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Currenttransformer Based Higlrequency Auxiliary Power Supphipr

SiC-based Medium Voltage Converter Systems

Ning Yan

(ABSTRACT)

Auxiliary power supply(APS) plays a key rolan ensuringthe safe operation othe
main circuit elementsncluding gate drivers, sensors, controfieetc in medium voltage
(MV) silicon carbide(SiC)-basedconvertersystens. Sucha converter requires AP®

have high insulatiosapability low commormode coupling capacitan¢é.,,), andhigh

powerdensity Furthermorgconsidering the lifetime and simplicity of the auxiliary power
supply system desigim the MV converter partial discharge (PD) free andulti-load
driving ability are the additional two factothat need to be addressed time design.
However to d a y &eof-the-drtgproductdave either low power rating or bulky designs,
which does not satisfy thiemandsTo improvethe current designghis thesigpresenta

1 MHz isolated APS designusing gallium nitride (GaNYPevices with MV insulation
reinforcement.

By adopting LCCLLC resonant topology, theroposedAPS is able to supply multiple
loads simultaneously and realize zero voltage switching (ZVS) at any loadtimorsd
Since high reliability under faulty loacbnditiors is alsoanimportantfeatue for APSin
MV converter the secondary side circuif APS is designed as aegulated stagelTo

achieve MV insulation> 20 kV) as well as lowC,,, value (< 5 pF) a currertbased

transformer withasingle turn structure using MV insuian wire is designedrurthermore,



by introducing differentinsulated materialand shielding structusgthe APS is capable to
achievdifferent partial discharge inception voltagBDIV). In this thesisthe transformer
design, resonant converter designdinsulation strategiewill be detailly explainedcand
verified by experimentesults

Overall, this proposed APS capableto supply multiple loads simultaneously wigh
maximum power of 120 Wor the sending side and 20 W for each receiving 8ide
compact form factoiZVS can be realized regardless of load conditiBased on different
insulation materials, two different receiving sides were bBidtth of them can achiee
breakdown voltagef over 20 kV. The airinsulated solution can agveaPDIV of 6 kV

with C,,, of 1.2 pF. The siliconénsulated solution can achiea®DIV of 17 kV with C,,
of 3.9 pF.



Currenttransformer Based Higftequency Auxiliary Power Supply for

SiC-based Medium Voltage Converter Systems

Ning Yan

(GENERAL AUDIENCE ABSTRAC)

Recently 10 kV silicon carbide (SICMOSFET receives strong attention for medium
voltage applicationsAsit can switch at very high speed, e.g. > 50 V/ns, the ctanvgystem
can operate at higher switching frequency condition with very small switching losses
compared to silicon (Si) IGBT8]. However, the fastlvVdt noise also creates the common
mode current via coupling capacitors distributed inside the conversezns, thereby
introducing lots of electromagnetic interference (EMI) issues. Such issues typically occur
within the gate driver power supplies due to the kight noises across the input and output
of the supply. Therefore, the uksmall coupling capator (<G pF) of a gate driver power

supply is stronly desired.37]

To satisfy the APS demands for high power modular converter system, a solution is
proposed in this thesis. This work investigates the design of 1 MHz isolatedigh®$
gallium nitride (GaN) devices with medium voltage insulation reinforcement. By
increasing switching frequency, the overall converter size could be reduced dramatically.
To achieve alovd value and medium voltage insulation of the system, a&ntibased
transformer witha single turn on the sending side is designed. By adopting LOTL
resonant topology, a current source is formed as the output of sending side circuity, so it

candrive multiple loads importantly wita maximum of 120 W. At theasne time, ZVS



can use realized with different load conditions. The receiving side is a regulated stage,
so the output voltage can be easily adjusted andnibperate ina load fault condition.
Different insulation solutions will be introduced and their effecbon will be discussed.
To further reduc® , shielding will be introduced. Overall, this proposed A&
achievea breakdown voltagef over 20 kV and PDIMup to 16.6 kV withd un O
Besides multi-load driving ability is able to achieve witmaximum of 120 W. ZVS can

be realizedIn the end, lte experiment results will be provided.
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Chapter 1

Introduction

1.1 Background Information and Motivation

Recently the demand for power electronics in mediwwmltage (MV) applicationsis
continuouslyincreasing It has been widely used mlectric transportations [B], e.g
electrical shipsrenewable energgystens, eg. solarPV systenj3][ 4], data centerflL][ 5],
etc.However, hose applicationsaveh i gh r equirements on power C¢
density, efficiency, and reliability. [6] Thus, the traditional silicon (Si) 1GBbased
converter cannot meet the requirements anymoreaarelv semiconductor deviogith
high power processing capability is desirgd.
As a promisingcandidatefor MV applications,10 kV SiC MOSFET receives strong
attentionas it hasiigher breakdown voltage, higdnoperating temperature, fastswitching

speed, e.gdv/dt > 50 V/ns and lower lossescompared to Si IGBT. Due to high

blocking voltage SiC devices enabla few switches in MV converter, which leads do

simple controlschemeHigh dv/dt allows the converter to operate witie high switching

frequency, which can i mpr oHewevtetitheseWanced nvert e
device featurebring additional desigrchallengego other circuit components, suchgate

driver (GD) andauxiliary power supplyAPS).

The isolatedAPS is a critical componento ensuredevice safe operationQualified
isolation level and constant output voltages under different conddi@nhe key features
for APS. Besidesmedium insulation voltagenediumpartial discharge inception voltage
(PDIV) is also requireavith the consideraton oA P S 6 s  [9] andinsulatioadesign
of a modular converteDue tothefastdv/dt caused byhedevice,acommon mode current

via coupling capacitorsvas created andistributed inside the converter systewhich

1



introducesmanyelectromagnetic interference (EMI) issy&8] As shown in Fig. 1,i&ch
anissietypically occusthroughthegate drivepower supplf{(GDPS)becausés common

mode couplingcapacitor (., ) value is much larger thae C.,, value caused by signal
trarsmission Thereforeanultra-small C,,, value(< 5 pF) is stronty desired in APS design

Finally, considering the future integration purppsemplete auxiliary power system design
inside MV converterand future high current applicationsa multtchannel,high output
power APS designin a compact form factorwhich is the most challemgy aspect,is
preferred Overall, amulti-channelAPS with high insulation capability, loW,, , high
output powerand small dimensionare requiredThe complete APS specificatiorare
listed in Table |

-
Signal Isolator =
*>  Gate ||<
I_"_I Driver > Ly
APS
]
50 Vins
—

IFT

Signal Isolator |
Gate
I_"_I | Driver :

APS

v

Figurel. Main common mode current conducted path in-hailfige inverter

Tablel. Design Specification for the Isolated Auxiliary Power Supply

Parameters Values
Input voltage Vi) 48 V
Output voltagg V,) 24V



Max. receiving side output powéP,,) 20 W

Max. sending side output powg,) 120 W
Insulation Voltagd V., ) 20 kv
Partial discharge inceptioroltage(PDIV ) 5 kV-15 kV
Commonmode coupling capacitan¢€..,) <5pF
Volume < 3in?

1.2 State-of-the-Art Architectures

1.2.1 Transformer-basedDesigrs

Insulation capability is always the priority to consider for APS design. Based on
i nsulation me t kobtliesrt architectur@sfad snto $wob acategories:
transformerbased desiggand nortransformetbased desigg Transformerappears athe
most common isolation component in APS desgrte it provides galvanic isolati@nd
at the same time, is able toalternatevoltage orcurrent leves with high efficiency. For
transformerbased designghere are three subcategori¢ise voltagebasedtransformer
design ona single PCB, voltagbéasedransformerdesigns ortwo PCBs, and current

basedtransformerdesigrs ontwo PCBs[11].

Figure 2showsthe single PCB solution fovoltagetransformetbased desigrior this
structurethere areyenerallytwo differentdesigrs. The first type of desighasanextremely
small convertersize To achieve sahe APS is designed asGaN-based dc/dc converter
with theswitching frequencin theMegahertzange Fromatopology point ofview, simple
circuit structure, such as active clamp flyback and LLC shown in Fig. 3 add Bigwored
by this design as it requires fewmberscomponentandcanachievehigh efficiency [12-
14] Additionally, multiple outputs can be easily achiewaith less space requiredyt due
to thesmall converter size, the number of ouasitlimited. Besides thisasmall converter

sizebrings insulation design challengeo maintain insulation capabilityith limited core



size [12-15] usePCB embeddedransformer In this caseFFR4 isthe insulationmaterial
Although the voltage strength of FR4 is high, considering the overall size and pollution
condition ofthe PCB surface theinsulation voltage for this design is limitedatower MV

level, such a8 kV. Another drawback for the embedded transformer solutiéh,isalue
is relativelyhigh. The designs ifil2-15] haveC.,, valuevaried from2 pFto 10 pF. Finally,

considering the overall thermal performance and converter size, the output fpowes

transformer embedded soluti@only2 W.
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Figure3.Circuit schematic of active clamp flyback converter
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The secondype of single PCRlesign hasitransformer on the surface thie PCB with
the exact layout shown in Fig. [h most designsthe air is the main insulation media, so
the APS insulation level mostly rnek on transformer sizeThus, due tdhe low voltage
strength of airto ensure the clearance distance between lovhighdsidesthe transformer
size isincreaseddramatically compared to the previous desiglots are added to PCB to
increasethe creepage distancgl6] To assure thénsulation capability between core and
windings,[16, 17] utilize Kapton tapeAlthoughthe completed transformer desigiigky
andthe manufacturing process is complétte insulation levels able to reachver20 kV.
For multichannel outputdesign, 18] uses PCB windingin a flyback converter shown in
Fig. 5. By increasing the number of PCB layeis,is able to supply seven loads

simultaneously witta total output power of 20 WAlthough this type of design has large

dimensions, th€',,,value can be reduced below 2 pF dud¢h®large distance between

windings. To further decreas€,,, value, double transformerwith the opposite winding

method is introduced in [17Pverall, this type of solution hadhigh insulation level, small

C..value but large size.



Figureb. Circuit schematic o flyback converter

The second subcategory tise voltagetransformetsbaseddesign with two separated
PCBs, and the transformer is located on the secondary side beagt®wn in Fig6, the
reinforcementinsulation distance is slightly differefrom previous solutionsbutin this
casetheMV insulation level can be easitgalized by increasing the distance between two
boards[11] As presented in1[9-24], since thénhigh side and low side boards are separated,
the insulatiorbetween circuitss less concernedlo ensure the insulation capability inside
thetransformersolid materials are applied.922] potted transformer withitherepoxyor
silicone which ismore reliable than using aj23] offers another solution by using Kapton
tape andPCB is used as insulation media[#4]. All designs carachievea breakdown

voltage over 18 kVawith asimilar converter size to the second casesifigle PCB design,

but due to the permittivity of solid material, the, is relatively large. From a circuit

perspective, besides flyback, CLLC and single active bridge shown in Fig. 7 aBdaFeg.
the common topoldgs due to simple structure and capityp to achieve ZVSbut most
designs havanunregulated stag&hus, the operating condition for this type of design is
limited and when multiple secondary side cirsuire connected in parallel, normal
operation willbe affected Thus, lesides using PCB windings, using litz wire with the

structure shown in Fig. 6 is difficult to achieve miidtad driving ability
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Figure6. Block diagram for voltagéransformerbased design on two PCBs wittheled insulation path
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Figure8. Circuit schematic of single active bridge

To solve the multiple output voltage problem while kee@rggh insulation levela

currentbased transformer solution becomes a good candiBgteising the LCCL-LC



topologyshown in Fig. 1(25], the output of the primary side circuit is a constant cuyrent
somultiple loads could be connected in series with wire hanging irthe converter[25

27] uses a MV wire as primary side windimgdesign, so as shown in Fig. 9 by increasing
the length ofthe MV wire, theinsulation requirementan be easily me#lthough the
transformer sizeloes not determine thasulation level anymore, it still affects PDIV
[25][26] can achieve PDIV over 10 k¢ and breakdown over 20 kV, but the total output
power is low andhe primary side circuit size is extremely large [26] which is not suitable

for system integration.
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Figure10. Circuit schematic of LCCILC resonant converter



1.2.2 Non-transformer-basedDesigns

Wireless power transfer (WPT)tise most popular candidate for cdess APSesiq.
As presented in28-33], the insulation level depends on the distance betwiben
transmiting and receiing coils. By adjusting the distance between two transmitter and
receiver coils, insulation lev&tan be easilgcaledup or downThus, unlikeatransformer
basedsolution, WPT camchieve different insulation voltages without chaggoil size.

Depends omhe effective area and distance between two sets of €djlshevaluecan be

different. By increasingthe transmitter coil area or using topology with current source
behavior, multichannel outputs can be realiz¢82] [33] However, WPT is a location
oriented design which means the transmitter and receiver coilgdawverlap with each
other witha certain distance in betweefiny location mismatch can cause low efficiency
Thus, system integration becomeghallenge for WPT when there are multiple loads
needed to be powered.

Power ovefiber (PoF) is théast APS solution that is available natvcan achieve high

insulation voltage with negligibl€.,, value However, the output power is limited to 0.5
W and the efficiency is below 50 .%9%8lthough paralleling more receivers can eventually

increase the output powerttte desired value, high cost and ulleage transmitter are the

biggest concernThus, PoF cannot be implementedaimigh power density converter
although high isolation ieel andultra-small C,,, value can be achieved.
Table 2 listghe comparison results for four different stafehe-art solutionsof APS.

Different solutions have different advantages and disadvant@gasidering theoverall

performance the currenttransformetbasedsolutionbecomes the best candid&be high
insulation voltage, high power density wilsmall C.,, valueAPS designThus, this paper
proposes a curretitansformesbased APS witla design targeas shown in Fig. 1bf 20

kV breakdown voltage20 W output power, small dimensiorendultra-low C,,, (< 5 pF).



Table2. Comparisons of Stataf-the-Art Features

If muilti -
Solutions Insulation level Size Cem Output Power channel
available
VT -based with ) ) ) Yes
_ Relatively low Very small | Relatively high Low o
single PCB (limited)
VT-based With | atively high L High High N
elatively hi arge i i 0
two PCBs e 9 J I
CT-based Relatively high Moderate | Relatively Low | Relatively High Yes
Non- Relatively High ]
) High (WPT)
transformer - High Moderate (WPT) Yes
Very low (PoF)
based Very low (PoF)
Insulation
Voltage [12]. Sun [19]. Zhang [31]. Pan
e [16]. Kim
20 kV *
Target
15 kV
10 kV
5kV
5W 10w 15W 20 W Power

Figurell Stateof-the-art architectures with blue dots indicatedraléage transformebasedsingle

PCB solution, orangdots indicated agoltage transformebased two PCBs solutiogreen dots indicated

asacurrenttransformerbasedsolution andgrey dots indicated asnon-transformerbasedsolution
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1.3 Thesis Outline

This thesisfocuseson the design and evaluation forGaN-basedisolated DC/DC
auxiliary power supplyased on the given specifications. TARS is used for MV SiC
based convert system.

In Chapter 1, thdackground andnotivation for achieving galvanic isolatickPS for
theMV systemarediscussed. The improved feasibility of this application due to the recent
advancement in widbandgap semiconductor technology is explained. A survey on the
stateof-the-art architectues including research project and commerqgmbducesare
presented Advantages and disadvantages will trgefly discussedFinally, the target
specifications for the converter prototype to be desigmegresented.

Chapter 2discussesransformer desig and optimizatio based orthe requirement of

volume, insulation voltageandC.,, . Due tothe core structurenew modeling methods of
maximum allowable voltage and,, related are proposednd applied in transformer

design.Also, core material and wire selections will also be included in this chapter.

In Chapter3, a brief discussion about thgeneral structuresnd corresponding
topologiesof APS will be presented firsThen,based on aalysis, LCCL-LC topologyis
selected andiill be introducedspecifically The complete esign processf this converter
including magnetic design, device selection, controller, ZVS realizatibbe presented
Furthermore, for higher power applicat®mhe design challenge and process for parallel
device structure will be discussddnally, the experiment results Wibe provided

Chapter4 focuses orinsulation designEight different solutions will be introduced.

Different insulationmaterials ad shielding techniques are present&ttthe same timehe

effecton C,,, caused bylifferent insulation structures will be analyz&estingresults will

also beprovidedin the end

Chapter 5 will provide system experiment resilow voltage teswith wireless power
transfer WPT) andassembled auxiliary power system in MV converterrestlts will be
included.

The overall summary of the thesis along with potential areas of interest that can be

continued as an extension of the research outlvigdbe presented in Chapter 6
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Chapter 2

Transformer Modeling and Design

2.1 Introduction

The transformer isalwaysthe key component inonverterdesign as it determines the
insulation level, coupling capacitor valyesficiency andconverter volumeln traditional
transformer desigrthe overall losses aramajor concerrand coupling capacitance is less
important gce high efficiency is the most desired feature in many applicatitmsever,
the situation is opposite for APS in MV applicatoim APS design for MV applications,
insulation capabilitycoupling capacitanc@nd overall volume are the three majoriges
criteria, so losses are less concerned in this deBigs,a new transformer design method
based on these three criteria will be introduced in the followeggsionsAccording to
[25], atoroid core withounair gap is selectedror installation ad insulation purposg
asingleturnusing insulated wire of AWG 18 selectedsthe primary sidevinding going
through the center of the cors shown in Figl12, the secondary side winding is wound
tightly on the opposite side tiie corein a compact wayBased on this structure, specific
modeling of insulation voltage and coupling capacitance will be introducedTiireh, a

specific transformer design process will be discussed.

secondary side )
winding (HV) core (HV)

Figurel2 3D view of proposg transformer design structure

\
primary side
winding (LV)

12



2.2 Maximum Allowable Voltage Modeling

In the insulation design, the primary side winding is connected t@ientias, such
as GND, andhesecondary side winding connects to higitentialas shown in Figl2.
Although thesecondary side winding is tightlyoundaround the core, there is still a thin

air gapbetweerthe core and windingfabeled asl; andd, in Fig. 13. To ensure no

breakdowrwould happerin the thin air without adding additional insulation material
such as Kapton tapthecore is alsaonnectedo the high voltage sid&hus, the
maximumelectric fieldis mainly determined by the distance betwébaprimary side
winding andthe seconday side windingHowever,due to the compact winding method
and bending part of secondary side wire, the electric field ins@tkeansformer is not
uniformly distributed, whichncreases the difficulty to predict tieaximum allowable
voltage for this sticture

To simplify the modelit assumeshatd,, ds andds shown in Figl5is larger thard,
shown in Fig.13, soonly the portion of primary side wins located at the center te
core will affect the electric field distribution. In this casgs transformer structui@an be
regarded as a concentric cylindes indicated in Figl3 with a uniformly distributed
electric field betweethe high voltagend low voltage side§ he maximum electric field
inside the structure IS§:

Vins

d > (1)

Emax — 5
r..ln <—
p1 rpi

wherer,,; is the radius of the primary side wire including the insogplayerandd; is
the distancefrom the center ofhe primary side wire to theenter ofthe secondary side
wire (d; =r1; —r1y).

When the secondary side wire radius is much smallertthancan be substitutefibr

d.
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2ry primary side wire

i

Figure13. Simplified structure ofheproposed transformer for maximum allowable voltage modeling

Although in the air, the maximum electric field is 3 kV/mm, sinoeanufacturing
tolerance exists in practice, a design margin is required. Thus, the designed maximum

electric field(E...x) for the concentric cylinder structure is 2 kV/mihhen, based on eq.

(1), the maximum allowable voltage is:
Vmax = Emax rpi ln (ﬁ> (2)
Ipi
Figure.14 showsthe maximum allowable voltage withtransformerinner radiusrom
3.5 mm to 20.5 mmFrom the figure, to achiewemaximumallowablevoltage of 5 kV,
the inner radius othe core is required to bet &as 7.3 mm.Due to the manufacturing

requirement, the minimum inner radius will be 7.5 mm

10

9,

Max. Allowable Voltage (kV)
[=

0 5 73 10 15 20
TX Inner Radius, ri (mm)

Figurel4. The maximum allowable voltage with increasing transformer inner radius for concentric

cylinder structure
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2.3 (., Modeling

Due tothe fast switching speed of SiC MOSFETa commonamode current is often
induced via coupling capacito(€’.,,) of isolated componesinsidethe converter which
can introduceslectromagnetic interference (EMI) problen39, 40] As shown in Figl,
the isolated gate driver power supply amghal controlleprovide commosmode current

paths. However, the controller signal is usually transmitted by opticaHiigethe distance

between transmitter and receiver is much larger than the sending side and receiving side

circuitries of APS, so th€.,, caused by signal transmission negligible compared to the
C.. caused by auxiliary power transmission. Thus, AB&mes$he main patio conduct
commonmode currentTo reduce thesirculating commornmode current, a smallC,,

valueis necessarjor APS designThereforean accurat€’,,, model is needeih order to

completethetransformer desigrRaper [25] ang41] provide a modeling method by using
electricfield energy This method divides the two side windings into different groups based
on the coupling path firstand thencalculates eachmutual capaciance With different

distributed voltage for each group, tterresponding electriield energycan be derived

By summing up alklectric field energy portions, the findl.,, can becalculaed with

predeterminednput and output voltageddowever, the methodloes not include all

couplingpathsbetween windingsBesidesthecalculation process is complekherefore,

a newC,, model isdeveloped withall coupling paths considereth this section, the

mathematical derivation df.,,based on the structure shown in Fig.will be introduced.

To simplify the modeberivation processhe insulang layer ofthe primary side is not

consideredFig. 15 shows the side view dhetransformer with labeled dimensions.
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Figurel5. Side view otheproposed transformer structure withthueinsulated layer of primary side
winding
Themut ual capacitance between the primary

portion labeled a®; andS; above is shown in Fid.6. There are two coupling paths with
three different coupling capacitandestween these two wire segmerfegstly, P, andS,

are coupled directly throughe insulaing material which isair in this caseand generate

C,isin- Then,C,,., can be simply modeled as a capacitance between two parallel wires
[42]

2me €. h

n <<d1 1) (di - >) ©)

Ip,Ts

Cpisi,n -

wheree, is the relative permittivity of the insulag material.h is the length of5,. d,
is the distancdrom the center oP; to the center 08,. r,, is the conductor radius of
primary side wirer; is the radius ofhesecondary sideire.

Since C,;, is the coupling capacitor betweehe primary side windingturn to

secondary windindurn, for the transformer design with multiple turns on seeondary

side the total coupling capadince coupled througheair directly is
Cpisi =n- Cpisi,n (4)

where n is the number of turns on the secondary side.
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The second coupling path betweBnandS, is from P, to corefirst and then fronthe
core toS, . Thus, two couplingapacitancefabeled a<,.; andC,,; are creatednd they
are in series connectiori”,,.; represents the total capacitanhatis coupledbetweenP,
andevery single point on the core. To simplify the derivatiol©gf;, it assumes that the
core is a good conductor. TheC,.; can be regarded as the capacitanteoncentric

cylinders structure:

2ne,e.h
Cpici = ﬁ (5)

P

wherer; is the core inner radius.
Similar toC,.;, C,.: represents the total capacitance tisatoupled betweef; and

every single point on the cqrbutsinceS,; is not at the center of the cors. (5) cannot

be usedin this caseThus,a new mathematical modeleeds to be builBy dividing the

core into multiplerectangular prisms witlthe same dimensionas S, , the coupling
capacitance betweéh and each rectangular prism approates to be the capacitance

between parallel wires witadistance ofd;

<[ 2ne g, h e
Csici =% Z W , wherem = 1‘7: (6)
i=1 In{—=
I,
Fromeg. (6), C.. is increasing with decreasinty. Since secondary side wires are
tightly wounded around the core, tle that is fromS, to the closestectangular prisms
is ultrasmall which can generatenanfinitely large capacitanceThis leads tdhatC,,
value is infinitely largeSinceC,,.; andC,. are in series, the total capacitance for this
coupling path is eventually dominated 6y, . To be noticed, although there are multiple

turns on the secondary side, all turns share the §ama the model because &l are

connected and can be regarded as the same potential point.
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Figure16. The couplingcapacitordetweersegmentg of P, andS,

Figure 17 indicates the coupling capacitors causedPbyndS,. Unlike the previous
case, thidgime, there is only one coupling path which is frémto coreand fromthe core
to S,. The capacitor betwedh and core is already discussed ¢mcalculated above.
The derivation process d&f,,., is similar withC,., 0 s . Accor @) Ag,ist o eq.

infinitely large.

A

Figure17. The coupling capacitotsetween segmenbof P, andS,

As shown in Fig18, there are two coupling capacitanc€s,., andCy,;, betweenP,
andS,;. C,,., is generated by the coupling betwdgnand core soa similar method of

calculatingCy;; can be applied twbtain C,,., . However, the calculation process is

18



relatively compicated. To simplify the derivation process,assumes thathe core is a

good conductgrso C,,., can be considered as the capacitance between two parallel

cylinders In this case(,.., is determined as

2me,e.h

hl((ro+fd24er -d2> (7)

T,

C poco =

wherer, is the outer radius dhecore andd, is the distance from the centerifto
the outer cylindrical surface of the core.

Unlike S, orS,,P,i s placed a certain distance away
to insulation requirement. Thug; .., is not infinitely large and cannot be droppég.
discussed beforeC,,, is infinitely large. Thus, this coupling path is dominated(by.,

eventually sinc&’,,,., andCy,,; are connected in series.

Figure18 The coupling capacitors betwesegment?, andS,

The last coupling path is shown in Fitp, which is betwee®, andS,. C,.. is the

same one as discussed tle previous casend C,.; is ignored in this branchOne

importantaspecthat needs to beoticed that the capacitance causgdiivect coupling
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throughthe air betweerP, andS, is ignored becauséor this designed APS, the number

of turns islimited to 10.In this situation, thearea that iscovered by secondary side

windings will not exceed half of the core. another wordif the number of turns faihe

secondary side is high enough which leads to the distance belweed S, is equal or

less thanr, + d,, this capacitor should be considesetl can be calculated by using eq.

3).

S2a

Figure19. The coupling capacitors between segfiemndsS,

The total commoimode coupling capacitors is the summation of all capacitors

mentioned above. Sin¢g,.; andC,,., are ignored, the findl.,, is
Ccm —n- Cpisi + Cpici + Cpoco (8)

This model is verified with simulation resultSig. 20 showsthe comparison between

simulation and calculation results fone example withransformer inner radius of 7.5

mm, the outer radius of 12.5 mpanda height of 7 mm. Furthermord,, is set to be 10

mm. With turn number froml to 10, this model provides high accuracy vathaverage
of less tkan 5%error. Thus,the proposed’.,, model that is based on physical geometries

is valid.
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Figure20. C,,, model verification

After obtaining the equation, the relationship betw€gnand transformer geometries

need to bdurtheranalyzedn order todetermine the criticampact factor ofC.,,, which

can be used asdesign boundary itransformeroptimization Fig. 21 showsthe

calculation results of’.,, with turn numbes varied from 1 to 10 when transformer inner
radius changing from 7.5 mm to 12.5 mimthis case, transformer height is 14 mm and
theouter radius is 15 mnAs illustrated in the figure(.,, is increasing with increasing
turn numbers and decreasing inner radiMih a fixed turn numbelC,,, variesless than

20%.

To analyze the impact of transformer height(@p, the inner radius is selecteallie

7.5 mm andheouter radius is 15 mm. Fig. 22 shows the results as transformer height

varied from 1 mm to 14 mm with turn number from 1 to 10. As the rdsyltis highly

increased with larger transformer height. With loweaght i.e. h <5 mm, turn number

hasa smaller impact oif’.,,, but the impact of turn numbers will increase will increasing

transformer height.
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Figure2l1 Effect of transformer inner radius éh, with different number of turns
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Figure22. Effect of transformeheighton C,,, with adifferent number of turns

Figure23 shows the resultsf C,., with transformer inner radius of 7.5 mthe

height of 14 mmandtheouter radius variebetweerB.5 mm and 15 mmander different

turn ratio condibns The effect othetransformer outer radius is limiteBrom the

figure, C.,, valueis approximately constant over théole outer radiusange.Similar to

previous cases, larger turn numbers will incre@sevalue, butunder the same height
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conditiors, the differenceof C,,, between turn to turn is nearly the same.
Overall, based on the calculation results, transformer height has the largest impact on
C.., and outer radius hassmaller impact oif’,,,. Thereforeto obtain a smaC.,,

value,a lower transformer height withsmall turn ratio is preferred.
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Figure23. Effect of transformer outer radius 63, with a different number of turns

5 4 Transformer Design

Transformer design is based timee criteria:volume PDIV andC.,, since they are

highly related to transformer geometrias well asthey arethe key feature®f APS.
However, it is difficult to achievahighinsulationlevel, low C.,, in a compact forafactor

at the same time because the realization condition of each feature is contradicted with
others By increasing switching frequency, transformer size can be greatly reduced, but to
achievea high insulation levelthe transformer inner radius needs to be lardech will

lead toa larger outer radius. In this case, to maintain a relatively small footprint, either

transformer height or turns ratio needs to be increased to avoid saturation problem.

However,in the meantime(.,, will be increasedThus, the goal for transformer design is
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to determine theptimal core geometries, turn ratioand switching frequency that can
balance these three featuréke specific design poess will be introduced in this session.
Table 3 shows the design specificationstf@transformer. The desired transformer is

able to achievaPDIV of 5 kV with air insulationanoverall volume of 3.6m* , andC.,

of less than 1 pF. To ensure themall transformer volume, the switching frequency is
selected above 500 kHz.

Table3. Transformer Design Specifications

Parameters Values
Transformer heightH() <14 mm
Transformer outer radius) <12.5mm
Transformer volume <3.6cm’
PDIV =5 kV
Cem <1pF
Switching frequencyfi. ) > 500 kHz
Secondary siddc current () 1.4A

Based on theesired frequency rangegrematerial and litz wire can be selectigt.
Six core materialare suitable for higifrequency application$51, P52P53 from Acme
Electronics and ML95s from Hitachiare applicable for frequeiss from 500 kHz tol
MHz. [43] [45] For switching frequetiesabove 1 MHzP61from Acme Electronics and
ML91s from Hitachiare the best candidatd44] [45]. With a flux density of 50 mTFig.
24 shows thecore loss density of all selected materialth different frequencies under
different temperaturesn the figure,the solid line represents testsults withanambient

temperature of23 °C , and the dash line represents test results witie ambient
temperature of 100C . AlthoughP61is claimedto be designedor frequencyfrom 1to 3

MHz, the specific core loss density wighflux density of 50 mT is not provided e
datasheet fothe range of 2 to 3 MHzso only 1 MHz data is plotted in the figure below.

Overall,under different temperaturel§lL91s has the smallest core loss densifgr the
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whole frequency range. Thus, it is selected aditia core material. However, sintke
core loss density d¥IL91S increases rapidly after 1 MHhe desired frequency range is
narrowed down to 500 kHz toMHz.

1200
——P51_23
—-P51_100C
1000 P52_23C
P52_100C
P53 23C
- P53_100C
ML9IS 23C
ML91S_100C
600 ML95S_23C
ML95S_100C
/ ——P61_23C
—-P61_100C
400 g

Power Loss Density (kW/m”*3)

200 g

0 05 1 15 2 25
Frequency (MHz)

Figure24. Core loss densityf P51(labeled in blue), P52 (labeled in orange), P53(labeled in gray), ML91S
(labeled in yellow), ML95S (labeled in greeahd P61 (labeled in red).

For frequency from 500 kHz to MHz, to reduce the ac winding loss caused by skin
effect,strand AWG 44 and AWG 4i&ted in Table become theandidates for secondary
side windings

Table4. Litz Wire Parameters

Strand AWG | Diameter ( 1) Frequency (kHz) | Skin Depth ( 1)
44 50 350-850 110-70.7
46 40 850-1400 70.7-55.1

SinceAPS is designed to be 24With 20 W for each receiving sidehe load current is

approximately 1 AWith acertain design margin, the secondary side current is designed to

be 1.4 A as listed in Table &ccording tothe current ratingas shown in Fig25, the

equivalent AWG 25 is selectex the secondary side wire.
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Figure25. Current rating for equivalent AWG

After determining core material and witeansformer geometry design is the next step.
In the previous session, when calculating the maximum allowable voltage thside
transformer structure, 2 kV/mm is selected asdésigned maximum electric field in air
which is the critical value to determimpartial discharge free desigid5] Since PDIV is
difficult to mode] with the same maximum field strength, the maximum allowable voltage
can be regarded as the referencePdDiV. In another word, in this thesis, it assumes that

PDIV follows the same trend of modeled maximum allowable voltélges, @cording to

Fig. 14, the transformer inner radiusasa direct effect onlPDIV. In addition,C,,, value

will be affected bythetransformer inner radiugn order toreachhigh PDIV and smal(..,

value,a large inner radius is desireflo achieve spthe outer radius is designed with the

largest value of 12.5 mm based Table 3

As shown in Fig.22, height is the most critical factor {i.,, design so alow-profile
transformer is preferredVith a fixed outer radius, the minimum height can be achieved
with thesmallest inner radiuglowever, according to ecg), the inner radius is limited by
PDIV. To balance between PDIV ard, , the inner radius is selectdzhsed on the
minimum requirenent ofPDIV, which means the inner radius is 7.5 nimthis case, the
minimumtransformerheight ca be found based on the desi€g value andnaximum
flux density
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With the designednner and outer radius, transformerlume can be easily calculated
using the following equationf47] Fig. 26 plotsthe transformer volume witheight varied
from 1 mm to 14 mmThe red dash line represetit& maximum volume given in Table
3. As labeled in the figure, the maximum height is limited to 11.8 mm. Due to
manufacturing capability, the height has toamenteger.In addition, if the profile is too

low, thetransformer becomes fragil€herefoe, theavailableheightis limited between 3
to 11 mm.

1 _ 2TC ) (rO - ri)
¢ I (9)
In()
Ac — (ro - ri) : htx (10)
Vtx - Ac : lc (11)
5 ___________ L B — L— L
4 [
= I
£’ I
§ I
il I
- [
1+ |
|
|
0 L L Il Il 1 1
0 2 4 6 8 10 11.812 14

TX Height, h (mm)

Figure26. Transformer volume with different height

To determine the optimal height and turn ratio, the first step is to determine the turn
ratio range. Due to the current ratingtloé primary side wire and the current requirement

for the secondary side, the maximum turn number for the secondary sidd eh(flux
density(Bm.x ) is introducedasthe faurth design boundaryso the turn ratio range can be
furtherreducedFor core material ML91S, the recommendedximum flux density is 50
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mT. Consideringthe design margin, thénteresed range of maximunflux densityis 25
mT to 40 mT.With a maximum switching frequenayf 1 MHz, it canfind the minimum
turn numberunder different height conditionsased on eq. @. Fig. 27 shows the

minimum turn number is 3 wittB,..x of 40 mT and transformer heightf 11 mm.

Furthermorefrom the figure,big advantagesould be gainedvhen transformer height
increases from 3 mm to 4 miihus, the range ofansformer height is from 4 mm to 11

mm.

. 1
Boax = Vo DT, , WhereT, = — (12)

2NGA f,

where D igheduty cycle which usually is 0.5.

0.04 ———h=3mm

h=4mm
=—h=5mm
h=6mm
=—h=7Tmm
J|=——h=8mm
h=9mm
h=10mm
—=h=11mm

0.035 -

Bmax (mT)

0.03 -

0.025
2

Turn Numbers, Ns

Figure27. CalculatedB,,., with turn numbers from 1 to 10 under different height conditions

After obtaining therange oftransformer height and turn numbetise next step is to

analyze theeffect of svitching frequeng on transformer heighandturn numbers B .«

and C,,, valuesare used to evaluate each set of height and turn nuBibee the maximum
desiredC,,, value is 1 pF, by simulation results, the insnlgtayer of primary side wire
will add roughly 10%o the calculated value, the boundémy calculatedC.,, is reduced

to be0.9 pFE Fig. 281 Fig. 33 illustratethe results otalculatedB,... andC,, with turn
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number from 3 tal0 under different transformer heighhd switching frequencyBlue
curves indicateB,..x results andhe orange curve indicateC,,, results.Eachcurve is
gained based on different transformer heigid plotted with different markes. In each
figure, onlywhenthe curves witlthe same markebut different colorsross each other,

there is asolution that satigs bothrequiremenof B,,.. andC,,. For example, Fig32
shows the results under 900 kHkor transformer height of 4, 5, &nd 7 mm, theB .«
curve andC,,, curveareacross each othélabeled in red dots)rhen,each crossing point

matchesa turn number thatanachieveB,,.. from 25 mTto 40 mT whileC,,, is smaller

than 0.9 pF.However,most of the time, the corresponding turn number is not an integer
which is not practical in realityin this case, the turn numberrsunded to the nearest
integer valueard selected fronthe green area labeled in Fig. .33ometimes, the turn
number can be either rounded up or dpsurch as irthe 1 MHz plot, when transformer
height is 5 mmthe turn rumber could be either 6 or 7. In this case, turn number that

generatesmallerC,,, is selectedOverall, there is no solution for frequency from 500 kHz

to 800 kHz and are few solutions fohe frequency of 900 kHz and 1 MHz.

'\
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Figure28. B,..x (plotted in blueandC,,, (plotted in orangeyaluesunderswitching frequency 600 kHz
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Figure30. B,..x (plotted in blueandC,,, (plotted in orangeyaluesunder switching frequency @00 kHz
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Figure31l B,.. (plotted in bluerndC,, (plotted in orangeyaluesunder switching frequency 800 kHz

From the green area labeled kig. 32, four pairs of turn number and hetghare

available 1). h=4 mm and\;=8.5; 2). h=5 mm andN,=6.8; 3). h=6 mm andN,=5.6; and

4). h=7 mm andN;=4.8;To obtain a practical turn number for eac

neededHowever, for the last pair, there is no closest integer for turn number thaesatisf

both requirements. Therefore, three solutions left and they are 1). h=4 mi, afd2).

h=5 mm andN;=7; 3). h=6 mm and\,=6;

h height, rounding up is

0.04

»k' : 0.9
-"-.__,’ X / 0.8

0.035F

Bmax (T)
ra
Cem (pl)

0.03 |

3
LY

= - -

P S o
6 7 8 9 10
Turn Number, N (mm)

0.025

Figure32 B,.. (plotted in bluerndC.,,, (plotted in orangeyaluesunder switching frequency 800

kHz. All suitable options are converted thegreen area.

31




For aswitching frequency of 1 MHz, there are five sets of solutions left after rounding
up turn numbers. Tlyeare 1). h=4 mmN;=8; 2). h5 mm\N;=6; 3). h=6 mmN,=5; 4).

h=7 mmN;=5; and 5). h=8 mniY,=4.

Bmax (T)
Cem (pF)

0.03

—¥—h=10
—A—h=11

0.025 ! : - : '
3 - 5 6 7 8 9 10
Turn Number, N (mm)

Figure33. B,..x (plotted in bluerndC,,, (plotted in orangeyaluesunder switching frequency 4fMHz

Table 5 lists all possible solutiomgthin the desired range of transformer height, turn

number and frequency.

Table5. Summary of Availal@ Solutions for Frequency of 900 kHz and 1 MHz

Frequency Transformer Height (mm) Turn Number
4 9
900 kHz 5 7
6 5
4 8
5 6
1 MHz 6 5
7 5
8 4
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To obtain the final solutiorof transformer design, total lossexluding core loss,
winding loss and device losseed to be calculated and compavithough both 900 kHz
and 1 MHz have available solutions, considering the design of passive components in the
resonate converter, 1 MHz is selected as the switching frequ€hayg, only five cases
will be calculatedh the following part

First,to calculate core los$.... heedgo becalculatedor each pair of solutionsased

on eqg. (B). By usingthe value provided inthe datasheetcore losswith square wave
excitationcan beobtainedas

8
P,=— -k-f% B’
v nz s max (13)
P core = PV : Vtx (14)

Since the switching frequency is 1 MHz, strand AWG 46 is sele&ssume the
average of H for each turn is the sanfentsimulate the transformer model in Maxwell
and get the average H valdéhe ac resistance can be calculabgd48]

_4r’p, - Ng- 1, - f2-dt-H
- 128p

P, , wherel,, = (r, —r; + h)*2 (15)

whered; is the strand diameter apdis the resistivity of copper.

Based on the simulated H value, the ac winding loss is approximatelyVé.6
Compared to dc winding loss, it is negligible.

The dc resistance can be calculated aifirecetermined equivalent wire size for the
primary and secondarsides Since the ac winding loss is ultsaall, the total winding
loss includes dc winding loss for both sides only.

_ 2p : (ro_ri+htx)

7L

R (16)

Pwinding - is2 : Rdc (17)

Finally, to obtain the device losshe device needs to be selected fidue to high

switching frequency, GaN power devices become the best canébddigh switching
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speed and low losseSince the normal operag voltage forthe primary side is 48 Viow
voltage devices are desiréfiable 6 liss a few candidatesrom EPCwith a breakdown
voltage of 60 V and 80 MAlthough soft switching can be realizead12 V design margin
is not enough to guarantee safe operation.rdauce conduction lossmall turn-on

resistance is required. Thus, EPC 2021 is selectdteasain power switch.
Table6. GaN DeviceCandidates

. . e . Size

Ny EH Nyl | En (mm x mm)
EPC2031 60 V 48 A 2.6 mm 16 nC 4.6 x 2.6
EPC2020 60 V 90 A 2.2 mm 16 nC 6.05 x 2.3
EPC2102 60 V 220 A 4.9 mm 8 nC 6.05 x 2.3
EPC2029 80 V 48 A 3.2 mm 13 nC 4.6 x2.6
EPC2021 80 V 90 A 2.2 mm 15 nC 6.05 x 2.3
EPC2103| 80V 195 A 5.5 mm 6.5 nC 6.05 x 2.3

Since ZVS is realized and tuoff loss is normally small compared to conduction loss,
switching loss is not includedhus, tle device lossesnly include conduction loss and

driving loss

Pcond = Rds(on) : (Id,rms \/B) ’ (18)

Pg - Qg : Vg : fs (19)
where Vg is the driving voltage that is normally 5 V.
Pdevice = Pcond + Pg (20)

Figure34 shovs the total power loss calculated from edl)(®r all solutions under
1MHz. For aheight of 7 mm andturn number of 5, ihas the minimum losses.
Furthermore, considering the tunning process during the circuit design and manufacturing

tolerance of the cord,.... heeds to have some margiserefore, the final transformer

is desigedwith aninner radiis of 7.5 mmanouter radius of 12.5 mna height of 7 mm
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with 5 turns on the secondary sid@da switching frequency of 1 MHZlhe complete
designproceduras shown in Fig.37.

Ptot = Pcore + Pwinding + Pdevice (21)

m fs=1MHz

0 I I | I |
4 5 6 7 8

TX Height (mm)

= 2
h =

(=]
=

Total Power Loss (W)
= )
5 w

=]
[

Figure34. Total power loss for 5 pair of solutions

2.5 Test Result

Figure 35 shows thieardware prototypéor the designed transformer widminner
diameter of 15 mmanouter diameter of 25 mmanda height of 7 mmThe secondary

side hasaturn number of 5At 10 kHz, the designed transformer is able to ach@&ye

of 1.09 pF as shown in Fig. 36, whiclcisse to the predicted value of 1 pF. Thus, the

C.,, modeldeveloped abovis valid.

Figure35. Hardware prototype dhedesigned transformer with labeled dimensions
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Figure36. The measurement result @f,,, for designed transformer

2.6 Summary

This chapter providethe moded of maximum allowable voltage for insulation design
and commosmode coupling capacitors for toroid core with single primary side winding
and multiple secondary side windingehese modelgas well as volume aresal as the

design boundaries dahe transformer.Based onthe desiredC,, value of 1 pF,the

maximum allowable voltage of 5 kV, transformer volume of&u6 , and maximum flux

density of 25 mT to 40 mT, the optimized transformer dramner radius of 7.5nm, an
outer radius of 12.5 mpand height of 7 mm. Theptimal switching frequency is 1 MHz

andtheturn number is 5 fothe secondary sidelhe detailed transformer design steps are
provided
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PDIV, Ccnm

l

[Select the core material}

[Determine the range of §,r;,h, N, EW,V,]

4
Selectro & i ]

l

[ Determine h range ]

l

)

Select a §,,, sweep h, 5
get Bhax vS. N & Ccry vS. N

[ If not finish
calculation for
all fs,, values

[Get different sets of h & N

If finish calculation for
all f, values

different sets of h & N

l

[ Output the final h & N values ]

[Calculate total power loss for]

Figure37. Flowchart of transformetesign steps
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Chapter 3

Circuit Design

3.1 Introduction

As state previously, considering insulation capability, melfannel outputsand overall
size, currentransformetbased APS is the best candidatedd0 kV SiGbased converter

system. Due to constant current output on the sending side and coupling independent

resonance frequency [35], LCELC topology is selected. However, withe traditional
design of LCCLLC topology,theturn-off current for ZVS realizatiorsidependent on load
conditions. cannot be guaranteed under different load conditions. In addition, the traditional
designed LCCLLC circuit hasa low tolerancefor parasitic changing and component
mismatch. Thus, to solve all issues mentioned above, a new-LCClesign methodology

is introduced in this chapter. The proposed methodology can realize constaoff turn

current regardless of load conditions and it issemsitive to parameter change. A controller

is added to the system to ensure the output voltage is regulated and able to operate under

faulty load conditios. This chapter will provide the specific circuit design process of APS

including controller desig, ZVS realizationand PCB optimization

3.2 Topologies Comparisms

Under different load conditions, to ensure all receiving side circuitries to gain power
simultaneously and work independently, a li@dependent current source is desired as the
output ofsending side circuitry. Fig8 (a) and (b) show two simplified structutést have

acurrent sourcas outputviththei nput of a voltage source.

Theorem, in the Imodel circuit with one passive componeit/(C.) in series withan

input voltage source and another passive compoiégnit/(.) in parallel with the whole
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branch, the original circuit can be transformed to the equivalent circuit shown BOFig.

which isa current source in parallel with. andC, . Utilizing the resonance phenomena of

parallel structure, with the resonant frequency of

fo= 2adLC. (22)

+

(@)

Cr ZS
Il —
. —> +
. Ip
/ in Ly R, Iyg

(b)
Figure38. Constant current outpfitom a voltage sourceonnectedn serieswith (a) aninductor(b) a

capacitord

The total impedance of, andC, is infinitely large. Thus, #ad-independenturrent
sourcei, is formed. Withan input voltage of a square wave, by designing resonate
frequency same with switching frequenéy,only contains the first harmonics component

with corresponding magnitudes for type A and type B are

2V,

| jrw, L] (23)

|ip,A|:
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) 2V, . .
ipsl=—"1jo,C| (24)

-
0
]!
]

Figure39. Current source mechanism of type A and type B circuits
According toeq. (23) and @4), with a fixed frequency and input voltage, the current
source magnitude only depends ©nor C,.. However, for type A circuitsuch as CLCL
LC topology shown in Fig40, in order to realize ZVS_, and L, will experience high

current and high voltage stresses, especially for the design with high current bus
requirement. [37] In this case, component selection becamiesllenge. Thughetype B

circuit is selected, and the specific structure named L-CClis shown in Fig. 10.

Vin _ Vo
C Cp / 2 Y Cs
Cy== [ ' | |—\ =GC, EE Ro
] L L3 1S L x %

Figure40. CLCL-LC resonantonverter

3.3 LCCL -LC Operation Principle
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In one switching cyclethe LCCL-LC converter has six operagj modes. Each mode
will be introduced below. Fig45 demonstrates the convert waveforms in stestdje
operation.

a) Mode 1 [to-t]

Fromt, to t;, the top deice S, is in turron mode. The resonant tank connecttho
input sourcd’;, directly, so the current,, starts increasing and, is charging untilS; is
off. i, andV,, is out of phase bY0", therefore ZVS can be achievim a later period.
In the meanwhile, sincé, andC, are in resonance, the current souigeas a sine wave
and outputs a halfycle from negative peak point &positive peak pointi, andi,, are in
phase.Thus, duringthe negative half cycle of,, D, and D; will conduct, and after,

reaches to zerd), andD; turns off, andD, andD, start conducting.

\'Tiu \’To

leE

Figure4l LCCL-LC operationconditionin mode 1with thelabeled current direction

b) Mode 2 [t;-t5]
At t,, the top device; turns off. The deadtime period starts. Due to magnetizing
inductance, the current flow direction in the converter does not changg. lmarts to

decrease, so the output capacitorS0andS, is charging and discharginf?; andD,

are still conducting.
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Figure42 LCCL-LC operation condition in mode 2 withelabeled current direction

C) Mode 3 [t> -t;]
At t,, the output capacitors & andS, are fully charged and discharged, so the
voltage acros$, drops to zero. Since as shown in F§, the current direction ithe

converter is unchanged, the body diod&efconducts. This is still in the deadtime period.

Vv,

Yy
~
<

Figure43. LCCL-LC operation condition in mode 3 withelabeled current direction

d) Mode 4 [i;-t4]

At t;, S, turns on with ZVS realized. The current directign remains the same until
reaching zeroi,, andi, resonate from positive peak value to negative peak valuB,; so
and D, conduct first duringhe positive cycle and theP, andD; conduct after, and

i, reaches zero. Then, the current direction in the converter is reversed.
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Figure44. LCCL-LC operation condition in mode 4 withelabeled current direction

e) Mode 5 [t4 -ts]
Similar to mode 2, at,, S, turns off. The deadtime period starts. The output capacitor
of S; and S, is discharging and charging by decreasipg until fully discharged or

charged D, andD; are still conducting.

\'Tiu \’To

e .

o
Cy== rrn I} ==C, SR,
il Sy )
__|_+ tr
— e = = ==

Figure45. LCCL-LC operation conditiom mode 5 withthelabeled current direction

f) Mode 6 [s-ts]
At ts, the output capacitors finished charging and discharging, so the voltage$cross

drops to zero and body diode is conducted. ZVS will be realized in the next mode.
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Figure46. LCCL-LC operation condition in mode 6 with labeled current direction
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Figure47. Voltage and current wavefos for LCCL-LC topology during steadgtate operation
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3.4 LCCL -LC Converter Design

During transformer design, the switching frequerfGyis determinedo 1 MHz andhe
turn ratio is 1:5. Thus, with secondary side currenRiMS value) of 1.4 A, the primary
side current source magnitude is designed to be 10 A. According to eq. (23) and eq. (22),

L, andC, can be calculatedrhen, in the following part, the specific design guidelor

controller and compensation network for ZVS realization will be discussed.

341 Controller Design

As shown in Fig. 8, a currentfed switching networks designed, so the output voltage
becomes scalabl®ue to excellent dynamic performance and singiactures as shown
in Fig. 49, a negative feedbadkysteresis controllebbased switching regulator is selected.
[37] The working principle of the whole feedback network is simfrlethe hysteresis

controller,two voltage boundarie$’; andV, are predetermineaghdthe output voltagé’,
will bounce in betweeniVhentheoutput voltage reaches the upper boundarythe active
control switchS; turns on so the input currentwill flow through the deviceandtheload
is charged bythe output capacitof’, . In this case}’, will drop until it reaches the lower

boundaryV, . Then, the active switch will turn off anH, rise again.The voltage

boundaries can be calculated accordinggo(25) and (26) based on the schemattcsvn
in Fig. 4 and the switching frequency of the active controller can be gained according to
Eq. (27).In design, the output capacitGs is usually large, so the switching frequency for

the controller is relatively low compared withe 1 MHz switchirg frequency

During load failure, whera shortcircuit happens ta certain load, the sending side
circuit will not be affected due to current source behavior, so other loads remain normal
operation. Wheanopencircuit happens, the active switch turmsroost of the time, so the
faulty load is bypassed and will not impact other loads. Thereforeadéhkigned feedback

controller, the APS is immuto afault and able to work independently.
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Figure48 LCCL-LC resonantonverter with hysteresis controller
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Figure49. Hysteresis controller schematics

B (B B v
fe= v ?3“1) < whereD; =1 Jlm 27)
3.4.2 ZV'S Analysis

Soft-switching realization can not only reduce EMI issimghe high-frequency system
swhichtinduces kegs thérmas issddws, it is

an important featureto achievefor APS. In this section,an analytical model of ZVS

but alsocanreducehed e vi ce 6 s
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realization for LCCLELC resonat convertemwith multi-load conditionis proposedThen,
the specific design procedure provided

To achieve ZVS, the turaff current ¢;, ) must be able téully chage and dischargée
output capacitors({, ) of S; andS, duringthe deadtime In the LCCL-LC converterj;,
is determined by input voltag€’.,) and total impedance undswitching frequency (
Z..(fs)). In general,the total impedance Z) is preferredto be inductive for ZVS
realization The minimunrequiredi;, can be calculateds

2Vin 2 2C:oss\/in
Tclzinl td

|iin| =

(28)

wheret, is the deadtime.
Normally, the design oEompensation network imresonant converter, such @ and

C, in Fig. 48, is based orfixed circuit parametersvhich mean the number of loads, each

load condition, total output powesgtc.is known.In addition, most of the time, the parasitic
components argnoredin the compensation network design. However, those conditions
are not applicabléo the designed APSAs shown in Fig.50, the proposed AP®&nly
contains one sending side circuitoyt multiple receiving sideDepending orthe MV
system requirement, every tinée total number ofdriving loadsand each driving load
condition could be differenwhich leads to varied impedance to the cirddésides this,
due to insulation requiremesnthe primary side wire always creates a loop area artied
core. Witha different numbes of loads and placement of two side boattls, total loop
areashown in Fig51 (a) is different. Sinceheloop area willgeneratenductance, another
unknownelementis introduced to th total impedance calculation. Therefore, in this case,
the compensation network design becomes extremely difficult, so ZVS realizationt

be guaranteed for all load conditions.
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Figure50. Block diagram of proposed APS witlle seriesconnected receiving side

Before the compensation network design, the impact of loop inductance should be
analyzed firstFig. 52 shows the converter total input impedance urdgngle load of 20

W with wire selfinductance L.....) varies from 1 nH to 1iH . At the switching frequency
of 1 MHz, themagnitude and phase of input impedahage small changes whén,,. is
smaller than 100 nH, but whéeh,,,. increased to 1uH, the input impedance is much
smaller and becomes capacitiwith the winding configuration | shown in Fi§g1(a), L.,
value can be larger than OpH while four loads are connected. It will introduce a

significant impedance at switching frequency. As the retudt,devices are ia hard
switching modeas shown in Fig.& Suchanissue will be worse when the supplied loads
are installed far away from each other. Since the loop inductaneddrge impact on input

impedance as well as ZVS realizatitime loop area has to be well controlled.

je

©
°
e
(a)

| @ l

a (b)
Figure51 Winding configuration (a) | (bli.
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Figure53. Simulation result for neZVS case caused by large wire salluctance

To reduce the EMI radiation and loop inductance, twist a&eshown in Figs1(b) is

preferred.[37] Then, L,,,.. is determined by thesmall local loop circled around the

transformer In a real applicationas mentioned beforéhe minimum distance between
primary sidewire and coralepends on thasulation requirementvhich means the winding
loop always existsSince the totalire selfinductanceis proportional tathe number of
loadsby using winding configuration |llit camot beignoredduring circuit designTo

simplify the circuit design processit assumes thaeach local loop is identical and
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approximately a circular shapes illustrated in Fig. 4 For each local loopthe sel

inductancas:

Dloo 8 Dloo
Lwire - 2 . “’oln< dwirep - 2) (29)

whereD,,,, is the loop diameter in millimeter amtl,,. is the wire thickness in millimeter

as shown in Fig. 4

dwire

Figure54. Diagram for loop inductance calculation

During design, thalynamic effect from the control swité® on loadimpedanceis
ignoredbecause the cont r olf]iemuéhsmaliewcomparedtmthe f r e g u «
main switching frequency/,. Only two steadystate conditions are considered the
compensation network design. 8} turns on and 2)S; turns off For case 1 085 turned
on, the equivalentoad impedance is Q, soit can be regarded as a specandition of

case 2In the high frequency range, the total impedance is always domifgt@assive
componentsi,e. indicator and capacitomhe resistive load will only add a damping effect
at each resonant poibut not affect the overall impedance. [3pwever, h a resonate
network, the worst case is no damping eff@tius,in the discussion belowhe circuit will

only be analyzed witB Q load resistancél he equivalent circuit with mulibad is shown

in Fig. .
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Lwire, m ka, m
Lm, m

Figure55. The $mplified circuit schematic for compensation network design with multiple loads

In the following part, the traditional compensation methods will be introduced first.
However, they are not applicable for midtad configuration. The specific reasons will be
illustrated. To solve the problem, a new compensation method will be progpudedrified

by simulation results under different load conditions.

A. Traditional Compensation Method |

As discussed in [25] and [39(,, is used to compensate the secondary side self
inductanceL,, so a constant voltage souméputis formedwith input ofacurrent source

[36] The circuit transformation is shown in Figs.%, is used to compensafar the total
impedance so that ZVS could be realiZ&tith a shoriedoutput, the equivalertircuit for
multiple loads in) is shown in Fig. B. SinceC, resonates with.,, the total impedance

from the secondary side is infinitely largén this case(, value will not affect the total

impedanceThus, the total input impedance is dominated.byandC,, which is close to

0 as shown in Fig.& Although when load numbers increase, the total impedance decreases
and input current will increasas shown in Fig. % the input current for either single load

or multiload conditions is extremely largéis not practical in real applications.
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Figure56. Voltage sourcenechanism fronthe current source. (a) original circuit (b) equivalent circuit
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Figure57. The @uivalent circuit for transition compensation method |
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Figure58. The nput impedance of traditional compensation method |
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Figure59. Time-domain verification with transitional compensation method | \fith= 0Q

B. Traditional Compensation Method |1

Another method is to ugg, to compensatéhe secondary side leakage inductarige

so the secondary side impedance i€ Q.can beused toadjustthe totalinput impedance
for ZVS realization Fig. 60illustrates the equivalent circuit for multiad conditionsWith

a fixed C, value, the total input impedance is proportionah®number of loads. In this
case, with more loads connected in series, thet ioprrent becomes smaller. The results
are shown in Fig1 and Fig.62. SinceC, is designed based on the maximum number of

loads, at light load conditiomhe input current will increase arttie circuit becomemore

lossythan heavy load condition.

” Zin
Lr CP L“;fre *}11 ka *i’z
e | A N

’ = |
‘fﬂ Im

Figure60. The equivalent circuit for traditional compensation methbd
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Figure61 The nput impedance of traditional compensation metthod
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Figure62 Time-domain verification with transitional compensation metHadgith R, = 0Q
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C. Proposed Compensation Method

In the previous methods, the input impedance varied thé@mumber of loads, so the
input currenthas large changest different load conditionsThis is notdesired in many
cases.Therefore, a new compensation method is proposed, which can achieve nearly

constant input impedance.
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Due to multiple passive comporisrin the circuit, there are many resonates frequencies.
Assumingthere is no resonant frequency that is clos¢tosoat f,, the resonant tank
impedance is either dominated inguctois or capacitos. Thus,to simplify the analysisat
/s, the resonant tank can be regarded as either an indugipor a capacitorQeq). [37]

The equivalent circuit is shown in Fig3.6

Leq/Ceq

Figure63. The euivalentcircuit for total impedance analysis

First, if the resonant tankbehaves likean inductor (., ) aroundf,, there are three

different cases (see Fig4) with different resonant frequency{) caused by, andC,. .

1

B 2ny/Le - C, (30

f,

Case 1:f, = f,

WhenLeq resonates witlC; at f, it will generatean infinite impedance in series with
L, as shown in Fig. B As the resultthere will not be any current in the loop, 29S is
not realized

Case 2:f, < f,

When £ is smaller but close td’, the total impedance &, becomescapacitiveas
shown in Fig. @(b). This isnot desired for ZVS realizatiorin addition, another high

resonant frequencyft) is created andill generatean infinite small impedance:

1

[LL. (31)
27 . -C,

fzz
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When f1 < f,, with a largeleq value, f> approximately equals t@,. In this case,

Z\VS can be achieved, but the tofi current islarge which can potentially damage the

device
Case 3:f1 > fo

An inductive impedancés createdat f, . When f; is larger but close t¢,, the

magnitude o is relatively largeAlthough the total impedance is inductiviee turn-off

current isoo small to achieve ZVS. Thug,this case,f; needs to be designeaalich higher

than f, , which requiresa smallLeq value However, it is difficult to achieve in real

applications due ttheuncertainty of load numbers.

L,
S A A5 5 N

(@)

. — g g W Lr
Vin@ ZeaZ Vin@ Ceq== Vin@ '—eq%
©

L,

(b)

Figure64. Equivalent circuits ofa). case 1 (b). case 2 and @se 3
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Phase / °
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80

fl Case 1

le+6
Frequency / Hz

Figure65. Total input impedance for three analyzed cases
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To avoidcomplicated design procedutbe impedance of resonant taamtound f is
designed witkcapacitivecharacteristias shown in Fig66. Similar to the previousases
anextra resonant frequency is created, but in this desigyp,ame resonant frequendhy

is generated

1

b 2m/(C, +Cyy) - L, (32)
—> Zr'n
L G,
A Il
||
Vin

Figure66. The ejuivalent circuit fothe proposed compensation model

[ is always smaller thaif, , so Z,, is always inductive aif, soZVS could be achieved.
Then, the design hdawer restrictionsThe specifiadesign guideline to achieweapacitive
resonant tank af; is provided below

Step 1 UseCsto compensate inductances caused by transforméepy. &sx andLm and

wire loop inductancel{re). Therefore, aif;, Cs should satisfy:

Zo () + Zuwe(£) + Zon (£ § 220D+ 26D |, (33)

n

Unlike traditional design methodsghich use a single component, to compensatthe
totalimpedance, usin@sto compensate each receiving side individually can hglp be

independent othe number of loads.

Step 2 UseC; to controlZin. As shown in Fig66, the total impedance & is:

Zi(f) =Zu.(£) +Zei(£) || Ze,, () (34)

57



SinceL, andC, are designed based on current balsieand switching frequency,,
becomes the critical element to determine the input impedange. &8y adjustingC,
value,i;, could be well controlled and independent of load conditian&s shown in Fig.

67, with a fixed Cp value, the total impedance is fixed fat aregardless number of loads.

Since the total impedance does not vary with different load conditions, the dé€ligis
muchsimplerTo verify the |l oad resistor doesné6t af
simulation is performed and results anewn inFig. 68 and Fig. ®. As aresult, the input

impedancemagnitude is constant g with or withouta load resistorThus, C, can be

designed based od,= 0 . q
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o
©
°
©
2
c
(=]
O
=

100

50-

o
2 04
© a
£ ac

.50_

-100 :
100000 le+6 le+7

Frequency / Hz
Figure67. Input impedance faheproposed compensation method
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Figure69 Time-domain verification witithe proposed compensation method fyr+ 0

3.5 PCB Layout Design

In the high-frequency converter, gate loop and power loop inductances minimization
is the most critical design aspect in P@Bgout, since they will induce ringing and
overshoot on gate and switching node voltage, which can potentially damage davices.

addition, they can slow down the deviceds sw
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According to EPCOs r iepataenooplingccapbcitoosmre | ayout |,

placedclose to the drain terminal ¢fietop device as shown in Fig0. [49] Polygon is

used for each power terminals and connected to devices throughosidkermal

purposs, the polygons connected to each power teaf@redesigned witta large area

and thermal \asarealso designed around devicékwever, to avoid high switching

noises polluted other circuits thatveadifferent reference potential, the polygon foe
switching node ismall. Gate drivers are pt&d to the gate terminals as close as possible.
To minimize gate loop inductance, the decoupling capacitor for gate drivers are placed on
the same sidasgate drivers.

Figure71shows another PCB layout for high power applicatidrnis design adopts
parallel devices for each switching position and all devices at each switching position
share one gate driver, so a more symmetrical design for each device is achieved. In this
case, the performancd parallel devicedas less diffenace. As shown in Figi1(b),
different than the previous design, this design has input decoupling capacitors under the

devices, so heatsink and fan could be added

power polygons design, this design is able toe@hpower loop inductance of 0.29 nH

and gate loop inductance of 2.5 nH.

Figure70. PCB layout for single device condition
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Figure71 PCB layout for hatbridge configuration usingarallel devices. (a) top view (b) bottom view (c)
side view with labeled power logg9]

3.6 Hardware Prototype and Test Results

Figure 74 showsthe receiving side foidesignedAPS. The circuit is designed on two
PCBsincluding the diode layer and control layéo achieve small sizand good thermal
performanceAs shown in Fig. 72, only the bottom sidetlé diode layer hasircuits and
the transformeris located on the top sidelysteresis controller, curreféd active switch
network, and auxiliary power circuits are located on the top sidin@€ontrol layer, and

the bottom side othe control layer only contains decoupling capacgbown in Fig. 73

Overall, te receiving side isable to achievea power density of 2.22V/cm® with a

maximum power of 30 WThe primary sidelesignis shown in Fig. 75Fig. 76 shows the

modular desigrf half-bridge for higher power applicatisnThis design is able to reaah
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bus voltage of 75 V and output powertire kilowatts rangeDue to modular, it can be
assembled witlother circuit applicationsTable 7 provides all passive component values

that are used duriripetest shown below.

Table7 Design Parameters for LCALC Resonant Converter

Parameter Design Value

L, 0.5pH

C. 51 nF
C, 0.5uF

Ly 229 nH
L, 1.33uH
Ly 420 nH
C, 4.3 nF

(a) (b)
Figure72 P C B @)stop side (b)bottomsidefor diode layer
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Figure74. Hardware prototype dheassembled receiving side

GaN devices L,

Figure75. Hardware prototypef the sending side
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Figure76. Hal-b r i dge modul ar (tom) ansl bogom &iew withbagsembleadhgatsink and fan

3.6.1 SteadyState Responses

Figure 77 shows the steadstate results dhecurrent source and transformer secondary
side input currentinder light load conditiom It is a sine wave. However, under heavy load

conditiors, the controller will introduce a small perturbatidar every timethe control

deviceSs turns onas shown in Fig. & but the output will not beisturbed.
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Figure78. Current source waveform under heavy load condition

Figure ® and80 show the steadgtate waveforms for two load conditiofi$ie output
ripples matchwell with the deigned value of 0.5 \Due to relatively large output ripples,
the control device is switching with a low frequenBy.adjusting the resistor value$the
controller, output ripples can be set to any other values. However, if the ripple value
decreases, the switching frequency of the control device will incréaszall, the APS is
able to provide constant output voltages waittifferent numbes of loads & shown in Fig.

81
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Figure81 Output voltagesf four loadsunder steadgtate operation

3.6.2 Transient Responses

The transient responsareverified by the system with four receiving sidegtudtotal
output powe of 80 W. As shown in Fig83, during startup, there no overshoot, so-soft

startup is achievedll loads are able to gain power simultaneously.

Voi

Secondary
side

Secondary
e side

L= L]

side Secondary

O— Primary
O— -
side

Secondary
side

Figure82 System configuration with one sending side and four receiving sides
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Figure83. Startup result for four load condition

When fault conditions happéo load as shown in Fi§2, the protection othecontroller
is triggeredmmediately As illustrated in Fig84 and Fig.85, during short and opecircuit
conditions, the controller is able fotect the faulty load without interferingith other
loads.Thus, fault immunity is achieved.

l/L,ztl() V/div)

.
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. e '
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Figure84. Shortcircuit response
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3.6.3 ZVS Verification

Figure & shows the experiment result@honZVS case caused by unintentional wire
loop inductance. As analyzed before, due to large capacitive input impedance, ZVS is not
achievedThis result matches witthe previous analyis shown in Fig. &
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Figure86. Experiment results fahenon-ZVS condition wherl,,;,, = 0.4 pH

69



With the wining method Il shoed in Fig. 51 (b), the loop inductance caused te
primary side wire is controlled to be 46 nH wéloop diameteof 25mm. Then, applying
the proposed compensation method, ZVS is achieved under different load coratitions

theturn-off current is approximately the same. Thus, the proposed design netiadid.

’ N —_— i1 (10 A/div) b

i4n (10 A/div) 200 ns/div 200 ns/div
(@) (b)

Figure87. ZVS verification for single load condition with tlaetive control switch{a). turns off (b) turns on

i;,(10 A/div)””
- ¥ 4

- 2 —

i1 (10 A/div) S 200 ns/div " = 200 ns/div

(a) (b)
Figure88. ZVS verification for four load®f condition with theactive control switci{a). turns off (b) turns

on

3.64 Thermal Test

A 3-hour continuous test is performed to verify thermal performaiieere is no forced
air-cooling during the test. As shown in Fig. 8 and Fig. 90the hottest spobn the

secondary side circui below 50°C and is on the board as well as the primary side. wire

Thetransformer is around 4% . Thedevices ortheprimary side reach 100C under 80
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W condition.| t is stildl below the deviceds rated n
there is no thermal problem for designed APS.

SFLI

Figure90. Thermal test result for four receiving sides vétiotal output power 080 W
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3.7 Summary

In this chapter, thdesign ofthe currentfed switch network is discussed first, so the
outputvoltageof APS becomesegulatedThen, different compensation methodologies
of LCCL-LC converter are analyzed and compared. However, since they are not suitable
for multi-load driving conditios, a new design method for ZVS realization is proposed.
Wire seltinductance causedyithe placement othe sending side and receiving side
circuits is also addressesb the proposed circuginachieve constant twoiff current
and guarantee ZVS realizatid@CB layout design is also shown for minimizing loop
inductance purpose

Overal, the designed APS hasconstant current source @ output ofthe primary
side so it is able to drive multiple loads simultaneously. Dudaé@dditional feedback
loop design, the AP8anachieve fault immunity and soft startupuring load transient,
the output voltage remains constant. ZVS could be realized regardless of load conditions
andparasitic inductance. Thermal wise, the designed APS is able to perform continuously

without any forced air cooling.
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Chapter 4

Insulation Design

4.1 Introduction

As mentioned in the previous chapter, the designed transformer uses insulated wire
and litz wireonthe primary and secondary sil@ o achieve breakdown voltage over 20
kV, the primary side wirenly needs to provide a sufficidptlong distance between the
exposed conductor and core, since both the core and secondary side wire cdheect to
high voltage sideHowever it cannot prevent system degradatimetauseartial
discharggPD) will happen ata lower insulated voltage levgP] Thus, to maintain a
long lifetime of APS, a PD free insulation system design is dediedchieve sahe
maximum electric fieldE-field) insidethetransformer whichs related to conductor
geometry and insulatiomaterial needs to be well controlldd this chapteratotal of
eight solutions usingifferentE-field stress control techniques and insulation materials
will be introduced but not all solutions arable to reaclthe desired PDIVThe first four
desigrs use air as insulation medigth a PDIV design targedf 5 kV AC. 2 kV/mm is
selected as the criticahlue forE-field strengtho evaluate each design solutidie last
four designs adopt silicone asinsulation material to further increase the design target
to 15 kV.In this case, 8 kV/mm is the-feld boundary taletermine if the solution meets

thedesign target.

4.2 Air -Insulated Solutions

4.2.1 Solution I: Basic Design

Figure91 shows the first design structuteis the most basic design by using air only.

To analyze the Held distribution,a 3ADFEM simulation is operated witheresult shown

73



in Fig. 92. With 5 kV excitation, the highest-keld stress happens around ttending
points of outer windingen the secondary sid€his is caused byhesmall radius of selected
litz wire and sudden change of routing directibiowever, the highest-Eeld within the
transformer does not exceed 2 kvV/mm. Thus, this desigcheshe design target of 5 kV
PDIV.

25mm

15mm

N

primary side
winding

secondary side core
winding

Figure91 Designed transformer with detail labeled

E [Vim]

2.0000E+06
1.8667E+06
ﬁ 1.7333E+06
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1.4667E+06
1.3333E+06
1.2000E+06
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9.3333E+05
8.0000E+05

6.6667E+05 ~ | high E-

53333E+05 ) & 4 field area
4.0000E+05 y | | § A
26667E+05 4 | %,

1.3333E+05
0.0000E+00

Figure92 FEM simulation result of plane 1 with 5 kV excitation

4272 Solution Il: HV Conductive Shield

The insulaing layer of primary side wire is manufactured by silicone rubber which has
a breakdown field strength of 18 kV/mm. Since the breakdown field strength of silicone
rubber is much higher than dahe insulaing layercan beutilized in the insulation design.
As shown in Fig93, a conductive shield is added to théer surface of insulated wire. In

this case, the shield can be connected to any other fixed potential between 0 andrekV in
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MV convertersystem For example, the shield can be connecteti¢onidpoint ofthe bus
voltage. In this case, 5 kV is shared by both insulated layer and air, so the maxifielon E
stress irthe air can bereducedHowever,this method is not applibée for designed APS
becausehere is no such potentigd the appliedMV convertersystem Therefore, another
methodcan be introduced. By connectitige shield to the same reference point with core
and secondary side wire, 5 kV differential voltage is added to the ingulayer only. As
shown in Fig 94, there is no Hield in theair between shield and casaed the maximum £
field insidethe insulting layer is 7.7 kV/mm which is below the breakdown value of 18
kV/mm. However, frontheside view as shown in Fig.® the field stress d@hetriple point,

i.e. junction of air shield and insulated layer exceeds the breakdown field of air. This is
caused by the boundary condition fbe normal component dhe electrical field between

two media f6]:
e1En = &K, (35)

Because the relative permittivityof silicone rubberis8 whi ch i s higher th

the interface of two materials, air will experieradeigher Efield. To solve suclaproblem,

[9] introduces a stress control system. This systemauseslinear stress gding layer that

can reshape the-fifed intense area analow the E-field decreases gradualliiowever,

such strategy is difficult to be appligd the MV system when multiple loads are connected

to APSO6s sending side bellcha tegueed imeathtdiivimd e s hi e
component are connectedaddifferent reference potentiaAlso, to achieve 5 kV PBree,

the stress grading layer has minimum thickness and length requirement which can reduce
thedifficulty during APS assemblAs the result, this insulation solution is not suitable for

designed APS even witlstress grading layer at shield terminals.
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conductive plane 3
shielding 1

plane 2

Figure93. CAD model of isolated transformer with higbltage shield on insulated wire
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Figure95. FEM simulation result of plangunder 5 kV excitation

4.2.3 Solution Ill: Conductive Shield with Floating Potential
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As shown in Fig. 8, another shielding techniqused in michlarge power transformer
and bushing system adopted[46] By adding a ring shape shield with floating potential
between high voltage and low voltagmrtions the Efield distribution insidethe

transformer caibe reshapedepending on the distanee from the insulahg layer tothe

shield,the sensed voltage timeconductive shield will change. Fi§7 shows the simulation

resultof r, =3 mm . Since the induced voltage time shield is 2.2 kV which is slightly

higher than without shield case, thdi&ld distribution is similar to the result showntlre
solution I.However, frontheside view, the maximum-Eeld exceeds the design boundary

of 2 kvV/mm due tathe sharp edge ahe core.However, wherr, increases to 5 mm, 3.8

kV areinduced orthe shield. As shown in Fig.&a), the maximum Hield increases due

to the limited space between shield and secondary sidkngsiFromtheside view shown

in Fig. 98(b), the highest Held point is transferred from core edges to shield terminals
Unlike the previous method, this methats the shield with a floating potential, so

t her e 0s -fieldprablenn avoend théshield terminals, which means termination does

not require for thisdesign to achieveéhe 5 kV design targetHoweve, based on the

simulation results, adding a shiavith floating potential cannot increase PDIV dramatically

compared toa nonshield design. Furthermore, tmake sure this method wark

appropriatelyanaccurate shield position is definingigeded Any position mismatch can

reduce PDIV.Thus, thisdesgn structure has extremely high requirensefdr the

manufacturing and insulation procegsich is hard to realize in practice

floating potential plane 5
shield

plane 4

Figure96. CAD model oftheisolated transformer with a floating potential shield
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Figure98. FEM simulation result of (a). plane 4 (b) plane 5 with- 5 mm

424 Solution 1V: Double Shields

Due tothe compact winding method, the-field distribution insidethe transformer is
nonuniform as shown in Fi@2. However, nonuniform filed distribution will introduce
weak points that he higher Efield intensity, so in rast casesa partial discharge will
happen around the weak points first, which means PDIV in a nonuniformly distributed
structure could be lower than in a uniformly distributed strucflinerefore, in order to
improve the insulation performance of thiarisformerthe conductor structures need to be
more uniform.As the result, double shieldgth fixed potentiad designareintroduced as

shown in Fig. 9.

LV conductive
shield

HV conductive
shield \ /

Figure99. CAD model oftheisolated transformer with two fixgabtential shields

For the proposed structure, the outer shield connetiteligh voltage sideso it shields

ahigh Efield around the litz wire and forms a uniform conductor. ifiner shield connects
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to thelow voltage sidevhich can increase the lovoltage conductor radiugccording to
eg (1),increasinghe conductor radius cagfficiently reducethe maximume-field. In this
case,a concentric cylinder structure is formefls shown in Fig.100(a), the Efield
distributes more uniformly insidine transformer However,because of the limited space
between two shields, the maximum field increases over 2 kV/mm. Furthem@soskown
in Fig. 10Q(b), thetriple point issue caused by shield termif@ppensgain so termination
needs to be designed. addition,considering creepage distanias better to not use any
holder to fixshields position or connect shields. Therefore, manufactuaimg) installation
procesesbecome complefor the multi-load auxiliary systes
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Figure100 FEM simulation results of (a). plane 6 (b). planender 5 kV excitation
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Table8 providesa summary of akinsulated designs discussed aboMee nethod | is a
basic design without any shielding technique. It forms-moiform conductor structures

and reaches the maximumfigld of 2 kV/mm under 5 kV excitationTo solve the
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nonuniformly distributed Hiled, method IV introduces two shields connected to high and
low voltage sideso form a concentric cylinder structuiighis mehod reshapethe Efield
distribution insideghetransformer but cannot meet the desired voltage target thetiple

point issue at shield terminaBy settinga shield to a floating potential can solve the triple
point issue, which is realized by thed Ill. However this method requires accurate shield
position, which increases the difficulty of installatidviethod Il also hasan insulation
problem. Itutilizes the silicone layer of insulated wire as insulation media by adding a high
voltage conductive shieltHowever, due to abrupt material change at shield terminals, the
E-field at shied terminals excesses air breakdown field, so this method caapglibd.

Table8. Summary of Insulation Design with Air

Insulation Insulation o .
_ - Termination ~ Manufacturability Cem
Design Capability
I Relatively high Not required Easy 1 pF
Low (without . Easy (without
Il o Required S N/A
termination) termination)
[ Moderate Not Required Relatively hard N/A
Relatively high .
IV Required Hard N/A

(with termination)

Overall, airinsulated solutions are able to achieve relatively low PDM small
coupling capacitancevith the designed transformer. Sharp core edges and inaccurate
conductor positions can harm PDIWhe alditional conductive shield cannot bring obvious

benefits on insulation capability but will increase difficulty during assembly.

4.3 Silicone-lnsulated Soltions

In order to further increase PDIV without changing transformer design, insulation media

needs to be changed. Solid materials such as epoxy and silicone become good candidates
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Table 9 listsa few material optionsFrom the table, all materials hagemilar voltage
strength but different relative permittivity, thermal conductivtyd viscosityConsidering

C., value and manufacturability ithe lab, small relative permittivity and low viscosity

features are desired. ThuSilGel612 from Wacker is selected. Then, in the following
sections, different design solutions will be discussed based on the same nidiedaisign
target is 15 kV anthecritical E-field is 8 kV/mm

Table9. Potting Materialfarameters

Part Voltage Relative Thermal

Manufacturer |\ ber Strength | Permittivity | Conductivity

Viscosity

Quantum Qsil 553

Silicones LV 18 kV/mm | 3.12@10kHz 0.65 W/m*K | 4000 cps

. 17.72 .
Epoxies 20-1634 KV/mm 3.1@1kHz | 1.9 W/m*K | 30000 cps

, 20- 18 kV/mm
Epoxies 1710/20 2.7@60Hz | 1.9 W/m*K | 6500 cps

1715

Wacker SilGel612 | 23 kV/imm | 2.7@50Hz | 0.2 W/m*K | 1000 cps

DOWSIL TCH'SSOS 24 KV/mm | 4.12@100K| 1W/m*K | 2900 cps
Creative 11604A | 20 kV/imm | 4.3@60Hz | 2.63 W/m*K | 2000 cps
Material

4.3.1 Solution V: Partially Potted Core

Figure 96 offers the first silicoAgased design. This method completely pots core and
litz wire. The gimary side wire is located at the centetthud potting structureAn only a
small portion is potted in silicone atigde majority is exposetb the air. As the simulation
result shown in Figl02a), under 15 kV excitation, the highesfi&ld occurs around the
conductor insidehe insulated wire because the dielectric constant of silicone rubber is
similartothe selectedis| i coneds and pri mary s Althaughwi ndi ng

the maximunt-field does not exceed 8 kV/mm in silicone, due to abrupt dielectric material
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change, as shown in Fi02b), the Efield in theair is closed to the junction of air, silicone

and primary side wire is higher than the breakdown field of air. Thus, this method cannot
be applied to achiewel5 kV PDfree target unless termination is desigriédwever,since

the majority of primary side wire is e air, this desigrcanachieveCem of 1.43pF at 10

kHz, which is smaller thathe Ccm valuegenerated bgther siliconeinsulated solutions.

silicone gel plane 9

/ Kyl
plane 8 ¢

/ |

Figure101 CAD model ofanisolated transformer with partially potted structure
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Figure102 FEM simulation result of (a). plane 8 (b) plane 9 under 15 kV excitation

4.3.2 Solution VI: Potted Core with Stress Cone Terminals

As mentioned in previous methotiseabrupt dielectric material change will induce high
E-field stress at thaterface inthe air as shown in Figl02b). Thus, termination needs to
be designed &he ends ofthe primary side wire, wheréhey aregoing out from silicone
potting material. Therefore, slution VI introducesstresscone structure as terminations
shown in Fig.103 To simplify the manufacturing process, the stresse structures are
made ofthe same potting materialnsidethe siliconepottedstructure, Hield distribution
for this design ighe same as shown in Fig02a), but unlikethe previous method, from
theside view, the maximum-eld in theair atthejunction point of three materials is much
reducedand reaches 29/kV/mm with cane 6 sper uwaglius of 1.8 mm, loweadius of 9
mm and height of 10 mms shown in Figl04 If further increasescone height, the
maximum Efield in the air atthe junction point can be further reducddowever, in this

case the isolated transformerill occupy more space when integrateithvother circuits

silicone cone plane 10

\ '

Figure103 CAD model oftheisolated transformer with stress cone shape as potting terminals
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Figure104 FEM simulation result of plane 10 under 15 kV excitation

4.3.3 Solution VII: Fully Potted Transformer

Although the previous method solves thdidid problem atthe junction of different
dielectric materiad andcanmeet the design target of 15 kV, due to additional terminations,
the geometry othe potted transformer becomes gtdar, so itincreaseshe integration
difficulty with other circuitries Therefore, improvinghe overall geometry othe potted
transformer while maintaining insulation capabilitynigortant. To achieve so, this design
solutionuses silicone as the mainsulation media, so the majority portiontbé primary
side wire is potted in silicone gel as shown in Figh. The pimary side wire forms a local
loop insidethe potting structure to ensure the insulation capability between low and high
voltage side. Whenthe primary side wire comes out frothe silicone gel, two terminals
are tightly placed together to redube EMI problens as well as loop inductance

The Efield simulation result with 15 k\éxcitationis shown in Fig. 16. Due to the
winding pattern othe primary side wire, a low voltage shield is formed at the outer side
of the potted structure. Thus, the differential voltage is sustained by silicone gel only.
Within silicone gel, the maximum-feld does not exceed theitaal field value of 8
kV/mm. Outside ofthe potted structure inthe air, the maximum Hield keeps below 1
kV/mm, so there is no triple point issue in this desigmus, this designanmaintain high
insulation capability without any terminati@aquired However, one thinghat needs to
be noticed for this design is that the poteniialsilicone housing is floating. la real

application, to ensure insulatiability between the isolated power supply and driving
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circuitries,anextrahigh voltage shieling layer needs to be added to the potted housing,

especially the surface closedtte high voltage side aheauxiliary power supply.

silicone gel plane 11

S e
Wi

Figure105 CAD model offully pottedisolated transformer
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Figure106 FEM simulation result of planellunder 15 kV excitation

434 Solution VIII: Mixed Dielectric Materials

In silicone potted solutions, shielding techniques can also be appiliedl07 presents
the last desigrusing mixed dielectci materials.In this design, the potted structureais
concentric cylindeand a conductive shield is added to the inner side. To utilize the voltage
strength of silicone, the shield is connectedhmlow voltage side, which is on the same
potential ashe primary side wire, so there is no voltage difference betthesshield and
the primary side wireln this case, the assembly fifne primary side wire is much easier
compared to other potted solutions because the primary side does not need to bagotted
the result shown in Fig. 8(R), the highest field inside silicone occurs around the litz wire
bending points, but it is still below the critical field valitowever, from Fig. 18(b), in

this designat the joint of three materials, air experiences high field stress, wihiehsame
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problem as other desigtisat connects shield to a fixed voltagehus, this design cannot
meet the design target of 15 kV with@utextra termination design.

plane 13

low voltage air =
shield

plane 12

Figure107. CAD model oftheisolated transformewith mixed dielectric materials
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Figure108 FEM simulation result ofa). plane 12 (bplane B under 15 kV excitation

Table 10 provides summary of siliconensulated solutiond=roman insulation point
of view, method V and VIII cannot meéte 15 kV PDfree targetdue tothetriple point
issue unless extra terminations are designedt this could increase difficulty during

manufacturingMethod VI uses stresscone shape made of silicone as terminations to offer
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a smooth field transition, so it is able to achia®DIV of 15 kV, but due to irregular shape,
this design is hard to standoff by itself and to integrate with other cirsultiethod VII
fully pots the transformer to keep high insulation voltage and regular, s$@pean easily
achievethe design targetHowever, due tdhe increag dielectric constant value, silicone
potted designs hawelargerCcmvalue than atinsulaed designsbut it is stillbelow 5 pF,
which meets the design requiremeAtditionally, the Ccmvalue is proportional to the
percentage of primary side wire that is potted in silicaoe¢he Ccmvalue of method V is

much small er than met hod VIII|I 6s.

Table10. Summary of Insulation Design with Silicone

Insulation Insulation o -
_ - Termination ~ Manufacturability Com
Design Capability
\% Low Required Easy 1.48pF
Vi High Not required Relatively @asy  1.84 pF
Vi High Not required Easy 2.22 pF
VIII Relatively low Required Relatively easy N/A

4.4 Test Results

This section willmainly show the insulated test results for design method | and VII as

well as measured’.,, values for the two designhemanufacturing process ahdrdware

prototypes for siliconénsulated desigwill be shown first.

4.4.1 Manufacturing Process of Siliconeinsulated Solution

For siliconeinsulated solutiog) reducingthe number of voids insidesilicone is
important because air gagan ham insulation capability.Thus, the pottingprocess

becomes critical as it determines if the sample can acthewesigned voltage.
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Before staiihg potting, aset of fixtures to hold receiving side boards mseto be
designedTo ensure the hardware to stay in the middihepotted structure, two fixtures
placed on the bottom and top of the hardware are designed as shown in Fig. 109(a) and (b).
Both of them hae a hole at the center to allothie primary side to go througland a
actuated structure on the left to kebpprimary side wire a center distance away fittn
core and PCBg-urthermoreto ensure the primary side wire to stay at the center of PCBs
and cores, a convex structure is designed ¢imtop and bottom fixturd=ig. 109(c) shows

the housing with holegsed for wires to come aut

board fixture transformer fixture

i Rl

Lo

(a) (b)

50 mm

A
A 4

28
.

(c)
Figure109 3D printed fixtures for siliconmsulated design including (a). bottom supporter (b). top
supporterand (c) potting housing
After finishingthe design of the fixtur¢he next step is to put everything inside. Then as
shown in Fig.110,RTV is applied around the slots on silicone housingvimdthe potting

materialleakingout. Before start potting, R¥ should be fully cured.
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Figure11Q Receiving side hardwaiie a 3D printed fixture with RTV applied at terminals

During the manufacturing processpaterial preparation is the first stepilgel 612 is
made of two materialso when using it, the two matesaleed to be mixedith aratio of
1:1. While stirring materialsair bubbles appear as shown in Fij2(a) To reduce the
number of air bubbles ithe final samplevacuumingthe mixed material firss necessary
asshown in Fig. 111 After afew minutes, the air bubbles are eliminated as shown in Fig.
112(b, sothis material is ready to be used.

Figure111l Mixing material inthe vacuumchamber

90



(@) (b)

Figure112 Mixing material (a) before vacuum (b) after vacuum

Since the viscosity of Silgel 612 is not too low, it is haréltminate the voids at the
bottom of PCBs if all materials are poured into housing at drfe&efore, every time a
small amount of mat@l is poured into the housing as shown in Fig. 113. Ttien,
sample needs to be putavacuum chambeior tense of minutesAs shown in Fig. 114,
duringavacuum,a heavy object can be placed on the tofhefsample to give additional
force to let a bubbles come out, but this step is optioBairing the vacuum periogdair

pressure needs to be adjusted depending on air bubble Biepesit hese few steps until

T@'A\
g

the sample is full of potting material.

Figure113 Samplewith small amount of potting materiel
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Figure114 Potted sample ithevacuum chamber

The last step is to put the potted samplehmovenas shown in Fig. 11With the

temperature around &0 to fasterthe curing process

Figurel1s Potted sarﬁpl itheoven

The final product is shown in Fig. 118lthougheach receiving side is potted
separatelya multi-load drivingsystem witha single wire orthe primary side is still
achievable.As shown in Fig. 117gachpotted receiving side circuitiis connected to a
PCB adaptor andll PCB adapta areconnected by a shielded cable. The shielded cable
hasaninner conductor connected to the positive terminaheturrent bus anthe outer

conductor is connected to the negative terminaheturrent bus, which is the return
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path for the current bughus, the return patlk evenly wrapedaround the currergath
that flows to receiving side circuitrieB this casethe EMI issueis eliminated.

Figurel16 Hardware prototype of potted receiving side circuity

sending side
— @

Figure117. APS setup for multiple potted receiving saieuitries
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4.4.2 Insulation Test Verification

The partialdischarge (PDjest is operated with theomplete receiving side circuitry
including transformer and PCBAs shown in Fig. 118, the sample is connected to a 60 Hz
acsourcewith primaryside wire shorted and connected to low voltsige andutputwires
shorted and carected tahe high voltage sideAs shown in Fig. 119,raHFCT and a PD

detector are used to measure PDIV.

CD\I

P\ PD
detector

+

Figure118 PD Test Setup

Figure119 Setup configuration for PD test

The PDIV results othe air-insulated solution are shown in Fig. 120 and Fig. 121
measured by HFCT and PD detector respectivdbecording to Fig. 121no discharge
happens &.8kV with the threshold discharge level of 10,p@ich matches with the result
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measured by the HFCHowever, since the setups are not identical for every experiment,
the measured PDIV could vary a little ldverall, both results indicate the design reaches
the PDIV target of 5 kV. Fig. 122 and Fig. 123 show the measured PDIV for silicone
insulated deginand bothof them have similar results and redlobdesign target of 15 kV.

For siliconeinsulated solutionthe average accumulated chargenkeep around 10 pF
once reaches the threshalgcharge levebut the air-insulated design canndue to the
dielectric material featuresThus,the siliconeinsulated solution has a more stable and
reliable performance timathe air-insulated design. Although PDIV fahe silicone
insulated solution is 16.4 kV peak, when the excitation voltage increases over 2@ kV
discharge value is only 30 pC.

Figure12Q PDIV for theair-insulated solutiooeasured by HFCT

Figure121 PDIV for theair-insulated solution measured B detector
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