed and recommendations made for

the choice of resonant components based on the minimisation of overall losses. Comparisons are



made between hard-switching and soft-switching converters in terms of loss and harmonic
performance, in an attempt to quantify the benefits which may be obtained by the application of

soft-switching.



Chapter 1

Introduction

Switching Losses are a major constraint on the performance of power converters. They are a
dominant feature in 'hard-switching' converters due to the trajectories taken by voltage and
current waveforms during device commutation. This places restrictions on the upper operating
frequency which as a consequence, limits the power density (kW/kg) and the capabilities for
harmonic control of the output spectrum. In addition, hard-switching exacerbates effects such as
the generation of Electromagnetic Interference. To cure these problems 1t 1s apparent that the
energy loss due to switching should be reduced to very low values. This may be achieved by
introducing current or voltage zeros at the instant of device commutation. Resonant Converters

are a family of converters capable of operating in this mode and form the subject of this thesis.

The problems associated with converter size and weight are made more acute when operating in
the rail traction environment due to the considerable pressure to reduce the overall weight of rail
vehicles, whilst maximising the space available for passengers. Additionally, the equipment must
not interfere with the ratlway signalling and communication systems. A major application for
power converters on rail vehicles 1s for auxihary supplies where they perform an important
function, supplying power to systems essential for passenger comfort, safety, and normal train
operation. The increasing expectations of passengers and desire of rail operators to improve
customer facilities, demand higher equipment specification levels with attendant increases in
power supply requirements. As a consequence, there i1s a need to increase the rating of auxiliary
converters, yet this counters the aspirations for reduced size and weight. Thus a compromise must

be reached but the situation may be improved by the application of Resonant Converters.

The aim of the work described in this thesis was to investigate Resonant Converters. with a

particular cmphasis on their application in the rail traction environment in order to address the



1ssues outlined above. The thesis begins by examining switching loss in more detail, and reviews
the various resonant converter families which may be used to reduce losses. The design and
application of resonant converters are discussed both in general terms and with reference to
rallway applications. Novel modulation and control strategies are introduced, which allow
harmontic manipulation of the spectra of the waveforms generated by resonant cénverters which
are constrained to use Discrete Pulse Modulation. It 1s shown how minimisation of specific
harmonics or groups of harmonics is possible, which is of relevance to rail traction applications
where signalling frequency avoidance may be required, or steps may need to be taken to prevent
interference with communication systems. A common configuration for converters on AC-
supplied rail vehicles 1s single-phase to three-phase. A 'soft-switching' topology is described, and
its harmonic control characteristics assessed. Finally, comparnsons are made between hard-
switching and resonant converters to enable an evaluation of the benefits and disadvantages of

each technique.



Chapter 2

Background to Switching Loss, Resonant Converters, and
Signalling Compatibility

2.1 A REVIEW OF HARD SWITCHING CONVERTERS

Many of the popular power converter topologies employ hard switching techmques. This means
that duning switching the power components experience high values of voltage and current
simultaneously. As a result of this, significant quantities of power are dissipated in the devices
during each switching event. For a given heatsinking capability this places a restriction on the
maximum switching frequency achievable. This 1s a particular problem when attempting to
reduce the size and weight of a converter by increasing the switching frequency since there
follows a linear increase 1n switching losses. The increase 1n losses detracts from the advantages

gained from increasing the switching frequency.

Figure 2.1 shows in more detail the cause of switching loss when drniving an inductive load.
Consider one leg of a DC-AC converter as shown in Figure 2.1(a). Suppose that switch S2 1s
initially closed and switch S1 1s open. Thus S2 conducts the whole of I,. When the control signal
to S2 changes to the off condition the voltage across the power device begins to nise as it changes
to the off-state. The inductance of the load maintains I, virtually constant. When the voltage
across S2 reaches the rail voltage (plus a small overshoot due to stray inductance) the current
begins to commutate from S2 to D1. Figure 2.1(b) shows the changes in voltage and current
applied to S2, and the resulting switching power loss. A similar process occurs during turn-on,
but 1n this case it 1s the current which overshoots rather than the voltage. This 1s due to the

reverse recovery current of the diode.

10
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Figure 2.1 Voltage and Current Transitions Leading to Switching Power Loss

The limit imposed on switching frequency, and the manner in which switching takes place has

many implications for the operation of such converters, which may be summarised as follows

11,2]:

e The low switching frequency results in high harmonic distortion of the output waveforms

e Harmonic distortion of the output also appears on the input side of the converter, and hence

in the supply network

e The mode of switching causes high values of di/df and dv/dtf which can cause serious

problems of Electromagnetic Interference (EMI).

e High values of dv/df cause capacitively coupled currents to flow in machine windings leading

to increased motor heating.

e The rapidly changing voltages and currents increase device stress which can adversely affect
reliability.

e Due to the restricted frequency of operation, transformers and reactive components used 1n

filters must be large.

e The switching frequency may be limited to a value within the audible range. The noise
subsequently produced may be unacceptable in some applications.

e The bandwidth of the converter as a whole 1s limited by the switching frequency which can

complicate control loops.

[ 1



The goal of increased switching frequency can be achieved
in hard-switching converters if the switching losses can be
reduced. This may be done in several ways. One method is
to increase the speed of device commutation by using an

inherently faster device, or by modifying the gate/base driver

Switching
Device

circuit. However, this has the undesirable effect of

increasing the dv/dr and di/dt. This may exacerbate EMI

problems. Another method of reducing switching losses 1s to
Figure 2.2 RCD Snubber

divert current away from the device and into a snubber
circuit during the switching period. One of the most popular snubber configurations 1s shown 1n
Figure 2.2. During device turn-off, the diode D¢ and capacitor Cq delay the rate of rise of voltage
across the device. During turn-on, Lg delays the rate of rise of current through the device.
Capacitor Cq then discharges through the device via Ryy. The problem with this circuit 1s that 1t
dissipates energy. As a consequence the overall efficiency of the converter does not change
significantly. Lossless snubber topologies exist, [3] an example of which 1s shown 1n Figure 2.3
(S1 and S2 are the power devices). These circuits return the switching energy to the supply or to
the load using (ideally) non-dissipative components which improves the converter efficiency.

However the circuits are often quite complex and can significantly add to the overall component

count since they must be repeated for each switching device.

V. /2

V./2

Turn-off Turn-on
Snubber Snubber

Figure 2.3 Lossless Inverter Snubber Circuit

|2



It can be seen that the problems of switching loss could be alleviated 1f simultaneous application
of voltage and current were avoided during switch commutation. This could be achieved by
reducing the voltage across the switch, or the current through it, to zero at the instant of
switching. If the voltage or current was reduced in a controlled manner there would also be a
reduction in EMI due to the lower dv/dt and di/dt values. A convenient way of acéomplishjng this
1s to use a resonant Inductance-Capacitance (L-C) circuit. This has led to a class of converters
broadly termed 'resonant converters'. The use of L-C components in converters 1s not limited to
the task of reducing switching losses; they may perform other functions such as switch

commutation.

The behaviour of switches during commutation may be described in terms of switching
trajectories, 1.e. the locus which 1s formed by a plot of current against voltage. The area under
this locus gives an indication of the likely switching loss, though the time to traverse the loop 1s a
vital additional factor in determining the actual loss. Figure 2.4 shows the switching trajectories
for various types of converter switching arrangements. It can be seen how snubbers modify the
trajectory to reduce losses 1n hard switching types. The small area under the switching locus of

the resonant converter 1s characteristic of the low losses associated with this topology.

Without snubber

|swiren .Tu r-on Although resonant converters have

i been known for some time [4]

With snubber

widespread acceptance 1n variable
speed applications did not follow.

This was due to various problems

Zero-voltage/
Zero-current switching

V including the large number of devices
SWITCH

required, and the high VA rating

Figure 2.4 Switching Trajectories |
required for the L and C components.
However in 1986 Divan introduced a more promusing topology which addressed these problems

[1]. The next section charts the development of resonant converters, discussing their relative

merits and disadvantages.
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2.2 A REVIEW OF RESONANT CONVERTERS

2.2.1 Classification of Resonant Converters

Resonant converters may have many different modes of operation and subtle vanations 1n circuit
topology. As a consequence classification 1s very difficult. There 1s no umversally accepted

system of classification, though it 1s helpful to apply an arbitrary system to aid comparnison. In
the following discussion of resonant converter development the classes listed below will be used:

1) Load Resonant Converter
11) High Frequency Link Converter

1) Resonant Switch Converter

The converters of most interest here are the Resonant DC Link type which are members of group

(11). Below a review of each class 1s presented.

2.2.2 Load Resonant Converters

This type of converter 1s most commonly used in DC/DC and DC/High-frequency-AC
conversion, though 1t 1s also possible to synthesise low-frequency AC waveforms with certain
topologies. What characterises this type of converter 1s the manner 1n which the energy flow 1s
controlled; this 1s by varying the switching frequency of the circuit. This property means that the
output power and output frequency are linked. As a consequence, this class of converter i1s
generally limited to applications where an AC output 1s required but where the frequency 1s not
critical, or to DC/DC conversion where the AC power 1s rectified and filtered. A common

application for load resonant converters 1s in induction heating where the frequency of the AC is

not critical provided 1t remains within certain limits.
In general load-resonant converters generate a high-frequency square-wave from a DC source,

which 1s applied to an L-C circuit tuned approximately to the desired switching frequency. This is

shown schematically in Figure 2.5 for a Voltage-Source Series-Resonant Converter. The L-C

| 4



components, or resonant-tank,

attenuate the unwanted harmonics of

i the square wave, allowing fairly
VS @ I - (Load) sinusoidal voltages and currents to
exist.

Figure 2.5 Schematic of a Series-Resonant
There are many topological variations

Converter

of the load-resonant converter. They all
employ one of two basic approaches; the AC square-wave 1s applied to either a parallel or series-
resonant circuit. Figure 2.6 shows a series-resonant converter. In this case the load 1s 1n series
with the resonant components [5], although the load may be placed 1n parallel with the L or C to
give the sub-class of parallel-loaded series-resonant converter [4,6]. In [7] 1t 1s shown how such
converters may be used in the generation of low-frequency AC. In practice the complexity of
control or large number of devices required, make this an uncommon application. Load-resonant
converters have the potential for loss-free switching but whether this potential 1s realised depends
on the way 1n which the converter 1s used. For the voltage-source converters described above, two

operating modes are possible;
e 'Discontinuous mode' : By definition, the switching 1s carried out at less than the resonant
frequency of the L-C tank. Zeros of voltage or current occur, at which point switching

may take place so there are no switching losses.

e 'Continuous mode' : This can be used above or below the resonant frequency. Either tumn-

2 | R (Load)

V, /2

Figure 2.6 Series-Resonant Converter



on or turn-off losses occur. However, due to the way the circuits operate, large loss-less

snubbers (i.e. pure 'L' or 'C' ) may be used to virtually eliminate switching losses.

Figure 2.7 shows a parallel-resonant circuit, typical of the type used in induction heating [8].
Usually the inverter is driven using thyristors and as a consequence must operaté at a frequency
above the resonant frequency of the tank, to supply the capacitive VARS to commutate the

switching devices.

Figure 2.7 Simplified Parallel-Resonant Converter

From this short overview it can be seen that load-resonant converters offer solutions to some of

the problems which were 1dentified for hard-switching converters, namely:

e Reduced switching losses due to zero voltage/current switching, and use of large, loss-

free snubbers.

e Reduction 1n the size of reactive components due to the high frequency of operation.
e Medium-speed flywheel diodes may be used, due to the soft-switching mechanism.
e Inaudible circuit operation for frequencies above 18kHz.

e Reduced response time due to higher frequency of switching

It would appear that load-resonant converters would make a suitable replacement for hard-
switching PWM converters. Unfortunately they only partially meet the requirements and

themselves suffer from several serious problems:

16



e Although the size of some of the reactive components may be reduced, a large L-C tank
must be introduced. This tank must be rated for very high peak currents or voltages
(several times greater than the nominal output values). Due to the range of frequencies
over which the circuit operates, optimisation of the tank 1s difficult.

e Large snubbers may need to be introduced if zero-loss switching is to be aéhieved.

e Many of the topologies require a large number of switching devices.

e Control of the converters can be complex especially when synthesising low frequency

AC.

These factors make this type of converter unattractive for use in varnable speed drive

applications. A more suitable class of converters 1s described 1n the next section.

2.2.3 High Frequency Link Converters
The method of power control separates these converters from the load-resonant type. The nput
and output stages are linked by means of a resonant L-C circuit but in this case the frequency of

operation of the link does not affect the power flow. Instead, this 1s achieved through modulation

of the output stage. The exact function of the L-C components depends on the topology under
consideration, but they are responsible for the great versatility of this family of converters. In
various circuits they may naturally commutate switching devices, allow for zero-loss switching
and permut power flow 1n either direction between AC/AC, DC/DC or AC/DC systems. The
output stage of early High-Frequency Link (HFL) converters consisted of a cyclo-converter
employing phase-angle control to vary the power flow. In later topologies Integral Cycle
Modulation (ICM) was introduced whereby the switches only change state at zeros of voltage or
current on the link. This produced a large reduction in the switching losses. Presented below is a
brief history of the development of HFL converters beginning with the earliest phase-angle
control type. Because of the importance of the ICM types to this work, a system of classification

1s introduced.

17



Phase-Angle Control HFL Converters

The High Frequency Link converter was proposed by Bedford in 1973[9]. The basic converter
circuit 1s shown in Figure 2.8. It consists of a high frequency SCR 1nverter, commutated by a
parallel resonant L-C tank. This is connected via a transformer to a network of phase-angle
controlled cyclo-converters. The circuit 1s operated above the resonant frequeﬁcy of the tank
which provides the leading kVA to commutate the thyristors. The operating frequency 1s varied in
response to the load to ensure suitable commutation conditions for the thyristors, though this does
not alter the power flow. The family of circuits described by Bedford are capable of operation

from an AC or DC supply, and can produce variable DC, or vanable voltage and frequency

polyphase AC.

L =filter reactance

el {1, Tl T g

HF Inverter Cyclo-converters

Figure 2.8 Bedford's HF Link Converter

Espelage and Bose [10] expanded on Bedford's work by describing a similar converter
comprising two cascaded 12 thyristor cyclo-converters separated by a parallel resonant tank. The
tank provides commutation for both cyclo-converters. This marked the introduction of a
'universal' HFL converter, being able to operate from AC or DC supplies with four-quadrant
capability. This topology will allow conversion to DC or to vanable voltage, vanable frequency

polyphase AC.

| 8



Whilst Bedford, Espelage, and Bose were developing HFL converters for vanable-speed drive
applications, Gyugyi and Cibulka [11] were independently developing the technology for power
systems use. Again the converter consisted of two naturally commutated cyclo-converters used
'back-to-back' and connected via an L-C tank. Due to the high power 1nvolved, the link frequency

was limited to around 400Hz.

The introduction of HFL converters made available many features previously unattainable from
high power conversion systems including;

e Simple commutation of thyristors.

e Inherent four-quadrant capability.

e Independent control of real and reactive power flow.

e Generation of higher frequencies on the output compared to the input, which was

previously not possible using single-stage cyclo-converters.

The HFL converters were clearly a major step forward in power conversion. However, a serious
drawback was the high stresses which the switching devices experienced due to the phase-angle
control. Development of a new family of converters addressed this problem. These converters
employed 'Integral Cycle Modulation', wherein the voltage across the switches, or current through
them 1s penodically brought to zero. The switches are constrained to switch only under these
conditions, to reduce the switching stress to very low values. The next section analyses the

development, and classification of this type of converter.

Integral Cycle Modulation

This type of converter may be classified according to the form of the voltage or current waveform
on the link. In the so-called AC-resonant types the link waveform oscillates symmetrically about
zero, 1n the DC-resonant types the waveform pulsates, reaching zero without passing through it.
These two groups may be sub-divided into senes and parallel types depending on the form of the
link. [12,13] This also determines whether the circuit operates as a current source, or voltage

source. In summary the groupings may be presented as follows:
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AC Resonant

e Sernes-resonant AC current-link
e Parallel-resonant AC voltage-link

DC Resonant
e Sernies-resonant DC current-link

e Parallel-resonant DC voltage-link

Series-resonant AC Current Link Converters

The use of series-resonant circuits in DC/DC converters has been well established for some time.
[14] In 1981 Schwarz [15] expanded their application by inclusion 1n the first 'universal' Integral
Cycle Modulation converter. Unfortunately the circuit involved a complex magnetic design which
limited 1ts application. Other more suitable circuits have been described in the hiterature. [16,17]

The basic topology of such converters 1s shown in Figure 2.9. Energy 1s transferred from the
source to the load via the L-C link. The current 1in the link oscillates sinusoidally about zero,
transferring pulses of current through the resonant components. The output stage distributes these
pulses to the load in a manner which synthesises the required current waveshape. This synthesis
1s shown 1n Figure 2.10. An important advantage of this circuit 1s the current zeros which exist on
the link. This allows the use of thyristors rather than force-commutated devices since the
conditions for natural commutation are inherently present. The reversal of the link current

necessitates bi-directionally conducting switches which may be implemented using inverse-

|HF|Q N

" .

3 l I “ b PFE/ 3-phase
load

R AL SRS A5, M
A
f

parallel thyristors.

e — - e ———————— ——— — e

Figure 2.9 Series-Resonant AC Current Link Converter
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VLY,

Figure 2.10 Synthesis of Low Frequency A.C.

Parallel-Resonant AC Voltage Link Converters

The first converter of this type was proposed in 1986 by Sood and Lipo. [18,19] It may be
thought of as the circuit dual of the series-resonant AC converter. In this circuit 1t 1s pulses of
voltage that are transmitted via the link rather than pulses of current. Figure 2.11 shows the basic
topology of such a converter. It can be seen that the shape of the system waveforms 1s the same
as those for the series-resonant link converter in Figure 2.9 except that they refer to voltage rather
than to current. The output waveforms are synthesised in a similar manner. Because there are
only zeros of voltage on the link and not zeros of current it 1s necessary to use force-commutated

switches. The switches must also be bi-directionally blocking due to the AC voltage.

Figure 2.11 Parallel-Resonant AC Voltage Link Converter

21



Parallel-Resonant DC Voltage Link Converters

A major drawback with AC-resonant circuits is the necessity for the switches to be bi-directional
blocking and/or conducting. Since there is no single device capable of achieving this, the switches
must be synthesised using a combination of uni-directional devices. This adds to the overall
complexity and as a consequence increases cost whilst reducing reliability. An elegant solution to
this problem was proposed by Divan[1] in 1986. He suggested a circuit in which the oscillating
link voltage 1s biased with a DC value such that it pulsates, reaching zero but without becoming
negative. Since the link voltage polarity 1s uni-directional single transistors, or GTOs may be
used as switches. One possible configuration i1s shown in Figure 2.12(a). This circuit has many
similarities to the parallel-resonant AC link converter shown in Figure 2.11. The main difference
being the addition of a DC offset capacitor, C,. This biases the link voltage to ensure it does not
become negative. This allows uni-directionally blocking switches to be used. Figure 2.12(b)
shows a different embodiment. Because of the DC supply, the link bias is an inherent property of
the circuit, which negates the use of C,. A potential problem with this circuit 1s the high voltage
which 1s applied to the switching devices, which may be well over twice the supply voltage. This
increases the cost of the converter, or may make its use unfeasible in certain applications. A

solution to this problem 1s clamping which 1s described 1n more detail below.

b S Wi T & i T

(a) 3-d to 3-® Resonant DC Link 4\

(b) DC to 3-® Resonant DC Link

Figure 2.12 Resonant DC Voltage Link Converters
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Series-Resonant DC Current Link Converter

The series-resonant DC current link converter is the circuit dual of the parallel resonant DC link
converter. In this circuit it is the link current which experiences a DC bias rather than the
voltage. This topology was proposed by Murai and Lipo in 1988 and 1s shown in Figure 2.13.
[20] The current bias is achieved by means of inductance, L(. Because the current flow 1S
unidirectional, the switches need no inverse parallel diode. Also because of the current zeros the
conditions exist for commutation of thyristors which 1s a key advantage due to their low cost,
ruggedness, and high current carrying capability. In common with the Resonant DC Voltage Link
Converter this circuit suffers a slight disadvantage due to the action of the resonant components.
This leads to the peak current in the switches being very much higher than the supply currents.
This may not be a serious drawback though since thyristors are available with very high peak

current capabilities at modest cost. However clamping arrangements are possible to restrict the

peak current requirement.

Figure 2.13 Series-Resonant DC Current Link

Clamping of Resonant Link Converters

The fact that the voltage across the switches of a Parallel Resonant DC Link Inverter reaches

twice the supply voltage i1s a severe limitation. The result of this 1s that the RMS output of such

converters 1s roughly half that of fixed link converters with equivalently rated devices. This
problem may be alleviated by the use of voltage or current limiting arrangements known as
clamping. The application of clamps was first discussed by Divan and Skibinski [2]. They

proposed several schemes, the simplest being a passive clamp involving a transformer, which
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limits switch stress to 2.5 times the supply voltage (V). This is shown in Figure 2.14(a). This
circuit has low levels of dv/dt and di/dt, and consequently generates low levels of Electromagnetic
Interference (EMI). Additionally it is simple and rugged. However the clamping level of 2.5V 1s
onerous for the switching devices and common application may not be seen until higher voltage
devices .become widely available. A more suitable clamping arrangement for cufrently available
devices 1s shown 1n Figure 2.14(b). This limits voltage excursions to 1.2-1.4V, giving switch
voltage-blocking requirements comparable with hard switching converters. The disadvantages
associated with this circuit are increased complexity, higher EMI due to the rapid switching of the
clamp device, and increased complexity of control. However this topology allows more flexibility
in the control of the resonant circuit and can lead to significant improvements in circuit operation
as described by Divan ef al. [21] The circuit of Figure 2.14(b) 1s referred to as a boost clamp. A
similar embodiment 1s the buck clamp|2], shown in Figure 2.14(c). In this circuit the peak voltage
across the switches 1s clamped at V. This may be attractive in high voltage applications,
however the average link voltage 1s less than V¢ which might be considered unacceptable in terms
of supply voltage utilisation. La1 and Bose [22] adopted a novel approach to voltage limitation by
predicting the resonant inductor current before each resonant cycle. This allows presetting of the
current to prevent voltage overshoot. By this method the voltage 1s clamped to 2V. However an
overall improvement in system performance was claimed. Smit et al [36] subsequently argued
that optimisation of the resonant components could be used as a means of minimising the voltage
overshoot, making clamping unnecessary. This would require the devices having a large voltage-

withstand capability for reliable operation.
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Figure 2.14 Clamped Resonant DC Link Converters



Similarly, clamping may also be used in series-resonant DC link converters to contain the current
overshoots. This was investigated by Murai and Lipo [20]. Clamping was achieved by connecting
a thynstor across the link capacitance, and about 10% of the inductance to divert the peak

resonant current from the switches.

2.2.4 Resonant Switch Converters

There are many topologies which fall into this class. They are charactenised by having periods of
non-resonant operation interspersed with resonant behaviour. The resonance 1s used to shape the
switch voltage and current at the moment of commutation to achieve zero-voltage or zero-current
switching. Included 1n this class are converters referred to as resonant-pole, pseudo-resonant,
resonant-transition, or quasi-resonant mode. Because of the subtlety of the differences between
topologies, no attempt will be made to assign sub-classes to these converters. Instead the general

properties will be discussed, and an example of a resonant-switch converter given.

The manner of avoiding switching loss in resonant-switch converters 1s basically the same as that
used 1n the other classes of resonant converters seen above. However, the resonant process 1s

engaged as and when required rather than involving continual resonance. This means that switch
commutation may take place at almost any desired interval in time (subject to a minimum time
between successive switchings). This i1s an important advantage since 1t allows conventional
PWM strategies to be applied, giving a better control over harmonics than i1s available using High
Frequency Link, or Load-Resonant types. Despite this significant advantage, a major drawback
of this type of converter is the high component count, or large current overshoots which occur.
[2,21,23] Despite this, the topologies are suitable for high power use and may become more

prevalent as devices and passive components 1mprove.

Figure 2.15(a) shows the basic form of a resonant switch (or pole).[23] Each switching device
has a resonant capacitor C, n parallel with 1it. The output of the pole 1s via inductance L which
provides the conditions for resonance. When current 1s flowing through one of the switching

devices, T1 or T2 1t is possible to turn the device off with very low losses since the rate of rise of



voltage 1s slowed by the resonant capacitor. The switch current transfers to both resonant
capacitors causing the pole voltage to resonate to the opposite rail voltage. Once this rail voltage
has been reached the opposite diode (D2 or D1) begins to conduct, clamping the pole output
voltage. The opposite switch (T2 or T1) may then turn on without loss since its parallel diode i1s
conducting. A similar process occurs when this switch 1s turned off. Figure 2.1L5(b) shows the
voltage and current waveforms for the resonant pole. It can be seen that the switch voltage 1s
clamped at the supply voltage. However due to the resonant effect, the peak current stress on the
switches 1s higher than for the equivalently rated hard switching inverter. In a 3-phase inverter the

resonant components must be replicated in each pole, which makes the overall component count

rather high.

{
Vdc
{
Figure 2.15 A Resonant Pole
2.2.5 Summary of Resonant Converter Classification
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Resonant Parallel-Resonant DC
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Figure 2.16 Summary of Resonant Converter Classification
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2.3 ELECTROMAGNETIC COMPATIBILITY IN RAILWAY
EQUIPMENT

2.3.1 Introduction

The special needs of electrical equipment supplied for use on railways provided the impetus for
the work described in this thesis, though the findings are applicable in many other areas. In this
section the problem of Electromagnetic Compatibility 1s reviewed which 1s of particular
importance 1n the rail traction field due to the co-existence of high power converters and relatively
low-power signalling and communications equipment. To prevent collisions on railway systems it
1s of vital importance that the signalling system detects which sections of track are occupied by
vehicles. A failure to do this accurately could cause the loss of many lives and/or a large amount
of expensive equipment. Clearly to ensure safe operation, vehicles on the railway and the power
supphies feeding them must not interfere with the signalling process. A similar problem exists
with communication equipment. Interference by vehicles and power supplies can lead to excessive

noise on voice circuits, corruption of data, or even present an electric shock hazard to

maintenance workers. [24]

With regard to signalling interference, ‘traditional’ electric traction vehicles generate well-defined
harmonic charactenistics which are fairly easy to integrate into the signalling system. [23]
However with the advent of three-phase drives, the potential exists for any frequency to be
generated by the vehicle which presents the danger of interference with the signalling system.
Although it 1s possible to make signalling systems which are immune to the effects of harmonic
pollution, for reasons of cost effectiveness drives must be manufactured which are capable of safe
operation over existing non-immune systems. As a consequence careful design is required to limit
to predetermined levels, harmonics at frequencies which may interfere with signals. Measures
may also need to be taken to control the amount of noise which 1s introduced into communication

systems. The mechanisms of signalling interference, and the means for avoiding it are discussed

below.
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2.3.2 Review of Signalling Systems and Interference Mechanisms

The most common means by which trains are located is by the use of track circuits. These consist
of a transmitter which connects between the two running rails at one end of a section, and a
receiver which detects the signal at the other end. When no vehicle 1s present the recerver is
energised by the transmitter's signal. When a vehicle enters the section its axles short the running
rails together which prevents the signal from reaching the detector. The detector de-energises as a
result of this. Conventional track circuits operate at one particular frequency, or band of
frequencies, which vary from system to system. The potential exists however, for a source other
than the transmitter to generate an in-band signal which the detector cannot distinguish from the
genuine signal. This 1s a particular concern in electrified railways where the power supply and
vehicles are prolific harmonic generators. The track circuit may be falsely energised by in-band
harmonics which leads to a wrong-side failure. This 1s an extremely dangerous situation since a
section which may be occupied by a vehicle 1s flagged as being empty. Thus a collision between
two vehicles 1s possible. Another possibility 1s that of a right-side failure. This 1s where a track
circuit 1s falsely de-energised by an interference source. This 1s not dangerous, despite being
highly undesirable from an operations point of view. The bandwidth of the signalling system 1s
selected to avoid frequencies which are inherently present 1n the supply system. For example 1n
DC supplied railways a SOHz signalling system may be used. In AC supplied railways DC or
831;Hz may be used, though there are many other possibilities. Interference in signalling and
communication circuits may be classified by the way in which the interference source couples

with the circuit. These coupling mechanisms are described in more detail below.

2.3.2(1) Conductive Coupling

This occurs where two circuits share a common conductor either by design, or due to return
currents flowing in the ground. This 1s a significant effect in single-rail track circuits as shown in
Figure 2.17, and double-rail track circuits as shown in Figure 2.18. The single-rail track circuit
1s commonly used in the vicinity of points and crossings where it is easier to accommodate than
the double-rail type. In this system one rail contains insulated joints which define the section ends,

the other is a continuous conductor which constitutes the return path for the traction current. The
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voltage drop which this return current develops appears in the track circuit loop and 1s a potential
source of signalling interference. If the impedance per unit length of track 1s Z, the voltage drop
between signal rail and return current rail for a component of return current having angular
frequency '®' i1s given by: V(ja)) = Z(ja))*l*lr(ja)), where 'I' 1s the distance from the
recerver to the vehicle. If there is a broken (i.e. electrically disconnected) rail thé return current
may take a more tortuous path which increases the value of '/' and also the magnitude of the

interfering signal.

Insulated Joint

—
v I(jw)

=
Return Current

Vehicle

I(jw)

Figure 2.17 Single-Rail Track Circuit

Figure 2.18 shows a double-rail track circuit. These are used extensively 1n plain areas of track.
The section ends are defined by insulated gaps in both running rails. /mpedance bonds provide
continuity for the traction return current, but present a fairly high impedance to the track circuit
signal which 1s at a relatively high frequency. If the return current 1s divided equally between the
rails there 1s no disturbing voltage applied to the track circuit receiver. However imbalance may
be caused due to a broken rail, or by the close proximity of another conductor, such as the 3rd

rail power supply conductor in a 750V DC system. The disturbing voltage, V(jw) 1s defined by;
V(ja)) = Z(ja)) "t "‘([l (]a)) ot (jco)), where 1 1s the distance from the vehicle to the recerver.

Insulated Joint -~
I
|
@
I(jw) \/ = I(w)
O <+ Power
Impedance = supply
'Bond conductor
,

Figure 2.18 Double Rail Track Circuit
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Heavy, expensive impedance bonds, and rail electrical discontinuities can be avoided by using
jointless track circuits. This system exploits the inherent longitudinal impedance of the running
rails to define the sections. A typical arrangement is shown in Figure 2.19. The transmutter
develops a resonant current in the tuned circuit at the feed end. A small proportion of this current
flows 1into the main section. At the receiving end a short circuit marks the end of the section,
whilst a further tuned area enables the track circuit signal voltage to be detected. To avoid cross-
talk between sections, different operating frequencies are used. Early jointless track circuit
systems were 'carrier-only' and thus susceptible to interference. An imbalance in traction return
current between the running rails constitutes a source of interference in this system, as with the
double-rail track circuits described above. Later systems employed modulation of the carrier to

make them more immune to interference.

Tuned : : Tuned
T Main Section Arcs
P
Short- Short-
Circuit Circuit
A0 Feed

Recelver

Figure 2.19 Jointless Track Circuit

2.3.2(11) Capacitive Coupling

This mechanism of coupling occurs where there are time

H.VY. Circuit

varying voltages and 1s more significant where the value

of av/dr 1s high. As a consequence, high voltage power
L.V. Circuit

=

Figure 2.20 Capacitive Coupling

supply cables and inverter or chopper equipment can
introduce interference into high impedance signalling and
communication systems by this route. Figure 2.20

demonstrates the capacitive path which the interfering

signal takes.
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2.3.2(iii) Inductive Coupling
Inductive coupling effects manifest themselves in various ways, but are all due to time vanations
in current. The most important mechanisms are:

e Direct induction by under-car mounted equipment

e Mutual induction between parallel but earth-isolated circuits.

¢  Mutual induction between parallel circuits which are referenced to ground.

Inductive effects are an important i1ssue
-« Dveinean Suppl Labe where mains frequency signalling is
used due to the potential for interference

from nearby power cables. Induction

Low Voltage Cable between circuits connected to ground 1s

a particular problem 1n railway systems
Induced Voltage

— due to the practical difficulties of

o Power Return Via Earth
ki, == preventing the traction return current
from entering the ground especially
conductive. The result of having traction current flowing 1n the ground 1s to create a very large
induction loop between traction power supply conductors, and other circuits connected to ground.
This applies especially to telephone circuits which are referenced to ground, and constitutes the

main source of interference in such systems. Figure 2.21 represents this situation. The interfering

voltage induced in the telephone circuit 1s shown as a lumped source.

2.3.3 Mitigation of Interference Effects

In the previous section 1t was explained how interference sources can couple with low-voltage
signalling and communication circuits. For safe and relhiable raillway system operation to take
place, interference effects such as these must be prevented, or at least attenuated. This may be
done 1in two ways:

e The source of interference can itself be controlled

e The signalling and communication systems can be made less susceptible to interference



Considering the first point, there are two sources of harmonics; [26] either the power supply

system, or on-vehicle power conversion equipment. However there 1s some interaction between
these two mechanisms as explained in section 2.3.3(ii1). The effects of power conversion
equipment are the most relevant to the work described in this thesis, but for completeness other

key signalling interference avoidance techniques will be briefly outlined below.

2.3.3(1) Power Supply Effects

In section 2.3.2(11) 1t was seen how earth currents can cause problems due to inductive coupling
with communication circuits. This effect may be reduced by restricting the amount of traction
return current which flows via the ground. This cannot in practice be effectively achieved by
insulation due to the exposed nature of the running rails. However current transformers, or
autotransformers may be used to force a balance between the current in the feed conductor and
return conductor or running rails. {27] By constraining the return current to flow in a conductor
or the running rails, the induction loop 1s reduced, which reduces the problem of interference. In

practice magnetising current 1s required by the transformers and the current containment 1s not

perfect as a consequence.

2.3.3 (1) Reduction of Signalling Susceptibility to Interference

Communication and signalling systems may be made more immune to interference eftects by the
use of screening. To implement this, a conducting structure or sheath 1s placed around the signal-
carrying conductors. Frequent connections are then made from the sheath to ground. Clearly this
1s not an option for the long exposed stretches of running ratl which also carry signals. This
problem 1s tackled in modern signalling systems where the transmitter may code its output. This
1s usually done by modulation of the carrier. Amplitude Modulation, Frequency Modulation, or
Frequency Shift Keying (FSK) may be used. With FSK transmission the signal can be in the form
of a digital message. The advantage of coding 1s that it reduces the probability of a potential
interference source from producing a signal which may be mistaken for a genuine track-circuit

signal. The more complex the coding the less likely 1t 1s that interference will take place. Indeed
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such systems are termed traction immune because of the extremely low probability of disturbance

by external sources.

2.3.3(111) Preventing Inverter Drives from Interfering with the
Signalling System

Although traction immune systems are available, replacement of complete existing systems is an

extremely expensive undertaking. As a consequence it 1s cost effective to ensure that new vehicles
can operate safely with existing signals. Compatibility can be achieved by careful design of the

vehicle power conversion equipment. Potential interference sources which have their origin in the
power supply system are of interest to vehicle equipment designers, as well as those generated by
the converters themselves. The reason for this i1s that the input impedance of the converter
determuines the magnitude of the imterfering current which flows. If it can be verified that the
power supply 1s inherently incapable of generating harmonics at signalling frequencies then it

may not be necessary to consider the input impedance.

The harmonic currents which the converter generates are ultimately determined by the output of
that converter. This 1n turn 1s a function of the modulation strategy. As a consequence, selection
of the modulation strategy 1s pivotal in ensuring signalling compatibility [30]. It 1s possible,
through appropniate modulation of the inverter to achieve harmornic elimination [31] whereby
specific harmonics may be removed from the output spectrum, which leads to harmonic
elimination on the input side also. However, due to the modulation process which takes place, two
harmonics must be eliminated from the output side to eliminate one harmonic from the input.
Harmonics at frequencies above the nominal operating frequency of the converter cannot be
eliminated, but may be minimised if necessary. If there 1s a nisk of signalling interference by these
high frequency harmonics, filters may be employed. In some cases it 1s sufficient to employ a
harmonic minimisation strategy for the entire frequency range, rather than attempt harmonic
elimination. Sufficient filtering must be provided however, to limit in-band harmonics. This
arrangement is particularly suited to AC supplied systems where the front-end converter and

transformer provide attenuation. In an 1deal harmonic elimination scheme, the inverter would be

fotJ
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perfectly symmetrical. In practice this is not the case due to parameter variation between

components, both passive and active. The result of this is the emergence of otherwise eliminated
harmonics. Normally this should not be a problem, but partial inverter failure could lead to
serious magnification of this effect, allowing signalling interference to occur. To prevent this
situation arising, it is common practice to install fail-safe monitors which shut-down the converter

1f harmonics at signalling frequencies exceed a certain limit.

Figure 2.22 demonstrates features of an output waveform used to achieve the harmonic
elimination process in a hard-switched inverter. When using 'm' chops per half cycle, 'm'
harmonics may be eliminated from the spectrum. In the figure, m 1s 2. This allows m/2 harmonics
to be eliminated from the input side. The width and position of the chops determines which
harmonics are eliminated, and are also responsible for controlling the amplitude of the

fundamental.

First half-cycle

m —

First Chop Second Second half-cycle
Chop

Figure 2.22 Harmonic Elimination PWM with m=2

2.3.4 Quantifying Interference

To allow evaluation of the effects of interference currents on communication circuits, a parameter
known as the psophometric current 1s used. This ‘current' 1s calculated by summing the harmonic
currents flowing into a converter, weighted 1in such a manner that reflects the level of interference

perceived by humans. Psophometric current, L 1s defined by:

g i \/Z 12w
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I, 1s the amplitude of the nth harmonic of the current waveform, wy, 1s its weighting factor. The
weighting factors normally used are those advised by the International Telegraph & Telephone
Consultative Committee (CCITT) in their recommendation No. 041. Figure 2.23 shows the

CCITT psophometric weighting curve.

1.2
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o
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O
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Figure 2.23 CCITT Psophometric Weighting Curve

The acceptable levels of interference vary greatly from one railway administration to another, and
this must be taken into account during the converter design phase. In the case of British Rail the
levels are established by a specification known as BR1914. [32] A vehicle which complies fully
with BR1914 can operate safely (from a signalling point of view) over any section of British Rail
track. This 1s however, an extremely onerous requirement since the specification covers all types
of track circuit in existence on BR, and at their most sensitive set-up. If a vehicle 1s restricted to
particular routes then due to the reduced number of signalling systems encountered, it may not be
necessary to comply fully with BR1914. This reduces the design complexity and expense of the

vehicle concermned, but does restrict the vehicles flexibility and could have far-reaching

implications for its use in the future.
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BR1914 includes interference levels for harmonics generated by the vehicle or power supply,
direct radiated emissions, input impedance and psophometric current. Compliance with the
specification must be proven before a vehicle is accepted for use on BR tracks. It is not possible
to build a system which can be mathematically proven to never fail and in understanding this,

British Rail require proof that no more than one undetected failure shall occur 1n 5.109 hours.

2.4 CHAPTER SUMMARY

Switching loss in 'conventional' converters 1s caused by the simultaneous application of high
values of current and voltage which occurs during the period of switch commutation. This forces
a severe restriction on the switching frequency, and causes other problems such as EMI. By
arranging for the current or voltage to periodically become zero, it 1s possible to commutate the
switches whilst incurring very low switching losses. The most common means of achieving this 1s
by the use of L-C components. This characterises a family of converters known as 'resonant
converters'. Though there are various topologies, many suffer from the drawbacks of having large
L-C components or a high device count. One notable exception 1s the Resonant DC link Inverter.
Due to its promising capabilities this topology was made the subject of further study, which 1s

described 1n this thesis.

When designing power converters for use in the rail traction environment, 1t 1s necessary to take
account of the effects of interference to ensure that the converter does not prevent the correct
operation of the signalling systems or introduce noise or data loss into communication circuits.
This requires restrictions to be placed on harmonics generated by converters. The acceptable
levels for harmonic generation on Bnitish Rail are laid down 1n the specification BR1914. To
allow development of secure systems such as this, 1t 1s advantageous to be able to simulate the
converter in question. This forms the subject of the next chapter, with a particular emphasis on

simulation of the Resonant DC Link Inverter.
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Chapter 3

Frequency-Domain Modelling and Simulation ot Resonant
DC Link Converters

3.1 THE SIMULATION PROGRAM

3.1.1 Introduction

To efficiently develop converter topologies and modulation strategies, it 1s highly desirable to be
able to model and simulate the system 1n question. Simulation may be done using a time-domain
method [33], by a frequency-domain method [34], or by a combination of both. The advantages
and disadvantages of time and frequency domain methods are outlined below [35,38]:
Time Domain

Advantages:

e Allows the transient response of a system to be modelled

Disadvantages:

e The timesteps taken by the simulation must be small if quantisation errors are to
be avoided. This can lead to long simulation run-times. This may be a particular
problem when using commercial simulation packages, such as Mentor Graphics'
'Accusim’ where the step size 1s chosen automatically. In the presence of fast
switching edges the timestep may be reduced to very small values to attempt to
maintain a certain calculation accuracy. The run-time then becomes extremely
extended, and 1n extreme cases the program may stop with an error.

o To establish steady state conditions the simulation mayv have to be run over many
cycles. This further increases simulation time. The inclusion in the circuit of
large filter components with long time constants further exacerbates this

problem.
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e It is often desirable to incorporate the effects of the switching times of
semiconductor devices to give a realistic impression of converter behaviour.
However to do this accurately demands very short timesteps, and as a
consequence devices must be treated simply as 1deal switches with zero
commutation time.
Frequency Domain
Advantages:
e Computation time 1s very short compared to time domain methods.
e Due to the rapid computation, complex effects such as device switching time
may be incorporated.
Disadvantages:

e Does not allow transient response to be calculated.

In many cases the necessity to simulate the transient response will dictate the use of time domain
methods. However, vary large savings in computation time can be made if only the steady state
response 1s needed. The work descnibed 1n this thesis involves the preliminary investigation of
modulation strategies, for which steady-state analysis 1s perfectly adequate. The remainder of this
section describes the development of a frequency domain simulation program which was

developed for the purposes of testing modulation strategies for Resonant DC Link Inverters.

3.1.2 The Resonant DC Link Inverter

The specific circuit topology which was modelled and simulated was the Actively Clamped
Resonant DC Link Inverter (ACRDLI) as depicted in Figure 3.1(a), although the principles
demonstrated could be applied to many other types of converter. In the circuit shown, the clamp
switch, T, is controlled in such a manner which causes the link voltage to resonate down to zero
volts under the influence of the resonant components L, and C,. In the no-load case this results in
a pulsating link voltage, which 1s clamped to prevent it nsing above a given value as shown in

Figure 3.1(b). The operation of the resonant circuit 1s explained in more detail below:
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Figure 3.1 Actively Clamped RDCLI and Link Voltage Waveform
Let the voltage on the clamp capacitor, C¢jamp be (k-1)Vpe, where k 1s typically 1.2-1.8. Vi, 1s
the DC supply voltage.
e Assume that mitially the link voltage, V. . 1s nising. When V. , reaches kV the diode
D. forward biases, clamping the link voltage and causing the resonant current to flow
onto C ..
e The clamp switch may then be turned on without loss because the voltage across it 1s
clamped at the forward voltage of D,..
e The voltage on the clamp capacitor eventually causes the resonant current to reverse
direction and flow back through clamp switch, T, and L.
e The current 1s allowed to increase in L, until 1t reaches a value which 1s sufficient to
cause the link voltage to resonate down to zero during the next resonant cycle. At this

point T, 1s turned off.

e The link voltage resonates down to zero, and the process subsequently repeats.
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When the link voltage 1s at zero the switches of the

output stage may change state without incurring any

switching losses, and are constrained to switch at [

these points as a consequence. Thus the output of

such converters consists of a series of discrete pulses,

selected from the link voltage wavetform. Consider the —
Figure 3.2 Phase Voltage



phase voltage of an inverter leg, i.e. the voltage between an output terminal and a notional mid-
point on the DC supply (GND). This voltage waveform comprises positive and negative pulses,
each having an amplitude half that of the link waveform. The phase voltage 1s shown in Figure
3.2, which also demonstrates how the pulses are selected in order to synthesise a given output

wave shape.

3.1.3 System Models

In the next section the structure of the simulation program 1s discussed. In preparation for this,

the mathematical models employed in the simulation are described below.

The first task in the simulation of the converter i1s to derive the harmonic spectrum of the pole
voltage waveform to allow the phase currents to be calculated. When simulating ‘conventional
hard-switching converters 1t 1s fairly easy to write a mathematical<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>