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This report describes a proposal for fault detection on the LHC beam dump kicker system.
As a result of a fault analysis two fault detection modules are proposed; A off-line test
and a continuous surveillance.
The fault detection, needing continues data, and the requirements to the data acquisition
is given special attention.
The off-line test declares the system, including stand-by components, fault free prior to
beam injection.The test comprises parameter estimation using the sensitivity approach
requiring an ADC with better than 7 bit precision and a sampling frequency above 133kHz.
The continuous surveillance comprises a model based fault detection method, based on
analytical redundancy. The system requirements are a 13 bit (excl. sign bit) DAC and an
15 bit (excl. sign bit) ADC with a sample frequency above 1.54Hz.

I denne raport beskrives et forslag til fejl detektion p̊a LHC beam dump kicker systemet.
Som resultat af en fejl analyse foresl̊as to moduler; en off-line test og en kontinuerlig
overv̊agning.
Fejl detektion, der har behov for kontinuerte data, og kravene til den nødvendige data
opsamling har f̊aet speciel opmærksomhed.
Off-line testen erklærer system, inklusiv stand-by komponenter, fejlfrit før partikel injek-
tion. Testen best̊ar af parameter estimation med sensitivitets metoden krævende en ADC
med mere end 7 bits precision og en sample frekvens over 133kHz.
Den kontinuerte overv̊agning best̊ar af en model baseret metode, baseret p̊a analytisk
redundans. System kravene er en 13 bit (excl. fortegnsbit) DAC og en 15 bit (excl.
fortegns bit) ADC med en sample frekvens over 1.54Hz.
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Chapter 1

Introduction

The LHC (Large Hadron Collider) is the next large particle accelerator at CERN. The
purpose of the LHC is to penetrate further into the structure of matter and recreate the
conditions prevailing in the Universe just 10−12s after the ”big bang” where the tempera-
ture was 1016 degrees [Gro91]. The LHC is to accelerate protons in order to make proton
- proton collisions. It is foreseen that the LHC should also accelerate heavier particles
such as lead-ions. By reinstalling some LEP1 components on top of the LHC, electron -
positron collision should also be possible[Gro95]. The LHC is to be installed in the existing
LEP tunnel thus minimising the amount of civil engineering needed.

The basic principle of the LHC is to accelerate and store the particles in a circular ring
using electro-magnetic fields. Using super-conductive magnets generating a magnetic field
of 8.4Tesla allow circulating proton beams of 7TeV [Gro95]. This means that the particles
are to be accelerated from an injection energy of 450GeV [Gro91] to the maximum energy
of 7TeV where physics is to take place.

More information on the LHC is available in [Gro91] and [Gro95].

To be able to extract the beam from the LHC at the end of a physics run or in case of
machine failure, a beam dump system is needed. The energy of the beam is to high for
the beam to be dumped in or close to the machine[Gro91]. This is why the beam dump
system deflects the beam onto a dump block made of graphite, aluminium and iron located
approximately 750m along a tunnel placed tangentially to the LHC ring [Gro95].

The subsystem responsible for the horizontal deflection of the beam is the beam dump
kicker system, described in Chapter 2. Unavailability of the beam dump kicker system
leads to failure of the beam dump system which in turn may become dangerous to the
LHC. As a safeguard against the beam dump kicker system becoming unavailable it is
monitored for faults by a surveillance system.

This report describes a proposal for the fault detection part of the surveillance system.

In Chapter 3 a brief overview of the surveillance system performing the fault detection is

1Large Electron - Positron collider, the present large accelerator at CERN with a circumference of
27km. In LEP electrons and their anti-particles positrons are accelerated to energies of 100GeV [Gro91].
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8 CHAPTER 1. INTRODUCTION

given, including the fault detection requirements.

To find the faults to be detected and where to detect them a fault propagation analysis,
described in Chapter 4, is performed.

The result of the fault propagation analysis is used as a basis to make an off-line test used
to declare the system fault free before start up. The test which is comprised of status bits
an processing of the measured output pulse is described in Chapter 5.

The beam dump kicker system is continuously monitored to ensure that it does not become
unavailable. This is done by the surveillance described in Chapter 6. The surveillance is
comprised of status bits and a model based fault detection method based on analytic
redundancy.

For both the off-line test and the continues surveillance an estimate of the requirements
to the analog data acquisition is given.

1.1 Definitions

To avoid confusion, some of the commonly mistaken terms, are defined below, in the way
they are used in this report.

Failure The termination of the ability of a system or subsystem to accomplish its required
function within previously specified limits.[Fuq87]

Fault A change in the characteristics of a part or component such that its mode of
operation or performance is changed in an undesired way. Required specifications
are no longer fulfilled. [Bla97]

Fail - safe system A system where a fault leads to the system going into a safe state.

Fault tolerant system A system where a fault may lead to change of operation or re-
duced performance but a single fault does not develop into a failure on a subsystem
or system level.[Bla97]

Reliability The probability that a system, subsystem or component will perform its
intended function for a specified period of time under stated conditions.[Fuq87]

ADC Analog to Digital converter
DAC Digital to Analog converter
ZOH Zero order hold (models sample and hold circuit)
UID(µ, σ2) Uniform white noise with mean µ and variance σ2

WSSR Weighted sum squared residual

Table 1.1: Table of abbreviations



Chapter 2

Description of the LHC Beam
Dump System

The LHC beam dump system has to perform the task of dumping the beam at all energies
from the filling stage at 450GeV to the maximum energy of 7TeV [BCD+97]. Dumping
the beam is the action of deflecting the beam from the closed orbit of normal operation
to a dump area, where the beam is stopped and its energy released into a dump block.
This means the extraction of 540MJ in 86µs giving a maximum power dissipation into
the absorber within the dump block of 6300GW with a peak density of 1GW/cm3 [ZP97].
Dumping the beam is necessary either when a physics run has ended or some failure of
the LHC has occurred.

The elements of the LHC beam dump are shown on Figure 2.1

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure 2.1: The LHC beam dump system. Figure from [ZP97].

When the beam is to be dumped, the kicker magnets produce a magnetic field, that deflects
the beam horizontally from orbit into the dump tunnel. The vertical deflection is done by
the septum magnet. Further downstream in the dump tunnel the diluter magnets spread
the beam across the dump block so that the beam energy density on the dump block is
reduced.

9



10 CHAPTER 2. DESCRIPTION OF THE LHC BEAM DUMP SYSTEM

Since there are two rings with beams travelling in opposite directions the described beam
dump system is doubled, so that each ring has its own beam dump system.

2.1 The Beam Dump Kicker System

In this project, special attention is given to the beam dump kicker system so it is described
further. A simplified version of the functional layout of the beam dump kicker system is
given in Figure 2.2

Figure 2.2: Functional layout of the beam dump kicker system.

The handling of a beam dump request is initiated by the trigger generation & synchroni-
sation block. This block generates a trigger signal which is synchronised with the beam,
so that the triggering happens in the particle free gap1. The triggering must be in the
particle free gap to ensure that no part of the beam is only partially deflected due to
rise-time in the kicker magnets.

When the triggering signal is generated it is distributed to 14 identical trigger execution
chains2. Each of these chains consists of a power trigger, a pulse generator and a magnet.

Naming the deflection made by magnet 1, FM1, the total deflection is

Deflection =
14∑
i=1

FMi

1The beam makes one revolution in 89µs which has a particle free gap of 3µs.
2The 14 kicker magnets are placed on an 33m long straight section of the LHC[BCD+97].
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The pulse generator is a device consisting of a number of semiconductor switches and
capacitors. When these switches are closed the capacitors are discharged through the
magnet, giving rise to a magnetic field deflecting the beam. This field must have a rise-
time no longer than the particle free gap and a duration of at least one revolution period
to be able to dump the beam safely.

The energy needed to close the semiconductor switches in the pulse generator comes
from the power trigger. The power trigger has, like the pulse generator, a number of
semiconductor switches. When these switches are closed capacitors are discharged to the
pulse generator.

The retrigger protects the LHC from damage due to partial beam deflection caused by
internally generated triggering of one of the execution chains. The retrigger relays the
information from a number of trigger pick-up sensors in the pulse generator to the 13 not
triggered chains as fast as possible. These chains then immediately trigger and the beam
is dumped.

The surveillance system monitors the beam dump kicker system as described in Chapter 3.

2.1.1 Auxiliary systems

To complement the parts described in the previous sections there are a number of auxiliary
systems.

Power Supply and tracking system

The power supplies charge the capacitors of the pulse generators so that the capacitors are
charged with the energy needed to deflect the beam. The amount of energy is dependent
on the energy of the beam and must be within the limits given by the angle to the dump
tunnel (see Figure 2.1). The tracking of the energy of the LHC is done by the tracking
system. A simplified block-diagram of the tracking system is shown on Figure 2.3.

The beam energy measuring device can be local to the beam dump system and/or it can
be a value retrieved from other LHC systems.

There are two voltages involved per execution chain; the voltage of the primary circuit and
the voltage of the compensation circuit. The primary circuit supplies the energy needed
to get the rise-time of the magnetic field fast enough, tr < 3µs. The compensation circuit
supplies the energy to prolong the existence of the magnetic field to completely dump the
beam.

Personal safety

Personal safety is the system preventing personnel from electric hazards. This includes
emergency stops, manual safety switches and electrical discharge switches. The electrical
discharge switches short-circuits the capacitors through a resistor to ensure that the ca-
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Figure 2.3: Block diagram of the power supply and tracking system.

pacitors are discharged in a safe way. After this the safety switches can be closed and the
charging of the capacitors are inhibited.

2.1.2 Operating modes

The beam dump system has three modes of operation3as shown on Figure 2.4

Figure 2.4: Operating modes of the beam dump kicker system.

These operating modes are:

Ready The system is ready to service a beam dump request. This system is in this mode
for the duration of the physics run (10 hours).

3The LHC may pass through several modes of operation within the not ready and ready mode.
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Pulsing The system is servicing a beam dump request. This lasts for as long as it takes
to dump the beam (89µs).

Not Ready The system is not ready to service a dump request. Injection of beam into
the LHC is inhibited in this mode.

2.1.3 Performance requirements

The performance requirements for the beam dump kicker system can be summarised as
[BCD+97, Chap. 2]:

1. All beam dump requests must be honoured. The failure rate must be better than 1
failure/106 hours.

2. Operation of 13 out of 14 magnets is sufficient to dump the beam safely. However if
one magnet becomes unavailable the beam must be dumped. This operation must
have a failure rate better than 1 failure/106 hours.

3. Spurious and spontaneous triggering in one subsystem must result in triggering
the remaining subsystems. The retriggering must have a failure rate better than
1 failure/106 hours.

4. The rate of spurious trigger events must be less than 1 event/year.

5. The reliability must be such that the availability of the LHC for physics is not
reduced significantly [DBC+97].

The failure behaviour of the systems shall be [DBC+97]:

• The trigger generation and execution must be fault tolerant.

• The surveillance system and the fault detectors must be fault tolerant.

Due to the demands of reliability and availability of the beam dump kicker system, it
consists of a number of redundant subsystems.





Chapter 3

General Overview of the
surveillance system

The surveillance system is continuously monitoring the beam dump kicker system. This
comprises the tasks of:

• Verifying the functioning of the beam dump kicker system continuously and tak-
ing adequate actions when a fault occurs. This includes verification of the correct
functioning of the surveillance system itself.

• Providing information to the operations crew and logging data for later analysis.

• Protecting the hardware from dangerous operating conditions and inappropriate
parameters.

The beam dump kicker system is an important part of the safety system of the LHC, so
the only action available upon detection of a fault is issuing a beam dump request.

3.1 Requirements

The qualitative requirements for the fault detection are:

• Detection of every possible fault leading to subsystem failure before so much energy,
on the pulse generator capacitors, has been lost that the beam no longer can be
dumped safely.

• Detection of every possible fault of the surveillance system that leads to inconsistency
between the status generated by the surveillance system and the actual status of the
beam dump kicker system.

Considering that the time constant of the capacitors on the pulse generator is τ ≈ 200s
and the maximum allowed energy loss for safe dumping is 1 %, the time to detect a fault
must be below 2s.

15
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From the general requirements of the beam dump kicker system, see section 2.1.3, require-
ment 2, and the envisaged run time of 10 hours it can be seen that only 1 fault per 105

runs may be missed. This gives the probability of missed detection for one execution chain
per run as, Pm < 10−5.

The reliability of the surveillance system must be such that it does not significantly reduce
the availability of the beam dump system resulting in reduced availability of the LHC
for physics. A significant reduction is considered to be when over 5% the beam dumps
requested by the surveillance system are not necessary. This leads to a probability for
total system false alarm per run of < 5%. The probability of false alarm on one execution
chain is thus Pf < 5%

14 = 0.36%.

The quantitative requirements can be summarised per run/subsystem as

• Time to detect < 2s

• Probability of missed detection Pm < 10−5

• Probability of false alarm Pf < 0.36%

Since the only possible action upon detecting a fault is dumping the beam, fault identifi-
cation is not a requirement.

3.2 Structure

The hardware platform of the surveillance system is envisaged as a number of distributed
data processing units e.g. PLC’s, communicating by a network e.g. a field-bus.

In order to reduce the requirements of the network, specifically reliability and timing, the
basic design philosophy is to make the software modules as autonomous as possible i.e.
making the network interface as small as possible.

The information to the operations crew and protection against inappropriate operating
conditions and parameters is a matter of communication with the surrounding higher level
systems. These issues are not treated further in this report. Furthermore this report does
not deal with the logging of data for analysis.

It is envisaged that the surveillance system is to be build entirely from commercially avail-
able industrial components1. The design should however, if possible, not be committed
to a specific manufacturer or technology in order not to be dependent on outdated and
possibly unavailable components at the time of implementation2. If this is not possible
the design should be so modular, that the exchange of one component does not destroy
the design.

The surveillance system is designed with three primary modules:

1Also referred to as COTS: Commercially Off The Shelf.
2The beam dump system is scheduled for implementation in 2001 or 2002.
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Not Ready Test Test based on the data from the last beam dump to determine if there
exists any faults in the beam dump kicker system prior to the next beam injection.

Ready Mode Surveillance Continuously verification of the power supply-, tracking-
and charging systems. Furthermore the trigger-generation, -timing and -distribution
is verified in this module.

Post Mortem Acquisition Data acquisition of the dump pulse needed in the next not
ready test.

The interaction of the modules is shown on Figure 3.1

Figure 3.1: The usage of the modules of the surveillance system. The data from the last dump is invalid if the
power to the beam dump kicker system has been cut, since this might indicate that maintenance
has been performed. The Ready Mode Surveillance is also active during a dry run to verify the
functioning of power supply-, tracking- and charging systems.

In this report only fault detection of the pulse generator, power trigger, retrigger and
power supply systems are treated further.





Chapter 4

Fault analysis of the Beam Dump
Kicker System

To find the faults to be detected by the surveillance system a fault and fault propagation
analysis is performed. The fault propagation analysis has the purpose to find the way
faults propagate through the system in order to find the system locations where fault
propagation is stopped. These locations, together with the output, are the only places
where it is necessary to make measurements for fault detection1.

The analysis is done by constructing fault trees, see Section 4.4, structured to show the
fault propagation of each subsystem. To be able to make the analysis the construction of
each subsystem has to be known. The subsystems are described in the following sections.

4.1 Description of the pulse generator

The pulse generator is the subsystem responsible for delivering the current to the magnets
generating the deflecting electro-magnetic field.

The pulse generator consists of two branches, each having a primary and a compensation
circuit. The operation of the pulse generator can be performed by one branch only and
the second branch is providing redundancy and thereby a better reliability of the pulse
generator. The principle circuit diagram of the pulse generator is shown on Figure 4.1.

To charge the capacitors two power supplies are used2: The primary power supply at
31kV and the compensation power supply at 0.5kV . The following description of the
pulse generator principle is for the A branch. The B branch is working in the same way.

The primary circuit consisting of CpA, GTOpA and DpA provides the energy needed to
give the magnet a pulse with a rise time of 3µs. This is done by closing the GTO switch

1The location where fault propagation is stopped is not necessarily the best location for fault detection
measurements due to fault effect damping. However the fault propagation analysis gives a good first
indication on where to make the fault detection measurements.

2The values are for the single branch prototype.

19



20 CHAPTER 4. FAULT ANALYSIS OF THE BEAM DUMP KICKER SYSTEM

Figure 4.1: Principle circuit diagram of the dual branch pulse generator.

GTOpA which in turn discharges the capacitor CpA. When the voltage on CpA drops the
series diode DpA closes and the free wheel diode DcA of the compensation circuit opens.

If the GTO switch GTOcA is closed the compensation capacitor CcA is discharged to
prolong the pulse to the wanted pulse length of 90µs.

The resistors on Figure 4.1 provide the right voltage distribution for the semiconductor
components and the damping of the pulse.

To be able to generate the correct pulse the GTO switches of both the primary and
the compensation circuit must be closed at the same time. This is done using a trigger
transformer which is shown on Figure 4.2

Figure 4.2: Principle of the trigger transformer.

Each branch of the pulse generator has its own trigger transformer.

To improve the reliability of the pulse generator two bars are connecting the primary
capacitors ensuring that both capacitors are discharged if one of the primary switches
does not close. One bar is connecting the compensation capacitors to ensure that they are
both discharged if one of the compensation switches does not close.
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4.2 Description of the power trigger

The power trigger is the subsystem responsible for delivering the power needed to close
the GTO switches in the pulse generator. A principle diagram of the power trigger is
shown on Figure 4.3

Figure 4.3: Principal diagram of the power trigger.

Upon reception of an input on one of the lines: Trigger A, Trigger B, Retrigger A or
Retrigger B, the primary GTO switch is closed and the capacitor Cp is discharged giving
an output pulse with an amplitude of 320A. The input signal has only a short duration so
a mono-stable prolongs its duration to 2µs. The retrigger input is at first bypassing the
input mono-stable to make the response to a retrigger signal faster. To make the duration
longer the signal is subsequently prolonged by the input mono-stable.

The energy from Cp is used to generate a pulse with fast rise-time. The current from
the discharging of Cp is picked up and used in a mono-stable that prolongs the pulse to
500µs. The output of the mono-stable is used to close the compensation switch, which in
turn leads to the discharge of capacitor Cc. The energy of Cc is used to ensure that the
switches in the pulse generator are closed during the whole dump.

To improve overall system reliability the power trigger is redundant.

4.2.1 Internal status generation

The power trigger generates a number of status bits internally. This status information
can be divided into two parts

• Static voltages

• Input/output pulse information

The static voltages are acquired by comparators which gives one bit for the voltages:

• 15V , used for the input logic.
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• 48V , used for the input logic.

• 150V , used for charging the compensation capacitor.

• 2.7kV , used for charging the primary capacitor.

The input pulse information are status bits that indicate that the following input lines
have been used:

• Trigger A

• Trigger B

• Retrigger A

• Retrigger B

The output pulse information are status bits of

• The amplitude of the output voltage, generated by a comparator connected to a
flip-flop.

• The amplitude of the output current, generated by a comparator connected to a
flip-flop.

• The length of the output pulse generated by a counter, see Figure 4.4.

Figure 4.4: The pulse length verification circuit of the power trigger.

4.3 Description of the retrigger system

The retrigger system is the subsystem responsible of triggering all execution chains if a
spontaneous trigger occurs in one chain.

The principle of the retrigger system is shown on Figure 4.5

The retrigger picks up the execution of a pulse by 5 pick ups in the pulse generator:
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Figure 4.5: Principle of the retrigger.

• Current of primary GTO switches, by current transformers.

• Current of compensation GTO switches, by current transformers.

• Voltage at the output of the pulse generator, by a voltage divider.

The current from the pick-ups are measured by current transformers and used to set
flip-flops indicating the source of the retrigger signal.

To monitor if the retrigger cable is broken or connected wrong a constant stand-by signal is
applied. The amplitude is smaller than the diode voltage and does therefore not interfere
with the operation of the retrigger system.

Verification of the stand-by signal is done in hardware e.g. by a comparator or a retrig-
gerable mono-stable.

To improve overall system reliability the retrigger system is redundant.

4.4 Component fault tree analysis

This section describes the parts of the fault tree analysis method used in this project.
For a more thorough description of fault trees, the reader is referred to the literature on
reliability analysis e.g. [Ave92].
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The fault tree analysis is a graphical ”top - down” tool to investigate the reasons for an
unwanted event. The unwanted event, named the top event, is investigated by repeatedly
asking the question ”What have caused this failure to happen ?”. The answers are then
combined using the symbols in Figure 4.63. The analysis is stopped when the required
level of detail is reached e.g. component level faults. The events/faults at this level are
called basic events.

Figure 4.6: Symbols used in the fault tree analysis.

The component fault tree is a way of structuring the fault tree so that it reflects the
fault propagation in the system. When using the fault tree in this way every basic event
represents a fault/failure mode of a component.

3The figure describes the symbols used in this report. The fault tree approach includes more symbols
such as e.g. k-out-of-n and inhibit gates.
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The top event is always the event of system/subsystem failure, or a measurement indicating
system/subsystem failure. The top event is connected to events representing the end effects
of the system/subsystem by an or-gate. The next level down represents the components
directly connected to the output. Input, output and component failures are connected as
basic events. The effects of the input components are connected by the gate describing
the fault propagation.

An inventory of the faults to be detected can be made by listing all the basic events.

By structuring the fault tree as a component fault tree, the minimum cut sets with only
one element represents the faults propagation to the end effects.

A cut set is a set of basic events whose (simultaneous) occurrence ensures that the top
event occurs[CAR].

A minimal cut set is a cut set, that can not be reduced without losing its status as a cut
set[CAR].

4.5 Fault tree for the power trigger

Figure 4.7, 4.8, 4.9 and 4.10 shows the fault tree for the power trigger. The fault tree’s
for the remaining subsystems are in Appendix E.
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Figure 4.7: Fault tree page 1 for the power trigger.
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Figure 4.8: Fault tree page 2 for the power trigger.
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Figure 4.9: Fault tree page 3 for the power trigger.
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Figure 4.10: Fault tree page 4 for the power trigger.





Chapter 5

Not Ready Test

The Not Ready Test is the test performed when making the transition from not ready
mode to ready mode. The purpose of the test is to verify that there are no faults existing
in the beam dump kicker system prior to injection of beam into the LHC.

In the following sections the test needed for each subsystem is described.

5.1 Test of the pulse generator

Analysis of the fault tree, see Appendix E, shows that some faults do not propagate to
the end effects. These faults can not be detected by looking at the end effects and must
be detected by other means. The components having non propagating faults are the GTO
switches.

Since all faults of the Trigger transformers propagate to the GTO switches and the effect
of GTO failure is GTO switch not closed, the detection of faults in the trigger transformers
can be done by verifying that the GTO switches have closed.

When the GTO switches close a retrigger signal is generated so this event can be detected
by the status monitoring of the retrigger system.

To test if all capacitors have been discharged the fact, that if one capacitor is not discharged
the equivalent capacitance of the parallel capacitors will be half of the nominal value, is
used. For the pulse generator four scenarios of capacitor output faults are simulated.

1. Working system.

2. Primary capacitor output connection broken.

3. Compensation capacitor output connection broken.

4. Primary and compensation output connection broken.

31
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A simulation of the magnet current using the model described in Section 5.2 with the
component values of Table 5.11 is shown on Figure 5.1. The simulation is made with
the assumption that the primary capacitor is charged to −31kV and the compensation
capacitor is charged to −0.5kV , which corresponds to maximum beam energy.

Component Value
Cp 1.3µF
Cc 4mF
L 2.73µH
Rm 0.02Ω

Table 5.1: Component values for a working pulse generator.
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Figure 5.1: Simulated magnet current for the four different scenarios. 1:Working system, 2:Primary ca-
pacitor broken, 3: Compensation capacitor broken, 4: Primary and compensation capacitor
broken.

By checking if the magnet current is below a threshold given by the working system at time
t ≈ 70µs it can be seen if any of the capacitors have failed. The threshold used cannot be
fixed because the amplitude of the magnet current is linked to the beam energy. Therefore
the magnet current should preferably be a sampled analog value and the threshold test
performed by software.

Another possibility is to integrate the magnet current. This gives the value in Table 5.2

Using the integrated value care must be taken because two different signals can integrate
to the same value, which could lead to an undiscovered fault.

An alternative method giving more specific fault information is to estimate the capaci-
1The component values are the values used in the single branch prototype in operation on 22th February

1999. Source: Gene Vossenberg, CERN SL - division. The value of Rm is a guess made by the author and
does not reflect the value existing in the prototype.
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Scenario Integrated value
1 3.94 · 106

2 3.19 · 106

3 3.49 · 106

4 2.83 · 106

Table 5.2: Values of the integrated magnet current. Scenario 1:Working system, 2:Primary capacitor bro-
ken, 3: Compensation capacitor broken, 4: Primary and compensation capacitor broken.

tances of the pulse generator. This is described in Section 5.3.

Short circuit of the series or free wheel diodes is detectable by analysis of the output pulse.
A possible analysis method is described in Section 5.3

The magnet and the connections to the magnet are tested by measuring the magnet
current. The connection to the magnet is made by a number of cables in parallel. It can
be tested if all cables are connected by estimating the inductance and the resistance of
the combined pulse generator and magnet. This approach is described in Section 5.3.

The faults having the effects of the capacitors not being charged are detected by the power
supply and tracking system surveillance, described in Chapter 6.

The pulse generator is ready for operation if there have been no faults detected by the
power supply and tracking system surveillance and the tests summarised in Table 5.3 gives
acceptable results. The tests are performed using data from a dump or a dry run.

Test
number

Purpose Test action Sensors

PG1 Test of primary GTO’s and
trigger transformers

Test output current of pri-
mary GTO’s

Retrigger status bits

PG2 Test of compensation GTO’s
and trigger transformers
compensation coil

Test output current of com-
pensation GTO’s

Retrigger status bits

PG3 Test of capacitors, compen-
sation diodes and magnet

Test of magnet current be-
low threshold at t ≈ 70µs,
integration or parameter es-
timation

CT1m, CT2m

Table 5.3: Additional tests needed to declare the pulse generator ready for operation.

5.2 Hybrid mathematical model of the pulse generator

In this section a model of the pulse generator is made. This model is used for simulation
and as a reference model used for fault detection using parameter estimation.

Since the voltage difference between cathode and anode of the diodes is in a large interval,
from approximately 0V to approximately 30kV , it is not possible to make a linear model
valid for the whole operating range of the system. To deal with this problem a non-linear
model using the diode equation can be used. Another possibility is to make an ideal model
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of a diode as an open connection if

Vanode − Vcathode < threshold

and as a short circuit otherwise.

With ideal diodes the pulse generator can be split up into two models

Primary model Used when the current flows through the series diodes DpA and DpB.

Compensation model Used when the current flows through the free wheel diodes DcA
and DcB.

It is assumed that the two models are not active at the same time i.e. the current does
not flow through both the series and the free wheel diodes at the same time.

Assuming that all GTO switches are closed the pulse generator and magnet can, for both
models, be described by the circuit diagram on Figure 5.2

Figure 5.2: Circuit diagram used for the hybrid model of the pulse generator. C are the primary capacitors
in the primary model and the compensation capacitors in the compensation model.

Rm is the total resistance of the pulse generator and magnet. L is the the total inductance.
Rm and L are assumed to have the same value in both the primary and the compensation
model.

Due to the assumption that all GTO switches are closed the system is autonomous and
can be described by Equation 5.1 and 5.2. Furthermore due to the assumption of ideal
diodes the transfer between the primary and the compensation circuit2 is not modelled.

ẋ = Ax (5.1)
y = Cx (5.2)

The choice between primary and compensation model is made as:
2Referred to as the dip.
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• Use primary model if Vc > Vp + threshold

where Vc is the voltage over the compensation capacitors and Vp is the voltage over the
primary capacitors.

5.2.1 The primary model

The primary model is described by the differential equations

V̇p =
1
Cp

IL

İL = − 1
L

(Vp −RmIL)

where Cp = CpA ‖ CpB.

Choosing the primary state vector as

xp =
[

Vp

IL

]

the system matrices of Equation 5.1 and 5.2 becomes

Ap =

[
0 1

Cp

− 1
L −Rm

L

]
Cp =

[
0 Km

]

Km is the amplification of the measuring equipment i.e. the current ratio of the current
transformer.

5.2.2 The compensation model

The compensation model can be described by the same differential equations as the pri-
mary model by exchanging Vp by Vc and Cp by Cc. By choosing the compensation state
vector as

xc =
[

Vc

IL

]
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the system matrices of Equation 5.1 and 5.2 becomes

Ac =
[

0 1
Cc

− 1
L −Rm

L

]
Cc =

[
0 Km

]

5.2.3 The hybrid model

The hybrid model is obtained by combining the two state vectors xp and xc to

x =

 Vp

Vc

IL


This yields the system matrices

Ap =

 0 0 1
Cp

0 0 0
− 1

L 0 −Rm
L


Ac =

 0 0 0
0 0 1

Cc

0 − 1
L −Rm

L


C =

[
0 0 Km

]

The rule for the use of the A matrices is

• Use Ap when Vc > Vp + threshold, otherwise use Ac

5.2.4 System bandwidth

In order to know the minimum sampling frequency, knowledge of the bandwidth of the sys-
tem is required. Calculation of bandwidth from the definition as the maximum frequency
at which the system output can track an input sinusoid satisfactorily [FPEN94, p.343] is
not possible due to the autonome behaviour of the pulse generator. The bandwidth of the
system is therefore calculated as the bandwidth of the measured output signal. This is
the frequency fbw of the sinusoid having a rise time of tr i.e. the sinusoid which goes from
zero to the maximum amplitude in tr. Calculating the rise time from 0% to 95% of the
maximum amplitude gives
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A sin(2πfbwtr) = 0.95A (5.3)

Using the specification rise time of tr = 3µs in Equation 5.3 yields a bandwidth of the
magnet current pulse of

fbw = 66.5kHz

This is to be regarded as the minimum bandwidth since the pulse generator is designed
with a safety margin and in the event of a primary capacitor failure the bandwidth will
increase together with an amplitude decrease.

To meet the Nyquist criterion the minimum sampling frequency must be

fsmin = 133kHz

A higher sampling frequency than fsmin is preferred to avoid aliasing in the event of
capacitor failure. However a very high sampling frequency is not desirable due to the
increase of noise sensitivity at increasing frequency.

5.3 Fault detection by parameter estimation

The section describes a method of performing the test PG3 of Table 5.3 that gives a more
detailed image of the state of the pulse generator. It suffers however of the disadvantage
of being more complicated.

The method is based on direct parameter estimation [Knu96] of selected parameters of
the pulse generator.

The parameter estimate is based on having a simulation model

ym(k) = F (uN , θ) (5.4)

where ym is the output and F is the simulation function. F is a function of the input
vector uN with N samples and the parameters θ. The model used is the hybrid model of
the pulse generator described in Section 5.2. The hybrid model describes an autonomous
system and has therefore no input so the system response is based on the initial state x0

instead of the input.

Taking a measured signal y, the goal is to minimise the quadratic performance function
V (θ)
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V (θ) =
1

2N

N∑
k=1

ε2(k, θ) (5.5)

where N is the number of samples and the model error ε is

ε(k) = y(k)− ym(k) (5.6)

The parameter estimate θN is the value of θ that minimises the performance function in
Equation 5.5

θN = argθ min V (uN , yN , θ)

The parameter vector θ for the pulse generator is

θ =


Cp

Cc

L
Rm


The model is transformed into a time discrete model using the ZOH transform [FPW90].

The value of θN can for simple systems be found analytically, but for most systems a
numerical solution is needed. To find θN the Gauss-Newton minimisation algorithm is
used, see Appendix D.

In general the model described by Equation 5.4 can be non-linear which results in the
possibility of the performance function, Equation 5.5, having more than one minimum.

It is also not guaranteed that the minimum found by the numerical minimisation algorithm
is the global minimum. In order to avoid this problem the initial parameter vector, θ0,
should be as close to the real parameters as possible. For this application the choice of
initial parameter vector is the nominal values of the components of a working system.

When using a numerical minimisation technique it is not guaranteed that it will be con-
vergent if the initial parameter vector is too far from the parameter vector giving the
minimum value of the performance function. Choosing the initial parameter vector with
the nominal component values, the lack of convergence of the algorithm indicates a fault
either in the pulse generator or the surveillance system.

Since the model is autonomous there is no input and therefore no way of designing the
input to obtain large parameter sensitivity. Large parameter sensitivity is needed in order
to obtain accurate parameter estimates [Knu96, p. 6].
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The sensitivity measure of interest here is the minimum sensitivity Simin of every parame-
ter because it is needed for the calculation of the parameter uncertainty, see Equation 5.8.
The goal is to get these sensitivities as large as possible. There are more sensitivity pa-
rameters, but since input signal design is not possible for this application, they will not
be discussed.

Simin can be calculated from the second derivative of the performance function with respect
to the parameter vector Hrn(θN ). This is the Hessian matrix, see Appendix D, at the
optimal parameter vector with N samples, when relative parameters and normed signals
are used. Simin is [Knu96]

Simin =
√
{H−1

rn (θN )}−1
ii

Relative parameters and normed signals are used in order to be able to compare different
sensitivities. The relative parameter vector θr is

θr = L−1θ (5.7)

where

L = Iθ0

Again the relative parameter vector is most useful when input signal design is possible.

The value of Simin is taken not to be depending on the sampling frequency. Since Hrn

is dependent on the model some dependency on the sampling frequency is expected due
to the discrete time model dependency of sampling frequency. However this dependency,
which is decreasing with frequency, is neglected.

The model is furthermore not linear in the parameters which is why the sensitivity is
expected to be different for different parameter values i.e. the sensitivity is expected to
be different for each capacitor fault scenario.

For a beam dump at full energy the initial state is

x0 =

 −31kV
−0.5kV

0A



and the initial parameter vector is
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θ0 =


1.3µF
4mF

2.73µH
0.02Ω



A simulation of the magnet current assuming a measurement amplification Km = 1
5000 is

shown on Figure 5.3. Using this simulation the sensitivities in Table 5.4 are found.
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Figure 5.3: Simulation of the magnet current for the four different scenarios; 1:Working system, 2:Primary
capacitor broken, 3: Compensation capacitor broken, 4: Primary and compensation capacitor
broken.

Parameter\Scenario 1 2 3 4
Cp 0.616 0.110 0.131 0.121
Cc 0.144 0.0322 0.0737 0.0622
L 0.615 0.0673 0.167 0.0753
Rm 14.0 0.0505 0.0624 0.0597

Table 5.4: Value of Simin for the four different scenarios; 1:Working system, 2:Primary capacitor broken,
3: Compensation capacitor broken, 4: Primary and compensation capacitor broken.

The lowest value of Simin is that of estimating Cc in scenario 2: primary capacitor broken.
In general for all four scenarios the parameter Cc has the lowest sensitivity and is therefore
the parameter most vulnerable to noise and modelling errors.

By extending the model used for parameter estimation to include the diodes described by
the diode equation, detection of partial diode short circuits is possible. It is however not
seen as a feasible possibility due to decrease in sensitivity. The decrease in sensitivity is
caused by the increased number of parameters and their non-linear properties together
with the missing possibility of designing suitable input signals.
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5.3.1 Sampling frequency and resolution requirements

The total relative parameter uncertainty, θ̃ritot, of the ith parameter is in the presence of
quantisation noise, see Appendix A

θ̃ritot =
1

Simin

(
A2−d

yRMS

√
12
√

N
+ εm,RMSn

)
(5.8)

where A is the amplitude range of the ADC and d is the number of bits not counting the
sign bit.

εm,RMSn is the value of the performance function, Equation 5.5, that is due to under
modelling3. Since the topic of this section is sampling frequency and resolution the model
is assumed to be perfect and thus εm,RMSn= 0.

The number of samples N is dependent on the sampling frequency, fs, since the data
acquisition is limited in time to tduration = 100µs. This gives

N = int(fstduration)

where int denotes the operation of truncation to an integer value. Under the assump-
tion that the ADC range is ±10V the total relative parameter uncertainty is shown on
Figure 5.4 for Cc in scenario 2.

Choosing a sample frequency of fs = 200kHz, which is well above the minimum sam-
pling frequency of Section 5.2.4, gives the total relative parameter uncertainty shown on
Figure 5.5

As can be seen from Figure 5.5 the uncertainty by sampling with more than 8 bits and
a sign bit is below 1%. Compared to expectations of uncertainty from other sources
such as component tolerance, see Section 5.3.2, an uncertainty from quantisation of 1% is
considered to be neglectable.

The above considerations are made for a beam dump at full energy, that is with a signal
RMS value = 3.19V for scenario 2. From Equation 5.8 it can be seen that the parameter
uncertainty increases with decrease of signal RMS value. This means that to get the
same parameter uncertainty for low energy beam dumps the precision of the ADC must
be increased. However post mortem data from low energy beam dumps will, as it will be
shown in Section 6.2.3, be considered invalid, requiring a full energy dry run. To conclude,
low energy beam dumps require better ADC precision, but since there will be made no
decision on low energy beam dump post mortem data, the above calculation will be used
as a guideline for choosing ADC precision.

3Under modelling is a term describing the fact, that the model does not complete describe the real
world.
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Figure 5.4: Total relative parameter uncertainty. The plot is made using Simin for Cc in scenario 2:
Primary capacitor broken. This is the smallest value of Simin giving the largest parameter
uncertainty.
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Figure 5.5: Total relative parameter uncertainty, for scenario 2 (primary capacitor broken), at sampling
frequency fs = 200kHz.

5.3.2 Choice of threshold

In this section the thresholds used to declare the pulse generator without faults is calcu-
lated. This calculation is based on the availability of an 8 bit ADC. From Section 5.3.1 it is
known that this ADC precision will give a small but not neglectable parameter uncertainty.

The choice of threshold is made by using the parameter variance which is the sum of the to-
tal parameter uncertainty and the component tolerance. The total parameter uncertainty
are found from the total relative parameter uncertainty by

θ̃itot = Liθ̃ritot

Assuming a component tolerance of±2.5% and deviation due to under modelling of±5% of
the nominal component values, gives the standard deviation of the parameters in Table 5.5
for scenarios 1 and 2.

Parameter\Scenario 1 2
Cp 0.101µF 0.117µF
Cc 0.335mF 0.496mF
L 0.211µH 0.269µH
Rm 2.50mΩ 2.10mΩ

Table 5.5: Standard deviation of the parameter estimates assuming fs = 200kHz, component tolerance
±2.5%, under modelling deviation ±5% and an 8 bit ADC. Scenario 1 is a working system,
scenario 2 is primary capacitor broken.
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Looking specifically to estimating Cp in scenario 2, which is the scenario having the small-
est sensitivities, gives the parameter distribution shown on Figure 5.6
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Figure 5.6: Distribution of the estimation of Cp in scenario 1(working system) and 2(primary capacitor
broken).

Given these distributions a decision threshold, to decide if a fault has happened fulfilling
the requirements to the probability of missing a failure Pm < 10−5 and the probability
of false alarm Pf < 0.36%, can be found. Since there are four parameters used for the
decision, the individual probability of false alarm must be Pf < 0.089%

Selecting a threshold, th, the probability of missing a primary capacitor fault is

Pm = P (Fault and C̃p > th)

where C̃p is the estimated value of Cp. This can be written as

Pm = P (C̃p|Fault > th)P (Fault) (5.9)

The probability of false alarm can in the same way be found as

Pf = P (C̃p|Working < th)P (Working) (5.10)

The probability P (C̃p|Working) is found using the mean and variance of scenario 1 (work-
ing system). The largest parameter variance is from scenario 2 (Primary capacitor broken),
so the variance from this scenario is used to find P (C̃p|Fault).



5.4. TEST OF THE POWER TRIGGER 45

The failure rate of one execution chain is assumed to be 10−4 per hour [BCD+97, chap.
5], which, with a run time of 10 hours, becomes 10−3 per run, thus

P (Fault) = 10−3

P (Working) = 1− P (Fault)

The threshold is found by specifying the value of Pf in Equation 5.10. The value of th
is found by using standard normal distribution tables. Since the failure behaviour of L
and Rm is unknown i.e. the location of the mean is not known, the value of Pf must be
calculated as a two sides value, using Pf

2 instead of Pf .

The threshold values in Table 5.6 indicate the interval in which the parameter value will
be considered as originating from a working system.

Parameter Threshold Pm Pf

Cp > 0.986µF 2.10 · 10−6 0.089%
Cc > 2.69mF 2.62 · 10−5 0.089%
L (2.73 ± 0.703)µH — 0.089%
Rm (20 ± 5.00)mΩ — 0.089%

Table 5.6: Threshold values and probability of missed detection and false alarm. The values are found using
the tables of [Ros87].

Table 5.6 shows that the requirement Pm < 10−5 is not meet for all parameters. To meet
this requirement a better parameter estimate is needed. This is obtainable by using an
ADC with higher precision.

Another way of obtaining better parameter estimates is to improve the model used, so
that parameter uncertainty due to under modelling is decreased. This improvement could
be modelling the transfer between primary and compensation circuit (the dip).

The estimate could also be improved by measuring every component before installation
thereby eliminating the uncertainty due to component tolerance. This measuring could
be done by running the algorithm a number of times on a pulse generator know to be
working and in this way obtain better reference values than the one given by the nominal
component values.

5.4 Test of the power trigger

Analysis of the fault tree for the power trigger shown in Section 4.5, reveals that all failures
except missing input and failure of the 2µs input mono-stable is propagated to the output.

Failure of the primary GTO switch, the primary capacitor and the diodes is detectable
by measuring the maximum amplitude of the output pulse. The power generator must
always deliver so much energy to the trigger transformer that the GTO switches of the
pulse generator can be closed and remain closed for the 90µs duration of the dump. This
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means that the power generator does not have to follow the beam energy and a fixed
threshold test can be used. This test is performed internally in the power trigger, setting
a status bit.

Failure of the compensation GTO, the 500µs mono-stable and the compensation capacitor
is detectable by measuring the pulse length which is done internally setting a status bit.

Every input is separately evaluated and sets a status bit if used.

Failure of the 2µs input mono-stable is not detectable by the internal status generation
available. To be able to detect this fault, verification of the output of the mono-stable is
needed. This could be done by counter circuit like for the output pulse.

The tests needed in addition to the continues surveillance are summarised in Table 5.7.

Test
number

Purpose Test action Sensors

PT1 Test of primary circuit Test maximum output cur-
rent amplitude

Current amplitude
flip-flop

PT2 Test of compensation circuit Test pulse length Pulse length flip-flop

PT3 Test of input signal Verify presence of trigger A
and B and retrigger A and B

Input signal flip-flops

Table 5.7: Additional tests needed to declare the power trigger ready for operation.

These tests have to be performed on both power trigger modules A and B.

5.5 Test of the retrigger system

The retrigger system provides information on the origin of the retrigger and the connection
to retrigger line by current status bits. This information is used to detect pick up faults.

Fault of the retrigger output is detected by test PT3 of the power trigger.

The tests needed in addition to the continues surveillance are summarised in Table 5.8.

Test
number

Purpose Test action Sensors

RT1 Test of pick ups. Verify current from every
pick up

Retrigger status bits

Table 5.8: Additional tests needed to declare the retrigger system ready for operation.

These tests has to be performed on both retrigger A and B.

5.6 Summary

The Not Ready Test can be summarised as in Table 5.9.
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Test
number

Purpose Test action Sensors

PG1 Test of primary GTO’s and
trigger transformers

Test output current of pri-
mary GTO’s

Retrigger status bits

PG2 Test of compensation GTO’s
and trigger transformers
compensation coil

Test output current of com-
pensation GTO’s

Retrigger status bits

PG3 Test of capacitors, compen-
sation diodes and magnet

Test of magnet current be-
low threshold at t ≈ 70µs,
integration or parameter es-
timation

CT1m, CT2m

PT1 Test of primary circuit Test maximum output cur-
rent amplitude

Current amplitude
flip-flop

PT2 Test of compensation circuit Test pulse length Pulse length flip-flop

PT3 Test of input signal Verify presence of trigger A
and B and retrigger A and B

Input signal flip-flops

RT1 Test of pick ups. Verify current from every
pick up

Retrigger status bits

Table 5.9: The not ready test.





Chapter 6

Ready Mode Surveillance

The Ready Mode Surveillance is the module with the responsibility of continuously veri-
fying the functioning of the beam dump kicker system.

6.1 Model of the power supply system

This section describes the mathematical model of the charging of the primary capacitors
of the pulse generator. The model is used for simulating the power supply charging system
and as reference model for the fault detection method described in Section 6.2.

On Figure 6.1 a block diagram of the power supply system charging the primary capacitors
is shown1.

Figure 6.1: Block diagram of the power supply system charging the primary capacitors.

For the modelling the following assumptions are made in respect to the circuit diagram
on Figure 4.1:

• The primary capacitors are charged via the magnet.

• The resistors over the series diodes are much smaller than the resistors over the GTO
switches and are thus considered as short circuits.

1The controller is an open-loop controller to avoid decrease in reliability arising from having the ADC
in the loop.

49
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• The capacitance over the GTO switches are considered small compared to the pri-
mary capacitors i.e. having faster dynamics.

• The Power supply is considered to be a current source with much faster dynamics
than the pulse generator.

Under these assumptions the circuit diagram of the primary charging circuit can be drawn
as shown on Figure 6.2, where R71 is resistance in the power supply connection circuit
and Lm is the inductance of the magnet.

Figure 6.2: Circuit diagram for the charging of the primary capacitor

6.1.1 Model of the primary charging circuit

Choosing the state vector as

xps =
[

Vc

Im

]

where Vc is the voltage over the primary capacitor and Im is the current through the
magnet, gives the equations

V̇c(t) =
1
Cp

Im(t) (6.1)

İm(t) =
1

Lm
(RG(Iin(t)− Im(t))− Vc(t)) (6.2)

where Cp = CpA ‖ CpB and RG = RGTOpA ‖ RGTOpB.

The measured output, y, is the divided voltage over the resistor RG. y is found from

y(t) = RG(Iin(t)− Im(t))Kps (6.3)
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where Kps is the ratio of the measuring voltage divider.

The state space model of the primary charging circuit is

ẋps(t) = Apsxps(t) + BpsIin(t)
y(t) = Cpsxps(t) + DpsIin(t)

where the system matrices are given by Equation 6.1, 6.2 and 6.3 as

Aps =

[
0 1

Cp

− 1
Lm

−RG
Lm

]

Bps =
[

0
RG
Lm

]
Cps =

[
0 −RGKps

]
Dps = RGKps

Using the values of Table 6.1, the locations of the poles and zeros of the second order
system are found to be: Poles at −7.75 · 1013 and 0, Zeros at 3.60 · 10−3 ± 6.20 · 105j.

Parameter Value
Cp 1.3µF
RG 155MΩ
Lm 2µH
Kps

1
5000

Table 6.1: Parameter values used to simulate the primary charging circuit.

The spread of the poles and zeros indicates that a simpler model can be used to describe
the dominant low frequency dynamics. The dominant low frequency dynamics are mainly
due to the primary capacitors, therefore the dynamics of the magnet are neglected. The
circuit diagram resulting of this simplification is shown on Figure 6.3.

Figure 6.3: The resulting circuit diagram of the primary charging circuit after simplification to a first order
system.

The voltage Vc for the simplified circuit is
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Vc(s) =
(

RG ‖ 1
sCp

)
Iin(s)

which can be written as

V̇c(t) = − 1
RGCp

Vc(t) +
1
Cp

Iin(t) (6.4)

y(t) = KpsVc(t) (6.5)

Equation 6.4 of the simplified system can also be found by letting Lm → 0 in Equation 6.2.

The simplified system matrices becomes

Aps = − 1
RGCP

Bps =
1
Cp

Cps = Kps

Dps = 0

6.1.2 Model of the power supply

The power supply is a assumed to be a current source with a current limit.

Furthermore the power supply has an internal feedback of the power supply output voltage.
Assuming that R71 is much smaller than RG the power supply output voltage is equal to
Vc and the internal feedback can be simulated using Vc.

Taking the above into consideration the power supply can be modelled by Equation 6.6.

Iin(t) = sat
Imax−Vc(t)

RG

−Vc(t)
RG

(
Vps(t)− Vc(t)

Rps + R71
+

Vc(t)
RG

)
(6.6)

where sathigh
low (·) describes the function of saturating the variable to be within the interval

given by low and high.

The addition of Vc(t)
RG

is done to eliminate steady state error on Vc due to current through
RG.

Vps is found from the output of the DAC, VD, as
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Vps = Kps,inVD

The value of Kps,in is assumed to be 5000.

The value of Rps is used to adjust the tracking properties of the simulated power supply
to match those of the real power supply. In the simulation the following value is used

Rps + R71 = 1MΩ

6.1.3 Model of the ADC and DAC

The ADC and DAC are modelled in the same way although they serve two different
purposes. The model used for the ADC/DAC is shown on Figure 6.4

Figure 6.4: Model of the ADC and DAC.

The input is saturated to the maximum voltage/number of the ADC/DAC and then
quantised.

6.1.4 System bandwidth

Knowledge of the system bandwidth is needed to be able to determine the sampling
frequency to be used by the power supply system surveillance.

Combining the model of the primary charging circuit and the power supply model into
the linear model described by

Acl = Aps + Bps
Rps + R71 −RG

RG(Rps + R71)
= − 1

RGCp
+

Rps + R71 −RG

CpRG(Rps + R71)

Bcl = Bps
Kps,in

Rps + R71
=

Kps,in

Cp(Rps + R71)

Ccl = Cps + Dps
Rps + R71 −RG

RG(Rps + R71)
= Kps

Dcl = Dps
Kps,in

Rps + R71
= 0

gives the system bandwidth
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fbw = 0.769Hz

The minimum sample frequency is thus 1.54Hz.

6.1.5 Modelling of faults

This section describes the modelling of the effects of the faults found by the fault analysis
described in Chapter 4. These faults are arranged in two fault vectors; fcontroller for the
controller and fpcharge for the primary charging circuit. The fault vectors are:

fController =


DAC not reset
DAC broken
ADC not reset
ADC broken


1
2
3
4

and

fpcharge =



Voltage divider: Output short circuit to input
Voltage divider: Output connection broken
Voltage divider: Output short circuit to ground
RGTOpA: Short circuit
RGTOpA: Open circuit
CpA: Input connection broken
CpA: Short circuit
RGTOpB: Short circuit
RGTOpB: Open circuit
CpB : Input connection broken
CpB : Short circuit
Manual safety switch closed
Electrical safety switch closed
Power supply failure



1
2
3
4
5
6
7
8
9
10
11
12
13
14

To have both poles of the capacitors short circuited to ground, the manual safety switch
consists of two separate switches, but since the effect of closing a switch is the same for
both switches, they are considered as the same fault.

The faults in fpcharge behave in a binary manner so the values in the fault vector can be
described by a unit step function.

The DAC broken and ADC broken faults are modelled by setting the output to a random
value within the amplitude range .
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The ADC not reset and DAC not reset faults results in an unchanged output, which is
modelled by setting the output to its last value.

The fault effects of fpcharge are modelled with the assumptions:

• RGTO short circuit is similar to one resistor in the stack short circuiting thus a
resistance decrease by 10%.

• RGTO open circuit will increase the voltage over the GTO switch leading to short
circuit of the switch. Therefore RGTO open circuit has the same effect as RGTO

short circuit.

• If one capacitor is short circuited the other is short circuited immediately afterwards.

• Closing the manual safety switch is simulated by connecting the capacitors to ground
by a 1mΩ resistor.

• Short circuiting the capacitors corresponds to a very fast discharge simulated in the
same way as closing the manual safety switch.

• The resistance of R61p (The resistor used for discharging the capacitors when the
electrical safety switch is closed) is much smaller than RG.

Including the faults the primary charging model is

ẋps(t) = (Aps + ∆Aps(t))xps(t) + (Bps + ∆Bps(t))Iin(t)
y(t) = (Cps + ∆Cps(t))xps(t) + (Dps + ∆Dps(t))Iin(t)

Looking at the relative fault effect the elements of ∆Aps(t) can be described as

∆Aps,ij = Aps,ijFA,ijfpcharge(t)

where FA,ij is the fault entry matrix for element ij. The elements of ∆Bps, ∆Cps and
∆Dps are described in the same way.

The fault entry matrices are found by solving Equation 6.7 for the kth failure of fpcharge.

Aps,ij(1 + FA,ij,kfpcharge,k(t)) = Afail,ij,k (6.7)

Solving Equation 6.7 gives the elements of the fault entry matrices as in Table 6.2, see
Appendix B
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Index FA,1 FB,1 FC,1

1 0 0 1−Kps

Kps

2;3 0 0 -1
4;5;8;9 1.9

1.8 − 1 0 0
6;10 1 1 0
7;11;12 RG

1mΩ − 1 0 0
13 RG

R61p
− 1 0 0

14 0 -1 0

Table 6.2: Elements in the fault entry matrices.

6.2 Surveillance of the power supply system

In this section the continues surveillance of the power supply system charging the primary
capacitors of the pulse generator is described.

The power supply system charging the compensation capacitors is not described since the
surveillance of the charging of the compensation capacitors is similar to the surveillance
of the charging of the primary capacitors.

The compensation charging circuit can be described by the circuit diagram on Figure 6.3
with RG = ∞. From this it can be seen that the compensation charging model can be
found from the primary charging model, by letting RG → ∞ and using the capacitor
values from the compensation circuit.

There is however a difference in the fault model since the RGTO faults are not existing for
the compensation circuit.

The structure of the power supply system surveillance is shown on Figure 6.5

Figure 6.5: Structure of the surveillance of the power supply system.

The reference signal is the voltage corresponding to the actual beam energy. This signal
is modulated so that it is possible, at a constant beam energy, to detect faults in the
dynamics of the power supply system, e.g. capacitor faults. The modulation furthermore
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makes it possible to detect faults of the ADC and DAC since the value of the ADC and
DAC will never be the same between two samples.

The estimation of the measurement is done using the model described in Section 6.1.

The sample frequency of the power supply system surveillance is chosen to be 2Hz, which
is above the minimum sample frequency of 1.54Hz.

With this assumption the error e = y − ŷ can be found as, see Appendix C

e(s) = y(s)− ŷ(s) = He(s)f(s) + η

where η is the quantisation noise, f is a given fault and He is the fault to error transfer
function at a given time. This transfer function is time-varying because it is not possible
to define an operating point before the beam has reached maximum energy, which will
happen 25 minutes after the start of acceleration[CLR99, Fig. 7].

Using an operating described by VC0 and VD0 the transfer function He is for the ith fault,
see Appendix C

He,i(s) =
Kps

(
− VC0

RGCp
FA,1,i + 1

(Rps+R71)RGCp
((Rps + R71 −RG)VC0 + RGKps,inVD0)FB,1,i

)
s + 1

(Rps+R71)CP

+

KpsVC0FC,1,i (6.8)

Using an operating point corresponding to maximum energy gives the transfer functions
in Table 6.3 for the faults in fpcharge.

Index He(s) Time constant
1 31 · 103 —
2;3 −6.20 —

4;5;8;9 −1,71·10−3

s+0.769 1.3s

6;10 0 —

7;11;12 −2.38·103

s+0.769 1.3s

14 −0.465
s+0.769 1.3s

16 −6.20
202s+1 202s

Table 6.3: Error transfer functions for the faults in fpcharge at the operating point VC0 = 31kV and VD0 =
6.2V .

Equation 6.8 can not be used to calculate He,16 for the power supply fault, since this
faults breaks the closed loop of the internal power supply feedback. The error signal for
the power supply fault is described by the natural discharge of the primary capacitors so
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He,16 = − Kps ∗ VC0

RGCps + 1

Since the faults of fpcharge can be described as step functions, it is seen from the error
transfer functions in Table 6.3, having non-zero DC gain, that all except the capacitor
input broken faults, index 6 and 10, will give a change of mean value of the error signal.

The capacitor input broken faults halves the capacitance of the charging circuit. This
means that the damping of input noise in the charging circuit is reduced leading to an
increase of error signal variance.

From Table 6.3 it is seen that the faults of fpcharge giving the smallest mean value change
is the RGTO faults, index 4,5,8 and 9.

From Equation 6.8 it can be seen that the DC gain and thus the error signal increases in
amplitude with increasing operating point i.e. capacitor voltage.

The ADC not reset fault changes the measured value to a constant giving the error signal

e(s) = k −Hy(s)Iin(s)

The DAC not reset fault changes the power supply input to a constant giving the error
signal

e(s) = Hy(s)(k − Iin(s)) + ηA

ηA is the quantisation noise from the ADC.

The ADC broken fault changes the mean of the measurement to zero and increases the
variance to (2AA)2

12 , where AA is the amplitude range of the ADC. The error signal is thus

e(s) = ηf −Hy(s)Iin(s) , ηf ∼ UID(0,
(2AA)2

12
)

The DAC broken fault changes the mean of the input to the power supply to zero and
variance to (2AD)2

12 , where AD is the amplitude range of the DAC. However due to the
lower limit of Iin negative voltage reference will have no effect. The error signal is then

e(s) = Hy(s)(ηf − Iin(s)) , ηf ∼ UID(
AD

2
,
A2

D

12
)

From the above it is concluded that the ADC not reset and DAC not reset faults has the
smallest effect of the faults in fcontroller.
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6.2.1 Residual Generation

The error signal is filtered through a bank of two filters turning it into two residuals2

having the properties of being sensitive to either the mean value or the variance of the
error signal.

Since the mean value of the error signal changes in steps, the residual rm sensitive to mean
changes must be sensitive to DC changes. To detect the power supply fault within 2s,
rm must be sensitive to error signals with a time constant of 202s. The remaining faults,
giving mean change, have a time constant below 2s which means that they will reach the
DC level faster than the power supply fault. rm is found by low pass filtering the error
signal with a filter cut off frequency of 6mHz.

The residual rv sensitive to variance is found by high pass filtering the error signal removing
the mean of the signal. To be non-sensitive to the faults giving mean change, the cut off
frequency must be so high that rv is not sensitive to signals with a time constant of 1.3s.
The cut off frequency for the high pass filter is 0.8Hz.

The amplitude response of the used filters are shown on Figure 6.6
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Figure 6.6: Amplitude response of the residual generation filters. The filters used are 32th order FIR filters.

6.2.2 Fault detection

To meet the the time to detect < 2s requirement it is chosen to test for faults every 2s.
With an envisaged run time of 10 hours the probability of missed detection, Pm, and
probability of false alarm, Pf , requirements becomes, per test

Pf,test = 2.0 · 10−7

Pm,test = 5.6 · 10−10

2Residuals are signals, that carry information of the systems operational conditions[Bla97]
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Using the same values as in Section 5.3.2 for the working system probability per run and
failed system probability per run, gives the probabilities per test

P (Fault) = 5.6 · 10−8

P (Working) = 1− P (Fault)

Detection of mean change

The detection of mean change is performed by testing the hypothesis

H0 : µrm = 0
H1 : µrm 6= 0

When H0 is accepted the system is decided to be fault free and when H1 is accepted then
it is decided that the system has a fault.

To detect changes of mean the WSSR method is used. The WSSR approach uses the
sum of the squared residual for a number of samples, the observation window, to test the
hypothesis H0 against H1[Bla97]. When the residual is normally distributed the sum of
the squared samples will follow a χ2 distribution.

The WSSR test is performed by making the sum M

M =
k∑

i=k−1−N

1
σ2

rm

rm(i)2

where k is the current sample, N is the observation window size and σ2
rm the variance of

the residual. M is only calculated for each N samples i.e. the observation windows do not
overlap.

With a threshold value th the following rules are applied:

Accept H0 if M ≤ th
Reject H0 if M > th

The use of σ2
rm to normalise the sum makes it possible to use standard χ2 tables to

determine the value of th. Using the same approach as in Section 5.3.2 to calculate Pm

and Pf yields the following requirements to M

P (M |Fault < th) < 1 · 10−2 (6.9)
P (M |Working > th) < 2 · 10−7 (6.10)
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Detection of variance change

The detection of variance change is done by testing the hypothesis

H0 : σ2
rv = σ2

0

H1 : σ2
rv 6= σ2

0

σ2
0 is the variance for the residual when there is not faults existing.

Assuming that the residual is ergodic, the sample variance S2 for the observation window
with length N is

S2 =
k∑

i=k−1−N

(rv(i)− r̄v)2

N − 1

where r̄v is the estimated mean value of the residual. The mean value of rv is zero, because
of the residual generation high pass filter.

Since V = (N−1)S2

σ2
0

follows a χ2 distribution [Ros87], the following rules are applied

Accept H0 if thlow < V < thhigh

Reject H0 otherwise

The threshold values thlow and thhigh are found using standard χ2 tables.

The calculation of V can be simplified to

V =
k∑

i=k−1−N

1
σ2

0

rv(i)2

which makes the calculation of V equal to the calculation of M , which as for M is only
calculated for each N samples.

The following requirements to V can be found

P (thlow < V |Fault < thhigh) < 1 · 10−2 (6.11)
P (V|Working < thlow or V |Working > thhigh) < 2 · 10−7 (6.12)
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6.2.3 Determination of the modulation signal

A deviation of 2% is allowed between the tracking reference and the capacitor voltage.
This deviation determines the maximum modulation amplitude.

The modulation signal must be so that the following is fulfilled:

• The error signal is time invariant i.e. independent of the reference signal for the
fault free case.

• Sufficient signal separation between the non-failed and failed residuals to meet the
requirements given by Equation 6.9, 6.10, 6.11 and 6.12.

• No possibility of correlation between the modulation of the 14 execution chains, to
avoid the modulation having effect on the beam deflection.

To be able to make the non-failed error signal time invariant the modulation must be such
that the error made by quantisation does not significantly depend on the reference signal.
This excludes the use of signals who, when quantised in time fall into a limited number of
discrete values3.

A signal fitting the above is a uniform white noise signal generated by different seeds for
each execution chain.

Modulation amplitude

The minimum modulation amplitude is the amplitude that makes the quantisation noise,
and thus the error signal, independent of the reference.

With a white noise modulation the minimum amplitude, Am of the modulation is

Am >
qD

2

where qD is the DAC quantisation step.

Under the assumption that the modulation signal and the DAC noise are white and inde-
pendent the autocorrelation function, Rw, of the input noise can be calculated as

Rw = σ2
m + σ2

D

where σm is the standard deviation of the modulation signal and σD is the standard
deviation of the DAC noise.

3This excludes such signals as square wave and PRBS.
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With uniform distributed white noise Rw is

Rw =
(2Am)2

12
+

q2
D

12
>

q2
D

12
+

q2
D

12

The effect of the input noise on the measured value before it is quantised by the ADC can
be found by solving the matrix equations [FPW90]

Rx = ΦRxΦT + ΓRwΓT (6.13)

and

Ry = CRxCT + DRwDT (6.14)

where Φ, Γ, C and D is the discrete time equivalents of the system matrices for the
combined power supply and charging circuit models described in Section 6.1.4.

The maximum value of Ry is found by the 2% maximum deviation as

√
Ry < 0.02 · Injection voltage

Assuming that the capacitor voltage rises linearly with the beam energy, the injection
voltage is

Injection voltage =
Maximum voltage

15.6
=

31kV

15.6
≈ 2kV

To make the noise from the ADC independent of the reference, the following requirement
to the precision of the ADC can be made, under the assumption that the effect of the
DAC noise and modulation on the measurement is white

√
Ry >

qA

2

where qA is the ADC quantisation step. The minimum number of bits, dA, in the ADC,
not counting the sign bit, is then

dA > −
ln

(
2
√

Ry

AA

)
ln(2)
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where AA is the amplitude range of the ADC.

The following calculation is made under the assumption that the ADC amplitude range
is AA = ±10V and the DAC amplitude range is AD = ±10V .

Calculating different values for Rw, corresponding to different DAC precisions, and solving
Equation 6.134 and 6.14 gives the minimum modulation amplitudes and ADC precisions
shown on Figure 6.7.
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Figure 6.7: Precisions of the DAC with corresponding minimum modulation amplitudes and ADC preci-
sions, giving a capacitor voltage deviation below 2% of injection voltage.

A modulation amplitude above the 2 % deviation limit (0.008) is not a good choice due to
the non-linearity of the system given by faster charging than discharging of the capacitors.
Following Figure 6.7 a DAC with 10 bits and a sign bit is chosen. This means an ADC with
12 bits and a sign bit and a modulation amplitude of 0.005 (1.3% of injection voltage).

On Figure 6.8 it can be seen that the there is no significant change in the mean value or
variance of the residuals during the ramp and when the ramp is finished. From this it is
concluded that the error signal can be assumed time invariant.

When the residuals are ergodic, the value of σ2 used to normalise the WSSR sums can be
found as the sample variance of the residuals obtained with no faults present.

Using the tables of [Ros87] it can be seen that the upper thresholds, th and thhigh, must
be � 14.9 and the lower threshold thlow � 0.007 to meet the requirement for false alarm,
given by Equation 6.10 and 6.12, for an observation window length of 4 samples.

It can be seen on Figure 6.8 that the requirement to missed detection, given by Equation 6.9
and 6.11, can not be met by the minimum setup of ADC, DAC and modulation amplitude.

4Equation 6.13 is solved using the Matlab command dlyap.
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Figure 6.8: Simulation showing the ready mode fault detection signals. The simulation uses a modulation
signal with amplitude 1.3% of injection voltage, 12 bit ADC precision and 10 bit DAC precision.
A RGTO fault occurs at 2000s, showing to little signal separation.
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Further simulation with the maximum capacitor voltage, shows that the requirements
to Pm and Pf can be meet with a DAC precision with 13 bits and a sign bit. The
corresponding ADC precision is 15 bits and a sign bit. The modulation amplitude is 0.3%
of injection voltage.

Figure 6.9 shows that it is possible, for the capacitor input connection broken fault, de-
tected by variance change, to meet the Pm and Pf requirements.
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Figure 6.9: WSSR sums at maximum voltage with 13 bits DAC precision, 15 bits ADC precision and
modulation amplitude 2% of injection voltage. A capacitor input connection broken fault occurs
at 2000s, showing signal separation.

From the WSSR sums on Figure 6.10 it can be seen that the Pm requirement can not be
met at injection voltage for the faults of fpcharge.

From this it is concluded that dry runs have to be performed at maximum voltage and
that post mortem data, from the ready mode surveillance, from low energy beam dumps
must be considered invalid.

Verification with the faults of fcontroller shows that the requirements can be met for the
faults of the controller, see Figure 6.11

6.2.4 Simulation Results

This section gives the time to detect faults with the modulation amplitude, DAC size and
ADC size found in Section 6.2.3.

The following thresholds are used:

th = 70
thhigh = 70
thlow = 0.001
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Figure 6.10: WSSR sums with 13 bits DAC precision, 15 bits ADC precision bits and modulation amplitude
2% of injection voltage. A RGTO fault occur at 2000s, showing insufficient signal separation
at injection energy.
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Figure 6.11: WSSR sums with 13 bits DAC precision, 15 bits ADC precision and modulation amplitude 2%
of injection voltage. Faults occur at 2000s verifying the signal separation.
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The fault detection times are given for the three different cases:

1. Fault present before start-up

2. Fault occurs during ramping. Fault occurrence moment = 500s

3. Fault occurs at maximum energy. Fault occurrence moment = 2000s

The fault detection times are given in Table 6.4:

Fault Case 1 Case 2 Case 3
DAC not reset 18.0s 6.4s 6.0s
DAC broken 18.0s 2.2s 2.0s
ADC not reset 18.0s 4.0s 7.0s
ADC broken 18.0s 2.0s 2.0s
Voltage divider: Output short circuit to input 18.0s 2.0s 2.0s
Voltage divider: Output connection broken 18.0s 2.0s 2.0s
Voltage divider: Output short circuit to ground 18.0s 2.0s 2.0s
RGTOpA: Short circuit 79.6s 9.4s 6.8s
RGTOpA: Open circuit 70.8s 9.8s 7.0s
CpA: Input connection broken 18.0s 5.8s 9.2s
CpA: Short circuit 18.0s 2.0s 2.0s
RGTOpB: Short circuit 77.4s 9.4s 6.8s
RGTOpB: Open circuit 90.8s 6.2s 7.0s
CpB : Input connection broken 18.0s 6.2s 9.2s
CpB : Short circuit 18.0s 2.0s 2.0s
Manual safety switch closed 18.0s 2.0s 2.0s
Electrical safety switch closed 18.0s 2.0s 2.0s
Power supply failure 18.0s 3.6s 2.0s

Table 6.4: Mean fault detection times for 10 simulations.

Detection times larger than 16s in case 1 is due to the fact the fault detectors are not
started until after 16s to allow the residual generation filters to initialise.

Table 6.4 shows that the time to detect requirement can not be meet. To meet the
requirements better precision of the DAC and ADC is needed in order to detect smaller
changes.

6.3 Surveillance of the power trigger and retrigger

The only effect detectable in the ready mode for the power trigger is the capacitors not
being charged.

The power trigger operates at a constant voltage independent of the beam energy. Fur-
thermore there are no interconnections between the two redundant power triggers so the
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test of the power trigger can be done by verifying the capacitor voltage. This is done by
verifying the four status bits for the voltages: 15V , 48V , 150V and 2.7kV .

The only possible fault to detect in the ready mode for the retrigger is retrigger cable
break. The status of the retrigger cable is given as a status bit on the stand-by signal.

6.4 Summary

The ready mode surveillance is summarised by subsystem in Table 6.5

Subsystem Surveillance Purpose sensors
Pulse generator Analytic redundancy on

power supply system
Verify charging of ca-
pacitors

Voltage dividers
DV1pA and DV1cA
or DV1pB and
DV1cB

Power trigger Status of power supply
connected

Verify voltage on ca-
pacitors and input
logic.

Power trigger status
bits

Retrigger Verification of stand-by
signal

check for cable break Retrigger cable sta-
tus bit

Table 6.5: The ready mode surveillance by subsystem.





Chapter 7

Conclusion

In this report a proposal for the fault detection part of the beam dump kicker system
surveillance system is made.

The proposal consists of two major parts: The Not Ready Test and the Ready Mode
Surveillance.

The Not Ready test verifies that the are no faults in the beam dump kicker system prior to
beam injection. The test comprises verification of a number of hardware generated status
bits and a parameter estimation based on the sensitivity approach.

The minimum setup for the analog data acquisition needed to perform the parameter
estimation is found to be an 8 bit ADC sampling at 133kHz.

A simulation with an 8 bit ADC sampling at 200kHz shows that this setup does not
provide enough difference between failed and non-failed estimates to meet the requirements
of missed detection probability and false alarm probability.

In order to meet the requirements it is proposed to increase the ADC precision, improve the
model used for the parameterisation or improve the knowledge of the installed component
values.

The Ready Mode Surveillance monitors the subsystems who are active before the beam is
dumped.

On subsystems not required to track the beam energy the fault detection is done by
hardware generated status bits.

On the pulse generator, the only subsystem required to track the beam energy, the fault
detection is done by analytical redundancy. Since the beam energy is constant for a long
time, the tracking reference is modulated by a white noise signal making fault detection
of dynamic components possible.

At an upper modulation limit of 2% of the voltage corresponding to injection energy the
minimum setup for the surveillance system is an 15 bit (excl. sign bit) ADC and a 13 bit
(excl. sign bit) DAC, both sampling at 1.54Hz.
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Simulations with the minimum ADC and DAC setup, sampling at 2Hz, shows that the
requirements to missed detection probability and false alarm probability can be meet at
maximum energy, but not at injection energy.

The time to detect requirement is not met and it is proposed to increase the ADC and
DAC precision to meet the requirement.
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Appendix A

Calculation of parameter
uncertainty

In this appendix calculation of parameter uncertainty of the direct parameter estimation
method, due to quantisation noise, is described.

The model error used in the performance function, Equation 5.5, is

ε(k, θ) = y(k)− ym(k, θ)

When quantisation noise from A/D conversion is present the model error can be described
as

ε(k, θ) = y(k) + η − ym(k, θ) , η ∼ UID(0,
q2

12
)

where η is the noise from the quantisation. Under the assumptions that the input signal
changes several quanta between each sample, the quantisation noise can be modelled by
a uniform white noise process with mean 0 and variance q2

12 [FPW90, Chap. 7]. q is the
quantisation step. The assumption that the input signal changes several quanta between
each sample holds for the primary model, since this is used during the rise-time of the pulse,
but the assumption does not hold for the flat top which is maintained by the compensation
circuit. Here some correlation between the samples could be expected, but this effect is
neglected.

The model error can be split into three parts [Knu96]:

ε(k, θ) = εx(k) + εm(k) + εp(k, θ)

where εx is due to to noise, εm is due to under modelling and εp is due to the parameter
vector θ being different from the optimal value.
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By inspection

εx(k) = η

When ε is linearised around θ = θN , where θN is the optimal parameter vector with N
samples, the three parts of the model error are independent [Knu96].

The estimated relative parameter spread due to noise, of the ith parameter, is under the
assumption that εx is white and normal distributed [Knu96]

σr,θi ≈ εx,RMSn

Simin

1√
N

(A.1)

where Simin is the minimum sensitivity of the ith parameter.

εx,RMSn is the normed RMS value of εx and is found by [Knu96]

εx,RMSn = y−1
RMSεx,RMS

where

yRMS =

√√√√ 1
N

N∑
k=1

y2(k)

The RMS value of εx is

εx,RMS =

√√√√ 1
N

N∑
k=1

η2(k) (A.2)

Using the fact that µη = 0 and assuming η is ergodic and N is large Equation A.2 becomes

εx,RMS ≈ S

where S is the sample standard deviation.

Since S ≈ ση
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εx,RMS ≈ ση

where

ση =

√
q2

12

q is the quantisation step and can be found from

q = A2−d

where A is the amplitude range of the ADC and d is the number of bits not counting the
sign bit.

Using the central limit theorem εx,RMS approximates a normal distribution for large N
[Ros87]. This is the case since εx,RMS is found from a sum of identically distributed
independent random variables. The variables are independent due to the white noise
assumption.

This makes it possible to use εx,RMSn in Equation A.1, giving the relative parameter
spread as

σr,θi ≈ A2−d

SiminyRMS

√
12
√

N
(A.3)

The total relative parameter uncertainty θ̃ritot is [Knu96]

θ̃ritot = σr,θi + θ̃ri (A.4)

where θ̃ri is the relative parameter error due to under modelling. θ̃ri has its maximum
value at [Knu96]

θ̃rimax =
εm,RMSn

Simin
(A.5)

Using Equation A.3 and A.5 in Equation A.4 gives the total relative parameter uncertainty
as

θ̃ritot =
1

Simin

(
A2−d

yRMS

√
12
√

N
+ εm,RMSn

)





Appendix B

Calculation of fault matrices

This appendix describes the reasoning behind the element values of the fault matrices for
the power supply system charging the primary capacitors.

Faults of the voltage divider is modelled as output failure and does therefore determine
the elements of FC,1.

Short circuiting the input and output means that there will be no division of the voltage
which is equal to Cps being 1, thus

FC,1,1 =
1−Kps

Kps

Short circuit of the output to ground or a broken output connection leads to the measured
voltage being zero. This can be described as a change of -100%, so

FC,1,2 = FC,1,3 = −1

The rest of the faults are modelled as acting on the system dynamics and does as such
determine the elements of FA,1 and FB,1.

A short circuit across one of the resistors in the stack over the GTO switches gives a
decrease of resistance of the stack of 10%. The resulting change of resistance of the A
stack is (change of resistance of the B stack has the same result)

RGfail = 0.9RGTOpA ‖ RGTOpB =
1.8
1.9

RG

so

FA,1,4 = FA,1,9 =
1.9
1.8

− 1
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If one of the resistors becomes an open circuit the corresponding GTO switch will be
damaged due to a too large stand by voltage and become a short circuit. This results
in the resistor open circuit fault having the same effect as the resistor short circuit fault,
thus

FA,1,5 = FA,1,10 =
1.9
1.8

− 1

Breaking one of the capacitor input connections corresponds to halving the capacitance,
thus

FA,1,6 = FA,1,10 = 1

and

FB,1,6 = FB,1,10 = 1

Short circuit of the capacitor and closing the manual safety switch gives a very fast dis-
charge, simulated by having the capacitor connected to ground by a 1mΩ resistor, thus

FA,1,7 = FA,1,17 = FA,1,12 =
RG

1mΩ
− 1

Closing the electrical safety switch discharges the capacitor through the resistor R61p so

FA,1,13 =
RG

R61p
− 1

Power supply failure is modelled by cutting of the input giving Bps = 0 which is equal to
a parameter change of -100% thus

FB,1,14 = −1



Appendix C

Calculation of error transfer
function

In this appendix the fault to error signal transfer function used in the Ready Mode Surveil-
lance is found.

Assuming a good model fit, the estimated measurement, ŷ, is

ŷ(s) = Hy(s)VD(s)

Since there are no external disturbance, such as load fluctuations, the measured value, y,
is for a given fault f

y(s) = Hy(s)VD(s) + He(s)f(s) + η

where η is the quantisation noise.

The error signal, e, is

e(s) = y(s)− ŷ(s) = He(s)f(s) + η

To find He the fault model from Section 6.1.5 is combined with the power supply model,
without quantisation noise, to
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ẋps(t) =
(
Aps + ∆Aps(t) + (Bps + ∆Bps(t))

Rps + R71 −RG

RG(Rps + R71)

)
xps(t) +

(Bps + ∆Bps(t))
Kps,in

Rps + R71
VD(t)

y(t) =
(
Cps + ∆Cps(t)− (Dps −∆Dps(t))

Rps + R71 −RG

RG(Rps + R71)

)
xps(t) +

(Dps + ∆Dps(t))
Kps,in

Rps + R71
VD(t)

The fault effect is described, without element indexes to simplify notation, for the first
order power supply charging system by

∆Aps(t) = ApsFAf(t)

and so forth for the other fault matrices.

Linearising around an operation point, described by xps0 and VD0, for a given fault at a
given time yields

ẋps(t) =
(
Aps + Bps

Rps + R71 −RG

RG(Rps + R71)

)
xps(t) + Bps

Kps,in

Rps + R71
VD(t) +((

ApsFA + BpsFB
Rps + R71 −RG

RG(Rps + R71)

)
xps0 + BpsFB

Kps,in

Rps + R71
VD0

)
f(t)

yps(t) =
(
Cps + Dps

Rps + R71 −RG

RG(Rps + R71)

)
xps(t) + Dps

Kps,in

Rps + R71
VD(t) +((

CpsFC + Dps
Rps + R71 −RG

RG(Rps + R71)

)
xps0 + DpsFD

Kps,in

Rps + R71
VD0

)
f(t)

The transfer function He can now be found as

He(s) =
(
Cps + Dps

Rps + R71 −RG

RG(Rps + R71)

)(
s−Aps + Bps

Rps + R71 −RG

RG(Rps + R71)

)−1

·(
ApsFAxps0 + BpsFB

(
Rps + R71 −RG

RG(Rps + R71)
xps0 +

Kps,in

Rps + R71
VD0

))
+

CpsFC + DpsFD

(
Rps + R71 −RG

RG(Rps + R71)
xps0 +

Kps,in

Rps + R71
VD0

)

which can be rewritten, for the ith fault, to
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He,i(s) =
Kps

(
− VC0

RGCp
FA,1,i + 1

(Rps+R71)RGCp
((Rps + R71 −RG)VC0 + RGKps,inVD0)FB,1,i

)
s + 1

(Rps+R71)CP

+

KpsVC0FC,1,i





Appendix D

The Gauss-Newton minimisation
algorithm

This appendix describes the Gauss-Newton algorithm for finding a local minimum of a
performance function V (θ). The performance function used in the context of system-
identification or parameter estimation is

V (θ) =
1

2N

N∑
k=1

ε2(k)

where ε is the difference between the wanted value y and the value ym calculated with the
parameter vector θ, that is

ε(k) = y(k)− ym(k, θ)

The Gauss-Newton algorithm consists of the steps [Knu93]:

1. Calculate V (θi), the gradient G(θi) and the Hessian matrix H(θi).

2. Try updating by

θi+1 = θi − (H(θi) + δI)−1G(θi)

Calculate V (θi+1)

3. Test update. If V (θi) < V (θi+1) then δ = 1
2δ else δ = 2δ and go to 2

4. Test convergence. If max(θi+1 − θi) < κ then θ = θi+1 and stop the iteration else
i = i + 1 and go to 1
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The algorithm is also stopped indicating non-convergence if δ becomes smaller than a
predefined limit.

In the Gauss-Newton algorithm the gradient and the Hessian is calculated by the model
gradient

Ψ(k, θ) =
∂ym(k, θ)

∂θ

The gradient is

G =
∂V (θ)

∂θ
=

1
N

N∑
k=1

Ψ(k)ε(k)

and the Hessian is

H =
∂2V (θ)
∂θ∂θT

=
1
N

N∑
k=1

Ψ(k)ΨT (k)

The model gradient Ψ can be found by numerical differentiation. The jth element Ψj is
calculated by giving the jth parameter a small deviation ∆θj = dθj where d is a small
value e.g. 10−3 [Knu96]. The jth element is then

Ψj(k) ≈ ∆ym(k, θj)
∆θj

=
ym(k, θj + ∆θj)− ym(k, θj)

∆θj



Appendix E

Fault trees

This appendix shows the fault trees generated by the component fault tree analysis. Only
fault trees for the pulse generator, retrigger and power supply system are given, the fault
tree for the power trigger is available in Section 4.5

Figure E.1: Fault tree for the pulse generator page 1
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Figure E.2: Fault tree for the pulse generator page 3
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Figure E.3: Fault tree for the pulse generator page 4
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Figure E.4: Fault tree for the pulse generator page 5

Figure E.5: Fault tree for the pulse generator page 6
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Figure E.6: Fault tree for the pulse generator page 7

Figure E.7: Fault tree for the pulse generator page 8
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Figure E.8: Fault tree for the pulse generator page 9

Figure E.9: Fault tree for the pulse generator page 10
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Figure E.10: Fault tree for the pulse generator page 11

Figure E.11: Fault tree for the pulse generator page 12
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Figure E.12: Fault tree for the pulse generator page 13

Figure E.13: Fault tree for the pulse generator page 14
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Figure E.14: Fault tree for the retrigger page 1

Figure E.15: Fault tree for the power supply system page 1
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Figure E.16: Fault tree for the power supply system page 2
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Figure E.17: Fault tree for the power supply system page 3


