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Abstract

This thesis develops a new and unique approach which enables the design and implementation
of charging and discharging of energy storage cells and miniaturization of the volume of the
entire system. The design includes charger, cells balancer, logic control and several additional
backend electronic circuits to sustain all together. The system is connected to a low voltage

power supply as a single energy source for the power delivery as well as for all periphery units.

Charging energy storage cells used in high pulsed-power application, where high energy is
accumulated in big energy storage elements and then discharged abruptly in a short period of
time. Charger for high voltage is needed in order to accumulate as much energy as possible.

The main objective of this thesis is to design and implement a power management system for
a high ratio resonant converter. Additional objective is to shrink the system’s volume to the
minimum size. The main enabler to scale down the size of such system is an approach based on
choosing optimal energy storage cells and switching components in terms of energy and power
per volume rating. The work explains the specifications of such system: the amount of energy it
should hold and the rate of charge for specific application, coilgun. Those parameters and more
are included in the considerations for choosing the right converter topology, electronic
components, storage cells, control method, etc. In practice, common voltage ratings, e.g. 12V,
24V, 50V, 100V, etc. are preferred by the industry and electronic components manufacturers
make the effort to manufacture the best electronic components used with those values. Choosing
the main components as explained, to be the building stones for designing high voltage charging
system is a strong enabler for miniaturizing. While the components rating and stresses are only
fraction of the total voltage, much more components are used in comparison to the conventional
approach that using several bulky high voltage rating components. In the end, the total volume

decreases considerably.

Additional objective of this thesis is to focus on the charger’s design as part of propulsion
system, coilgun. The charger is basically a DC-DC converter, connected to a low voltage source
at the input, generates high voltage at the output to charge a single storage cell which is part of
a chain consists of several storage cells stacked on top of each other. Therefore, another
important issue discussed in this work focuses on: (a) transferring energy from the first cell to
the upper cells in the chain and (b) balancing all cells in the chain. The influence of unbalanced
cells on the reliability from high level perspective is discussed in this work. Storage cells
employed in this study are capacitors to sustain high voltages, but from topological perspective
can be replaced by either supercapacitors, batteries or any other energy storage cells.
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The research includes all stages required to show proof of the concept: capacitor charger
topologies literature review, choosing and modifying the best topology for a specific application
(coilgun), designing all peripherals circuits needed for a full system, analyzation of the system
with electronic circuit simulation software. Beyond this, the research includes full
implementation of the system: a PCB was designed and manufactured, electronic components
selected based on the approach mentioned above and experimental results are shown. The
research was published in the IEEE Workshop on Control and Modeling for Power Electronics
[55] and in the IEEE Applied Power Electronics Conference and Exposition (APEC).
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Introduction

1. Introduction

Power supplies are used everywhere. Any electronic device needs an energy management
unit to handle and regulate the input power and keep it balanced. Some example for devices
where power management is important are: mobile phones, TVs, screens, computers,

chargers, audio amplifiers, servers, modems and many more.

Power converter defined as any electronic circuit which convert energy of one form to
another. Usually both the input and the output are voltages but sometimes we convert voltage
into current and vice versa. Typically, when talking about converting some voltage into
another voltage there are four types of conversion: DC to DC, AC to DC, DC to AC, AC to
AC. Each type of conversion can be made in many different ways and methods. Also, we
can step-up the input voltage to a higher voltage or step it down to a lower voltage. For
example, an AC/AC converter usually used a transformer to step-down or step-up the input
AC voltage. More complex systems include many passive elements such as capacitors and

inductors.

Converting input voltage to another one is not enough if we want to feed a load. It because
an electronic load has a distinct specification which determine some tight boundaries. Those
boundaries must be concerned, especially if the load is sensitive to deviation from nominal
values. Therefore, an entire power management control system is added to the converter.
That system handles the converter to keep the voltage or current stable at the output. The
control system made with a negative feedback loop, tracking the output voltage or output
current, create an error signal and then the system generate a correction signal called “control

signal”. A stable converter (with control system) is called power supply or regulator.

Behind every converter stands an electronic circuit with specific behavior and operation.
The resonance circuits have many versions, all used for different applications not only for

power converter: RF application, logic circuit, oscillators and many more.
1.1. Resonant circuits

Resonant circuit involving capacitors and inductors. Those passive elements can store
and release energy during each cycle of operation. Usually, a capacitor connected serially to
an inductor called together a “resonant tank”. Resonant circuit connected to an AC voltage
source with generates at frequency f;,, (Sometimes to current source). The capacitor and

inductor determine the resonance frequency, f,., with the following value:
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fr = 5o [H2]. (1.0)

Resonance frequency is the frequency that the impedance of the resonator is at the
minimum and the impedance of an inductor connected in parallel to a capacitor is at the
maximum. Therefore, when we can generate a source with switching frequency that equal
to the resonant frequency, i.e. f;,, = f,, and say that the circuit is at resonance. A common
resonant circuit is the RLC circuit. It consists of a resistor, an inductor and a capacitor
connected in series or in parallel. The effect of the resistor is damping and does not
influences the resonant frequency. In many cases the resistor represents the load when the
resonance circuit is become to be a resonant converter. The RLC circuit is described as a
second order circuit. Meaning that any voltage or current in the circuit can be described as a
second-order differential equation in circuit analysis. Many applications use RLC circuit:

tuning in radio application, filters, power converters and more.

Usually, RLC circuit is either the series-resonant series-loaded converter or the series-

resonant parallel-loaded converter [1].

C L
| r Vout
Vac <ﬂ5_| R Vac

(a) Series-resonant series-loaded  (b) Series-resonant parallel-loaded

Fig. 1.1 Two common RLC resonant circuits

The AC-voltage source which can be seen at Fig. 1.1 is implemented by a set of switching
elements, usually, semiconductors devices, uses in two main states: on and off. The switches
can be any transistor (BJT, MOSFET, etc.) but mainly MOSFET is used because of their
higher efficiency, low cost and simple driving. By the switches the circuit can be in several
states. In each state it applied different voltages and currents on the capacitors and inductors
of the system. By changing the switching frequency, f,,, we can control the power delivers

to the output but basically, f;,, should be in the vicinity of the resonant frequency, f,..

1.1.1. Series-resonant series-loaded circuit

The resonance of a series RLC circuit, Fig. 1.1a, occurs when the inductive and capacitive
impedances are equal in magnitude but cancel each other because they are 180 degree apart
in phase. The equivalent phasor of the impedance of the circuit is

-2- February 2020



Introduction

Z =R+ Jx; — Jx. and at resonance, f;,, = Z = R where R is the ohmic load and

1
an/ﬁ’
X, and X are the inductor and capacitor phasor, respectively.

Imaginary

XL

Xc Real

Fig. 1.2 Phasor diagram in series resonant circle

The quality factor of the circuit defined as:

- |LL _ S _ S
Q=% orQ_BW_fH—fL (1.2

where f,. is the resonance frequency, BW = fy — f, is the circuit bandwidth and fy, f

defined as -3db points.

The quality factor is defined as the maximum or the peak energy stored in the circuit (the
reactance) divided by the average energy dissipated in it (the resistance) per radian (each
cycle of oscillation at resonance). Fig. 1.3 describes how the current in the circuit is changed
with the switching frequency. The quality factor of the circuit influence that graph: the higher
the circuit’s Q, the smaller the bandwidth BW. With higher value of Q, the graph become

sharper.

Another parameter is the selectivity of the circuit and it measures the ability of the circuit
to reject any frequencies either side of f and f;. A more selective circuit will have a
narrower bandwidth whereas a less selective circuit will have a wider bandwidth. The
selectivity of a series resonance circuit can be controlled by adjusting the value of the

resistance only, R, keeping all the other components the same.

Imax IS the maximum circulating current that can flows in the circuit and equal to 4, =

%. Also, this peak value is reached at resonance as shown in Fig. 1.3. The meaning of that

is that the maximum gain Yout of the circuit (where V,,,; is the voltage of the resistor,

m

represent the load) is unity: V)2 = R« Lyax = Vin.

Further information can be found in [2], which gives a detailed analysis of the series

resonant converter.
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Imax

|max

V2

f, f, fiy frequgncy

Fig. 1.3 Series resonant series loaded circuit current gain for different load values. Higher R, lighter load,
leads to smaller Q and low selectivity (less sharper graph). For f>f, circuit has inductive characteristic. For
f<f, circuit has capacitive characteristic.

1.1.2. Series-resonant parallel-loaded circuit

The resonance frequency of the series-resonant parallel-loaded circuit (Fig. 1.1b) is the

same as the series-resonant series-loaded circuit: f, = The main difference here is

1
2m/LC ’

that the voltage gain can reached more than unity. The ac gain of the circuit is given by [1]:

Gac =5, = TR, A (1.3)

Xcﬂ R
where X, = i and X, = wL are the phasors of the capacitor and inductor, respectively. The

quality factor of the series-resonant parallel-loaded circuit is Q = R\/% . When w = w, their

values are equal and the gain reaches his maximum:
. R .
Gac™ = Gue(wy) = kT —-jQ. (1.4)

Circuit with higher Q have sharper gain graph and their selectivity is higher. This circuit
can reach high output voltage amplitude but the main disadvantage is the high circulating
current running in the circuit since I, = I + Iz. High circulating current requires bigger

inductor which can handle the current and dissipate power.

Further information can be found in [3] and [4], which give a detailed discussion and

analysis of the parallel-loaded converter.
-4 - February 2020



Introduction

VOUt

fr Frequenc'y f, Frequency'

@) (b)

Fig. 1.4 Series resonant parallel-loaded circuit gain for different load values: (a) output voltage vs.
frequency (b) resonance current vs. frequency. Higher R (light load) leads to higher Q and higher selectivity
(sharper graph). For f>f; circuit has inductive characteristic. For f<f circuit has capacitive characteristic.

1.1.3. Input stage of resonance circuits

Resonant circuit should be connected to an energy source to stimulate the resonant tank.
The energy source (voltage) should be an AC source because the resonant tank has no
response to DC voltage. Practically, the input voltage source is a DC power supply and
therefore, an input power stage is needed to create a sinusoidal perturbation. An input stage,
usually, gets a DC voltage at the input and generates a square wave with some frequency at
the output. This frequency is called the switching frequency, f;,,. Two common input stages
are the half bridge and the full bridge.

A half-bridge, built with two switching elements (Fig. 1.5a), S1 and S2 .At the first phase,
when the high side switch, S1, is on, the voltage applied across the resonant network, Vy,
(also called the switching node) is V;,, i.e. V, = V;,,. Current flows from the input DC source
into the resonant network and the load, charging the resonant capacitor and resonant
inductor. At the second phase, the high side transistor, S1, is switched off and after time
called ‘dead-time’, the low side transistor, S2, switched on and Vyx=0V. In both phases power
is flows to the load: at the first phase, the input voltage source supplies the power and
charging the resonant capacitor, and at the second state the capacitor discharges deliver

power to the load.
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A full bridge is built with four switching elements (Fig. 1.5b) S1-S4. At the first phase,
S1, S4 on and S2, S3 off and V,, = V;,,. At the second phase S2, S3 on S1, S4 off and Vyx=-Vin.

optional
31\ /p 51\ 53\
CDC +
Vip Lo — Vin o
"I — + Resonant "I Vi El?t\c,)vn::];
Network 4\
Vy
52\1 2\ s4
AV 4 A V4
(b) @

Fig. 1.5 Input stage for resonant circuit: (a) full bridge, (b) half bridge
Unlike the half bridge input stage which creates V, with a dc level equal Vzﬂ the full-

bridge input stage generates V, without dc level. Fig. 1.6 presents waveforms of switching
node, Vy,, of half-bridge and full-bridge input power stages. The voltage of the switching

node, Vy, can be expressed using the Fourier series:

2Vin 00 1 . Vin
Vi 'Zn=1,3,5...§51n(n 2 fant) + 5, (1.5)

T oo 2

or, if the square wave is symmetrical around 0V, i.e. average voltage is zero, V, can be

express as follows:

4Vin © 1 .
I/x - T ' Z71:1,3,5...5511‘1(71 ) Zn-f:gwt). (16)
Vi A - L B Vi
@ g
T T Vin
Vx 4 v.
© T M SUTS Y SR Vinl2
> t

Fig. 1.6 Voltage applied to the resonant network with: (a) full-bridge, (b) half-bridge
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When switching frequency f;,, is in the vicinity of the resonant frequency f,, fow = f, @
first harmonic approximation can be applied and bridge inverter is described as sinusoidal

source connected to a resonator as shown in Fig. 1.1 [5]. The voltage V, can be described as:

Vy = 2 Vi sin(mf,t) + -2, (1.7)

V, = %Vin sin(21f,,t). (1.8)

The dc component in (1.7) will charge the resonant capacitor to this value. Because of
that, sometime a dc block capacitor, Cp, is added in series with the resonant capacitor. The
capacitance value of Cp should be high enough to block the dc voltage during a switching
cycle, T, and still not affect the resonance frequency designed before. In addition, the
amplitude of V. in resonance circuit with a full bridge is doubled compared to a half bridge
input stage, as can be seen from the equations above, what leads to doubled voltage gain on

the output resistor.

1.1.4. Switching operation

As described at the previous section, a switching method should occur inside the input
stage to excite the resonance circuit. The switching frequency, f,,, of the circuit should be
in the vicinity of the resonant frequency, f, (see Fig. 1.3). Basically, when f;,, = f, the
output voltage can reach maximum gain, unity in series-loaded circuit and higher than unity
(close to Q) in parallel-loaded circuit. Although this advantage, in practical system we will
prefer to switch before or after the resonant frequency i.e. f;,, > f;- or f, < f,-. Main reasons
for that are efficiency and stress on the switching elements. Operating the resonant circuit at
the exact resonant frequency i.e. f, = f;, named “hard-switching” but when £, # f, we

can reach “soft-switching” operation.

In short, soft-switching operation is reached when MOSFET (as the switch) turns on when
the voltage across it is zero, V¢ = 0V (called Zero Voltage Switching or ZVS) or when the
current through it is zero, I, = 0A (called Zero Current Switching or ZCS). ZVS can be
reached by operating the resonant circuit above resonance i.e. f;,, > f, and ZCS can be

reached by operating the resonator under resonance i.e. f;,, < f;.
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1.2. Balancing circuit

1.2.1. Energy storage system

Energy storage system (ESS) is a device that stores energy in multiply forms including
chemical, gravitational potential and electrical potential. When talking about electrical
energy systems this device is essential to the operation of power systems. Electricity
generated from renewable sources, which has shown remarkable growth worldwide, can
rarely provide immediate response to demand. ESS is a bank of energy, users can charge and
use it afterwards. Therefore, ESS’s application is mainly driven by a demand for load shifting
or optimization between a generation infeed and load demand. ESS can range from large

scale storages (e.g. pumped hydro) to micro storage systems (e.g. mobile phone battery).

Today ESS can be found in consumers’ home equipped with solar panels on the roof, as
the energy generator. ESS captures the extra power not use by the consumer at noon and at

the evening the consumer has power directly from the ESS [6].

When talking electronics, ESS are not only used within a context of renewable energy but
with any system that consists of more than a single energy storage cell (ESC). An ESC is a
(relatively small) device that can store a limit of energy within it. Connecting many ESC
together in some topology reveals to an ESS that can stores much more energy. Some
examples for application are: laptop battery, cell phone battery, electronic weapons as

coilgun, railgun and many more pulsed power applications like magnetic pulse welding etc.

1.2.2. ESS - Topologies and types

As mention before, ESS is built with many small energy storage cells (ECSs or ‘cells’).
The configuration of the ECSs determines the voltage and the maximum current could be

charge/discharge the ESS.

N cells can be connected in series, parallel or in series and parallel. Each configuration is
described as a size of a matrix: some cells in series and some of them are parallel. The
following equation describes the configuration of ECSs inside the ESS:

N = (#_series_cells) x (#_parallel_cells). (1.9

Fig. 1.7 shows some optional configuration of N=12 cells inside an ESS:
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Fig. 1.7 optional configurations for 12 energy storage cells: (a) 12x1, (b) 6x2, (c) 4x3, (d) 1x12

Each configuration shown in Fig. 1.7 is right for different uses. For example, Fig. 1.7a shows
atopology with the highest voltage but minimum current it can supply, while Fig. 1.7d shows
a topology with a highest current but minimum voltage. Other topologies, i.e. (b) and (c),

are compromise between voltage and current can get in/out of the ESS.

From a topological perspective the storage cells can be either capacitor, supercapacitor or
battery cells. ESS for high voltage and very high voltage application is usually implemented
by capacitors. Also, pulsed-power-application needs very high current amplitudes coming
out from the ESS or rapid charge of the ESS for the next cycle of operation (peaks of power)
and therefore the best device for the mission is the capacitor. ESS for low-medium voltage
with restricted low volume requirement probably implemented by super-capacitors as an
ECS because they have much higher energy per unit volume ratio. ESS for home application
(e.g. capturing energy from PV panels) will be constructed from battery cell since it is cheap
and has pretty good performance but moreover the leakage current is much smaller compared

to capacitor. Batteries are the first choice when storage time is about hours and days.

9

(b) (©)

Fig. 1.8 Energy storage cells: (a) capacitor, (b) super-capacitor and (c) battery-cell
1.2.3. Cells’ balancing in ESS

Basically, the number of cells in series inside the ESS’s topology, determines his nominal
voltage. The number of cells in parallel determines the maximum current we can consume
from the ESS or charge it. Of course, it determines the energy capacity (in Ah). We choose
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those numbers according the application uses it. Ideally, all cells are identical one to each
other, but practically, cells have somewhat differences between capacitances. The reason is
due to manufacturing variances, assembly variances, different histories experienced amongst
the cells in a battery pack (e.g. charging/discharging, heat exposures, etc.) or even a fatal
fault happened in one or more cells. As a result, the ESS has some limits and restrictions.
For example, discharging must stop when any cell first runs out of charge or charging must
stop when any cell is fully charged. The problem here is that the chain (the ESS) is no
stronger than its weakest link (the cell). And so, without appropriate balancing, the system
is limited and could not reach its maximum potential. Fig. 1.9 and Fig. 1.10 describe situation
of charging and discharging of six cells, respectively, when one cell (no. 4) is unbalanced
relatively to the others. It’s easy to understand now that ESS’s capacity is not six times one
capacitor cell capacity, as expected, but practically the total capacity ready to be used
(charge/discharge) is only a part of it. In Fig. 1.9 charging stops because cell #4 is fully
charged and current gets into the ESS will overcharge and damage it although the other cells
can store much more energy. In Fig. 1.10 discharging stops because there’s some cells fully

discharged and limit the access to the energy stores in cell #4.

|charge

5 GG AN

Fig. 1.9 Charge of 6 cells in series with single unbalanced cell: (a) connection topology, (b) cells’
capacity before charge, (c) cells’ capacity after charge.

|discharge

5 waqagA 0000
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Fig. 1.10  Discharge of 6 cells in series with single unbalanced cell: (a) connection topology, (b) cells’
capacity before discharge, (c) cells’ capacity after discharge.

The previous two figures describe situation of only one unbalanced cell but after some cycles
of charging and discharging all cells are out of balance referenced to each other. The
technique that improve the available capacity of a pack with multiple cells is called cell
balancing.

Cell balancing can be manipulated with any ECSs. The electrical device that performs
cell balancing is the battery balancer but Battery Monitoring Systems (BMS) is a common
name for a full system connected to ESS to perform temperature monitoring, over
current/voltage protection, charging, balancing and other features to maximize the life of the
ESS.

Balancing can be active or passive (both methods discussed in the following sections).
During operation, the balancer compares between the capacity of the cells and then using
decision-making system and control system. It does some actions to close the gap and reach
fully balanced cells in series. How does the balancer determine which cells are not balanced?
In other words, what is the criterion to decide when specific cell is not balanced? Tracking
the difference of cell voltages is the most typical and easy method to obtain, but it is greatly
affected by factors such as working conditions, making it difficult to provide accurate
parameters for the equalization system [7]. More sophisticated to determine is the SoC (State
of Charge). Here the performance is related to the accuracy of SoC estimation [8]. A complex
algorithm is necessary to estimate the SoC of each cell which leads to many calculations and
complexity [9],[10]. Most paper use the SoC control but consider SoC of each cell to be

known and accurate [11]-[13].

1.2.4. Passive balancing

A battery pack or storage product is consisting of many small storage cells. But over time,
the cell matching degrades due to charge/discharge cycles, elevated temperature and general
ageing. Passive balancing is acommon and simple way to perform balancing between energy
storage cell. The idea is to bring all cells to the same energy level as the weakest cell. Using
a relatively low current, it drains a small amount of energy from high SoC or high voltage
cells during the charging cycle so that all cells charged to their maximum SoC/voltage. This
is accomplished by using a switch and bleed resistor in parallel with each battery cell. Passive
balancing allows all cells have the same SoC/voltage level by wasting energy on a resistor

(heat) in a very simple and low-cost method.
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The system connects each cell to a discharge resistor through a switch. When the
controller’s algorithm recognize that the cell is over charged it send a control signal to let
the switch conduct. The cell is connected to the discharge resistor for a period of time
determine by the controller, and energy is wasted upon the resistor. Fig. 1.11 presents a

single cell, connected to a discharging resistor and a switch.

SW

(o]

+
Storage vV
Cell

Rdischarge

Fig. 1.11  Passive cell balancer with bleed ressitor.

Fig. 1.12 presents N cells connected serially with a passive balancer connected to each

cell.
Power Pack
I
| Storage
I Cell #N RdischargeN
I
I
I
I
I
I
I
| Storage _
Cell #n discharge n
I
I
I
I
I
| I
I + I : ﬁVN—
Storage : :
| cen 31 Vil Ruischarge 1 -1 MCU | :
I - | : ;
B —V—

Fig. 1.12 A power pack with N cells connected to passive balancing system. MCU samples the cells’
voltages and determine which cell should be balanced.
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1.2.5. Active balancing

Active balancing method is based on the active transport of the energy among the cells.
There are several types of active balancing methods based of the type of energy transfer. The
energy transfer can be from one cell to the whole battery, from the whole battery to one cell,
from cell to cell or all methods together. The energy transfer can be done using a DC-DC
converter. The energy is transferred from the strongest cells in order to charge the weakest

cells.

Fig. 1.13 shows a power pack consists of N storage cells connected to an active balancer
based on bi-directional converter. The connection is through a switching network. The
switching network choose a single cell to be connected to one side of the converter while the
other side of the converter connected to the whole chain. Then, control signals, coming out

of an MCU, select the cell and determine the direction of energy flow.

Fig. 1.14 shows cell-to-cell energy transfer controlled by MCU through a switching

network.
Pack +

Power Pack
| ral
| Storage Vi |
| Cell#N | "7 ||
I ! :
| ! Cell +
I = | i
| + || DC-DChk—control
| Storage | y/ | Switching |— -
| Cell #n N | Network |cefr-
I )
I v

I_
| ml
| Storage v | MCU
| Cell#1 _l | coptrol u
I |

~ Pack -

Fig. 1.13  Active balancer: a bi-directional DC-DC converter transfer energy between one cell to the whole
power pack.
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Fig. 1.14  Active balancer: a DC-DC converter transfer energy from one cell to another cell.

As one can understand, active balancer is a very effective method, it can save the energy
without waste it. Basically, we can recycle the energy and organize it inside the pack’s cells
to reach balanced cells. The DC-DC converters should be very efficient because balancer
should always work since the cells always lose from their balance. Therefore, as most

efficient the converters are, the more energy will be saved especially for high power pack.

The main disadvantages of active balancing are: first, it’s a complicated method. As long
as the energy transfer is more flexible (i.e. we can transfer energy from in any form), the
more complicated implementation and algorithm are. Second, implementation of active
balancer is much expensive related to passive balancer. Active balancer includes many
components: switches, magnetic elements and many more passive elements. In addition, an
MCU must be included in the design, to handle the balancing method and to control the DC-
DC converters. Of course, a driving circuitry should be added to drive dozens or hundreds
switches and therefore makes a complicated design. As a result, the active balancing method

is more expensive and has bigger volume than the passive balancer.

An easier method to perform an active cell balancing is by transferring an energy only
between adjacent cells. In this method a switching matrix is not needed but between every
two adjacent cells there’s a small DC-DC converter. It based on a small reactive component,

inductor or capacitor, which can store small amount of energy from one cell and deliver it to
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the adjacent cell. The main methods’ work as mention, are the switched-inductor and

switched-capacitor active balancing.

1.2.5.1. Switched-inductor active balancing

Fig. 1.15 shows cells with active switched-inductor balancer. Both Fig. 1.15a and Fig.
1.15b present a balancing cycle operation with four steps. Fig. 1.15a presents energy transfer

from bottom up and Fig. 1.15b presents energy transfer from top down.

| |
| & o ' & o
[ sw, [ sw,
+ +
Storage \V/ Storage | \/
carm| V2| (&) Cell#2 | ()
- L - L
—rrrss e
+ +
Storage (D' Storage | \/ m
Vi 1
Cell #1 Cell #1
SW
b

osﬂlc
(@) (b)

Fig. 1.15  Switched-inductor active balancing: energy transfer between every two adjacent cells: (a) from
lower cell to upper cell, (b) from upper cell to lower cell.

Usually, a DCM operation is used: every cycle starts and ends with zero inductor’s
current, i.e. 1.=0. During the first half of the cycle inductor’s current is ramping up and some
energy is taken from the more energized cell and stored in the inductor. Then, that energy is
delivered to the second cell in the second half cycle. The peak value of the current is varying
as a function of the first cell’s voltage. Each cycle has four phases. Four phases, in the case

of Fig. 1.15b, are described as follows (see also Fig. 1.16):

to <t < ty: swi in conducting and celll with the higher SoC/voltage, is connected to the
inductor. The voltage across the inductor is almost DC and his current is ramping up with
di

2= % The inductor is charged with some energy E; = % L-I2.

slope: ”

t; <t < t,: short dead time: Neither swy nor swz are conducting. I. continues to flow with
Z\V/'S to the upper cell, the voltage across the inductor is Va.

t, <t < t3: the cell with the lower SoC/voltage, cell2, is now connected to the inductor

through swz and current is flows to the second cell. The energy stored in the inductor is
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transfers to the cell and charges him up. The voltage across the inductor is the cell voltage

di V-
and also = = 2,
dt L

t; <t < t,: long dead time. Neither swi nor sw. are conducting. 1.=0 when the inductor’s
energy is fully discharged.

As mentioned before, inductor’s current peak is determined by the first cell voltage as
follows: — %TON. We must ensure that the current reaches zero until the end of the
second half cycle in order to operate in DCM. The negative slope of the current during the

Lpeak __

di
second half cycle is a function of the second cell’s voltage: ” % therefore, we need

to be provide enough time, i.e. TJYF = K—:TON > Ton-

to Ut 3 14

SW,
SW1q
' | t
> :4—»54—»: >
i Ton | TorFitg |
[ 5 [ !
ta1

Fig. 1.16  Typical waveforms of switched-inductor active balancing method. Energy transfer from upper
cell to lower cell (Fig. 1.15h).

From an efficiency perspective, if, for example, the cell with the lowest voltage is the
lower cell in the chain, and the cell with the highest voltage is the upper cell in the chain, the
way for the energy to transfer is down through all the cells in the pack. So, for example, if
the efficiency of energy transfer from adjacent cells is 144; = 95%, the total efiiciency of
the whole process is dependent on the number of cells the energy should pass through, N.

For example, if N=10 then the total efficiency is about n = Tlgdj =0.95' < 60% !

1.2.5.2. Switched-capacitor active balancing

Switched capacitor circuits (SCC) are implement by a filter includes only capacitors

without any resistors or magnetic elements. The main advantages of this method are: first, it
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can be very small in volume because no magnetic elements are needed and second, it can be

fabricated as an IC (integrated circuit). Another advantage is minimal EMI.

The simplest switched-capacitor balancer, consists of a single capacitor and four switches
as presented in Fig. 1.17. Typical waveforms during operating cycle demonstrated in Fig.
1.18:

Storage \V/
Cell#2| ° <
+

| — CrLy
Storage V
Cell#1| ! s4

Fig. 1.17  Switched-capacitor active balancer circuit, switching sequence is: S1, S3 and S2, S4.

ICFLY A

VCFLY 4

0. 5 (V]_+V2)

Fig. 1.18  Switched-capacitor active balancer voltage and current waveforms of the flying capacitor during
steady-state operation. T1: (S1, S3 ON) flying capacitor is connected directly to the cell with the higher
voltage,V1, the curent jumps up and capacitor charged toward V1. T2: (S2, S4 ON) flying capacitor is connected
firectly to the lowest voltage cell and discharged his energy until Vce y=Va,

The switched-capacitor (CrLy), sometimes calls ‘flying capacitor’, is alternating in between
two cells and transfers charge q from the higher to the lower potential with a given frequency
fsw, aiming to level the cells” SoC/voltages. Switched-capacitor method based on the
difference between the cells’ voltage. Charge is running from cell to cell as long as there is

a difference. During balancing, the delta between voltages is get smaller and smaller and
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also the current flows in the switched-capacitor decreases down to zero with full
equalization. The main problem with this method is that significant energy losses occur
during operation capacitor charging, as maximal efficiency of this process is 50%. Another
disadvantage is that the transfer rate of this method is proportional to the voltage differences

between the unbalanced cells — inefficient method with low transfer rate.

1.2.5.3. Resonant-switched-capacitor active balancing

An improved way to transfer charge with switched capacitor is by changing the behavior
of the charge transfer process from flying capacitor behavior into resonant switched-
capacitor (RSC) behavior. The resonant behavior allows volume reduction of the magnetic
element by allowing higher frequency operation. Thanks to the soft-switching capabilities,
the overall power conversion efficiency is not compromised due to the higher operating
frequency [14], [15].

RSC method is built from a capacitor and a small inductor. The addition of a small
inductor in series with the capacitor, help in determine the exact resonant frequency. This
changes the waveforms of the current and voltages in the balancer to a more sinusoidal and
smoother shapes. Those kinds of waveforms reduce the stress across components
(MOSFETs, switched-capacitor, inductor) and let the designer choose components for lower
voltage, current and stress which are much smaller. Also, from efficiency perspective,
sinusoidal shapes enable soft-switching operation (ZCS) reduces power loss and thermal

efforts.

Efficient operation of the RSC should be with switching frequency equal (or very close)

to the resonant frequency:

1

fr(RSC) = —. (1.10)

RSC requires precise capacitance in order to achieve particular resonant frequency or else it
needs special control do detect zero current[16]. The following figures demonstrate the

topology and operation of the RSC active balancer:
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Fig. 1.19  Resonant-switched-capacitor active balancer circuit. switching sequence is: S1, S2 and S3, S4.
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Fig. 1.20  Resonant-switched-capacitor active balancer voltage and current waveforms of the flying
capacitor during steady-state operation: T1: (51,53 ON) resonant current flows from cell2 to the flying
capacitor charges it with some energy, T2: (S2, S4 ON) the flying capacitor discharges upon cell1 with

resonant current.

-19-

February 2020



Capacitor Charger

2. Capacitor Charger

As already mentioned in the previous section, the ESC (energy storage cell) are stacked
on top of each other to increase the voltage of the power pack, and also in parallel to increase
the energy and power of the ESS (energy storage system). At this work, particular storage
cell was used to implement the thesis on - capacitor.

Capacitor can accumulate and stores high voltage for a period of time. Just like a battery,
the capacitor can be charged to a maximum energy as function of its capacitance and the

voltage across him by the following equation:
E=-CV2, 2.1)

But unlike the battery, capacitor can be charged and discharged by a high current, in seconds,
and can withstand many cycles of operation without being damaged. That characteristic, let

the capacitor be the primary component in every pulsed power application.

Pulsed power is a technology that accumulate energy in capacitors charged to high
voltages over some period of time, and then release that energy, across any load, very
quickly. Very high energy is delivered very quickly which means that the power released is
huge. That instantaneous power let us build many useful and powerful applications:

coilguns, railguns, spot welding machine, and more.

Capacitor charger intended to charge single or multiple capacitors as quick as it can. It
should charge the energy bank, capacitors, quickly enough so the energy will be ready for
the next cycle consumed by the application. In order to get a high pulse of energy, huge
bulky capacitors, with high capacitance values are used (2.1).

The simplest approach, is to use a single stage low voltage converter to charge the storage

capacitor. Fig. 2.1 presents a capacitor charger based on that approach:

Low Medium
Voltag Voltage
Vin 1 Low Voltage ] C,
T | Charger |-T°

Fig. 2.1 Low voltage capacitor charger, with a single capacitor at the output, rated to medium output
voltage.

In this approach charge time could become lengthy and the final voltages are rather

limited.
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Another approach is to use a high voltage charger, which could include several stages.
While being able to reach high voltages, this solution becomes rather bulky with multiple
stages and buffers. Fig. 2.2 shows a typical high voltage charger approach.

Low Very High
Voltage Voltage

1y
f'\

High Voltage
Charger

Vin 1C

Fig. 2.2 High voltage capacitor charge, with multiple capacitors stacked at the output with very high
output voltage.

Both of the approaches are generally charge a single bulky capacitor at the output, which
limit the utilization of energy storage to a single discharge source. Basically, large number
of storage capacitors can be used serially and in parallel (see section 1.2.2), we can except
that they will be subject to a higher failure rate than a single storage capacitor. The more
capacitors used, the greater the opportunities to fail and the worse the reliability. Because of
production tolerances, uneven temperature distribution inside the pack and differences in the
aging characteristic of particular capacitor, it is possible that individual capacitors in a series
chain could become overstressed leading to premature failure of the capacitor. During the
charging cycle, if there is a degraded cell in the chain with a diminished capacity, there is a
danger that once it has reached its full charge it will be subject to overcharging until the rest

of the cells in the chain reach their full charge.

More convenient approach to charge many capacitors to very high voltages, is to boost
the input voltage to some intermediate level, and then employ multiplying circuits to create
a number of equally charged capacitors, stacked on top of each other. Fig. 2.3 demonstrates

the capacitor charger consists a voltage multiplier.
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Fig. 2.3 Capacitor charger rated to a very high output voltage utilizes a low voltage charger and voltage
multiplier.

Fig. 2.4 shows 3 modes of a typical capacitor charger supply. First is the charging mode
when the output capacitance is being charged to the targeted value, V1 (blue trace). The shape
of the output voltage during charging is drawn as a linear for illustration purpose only but

many times capacitor charger power supplies designed to operate as a current source.

During charging, the output voltage varies over a wide range in comparison to a
conventional DC power supply and that means the output impedance is also varies
dramatically (from zero to very high impedance) during the charging mode. When the output
capacitor is fully charged, i.e., Vou=VT, the energy is ready to be used for the application.
During the refresh mode the charger operate in a low power, compensate for capacitors
leakage. Finally, discharge mode, very high-power releases from capacitors but the charger
IS not powered.

Refresh
Charging Mode

Mode ' ! .
i i\ Discharge

«——T—>

Vou

\ A

Fig. 2.4 Three modes of operation of a capacitor charger

2.1. Voltage multiplier

One common structure used with capacitor charger power supply is the voltage multiplier.

A voltage multiplier converts low AC voltage to a higher DC voltage using a network of
capacitors and diodes. Voltage multiplier can double the input voltage once, twice or
multiple times and so reach hundreds of kilovolts. The first voltage multiplier was created
by Walton and Cockcroft in 1932 but since then voltage multipliers have become very
essential for high voltage application like capacitor charger power supply. Voltage multiplier
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is a rectifier circuitry that increase the amplitude of the input signal and it’s constructed as a
ladder built with many diodes (or switches) and capacitors while the voltage across each one

of those components is much smaller in comparison to the output voltage.

2.1.1. Cockcroft-Walton multiplier

The classic multistage diode/capacitor voltage multiplier generating high voltages at low
currents. It is used in virtually every television set made to generate the 20-30 kV from a
transformer putting out 10-15 KV pulses. Also, it inherently produces a series of stepped
voltages which is useful in some forms of particle acceleration. The disadvantage of
Cockcroft-Walton (CW) multiplier is a poor voltage regulation, thus heavy load makes a
drop at the voltage output. Fig. 2.5 presents CW voltage multiplier with input voltage source,
Vs, with an amplitude equal to Vin which multiply the input sinusoidal voltage by four, i.e.

Vout=4Vin. Also, two more stepped voltages are generated: 3Vinand 4Vin.

| nd |
| 27 stage | v,
| I A
| |Pe ﬂ_l *
I CsN12Vin
| |D |
+—|:c—3|<l— [
2Vin|;<C3 |
ST 4Vi,
==
3Vin | 15 32l>|_+ | +
| stage Cp!
- :uvi”+ 0, || 2V
|——|<]— I in

VSZVmSiI"I(wt)<7 - -v

Fig. 2.5 Double stages Cockcroft-Walton voltage multiplier with ac input source, Vin, and series of
stepped voltages.

The operation of one stage, i.e. double output voltage, is showed in Fig. 2.6 described as
follows: in the first positive half-cycle (1% phase) diode D1 is in reversed biasing condition
while D is in forward biasing condition. Current flows through both capacitors and will
charge Ci1 to negative voltage and C: to positive voltage. In the negative half-cycle (2"
phase) D: is in forward biasing condition and C; is charged in the positive polarity with
much higher current than at the 1% phase which lead to inclined charging. Diode D; is in
reversed biasing condition. Fig. 2.7 presents currents and voltages waveforms during the

first cycles of operation.
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Fig. 2.6 Single stage CW voltage multiplier configuration and operation principle: (a) positive half-cycle,
(b) negative half-cycle
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Fig. 2.7 Single stage CW typical waveform capacitors voltages and diodes currents.

Now, to understand the operation of double stages CW voltage multiplier, we can look at
the 2" stage just like the 1% stage but now the whole stage is ramped up by the capacitors’
voltages, VC1 and VCo. Fig. 2.8 presents double stages CW voltage multiplier with marked
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potential points: A, B, C, D where points A and B are the input and ground reference voltages
points of 1% stage, respectively and points C and D are the input and reference voltage points
of the 2" stage, respectively. Output voltage of 1% stage is between points B and D while
output voltage of 2" stage is between Vout and point D. Each stage generates DC voltage
equal twice the amplitude of the voltage source. Attention should be paid that the voltage of
the odd capacitor of 1% stage is Vc1=Vin while the voltages of the odd capacitor in higher

stages is equal to 2Vin, i.e. Vci+1)=2Vin for i=1,2,3,...

Fig. 2.8 Double stage CW voltage multiplier
2.1.2. Full-wave voltage doubler

That kind of voltage multiplier rectifies symmetrically the ac input voltage Vin. In each
half cycle one of the diodes conducts, and one of the capacitors is being charged to Vin
amplitude: when the input voltage is positive, capacitor C, charges up through diode D> and
when the input voltage is negative, capacitor Ci charges up through diode Di. As a result,
each of the output capacitors charged to the input voltage amplitude, Vin, and the output
voltage taken across them both. Fig. 2.9 shows two full wave voltage multipliers with
different power input stage circuit. Fig. 2.10 shows input and output voltages. As can be
seen, in this voltage multiplier, the output voltage capacitors charged in doubled frequency
in relation to input voltage source frequency. A half wave voltage multiplier’s capacitor, for
example, get charged once in a cycle and not twice, forcing a bigger capacitor value for the

same load.
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Fig. 2.9 Full wave voltage doubler circuit: (a) non-isolated topology charged to Vou=2Vin, (b) isolated
topology implimented with transformer with 1:n turns ratio for higher gain, Vout = n-2Vin,
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Fig. 2.10  Typical waveforms of full-wave voltage doubler. Every half-cycle one of the output capacitor
charged, refreshing the output voltage in doubled frequency.
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3. Multilevel High-Voltage Modular Rapid Capacitor Charger

This chapter introduces a multilevel high-voltage modular capacitor charger. The unique
architecture allows a single front-end to charge several capacitors connected in series with
actively balanced voltages. Charge redistribution between the capacitors is carried out using
a switched-capacitor balancing circuits. The system’s multilevel structure, and modularity
that stems from isolated design, enables charging of a distributed energy storage to very high
voltages, while the component ratings and stresses are only a fraction of the total voltage.
Using this approach, the designer is free to choose optimal energy storage and switching
components, rather than using bulky, limited in options high voltage components. The
architecture has been validated by simulations as well as on an experimental prototype of
1kW that has been constructed, validating capacitor charging to 1.2kV per module from a
12V input.

3.1. Overview

Pulsed power applications are mostly implemented in a structure where high voltage, high
power energy storage is discharged to the load [17]-[23]. The best candidate for high power
energy storage is a capacitor, or bank of capacitors. The common implementation approach
of these systems is selecting a high voltage single capacitor which is then charged to the
voltage proportional to the amplitude of the pulse. Some obvious drawbacks of this approach
include the fact that high voltage capacitors are large and bulky, rendering the design to be
bulky as well. Another drawback is a complex high voltage capacitor charging power
converter, required to charge the energy storage. To mitigate two of these down sides, a new
multilevel high voltage modular capacitor charger architecture is introduced in this study
(Fig. 3.1). Multilevel architecture enables the designer to select lower voltage capacitors and
charging converter components, which are superior in size and power density comparing to
their higher voltage counterparts, reducing the overall size and volume of the system. The
modularity of the system enables to extend the voltage of the energy storage to much higher
amplitudes than a single module, while still maintaining the advantage of the very low stress
per component. The unique architecture utilizes cell equalization approach to keep the
capacitors in the chain equally charged [24]-[39]. Additional advantage of the multilevel
architecture is the ability to design multisource discharge pattern to accommodate multistage
loads such as a multi-winding magnetic acceleration device targeted in this study. The rest

of the chapter is organized as follows: section 3.2 describes system architecture, section 3.3
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presents design and optimization considerations, section 3.4 presents some validation

results, and section 3.5 concludes the chapter.
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Fig. 3.1 Multilevel high voltage modular capacitor charger

3.2. System architecture

3.2.1. System overview

The system is built around m modules on top of each other, where each module has a
number of serially connected storage capacitors, three in this study. The module consists of
an isolated charging converter that is connected to a bottom storage cell out of a chain of
serially connected energy storage cells. Storage cells employed in this study are capacitors
to sustain high voltages, but from a topological perspective can be replaced by either
supercapacitors or battery cells. The charging converter is programmed to transfer charge
from the source to the bottom capacitor, limited by the maximum converter power. The chain
of serially connected capacitors is interconnected with balancing circuits that are responsible

to redistribute the charge from the bottom cell, receiving capacitor, to the rest of the cells in
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the chain. In this architecture, the charge from the source arrives to each of the serially
connected capacitors, and is distributed between them. One extra balancing circuit per

module is added to maintain equalization between the modules.

3.2.2. Capacitor charger

There are several options to implement a capacitor charger [40]-[44]. As can be seen in
Fig. 3.2, in this study the capacitor charger is built around a double bridge series resonant
converter, where the input bridge is active (comprises of transistors), and the output rectifier
is realized with diodes. Within the context of a capacitor charger, a resonant converter is
preferred over a PWM type converter because of several factors: (a) regulation of charge
transfer to the load; (b) operation in ZCS; and (c) the output impedance characteristics it
presents to the output capacitor. A step-up transformer is used for both isolation and step up
of the input voltage. The resonant tank consists of a resonant capacitor Cr and resonant
inductor Lr, while leakage inductance of the isolation transformer can function as a resonant
inductor [38], [45]. Capacitor charger operation is similar to a conventional resonant
converter operated in DCM. The switching frequency, fs, is set to be lower than the resonant
frequency, fr, i.e. fs < fy, to maintain DCM operation. An additional switch Qs is introduced
to enable DCM operation at all time, and to avoid current back flow to the source. Current
back flow takes place due to the large voltage difference between the input voltage and the
output voltage mirrored to the primary during the charging operation of the system. Due to
the high-quality factor the resonant tank charges up and develops resonant capacitor voltage
that exceeds the input voltage. High resonant capacitor voltage flips the direction of the
resonant current during the dead time, forcing the body diodes of the active bridge
MOSFETs to conduct. This condition results in energy loss and unnecessary current
circulation that is overcome with additional switch Qs, which is turned on and off under ZCS

conditions.

D1 D3

Vout

D2 D4

Fig. 3.2 Full bridge isolated capacitor charger
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3.2.3. Balancing circuit

To enable charge flow between the bottom capacitor, charged by the capacitor charger
and the rest of the storage capacitors, a network of charge redistribution converters is used,
the balancing circuits [24]-[39]. Each balancing circuit is built around a resonant switched-
capacitor converter and designed to support two adjacent capacitors. Each balancer consists
of two half bridges each in parallel to the storage capacitors, and a resonant tank, which is
the switched capacitor cell. Each pair of storage capacitors has balancing circuit attached to
it as can be seen in Fig. 3.3a. Running the switches at the resonant frequency of the switched
capacitor cell with approximately 50% duty cycle enables voltage equalization of adjacent
energy storage cells [25]-[29].
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Fig. 3.3 Balancing circuits: (a) A single balancer schematic; (b) Balancers extra hardware for
multimodule compatibility (balancer C and traces highlighted in bold red).

3.2.4. Extension to m modules

The multilevel capacitor charger employed in this study is compatible to be extended
serially to increase the maximum voltage of the energy storage. Each unit that includes the
charger and balancer is treated as a single independent module rated for a nominal voltage
of Vnom (Fig. 3.1). It becomes possible due to the isolation transformer used in between the
primary and the secondary bridges of the double bridge charging converter, and independent
operation of each of the modules, where balancing circuits equalize the cells within each
module. Connecting in series m of these modules enables to extend the voltage rating of the
energy storage. The primary side of each charger is connected in parallel to the voltage
source, while the output part is connected in series to each other, (Fig. 3.1), stacking the
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storage capacitor chains on top of each other. An extra balancing circuit, Balancer C, (Fig.
3.3b), is added to each module for serial connection compatibility. The extra balancer is in
charge to equalize between the last storage cell of its own module and the first storage cell
of the module above in the chain, maintaining continuous balancing along the whole serial

stack of storage capacitors.

3.3. Design and optimization considerations

3.3.1. Industry inclined system optimization

Technology development in the modern world is majorly incremental, with rare
exceptions that bring a break through and push us to a new technological level. In this
environment, freshly invented technology becomes mature in a period of several years to a
decade, and it is commercialized to support new or improved product. Commercialization
process doesn’t necessarily treat equally every application. Some applications are favored
by higher consumer demand, or governmental legislation and standards. As a result, favored
products get an increased interest and see increased incremental development over their

peers from the same technology, until the next break through arrives.

An example of component selection based on industry inclined optimization related to
this study, would be a selection of an energy storage, a capacitor, which occupies minimum
space and supports maximum charge storage rated for 1.2kV. Fig. 3.4 demonstrates
commercially available aluminum electrolytic capacitors spread, where the energy per unit
volume is the performance metric, while rated capacitor voltage is the parameter. Several
maximum performance points are outlined, which coincide with industry interest voltage
ratings in the fields of automotive (12-24V point A in Fig. 3.4), data centers (48V point B in
Fig. 3.4), and grid connected applications (250V for US points C and D in Fig. 3.4, and 350-
400V for EU points E, F and G in Fig. 3.4). Examining Fig. 3.4, the capacitor at point G has
been selected to achieve the best energy per volume for the maximum voltage of a 1.2kV.
The approach is to connect in series 3 capacitors rated for 450V each that are optimized for
the EU grid, to achieve 1.2kV. The common practice of selecting a single bulky capacitor
rated for the maximum required voltage is the least favorable approach in terms of energy
per volume. The same industry inclined optimization is true in regards to switching elements.
Switches rated for 500V for example, are better in terms of power density than the switches
for 1.2kV. To achieve the benefit of industry inclined optimization a unique multilevel

modular architecture is required, similar to the one introduced in this study. Three serially
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connected capacitors constitute the energy storage of each module, to provide output of
1.2kV.

Energy/Vol [J/cm”3]
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' 52mm Height
0.0

0 100 200 300 400 500 600 700
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Fig. 3.4 Capacitor’s energy density vs. maximum voltage rating
3.3.2. Design considerations

The regulation approach of the charging converter used in this study is the Pulse-
Frequency Modulation (PFM). Input voltage source is connected to provide current for a
predefined time frame, the half resonant frequency period of the tank and the width of the
pulse, T//2. Regulation parameter in this case is the switching frequency, which controls the
density of the pulses and the amount of the processed energy. The ratio between the pulse
width and the switching cycle length, Ts, is defined as D = T,/ Ts, where T is always smaller

or equal to Ts.

Next to the voltage considered as the full charge, and capacity of the energy storage,
which are dictated by the application, the major parameter to be considered by a designer is
the time available to charge the capacitor, Tcnrg, Which sets the nominal power and physical
volume of the charger. To calculate Tchg for presented topology we assume that the
balancing circuits are lossless, and shuttle the charge instantaneously between storage
capacitors, which is a reasonable assumption as long as the balancers are sized according to
the required power level. As a result, the total output capacitance of the charging stage equals
the sum of all the storage capacitors in the module, three times the capacitance in the case
presented here. Averaging the net amount of charge provided by the charger to the output
each half of its switching cycle, we calculate output voltage increment that took place from
the end of the previous cycle. The increment, 4Vout is a function of switching period and the

average current:

layg Ts
AVoyr = Cougt >0 (3.1)
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substituting the expression for average current layg into (3.1), voltage increment takes the

form of:

2Cout T R N 2Cout '

Vout
2 T 2 [Vin——xy 1 T
AVour = . Ir_pk D - == < & —> D (3.2)

where N is transformer’s turn ratio. Finally rearranging (3.2) into (3.3) results in a
straightforward expression.

DT, Vout
AVyyy = ——-—>——- (V- — —) .
UM NR-Cpyerm V' N (33)

The voltage in n-th half-cycle can be calculated by adding the voltage at the previous half-

cycle, i.e. Vout[n-1], plus the voltage increment developed in (3.3):

Voutlnl = Voyeln — 11+ K (Vin - W), (3.4)

where K is the ratio between the output time constant and the switching period K = DTs /
(NRCoutrr) and R is the total loop resistance including stray resistance, capacitor ESR,
MOSFETs Ras.on and inductor resistance. Applying (3.4) for each of the half cycles
preceding n-th half cycle, an equation for the voltage Vou[n] could be written, where a first
member is the initial capacitor voltage Vout[O]:

2

Voueln] = K - Vi [1 + (1 —%) + (1 —%) bt (1 —%)M_l] + (1 —%) Ve [O] (3.5)

The expression in the square brackets in (3.5) is a geometric series, which can be rearranged

to express the target charge voltage Vr as a function of the number of half cycles M:
n
Vi = VouelM] = KViy M (1 - %) (3.6)

where Vou[0] is assumed to be 0 volts, i.e. a charge from completely discharged capacitors.

The sum of (3.6) has a finite expression:
M
Vp = NV, [1 -(1-3) ] (3.7)

Rearranging (3.7) for M, the number of half switching cycles to charge the output capacitor
to targeted voltage, Vr, can be summarized as:

log(1————
g( NVi )

= .
log(1-3)

(3.8)

Multiplying (3.8) by the switching half period and dividing by the duty cycle, the charging

time to reach a target output voltage can be expressed as:
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Vr
log(1—
8( NVl-n) Tr 1

Tchrg(VT) =T k. o7 (3.9)

K
logl-; 2D

where the resonant time is defined as: T,. = 2m,/L,.C, . Equation (3.9) presents a finite and
closed solution for the time required to achieve a certain final capacitor voltage, considering

the changes in the charging conditions along the process.

To estimate the heat dissipation an efficiency calculation is carried out. The calculation
considers conduction losses only. Since capacitor charging involves extremely wide
variation in the output voltage the efficiency constantly changes with the rise of the output
voltage. The efficiency of these systems lies in the range of a converter that operates in
constant transient mode rather than a converter that operates in steady state, and expected

numbers are hover around 30% or sometimes go even lower.

A calculation of an average efficiency of the charging process is based on per cycle
efficiency calculation, and averaging of the results. The basic efficiency equation used is
shown in (3.10):

POSS
Navg = 1 ——2= (3.10)

Pin ’
Input power and the losses are calculated in the similar way as described for Vr in (3.6),

using the finite sum of the geometric series (full mathematical derivation given in the

Appendix). The number of switching cycles is M/2 as calculated in (3.8):

2
DV K\2"M
inyM _n
1 Pioss 1 2R Zn:o(l N)

2
Pin 2DVin M (1_£)n
nR “n=0 N

, (3.11)

Rearranging (3.11) the average efficiency to charge the capacitors to the target voltage

Vout=VT can be summarized as:

 1+qM+1

)
Nave =1 =7 — 77—+ 100 [%], (3.12)
K
whereqg =1 — e

3.4. Simulation and experimental validation

To validate the theoretical concepts and operation of the system introduced in this study,
a multilevel modular capacitor charger unit has been designed and fabricated. The validation
of the concepts using numerical simulation is carried out and three modules of the multilevel

modular capacitor charger are built and evaluated in numerical simulator PSIM. The
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schematic of the system follows the structure of Fig. 3.1, where three modules are stacked
on top of each other, in parallel at the input, and in series at the output. TABLE | summarizes

the main parameters of the system including the storage capacitors.

TABLE |. SYSTEM’S PARAMETERS

Parameter Symbol Value/Type
Input voltage Vin 12v
Transformer ratio N 1:50
Resonant inductor L, 1pH
Resonant capacitor Cr 1uF
Resonant frequency (charger) fr1 160kHz
Flying capacitor Ci 0.1pF
Flying inductor Ly 1pH
Resonant frequency (balancer) fr2 500kHz
Storage Capacitor Cout 330uF
DC Voltage rating Vbe 450V
Equivalent series resistance ESR 1mQ
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Fig. 3.5 Simulation of charging operation with: (a) D=0.9; (b) D=0.5.
Basic charging operation waveforms are presented in Fig. 3.5 where a 90% duty cycle

and 50% duty cycles are demonstrated.

Transformer resonant currents are shown in Fig. 3.6. Simulation results are presented in
Fig. 3.6a, and experimental results are shown in Fig. 3.6b. Converter operation includes a
main high peak sinusoidal current followed by a smaller resonant shape immediately after
it. The second resonant shape is induced due to the high quality factor resonant tank that
results in resonant capacitor voltage exceeding the input voltage during some time at the
beginning of the charging process when the difference between the input and the output
voltages is high. Since the gating of the charger allows some extra time to ensure zero voltage
switching in the presence of resonant tank component variation, a reverse current flow from
the capacitor is developed and creates a lower amplitude sinusoidal follow up. This follow

up however, doesn’t impacts efficiency, since it is rectified by the passive rectifier at the
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secondary side, and adds to the total converter energy transfer to the output. A good

agreement between the simulation and experimental results as demonstrated in Fig. 3.6 was
obtained.
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Fig. 3.6 Transformer resonant currents experimental vs. simulation results. (a) Simulation: primary
current (top) 50A/div., secondary current (bottom) 2A/div.; (b) Experimental results: primary current (pink)
10A/div., secondary current (yellow) 0.5A/div.

A resonant tank voltage generated by the full bridge rectifier is presented in Fig. 3.7.
Simulation results are shown in Fig. 3.7a, the current in the resonant tank is shown in red,
and the voltage across it is shown in blue. Experimental results are presented in Fig. 3.7b.

The waveforms in both simulation and experimental evaluations are within a close fit to each

other.
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Fig. 3.7 Resonant tank voltage. Experimental vs. simulation results. (a) simulation results: transformer
primary resonant current (red) 50A/div., resonant tank voltage (blue) 50V/div., (b) Experimental results:
transformer primary resonant current (pink) 10A/div., resonant tank voltage (blue) 10V/div.

The voltage and the current of the resonant capacitor, Vcr, and lcr at the begging of the
charging process and at the middle of the charging process are presented in Fig. 3.8 and Fig.
3.9, respectively. The simulation results of Vcr are shown in Fig. 3.8a and Fig. 3.9a while
the experimental results of Vcr are shown in Fig. 3.8b and Fig. 3.9b.
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Fig. 3.8 Resonant capacitor C; voltage and current at the beginning of the charging process: (a)
Simulation results: from top to bottom: transformer primary resonant current 50A/div., Vcr 50V/div., gate
signal. (b) Experimental results: transformer primary resonant current (pink) 20A/div., V¢, (blue) 20V/div.,
gate signal (Q2) (yellow) 5V/div.
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Fig. 3.9 Resonant capacitor C; voltage and current in the middle of the charging process, at 60% point to
target voltage: (a) Simulation results: from top to bottom: transformer primary resonant current 20A/div., Vcr
20V/div., gate signal. (b) Experimental results: transformer primary resonant current (pink) 20A/div., Ver
(blue) 20V/div., gate signal (Q2) (yellow) 5V/div.

The voltage stress across the switch Qs (see section 3.2.1) is presented in Fig. 3.10.
Simulation results are shown in Fig. 3.10a, and experimental results are shown in Fig. 3.10b.
A good agreement is shown between simulation and experimental results. Full charging
process experimental results were carried out with a prototype board as shown in Fig. 3.13.
A storage electrolytic output capacitor of Cout=330F is charged to Vr=300V off an input
voltage source of Vin=12V with an average charging power of 25W and peak instantaneous
power of approximately 70W. The charging current and output voltage are shown in Fig.
3.11a. A charge with an average charging power of 45W and peak instantaneous power of
approximately 140W is demonstrated in Fig. 3.11b. A shorter charging time can be observed
in Fig. 3.11b. Validation of charging time (3.9) using cycle-by-cycle simulation is shown in
Fig. 3.12. Blue trace presents the target charge voltage and the time required to reach it as
calculated by equation (3.9), while the stars represent cycle-by-cycle simulation results as
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were aquired in PSIM simulator. The minor discrepancy between the theoretical trace and

simulation results is due to the assumption that the balancers are lossless.
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Fig. 3.10  Switch Qs (keeping DCM operation) drain-source voltage. Experimental vs. simulation results.
(a) Simulation results. From top to bottom: transformer primary resonant current 50A/div., Vps_gs 10V/div.,
gate signal. (b) Experimental results: transformer primary resonant current (pink) 10A/div., Vps_gs (green)
10V/div., gate signal (Q2) (yellow) 5V/div.
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Fig. 3.11  Experimental results: full charge of output capacitor with Cou=330pF, Vin=12V, Transformer
primary resonant current (pink) 10A/div., Vou on Coyt (blue) 50V/div. with time scale: 100ms/div. (a) D=0.3,
Pout_avg=25W, Pout_max=7OW ) (b) D=0.6, Pout_avg=45W, Pout_max=140W

3.5. Conclusion

In this study a new architecture of multilevel high voltage modular capacitor charger is
presented. The architecture is based on a double bridge resonant converter operated in DCM
as a charger that is connected to a series of energy storage cells equalized with switched
capacitor balancers. The unique architecture enables the designer to spread the stresses
across several components and select optimal components as dictated by the industry, i.e.
carry out an industry inclined optimization, and to avoid the common solution where full
rating bulk components are chosen. Industry inclined optimization is discussed along with
design considerations such as regulation, charging time and charging efficiency. An

experimental prototype has been built and evaluated experimentally. The validation of
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system operation has been carried out using PSIM numerical simulation and experimental

trials and found to be in an excellent agreement with theoretical premises.
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Fig. 3.12  Theoretical results of a single module charging times versus targeted output voltage with 3
capacitors in series, 330uF each. Blue trace is a model calculation, and discrete stars in red are the PSIM
numerical simulation. Parameters are: Vin=12V, N=50, D=0.9, Co,:=990uF, R=96mQ

Fig. 3.13  Prototype board, including charger and balancer.
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4. High-Performance Compact Electromagnetic Coilgun
Propulsion System with Low-Voltage Modular Rapid
Capacitor Charger

Magnetic propulsion systems utilize electromagnetic actuators to convert electrical
energy into Kinetic energy. A potential candidate to be mobile and compact payload launcher
is a coilgun magnetic accelerator in which propulsion is inherently generated without contact
and with no friction. A fundamental obstacle of the existing solutions is the low energy
conversion efficiency that primarily stems from saturation of the propelled object by the
excessive force of the actuator. This study introduces a partition methodology for the coilgun
structure which enhances power and energy utilization along the propulsion track. It is
enabled by a low voltage modular rapid capacitor charger with multilevel voltage bus and
peripheral circuits, to achieve accurate timing sequencing. The resultant system is of
significantly higher power density and potentially capable of producing higher velocity
propulsion per unit volume. The concept and circuitries are described in detail. Experimental
validation is provided for a 1KW rated rapid capacitor charger prototype, that charges

3x1mF serially connected capacitors to 1,200V from a 12V input source.
4.1. Overview

Using magnetic fields to create mechanical forces has a large number of applications
ranging from magnetic bearings for high speed flywheels, through levitation and
stabilization devices, and to acceleration devices or propulsion systems. Electromagnetic
propulsion systems are used in everyday life to shuttle payloads, converting effectively
readily available and convenient electrical energy into magnetic field and into acceleration
force. The most recognizable civilian magnetic propulsion system is very high-speed train,
the MAGLEYV [46], where magnetic forces are used for both: levitation - to reduce the wheels
friction, and propulsion. In the case of MAGLEV, acceleration is achieved by using the basic
attraction and repulsion of magnetic poles. There are however at least two more kinetic
acceleration system methods used to convert electric energy into magnetic field and into
acceleration force. First is the concept of railgun payload acceleration [47], [48], where a
current is passed through an increasing loop formed by the launch object and the launching
rails, and interacts with the field it has created, resulting in a Lorenz force to accelerate the
payload. Second is the concept of a gauss, or coilgun acceleration [49]-[56], where a

ferromagnetic object is passed through a coil with magnetic field that creates a Lorentz force
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to accelerate the payload. Although railgun concept has demonstrated successfully
generation of high velocities, its primary drawback is the large friction between the rail and
the launched object. In both the MAGLEV and railgun cases the payload is actively
participating in creating acceleration force. High power electrical magnet is carried on board
the MAGLEYV, and a huge current is passed through the launched object of the railgun, which
requires intensive thermal management as well as mechanical maintenance. Coilgun concept
however, is preferable in the cases where the payload needs to remain passive, and to avoid
friction between the actuator and the projectile. As a result, coilgun concept would be

friendlier for potential miniaturization and mobile applications.

The basic coilgun structure is a single launching coil powered by a high voltage pulsed
source to generate current pulses and convert them into magnetic field. Coilgun based
acceleration system requires high power density, and the energy transferred is low, since
most of the energy is wasted in the process as a result of the limited tangential range between
the force generating coil and the fast-moving core. In addition, the magnetic field induced
on the ferromagnetic core forces it into the saturation region, which from then on, the
improvement in the acceleration force is negligible. The current needed to achieve some
usable acceleration lays in the range of tens of kiloamperes, as a result the voltage required
needs to be in the range of tens of kilovolts. Very high current pulses result in destructive
effect on the system, reducing system reliability, and very high voltages require bulky

components to be used, making the system occupy a lot of space.

In order to improve the system in terms of size, power and energy density the amount of
electrical energy that converted into kinetic energy needs to be maximized [51]. To achieve
that three major development directions are identified in this study. First is to increase the
efficiency of energy conversion and waste less energy in the process. This implies usage of
lower voltage pulsed sources and avoiding deep saturation regions to achieve comparable
accelerations, reducing the loss and increasing the efficiency of the overall energy
conversion. Second is to utilize best available location and timing sensors. Precise timing in
coilgun is crucial to avoid any reminders of the current pulse to brake the payload instead of
accelerating it, reducing the kinetic energy of the payload in the desired direction. Third, to
modularize the system to reduce size. A more advanced coilgun design consists of multiple

coils, where the payload is accelerated in several, smaller consecutive acceleration steps.
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Fig. 4.1 Schematic diagram of a magnetic propulsion system module.
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A modular distributed coilgun system concept diagram is schematically shown in Fig.
4.1. The power management and energy distribution system are modularized, to increase
power density, and avoid potential redundancy of similar units to cut on volume and weight
of the system. Partition of acceleration coil into multiple coils with lower inductance, enables
lower voltages to be applied per unit coil, but retain comparable acceleration force. Power
distribution source division, enables lower voltage components to be used, reducing the
voltage stress and high voltage isolation requirements. Charging power converter partition
enables to omit some redundant parts that are common to many of the multiple coils.

The objective of this study is therefore to introduce a system level methodology to
enhance the electrical to kinetic energy conversion efficiency, reduce the volume of the
magnetic actuators, and significantly increase the power density of the electrical drive
generation system. By doing so, higher velocity propulsion is enabled per volume of the
coilgun system. This is enabled by partition of the magnetic actuators along with modular
multilevel construction of the power driver which exploits the higher power density
components at low-medium voltage ratings. It is a further objective of this study to present
the details of the primary building blocks associated to the enabling technology such as
modular rapid capacitor charger, magneto-mechanical displacement and velocity sensors,
and activation circuitry to successfully implement coilgun operated from a low voltage

source.

The rest of the paper is organized as follows: section Il surveys the basics in coilgun
operation and designs, and presents an advanced distributed coilgun concept. Section 11l

introduces a multilevel rapid capacitor charger configuration with multilevel voltage bus.
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The backend periphery and supporting circuitry and sensors are described in Section IV.
Section V presents experimental validation of distributed structure, rapid capacitor charger

with multilevel voltage bus. Section VI concludes the paper.
4.2. Coilgun operation

Coilgun operation is based on a physical phenomenon, where a ferromagnetic element
experiences force in the presence of magnetic field. The name of the phenomenon is Lorenz
Force, and it is summarized in a law stating that the force is proportional to the coil and
ferromagnetic object properties M, and is a function of magnetic field gradient dB., applied

to the ferromagnetic object:

F=M—

(4.1)

(@)
' (b)
]
A Force F, : F=M-dB,/dz
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Coil middle point \ /

Fig. 4.2 Schematic diagram (a), magnetic field (b), and acceleration Lorenz force (c) on a ferromagnetic
projectile in a single coil magnetic propulsion system

4.2.1. Single coil propulsion

The simplest electromagnetic propulsion system or coilgun is based on a single coil
wrapped around an acceleration path. A current is passed through the coil, which excites a
magnetic field in the coil and along the acceleration path, which in turn creates a force,
Lorenz force, which pushes a ferromagnetic payload in the direction of the force, Z axis in
Fig. 4.2. A basic coilgun structure is shown in Fig. 4.2a, where part A is the coil, part B is
the acceleration path, and part C is the payload. The distribution of the magnetic field along

Z axis as calculated by a FEM software simulation package, ANSYS-Maxwell is shown in
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Fig. 4.2b. The Lorenz Force along the Z axis that is applied to the payload as a result of the
magnetic field is shown in Fig. 4.2c. The unique shape of the force indicates that the payload
experiences positive force in the direction of the launch only up to the middle of evenly
winded excitation coil. This is well highlighted in Fig. 4.2b, where the maximum magnetic
field is developed in the middle of the coil, the red area, and the field is diminishes towards
both external sides of the inductor. It creates positive gradient of the field as the payload
enters the coil, and negative gradient as the payload passes the middle point. In this way,
passing the middle point, the payload experiences a negative force, i.e. braking of the
payload is taking place. For best launching performance breaking needs to be avoided. There
are two major solutions to avoid breaking. First is to force the coil excitation current to zero,
once the payload reaches the middle point of the coil. Another solution is to design the
excitation circuitry so that the length of the excitation pulse is shorter than the time that the
payload reaches the middle point, and the current has enough time to fall back to zero before

generating the braking action.

4.2.2. Cascaded coil propulsion

Magnetic fields required to create a significant Lorenz force, demand a very high current
to be circulated through the acceleration coil. Extremely high voltages are required to
achieve these currents. To sustain very high voltages, bulky components such as large very
HV capacitors are used, and inefficient scalable converters capable to reach extremely high
voltages are employed such as Cockcroft-Walton converter. This results in a system with
poor power density and bulky. However, the amplitude of the pulse doesn’t scale endlessly.
At a certain point, current pulses become extremely high, creating huge mechanical forces
that cause deformation of the inductor, move the conductors relative to one another, and
become hard to counteract. In addition, high voltages that are applied to the inductor along
with its mechanical deformation bring to an often shoot through and failure of the

acceleration coil altogether.

A common solution to remedy some of the disadvantages of a single coil propulsion
systems is to cascade several acceleration coils along the acceleration path, and to activate
them one after another as the payload moves through. This solution allows to limit the peak
current to a certain, tolerable maximum that maintains the integrity of the system. Several
coils, each contributing lower acceleration, activated consecutively contribute to reaching
high final velocity. Cascaded structure has the ability to partially cancel the unwanted
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braking action of the previous coil by the next coil, and one of the major challenges of a
single coil propulsion system, the residual tail of the current, needs to be solved at the last

coil only, where it could be taken care by a different shape of the current pulse.

Cascaded coil configuration is generally activated by either of the two methods. First, the
same very HV capacitor is reused for all of the coils. It is charged to its maximum voltage,
and then connected to each of the coils, with lower and lower voltage applied to each
subsequent coil. Another approach, is having a separate very HV capacitor for each of the
coils. In the first case, the system suffers from huge voltage spikes resulting from high
current turn off, but it could have lower volume. In the case of multiple very HV capacitors,
the system occupies much larger volume, but it is capable to achieve the maximum
acceleration possible within the maximum tolerable peak current limitation. Yet, in both
cases the voltage of choice is around 10kV, and high power very HV capacitors are rather

bulky, rendering these systems to be extremely large and heavy.

4.2.3. Advanced segmentation propulsion

As outlined above, HV isolation requirements and high mechanical stresses caused by
large currents are among the major, indirect contributors to the size and weight of the
launching system. Further reduction in the voltage and current stresses over the cascaded
design are needed in order to increase power density and reduce the volume of the system.
The approach demonstrated in this study is based on system partition beyond the concept of
basic cascaded coil propulsion.

Each cascade is further subdivided into a lower inductance coil units so that the voltages
required for each unit are reasonably low, while the currents are maintained high enough as
in the cascaded case, but within a tolerable maximum for system integrity. Coil units could
be similar to that in cascaded case, but each unit has lower inductance and parasitic resistance
allowing to develop the same peak current pulse out of a lower voltage source. This can
significantly reduce the volume of the system and increase power density [55]. Moreover,
having a large number of coil units enables force gradient and acceleration along most of the
acceleration path. Comparing to a single coil, where the acceleration takes place only to the
middle of the coil, partitioned coilgun case is superior in creating longer acceleration path.
Comparing to the cascaded case, where the last coil is used to take care of the braking part
of the current, in partitioned coilgun case only the final coil unit of the last cascade module
needs to take care of the braking current, which is again a better alternative.
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Fig. 4.3 Schematic diagram of advanced partitioning magnetic propulsion system.
4.2.4. Conceptual architecture of segmented propulsion system

Large number of coil units pose several implementation challenges. Fine division of each
cascade in the propulsion system requires a large number of power capacitors to be used as
the pulsed voltage sources for each coil unit, and each of these capacitors needs a charging
and control circuitry. One possible way to implement the system is to build an isolated
charger for each capacitor, and independently charge them. This approach however, requires
very large number of similar systems operated in parallel, creating huge redundancy, a
system with large number of components that results in increased potential failure rate and
large volume. An alternative approach explored in this study is to divide the system into
independent modules where each module has a single capacitor charger, serves several coil
units, and covers approximately the number of coil units that would be used for a single

cascade in an equivalent cascaded system.

A conceptual structure of the launching part of a partitioned coilgun magnetic propulsion
system is shown in Fig. 4.3. Each module is designed to maintain kV range voltage that is
high enough to achieve the maximum allowed pulse current in the cascaded system, but most
of the module components, such as the switches and capacitors are exposed to much lower
voltage, in the range of several hundred volts. In the basic version, each capacitor serves a
single coil unit, while in the more advanced case, as described in section IV, a combination
of several capacitors within the module could activate a single coil unit or a combination of

coil units based on the system requirements and switching network (Fig. 4.1) complexity.
4.3. Rapid capacitor charger with segmented balanced high voltage rail

In order to support a large number of coils in a coilgun, a unique power and energy
management system is needed. The challenges described in previous section call for a large

number of charging and managing systems. The system developed in this research
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overcomes the redundancy of multiple chargers, and is built around multiple number of self-
sustained modules, comprised of several energy storage capacitors each that enable on one
hand fine distribution of the acceleration coils and associated benefits, while on the other
hand, keep relatively low the overall number of components and overcome some of the

deficiencies of traditional implementations.

The basic architecture of a single charging and energy management module is arranged
in two stages (Fig. 4.4): an isolated charger [23], [40]-[41], [57] followed by a voltage
multiplying and active capacitor equalization circuits [27], [58]-[59]. The charger utilizes
high voltage isolation transformer T1 that makes each of the modules independent, self-
sustained and floating at their secondary. High voltage isolation enables the modules to be
stacked on top of each other to create very high voltages. The charger output connects to the
bottom capacitor Cy, via rectifier. In this study, each module comprises a stack of three
capacitors. Capacitors C, and Cs3 receive the charge from capacitor C1 through equalization
circuits that are responsible to charge the capacitors in the stack and redistribute the charge
evenly. The number of voltage multiplier circuits is as the number of energy storage
capacitors. The topmost multiplier, that is omitted from Fig. 4.4, is responsible to maintain
charge equalization between the current module and the next one. In this manner the energy
from the charger is equally redistributed across the capacitors in the module, and a reference
to both previous and the next modules is maintained.

Vin

Q2

Fig. 4.4 Schematic of a rapid capacitor charger for magnetic propulsion system with advanced
partitioning.

Capacitor charger is built around a dual bridge resonant converter [38], [55]. The
converter is configured in a series resonant mode, where the input bridge is an active bridge,
and the output bridge is passive (Fig. 4.4). The converter is operated in DCM, slightly below
its resonance frequency to maintain ZCS, regulate the amount of charge transferred to the

output, and present a current source type, high impedance to the output capacitor. To
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maintain a DCM operation an extra unidirectional switch is required to block the voltages
developed at the resonant capacitor during the first phase of charging operation. An active
switch Qs is used to reduce the losses associated with forward voltage drop of the diode in
the presence of high currents of the primary side. In addition to isolation, transformer T1 is
used to step up the voltage, and its leakage is used as a resonant inductor to resonate with

resonant capacitor.

To reduce the number of chargers per module, a charge redistribution by voltage
multipliers from C; to the rest of the capacitors in the chain is used. Voltage multipliers are
built around two half bridges in parallel to two storage capacitors, and a resonant tank Cy
and L, constituting a resonant switched capacitor converter. Each voltage multiplier serves
two adjacent energy storage capacitors. The half bridges connect the resonant tank to each
of the storage capacitors with 50% duty cycle and running at the resonant frequency,
enabling the resonant tank to charge from the capacitor with higher voltage and provide the
excessive charge to the capacitor with the lower voltage. In this manner the voltages of both
adjacent capacitors are maintained in a close vicinity to each other. This operation ensures
that no high currents are developed in the voltage multiplier components, enabling selection
of smaller, lower stress rated components. In the faulty case of uneven storage capacitor
discharge, a slow discharge and recovery algorithm is implemented to restore capacitor
voltages to be close to each other.

4.4. Backend electrical systems

Several backend systems are required for timely activation of a large number of units with

suitable voltage and current amplitudes.

4.4.1. Positioning and velocity sensing

There are three common practices to activate cascaded coils. One is by experimentally
timing the periods it takes for the projectile to pass each of the subsequent coils. The second
one uses trial and error tune up procedure, where the activation of each coil is trimmed up,
and projectile exit velocity is used as an indicator. The third method is using active projectile
positioning system. One of the active positioning system implementations is using optical
sensors [60]. To achieve high positioning precision with optical sensors expensive optical
components and high-quality expensive machining of the parts are required. Positioning
method used in this study requires neither expensive components nor special machining. The

method is based on inductance change of a winding while a ferromagnetic element is passing
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through it. A basic relationship of inductance, L as a function of permeability of the coil core

IS summarized in (4.2):

n?4,

L=p—, (4.2)

le

where u is the permeability of the coil core, n is the number of turns, Ae is the cross section
of the core, and I¢ is an average core length. An electrical scheme of positioning system is
shown in Fig. 4.5. A sensing winding of several turns is added to the projectile acceleration
path located in the vicinity of each acceleration coil. A power converter such as a simple
DC-DC buck converter is used as a driver for all of the colils, driving the sensing coils at
high frequency to allow high sensor bandwidth. A DC blocking capacitor is used to avoid
saturation of the sensing coil. The readings of the inductor current are taken off a resistor
connected in series with the sensing coil. The waveform is then passed through a peak
detector with lower time constant than the driver switching period. A typical resulting output
of the peak detector is shown in the photo of Fig. 6, where a projectile is shown next to the
oscilloscope reading of the peak detector output. Based on the voltage amplitude of the peak
detector output, positioning processing algorithm within the controller evaluates position
and velocity of the projectile, and issues real time commands to the switching network and
coils activation system. The method developed in this study enables location, speed and
acceleration readings to be fed into the launching controller in real time. This is a continuous
reading sensing approach, which provides more information and higher precision than
optical based single spot detection at a fraction of a cost. It is superior to tuning and preset
timing methods as well, where any change in electrical or mechanical parameters, or

properties of the system and projectile could result in sub-optimal performance [61], [62].
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Fig. 4.5 Electrical scheme of inductance-based positioning sensor
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Fig. 4.6 Photograph of a projectile next to the oscilloscope reading of the peak detector output of
positioning sensor.

4.4.2. Switch array and excitation modularity

A network of pulse activation switches, or switch array could grow very large if
connections flexibility is a priority. Moreover, the higher the flexibility the higher voltage
rating of the switches is required. To reduce the complexity and showcase a simple
connectivity network suitable for coilgun application, possible voltage amplitudes applied

to an acceleration coil are set to be as the number of storage capacitors in a module.

The connection between the energy storage capacitors and acceleration coils can be
divided into two types: first is made at the design stage, and second are the connections made
during operation of the coilgun. As an example, the modules used in this study consist of
three capacitors each, and for this purpose, a simple network of three high voltage switches
is required as shown in Fig. 4.7. Permanent connections are laid out based on expected
excitation requirements. Drive of three coils using a single module is shown in Fig. 4.7a,
where three switches S1, So and Sz are used each to excite its own coil. This type of excitation
is dictated by less and less time that the payload spends in each subsequent acceleration stage
due to the speed acquired at the previous stages. To adjust the pulse width accordingly the
inductance of the acceleration stage coil needs to be decreased, enabling shorter pulses.

Switching network  Switching network  Switching network
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Fig. 4.7 Conceptual diagram of switching network.
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An alternative activation approach shown in Fig. 4.7b takes again into account shorter
time periods that the payload spends in each subsequent stage, but acceleration coils have
equal inductance in this case and pulse width is adjusted decreasing the capacitance. In
addition, in this case the amplitude of excitation voltage is increased to provide the same
amount of energy at every stage. In this case switch Sz is phased out in a permanent routing
stage, and switches S; and S are used to activate two acceleration coils, with double the
voltage at the second acceleration coil. In this case switch S, needs to withstand double the

maximum storage capacitor voltage.

The connection in Fig. 4.7c demonstrates a utilization of the total module high voltage.
A single acceleration coil is activated using the full module voltage and a fraction of the
capacitance, divided by three in this example. So, the switch S; needs to be rated for the full
module voltage. It is important to highlight here that switching network is an independent
unit, and could accommodate several modules with similar activation scheme as described
in Fig. 4.7, where the number of connected capacitors is doubled each acceleration coil, and
the voltage rating of activation switch needs to be doubled to prevent its breakdown.

4.4.3. Protection and monitoring

During the operation of the system, large voltage differences may develop between the
capacitors within a single module. For example, the scenario of activating first and third coil
units in the switching network of Fig. 4.7a., second capacitor remains fully charged next to
fully discharged neighbors. This scenario imposes a very high voltage difference across the
resonant tanks (Cr1, L11 and Cr, L12) of the voltage multipliers responsible to shuttle the
charge between the stacked capacitors (Fig. 4.4), and as a result a very high resonant current

will develop through the multiplier switches.

There are two possible ways to overcome this challenge. One is to design voltage
multipliers with switches large enough to withstand the maximum possible current in every
extreme condition. This option is impractical, since it involves an extreme overdesign of the
voltage multiplier switches, resulting in unnecessary and unproportional volume and budget
requirements. A more practical solution is to monitor capacitor voltages, and bring voltage
differences actively or passively to some lower levels, acceptable by design for the voltage
multiplier components. For the module containing 3 capacitors as in Fig. 4.4. the following

relationships need to hold:
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—Vin <AV =V = Vi < Vi (4.3)
—Vin <AVy =V = Vs < Vi (4.4)

where Vci, Vco, and Vs are the voltages across Ci, C and Cs capacitors (Fig. 4.4), AV1 and
AV, are the voltage differences between the capacitors that need to be monitored, and Vi is
the threshold voltage that develops the maximum rated current allowable for the voltage
multiplier switches. To maintain the integrity of the multilevel rapid capacitor charger, the

following algorithm is developed:

In the case of 4V1 > Vi disable the main charger and stop balancer #1 (Fig. 4.1). Next,
discharge Cy (either a bleeder could be used, or if a bidirectional charger is implemented, the

energy could be pumped back to the source).

In the case of 4V1 < -Vw: disable balancer #1 (Fig. 4.1). Next continue to charge Ciwith

the main charger until the voltage difference is within the threshold.

In the case of AV, > Vi: disable both charging and balancer #2 (Fig. 4.1). Next activate
balancer #1 to discharge C to within the threshold voltage of Cs.

In the case of AV, <-Vu disable balancer #2 (Fig. 4.1). Next assuming (4.3) holds
continue charging C1 by the main charger and run balancer #1 to charge up C; to within the
threshold of Ca.

If (4.3) and (4.4) are both invalid the system should proceed eliminating one fault at a
time beginning with the capacitor connected to the main charger, C1, following with Cz, and

finally Cs.

Capacitor voltage monitoring can be implemented using ADC and the differences further
calculated by the microcontroller, or series of comparators could be used and a comparison

result fed as a digital signal to the controller.

In addition to the voltage multiplier voltage monitoring, a faulty condition of over voltage
at each capacitor needs to be monitored. This is done by using a series of comparators that
invoke a fault condition once any of the capacitors exceeds maximum voltage rating, and the

charging and balancing operations are immediately disabled.

-52- February 2020



High-Performance Compact Electromagnetic Coilgun Propulsion System with Low-Voltage
Modular Rapid Capacitor Charger

4.5. Experimental validation

In order to validate the theoretical concepts and operation of the system introduced in this
study, a low-voltage modular rapid capacitor charger module has been designed, fabricated
and tested by simulations and experimentally. The validation of the concepts using numerical
simulation has been carried out using PSIM. The schematic of the system follows the
structure of Fig. 4.4. TABLE | summarizes the main parameters of the system including the
storage capacitors. It should be noticed here that the storage capacitor value used in the
simulation is Cout=1pF instead of Cout=1mF as in the experimental, that in order to make the
simulation converge in a reasonable time. Therefore, to compare the convergence results of

the experiments to the simulation, time in simulation should be multiplied by a factor of 10°.

Transformer resonant currents during charging operation are shown in Fig. 3.6.
Simulation results are presented in Fig. 3.6a, and experimental results are shown in Fig. 3.6b.
The converter operation includes a main high peak sinusoidal current followed by a smaller
resonant shape immediately after it. The second resonant shape is induced due to the high-
quality factor resonant tank that results in resonant capacitor voltage exceeding the input
voltage during some time at the beginning of the charging process when the difference
between the input and the output voltages is high. Since the gating of the charger allows
some extra time to ensure zero voltage switching in the presence of resonant tank component
variation, a reverse current flow from the capacitor is developed and creates a lower
amplitude sinusoidal follow up. This follow up however, doesn’t impact efficiency, since it
is rectified by the passive rectifier at the secondary side, and adds to the total converter

energy transfer to the output.

Full charging operation of the low-voltage modular rapid capacitor charger with a single
storage capacitor is demonstrated in Fig. 4.8. Simulation results are shown in Fig. 4.8a, the
current in the resonant tank is shown on top and the voltage of the storage capacitor being
charged is shown on the bottom. Experimental results are presented in Fig. 4.8b. The
waveform in both simulation and experimental evaluations are within close fit to each other.
It can be seen from simulation that the capacitor was charged from 0V to 400V at
approximately 0.65ms while at experiment the storage capacitor charged from 0V to 400V
at slightly more than 650ms (as mentioned above there is a factor of 10° due to the lower

capacitors used in the simulation setup).

-53- February 2020



High-Performance Compact Electromagnetic Coilgun Propulsion System with Low-Voltage
Modular Rapid Capacitor Charger

60A ‘ W ‘ i N
\ Wi
" \) ” ‘[ \M [ M i \l I M“m i
-60A
500V 5
300V o —
100 [+ i 40fv | 4;))i)v .
VA R < |
o.65ms T 700ms
0 0.2 04 0.6 0.8 Ver o lep ;
Time [ms]
Fig. 4.8  Full charging operation of one module with a single storage capacitor at the output. Experimental

vs. simulation results. (a) Simulation: Top trace - transformer primary resonant current I, pri (20A/div).
Bottom trace - storage capacitor’s voltage Vci (100V/div). (b) Experimental: Yellow trace — storage capacitor
voltage Vc1 (100V/div). Green trace — transformer primary current I pri (45A/div).
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Fig. 4.9 Full charging and balancing operation with three output storage capacitors voltages: (a)
Simulation: Vc; (red), Vco (blue), Vcs (green), Vioa (magenta) 200V/div. (b) Experimental: Vi (brown), Ve
(red), Vcs (blue) 100V/div, Vioar (Yellow) 200V/div.

Fig. 4.9 demonstrates full charging and balancing operation of the low-voltage modular
rapid capacitor charger with three serially connected capacitors at the output. Simulation
results are shown in Fig. 4.9a and experimental results are shown in Fig. 4.9b. It can be seen,
both in simulation and experimental results, that the storage capacitor voltages charged
equally during the charging process. Total voltage of the module, Viotal =Vc1+Ve2+Ves (Fig.
4.9a magenta trace), charged up to 1,100V at 1.94ms, which is in the vicinity of the
experimental result charged up to 1,150V in 2,950ms (Fig. 4.9b yellow trace). The difference
in charging time is due to lossless setup used in simulation. A photograph of the PCBs of the

modular rapid capacitor charger module used for the experiments is shown in Fig. 4.10.
4.6. Conclusion

In this study a high performance compact electromagnetic coilgun propulsion system with

low voltage modular rapid capacitor charger is presented. It has been shown that modular
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approach and partition concept applied to a coilgun propulsion system are advantageous in
terms of size and energy conversion efficiency. Three development directions have been
examined to improve the volume and efficiency of the coilgun system: 1. modular approach,
2. operation under lower overall stress on the components, and 3. application of precise
positioning sensors. Backend supporting circuits such as positioning sensor and switching
network have been discussed. It has been shown that inductive based location sensing
approach is advantageous to the commonly used optical and manually timed methods,
resulting in real-time precise position and velocity information flow, contributing to higher

energy utilization.

A hardware prototype of a rapid capacitor charger with multilevel balanced high voltage
rail has been built and tested to validate the theoretical predictions and simulation trials. The
results demonstrate great flexibility of multilevel capacitor charging system, and indicate

great potential in supplying partitioned magnetic propulsion coilgun systems.

Resonant'
Charger_

Fig. 4.10  Photograph of low-voltage modular rapid capacitor charger module as part of the lab setup
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5. Discussion

5.1. Contribution of the research

High system power density- A multilevel approach was used to increase the power
density of the whole system. Also, a modular architecture facilitates varying number of
magnetic actuators. The structure of independent, self-sustained modules enables them to be
stacked on top of each other to create very high voltages. It also enables scalability and

building a system for any desired voltage and power.

Low volume of magnetic actuators — conceptual architecture of partitioned propulsion
system replaces bulky and huge inductors or magnetic actuators. Each capacitor can serves
a single coil unit or several capacitor within the module could activate a single coil unit or a
combination of coil units based on the system requirements and switching network

complexity.

Industry optimized elements — In this research, one of the presented approaches is
selection of optimized energy storage components in terms of energy per volume (Joule/m?3).
This approach prefers many small components on few bulky ones. The result concludes to

much higher energy density system.

Positioning and velocity sensing — An active inexpensive positioning and velocity high
sensing method, without any special machining used in this study. The method is based on
real-time inductance change which provide more information and higher precision than

optical based single spot detection at a fraction of a cost.
5.2. Suggestions for future research

Full optimization — All the components in the design can be optimized in terms of energy

density because the same industry inclined optimization is true in regards to other elements.

Governor for multiple modules — Define a “master” module to control and monitor the
operation of the module together. Information will be sent throughout the module down to
the master module. A visual component can be connected in order to display live status.
Also, protection against overcurrent, overvoltage, overtemperature, etc. should be added to

the module.

Integration — Integration of the capacitor charger with the backend electrical systems can
be done to create a single automatic close module. The frontend and backend systems will
can design to be manufacturer on a new single small PCB.
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6. Appendix

6.1. Appendix A — Capacitor charging time - mathematical derivation

Calculation of the charging time is presented in this section. The voltage across the output
capacitor, Vout, Is calculated in each half-switching cycle based by accumulating the previous
voltage and the delta voltage added in the current half-switching cycle. The equation is

presented as follows:

Voutn = Voutn_1 + AV, (6.1)

Fig. 6.1 Tpical waveforms in cpacitor charger with switching cycle time Ts and resonant time T,. Top
trace: current flows out from the input power supply iin. Bottom: resonator’s current ir.

Let’s find AV, using the differential equation of a capacitor charged with layg:

AV =1,

Cout

vg AT. (6.2)
From Fig. 6.1 we can substitute the average current, layg and it gives us:

av =—(21,,D)%= (6.3)

Cout \m DK 2’

I

where D = - is the ratio between the resonance time, T, and the switching cycle, Ts, and

we

Irok IS the peak current in the resonator (resonant circuit of charger, see Fig. 6.1). Since the
output capacitor is isolated with N turns ratio transformer and because the charger operates
in resonance, the value of I dependent in the input and output voltage. It leads to:
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Cout T R N

v _Vout T
AV =222~ 1)pls (6.4)
2

where the expression inside the bracket is the transformer primary peak current, lrp,
dependent in the output capacitor voltage, Vout, and the total loop resistance (including stray
resistance, capacitor ESR, MOSFETS Rus.on and inductor resistance). Rearranging the last
equation leads to:

AV, = K (Vi = =525, (6.5)

DT.
where K = S

and now AV, is a function of the output voltage in the n-th half-

out™

switching-cycle.

Now, substitute (6.4) in (6.1) leads to:

Vouty,_
Voutn = Voutn_l + K(Vin — Itv Y, (6.6)
K K
Voutn = Voutn_l + KVip — ;Voutn_l =KVin + (1 - E) Voutn_l- (6.7)

Now substitute Vo, _, and we get:

K Vouty—
Voutn = KVin + (1 - ﬁ) [Voutn_z +k (Vi - Itv 2)]’ (6-8)
K K\? 6.9
Vout,, = KVin + (1 - N) KV, + (1 - N) Vout,_, (6.9)

For n=M we get the following equation:
Vout,, = KVin [1 +(1-5+(1- %)2 +ot (1- %)M_l] + (1= 5) Vouey- (6.10)
Assuming charging start from fully discharged capacitor, i.e. Vyy,;, = 0:
K n
Vouty = KVin a1 (1= %) = KVinSw, (6.11)

Where Sw is sum of a geometric progression. The last equation converges to:

Voutn =KV, % = NV, [1 - (1 - %)M] (6.12)

Comparing the last equation to a target charging voltage, Vr leads to:

M
Voue, = Vi = NViy [1 -(1-5 ] (6.13)
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Now, taking M out of the last equation and remember that it represents the number of half-

switching cycles with duty ratio D gives us:

%4
log(1——L—
— &( NVin)

= o
log(1-3)

(6.14)

Therefore, charging time of a capacitor with capacitance C to a target voltage, Vr, is equal

to:
Vr
log(1— )
TS NVin TS
Tene(Vr) = M- = o b 2 (6.15)
N
where:
_ DTs
" NRCpymt’
T,
D=—
T

and, N is the transformer turns ratio.

6.2. Appendix B — Efficiency in capacitor charging process -

mathematical derivation

The following mathematical derivation calculates the efficiency of the capacitor charger
during M cycle of charging. The method calculates the average power dissipated in each half
of a switching cycle and also the power delivered from the power supply in each half of a
switching cycle. Then, it sums all power dissipated, and all input power deliver during
charging and divide the results to get the efficiency of the charger during M half-cycles of
charging.

Vout is the output capacitor voltage (after N turns ratio transformer) and R is the total loop

resistance including stray resistance, capacitor ESR, MOSFETS Rss_onand inductor resistance.

2
Voutpn
Vin——px—\ 1
Pioss, = Piossn_y + R Ihms, n = Pioss,_; + R (( - N )ﬁ) (6.16)
Vout,)” 1
Plossn = Plossn_1 + (Vin - N > ﬁ (6-17)
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Vouty, 29 Voutp 41 24
Plossn+1 - Plossn_1 + (Vin TN R + Vi - N R

Forn = M we get:

2
— 1 M Voutn
PlossM - Plossl + EZn:l (Vin Y; ) )

Substitute Vy,,;,, With (6.6) and remembering that Py,ss(n=0y= 0, gives us:
1 apm 1 K\"N\* _ VA oum K\2"
Possy = 5 2ot (Vo = 3NV [1 = (1=0)]) =220 (1-3) "
In the same way, let’s find Py, ;

— M . —_ M (2 _ M (2 Vouty,
PinM_ n=1Vin Iin—avg_ n=1Vin (; Iin—pk)_ n=1Vin (;(Vl - N )E)!

_vM 2Vin Voutn
PinM — an=1".p (Vin_ N /)

Substitute V., with (6.6), gives:

Pingy = 205y (Vi = 2NV [1 = (1= 5)7) = 2zt (1 - Y

Dividing (6.20) by (6.23) gives the efficiency after M half switching cycles:

2
V2 K\21 K\27
inyM M
Plossy _ 1— 2R Z"=1(1_ﬁ) =1— EZn:l(l_ﬁ)
2V2

PinM n;?nz:%:l(l_%)n 4 Z%:l(l—%)n .

M =1-

Letting g be definedasqg =1 — % , using sum of a geometric progression gives us the

wanted result which is the charging efficiency after M/2 cycles:

1-g2M

ny =1 — 2 _q_rmize® 1q _ ,  mitg

M 4 1-qM 4 1-q2 1-gM 4 14+q
1-q

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)

(6.25)
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