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ABSTRACT

HIGH FREQUENCY POWER DISTRIBUTION UNITS

by

Ezana T. Mekonnen

The University of Wisconsin-Milwaukee, 2012
Under the Supervision of Professor Adel Nasiri, PhD

The focus of this thesis is to design, model, hudldd test a series resonance
converter that uses a high frequency isolationsfamer, offering significant reduction
in size and cost, for powering a Computed Tomogyaf®T) scanner. The design
increases the power quality for the load by isotatthe grid side disturbances, and
providing regulated desired voltage. The proposechigecture also allows for an
optimized point of integration with an UPS, a regatl DC bus to improve waveform
fidelity of x-ray generator, and active monitoringnd control of the power
architecture. Conventional CT systems use a 60&istormer, which not only occupies
large footprints but also uses large amounts ofpep@mnd iron with increasing cost
trajectory. In comparison to the traditional Povizastribution Units (PDU), the medical
grade high frequency PDU presented in this thesisiges higher power quality and

performance at a lower cost.

The new CT systems possess unprecedented perfancapeability in terms of

rotational speed and x-ray voltage modulation (f&JFast kV”) fidelity. In order to



achieve such capabilities, a tightly regulated hpghwer DC bus (700VDC, 150kW) is
required. The system implemented in this thesisfézd these new requirements. Design
requirements, proposed architecture and controlsjefing, implementation and test
results of the proposed system, including thermablysis and electromagnetic

compatibility, are presented in details in thissibe
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CHAPTER |

1 INTRODUCTION

Medicine has been greatly advanced in large pahealiscoveries related to imaging
devices such as x-ray machines. Computed Tomogr@phyis medical imaging system
that utilizes x-ray light to produce internal imagiepatients by rotating the x-ray source

and detector, which are located 180 degree apatind the patient.

Figure 1-1: A picture of GE's existing VCT660 Casoer.

Some of the key components that result in not aoiypetitive advantages, but

also produces great clinical value for CT systeen ar

» Longer Z-axis coverage that can capture image @ndine organ in a scan

» Wider bore size capable of accommodating largeepist



» Faster rotational speed to reduce motion artifacts
* Robust Ultra-fast KV waveform fidelity for consisteresult within views

Among other things, the aforementioned feature irequhigher power for x-ray
generation, and tighter output voltage regulationtie CT Power Distribution Unit
(PDU) to support faster speed and improved UFKV efanm fidelity. This paper
presents 150kW rated medical grade power distobutinit that provides system
isolation, regulates output voltage, and reduces soom footprint in an economically

feasible method.

1.1  Background

Power supplies for medical devices fundamentallif fato strict sets of
regulatory requirement in order to protect bothguds and operators. This includes strict
guidelines on leakage currents, conducted emissiand whole set of immunity
capabilities. Today's CT system contains a powstritution unit that provides galvanic
isolation, taps for voltage adjustment, and highvgio unregulated DC voltage. The
current power architecture, which is shown in fegur-2 below, illustrates the power
distribution unit and the major CT load. Some béde major loads are the x-ray
Inverters, which require around 100 kW of peak poard gantry motor around 15 kW
of peak power. The additional secondary windingicl accounts for roughly 10 kW of

average power, provides power to all the electsothat are used to energize the system.
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Figure 1-2: Block diagram illustrating current CD® architecture

From a close overview of the current CT PDU one ldawtice the possible
variation with the unregulated high power DC budtage as a result of the high step
load. In a typical setting, where the main powaurse is 3-phase 480VAC, the DC
output can vary anywhere from 660VDC during no-lt@800VDC during 100kW x-ray
generation. This variation puts lots of pressumetloe x-ray generator controller to
deliver continuous output voltage within the vaddat In addition, an increase in the
gantry speed puts tighter restriction on the DC\mltage, which can be very difficult to

achieve without some means of regulating the DCvoltage.

The first approach to the DC bus voltage regulati@s to introduce a DC/DC or
AC/DC power supply that can be used as a buffenvdmt the PDU and the major CT
load, such as, the x-ray generator and gantry moTtdrs calls for a 100kw peak and
20kW average source power supply. Unfortunately}chsa solution not only adds
equipment to the already crowded scan room, but k@sks the economic merits for
consideration. This paper presents an innovativk iategrated solution that addresses

the new requirements for the next generation oPOUSs, while being cost-effective.



1.2  ThesisGoal and Objectives

The goal of this research is to design medical @raolwer distribution unit that
has regulated high peak power DC voltage capableéaofdling step loads with the

following specifications:

Table 1-1 lists show the new requirement for thetrgeneration CT Power

Distribution Unit.

TABLE 1-1: THENEW CT PDU SPECIFICATION

[tem Rating Unit
| Input Voltage | 480 +/- 30% | VAC |
| Output Voltage | 700 +/- 5% | vbC |
| Peak Power | 150 | kw |
| Average Power | 20 | kw |
| Leakage Current | <5 | mA |
| Efficiency | >90 | % |

To meet the aforementioned requirement, this rebeaill investigate the use of
resonance converter topology with integrated ismlatransformer. This paper will
discuss most of the critical point that are neagssa put the resonance converter

topology concept into practice.

Chapter 2 will provide an overview of a couple e§mnance convert topologies,

and analysis their mode of operation.

Following the overview of resonance converter, Ga8 will discuss the
specific resonance converter that was selectethimiproject. In addition, it will discuss

the operational principle and mathematical overvaéthe selected topology.



Chapter 4 will briefly cover the isolation trangfoer that is used on this project,
which is a key contributor to the overall cost aside advantages of the proposed

HFPDU.

In chapter 5, the discussion will focus on the &elé control architecture,

followed by analysis of the robustness of the adrénd performance.

In what seems to be the most important measurepaameter, when thinking
about part selection and the implementation phekapter 6 will be fully dedicated

toward thermal analysis and simulation of the pssabtopology.

Chapter 7 will address the additional scrutiny thatical grade devices face, and

what makes the propose topology particularly rigkg its means of mitigation.

Chapter 8 presents a prototype of the proposedIldgpoand discussed
experimental results. In this chapter, the reddige been evaluated to make sure that the

above specifications have been met.

Finally, chapter 9 summarized the work performeadliie thesis and the proposed

solution before concluding with a recommendaticat #iddress the stated problems.



CHAPTER I

2. RESONANT POWER CONVERTERS

One of the drawbacks of most switch-mode convergerglated to stress on the
switching devices. The reason being, these powéclsss may have to turn on or off at
the full power. This issue is even more problematith the increase in power and
switching frequency. This leads way to a topoldggt allows for zero-current or zero-
volt switching by removing the energy from the sito some form of LC resonance

during the switch transition, known as resonance/eds.

Resonant converters are defined as the combinafi@onverter topologies and
switching strategies that result in zero-voltagé/an zero-current switching [11]. One
way of classifying resonance converter is basedhenarrangement of the resonant
circuitry to what is known as Series-Loaded resbramverters (SLR) and Parallel-
Loaded resonant converters (PLR). The SLR and RipgRldgies are limited to bridge-
type converters that use an LC resonant tank t@atereonditions for lossless turn-on or

turn-off of the semiconductor switches (13)

2.1 SeriesResonant Converter

A series resonance converter gets its name fronséhies arrangement of the

resonant inductor and capacitor. Figure 2-1, bekivows the main structure of a series



resonant DC-DC converter. One of the benefit & tbpology is the presence of the
resonant capacitorCf) on the primary side of the transformer that céocl any DC
component. This is particularly beneficial to h&kep the transformer from saturating
and/or being a safety concern in the event thechwig device fails short. By the same
token, one might consider the presence of caparitseries a disadvantage due to the
high current requirement on the resonant capacdkorSLR operates in a current source
mode, where a transformer might be needed if thereleutput voltage has higher

magnitude than the input.

Q | D: Qal Ds
Lr
v _NW\_|
R|] |V
B
Q: | D Q 4| E}ﬂ:

Figure 2-1: Series Resonant DC-DC converter Schiemat

Assuming very large output filter capacitdl), one can expect a ripple free DC
voltage on the output. Considering transformeiorat 1:1, the reflected voltage on the
primary side of the transformer becom®g) (Wwhen inductor current is positive and it will
become {V,) when inductor current is negative. Based on thassumptions, a
simplified equivalent circuit of the above full-dge series resonance converter can be

represented as shown below in Figure 2-2.
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Figure 2-2: Series Resonant Converter Equivalemudi

The main characteristic of Full-bridge topologyhe utilization of full input
voltage. In a typical frequency based controlleeni;, is positive, it flows thougl®,
andqQ, if they are both on; otherwis®, andD; will be conducting. During the negative
cycle, wherg; is negative, the current flows thou@h andQ, if they are both on;
otherwise D, andD, will be conducting. Moreover when evaluating thevweform of the
mentioned topology, there are three possible mbdperation that are specific to the
ratio of the switching frequency with respect te thsonance frequency of the system.
The derivation of the output waveform for basic amged series-resonance can be found
in the Appendix A.1. Equation A-5 shows the relaship between the resonance tank

and its resonance frequency.

(2.1)

2.1.2 Discontinuous M odel

Discontinuous mode operation is whe§n<§a)o. The name refers to the

discontinuity of the inductance current, which isosknown as DCM mode. The DCM
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mode benefit from lower switching frequency, anttdrecontrol over no-load condition,
by adjusting the off period. Another advantage @MNDis the natural commutation of all
switching devices resulting in Zero-Current Switghi(ZCS). This will have significant

improvement in reducing stress on switching devices

Figure 2-3: Discontinuous-conduction mode of operator SLR [11]

2.1.2 Sub-Resonance Continuous M odel

Sub-Resonance Continuous mode refers to the operatiode when the

switching frequency is more than half of the resmeafrequency, and less than the
resonant frequency, i.e. Wheinuo < wg < w,. During this mode of operation, the

transition to the opposite pair of switching degiteppen at a finite current resulting in a
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continuous inductance of AC current, as well aspduon loss and diode recovery.
However; the turn off happen naturally at Zero-eatr resulting in ZCS. This

phenomenal is also shown in the DCM where the geltags current due to the more
capacitive nature of the operation. The CCM allowHigher power conversion than the

DCM mode.

Figure 2-4: Sub-Resonance CCM operation for SLR [11

2.1.2 Super-Resonance Continuous M odel

Super-Resonance continuous current mode refeletogeration mode when the
switching frequency is more than the resonanceufreqy, wherev, < ws. Super-
resonance mode is more inductive, and unlike theresonance CCM or DCM, the
current lags voltage, which result in no turn osslalue to ZCS. Another advantage of
operating in this mode is the absence of diodevesgo This can be seen from the

waveform below where the diode turn’s off at zeworent. However; the switching still
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have to turn on at current and voltage, and for teason several techniques have been

developed to minimize turn off loss.

Figure 2-5: Super-Resonance CCM of operation fdR §l1]

2.2 Parallel-L oaded Resonant Converter

Parallel-Loaded Resonant Converter (PLR) is simitathe SLR in terms of
operation, which employs a series-resonant LC t@rduit, except that the resonance
capacitor (C,) appears in parallel with the load [11]. As autgsthe PLR converter
operates as a voltage source, and would requiteeaihductor (Lf) on the output after
the diode bridges. One of the advantages of tluslégy is that, unlike SLR topology,
PLR is able to step up or down the output voltagthaut the use of transformers. In

addition, voltage source operation is suitable whmiitiple output voltage is required.
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One shortcoming of the PLR topology, in comparisoiSLR, is the lack of short circuit

protection due to the resonant capacitor location.

Ly
Q | D QJ| Ds
T
L A X
Vin

‘2000 L
T

1:
Q: | D: Q4| GDA

Figure 2-6: Parallel-Loaded resonant DC-DC convéiie]

v vvvl

C

S |vv

Assuming a large output capacitor and inductorleifpee output DC current,
(1,) can be considered to develop an equivalent ¢ir&imilar to the SLR topology
(mentioned above) the transformer is considerdaktan ideal transformer with 1:1 turn
ratio. Figure 2-7 (below) shows the equivalent wirdbased on these assumptions.
Unlink SLR, where the load is in series with theamance tank, the PLR equivalent
circuit shows parallel loaded capacitor.

i

LYY YN .
llﬂpz

L

+

<‘f> v c~ _Vc CD +/- ho

Figure 2-7: Series resonant converter with Paraldeld equivalent circuit
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Similar to the previous section, the relationshigh@ three modes of operation and the

switching frequency will be discussed further.
2.1.2 Discontinuous M odel

Similar to SLR discontinuous mode, PLR DCM has afieg frequency od, <
%wo. One of the characteristics that are specificheo PLR DCM mode is that, unlike

SLR DCM where only the current goes to discontirmumode, both current and voltage
briefly goes to discontinuous mode. This charastiernot only creates initial conditions
that are consistence at every half-cycle, but edsalts in on turn on or off loss in either
the switching device or diodes. Using an equatromfAppendix A.2, the waveforms in

Figure 2-8 demonstrates the state-state operatitred®LR DCM converter.

P w,t

—p =0
~~

T T T LT,
~Ve =V = Ve C pve
(JPvd C- TV hg% vi G ve ho(% vo CTve OV Vel 1

Figure 2-8: PLD DC-DC converter in discontinuousd®o

Ay




15

From Figure 2-8, one will notice a rather pecutitate whenl, > i, during start-
up. Essentially, all output diode becomes forwaes loreating what appears to be a short
circuit on the resonant capacito€,{) keeping it at zero voltage. Similar to other DCM
mode, no-load operating condition can be easilyeaell by adjusting the state where

both the current and voltage are at Zero.
2.1.2 Sub-Resonance Continuous M odel

Sub-resonance PLR continuous conduction mode (Cr@fé)ys to the operating
frequency between the resonance and half of trenaese frequency i.e%.wo < wg <

w,. While operating at the same condition, the s@oemance PLR CCM and SLR are
similar, when it comes to their advantages andtsborings. Figure 2-9 demonstrates
the steady-state waveform for this mode of openatilb can be seen from the waveforms
that the switch turned on at finite voltage andrent, and diode turn off at finite voltage
and current. However, there is no turn off losstlm switch, which is consistent with

more capacitive circuit where the voltage lagsdineent.
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Ve Cr A Ve C, Ve Ve C,;:VC () Vs Cr ~Vc

— Lo — lo — lo — L9

Figure 2-9: Sub-Resonance PLD DC-DC converter iMCC

2.1.2 Super-Resonance Continuous M odel

Similar to what was previously stated for SLR, SuResonance continuous
current mode refers to the mode operation wherawhiehing frequency operates above
resonance frequency or angular frequency,wg< w. Super-resonance CCM mode of
this PLR converter operates a lot like the SLR eotar under similar operating points.
Hence, similar behavior such as being more indactvhere the current lag the voltage,
can be seen. This result in a no turn on losfierswitch, but the switch had to be turned
off at finite voltage and current. Similar techmégregarding the use of snubber capacitor

can be employed for turn off loss reduction.
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Figure 2-10: Super-Resonance PLD DC-DC converteoitinuous mode

2.3 Thesis Resear ch motivation

The main objective of this research thesis is twpce feasible topology for CT
High Frequency Power Distribution Unit (HFPDU). €rh are several requirements for
the new HFPDU, such as: (1) size reduction, (2)t ceffective, (3) meet EMC
requirement, (4) operate in wide load, and (5) leakage current are just some to name
a few. This research will identify the best topoldhat can meet all critical to quality

specification for the HFPDU.

Section 2.1 and 2.2 discussed the operational iptfencof SLR and PLR
converters. Also, the sections highlighted the amtizges and shortcomings of this

topology, as well as, presenting the different apeg points. This leads us to a topology



18

that may offer the best of both worlds; by integn@tSLR and PLR to form an LLC

based series-parallel converter operating in stggynance CCM mode.

Q1| D: Qs Gm
L C T

o g
o &D: Q4|K1}D4 *

Figure 2-11: LLC Resonance Converter

£ %
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n x A

LLC resonant is the most attractive option as dwstcand rectifier diodes
operates in ZVS. ZCS operating conditions are gueeal over the entire operation
range, dramatically reducing switching losses whiproving EMI performance [5]. In
addition, higher frequency operation allows foresedvantage on the high frequency
isolation transformer. The selected resonance ¢gyolvill be further investigated for its

merit and use in the CT HFPDU architecture.
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CHAPTER |1

3. LLC RESONANT CONVERTER FOR HFPDU

LLC resonant converters that are operated aboveebaant frequency shows
many advantages including, but not limited to imérshort-circuit protection, zero-
voltage commutations, limited harmonics in the mest current, maximum power
transfer at minimum switching frequency, transformeakage inductance included in the
resonant link. [9] As a result, this thesis seleatseries-parallel loaded resonance
converter to implement for the CT High FrequencyUPOrhe proposed topology is
expected to operate at a range of 100W of preloatbOkW of load. Moreover, the
input voltage for the converter could vary by +A@0This presents a challenge to the
topology because it requires have enough gaingpévate across the full power range
down to low or no-load condition. This will be fhar evaluated through the use of a

phase-shift switching methodology.

Figure 3-1 shows the high level topology on the BFPDU, which takes in
three-phasd80VAC. It includes AC line filters, three-phase fulkdge rectifier, and
soft-start circuitry that create DC bus voltagetfoe H-bridge. For the sake of simplicity,
the analysis begins with a DC voltage source ares admt consider the effects from the
input diode rectification. In contrast, the transfier used in the HFPDU will be further
expanded to show the full characteristic sincesitan integral part of the resonance

circuitry.
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A prototype was also developed, and results ofetkgeriments performed are
included in this paper. In building the prototygpgwerEx CM600DU-24NFH IGBTs
was selected. This IGBT is capable of switching@to 70 kHz during Soft-switching or
at 30 kHz if the IGBTs are expected to operatedrdtswitching mode. As previously
mentioned, one of the shortcomings of the topolsghe high current rating requirement
on the resonant capacitor. And for that reason,uk AVX capacitor with 600 A rms
current rating was selected. The output stage stinef high frequency rated capacitor
together with few bulk capacitors, and a fast actiiode-bridge. Further discussion on

the prototype and experimental will be presentedllater section in the paper.
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Figure 3-1: Topology of the proposed CT High FragyePower Distribution Unit.

3.1 Equivalent Modd Analysis

The resonant network results in the filtering lo¢ tsquare wave voltage output
from the full-bridge converter, which results imssoidal current on the primary side of
the transformer. From practicality stance, the LddDiverter can be said to operate at or

close to the series resonance frequency, andgilehiorder harmonic can be ignored for
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calculating the transfer ratio. These assumptiimy for the use of first harmonic

approximation (FHA) method.
The HF-PDU DC-DC converter section can be simglifieo the circuit shown in

Figure 3-2, wher&,. represent the output load and transformer tuiin.r&hus, the AC

equivalent load resistan®g. can be expressed as:

8 2
Rac = —5 R, (3.1)
C: .
)| fYLYY\
/I —_—

Vi Lm Rac §

Figure 3-2: Equivalent circuit for the HFPDU DC-B€lected topology.

The input-output transfer ratio of the convertan ba easily calculated from

(3.2)

SLm||Rac
SLy+(sCr) " +sLm//Rac

Mg
Eq. (3.2), and can be transferred to frequency doimathe equivalence af= jw as [7]

= Uim (3.3)

JwLm||Rqc
. . 1
(]wLm)||Rac+]er+jw—Cr

My =

Vin

Wherej = V-1
Based on equation (3.3), a relationship can bdksted between the input and the

output voltage using the gain of the system andtamsformer turn ratio.
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1
Vo = Myx ;xVin (3.4)

In order to evaluate the DC gain characteristithefLLC resonance converter under
various load conditions, equation (3.3) is expréssea normalized format for better
readability. Starting from the operating frequertty series resonance frequency

(f1) can be used for normalization.

fSW
= —_— 3.5
fo =B (3.5)

1
Wherefy, = 2=,

What is also true about LLC resonance convertdragpresence of second resonance

(fr2) frequency that is the result of the combined indoices. The definition dff;,,) is

shown in equation (3.6), and the effect can be seégure 3-3.

1

fra =
27 |(Ly4 L) Cr

Furthermore, in order to combine two inductancés ame, an inductance ratio can be

(3.6)

defined as

Lm
Ly="2 (3.7)

The quality factor of the series resonant circaidéfined as

Qac = el (3.8)

Rac

Notice thatf,, L,,, andQ,.are no-unit variables. With the help of these dadns, the

voltage gain function can then be normalized amtessed as:
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Lnxf?
M, = n 3.9
9 = oD —Dnforacrin] (3.9)

Using equations (3.4) and (3.9), the relationslefwieen the input and the output voltage
is:
Vy = My(fir, Ly Qac)x - xViy (3.10)
The equivalent circuitry of the topology showrFigure 3-2 and equation (3.9)
form the basis for the design method and operatiaghanism. In order to understand

the design behavior, a plot of the voltage gaims&the switching frequency at a

different quality factor§Q,.) is indispensable.

Gain (Mg)

[ IR R ————

) -

Mormalized frequency (fs/fr)

Figure 3-3: Voltage gain vs. normalized frequermydifferent Q factor.

In figure 3-3, the circuit response depends oridad consumption, which is
represented in terms of quality fact@). The figure goes from 100 w or a no-load

condition to 150kW of output load. As expected IrCLconfiguration, there are two
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resonance frequencies. The first frequenfy ) is the effect of the series resonance, and

the result is a voltage gain Mf, = 1, which in essence implies a short circuit. On the

other hand, the second resongpf)is the combined effect of the two inductances
together with the resonant capacitor. In the alfmeere (L,,), which is the ratio of the
magnetizing inductance and resonance inductancesepted in equation (3.7), stayed
fixed. With constanL, andC,., a decrease ih,, would increase the reactive current in
the switching devices that results in increasegdsswhile improving the gain margin in
region 1 of Figure 3-3, as well as, moving the seaesonance frequencg{) more to

the left.

Figure 3-3 shows three different operating regiao®ss the frequency spectrum.
The super-resonance region, which is labeled a®med), operates at zero-voltage
switching (ZVS) conditions. In this mode, the magzing inductance has minimum
effect in terms of acting as a resonant. In faet,the purposes of this research, the
intended use of the magnetizing inductance is tmtaa ZVS in phase-shift switching.
The area betweefy; andf,,, or Region 2, on the other hand shows signifiedfgct as a
result of changes in output load. This meansZN& or ZCS operating condition would
be dependent on the output load. Finally, in regBnthe converter goes to fully

discontinuous conduction mode resulting in a ZC$lenaf operation.

In any case, the focus for this research is opera#it super-resonance and,
looking at Figure 3-3, it can be seen that at lightd the resonance circuit would need to
switch above 100 kHz to maintain gain margin. didion, the input voltage is allowed
to vary by +/-30%. In order to maintain regulatiand avoid going to frequency that

exceed the device rating, a phase-shift modulagohniques have been proposed. This
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technique adds phase-shifting competent to theuéecy modulation that was initially

proposed resulting in better no-load control.

3.2 Operation Principle

Phase-shift and frequency control full-bridge caoteteoperates by turning off
one set of the H-bridge leg earlier than the ot®ts of leg. Essentially, the leading and
lagging leg firing signals are shifted. As a restifte excitation square wave can be
modulated with three leve{¥;, —V;,and 0). By controlling the shifting angle, the
amount of energy sent to the resonant tank is clbedr, which reduces the inverter
frequency range significantly [14]. This type ofepation creates discontinuity in the
current every half period, which results in a DCyyde of operation at super-resonance
frequency. This is a key feature that helps mitgtte shortcoming of maintaining

enough gain in a super-resonance to control nododalv-load condition.

Figure 3-4 shows the theoretical waveform of a-fwilge LLC resonance
converter operating in phase-shift control. Therapng frequency of the converter is
evaluated at super-resonance fig.> f,1. In order to maintain soft switching across the
different loads, the converter also adjusts thguemcy simultaneously with the change
in phase angle. As a result the change in bothephiad frequency there would be point
of load that would have fewer operating mode th@n8 modes showing in Figure 17.
The waveform in Figure 3-4 (a) shows the outputagd from the inverter switching

devices(V;,,,), magnetizing voltagé/,), and resonant capacitor volta@gg,.). While



26

Figure 3-4 (b) shows the current in the resonashiiétor(i;,-), magnetizing currert,,),

and output current through the diodég).

Vi —i N R
=R
Ver [\t AN 0 N .
= IR
th b tids & ot tb bt bt b
@ (b)

Figure 3-4: Theoretical waveform for phase-shife@jion.

Mode 1: This mode start witl9; andQ, turning on. On this mode of operatioij,- and
iy begins to increase and causes the output voltageflect back to the primary side of
the transformer. The presence of the output veltag the magnetizing induct@t,,),
leads to a linear buildup of energy limiting itso@ance operation during this period [7].

The equation for botfy, andv,, is
iLr(t) = iLr(tl) Cos(wrl (t - tl)) + (Vdc - %VO - vcr(tl))\/f—_:Sin(wrl (t - tl)) (3-11)

vcr(t) = Vdc - V_: + (Vdc - % + vcr(tl)) Cos(wrl (t - tl)) + iLr(tB)\/f;:Sin(wrl(t - tl)) (3-12)

Wherew,, = 1 ,andw,; = 1
/\/mer ' /\/chr

Mode 2: This mode is known as Freewheel state wh@grirns off and the resonant

current (i) is forced to go though; andQ;. This sets the inverter full-bridge output

voltage(V;,,) to become zero, providing a mode of operation lthrats the output power
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during low-load. However; the voltage at the magimeg inductor remaing,, = — -2,

n

which would allow the output diode to be forwardded.

11(©) = i (85) c05(0r3 € = 1)) + (Vo = Vo) [ sin(ora e — 1) (3.13)
Ver () = Vi + 2+ (Vae =) cos(@on (¢ = 1) + i, (69) [Esin(opa(e=1)  (314)

Mode 2 operation ends when the resonant curigpt becomes equal to the current
through the magnetizing inductdr,, and(iy = 0) implying that the output diodes are

turned off.

Mode 3: During this mode, the output will be separatedrfithe transformer leaving the

magnetizing inductor to take part in the resonamudry creating an LLC resonant tank

[7].

i1 () = i (6) = i1, (85)c0s(@r (¢ = £5)) = Ver (t5) | 2sin(wr (¢ — t5)) (3.15)

LT;Lm sin(wy, (t — t5)) (3.16)

Ver () = Ver (ts) cos(wrz (t = t5)) + i (t5)

Wherew,, = 1

. /\/(Lm +L)Cr
Mode 4: This mode consist of brief period known as “déiate” were all the switching
device are in off state to guarantee safe operatioen opposite pair of switching are

ready to turn on.

Mode 5, 6, 7 & 8: Basically repeat the same principle that wasudised fronMode 1 to

Mode 4 only this time the focus would be @i andQ,.
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Figure 3-5: Phase-shift operating modes of LLC masb converter.
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3.2  Soft-Switching Techniques

Soft-switching refers to the technique used to mire the loss or stress on
switching devices during turn on or off transitidfar instance, when a switch goes from
blocking the full voltage to conducting the loadremt, there will be a finite amount of
time where the switch is forced to conduct curr@ntoltage leading to significant loss.
Typically, an effective means of mitigation, in @onant converter, is to remove the
energy from the switches to the resonant circuitaftrief period; allowing enough time
to let the transition to occur either during zeodtage or zero current switching. For this
research, both ZCS and ZVS technique have beenogetplusing what is known as

asymmetric snubber circuits.

As previously discussed, operating the full-bridgeverter at super-resonance
benefit from natural commutation that results in taon-on losses on the switching
devices. This puts the focus on the turn off titeors of these IGBTs. To help analyze
the asymmetric snubber soft-switching technique, fthl-bridge converter will be split
into leading and lagging leg. In this case, thedileg leg consists of one snubber
capacitor between the output of the leading legkaitiner side of the DC bus. The use
of one snubber capacitor for two switches in ttelieg leg was made possible through
the use of superposition theorem, which replacesQi® voltage source with a short
circuit for analysis. The result shows the trueeraion of the circuit that placed the
snubber capacitor across both switches on therigddg. The selection of this snubber
capacitor is rather an art that involves the swighfrequency, the size of the

magnetizing inductance, and the output load.
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The method first involve in specifying the maximaperating frequency, and the
selected magnetizing inductance. On this case,c#beulation would be to find the
maximum possible capacitance that can be used ahwthe time constant for the
capacitor discharge is less than the minimum hediiod at no load. This help limit from

having the capacitor being short circuited durungpton.

1

v

Csnubber_max = Lo (Z1f)? (3.17)
...leading ~ _Llagging __
E att | Qs |
8 _H-is E
i 1 e [ o= $
—_ " ! M ) p—
Snubb : P : 30 i
cl;,l er\ ' T ! N 7
ap ' I '
= Q2 Q4 !

Figure 3-6: Asymmetric snubber soft switching taghe.
The result is ZVS on the leading leg, as the snubbpacitor maintain the bus voltage
during the turn off transition keeping the poteintiéference on the switch to zero.

However; the lagging leg benefits from the contratying frequency, which times the

turn off transition to be at ZCS across the fuldaange.
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CHAPTER IV

4. ISOLATION TRANSFOMER

One of the main requirements for the CT PDU is rovigle galvanic isolation,
which is accomplished through the use of an ismtatransformer. In fact, the primary
function of the current generation PDU is to previdolation with the use of a bulky

60Hz transformer. Some of the reasons for usimgrestormer in CT PDU are:

* Achieve voltage step up/down through the use o§ taborder to provide the

required voltage to the system.

» Provides locally grounded neutral line, which ghe@&nhances the reliability of
sensitive electronics by limiting the potentialfdience between the neutral and

ground.
» Limits ground loop current due to poor infrastruetor multiple power sources.

* Reject stray common mode, DC voltage, and electgoetic interference from

being conducted though the power line.

In general, medical grade isolation transformelsfad strict safety rules. Some of these
rules cover the construction process as well asenmaés used for insulation, which has

direct implication in meeting low leakage currentidigh isolation voltage requirement.

Figure 4-1 (below) shows the current generationrRDU transformer. The figure

shows that the input or primary is connected iftaleconfiguration, while the secondary
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side consists of two “wye” configurations, eachhwihree phase power and a center or

neutral point.

Phase A
| ~— PhaseA

Phase B
| — PhaseB

17~ PhaseC

Phase C

Phase A

Phase B

Phase C

Figure 4-1: Current Generation CT PDU IsolationriBfarmer.

That being said, the bulky 60Hz transformer, whghurrently in operation, was able to
meet all performance expectations. However, traasiormer not only takes up large
footprints, but also uses large amounts of coppdri@n with increasing cost trajectory.
Therefore, the use of high frequency transformehnjciv is an integral part of the

resonance converter, can significantly reduce tezadl size and cost of the transformer.

4.1  High Frequency Transformer

As previously mentioned, the transformer used i rthsonance converter is a
component that holds key parameters, which didtegecharacteristic of the converter.

The inclusion of certain parasitic component in tfamsformer as part of the converter’s
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design has helped to reduce the part count anohaiélly, save on cost. This is
highlighted through the use of the transformer éggkinductance to serve as the resonant
inductor, while the magnetizing inductance becothesparallel inductance in the LLC
converter. In further clarification, this sectianll discuss the design methodology and

go over some of the basics for the proper seledidhis transformer.

Figure 4-2 (below) shows the major magnetic comptséhat make up the high
frequency transformer used in this research. Fems that are not shown in the figure

below are:

» Series resistance due to the wire used to consthecttransformer
winding. This is an important factor when calcidgtthe winding loss,
and will have to be considered when determiningathie length and size

used in the winding.

* The secondary leakage inductance is not showndardo simplify the
analysis. This was done because the convertersey the primary side,
and the leakage inductance on the secondary hamatieffect on the

converter operating point.

» Parasitic capacitance between windings, as welbetsyeen winding and
ground. In general, this type of parasitic caamie has minimum effect
on the performance of resonance converter, but tngghvide common

mode noise path to ground creating EMI concern.
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Figure 4-2: High frequency transformer equivaleagmetic component.

Unlike low frequency transformers that use steslitation as it core material, a
high frequency transformer uses ferrites materibhis is due to the high eddy current
losses due to the steel laminated core. Howevemlfats advantages in efficiency and
size, ferrites come with lower saturation limitsattlcannot be surpassed at any point.
Table 4-1 (below) shows some of the operating goinat are used to design the high

frequency transformer.

TABLE 4-1:HF TRANSFORMEROPERATING POINT

[tem Rating Unit
| Minimum Input Voltage | 380 | VAC |
| Output Voltage | 700 +/- 5% | vbCc |
| Max Current | 500 | A |
| Minimum Frequency | 35 | kHz |
| Nominal Input Voltage | 500 | VAC |
| Leakage Inductance | 7 | uH |
| Magnetizing Inductance | 200-300 |  uH |
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4.1.1 High Frequency Transformer Design

Using equation of an ideal transformer, we canuate the turn ratiqn) that

can support an output of 700V from minimum voltag&80V.

Np Vp

n=1r="17 (4.1)
Therefore,
380 _ 054
"Z70 "

The next important rating in designing high frequenransformer is determining the
operating voltage, which is different from the ihpand output voltage due to the
presence of leakage inductance. The especial ayasioh for this result is because this
voltage determines the core size, core materia,ramimber of turns of the transformer.
Using value from Table 4-1, the voltage on the &ggkinductance can be calculated

using equation 4.2.
V, = 2nfL,i, (4.2)

The maximum voltage in the leakage inductance ascduring maximum power, which

is when the resonance converter operates at iesslofrequency. The result is:
V., = 2m * 35kHz * 7uH * 5004 = 770V

Assuming nominal input voltage of 500V through ttiansformer, the magnetizing
inductancel,, can also be assumed to be at this voltage. Tdrerethe transformer
operating voltagélV;) will become the sum of the leakage and magnetimadgctance

voltage.
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Vp =V, +V, =500V + 770V = 1270V

The next step is the selection of core material@rd shape. This is an iterative process
designed to make the best trade-off between the logses vs., what is typically known
as copper loss. Ferrites core comes in differemipast and characteristic. For this
research, “U” shaped ferrites from Ferroxcube haeen selected. These ferrites will be
configured in a “UU” shape, where a set of core Mduave an effective ardd, =
0.00084m?). In addition, a ferrite material of “3C94”, whidomes with specific core
loss characteristic and maximum flux density, hesnbselected. Based on a review of the
datasheet on the maximum flux density, whicl®,is, = 0.2 T, for this design a 30%

margin was chosen as the new maximum flux den@glow)

93t18

—= 362+1.2 |=—28—»

o

3008

MBA28E

Figure 4-3: Ferroxcube’s U93/76/30 core dimensiomim.

With that in mind, given the size of each core #mlintent to minimizing the number of
turns, 5 set of core were selected to build thér Higquency transformer in a “UU”

configuration. This will increase the effective aref the transformer in five fold. Using
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equation 4.3, we can calculate the maximum fluxsdgiiB,,,,) for a given number of
turn on the primary. Another approach is to s#&,g,., and calculate for minimum
number of turns. An integer number of turns witlpractical value for building the
transformer were picked. As a result the flux dgnaould have to be lower than the set
maximum flux density at maximum power. For thats@aN,, = 14 was selected to give

magnetic flux density of 0.14T using equation 4.3.

2y
Brax = w*Np*:le (4.3)

Where

V2 x 1270
By = = 0.138T
21 * 35kHz * 14 * (5 * 0.00084m?)

Based on the turn ratio that was set above, whetd.57, the number of turns for the

secondary side of the transformer will be:

14
NS = —_—= —
n 0.54

=25.9

Thus, setting the number turns to the nearesténtdg = 26 turns.

From Figure 4-2, we can see the presence of magmgtnductance. This is set by
adding air gap or non-magnetic spacer betweendtescThe air gap causes a
considerable decrease in the effective relativenpability. However, it produces a more
stable effective permeability and reluctance, tasgiin a more predictable and stable
inductance [10]. The relationship between the apr gnd the magnetizing inductance is

shown in equation 4.4.

ﬂerNg (4 4)

Ly =
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Where p, = 4mx107’NA™?2 and(lg), is the air gap length, where its effective length
would be twice the single air gap to account fathdeg of the “U” shape ferrite. Using
the values from Table 4-1, for maximum of 2mm aapgwherel, = 4mm, the

magnetizing inductance will be;

_ 4mx1077 + (5 0.00084m?) * (14%)

— 258.6uHl
m 0.004m v

Finally, an important consideration during the dasig phase of the high frequency
transformer is losses. There are two types of dkat have significant effect on
performance. These are core loss and copper Inkgmation regarding core loss can be
found in the manufacture’s datasheet as a funcigeak flux density with frequency as
a parameter. Therefore, the core loss of the tselamre material can be calculated as

follows.

20kw

P = ?xVe = 20kw/m3 % 0.00158m3

P, = 31.6w

Similarly, the copper losses, as it is commonlywnpwould be the loss on the wire,
which may or may not be made out of copper. Basethe number of turns, and number
of core used to construct the transformer, it isyea calculate the total length of wire
used. Once the length and the size of wire haea bdetermined, a nominal RMS current
can be used to calculate the losses on the wirerder to determine the appropriate size
of wire to be used in a high frequency transforrties,“skin effect” needs to be kept to a

minimum. This is due to the tendency of an AC autrt® flow on the wire’s surface,



39

with the increase in frequency creates current dimogv Therefore, in order to fully

utilize the wire, the skin depffz) needs to be calculated.

0.0662
£ =

77 [m] [1] (4.5)

Where(¢) is defined as the distance below the surface tflamdurrent density has fallen
to 37 percent of its value at the surface [10].r&€fare, using equation 4.5, the skin depth

for our maximum operating frequenfys= 60kHz would be:

0.0662
£ =———==27e"*[m]

" V60kHz

Therefore, a radius of equalsge= 2.7e"*m would approximate the wire size of 30
AWG. Based on industry recommendation and additiamasideration for design
margin, 38 AWG size of wire was selected. Next stepld be to determine the number
of strands of 38 AWG wire needed to have in ordecdrry the full current without an
excessive copper loss. With the intention of kegjtive copper loss to no more than 3x
of the core loss, or <100w of loss, a 4 AWG equmallitz wire is assembled using
approximately 2,625 number of strands. From theufaturing datasheet, a 4 AWG
equivalent litz using 38 AWG strands of wire hawerdsistance at = 0.928Q/1000m.
The approximate required length of wire neededhenprimary side of the transformer,

based on the number of turn and core used is ~4.9m.

Therefore, the copper loss on the wire is:

0.9280
R, =

2y —
1000m> 49m * (150%) = 102 W
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However, for ease of manufacturing the transforamer a tighter control over the leakage
inductance, two 8 AWG litz wire in parallel haveebeselected to replace the 4 AWG litz
wire of the primary side of the transformer. Willmast double the number of turns on
the secondary, use of one 8 AWG litz wire couldultem a similar performance as the

primary side.

4.2  Transformer Simulation Analysis

Following the different design iterations, and cddt¢ions of section 4.1.1, the

final specification of the high frequency transf@mhmas been developed.

TABLE 4-2: HF TRANSFORMERSPECIFICATION

[tem Rating Unit
| Primary Turns | 14 | Tumns |
| Secondary Turns | 26 | Tumns |
| Primary winding | 2x8 | AWG |
| Secondary winding | 1x8 | AWG |
| Gap L2 L Mm |
| Leakage Inductance | 7 | uH |
| Magnetizing Inductance | 200-300 |  uH |

Using the specifications in Table 4-2, a modelhef high frequency transformer
was developed using Ansoft® software tool. A 2npacer material was also been

added to develop the expected leakage inductasaoé.re
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-

Figure 4-4: Ansoft high frequency transformer magghg “UU” shape ferrites.

Simulation of the model was also done using PE®psedftware, in order to compare the
result with the expected value. Figure 4-5, showsinaulation of the magnetic flux
density, which showeB,,,, = 0.1371 T. Similar result was found during calculation of

B4y USINg equation 4.3 above.

Figure 4-5: Magnetic field density model in higkeduency transformer.
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CHAPTER YV

5. CONTROL ARCHITECTURE

One of the main requirements that initiated thiseegch is the need for a regulated output
voltage. Therefore, regardless of the topology perating mode chosen, the high frequency
power distribution unit needs to guarantee a reégdlautput voltage. This includes maintaining

a specification of 700VDC +/-5% across the fullputtioad range including 100 kW step load.

TABLE 5-1:HIGH FREQUENCYPDU SPECIFICATION

Item Rating Unit
| Input Voltage || 600 +/-30% | vDC |
| Output Voltage (including transit) || 700 +/- 5% | vDC |
| Average Output Power | 15 | kw |
| Peak Output Power | 150 | kw |
| Minimum Output Power | 100 | W |

51 HFPDU Control Scheme

The high frequency PDU controller is a classicaltage-current cascaded loop,
where the error from the output voltage loop becomeirtual current reference. The two
loop concept shown in Figure 5-1 works by corregtihe output voltage by way of
adjusting the resonant current using proportiomal eategral (PI) controller. Since the
current experiences less delay than the voltage,twio-loop approach tends to have
better dynamics than voltage-mode control along] [A addition, due to the extremely

high step load requirement, output load current lbeen used to create a feed-forward
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signal to improve HFPDU transient response. Rebsory, the additional output current
information gives early update on the output loadole the effect is shown in the

voltage feedback.

State
Machine

Vidok

e

Figure 5-1: HFPDU control scheme using cascadeedap control.

5.2  HFPDU Control Modeling

Matlab/Simulink model was developed based on thevealmentioned control
scheme together with the LLC resonance convertar was discussed in Chapter Il
Small output pre-load together with a switch colteb135 kW resistive step load were

used for simulation.
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Figure 5-2: HFPDU Matlab/SIMULINK model of LLC tofmgy and controller.

Figure 5-2 (below) shows the start-up waveformhef HFPDU. High gain is expected
during start-up, due to the high voltage differebeéween the output and the input DC
volt. Therefore, in order to provide soft starndtion, a controlled ramp has been
incorporated in the input command. As a resultpadgcontrolled ramp to the output
voltage is shown in the figure below, followed bycantrolled resonant current and

inverter PWM voltage, respectively.

Output voltage

oo

ol e

Figure 5-3: HFPDU simulation results during stgst-u ™s)
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TABLE 5-2: SPEC FORINPUT DOMAIN WITH DEGREE OFFREEDOM

[tem Value Degree of Freedom Unit
| Input Voltage | 600 | +/-30% | vDC |
| Leakage Inductance | 7 | +-14% | uH |
| Resonant Capacitor | 4 | +/-10% | uF |
| Output Capacitor || 10,000 | -/+10% | uF |

Output voltag

()

The items from Table 5-2 were set to vary withiaitldegree of freedom, and a total
of 81 different combinations of runs were perform&tjure 5-5 shows step load of
135kW, while the converter were at a steady stdtie tive output loaded at 15kW. After
completing the 81 runs, the maximum measured ptagendroop values were

aggregated, and 2.2% was determined as the maxomop value.

E Figure 1 _'m'x [ Figure 2 B

Eile Edit ¥iew |nsert Tools Desktop Window Help £ Eile Edit View [nsert Tools Desktop Window Help ¥
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No. of droop

700

695

630

685

a
14 1.8 1.6 1.7 18 18 2 21 2.2

EEDU 2 4 B & 10 1z 14 16 Woltage Drop During 135kW Step Load [ % ]

Time Voltage
(ms) droop (%)

Figure 5-5: Monte Carlo Analysis of HF PDU TransiBesponse when 135 kW load

were added, and droop measurement in percentage.

Similarly, once the converter is at steady staté wWie output loaded at 150kW load, any

sudden removal of the load will result in some ¢rant response. Using values from



Output voltage
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Table 5-2, similar Monte Carlo result shows in Fg®-6, the max rise on the output

voltage was less than 2%.
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Figure 5-6: Monte Carlo Analysis of HF PDU TransiBesponse when 135kW load is

removed and voltage rise measurement in percentage.
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CHAPTER VI

6. THERMAL ANLYSIS

Thermal analysis is a fundamental issue in poweweder design, since it is
instrumental in determining the most convenientiamng power device. The associated
heatsink and choice of cooling method are striothated to the basic requirement for
keeping the junction temperature below the maximasimissible value [6]. In this
chapter, we will identify the converter's sourcela$ses, and discuss the simulation of

the thermal performance for the selected heatsink.

6.1 L oss Calculations

There are primarily two sources of losses on thBTIG used for the resonance
converter. They are classified as switching lossgsconduction losses. In setting up the
experiment for thermal analysis of the convertesingle heatsink with a size of 150 mm
x 380 mm was selected. The heatsink will be shasetivo IGBT modules, with each

consisting of 2 IGBTs, and two diode modules, whatso consist of 2 diodes each.

As previously discussed, the selected LLC resonanogerter will not have any turn on
loss due to super-resonance operation. Howeveag thil be some turn off losses. The
section on softstart operation shows techniqueselducing or eliminating these turn off

loss. Manufacturer of IGBTs or similar devices pd@s an energy turn on and turn off
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estimate loss for corresponding current. Figureshdws both the turn on and turn off

losses for PowerEx CM600DU-24FH IGBTs. To determspecific £, ) value, the

resonant current will have to be determined throsighulation of the model. Based on

the difference in the operation of the leading degging sets of IGBTs, a separate

analysis will be required.

102

Ve = 600V
- Vge =15V
R; =0.520
_TJ =125°C

Inductive Load
|~ C Snubber at Bus ﬁ“
— ESW(on) ,"

-,
== Eswiof) 9'?‘

SWITCHING LOSS, Egy cn» Eswiofy (MV/PULSE)

100
101 102 103
COLLECTOR CURRENT, I, (AMPERES)

Figure 6-1: PowerEx CM600DU-24FH switching lossaalector current.

We begin with the leading leg, which uses a snulcheacitor to reduce the switching
losses. In this case, in order to include the chipé the snubber capacitor, we apply a
reduction factofK equction1), Which is a function of the snubber capacitor, the

commutation current, the commutation voltage andtctimg characteristics of the

devices [2].

Psw _teaa = Kreduction1 (fxEofflead) (5.1)

While the conduction loss, also called the satarelbss, of the IGBTs can be calculated
using the saturation voltagé’,,;) found in the manufacturing datasheet. Due to the

nature of phase shifting, the leading leg will matinave lower saturation loss as a result
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of freewheeling state. The leading leg uses thedio the module, which has much
lower order of conduction loss, to circulate cutréss a result, the current on the leading

leg can be considered roughly half. Similarly, tbés be expressed in a reduction factor
(Kreductionz)

Psat 1eaa = Kreauctionz (VsatXImean) (5.2)
As previously mentioned the total losses on theTG®8Il be the sum of the conduction
and switching loss.

PicBr 1eaa = Psat_tead + Psw_ieaa (5.3)

However, the loss in the IGBT module also includbe parallel diode, which is
uncontrolled and consists of conduction losses .onhe diode forward drop

voltage(V.g) is also found in the manufacturing datasheet.

Peondpiode = (VCExImean) (5.4)

WherePconapiode = Pieaa_piode

Finally, the total loss of the IGBT module is thersof the losses for two IGBTs and two
freewheeling diodes. This provides the power loskier needed for heatsink thermal

analysis.

Pleading_IGBT_module = PIGBT_lead + Plead_Diode (5-5)

Similarly, we conducted analyses of the lagging legere the IGBT module benefits

from ZCS or near ZCS operation.

Once losses from IGBTs and diode gets totaledihtenal impedance would need to be

analyzed to make sure junction temperature ist®ilbw the maximum allowable value.
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Figure 6-2 shows a simple model of thermal intexfflom the junction temperature to
ambient temperature. WheR.(;-)), which is in°C/w, is the thermal resistance
between the junction and the module case. The raatuwrér of the IGBT and diode,
inside the module, provides this value. Series eotion of thermal resistance of the

thermal interface and the thermal resistance of the

materi@R pc—n))
heatsink(R:,n-q)) Can highlight the relationship between the ambtentperature and

the virtual junction temperature.

Tj IGBT Tj Diode

Rth(j-c),
Diode

Rth(c-h)

Rth(h-a)

TA

Figure 6-2: Simple model of the IGBT module theriéérface.

An excel file was developed based on the abovetemsaat different operation
points. Also included in the equation is the expdctuty cycle from CT machine

operation, which results in the heatsink tempeeastnown in Table 6-1.

TABLE 6-1: CALCULATED LOSS AND EXPECTERJUNCTION TEMPERATURE

Power Frequency Peak Power Power Heatsink Junction
Current leading Lagging Temp Temp
|15kW || 47kHz || 165A | 303.1W| 371.2 W| 47.1°C | 57.6°C |
[75kwW || 41kHz ][ 470A ][ 733.7W]| 13035W| 67.6°C || 66.0°C |
[115kw ][ 39kHz || 600A ][ 995W | 1750 W[ 65.1°C || 94.0°C |
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6.2  Heatsink Temperature Simulation

Using results from Table 6-1 above, a selectedshdacoupled with three fans
each running at 150 CFM were thermally simulataduie 6-3 shows the steady state

heatsink temperature with the converter runnintbatW of load.

Figure 6-3: Simulation result from 15 kW averag&vpoof HFPDU.

Next, a thermal simulation of the heatsink was dimmgransient response. In this setup
60 kW load was introduced for 60 seconds, oncehdasink have reached steady state
temperature on 15 kW average. The maximum measigasink temperature is found to

be67°C.

Heatsink temperature

(c)

Time (s

Figure 6-4: Simulation result from 15kW averagespgd@kW for 1 minute.
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Finally, 115 kW step load that has 5% duty cycleeveimulated after the heatsink
reached steady state running 15 kW average lo@ts. maximum heatsink temperature
is found to be5°C, which puts the junction temperature belb®0°C leaving

over25°C of margin from maximum allowable junction temperat

Heatsink temperature

‘o)

A

Ill.l‘\ ‘E ‘

Time (s

Figure 6-5: Simulation Result from 15kW Averagesplii 5kW for 2 seconds.
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CHAPTER VII

1. ELECTROMAGNETIC COMPATIBILITY

One of the main concerns of replacing 60Hz tramséor by high frequency
transformer is the introduction of switching dewcen the primary side of the

transformer. These switching devices are the reaabler of this technology, yet are of

potential concern for electromagnetic noise dubigdnd”/dt. The discipline of EMC

has often been accused of being a "black attérein measures used to reduce the
effect of a potential interference source asdfectual [3]. This is typically due to lack
of understanding on the source of noise, or theidam effect to the overall conducted
emission contributor. Figure 7-1, below shows tliece of differential-mode and
common-mode current, and the frequency range wtierg are most dominant. This

helps determine the potential source of noise,na@ans of mitigation.

- Differential-
Differential-mode | Common-made |

. —»l4—— component mode
component dominant dominant component

dominant

150 kHz 1 MHz 30 MHz

Figure 7-1: lllustration of the dominance of on@docted emission component over

another in the contribution to the total emissiéh [
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7.1  Filter Design

To limit excess amount of conducted emission thotlnghinput power line, line
filters possible on both the AC side and the retifDC section, would be required.
However; to make matter more challenging for tlopology, medical grade power
supply falls under strict leakage current requireteeThis means that the filter design
will be limited by the size of capacitance to grduhcan use as part of the filter. Figure
7-2 (below) identify possible path of current toognd on the primary side of the

transformer.

Figure 7-2: Primary Side Earth leakage Current Path

The maximum allowed capacitor to ground on the Ade £an be calculated using the

line voltage, line frequency, and maximum eartlkédege current.

Iy = 2o = Lin (7.1)

cap — 5 T 2nfc

Wherel, s max = 1mA per capacitor

1mA
~Cmax = ——— = 10nF
277%21%60

Similarly the maximum allowed capacitor to groumd the DC side can be calculated

using equation 7.1. However, due to 6-pulse reetiibn, the ripple frequency will be
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360Hz, while the ripple voltage would be around 7008SumMingl;,s max = 1.5mA per

capacitor for the DC side

c B 1.5mA _ onF
M = e 2r <360 't

Therefore; this sets the precondition on any fidlesign to have a capacitor value no
more than 10nF to ground on the primary side. Satiars were also conducted to check
and see if the above calculation produces the ¢sgdeakage current. Figure 7-3 shows
the current from each phase to ground = 1.5 mA,dwvaewthe total current to ground

becomes 0 mA. This is due to the assumption irsimellation were all the 3 phase are

balanced, and the result would be zero due to pteseelation.

(mA)

Leakage currel
-
—
==
e
i
ot

=
—
e
=

0 ol
Time (s

Figure 7-3: Leakage current on 3 phase AC linetduime frequency.

Followed by a simulation on the DC side, resulteéakage current from line to ground

=1.6mA

Leakage current

(MA)

® o
Time (s

Figure 7-4: Leakage Current measurement on DCibegslue to line frequency.
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Based on the precondition for the filter designg amformation regarding the dominant
source of noise, LTSpice simulation of EMC filteasvconducted for both common-

mode and differential mode noise.

Common-mode noise is when current flow out on akg® conductors and return on
ground mostly though parasitic capacitors. Figutelbelow shows common-mode noise

source together with common-mode noise filter aroéh

o B WE
Lad 0Am

Kilzlaoa

Figure 7-5: Common-mode noise simulation modelgiéidnF capacitor to ground.

The result from the common-mode filter model sh@esd insertion loss above 1 MHz
frequency, which is greater than -36dB. Basedrégi:1 on the expected dominant noise
contributor, the common-mode filter is expectedht@ve significant contribution in
reduce the overall EMI measurement in the frequemicynterest for common-mode

noise.

Frequency (Hz)

Figure 7-6: Insertion loss from the proposed LT8piwdel of common-mode filter.
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A similar filter model was also developed in LTSpifor the differential-mode noise,
which is when current flows out of a phase conaoluahd returns on another phase.

L qes

Measurment_ pt

: Noise_from_Hbridge
50 = +C2 +C3

-
=
=4
31
7
Bl
7

L4 S0 | o |TM 200p AC1

_[er K1L3L40.9

cosgon : BEEL L .ac dec 20 100k 30000k

Figure 7-7: Differential-mode noise simulation mbdging 10nF capacitor to ground.

The result from the differential-mode filter modd#to shows good insertion loss across
the full frequency range (100 KHz — 30 MHz) for doeted emission. With the

minimum insertion loss of -40dB, this simulatedteil contributes in great deal in

minimizing the overall EMI measurement.

Gain(dB)

Frequency (Hz)

Figure 7-8: Insertion loss from the proposed LT8piwdel of differential-mode filter.

7.2  Préiminary Conducted Emission Test

Conducted EMI from switching devices can be narawidband broadband. The
latter is caused by diode recovery, re-conducteliated emissions and other, mostly

parasitic phenomena, which are difficult, even isgble to predict theoretically. The
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way to minimize the broadband noise is to follonwododesign practices, i.e. proper
layout, grounding, switching etc. If these are duled, the broadband emissions are
unlikely to exceed the standard limits [8]. Forstthesis, a prototype was put together to
get a preliminary result of conducted emission @®igth a caveat that the result is very
dependent on the specific packaging of prototypkis requires an understanding of the
types of noise being produced, and the noise path r@sult of parasitic of the package

that need to be well understood.

A preliminary measurement of conducted EMI was dargng line impedance
stabilization network (LISN) in accordance to Camitnternational Spécial des
Perturbations Radioélectriques (CISPR 11) spetificaThe above simulated line filter
has been put to the test, and have shown promisaglting related to conducted

emission of high frequency PDU architecture.

1100

100.0

Carrected Valtage (dBuV)

400 l(\ \ \I'

- L‘ / I ) H \rll I‘w‘ J‘IJ; 'IMMI ‘ﬁJ”I IM ll\

|

3 |
100.0K 1.0M 10.0M Li it _ 4_AV
Frequency (Hz) — Limit_Select_aP

Figure 7-9: Preliminary quasi peak conducted emissieasurement result of proposed

topology shows -11dB margin from quasi peak limit.
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CHAPTER VIII

8. EXPERIMENTAL RESULT

To show the validity of the design procedure présgim this thesis, the proposed
LLC resonant converter topology have been built sesded. This chapter presents the
first HFPDU prototype, and test result of the ptgpe to demonstrate conformance of
the design to the requirements and expected refsaits simulation. Figure 8-1 shows
the overall package of the first HFPDU prototypéhwa shown significant reduction in

size, with height less than 200 mm.

What was not discussed on this thesis report, bubfi an important part
contributor to the overall performance, is the gesind implementation of control board.
The first prototype uses an FPGA based control dbdliat is not only used for
monitoring but also control the resonance convetteaddition an isolated gate driver

has been used to drive the gate signals from FPGAIssignals.

Figure 8-1: First HFPDU prototype built accordimghe proposed topology.
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8.1 M easurement Setup

A picture of the major components on the first HEPPrototype is shown in
figure 8-2. It is mainly composed of FPGA contbalard, gate driver board, isolation
transformer, 3-phase full bridge rectifier, full Bidge configuration, output full bridge
diodes, and fuses. This is consistent with theildethematic shown in chapter Il of this

thesis report.

Isolation
transfomer Control board

Full bridge
diode

Diode
bridge

Figure 8-2: Overview of the main component of tingt HFPDU prototype.

Before applying any power from the prototype, propafety precaution must be taken
due to the presence of lethal voltage. In ordercabtiect both voltage and current

measurement a Tektronic TDS5000 digital oscillogctygether with high voltage prop
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were used. For the experiment result, PWM outplibge, resonant current, and output

regulated voltage are presented.

82 Converter waveforms

Because of the difference in voltage between tpatjrand the output voltage at
the beginning, the converter will see very highngafs a result, given the same control
law, the expectation is a very high inrush currdating startup. Therefore; for this
research a controlled ramp command were introduoetiring up the voltage in a
controlled manner. Figure 8-3 and 8-4 show the omedsresult where starting from the
top to bottom, a controlled output voltage ramp, MWutput voltage, and resonant
current respectively. The initial start up wavefoghows the output PWM being at
maximume freqeuency, and minimume pulse width. aAsesult the output resonant

current is very close to zero, thus limiting thepau power.

Eile Edit “ertical HorigfAcg  Trig  Display Cursors  Measure  Masks  Math  MyScope  Utlities  Help

Tek Run 2 hons 5 Dec -
v BLItons

FPosition

Outputvoltage

Output voltage

W)

OutputPWM

Resonant curre

Resonant curre PWM  voltage
(V)

(A)

Time (mg)

Figure 8-3: HFPDU initial pulse waveform duringrsig.
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Figure 8-4 shows HFPDU during start up at 3 kW atutpod. The output voltage have

followed the command ramp by limiting the resoarmantent in accordance to the output

load.

Eile Edt Vertical Horizfdcg Irig Display Cursors Measure Masks  Math MyScope  Ubiities  Help
Tak flo 21752 Outputvoltage
Coauer

Output voltage

(V)

OutputPWM

PWM voltage

(%]

Resonant curre

Resonant current

(G

Time (ms)

Figure 8-4: HFPDU startup waveform with a contrélfamp on the voltage.

Finally converter steady state waveform is preskemdigure 8-5 below, where the
output is connected to 15 kW of load. Similarlyrfréop to bottom, figure 8-5 shows, the

regulated 700 VDC voltages, PWM output voltage, @sbnant current respectively.

File Edit Vertical Horiziécg  Irig  Display Cursors  Measure  Masks  Math MyScope  Ubiities  Help Output Vo|tage
10:11

Tek  Run Sample 1 &oigs
——

Factor

OutputPWM

(V)

(%)

Resonant curre

Resonant current  PWM voltage  Output voltage

(A)

Time (ms)

Figure 8-5: HFPDU steady state waveform with a Bbl&ads on the output.
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CHAPTER IX

9. SUMMARY AND CONCLUSION

This thesis developed medical grade high frequeaeyer distribution units
using resonant converter to replace traditionajp@Wer distribution units. Starting with
the over view of resonance topology, and operaaigeme, the paper have pointed out
the benefits and shortcoming of different seris®nant converter. Following in chapter
3, an LLC resonant converter topology, and supswnmance operation has been selected
in order to benefit from both the series and pat#dlad resonant converter. The selected
topology provides inherent short circuit protectand lower part counts, particularly
because of resonant converter capability of usagdge inductance, and magnetizing

inductance of a transformer for its resonant tank.

Following the section of LLC resonant converterdiogy, a design model was
developed using Matlab/Simulink, and control cajiigtias been simulated. In order to
account for variation in operating environment aad to part variation, Monte Carlo
analysis were conducted to show conformance tspkeification. Furthermore;
simulation of the magnetics, filter design, andttiermal performance were conducted to

set the stage for design implementation.

A prototype of the selected topology was built aeglilt was evaluated. The
measured result has been found to show an excebteration with the simulation
result. This gave confidence in the accuracy ofntieelel, and the results from the

various simulations.
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Finally, the technique and topology that were dised here are by no means
exclusive only to CT system, or even medical systémfact, it can be used in many
other applications that can benefit from isolatinigl disturbance, regulated output

voltage, and reduction in overall size in a co&aive manner.



[1]

(2]

(3]

[4]

[5]

(6]

[7]

(8]

(9]

66

REFERENCES X

C. McLyman “High Reliability Magnetic Devices: Dgsi & Fabrication” CRC Press, Jul 1, 2002 Pages: 23-
24

A. Beato; C. Bocchiola; S. Frattesi, “ Modellingdadesign of the half-bridge resonant inverter fatuction
cooking application” Control and Automation, 2008ED '06. 14th Mediterranean Conference, June 28,
2006

C. Paul; “The Concept of Dominant Effect in EMEEE Transactions on electromagnetic compatibility:
VOL. 34, NO. 3, AUGUST 1992

C. Paul; “Introduction to Electromagnetic Compdiitsi John Wiley & Sons, Jan 20, 2006 — page 420-42

Dianbo F., Pengju K., Shuo W., Lee F. C., Ming. XAnalysis and Suppression of Conducted EMI
Emissions for Front-Rnd LLC Resonant DC/DC Convstté Procedings of Power Electronics Specialists
Conference, PESC 2008 Pages: 1144 - 1150

F. Filicori ; C. Bianco, “A Simplified Thermal Anadjs Approach for Power Transistor Rating in PWM-
Controlled DC/AC ConvertersTEEE Transactions on circuits and systems—I: Fundamental theory and
applications, VOL. 45, NO. 5, MAY 1998

Jee-hoon Jung; Joong-gi Kwon, “Theoretical analgsis optimal design of LLC resonant converter” Powe
Electronics and Applications, 2007 European Comfegeon 2007, Page(s): 1 - 10

K. S. Kostov, A. Niinikoski; J. Kyyra, T. Suntiglectromagnetic Compatibility. Part 3: Limits—Sect.
2: Limits for Harmonic Current Emission (Equipmémput Current _ 16 A Per Phase), IEC 1000-3-2, 1995

L. Rossetto and G. Spiazzi “ Series Resonant Cosverith Wide Load Range” Department of Electrical
Engineering, University of Padova 1998

[10] M. Kazimierczuk, “ High-Frequency Magnetic Compots## John Wiley & Sons, 2011 Edition II,

Pages:30-35

[11] N. Mohan, T. Undeland and W. Robbins “Power Eleutre : Converters, Applications, and Design” Third

Edition, 2003 PP252

[12] P. Krein, “Elements of Power Electronics” Oxfordildrsity Press, 1998 Pages:600-609

[13] R. Steigerwald, “A comparison of half-bridge resoneonverter topologies’EEE Transaction on Power

Electronics, 3, 174-182

[14] Zhongming Y., Praveen K. J., PAresh C. C., “A Milldge Resonant Inverter With Modified Phase-Shift

Modulation for High-Frequency AC Power distributisystems” in IEEE Transactions on Industrial
Electronics, Vol. 54, No. 5, October 2007, Pag&812- 2845



67

A. APPENDICES

A.1 UNDAMPED SERIES-RESONANT CIRCUIT

Figure A-1 shows an undamped series-resonant tiniere the input voltage is
V, at timg,. The initial conditions aré, , and/,. With the inductor current and the

capacitor voltage, as the state variables, the circuit equation$ldre

diy,

L-,- E + Ve = Vd (A'l)

and C, &=y (A-2)

at

Fort > t,, the solution is as follows:

ip(t) = I, cosw,(t —t,) + %sinwo(t —t,) (A-3)
and V.(t) =V; — (Vg —Vo)cosw,(t — t,) + Z,1;,Sinw, (t — t,) (A-4)
where angular resonance frequeney,~= 2nf, = — (A-5)
and Characteristic impedance ;== % (A-6)
k]

Figure A-1: Undamped series-resonant circuit [11].
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A.2 SERIES-RESONANT CIRCUIT WITH A CAPACITOR-PARALLEL LOAD

Figure A-2 shows series resonant circuit, wherectpacitor is loaded in parallel
with I,,. In this circuit,V; and,l, are dc quantities. The initial conditions drg and/;,

at timet, [11]. Therefore

diy,

Ve =Vq — LrE (A-7)
and ip—i.=1, (A-8)
By differentiating Eq. A-7

. dv, dzi

i, = Crd_i = —LTCTF‘; (A-9)

Substitutingi. from Eq. A-9 into Eq. A-8 yields

d2i . .
—E+ wdiy = Wil (A-10)

Where angular resonance frequengys still the same as Eq. (A-5), solution for t,

is as follow:

i) =1,+ U, —1,)cosw,(t —t,) + @ sinw, (t — t,) (A-11)

o

And

vc(t) = Vd - (Vd - Vco)coswo(t - to) + Zo(ILO - Io)Sinwo (t - to) (A'12)

— i []
Y'Y Y\

L inl
A

+
s T Ve[Ved] D

Figure A-2: Series-resonant circuit with capacparallel load [11].



