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Brush Traction ha a long hstory in the
devdopment of ac drivesincludingthe World's
first locomotive using inverter fed induction
motors. With the introduction d 3-phase drives
into the U.K. came a new interest in signdling
compatibility. This led to major deveopment
programmes in which the system design for
signdling compatibility became a dominart
factor. After the introduction d ac drives onto
the U.K. dc railway, attention turned to the ac
railway and the mpatibility of pulse
converters.

Ceaube teamed up with Brush Traction to
devdop an adanced moduation system for
pulseconverters, to dfer significant advantages
over exstingformsof control system. Thispaper
describes ome of the backgroundto this and
presents the new moduation systemfor thefirst
time.

1 HOW THE INTERFERENCE
PROBLEM AROSE

The gproac to signaling compatibility was
fairly relaxed until the introduction of chopper
drives. Prior to this camshafts were not seen to
cause interference on dc supplies and on ac
suppies only harmonics of the suppy frequency
were expeded to be generated and thus would
not coincide with tradk circuit frequencies. With
theintroduction of chopper drives, theharmonics
produced diredly by switching of the power
circuit needed to be mntrolled. A standard

solution is to fix the dopper frequency (and
hence the harmonic structure of the return
currents) and use afrequency monitor to chedk
that the switching frequency was corred. This
has been applied to several systems without the
stringent levelsof safety analysisto whichwe ae
now growing acastomed.

When three phase drives were introduced in the
1970s it was rewognised that the variable
frequency of the inverter could be anew source
of problems. The variable output frequency and
switching regimes would naturaly produce a
source of harmonics over a wide range of
frequencies. What wasnot recognised at thetime
was the magnitude of interference arrents
caused by existing rolling stock and substation
systems. These dfedsarenot negligible and may
be caused by transient operating conditions,
unbalancesinthe many sub-systemsor the power
colledion system and its tolerances.

The work lealing to the introduction of three
phase drives marked the beginning of a major
investigation into the generation of harmonics
from drive systems (1). Thishasled to the design
of new control sysems and a deeer
understanding through this work that included
sophisticated computer modelling. In parallel
with this has been the goal of increasing safety
on the railways and the developing process
within Railtrad for obtaining safety cases. The
result of this has been a better understanding of
drive systems and new methods of harmonic
control (2), together with an improving
understanding about the behaviour of signalling
systems.



2. THE SIGNALL ING
INTERFERENCE RISK

Signdling systems that use the tradk as an
eledricd circuit for train detedion may be
sensitive to currentsof aslittle a 100 milli amps,
posshly less The same tradk is used for the
tradion return currentsthat may approach levels
of 7000 Amps. The root of al the problems
experienced in signalli ng compatibili ty isthe low
dynamic range between the sensitivity of tradk
circuits and the magnitude of components of the
tradionreturn current which could interferewith
the signalli ng.

Clealy the signal to noiseratio isnot very good.
Traditionaly the interference thresholds have
been defined as sSmple amplitudes/durations at
spedfic frequencies. This is the bass of
Railtradk’s GS/ES 1914 standard. For some
signalli ng systemsthe medhanismsthat definethe
response to interference arrents are more
complicaed and some ae lesswell understood.
A new approad is nealed to take this into
consideration.

Managing a tradion system design to med a
sgnaling interference spedficaion requires
consideration of: -

Detailed understanding of the system design
Normal stealy state operating conditions
Transient operating conditions

System tolerances

Externa effeds

With dc supfied inverter systems the main
element for controlling harmonics has been the
pulse width modulation (PWM) system linked to
the switching speed of the power devices. Brush
Tradion have employed a sophisticaed PWM
system which, in association with atotal system
approach to signalling compatibili ty has ensured
corred operation in service Making the drive
producethe low levels of harmonics required by
dgndling systems is, in itsdf, a maor

achievement. Demonstrating it can med the ever
more demanding safety targetsis yet another.

3. TOTAL SYSTEM PROOF OF
SAFETY

The initial approach was to apportion to the
tradion system a proportion of the overal
system safety target. The same gportionment
was applied irrespedive of the type of signalling
system and it’s relative susceptibility levels or
interferencemechanisms. Thisplaced aburden of
“proof” on the manufadurersto med quantified
levels of mean time between wrong side fail ures.
This has been problematicd for a number of
ressons but in particular there was minimal
understanding about the behaviour of signalling
systemsto signalsthat they were not spedficdly
designed to receve.

The solution adopted on the ac drives first
introduced onto the 750V dc railway was to
transfer the problem to a separate Interference
Current Monitor Unit (ICMU). This was
designed to the gpropriate safety standards and
would trip the unit out if the safety levels were
excealed. This has been criticised by some, but
the redity to date is that all manufacdurers have
had to use some form of ICMU to deal with
simple trad circuits such as 50Hz vane relays.
For dc supfied inverter drives there ae some
falure medianisms for which detedion is
impradicable without diredly monitoring the
interference current. If an external monitor is
used it canproted the vehicle and railway system
to a quantifiable extent. This has the alded
benefit that changes made to the propulsion
equipment, for reasons of performance upgade
for example, will not affed the safety case for
monitored signalli ng frequencies.

Initially, confidence was gained from having a
device that renders the vehicle safe, no matter
what fail s either on the train or within the power
supdy system or on wvehicles on the same
network. This was a aucia factor in gaining



accetance for the operation of three phase
drives in the UK. The main reasons to criticise
the use of a monitor are reduced reliability and
susceptibility to external effeds auch as supdy
interruptions. These reduce the operational
reliability of the vehicle while improving the
safety of the railway system as a whole.

The crucia leson from al of thiswork, for the
purpose of this paper, is that for some of the
simpletrad circuits, some form of monitoring of
the return current is necessary in order to deted
falluresin hardware or software that may not be
self-reveding. Considerable dfort wasappliedto
devising systemsthat would be ale to read the
required safety levels without compromise, but
without the use of an external monitor. The
method described in sedion 4 for acsystemsisa
dired descendent of work caried out to solve
these problems on dc fed inverters.

With ac suppied drives the situation is exadly
the same for smple signalli ng systems such asdc
trad circuits. These trad circuits do not utili se
the natural charaderistics of the acsystem inthe
way in which their designers were expeding. In
pradice, the asymmetries in systems crede low
frequency components in the return current
which the tradk circuits interpret as dc. These
tradk circuitsand other smpleones sich asreeds
require some form of monitoring in order to be
ableto demonstrate accetable safety. Withacin
general, however, there is an added complexity
caused by the inter-modulation effeds between
inverter and converter systems. This makes
theoreticd analysis more mmplex.

Safety cases need in depth knowledge derived
from processof designing thewholedrive system
for signalli ng compatibili ty. The policy employed
by Brush Tradion hes been to develop such an
understanding of the drive system, and to crede
software simulations that make the process
manageable. The safety management processis
becoming better defined and a flexible goproach
that can ded with changing situationsis a major
asst.

Assuming that the tradion harmonics can be
adequately reduced in normal operationthe main
problem areas are aociated with fault
conditions and transient behaviour. Therefore
one of the major design goalsfor pulse mnverter
systems on ac suppies was to devise a system
which was fault tolerant.

4. THE FAULT T OLERANT
APPROACH

To achieve the am of high operational reliabili ty
the system design must ensure that total
shutdown is less frequent than for methods
described previoudy. So, why might fault
tolerance be adesirable way forward?

a. It is the only approach that can satisfy
desired levels of safety and operational
reliabili ty simultaneoudly.

b. It is not essntial to have considered every
failure mode before it happens becaise there
are only two consequences. either no
discernible change to the risk areg or total
system shutdown.

Fault toleranceisa concept frequently applied to
software where “n version” defensive
programming, formal methods and development
tools can be used to manage risk. However,
long-term reliability issues in tradion
applicationsarenormally dominated by hardware
rather than software mnsiderations. These
include small errorsor biasesindrive dedronics,
degradation in power eledronic devices, partia
falure of passve power components and
malfunctioning of system sensors. A fault
tolerant system neeals to address al of these
hardware fadors to be successul.

To appredate how thisis possbleit isnecessary
to consider a leson from classcd feelback
theory in the form of figure 1.
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Fig. 1 Elementary feedback applied to correct an
unpredictable power system

The feedbad concept is not new to tradion, as
amost al modern drives contain some form of
current control loop that takes this form. This
smooths out non-lineaities and irregularities of
the tradion system, typicdly in bandwidths of
10Hz, 25Hz or perhaps even 100Hz.
Unfortunately these bandwidths do not
encompassmost signalli ng frequencies. What is
required inthisinstanceisnot a100Hz but rather
a 10kHz bandwidth. How can this be done? A
pulse width modulation feedbadk control system
termed Entropy PWM offers the answer.

4.1  Characteristics of asynchronous and
synchronous PWM

Entropy measures the degree of disorder of a
system. The predse statement of this idea is
known as the second law of thermodynamics. It
states that the entropy of an isolated system
alwaysincreases, and whentwo systemscombine
the entropy of the combined system is greder
than the sum of the individual entropies. That is
to say the system ismore chaotic than before. A
central paradigm of chaos theory states that
minute initial condition differences evolve into
quite different paths or strategies (3). Pursuing
this analogy one can visualise the switching
harmonic energy to be entirely chaotic, whilethe
underlying fundamental voltage is the fradal
component, visible on the output, and resulting
from the dhaotic adivity. Thistype of operation
moves us away from conventional synchronous
PWM wheretheratio of carier cycles per mains
cycle is a fixed integer multiple, to one of
naturally occurring asynchronous drategies

where the ratio is non-integer and possbly
varying with time.

The smplicity of comparing a demanded sine
wave reference with a triangular waveform,
means that natural sampling can be operated
either asynchronoudly or synchronously. The
latter produces (by Fourier series) awell-known
spedrum (seefigure 2), which can beinterlaced
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with multiple pulse converters, operating other
carier phase shifted versions, to remove bands
of harmonics a multiples of the converter
switching frequency. This cancdlation only
appeas on the primary suppy side so does not
help the transformer secondary losses. For
tradion converter applicationsany PWM system
must avoid low frequency harmonics as these
generate higher losscurrents in the transformer.
Unfortunately vehicle operational reliability
normally dictatesthat sgndling compatibili ty and
voltage distortion requirements have to be
satisfied under conditions of converter
malfunction. Hence, the probabili ty of converter
outage allows interladng benefits be used as a
fador in a harmonic probability sum, but total
relianceoninterladng for signalli ng compatibili ty
israrely possble.

The main disadvantage of asynchronous PWM
operation is the possble generation of
subharmonics. In general terms the subharmonic
and partial harmonic frequencieswill be found at

fsub!



where g, = Mfrie £ N.Fg00

and f_, iSthe modulating carier frequency
fauppy IS the mains suppy frequency
m is any positive integer
n is a configuration dependent positive
integer

In pradice on the converter ac side, it is only
necessary to consider low order values of m, and
oddintegersfor nif it isasingle phase onverter
system (n would take non-triplen integer values
for a 3 phase system). The amplitude of ead
component is complex to compute and this is
dedt with later, but in genera terms, larger
values of n beame increasingly insignificant on
an inversely proportional to n besis. Taking a
smple example, if fy,;, = 50HZ and f e =
220Hz, then major subharmonics could be
expeded at 170Hz, and 27MHz, 70Hz and
370Hz, -30Hz and 47z, etc. These partial
harmonics are in addtion to the normal
harmonics of the supgy frequency which may
aso be present. An example of the etra
components is diown in figure 3 where the
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synchronous sampling process of figure 2 is
allowed to run asynchronous. Production of
these subharmonics has, until recetly, always
persuaded tradion enginegs to employ
synchronous strategies for both converters and
inverters.

Entropy PWM (EPWM) operates using
asynchronous natural sampling in its normal
mode, with an instantaneously variable carier
frequency. The interladng concepts of multiple
converters may <ill be gplied, however, the
high frequency spedrum is highly modified.
There is no evidence of individua carrier
frequency multiples present. Equally importantly
the lower frequency spedrum is distributed
(spread) with many of the daraderistic
switching frequency harmonicsdisappeaing into
the noise floor. The spectrum is superior to the
synchronous form of natural sampling when
analysed over a narrow bandwidth (resolution).
Asthe bandwidth iswidened, towardsthat of the
mains suppy frequency, the spectrum starts to
appea sSmilar to the synchronous form.
Evidently the spread spedrum benefits of
EPWM are maximised for narrow band tradk
circuit signalling systems.

The EPWM spedrum can be considered as a
series of harmonics added to a base noise level
which results from the use of asynchronous
switching and instantaneous voltage feedback.
The predse daraderistic of the spedrum
depends on the type of moduator implemented
within the EPWM system. The use of feedbacdk
is important in adieving exadly the voltage
required despite the mntinuing change in the
PWM structure. This makes EPWM equally (or
more) acceptableto the mnverter control system
than a @nventiona PWM by virtue of the
acaracy towhichthefundamental isguaranteed.
As a result the system does not generate
unwanted low frequency subharmonics, aswould
an open loop asynchronous PWM, which
otherwise deteriorate control system
performance Instead the harmonic energy is
redistributed to higher frequency parts of the
spedrum. Inthisresped thereisan analogy with
off line harmonic dimination optimised PWM
which moves energy from the diminated
harmonic(s) toincreased component levelsabove
the switching frequency.



It is possble to separate the PWM modulator
fromthe surrounding EPWM control system, and
thetype of spedrumwhichresultshasa darader
governed by the moduator. Any type of
modulator that is of an instantaneous form will
work, and two have been considered. These ae
natural sampling PWM and the sigma delta
modulator (4). Regular sampling, although it
gives spedra results very smilar to natural
sampling, cannot usefully be gplied to EPWM
becaiseit restrictsinstantaneouscontrol. Ontheir
own both natural sampling and delta modulation
would give results composed of predictable fixed
frequency harmonics well above the base noise
level when incorporated into EPWM. The
switching frequency control thenredistributesthe
harmonic energy. However, the EPWM base
noise level will generaly not be & low as the
noise floor for a deterministic, symmetric, PWM
system. Thus, ariseinthe noisefloor hasin effea
been exchanged for the caability of modifying
eat puse & any point in its carier cycle. This
cgpability can be optimised to produce ontrol
and spedral benefits.

The randomised harmonics are decomposed with
a 3dB bandwidth and amplitude determined by
Boys(5). However, not only do suppy harmonics
decompose (or spread), but so to do inter-
modulationcomponentsfromthelink. Thismeans
that a much smaller link cgpadtor can produce
accetable results. This can be visualised by
thinking of the EPWM converter system as
instantaneously changing it’s grategy as the link
voltage moves away from the desired value, in a
manner that restores the desired value, thus
imitating the dfed of cgpadtance by feedback.
Conceptually at least, given an appropriate form
of converter and load control, it is posdble to
eliminate the cgpadtor bank.

4.2 EPWM structurefor r obustness

The objedive is to integrate self-monitoring (or
checking) into the EPWM padkage, such that
non-compliant operation elsewhere in the

converter system is provento berefleded in the
behaviour of the PWM. The capabili ty of making
relatively smple self-monitoring cheds is based
upon the exceptional robustness of the system.
To appredate how this can be ahieved the
feadbadk structures of EPWM, as gown in
figure 4, should be understood.
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Fig. 4 High Level EPWM Block Diagram

The PWM system is in turn a subsystem of a
converter control regulator, which will generate
a PWM demand (frequency and modulation
depth) required to med the wider objedives of
link voltage regulation and power fador control.
This control system does not need to be
particularly high performanceto benefit fromthe
inclusion of EPWM. In pradice, the robustness
of EPWM has been found to improve the outer
loop control. This robustness comes from the
ability of the feedbadk systemto very acairately
estimate the instantaneous fundamental voltage.
Having determined the fundamental, the
remainder of the measured ac voltage ae
harmonics, from which the dc (or below supgy
frequency) terms are etraded. These two
feadbadk quantities govern the EPWM i/o
transfer function. All that remains is to put a
suitable modulator in the forward path to
complete the loop. The ac @nverter input
voltage is the required measurement input, or
aternatively thelink voltage and converter input
current may be used instead. As the latter two
signalsare normally avail ablefor other purposes,
this bewmmes the preferable doice of



measurements. EPWM will succesgully eliminate
dc from the acsupply, for any link ripple not
synchronised to the suppy frequency.
Synchronous components could aso be
eliminated if acsdemeasurement ismadeinstead,
but the extratransducer could be in conflict with
reliabili ty requirements.

The advantages of EPWM are:-

a. No fixed frequency harmonics

«  Better spread of harmonic energy across
the spedrum

«  No continuous tones - lesslikely to pick
and hold atrad circuit

« Lesslikely to cause resonance on over-
heal line

¢ Audible noise from eledricd equipment
diminished

b. Robustness
EPWM is;-

« Tolerant to converter volt drop asym-
metries

¢ Tolerant to firing puse delay variations

« Tolerant to link filter ageing and partial
failure

c. Reliability
« Potential for self monitoring - checks

for malfunction both in hardware and
software

. Pedk clipping mode dlowing operation at
overcurrent limit

*« Not solely dependent on corred inter-
ladng for multi-converter compliance

«  On line switching frequency variation to
suit temperature cnditions

d. Harmonic levels

«  Small dc component in primary under all
converter operating conditions

*  Immuneto variation with load shedding

*  Not degraded by inter-modulation from
load harmonics

+ Takes advantage of tradk circuit res-
ponse times and follower delays

4.3 Comparison of EPWM and regular
sampling harmonics

To examine a g/cle of EPWM waveform does
not suggest anything harmonicaly spedaaular,
but the awmulative o/cle by cycle dfed is to
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distribute the energy aaossthe spedrum by a
randomising of the carier frequency (seefigures
5 and 6 comparing EPWM and regular sampling
(RSPWM) time waveforms). To acdieve this
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requires two distinct criteriato be fulfill ed; first
the PWM is acairately following the demanded
voltage, and secondly, that the instantaneous



carier frequency istotally unrelated to the suppy
frequency. Inthe cae of natural sampling EPWM
thisisachieved by choosing the carier frequency
acording to adeviation from the nominal carrier
frequency defined by a pseudo random binary
number (PRBN). Clealy, thefaster the update of
the waveform generation, the better the acarracy
of the waveform. In the prototype a30ms time
step was used. With a normal PWM system this
would be quite inadequate in terms of placenent
acaracy of the PWM edge, but on EPWM any
fundamental voltage aror is compensated for in
the successgve pulses. This is why the EPWM
sysemis o tolerant tothe dfedsof hardware
timing errors and tolerances described in
sedion 4.2. The eror residue just servesto add
to the entropy of the process enhancing the
random appeaance of the spedrum.

From the @ove discusson it is possble to
generate arandom waveform which acairately
refleds the required fundamental voltage, but
without evidence of distinct harmonic
components. In the EPWM spedrum all
frequencies are equaly weighted, whereas in
conventional synchronous g/stems only the
harmonic frequencies are significant, leaving the
non-harmonic componentsto normally have zeo
contribution. Thisresultsin EPWM offering true
sprea spedrum harmonic structure, where eat
harmonic has its energy equaly distributed
around its centre frequency, and where no
preference for the harmonic frequency is
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exhibited. Compare the norma spedrum of
RSPWM and EPWM in figures 7 and 8, noting
the reduction in the pe& harmonic levels.

The understanding of the processes involved in
EPWM generation leads the observer to
appredate that harmonic energy is being
distributed around the spedrum at ead change
in PWM strategy. The wnsequence is that
harmonic levels at a particular frequency can
only be sustained for avery short period of time.
By this means the response time dependence of
tradk circuit signalli ng systemscan beintroduced
into the cmpatibili ty argument. Thisisacieved
by the unifying of steady state and transient
operations into a charaderistic spedrum which
is similar for both conditions. To demonstrate
this point, consider the equivalent EPWM and
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and 10, operating under the same supgy
conditions when transient load shedding.
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5. CONCLUSIONS

The cost penalty of the digital signal processor
(DSP implementation of EPWM has amost
disappeaed in recat yeas, these devices now
being commonplace in tradion applications.
Thus, EPWM isa o4t effedivefealbad solution
to many ac railway interference problems,
particularly narrow band signalling. Its
instantaneous demand and output produce very
acarate fundamental output voltage, cycle by
cycle, whil st the harmonic structureisvarying. To
combat the posshility of dightly pekier current
waveforms, a ped clipping mode was added in
pradice Thistransparently forcesextraswitching
transitions to limit the arrent without
interrupting operation.

With conventional modulation schemes reliance
isoften placed on converter waveform interladng
to meet signdling and telecommunication
interference spedfications. The major
disadvantage when one @nverter system failsis
that safety requirements might dictate shutting
down multiple converters, or switching to an
alternative interladng strategy on the remaining
converters. In mass transit systems it can be

difficult to reschedule interladng strategies
aaossvehicles when a mnverter fails. EPWM
need not necessarily depend on interladng for
compatibility. The dsence of continuous large
fixed frequency harmonics readsthespedrum,
reducing therisk of lineresonance and producing
less distinct audio noise from converter and
transformer.

Hardware tolerances within the @nverter
eledronics, which introduce etra unwanted
harmonics, become insignificant, with very low
dc levels from converter operation in the
primary. Simulation has $own an EPWM
converter system ismorerobust to partial dclink
filter failure, and that small online switching
frequency variations could be madeto suit power
or thermal conditionswithinthe converter. Self-
monitoring could be added usinginternal analysis
to identify potentially hazadous faults in either
hardware or software.
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