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1 | INTRODUCTION

Modularisation is currently an emerging trend in the design of mod-
ern power electronic converters’ ™. 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 grids4 >'and this is a key requirement to ensure successful
integration of renewable energy sources into the gridé.

The storage component can be any type of electrical energy stor-
age, such as batteries, capacitors, mechanical ﬂywheel7 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 multi-
level converters (MMC) to control and manage the energy stored
in the cells with the additional constraint of balancing the capacitor
voltages of different cells. LHI4

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

Abbreviations: MMC, modular multilevel converter; SiC, Silicon Carbide; MOSFET, metal

oxide semiconductor field-effect transistors.

Using modularized power converters with scalable energy storage in particle accelerators can be further enhanced
with controls that can be adapted to optimise different design targets, such as to minimise the front-end stage
peak current, the depth of discharge of electrolytic capacitors or the thermal cycling of semiconductors. This
paper proposes a control system that is able to individually adjust the power flow of the converter modules under
pre-defined load profiles, and hence separates the use of energy storage and grid connection even under rapid
cycling. The paper briefly summarises the characteristics of the modular converter and proposes four energy control
strategies that have been validated by simulation as well as experimentally on a 800 kW full scale prototype. 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.

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

CUSHIS! o1 iny railway application with similar bi-directional

storage
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 energy
stored the accelerator’s electromagnets 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*“%. These electromagnets are operated in a
repetitive manner??, which results in a cycling power flow, shown in
Fig.and this leads to technical challenges that have been discussed
in?. In certain applications the load mission profile is unknown'“*,
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. The topics of control 23123126

27H30

and power flow of DC-DC converters have been extensively

discussed in the literature. The authors of !

propose a control of a
converter optimised for multiple parameters simultaneously, con-
ceived for a non-cycling application. The present work focuses on

the challenge of power flow control for cycling power converters
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comprised of different modules namely the grid-connected and
energy storing bricks.

The scalability advantage of DC-DC converters for highly induc-
tive loads has been investigated before, both with 32l and without?%
energy storage. The authors presented a first work>Z where they
proposed and validated the use of two different types of voltage
source bricks (i.e., one grid-connected and one energy-storing brick)
operating complementary one to another in a single power con-
verter. The purpose of that work was to demonstrate the design of
power converters composed of a number of bricks (i.e., fundamen-
tal modules) that provide just the right mix of RMS input ratings
and energy recovering capability when operating with an agnostic
mission profile. The resulting modular converter was a first step
to minimise costs for a 350 circuit project for a new experimental
zone at CERN called North Area.

Considering the foundation set in the work 32 an opportunity
emerge on exploiting further the cost optimization (or cost related
aspects such as the lifetime, energy storage usage and peak current
capabilities) by applying a modified current reference to each brick.
This, particularly, exhibits advantages in the case that the mission
profile is known in advance, which is common in the field of ap-
plication. The authors presented simulation results of four energy
management strategies in*” that satisfy peak-shaving, optimum
storage utilisation, or thermal stress objectives.

The contribution of the present paper is to demonstrate a more
detailed theoretical analysis of the four strategies, the software
modifications of the controller for their implementation and most
importantly the experimental validation of the four strategies in a
full-scale power converter prototype rated at 800 kW. Moreover, the
paper presents a critical analysis of the results and their implications
on the practical converter’s design and operation.

The paper is organised as follows. Sectionpresents the operat-
ing constraints and load requirements for such a converter. Then
in Sectionthe concept for this modular converter is briefly pre-
sented. In Sectionthe adaptive control strategy is analysed and
the different optimisation strategies are explained. Sectionshows
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.[I| 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 design emerges®#*%. 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
consumption perspective 20 Hence, the ultimate control goal of
an electromagnet is to supply it with a high-precision current, by
utilizing the power converters’ built-in energy storage for energy
recovery at every operating cycle.

Current Pulse duration (tyeriod)

Peak current can be different
from one pulse to the next

Flat-top

>
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4 Voltage tpulse A Power

Inductive voltage

y Time

\ 1 1
FIGURE 1 Typical current cycle sequence, dotted lines in-
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dicate division between cycles. 2y, is typically 1.2, tg,;_sgp 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,
Epagner is given by Eq.[I} where L,445.: is the inductance of a partic-
ular electromagnet and £,,¢rc is the current through the magnet at
any given time.

1
ELmagnftI r%mgncz (1)

By integrating adequate energy storage (e.g. capacitors) in the

Ema gnet =

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.

Since the voltage and the rate of change of voltage, d V' /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
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 33l where 2 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
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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.

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
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. , 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 33 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

2613436! (ith a brick inductance Ly which

full-bridge output stage
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. [I} 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 3/ 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 re-
duces the amount of usable energy in the capacitors. Eq.expresses
the usable energy in the storage brick, £, as a function of the ca-
pacitance of the storage brick, Cy;,, nominal DC-bus voltage, Vs
and the lowest allowable voltage on the bus, V/,,,, in order to deliver
the required output voltage for the brick.

By = 5 Cul Vi~ Vi) 2)

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 there 33| 3 brick size of 200V and 400A has
been specified.

3.2 |  Gridbrick

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.
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CCC - CERN Control Centre

Defines the mission profile for the magnet current

N

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

Power Distributionf

Correction

A

A

factor

-

Energy Manage

ment Controller
Generates a correction factor using
the state-of-charge in a single converter brick

Generates a correction factor using

Energy Management Controller ‘ :
the state-of-charge in a single converter brick

y

4
Voltage reference calculation
Sharing the load among the bricks depending on the converter configuration, power direction and correction factor ensuring total reference is respected 3
A K H
Individual brick V ref l J L p
s| 2 E . E
= = = = =
= | 5 = = ' © 5 =}
§ : “é § § ! 'E = § : ‘E Voltage Source Control N
y | 2 el I8 3 '8 - g » '8 < |8
3 ] D= 3 3 ' ] S | © 3 S
3 | CER g ] g 3 g . g |3
§ ' E ;8 2 3 | = Modulation generator ) § 9 ] E Modulation generator N g
S - 2 ls s A 5|8 % -2 HRE
o H 08 % © H g S Q H 3 K
S 7] U S S ) S0 < )
S| NS 5 2 g S| 5 |5
S o N = Iy = = N S
: gk g bl |2 £ gl |2
2 HE 2 HEE g HEE
= 4 3 $ = v by N = - < §
g 2 + EOE| 5 <) 2 + EOE |8 0R 2 + E Rl [B
5 = 3| IS Q 5 S S Q 5 S 5| |
E H E < E <
— 5 Ve S — § — |5 E Vo H
b5} m— < C.ee bt —13
e = £ S
=5 = = - 1 5 _
B = N number of bricks B

FIGURE 3 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.

4 | POWER FLOW CONTROL
IMPLEMENTATION

This section presents a brief overview of the typical control structure
for the power converters at CERN (Fig. . This control structure
is used as the foundation to develop the four proposed power flow
control strategies that are presented in this paper.

The scalable converter is controlled by a central energy con-
troller. This controller is responsible for distributing the energy
flow between the grid-connected and the energy-storage bricks of
the converter. The primary target is to respect the total voltage
and current references and to ensure that the energy in the storage
bricks are maintained at the desired level. A principle sketch of the
controller 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 sup-
plied 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
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
amodified current reference for each of the bricks independently.
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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
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 2z including the redistribution
of power flow during a fault condition.

s | 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 equal parts of the total current (this reference is represented
with a grey colour line in the graphs of Fig.. The proposed control
scheme produces different reference shapes for the grid bricks to
satisfy different objectives as discussed in“”. Key waveforms are
reported in this paragraph to provide the necessary context for the
laboratory verification in the following section.

It is reminded that the role of a grid-connected brick is to supply
thelosses 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.
. 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.

Each control strategy provides a different current reference for
the grid current. The grid current reference is calculated by consid-
ering the goal of the specific strategy, as well as a number of design
and operating parameters of the scalable converter. Considering
the overall structure of the controller (Fig. , the grid current refer-
ences are calculated in the green box in Fig. Tablesummarizes
the key objectives of the different strategies.

The storage brick current references are then calculated to en-
sure that the total magnet current reference is respected, and some
checks are done to ensure the maximum allowable current for the
bricks is also respected. It should be noted that the total current con-
trol is performed by the FGC exclusively. The controller is utilising
measured values for the magnet current and voltage, to overcome
limitations in the control structure. The output of the Energy Man-
agement Controller (Cpr), the purple box in Fig. 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 account for the mag-
net current profile, resistance and inductance. The PI-controller is
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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.

Strategy | Currentstress | Gridload Storage Stability
‘ sharing ‘ utilisation ‘

1 v

2 v v

3 v v v

4 v v

TABLE 1 Summary of key objectives for each control strategy
used in the green box in Fig.

then able to compensate for unbalances in the capacitance on the
DC-bus, losses due to parasitic resistance in the cables and losses in
the switches. In the case where the load is purely resistive, the value
of Cpr 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.

FigureEkI illustrates the modified current reference shapes gen-
erated for the grid brick by the proposed controller. The four
control strategies and corresponding current shapes in this figure
are discussed in detail in the following paragraphs.



HAUGEN ET AL.

Normalised Current Reference == Storage Brick == Grid Brick
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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.

51 | Strategy 1: Current sharing among bricks
The objective of this control strategy is to ensure that the storage
and grid bricks provide relatively balanced power to the load. The
current reference of the storage brick 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 the simulated example, this strategy results in a higher peak
current for the storage brick, which reaches 150 A for a short du-
ration at the start of the ramp down. This is a consequence of the
reversal of the grid brick current taking place during ramp down;
its current reference is governed by Eq. where 7,,,,, is the mea-
sured current of the electromagnet, Cpy is the output of the energy
management PI controller, N, is the number of grid bricks and
Py, is the direction of power flow (either 1 or -1).

P dir
Lridref = TnagCrr Ny 3)

A negative power direction (the load returns its stored energy)
will result in a negative grid current as soon as the ramp down starts.
The current spike magnitude, illustrated by the blue line in Fig.
depends on the specific load and current sharing between the
two types of bricks and imposes peak current requirements on the
storage brick. However, it does allow the grid brick to supply power
during the entire current pulse, hence a balanced RMS current
sharing among bricks.

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

This strategy forces the brick to deliver the required storage in a
shorter time, since it cannot contribute during ramp-down, result-
ing in a higher current during the ramp-up and flat-top of the pulse

Normalised Current Reference == Storage Brick == Grid Brick
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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.

shown in Fig. while it imposes an always positive current to be
supplied by the grid bricks, unlike with Strategy 1.

In this case, the grid does not supply any power during ramp-
down, which saves the grid bricks from having to reverse their
current direction. This enhances voltage stability as it avoids large
current gradients. It should be noted that the grid bricks can be
conceived as single-quadrant in this case, since they never recover
energy, also allowing a smaller DC-link capacitor to be used.

It can be noted that the action of the storage and grid bricks is
very similar while each of the bricks is taking care of its respective
mission; storage bricks recover the total load energy and grid-bricks
provide only RMS power. 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.

The grid current reference for Strategy 2 is expressed as shown
in Eq. , where 7,4, is the measured current of the electromagnert,
Cpy is the output of the energy management PI controller, Py, is
the direction of power flow (either 1 or -1) and N,y is the number
of grid bricks.

Py
Lpidnf = Imgcpfﬁwm =1 “
[gm'd,rtf = 0|sz'r =-1

53 | Strategy 3: Minimal grid peak current

The objective of this strategy is to perform grid current peak-shaving
by employing the energy storage to supply load current peaks. To
achieve the objective the grid current reference is fixed as given
by the governing Eq. , where Cp; is the output of the energy
management PI controller, P, is the direction of power flow (either
Lor-1) and Ny, is the number of grid bricks.

P dir

1
]Vgrzd

gridref = CP]

(5)
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FIGURE 7 Simulation results showing the output current,
the grid brick using the constant current reference (Strategy 3).

Fig. [7| shows typical simulation results for the currents when
Strategy 3 is applied. As can be observed, 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 exhibiting 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.

Strategy 3 utilises most of the installed storage in the scalable
converter. This is 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. In case that a long flat-top duration red is
required, 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 is to provide a constant power
from the grid; the current reference is estimated based on an approx-
imation of constant power dictated by the voltage on the magnet,
as shown in Eq. , where Cpy is the output of the energy manage-
ment PI controller, Ny, is the number of grid bricks and 1, is the
measured voltage on the load. With this strategy, the storage bricks
supply the majority of the power during flat-top, which implies
maximum utilisation of the energy storing units. Moreover, this
strategy 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, here the storage bricks
have to absorb energy and reverse their current direction during the
first instants of the pulse. The current direction changes require
the current regulators of each brick to adjust the dI/dt in a man-
ner contrary to the global (load) df/dt. This can result in control
instabilities if the cascaded loop dynamics are not decoupled.

Normalised Current Reference == Storage Brick == Grid Brick
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FIGURE 8 Simulation results showing the output current, the
grid brick using the approximated constant power current reference

(Strategy 4).

1

Lorid e = Cpr VNt (6)

Figureshows 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 rate changes
significantly several times during the period 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 occurs, and the storage bricks compensate the difference.
Strategy 4 is generally 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 amplitude
is continuously limited to below the magnet’s current in order to
eliminate reverse currents in the storage bricks. Nevertheless, such
an approach would approximate the minimal grid RMS current

approach (Strategy 3).

6 | LABORATORY EXPERIMENTAL
RESULTS

For the experimental validation, an existing 800 kW power con-
verter in the CERN laboratory was used. Typically, the existing
power converters at CERN feed power to the electromagnets using
an H-bridge circuit that is supplied by the grid through a low-
frequency transformer, a diode rectifier, a DC/DC boost converter
and a capacitive bank. The power converter used for the experimen-
tal validation contains two grid bricks and two storage bricks. For
realizing the hardware of the storage bricks, the transformer and
diode rectifier have been disconnected and the storage bricks have a
large capacitor bank used for the energy storage. On the other hand,
the grid bricks’ hardware configuration is kept as in the existing
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converter. In particular, the grid bricks are supplied from the elec-
trical 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 cal-
culated from Eq. and is 13.5 kJ per storage brick. A photograph
of the test setup is included in Figs.and with the schematics
of the topologies shown in Fig. The grid bricks are brick A and
B, and the storage bricks are brick C and D.

TABLE 2 Converter IGBT parameters

CM1200DC-34N ‘ Voltage ‘ Current
1700V | 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/SP5 both
on the output and the DC-bus). The CERN developed current
measurement 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@ it is clear
that these devices are significantly de-rated in their designed oper-
ation. This is to achieve lifetime requirements due to the thermal
impact of cycling loads.

FIGURE 9 Photograph of the laboratory setup.

TABLE 3 Converter parameters

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

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.

As mentioned above, the existing converter, used in the CERN
East Experimental Area?@been modified as illustrated in Fig.by
disconnecting the grid connection (via a transformer, a diode recti-
fier and a DC/DC boost converter) of two out of four bricks. The
converter parameters used by the converter in the test setup are sum-
marised in Table With the connection to the grid disconnected,
the storage bricks are simply a full-bridge converter switching at 6.5
kHz with a large capacitive dc-link connected on the front. A mini-
mum of capacitors on the grid bricks are kept to form the necessary
de-link. Since the storage bricks do not have their own source of
energy, the grid bricks shall supply the losses for the complete sys-
tem, as well as for the load. By separating the grid connection and
storage, it is possible to scale the converter for storage and grid con-
nection independently, and by using the same brick to connect to
the load, the system complexity is kept to a minimum. The proto-
type hardware is based on well-designed converters whose feasibility
-including protection functionalities- has been proven in the field.
Thus, to demonstrate the feasibility and performance of the pro-
posed power flow control strategies, parts of the controller shown
in Fig.have been modified. At the same time, it was assured that
the existing output performance of the converter is maintained.
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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 4 Parameters of the load used for the experimental setup

Load parameter Value
Inductance 430 mH
Resistance 83 m2
Max current 916 A
Pulse current flat-top 700 A
Peak stored energy at @700 A | 105.35k]
RMS power kW
Peak power 175 kW

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

61 | Strategy 1

Using the strategy described in subsection the current sharing
between the storage and grid bricks are shown in Fig. 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
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. 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
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.

700 A —\ = I ref
I magnet
600 - —— 1 brickA
500 4 —— I brickB
—— 1 brickC
_ | —— 1 brickD
< 400 =
§ 300
B
3
© 2004
100 A
0 -
—100 4
0 1 2 3 4 5 6 8
Time [s]
(a) Experimental measurements of the magnet and bricks currents
950 A
9001
E 850 A
[
<)
8
E 800
750 A
700 4
0 1 2 3 4 5 6 7 8
Time [s]

(b) Experimental measurements of the DC-dus voltages for the storage bricks Vp¢ ¢ and
Vbe b

FIGURE 12 Experimental results for Strategy 1: Sharing current stress

6.2 | 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

- the grid bricks (A and B) are effectively delivering
zero current during the ramp-down phase, as shown in Fig.
The storage bricks (C and D) recover the totality of the energy into
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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. shows that the energy in the storage bricks maintained
at the end of the cycle; thus, the energy controller has found the
optimal distribution of currents using this strategy.

700 4 —— I ref
= I_magnet
600 - —— I brickA
—— [ _brickB
500 - —— 1 brickC
_ —— 1 brickD
= 400 1
=
=}
E
£ 300
o
200 4
100
0 -
0 1 2 3 4 5 6 7 8
Time [s]
(a) Experimental measurements of the magnet and bricks currents
900 1

850 A

800 A

Voltage [V]

750 A

700 4

Time [s]
(b) Experimental measurements of the DC-dus voltages for the storage bricks Vp¢ ¢ and
Vbc b
FIGURE 13 Experimental results for Strategy 2: Sharing cur-
rent stress - Short

63 | Strategy 3

With this strategy, as described in subsection 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.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.. Similarly to
the cases above, it is observed that this strategy also results in the
energy being conserved in Fig. 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.l

700 4 = I ref
— I _magnet
600 = ] brickA
= ] brickB
500 1 —— 1 brickC
— —— 1 brickD
< 400 +
g
£ 300 4
=
6]
200 A
100 +
O -
0 1 2 3 4 5 6 7 8

Time [s]

(a) Experimental measurements of the magnet and bricks currents

Voltage [V]

Time [s]

(b) Experimental measurements of the DC-dus voltages for the storage bricks Vp¢ ¢ and
Vbc b
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 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. the regulator is able to follow this varying cur-
rent quite well, and the storage bricks ensure that the total current
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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.

700 A —\ —— I ref
\\ I magnet
600 + —— 1 brickA
00 = [ brickB
5 =1 brickC
— = 1 brickD
=< 400 4 -
=
é) 300 A
5
© 200
100 4
0 -
—100 4
0 1 2 3 4 5 6 7 8
Time [s]
(a) Experimental measurements of the magnet and bricks currents
950 A
WATIAN A Ay
900 A
850 A
=
S
3 800
°
>
750 A
700 A
— vDCC
vV DC D
650 T T T T T T T T
0 1 2 3 4 5 6 7 8

Time [s]

(b) Experimental measurements of the DC-dus voltages for the storage bricks Vp¢_¢ and
Vpc b
FIGURE 15 Experimental results for Strategy 4: Minimal peak grid power

7 | DISCUSSION
The proposed scalable power converter that is built with grid bricks
and storage bricks overcomes the limitations of existing power
converter designs for supplying electromagnets in particle accelera-
tors. Traditionally, power converters for these applications integrate
grid and storage connections in the same DC link!. This poses
limitations in terms of redundancy, scalability and energy control
flexibility for reducing converter’s electrothermal stress.
Designing a scalable and modular power converter allows the
separation of grid and energy storage connections. In particular,
by such a converter with two types of bricks (i.e., grid bricks and
storage bricks) a more flexible operation is enabled compared to

traditional technologies. Scalability is achieved by combining a cer-
tain number of grid bricks and storage bricks for fulfilling the load
constraints of various electromagnets 32 Sll, to exploit the cost
benefits of this scalable power converter fully, it is imperative to
develop power flow control strategies, which control the energy
supplied and recovered to the bricks at every cycle of operation. A
comparison of the four strategies in selected and key metrics are pre-
sented in Table The values presented are the averages of the two
bricks of the same type. These metrics highlight the different utili-
sation 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. Therefore, to demonstrate the feasibility,
performance and advantages of each control strategy, and to al-
low a fair comparison among the strategies, the design parameters
of the bricks (e.g., the capacitance of the capacitive bank, power
semiconductors ratings etc.) have been kept the same.

Comparing Strategies 1 and 2 in Tablethe 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 kJ 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. 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 Tableintroduces 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
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TABLE 5 Comparison of Grid brick power sharing strategies

Strategy ‘ Key metric | Grid Brick | Storage Brick

Strategy 1 TRMS -out 451A 115.0 A
Lyoat 1442 A 4443 A
AV - 240V
AEy, - 46.8 k]
Strategy 2 | IRpS-our 533 A 88.9A
Lak 193.0 A 3291 A
AV - 187V
AE,, ; 377k
Strategy 3 | IRAMS-our 32.1A 1155 A
Locak 87.4 A 3732 A
AV, - 255V
AEy, - 49.3k]
Strategy 4 | IRp1S—our 39.0 A 1205 A
Lk 149.0 A 430.0 A
AV, ; 263V
AEy, - 50.6 kJ

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
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.

Regardless of the number of grid or storage bricks, each scal-
able converter supplies energy to a single electromagnet in the
field at CERN complex. Therefore, the risk for unbalanced load-
ing conditions is not present. Due to parallel-connected bricks
that are required by the electromagnet loads, a risk for current un-
balances might exist. However, using the proposed controller, it
has been demonstrated experimentally in the full-scale power cov-
nerter that a satisfactory current balance is achieved. Moreover,
parameters variations among different electromagnet loads, that are
supplied by the same scalable converter, or non-linear electromagnet
properties might exist. In this case, the FGC-Function Generation
Controller (Fig. which contains specific functionalities, is able to
compensate for any parameters variations among the different elec-
tromagnets, as well as for non-linear characteristics of these loads.
However, this aspects of the FGC-Function Generation Controller
were not within the scope of this paper.

As mentioned above, the H-bridge circuits employ IGBTs power
modules. The voltage and current requirements for each brick, do
notimpose series- or parallel-connections of IGBTs modules within
each brick. Thus, possible gate signal mismatches within a single
H-bridge circuit are eliminated. Moreover, gate signal mismatches
among the IGBTs power modules employed in different H-bridge
circuits, do not pose a risk either. In particular, the switching op-
eration of each H-bridge circuit is decoupled from each other by
means of an inductor connected on the bricks’ outputs.

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 guarantees the
energy balance as well as the output current regulation under rapid
cycling load conditions. The 4 converter bricks deliver different
currents, satisfying the power flow requirements for each strategy.
In doing so each strategy fullfils an objective such as minimising the
front-end (grid) current, reducing the capacitor’s depth of discharge
or reducing the thermal loading of semiconductors.
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The experiments demonstrate that the RMS current of grid-

connected bricks can be reduced to 32.1 A, a reduction of 40 % with
respect to other strategies. This impacts the electrical departure

ratings and can have significant cost impact in large industrial instal-

lations. Similarly the energy storage utilisation can can be as much

as 25% lower at 37.7 k] when the relevant strategy is employed. This

improvement implies a possible cost saving if lower energy storing

capacity is used in the bricks. Finally, the peak brick current can

also be optimised for selected bricks by lowering the output current
to 373.2 A from 444.3 A and this has an impact on the choice of
the switching device ratings as well as in the cooling requirements.
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