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Abstract

Electromagnets are used at The European Centre for Nuclear Research (CERN)
in high-energy physics experiments to direct the charged particle beams. They
store significant amounts of energy in the magnetic fields and are cycled on and
off with a cycling period in the order of seconds. Powerful power converters with
peak power capability 10 times larger than the average power usage are used to
push the electromagnet’s energy in and out of the magnet before and after the
physics operations. The loads having a significant amount of energy which can be
recovered, and the cycling nature of the load and the long operating times, resulting
in millions of thermal cycles for these devices.

This PhD thesis explores the possibilities of scalable converters for cycling elec-
tromagnetic loads with energy recovery. The thesis introduces the concept of a
modular converter with separated storage and demonstrates how it can be used in a
scalable way to achieve scalability in how the converter is configured and operated.
It contains an investigation into the cost optimal design and a control structure for
the converter’s controller to handle the separated storage. The fundamental build-
ing modules, refereed to as bricks, can either be connected to the grid or to separate
energy-storage components.

Splitting the converter in to bricks with separated energy storage can enhance the
flexibility of the system by scaling for storage requirements, power capabilities and
grid connecting more independently. By doing a sweep of the different semicon-
ductor power modules, storage units and output voltages the cost optimal combin-
ation of such a converter has been investigated. By expanding the calculations to
include lifetime cost of operating the converters, SiIC MOSFETs has a significant
cost saving compared to the IGBTs currently used.

The proposed modular converter enables independent power flow control among
the bricks and five different strategies have been demonstrated. They manage the
power flow and optimise the usage of the power converters in terms of cost, ef-
ficiency, reliability and precision. Energy recovery into the energy storage takes
place by redistributing the current during inductive load ramp-down.

The performance of the proposed modular converter is validated experimentally on
a full-scale lab prototype rated at 800 kW. It is shown that up to 30% cost savings
can be achieved by eliminating converter components in the storage and in the
grid connection, while the converter performance on the load is maintained and
the same amount of energy is recycled. A laboratory verification shows that the
converter can operate with independent currents delivered from the bricks while
respecting the total voltage and current reference and that the system can manage
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the losses of the converter without compromising the performance of the converter.
The various strategies allows the converter to operate with different modes, for ex-
ample, optimal utilisation of the energy storage systems, minimised current stress
in the semiconductors or minimising the installed grid capacity.
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Abbreviations and Symbols

BESS
CERN

DAB

DSP

ESS

FGC
IGBT
LHC
MMC
MOSFET
SiC

SIRIUS

SoC

TT

Vinag
Iag
Vbus
Vilat
It
Lipag

Rma g

tflat—top

Battery Energy Storage System
European Organisation for Nuclear Research

Dual-Active Bridge, a device providing galvanic isolation through a high-
frequency link

Digital Signal Processor

Energy Storage System

CERN Function Generation Controller
Insulated-Gate Bipolar Transistor

Large Hadron Collider

Modular Multilevel Converter
Metal-Oxide—Semiconductor Field-Effect Transistor
Silicon Carbide

System for rapld Regulation with Internal controlled Unit of energy Storage,
the CERN converter which the experiments were based on

System on a Chip

Abbreviation used at CERN to denote Transfer lines between storage rings,
sources and experiments

Voltage across the electromagnet

Current through the electromagnet

Bus voltage on the converters internal DC-bus
Flat-top voltage of the trapezoidal load current
Flat-top current of the trapezoidal load current
Inductance of the electromagnet

Resistance of the electromagnet

Duration of the flat-top for the trapezoidal load current
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trise Duration of the ramp-up or rise-time for the trapezoidal load current

t tqu Duration of the ramp-down or fall-time for the trapezoidal load current
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Chapter 1

Introduction

The CERN accelerator complex
Complexe des accélérateurs du CERN

2010 27 km)

HiRadMat F
ks i

MEDICIS
[ [2010]

ISOLDE
....................
REX/HIE- East Area

R

T CLEAR
20
» H” (hydrogen anions) ) ions » RIBs (Radioactive lon Beams) ) p(antiprotons) P e (electrons) P p (muons)
LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear

Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //
nT // HiRadMat - High-Radiation to Materials // Neutrino Platform

Figure 1.1: The CERN accelerator complex, layout in 2022.

The scientific accelerator complex at CERN for high energy physics consists of
several storage rings, particle sources and experiments, all interconnected by trans-
fer lines. An overview of the CERN Accelerator complex as of 2022 is presented in
Figure 1.1. These lines are designed to deliver a specific magnetic field to accom-
modate the transfer of the particle beams, depending on the energy of the particular
beam. These magnetic fields are created by sending currents to the electromagnets
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in the transfer lines, these magnets are considered hot in the context of CERN, i.e.
they are not cooled down to have superconducting properties.

The force used to control these particles is known as Lorentz Force, it can be
derived from Maxwell’s Equations and is presented in Equation 1.1 in a practical
vector form. The electromagnetic force Fona charge depends on the charge g,
the electric field vector E, the velocity vector ¢ and the magnetic field B. This is
the fundamental principle that the accelerator complex is built on.

F =q(E+7xB) (1.1)

The magnetic field is constructed with electromagnets where the field strength is
determined by the current density in the coil winding and the number of turns.
In Equation 1.2 the original form of Amperes Law is presented, where B is the
magnetic field, y is the vacuum magnetic permeability and J is the current density
in the coil winding.

V x B = poJ (1.2)

This PhD thesis focuses on the power electronic converters supplying the current
to these electromagnets, and in particular to a sub-set of the hot electromagnets in
the transfer lines between the storage rings and experimental areas. Hot magnets
refer to non-super-cooled and non-super-conducting magnets.

1.1 Objectives

The primary objective of this PhD thesis is to propose a method for the design
and operation of scalable power converters for supplying high-precision current to
the accelerator magnets and recovering the energy at every cycle. The converter
should allow for safe and stable operation on par with or exceed existing solutions.
The main requirement, set out at the beginning of this research, is for the new
converter topology to have a modularised approach and control the energy flow.
Which enables the separation of function of supplying losses and cycling the stored
energy. This enhances the ability to adapt to different loads and consequently to
different ratios of peak to RMS power ratings and can thus be considered more
scalable. These sub-modules, referred to as bricks, aim to both work in series, to
increase voltage, and in parallel, to increase current.

The primary objective can be separated into the following sub-objectives:

1. Cost-effective scalable design. By having a brick with a simple design, it is



1.2. Organisation of the thesis 3

possible to keep maintenance simple and allow low-cost design on a large
scale. The design should also allow for high utilisation of the capabilities of
the converter, such as the storage elements.

2. Energy flow control scheme to allow for adapted operation. This is essential
to allow the converter with separated storage to operate in an optimised way.
It will also allow the system to utilise the capabilities of the converter better.

3. Show that utilisation of Silicon Carbide (SiC) Metal-Oxide—Semiconductor
Field-Effect Transistor (MOSFET) modules can be cost-effective on a sys-
tem level across multiple loads. The reduced losses will reduce the require-
ments on the cooling infrastructure, and the potentially increased switching
frequency can give benefits for applications which require very high accur-
acy.

4. Re-use as much of the existing CERN’s component designs as possible.
To keep time to deployment low and compatibility with existing circuits
as much as possible.

Potentially, this modular and scalable design could use a large number of sub-
modules, which enables:

* A relatively low voltage rating for each module.
* It can utilise interleaving to improve output current ripple.

* High efficiency from transistor switching, such as Silicon Carbide (SiC)
MOSFETs.

* Incorporate redundancy by having extra modules built-in and in the event of
a module failure the failed module can be bypassed and replaced instantly.

This research has built on existing experience and knowledge of the power con-
verters group (EPC) at CERN. A number of design objectives such as the stand-
ardisation of power bricks, the lifetime preservation by low thermal stressing of
semiconductors and the several cost constraints have been kept in mind through-
out the research, while a new direction such as the technical and economic impact
of Silicon Carbide semiconductors in a large scale project has been examined.

1.2 Organisation of the thesis

The thesis is paper-based. The first chapter gives an introduction to the scientific
objectives and contributions of the PhD project. The second chapter introduces
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CERN and the electromagnets that the converters described in this thesis will work
with. In particular, the electromagnets used in the CERN North Area, see Figure
1.1, have been used as reference magnets for the design and development work in
this thesis. The third chapter gives a background on the state-of-the-art of convert-
ers with energy storage and converters used for high-energy physics.

The fourth chapter introduces the papers this thesis is based on, the scientific con-
tribution of each paper and some relevant background and context on the thesis.

For the design of a power converter with energy recovery operation, a trade-off is
related to the choice of the output and dc-link voltages, which, in turn, determ-
ines the choice of the blocking voltage capability of the semiconductor switches.
In Section 4.1.2 it is shown how considering the purchasing and operating costs
separately can yield different conclusions. It also highlights the effect of high pre-
cision requirements on the converter scalability and final cost. The concept has
been demonstrated in a full-scale converter, presented in Section 4.1.4, and the
benefits of using interleaving and increasing the switching frequency have been
discussed in Section 4.1.6.

In Section 4.2.1 the full-scale prototype is introduced and used to demonstrate
a method and an experimental setup of an energy management control scheme
for controlling the energy flow in a modular and scalable DC/DC converter. The
converter has a more scalable topology based on a fundamental building block and
features energy recovery capabilities. The overall design configuration, control and
optimised electrical operation are presented and tested. This constitutes a method
for using the internal flexibility of a modular converter to achieve flexibility in
operation. The concept has been demonstrated in a full-scale converter, presented
in Section 4.2.2.

By combining the internal and external scalability, a more scalable and flexible
converter for efficient maintenance is proposed. Incorporating modularised storage
for increased safety, and also gives the converter a topology where a strategy of
redundancy is more obtainable, which increases the availability of the system and
enables the possibility for swapping out parts of the converters without stopping
the operation.

1.3 Scientific contributions

1.3.1 Selected articles

The thesis is based on the work presented in the following articles:

I. K. L. Haugen, K. Papastergiou, P. Asimakopoulos, and D. Peftitsis On di-
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mensioning the fundamental brick for a scalable DC-DC converter with en-
ergy recovery. Submitted to European Conference on Power Electronics and
Applications (EPE’21 ECCE Europe), September 2021.

II. K. L. Haugen, K. Papastergiou, and D. Peftitsis A scalable DC/DC converter
topology with modularised energy storage for high energy physics applica-
tions. Published by IEEE Journal on Emerging and Selected Topics in Power
Electronics, April 2023.

III. K. L. Haugen, K. Papastergiou, P. Asimakopoulos, and D. Peftitsis, High
precision scalable power converter for accelerator magnets. Published by
Journal of Instrumentation, March 2022.

IV. K. L. Haugen, K. Papastergiou, P. Asimakopoulos, and D. Peftitsis Energy
Sflow control in a modular DC-DC converter with energy recovery. Submit-
ted to International Symposium on Power Electronics for Distributed Gen-
eration Systems (PEDG), June 2021.

V. K. L. Haugen, K. Papastergiou, and D. Peftitsis, Adaptive system control of a
modular converter with energy storage to optimise for different key metrics.
Submitted to IET Power Electronics for review, September 2023.

The results and main findings in these articles will be presented in Chapter 4.
1.3.2 The author’s contribution to the selected articles

The author has performed the following work for each selected publication:

I. Haugen has developed the optimal procedure, and the Python script used for
the calculations, primary writing of the paper and presentation at the con-
ference. Dr. Papastergiou and Dr. Asimakopoulos have contributed detailed
knowledge of the existing systems, providing scientific guidance and feed-
back on the manuscript. Prof. Peftitsis has provided scientific guidance and
feedback on the manuscript.

II. Haugen has developed the controller, set up the lab experiment and car-
ried out the experiments and primary writing of the paper. Haugen has also
done the cost calculations and post-processing of the laboratory data. Dr.
Papastergiou has contributed a detailed knowledge of the existing systems,
providing scientific guidance and feedback on the manuscript. Prof. Peftitsis
has provided scientific guidance and feedback on the manuscript.

III. Haugen has set up the converter designs, simulation models and completed
the simulation results, primary writing of the paper and presentation at the
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conference. Dr. Papastergiou and Dr. Asimakopoulos have contributed de-
tailed knowledge of the existing systems, providing scientific guidance and
feedback on the manuscript. Prof. Peftitsis has provided scientific guidance
and feedback on the manuscript.

IV. Haugen has developed the controller to be compatible with the existing con-
trol structure and enable the new control of power flow. He has also found
the four proposed strategies, set up the simulation models and completed
the simulation results, primary writing of the paper and presentation at the
conference. Dr. Papastergiou and Dr. Asimakopoulos have contributed de-
tailed knowledge of the existing systems and provided scientific guidance
and feedback on the manuscript. Prof. Peftitsis has provided scientific guid-
ance and feedback on the manuscript.

V. Haugen has developed the controller, set up the lab experiment and carried
out the experiments and primary writing of the paper. Haugen has also done
the post-processing of the laboratory data. Dr. Papastergiou has contributed
a detailed knowledge of the existing systems, providing scientific guidance
and feedback on the manuscript. Prof. Peftitsis has provided scientific guid-
ance and feedback on the manuscript.

1.3.3 Scientific contribution of the thesis

Based on the work presented in this thesis, the main scientific contribution of the
thesis is highlighted here:

1. A scalable power converter for supplying high-precision current to the ac-
celerator magnets and recovering the energy. The converter allows for safe
and stable operation on par or exceeding existing solutions. Published in
Paper I, I and II1.

2. A method to find the most cost-effective switching technology and electrical
characteristics of the proposed converter design for a given group of highly
inductive cycling loads, including lifetime cost and other external targets.
Published in Paper I.

3. Energy flow control scheme to allow for adapted operation of the scalable
converter, increasing the utilisation of the hardware in an optimised way.
Published in Paper VI and Paper V.
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Background

In this PhD thesis, the converter concept is combined with a substantial collection
of large electromagnets and it aims to find the optimum balance between the usage
of the capabilities of the individual components and the total system. The thesis
develops a method for identifying the optimum current and voltage level for a
new type of scalable power converters for high energy physics. The experiments
considered in this thesis require a large current, in the range of 50-2000A in time
scales varying from 1s pulses up to continuous DC-current. In order to supply a
large number of different-sized electromagnets with different ratios of inductance
to resistance (L/R-ratio) the desire is to have a power converter which is easily
re-configurable and can utilise the optimum technology at any given time. At the
same time, the number of converters in use requires the converters to have a strong
similarity in order to enable easy maintenance and availability of parts.

* Best possible utilisation of semiconductor ratings
* Best possible utilisation energy storage capacitors

* Minimise investment and operation cost of power conversion at project level

Allow scalability for wide range of peak/RMS output current
* Standardise a fundamental building block regardless of function (grid sup-

ply/storage bricks)

In this chapter, the converters currently in use at CERN, their load profiles and the
connected electromagnetic loads are introduced. The first section covers the exist-
ing converters for high energy physics, then the load profile of the current pulse

7
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is described, followed by an overview of the electromagnets and their parameters.
The chapter ends with a short descriptions of the recent trends for power convert-
ers at CERN, showing where the inspiration for a modular and scalable converter
is coming from.

2.1 Converters for high energy physics

The converters have two primary functions, firstly they must deliver a high-precision
current with ppm accuracy in a reliable and repeatable way. Secondly, they should
minimise the electricity consumption, both for environmental reasons and reduc-
tion in running costs such as electricity and cooling costs.

Some critical conditions for meeting these requirements is an ability to deliver cur-
rent pulses to a wide range of electromagnets inductance and resistance following
a given current ramp and level [1]. This forces a current and voltage to be sup-
plied to each load independently. In addition, important considerations that are
relevant to this PhD thesis are minimal downtime, ease of maintenance, long life-
time (20 years minimum), galvanic isolation between electromagnets and ability to
withstand grid under/over-voltages. Naturally, there are many more requirements
applicable, but they do not have an impact on the design at this development level,
generally these overarching requirements will be simply referred to as the CERN
framework. More details on relevant figures of merit have been discussed in [2].

diode rectifier I boost regulator de-link DC/DC magnet supply high-frequency filter load
- Buost

400V / 300V

y

HBI HB2 HB3

Figure 2.1: Circuit diagram of a current CERN power converter (SIRIUS).

The current converters supplying the loads considered in this thesis are comprised
of 3 fundamental components in order to comply with all the given requirements of
the application. A complete schematic of a present converter can be found in Fig-
ure 2.1. Working backwards from the output these components can be described
as the following:

1. In order to supply the pulsed current, the converters should be able to de-
liver both positive and negative DC voltage while supplying a positive cur-
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rent, thus the converters are based on a four-quadrant design using H-bridges
to control the power delivered to the load as shown in Figure 2.2. The H-
bridges also enable the precise control of the current required for the mag-
nets [3]. In order to get the current accuracy in the ppm range, active filters
are often used. The H-bridge is an important part of the overall converter
cost and is part of the core of this PhD thesis.

©

Figure 2.2: Output stage: H-bridge.

2. Inside the converters there is a DC-bus, which can be supplied by a DC-DC
converter from the front-end, such as a boost-converter as shown in Figure
2.3. The boost DC-DC converter allows the complete converter system to
operate even if the grid voltage is somewhat lower than the nominal, ensur-
ing the operation is independent of the grid voltage quality (except black-
outs). An energy storage solution can be connected to the DC-bus. This
allows the converter to recover the energy stored in the magnetic field as the
current pulse is ramped down, which in turn can be reused in the following
cycle when the current is ramped up. This energy transfer process is referred
to here as power cycling. This power flow poses several technical challenges
[4]. Energy storage is an important part of the scalability of the converter
and will be discussed further in the thesis.

3. The last part of the converter is the front-end shown in Figure 2.4, connect-
ing the converter to the grid and supplying the power to the converter. The
front-end is normally where the galvanic isolation requirement is preserved,
as each magnet must be galvanically insulated from each other. This is typ-
ically utilising a 3-phase transformer per converter followed by a 3-phase
diode rectifier.

Traditionally functions 1-3 are all met by each converter individually, the converter
is designed to be functioning ideally from the perspective of a single converter
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=, ]

Figure 2.3: DC-bus: Energy storage and DC-DC booster.

117

Figure 2.4: Front-end: Transformer and Diode rectifier.

given the constraints and the available switching technology. In order to ensure
good availability of parts and ease of use, CERN desires only a single type of con-
verter to be used for a given power range. This results in a functional converter, that
has only one current and voltage level for the magnet. If a higher current or voltage
is required, the converters have to be parallel or series connected respectively, or
indeed both if the application requires higher voltage and current simultaneously.
If any series or parallel connection is made, the converter is always scaled with
the full capabilities of functions 1-3, even if only a higher capability in one of
them was required. Inversely, if the current or voltage required is lower than the
converter can deliver only a fraction of the capability is utilised.

Starting from the first principles the two primary functions of the power converter
are separated and investigated, and from that the 3 parts of the converter are reas-
sembled with scalability as a requirement. By separating the grid from the storage,
the boost stage can be omitted. The functionality of this scalable power converter
is demonstrated by simulation and different types of assembly are discussed. Then
the scalable power converter is used as the basis for the calculations for choosing
the optimum switches, storage and brick voltage level given various optimisation
targets on a given family of electromagnets.
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2.2 Current supplied to the electromagnets

The current supplied to the magnets can be broadly divided into 3 categories based
on their duration. For all types the current starts at zero and at a certain time will
ramp up, with some requirement on the total time this should take, referred to here
as rise-time (fyise—time), followed by a flat-top (£ 14t —t0p) Where the operation is
essentially a DC-current mode. The duration of this part is what primarily sep-
arates the different types of pulses. The current level during this phase is known
as the flat-top current ({;4¢). The current is then ramped down to zero in a con-
trolled manner, again with some requirement on the total time this should take
(tramp—down) before the magnet is held at zero current until the end of the period
(tpuise). Combined these three intervals represents one cycle, which is followed
by the next cycle. The duration of each cycle and the current at flat-top can be
combined in different ways based on the application into a super-cycle, but for
the simplicity of this discussion, the cycles will be kept identical if more than one
is used. An example of one such current pulse is shown in Figure 2.5. And a
table showing the typical load parameters for the loads from a recent consolidation
project is presented in Table 2.1.

A Current P Pulse duration (tperiod) .

<«

Peak current can be different
from one pulse to the next

Flat-top

.
arna
o ‘e

<)

1
1
1
IL
IV
1

tﬂat-top Time
L P >
4 Voltage toulse A Power
Inductive voltage Inductive power
== Ressisitve voltage == Resistive power
A == Total voltage .
1 1
1 1
1 1
|\ 1 / O
/ —— T > & >
1 1 ;
y Time 1 Time
1 1

AN

Figure 2.5: Example of pulsed current reference for the power converters, including the
corresponding voltage and power.
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The 3 types of pulsed current used by these types of converters are as follows:

1. Short pulses, the flat-top is less than 1s, typically in the range of 100ms. The
total cycle time is in the range of 1-2s and typically 1.2s, with the ramp-up
and ramp-down times typically in the range of 200ms. Figure 2.5 shows the
general shape of such a cycle.

2. Medium pulses, the flat-top is now increased to 5s up to 10s, while total
cycle time is 15-45s. The ramps are often the same as for the short pulses
but can be larger if this is beneficial for the converter or the H-B magnetic
curve in the electromagnet.

3. DC-mode, for some applications the magnets are supplied with a continu-
ous current. In these applications, the considerations for ramps and energy
recovery can be neglected.

A specific example and the calculations necessary to obtain the voltage for a given
current reference are presented in Appendix A.1.

2.3 On the electromagnets

The electromagnets (or just magnets) used as the basis for the calculations in this
PhD thesis are collected from a variety of families of magnets and application
types. They all have in common the range of current required to supply them.

Figure 2.6 shows a plot of some of the magnet’s total resistance (Rjs) in Ohms
and the total magnet inductance (Lps) in Henry’s as a scatter plot. Each point
is represented by a blob, where the blob size is the maximum current required
during operation for each magnet. In this exemplary plot in total 350 magnets
from the CERN North Area are considered. The variety of load characteristics
and mission profiles shown in this figure, are the very reason for researching on
scalable converter designs.

The energy stored in the magnets is given by Equation 2.1.

Emagnet = iLmagnetI?nagnet (21)

From the plot in Figure 2.6 some basic inferences can be observed. Since the
maximum operating current can be assumed to be the flat-top of the current pulse,
the blob size indicates both the total magnetic energy and the voltage required
during the flat-top. The magnetic inductance in this data set is from 4mH to 2.9H
and the resistance is from 0.02-1.7€2, where the highest value is only a single
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Figure 2.6: Scatter-plot of inductance and resistance for each electromagnet, with max-
imum current as the blob-size.

magnet at 2.9H and 2.7Q2 which is not shown in the plot. The R to L ratio for
these magnets are between 0.2 and 25, and the total energy stored in the magnet’s
electric field is between 10kJ and 670kJ with a median energy of about 20kJ.

2.4 Recent trends at CERN

Prior to the CERN LHC era, when accelerators were still relatively small ma-
chines, the power converters used to supply the electromagnets were in the past
designed for each magnet individually, or as a type of converter for a relatively
small magnet family. As the CERN accelerator complex has expanded with dif-
ferent magnets targeting different uses, a large number of very similar converters
have been developed over time. Since the basic operating principles are the same,
they typically have many of the same features, yet they might have small differ-
ences in their implementation. This has resulted in a challenge for operational
stability, both to retain specific knowledge and competence to service and operate
the converters over several decades and to keep sufficient stocks of spare parts.

Thus, the current trend has been to standardise the converters as much as possible
and to consolidate as many converters as possible using a single converter fam-
ily. This makes keeping spares and training technical staff a more reasonable task
and has the added benefit of reducing costs through increased manufacturing num-
bers. It also enables a greater accumulation of experiences and ensures that the
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Parameter Typical values | Minimum | Maximum
Max current 450 A 50 A 1950 A
Current rise-time 300 ms

Current fall-time 200 ms

Restive load 200 mS) 20 mf) 1680 m{2
Inductive load 130 mH 4 mH 2310 mH
Peak voltage 315V 15V 691 V
Peak power 150 kW 20 kW 800 kW
Recoverable energy | 13.2 kJ 0.045kJ | 704 kJ

Table 2.1: Typical parameters for the load requirements at CERN North Area and TT20

converters have higher reliability.

The first standardisation exercise from 2000 to 2020 resulted in modular designs
(such as various LHC converters; the SIRIUS family and others). The next stand-
ardisation wave is expected to add scalability to the modular design by adapting
individually the energy storage capacity, the grid connection ratings and by control
software. The standardisation has left the converters with a lot of oversizing, as the
3 functions mentioned in Section 2.1 are limited to a few discrete values depending
on the type of function. If for example more grid power is needed, the only option
is to add more storage and output current capability as well.

In addition to the trends in power electronics hardware, a recent trend is also to
consolidate the control functions of the control electronics into a single System on
a Chip (SoC). This will allow for greater signal integration, the converter will no
longer have separated control functions in different hardware and limits in signal
bandwidth and the number of signals will be reduced. Moreover, it will allow the
converter to take more parameters into account when being controlled, such as the
State-of-Charge of the energy storage components, energy stored in the magnet,
future energy availability and various temperatures. Finally, it will free up more
computing power, which will allow for more sophisticated algorithms to take all
these parameters into account and enable higher switching frequencies to be used.
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Chapter 3

Topologies, components and
important considerations for
converters with energy storage

Converters with Energy Storage Systems (ESS) combine switch mode circuits with
electrical energy storage. These converters can either have the storage integrated
into the converter or provide an interface between the storage and the rest of the
system [1], enabling the converters to take a more active role in the grid [2]. Rather
than just control for a voltage level, they can act as grid forming converters, con-
trolling the frequency [3], act as voltage quality regulators (STATCOM) or com-
pensate for longer-term power imbalance [4, 5, 2, 6].

The latter is generating a lot of interest in later years, as the grid is increasingly
relying on renewable energy sources [7]. Such sources tend to be intermittent and
more or less unpredictable [8], thus there has to be the ability for compensation in
the grid to allow for a stable grid operation. This is a key requirement to ensure
the successful integration of renewable energy sources into the grid [9], or in order
to ease grid congestion [10, 11]. In more direct applications, such as automotive
and traction, there is also a renewed interest in recycling the kinetic energy of the
vehicle as the energy prices continue to increase [12, 13].

The converter topology presented in this thesis have characteristic similar to a
Modular Multilevel Converter (MMC) [14, 15], while taking advantage of a full
bridge module to ensure 4-quadrant operation [16]. Using modular converters
provides many benefits in terms of scalability [17, 18] and by combining ESS with
modular converters, a more flexible system emerges [19]. A modular system of

17
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converters allows for high accuracy and high current [20], an application which
is very relevant to the experimental facilities at CERN. In principle, any number
of storage types can be used for a converter with ESS, at present the most used
remains batteries [21]. It is, however, possible to use other storage types, such
as capacitors, mechanical flywheels [22, 23] or super-capacitors depending on the
amount of stored energy required, delivered power and storage time. It is also pos-
sible to combine different types of storage, intro Hybrid Energy Storage Systems
(HESS) for increased flexibility [21, 24].

The following section will cover the main types of converters utilising some form
of energy storage and a number of the key technologies to design these converters
such as power semiconductors and energy storage components, where many of
these solutions are of relevance to CERN. A discussion of the converter topologies
when used in the CERN framework is presented in Section 3.4.2.

3.1 Power converter topologies

3.1.1 Modular Multilevel Converters - MMC/M2C

An area of interest for the next generation of converters for CERN is to create
a modularized design. This can offer redundancy and easy replacement of dam-
aged converter parts. Initially, a modular multilevel converter (MMC) would be
the perfect topology to achieve higher scalability for high power and medium-
/high-voltage energy conversion systems [17, 25]. The MMCs have good voltage
and current scalability and exhibits advantages such as transformerless operation,
reduced filter size, a reduced ripple of the output current for AC outputs, high
efficiency, and relatively low installation cost on redundancy [18].

However, using only half-bridge on the output does not have the 4Q operation
capability and fault blocking capability of the current converters, so a possible to-
pology for the converters at CERN is to use Modular Multilevel Converter (M2C)
topology. Developments in high-power semiconductors have enabled them to per-
form comparable to more traditional power converter designs [26].

An M2C design comprises a series of modules, namely sub-modules (SM). SMs
are made with 2 (half bridge) switches and a capacitor [26, 27]. The capacitor
functions both as a filter and energy storage and these SMs are connected in series
[14].

It is also possible to create combinations of different hybrid multilevel converters
with H-bridges or half-bridges and combine them in different arrangements of SM
branches in leg or phase [28].
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Figure 3.1: The Modular Multilevel Converter (MMC) sub-module, as proposed by [14].

This design gives several benefits which are of interest. Each SM acts as a voltage
divider and is only subjected to a fraction of the total voltage. In principle the SM
voltage V,,, see Figure 3.1, is the maximum converter voltage Vj divided by the
number of sub-modules n, see Equation 3.1. Allowing the SM to be assembled
of relativity low voltage rated components. The independent voltage of each SM
allows easy scalability with voltage and allows for built-in redundancy [25].

Vi = 2 (3.1)

In this topology, the SMs can either be active (charge/discharge) or bypassed (in-
active). In either case, all the current of the converter has to go through all the
SMs, so they will contribute to the converter parasitic conductance and resistance,
which is not desired in an inverter type application. Another disadvantage is that
the capacitors can only be used in series or remain inactive, so for low voltage
levels with many inactive SMs, the potential of the converter is not fully utilised.
[25].

3.1.2 Modular Multilevel Series/Parallel Converter (M2SPC)

In an attempt to manage these disadvantages and provide better current delivery
potential, [25] proposes a novel topology of M2C with possibilities of series and
parallel connections. The topology with full-bridge for parallel connection capab-
ility is shown in Figure 3.2.

With two terminals, two going to each neighbour, the capacitor in the sub-module
can now be connected in series or in parallel, depending on the operating needs
[29]. Over time the SMs voltage on the capacitors tends to drift away from the
expected given by Equation 3.1, resulting in a voltage difference between the two
neighbours. In [25] the authors propose routinely connecting two SMs in parallel
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Figure 3.2: Modular Multilevel Converter (M2CPC) sub-module.

to equalise the voltage and minimise this instability, in order to avoid unexpected
depletion or overloading of the capacitor.

The ability to connect SMs in parallel also enables the capacitors to be connected
in parallel, providing more current. Unfortunately, this requires constant monitor-
ing and calculations from the control interface. Several papers have built on this
topology and proposed various strategies to adress these issues [30, 31, 32]. For
example, in [30] the authors propose a strategy for controlling the M2SPCs which
are distributed and can operate without voltage sensors.

3.1.3 Multiport converters and DAB

A multiport converter or power router is essentially a converter with more than
two ports. This can be achieved either by a common DC bus or a common AC
transformer. A typical AC transformer will have a solid-state transformer (SST)
with three or more windings, enabling the power transfer. The Multiport converter
will typically use a switching frequency above SkHz, allowing the transformer to
be relatively small, compact and efficient [33, 34, 35, 36, 37, 38]

A very interesting approach, which would have many benefits for CERN, is using
Dual-Active Bridge (DAB) converters in combination with full bridge MMC as
shown in Figure 3.3, similar to the method used in [39] to create an MMC with
integrated battery storage. By replacing the transformer with an internal DAB, the
galvanic isolation of the magnets is preserved, and the modules could more easily
be adapted to different types of storage. High-efficiency switches with resonant
operation would probably have lower losses than the existing solution, and the
high-frequency transformer could facilitate a very compact design. In locations
where the management of the generated heat is of high importance, a DAB-based
design could utilise water cooling resulting in almost no ambient heat losses from
the converter.
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Figure 3.3: Dual Active Bridge based topology.

3.1.4 Multi-stage converter topologies

The following sections list a number of the potential grid-connected converter to-
pologies. They can generally be divided into single and multi-stage converters.
Some of these topologies use buck and some use boost DC converters, while the
most flexible aim to combine the two [40]. Due to the many different needs of the
operation, the power converters used to supply magnets at CERN are multi-stage.

Ug

Figure 3.4: Topology of non-isolated on-board bidirectional charger composed of pulse
width modulation (PWM) converter and bidirectional buck-boost DC-DC converter.

Figure 3.4 is a converter example used for a bidirectional connection. Such con-
verters can be divided into isolated and non-isolated types, of which Figure 3.4
is the latter. It is composed of a single-phase Pulse Width Modulation (PWM)
converter and a bidirectional buck-boost DC-DC converter. This topology uses
fewer switches. However, without galvanic isolation, the safety of its operation is
compromised.

Figure 3.5 depicts a topology composed of a single-phase PWM converter and
cascaded buck-boost DC-DC converter. The cascaded buck-boost converter allows
bidirectional energy flow and overlapping input and output voltage ranges. This
topology is presented as a single stage, but the article [40] points to the fact that the
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Figure 3.5: Topology of non-isolated on-board bidirectional charger composed of PWM
converter and cascaded buck-boost DC-DC converter.

intermediate capacitor bank has made this into two stages, each one of which can
act either as a buck or a boost converter. This enables the topology to have good
voltage characteristics, that are useful in battery applications. However, the more
complicated configuration leads to higher power losses compared to the topology
shown in Figure 3.4.
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Figure 3.6: Topology of non-isolated integrated bidirectional charger composed of eight-
switch inverter (ESI) and interleave DC-DC converter.

rt

Figure 3.6 shows a much more complicated topology. In particular, this is an integ-
rated bidirectional charger composed of an eight-switch inverter (ESI) and inter-
leave DC-DC converter, integrating the DC-DC converter, on-board bidirectional
charger, and DC-AC inverter together. This topology can act both as a three-phase
DC-AC inverter or a single-phase PWM, making it a very flexible, but expensive
solution, both in terms of cost and efficiency. This topology is also non-isolated
and like the previous ones, a complex controller is required.

The most common method for obtaining galvanic isolation between the utility grid
and the application, such as an energy storage device, is to use a transformer. To-
pologies as in Figure 3.4 can gain this functionality by introducing an insulating
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Figure 3.7: A two-stage topology composed of PWM converter and dual-active-bridge
(DAB).

transformer, this will however increase volume, weight and noise significantly. By
placing the transformer into the converter, it is possible to utilise a much higher
transformer frequency by the use of PWM, enabling the galvanic isolation while
keeping the transformer as small as possible. Figure 3.7 has taken a single-phase
PWM AC-DC converter and connected it to a DAB high-frequency isolated DC-
DC converter. The DAB converter has the insulating transformer placed in the
middle, between the two H-bridges. The DC-DC part of this topology can be con-
trolled by a phase shift control to achieve zero-voltage switching (ZVS), resulting
in a resonant DAB. The lead and lag relationship between the two bridges, or the
polarity of the phase shift angle, determines the direction of energy flow and the
phase shift angle value controls the output power. Unfortunately, DAB converters
have high input pulsating current, limited zero-voltage switching range under load
variations, and high circulating current through devices and magnetics.

There are several other topologies are available [40], each new topology increases
complexity and design requirements but makes important improvements, while
there are always inherent trade-offs between adding functionality and keeping
design and operations simple. A discussion of the converter topologies when used
in the CERN framework is presented in Section 3.4.2.

3.2 Power semiconductors

The selection of power conductor technology has a profound impact on the per-
formance of a power converter. Presently the IGBT and SiC MOSFET techno-
logies are preferred for switch-mode power converters, due to their high-power
handling capabilities, voltage controlled gate and high frequency spectrum. IG-
BTs are currently dominating in design of new power converters at CERN, due to
the voltage blocking and current delivery capabilities being in line with the needs
of the magnets.

As the SiC MOSFETs are maturing, and reaching similar voltage blocking and
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current capabilities of the IGBTs, they also start to become a focus of interest
for CERN, as they pose several significant advantages for CERN. This will be
discussed in the following sections along with some critical considerations that
have to be made when dimensioning a power converter for a high-energy physics
pulsing converter.

3.2.1 IGBT - Insulated-Gate Bipolar Transistor

Insulated-Gate Bipolar Transistor (IGBT) is a well-established technology for switch-
mode converters. IGBTs developed as a method to combine the low on-state losses
of the Bipolar Junction Transistor (BJT) with the fast switching capability of the
Metal-Oxide—Semiconductor Field-effect Transistor (MOSFET) [41].

They are built using a silicon wafer and are packaged into power modules, the
specific methods used for the packaging have a great influence on the lifetime
of the devices and are thus critical to consider when selecting a device. Silicon
IGBT have well-known mechanical weaknesses [42] which are shown in Figure
3.8. The IGBT power modules offer advantages in high voltage and current rat-
ings, combined with low on-state losses, making them interesting for many types
of switch-mode converters. One important requirement that is decisive for the siz-
ing of the power modules in a pulsed application is the ability to withstand power
cycles. Power cycles cause heat generation in the silicon wafer during the on-
phase, which results in temperature increase. While the temperatures drop down
again during the off-phase. The temperature variation causes thermal expansion
and contraction in the materials, which leads to mechanical stress that can res-
ult in failure. Increasing temperatures also leads to increased voltage drop across
the collector-emitter of the device Vg, as IGBTs has a positive temperature de-
pendence [41]. Which in turn causes the power module to experience more losses
and this results in higher Vog. In applications where several IGBTs are connec-
ted in parallel, this leads to increased uneven distribution of the current between
the modules. The module with the highest Vg will also experience the highest
losses, resulting in a higher delta temperature compared to the other modules and
increasing the uneven stressing. Different materials have different coefficients of
thermal expansion, and this adds stress to the interface between different materi-
als. The relative forces and repeated contraction and expansion results in ageing
of the device, eventually resulting in failure. The interfaces between the materials,
in particular solder layers and bond-wires are the most exposed to these stresses.
So lifting of bond wires and solder layer delamination are the predominant failure
mechanisms in power cycling applications [42, 43], which has to be taken into
account when designing for high-reliability requirements.

The details of the manufacturing process are often considered Intellectual Property
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Figure 3.8: The weak point of a silicon IGBT, obtained from [42].

(IP) and are, therefore, not available to the customer, the manufacturers of IGBT
often have well-documented datasheets that can be used to dimension the devices
for their lifetime.

3.2.2 Silicon Carbide (SiC) Metal-Oxide-Semiconductor Field-effect
Transistor (MOSFET)

The Silicon Carbide (SiC) Metal-Oxide—Semiconductor Field-effect Transistor
(MOSFET) [41] exhibits several advantages over silicon based counterpart. The
SiC material itself has inherently a higher electrical and thermal conductivity, as
well as being a stronger and stiffer material compared to Silicon [44, 45]. These
result in the SiC devices having lower on-state resistance in the wafer, even lower
than that of the IGBT. Combined with the lower thermal resistance it can manage
more dissipated heat and therefore manage higher current densities. The wider
energy band-gap allows for the SiC to operate at higher temperature, while the
the higher material stiffness makes the SiC more susceptible to cracking at these
higher junction temperatures. The increased switching frequency capability of the
SiC MOSFETs opens many opportunities in the design of high-power density con-
verters [406].

It is expected that the SiC MOSFETSs power modules will have similar weak points
as silicon IGBT [47, 48] as shown in Figure 3.8. However, the package has differ-
ent impacts on lifetime compared to that of Silicon [49] and so the lifetime models
have to be updated to accurately predict the lifetime at lower temperature deltas
(< 40K).
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3.3 Energy storage

The electrical grid is always operated in a balance between the production and
consumption of electric power. The grid itself does not have the ability to store
energy. Traditionally the regulation of power balance has been achieved by tak-
ing advantage of the regulation capability of certain electricity production types,
such as thermal electrical (coal, gas etc.) or dam-based hydro-power [50]. As
the thermal electrical sources are to be phased out, and hydro-power generally has
reached its full potential, the need for exploring other means of balancing produc-
tion and consumption emerges. In recent decades significant efforts were made
for the development of grid-scale energy storage systems for electric energy [51].
These technologies require normally power converters to interface them to the AC-
grid, as they either have a variable frequency or are inherently DC devices [4].

Such converters and storage technologies are in the same power and energy range
as the converters used to supply the electromagnets at CERN, and so they are
relevant to such converters. In particular, the cycling of the magnets results in a
very high peak power when the current is ramped [52]. The following sections
give a brief overview of energy storage technologies that have been considered.

3.3.1 Capacitors

This thesis focuses on the use of capacitors to take advantage of their high-power
capability and their ability to handle a large number of cycles (> 1e6). Using
capacitors introduces some challenges in the stored energy regulation since the
energy is a function of the voltage. However, this also allows for relatively easy
monitoring of the state of charge. The energy is stored in the electric field by
accumulating charges on the electrodes, which is a very fast process, but the energy
is limited by the field strength in the device.

Capacitors offer a very high peak power compared to stored energy [21]. And is
therefore the type of energy storage primarily used at CERN for the magnets in
the transfer lines and storage rings with warm magnets [52]. Typical applications
considered in this thesis are ramping times of 200ms, and thus in order to take
advantage of the installed energy, capacitors are beneficial.

3.3.2 Chemical storage - batteries

One of the most attractive means of storing electrical energy is to use batteries.
In particular, Li-ion batteries in their various forms have been cited as one of the
most critical components to enable the electrification of society and enable large
amounts of intermittent power sources to be included in the grid [4].

Batteries are inherently a chemical process, where metals, such as Lithium are
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oxidised to salt ions to release an electron producing the current from the battery
during discharge. Since this is, in principle, a reversible process, then the same
metals can be reduced back to their metal state during the charging process.

The optimal lifetime for a battery is currently in the range of 1C, where C is the
charge rate required to charge the battery fully from empty in 1 hour. This sets
a limit on the power capabilities of the batteries for any given amount of stored
energy. For example a 1kWh battery can supply 1kW of peak power, assuming
a discharge rate of 1C. While it is possible to operate batteries at 4C, this has
negative impacts on lifetime and still limits the power ratio to 4, not the order of
a power ratio of 10 the applications at CERN often require. Battery technology is
under heavy development, and new solutions are sure to arrive that will improve
batteries significantly in the coming years.

3.3.3 Mechanical storage - flywheels and pressure vessels

Mechanical storage has a higher power-to-storage ratio compared to batteries [4,
21], and can go as high as 10 or 100 for certain types of devices [22, 23].

Some technologies have emerged where the rotational speed of the flywheel is able
to reach above 10 000RPM, giving the flywheels significantly increased specific
energy density (kJ/kg) compared to previous versions of flywheels. Flywheels
have also the ability to very rapidly deliver the stored energy and are generally
limited by the interfacing power converter. A mechanical flywheel also has inter-
esting safety advantages, and mechanical brakes can be used to completely remove
any stored energy quickly and without the need for any electrical power of control
in case of an emergency.

Another method considered mechanical energy, is to store energy using com-
pressed air [4]. These systems have the same power limitations as flywheels, i.e.
the size of the power converter running the compressor and the generator limits the
power, not the technology itself. However, pressured air has very low volumetric
power density, and is best suited if a large cavity already exists nearby, such as an
abandoned mine or similar.

3.4 Technical considerations

3.4.1 System and production considerations

There are many points to the system requirements imposed on modern converter
technologies [53]. The requirements in terms of low cost, high efficiency, high
reliability, and tolerance over a wide range of input voltage variations have driven
the converter development toward simpler topologies, lower component counts,
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and tighter modular design.

The following list gives a summary of the main factors influencing development
for modern PV inverters [53]:

* Component count. Fewer components give lower costs and higher operating
efficiency, and often simpler components using hard switching which comes
with the cost of harmonics which needs filtering.

* Input voltage range. To make topologies more flexible, the trend moves to-
wards accepting a wide range of input and output voltages and the challenge
is to keep the performance insensitive both to load and input variations.

* Higher switching frequency. The increasing switching frequency that re-
duces the size of energy storage elements and at the same time increases
switching losses, is addressed by utilising resonant converters to achieve
soft switching.

* Direct AC output, allowing for a wide range of DC-voltage levels, and con-
necting the converters directly to the grid, without the use of AC trans-
formers.

All of these arguments are also applicable to grid-connected converters more gen-
erally and the converters operated at CERN. The various forms of potential energy
storage, perhaps connected to the DC side, might result in a wide range of voltage
and load profiles.

3.4.2 Topological variations

In the previous sections different topologies have been discussed. Utilising a multi-
level converter topology enables the system to deliver a high output voltage while
keeping the voltage level low on each sub-module. Such modularity would enable
a single unit to be used across many applications, connecting more in parallel to in-
crease the current capability and in series to increase the output voltage. However,
strategies to deal with harmonics would have to be developed to avoid interference
becoming too large for the system to handle. Presently, the converters at CERN
aim to limit the number of switching devices used for each converter, as each
switch represents a single point of failure. Any failure of a single device, whether
it is an IGBT module, an inductor or a control card, could cause the complete
CERN complex to stop and the beam will be dumped or inhibit a particular beam.
While short term technical stops are tolerable, prolonged downtime due to main-
tenance is very costly for the organisation, and thus the goal is to move towards
solutions where the number of failure points is kept as low as possible.
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By having a number of relatively simple converters connected, perhaps as a com-
bination of different types, the system also acquires the ability to include redund-
ancy. If one of the components fails, by uncoupling the affected converter unit, the
power could still be delivered, with a small reduction in capability compared to the
initial mode. And such redundancy could easily compensate for the increased fail-
ure risk of a converter, yet this approach is not generally used for power converters
at present.

This PhD thesis tries to move in the direction of simple topologies and uses a
limited number of different types of devices and topologies. This standardisation
will result in reduced utilisation of each component. However, this PhD thesis
discusses a systematic approach to address the shortcomings of standardisation by
taking advantage of the flexibility offered. By reducing the electrical rating of the
devices, it is necessary to increase the number of identical devices, to maintain the
overall power capability. The increased numbers of identical functioning devices
can be operated slightly differently and at the same time respecting the total re-
quired output, and this flexibility gives some flexibility in control.

i

(b) Parallel connection of devices
with bricks using a decoupling in-
ductor.

Voltage Source
Controller

(a) Parallel connection of devices at switching position,
requiring good signal synchronisation at higher switch-
ing frequencies.

Figure 3.9: Different approaches to increasing current capacity by parallel connecting
devices.

Modularity often is considered to have many advantages, when multiple modules
are parallel connected the challenge becomes to manage the simultaneous con-
trol of multiple devices. Rather than connecting devices in parallel at a single
switching position, as shown in Figure 3.9(a), which can give challenges for the
synchronisation of the gate drives at higher switching frequencies, this thesis fo-
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cuses on an approach where the parallelisation is done at the brick level, such as
in Figure 3.9(b). This allows the bricks to be controlled more independently by
including a series inductance to disconnect the operation of the parallel connected
devices. By parallel connecting at brick level it is possible to operate the brick with
interleaving, which can be utilised to reduce the output ripple, while it can have
some consequences for the circulation currents. Some approaches to deal with this
are discussed more in Section 4.1.6.

3.5 Summary

The brief investigation of various power converter topologies for energy storage
systems shows a large number of potential topologies with different strengths and
weaknesses. From simple and reliable single-step converters to complex and flex-
ible multi-stage converters, the possibilities for different combinations seem close
to infinite. Selecting the right combination of topologies for a given set of con-
straints seems to be at the heart of the engineering challenge, and with such great
flexibility, it is possible to optimise for different key metrics. By carefully selecting
a good base, it is possible to construct a scalable converter where the complexity of
maintenance is kept manageable and optimised for the lifetime cost of installation
and operation.

Ultimately, the risk of failure associated with each component requires the design
of power converters at CERN to go in the direction of proven reliable compon-
ents and keep the total component number as low as possible. This results in a
DAB being less desirable than a standard 3-phase S0Hz transformer despite many
advantages for CERN. Therefore, the presented converter design is based on an
H-bridge, similar to the present state-of-the-art, and a diode rectifier for AC-DC
conversion with a grid-side transformer for galvanic isolation.
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Chapter 4

Design and operation of scalable
power converters

4.1 Designing a scalable converter

This section aims to find the electrical design parameters of the scalable modular
converters, what benefits it can bring and how it can reduce the total cost of in-
stallation and operation. As discussed in Section 2.3, the electromagnets at CERN
have a large range of resistance and inductance, which together with the required
current determine the voltage and current requirement for the converters.

The fundamental building modules of the converter, here referred to as bricks, can
either be connected to the grid or to separate energy-storage components. Energy
recovery into the energy storage takes place by redistributing the current during
inductive load ramp-down.

If a single conventional converter design is to supply all of these loads, in some
cases the voltage capabilities will be underutilised, and for some, it will be the stor-
age element which is underutilised. By dividing the large converter into smaller
bricks, it is possible to find a combination of bricks which better matches the indi-
vidual requirements, enabling both scalability and modularisation. The question is
whether such a scalable modular converter can be cost-effective. The key finding
is that the lifetime cost of the converter is highly dependent on the chosen power
semiconductor technology (IGBT vs. SiC MOSFET) and the output voltage of the
bricks. The latter creates a shallow U-shaped curve with the voltage on the x-axis
and the optimal voltage range being in 300-600V for modules. When comparing
different IGBT modules to each other, the difference is less obvious. Figure 4.1
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Figure 4.1: Proposed scalable converter, showed in a 1 grid brick 2 storage bricks config-
uration.

shows a possible configuration of the proposed converter.

Paper I aims to explore this question in a general way, in the following chapters
some of the findings will be isolated and investigated in more detail. It attempt to
answer the question for CERN and for the renovation project in the CERN North

Area project.

In addition, the design raises two significant questions, which will be answered in
later papers.

1. Given that some of the bricks do not have any grid connection, and thus
no way of replenishing lost energy, how can the converter compensate for
the energy loss in each cycle and does this enable other flexibility for the
operation of the converter?

2. With a number of parallel connected bricks, what are the effects on output
current ripple by using interleaving?
These questions were the starting point for the papers discussed in Section 4.2.1

and 4.1.6 respectively.

4.1.1 Assumptions

For Paper I the following assumptions were made, in addition to the assumptions
listed in Paper I itself.

1. Constant voltage of 400V applied during ramping the current up. Ensuring
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that the ramp time is kept inside the period of the pulses.

2. The same de-rating factors were used for all device types, obtained from
existing converter design for these loads. 0.5 for current and 0.75 for voltage.

3. The bricks are either storage or grid bricks, meaning that the minimum pos-
sible brick count is 2.

4. The bricks can be connected in series and in parallel freely.

5. There is a margin of safety on the bus voltage with respect to the output
voltage of S0V.

6. The output voltage level is set from (Vs — 50V) to 50V and each voltage
level is used for the bricks to find assemble the converter for each magnet in
the database of magnets.

4.1.2 Finding the optimal brick size

The following is a deeper discussion of the results from the work presented in
Paper 1. It is supplementary to the results in the paper, and they will make more
sense if the paper is read first. The information shown below sheds more light
on the results, to analyse the results further and investigate which parameters the
results are most sensitive to.

Introduction to the plots

Using the algorithm presented in Paper I it is possible to perform a further analysis
for this particular set of circumstances. In Figure 4.2 the relative cost line discussed
in the paper is plotted for one of the devices, SiC MOSFET 600A (plotted in red).
As in the paper the vertical line represent the sensitivity to price (+/ — 10%). In
addition, the relative cost of the capital cost (cyan colour) and operational cost
(yellow colour) are added. All are normalised to the same value of the total cost
of the SIRIUS converter, such that the relative values of storage and capital adds
up to the relative total cost and are referenced to the right y-axis. In this figure, the
number of bricks is plotted in the blue colour and is referenced to the left y-axis.

For each voltage level in Figure 4.2 the blue dotted line represent the average num-
ber of bricks required at that voltage level across all the magnets, while the blue
dot represents the 75% percentile at that voltage level, i.e. 75% of the converters
have the number of bricks indicated or less. Since the average and 75% percentile
is so close to each other, it is clear that the distribution of the number of bricks per
voltage level is heavily skewed towards the lower numbers, and only a few reach
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Figure 4.2: Bricks per voltage level for the SiC MOSFET, 600A. Coloured lines represent
total costs (investment cost, operational cost and total referring to right vertical axis) for
350 power converters of the NA project. Whiskers (vertical blue lines associated with the
left axis) represent min, max and average number of bricks per converter calculated across
the 350 power converters.

the higher brick count. The horizontal bar lines show the minimum and maximum
number of bricks at each voltage level.

As expected at low brick output voltage, a very large number of bricks is needed
to provide the voltage to the load. Having a 50V brick output has the benefit of
using almost 100% of the energy in the storage given the 900V bus voltage, but at
the cost of requiring a huge amount of bricks, resulting in a high total cost and an
impractical converter design.

As the brick output voltage is increased above 600V, the capital cost starts to in-
crease again. This time is driven by the greatly increased cost of capacitors as the
energy utilisation is poor, while the number of required bricks does not decrease
much, as one brick has enough output voltage to ensure the required voltage is
met.

Bricks and capacitors per voltage level

Using the same type of plot and considerations as for Figure 4.2, Figure 4.3 focuses
on the most interesting voltage range, and includes this plot for 4 of the modules
included in the paper. They follow the same trends as discussed above, except of
course the TO-247 device which has a much lower bus voltage, and so the optimal
range is shifted down towards 200V. The 3 other plots have a more or less flat cost
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curve between 300V and 600V, and the number of bricks are stepping in the same
places, which will be discussed in the next section.
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Figure 4.3: Bricks per voltage level.

Looking at the number of capacitor stacks, where one stack is the number of series
connected capacitors required to achieve the bus voltage, Figure 4.4 shows how
the number of capacitors stacks are inversely correlated with the number of bricks.
While the maximum number of bricks is steadily rising through the range, the
average and the 75% percentile are almost the same and rising only slightly. They
are more representative of the total cost of storage, as they represent the majority
of the bricks. Even so, a typical brick will need somewhere in the range of 20-30
capacitors. This will not be so different from the current solutions as the energy
stored is determined by the magnet current and inductance. Yet, a low brick output
voltage will increase the utilisation significantly and reduce the amount of storage.
It is also worth mentioning that the number of storage capacitors per converter is
more like 3-8, which seems reasonable.

The distribution of the bricks for 4 different brick output levels is also included.
The plots are selected for only one device, the SiC MOSFET 600A, as the different
devices have very similar distributions. From these plots in Figure 4.5 the same
observations as in Figure 4.3 can be made, they show the number of bricks connec-
ted in series, parallel and total for each converter on the x-axis and the number of
times each of these appear in each converter on the y-axis. For example, at 200V
output voltage, upper left plot in Figure 4.5, there are almost 290 converters out
of the 350 converters with 4 bricks in series and approx 60 with 5 in series and
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Figure 4.4: Capacitor stacks per voltage level. Coloured lines represent total costs (in-
vestment cost, operational cost and total referring to right vertical axis) for 350 power
converters of the NA project. Whiskers (vertical blue lines associated with the left axis)
represent min, max and average number of bricks per converter calculated across the 350
power converters.

only a few having more, whereas approx 150 converters have 2 strains of bricks in
parallel. Note that each of the 3 colours of the plots add up to the total of 350, so
the plots show how prevalent each configuration is. By multiplying the number of
series connected bricks with the number of parallel strains, the results is the total
number of bricks for each converter. For the upper left plot the converter with the
largest number of bricks has 21 bricks, made of 3 bricks in series and 7 strains in
parallel.

The distributions are heavily skewed towards the lower number of bricks, with
only a few outliers. The output brick voltage is very important for determining the
distribution of a series of connected bricks, which is dominated by one or two pos-
sibilities. While the parallel connected bricks are not affected by the brick output
voltage, the necessary multiplication of series and parallel connections is what in
turn gives the very high extremes in terms of the total number of bricks. The plots
show how the series and parallel connected bricks are combined together to create
the total numbers. If the desire is to reduce the number of bricks and maintain the
low output voltage, increasing the current capability of each brick by using power
modules with larger current ratings could be an interesting approach. It is also pos-
sible to connect devices parallel on each switching position, to increase the current
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capability of each module. However, if the cost of the modules are approximately
proportional, then increasing the current in terms of more modules also gives the
other benefits of the increased number of modules as discussed before.
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Figure 4.5: Distribution of bricks per voltage level. Coloured lines represent total costs
(investment cost, operational cost and total referring to right vertical axis) for 350 power
converters of the NA project. Whiskers (vertical blue lines associated with the left axis)
represent min, max and average number of bricks per converter calculated across the 350
power converters.

Effect of magnet current ramping rate (di/dt)

Figure 4.6 shows the effect of the magnet current ramping rate (di/dt) requirement
on the number of bricks and thus the total cost, and how this optimum cost point
discussed above moves with the value of the magnet ramping rate value signific-
antly. This is one of the single parameters with the biggest impact on the overall
cost consideration.

As mentioned in the assumptions in the previous section, there is a requirement
for ramping voltage present. Since most of the magnets have internal resistance
and current requirement such that 50V is sufficient to maintain the current, the
sum of this flat-top voltage and the ramping voltage (V,.;; = 450V in this case),
becomes a critical value. For bricks with output voltage above this value, one brick
in series is enough in most cases, and for bricks below this value, the bricks have
to be connected in series until they achieve V,.;;. From the plots it is possible to
observe when the maximum number of bricks required for any of the converters
increases from 2, his point is marked by the orange circle in the plots in Figure 4.6.
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Figure 4.6: Effect of magnet current ramping rate (di/dt) on the distribution of bricks per
voltage level. Coloured lines represent total costs (investment cost, operational cost and
total referring to right vertical axis) for 350 power converters of the NA project. Whiskers
(vertical blue lines associated with the left axis) represent min, max and average number
of bricks per converter calculated across the 350 power converters.

This point indicates the start of the transition, where for lower voltages the series
connection of bricks starts to increase significantly. It shows how for brick output
voltages above the ramping voltage, a minimum of two bricks is possible, given
that at least one magnet requires 1000V in total. Whereas for the brick output
voltages below the ramping voltage, a minimum of 3 bricks in series are required.
Since the total number of bricks are a multiplication of the series connected bricks
and the number of parallel strains, the number of bricks starts to quickly increase.

Focusing on the 400V case first, when dropping the brick output voltage below
100V of the ramping voltage, the 3 bricks in series becomes the most common
solution across the range, and the 75% percentile moves up to 6 bricks because
of this (marked by the orange line in Figure 4.6). The same is true for the other
voltage levels, but shifting the ramping voltage requirement down by 100V only
moves the two points by half the value (50V), the same is true both for stepping
up and down.

As can be seen from the results in the previous paragraphs the voltage requirement
is important when considering the complexity of the converters used to supply
these loads. In Figure 4.6 the influence of the ramping voltage, which has a partic-
ular influence on the number of series connected bricks, is further analysed. The



4.1. Designing a scalable converter 45

optimal output voltage of the design is determined by the ramping voltage require-
ment, and relaxing this requirement somewhat can allow for better storage utilisa-
tion. AS reducing the peak-voltage requirement moves the optimal output voltage
in the calculation to a lower output voltage. On the other hand, it can reduce the
overall costs at the optimum output voltage point. However, as these variables
are not so sensitive in this analysis, the trade-off between desired complexity, re-
dundancy and ramping voltage is more important. The cost of complexity and
benefit of redundancy is highly dependent on the scalable converter configuration
and application and is not further investigated here.

4.1.3 Distribution of the number of bricks in the optimal range

The results in the previous section focus purely on the overall cost of the system,
but the developed algorithm also reveals a lot of information on the presumed
complexity of such systems. In particular, the number of required bricks is a key
parameter to understand the operational challenges and availability of redundancy.
By considering the SiC MOSFET 600A-rated power module (green line) from
Figure 7 in Paper I, and selecting only the voltages that lie in the optimal range
(output of 200-600V), Figure 4.7 shows the number of bricks required at each
voltage level.
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Figure 4.7: The number of bricks required at each voltage level for a SiC MOSFET
module at 600A 1200V. Coloured lines represent total costs (investment cost, operational
cost and total referring to right vertical axis) for 350 power converters of the NA project.
Whiskers (vertical blue lines associated with the left axis) represent min, max and average
number of bricks per converter calculated across the 350 power converters.

In Figure 4.7, the red line is the same as the green line in Figure 7 in the paper, and
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it also includes the relative capital and operational costs, the sum of these two adds
up to the red line. The blue lines show the number of bricks required at each output
voltage level, it shows the sum of parallel and series connected bricks if both are
required. First, the dotted blue line shows the average number of bricks required
for each magnet across the 350 magnet data set. At 600V the average number
of bricks is relatively low, at only 3 bricks. As the output voltage decreases, the
number of bricks gradually increases, plateauing at 350-450V before gradually
increasing again. This effect has been studied more closely in section 4.1.2 (i.e.,
Figure 4.6).
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Figure 4.8: Histogram in the number of bricks required at output voltages of 200V, 300V,
400V and 500V.

The blue dot in Figure 4.7 represents the 75% percentile. This value is in fact very
close to the average, which indicates that the distribution is skewed towards lower
numbers of bricks, and only a few outlier cases have a high number of bricks.
This distribution is shown in Figure 4.8, where the distributions are broken down
to show series and parallel connected bricks as well. Finally, the small horizontal
line shows the maximum number of series connected bricks and the two wider blue
horizontal lines show the maximum and minimum number of bricks required. At
450-600V output voltage, the small blue line disappears as the minimum number
of series-connected bricks is the same as the minimum number of total bricks. It is
worth noting that these min and max values might only be referring to the converter
supplying a single magnet, due to the dataset having some quite large outliers for
current and voltage. In Figure 4.9 an example configuration is shown, which is the
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most common configuration for the 200V output voltage marked by the red star in
Figure 4.8(a).
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Figure 4.9: Example of the most common configuration for 200V output voltage, corres-
ponding to the red star in Figure 4.8(a).

Looking closer at the distribution in Figure 4.8 it is clear that the series and parallel
connection of the bricks is never exceeding 6 parallel connections and 5 series
connected bricks. However, as the total number of bricks required depends on
the product of the series and parallel connected bricks for each converter, the total
number can quickly become quite large. Yet the maximum number of bricks is 20,
so no load requires both the maximum series and the maximum parallel connected
bricks at the same time. This is a way the scalability comes into practice, meaning
that a large storage, voltage and current capability is rarely required, so only a few
converters actually have it. Even though reducing the output voltage from 500V
to 400V results in a significant increase in the series connecting of bricks. At
500V both 2 and 3 series connected bricks are common, while at 400V most loads
only need 2 series connected bricks in order to supply the required output voltage
for the loads. Despite the reduction in the number of series connected bricks,
there is no increase in the overall cost, the increased cost of the bricks, is off-set
by the increased utilisation of the storage. Even going from 400V to 300V output
voltage the costs do not really increase significantly. With such insights early in the
planning stage, prioritising utilisation of storage, grid-connected power capacity
needed, practical limits for complexity and cost-efficient re-use and integration
of existing infrastructure is easier to quantify. Trading of the converter output
voltage and type of technology and type of power module is made possible when
the relationships between these parameters are made clear.
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Figure 4.10: The structure of the control algorithm used in the experimental validation
and the simulations.

4.1.4 Controlling power flow of the scalable converter

The following chapter describes the proposed scalable DC/DC converter topology
with modularised energy storage as presented in Paper II. The work demonstrates
the operation of such a converter with a lab specimen load and a full-scale con-
verter prototype.

The lab experiment is based on the theoretical work from the paper presented in
Section 4.1.2, and it shows an experimental verification of the scalable converter,
where the different bricks of the converter can be independently controlled. The
control strategy overview is presented in Figure 4.10. In Figure 4.11 the experi-
mental verification of one of the the converter configurations is shown. In this fig-
ure a cycle-agnostic control strategy is shown, where the converter uses the energy
stored in the magnet to replenish the energy storage fully after each cycle. Due
to the complicated process of planning and operating the converters, it’s desirable
to have a converter where each pulse can be planned completely independently of
each other. Therefore the storage and output stage should be able to deliver any
sequence of pulses as long as each individual pulse is within the capabilities of
the converter. In Paper II two potential configurations for the scalable converter
have been demonstrated. Option I is referring to a configuration with 3 grid bricks
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Figure 4.11: Option II - Experimental results of a current pulse at 700A with 2 grid and
2 storage bricks. I,qgnet 1s the total current supplied to the magnet, Iy,;. is the current
from each of the bricks A-D. Bricks A and B are grid-connected, while bricks C and D are
energy-storing. I,..y is the total current reference, Isiorage_rey and Iy,;q are the references
for the storage and grid bricks respectively.
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and a single storage brick connected in parallel. This configuration minimises the
cost of the installed storage. Whereas Option II, using 2 grid bricks and 2 storage
bricks, makes sure that the full energy of the magnet is recycled and minimises the
installed grid capacity. In Figure 4.11 the results of Option II is shown.

The key finding is to demonstrate that the storage bricks can indeed be operated
without a direct grid connection, by taking advantage of the energy stored in the
electromagnets. It also demonstrates that there is flexibility in the combination of
storage and grid bricks since multiple configurations are able to supply the magnet.
This flexibility in hardware allows the scalable converter to be optimised on a
facility level, finding the most cost-effective solution for hundreds of converters.
The cost-effectiveness has already been discussed in Section 4.1.2.

4.1.5 Experimental verification

For the experimental validation, an existing 800kW power converter in the CERN
laboratory was utilised. The converter is a CERN-developed DC-DC converter
employing four full-bridge circuits with energy recovery connected in parallel. A
photograph of this test setup is illustrated in Figures 4.12 and 4.13, with the schem-
atics of the topologies shown in Figure 4.14, a more detailed circuit diagram can
be found in Figure 2.1. The energy recovery is conducted via a large capacitor
bank on the DC bus of the converter and the load and system losses are supplied
from the electrical grid via a transformer, diode rectifier and a DC/DC boost con-
verter stage. By increasing the voltage of the DC bus, more energy is stored in the
capacitors, and conversely, by reducing the voltage the stored energy is reduced.
The usable energy is described by Equation 4.1.

1
Ecap = 50 ’ ‘/;)%LS “.1)

Table 4.1: Converter IGBT parameters.

CM1200DC-34N | Voltage | Current

1200A
450A

Rated value 1700V
450V

Max designed

The controller is a Texas Instrument DSP integrated with a CERN-developed cur-
rent measurement system, and LEM sensors for voltage measurements (LV 25-
P/SP5 both on the output and the bus). The current measurement system has the
ability to measure current with significant accuracy in the ppm range. The para-
meters of the IGBT used are listed in Table 4.1. The devices are significantly
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de-rated in their designed operation due to lifetime requirements and the thermal
nature of pulsed loads.

Figure 4.12: Photograph of the laboratory set-up.

As shown in Figure 4.14, the four bricks have a grid connection via a transformer
each, a diode rectifier, a boost, a DC-bus and an IGBT-based full-bridge circuit on
the output. The design parameters of the converter in the test setup are summarised
in Table 4.2. The two types of bricks used in this paper were obtained by modifying
the existing converter. The storage bricks are made by disabling the boost stage.
This reduced the storage brick to a large capacitor bank with a full-bridge circuit
connecting it to the output. As such the losses occurring in the storage and full-
bridge have to be supplied via the energy recovered from the load at the end of
each pulse. The grid brick is made by removing the energy storage and disabling
the boost stage from the existing system. This simplifies the grid bricks to a grid-
connected diode rectifier with a full-bridge circuit on the output. By separating
the grid connection and storage, it is possible to have a simple building block (i.e.
brick) at the cost of increased system complexity.

The load is a lab specimen of an electromagnet, designed to have similar paramet-
ers and properties as the electromagnets used in the CERN accelerator facilities.
The magnet parameters are listed in Table 4.3.
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Figure 4.13: Photograph of the laboratory set-up, showing the power stack, gate drivers
and DC-bus filter capacitors integrated into the cabinet. The storage capacitors can be seen
in the bottom.
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Figure 4.14: System topology used in the lab setup, showing the two configurations used.
On top, Option I with 3 grid bricks and 1 storage bricks, and on the bottom Option II with
2 grid and 2 storage bricks.

Table 4.2: Converter parameters

Grid Connected Brick | Energy Storage Brick

Max Voltage 200V 200V
Max Current 200A 200A
Energy Available N/A 9.4kJ] @900V

4.1.6 Achieving high precision for accelerator magnets

The lower conduction power losses and the positive temperature coefficient that
favours parallel connections, make Silicon Carbide (SiC) MOSFETs to be an ex-
cellent replacement for existing Silicon IGBT technology. These characteristics
combined with high switching frequency operation, enable the design of high-
accuracy DC-DC converters with minimised filtering requirements. This section
of the thesis compares two design approaches for a converter with high-accuracy
current (0.9ppm) supplying a 0.05H electromagnetic load; one design with the to-
pology and filter for a typical IGBT-based full-bridge and a second one with a SiC
MOSFET-based topology without a filter. This investigation demonstrates a good
approximation for the peak-to-peak ripple as a function of a number of interleaved
outputs and switching frequencies. The findings have been published in Paper I11.
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Table 4.3: Case load

Load parameter Value
Inductance 55mH
Resistance 75m¢2
Max current 960A
Pulse current flat-top 700A
Peak stored energy at @ 700A | 13.5kJ
RMS power 8kW
Peak power 140kW

Interleaving of parallel bricks

The following sections will provide the background on the results presented in
the Paper III, and explain a bit further how the results in the paper were obtained.
Figure 4.15 shows the basic principle of the simulated topology, with the arm
inductance and parallel connected bricks.

Fundamental brick .-~
v

Lom % arm
Storage Storage

Z

Figure 4.15: A possible configuration of interleaved bricks.

If a system has storage and/or grid bricks connected in parallel, another benefit is to
introduce interleaving in order to reduce the current ripple. For some applications
the requirement for a very accurate current results in significant filter costs reduc-
tion if interleaving is used. This can perhaps be better achieved by interleaving
parallel-connected bricks.

Figure 4.16 shows simulation results, where the 4 different combinations of bricks
are operated interleaved at 1 kHz of switching frequency. Similar to the topology
presented in Figure 4.1, but with different number of parallel connected bricks.
These simulation results were obtained considering 1, 2, 4 and 8 bricks in parallel
respectively and using a full-bridge with no filtering, as well as an arm inductance
of 1 mH connected to a 100mS?2 and 50mH load. The voltage shown in Figure
4.16 gives an idealised view of the voltage across and the currents circulating in
the arm-inductors.
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Figure 4.16: Simulations showing ripple current from the converters arm inductors, taken
during the flat-top of the current pulse.

Figure 4.17 show the resulting output voltage and the current ripple. The effect of
interleaving on the magnet current ripple is approximately inversely proportional
to the square of the number of bricks. The arm current ripple is regulated primarily
by the arm inductance and the switching frequency, and it is not influenced by the
number of interleaving bricks.

Switching frequency

The peak-peak current ripple in the magnet scales linearly with the inverse of the
switching frequency, as determined by the fundamental relation of the equation
for an inductance. If the assumption is that the magnet inductive component is
supplied with a voltage V), the current in the magnet 7, is given by Equation 4.2.

dipg
Vi =Ly ——
M ar S 4.2)
iAIarm%M

2fswL

The voltage over the arm inductance is given by the bus voltage in the brick and
the voltage over the magnet, either Vi, quctor = Vius — Vr of Vinductor = —Vius —
Vis. Since the duty cycle is close to 50% most of the time, the delta time for the
increasing current is ~ %, and the change in current is as described in Equation
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Figure 4.17: Simulations showing the current ripple in the magnet, taken during the flat-
top of the current pulse.

4.2 on the right for a single arm inductor. In the example shown in Figure 4.17, the
estimated current ripple is 0.043A, while the simulated is 0.05A.

Considering the ripple in the magnet itself, the interleaving makes the current
ripple calculation a bit more complicated. The effect of interleaving reduces the
current ripple approximately proportional to the number of sources since for each
addition of interleaved source the apparent frequency is increased proportionally.
This comes as a result of each new parallel connected brick having the same
switching frequency and modulation, but are shifted in time.

This results in a modification of the voltage seen by the magnet, shown in Figure
4.17. The average voltage over a switching period, as seen by the magnet, is
determined by the average voltage over the resistor, consisting of a square pulse of
#722/2 followed by zero voltage. The ripple is increasing during the time when
the voltage is applied and decreases when the net voltage is zero.

For the interleaved voltages the rise-time is a very short part of the switching
period, as can be observed from the voltage in Figure 4.17. From this the as-
sumption is made that the rise time can be neglected and the fall time is equal to
the switching period. During the phase when the net voltage from the interleaved
bricks is zero, the negative voltage over the inductor part of the magnet is approx-
imately equivalent to the average of the voltage over one period. Since the resistive
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part of the magnet carrying the same current, the voltage drop across this compon-
ent remains the same. This enables the current ripple to be described as a function
of the output voltage, rather than the bus-voltage for interleaved bricks, when the
average output voltage is much lower than the bus-voltage, which is the case for
the application discussed in this PhD thesis.

Since Vp,sm = VM, where VM is the average voltage over a pulse cycle and
m is the modulation ratio for the PWM function, this enables the equation to be
expressed without considering the bus voltages and modulation ratio.

The absolute current ripple for the interleaved case is described in Equation 4.3.
The relative current ripple then becomes as described by the result on the second
line in Equation 4.3. Given that the output ripple is inversely proportional to the
switching frequency there is a benefit of utilising high switching frequency to re-
duce the output ripple, such as SiC MOSFET modules. Currently switching is done
at 6.5kHz, while SiC MOSFETsS could bring this up to 60kHz and beyond. Result-
ing in an accuracy improvement by an order of magnitude. The higher switching
frequency also results in a higher frequency on the ripple, reducing sizing require-
ments of the filters and reactors used, reducing the anticipated cost and losses of
filters.
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4.2 Optimised operation and control of the scalable con-
verter

Assuming that a modular power converter is an attractive proposition as demon-
strated in the previous section, it is necessary to have a method for controlling the
internal power flow of the individual bricks. Even if all the bricks have the same
types of components and parameter values, the natural variation in the components
will result in a small imbalance between the bricks, for example due to manufac-
turing tolerances in magnetics. Even a small imbalance between the bricks can
result in the energy in the storage either increasing or decreasing over time. Since
in this case, the storage bricks do not have a grid connection and no ability to
charge themselves, there needs to be a way to bring the stored energy back to the
nominal value.

Paper IV shows a control structure using the bus voltage to approximate the state-
of-charge and modify the individual references to ensure a stable operation even
when the storage is significantly different from each other. It is also possible for
such a modular converter to incorporate redundancy, and using simulations the
controller is demonstrated to be able to manage the open-loop failure of a module
without interruption. Paper IV also demonstrates that the flexibility of the mod-
ular converter can be used to optimise the references for different targets, and 4
different strategies were proposed and simulated. In Paper V the findings were
demonstrated experimental for a full-scale prototype on a real load from the accel-
erator complex.

4.2.1 Energy flow control in a modular DC-DC converter with energy
recovery

The controller developed in Paper IV formed the basis for the lab work that is
proposed in Paper V and the results are presented in the papers introduced in this
section and 4.2.2. The controller takes the bus voltage from each of the bricks as
the state-of-charge information pertaining to the storage capacitors. Using Equa-
tion 4.4 it is possible to calculate how much of the energy in the bricks has been
used at any given time, and thereby how much energy needs to be re-injected into
the storage to maintain the energy level at the end of the cycle. The energy from the
storage is used to increase the current in the load but also contributes to losses due
to the operation of the converter, whereas the energy recovered primarily comes
from the stored energy in the load.

1
Ebrick = §Cstr(‘/;)%l,s - ‘/OQut) (44)
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By knowing the amount of energy stored in each brick at any given time, and
also knowing the remaining cycle, the energy management controller can calculate
the current references for each brick individually using a correction factor, the
total current and the shape of the current as given by the strategy. Combined
with the voltage reference calculations, each brick is given a reference which both
ensures the correct current supplied to the load and a power flow resulting in the
energy storage recovering to its target at the end of the cycle. The correction
factor is found using a PI-controller updated once per power cycle, which allows
the controller to run on the DSP without too much calculation time and reduces
interference between the power flow controller and the existing current and voltage
controllers. The control strategy overview is presented in Figure 4.18. The findings
were published in Paper IV.
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Figure 4.18: Control signal block diagram used in the experimental validation and the
simulations.

Given the nature of the cycle, there will usually be some headroom in terms of
voltage and current capability in the cycles during the different phases. This gives
some flexibility in how the converter can be operated and these strategies have
been investigated in Paper IV. Showing that the strategies allow the converter’s
performance to be optimised for different key metrics, such as optimised utilisation
of storage, thermal loading of bricks or load on the grid.

Power flow control strategies

The list below enumerates the 5 strategies tested and verified in this thesis. The
first is enumerated as strategy zero, as it is considered the default behaviour of the
converter and presented in Paper II. This also keeps the strategy number for 1-4
consistent between Paper IV, Paper V and the thesis. Presently the converters at
CERN separate between the current control in the Function Generation Controller
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(FGC) and the voltage source control done by the DSP in each converter. There
is a limited possibility for these two systems to communicate their states and ref-
erences and only a voltage reference is sent from the FGC to the DSP in addition
to some state bits and state machine status. However, as described in Section 2.4,
the trend is towards merging these functions in the future, which allows for greater
transparency and enables more varied strategies taking into account the immedi-
ate future. Therefore, the following strategies have been devised and tested, to
overcome the limitations of the current system, for the implementation of those
strategies some custom code was developed for the DSP.

0. Cycle agnostic: This strategy can be considered the default and describes
how the scalable converter in this thesis will behave when no information on
the evolution of the cycle is provided. It was presented in Paper II. Figure
4.11 shows the experimental verification of the agnostic cycle. The grid
bricks supply the current until their capabilities are met, and then the storage
bricks kick in. During the ramp-down phase, the storage bricks calculate
how much energy they need to recover, and ensure that they have sufficient
current to recover what they need.

1. Sharing current stress: This approach tries to evenly share the current stress
between the grid and storage bricks while ensuring the recovery of the en-
ergy in the storage bricks by supplying a negative current from the grid
bricks during ramp-down. The principle of this strategy is shown with the
grid brick current reference as the red line in Figure 4.19.

2. Sharing current stress - Short: At the end of the flat-top, the previous strategy
has a large and abrupt change in current for the grid brick. Strategy 2 aims
to mitigate this, by letting the storage bricks fully recover the current during
the ramp-down and thus absorb all the energy in the magnet. This limits the
usage of storage, as no energy can be supplied directly from the grid brick.
This is shown with the grid brick current reference as the blue line in Figure
4.19.

3. Minimal grid current RMS: The grid brick current reference is shown as the
pink line in Figure 4.19, it shows a strategy where the absolute value of the
current from the grid bricks is kept constant, minimising the RMS current
of the grid brick. Note that the voltage is not constant during the pulse as
shown in Figure 2.5, thus the power of the grid brick is not constant.

4. Minimal peak grid power: The final strategy tries to keep the grid brick
power constant, and thus the power supplied from the grid constant. This is
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done by mirroring the voltage of the magnet as shown in Figure 2.5 which
gives a current as shown by the grid brick current reference with the green
line in Figure 4.19.
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Figure 4.19: Possible grid brick reference shapes for the grid brick to implement the
different energy management strategies.

Redundancy

In addition to the different key target optimisation, there is also a possibility for
the scalable converter to operate in redundancy mode. Figure 4.20 shows how
the controller allows for the continuing operation of the converter in the event of
a single storage brick failure. Naturally assuming that the brick fails in an open
circuit mode, and does not cause a short-circuit. This might either be because the
switches fail in an open circuit, or because the failure is detected and the failed
brick is disconnected. In the case of a short-circuit some kind of switch would be
needed to isolate the fault from the rest of the circuit. Since the current sharing
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between the types of bricks is done dynamically, there is no need for the control-
lers to be reconfigured, so they can run without interruption assuming sufficient
redundancy is included. Figure 4.21 shows the topology used for the simulation.
Storage brick 1 is assumed to fail and disconnected between pulses 3 and 4.
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Figure 4.20: Simulation showing the controller compensating for a brick failure and re-
distributing the power flow.
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Figure 4.21: The topology used for the simulation, with 1 grid brick and 4 storage bricks.

4.2.2 Experimental verification

The lab experiment is based on the theoretical work from the paper presented in
Section 4.2.1, which shows an experimental verification of the scalable converter,
where 4 different strategies were implemented to optimise for different key met-
rics. Such metrics can be the grid side current, component thermal stress or storage
utilisation. Each strategy ensures that the storage is fully replenished at the end of
each cycle. The complete experimental verification is included in Paper V.

Laboratory configuration

Figure 4.22: Photograph of the laboratory set-up.

For the experimental validation, an existing 800kW power converter in the CERN
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Table 4.4: Converter IGBT parameters

CM1200DC-34N | Voltage | Current

Rated value 1700V 1200A
Max designed 450V 450A

East Area was utilised. The location of East Area in the CERN accelerator complex
can be seen in Figure 1.1. The converter is a CERN-developed DC-DC converter
employing four full-bridge circuits with energy recovery connected in parallel. A
photograph of this test setup is illustrated in Figures 4.22 and 4.23, with the schem-
atics of the topologies shown in Figure 4.14. (A more detailed circuit diagram can
be found in Figure 2.1.) The energy recovery is conducted via a large capacitor
bank on the DC-bus of the converter and the load and system losses are supplied
from the electrical grid via a transformer, diode rectifier and a DC/DC boost con-
verter stage. By increasing the voltage of the DC-bus, more energy is stored in the
capacitors, and conversely, by reducing the voltage the stored energy is reduced.
The usable energy is described by Equation 4.1.

Figure 4.23: Photograph of the laboratory set-up, showing the power stack, gate drivers
and DC-bus filter capacitors integrated into the cabinet. The storage capacitors can be seen
at the bottom.

The controller is the same Texas Instrument DSP integrated with a CERN-developed
current measurement system as described in Section 4.1.5.
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Figure 4.24: System topology used in the lab setup, showing the two configurations used.

Table 4.5: Converter parameters

Grid Connected Brick | Energy Storage Brick
Max Voltage 200V 200V
Max Current 400A 400A
Energy Available N/A 9.4k] @900V

As shown in Figure 4.24, the four bricks have a grid connection via a transformer
each, a diode rectifier, a boost, a DC-bus and an IGBT-based full-bridge circuit on
the output. The design parameters of the converter in the test setup are summarised
in Table 4.5. The two types of bricks used in this paper were obtained by modifying
the existing converter in the same ways as described in Section 4.1.5.

Table 4.6: Case load

Load parameter Value
Inductance 55mH
Resistance 75m{2
Max current 960A
Pulse current flat-top 700A
Peak stored energy at @700A | 13.5kJ
RMS power 8kW
Peak power 140kW

The load is an operational specimen of an electromagnet. The magnet parameters
are listed in Table 4.6. In this set-up, 2 storage bricks are required to have enough
storage capacity to recover the energy stored in the magnet and 4 total bricks was
required to have the current capacity to test the strategies. The output voltage was
also limited to 200V to protect the magnet in case of instabilities in the converters.
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This is a load used in the accelerator complex, and risking any damage to the
magnet was not acceptable.

Summary of main findings

The four strategies used in this experimental validation have been enumerated in
Section 4.2.1, and some of the main findings are given below. The full description
and findings are presented in Paper V. In these plots the grid bricks are Brick A
and B, while the storage bricks are Brick C and D.

In Figure 4.25 a plot from the experimental validation of Strategy 1 is illustrated.
This plot shows the bricks delivering different currents based on whether they are
grid bricks or storage bricks. In these plots, the grid bricks supply a current with a
shape equal to that of the total reference, while the storage bricks use their stored
energy to ensure the load supplied to the magnet is correct. At 3 seconds into the
cycle in Figure 4.25, the current supplied by the grid bricks is reversed and goes
to negative values. At the same moment, the voltage also reverses, as the current
is ramped down, thus the grid bricks need to reverse the current in order to supply
a positive power into the load since they do not have any ability to store energy in
the scalable converter. This strategy allows for the grid and storage bricks to have
relatively similar RMS currents, optimising for similar lifetimes between the two
types of bricks. The RMS of the grid and storage bricks found in the experimental
validation was 45.1A and 115A respectively.
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Figure 4.25: Results from the experimental validation showing the currents from the
bricks using one of the strategies (Strategy 1).

Figure 4.26 show the experimental verification of Strategy 2, which is similar to
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Strategy 1, except the grid bricks do nothing during the ramp-down. This limits the
energy that the storage bricks can recover, and thus, the amount of energy they can
supply in the other phases. In Strategy 1 the grid brick can inject energy into the
storage bricks during the ramp-down phase, but in Strategy 2 this is not used and
so the total re-usable energy is the energy stored in the magnet minus the losses
in the storage bricks. The advantage is the absence of negative currents for the
grid bricks, which limits the peak current of the storage bricks and improves the
stability of the converter during the transition phase.
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Figure 4.26: Results from the experimental validation showing the currents from the
bricks using one of the strategies (Strategy 2).

Strategy 3 and 4 are strategies optimising for the grid load and trying to use the
converter to provide peak-shaving of the peak power to the operation of the con-
verter. Strategy 3 tries to supply a constant grid brick current, as shown in Figure
4.27. It has a constant supplied current, but due to the non-constant voltage, the
power is not constant. This strategy uses the storage better than Strategies 1 and 2,
at the cost of higher storage brick peak and RMS currents.

The final strategy (Strategy 4) tries to supply constant power from the grid brick.
Since the bricks are parallel connected, and the output voltage is constrained by
the global current reference and thus the global voltage reference, the current is
calculated by dividing the constant power target by the measured output voltage.
This gives the result in Figure 4.28, where the current from the grid bricks is very
sensitive to the output voltage, and there needs to be a filter or delay to ensure that
voltage oscillations do not propagate into the current reference. This strategy is
the most challenging to control but perhaps has the clearest advantage as it creates
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Figure 4.27: Results from the experimental validation showing the currents from the
bricks using one of the strategies (Strategy 3).

very predictable and constant power drawn from the grid. It also utilises the storage
quite well compared to the other strategies, since the storage bricks are very active;
yet, the peak currents are quite high and there are several transitions which could
impact the accuracy of the output.
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Figure 4.28: Results from the experimental validation showing the currents from the
bricks using one of the strategies (Strategy 4).

4.3 Summary and scientific contributions

Modular power converters are built using identical power bricks that are controlled
in the same way to multiply the current or the voltage capability, often resulting in
less efficient use of the hardware such as energy storage or semiconductor capabil-
ity. While scalable modular power converters yield the additional benefit of better
component utilisation buy a care full selection of the fundamental hardware block
size with an additional layer of control software.

There seems to be a very interesting range of output voltages for the design of the
scalable brick between 300V and 600V, where the cost of storage is balanced by the
cost of semiconductors. Choosing the higher voltage from the range may be inter-
esting from a minimising the complexity perspective while choosing the minimum
brick voltage is interesting for enhanced scalability, redundancy and utilisation of
storage. It is also noticed that the scalable brick does not require the boost stage to
the DC-bus used by the converters as described in item 2 in the list in Section 2.1.
This makes the converter hardware more scalable and allows it to more closely be
adapted to the need of the individual magnet.

The flexibility offered by the separation of storage and grid allows for internal
algorithms to be implemented. They can enhance the performance of the con-
verter in many different ways to optimise for different key parameters, while four
planned strategies have been demonstrated in addition to one agnostic strategy.
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The four planned strategies allow the converter to optimise for lifetime (Strategy
1) or peak-shaving and storage utilisation (Strategy 4). There are also two more
stable versions of this optimising for lifetime (Strategy 2) and peak-shaving and
storage utilisation (Strategy 3). This allows the converters to be optimised in dif-
ferent ways by utilising the same hardware and only re-configuring the software.

Therefore the results demonstrate a scalable approach both in hardware and in
software. Based on the work presented in this thesis, the main scientific contribu-
tion of the thesis are repeated here and linked to the papers where the results were
published.

1. A scalable power converter for supplying high-precision current to the ac-
celerator magnets and recovering the energy. The converter allows for safe
and stable operation on par or exceeding existing solutions.

Paper I found the optimal technology and a voltage range of 300-600V for
the scalable converter and, it showed a cost advantage employing SiC MOS-
FETs when considering the lifetime costs by including the cost of the elec-
trical losses.

Paper II demonstrates that the scalable converter can be designed and oper-
ate with separated storage and can perform on par with the existing converter
solution. It also shows that when compared directly with the existing solu-
tion the hardware costs can be reduced by 30%.

Paper III investigates the impact of switching frequency and interleaved
parallel connections on the output current ripple. It shows that increasing
the number of interleaved bricks can reduce the peak-to-peak current ripple
from 12ppm for 2 bricks to less than 2ppm for 16 bricks, when the bricks
are all switching at 40kHz.

2. A method to find the most cost-effective switching technology and electrical
characteristics of the proposed converter design, including lifetime cost and
other external targets. It has been published in Paper I, showing a cost saving
of 50% for SiC MOSFET compared to silicon IGBT, when considering the
lifetime cost of the device.

3. Energy flow control scheme to allow for adapted operation of the scalable
converter, increasing the utilisation of the hardware.

The analytical investigations were published in Paper VI and the full-scale
hardware verification in Paper V.



Chapter 5

Conclusion and Further Work

5.1 Conclusion

After investigating several topologies and the performance with regard to the CERN
requirements for their power converters, the simplest form of a more scalable con-
verter has been suggested.

The main results of this PhD project are to propose the design principle for this
scalable converter and demonstrate its feasibility, both in theory and in practice.
The primary difference between this scalable converter and the current state-of-
the-art is the ability of the proposed concept to separate the storage into discrete
units. This enables the converter to scale for the resistive and inductive power
independently. In particular the number of grid bricks is determined by R,
and the supply of storage bricks by L4, While a check to ensure the bricks can
manage the total current [, should also be done. If more bricks are needed
to supply the total current, the designer has a choice and can optimise for that
particular case. Compared to the existing solution, a cost saving of 30% can be
obtained when using the same components.

Since the modular scalable converter enables a greater number of modules, revis-
iting the current and voltage targets for the converters seems to provide a great
opportunity. When considering silicon IGBTs the optimal output voltage range is
300V-500V, which is close to the current design, which is using 450V on the out-
put. However, when SiC MOSFETs are considered a significant cost saving can
be achieved, and the optimal current and voltage parameters shift towards lower
values and higher numbers of bricks. For SiC MOSFETs based bricks the optimal
output voltage is between 300V and 600V. The increased number of bricks in-
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creases the utilisation of the components, as the total voltage and current rating of
the combined bricks are more likely to be close to the load requirements. This also
increases safety, as less energy is stored in each unit, while it also makes redund-
ancy a more feasible option. This is definitely an altogether promising direction
for the power converters at CERN.

The separated storage and grid supply impose a need to control the internal power
flow of the converter since the storage has no direct way of being replenished.
This is achieved by utilising the headroom afforded by the trapezoidal nature of
the current pulse and by recovering the energy stored in the magnet. In total five
different strategies to control the power flow have been investigated and verified.
The default strategy is agnostic, and so does not require any information on the
duration or peak current of the cycle, which is compatible with the current way the
converters are operated at CERN.

The other four strategies assume that the full cycle is known to the converter and
allows it to plan the power flow based on this. Of the four strategies demon-
strated the first focuses on lifetime, by sharing the current stress among the bricks
as equally as possible. The second strategy also shares the current stress, but it
improves stability by reducing large transitions. This strategy has the highest sta-
bility of the four. The final two strategies aim to peak-shave the peak power load
on the grid and grid bricks as much as possible. In particular, the third strategy
does peak-shaving by supplying a constant current from the grid bricks during
the pulse. However, since the voltage on the output is not constant, the power is
also not constant. So the last strategy tries to find a constant power by using the
measured voltage on the output to derive the current reference based on a constant
power target. The latter strategy utilises the storage the most, at the cost of very
sensitive current control, while the third strategy might offer an interesting com-
promise while still utilising the storage well. So the different strategies allow the
converter to be optimised based on lifetime, peak grid power required or utilisation
of storage.

5.2 Future work

If the direction of lower ratings and thus a higher number of bricks per converter is
chosen, many different advantages for dynamic and selective control of the power
converters can be utilised. By having the ability to selectively disconnect or by-
pass individual bricks, the peak-shaving methods discussed here can be deployed
further and the load can be shared across the full operation of the converter and not
just the pulse phase.

The nature of the scalable solution is based on power bricks, and the SiC MOS-
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FETs have a beneficial positive thermal coefficient to increase current, making
them suitable for parallelisation. This offers benefits for the segmentation of stor-
age and more cost-effective redundancy, where the extra hardware needed for re-
dundancy can be relatively inexpensive. The lifetime of the SiC MOSFET is de-
termined primarily by the thermal cycling of the device but is also related to the
absolute temperature for a cycling application like this. The initial assumption
is that the temperature should be kept as constant as possible and below 100°C.
Finding a thermal design that can enable SiC MOSFETSs seems to have a large po-
tential. Currently, the lifetime under thermal cycling is the primary limitation for
using SiC MOSFETs in cycling applications such as those discussed in this thesis.

A lot of possible topics proposed for further developing this scalable converter
concept is as follows:

* Individual bricks are disconnected or bypassed when not needed for specific
load types.

* Redundancy to enable the power converters to continue to operate after fail-
ures of a module.

* Lifetime of SiC MOSFETs in high power cycle applications, where not
enough is known at present to accurately predict the lifetime for 100 mil-
lion cycles and above.

» Using DAB to replace the galvanic isolation of the input transformer with a
more compact and energy-efficient solution.

If a more compact, flexible and efficient converter is desired, then combing a res-
onant DAB to the DC-bus with a full-bridge between the bus and magnet offers a
very interesting solution, both for the grid brick and the existing solutions. As the
attitudes currently stand, this is the end of the road for this concept. The utility has
been demonstrated.
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Abstract

For the design of a power converter with energy recovery operation, a trade-off is related to the choice of
the output and dc-link voltages, which, in turn, determines the choice of the blocking voltage capability of
the semiconductor switches. This work investigates the possibility to optimise the capital and operation
costs and the performance (ripple) globally for a farm of 350 converters by considering the voltage rating
and device type of a fundamental brick used in these modular converters. It is shown how considering
the purchasing and operating costs separately can yield in different conclusions. It also highlights the
effect of high precision requirements on the converter scalability and final cost. This paper investigates
the design of the fundamental brick and optimisation possibilities for such converters in terms of cost,
efficiency, reliability and precision. Another important design and operating requirement for a converter
is to deliver the required current in a large range of loads, such as electromagnets. In order to keep the
maintenance cost low and components availability high, it is desirable to have only one solution for a
given converter design. The optimal converter size from the perspective of a large converter farm, could
be different from the design of an individual converter, or indeed if the optimisation focuses on cost,
efficiency, reliability or precision.

< Power Supply>>, <DC-DC power converter>, <Modular Converter>>, <Energy Storage>>

Introduction

Large electromagnets are used to control the beam of particles in large physics experiments at CERN. The
ultimate technology for powering these magnets is a power electronic converter [1]. Different operating
constraints for such facilities necessitate the design of electromagnets having a wide range of sizes and
current levels. In particle transfer lines at CERN, the electromagnets are used in circular accelerators
facilities, the electromagnets are operated in cycling mode implying a significant amount of energy flow
to and from the electromagnet in every cycle [2]. An example of such a pulse train is shown in Fig. 1a.
As shown in this example, electromagnets receive a current pulse, typically trapezoidal, ramping from
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zero to a certain flat-top value, before ramping down again to zero and remaining at zero until the next
pulse is requested [3]. This process requires a high power for a short time, in particular as the current
ramps up, to supply both the power losses, as well as changing the magnetic field.
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Fig. 1: Examples of load which the DC-DC converters have to be designed for.

If the ramping of the current is done over a minimal time, the power losses over a cycle duration are
reduced. However, this requires higher power during the ramp-up and vice-versa. The curve shapes
for the typical power requirements for such an application are shown in Fig. 1b. For a single such
electromagnet, it is possible to find the optimum balance between the cost of installed power converter
and the cost of power losses in the electromagnet. Therefore, for all identical magnets the same circuit
can be deployed. However, these electromagnets are of many different sizes and require different current
levels. To keep maintenance and part availability efficient, the ultimate desire is to have a scalable
converter topology, whose design is based on a fundamental building brick to serve all these loads. Some
similar approaches have been described before [4], but these do not include the energy recovery.

When these electromagnets operate at maximum current, they have a certain energy stored in the mag-
netic field, which is expressed as in Eq. 1, where L;uge is the inductance of a particular electromagnet,
Inagner 1s the current through the magnet at any given time and Ej;44,e: then becomes the energy stored in

the magnet. Since the current is ramping from zero, the energy delta is the same as the energy stored in
the magnet at the maximum current value.

1

Emagnet = ELmagnﬂIr%lagnet 1

When the current of the electromagnet is ramped down, this energy can be recovered and reused in the
next ramping up phase. This requires the presence of a storage system that is sufficient to handle this

amount of energy, and with the power capability to deliver this energy in the relatively short time (<1s)
of the ramp up and down process.

For all of the electromagnets the maximum operating current has been considered as the highest value for
the flat-top. The inductance of the electromagnets is in the range from 4 mH to 2.9 H and the resistance is
between 0.02-1.7 Ohm. It is worth to mention that the highest inductance, L, and resistance, R, of 2.9 H
and 1.7 Ohm correspond to a single magnet (not shown), while the rest are shown in Fig. 1c. The Rto L
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ratio for these magnets is between 0.2 and 25, and the total energy stored in the magnet’s magnetic field
is between 10 kJ and 670 kJ with a median energy of approximately 20 kJ. This paper presents a scalable
converter concept designed using a standardised fundamental brick. The circuit design and sizing of the
fundamental brick is defined, and a system-level perspective is applied in order to obtain the brick output
voltage and the size of the brick’s storage component.

Fundamental brick concept

Each of these electromagnets can be modelled as a series connection of a resistor and an inductor. The
resistive component models the power losses caused by the current, and the inductive component models
the the recoverable energy stored in the form of magnetic field. By keeping this in mind, it becomes
possible to separate the power requirements of the electromagnets into two types. From the power plot in
Fig. 1b, showing the power for the inductive and resistive components separated, the power supplied by
the two types of bricks can be considered. The inductive power; alternating positive and negative power
flow and in principle without losses hereby called the storage brick. On the other hand, the resistive
power is supplied by the so-called grid brick.

If the converter consists of two types of bricks, it is possible to scale the power to the inductive and
resistive requirements independently. Thus, by choosing the minimal feasible brick output voltage for
each type of brick, the converter can be scaled to each magnet in an optimal way. What is considered
optimal depends on the requirements and can be cost, losses and cooling requirements, precision in the
value of the supplied current, storage requirement and utilisation etc.

The application has very stringent requirements for the accuracy of the supplied current, and the energy
recovery for the storage bricks requires a converter with a 4-quadrant operating capability to handle
the bidirectional power flow. These types of converters are currently based on a H-bridge circuit [5,
6, 71, which is also considered here. The fundamental brick is shown in Fig. 2a in the red box. The
full-bridge converter will be used for both storage and grid bricks to keep the system complexity to
a minimum. While topics of control [8, 9, 5] and power flow [10] of DC-DC converters have been
discussed elsewhere, this paper focuses on the challenge to find the most cost-effective size of these two
bricks.

(a) Parallel connection of the bricks. (b) Series connection of the bricks

Fig. 2: Schematic diagrams showing the parallel and series connection. The fundamental brick topology
is shown in the red shaded area.

Storage brick

The storage bricks will use the H-bridge circuit presented in Fig.2a and connected on the left side to a
storage component. The storage component can be any type of electrical energy storage, such as batteries,
capacitors, mechanical flywheel [11, 12] or super-capacitors, depending on the amount of stored energy
required, delivered power and storage time [13]. Given the short operating time of the current ramping,
it seems that only capacitors are appropriate as storage elements [14]. This causes the voltage on the
storage bus to be dependent on the state of charge of the capacitor. The amount of energy in the storage
capacitor determines the total amount of storage in the brick. Using an H-bridge to control the voltage
generated from the brick, only stepping down the dc-link voltage is possible. This sets constraints on
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the lowest voltage on the storage bus during usage, since there always have to be sufficient charge left in
the capacitors in order to keep this minimum voltage. The minimum requirement for the voltage on the
capacitors reduces the amount of usable energy in the capacitors. Eq. 2 expresses the usable energy in
the storage brick.

1
Eprick = EC(thus - Vazut) @

Here the fundamental trade-off for the storage brick emerges. For a given capacitance in the storage
brick, if the output voltage is set very low, a significant amount of energy can be used and thus, the
cost of the storage is reduced. This, however, can result in a larger number of bricks in series in order
to reach the voltage level required for the electromagnet, which eventually increases the cost of the
semiconductors switches, since the bus voltage is kept at the same level in this scenario. This balance
is one of the components used to arrive at the optimal brick size. It also allows for different blocking
voltages on the switches to be considered, as the nominal bus voltage can be chosen, and it is determined
by the device blocking voltage. The number of storage bricks required can then be calculated from the
energy in the electromagnet in Eq. 1 divided by the energy in each brick calculated in 2. Modularising
the energy storage in the fundamental brick, as opposed to having it central in the topology, is also related
to safety. Managing smaller amount of energy tends to be easier and less costly, for example for building
protection systems.

A modular design allows the investigation of different voltage levels for the bricks, the brick switches
with different blocking voltages and current capabilities, and finally permits the segmentation of the
storage into smaller units. By optimising for different targets, a brick-based design can be scalable in
different ways.

Grid brick

The grid brick exhibits a simpler scalability design procedure. This is due to the fact that it needs to
supply the power losses in the resistive part of the magnet, and also to compensate for the losses in the
total system. To keep the idea of the modular system completely, the grid brick will use the same bus
voltage and output voltage as the storage brick. However, the grid brick will be supplied by a diode
rectifier connected to a three-phase AC grid. As there is not foreseen to have power flowing back to
the grid, and the bus voltage is kept constant, the need for an active connection (e.g., active-front-end
rectifier) to the grid to enable reverse power flow to the grid is eliminated. To allow the grid bricks
and storage bricks to be connected in series and parallel freely, the total voltage required for all the grid
bricks is also used for the total voltage on the storage bricks. This applies a constraint on the storage
brick voltage in the calculations. Combining these assumptions and constraints, it is now possible to
calculate the brick input voltages, but in order to select the optimal switches the current also has to be
considered, and in order to figure this out the bricks first have to be combined into a system.

System configuration

The number of converter bricks is calculated based on the magnet properties and the fundamental brick
ratings. Series connection of all the bricks forces the switches to carry the same current, requiring either
parallel connection of several power semiconductor devices at switching positions or parallel connection
of two identical arms if the required current is higher than a single switch can carry, in this paper we
only consider the latter. The advantage is a large voltage capability allowing for low brick voltage or low
ramping times of the current in the electromagnet, similar to the performance of a modular multilevel
converter (MMC) [5]. This configuration is shown in Fig. 2b.

Parallel connecting all the bricks maximises current sharing between the switches, and thus reducing
losses. It also allows the different bricks to be interleaved increasing accuracy on the current to the
electromagnet. The energy now has to be transferred between the bricks by circulating the currents
during the current pulse to the electromagnet, since the assumption is that no magnetic field can be
allowed in the magnet outside the requested pulse. This configuration is shown in Fig. 2a.
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The third principle is to combine series and parallel connection of bricks. More specifically one grid
brick and one storage brick are always placed in series in a single arm, and the combined bricks are
then parallel connected. This allows the energy to be corrected by the grid brick in each arm during the
current pulse, enabling a good current sharing and utilising interleaving. The storage bricks can also be
used for peak-shaving, by supplying the power required by the magnet for the power losses during the
flat-top of the pulse. If the storage bricks are only used during current ramping, a bypass switch can be
connected to soften the stresses on the storage switches and reduce the losses.

Optimum brick design and characteristics

Using the system described above, the various combinations were simulated in order to investigate their
electrical performance. The critical parameters used in the optimisation algorithm are discussed and
defined in the following sections.

Series connection of bricks

The inherent advantage of series connection is the ability to share the voltage supplied to the load.
However, the basic principle is that the storage bricks are concerned with the inductive component, i.e.
the recoverable energy of the magnet. While the the grid bricks are concerned with the restive part, i.e.
the joule losses, is always central to the dimensioning of each type of brick. It also allows the storage to
be distributed.

Voltages Currents

Reference Voltage
Grid Brick Voltage

— Magnet Voltage — Storage Brick Voltage Reference Current Brick Current

Brick 4 Current

Magnet Current
o 800
500 ‘ 600

UL

Voltage [V]

‘ﬁ
|
—
Ampere [A]

=500 -

(a) The voltage in series connected bricks

5 400 /
£ Y
200 +

(b) The current in parallel connected bricks

Fig. 3: Simulation results showing the series and parallel connection of bricks.

Figure 3a shows the voltage of the 4 series connected bricks, while all bricks conduct the same current
since they are series-connected. By examining the voltages it is possible to see how the storage bricks,
in this case 4, have a different voltage compared to the grid bricks. While the storage bricks work both
to supply power and recover power, the grid brick works to supply power during the complete cycle to
compensate for the joule losses.

Parallel connection of bricks

By sharing the current between parallel arms, the obvious advantage is to reduce the current stress on
each brick, but it also allows the distribution of storage. For short pulses the total current stress can be
shared between storage and grid bricks, and the grid brick current is significantly reduced. On the other
hand, for pulses with longer flat-top, the storage bricks can have zero current and in principle they stop
switching.

Figure 3b shows an example where there are 4 storage bricks and 1 grid brick, all connected in parallel.
Therefore, they have to share the voltage, whereas they can deliver different currents. In this example,
the green line in the current plot shows the current supplied from the grid, where it is observed that this
current is zero during the recovery phase. If the grid brick should deliver power during the recovery
phase, this current should be negative, since the voltage is negative, which would increase the peak
current stress for the storage bricks.

Interleaving of parallel bricks

If a system has either storage or grid bricks connected in parallel, another benefit is to introduce inter-
leaving in order to reduce the current ripple. For some applications the requirement for a very accurate
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(a) Ripple current from the converters arm inductors. (b) Current ripple in the magnet.

Fig. 4: Simulation results showing the current ripple and effect of interleaving on the arm inductance and
the magnet.

current results in significant filter costs reduction if interleaving is used. This can perhaps be better
achieved by interleaving of parallel connected bricks.

Figure 4a shows simulation results, where the 4 different combinations of bricks are operated interleaved
at 1 kHz of switching frequency. These simulation results were obtained considering 1, 2, 4 and 8 bricks
respectively and using H-bridges with no filtering, as well as an arm inductance of 1 mH. The effect
of interleaving on the magnet current ripple is approximately inversely proportional to the square of
number of bricks. The arm current ripple is regulated primarily by the arm inductance and the switching
frequency, and it is not influenced by the number of interleaving bricks.

Switching frequency

The peak-peak current ripple scales linearly with the inverse of switching frequency, as determined by
the fundamental relation of the equation for an inductance. If the assumption is that the magnet inductive
component is supplied with a voltage Vjy, the current in the magnet iy is given by Eq. 3.

d im ~ Vbus —Vm

sw

The voltage over the arm inductance is given by the bus voltage in the brick and the voltage over the
magnet, either Viygucior = Vius — Vr 0t Vinauetor = —Vius — V. Since the duty cycle is close to 50% for
most of the time, the delta time for the increasing current is ~ %, the change in current is as described
in Eq. 3 on the right for a single arm inductor. In the example shown in Fig. 4b, the estimated current
ripple is 0.043A, while the measured is 0.05A.

Considering the ripple in the magnet itself, the interleaving makes the current ripple calculation a bit
more complicated. The effect of interleaving reduces the current ripple approximately proportional to
the number of sources since for each addition of interleaved source the apparent frequency is increased
proportionally, which gives a modification of the voltage seen by the magnet. The average voltage over a
switching period, as seen by the magnet, is determined by the average voltage over the resistor, consisting
of a square pulse of 900V followed by zero voltage. The ripple is increasing during the time when the
voltage is Vj,s and decreasing when the net voltage is zero. The former is a very short part of the total
time and so an assumption can be made, that the rise time can be neglected and the fall time is equal to
the switching period. During the phase when the net voltage from the interleaved bricks are zero, the
negative voltage over the inductor is equivalent to the average of the voltage over one period. The current
change is very small, and the net voltage from the sources is zero. So the assumption Vj,,m = Vjy, where

EPE'21 ECCE Europe ISBN: 978-9-0758-1537-5 - IEEE: CFP21850-ART P.6
Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)



On dimensioning the fundamental brick for a scalable DC-DC converter with energy HAUGEN Krister

recovery

Vi is the average voltage over a pulse cycle and m is the modulation ratio for the PWM function, enables
the equation to be expressed without considering the bus voltages and modulation ratio. The absolute
current ripple for the interleaved case is described in Eq. 4. The relative current ripple then becomes as
described by the result on the right in Eq. 4.

N Vi  1paRm
inple = _
wrie fSWLMNarms LMfszarms

R
= Al M

Al ~—
" e LM waN arms

)
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Fig. 5: Flow chart showing the steps of the algorithm.

Combining the assumptions in the above sections, it is possible to develop a flow chart for the optimisa-
tion procedure as shown in Fig. 5. The algorithm can be used to optimise the bricks’ designs considering
different design criteria and different constraints can be set to enforce a particular requirement. The re-
sult is a calculation optimising for the total cost for all converters given certain constraints. A Python
script is used to handle the large number and range of the potential inputs, allowing different types of
switches to be considered as well. The algorithm can take into account any type of restriction which can
be expressed as an equation or if-test. It does not currently consider the costs of installation, cabling and
other ancillary devices; such as inductors and gate drivers.

Table I: Algorithm input parameters

Type Label Range
Magnet resistance Ry 0.01-1 Q
Max magnet current Lyax 0.01-1 H
Voltage used for current ramping Viise 100-500 V
Time spent at max current tflat—top 5-20 ms
Device conduction resistance Ry 0.01-0.1Q
Device switching energy Es, 1-100 mJ
Device max voltage Vinax 650-1700 V
Device peak current Lyax 50 - 1200 A
Device RMS current Irus 25-600 A
Storage capacitance Cyr 1-100 mF
Thermal de-rating factor Kihermal 0.1-1
Device cost, relative to reference design Caey 0.1-10
Storage cost, relative to reference design Cstorage 0.1-10
Electricity cost Celectricity 0.01-0.1 EUR/kWh
Cooling cost, instalment, relative to reference design |  Ceooling,install 0.1-10
Cooling cost, operation, relative to reference design | Ceooting,operation 0.1-10

The algorithm, shown in Fig. 5, works by considering the magnets parameters, resistance and induc-
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tance, and combining it with the specific load cycle for each magnet, listed in Table. 1. This results in a
set of Irus, Inax> Viax and Egorqge. Then the list of possible devices is collected from a data set generated
from data sheets, these devices can be of any type and size. And in the results below both IGBT modules,
MOSFET modules and TO-247 discrete SiC device are considered. For each type of device the thermal
environment is considered and a module is compiled. Each module has a range of possible output volt-
ages, and a corresponding available energy storage. The required current and voltage for each magnet
is then achieved by every module in the range, and the losses and other costs are calculated for each
of the possible bricks. The losses are calculated per device from the Igys, device conduction resistance
and switching energy for hard switching. Only the device losses are considered, not the other system
losses or the losses in the magnet, as they are assumed to be similar for all the cases and don’t contribute
to the optimal selection. Finally the costs are added together for each of the brick output voltages and
plotted. From the curves it is then possible to find the value of the brick output voltage corresponding to
the lowest cost. To generate the results below, a total of 126 727 cases has been considered for the 353
magnets and the costs are scaled relative to the cost of the existing solution. The vertical lines represents
an uncertainty in the cost of +/- 10%, showing the sensitivity of the solutions to the costs considered.

Relative cost
=
1

IGBT 400A
SIC MOSFET 600A
—— SiC MOSFET 530A
SIC TO 247 650V 120A

100 200 300 400 500 600 700 800
Brick outpout votlage [V]

Fig. 6: Example of a brick output voltage optimised for total switch and storage installation cost.

In Fig. 6 the result of one such optimisation is shown. In this example only the capital cost of the
H-bridge and storage is considered, where the optimum voltage is found to be in the range of 300 V
to 500 V. Considering only the investment cost, there is perhaps no surprise that the traditional IGBT
design with the largest current capability is also the most cost efficient, because it implies less series and
parallel connected bricks in each converter.

By introducing parameters for lifetime cost of the converters, the optimum brick design changes. Here
the cost of water-cooling is added, both the initial capital cost and the operation costs during the a project
lifecycle of 20 years for the cooling, along with the cost of electricity lost in the converter. Figure 7
shows the total costs when the operational costs are included, and SiC MOSFETs emerge as a more
interesting solution.

Another possibility is to optimise for current accuracy, a threshold value for a required accuracy delivered
by the combined DC-DC converters without using filters. When this requirement is introduced, the
number of parallel connected arms generally increases, thus increasing the costs. However, the TO247
type device already requires a large number of parallel connections due to the low current rating and thus
the cost of the solution based on these devices does not increase significantly. It’s also worth pointing
out that the switching frequency is always kept constant in these results. However for the SiC devices
the possibility to increase switching frequency is a large benefit to increase the accuracy. Considering
the set accuracy requirement the results are plotted in Fig. 8. The costs have generally increased as a
new important constraint has been applied, in particular the costs of the IGBTs have increased by 50%
or more. Using interleaving to achieve an accuracy target does not seem interesting for the IGBT based
solutions, but it is very compelling when smaller SiC devices are considered.

In summary a brick voltage in the range of 500 V for SiC based MOSFETs and 200 V for TO-247 seem
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Fig. 7: Example of a brick output voltage optimised for total installation and operation costs.
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Fig. 8: Example of a brick output voltage optimised for total installation and operation cost with a strong
requirement on the accuracy of the output current.

very interesting when considering the total cost of the system for a large range of loads. It also shows
the benefits of considering smaller devices or SiC MOSFET emerge when operational costs and filtering
are introduced. It also shows how lifetime costs can be the dominating driver of the lifetime costs of a
system solution and it is fundamental to consider if a true low cost solution is to be selected.

Conclusion

This paper shows how a modular power converter can be assembled from a number of smaller DC-
DC converters, and for certain applications provide benefits, and demonstrates how the fundamental
brick ratings affect the a large-scale converter facility. An optimisation tool that includes the storage
design and cost, as well as the semiconductor switches has been developed. This tool can be used to
find the optimal brick size for an application given targets such as the converter output ripple, target
semiconductor ratings, losses etc. It is shown that when the target is to minimise capital and operation
costs of the project over a 20-year period, a fundamental brick voltage rating of 500V is optimal with
power modules and 200V is optimal when evaluating discrete devices only. When considering the IGBT
based bricks, the optimum voltage is relatively high by comparison to the SiC based bricks and this
reflects the higher conduction losses of the devices and the need to keep the number of modules to a
minimum. A step down in the relative project cost can be noticed at around 500V of brick rating; this is
a reflection the fact that for most of the magnets the total voltage required is 500V or less. As this level is
reached, most of the magnets are supplied by a solution with only one brick of each type. While the SiC
based devices have the same step, this step is less pronounced, indicating that the SiC devices are more
suited to parallelisation. If the lifetime costs of the system is considered, the SiC based technologies
emerge as competitive.
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A scalable DC/DC converter topology with
modularised energy storage for high energy physics
applications

Krister Leonart Haugen, Member, IEEE, Konstantinos Papastergiou, Member, IEEE,
and Dimosthenis Peftitsis, Senior Member, IEEE,

Abstract—This paper presents the design and control of a high-
power modular DC-DC converter for electromagnets used in high
energy physics applications. The fundamental building modules,
herein called bricks, can either be connected to the grid or
to separate energy-storage components. The proposed modular
converter enables independent power flow control among the
bricks under control that is agnostic to mission profiles. In
particular, the proposed converter design and control allow for
independent control of currents delivered from each brick, while
respecting the total voltage constraints, and losses optimisation
of the converter without compromising the desired electrical
performance. In addition, the cost potential of the converter
is briefly analysed. The performance of the proposed modular
converter is validated experimentally on a full-scale lab prototype
rated at 800 kW. The proposed converter demonstrates how
separating the total storage into a number of storage bricks
can be beneficial to adapt the design of a modular converter to
a large range of profiles and operating constraints. It is shown
that up to 30% cost savings can be achieved by eliminating
converter components in the storage and grid connection, while
the converter performance on the load is maintained and the
same amount of energy is recycled.

I. INTRODUCTION

HE European Organisation for Nuclear Research (CERN)

is a large complex, where a large range of physics experi-
ments are conducted. In order to supply these experiments with
the high energy particles, large electromagnets are used. They
have to cover many different functions, but fundamentally they
supply a bending (Lorenz) force to the charged particle beams.
The size and accuracy of such a force is essential to ensure
stable and reproducible high energy physics experiments, and
thus the currents supplied are critical [1], [2].

A state-of-the-art power electronics topology for supplying
these electromagnets with high precision currents is the full-
bridge DC-DC converter [3]-[6]. The four quadrant operation
of such converter also enables the possibility to recover energy
stored in the magnetic field, when this field is no longer
required by the load. For the majority of the electromagnets
in the transfer lines between accelerator or to experimental
areas at CERN, the particle beams pass through in short time
intervals (i.e., in the range of milliseconds) at a regular cadence
(e.g., 1.2 s is a typical cadence used at CERN). By turning
the electromagnets off between each beam passing, significant
energy savings have been achieved [7]. Thus, it follows that
future power converters should have the ability to recover and
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© 2023 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

recycle the magnet energy. The current profile and the highly
inductive loads result in a very high peak power requirement,
yet the losses of the magnet can be relatively low. The energy
need supplied from the grid as the losses can be equivalent
to 10% of the total energy injected into the magnet [8]. This
poses a challenge for the design of the converter.

The current trend in power converter design at CERN is
towards standardisation. As the CERN complex is growing the
need to have fewer types of converters is important to ensure
effective operation and maintenance. This naturally leads the
way to using modular converters. Such converters have been
proposed for high energy physics before [9]; however, those
designs do not include the energy recovery capability. While at
CERN this approach have been implemented using a floating
voltage design [10]. In principle such a power converter can
be compared to a Modular Multilevel Monverter (MMC)
[4], where extensive research has been done to optimise the
topologies for AC applications [11]-[14]. On the other hand,
the loads considered at CERN mainly require a cycled direct
current.

Output DC-bus

Gate driver

Cooling plate

DC-bus capacitors

Fig. 1. The scalable converter fundamental brick.

By constructing a converter from several smaller fundamen-
tal bricks, with independent energy sources, the possibility
for optimally controlling the internal power flow becomes
feasible [15]. Such power converters with Distributed Energy

Authorized licensed use limited to: CERN. Downloaded on April 20,2023 at 07:44:48 UTC from IEEE Xplore. Restrictions apply.
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Resources (DER), exhibit a distinct advantage in achieving a
large degree of modularisation [16], and deliver more scalable
systems. It is possible to imagine this converter to be re-
configurable, and offer the flexibility sought in Electric Vehicle
(EV) charger applications [17].

In a previous work [18], it has also been shown that a
modular design with a larger number of bricks, can be cost
effective when considering a larger range of electromagnet
loads. In that paper, it has been shown that the selection of the
electrical ratings and thus, the number of converter bricks is a
cost-to-performance consideration. In particular, this becomes
important in case of supplying loads with a large spread
in their inductive and resistive characteristics. The design
parameters for the converter presented in this paper have been
derived by following the optimization procedure shown in
[18]. However such converters present some complexity in the
power flow management [19].

This paper presents a converter concept that extends the
scalability of the existing conventional CERN design, to allow
two different brick implementations; one with energy storage
and for grid connection, all based on a single fundamen-
tal brick shown in Fig. 1. The proposed converter design
incorporates a control strategy to regulate the power flow
independently from the storage and the grid bricks. This makes
them different to other full-bridge [17] and cascaded MMC
converters [20], as the proposed converter are operated with
different modulation indexes for each of the bricks allowing
for very different power flows.

The objective is to demonstrate that it is possible to select
appropriate number of storage and grid connected bricks for
a given electromagnet, hence further reducing the overall
converter cost in comparison with the conventional design.

The paper is organised as follows. Section II briefly presents
the fundamental constrains and load requirements of the appli-
cation. Section III describes the fundamental brick design with
the 2 types of proposed bricks. The concept of the modular
converter and its characteristics, as well as the analysis of a
selected case scenario are presented in Section IV. Section
V introduces the control system and how the references are
distributed to the bricks. The design of the full-scale 800 kW
laboratory prototype is demonstrated in Section VI where the
2 bricks are working together in a system. While Section
VII presents and analyses the experimental results and some
calculations to show how the energy is flowing in the converter.
Finally, the conclusions of this work are presented in Section
VIIL

II. OPERATING CONSTRAINTS AND LOAD REQUIREMENTS

The converters discussed here operate in cycling mode with
periods between 1 and 25 s. A typical current cycle supplied to
the electromagnets is illustrated in Fig. 2. The typical current
ramp duration is in the order of 100 ms to 1 s and the flat-
top duration can last for several seconds [21]. This process
requires a high power for a short time, in particular during
current ramps.

When these electromagnets operate at peak current,
they have a certain energy stored in the magnetic field,
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Fig. 2. Typical current cycle sequence, dotted lines indicate division between
cycles. tperioq is typically 1.2s, t 14t —top is typically S0ms and £py se can
vary from 300ms-800ms depending on the load and flat-top current.

Emagnet,peak» Which is expressed as in Eq. 1, where Lyqgnet
is the inductance and 1,4 gnes is the current through the magnet
at any given time.

1
Emagnet = éLm(lg’netITznagngt (1

During the current ramp down, this energy is recovered in
the energy storage units and reused during the next cycle.

2,5 1

R[Q]

Fig. 3. Resistance and inductance plot of 350 electromagnets for CERN’s
North Area project, the blob size represents the total stored energy.

Previous work [18] discussed the powering requirements for
the North Area project at CERN. The diversity of converter
loads (illustrated in Fig. 3), highlights the spread of resistance
and inductance, with an R to L ratio varying between 0.2 and
25, and the total energy stored in the magnet between 10 kJ
and 670 kJ with a median energy of approximately 20 kJ.

These electromagnets are designed to deliver a strong mag-
netic field, and hence some loads have an inductance of more
than 500 mH, see Fig. 3. Due to the high inductance of these
electromagnets, a high voltage is required in order to ramp up
the current, compared to the voltage required to maintain the
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flat-top current. To keep the RMS current for each cycle low,
the ramping up and ramping down phases should be kept as
short as possible; however, this requires the highest possible
voltage. As the voltage and the dI/dt¢ the magnets can receive
are limited, this constraint is often described by a ramping
voltage for the projects at CERN. Such a voltage is shown in
Fig. 2 (denoted as inductive voltage), and it is a design input
that has to be considered when designing a power converter.

III. FUNDAMENTAL BRICK CONCEPT

The existing or conventional design, is a modular design
with each module capable of delivering a maximum of 450V
and 200A. It employs a front-end comprising a passive diode
rectifier and a boost regulator that adjusts the voltage of the
DC bus that acts as energy storage.The output stage is an H-
bridge topology with a low pass filter.

The proposed scalable converter design allows to decouple
and independently use the grid-connected front-end from the
energy-storing capability of the conventional converter. Two
new brick variants, namely the grid brick and the energy
storage brick, are employed to supply the inductive and
resistive components of the electromagnet’s power (plotted at
the bottom graph of Fig. 2)

If the converter consists of two types of bricks, it is possible
to scale the power to the inductive and resistive requirements
independently, the storage brick scales for the inductive energy
and the grid brick for the resistive losses in the magnet. Thus,
by choosing the minimal feasible brick output voltage for each
type of brick, the converter can be scaled to each magnet and
have fewer oversized components. The current capability of
the brick is limited by the specific current ratings of the power
semiconductor switches and the de-rating factor required to
respect the lifetime of the semiconductors. The cooling system
and the maximum allowed junction temperature are also crit-
ical design aspects determining the brick’s current capability.

The particle accelerator applications have stringent require-
ments with regards to accuracy of the supplied current. Addi-
tionally, energy recovery from the magnet to the storage bricks
requires a converter with a 4-quadrant operating capability to
handle the bidirectional power flow. The topology considered
in this work is a full-bridge circuit. The schematic of the
fundamental brick is shown in Fig. 4a in the brick composition
(red) box. The same full-bridge converter is used in both
storage and grid bricks and each brick contains a brick
inductance Ly which allows the voltages of each brick to
be independently controlled.

A. Energy storage brick design considerations

The energy storage brick comprises a full-bridge circuit pre-
sented in Fig. 4a and an energy storage component connected
directly to the DC-bus of the full-bridge. The energy storage
can be implemented with batteries, capacitors, mechanical
flywheel [22], [23] or super-capacitors, depending on the
amount of stored energy required, delivered power and storage
time [24]. Given the short operating time of the current
ramping, capacitors are appropriate as storage elements [25]
in this case. This causes the voltage on the storage bus to

© 2023 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Magnet
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Grid connection Storage Storage

(a) Parallel connection

Magnet

+

(b) Series connection

Fig. 4. Schematic diagrams showing the series and parallel connection of
bricks. The fundamental brick topology is shown in the red shaded area.

be dependent on the state of charge of the capacitor as for
any storage system. The DC-bus voltage is always selected to
be the highest blocking voltage that the power semiconductor
devices can safely withstand under hard-switching conditions.

The amount of energy in the storage capacitor determines
the total amount of storage in the brick. Using a full-bridge
to control the voltage generated from the brick, only stepping
down the dc-link voltage is possible. This sets constraints on
the lowest voltage on the storage bus during usage, since there
always have to be sufficient charge left in the capacitors in
order to keep this minimum voltage. Equation 2 expresses
the usable energy in the storage brick, Ep.ick. Csir is the
capacitance of the storage brick, Vp,s is the nominal DC-bus
voltage and V. is the lowest allowable voltage on the bus,
in order to deliver the required voltage to the output selected
for the brick.

Loz, — vy @

Ebprick = 2 ut

However, the usage of other storage solutions is possible for
applications with different timescales and storage needs. When
using batteries with an accompanying battery management
system (BMS), or mechanical flywheel with an inverter or
similar, the DC-bus voltage can be considered constant and
therefore, the control and operation of the scalable converter
would be simpler. This does also open the possibility to
reduce the DC-bus voltage which will allow to use bricks
designed with power semiconductors with a lower voltage
rating. Given the application’s design requirement for rapid
cycling, if batteries were considered, the need for increasing
device voltage ratings would also be imposed, resulting in
higher losses.

Authorized licensed use limited to: CERN. Downloaded on April 20,2023 at 07:44:48 UTC from IEEE Xplore. Restrictions apply.
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B. Grid brick design considerations

The grid-connected brick exhibits a simpler scalability de-
sign procedure. This is due to the fact that it needs to supply
the power losses in the resistive part of the magnet, and also
to compensate for the losses in the total system (such as
the switching and conduction losses of the grid and storage
bricks). To keep the idea of the modular system, the grid
brick uses the same bus voltage and output voltage as the
storage brick. However, the grid brick is supplied by a diode
rectifier connected to a three-phase AC grid. Since the energy
recovery function is entirely handled by the storage brick, it
is not foreseen to have power flowing back to the grid, and
the bus voltage is kept constant, hence a grid supply through
a passive (diode) rectifier is adequate.

The following section describes the series and parallel
connection of bricks to form a converter system that can both
supply the required resistive and inductive power to the load.

Storage Storage
T % T

Grid connection Grid connection

\47;

IM%

Fig. 5. Schematic diagram showing the combined series and parallel connec-
tion of the bricks including the brick inductance used to control the current
sharing.

—— Conventional
—— Option |
—— Option Il

System

Electrical
departure

Energy storing Ccoi(r)él:i?

capacitor

Front end unit

Fig. 6. Relative cost of the converter options

IV. SYSTEM CONFIGURATION

The number of grid and storage bricks is calculated based
on the magnet’s electrical characteristics and the fundamental
brick ratings. The configurations that are possible are:

© 2023 IEEE. Personal use is permitted, but reBuincation/redistrihulio_n requires IEEE
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TABLE I
RELATIVE COST OF THE CONVERTER OPTIONS

Components Cost Conventional Scalable converter

weight Option 1 | Option II
(Fig. 7a) (Fig. 7b) (Fig. 7c)

System

- comroli card 163% | | |

- sensors

- cabling and install

H-bridge 17.3% 1 1 1

Energy storing 26.8% 1 025 0.50

capacitor

Front end unit

- insl. transformer 15.7% I 075 0.50

- diode rectifier

- boost regulator

Cooling circuit

- cooling plates 16.0% 1 0.92 0.83

- piping accessories

Electrical departure

- 3ph 400V, 125A 7.9% 1 0.75 0.50

- incl. protections

Overall 100% 1 0.73 0.72

A. Series connection

This configuration (Fig. 4b) allows for achieving higher
voltage on the load but forces the switches in each branch
to carry the same current.

B. Parallel connection

This configuration (Fig. 4a) results in lower output voltage,
but scales the converter up in current capability by current
sharing among the switches; hence reducing conduction losses
for a given current. It also allows the different bricks to be
interleaved, enabling significantly lower current ripple and,
thus, increasing accuracy on the current to the electromagnet.

In this arrangement, the energy has to be transferred among
bricks and rebalanced by the end of each cycle. This is done
by properly distributing the currents during the current pulse
into the electromagnet.

C. Series-Parallel connection

Another option is to combine series and parallel connections
of bricks as shown in Fig. 5. In this arrangement the grid
bricks inject adequate voltage in order for the resulting grid-
supplied power to cover the system losses. This topology
enables current sharing and utilises output current interleaving
to reduce output current ripple. The storage bricks can also be
used for peak-shaving, by supplying the power required by the
magnet for the power losses during the flat-top of the pulse.
If the storage bricks are only used during current ramping, a
bypass switch can be connected across the storage brick to
soften the stresses on the switches and reduce the losses.

D. Scalable system cost

In this paper the benefits of the scalable converter are
demonstrated by conducting experiments on a full-scale lab-
oratory prototype supplying an electromagnet as load. The
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Fig. 7. The benefit of the scalable converter; the number of storage bricks and grid-connected bricks reflects the load inductive and resistive components
respectively. From top to bottom: (a) conventional modular converter with four bricks operating with identical control, (b) scalable converter option with three
grid connected and one storage brick and (c) a scalable converter option with two grid connected and two storage bricks.

load has a nominal inductance of 0.055H and a resistance
that equals 0.075¢2 and is designed to be representative of the
operational load.

Assuming the maximum brick output of 200A and 200V,
such a load would require 4 parallel-connected bricks in order
to supply a current up to 800A. Three system configurations
are examined and compared:

o The state-of-the-art system configuration (labelled con-
ventional converter) comprises four identical bricks (Fig.
7a), all comprising grid-connection and energy storage.
Scalable option I - comprising three grid bricks and one
energy storage brick (Fig.7b) to maximise the capacitor
depth of discharge.

Scalable option II - comprising two grid bricks and two
energy storage bricks (Fig.7c) to minimise the ratings/cost
of the electrical departure.

In this paper the calculated cost estimations of the al-
ternative system configurations are made using the known
conventional converter costs from recent projects (in Fig. 7a).
The cost can be considered to be approximately 1.5 EUR per
peak installed Watt.

Table I and Fig. 6 indicates the various converter compo-
nents, such as the IGBT H-bridge, the storage capacitors etc.
along with their weighting towards the cost of a conventional
converter. The columns on the right in Table I indicate the
relative costs of the scalable options (normalised to the original

© 2023 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

conventional converter cost). Fig. 6 shows a radar plot of the
converter components, the blue surface for the Conventional
converter gives the baseline, where every cost is normalised
to 1, and then the relative normalised costs of Option I and
II are overlaid. It visualises the importance of the costs of the
energy storing capacitors and front-end unit, which serves as
the motivation for separating these functions.

As expected, option I results in cost savings mainly thanks
to the minimisation of energy storage, while option II saves
most on the electrical departure. It is noted that the installed
electrical departure rating in Tab. I and Fig. 6 are linked to the
number of grid bricks of the power converter. An alternative
approach (with little relative impact to the overall cost) would
be to specify the electrical departures based on the actual RMS
power consumed by the magnet load.

In summary, the total investment cost is reduced to 73% for
Option I and to 72% for Option II, compared with the existing
conventional modular converter. This benefit comes at the cost
of implementing an extra layer of energy management in the
controller software, described in the following paragraph.

V. SYSTEM CONTROL IMPLEMENTATION

The purpose of an energy controller is to distribute the
energy flow among the grid-connected and the energy storage
bricks of a converter to fulfil an objective such as to limit the
grid-current, to control the capacitor voltage fluctuation, and
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Fig. 8. High level controller of the converters at CERN showing where the energy controller is inserted into the control chain.

to achieve a certain regulation precision in the output. As a
result such a controller impacts the peak and RMS loading
of each brick. Additionally, the power flow among different
bricks may be optimised for smaller temperature variations of
the semiconductors and thus, improving the expected lifetime
of power modules.

To fulfil these requirements four levels of control have
been implemented; a global current controller responsible for
regulating the total current and current accuracy, a voltage
controller on each series connected brick, an arm-level current
controller for the current control in different arms and a system
level energy-controller. Significant work has been done on
MMC to control and manage the energy stored in the cells
[14], [26]-[28]. However, this concerns MMCs having bricks
with identical energy sources used for AC/DC applications and
not a modular DC/DC converter scheme combining grid and
storage bricks, such as [10]. The controller hierarchy discussed
in this paper is shown in Fig. 8. The controller uses the energy
storage state-of-charge information, and relies on the use of
circulating currents to balance the energy in the bricks.

The controller configuration shown in Fig. 8 applies when
the current is shared among parallel bricks. A similar approach
can be used for the series connected bricks. In this case,
a simpler control structure is required. At the highest level,
a system controller used in CERN applications, namely the
function generation controller (FGC) performs the current
control at the load level. The energy controller can also control
the voltage on the storage bus and modifies the references

© 2023 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

accordingly in order to keep the correct energy stored in the
bricks. It is interjected between the references given by the
CERN operators and before being passed to the individual
converter bricks and is also responsible for deriving the total
current and voltage references into the individual references
for each brick. For a series-connected system this correction
will be added to the voltage reference for the bricks and
subtracted from the corresponding grid brick voltage reference.
For a parallel connected system the correction will be added to
the current reference, and subtracted from the grid reference.
Subtracting from the grid reference ensures that the total
current reference is always respected. In a system with both
parallel and series bricks, while it is possible to do it both
ways, it is probably best to manage the energy within a
single arm first, before redistributing across several arms.
However, this is out of scope of this paper. Through controlling
the functioning of each brick, it can also control the power
flow between the bricks. The converter bricks are in essence
managed as separate converters, with independent power flow
control and independent voltage loops. If the mission profile
can be assumed to be known, then more flexibility in the
control strategies can be proposed. The theoretical background
for this implementation strategy and the details of its response
have been presented in [29].

In this paper the splitting of the currents between the
bricks will be based on an agnostic approach, wherein the
mission profile (current reference) is not known in advance
and hence the controller shall allocate the load to bricks in
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TABLE II
CONVERTER IGBT PARAMETERS

CM1200DC-34N | Voltage | Current
1700V ‘ 1200A

450V 450A

Rated value
Design value

a predetermined fashion; the grid bricks will first share the
current evenly until they have reached their maximum current.
Then the storage bricks will start and supply the remaining
current to reach the required flat-top current. Then during
the ramp-down phase, the storage bricks will calculate how
much energy they have delivered and ask for a current during
the ramp-down which ensure that their total energy is fully
recovered. Hence, the control configuration between the two
options are identical, and the choice is made based on flat-top
duration and magnet energy. In this approach the energy used
in the storage brick depends on the length of the flat-top and
the value of the current. In the lab experiments, the longest
possible flat-top duration was found, serving as an operational
constraint on the RMS current supplied by this converter.

VI. DESCRIPTION OF LABORATORY DESIGN

The experimental validation was performed on a 800kW
prototype at the CERN laboratory. The converter was de-
signed internally implementing the topology of a conventional
converter shown in Fig. 7a. Photographs of the prototype is
illustrated in Figs. 9 and 10. The converter allows energy
recovery into the DC-bus storage capacitors. Increasing the
voltage of the DC-bus, allows more usable energy to be
stored in the capacitors, and conversely by reducing the
voltage the energy is reduced. The usable energy is described
by Eq. 2. The capacitors used in this setup are Hitachi
HCGW2G293BF236W2VC electrolytic capacitors connected
directly to the DC-bus. Three of these capacitors are connected
in series and four capacitor arms are connected in parallel,
resulting in a total of 12 capacitors at 41.7mF per brick.

The controller is a Texas Instrument DSP TMS320C6727
and are regulating at a switching frequency of 6.5kHz. The
LEM sensors for voltage measurements are LV 25-P/SP5 both
on the output and the bus. The current measurement system has
the ability to measure current with a significant accuracy in the
part-per-million range. The parameters of the IGBT used are
listed in Tab. II. The devices are de-rated to achieve lifetime
requirements of more than 250 million full cycles.

As shown in Fig. 7(a), in the conventional converter, each
of the four bricks have a grid connection via an isolating
transformer, a diode rectifier, a boost connecting the diode
rectifier to the DC-bus, a DC-bus and an IGBT-based full-
bridge circuit on the output. The design parameters of the
converter in the test setup are summarised in Tab. III. The two
types of bricks used in this paper were obtained by modifying
the existing converter (see Fig. 7(b) and (c)). The storage
bricks have been made by disconnection of the boost stage
from the DC-bus. Disconnecting a brick from the grid implies
that its power losses (switching and conduction) have to be
supplied by recovering adequate energy from the magnet load.
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Fig. 10. Photograph of the laboratory set-up, showing the power-stack, gate
drivers and DC-bus filter capacitors integrated into the cabinet. The storage
capacitors can be seen in the bottom.

TABLE III
CONVERTER PARAMETERS

Grid Connected Brick | Energy Storage Brick

Max Voltage 200V 200V
Max Current 200A 200A
Energy Available N/A 9.4kJ at 900V

The grid brick is made by removing the energy storing
capacitors from the output of the boost stage. The boost stage
is not necessary for the operation of the converter in this
configuration, but it was kept in order to avoid reconfiguration
of critical protection and control systems. By separating the
grid connection and the energy storing functions of the con-
ventional brick, it is possible to have a simple brick building
block at the cost of an increased system complexity.

The load is a water cooled electromagnet with a solid
magnetic core and a large air-gap such as the ones used in
the accelerator facilities. The magnet parameters are listed in
Tab. IV.
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TABLE IV

CASE LOAD
Load parameter Value
Inductance 55mH
Resistance 75m$2
Max current 960A
Pulse current flat-top 700A
Peak stored energy at 700A 13.5kJ
RMS power 8kW
Peak power 140kW

VII. EXPERIMENTAL RESULTS

A. Scalable option I: 3 grid-connected and 1 energy storage
bricks in parallel

The first set of experiments were conducted on a system
configuration comprising 3 grid bricks and 1 storage brick. In
this case, the reference currents are shown as dashed lines in
Fig. 11a. All grid bricks receive the same reference and hence
perform the same function.

The control principle employed in this control scheme is
that the minimum possible amount of energy storage shall
be used for a given load. To achieve this, the grid-connected
bricks shall supply current to the maximum of their capability
before the storage brick is absolutely required to release its
stored energy. Conversely, during the energy recovery phase
(ramp-down of the current), the storage brick takes priority
in recovering energy, using its maximum current capability
Istorage_res to replenish the capacitor bank.

To achieve this result, the storage brick local controller
predicts in real time the remaining energy in the magnet.
During the first part of the ramp-down phase, the calculated
reference current value is higher than the brick maximum
current, and is therefore caped at the maximum current. Then
after 100ms of ramp-down the current starts to decrease as the
storage brick has recovered sufficient energy. In this 3:1 ratio
of brick to storage brick sizing it can be seen that the energy
storage volume is rather small for the magnet stored energy;
hence, the grid bricks are commanded to recover energy while
this is not their role.

As shown in Fig. 11b the ramp-up phase takes 200ms and
the peak voltage approximately equals 200V. On the contrary,
the ramp-down phase takes 200ms and the peak voltage is
measured to be -160V. Since the ramp-rate of the current was
kept the same, the voltage drop across the resistive component
of the magnet results in the lower voltage during ramp-down
phase. The trapezoidal current has been chosen to ramp as
quickly as possible in order to minimise the resistive losses in
the magnet, while respecting the dI/dt limit of the magnet.
It is noted that the voltage takes 40ms to reverse, due to
the resistive voltage drop in the magnet. This results in the
existence of a short phase at the beginning of the ramp-down
process when energy recovery is not possible. In fact the
storage brick will continue to supply energy to the magnet
in this phase. The amount of energy exchanged in this phase
is relatively small, since the RMS voltage is low and the time
is very short. A summary of electrical performance parameters
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(a) Brick and output currents. Imagnet is the total current supplied to the
magnet, Ipicr is the current from each of the bricks A-D. I,..y (dashed
brown line) is the total current reference, Is¢orage_res (dashed pink line)
and Ig,;q (dashed black line) are the references for the storage and grid
bricks respectively.
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(b) Output Voltage, Vinagnet is the total voltage across the magnet load.
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(c) Bus voltage for the storage brick Vpc_p

Fig. 11. Option I - Experimental results of a current pulse at 700A with 3
grid and 1 storage bricks.
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of the bricks are given in Tab. V. Fig. 11b shows the ramping
voltage, and it is approximately 150V, and then the voltage
increases with the increasing current, to compensate for the
resistive voltage drop. During the flat-top, the voltage should
drop down to a value equal to Viiat—top = L fiat—topFmag» a8
this is a DC-current. However, the voltage takes some time to
ramp-down, and never reaches the expected flat-top value, as
the magnets in the lab exhibit a non-linear behaviour at higher
currents (due to saturation and excessive eddy currents in the
core). The non-linearity (saturation) of the magnet also results
in a lower inductive value.

In theory the magnet stores at peak current 13.5kJ, using
Eq. 1. However, estimating the inductance after saturation
based on the voltage values and current derivatives, a value of
36mH is calculated, thus the available energy in the magnet is
8.9kJ. Using the voltage presented in Fig. 11c and Eq. 2, the
energy returned to the storage has been calculated to be 1.64kJ.
This is due to the storage brick being current limited and
the RMS voltage being governed by the load. The estimated
energy consumed by each brick is presented in Tab. V. In this
case almost 50% of the energy recovered from the magnet is
consumed in power losses, before it is recovered to the storage.

In this first experiment, it was shown that the controller
converges to balanced energy transfer between the magnet and
the energy storage, despite the latter being rather limited for
the magnet stored energy. This demonstrates that the objective
of operating with minimal amount of energy storage can be
achieved.

B. Scalable option 1I: 2 grid-connected and 2 energy storage
bricks in parallel

Fig. 12 demonstrates the experimental results when the con-
verter operates in the 2-grid and 2-storage bricks configuration.
The resulting load voltage and currents are very similar to
that of Option I shown in Fig. 11, while the brick current
distribution is different.

Fig. 12a shows the total and the individual currents from
the bricks. The same principle as before is applied; the two
grid bricks supply the maximum possible current, while the
storage bricks only contribute with their stored energy when
the output current exceeds 400A (the combined capability of
two grid bricks).

During the energy recovery phase, however, the four bricks
are now able to follow the references much better since enough
energy storage is available for recovering the energy of the
magnet. The grid bricks on the other hand reverse their current
which indicates that they continue to supply positive power
helping the storage bricks to replenish their energy while
compensating also for the power converter losses. A summary
of electrical performance parameters of the bricks are given
in Tab. V.

The total voltage in Fig. 12b is identical to the voltage
in Fig. 11b, along with identical currents. Therefore, the two
different options have no impact on the total performance of
the converter.

Using the voltages in Fig. 12c the total energy recovered is
approximately 8.64kJ of energy is recovered from the magnet
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(a) Measured brick and output currents. Irmagnet is the total current supplied
to the magnet, I, is the current from each of the bricks A-D. Bricks A
and B are grid-connected while bricks C and D are energy storing. I,.cy is
the total current reference, Istorage_res and Ig.iq are the references for the
storage and grid bricks respectively.
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(b) Measured output Voltage, Vinagnet is the total voltage across the magnet
load.
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Fig. 12. Option II - Experimental results of a current pulse at 700A with 2
grid and 2 storage bricks.
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(4.32KkJ per brick), out of a theoretical 13.5kJ. Given the in-
ductive saturation, an actual available energy of 8.9kJ is more
likely. The energy recovered into the bricks are summarised
in Tab. V. From this table and using the bus voltages in Fig.
12c, it is observed that an energy of 0.62kJ is dissipated to
the 2 sets of discharge resistors on the capacitor banks in the
2 storage bricks and 3.48kJ in the two full-bridges circuits.
This energy loss, leaves 5.16kJ of energy to be returned to the
storage for use in the next cycle. Thus, this case absorbs twice
the energy from the magnet.

Erecovery,maz = ‘/rampfdown,RJWS ‘ Ibn'ck‘,maz . t'rampfdmun

3

C. Discussion

The experimental setup was used to validate the hypothesis
that parallel connected converter bricks could indeed operate
independently; the energy controller is able to recycle power
between the load and the power converter, adjusting the
contributions of storage and grid-connected bricks in real-time
using cycle agnostic control.

Using cycle-agnostic control is needed in accelerator appli-
cations due to the varied particle beam energy that results in a
constantly varying mission profile of the magnet current wave-
form. The 2:2 grid-connected to storage-brick configuration
allowed energy recovery with ease and despite the significant
switching and conduction power losses in each of the bricks.
Even the single storage-brick prototype performed the function
illustrating that the control objective of minimising the volume
of the required energy storage was achieved.

The 200V and 200A fundamental brick was used for both
the grid and storage connected bricks. The parallel connection
of four bricks allowed operation up to 800A (700A was
demonstrated in this work). The claimed scalability can be
achieved in many different ways to cover for a wide range
of load resistance and inductance values. Loads with greater
resistance value can be supplied using more grid-bricks in
parallel, whereas loads with greater inductance value require
series-connected bricks reaching 400V or more.

Additionally, this configuration of converter allows for bet-
ter energy storage utilisation with greater discharge depth of
capacitors, by series connecting storage bricks to achieve a
higher output voltage to the load.

The conventional converters at CERN operate in an agnostic
way, which means that the voltage loop and bus voltage
controllers are real-time controllers with no information on
the future current profile or the pulse duration. This means
that the current from each of the bricks follows the same
approach for both scalable options (Option I and II), the grid
bricks ramps to full current first, and only then the storage
bricks enter in order to deliver the peak current to the load.
During the ramp-down phase, the storage bricks recover the
energy they need to replenish the storage, and the grid bricks
cover the rest. Thus, the range of control for the for the
two options is very limited. However, if it is assumed that
the controller has full knowledge of the cycle, then far more
options for control emerge. The theoretical background for
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such control has been discussed in [29] including some failure
scenarios. In that paper, four control strategies optimising
for minimised thermal stress, minimum power supply from
the grid or optimal storage utilisation have been proposed
and evaluated in a scalable converter comprising one grid-
connected and four storage bricks. Given the modular design
of the converter, it has been shown that the storage can be
reduced by 12% just by selecting the proper control strategy,
while another strategy maintain the thermal stress among the
bricks equal in order to have the same expected lifetime, or the
grid RMS current can be reduced by 59% by keeping the grid
current constant. While in the this paper the scalability has
been shown in hardware configuration, this further enhances
the flexibility of the scalable converter, by optimising for
different parameters in software.

Figs. 11b and 12b show the voltage across the load, fol-
lowing a typical curve for the voltage shape. This voltage
is identical for the 3 different converters shown in Fig. 7,
and confirms that the individual correction of the bricks done
by the controller does not influence the performance of the
converter. Using Option II, results in a higher utilisation of
storage. As shown in Fig. 12b, the delta voltage is lower
compared to Option I, but since two bricks are used, the total
energy recovered as presented in Tab. V is higher. With 3 grid
bricks, Option I has a lower RMS load current for each of the
grid bricks, but since the total energy recovered is reduced, it
is clear that the total energy consumed in a pulse is higher in
this case.

TABLE V

CONVERTER ELECTRICAL PERFORMANCE SUMMARY PER BRICK

Configuration Option I Option II
1 storage brick | 2 storage bricks

Energy recovered from magnet 3.20kJ 4.32kJ
Energy recovered to storage 1.64kJ 2.58kJ
Magnet supply losses (est.) 1.56kJ 1.74kJ
Losses between pulses 0.32kJ 0.31kJ
Energy used in next cycle 1.32kJ 2.23kJ
Grid brick current RMS 81.3A 89.0A
Grid brick current peak 210.6A 215.0A
Storage brick current RMS 81.5A 90.4A
Storage brick current peak 229.6A 215.0A

The inherent flexibility of the scalable converter has been
demonstrated by considering a load case allowing two possible
converter configurations. The storage bricks are limited by
the energy available during ramp-down as described in Eq.
3. An inherent limitation of this topology is the requirement
to recharge the energy storage brick by recovering energy
from the magnet load, primarily during the current ramp down
(since a grid connection is not available in storage bricks). This
implies that enough energy must be stored by the load in order
to compensate the storage brick’s semiconductor power losses.

VIII. CONCLUSION

This paper presents the optimal design of a scalable and
modular power converter that is assembled from a number
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of smaller DC-DC converter bricks with independent storage
and grid-connected units. The performance and cost benefits
of such a converter for a certain application have been demon-
strated. It has been shown that up to 28% cost savings can be
achieved by using less converter hardware in comparison with
a conventional modular converter.

A control scheme that is agnostic to the loads mission
profile is demonstrated using a full-scale converter prototype.
Two scalability options were examined with different system
configurations; the first employed half of the energy storage
capability than the second and greater grid-supply ratings.
Both of the configuration options operated correctly with the
proposed energy management control. The second scalability
option allowed for a better utilisation of the energy storage
element and a better RMS current balance among different
bricks.

The flexibility of the scalable converter enables more
choices for optimising for large industrial projects or power
converter-based distributed grids, all with a single fundamental
power electronic brick.

The design and operating advantages of the proposed mod-
ular converter can be found beneficial for a wide range of
applications, requiring a relatively low average power draw
and high peak power for short time intervals. In these applica-
tions, utilising the proposed converter with separated storage,
enables peak-shaving strategies in order to limit the constraints
for installed capacity. Such an application example is re-
configurable charging infrastructure for electric vehicles (EVs)
[17], that can deliver various charging modes (e.g., slow, fast or
super-fast charging) by optimising the power drawn from the
grid or the local energy-storage system. Moreover, keeping the
concept of fundamental brick and combining them in various
ways, the charging voltage can configured depending on the
EV’s battery requirements.

Another application that can benefit is railway traction with
on-board energy-storage capability. In this case, the proposed
modular converter can control and optimise the energy de-
livered from the on-board storage or the grid, based on the
operating constraints (e.g., lack of overhead supply or higher
loads). Finally, grid balancing can also be advanced using the
modular converter presented in this paper. In this application,
the energy-storage system is used to absorb the excessive
power in the grid and deliver it back when there is a lack
of power. An example is power grids with large amounts
of intermittent renewable energy generation. Depending on
the total energy requirements, the response time, the power
required from the storage, and spatial constraints, different
types of storage can be used. Typical examples of energy
storage are super-capacitors, mechanical flywheels, batteries
or other novel energy storage systems.

REFERENCES

[1] S. Maestri, R. G. Retegui, D. Carrica, S. Rossini, G. Le Godec, and
K. Papastergiou, “Figures of merit for the evaluation of regenerative
power converters,” 2016 18th European Conference on Power Elec-
tronics and Applications, EPE 2016 ECCE Europe, pp. 1-9, 2016,
publisher: Jointly owned by IEEE-PELS and EPE Association ISBN:
9789075815245.

© 2023 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

[2] G. Kniegl, R. Weber, F. Bordry, and A. Dupaquier, “Four-quadrant
converter [#600 A, £12 V] prototype for LHC,” in Proceedings of the
IEEE Particle Accelerator Conference, vol. 5. 1EEE, 1999, pp. 3740—
3742.

[3] Y. Thurel, D. Nisbet, B. Favre, and G. Switzerland, “FOUR QUAD-
RANT 120 A, 10 V POWER CONVERTERS FOR LHC,” CERN,
Geneva, Tech. Rep., 2007.

[4] A. Lesnicar and R. Marquardt, “An innovative modular multilevel
converter topology suitable for a wide power range,” 2003 IEEE Bologna
PowerTech - Conference Proceedings, vol. 3, pp. 272-277, 2003, iSBN:
0780379675.

[5] G. J. Kish, “On the emerging class of non-isolated modular multilevel
DC-DC converters for DC and hybrid AC-DC systems,” IEEE Trans-
actions on Smart Grid, vol. 10, no. 2, pp. 1762-1771, 2019, publisher:
IEEE.

[6] S. M. Goetz, A. V. Peterchev, and T. Weyh, “Modular multilevel
converter with series and parallel module connectivity: Topology and
control,” IEEE Transactions on Power Electronics, vol. 30, no. 1, pp.
203-215, Jan. 2015, publisher: IEEE.

[7]1 B. L. M. Lamaille, F. Dragoni, S. Evrard, F. J. Harden, E. Harrouch,

M. Lazzaroni, R. Lopez, and K. D. Papastergiou, “Study of the Energy

Savings Resulting From the East Area Renovation,” /0th Int. Partile

Accelerator Conferance, pp. 4023-4025, 2019, iSBN: 9783954502080.

S. Rocca, F. Boattini, and L. M. De Paco Soto, “Development of a

control strategy for the 18 MW power converter of the CERN PS Booster

accelerator,” in 2018 IEEE 19th Workshop on Control and Modeling
for Power Electronics, COMPEL 2018. Institute of Electrical and

Electronics Engineers Inc., Sep. 2018.

[9]1 M. Parchomiuk, R. Strzelecki, K. Zymmer, and T. Sak, “Modular high
precision high current source for special applications-Simulation and
verification,” Proceedings - 2016 10th International Conference on Com-
patibility, Power Electronics and Power Engineering, CPE-POWERENG
2016, pp. 422-427, 2016, publisher: IEEE ISBN: 9781467372930.

[10] E. Boattini, J.-P. Burnet, and G. Skawinski, “POPS: The 60MW power
converter for the PS accelerator: Control strategy and performances,” in
2015 17th European Conference on Power Electronics and Applications
(EPE’15 ECCE-Europe). Geneva: IEEE, Sep. 2015, pp. 1-10.
[Online]. Available: http://ieeexplore.ieee.org/document/7309267/

[11] FE. H. Khan and L. M. Tolbert, “A multilevel modular capacitor-clamped
DC-DC converter,” IEEE Transactions on Industry Applications, vol. 43,
no. 6, pp. 1628-1638, Nov. 2007.

[12] S. Choudhury, M. Bajaj, T. Dash, S. Kamel, and F. Jurado, “Multi-
level inverter: A survey on classical and advanced topologies, control
schemes, applications to power system and future prospects,” Energies,
vol. 14, no. 18, 2021.

[13] A. Dekka, B. Wu, R. L. Fuentes, M. Perez, and N. R. Zargari, “Evolution
of Topologies, Modeling, Control Schemes, and Applications of Modular
Multilevel Converters,” IEEE Journal of Emerging and Selected Topics
in Power Electronics, vol. 5, no. 4, pp. 1631-1656, 2017.

[14] M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, “Circuit
topologies, modeling, control schemes, and applications of modular
multilevel converters,” IEEE Transactions on Power Electronics,
vol. 30, no. 1, pp. 4-17, Jan. 2015. [Online]. Available: http:
/lieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6757004

[15] T. Soong and P. W. Lehn, “Internal power flow of a modular multi-
level converter with distributed energy resources,” in IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 2. Institute
of Electrical and Electronics Engineers Inc., Dec. 2014, pp. 1127-1138,
issue: 4 ISSN: 21686785.

[16] A. M. Abbas and P. W. Lehn, “A unified power delivery solution for
integrating DER into distribution networks through VSC based DC
system,” in 2009 IEEE Power and Energy Society General Meeting,
PES ’09, 2009.

[17] K.N. Kumar, R. Miskiewicz, P. Trochimiuk, J. Rabkowski, and D. Peftit-
sis, “Performance Evaluation of SiC-based Isolated Bidirectional DC/DC
Converters for Electric Vehicle Charging,” 2022 24th European Confer-
ence on Power Electronics and Applications (EPE’22 ECCE Europe),
p. 11, 2022.

[18] K. L. Haugen, K. Papastergiou, P. Asimakopoulos, and D. Peftitsis,
“On dimensioning the fundamental brick for a scalable DC-DC
converter with energy recovery,” in 2021 23rd European Conference
on Power Electronics and Applications (EPE’2]1 ECCE Europe).
Ghent, Belgium: IEEE, Sep. 2021, pp. P.1-P.10. [Online]. Available:
https://ieeexplore.ieee.org/document/9570676/

[19] M. Arazi, A. Payman, M. B. Camara, and B. Dakyo, “Energy man-
agement in a Multi-source System using isolated DC-DC resonant

[8

Authorized licensed use limited to: CERN. Downloaded on April 20,2023 at 07:44:48 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2023.3268420

IEEE JOURNAL ON EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 12

converters,” in 2020 22nd European Conference on Power Electronics
and Applications, EPE 2020 ECCE Europe, 2020, pp. 1-7.

[20] J. Fang, Z. Li, and S. M. Goetz, “Multilevel Converters with Symmet-
rical Half-Bridge Submodules and Sensorless Voltage Balance,” IEEE
Transactions on Power Electronics, vol. 36, no. 1, pp. 447-458, 2021.

[21] P. Asimakopoulos, K. Papastergiou, T. Thiringer, M. Bongiorno, and
G. Le Godec, “On Vce Method: In Situ Temperature Estimation and
Aging Detection of High-Current IGBT Modules Used in Magnet Power
Supplies for Particle Accelerators,” [EEE Transactions on Industrial
Electronics, vol. 66, no. 1, pp. 551-560, 2019.

[22] D.R.Brown and W. D. Chvala, “Flywheel energy storage: An alternative
to batteries for ups systems,” Energy Engineering: Journal of the
Association of Energy Engineering, vol. 102, no. 5, pp. 7-26, 2005.

[23] R. Magdalena Stephan, R. de Andrade Jr., and G. Gongalves Sotelo,
“Third Generation Of Flywheels: A Promising Substitute To Batteries,”
Eletrénica de Poténcia, vol. 13, no. 3, pp. 171-176, 2008.

[24] G. Wang, G. Konstantinou, C. D. Townsend, J. Pou, S. Vazquez, G. D.
Demetriades, and V. G. Agelidis, “A review of power electronics for
grid connection of utility-scale battery energy storage systems,” /EEE
Transactions on Sustainable Energy, vol. 7, no. 4, pp. 1778-1790, Oct.
2016. [Online]. Available: http:/ieeexplore.ieee.org/document/7506096/

[25] T. M. Masaud, K. Lee, and P. K. Sen, “An overview of enrgy storage
technologies in electric power systems: What is the future?” North
American Power Symposium 2010, NAPS 2010, 2010, publisher: IEEE
ISBN: 9781424480463.

[26] L. Angquist, A. Antonopoulos, D. Siemaszko, K. Ilves, M. Vasiladiotis,
and H. P. Nee, “Open-loop control of modular multilevel converters
using estimation of stored energy,” IEEE Transactions on Industry
Applications, vol. 47, no. 6, pp. 2516-2524, 2011.

[27] K. Ilves, L. Harnefors, S. Norrga, and H. P. Nee, “Analysis and operation
of modular multilevel converters with phase-shifted carrier PWM,” IEEE
Transactions on Power Electronics, vol. 30, no. 1, pp. 268-283, 2015.

[28] G. L. Rodal, A. B. Acharya, and L. E. Norum, “Analysis and Evaluation
of Repetitive Controllers for Circulating Current Suppression in Modular
Multilevel Converters,” 2018 20th European Conference on Power
Electronics and Applications, EPE 2018 ECCE Europe, pp. 1-10, 2018,
iSBN: 9789075815283.

[29] K. L. Haugen, K. Papastergiou, P. Asimakopoulos, and D. Peftitsis,
“Energy flow control in a modular DC-DC converter with energy
recovery,” in 2021 IEEE 12th International Symposium on Power
Electronics for Distributed Generation Systems (PEDG). Chicago,
IL, USA: IEEE, Jun. 2021, pp. 1-8. [Online]. Available: https:
/lieeexplore.ieee.org/document/9494229/

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: CERN. Downloaded on April 20,2023 at 07:44:48 UTC from IEEE Xplore. Restrictions apply.



100 Conclusion and Further Work




Article 111

K. L. Haugen, K. Papastergiou, P. Asimakopoulos, and D. Peftitsis,
High precision scalable power converter for accelerator magnets

Published by Journal of Instrumentation, March 2022.

101



]inst PuBLISHED BY IOP PUBLISHING FOR SiSSA MEDIALAB

RECEIVED: October 22, 2021
AccepTED: January 24, 2022
PuBLISHED: March 16, 2022

TopricAL WORKSHOP ON ELECTRONICS FOR PARTICLE PHYSICS 2021
20—24 SEPTEMBER, 2021
ONLINE

High precision scalable power converter
for accelerator magnets

K.L. Haugen,*-*-* K. Papastergiou,” P. Asimakopoulos” and D. Peftitsis®

“Department of Electric Power Engineering,
Norwegian University of Science and Technology (NTNU),
Trondheim, Norway

b Accelerator Systems Department, CERN,
Geneva, Switzerland

E-mail: krister.leonart.haugen@cern.ch

ABsTRACT: The lower conduction power losses and the positive temperature coefficient
that favours parallel connections, make Silicon Carbide (SiC) Metal Oxide Semiconductor
Field-Effect Transistors (MOSFETs) to be an excellent replacement of existing Silicon Insulated
Gate Bipolar Transistors (IGBTs) technology. These characteristics combined with high switching
frequency operation, enables the design of high-accuracy DC-DC converters with minimised
filtering requirements. This paper investigates the design for a converter with high-accuracy current
(0.9 ppm) supplying a 0.05 H electromagnetic load, aiming to achieve the accuracy without the
use of active filters, by using SiC MOSFETs and a scalable module-based converter design.

Keyworps: Modular electronics; Performance of High Energy Physics Detectors;
Power recycling; Pulsed power

ARrX1v EPrRINT: 2201.10824

*Corresponding author.

© 2022 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1748-0221/17/03/C03021



Contents

1 Introduction 1
2 The modular power converter 2
3 Simulating the interleaving 3
4 Effect of parallelisation and frequency on the current ripple 3
5 Summary 5

1 Introduction

A primary objective of the powering in particle accelerator is the precision and reproducibility
of the experiments. Scalable converters enable sub-ppm current precision with minimal filter-
ing requirements by using multiple modules in interleaved operation [1]. In order to reach the
<1 ppm level which is required for some applications, active filters are often used [2]. However,
they require relatively large reactors, contribute to power losses and their control is not trivial.
With the introduction of Silicon Carbide (SiC) Metal Oxide Semiconductor Field-Effect Transis-
tors (MOSFETs) as a commercial alternative to silicon Insulated Gate Bipolar Transistors (IGBTs)
for switch-mode converters, it is now feasible to utilise SiC semiconductor technology in the world
of high-energy particle physics as well. This paper demonstrates a case study for a 0.05 H electro-
magnet with high accuracy requirement of 0.9 ppm and investigates the performance improvements
to the design and operation of such converters when using SiC MOSFETs compared to IGBTs.
The benefits of the SiC MOSFET are two-fold. Firstly, the reduced conduction on-state losses
and positive on-state temperature coefficient and secondly, the reduced switching losses, enabling
operation at higher switching frequencies. And since the SiC based technology is emerging with
lower current ratings than the IGBTs, parallel connection is necessary to take advantage of the SiC
MOSFETS.

The reduced on-state losses of SiC MOSFETs enables high-efficiency operation. Besides,
their positive temperature coefficient facilitates a robust and more reliable parallel connection, as
the positive temperature coefficient leads to natural balance of the current. If the parallelisation
required to handle the current is achieved by parallel connecting H-bridges, introducing a number
of parallel connected DC-DC converter enables the use of interleaving to achieve a lower current
ripple.

The current these power converters are designed to supply, will often be a series of trapezoid
current pulses. These are supplied by power converters with built in energy recovery to reduce
the overall energy consumption of the experiments [3, 4]. An example of such a current train is
shown in figure 1(a). Since the ramping and energy recovery often will require negative voltage



to be applied across the magnet during ramp-down, such as in figure 1(b), the power converters
are required to have 4-quadrant operation and a energy storage facility. Taking into account the
advantages of SiC based MOSFETs, and taking the need for parallelisation as an opportunity,
some interesting possibilities emerge with regards to reducing the ripple of the current supplied to
magnets.

—— Magnet Current —— Resisitve voltage
400 Inductive voltage
—— Total Magnet voltage
300 100
200 0 i
-100
100
-200
0

00 05 10 00 05 10 15 20 25 30 35
Tlme[s] Time [s]

g 8

Current [A]
Voltage [V]

(a) Typical current cycle sequence, dotted lines indi- (b) Typical voltage requirement for the cycles.
cate division between cycles.

Figure 1. Examples of load which the DC-DC converters have to be designed for.

2 The modular power converter

Considering the constraints mentioned in the introduction, the magnets are normally supplied by
an H-bridge with an electrolytic capacitor bank as energy storage [4]. The converter is such that
often one converter is sufficient, perhaps combining 2 or 4 in series, parallel or series-parallel
combination to achieve the required outputs, depending on the specific magnet. By opting for
a parallel connection of power converters, the size and power ratings of each power converter
can be reduced. The converter is now consisting of smaller identical modules, which will be
named bricks, and for this paper the brick size has been chosen as 100V and 100 A. This choice
is based on previous work relating to the sizing system and operating cost of such modular power
converters [5].

The proposed topology employs several bricks and assumes different functionality for them;
some of them are connected to energy storage for the recovery of the magnet B-field energy, while
other bricks are connected to a power source (i.e. the grid). The grid connected bricks supply
the power losses due to the magnet resistance and the circuit self-consumption, and the option to
reduce the front-end peak-load and greater utilisation of the storage [6]. More specifically in the
example of figure 2, four of the bricks are connected to storage while just one brick is connected
to the power grid via a 3-phase diode rectifier.

This paper ends up with the topology shown in figure 2, with each brick able to supply 100 V
and 100 A. Four of the bricks are connected to storage, and supply the reactive power to the
magnet, and the 5th brick is connected to the grid via a 3-phase diode rectifier. Normally the power
converter would be connected to the magnet via an active filter, which ensures the requirement
for current accuracy. However, this filter is omitted in this paper in an effort to achieve the same
accuracy by simply interleaving several bricks and operate them at higher switching frequencies.
In this converter configuration and also in the modelling and simulations the arm inductance and



the intrinsic inductances were considered small compared to the inductance of the load, meaning
they don’t need to be compensated for by the converter control.

Fundamental brick -~~~
¥

Figure 2. A possible configuration of the parallel connected bricks.

3 Simulating the interleaving

To investigate the performance of the parallel connected bricks, a PLECS model based on the
topology in figure 2 was developed and simulated, where the number of parallel connected bricks
was varied from 1 up to 25, to investigate the effect of using SiC MOSFETs with relatively
small current rating to supply a large current with interleaving. The single brick compares to
the conventional case where the current is supplied by a single power converter. This was done
to understand how the interleaving would influence the current ripple to the inductive load of
a magnet. All simulations were performed without considering power losses, apart from the
resistance in the magnet, or relevant limits in dv/ds for the power semiconductor devices and the
magnets. The interleaving was achieved by phase-shifting each of the bricks evenly, i.e., the
phase-shift of brick N; is N; = 360 Nbicks . Where Ny;icks 18 the total number of bricks, and N; is one
of the bricks.

4 Effect of parallelisation and frequency on the current ripple

Using the voltage and current results shown in figure 3, it is possible to estimate the ripple of the
current through the magnet. If the number of interleaved bricks is larger than one (Npyicks > 1), the
voltage switches between zero and a positive value Vy;, which is different to the bus voltage Viys.
And as the number of parallel connections increases, the number of pulses increases proportionally
and the magnitude of the voltage is inversely proportional. The current in the magnet is ramped up
when the voltage is positive, and slowly discharges through the resistor when the voltage is zero.
This voltage is determined by Vy = A—‘Zﬁ and the duration of the applied voltage is controlled
by the duty cycle of the bricks. The current is in the flat-top phase, so the average current over
one cycle is equal to the DC-current applied, where the duty cycle m gives the following average
voltage: Vum = Vym. This is the voltage driving the ramp-up of the current. The voltage Vi is
also equal to the average DC-voltage required to sustain the current in the resistor component of
the magnet, thus ’\\/M = IqaRum-
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Figure 3. A plot showing the wave-forms of the interleaved voltage and current supplied to the magnet.
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Figure 4. Effect of interleaving on magnet voltage (and current) precision (blue line: varying number
of bricks with a fixed frequency of 40kHz. Red line: varying the frequency with a fixed number of 16
interleaved bricks).

Using the fundamental relationship of an inductor in (4.1), and considering the delta current
during the increasing of the ripple, the increasing current diy = Aljipple Can be expressed in terms
1

of the voltage V), inductance Ly; and time dr = m-.

VM =Ly—. 4.1
M =Lv- 4.1

Using (4.1) and expressing for the Alypple the ripple can be expressed as in eq. (4.2). This
finding closely matches the observed results from the simulations as shown in figure 4 for the
case where Nyps > 1. Using the results obtained in eq. (4.2), the estimate is that 4.44 parallel
strains should give the required accuracy at SO0 kHz. This result has been achieved with only a



moderate increase of the switching frequency that becomes possible with a SiC technology device.
In practice, 5 parallel interleaved bricks are sufficient to achieve the ripple accuracy of 0.9 ppm.
This topology is shown in figure 2.

VM
Aligoe = Vm dr _ mNanm]% _ InaRM — Al - Rwm 4.2)
fipie LM LM LMfsz arms ppm LMféwN arms ' '

5 Summary

The current ripple from a single converter can be approximated by (5.1), where the ripple is
inversely proportional to the switching frequency of the DC-DC converter. By using SiC MOSFETs
it becomes possible to increase the switching frequency from 5 kHz that is currently used, up to
60kHz and beyond. This gives an increase in accuracy by an order of magnitude or more. In
addition, higher switching frequency results in a higher frequency on the ripple, reducing the size
of any filters if they are still required. Thus, the anticipated cost and losses of filters are reduced.
It is also possible to consider 3-level modulation (unipolar switching), reducing the ripple even

further.
Rm

LMfng arms ’

Introducing parallel connected devices leads to an increased investment cost for the devices,

Alppm = (5.1)

but it can reduce the device losses, cooling requirements, filter requirements and filter losses. In
addition to being a more scalable topology, which enables it to cover a large range of loads with
minimal overcapacity and the possibility to have redundancy in the converter. It also introduces
more segmentation for the storage in the case of pulsed loads with storage requirements for the
DC-DC converter. By taking a complete view and considering lifetime costs, SiIC MOSFETs
seem to be very suitable technology for this application [5]. Using the topology in figure 2 with
interleaving, it is possible to achieve the sub ppm filter requirement without using active filters for
this particular load. The results in figure 4 shows the effect of interleaving and switching frequency
on the current ripple. At relative small number of parallel connected bricks, the sub-ppm accuracy
seems achievable. Combining with SiC MOSFETs this solution compares well to a conventional
converter with IGBTs and active filters.
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Abstract—This paper proposes an energy management control
scheme for controlling the energy flow in a modular and scalable
DC/DC converter design with energy recovery, based on a
fundamental building block structure. The overall design in terms
of control, number and configuration of the building blocks for
optimised electrical operation is presented. Series and parallel
connection of a low voltage and current building block are used
to achieve the required current and voltage. This flexibility allows
for a converter design with different operating characteristics and
enhanced degree of reconfigurability, while keeping the same
design of the fundamental building blocks. This combination
results in a more scalable and flexible converter for efficient
maintenance, with modularised storage for increased safety. In
addition, a strategy of redundancy is implemented, which gives
increased up-time and enhances the possibility for hot-swapping.

Index Terms—Power Supply, DC-DC power converter, Modu-
lar Converter, Energy Storage

I. INTRODUCTION

The ultimate technology to supply large electromagnets used
to control the beam of particles in large physics experiments
is power electronic converters [1]. At CERN there are particle
transfer lines used in circular accelerators facilities [2], where
the electromagnets are operated in cycling mode implying
a significant energy flow to and from the electromagnet in
every cycle. In particular, they receive a current pulse as
shown in Fig. 1, typically trapezoidal, ramping from zero to a
certain flat-top value, before ramping down again to zero and
remaining at zero until the next pulse is requested [3]. This
process requires a high power for a short time, in particular as
the current ramps up, to supply both the power losses, as well
as changing of the magnetic field. An example of the required
power is plotted in Fig. 2.

Currently the power converters are of a high and medium
power level, with the benefits and challenges this includes. The
storage consisting of units storing large amounts of energy,
which has to be dealt with in case of a fault. Starting from the
point low power bricks and relatively small storage has benefits
for operation and safety, but implies that several bricks has to
work together to reach the target power. Segmentation of the
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Fig. 1. Typical current pulse sequence, dotted lines indicate division between
cycles.
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Fig. 2. Typical power requirement for the cycles.

energy storage makes is more likely to interrupt the current in
case of failure, and there is less energy to manage. Using a
low voltage and current building-block to construct a medium
power converter implies a series and parallel connection of
multiple bricks to achieve the required current/voltage. These
bricks can, in principle, be connected in different ways and
they are either connected to interface storage elements or the
grid as illustrated in Fig. 3. This flexibility allows for a scalable
converter with different characteristics, while keeping the same
fundamental components. Which in turn allows for efficient
maintenance with modularised storage for safer management
of the stored energy. In addition, a strategy of redundancy can
be implemented when required.

This concept of modular converters has been used for DC-
DC converter for years [4] and with integrated storage can
be used in DC grids for integrating fast response power in
DC-DC converters, traction or automotive application with

Authorized licensed use limited to: CERN. Downloaded on September 01,2021 at 11:58:55 UTC from IEEE Xplore. Restrictions apply.
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Fig. 3. Block diagram of the combined series and parallel connected bricks
including the arm inductance used to control the current sharing.

regenerative breaking or similar applications [5], where there
is a need for extracting energy from the system and reusing
it [6]-[10]. The converter can be compared to a Modular
Multilevel Converter (MMC) [4], [11], while taking advantage
of a full bridge module to ensure 4-quadrant operation [12]. It
integrates storage on some of the modules, which allows the
converter to serve as a power balance compensator of short-
term power imbalance [13]-[16]. It can also be used to deliver
power to a highly inductive load requiring pulsed current,
enabling the recovery of the energy stored in the inductors
magnetic field, reducing the power consumed as in the case
described in this paper.

With a modular system of converters, there are many
possibilities for how each of these bricks should be used to
ensure the highest utilisation in terms. Such as utilisation of
the stored energy, optimising for lifetime, efficiency, precision
(current regulation precision required on the current flat-top)
[17] and front-end size for both transformer and rectifier. This
paper investigates these relationships, to understand when it is
beneficial to use separated storage bricks and how their energy
can be managed to ensure reliability and selectivity.

In principle any number of storage types can be used,
such as batteries, capacitors, mechanical flywheel [18], [19]
or super-capacitors depending on the amount of stored energy
required, delivered power and storage time [20]. This paper
focuses on the use of capacitors to take advantage of the high
power capability and their ability to handle a large number of
cycles (> 1e6). Using capacitors introduces some challenges
in the regulation since the energy is a function of the voltage,
however this also allows for relatively easy monitoring of the
state of charge.

This paper will start from the basis that a scalable converter
can be optimal, and then discuss how the energy in the storage
and the power supplied from the different bricks can be shared.
Starting from a simple simulation showing the behaviour of
the energy controller.

II. THE CONVERTER TOPOLOGY

In the case of a converter supplying a large electromagnet
with a large current, the converter effectively has to supply
two forms of energy; the joule losses and the magnetic field
energy. The latter is possible to recover and use for the
next current cycle [2]. Certain accelerator applications such
as the particle storage rings require longer time/higher RMS

TABLE I
SIMULATION PARAMETERS

Grid Connected Brick | Energy Storage Brick

Max Voltage 200V 200V
Max Current 200A 200A
Energy Storage N/A 8.1kJ] @900V
Load inductance 40mH
Load resistance 20m<

magnetic current cycles with comparatively low recoverable
energy, while others such as particle transfer lines require
the opposite. A scalable converter is one that integrates a
variable number of dedicated energy storing bricks (for the
recoverable energy) and dedicated grid-connected bricks (that
provide the joule losses). The system costs and benefits have
been discussed in another paper [21] while this work discusses
a scalable energy management controller that is required to
manage the energy flow among the different types of bricks.

In order to investigate the possibilities of a modular power
converter a relatively simple topology is proposed for further
investigation. It consists a total of 5 fundamental bricks in
parallel, shown in Fig. 4. In order to supply the losses in
the particular magnet described in this paper only one grid
connected brick is needed. The electromagnet this converter
is designed to supply is a 40mH and 20m{2 magnet requiring
600A for 50ms every 1.2s. Similar to the current pulse shown
in Fig. 1. The brick and load parameters are collected in Table
I, the energy storage is calculated from the nominal bus voltage
at 900V.

While other combinations remain possible, the chosen con-
figuration allows an examination of the possible effects of
combining modular bricks. One of the advantages of having
modular converter design is to allow the power flow to be
distributed in different ways among bricks according to the
energy management objectives (grid power shaving, energy
storage depth of discharge etc).

IT1I. FUNDAMENTAL BRICK AND ENERGY CONTROLLER
DESCRIPTION

The purpose of an energy controller is to distribute the
energy flow among the grid-connected and the energy storage
bricks of a converter to fullfil an objective such as to limit
the grid-current, to control the capacitor voltage fluctuation,
or to achieve a certain regulation precision in the output. As
a result such a controller impacts the peak and RMS loading
of each brick. Additionally, the power flow among different
bricks may be optimised for smaller temperature variations of
the semiconductors and thus, improving the expected lifetime
of power modules.

To fulfil these requirements three levels of control have been
implemented; a voltage controller on each series connected
brick, an arm-level current controller for the current control in
different arms and a system level energy-controller. Significant
work has been done on MMC to control and manage the
energy stored in the cells [22]-[25]. However, this concerns

Authorized licensed use limited to: CERN. Downloaded on September 01,2021 at 11:58:55 UTC from IEEE Xplore. Restrictions apply.
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AC/DC applications and not a DC/DC converter. The con-
troller hierarchy discussed in this paper is shown in Fig. 5. The
controller uses the energy storage state-of-charge information,
and relies on the use of circulating currents to balance the
energy in the blocks.

The configuration shown is for the case where the current
is shared among parallel bricks, a similar approach can be
used for the series connected bricks. At the highest level,
a system controller used in CERN applications, the function
generation controller (FGC) performs the current control at the
load level. The energy controller is regulating the voltage on
the storage bus and modifies accordingly the references to keep
the correct energy stored in the bricks. It is interjected between
the references given by the system and before being passed
to the individual converter bricks and is also responsible
for dividing the total current and voltage references into the
individual references for each brick. For a series connected
system this correction will be added to the voltage reference
for the bricks and subtracted from the corresponding grid brick
reference. For a parallel connected system the correction will
be added to the current reference, and subtracted from the grid
reference. Subtracting from the grid reference ensures that the
total current reference is always respected. In a system with
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High level controller of the converters at CERN. Showing where the energy controller is inserted into the control chain.

both parallel and series, while it is possible to do both, it
is probably best to manage the energy within a single arm
first, before redistributing across several arms, but this is not
covered by this paper. Through controlling the functioning
of each brick, it can also control the power flow between
the bricks. The converter bricks are in essence managed as
separate converters, with independent power flow control and
independent voltage loops.

IV. SIMULATION RESULTS

The simulations were performed using PLECS® using a
simple trapezoidal current pulse, similar to a single pulse
shown in Fig. 1, the load profile is a pulse train of 10 identical
such pulses. The topology used in the simulations is shown
in Fig. 4. The topology with bricks in parallel was chosen as
the parallel connection seems to exhibit the largest benefits
for the applications at CERN. The objective of the energy
management controller is to recharge the DC-link of each
storage brick to an initial reference voltage while supplying
the magnet current. The number of grid and storage bricks is
determined by the chosen load and has a n+1 redundancy, all
chosen to reflect the characteristics of the system in a good
way. It was also considered since controlling the current in the

Authorized licensed use limited to: CERN. Downloaded on September 01,2021 at 11:58:55 UTC from IEEE Xplore. Restrictions apply.



bricks causes the most challenges for the current references.
This is due to that the grid brick has to reverse the current in
some circumstances, this will be discussed in a later section.
The case where grid and storage bricks are series connected
is a much simpler case in terms of the concept and managing
the energy flow.

A. Operation of the energy controller

The first set of results shows the system responding to a
small error with respect to the grid current reference, this
illustrates how the energy controller applies the correction.
In the case of this small error of the grid current reference,
the energy controller increases the power supplied from the
storage bricks as the voltage after the pulse is completed is
higher than the nominal. And correspondingly decreases the
current from the grid. Fig. 6 illustrates the simulation results
for the four storage bricks, all four bricks have identical results
in this case as the capacitance of the storage is the same. The
green line is the correction value supplied to the brick. Within
5-6 pulses the voltage has been recovered to within 2V of the
nominal, and the new current for the brick is established. If
the bus voltages are to high, the references for the storage
bricks are increased during the ramp-up and flat-top phases,
and decreased for the recovery phase. The voltage obtained by
the controller is shown in Fig. 7. No detectable influence on
delivered current to the magnet load is observed, even if the
voltage on the bus is dropping.

— Reference Correction Value == Output from Energy Controller

4

Current [A]
-

Fig. 6. Simulation results showing the current correction over time supplied
from the energy controller all four of the energy storage bricks.

— Bus voltage error at the end of cycle

Voltage [V]

Fig. 7. Simulation results showing the bus voltage error over time for the
four storage brick.

B. Effect of varying capacitance

Another challenge with using capacitors as energy storage
is the slight variation in the capacitance of the capacitors.

In theory the different storage modules have the exact same
capacitance, and if the power loads are balanced they should
all have the same voltage on the DC-bus. However, slight
variation in the capacitance and losses occurring in the brick
H-bridge can result in a small variation in the energy stored
in each brick. Small as this effect might be, after hundreds
of cycles it may become significant, so the energy controller
needs to take this into account. This must be done to ensure
that the voltages are kept at the correct value independently for
the storage bricks. In Fig. 8 the bus voltage for the 4 storage
bricks are plotted, showing how the controller can adjust the
power individually for the 4 bricks. In this simulation the
storage was set to +/- 10% to exacerbate the effect of uneven
capacitance. The capacitance for the 4 storage bricks was
0, +5%, +10% and -10% respectively with reference to the
nominal value chosen for the capacitor banks (10 mF). This
indicates that the controller is able to keep the energy balance
even as the capacitance of the storage is initially different,
drifts over time or is influenced by other effects.

Bus voltage
— Brick 2 Bus
Brick 4 Bus

Fig. 8. Bus voltage on the 4 bricks with variation on the voltages over time
from the different capacitances

C. Single brick failure

The second set of simulations investigates the open-circuit
failure of a single storage brick. It is assumed that the
remaining storage bricks are sized to be able to compensate
by increasing their power output and with the variance in
capacitance as described in the previous section. The failed
brick is deactivated and left in a blocking state, and the
controller can adapt and continue to deliver the required
current to the load as long as the remaining bricks have the
current capability and storage energy to comply.

Fig. 9 shows the current and voltage output from the bricks.
It is shown that the voltages for the bricks are naturally the
same as they are all connected in parallel, until Brick 1 fails as
shown by the blue line. The remaining bricks are still operating
as normal as long as no short-circuit is introduced by the
failure and the modules’ ratings are sufficient. The top plot in
Fig. 9 shows the voltages on the other bricks as they recover
to nominal value. The difference in the bus voltages is because
the capacitances in the network are different as described in
the previous section.

Prior to the fault, each of the bus voltages varies between
900V and 700V for each cycle, and after the fault the remain-
ing 3 bricks cycle down to about 600V in order to compensate
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for the energy that is no longer available from the failing brick.
From the currents in Fig. 9 it is visible that after the fault, the
3 remaining bricks have to increase their supplied current in
order to reach the total magnet current, while the grid brick
does not change since the losses in the magnet are unchanged.

Bus voltage

— Brick Bus Voltage : Brick failure
— Brick 3 Bus voltage : Brick failure

— Brick 2 Bus voltage : Brick failure
Brick 4 Bus voltage : Brick failure
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Fig. 9. Simulation results showing the bus voltage for the 4 storage bricks
and the grid brick over time. As well as the current and power for the different
types of bricks, failure of brick occurs at 3.6s.

D. Grid current control strategies

In the simulations above, the grid bricks have been given a
trapezoidal current shape current to supply to the magnet (red
line in Fig. 10). The grid bricks try to supply the losses in the
magnet and the system. Notice the negative value in the ramp-
down phase, this is necessary to keep a positive power delivery
during the ramp-down for the grid brick, as the magnet voltage
is negative in this phase.

It is possible to give the grid brick a shaped reference in
any shape. A trapezoidal shape, similar to the system current
reference in Fig. 1, is used as the initial shape, which allows
the current to be most equally shared between the storage and
the grid bricks. These are shown in Fig. 10, where the red
line describes the current pulse case used in the results above.
The red and green describes trapezoidal voltage shapes which
shares more evenly the peak current stress between the bricks
and the green has the grid brick delivering positive power
during the recovery phase of the magnet. The current has

= I gridwm Igrid short == I grid const

200

1 grid const power

150
100

L

-50 L~

0.0 02 04 0.6 08 1.0

Fig. 10. Possible grid brick reference shapes.

to be reversed to keep a positive power, since the recovery
voltage is negative in order to recover the energy stored in the
magnet. The yellow is a linear approximation of a constant
power shape, limited by the max current capability of the
bricks. The blue shape is delivering a constant current for
the duration of the pulse. The advantage and disadvantage of
each is discussed in the sections below. It should be noted
that these different shapes are only of significance when the
flat-top are relatively short compared to the ramping-up and
down. As the flat-top increases compared to the ramps, all
shapes eventually approximates the blue shape in Fig. 10, i.e.
a square wave. The following sections will describe the four
strategies and the results in the simulations. A comparison of
the four strategies in two selected key metrics are presented
in Table II.

1) Sharing current stress: Letting the Grid current have a
trapezoidal shape shares the current between the storage and
grid bricks during ramping, while the grid supplies almost the
full power during flat-top. It has a higher peak current for the
grid brick and a higher current supplied from the grid. It also
has an abrupt change after the flat-top in the current reference
for the grid brick, as the grid brick has to reverse its current
direction to continue positive power delivery during the ramp-
down, as shown in Fig. 11.

The yellow line in the middle plot in Fig. 11 shows the
current supplied by the grid brick, the ramping as the direction
of the current is reversed is caused by the arm inductor for the
grid brick. This disadvantage in reversing the current direction
of the grid current forces the storage bricks to absorb extra
energy at a time when then the current stress is all ready at its
highest. However it does allow the grid brick to supply power
during the entire current pulse, reducing the peak power for
the grid brick and thus the front-end rectifier and grid.

2) Sharing current stress - without current reversal: Using
the same shape as for the trapezoidal current, but excluding the
ramp-down phase shares the current stress between the bricks
for the ramp-up phase and flat-top of the pulse, referred to
as trapezoidal current short in the plots. However the Grid
brick does not supply anything during ramp-down, this saves
the grid bricks from having to reverse their current direction.
The storage bricks are actually recovering energy during flat-
top, since they have to supply the losses during ramp-down. It
has the minimal drop in voltage on the storage capacitors on
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Fig. 11. Simulation results showing the output current, bus voltage and output
power for the bricks, the grid brick using the trapezoidal current reference.

the storage bricks, meaning that it uses the least of the stored
energy in the capacitors.

The results are plotted in Fig. 12. The top plot shows the
bus voltage for one of the storage brick and how it is only
dipping down to 700V during the pulse, corresponding to the
least use of energy stored in the capacitors of the strategies
proposed in this paper. Since the grid brick have a shorter
time to supply the losses occurring in a cycle, it has a higher
peak-power than the previous current shape.

3) Minimal grid current RMS: The constant current shape
tries to supply a constant current from the grid brick. This
results in a significantly lower peak stress for the grid brick.
However the storage bricks now have to do most of the work
during the pulse and have to absorb energy in the first moments
of the pulse before the current reference value reaches the grid
reference value, notice how the grid brick current is higher
than the magnet current in the very first moments of the pulse
in Fig. 13. This results in the storage bricks also has to reverse
their current direction in the very first moments, and also
increasing the voltage on the storage above the nominal. For
a magnet with higher losses, the grid current will be relatively
higher, and the increase of the bus voltage at the beginning of
the pulse will be more significant.

The results are plotted in Fig. 13, the bus voltage shows this
strategy is one of the strategies utilising most of the storage.
Since the current from the grid is lower than the reference,
the storage have to supply more current during the flat-top.
This becomes a significant limitation as the duration of the
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Fig. 12. Simulation results showing the output current, bus voltage and
output power for the bricks, the grid brick using the short trapezoidal current
reference.

flat-top increases, since supplying a magnet with current from
a capacitor bank requires very large energy storage capability.

4) Minimal peak grid power: The final strategy tries allow
the grid brick to draw a constant power from the grid. The
current is calculated from an approximation of constant power
dictated by the voltage on the magnet. In principle, the initial
voltage would go to infinity if this shape was to follow the
power law directly, so a linear averaging approximation is
used. This shape has the storage brick supplying the most
power during flat-top and thus has the lowest voltage on
the storage bus. It minimises front-end power requirements
at the cost of larger storage requirements and higher storage
brick losses. It also has the problem of the constant current
approach, where in the storage bricks has to absorb energy at
the beginning of the pulse and reverse their current direction
at the beginning of the cycle.

The results are plotted in Fig. 14. The yellow line in the
middle plot shows the output current from the grid brick,
which have to change significantly several times during the
pulse. In particular the high current during flat-top reversing
into a negative current during ramp-down results in a dip in
the supplied power from the grid brick and a step the storage
bricks have to compensate for. In the simulations the grid brick
actually goes down into negative power for a short time, i.e.
the grid brick is absorbing power, before the current in the arm
inductance have been reversed. This type of strategy is more
feasible in the case where the losses in the magnet are higher
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Fig. 13. Simulation results showing the output current, bus voltage and output
power for the bricks, the grid brick using the constant current reference.

compared to the stored energy or the pulses are much longer.
However, this also increases the problem with a negative
current direction for the storage bricks at the beginning of the
cycle. Perhaps a hybrid approach can be considered, wherein
the current shape is limited to always be below the magnet
current to avoid the reversals of the current for the storage
bricks.

E. Summary of grid current control strategies

A comparison of the four strategies in selected key metrics
are presented in Table II. This tables shows a comparison
of some key parameters for the different proposed strategies,
the delta voltages and energy are referenced to the nominal
bus voltage of 900V and corresponding energy. As discussed
above, the difference in strategy 1 and 2 is the increase in
peak current and reduced utilisation of the storage since less
of the energy in the storage can be recovered as it is used
for losses during the ramp-down. Strategy 3 on minimal grid
RMS current, enables a lower RMS current for the grid brick
compared to strategy 1. However, the biggest difference using
strategy 3 is the much lower peak current for the grid bricks,
while the other parameters are fairly similar to strategy 1.
Except for the difference that the storage bricks are changing
the direction of the power flow several times during a single
pulse. Strategy 4 imposes a significant peak current on the
grid brick, which is slightly above the capability of the brick
due to the ripple in the arm current. The high current occurs
as the voltage during the flat-top is very low compared to the
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Fig. 14. Simulation results showing the output current, bus voltage and output
power for the bricks, the grid brick using the approximated constant power
current reference.

ramping, this also results in a higher grid brick current RMS as
well. For all the cases the storage bricks changes very little,
as it has constraints to supply the power to the load within
a very short time interval and this is the dimension load for
the storage bricks. Ultimately, the choice of the most optimal
strategy is influenced by the flat-top duration, the L/R-ratio
of the magnet load and the availability/cost of front-end peak
power capability. The advantage of such a modular design is
that the strategy can be adapted to the individual load.

V. CONCLUSION

An energy flow control scheme for modular DC-DC con-
verters has been proposed, modelled and simulated. It has been
shown that the controller can respond efficiently under various
operating scenarios, such as cycling loads, variable capacitance
among the bricks and it is also able to handle a simple open-
loop brick failure. The 5 bricks can also manage different types
of grid brick power strategies shapes internally, allowing it
to achieve different targets for optimisation. Such targets are
the minimal front-end current, cycling depth of the storage
or thermal stability. The energy flow in the system, meaning
the energy exchange among the load the storage bricks and
the grid connected bricks, is controlled in an optimised way
by choosing the appropriate current reference shape for the
grid brick. By having a shape which follows the current to
the load, i.e., trapezoidal, the current stresses in the brick
switches and losses are shared most equally among the bricks.
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TABLE II
COMPARISON OF GRID BRICK POWER SHARING STRATEGIES

Strategy Key metric | Grid Brick | Storage Brick
1. Sharing current | IrnrS—out 22.9A 56.8A
stress Ipeak 70.3A 152.4A
AViys - 228.0V
AFEgy - 3.58kJ
2. Sharing current | IrAfS—out 38.4A 50.9A
stress - short Tpeak 128.3A 138.3A
AViys - 198.9V
AEstr - 3.18kJ
3. Minimal grid IRMS—out 18.3A 57.9A
current RMS Ipeak 41.0A 151.4A
AViys - 229.5V
AFEsy - 3.60kJ
4. Minimal peak IRMS—out 44.6A 53.3A
grid power Tpeak 208.2A 144.2A
AViys - 217.6V
AFEstr - 3.44kJ

Two additional strategies, aiming to reduce the front-end peak
power have also been shown. These strategies are most suited
for relatively short pulses in inductive loads, with a large
amount of recoverable energy compared to the losses. It shows
the possibility to have any number of bricks connected in series
and parallel, and within their current and voltage ratings, the
power-flow can be individually controlled.

Starting from this basis, it is possible to improve the
converter’s lifetime, overall reliability and the peak power
required from the grid. This is achieved by optimising the
utilisation of the sub-modules to balance the current stressing
and therefore the thermal stress among the storage bricks. Us-
ing this modelling as a basis, the lifetime and temperatures of
a specific type of semiconductor module could be investigated
in the future.
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Abstract

Using modularized power converters with scalable energy storage enables the use of controls that can be adapted
to optimise different design targets, such as to minimise the front-end current, the cycling depth of discharge
of energy storage units or the thermal cycling of semiconductors. Such a scalable converter has the capability of
individually adjusting the power flow of the modules, and this can be used to achieve the different target, it also
allows a separation of storage and grid connection even under rapid cycling, enhancing scalability. The paper
briefly recapitulates the characteristics of the modular converter and then presents four alternative strategies and
simulations demonstrating their behaviour. The four control strategies have been validated experimentally on a
800 kW laboratory prototype of a modular and scalable converter. It is shown that applying each strategy, the
corresponding design objectives can be achieved, for example, optimal utilisation of the energy storage systems or

minimised current stress in the semiconductors.

KEYWORDS

AC-DC converters, Adaptive control, Energy balance control, Modular converter, Pulsed power supplies, Scalability.

1 | INTRODUCTION
Modularisation is currently an emerging trend in the design of mod-
ern power electronic converters 1-3 Modularised converters exhibit
many benefits, in terms of redundancy under fault conditions, par-
allel connection to reduce losses, standardisation etc. They can also
incorporate storage in order to improve the voltage quality and sta-
bility of grids** and this is a key requirement to ensure successful
integration of renewable energy sources into the grid®.

The storage component can be any type of electrical energy stor-

age, such as batteries, capacitors, mechanical flywheel 7,8

or super-
capacitors, depending on the amount of stored energy required,
delivered power and storage time”. Other works'® demonstrated
the use of inductive storage in conjunction with battery storage, to
compensate for the difference in power demand and supply from a
wind farm. Significant work has been done on modular multilevel
converters (MMC) to control and manage the energy stored in the
cells with the additional constraint of keeping each cell’s voltage

constant 714,

Abbreviations: MM C, modular multilevel converter; SiC, Silicon Carbide; MOSFET, metal
oxide semiconductor field-effect transistors.

All of the converters discussed in the aforementioned literature
are designed to be flexible, have high peak-power and be scal-
able. Such scalable solutions are also popular as renewable energy
interconnectors with grid-forming requirements and integrated

storage 615-18

or in rail application with similar bi-directional power
flow requirements®.

In the niche application of power supply for particle accelerators,
reliable powering and energy efficiency are increasingly important.
In particular, recycling and reusing of the magnetic field stored
energy has given significant energy savings in the past?’.

More specifically, DC/DC converters are used for the precise
regulation of the current supplying electromagnets in high-energy
physics experiments 2. These electromagnets are operated in a
repetitive manner 20 which resultsin a cycling power flow, shown in
Fig. 1 and this leads to technical challenges that have been discussed
in%. In certain applications the load mission profile is unknown 2%,
while at CERN, the European Organisation for Nuclear Research,
the powering requirements of electromagnets are often well defined,
and the designer can take this into account for optimising electrical
and thermal performance of the converters.

Furthermore, in modular converters the energy recovery in stor-
age bricks requires a topology with 4-quadrant operating capability
to handle the bidirectional power flow. While the topics of con-

trol>3>?>26 and power flow 27530 of DC-DC converters have been
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discussed elsewhere, this paper focuses on the challenge of a power
converter where the energy available in some of the bricks is in-
herently limited. > manages to optimise the control of a converter
for several parameters at the same time, but this converter is not
pulsing, which introduces several challenges addressed here.

The scalability advantage of DC-DC converters for highly induc-
tive loads has been investigated before, both with 27 and without??
energy storage. This paper investigates a particular scenario where
the converter operates with a pre-defined (known) cycling current
shape. Unlike in a conventional modular converter, the discussed
control concept commands each one of the converter modules
with a different modulation index, that corresponds to the desired
mission profile (which is different for energy storing and grid-
connected bricks). The goal of this work is to optimise the power
converter’s performance for different key metrics by flexibly utilis-
ing its energy storage as much as possible and recover the energy at
the end of the cycle. These key metrics can be related to power losses
and efficiency, current stress of power semiconductors, utilisation
of the storage system and grid-supply requirements. The proposed
energy-flow control strategies can offer financial benefits as well 32,
in particular if Silicon Carbide (SiC) metal oxide semiconductor
field-effect transistors (MOSFETs) are utilised. The contribution of
this paper is to demonstrate the advantage of utilising the planned
strategies on a full-scale prototype.

The paper is organised as follows. Section 2 presents the operat-
ing constraints and load requirements for such a converter. Then
in Section 3 the concept for this modular converter is briefly pre-
sented. In Section 4 the adaptive control strategy is analysed and
the different optimisation strategies are explained. Section 6 shows
the laboratory prototype and experimental validation of the pro-
posed scheme. Finally, the conclusions of this work are summarised
in Section 7.

2 | OPERATING CONSTRAINTS AND
LOAD REQUIREMENTS

Typical magnet waveforms encountered in the transfer lines in par-
ticle accelerators are shown in Fig. 1. The different magnet loads
across the length of an accelerator vary considerably in inductive
and resistive values. For one single experimental area the range of
current required varies between 100 A to 2 kA, hence the benefit of
having a flexible converter design3>33. In addition, during the ramp
down phase of the current, there is a potential to have a negative
power flow, i.e. a fraction of the energy can be recovered and used in
the next cycle, which is very beneficially from an energy consump-
tion perspective 20 Hence the need for built-in energy storage in
the power converters.

Current Pulse duration (tperioq)
— [=current |

Peak current can be different

from one pulse to the next

Flat-top

E=
Hat-top 1

Voltage Power

A

toulse

FIGURE 1 Typical current cycle sequence, dotted lines in-
dicate division between cycles. Zy0q is typically 1.2, g, is
typically 50 ms and #,, can vary from 300 ms-800 ms depending
on the load and flat-top current.

The maximum value of energy stored in the electromagnet field,
E,pagner is given by Eq. 1, where L, ;¢ is the inductance of a partic-
ular electromagnet and 7,,,4: is the current through the magnet at
any given time.

1 2
Emﬂgnc[ = ELmdgnetlmagnez (1)

By integrating adequate energy storage (e.g. capacitors) in the
system, and with the power capability to deliver this energy in the
relatively short time (<1 s) of the current ramp-up and ramp-down
processes, the stored energy can be reused.

Grid connection Brick
@ * - — Magnet
r +
Grid connection  Brick :
@ * 1/ = In
Storage  Brick Vs
LH=T
T /=
Storage  Brick
LH-"1 :
T /=

FIGURE 2 Schematic diagram showing of grid bricks and
storage bricks can be combined in parallel connection of bricks.
The fundamental brick in the grey box contains a full-bridge circuit
with an arm inductor.

Since the voltage and the rate of change of voltage, dV'/dt, that
can be applied to the magnets are limited by design, there are limita-
tions on how fast the current can be ramped. This voltage is often
considered as a ramping voltage, shown as inductive voltage in Fig.1.
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The load voltage constraint determines the power converter output
requirements.

3 | FUNDAMENTAL BRICK CONCEPT
This paper is based on the converter design and operation pub-
lished by the authors in 32 where a more detailed description of the
function and control are shown. The proposed power converter
topology comprises two types of power modules or bricks; one or
more storage bricks handle the magnetic field energy recovery while
one or more grid bricks supply the resistive losses of the load. Each
of these bricks have a certain output current and voltage capability,
so the number of bricks required to meet the converter’s capabili-
ties will depend on the load requirements. As discussed in Section
11, the required currents span over a wide range and the ability to
easily connect bricks in parallel makes it possible to scale the cur-
rent. The required voltage for the electromagnets also spans in a
wide range, which impose the need for connecting bricks in series.
The proposed structure (an example can be seen in Fig. 2), en-
ables a converter design where the resistive and inductive power can
be scaled independently. An investigation of the optimal output
characteristics of these bricks has been presented in®?, such that
the converter can be scaled to each magnet in an optimal way.
Each one of the grid and storage bricks is implemented using a

26,34-36

tull-bridge output stage with a brick inductance Ly which

allows the output voltage to be independently controlled.

31 | Storage brick
The storage brick has the primary task of supplying the inductive
power flow of the load. It features no grid-connection, and thus
its operation relies on a controller that manages balanced supply
and recovery of energy during each of the load cycles (in particular
during the ramp-up and the ramp-down of the current). The ramp-
down phase is described in Fig. 1. The storage brick will connect
to the load using the fundamental brick described above, and will
store energy using electrolytic capacitors connected to a DC-bus
on the input side of the full-bridge in the fundamental brick.

Since the peak power by these converters is only delivered during
ramp-up and ramp-down, the storage components need to deliver
the majority of their energy in less than one second. Thus, capaci-
tors have been chosen as appropriate storage elements®”. This, in
turn, means that the bus voltage in the storage bricks depends on
the state-of-charge of the storage capacitors. In order to maximise
the utilisation of the capacitors, the nominal bus voltage has been
chosen to be the highest voltage the power semiconductor devices
can safely manage.

The storage capacitors and the nominal voltage determine the
amount of energy stored in the storage bricks. Given the need to
use H-bridges to supply the magnets, it is only possible to step

down the voltage from the DC bus. This limits the lowest voltage
the storage bus can accept, since there has to be sufficient voltage
left on the bus to deliver the full output voltage. The minimum
requirement for the voltage on the capacitors reduces the amount
of usable energy in the capacitors. Eq. 2 expresses the usable energy
in the storage brick, Ej,,, as a function of the capacitance of the
storage brick, C,, nominal DC-bus voltage, V},, and the lowest
allowable voltage on the bus, 7, in order to deliver the required
output voltage for the brick.

Eprige =

SClVRu-V2) @)

This is where the complexity of designing the storage bricks
emerges. If the output voltage is selected to be relatively high, then
the usable energy in the capacitors is somewhat limited for a given
capacitance in the storage bricks. This implies that either a large
number of storage bricks is needed to achieve the required storage
for supplying the inductive stored energy in the magnet, which
increases the cost of semiconductors and capacitors; or that each
storage brick needs a large number of capacitors, making them
more costly and storing more energy, increasing the short-circuit
energy. However, if the output voltage is selected to be relatively low,
then the storage capacitors are utilised at a larger degree, and fewer
capacitors are needed overall to satisfy the storage requirements. In
this design scenario, the number of bricks starts to increase, in order
to achieve the voltage requirement of the individual magnet. This
trade-off has been discussed in detail in a previous publication and
based on the findings there3?, a brick size of 200V and 400A has
been specified.

3.2 |  Grid brick

The grid bricks will use the same bus and output voltage as the
storage bricks. This is the condition to ensure re-usability of the
design and components. Since the grid bricks in principle only
need to supply the power losses in the magnet, there is no need
to consider bi-directional power flow or the state-of-charge of the
storage, making it a more simple component to scale. The grid brick
is supplied by a diode rectifier connected to a three-phase AC grid,
hence no power shall ever flow back to the grid.

While the grid bricks and storage bricks could be dimensioned
in terms of voltage ratings independently, for the sake of standardi-
sation and to allow the bricks to be freely connected in series and
parallel, the output voltage of the grid bricks was chosen to be the
same as for the storage bricks.



HAUGENET AL.

CCC - CERN Control Centre

Defines the mission profile for the magnet current

FGC - Function Generation Controler

Performs the magnet current regulation (using feedback of magnet current). Generates a voltage reference for the voltage source converter

Total Voltage Reference

Correction

Power Distribution;

factor

»{

Energy Manage!
Generates a corre:
the state-of-charge in a single converter brick

Energy Management Controller

Generates a correction factor using

ment Controller
ction factor using

y

/

Brick controller

Brick controller

PWM Modulator

DC-bus voltage measurement
DC-bus voltage measurement

Qutput voltage n

— ;:; Vis § — % Vius
FIGURE 3
4 | SYSTEM CONTROL
IMPLEMENTATION

The scalable converter is controlled by a central energy controller.
This controller is responsible for distributing the energy flow be-
tween the grid-connected and the energy-storage bricks of the
converter. The primary target is to respect the total voltage and cur-
rent references and to ensure that the energy in the storage bricks
are maintained at the desired level. A principle sketch of the con-
troller structure of the converter used in this paper is shown in Fig.
3, the yellow shaded area shows where the code is inserted into the
existing control structure. The controller uses the storage state-of-
charge information and regulates the power flow between the bricks
to maintain the state-of-charge at the end of each supplied pulse,
taking advantage of the power supplied to the load and circulating
currents to replenish the storage.

While the primary targets poses some limitations on the range of
operation, there is normally still quite a lot of room left to have a
secondary target. This is used in this paper to optimise for different
targets such as to limit the grid-current, to increase the usage of the
storage, or to achieve a certain regulation precision in the output
current. By regulating the power flow, the controller adjusts the
peak and RMS current loading of each brick. Additionally, the

Voltage reference calculation
Sharing the load among the bricks depending on the converter configuration, power direction and correction factor ensuring total reference is respected

Voltage Source Control

Modulation generator

the state-of-charge in a single converter brick H

Voltage Source Control
Modulation generator

+ %\
Vious

Brick contro!

DC-bus voltage measurement

Larm
Output voltage measurement

Output voltage measurement

-

Qutput Current and Voltage me:

Fundamental brick

N number of bricks

High level controller of the converters at CERN. The proposed energy controller that inserted in the control chain is shown in the yellow shaded area.

power flow among different bricks may be optimised for smaller
temperature variations of the power semiconductors modules and
thus, improving their expected lifetime.

The configuration discussed in this work is four parallel-
connected bricks; two of them are storage bricks connected to
capacitive energy storage and two of them are grid bricks connected
to the power grid.

When a higher voltage is required to supply the load, the bricks
need to be connected in series, but the principle of distributing the
power supplied by the different bricks remains. This approach is
made easier by the fact that the current can be considered the same
for all series connected bricks, and the voltage of the individual
bricks regulated to supply the desired power. The function genera-
tion controller (FGC) acts as the system controller, receiving the
mission profile from the CERN Control Centre and controlling
the current at the load level. The reference is then passed on to the
energy regulator in the converter, which regulates the bus voltage in
the storage bricks by calculating the energy available and dispatching
a modified current reference for each of the bricks independently.

The calculation depends on the configuration on the bricks in
the converter. If all bricks are connected in parallel, then the output
voltage is necessarily always the same, but the energy management
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controller can distribute the current between the bricks, while al-
ways respecting the total current. This modifies the reference given
to the voltage loops in the individual bricks, using the added in-
ductance in each brick to regulate the current. If the bricks are
connected in series, the voltage to each brick can be controlled more
directly, but the energy management controller must take the cur-
rent into account in order to correctly anticipate the delivered and
recovered energy. The theoretical background for this implementa-
tion strategy has been presented in 27, including the redistribution
of power flow during a fault condition.

5 | GRID CURRENT CONTROL
STRATEGIES

In a conventional converter topology with four parallel connected
bricks, all of them receive the same trapezoidal current reference and
supply their part of the total current (this reference is represented
with a grey colour line in the graphs of Fig. 4). The proposed control
scheme produces different reference shapes for the grid bricks to
satisfy different objectives. The results shown in this section extend
on the work presented in?’ (some of the findings are reported here
to provide the necessary context for the laboratory verification).

Itis reminded that the role of the grid bricks is to supply the losses
in the magnet and the system. Besides, it should be noticed that the
current contributed by grid bricks may exhibit negative values in
the ramp-down phase (red, pink and green curves in Fig. 4). This
negative current, and the corresponding negative voltage delivered
by the brick, are necessary to keep a positive power flow during the
ramp-down phase for the grid brick (the grid brick cannot absorb
energy).

Tab. 1 summarizes the key objectives of the different strategies
and the corresponding equations used to calculate the grid current
references in the green box in Fig. 3. The storage brick current ref-
erences are then calculated to ensure that the total magnet current
reference is respected, and some checks are done to ensure the max-
imum allowable current for the bricks are respected. It should be
noted that the total current control is performed by the FGC ex-
clusively. The controller is utilising measured values for the magnet
current and voltage, to overcome limitations in the control struc-
ture. The output of the Energy Management Controller (Cpy),
the purple box in Fig. 3, is updated only after every cycle to avoid
stability issues in the controller.

The initial value of Cp; has to be calculated in each case to ac-
count for the magnet current profile, resistance and inductance.
The PI-controller is then able to compensate for unbalances in the
capacitance on the DC-bus, losses due to parasitic in the cables and
losses in the switches. In the case where the load is purely resistive,
the value of Cp; is equal to 1 for Strategy 1 and 2 and equal to the
magnet current RMS in Strategy 3 and the magnet instantaneous
losses in Strategy 4.
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FIGURE 4 DPossible grid brick reference shapes for the imple-
mentation of the different energy management strategies described
in Section IV.

Figure 4 illustrates the modified current reference shapes gener-
ated for the grid brick by the proposed controller. The storage bricks
receive as reference the difference between the original current ref-
erence and the grid brick reference. The four control strategies and
corresponding current shapes in this figure are discussed in detail
in the following paragraphs.

51 | Strategy 1: Current sharing among bricks
The objective of this control strategy is to ensure that the storage
brick provides the recoverable (magnetic) energy throughout the
cycle. This operation is illustrated with a blue line in Fig. 5. The
strategy often yields optimal current sharing among the bricks when
the (recoverable) magnetic energy is comparable with the thermal
losses of the inductive load during a cycle.

In general, this strategy results in a relatively high peak current
for the storage brick, which reaches 150 A for a short duration
during the ramp down. This is caused by the reversal of the grid
brick happening at the same time. The sudden current reversal of
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Strategy Current stress Grid load Storage Stability Equation used to calculate grid brick reference
sharing utilisation
T

1 v Lyidref = IrnagCpr 1\[,:)‘1'4
2 v v Tpidref = TragCrr 1\{::;{}[_]“(1)1[” == =1)= > Lpig ey = 0

P, r
3 v v v Loriayef = Crr '\Tj:u
4 v v Ign'd,n'f =Cp m

TABLE 1 Summary of key objectives and equation for the grid current strategies used in the green box in Fig. 3, where 7,,,, is the

measured current, Cpy is the output of the energy management controller PI, Py, is the direction of power flow (either 1 or -1), Nia is

the number of grid bricks and 7, is the measured voltage on the load

the grid brick current just after the flat-top duration, is caused by
the arm inductor for the grid brick. This disadvantage in reversing
the current direction of the grid current forces the storage bricks to
absorb extra current at a time when the current stress is already at its
highest, shown as the small peak on the blue line in Fig. 5. The size
and magnitude of this spike can be significantly depending on the
specific load and current sharing between the two types of bricks.
However, it does allow the grid brick to supply power during the
entire current pulse, reducing the peak power for the grid brick and
thus the good utilisation of the front-end rectifier and grid peak
power.
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FIGURE 5 Simulation results showing the normalised output
current (grey line), the grid brick current (green line) and the result-
ing storage brick current (blue line) by applying Strategy 1. This
strategy results in a balanced RMS loading among converter bricks.

52 | Strategy 2: Sharing current stress among
bricks - without current reversal

This strategy employs the same shape as for the trapezoidal current
supplied from the grid brick in the previous section, but excluding
the ramp-down phase, allows for current sharing stress between the
bricks for the ramp-up phase and flat-top of the pulse shown in Fig.
6, referred to as trapezoidal current short in the plots.

However, the grid brick does not supply any power during ramp-
down, which saves the grid bricks from having to reverse their
current direction. This adds voltage stability as it avoids large cur-
rent gradients and in theory the grid bricks can be considered 1Q,
which ensures that they never recovery any energy. The other strate-
gies requires some check of the dc-bus voltage for the grid bricks to
avoid over voltage. This forces the storage bricks to absorb this nega-
tive current, to keep the load current inline with the reference. The
storage bricks are actually supplying very little energy during flat-
top, since they have to supply the losses during ramp-down phase.
This strategy exhibits the minimal drop in voltage on the storage
capacitors on the storage bricks, meaning that it uses the least of
the stored energy in the capacitors and therefore has the smallest
energy storage requirement. Since the grid brick has a shorter time
to supply the losses occurring in a cycle, it has to supply a higher
peak power than the previous current shape strategy.
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FIGURE 6 Simulation results showing the normalised output
current (grey line), the grid brick (green line) using the short trape-
zoidal current reference and the storage brick current (blue line) by
applying Strategy 2.

53 | Strategy 3: Minimal grid peak current

The objective of this strategy is to draw a constant current from the
grid brick. Therefore, the anticipated peak current stress of the grid
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bricks is reduced significantly in comparison to Strategy 1 and Strat-
egy 2. By using Strategy 3, however, the storage bricks are forced
to to do most of the work during the pulse, while they also absorb
energy during the first instants of the pulse and before the current
reference reaches the grid reference value. Fig. 7 shows typical sim-
ulation results for the currents when Strategy 3 is applied. From
this figure it is observed that the current of the grid brick is larger
than the magnet load current at the beginning of the pulse. Hence,
it becomes apparent that under this operating mode, the storage
bricks must reverse their current direction, and also increasing the
voltage on the storage above the nominal value. For a magnet ex-
hibiting higher losses, the grid current will be relatively higher, and
the increase of the bus voltage at the beginning of the pulse will be
more significant.
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FIGURE 7 Simulation results showing the output current,
the grid brick using the constant current reference (Strategy 3).

Strategy 3 utilises most of the installed storage in the scalable
converter. This is basically due to the fact that the peak values of
the grid-bricks current are lower than in the other strategies. Hence,
the storage bricks supply a larger amount of current during the flat-
top period of the pulse. Under the situation that the duration of
the flat-top increases, a significant limitation emerges. Supplying
a magnet with current from a capacitor bank requires very large
energy storage capability, which eventually increases the installation
cost of the converter.

54 | Strategy 4: Minimal peak grid power

The objective of the last strategy (Strategy 4), is to provide a con-
stant power from the grid. In this strategy, the current reference is
estimated based on an approximation of constant power dictated
by the voltage on the magnet. With this strategy, the storage bricks
supply the majority of the power during flat-top, which eventually
forces the storage bus to reach the lowest voltage. Moreover, Strat-
egy 4 enables minimisation of the front-end power requirements at
the cost of larger storage requirements and higher power losses in
the storage bricks. Similarly to Strategy 3, by applying Strategy 4,

the storage bricks have to absorb energy and reverse their current
direction during the first instants of the pulse, which is still chal-
lenging. The constant current changes require the arm level current
regulator to adjust the dI/dt against the total dI/dt, which impose
the risk for instabilities in the controller. As a result, the current
regulator is limited in its available voltage and every step change in
the reference will require time to correct.
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FIGURE 8 Simulation results showing the output current, the
grid brick using the approximated constant power current reference
(Strategy 4).

Figure 8 shows simulation results when applying Strategy 4. In
this figure, the green line presents the output current from the grid
brick. It is observed that the grid brick current changes significantly
several times during the duration of the pulse. During the flat-top
interval, the grid current has a very high value, while during the
ramp-down phase this current reverses into a negative value. As a
result, a power dip in the supplied power from the grid brick oc-
curs, for which the storage bricks have to compensate. Strategy 4
would be very beneficial for the converter’s performance in the case
where the magnet’s power losses are larger than the stored energy in
the capacitors or where the pulses are much longer. However, this
also worsens the issue with a negative current for the storage bricks
at the start of the cycle. A possible solution to this is to develop a
hybrid approach, where the current shape is continuously limited
to be below the magnet’s current in order to eliminate reverse cur-
rents in the storage bricks. Nevertheless, such an approach would
approximate the minimal grid RMS current approach (Strategy 3),
depending on the load requirements.

6 | LABORATORY EXPERIMENTAL
RESULTS

For the experimental validation, an existing 800 kW power con-
verter in the CERN laboratory was used. A photograph of the test
setup is included in Figs. 9 and 10, with the schematics of the topolo-
gies shown in Fig. 11. The grid bricks are brick A and B, and the
storage bricks are brick C and D. The storage bricks have a large
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capacitor bank used for the energy storage, while the grid bricks are
supplied from the electrical grid via a transformer, a diode rectifier
and a DC/DC boost converter stage. This enables the grid brick to
supply the losses of the grid bricks, storage bricks and the losses in
the load. The storage bricks are designed to supply power as long
as the voltage is between 600 V and 900 V, and the corresponding
usable energy can be calculated from Eq. 2 and is 13.5 k] per storage
brick.

TABLE 2 Converter IGBT parameters

CM1200DC-34N ‘ Voltage ‘ Current
1700 V 1200 A
450V 450 A

Rated value

Max designed

The converter is controlled by a Texas Instrument DSP. It is inte-
grated with a CERN developed current measurement system and
uses LEM sensors for voltage measurements (LV 25-P/SPS both on
the output and the DC-bus). The CERN developed current mea-
surement system (DCCT) has the ability to measure current with a
significant accuracy in the parts-per-million (ppm) range. With the
parameter of the IGBT used listed in Table 2, it is clear that these de-
vices are significantly de-rated in their designed operation. This is to
achieve lifetime requirements due to the thermal impact of cycling
loads. Also the parallel connection of IGBT devices might impose
current imbalances if the collector-emitter saturation voltages, Vce,
of the IGBTs differ significantly. Extensive differences in Vee might
cause load current imbalances, causing uneven thermal effects 23,
which was taken into account when this converter was designed.

The existing converter, used in the CERN East Experimental
Area? been modified as illustrated in Fig. 11 by disconnecting the
grid connection (via a transformer, a diode rectifier and a DC/DC
boost converter) of two out of four bricks. The converter parameters
used by the converter in the test setup are summarised in Table 3.
With the connection to the grid disconnected, the storage bricks are
simply a full-bridge DC/DC converter switching at 6.5 kHz with
a large capacitive dc-link connected on the front. A minimum of
capacitors on the grid bricks are kept to form the necessary dc-link.
Since the storage bricks do not have their own source of energy, the
grid bricks shall supply the losses for the complete system, as well
as for the load. By separating the grid connection and storage, it
is possible to scale the converter for storage and grid connection
independently, and by using the same brick to connect to the load,
the system complexity is kept to a minimum.

The load used in this paper is four parallel-connected accelerator
electromagnets with solid iron core that are commonly used in
accelerator facilities. Its key parameters are listed in Table 4.

FIGURE 10 Photograph of the laboratory setup, showing the
power stack, gate drivers and DC-bus filter capacitors integrated
into the cabinet. The storage capacitors can be seen at the bottom.

61 | Strategy 1

Using the strategy described in subsection 5.1, the current sharing
between the storage and grid bricks are shown in Fig. 12a. The
storage bricks supply approximately 200 A (bricks C and D), during
the current ramp and flattop, and recover a peak of 440 A during
the ramp-down phase. It is interesting to note that when the current
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FIGURE 11 Schematic diagram of the converter topology used
in the lab setup and configured with two grid and two storage
bricks, only one set of measurement signals shown. The shaded area
illustrates the hardware that is removed as a result of the proposed
control scheme.

TABLE 3 Converter parameters

Grid Connected Brick | Energy Storage Brick
Max Voltage 200V 200V
Max Current 450 A 450 A
Energy Available N/A 56.4 k] @900V

TABLE 4 Parameters of the load used for the experimental setup

Load parameter Value
Inductance 430 mH
Resistance 83 m{2
Max current 916 A
Pulse current flat-top 700 A
Peak stored energy at @700 A | 105.35 k]
RMS power 8 kW
Peak power 175 kW

supplied by the grid-brick reverses the storage brick is forced to
compensate with an additional equivalent current, which increases
its peak current contribution. This however results in more energy
recovery due to the negative output voltage during this time.

The DC-link voltage plots in Fig. 12b demonstrate the energy re-
covery performed by the storage bricks throughout the cycle which

guarantees that enough energy will be available for the next load
cycle.

A summary of the performance indicators are listed in Table 5
The storage bricks use the energy recovered during the ramp-down
phase to cover the losses of the storage bricks, as well as contributing
to the current delivered during ramp-up and flat-top intervals.
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FIGURE 12 Experimental results for Strategy 1: Sharing current stress

62 | Strategy 2

This strategy is similar to the previous one with the difference that
the grid brick current is not allowed to reverse. As described in
subsection 5.2, the grid bricks (A and B) are effectively delivering
zero current during the ramp-down phase, as shown in Fig. 13a.
The storage bricks (C and D) recover the totality of the energy into
the storage element. This is fairly typical for this approach, and the
more energy the storage bricks can recover, the higher current they
can supply during the ramp-up and flat-top of the next cycle. Again
Fig. 13b shows that the energy in the storage bricks maintained
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at the end of the cycle; thus, the energy controller has found the
optimal distribution of currents using this strategy.
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(b) Experimental measurements of the DC-dus voltages for the storage bricks Vp¢ ¢ and
Vb p
FIGURE 13  Experimental results for Strategy 2: Sharing cur-
rent stress - Short

63 | Strategy 3

With this strategy, as described in subsection 5.3, the grid bricks
maintain a constant current during the ramp-up and flat-top, before
reversing to the same negative current value during the ramp-down
phase. As shown in Fig. 14a for bricks A and B, the grid bricks reach
80 A and maintain this value until the end of the flat-top. Then the
current flips to -80 A to keep the power flow from the grid brick
positive. The storage bricks (C and D) are left to ensure that the
total current reference is respected, and the energy controller has
to calculate what the current value for the grid bricks should be,
shown as the green and red lines in the plot (Fig. 14a). Similarly to
the cases above, it is observed that this strategy also results in the
energy being conserved in Fig. 14b; notice also that the storage is

used during the first 300 ms to absorb energy, enhancing the usage

of the storage. The energy used and other key metrics are listed in
Tab. 5.
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(b) Experimental measurements of the DC-dus voltages for the storage bricks Vpc ¢ and
Vpe p
FIGURE 14 Experimental results for Strategy 3: Minimal grid current RMS

6.4 | Strategy 4

The final strategy is also the most demanding from a regulation
perspective, as described in subsection 5.4. Using Strategy 4, the
current estimate is now also dependent on the load voltage, and so
the references change significantly throughout the pulse. However,
as shown in Fig. 15a the regulator is able to follow this varying cur-
rent quite well, and the storage bricks ensure that the total current
reference is always respected. The energy regulator has found a sta-
ble grid brick power, sufficient to maintain the energy stored in the
storage bricks, as illustrated in Fig. 15b.
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FIGURE 15 Experimental results for Strategy 4: Minimal peak grid power

7 | DISCUSSION
A comparison of the four strategies in selected and key metrics are
presented in Table 5. The values presented are the averages of the
two bricks of the same type. These metrics highlight the different
utilisation of the converter hardware by the four strategies. The total
output current and output voltage are always the same regardless
of the strategies, as this is defined by the load mission profile. The
way energy is dispatched by the converter bricks differs according
to the control strategy.

Comparing Strategies 1 and 2 in Table 5 the RMS current values
are very similar between the grid brick for Strategy 1 and 2 and
storage bricks for strategies 1 and 2. For Strategy 1 approximately
46.8 k] of the energy cycled per brick, this is equivalent to 89% of
the energy stored in the magnet. The storage bricks are also reaching
their current limit, during the ramp-down.

While for Strategy 2 the recycled energy is slightly decreased,
which indicates that such a strategy allows to reduce the amount of
installed energy storage which costs approximately 250 EUR/K] in
this type of converter. The energy recovered is about 72 % of the

total stored in the magnet as shown in Tab. 4, after accounting for
losses this is close to the maximum which can be extracted. The
other strategies uses the grid brick to inject more energy during
the ramp-down, enhancing the usage of the storage. Similarly the
peak current of the storage bricks is reduced leading to less thermal
stress in the semiconductors, maximising the cycling lifetime of the
IGBTs. Since the brick and storage bricks use the same full-bridge
topology, the second strategy also leads in better utilisation of the
grid-brick hardware.

Strategies 3 and 4 are primarily targeted to limiting the cycling
impact on the power grid by performing some sort of peak shav-
ing. This reduces the installed power requirement for the grid, and
can also be used to limit the peak-power during high demand pe-
riods. Strategy 3 in Table S introduces a lower RMS current for
the grid bricks, compared to strategies 1 and 2. However, there is
a corresponding increase for the storage bricks usage; the storage
bricks recover some energy during the ramp-up phase, as well as
the ramp-down phase, and therefore have more energy available to
deliver to the load. In total the storage bricks uses an amount of
storage equivalent to 94% of the energy in the magnet. Achieving a
reduced grid supply loading and using more energy storage, may
be a useful objective in certain applications and these are candidate
applications for strategies 1 and 2. However, it should be noted that
these strategies load the two types of bricks unequally, which could
result in a different lifetime of the two types of bricks (assuming
identical ratings).

Finally Strategy 4 aims to reduce the peak grid power, which
eventually results in a very different utilisation of the bricks. The
storage bricks are carrying most of the current, and also their ref-
erence varies considerably throughout the load cycle. In total the
storage bricks uses an amount of storage equivalent to 96 % of the
energy in the magnet. This strategy is best served if the grid sup-
plying the converter is limited in the available power, or increasing
installed power is very costly, so that minimising the installed power
requirements is beneficial. It also shows how creative it is possible
to be with the currents from the different bricks, without affecting
the performance with respect to the output current precision.

Ultimately, the choice of the optimal strategy is impacted by
several parameters, including the flat-top duration, the L/R-ratio
of the magnet load, cost of cooling and the availability/cost of front-
end peak power capability. The advantage of such a modular design
is that the utilised strategy can be adapted to the individual load
by using the same converter topology. The energy storage or grid-
connection costs can be optimised on circuit per circuit basis in a
large industrial complex, by modifying the way energy is dispatched
to the load.

The energy flow in the system, meaning the energy exchange
among the load, the storage bricks and the grid connected bricks,
is controlled by an energy controller by choosing the appropriate
current reference shape for the grid brick and finding the optimal
current distribution between the bricks. By having a shape which
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TABLE 5 Comparison of Grid brick power sharing strategies

Strategy ‘ Key metric | Grid Brick | Storage Brick

Strategy 1 IRMS-out 45.1A 115.0 A
Lyak 1442 A 4443 A
AV, - 240V
AEq, - 46.8k]
Strategy 2 | IRMS-our 533A 88.9A
Lycak 193.0 A 329.1A
AV - 187V
AEy, - 37.7k]
Strategy 3 | IRAS-out 32.1A 1155 A
Leat 87.4 A 3732A
AV - 255V
AEy, - 49.3k]
Strategy 4 | IRAS-out 39.0A 120.5 A
Lyat 149.0 A 4300 A
AV - 263V
AEy, - 50.6 kJ

follows the current to the load, i.e., trapezoidal, the current stresses
in the brick switches and losses are shared most equally among the
bricks. Two additional strategies, aiming at reducing the front-end
peak power have also been shown. These strategies are mostly suited
for relatively short pulses in inductive loads, with a large amount of
recoverable energy compared to the losses. It has been shown that
it is possible to have any number of bricks connected in series and
parallel, and within their current and voltage ratings, the power-flow
can be individually controlled.

Since both bricks operate during most of the cycle time, the ther-
mal cycling of semiconductors would probably be very similar. At
the same time the re-circulation of energy among bricks to balance
the energy, can result in higher RMS current on the bricks, thus
potentially increasing the losses.

8 | CONCLUSION
An energy flow control scheme for a modular DC/DC converter
has been proposed and experimentally validated in a full-scale 800
kW prototype. It has been shown that the controller can efficiently
respond under various operating scenarios, such as cycling loads
and deliver the same performance as a conventional converter. The
4 bricks can also deliver very different currents, resulting in differ-
ent power flow between them, allowing optimisation for different
targets, such as minimising the front-end current, cycling depth of
the storage or thermal cycling.

Starting from this basis, it is possible to optimise the converter’s
lifetime, overall reliability and the peak power required from the

grid. This is achieved by optimising the utilisation of the sub-
modules to balance the current stressing and therefore the thermal
stress among the storage bricks.

The experiments have shown that the RMS current of grid-
connected bricks can vary from 32.1 A for the minimal grid current
RMS, and up to 53.5 A for the other strategies. On the other hand,
the storage utilisation can vary from 37.7 kJ to 50.6 k] depending
on the strategy. The parameter that can be mostly controlled is the
peak current, where the storage brick has a peak current between
373.2 A and 444.3 A depending on the strategy. The choice of a
scalable control strategy will have an impact on the switching device
selection as well as in the cooling requirements, however, it allows
reusing a modular power converter in a scalable manner in a large
industrial complex with varied load parameters.
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Appendix A

Trapezoidal current calculations

A.1 Load profile plots for constant current ramping

In the following section an example of how the different voltages and powers can
be calculated and plotted using a specific example. The plots assume a constant
current ramping rate. This is the design approach used in this thesis and is often
used at early design stages as most of the equations are simpler.

A.1.1 Current

The power converters will be applied to a variety of accelerator magnets and cur-
rent requirements. In general, the current levels can go up to 2500 A and the voltage
levels up to 1500V, however for the purposes of this thesis a specific load profile
will be considered as a typical load profile. It consists of a trapezoidal current
pulse with a period of 1.2s. After 340ms the current starts to rise, with a % of
1730. After 600ms the current reaches the flat-top value of 450 A, which is kept
for 50ms. Then, the current is brought back to zero over 222ms, giving a % of
2030A/s. The target current is plotted in Figure A.1. A summary of the values for
the load profile is listed in table A.1, it is important to note that the minimum and
maximum values are selected from the data set, and does not represent a specific

magnet load.

Different magnets have different inductance and resistance values, for the purposes
of the first part of this thesis a magnet with R = 200mf) and L = 130mH. This
results in a load voltage consisting of the transient contribution from the induct-
ive part of the magnet and a stationary from the resistive part. The voltage over
the resistive is trivial from Ohm’s law in equation A.l, and the voltage over the
inductor is given by the equation in A.2.
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—— Magnet Current
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Figure A.1: Reference current for the selected load profile.

V =RI (A1)
di

=L— A2

V=L (A-2)

The resulting voltages are plotted in A.2, with the resistive component shown in
A.2(a) and the inductive in A.2(b). It is worth noting that the voltage over the
resistor, just as the current, will always be positive, while the voltage over the
inductor will be negative during the fall time of the current. Whereas the negative
voltage over the inductor is larger than the resistor, this will result in a negative
power flow, i.e. returning to the source. Normally such reverse power delivery
is facilitated by a negative current flow, while the voltage is kept positive. In the
scenario where the voltage over the resistor is larger than the negative voltage
over the inductor, the total magnet voltage will remain positive and no energy
can be recovered. So there is a potential for recovering energy, depending on
the load profile, but it requires a way to switch the polarity of the magnet with
respect to the source, or a reduction of the voltage to negative values. In the current
configuration, CERN is using the former using a full-bridge of IGBTs, used both
for inverting polarity and also to control the voltage.



A.1. Load profile plots for constant current ramping
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Figure A.2: Reference voltage for the selected load profile

Taking the two basic voltage equations from A.1 and A.2 it is possible to give a
simple relationship for the balance between R, L, I and % which results in the
possibility to recover energy as presented in equation A.3. Note that this is based
on the balance of power between the two, but since they share the same current,
the expression simplifies to setting the two voltages equal to each other during the
fall-time of the current. A quick look at the dataset for the North Area magnets at

CERN,

this holds true for 95% of the magnets given a fall time of 222m:s.

di
L% <RI
a

(A.3)
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et

(a) Power required by the magnet (b) Energy stored in the magnet

Figure A.3: Power and energy for the selected load profile.

A.1.2 Voltage

The approach described in this section assumes the necessity of perfectly follow-
ing the current trace during rise and fall, giving high peak voltages only used for
an infinitely short time. This reduces the utilisation of the voltage rating of the
device and could result in higher costs. The most critical phase for the usage of
the accelerator magnets is the current during the particle event, as the current dir-
ectly controls the field strength of the magnet. The particle event is a term used
to describe the instant when the particle arrives in a particular device, and in this
scenario is when the magnet is used to steer the path of the particle. Using the
calculations from the Lorentz force, Equation 1.1. As the particle moves at close
to the speed of light, a small error in the direction can lead to the particle leaving
the designed path and disappearing from the beam pipe.

Using only the stable current at the particle event and a duration afterwards as the
target, it will make more sense to obtain a constant voltage during the rise and fall
of the current in the magnet. This will enable better utilisation of the voltage rating
of the device.

A.2 Equations for ramping at constant voltage

The second method to approach the ramping phase of the trapezoidal current pulse
is to utilise a constant applied voltage. This section shows the calculations for the
case where the voltage is constant and are made using the example load in Table
A.l.

A.2.1 Positive flank

Starting from the first principles, the first approach is to find an expression for the
constant voltage necessary to achieve the desired flat-top voltage within a certain
rise time. With this equation it is also possible to do the reverse, calculate the
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Parameter Typical values
Max current 450 A
Current rise-time 260 ms
Current fall-time 222 ms
Restive load 200 mS)
Inductive load 130 mH

Peak voltage 363V

Peak power 163 kW
Recoverable energy | 13.3 kJ

Table A.1: Typical parameters for a load CERN North Area and TT20

rise-time for a given ramping voltage. Combining equation A.1 and A.2 the total
voltage over the magnet can be written as in equation A.4.

dl
V =RI+ LE (A.4)

Assuming that the current will rise from OA and increase linearly t0 1 ¢jq¢—¢op OVer
the time interval t,;5. the equation can be expressed as in equation A.5. This does
not give a constant voltage, as the current through the magnet is increasing. By
assuming a constant voltage, it is possible to find an expression for the increasing
current and set it up as an ordinary differential equation as in equation A.6.

I at—to
V = RI+ LT (A.5)
Li(t) + Ri(t) =V =0 (A.6)

In fact, this equation is a first-order linear ordinary differential equation and has
known solutions, on the form in equation A.7, where a = R/L, b= —V/L.

i(t) + ai(t) +b=0 (A7)

This equation has the solution in equation A.8.
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a
R _Vv
g Cl . e_f't _ ?L (A8)
L
_E, 14
=Cp-e L t + E
At time £y = 0, the current is zero, which means ¢’ = 1, which makes it possible
to find C'; from equation A.8.
R \%
’L(to):Cl'e LtO+E
14
0201'60+E (A9)
|4

Inserting the value of C'; from equation A.9 into equation A.8 gives A.10.

(A.10)

Equation A.10 now gives the expression for the constant voltage. From the fact
that at ¢ = ¢,;5. the current should be at the constant magnet current ;.

(A.11)

For the sample load as selected in table A.1. The value of V' can be obtained.
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V= %
(1 _ e_f'trise>
vV — 450 - 0.2 (A.12)
0.2
(1 _ efm-o.%o)
V =273

Giving the final equation describing the current during the rising flank for the
sample load.

i) = 21 (1 _ e*%'f) (A.13)

2
0.20
A.2.2 Negative flank

The same approach can be used to find the voltage during the fall of the current.
Starting from the solution in equation A.8, the value of C for the falling current
can be found. Starting from the constant current during the flat-top I, at #g.

i(to) = Cl . 67%%0 + K

R
0oV
Iy =C-e” + — (A.14)
R
v

From the C] in equation A.14 the equation describing the falling current is given

in A.15.
0= (-0

Using this result, the fall time ¢ ¢,;; and the final current of OA can be used to find
the voltage during the falling current.

il

1%
ty A.15
+ 7 ( )
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i(tfall) = (I — Z) . e_%’tfall + %

0= (IM - 2) CeT L tralt 4 %

A.l
—In - 6—%tfazz — (1 _ e_%'tfall> % ( 6)

R
—Iy - R- e~ L trau
R
(1 _ e—f'tfau>

Inserting the parameters from the load case in table A.1. The value of V' during
the negative flank can be found.

R
—Iy - R-e L trau

e (1 i)

[ —450-0.20- e~ 015 °0-222 (A.17)
(1 _ e—gj—fgo.mz)

vV =-221

Giving the final equation describing the current during the rising flank for the
sample load.

221 . 221
i(t) = (450 + > ot - (A.18)

A.2.3 Voltage during flat-top

Starting from the same equation A.19, finding the voltage during the flat-top is
quite simple. As the current should be constant, the di/dt becomes zero and the
current is 1.

o di(t)
V=R-i(t)+L i
= Ri(t) +0

=R-Iy

(A.19)
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Figure B.1: Circuit diagram of a single SIRIUS converter.
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