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Introduction

At the Fermi National Accelerator Laboratory (Fermilab), a government funded na-
tional laboratory located near Chicago, IL, USA, particle accelerator based high-energy

physics is explored.




This thesis activity was supported and entirely accomplished at Fermilab, in the In-

strumentation Department of the Accelerator Division.

The thesis topic, digital signal processing and generation for a DC current transformer,
focuses on the most fundamental beam diagnostics in the field of particle accelerators,
the measurement of the beam intensity, or beam current. The technology of a DC current
transformer (DCCT) is well known, and used in many areas, including particle accelerator
beam instrumentation, as non-invasive (shunt-free) method to monitor the DC current in
a conducting wire, or in our case, the current of charged particles travelling inside an
evacuated metal pipe. So far, custom and commercial DCCTs are entirely based on analog
technologies and signal processing, which makes them inflexible, sensitive to component

aging, and difficult to maintain and calibrate.

The DCCT presented in this thesis is a new approach to minimize the use of analog
technologies, and based the signal processing and generation of a DCCT system on digital
technologies. This also was motivated by the fact, that the Fermilab in-house developed
DCCT from 25 years ago (Bob Webber) now lacks in the availability of replacement

electronics parts.

This DCCT is quite different from our previous analog-based system; it also differs
from commercial DCCTs, e.g. made by Bergoz, as it adds an AC current transformer into
the system to enhance the overall bandwidth. It soon will become the new standard for

the beam intensity measurements at the ring accelerators at Fermilab.



Chapter

Introduction to the Accelerators

Particle accelerators are born as a unique tool for pure physics research. In order to
look deep into the matter, very high energy are required. Electrostatic accelerators were
already available at the end of the XIX century, but electric discharge limited the reach-
able voltage and therefore their interest for high energy physics. To overcome this limit
repeated accelerations in linear structures (linacs) or in closed rings (circular accelerators)
are now used. Particle accelerators cover big importance in the world of particle physics;
they also represent the only way to produce antiparticles, like the positron or unstable par-
ticles. In addition particle accelerators found a wide range of applications, from industry
to medicine. In this chapter an introduction to particle accelerators will be done, with

particular attention to the accelerators at the Fermi National Laboratory.

1.1 Accelerators Overview

There is a wide range of accelerators. A classification can be done in different ways.
The first one is a classification based on the mass of the particle to be accelerated, we can
distinguish between the electron (e) and positron (e¢*) accelerators, or the accelerator for

protons (p) or for eavy particles (like the « particles). The second strategy is to distin-
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guish basing on the operating mode. In particular between the fixed target accelerators,
in which the beam is extracted and collides on targets of different materials, and colliders
accelerators, in which two counter rotating particles beams collide in the experiment areas

generating new particles.

The electrostatic accelerators were the first kind of accelerator realized in the history.

One example is the Van de Graaff one which is able to generate from 10 to 15MeV .

Protons transported on a belt charge the surface of the spherical conductor (Fig. [I.1)
. In this way a potential difference is built. When this instrument is used as accelerator
an ion source is located inside the high voltage terminal, so that the ions are accelerated

from the source to the target.

It is based on a vacuum pipe in which the protons are accelerated and on a belt, with
materially transport the charge. The charge is controlled by changing the belt speed, in
this way an hight potential difference is built. When this instrument is used as accelerator
the ion source is located inside the hight voltage terminal, so that they are accelerated

from the source to the target.

Electric discharge limited the reachable voltage and therefore the interest for high
energy physics. Ising (Sweden, 1924) first proposed a scheme of linear accelerator by
using hollow cylindrical electrodes in series. Wideroe (Germany, 1928) realized the first
accelerator based on this idea. It consisted of three tubes, the first and third grounded to
earth and the middle one powered with an oscillating voltage: acceleration occurs at both
gaps providing that the voltage phase changes of 180 degrees during the time of flight
along the middle tube. The high Radio Frequency power at high frequency required to
get compact linac structures relies on a technology which became available only after the
second world war with the development of the radar. While we have to wait till that for
the first powerful linacs, circular accelerators were developed in the 30s (the cyclotron
by Lawrence and Livingston) and 40s (the betatron by Kerst and Serber who applied an

original idea by Wideroe).



CHAPTER 1. INTRODUCTION TO THE ACCELERATORS 5

Yan de Graaff Accelerator

Spherical
Conductor

Ensrgy gain = v
haximum ¥olage
2 25 MW

o

=

=

E_

e
== Belt
++++ T + +4

ﬁ}'

Diract Current

!

Figure 1.1: Van de Graaf accelerator

All these first circular accelerators used a unique large magnet for bending the particle
trajectory. In the cyclotron the acceleration takes place every time the particles cross the
gap between the two D of Fig. [I.2]in a similar way as in the Wideroe device, while the

betatron (Fig. uses the variation of the guiding magnetic field (Faraday law).

Extraction region Beam
Oscillator

Cyclotron

Figure 1.2: cyclotron

The major problem of cyclotrons and betatrons is the need for large magnets.
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Figure 1.3: Betatron

In 1943 the australian Oliphant suggested to replace the single magnet by a chain of
small magnets arranged in circle and to accelerate the particles by an alternating electric
field applied between hollow electrodes (now it would be a “RF cavity”) located at some
position along the ring. Bending field and accelerating frequency must follow the energy
in order to keep the orbit within the magnet aperture and to provide the correct electric

field. This is why this kind of machine was called synchrotron.

In the first circular accelerators the transverse focusing was missed: while there is
some “natural” focusing in the horizontal plane, particles with a speed component in
the vertical plane spiral away from the middle plane and are lost. Accidentally it was
discovered that by making the outer side of the magnet gap wider one would get a radial
field component and thus some vertical focusing (“weak focusing”). Yet the real break-
through came with the discovery of the the “strong focusing” principle by Christofilos
who patented it in 1950. He found that by alternating magnets with wider aperture on
the inner side with magnets with wider aperture on the outer side an overall focusing in
both planes could be obtained. In their case the same magnet provides curvature and
focusing. More flexibility is obtained by separating the two functions as done now in
large accelerators. At the end of the 50’s, the AGS (Brookhaven) and the PS (CERN)

were built based on the new principle. These machines are still in operation.

Fig. [[.4)shows schematically a modern synchrotron.
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Figure 1.4: Synchrotron

1.2 Circular Accelerators at the FNAL

At the Fermilab there are different kinds of accelerators. There are linear accelerators,
like the Preaccelerator, the Linac and the Booster, and there are circular accelerator, like
the main Injector, the Tevatron and the Recycler. An Overview of those acclerators is
in Fig. 1.5. The Main Injector (MI) is a synchrotron. It has 6 sections, 18 accelerating
cavities and the maximum energy is 120GeV. It reached 150 GeV when used as injector
for the Tevatron. The in September 2011 shut down Tevatron was the biggest accelerator
at the Fermilab. The circumference is about 4 miles. There are eight accelerating cavities.
It accelerated protons and antiprotons from 150Gev to 980GeV in 83 seconds. When the
top energy was reached the two beams were brought into collision at the CDF and DO

experiment location. An Overview of those acclerators is in Fig. [I.3]
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Figure 1.5: Accelerator Overview at the Fermilab



Chapter

Beam Diagnostics and Beam Current

Measurements

Beam diagnostics are essential tools for any charged particle accelerator. The diag-
nostics instruments allow a systematic characterization of the properties of the beam, the
beam parameters, essential to observe, qualify, and quantify accelerator functionality and
beam quality. Without beam diagnostics the operation of the accelerator would basically
be “blind”, i.e. neither it would be possible to analyze and understand issues and imper-
fections of the real world accelerator installation, nor improvements based, on systematic

beam measurements and studies, could be implemented.

The beam diagnostics utilizes various instrumentation devices to measure the beam
parameters, typically by signal detection (pick-up), processing the associated signals, and
extracting the data, i.e. beam parameter of interest. Fundamental beam parameters to be
directly measured are:

Beam current (/pcq:,,); beam position (Z); beam profile (2,4:1); beam losses (7s5)-
Other beam parameters, such as beam energy, beam orbit, transverse emittance (¢), chro-

maticity (§), betatron and synchrotron tune, etc., can be derived indirectly.

Various method are applied to acquire these parameters, the most popular take advan-
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tage of scattering or Columb interactions, detection of electromagnetic fields induced by

the beam, or the emission of photons by accelerated charges (synchrotron light).

Fig. [2.1]shows the schematics of a typical beam diagnostics system, here a beam po-
sition monitor. An electrical signal, dependent from the transverse displacement of the
beam with respect to the vacuum chamber is obtained by an electromagnetic pick-up,
which is part of the accelerator vacuum system. Because of the high ionization radiation
dose during operation of the accelerator, most of the sensitive read-out electronics has
to be located outside the accelerator tunnel. Therefore the beam signal may need to be
amplified, e.g. with low noise amplifiers, before being transmitted via shielded cables to
a central electronics room, where its waveform is digitized and and further processed as
required. Beam diagnostics data and control of the instrument is handled by digital bus
systems (e.g. CAN), or crate based systems (e.g. VME). Finally, the processed beam
position data is transmitted to the control system, added with time stamps and other valu-
able information. In the accelerator control room (Fig. [2.2)) the beam position data is
visualized on workstation or PC screens for further investigation, observed, studied and

analyzed by accelerator operators and scientists.

acc. tunnel local efecrmnr'cs room control room
figital electronics —
VME bus

— il

PClworkstation

. analos e | LAN, ethernet display of measurement
signal anaog CPU
T Amp. elactronics | .  E—
P = il

L| '|| |'l‘:: ADC
pasition | © |~ _|$|

ick—u § ! =
e analog /'O 'Y R ]
parameter | — h )
7 | digital 1O Potiboard
o N parameter /O

concre

’%[] 0

Figure 2.1: Scheme of a typical beam instrument, from the detector (in this figure it is a beam

position pick-up) to the data visualisation in the control room.

The Tab[2.1] lists some typical instruments used for beam diagnostic, including the

measured beam parameter(s), the physical effect utilized, and the effect on the beam.

In the following sections I will give a short overview on the various beam instruments,
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Figure 2.2: Fermilab Main Control Room.

Measured

Instrument Physical effect beam parame- | effect on the beam
ter(s)

Faraday cup charge collection beam intensity destructive

Current

transformer (CT)

magnetic field

beam intensity

non destructive

Wall Current Beam Intensity and
Image Current Non destructive
Monitor density distribution
Beam position | Electro-magnetic beam position and
non destructive
monitor (BPM) field orbit
transverse  profile
secondary
Wire scanner and invasive
emission

beam emittance

scintillator screen

photon emission

beam position and

profile

invasive / destruc-

tive

Table 2.1: Typical beam instrument, measured parameter and physical effect utilized.

typically used for the measurement of the beam parameters, and diagnosis of accelerator
systems. While this work is focussed on the beam current measurement, this general
introduction gives an idea on the complexity and variety of accelerator instrumentation

technologies.
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2.1 Beam Intensity and Beam Current

For any type of charged particle it is possible to define the beam intensity [10, p1] as

the number of charged particles per unit of time.

b h d particl
beam intensity = number of .C m’g? partiees 2.1
unit of time

A flow of charged particles inside the vacuum chamber of an accelerator, passing
perpendicular a (virtual) surface within At is equivalent to an electrical current, i.e. the

beam current:

ne Qbeam
Ibeam = A, =
At At

(2.2)

where ¢ = 1.6 - 1071? is the elementary charge, and n is the number of particles. In

case of ion beams, the ionic charge state has to be considered in (2.2)) [7, p10].

Another way to define the beam current is to consider the velocity v = ¢y of the

beam, i.e. the time it takes the particles to travel a given distance A/:

- E - Qbeam
Ibeam - Agﬁco - Af BCO (23)

Where = v/cy, v is the velocity of the beam, ¢y is the light speed, A/ is the distance
travelled along the accelerator’s vacuum chamber, and Qpeq,, is the total charge of the

beam.

In the circular accelerators, the same particles circulate many times, in some machines

for many hours, in the vacuum chamber of a given circumference L.

We can define the beam intensity or current (2.3)) for linear and circular accelerators,
an equivalent average current (DC current) makes only sense to be defined and measured

for a ring accelerator.
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Figure 2.3: Bunch and DC beam currents.

2.1.1 AC and DC Current in a Ring Accelerator

The charged particles (Qp...,,=ne circulating with the velocity v in a ring accelerator are
not uniformly distributed along the circumference L. Fig[2.3|illustrates the distribution of
particles in a batch of 7 “bunches” (blue) along the circumference L. The particle bunches
are formed by the RF acceleration process, which allows only particular “buckets” (areas
along the circumfence) to be populated with particles (gyuncr). The number of particles
in a bunch is quite large (> 10”), we can only observe the envelopes of longitudinal,
and transverse particle distributions in a bunch. Often bunches have not exactly the same
intensity, furthermore a particle-free gap is left to allow injection and ejection into the

ring accelerator.

The Bunch current (blue Fig[2.3) is the AC beam current measured by a beam current

monitor with sufficient bandwidth to resolve ¢p,,ch-

. Qbunch
Lhunch = ot (24)

The DC beam current (red Fig[2.3) is the average current measured by a beam current

monitor capable to monitor the DC Fourier component.

Ipc = Sipgnen, = S 2umeh — €0 2.5)
tbunch L



CHAPTER 2. BEAM DIAGNOSTICS AND BEAM CURRENT MEASUREMENTS14

Fig[2.3|illustrates the simplified time domain beam current signal (blue), observed at
a measurement point, which repeats with the revolution time t,.,=L/v. The light-blue
area below each bunch indicates the charge of the individual bunches gpyc,. In red the
equivalent DC beam current is shown, as light-red area based on Qpeqm=>Gpuncn, €qually

distributed along the circumfence L.

A particularity of ring accelerators occurs for if v=3¢c; changes during the acceleration
cycle. While the beam intensity Qpeqn Stays constant, the observed beam current ..,

changes (2.3). This effect occurs only at non-relativistic beam energies, i.e. 8 <1.

2.2 Beam Intensity measurement

The measurement of the beam intensity, or beam current is the most elementary and
fundamental monitoring of a beam property, usually to optimise and enhance the number
of particles in the accelerator.[10, p11], [11, p1]. The method applied for this beam
diagnostics depends from the characteristic of the beam, and from the effect it has on the

beam.

2.2.1 Faraday Cup

The Faraday Cup is the simplest way to measure the beam current, for that reason it
was the first method applied for beam intensity monitoring. [3, p.2.04] [10, p.2.1]. It is
based on a insulated conducting plate that collects the particles, here electrons, to measure

the total equivalent current passing an ampere meter or a shunt resistor to ground (beam
pipe).

Using a simple collector plate (Fig. electrons of higher energy have the possi-
bility to liberate them self, or secondaries from the collector surface, escaping the collec-

tor, which results in a measurement error.

A good solution has been found using the Faraday Cup (Fig. [2.4(b)). The collector is
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now surrounded by an isolated metal cup with a hole, which allows the electrons to pass
to the collector plate. The metal cup is brought to a negative potential to suppress the
secondary emission, allowing a well calibrated measurement of the beam current over a

wide range of beam intensities.

beam

beam

s el
2

(a) (b)

Figure 2.4: (a) Beam Simple Collector, (b) Faraday Cup

Figl2.5(a)| and [2.5(b)| show a more elaborated Faraday cup, which also includes a

magnetic focussing system. Fig[2.6|shows the effect of the secondary emission suppressor

voltage.

Being a destructive method, the Faraday Cup is used only in applications, where it
is not interesting to monitor the beam intensity further downstream, the system is also
limited in handling high beam powers. It is typically used in the low-energy sections
of accelerators, so-called injectors, sometimes in beam transport systems, or as beam

stopper, stopping the beam in case of emergency.

2.2.2 Beam Current Transformer

The beam current transformer is based on the principle, in which a charged particle

beam (2.2) induces a magnetic field on a secondary winding. Passing through a toroidal
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Figure 2.5: (a) Faraday Cup Scheme, (b) Faraday Cup Construction Drawing
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Figure 2.6: Suppression of secondary electrons in Faraday Cup as function of the applied voltage

transformer, the beam acts like a single turn winding, while the current induced on the

secondary winding is proportional to the primary beam current Fig. 2.7

As illustrated, the beam current transformer is an non-intercepting instrument, the
particle beam passes almost without interference. Therefore this type of beam current

monitor is widely used in accelerator instrumentation, including circular machines.
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secondary,
n windings

“primary” = beam, |,

Figure 2.7: Principle of the Beam Current Transformer

Before discussing the details of the beam current transformer, it is helpful to describe

some geometric and magnetic properties of the toroid as beam current pickup.

2.2.2.1 Toroid

A toroid consists out of a toroidal core of a material with high magnetic permeability

p, on which n wire turns of the secondary winding are distributed (Fig. [2.8)).

| a
b
Figure 2.8: Generic picture of a toroid, with the dimensions.

The magnetic field, § induced by the current Ipcqm, li is calculated applying the

Biot-Savart’s law: =
dl x7

dB = jiolpegm 2"
HolB P

(2.6)

_>
where 11 = 47 - 1077V s/Am is the permeability of the vacuum, d [  is the length in
direction of the beam, and 7 is the distance between the center of the beam and the point

where the field is measured. Assuming that the B-field doesn’t depend on the transverse
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dimension of the beam, only the azimuthal component of the magnetic field B, has to be

considered (Fig. 2.9).

I eam
gd’ = Uo B : E}qg (27)

magnetic field B
at radius r:
B~ I/r

beam current I

Figure 2.9: Magnetic Field of the Beam Current

A winding of N}, turns on the toroid induces a magnetic flux density (B}). In general,

the flux due to a wire current in a winding & is:

), — /S Bi-dS 2.8)

With the previous considerations (2.7)), the total flux is calculated only on the az-

imuthal surface.

o .
O, — / Bkdr—/ Nty Nl 1n2 (2.9)

2rr 27

where b is the external radius and « is the internal radius and h the width, as shown in

Fig. While po = .10 1s the total magnetic permeability, ., depends on the material.

The self inductance for each winding is defined as:

L, = ,uz—lnf (2.10)
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The single turn self inductance is:

h b

It is easy to note from (2.11)), that L depends only from the geometry (the internal and
the external radii), as well as from the material (the magnetic permeability ;). Often it is
also defined by the two geometric quantities, the cross sectional area A, and the magnetic

path length P.
A=h(b—a) (2.12a)

P=n(b+a) (2.12b)

Flux path = P

i
V% /:ﬁ\\\( B,JH,
A SN
G -
| Ly /

\

] \ / J ]
y N\ —
\ /A/\ S - Core cross-section = A
B ’:(/./

-

\
Figure 2.10: Parameters for a generic toroid

It is possible to demonstrate that Ly (2.11]) can be written in functions of A and P

(2.12a]and [2.12B):

NZA
Lo~ p—* 2.13
Fp (2.13)
Substituting the Ly (2.11) in the the flux for a winding becomes:
L
o P———_ (2.14)
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In case of more than one winding on the toroidal core, the total flux is the sum of the

contribution from each winding:

k .
br =3 @, =Y Loin 2.15)
m=1

For each winding, the voltage is given by the Faraday’s Law:

dd,,
= —N,—— 2.1
Vi (7 (2.16)

Based on the toroidal transformer principle the measurement of AC and DC com-
ponents of the beam current can be realized. Utilizing different design principles and
technologies allow the optimization of these current transformers, to be applied to beam
current measurements in particle accelerators, as well as monitoring the electric current

in physical wires.

2.2.2.2 The AC Current Transformers

The classical AC current transformer is also called passive beam transformer, because
it is made up by only passive elements. It basically consists out of a toroid with two set
of windings. The primary winding is a single turn formed by the beam current passing
through the toroid. The second winding is the pickup winding, connected to a burden

resistor.

Fig. shows the scheme of a classical current transformer, Fig. [2.11(b)|the sim-
plified equivalent circuit, in which L is the transformer inductance; R the load resistance;
(s the sum of parasitic capacitances between the components (cables and windings). An
improved equivalent circuit would add a resistor, taking the resistance of the cable into
account, and an inductance, to account for the equivalent cable inductance. Those adjunc-

tive parasitic effects will be considered later in this paragraph.

For an ideal current transformer the induced current on the secondary winding is pro-
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inductance L

T wire =
secondary
windings

beam = primary winding

(a)

simplified equivalent circuit

| Le Cs RH] U
[-source @ —r—

represents

L...()

beam

g
N

— ground

(b)

Figure 2.11: (a) Scheme of a passive current transformer, (b) Simplified equivalent Circuit for a

passive Current Transformer

portional to the primary current:

N, prim I

prim
Nsec

Iyeo = (2.17)

In our case N, 1s equivalent to a single turn of the [jeqp,, therefore Ny, =1, which

simplifies (2.17):

Ibeam
Isec = 2.18
Nsec ( )

In the practical case, we measure the voltage v(t), induced by the current i,..(¢) in the

secondary winding, passing the burden resistance R.

U(t> = Risec(t) - ﬁibeam@) - Zibeam(t) (219)

with N equals N, and Z is the transfer impedance, sometimes called sensitivity (.5).
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For the complete picture, the reactive components in (2.19) have to be considered, i.e.

the transfer impedance Z = Z(w) = V(w)/R is frequency depending.

Let’s calculate the transfer impedance in the Laplace domain:

1
Z(s) = sL R 2.20
() =Ll = | 2.20)
After some algebra:
L
Z(s) ° (2.21)

Rt s% + s2LC,
with 7 = L/R as time constant.

We can simplify the response function of (2.21)), by analysing for three different fre-

quency regions:

* w< R/L, Z(w) = jwlL
At low frequencies the transfer impedance is dominated by the inductance. At w =
0 the current in the secondary winding equals zero. This is the known characteristic

of a transformer, which doesn’t transfer a DC-current.

* w>1/(RCy), Z(w) = 1/(jwC)
At high frequencies the parasitic capacitances dominate, the load resistance is not

considered.

« B« w<1/(RC)), Z(w) = R
In the desirable working region the transformer behaves like a highly damped par-
allel resonator with a lower frequency limit wj,, = 1R/L, and an higher limit

Whigh = ROS

In the time domain it is worth to characterize the response of the current transformer

to a rectangular, or step pulse. The rise time (7,;s.) is defined as response time for a
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step function, with 10% and 90% thresholds of the waveform amplitude. The rise time is

defined by the high frequency characteristics of the system:

In0.9—-1In0.1 In9 1
Trise = — S LN (2.22)
Whigh 27 frigh  3fnigh

The droop time (or droop rate) describes the discharge time, in which the exponential
response signal drops to the 1 /e of the initial value. The droop time is defined by the low
frequency characteristics of the system, a transfer system with DC response would have a

drop rate 74,0, — 00.

In0.9—1n0.1 In9 1
roop — = x>~ 2.23
Tdroop Wiow 27Tflow 3f10w ( )

The above mentioned time constants have a general meaning, for the passive current

transformer we can simply define the two time constants:

1
Trise = = RC, (2.24a)
fhigh

1 L
e 2.24
Tdroop flow R ( b)

Fig. [2.12] shows the effect of the finite bandwidth, i.e. the time constants on the re-

sponse to a rectangular pulse signal, and, more realistic, on a Gaussian beam signal.

current

? beam bunch

test pulse
primary P time nme

cmrent

droop:ty o o=
secondary time time
P

rise: T g =(Lg* C\

Figure 2.12: Effect of the transformer time constants

Other parasitic effects are:
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* The relative magnetic permeability 1, is frequency dependent, typically decreases

with increasing frequency i, (w) o 1/w.

* So far we considered only the parasitic capacitances C'; between the turns, and be-
tween wire and ground. If we include the properties of the cable between secondary
winding and burden resistor R, the equivalent capacitance of the cable can be sim-
ply added to this parasitic capacitance Cs = Cyroroia + Cscaple- Furthermore we
have to add the parasitic inductance L, and the DC resistance I?;, of the cable. Fig.

[2.13] shows the equivalent circuit including the parasitics of the cable.

beam

eitth
8 Ca- — R E}
s. N windings

torus inductance L —

Figure 2.13: Equivalent circuit of the current transformer, including parasitic effects of the cable

Including these effects, we now find the time constants to be [7]]:

Trise = \/ LsCs (2.25a)

L

= 2.2
Tdroop R+ RL ( Sb)

Considering all the mentioned parasitic effects, it becomes clear, some design com-
promises have to be made, e.g. we cannot simply ask for a high sensitivity and a good
low frequency performance simultaneously. A high sensitivity (large Z) requires a low
turn ratio, i.e. a small number of IV, as v(¢) o< 1/N. A high droop time 74,40, o< L on the
other hand requires a large inductance L oc N2, which then is into contradiction, and ask
for a high relative permeability p,.. In practice, we find us limited by the available core

materials, giving typically p, ~ 10° for low frequencies.



CHAPTER 2. BEAM DIAGNOSTICS AND BEAM CURRENT MEASUREMENTS25

2.2.2.3 The Active Current Transformer

An active feedback circuit, based on an operational amplifier,see Fig. [2.14] can sub-
stantially improve some of the limitations of the passive beam current transformer.
R,

beam RL
\
Co—

"N wmdmm

torus inductance L

-
Figure 2.14: AC Active Current Transformer

The burden resistor is basically eliminated by the feedback circuit, which results in an

improvement of the drop time

L L

— (2.26)
% + RL RL

Tdrop =

Using a typical operational amplifier with high gain A, the drop time is now limited
by the cable DC resistance of a few ohms, which results in an extended low frequency
response of the beam transformer. This reduced the baseline shift effect, when measuring
long batches (pulses) of beam bunches. As positive side effect, there transfer impedance
increases Z < R/ Ry, the active circuit is more sensitive. This may allow to reduce the
number of turns N, which reduces the high frequency parasitics, thus extend the upper

frequency range.

In practice however, the active beam current transformer is of limited use, as it requires

radiation hard operational amplifiers, and a well though through power supply.

2.2.2.4 The DC Current Transformer

As discussed, the classic transformer blocks the transfer of the DC component. To be

able to measure the DC current component of the beam, a different, more complicated
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approach has to be followed.

2.2.2.5 Single Core DCCT

Lets consider a single core toroid with three windings, see (Fig. [2.15)):

* The primary winding supplies the DC current g = %peqm, Which is equivalent to the

beam current.
* The output signal of secondary winding is passed through a detection circuit.

* A modulation winding supplies i; cos(wt).

Different form the AC transformer, this single core DC current transformer (DCCT) op-
erates in the non-linear regime of the core. The high level sine-wave modulation signal
11 drives the toroidal core completely in saturation, causing higher order harmonics in the
flux (Fig. [2.16). Without DC signal (iy = 0), only odd harmonics appear in the output
signal. The 2"¢-order harmonic (twice the modulation frequency w) appears with iy # 0,
and is proportional to the DC current 7 in the primary winding. A detection system for the
2"d_order harmonic (indicated as rectifier in Fig. senses the level of that harmonic,

and therefore the primary DC current.

i: dc Current

i
Modulator o
(\\\ Detector

iysinot é
L) ] B
S ] PPM signal

Figure 2.15: Single core DC current transformer

2.2.2.6 Double Core DCCT

The single core DCCT has numerous disadvantages, mostly, the modulation plus DC

signals causes an asymmetric saturation with a large, unwanted 1%'-order harmonic. A
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Saturation Without dc
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Figure 2.16: Time- and frequency domain signals of the single core DCCT

symmetric arrangement of two identical toroids results in an improved, now standard
DCCT schema (Fig. [2.17)). Both cores are driven by the same modulator signal i, cos(wt),

as of the antisymmretic windings, in opposite phase, which causes a cancellation of the

even harmonics in the flux (Fig. [2.18).

Controlled
o
e DC-Current
xel
o Comparator
o e Detector
o c
gQ
83
DC-Beam
Core 1 A Core 2
=K%
H, B

1 Modulator
i "\

Figure 2.17: Double core DC current transformer

i1sinw

To further improve the symmetry, the measurement circuit is based on a feedback
loop. The DC beam current is measured by analysing the amplitude of the 2"¢ harmonic of
the modulator frequency, similar to the single core DCCT. A common feedback winding

passes a the measured DC current as compensation current, through both cores, which
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cancels the primary DC beam current, thus keeping the system in perfect symmetry.

Satx,\lration

Amplitude [rel. units]

Amplitude [rel. units]

0 5 10 15 b
Harmonic number

Saturation Time

Figure 2.18: Time- and frequency domain signals of the double core DCCT

Lets analyse the double core DCCT by separating the identical cores. Each core is
first analysed in the linear regime, no saturation assumed. In this analysis we suppress
the compensation current, which later could simply be included as Ipciotar = IDCbeam +

]DCcomp-

From (2.15)) the total flux in each of the cores sums to:

. Llil Lgig
7 = Loig + ——
T 00 + N1 + N2

(2.27)

in which i; = Acos(w;t), and the indices are: 0 — beam signal, 1 — modulation

signal, 2 — detected signal.

From Faraday’s Law (2.16) follows:

q)T (%)
—_—= = 2.28
dt N, (2:28)
For the detected current in the burden resistor is = v9/ R, (2.28)) becomes:
dd 9 R
r__=- (2.29)

dat N,
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Now we continue the analysis in the frequency domain, by applying the Laplace

variable s = jw:

[2(]W)RS

N, (2.30)

S(I)T:—

Substituting (2.30) in (2.27)) will result in an equation for the detected output current:

TS ]0 + N1 ]1(8)
I = — 2.31
2(5) 1+7s Ny ( )
with the time constant 7 = L /R as described in (2.21)). Substituting (2.31)) into (2.27) we

now find an equation for the total flux only based on modulator and beam currents:

Llll(S) L2 TS

By = Lol L2
r=bolot TG T T s

(1o + N111(s)) (2.32)

As we apply a high amplitude on the modulation current 7;, we always drive the high-
i DCCT cores deep into saturation, i.e. operating the cores in a very non-linear regime.
As consequence, (2.32) holds only during the short “switching” periods, in which the

detected voltage is non-zero:

0 if &(t) > & maz
va(t) = £2(t) 2 or 2.33)

— NPT i B(t) < Py

Summing the results of both cores and implementing the non-linear behaviour accord-
ing to (2.33). In a Simulation model (using MatLab and Simulink), we can analyse the
behaviour of the double core DCCT in detail. This model will be explained in the Chapter
4.

2.2.2.7 Combined AC and DC Current Transformer Systems

The upper frequency limit of the DCCT is well below the modulation frequency, typ-
ically a few 100H z. To measure a bunched beam signal (2.3)), a bandwidth from the DC
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to some M H z is required, which calls to combine AC and DC current transformers into

a single system.

2nd
Harmonic
Detector

Waveform o
Generator l

Burden Resistor

Figure 2.19: Schematic diagram block of a combined system

Fig. [2.19)shows the schema of a combined AC and DC current transformer, as it is
further elaborated in this thesis. We find here the symmetric double core DCCT (T2 and
T3), plus a 3" core for the AC current transformer (T1). The beam current is compensated
by the overall feedback up using winding W4, continuously establishing a zero net flux in
the toroids. The current in winding W4 is monitored by a burden resistor, which returns

the broadband beam current signal.

2.2.3 Motivation of a DCCT based Beam Current Measurement

As mentioned earlier in this chapter, measurement, and continuous monitoring of the
beam current is the most essential beam diagnostic in any particle accelerator. While a
passive AC transformer fulfills some basic requirement for the beam current monitoring,
the far more complex DCCT based system has several important advantages, particular if

combined with an AC current transformer:

* A precise absolute calibration of the beam current instrument is mandatory. This
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is difficult, almost impossible in case of an AC transformer, as it requires a pulse
signal as calibration standard. A DC current as calibration standard is quite feasible,

such that the absolute calibration error is < 1074,

* The capture of particles in the RF buckets is not always perfect, in case of problems
Ipc # Yipunen- In case of a proton storage ring, the uncaptured protons may coast
in the ring as “extra” DC current, which can only be detected with a DC current
transformer. The detection of coasting DC beam current is of particular importance
in accelerators with superconducting magnets, like the Tevatron (Fermilab) or LHC

(CERN).

* The dynamic intensity range of the flux compensated DCCT is large compared
to a simple passive AC current transformer, no gain switching and re-calibration

required.

* A combined AC / DC current transformer is the most complex beam current instru-
mentation, but has many advantages, capable to monitor the beam current over a

wide dynamic range, well calibrated, over a large frequency range starting at DC.

While there a numerous of other reasons a DCCT is the essential beam current diagnostics

in a ring accelerator, the system is complex and requires attention to the details.

2.3 The Measurement of other Beam Parameters

While this thesis is dedicated to the measurement of the beam intensity, the monitoring
of other important beam parameters is also essential, and requires different technologies.

The following section tries to give a very brief overview.
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2.3.1 Beam Profile Measurement

The particles in the beam are distributed in three dimensions, see Fig. [T_QU} The
beam profile is the intensity distribution of the particles along each spatial coordinate.
The longitudinal coordinate is indicated with s, and defines the beam profile the direction
of motion of the beam; the transverse plane is orthogonal to the longitudinal coordinate,
and is identified with two axis, = (horizontal) and y (vertical). Usually the beam profile
measurement refers to the transverse plane, the longitudinal beam profile measurement is

called bunch length measurement.

Figure 2.20: Beam Profile

The transverse beam profile measurement consist in quantifying the beam intensity
profile at a particular location along the accelerator. The continuous monitoring of the
beam profile is important to optimize various parameters of the accelerator, to study the
distribution of the charge, and to match different parts of the accelerator facility in the
transverse plane. To simplify and compare the beam profiles from several locations, a
beam width information is extracted from the beam profile, which often is assumed to
have Gaussian shape. The analysis of the beam sizes help to understand beam blow-up
effects, instabilities, matching of the accelerator optics, and many other beam dynamics

effects.

The measurement of the transverse beam profile can simply be realised by using a
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scintillation screen. A scintillation material is applied on a flat surface (screen), for which
the emission of light doesn’t depend from heat, but from a chemical reaction or electron
interactions. When a charged particle passes a scintillator screen, it absorbs parts of its
energy. After a short time the energy is emitted as photon radiation, as the electrons in
the scintillating material fall back to their initial low energy state. This radiation, which
is proportional to the number of beam particles per unit area, is amplified and elaborated
by electronic light sensors, e.g. photomultipliers, photodiodes or, most commonly in the

modern instruments, CCDs (charge coupled device).

In practice, the scintillator screen is mounted inside the beam pipe, inclined by 45° to
the beam. A window under 90° is used to image the profile of the beam, which is captured
by a sensor (e.g. TV-camera), as shown in Fig. [2.21] The final result appears as 2-D image
of the beam cross section. A second window is often used to pass light on the screen for

calibration and adjustment purposes.

scintillator screen
beam > ;
light @ B window

[t |

T'Vcamera

Figure 2.21: Beam Profile

Other beam profile monitor techniques take advantage from the secondary emission
effect, here a wire grid arrangement with a fine pitch measures the beam profile for a
single transverse plane. Each wire operates like a current-to-voltage converter, in the
following signal processing the 1-D beam profile is rebuild. Other beam profile measure-
ment methods utilizes photon effects (compton scattering, photo detachment), or coulomb

scattering.
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2.3.2 Beam Position Measurement

The beam position refers to the transverse plane and is related to the beam profile, it is
the center of gravity (or center of charge) of the transverse particle distribution. Fig. 2.22]
shows a typical particle distribution in the transverse plane, in which the beam position in

both transverse coordinates is zero.

Particles Distribution Profiles

Figure 2.22: Beam Profile on the Transverse Plane

A beam position monitor (BPM) is a non-invasive detector to measure the center of
charge of a bunched beam, i.e. the beam position. The BPM detector typically is a RF
antenna device, e.g. an insulated metal plate capturing the electromagnetic field of the

passing beam bunches.

A capacitive pick-up is a simple type of BPM detector, able to monitor the beam
position. A typical pick-up configuration (Fig. ) uses a tube with radius a and length [
inside a grounded beam pipe. It can be demonstrated, as the transverse beam displacement
varies with respect to the central beam orbit, the total charge induced by I}, on the tube

surface is proportional to the beam position [9] [8]. The charge on a surface of the cylinder
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is:

Qim = —Queaml(1 + g) (2.34)

where Qpeqnm 18 the total charge of the beam (2.3)) and « is the horizontal beam position
to be measured. The same relation is also valid for an orthogonal arrangement to measure

the vertical beam position .

2.3.3 Beam Energy and Emittance

* Beam energy
As the beam passes a magnetic dipole field, the particles will be deflected, pro-
portional to the H-field strength of the magnet and the beam energy. A spectrom-
eter magnet arrangement is used to measure the beam energy, in which a BPM
located downstream the deflection magnet monitors the position of the deflected
beam. Based on the known geometry and the exact measurement of the deflecting
field, the beam energy can be determined. Other methods to measure the beam en-
ergy are based on compton scattering, or a time-of-flight measurement in case of

non-relativistic beams.

* Emittance
The transverse beam emittance is related to the transverse beam profile measure-
ment. The beam emittance is defined as surface of an envelope, described by the
beam particles in an orthogonal phase-space, with displacement (position) and an-
gle coordinates. The emittance information is extracted from the beam profile mea-
surement at several locations, or by a special emittance scan procedure, and is an

important value that describes the beam quality.
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2.3.4 Beam Losses

Every particle accelerator looses some of the primary beam particles during acceler-
ation, transfer or storage of the beam. This usually is unwanted, and the beam loss has
to be minimized, as the radiation or heat of lost particles can cause nuclear reactions and
may destroy components of the accelerator, or cause malfunctions. The instruments to
detect beam losses are called beam loss monitors (BLM), and are installed near crucial

points, usually outside of the vacuum pipe.

The detector type used depends on the loss mechanism, primary and secondary parti-
cle energy and type, e.g. protons, electrons, ~y-rays, neutrons, etc. Charged particles are
easier to be detected, also within a short distance. Instead, e.g. neutrons are difficult to
be detected, and even more difficult are the neutrinos, which will travel a large distance

before interacting with any material.[2]



Chapter

DC Current Transformer at FNAL

At the Fermilab there are different kinds of DCCT Systems. One type was designed
and built at FNAL in the 80’s. It was first installed in the Tevatron and later in the Main
Ring when the Tevatron was commissioned. Currently it is installed in all machines ex-
cept the Recycler. The DCCT was built with two sections. The toroids’ material was
supermalloy. The overall system bandwidth was 2MHz.[3] In the Recycler there is a
commercial DCCT, designed from Bergoz Instrumentation. The Bergoz Parametric Cur-
rent Transformer, PTC-113-0100-MA is a complete system, including sensor, electronics
and cables. There are only toroids for the DC section, the material is Vitrovec. In 2004 the
system failed, due to an asymmetry of permeability between the toroids for the detection
of the DC component. The system was replaced with the Bergoz NPTC 115-C100. It will
be replaced with the new DCCT System developed at the Fermilab, the implementation

of this new system is the goal of this thesis activity.

3.1 System Overview

The sensor of the DCCT system consists of three nanocrystalline toroids mounted

inside a double shield of uMetal. The DC section consists in two toroids connected in

37
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series but oppositely wound. There are power amplifiers to furnish the correct power
to drive the toroids in saturation. The system is completed by three VME boards: two
transition boards, and one digitizer. The transitions board are boards between the digitizer
and the power amplifier. In them, there are filters and gain stages, to better drive the signal
to or from the digitizer. One transition board is for the driving loop at 400H z. The other
one for the feedback loop. The digitizer provides the digital control of the system. All
these boards are housed in a VME create. The controller of the crate is in the front end
that interfaces with the Accelerator Control Network. Fig. [3.1shows the connections and

the function of every single part.

Drive Power Amplifier Drive Transition Board Digitizer
ourt li « —l mr K I
.
Detector 9
Heliax
Modulation
winding
Beam DC Sense
Current, posense |- [winax AC Sense
B "
C:,'::,, | ACsenee Twinax Signal Procesged
9
Heliax
Feedback
eid ‘ Feedback Transition Board
\—/ | reme | ]@‘ l =
From the l
.| V Moaitor
— (‘H 1 Moaitor

Feedback Power Amplifier

Figure 3.1: System Block Diagram. Connection between the digitizer, the power amplifier and
the transition boards, the red points are the monitoring points. The output of the system will be

the Current Monitor on the feedback loop power amplifier, but it is not yet implemented

The modulating signal, a sinewave at 400H z, is digitally generated by a Numerically
Controlled Oscillator (NCO), inside the digitizer. It passes through the drive loop tran-
sition board and the drive loop power amplifier. Then it goes to the forward wire of the
modulator winding and come back with the return wire to the power amplifier. This signal

can also be monitored.
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Once the modulating signal saturate toroids, a beam current is picked up using the
AC sense and the DC sense windings. Each has different bandwidths, determined by the
number of turns. Both pickup windings go to the digitizer through transition board. In
the digitizer, the signals are processed and elaborated. The result is passed back to the
transition board and then the feedback loop power amplifier. This amplifier is connected
to the pick up with one wire, and the return wire goes back again to the power amplifier

where it is terminated on 5.

2012/05/30 11:14

Figure 3.2: Picture of the 3 toroids in the shield
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3.1.1 Nanocrystalline Toroids

In the past the best product available with the high permeability was the supermalloy
(80% Ni , 20% Fe). Nanocrystalline is now what the industry offers as improvement.
The permeability is higher compared with cores of similar sizes. Also the commercial

products are using the nanocrystalline cores.

The toroids for this DCCT are made of nanocrystalline material (Fig. [3.3), produced

by MK Magnetics, instead of ferrite or supermalloy.

Figure 3.3: Picture of one toroid in nanocristalline material

It is possible to have higher performances because the permeability of the nanocrys-
talline is up to 50% higher then the supermalloy material and up to ten times higher then
ferrite material. The core losses are lower, the maximum magnetic field Bmax is higher,

and the switching losses are lower.

Six toroids STC1728M1S-A were order from MKK Magnetics Inc. with the following

specifications:
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Parameter Symbol | Value | Units
Outer Diameter oD 8.5 m
0.216 m
Inner Diameter 1D 6.5 m
0.165 m
Height h 0.984 mn
0.025 m

Such parameters ad p, = 100000 and B, = 12300G = 1.2307 are fixed. The

parameters of the toroid are calculated as follow:

Parameter Symbol Value Units
Length (Circumference) P 23.562 m
0.598 m
Cross Sectional Area A 0.817 in?

526.9¢ — 6 | m?

Volume v 24.502 in3

401.5e — 6 m?

By knowing the physical parameters of the toroid it is possible to establish the speci-

fication of the system.

* Current and voltage to drive the toroids into the saturation
The power furnished to drive the toroids into the saturation can be established using

the table in Fig. 3.4

A compromise between the drive frequency selection and power requirement is
need. At 400Hz and N = 22, I,,; = 2.66A and V,,;, = 35.84V is needed. Con-
sidering that the DCCT has two toroids, the number of turns for each modulating

winding is N,,0q = 11.
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Fdrive-> 1000 800 500 | 400 | 300 200 100

N Flow L(H) Isat(A)
1 593.4E+3  134E6 5858 4,07 3.26 2.04 1.63 122 0.81 0.41
2 148.4E+3 53.6E-6  29.29 8.14 6.52 4.07 3.26 2.44 1.63 0.81
3 65.9E+3 12076 1953 1222 9.77 6.11 4.89 3.66 2.44 1.22
4 37.1E+3  2146E6 1464 1629 | 13.03 8.14 6.52 4.89 3.26 163
5 237E+3 335266 1172 | 2036 | 1629 | 10.18 8.14 6.11 4.07 2.04
6 16.5E+3 482.8E-6  9.76 2443 | 1955 @ 12.22 9.77 7.33 4.89 2.44
7 12.1E+3  657.1E6 837 2851 2280 1425 | 11.40 8.55 5.70 2.85
8 9.3E+3  8582E6  7.32 3258 2606 1629 | 13.03 9.77 6.52 3.26
9 73E+43  1.1E3 6.51 3665 2932 1832 | 1466 | 1099 7.33 3.66
10 59E+3  13E3 5.86 4072 3258 2036 | 1629 | 1222 8.14 407
14 3.0E+3  2.6E3 418 5701 4561 | 2851 | 2280 | 1710 @ 1140 5.70
15 2.6E+3  3.0E-3 3.91 6108 = 4887 | 3054 | 2443 | 1832 1222 6.11
20 15E+3  5.4E3 2.93 8144 | 6515 | 4072 | 3258 | 2443 16.29 8.14
21 13E+3  5.9E3 2.79 8552 6841 4276 | 3421 | 2565 @ 17.10 8.55
[ 22 | 12643 | 6563 | 266 | 8959 | 7167 | 4479 | 3584 | 2688 | 17.92 [ 896
23 1143 7.1E3 2.55 93.66 7493 4683 | 3746 | 2810 1873 9.37
24 1.0E43  7.7E3 2.44 97.73 7819 4887 | 3909 | 2932 1955 9.77
25  9495E+0 8.4E3 234 10180 8144 5090 | 4072 | 3054 2036 1018
S0 237.4E+0 3353 117 20361 16289 101.80 | 8144 | 6108 4072 2036
75  1055E+0 754E3 078 30541 24433 15271 | 12217 | 9162 = 6108 3054
100  59.3E+0 134.1E3 059 | 40722 | 32577  203.61 | 162.89 | 12217 = 8144 = 4072
200  148E+0 536.4E3 029 | 81443 | 65155 407.22 | 32577 | 24433 @ 16289 = 81.44
300 6.6E+0  12E:0 020 122165 977.32 61083 | 488.66 | 366.50 = 24433  122.17

Figure 3.4: Correspondence between the number of turns, the saturation current and voltage and

the driving frequency

The correct level of current and voltage are provided by the power amplifier. Since
maximum voltage output from the DAC on the digitizer is 1V pp, the gain of the

power amplifier has to be al least A, = 36, providing also the correct current.

* Sense winding Bandwidths
It is necessary to check the bandwidth of each section for a certain number of turns
in the sense windings. The second harmonic must fall inside the passband of the

DC Sense. For the AC section, the passband should be wide.

Using the measurement setup shown in Fig. [3.5] the bandwidth for a toroid with
N = 20, N = 100 and N = 200 has been calculated and it is shown in Fig.
@ With a lower number of turns, the component at 800 H z doesn’t fall into the
bandpass. N = 100 was chosen for the DC Sense and N = 200 for the AC Sense.
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N1

Exciting Signal Modulator
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Calibration

Ground

o @ ; Sense =

Ground

Sense
winding

Figure 3.5: Setup to measure the toroids bandwidth for different number of turns; N2 is variable.
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Figure 3.6: Toroids bandwidth measurement for different number of turns.

3.1.1.1 Measurements on the toroids

Each toroid has a different magnetization curve. The pair for the DCCT has to have

matched magnetization curves.

Several measurements have been done to observe how the toroids responds when

working as DCCT.

The measure setup is shown in Fig. [3.7]
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The waveform generator generates an input signal is at 400H z, and 360mV pp of

amplitude. It is then amplified from the power amplifier to provide the correct value of

voltage and current to saturate the toroids.

Modulator

Exciting Signal N1 winding

Calibration

Ground

Sense

To the

[

Sense
winding

Fromthe
s

V Monitor

@ T

Drive Loop Power Amplifier

Figure 3.7: Measurement setup for a single toroid

The two induced voltage signals are not exactly the same. Moreover the difference
between them is not zero, as aspected from the theoretical point of view. This result is

shown in Fig. [3.8] The second harmonic is not cancelled. There is a mismatch between

the toroids that has to be add in the digital implementation.

DC Sense, Toroids separately winding

‘o‘gl

e DC s€NSE T1
o~ o
» 2 > 4, o > - ——DCSense T2
& | &S & vl I
N?“S & & ' S S| & S DCSense T1 - DC Sense T2

Time (5)

Figure 3.8: Difference between the DC Sense measurements of the two toroids.
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3.1.2 Digitizer

The digitizer is the core of the system. The signal picked up from the sensors is

processed and then sent back to the system.

Fig. [3.9]shows a block diagram of the digitizer and the most important components on
it. There are 2 DAC chips (Texas Instrument DAC3283). Each DAC has a double output,
so that the total DAC outputs are 4, each on 16 bits. The signal come in through 4 ADC
chips (Texas Instrument ADS62P49), operating on 14 bits that are digitally converted to
16 bits.

Figure 3.9: Digitizer and most important devices for the signal processing

With 4 ADCs and DACs one digitizer can control 2 DCCT systems. The DAC outputs
are used one to drive the toroids into the saturation, providing the signal at 4004 z. The
amplitude is variable from O to 1 Vpp. The other one is used to output the processed signal.

The ADC inputs are used for the DC and the AC sense windings.

The FPGA is an Altera Cyclon IV E (EP4ACE115P29C8LN) with which the signal is
processed. All the interfaces with the DAC and the ADC chips are realized in VHDL.
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The system is completed by a flash memory, that programs the FPGA with the firmware
when powered on. There are also 4 banks of memories DDR2, in case such data has to
be saved. In addition, there is the VME interface, that allow to control to access to the

digitizer’s memory registers.

To control the such internal registers inside of the DAC, the ADC and the memories,
or some signals internal to the FPGA, a LabView Interface as been implemented. It

communicates with the FPGA and the other components through the VME.

In Fig. [3.10]an example of the Labview interface used to control such registers in the

FPGA.

File Edit View Project Qperate Iools Window Help

I EICo] o]

D8 D16 D32

08 Address || TN 016 Addres: | L D32 Address

oswrire )/ CONN LU o 10000 | oxzwrite /TR
oskead (O Dishead | RN oszned PR

Figure 3.10: LabView interface to control the internal registers on the FPGA

3.1.3 Power Amplifier
The power amplifier is necessary to provide the power that the toroids need to saturate.

An Acopian W48LT940 is used to supply £48V to the power amplifier.

In the system, there are two power amplifiers. One is for the drive loop, and the other

is for the feedback loop.
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* Drive Loop Power Amplifier

A block diagram is shown in Fig. 3.11]

V Monitor

iMQ
Gain
1 t
npu . Stage To the DCCT
Heliax

Op Amp: APEX PA12 I Monitor

AF100
0 From the DCCT

AC Current Transformer
Person Current Monitor Model 4100

Figure 3.11: Drive Loop Power Amplifier Block Diagram

Inputs:

Input : Signal from the drive loop transition board, to be amplified and to

drive the modulator winding of the DCCT.

From the DCCT : Return wire from the modulator winding of the DCCT, to

terminate connections.
Outputs:
Voltage Monitor: To monitor the voltage of the signal sent to the DCCT.
Current Monitor: To monitor the current of the signal sent to the DCCT.
To the DCCT: Signal at 400H z sent to the modulator winding.

The input is a sinewave with a variable amplitude to have in output the necessary
voltage to saturate the toroids. It is amplified by an operational amplifier with a gain
A, ~ 100. The DC Component is blocked with a capacitor in series, in order to
minimize the offset. The signal so obtained must have an amplitude of about 40V,

and a current of about 34, it is sent to the modulator winding to saturate the toroid.

The test setup in Fig. [3.12] has been used to check that the current and the voltage

that have to saturate the toroids.
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* Tektronics DPO4101 Oscilloscope
Tektronics TCPA300 Current Probe
Agilent E5061B Network Analyzer

Figure 3.12: Block diagram to measure the driving current and voltage from the drive loop

power amplifier to the toroids.

If Fig. [3.13] the voltage outside the power amplifier is shown. The input signal is
400mV pp, the output is about 48.38V pp, that means that G = 100.79. The output

current is shown in Fig. [3.14] it is more then 3A. With these parameters the toroids

are well saturated.

L vehage woh)

Time(s)

Figure 3.13: Voltage in input and in output at the drive loop power amplifier.

Figure 3.14: Output current from the power amplifier.

Inside the power amplifier, there is a little AC current transformer (Pearson Current
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Monitor Model4100). The return wire passes through this toroid and induce a signal
that can be used to monitor current.

Using the signal from the voltage monitor and the current monitor pins, it is possible

to measure and monitor also the hysteresis of the toroids.
There are also some leds to check the power supply regulators.
To test the power amplifier the test setup in Fig. [3.15]has been used.

The frequency response from the input to the output has been measured, with the
setup in Fig. [3.15

Series Network Analyzer
Agilent E5061B

o

To the

From the I
DccrT,
V Monitor

Figure 3.15: Measure setup for the frequency response for the power amplifier

Input

In this way we see that the frequency components of interest fall in the passband.

The result is in Fig. [3.16



CHAPTER 3. DC CURRENT TRANSFORMER AT FNAL

Frequency Response of Power Amplifier Chassis
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1000

5.00 //
000
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Figure 3.16: Drive Loop Power Amplifier Block Diagram
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* Feedback Loop Power Amplifier
The block diagram of the feedback loop power amplifier is similar to the block
diagram of the drive loop power amplifier. Some differences will due to the different
function of the two power amplifier. In fact the feedback loop power amplifier has

to amplify also the DC component.
Inputs:

Input : Signal from the Feedback Loop Transition Board, to be amplified to

drive the feedback wire.
From the DCCT : Return wire from the feedback.
Outputs:
Voltage Monitor: Not Connected
Current Monitor: Not yet Connected, will be the output of the system.

To the DCCT: Signal from the transition board, processed by the FPGA and
amplified.

The input is an AC and DC signal, whose the maximum amplitude is 1V pp. It is
amplified and then sent to the return feedback winding. It will be then possible to
monitor the current with the Current Monitor Output, that is not yet available. The
same AC current transformer used previously is not useful because blocks the DC

component.
As in the drive loop power amplifier there are some leds to check the power supply.

For the feedback power amplifier, the same measurements of the drive loop power
amplifier has been done. The gain is the same The only difference is in the fre-
quency response. Since this amplifier has no DC blocking capacitor, the bandwidth

is wider.

This result is underlined in the frequency response, between the input and the out-

put, the measure setup is the same used for the drive loop power amplifier and the

response is in Fig.
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Figure 3.17: Frequency response for the feedback loop power amplifier
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3.1.4 Transition board

There are two transition boards, used to connect the digitizer to the power amplifiers,

with some gain and filter stages.

* Drive Loop Transition Board
This transition board is between the digitizer and the drive loop power amplifier.
A channel drives the sinevawe at 400/ z (digitally generated) to the modulation
winding on the detector. The voltage and current monitor from the power amplifier

are used as inputs to the other two channels.

Inputs:

INI: Excitation signal at 400/ z from the digitizer;
IN2: Drive Voltage Monitor, from the drive loop power amplifier;
IN3: Drive Current Monitor, from the drive loop power amplifier;

Outputs:

OUT1I: The Input on I/ N1 passes through 3 10th order low pass filters. They
are made by the Linear Technology (LTC1569CS8) and the passive components
have values to make f. = 800H z (the second harmonic). There is also the a notch
filter made with an operational amplifier and passive components, to remove f, =

1200H z (the third harmonic). So that this output signal is a sinewave at 400/ z.
OUT2: Dive Voltage Monitor. Connected to the / N2 with a buffer.

OUT3: Drive Current Monitor. Connected to the /N3, as the previous case

there is a buffer in the middle.

Such measurement has been done also on the Drive Loop Transition board, the test
setup will be similar to the one used to measure the frequency response for the

power amplifier.
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The frequency response for each channel has been measured.

The first channel, connects the digitizer to the modulating winding of the DCCT,

the second and third harmonic are very attenuated(Fig. [3.18).

2000

-20.00
= Excite Signal InfOut -1

@+ Gain = 1 381915912
.- -3dbcursor
A+ Astharmoni cursor
#+4<=+ 2nd harmonic cursar

== 3rd harmonic Cursor

Magnitude (d8)

£0.00

-80.00

~100.00

+120.00
10640 10,0640 1000840 10843 100843 1000643
Frequency (Hz)

Figure 3.18: Drive loop transition board, Channel 1 frequency response

For the other channels, that is only to monitor the attenuation in 0dB (Fig. [3.19]

Fig. 3.20).

§ i s Drive V InfOut-2
i ++ @~ Gain = 1.003665546
& -3dbcursor
% - 1stharmanic cursor
+=44++ 2nd harmanic cursar
st 37 harmBNC Cursor

-20.00

25.00
10640 10.08:0 1000840 10843 10,0843 1000843 10E+6 100846
Frequency (Hz)

Figure 3.19: Drive loop transition board, Channel 2 frequency response

* Feedback Loop Transition Board
This transition board is between the digitizer and the drive feedback power ampli-

fier. It drives the signal from the AC Sense and DC Sense windings on the detector
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Figure 3.20: Drive loop transition board, Channel 3 frequency response
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to the digitizer to be elaborated, as well as from the digitizer to the feedback loop.

The block diagram is in Fig. [3.21]

R [ T Y A

1

, IN4 Gain Differential ours
Feedback Stoge - Feedback

' Votage 9 £ Voltage

Vi Monitor

L

_______________________________________________

INA114 op27
G=10 5
N2 . Gain
ACSense s

INA114 . f. = 800Hz

| fe =1200Hz

1 G=10

; ”
!N Gain Audio | | Notch Gain
: DCsense Stage Filters Filter Stage
| -

or27

S /0 ___UP;7 ______________________
Gain
IN3 . e ours
Feedback Feedback

our2
ACSense

ouT1
DCSense

Figure 3.21: Feedback loop Transition Board Block Diagram

Inputs:

INI: Induced signal from the DC Sense winding on the DCCT;

IN2: Induced signal from the AC Sense winding on the DCCT;

IN3: Feedback, from the digitizer.

IN4: Feedback Monitor, from the power amplifier.

Channel 4

Channel 3

Channel 2

Channel 1
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Outputs:

OUT1I: DC Sense. The Input on /N1 comes from the DC Sense. The second
harmonic of the signal from this winding is proportional to the beam current. It is
important to detect this second harmonic and to cut possible components of 400 H z.

For this reason there is a notch filter with f. = 400H z and 3 stages of low pass

filters with f. = 1200H z.

OUT2:AC Sense. From the AC sense, we are interested to detect the beam

current from 100H z to 1M H z. Such gain stages and buffers are on this route.

OUT3: Feedback. The signal on /N3 comes from the digitizer. It is elab-
orated to rebuild the AC and DC components of the beam current. To make a
feedback control loop, this current needs to come back into the digitizer. This out-
put is then connected to the feedback loop power amplifier and come back to the

detector.

OUT4: Feedback Current Monitor. Return wire from the feedback winding,

to monitor the feedback current.

To make the measurement the test setup is the same that the drive loop transition

board.

The channel 1 is the DC sense, it is basically a signal in a bandwidth from O to 100 Hz
modulated at 800H z. As we can see from the Fig. 3.22| the second harmonic (800Hz) is

less attenuated then the first and the third, while the DC Sense bandwidth is respected.

Also the AC Bandwidth is respected. The band pass is flat until 1M H 2z, which is the

upper limit of the AC Sense bandwidth. The same is for the channel 3 and the channel 4.
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Figure 3.22: Feedback loop transition board, Channell frequency response
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Figure 3.23: Feedback loop transition board, Channel2 frequency response
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Figure 3.24: Feedback loop transition board, Channel3 frequency response
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Figure 3.25: Feedback loop transition board, Channel4 frequency response



Chapter I

Digital Implementation

In this chapter, the VHDL algorithm that has been implemented to detect the DC
component of the beam current will be explained. Also, the model made in Simulink
to simulate the system will be presented. The block diagram of the FPGA’s primary

functions to realize is in Fig. {.1]

Digitizer

Figure 4.1: Block Diagram of the function to realize in VHDL with the respective output on the

physical board

The signal coming from the DC section is at low frequency, modulated at 800H z.
To be demodulated it has to be multiplied by a sinewave at 8004 z, this is also digitally

generate with the NCO. There is a digitally implemented AM demodulator, to detect the

59
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second harmonic coming from the DC section in the sensor. A filter to discriminate the
AC band will be implemented in future. Finally those signals are summed and put in

output.

Another DAC output send a sinewave at 400/ z to modulate two cores in the sensor.
It is digitally generated by an NCO. One reason why the modulator signal is generated
using the FPGA is to avoid unlocked phase alignment. In this way the two NCOs, one

that provide the source, one that elaborate the signal, are locked in phase.

The VME interface completes the system. The VME can work using three data modes:
D8, D16 and D32. Different registers, of a the different bit length can be controlled using
an appropriate data mapping (i.e. to control the gain of the feedback signal, or the offset,
or the internal registers of the DACs and ADCs). In Fig. [4.2] an example of the data

mapping for this firmware.

Register Map DCCT 0

Register

Offset (Hex) Data Width

dect0_acGain

dect0_acOffset

dect0_acCoeffl

dect0_acCoeff2

dect0_acCoeff3

dect0_acCoeffd

dect0_acCoeff5

dect0_dcGain

dect0_dcOffset

dect0_dcCoeff1

dect0_dcCoeff2

dect0_dcCoeff3

dect0_dcCoeffd.

dect0_dcCoeff5

Register
dect0_drvPhinc
dect0_ddcPhinc
dect0_drvPhMod
dect0_ddcPhMod
dect0_ncoGain
d(d(]_n(ot’lfée’l
dect0_spared

dect0_sparel

Offset (Hex) Data Width

Register

dect0_fdbkGain

Offset (Hex) Data Width

dect0_fdbkOffset

dect0_fdbkCoeffl

dect0_fdbkCoeff2

dect0_fdbkCoeff3

dect0_fdbkCoeff4

dect0_fdbkCoeffs

dect0_testPoint™

HW + E0 D32

* - Read Only

Figure 4.2: VME Data Mapping
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4.1 Sensor Model

To make a digital model of the DCCT system it is necessary to describe the behaviour
of the sensor and to relate the amplitude of the second harmonic to the intensity of the dc
component of beam current. It is important to note that this is a simplified model, based

on ideal physics parameters. The Simulink model is in Fig. #.3] while the main block in

Fig. B4

. L,i,sin(®,r) +L ]

r =1L, N N2 ﬂ(iu +N,i, sin(@,17)
: [0 Dr ()2 Dp

= v(@O=1_

D,
| N:% ()<,

Figure 4.3: Model of the toroids behaviour , implemented in Simulink
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As explained in the Chapter 2, the second harmonic is due to the mismatch of flux
between the two toroids when they saturate, this distortion is proportional to the DC
current applied. To simulate this behaviour such physical equations (2.32] [2.33) were
applied, to calculate the flux, the voltage on the secondary winding, and other parameters

of the toroid such as the inductance, and the time constant.

Figure 4.4: Main block for the simulation of the toroid’s behaviour.

e Inputs

1. I,,: modulating current, I,, = A,, coswt;

2. N,,: number of turns on the modulator winding;

3. I,: current to be detected, the bandwidth goes from 0 H z to 100H z;
4. Ng: number of turns on the sense winding;

5. R,: burden resistor on the sense winding;
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6. OD: output diameter of the toroid;

7. ID: inner diameter of the toroid;

o0

. ji,: relative permeability;

\O

. Jo: permeability n free space;
10. h: height of the toroid;

11. B, maximum magnetic field;

* Outputs

[S—

. Lg: self inductance for one turn winding;

N

L,: self inductance for the sense winding;
3. 7: time constant;

4. A: cross sectional area;

5. P: path length;

6. ®(t): Flux in time domain;

7. D, maximum flux;

8. Vj: output voltage on the sense winding;

In order to have a complete model two toroids have to be considerated. They are
driven with two sinewaves in opposite phase. The final configuration is the one in Fig.

4.5l

With this model the flux and the voltage can be monitored. The first test is done
for 4 = 0. As aspected the output is zero. In fact, the fluxes and the output voltages,
separately considered, match between the toroids. The total output is zero. In the picture
Fig. [4.6] the flux is shown, separately for each toroid. The same for the voltage in Fig.

Finally, the sum of the two signal, it is fixed at zero. There is a zoom of this result, in

Fig.
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T

T2

Figure 4.5: Model of the toroids behaviour, concerning the two toroids

Figure 4.6: Flux calculated from each toroid, with no input. The yellow trace is referred to the

first toroid and the pink trace to the second toroid
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Figure 4.7: Voltage output calculated from each toroid, the yellow trace is referred to the first

toroid and the pink trace to the second toroid.

Figure 4.8: Zoom voltage output calculated from each toroid, the yellow trace is referred to the
first toroid and the pink trace to the second toroid, in this way it is easier to see that they match

and that the sum will be zero.
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If a current is applied in input (i.e. i, = 1), there is a mismatch for the flux and
the voltage (Fig. for the separately toroids). So the output voltage of the combined
system is not zero. But a frequency component of interest is at 800/ z and its multiples.

In Fig. .10} the voltage output from the toroids separately is shown. The spectrum is in

Fig. A zoom is available in Fig. B.12)). In Fig. the combined output and the
spectrum Fig. (a zoom is available in Fig. [4.15).

Figure 4.9: Flux calculated from each toroid, with a constant signal in input. The yellow trace is

referred to the first toroid and the pink trace to the second toroid

Figure 4.10: Output voltage for each toroid, the voltage output is the sum of those signals
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Figure 4.13: Sum of the outputs from each toroid.
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”
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Figure 4.14: Spectrum of the signal in Fig. 4.13
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800Hz

Amplituce
e
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Figure 4.15: Zoom of the Spectrum in Fig.

4.14
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4.2 DC Section

The signal processing in the DC section consists in the detection of the amplitude of
the second harmonic. This signal can be converted in the baseband using a digital down
converter (DDC). The function of the DDC is to determinate the phase (I) and quadrature
(Q) of the signal downconverted in baseband as shown in the block diagram in Fig. 4.16]

I baseband output
x41(t) x.(0)

[ cic ] [FIR ] [(.)z]
2cos(2mfy)

x(t) 0 @ y(®)

2sin(2mfy)
LPF
) [crc ] [FIR ] [(.)z]
x,(t) x5(1)
Q baseband output

Figure 4.16: Demodulator block diagram

If the input signal is at the f, frequency, the digital oscillator has to generate a sinu-
soids in phase and quadrature at the same frequency. After the multiplication between the
input signal and the sinusoids from the oscillator there is a low pass filter, to isolate the

signal downconverted.

The input signal is () and is expressed in the following way:

x(t) = m(t) cos(27 fy + O) 4.1)

Where m(t) is the modulated signal, fj is the modulating frequency and © is the phase

of the modulating signal.

After the multiplication for a sine wave and a cosine wave at the same frequency fy:

21(t) = z(t)2 cos(2m fot) = 2m(t) cos(2m fot+0O) cos(27 fot) = m(t)(cos(O)+cos(4n ft+0O))
4.2)
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xo(t) = x(t)2sin(27 fot) = 2m(t) cos(27 fot) sin(27 fot) = m(t)(sin(47 fo+0O)—sin(O))
4.3)

The low pass filters (LPF) is designed to cut the higher frequencies, if particular the
component at 2 f, . After the LPF, the results are:

x. = m(t) cos(O) (4.4)

s = —m(t)sin(O) 4.5)

Summing the previous components and taking the square root, the output is:

\/xc 2+ x4(t)? = |\/C082 )+ sin?(0) = |m(t)| (4.6)

In the VHDL implementation, this stage is not just a LPF, but instead it is a cascade of
CIC filter and low pass FIR filter. The CIC filter is used to downsample the signal. After

this, the FIR filter with a strong attenuation outside the pass band is used.

To complete rebuild the signal of both polarities a signum detector is used, in stead of
a phase detector, taking advantage from the fact that the signal is slow. This signum can
be detected on the input signal or after the filter on the phase chain (from the equation
it is clear that the output of the filter is in phase with the input signal). Considering
that the filtering stage can add delays, this block has been added after the filter to avoid

distortion.

To realize this design, the specifications of the system have to be considered. The
bandwidth of the signal we want to detect is from the dc to 100/ z. The clock frequency
is 62.5M H z. This sampling rate is too high to have good digital filters. So a first down-
sample stage has been added in input. This first CIC downsamples to 500k H z. This will
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be the same sampling frequency used to generate the sinusoid in the NCO. After the mul-
tiplication there is a second CIC to downsample to 2k H z, this sampling frequency allows
to build a more efficient FIR low pass filter. At this point there is the low pass filter with

fe = 100H z. Afterwards the mathematical blocks rebuild the signal.
The complete block diagram is shown in Fig.

e
®

(e ) ] (eF)

ter controlled using the VME

o " L]
dcGain
2cos(2mfy) I baseband output
x(t) = m(t)cos(2mf ) s .
= ]
ol 609
xm(®) +
2sin(2mfo) Q baseband output
"

crc2 cica
®
xz (t fe = 2kHz

Figure 4.17: Complete demodulator block diagram

4.2.1 Numerically Controlled Oscillator

The Numerically Controlled Oscillator (NCO) is necessary to generate the modulator
signal to the toroids. It is also necessary to generate multiplication signal, to downconvert

the input signal.

The simplest way to realize a digital oscillator is use a programmable read only mem-
ory (PROM), an address counter, and a precision reference clock. At every clock cycle,
the system access as the memory location pointed by the counter. The final stage is the
DAC. In general this technique is called direct digital synthesis (DDS). An example of
the simplest system is in Fig. 4.1§|

cLoCK ‘L
ADDRESS / SINE / / DiA >
COUNTER LOOKUP REGISTER CONVERTER
fe four

N-BITS

Figure 4.18: Simple Direct Digital Synthesis
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To control the frequency of the output signal of the Numerically Controlled Oscillator

(NCO), a phase accumulator can be introduced. This phase accumulator is controlled by

the input tuning word (Fig. @.19).

/ PHASE ACCUMULATOR \

n-bit Carry

TUNING WORD
M

f
Phase-to- DIA out
Amplitude CONVERTER
Converter

PHASE
REGISTER
24-48 n 14-16
BITS BITS

SYSTEM CLOCK
O

Figure 4.19: Direct Digital Synthesis with the phase accumulator and the tune word.

To better understand the NCO, the output sinewave can be seen as a vector that rotates
around a phase circle (Fig. 4.20). A complete cycle around this wheel is equivalent to one
cycle of the desirable sinewave by changing the tune word (M), the speed with which the

complete cycle is done, changes, as well as the frequency of the output sinewave.

Digital Phase Wheel
/

Jump Size

M x fo
20 0000...0

1111..1

n NUMBER OF POINTS

8 256

12 40986

16 65535

20 1048576

24 16777216

28 268435456
32 4294967296
48 281474976710656

Figure 4.20: Digital Phase wheel
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The output frequency is calculated by:

_ M,

o (4.7)

fo

Where f. is the clocking frequency and NV is the number of points on the wheel and

also the length in bits of the tuning word.

Making an NCO using the PROM can occupy too many resources on the FPGA. A
good solution can be to use instead an algorithm, that generates the corresponding value

of the sinewave at that phase, starting from the signal generated by the accumulator.

4.2.2 Cascade Integrator and Comb Filter

The Cascade Integrator and Comb Filters (CIC) are based on the FIR technique. There
are two version for a CIC Filter. One is a decimation filter, the other one is an interpolation
filter. In the decimation filter, an integrator section Fig. .21] operating at the high sam-
pling frequency, is followed by a comb section Fig. 4.22] operating at a lower sampling

frequency. The interpolation filter has these two sections switched.

&

Figure 4.21: Block Diagram of the integrator section

©

Figure 4.22: Block Diagram of the comb section

In Fig. there ia a basic implementation of a decimation CIC filter is shown.



CHAPTER 4. DIGITAL IMPLEMENTATION 75

Integrator Section Comb Section

| Decimator
I 1

o0 -0 B -0 -0 0
8 86 @ .8 .8 -6

Stage 1 Stage 2 Stage N Stage 1 Stage 2 Stage N

& 5 & >

fs fa=2=

Figure 4.23: CIC Filter Block Diagram

The transfer function for the generic CIC Filter using the z variable can be calculated.

In the integrator section there are N elementary digital integrators, operating at f.

The transfer function for each integrator is:

1

Hi(z) = 4.8
()= 1— “8)
The transfer function for a cascade of the N integrators is:
1 N
Hil2) = [H G = (1) @9)

Afterwards the signal obtained is decimated at the frequency f; = fs/p. The corre-

sponding period is T;; = pT§, where p is called rate change factor.

The comb section is made up by /N elementary comb stages and work at f;. Each
block has e delay of M. This parameter is called differential delay. The transfer function

for each comb stage is:

H. (2)=(1-2z") (4.10)

cry

For the cascade of the N comb stages:

Hey (2) = [He(2)]Y = (1= 27" (4.11)
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Using the frequency f:

Ho(z) = (1 — 2z PM)N (4.12)

Combining thed.9]and the d.12] the global transfer function for the filter is as follows:

1— M\ N
The equation in 4.13|is the result of a convergent series :
n . 1 — qn+1
Z = (4.14)
k=0 —4

Applying the d.14]to the d.13}

1 — M N pM—1 . N
In summary, the CIC filter is a cascade of N FIR operating at f,, accompanied by

decimation stage at the frequency of f,.

Applying the transformation from the z variable to the frequency (¢ = e/27///s), the

frequency response is as follow:

: N N
1 — gi2mPM A oM sin(mLpM)
H(f)=|———7F—| =e "=V | —Lo— (4.16)
1 — e, sin(ry,)
The amplitude response is:
P\
TpM -+
H(f)|= ( J}) (.17)
sin (Wﬁ)
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To calculate |H (f)| when f — 0, the theory of limits has to be applied. It results:

|H(0)|= (pM)™ (4.18)

The normalized frequency response is:

H 1 stn (WipM) N
(f) _ 6fj7rff (pM—1)N [ fs ] (4.19)

; f
pM  sin (Wﬁ)
The CIC filter is used not only to downsample a signal, but can also be used to notch

frequency components. The frequency response of the CIC has a notch at the frequencies

fx- These frequencies are calculated for H(f) = 0:

H(f)=0—sin (Wpr> :O—HrpMi:lm (4.20)

S S

The result is the following:

_ kfs
T

fr (4.21)

This is true only for k # 0. If k = 0 and f = 0, the function is |H(f)| = (pM )N # 0.

When designing a CIC, the parameters to be considered are the order NV, the differen-

tial delay M, and the rate change factor p. They act on the frequency response as shown

in Fig. 4.24].

4.2.2.1 Simulink Implementation

The two CIC filters to realize the demodulator have been simulated in Simulink. The

classical scheme has been implemented, as shown in Fig. 4.23]

The sampling time is the most important parameter in this model, because the fre-

quency response depends heavily on it. It can be set using the block zero order hold or
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0 \\ I~ 1 p=2 !I !
N NN T ] [M=1,N=4|
R VAN N 3
SN N ~
) _ZE A / \"‘\\\\ / \\‘\\\
O 17 X,
O A /AW A N4 A I 72\
T VoA N \
-100 II Il l r | “ F \ /A‘:\l\ [ f‘\\l
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-120 | ‘ f I! !I ‘l " III 'I \' f I'. ‘l
T A A AR .
a0 | I | T VY

0.05 0.10 0.15 0.20 0.25 0.20 0.35 0.40 0.45
Normalized Frequency, fT

Figure 4.24: Normalized frequency response for a CIC Filter, varying the parameter p

]

I Sl |

P Zero-Order Scope
Hold f s

Figure 4.25: CIC Filter in Simulink. In blue the integrator section, in green the comb section

changing the parameter delay length inside the block delay.

The signal at the first CIC has a sampling frequency of f; = 62.5M H z, and it has to
be downsampled to f; = 500k H z. The resulting parameters are: p = 125, M = 1, and

N = 2. It will cut the frequencies at f;, = k ]{;Sp; the first notch will be at f; = 500k H z.
The gain will be G = (M p)? = 15625.

At the second CIC the signal has a sampling frequency f; = 500k H 2z and has to be
downconverted to f; = 2k H z. The parameters used are: p = 250, M = 2,and N = 2. It

will cut the frequencies at f, = k ](;Sp; the first notch will be at f; = 1kH z. The gain will
be G = (M p)? = 250000.
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The frequency response for the second CIC has been calculated with the Control De-

sign Tool available in Matlab, and it is shown in Fig. .26

Bode Diagram
From: Input To: Gain2

-100

System linsys1
1/0: Input to Gain2
=D Frequency (Hz) 992 [
Magnitude (dB) 134
-200 ]

Magnitude (dB)

-250

-300

-350

-400
360

270

180

Phase (deg)

10° 10' 10° 10°
Frequency (Hz)

Figure 4.26: Frequency repose for the second CIC filter using the Control Design Tool of

Simulink

4.2.3 Finite Impulse Response Filter

The Finite Impulse Response (FIR) digital filters operate on discrete time signals.
They are called ’finite impulse response’, because its impulse response (finite length in-
put) sets to zero in a finite time. The output is the result of the convolution between the
input signal is an impulse sequence where each impulse is weighted for a coefficient. In

general the impulse response can be expressed as in the following equation

M
hin] = byd[n — k| (4.22)
k=0
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Where M is a finite number. If z[n] is the input the resulting output is:

yln] = > hlklz[n — k| (4.23)

The function h[k] is a series of unitary impulses multiplied for different coefficients,

so that previous equation can be written as:

M
=" byz[n — k| (4.24)

The block diagram of an FIR Filter is in Fig. 4.27]

<@
vV Vv YV

® ® ®"

Figure 4.27: Block Diagram for the FIR Filter Implementation

4.23.1 Simulink Implementation
The FIR used has f. = 100H z. The passband is nearly 1d B ripple, and the stopband
ia at least 80dB.

The FDA Tool of Matlab has been used to design the filter, establishing the coefficients

(Fig. B.28).
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) Filter Design & Analysis Tool - [untitied.fda *]

File Edit Analysis Targets View Window Help

DedER 222X DNAERNEM: 40 BLHORE W

- Curent Ftr nformation————_ Hagnfude Resgonse (d8),
o
2
Structure: Drect-Form FR _
Order. 127 5
Stoble: Yes P
= o g \
2 &0 \
' A AT
Sorerie v o0 m e 0 so0 E o0 a0 F
Frequency (Hz)
e
= — Faerom e
| WP @ Specify order: 127 Units: H; -
Hihpass
Minimum order Fs
Bandpass s n
© sanastop oo | s 100
Wiop w
- ) Differentiator - Density Factor: 20 Ftop: 150
& Design Wethod
R [outerwom
@ |caurmpe

al 2

Designing Fifter . Done

Figure 4.28: FDA Tool in Matlab and Simulink to design an FIR Flliter

4.2.4 Demodulator

Both in Simulink and in VHDL the system has been built combining all the blocks
explained before. The block diagram is defined in Fig.

The implementation in Simulink is in Fig. 4.29]

The input signal
is modulated at
800Hz

Figure 4.29: Demodulator block diagram in Simulink

In Fig. [4.30]the time response to a step in input in shown.
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Input

Figure 4.30: Step response for the demodulator in Simulink

Adding the signum detection and putting in input a signal at the low frequencies,
modulated at 800 2, we have a complete rebuilding of the signal in phase and magnitude,

as shown in Fig. [4.37]
Jnput
v;(t) = A+ cos(wt)

‘.‘({u =5Hz, A= 10

Figure 4.31: Rebuilt of a signal in magnitude and phase
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4.3 Simulink Model

Once that the each module is separately tested and simulated using Simulink the com-

plete model can be built.

In Fig. .32 the block diagram realized with Simulink.

} ME AL

it

Figure 4.32: Block diagram of the DCCT and the AC Section in Simulink.

The block of the toroids has been used to relate the amplitude of the second harmonic
to the input signal. In this model there is not only the block simulating the detection for
the DC parts, but also for the AC part. The AC detection is a bandpass FIR filter with a
band from 100z to 1M H 2.

To complete the model, there is a simulation of the DAC to rebuilt the processed
signal. This DAC is composed by a block that interpolates the samples and a low pass
filter.

The open loop response to a step input is shown in Fig. 4.33]
The closed loop response to a step in input, is shown in Fig. .34

The last simulation is done putting in input a signal at low frequencies and high fre-
quencies (Fig. 4.33)

The spectrum of the input signal is shown in Fig. #.36 It has a component in DC, a
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Figure 4.33: Open loop response to a step input in Simulink

Figure 4.34: Closed loop response to a step input in Simulink

Figure 4.35: Closed loop response to a signal with DC and AC components in Simulink

component at 5H z, and a component at 1k H 2.

While the spectrum of the output signal is shown in Fig. A zoom of the low
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frequencies components is shown in Fig. 4.38]

Frame: 5 Freousncy ikl

Figure 4.36: Spectrum of the input signal

b
\u{

o
Erame S

m\f#ﬂu&,, l

a2 (X [ (1] [ 1z 14 8

Figure 4.37: Spectrum of the output signal
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4.37

Figure 4.38: Zoom of the spectrum in Fig.

86



Chapter

System Tests and Results

All the systems components have been explained in the Chapter 3, the simulation
of the function to be realized has been discussed in the Chapter 4. In this chapter we are
going to test each elementary block, and builds the complete system to make the definitive

tests, measurement and evaluate the performances.

5.1 VHDL Implementation

We are now going to test the firmware implemented. The VHDL code is available in

the Appendix.

5.1.1 NCO

In VHDL, there are two NCO systems: one for the modulator, and one for the down-
convertor. The modulator loop has to be 400H z, while for the downconvertor has to be

800H z.

They were both realized using the NCO Altera Macrofunction. In Fig. [5.1]and Fig.
there are two block diagrams of this function. Each for one NCO type. The clock

87



CHAPTER 5. SYSTEM TESTS AND RESULTS 88

is generated by a PLL, that receives in input the clock of the system at 62.5M H z and
generates on output clock at 500kH z. The phase modulation input, to determinate the

frequency of the output, is controlled using the available memory registers.

Register controlled by the VME

F

Drive Loop NCO

62.5MHz

500ktz

Register controlled using the VME

Figure 5.1: Block Diagram for the Drive Loop NCO

PLL Downconvertor NCO

To the demodulator
500kHz

Register controlied using the VME

Figure 5.2: Block Diagram for the Downconverter NCO

The Altera Macrofunction allows to change different paramenters, as in Fig. [5.3] In

this case, f. = 500k H z, N = 32, and the output is on 16 bits.

0. ;@LJ
Parameters | Implementation | Resource Estlmale‘
Generation Algorithm Precisions Phase Dithering
(©) small RoM Phase Accumulalor Precision |32 = Implement Phase Dithering
Angular Resolution 16 -
- . Dither Level
() Large ROM Magnitude Precision 16 — e
N Generated Output Frequency Parameters
(@) CORDIC
) Clock Rate
Desired Output Frequency
® -
_) Multiplier-Based Phase Increment Value 27488
Real Qutput Frequency 1003045797348E-4 MHz
Frequency Domain Response | Time Domain Response!
Magnitude( 8]
[
0.0
a0
-60.0
|00
-100.0
-120.0
-140.0
-160.0 — T —T
0o 03e0sz  07EIES 1171 1562 1953 2343 2734 3125
Frequencys10’ Hz
[[cancat || < prev |[ mewr |[ Finisn ]

Figure 5.3: NCO realized with the Altera Macrofunction
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5.1.1.1 Tests and measurements

To check the NCO, the setup in Fig. [5.4 has been used.

Test point after the
DAC and before the
drive transition
board

Drive Transition Board Digitizer

Test point after the
drive loop transition
board

Figure 5.4: Measure setup to test the NCO

The gain, controlled with the LabView interface, has been fixed in way that the output
of the DAC is 624mV pp.

The output directly from the DAC is shown in Fig. [5.5] while the spectrum is in Fig.
5.6

NCO DAC

0.6
05
04 +
03 -
02
01 1
Volt
o
0.1 +
s——NCO DAC

0,2
04

0.5

Figure 5.5: Output voltage from the DAC

There are others frequency components, because of the asymmetry of DAC output.

The time response from the transition board in Fig. [5.7] and its spectrum in Fig. [5.8]
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Spectrum NCO DAC

0,008400
-2,008401
-4,008401
. 600E+01 -
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HLAEIE e NCO DAC Spectrum
-1,00£02 H M
-1,208402 A
J
-1,408402
0 266667 533333 800 1066667 1333333 1600

Frequency (Hz)

Figure 5.6: Spectrum of the output voltage from the DAC

NCOTB

s——NCO TB

Time(s)

Figure 5.7: Output voltage from the drive loop transition board

Spectrum NCO TB

0,00E+00

-2,00E+01
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-B,00E+01
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-1,00E+02 W === NCOTB Spectrum

-1,20E+02
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Frequency (Hz)

Figure 5.8: Spectrum of the voltage output from the drive loop transition board

90
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512 CIC

To drive the stages at different sampling frequencies, in the VHDL implementation,
clock dividers have been used, instead of PLL. They don’t generate clock signals but

impulses at the desired frequency. Those impulses drive the enable of the flip flops.

To the CIC operations the length in bits of the signal has been increased. This is later

restricted when the gain is adjusted.

A block diagram of the VHDL implementation is in Fig. [5.9]

T @
Data_in

4 o s

‘¢t In seri

IntegrationSection Comb Section

] bm’ta_out

Figure 5.9: Block Diagram of the generic CIC in VHDL

5.1.2.1 Tests and Measurements

The frequency response of the filters have been measured. The measuring setup in

Fig. [5.10|has been used.

The frequency response for the first CIC is in Fig. There are notches at 500k H z

and multiples. The phase frequency response in Fig. [5.12)is linear as aspected.

The frequency response of the second CIC is in Fig. [5.13] There are notches at 1kHz
and multiples. Also in this case the phase (Fig. [5.13) is linear.
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Series Network Analyzer
Agilent E5061B

Digitizer

Figure 5.10: Measure setup to test the CIC Filter

Magnitude Frequency repsonse CIC 1

N

0.00E+00

-2.00E+01
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(dp)  oD0EFO1 =
w==Magnitude Fre quency repsonse CIC 1

-8.00E+01

-1.00E+02
r4

-1.20E4+02
5.00E+00 7.50E+05 1.50E+06

Frequency (Hz)

Figure 5.11: Magnitude frequency response for the first CIC
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Phase Frequency repsonse CIC 1

2.00E+02
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Figure 5.12: Phase frequency response for the first CIC
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Figure 5.13: Magnitude frequency response for the second CIC
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Figure 5.14: Phase frequency response for the second CIC
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5.1.3 FIR Filter

The same procedure for the CIC filters has been used in the FIR’s VHDL implemen-
tation. There are no PLLs, but clock dividers synchronize the stages. The output is gen-
erated at the data rate f; = 2k H z. There is also another internal frequency that is higher
than Nx f., f; = 10M H zwas chosen so that in one sampling period, it is possible to make
127 multiplications and additions. This is possible because the filter works in a sequential

mode. All the operations are synchronized by the system clock f., = 62.5M H 2.

The filter works in a sequential mode. Making parallel operations required a number
of multiplicative modules equal to the order of the filter. In this case it is 127 and its

synthesis requires more resources than available on the FPGA.

The coefficients calculated with the FDA Tool of Matlab are stored in a ROM memory.
The address of the ROM is generated by a counter that two enables signals. The first one

counts from zero to 127 that works at f;, while the other enable reset the counter, at f,.

A block diagram of the VHDL implementation is in Fig. [5.15]

Clock Div
Counter

FIR Function

Figure 5.15: Block diagram of the VHDL implementation for an FIR Filter

5.1.3.1 Tests and measurements

To measure the frequency response of the two CICs and of the FIR filter, the same

setup for CIC was used (Fig. [5.10).

The magnitude frequency response is in Fig. [5.16] while the phase of the frequency
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response is in Fig. [5.17] The magnitude is exactly as designed with the FDA Tool, the

phase is linear in the bandpass.

Magnitude Frequency repsonse FIR

2.00E+01

108Hz
ooom0 U398
-2.00E+01
-3.00E401
Magnitude
(dB)
“8.008401 Magnitude Frequency repsonse FIR
P — Y A W T TV
-1.00E+02 150Hz

-1.20E+02
5.00E+00 153E+02 3.00E+02

Frequency (Hz)

Figure 5.16: Magnitude frequency response, FIR Filter
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5.00E+00 1.50E+03 3.00E+03
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Figure 5.17: Phase frequency response, FIR Filter

5.1.4 AM demdulator

The system designed as explained in the previour chapter has been developed in

VHDL. It has been tested in the time domain and in the frequency domain. For the block
diagram see Fig.
To make the tests we refer to block diagram in Fig. [5.18]

As an input, a signal at the low frequencies modulated at 800 H z has been applied. It
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Digitizer

Figure 5.18: Block diagram to test the AM demodulator implemented in VHDL

is described by the following equations:

vin(t) = m(t)cos(2mwot) Acos(2mw.t)cos(2m fot) (5.1

The signal m(t) = Acos(27 f.t) has to be detected, f, is lower then 100H z. In this case
fe=20Hzand A = 400mV pp

The response in the time domain is shown in Fig. [5.I9] compared with the input

signal.

Demodulator Input and Output

04

03

02— - |
01— S ]
volt 0 -
v
01 ?" ‘V‘H mmy_in Demodulator
i .

02 'f W_out Demodulator
03
-0.4
o X g 2% o 3 T v
AR S S G G S G S
& & & & & & & & & &
N » S

Time(s)

Figure 5.19: Demodulated signal in output and modulated signal in input

The signals are in phase. An offset ad gain adjustment is necessary, but it will be

applied at the open loop response.
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5.2 Open Loop response

The open loop response is monitored by the Output3 of the feedback loop transition
board and on the output od the power amplifier terminated on 5¢2. Connections realized

are shown in Fig. [5.20] the test points are underlined.

Drive Power Amplifier Drive Transition Board Digitizer

Tothe L ’ e

Detector

i Modulation
winding D
Calibration | DCsense
. Beam
Current | ACSense

DC Sense
AC Sense

Signal Processed

Feedback Transition Board

To the
ye @— | _impue }-
— | Fromthe
DCCT.
V Monitor

Feedback Power Amplifier

Figure 5.20: Test points and block diagram for the open loop measurements

The first test to do is to check the monitoring points on the drive cores. An input

current of 0.4 A4 is applied.

The Fig. [5.21] shows the signal from the DC section. From the spectrum in Fig.
[5.22] the first harmonic should be cancelled, it is present because of some leakages. In
addition there are some others frequencies components, that are cleaned passing through
the transition board, as in Fig. [5.23] The Fig. [5.24]shows the spectrum of this signal after

the transition board, there is only the second harmonic.

The output voltage observed in the open loop measurements has to go into the feed-
back power amplifier. The gain of the power amplifier is G = 100, and is terminated on

an impedance R; = 5{). That means that the output current is given by the following
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Figure 5.21: Signal from the DC detector, before the transition board.
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Figure 5.22: Spectrum of the signal from the DC detector, before the transition board.
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Figure 5.23: Signal from the DC detector, before the transition board.

equation:

Vin

Iout =G (52)
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Figure 5.24: Spectrum of the signal from the DC detector, after the transition board.

At this point the signal is processed, passes through the feedback loop transition board
(Channel 3). The measure is done connecting the output of the feedback loop power
amplifier called "to the DCCT’ to the scope, terminated at 1M/€), it is shown in Fig. @
The most important component is the DC and the frequency component at 800H 2 is

cancelled, that means that the firmware has well demodulated the signal.
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Figure 5.25: Signal in time domain, output of the feedback loop power amplifier that receives in

input the signal demodulated

It is possible to regulate the gain with the LabView Interface so that the output voltage

is the voltage that we need.
With the current probe the result is show in Fig. [5.26]

Finally also the open loop step response has been monitored (Fig. [5.27)
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Open loop Current output
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Figure 5.26: Open loop measurement on the input and output of the system, current output
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Figure 5.27: Open loop measurement on the input and output of the system, step response
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Figure 5.28: Test setup for the closed loop measurements

5.3 Closed Loop

The test setup for the closed loop is in Fig. [5.2§]

The current monitor on the feedback loop power amplifier will be the real output of
the system. It has not been yet implemented. Currently to test the system a current probe

has been used.

The control implemented is only a P control, using a gain register inside the firmware,

that is controlled with the LabView interface.

The first test has been done putting in input a current of /;, = 0.4 A, controlling the
gain and measuring the input and output with the current probe, the result is shown in Fig.

[5.29] The two signal are quite the same, that means that the error is zero.
The step response (Fig. will give some informations about the rise time.

The rise time is the time to go from the 10% to the 90% of the output voltage. In this
case is about 7 = 0.05s. Of course it can be increased using a PI control, this will fall in

the future work to do on this instrument.

Finally to test the response, and how the output track the input current a signal at 1 H z
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Closed loop Current output 1=0.4A
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Figure 5.29: Closed loop response with 0.4A in input
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Figure 5.30: Closed loop measurement on the input and output of the system

has been putted in input with the waveform generator, at an amplitude of 5V pp, to give to

the signal enough power.

The result is in Fig. [5.31]

The input current is very low, but with a little distortion the signal is well tracked.

This give also an information about the resolution, that is higher than 0.

01A.
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Closed loop Current output, I=0.6A
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Figure 5.31: Closed loop measurement, whit an AC signal in input



Conclusion

The goal of the thesis activity was to study and develop a DC Current Transformer.

This system has been studied making an accurate model, considering both the AC and
the DC sections, with Simulink and his tools. It was also characterized. The specifications
were fixed basing from the study of the physical behaviour of the toroids (i.e. number of
turns and bandwidth of the DC and AC section). Finally the available hardware has been

tested and corrected when needed.

The main goal was to detect and follow the low frequency components of the input
current, in particular the DC. This result has been reached as explained. The DC compo-

nent is well tracked open and closed loop, and also low frequencies are detected.

To fully implement the control system a PI controller will be needed to achieve the
necessary system bandwidth as well as perform the AC detection. Only combining the two
sections, with a particular attention at the cross between the two open loop bandwidths,

the state-of-art for a DCCT will be reached.
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