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Abstract

Data centers have become thbackbone othe global economyTheelectricitydemand for data centexr
grew tremendously over the last ten years. ldl&a centers consume@l billion kilowatthours of
electricity in 208 and are on track to consunmet0 billion kilowatthours of electricity annually by 2020
AC¢ DC Retifiersare theequipmentto power the data centers. They convée AC power from
electric utilities into DC power with two power stages. The Btage is the PF€age thatconverts the
input 220VAC voltagénto a 400V D@oltage The secondtage is theDC¢q DCstagethat converts the
400V into 12V whicls fedinto the motherboardof the datacenter. Because of thieuge electricity bill
for the operatingof data centersyery high efficiency AGDC rectifiers are needed.

ExistingPFC AG DC converters use MOSEES switching devicetnnovationsin MOSFEBwitches
overthe last three decades have enabled a steadgrismement in power supply design. Howevitre
performance of theMMOSFET hagached its theoretical limitsGaN switching technologyoffers
significantly better performance than that of MOSEBTgrantsthe opportunity toimprove the power

density and efficiency of power supplies

ABridgeless Boost Tote#ole PF@pology is selected andesigned for maximum efficiency by utilizing
GaN swithes.Merits include a custom wound inductaio aid in increasingverall efficiencya detailed
PCB layout for the GaN switches and their respective gate drivers, a high asdiégate resistance
analysis for the GaN switch@sreducethe rise aml fall timeof the gate signale/hile mitigatingthe

Miller Effect current control of the synchronous MOSFETS to achiomed diode emulationa softstart
functionduring the zerecrossings of the line voltage to reduce AC entispikesa fast voltag control
loop for better dynamic performance, anavb heatsink design® reduce GaNswitchtemperatures

during high load operation.



Mathematical analysis, simulation and hardedesting were done to verify the performance of the
design The performanceests consisted oktart-up performance, dynamic stelpad changes and

steadystate performance vidPFand THDmeasurementsas well as efficiency recordings over a range of

loading conditions.
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Chapter 1- Introductionand Purpose of Research

1.1Introduction
Power Electronics deals with the control and conversion of electrical power. Voltage can be stepped up
or down and can be converted ffAC to DC or DC to AC.
There are four classificatiofigr power conversion systems based on their input and output:

1 ACDC Rectifierwhich converts an AC voltage to a DC voltage.

1 DCAC Inverterwhich converts a DC voltage to an AC voltage

1 DCDCConverter which alters a DC voltage by stepping it up or down

1 ACAC Converterwhich alters an AC voltage by stepping it up or down
Power Electronic systems can be found in almost all electrical devices. Applications are wide ranging and
include computerand mobile devices among many others. When designing powetrefécs systems,
the most important considerationscludeefficiency, size, reliability, and cost. Of course, the specifics of
these requirements vary by application, and part of the chakeofgdesign is balancing traadfs.
In recent years, ata centers have become thbackbone othe global economyTheelectricitydemand
for data centes grew tremendously over the last ten years. ldi&a centers consumed abo@t billion
kilowatt-hoursof electricity in 208 and are on track to consume roughly 14ilion kilowatthours of
electricity annually by 202[].
ACc¢ DC Rectifiergalso known a&\C¢ DCpower supplie¥are theequipmentto power the data centers.
They converthe AC power from electric utilities into DC pomeith two power stages. The firstage is
the PFC (Powdiactor Correction) stage thaonverts the input AC voltage (120V or 220V) into a 400V
DCvoltage The secondgtage is theDC¢q DCstagethat converts the 400V into 12V whigh fedinto the
motherboard of the datacenter. Because of theuge electricity bill for th@peratingof data centers,

very high efficiencysuch as 999 Cc DC rectifiers are needd@] [3].
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TheexistingPFC AG DCconverters use MOSFEVletal¢Oxide;Semiconductor FiekEffect Transistgr
as switching device3he innovations made in the MOSFET in the last three decadeshabted a
steady improvement in power supply design. Howetlee, performance of theMOSFET haalready
reached its theoretical limitpl]. Gallium Nitride GaN) switchsoffers significantly better performance
than that of MOSETE (3,000 times better in theory). tffers the opportunity to significantly reduce the
physical sizeandimprove the power density and efficiency of power suppl&46].
In order to increase @wer densityit is necessarjo operate converters at higher switching frequencies.
Operationat higher switching frequencies decreases the necessary size of magnetics, meaning the
converter size is also minimized and power density of the converter ismimed. Maximizing power
density is very desirable, especially in mobile and computing atiplisa For thesepplications, board
space taken up by a converter is space that could have been utilized for other functionalities or could
have led to a reduatin in size of the device. High frequency operation also leads to better transient
performance.
However, there are costs that comes with high switching frequerj@jed hese include:

w Increased switching loss, since the swéslare turned on and off more frequently in a given

time period.

w Increasedmpact ofdead tine leading to increased diode conduction loss.

w Increased gate drive loss.
These losses have typically limited realistically achievable switfigiqgency, however, with the
implementation of GaN switches, the losses from increased switching frequente caduced. This is
due to several factorfs]:

1 Low gate capacitance and charge, (@) for faster turron and turnoff, higher switching speed

and reduced gate drive losses.



1 Low output capacitance and charged{Qs9 for faster switching, higher switching frequencies
and reduced switching losses.

1 Low Rson(<5mohm/cn? vs S| >10mohm/ciyielding lower conductioroks.

1 b2 Wo 2 R &reRera} By nod neverse recovery losses and reduced ringing on switch

node and EM

1.2 Thesis Objectives

The main objective of this thesis is to develogeay high efficiency design for the first stage of the data
centre pover supply the PFC stage (AMC converter)The design should lead to improvements in
efficiency,with a tamget 0f99% efficiencywhile maintaining high PFC through a full range of loading
conditions, low THD, and a low component caunt

As seen from the literature review presented in the next chapter, a varidbpo$t PFC topologies have
been explored for tts application. However, these topologies are theoretically not able to achieve the
requirements outlined above. This is in partedio high component count and high losses in the
componentsln this thesis a Bridgeless Boost Totem Pole P§dleisted andised to achieve the

maximum efficiency by utilizing GaN transistors.

1.3Thesis Outline

The contents of this thesis are orgaguizinto 6 Chapters.

Chapter 1 introduces Power Electronaosd the motivation behind this research discusses highower
density as well as highequency operation, includintipeir merits and challengesvith a focus on the
limitations of Silicon MO&H sGaN technology is brought forth as a potential solution for these
challengesTheobjectives of this thesis are estalbled.

Chapter 2 is a literature reviewhe concepts of power factor and total harmonic distortion are
explored including thantroduction of passive and active PFC structures and modes of operation. This
reviewgoes into more depth about the losses exipeced byPFC anverters Differentactive PFC

3



topologiesare discussed in detail, including the ConventidPaC circuit andifffierent improved PFC
circuits.Finally, theselectedtopology is discussed brieflglong with the challenges of designing with
Gallium Nitride technology

Chapter 3 introducethe Bridgeless Boost Totem Pole PFC convartdrexplains its operatiof.hePFC
control method is discussed before laying out the design requirements and component calculations to
meet these requirementsThe supporting circuits to the topolg@ a Y I Ay  LifexdBSdudsed adlO dzA
more component selection is done. A power lassilysis is performed to verify the feasibility of a target
99% efficiency. The entire design including a fully digital contt@me was simulated in PSIM

Chapter 4 goes over theardwaredesignby starting with the specifics of the first PCB layotgpS to

get the converter operational are outlined and a first efficiency test is dDe¢ails to increase

efficiency via compaent tuning and control changes are discussed. A second PCB layout is performed
with a thermal analysis that follows.

Chapter Horovidesthe final results of the converter design. Power factor, total harmonic distortion, and
efficiency are compared at varis loading condition, along with waveforms of steadgte and starup
operation.

Chapter Gs theconclusion angummarizes the thesis and the contributions made. The chapter ends

with the possible scope for future work.



Chapter 2 Backgrouncnd LieratureReview

2.1 Power Factor and Power Factor Correction

Power Factor is simply defined as tta¢io of real power to apparent power, or:

00 @.1)

where the real poweis the average, over a cyclgf the instantaneous product of current and voltage,

and the apparenpower is the product of the rms value of current times the rms value of voltage. If

both the current and voltage are sinusoidal and in phase, the povetoifés 1. If both are sinusoidal but
not in phase, the power factor is the cosine of the phase amtpavever, this is only a special case when
the load is solely comprised of resistive, capacitive, and inductive elements that are all linear (invariant

of current and vdtage)[8] [9].

Switchedmode power supplies preserd non-linear impedance to the mains due to the input circuitry
which usually consists of a halfave or fullwave rectifier folloved by a storage capacitor capable of
maintaining the voltage at approximately the peak voltage ofitimit sine wave until the next peak
comes along to recharge the capacitor. In this case currentigrdfrom the input only at the peaks of
the input waeform, and this current pulse must contain enough energy to sustain the load until the
next peak. It des this by dumping a lot of charge into the capacitor in a short pesftdr which the
capacitor slowly discharges the energy into the load until §gecrepeats. Because of this, the current
pulse is usually 220% of the input width resulting in angent pulse that is 5 to 10 times larger than

the average currenfi9]. SeeFigure 1



Top: Input Voltage Bottom: Input Current

LI N I A A A O O R A

CAYCHT: OOV S T e
RCHZ 2APMS: ot

Figurel: Input characteristics of a typical switch@dode power supply without PF@].

Figure2 shows the harmonic content of the current waveform. The fundamental frequency (60Hz) is
shown with an amplitude of 100%, and the higher harnedrequencies are given with their amplitudes
shown as percentages of the fundamental amplitude. The even hansa@me barely seen as a result of
the symmetry of the wavefornince only the fundamental component produces real power, while the
other harmanics contribute to the apparent power, the actual power factor is well below 1. This
deviation is represented by term called the distortion factor and mainly responsible for the-noity

power factor ofswitchedmode power suppliesSMP$[8].

0'Qi 0 ¢ 106 @6 & i (2.2)

~ B
Where,"Y¢ 0G0 i d € ® Wwo ¢ 1"BOE &———— andl, refers to the nth harmonic of the

current waveform™@, and’O are the magnitudes of the fundamental component rms current and
the total combined rms current respectively.

The displacement factor is the cosine of the angle between the fundamental components of the voltage

and current waveform.
0Qi 1 a & CWACKHEAT IO — 2.3

The overall power factor is the product of the distortion afidplacement factors.



00 AT — (2.4)

The power factor of the power suppWith the waveform in Figurgis approximately 0.6.

100%

80% - 1 —

60% — 41—

40% — —

20% 41—

o Bl B e B
1 I I '
1 3 5 7 9 1 13 15 17 19 21

Harmonic Number
Figure2: Harmonic content of the current waveform in Figuf8]1

PowerFactor Correctiontechnologyshapes the input current of cffne power sipplies to maximize the
real power available from the mains. Ideally, the electrical appliance should represent a load that
emulates a pure resistor, in which the reactive power drawn by the device is zerds Btémnario, there
are no current harmonickeading to a current waveform that is a perfect replica of the voltage

waveform and is exactly in phase with it.

Figure3 shows the input of a power supply with near unity power factor. It has a current wavefam
mimics the voltage waveform in both @pe and phasdn this case, the current drawn from the mains is

at a minimum for the real power required to perform the needed work. This minimizes losses and costs
associated with the generation and distributiof power, along withte capital equipmeninvolved in

the processThe freedom from harmonics also minimizes the interference with other devices being

powered from the same source.

l'Yy20KSNI NBFazy (G2 SYLX 2@& tC/ AylyWithyeguladrf (2RI &2 Qa
requirements. In Europand Japan, electrical equipment must comply with the IEC6:B3D@tandard

which affects most electrical appliances with input power of 75W (Class D) or greater, and it specifies
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the maximum amplitude of lindrequency harmonics up to and including theé"3¢armonic.
Additionally, many energgfficiency requirements also carry a PFC requirement such s&&0tRéus

certification ntended to promote efficient energy use in computer power supply units (F&0s

Top: Input Voltage Bottom: Input Current

100%

80%

60%

40%

2\\_/ ________ S
FN)EHTTi10av sms T 0% 1~
2)CH2:  2A:5ms Lol ! 1 13 5 7 9 1 13 15 17 19 21

Harmonic Number

Figure3: Input characteristics of a power supply with nearfect PF(9].

2.2Passive PFC Circuit

The earliest topology applied in ATWC power conversion is Passive Power Factor Correction (PPFC)
technigue.Thisis the simplest way to control thearmoniccurrent and uses #filter that passes current
only atline frequency50 or 60Hz). The filter consists of capacitors or inductors, and makes -#imear

device look more like bnearload. The scheme lpcesa filter inductor between the rectifier and bus

capaitor as in Figurd [11].

JYIY\—
D, 7< DZ<
N R
Vie %; —
D, 7~ D7~

Figured: A typical PPFC cirt{11].
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In practical application, inductor is put between AC source and rectifier bridge. As shiiguiies, the
improved PPFC topology will not have DC component in the inductor, which can prevent the inductor
from saturaton. The advantages of PPFC are that it is simple, reliable, without need-tifrealontrol

and low cost. In addition, this topagy will limit the current total harmonic distortion under 30% by
suppressing odd harmonics. In this applicatitve inductor, LA & § K S thie @egighB/Khen2 F
inductance is largethe Total Harmonic Distortion (THD) is smaller #melcurrent wavéorm is more
sinusoidal. However, the phase difference will become bi¢@jdd 2].

Themaindisadvantage of the topology is that the passive composemeoften heavy with low power
factor. This mkes the power loss severe and prodaedot of heat. The noise of power frequency
vibration is also a problem. The applicatiis adopted under 300W, especially applied in occadiuat

have no constraints or limit§or spaceandweightbut is costsensitive[12].

R

[)j N D 4ZT

Figure5: An improved PPFC cirduit].

2.3Active PFC and Conventional Topology

The most common topology for AQC application idctive Power Factor Carection (APFCActive PFC
is the use opower electronicgo change the waveform of current drawn by a load to improve the
power factor Some types of thactive PFC afeuck boost, buckboostand synchronous condenser

Active power factor correction can be singlage or multistage[9].


https://en.wikipedia.org/wiki/Power_electronics
https://en.wikipedia.org/wiki/Buck_converter
https://en.wikipedia.org/wiki/Boost_converter
https://en.wikipedia.org/wiki/Buck-boost_converter
https://en.wikipedia.org/wiki/Synchronous_condenser

In the case of a switchewhode power supplyand in the case of this thesaboost converteiis inserted
between the bridge rectifier and the main input capacitorise boost converter attempts to maintain a
constant DC bus voltage on its output while drawing a current that is always in phase withthad at
same frequency as the line voltagégure6 shows the topology of a conventional APFC circuit that
makes use o4 full-controlled semiconductor devic&his topology consists of a full bridge rectifier and a
boost preregulator. The boost stage caperate inCCM, or DCM/critical conduction mode (CrCM) with

zerolvalley voltage switching for improved efficiency.

Diode Bridge
Figure6: A conventional boost APFC cir¢Lg, 14]

Figure7 shows the prigiple block diagram of APFC. The basic methedlvesrectifyingthe alternating
voltage to direct vltage, and then conduct DOC transformatiorn therectified voltage. There are
two control loops; one fovoltage ancone forcurrent. Theouter voltageloop ensures that the bus
voltage keepup with the set valueThe nnercurrentloop ensures that the current waf@m can track

the input voltage waviorm in reattime [12].
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Ve 6 Rectifier Power circuit c

i

Drive circuit

f Voltage control

Current control

I

» Multiplier -

Figure?: Principle lickdiagram of APFC contridl1].

The control scheme will help reduce the THD of the current below 5% and make the PF value over 0.99
high[11]. APFGechniques can effectively reduce harmonic carttandimprove power factor to satisfy
current standard. The disadvantages of the topology is the high cost and complexityeabntrolling

circuits. Besides, with higher swiiolg frequency, the switchetbss becomes significant. Thus, it is

applied inlow power(<1kW)applications

Passive PFC can achieve power factor of aboab0/%, SMPSs with active PFC, up to 0.99 power factor,

while a SMPS without any power factor correction have a power factonlgfabout 0.550.65[9].

Waveforms: 1. Input current with no PFC
2. Input current with passive PFC
3. Input current with active PFC
4. Input voltage

CH4: , 200 Volt :2.5,ms

Figure8: Input characteristics of PC power supplies with different PFC fypesPF. passive, an@. active[9].

2.3.1Review of.ossesn an APFC Circuit

With the conventional APF@auit, a large portion of system loss are in tfiede bridgeand cannot be

avoided even with zero voltage switching on the Boost stage fattimherently limits the peak

11



efficiency of the conventinal PFC stage. The primary component lossascohvational APFC circuit

are broken down as follows:

Bridge Diode Losses

As mentioned, the diode bridge is used to rectify the input voltage to an only DC component. Diodes
havetwo modes of operationforward biasedthe anodeterminal voltageis positive vith respective to

the cathodeterminal) which allowshe currentto flow through it, and reverse biasethe cathode
terminalvoltageis positive with respective to anode temal), whichwill block theflow of current.

When the current flows through theiode some part of the current will be wasted as heat engidp).

This is known as conduction loss and is calculated as:

0 wé ¢®O (2.5
Wherew is the forward voltage drop across the diode a6ds the forward current flow through the
diode.
A rectifier diode found in the bridge, has a typical 1V forward voltage drop and there are 2 diodes in the
current path, which couldaount foraround1-2% of total efficiency loss. A welésigned PFQage can
probably achieve efficiency@nd 97 to even 98%, but efficiency higher than 988y high efficiency)

becomes very challenging for standard PFC due to the fixed diode loskja].

MOSFE@ndBoostDiodeLoss
The MOSFET is found in the boost stage of the conventional APFC. The MOSFET acts as a switch to stop

2N Ffft2¢6 OdzZNNByild Ft2¢6 FNRY A0Qa RNIAYy (2 &a2dz2NOS
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Figure9: n-channel MOSFET model.

MOSFETbss is heavily dependent on switchiftequency. Though desirable to increase switching
frequency for higher power density and smaller and cheaper magnetics, it also results in higher losses
for MOSFETAue to an increased number MOSFE$witching in a given time perio&witching loss
ocaurs when a MOSFET is turned on or off and is the resulsiohaltaneougositive switch current and
drainto-source voltage across the MOSFET. When MOSFETSs are switched vaghanealues of
current and drairto-source voltage they are considered to lhard-switched. MOSFETSs are considered
to be softswitching when they turn on or off with either zero voltage or zero current. Switching loss can
be reduced by minimizing the time it takes to turn the MOSFET on aifid] ¢15].
MOSFETSs also have a conduction loss which is indepeofigwitching frequency. Isitheresult of the
drain-to-source resistance of the MOSFBTsan be calculated as:

0 wdE O 'Y j (2.6)

Where'Y j is the resistance form the drain to source of the MOSFET) and the forward arrent
flow through the MOSFET.

Theboostdiodeis also found in the boost stage andeds to bea fast recovering diode in order to
operate the circuit ad high switching frequency. This results in a diode with a highand therefore
higher conduction losg8].

There is one additional loss associated with ioest diode. This loss is calledverse recovery losand
isan unwanted sideeffect resulting from the stored charges in a conducting didtiee apply a reverse

voltage across the diode, current through the diode comes to zero vahukthe diode contines to

13



conduct in the opposite direction because of the mese of stored charges in the depletion layer and
the p or n layer. Theeversediode current flows for @eriod calledreverse recovery timgelrr. Thisis the
time between when the instant forwardiode current becomes zero and the instant reverse recpver

current decays to 25 % of its reverse maximum v§lisé

it
'
If
0 ‘ >/
Vv 4
Vi
0 :*I >
Power
loss in
diode >t
0

Figurel0: Turnoff characteristics of a power diode. A) Variation of theeniri B) Variation of the voltage drop@®) Variation
of the power los$16].

Timeta: Charges stored in the depletion layer removed.

Timety: Charges from the semiconductor layer is removed.

Total recovery timés™Y 0 0 E— (2.7

CR
|

Peak reverseurrentis 'O 0 — C (2.8

Where everserecovery charge, &g is the amount of charge that flothrough the diode when diode

changes its state from forward conduction mode to reverse blocking mode
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From a practical point of view, one is more concerned about #@dd kmwhich are clearly dependent

on the stored charge ggcandthe reverse appliedi/dt.

Whilereverse recovery lods not an issue with the MOSFET in the conventional PFC configuration (due
to the fact that the body diode does not conduct), in a Halflge orientation, the body diode will

conduct and is susceptible to reverse recovkss. Thiwvill be explored lateon.

Inductor Loss

Inductor loss can be broken down into two types of losses; copper loss, and core loss. Copper loss is

simply due to the electrical resistance of the copper windigkg®wn as DCRnd is calculated imuch

the same way as the MOSFETauactionloss/ 2 NB f 2aa Aa 3ISYSNIGSR o0& GKS
within a material, since no magnetic materials exhibit perfectly efficient magnetic respbreCore

loss density (PL) is a function of theak! / b dzE(B.&#BaydIrequency (f). It can be

approximated from core loss charts or tharve fit loss equation:

VO W Q 2.9
Where a, b, c are constants determined from curve fgtiando is defined as half of the AC flux

swing:

|~

&

(2.10
Units typically used are (mW/cinfor PL, Tesla (T) for Baind (kHz) fof. The task of core loss

calculation is to determine Bgkom knowndesign parameters.

Once known, the core loss detysis multiplied by the path length and the core crassctional area to

get thecoreloss[18].
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Inductor losses can be reduced teglucing the resistance of the copper windings by limiting core
loss through faster changirflyix magnetic cores or reducing switching frequency (which is undesirable

for power density]17].

Output Capacitor Loss

The loss associated with theiqput capacitorfallsunder a similar category as the loss in an inducto
caused by the DCR. In a capacitor, this electrical impedance is kndquiaalentSeries Resistance or
ESR. Capacitor loss is calculated in the same manner as the copper loss for an ineluctartiplying

the squared RMS current by the ESRereis not too much to be done to limit the output capacitor loss

apart from choosing a capacitive component with a low ESR {HEL9].

2.3.2PFC Modes of Operation

The boosstage of the PF€ircuitcan operate in three mode€obntinuousConductionMode (CCM),
DiscontinuousConductionMode (DCM), an@itical ConductionMode (CrCM). Figurkl shows

modeled waveforms to illustrate the imgtor and input currents in the three operating modes; floe

same voltage andurrentconditions. By comparing DCM among the others, DCM operation seems
simpler than CrCM, since it may operate in constant frequency operdtamever DCM has the
disadvamage that it has the highest peak current compared toNMighd also to CCM, without any
performance advantage compared to CrCM. For that reason, CrCM is a more common practice design
than DCM. CrCM may be considered a special case of CCM, where theavpisratintrolled to stay at

the boundary between CCM amCM. CrCM usually uses constartione control; the line voltage is
changing across the 60 Hz line cycle, the reset time for the boost inductor is varying, and the operating
frequency will change asell in order to maintain the boundary mode operatiomQO® dictates the
controller to sense the inductor current zero crossing in order to trigger the start of the next switching

cycle. The inductor current ripple (or the peak current) in CrCM is twWitteecaverage value, which
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greatly increases the MOSFEWRcurrents and turoff current. But since every switching cycle starts
at zero current, and usually with ZVS operation, tamloss of MOSFET is usually eliminated. Also, since
the boost rectifierdiode turns off at zero current as well, reverse recgMeisses and noise in the boost
diode are eliminated too, another major advantage of CrCM matde.high input ripple current and its
impact on the input EMI filter tends to eliminate CrCM mode fightpower designs unless interleaved
stages are used taeduce the input HF current ripp[€] [12] [19]. A high efficiency design can be
realized that way, but asubstantially higher cost. The power stage equations and tesrighctions for
CrCM are the same as CCM. The main differences relate to the current ripple profile and switching
frequency, which affects RMS current and switching power losses and filignd€CM operation
requires a larger filter inductor compared CrCM. While the main design concerns for a CrCM inductor
are low HF core loss, low HF winding loss, and the stable value over the operating range (the inductor is
essentially part of the tinmig circuit), the CCM mode inductor takes a different appro&cin.the CCM
PFC, the full load inductor current ripple is typically designed to b&020 of the average input current
[9][12]. This ha several advantages:

1 Peak current is lower, and the RMS cutréactor with a trapezoidal waveform is reduced

compared to a triangular waveform, reducing device conduction losses.

1 Turnoff losses are lower due to switch off at much lower maximum current

9 The HF ripple current to be smoothed by the EMI filter ismlower in amplitude.
On the other side, CCM encounters the twmn losses in the MOSFET, which can be exacerbated by the
boost rectifier reverse recovery loss due to reverse recovery ch@geFor this reason, ultrgast

recovery diodes or silicon dade Schottky Diodes with extreme low Qrr are needed for CCM ridlje
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Continuous Conduction Mode (CCM) Critical Conduction Mode (CrCM) Discontinuous Conduction Mode (DCM)

Figurell: PFC inductor and input line current waveforms irthinee different operating modgd.9].

2.41mproved APFC Topology
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Figurel2: 2-phase bridgeless PFC cir¢u#].

In a bridgeless PFC, thedgediode losses can baliminated so efficiencies of 99% or higher are made
possible to met highest efficiency standards. Various bridgeless PFC topologies have been proposed to
overcome the high diode bridge loss&ne of the most popular is thePhase Bridgeless PFC. This
topology, shown in Figuré2, is essentially two boost legs with daone taking control during each half

of the AC cycle. S1/S2 are typically superjunction MOSFETs and D1/D2 can be diodes, or for higher
efficiency, SiC diodes. It has, in the past yearsnlibe popular bridgeless PFC topology on the market
because it i®asy to implement using conventional Si MOSFETs with control similar to a standard PFC
circuit, and efficiency is improved as it eliminates one diode from the current[fd{§20] [21] [22].

However, it comes with following drawbacks:
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w Low power density and component utilization: it doubles the part counts and each one of the
boost stages only works during one half cycle, which reduces tivempdensity and adds to the
bill of materialscost.

w Additional return diodes: for EMI purposdpdes D3/D4 are needed to provide a return current
path and reference DC link ground to N to reduce the common mode fifise

w D1/D2 needs to be fast SiC diodes: higher VF (conduction loss) and relatively higher cost than AC
rectifier diodes.

w Complicated current sensing circuit: S1/S2 body diodes and D3/D4 share the return current.

w No bidirectional capability: This PFC topologyntd be utilized in applications that require
bidirectional power flow between AC and DC endse Buthe aforementioned high reverse
recovery loss D1/D2, cannot be replaced by MOSFETS.

Because of these issues, outlined above, particularly the complesinggaircuits, and the high
component count, the 2Phase Bridgeless PFC isastitable desigrior the first stage of the data

centre power supplyand the requirements of this thesis
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2.5Bridgeless Boost ToteRole PFCopology
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Figurel3: Bridgeless Boost Totem Pole PFC circuit using1@hN

Another bridgeles®FC structure is the Bridgeless Boost TeRate PFC (BTPPFC), Fig@(@) This
topology can be considered as a conventiorabst PFC in which one half of the diode bridge is
replaced by active swtKk S&a {m FyR {H AYy I KIfF 0oNRRPI SG2dy/ FAKISdzN
diode D1/D2 forms the slow 50/60Hz line frequency leg which can either be slow AC rectifier diodes or
can be replaced by lIosRDS(on) synchronogSRMOSFETSs for improved eféocy, as shown in Figure
13(b).
The BTPPFC overcomes many issues which existed irpties@ bridgeless PFC and has the following
advantages:
w Improved efficiency: main current gnflows through two switches at a time. S1/S2 are driven
synchronously with complimentary PWM signals and the S3/S4 on the slow line frequency legs

can be low RDS(on) Si MOSFETSs to further reduce the conduction loss.
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w Lower part counts, higher power dengiind lowebill of materialscost. It uses fewer parts and
has a simpler circuit: It needs only one inductor and neither SiC diodes nor AC return diodes are
required.

w Bidirectional power flow. BTPPFC is inherentlyabég of bidirectional operation, whicis ideal
applications which may require power flow in both directions, such as Energy Storage System
(ESS) an@n-board BidirectionalBattery Chargers (OBBC).

BTPPFG not a new topology ankdas been proposed befe, however,its application has beewery

limited until recently. The major challenge is the poor reverse recovery performance of conventional
silicon MOSFETSs in the half bridge configuration, which makes CCM operation impractical due to the
excess Qrr les at turnron. To avoid body diode nduction, BTPPFC with silicon MOSFETs must work in
CrCM/DCM modes, which only fits for lower power and has more complicated control. Usually, multi
phase interleaved configurati@are used to get higher power lev&hnd improved current ripple, which
agan adds extra cost and complex[d4].

The absence of a body diode (zero Qrr) and the fast switching nature of GaN make a Gai\h lg&ddT

fit for CCM hard switching half bridge power stags can be seen in Figurd(a), Qrrmeasured using
standard test methods include both Qrr of the high side body diode and Qoss of the MOSFET, though
Qrr usually dominates for Si MOSFETSs. By contrast, GaN exhibits significantly lower hardidgsas
there is only Qoss loggthe loss imluced at hard switching device during tuon due to the output

capacitance charging current of freeheeling switct{13].
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Figurel4: Hard turron lossbreakdown of MOSFETS vs. GaN switfh#ls

Tablel compares the switcton loss caused b@r (or Qossfor GaN) between a silicon MOSFET and a GaN
EHEMT device from GaN Systems. GaN has@egiad its output capacitance chge can be more than

an order of magnitude smalleghan 650 V silicon MOSFETs. Even compared to CoolMOS CFD with an
ultra-fast body diode, GaN shows much superior reverse recovery performance. Assuming a CCM
BTPPFC operating at 50 kHz, GaN dissipates Osite¥iing loss due to th€ossloss at turron, while a
similar CoolMOS CFD2 has about 20 W at swatchecause of th€alone[14]. This excellent hard

switching performance makes GaN HEMT the perfect candidate for CaRMr8TRsign.

Si CoolMOS CFD2 with Fast Bod] GaN HEMT
Diode IPW65R080CFD GS665088  Unit
Ros(on) 80 50 Y m
Qrr 1000 0 nC
Qoss@ \bs= 400V 318 57 nC
Turn-on loss due to 20 0.75 W
QR Qoss@ fw= 50kHz

Tablel: Qrr/Qoss lossomparison of 650V GaN HEMT vs. Si Coo[W)S

The zero Qrr o5aN makes th totem-pole bridgeless PFC practical. It meets the demand for increasing
power density of switchednode power supplies by adopting high switchinggfrencywhile not

increasing theswitching losseassociated wittpulse width modulated (PWM) converterthe BTPPFC
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topology with GaN HEMBsid SR MOSFETigets all of the outlined criteria for a high efficiency, high
power density, and low component coudesign for the PFC stage of the data centre power supply. Itis

for this reason that theselecteddesignwill utilize the BTPPFC topology with CCM operating conditions.

2.5.1GaN HEMT Technology

It has been stated that the theoreticperformance of GaNwitching technology is 3000 times better
than that of traditional Si switching technologhhis is pinarily due to the combination of several
factors:better performance at high voltages, faster switching characteristics, higher pabevesity, and
cheaper fabrication when scaled |p]. The GaN switchesffers the opportuniy to significanty
improvethe efficiency and power density @fPFoost converterHowever, direct repleementof
conventional MOSFET with GaN swisbannot unleash the full potential @GaN switchGaN
switcheshave unique characteristics that nedd be treateddifferently. This is in part due to the
structure of the technologyHEMTSs operate on the same prineias a MOSFET, with an electric field
appliedon the gate terminal of the device which is ugedrary the current flow throughhe drainand
source terminals. Ae differencewith the technologies ithat HEMTs make use of a heterojunction as
the channebetweendrain and source instead of a doped semiconductor region. The benefit of this is
that electrons can move quickly through the hetgnoction without colliding with any impurities that
are used to dope a semiconductor. This results in a channelhigithelectron mobility and low
resistivity[47].

There are mltiple challengesassociated with GaN switching technology and the BTPPF®gypehich
need tobe overomein orderto achieve the objectives of this thesis. The following summarizes the

problems and the proposed methods to solve these problems.
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2.5.2 Challenges of Designing with GaN

Accurate Gate Driver Supply Voltage

One mapr concern of using GaN switclis stringentgate voltage versus the conventioriilicon
MOSFET5]. A @nventionalSiliconMOSFET fsa maximum gate to source voltage of +20V. However,
the maximum gate to source voltage withGaN switces isabout 7V[13]. On the other hand, gate
voltage should be higher than 5V to fully tuon aGaN switch. This is a very narrow voltage band,
comparatively, and so the gate voltage should be precisely contrdll@dltage regulator is needed to

convert theunregulated supply voltage to a tightiggulated voltage

. GaN Systems Si SiC
Gate Bias Level | .\ miEmT| mosrer| 'CBT MOSFET
Maximum Rating -10/+7V +/-20V +/-20V -8/+20V
Typical Gate Bias 0/+10 Oor- -4/+15
Values 0 or-3/+5-6V 12v 9/+15V 20V

Table2: Gate bias voltage comparison for the different seomductor switching technologi¢s3].

High Side Driver Constraints

When driving GaN FETSs, the ddade generally hurts the overadifficiency of the converter. The reason
is that the GaN devices have no standard -atiallel diode (only majority carriers are involved3aN
device conduction) so there is zerecovery time and a reverse forward drogher than the one in
reverse diale forthe Silicon MOSFET.

The dead time should be as short as possible to minimize the extra loss and it should also be long
enough to avoid shoethrough.In order to provide such an accuradead time, the propagation deya
matchingbetween highside and low-side is gparameter of concern. Generally keepingnita range of 2

ns or less is enough frevent the shootthrough in the circuitTheoptimum dead time changesith
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input andoutput conditions and componeattolerance. In theconventional desig, the dead time is

usually designetb meet the worstcase conditionwhich sacrifices the efficien¢¥3].

Spurious Tur®©n Dueto High DV/DT

The presence akally fast dVv/dt (that can reacheaks ofo n | iogethér with the unfavourable

ratio between gate drain capacitance agdte source capacitan¢eow Gssand \(th)) increasethe risk

of Miller turn-on and directconduction of the half bridge leg angerous levels.

Thehighdv/dt voltage clange on tle switching node induces a large charging current between the drain
and the gate terminals of @aN switcH5] [13]. This charging current cédift the gate voltage when it is
supposed to b pulled dwwn byagate driver. As a result, both higimd low side GaN switches will turn

on which causes surge currento shoot through from high to low sidéaN switcksand damage

them.

Parasitic Inductance Between Driver and Gate/Source of GaN

Pamsitic inductances betweethe leads ofthe driver tothe gateandsource of GaNwitches caread to
ringing in the gate drive signal, reliability issues, and switching losses. This is primarilyrcigliiter
Effect current at turroff and turn-on, Figure 15(a/b) respectively Gate drive impedance (Rad Lg) is

critical for turnoff, but lesssoat turn-on[6] [5] [13].
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Positive dv/dt Negative dv/dt

Figurel5: Miller effect currentdetween the gate driver and gate of the GaN switch. A) duringdéfrand B) during turfon
[13].

During turrroff: Lg must be kept as low as possible to aviding, while Rg must also be kept low to

providea strong puldown voltage on the gate to prevent false tuom.

During turrron: maintain a low Lgut a reasonably high Rg limit gate oscillationsvhile ensuring that

Vgspk does not exceed the absotuminimum gate voltage10V) or else the deviaray be damaged.

There must be a balance for the Rg value, such that it is low enough to provide a strelagvpring
turn-off, but high enough to limit oscillations, while not being too high as inciek&gyields increased

switching losses.

2.53 Chdlenges with theSelectedlopology

Ideal Diode Emulation

In the totempole bridgeless PFC, synchronize rectifier MOSEEETgsed One common issue witBR
operationis reverse currentonductionunder light loadconditions[23]. As the high side duty cycle, D_H
andlow side duty cycle, D_L are arranged in a complementary manner, the inductor current will
increase toward negative after ieaches zero, as shownhigure 16b). Light load ideal diode emulation
aims to turnoff the conducting MOSFET when the inductor current approaches zero. It should also be

noted that regativeinductor current under light load unnecesfigiincreases the aaduction loss.
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Figurel6: Ideal diode emulation undeyndironizng FEF[23].

AC Input Current Spike During Vac Zemussing

With the totem-pole bridgeless PFCs showrfrigure 13b), a highcurrent spike might benduced during

input AC voltageero-crossing. For example, whend/ia at positive half line cycle right before the zero
crossing, the switch Q4 is always on, and the duty cycle of Q1 is almost 0%. Immediately after Vac goes
to negdive half line cycle, the switch Q4 is turned off, and the duty cycle of Q1 abruptlyasesdo

almost 100%. Therefore, the DC bus voltegapplied toQ4 (Vac is almost zersiiddenlyand reversely

biases its body diaglwith a highcurrent spikd23][24]. Similarly, théDC bus voltge reversely biases

the body diode of Q3 with a high current spike when Vac changes from negative half line cycle to

Y \vy /\
(100 V/div)

‘.,a'

B ]' i i ;
!l! (2 Ardiv) \

Time (2 ms/div)

positive half line cycle

Figurel7: AC current spikes in the input current during the oeossing transitionf24].
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Better Dynamic Response

To reduce total harmonidistortion (THD)the feedback loop of a PFC is forced to be designed with very
narrowbandwidth,such as & 10Hz Thus, an existing PFC respondedy slowly taatransient

condition, particularly to the AC input voltage disturbance. The output voltageevilatefrom the
desiredrange, whichadds extra difficulty to design the second stage ®BCconverterin a server

power supply{9] [11]. A digital control algorithnaanbe developed to improve the transient response of

the PFC while at the same time maintaining a low THD

Thermal Analysis and Management

In order toachieve higher power density, the PF@ bé designedvith smallersize. One of the key
designconsideraions is to avoid hgiots, which can deteriorate the reliability of the PADe likely
component candidates that will be a focus for hotspots under operation are the high frequency GaN
switches and the inductorDifferent thermal strategiefor GaN devie package and PCB layevitl be

proposedand evaluated usingn experimental prototype
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Chapter 3 Desigrof Bridgeless Boost ToteRole PFC

3.1Basic Operating Principle

Theseleded PFC circuit is shown in Figui& Switches S1 and S2 #&aN HEMT devices that are
arranged in a halbridge totempole structure. Being in this structure means that the PWM signal to the
two devices are complimentaryvith only one device turnedn at a time When one device is operating

at duty cycle with oftime, D, in a switching cycle, the other device will have duty cycle witimos 1-

D, turned on after duration D.

L
(’9 Vac Te. g R. Vout
N I'
s
= e & s
"l ¢ -

Figurel8: The selected PFC circuit

Switches Sand S4are nchannel MOSFETSs that actvadtage rectifiers for the AC sinusoid input
voltage. This being the case, only one switch is on at a time, depending on the inpeydial¥/ac is the
input sinusoid voltage source withrepresenting the lineoltage and N representing the neutral
voltage. The + and symbols represent the terminal polarity of the AC source and help to indicate the
flow of current in the circuit (from + tg). Finally, Vout is the 400V output voltage bus with respect to

ground.
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Figurel9: Complimentary duty cycle operation for high and low side GaN swi2bks

The BTPPFC operates in two modes depending on the polarity of the AC input voltage and is comprised

of four intervals of ogration. The intervals of operation are labelled on Figz@end described after it.

s
(1-D) —1-.,. OFF| Ss (1-D) pal oFF | S,
+L T + L —
L4 g L, L
Vac Te. g R. Vac "—C ) §RL
A =
‘N -N
p 32 oNxy K, b si.; on %7 Rs,
(a) Positive AC half cycle: t=D (b) Positive AC half cycle: t = (1-D)
IJ )
S s
N p ON-I S; ] D ON-| S;

Y Yym YY1
<~ -——
v - == R L1 =
AC CL L VAC CL § R|_

+N H +N
S:1  oFF s s [ OFF{%&
(1-D) 22 s (1D) = t
"1 T

(c) Negative AC half cycle: t=D (d) Negative AC half cycle: t= (1-D)

Figure20: Current flow in the BTPPFC circuit.

Interval 1- Positiveline cycleinductor charging mode

Referring to Figur@0(@): During the paitive halfline cycle (line > neutral), S2 is the main switch and S1
is driven with a complementary PWM signal. S1/S2 and L1 form the boost DC/DC stage. During this
positive half cycle, half bridge leg S4 is turned on and S3 is always inBeiivey thetime when the

main switch S2 is turned on, current flows from*92>S4 and back to N. In this interval, the indugctor
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L1, is charging current while the output capacitor, @ischarges to maintain a regulated voltage at the

output.

Interval 2- Positiveline cycleinductor dischargingnode

Referring to Figur@0(b): Still in the positive halfne cycle, during theeriod of (:D) when S2 is turned
off, S1 is turned on and current flows through S1 and back to N via 8ds intenal, the indictor, L1, is

discharging current to the output while the output capacitor, €harges voltage.

In positive halfine cycle operation (intervals 1 and 2)& DC bus ground VBi§ tied to N potential as S4

is conducting all the timdntervalsl and 2 repatedly loop for the duration of the positive half cycle.

Interval 3- Negativeline ¢ycleinductor charging mode

Referring to Figur@0(c): During negative halfne cycle (neutral > ling}he operation in the negative

half cycle is similar eept the rde of top and bottom switches are swapped. Now S1 becomes the main
switch and S2 is freetheeling, and S3 is turneah leavingS4 inactiveDuring the time when the main
switch G is turned on, current flows from E23->Sl and back td. In this intervalthe inductor, L1, is
charging current while the output capacitor, @ischarges to maintain a regulated voltage at the

output.

Interval 4- Negativeline cycleinductor dischargng mode

Referring to Figur@0(d): Still in the negative haline cycle, duing theperiod of (:D) when $is turned
off, 2 is turned on and current flows througt8&nd back td_via . In this interval, the inductor, L1, is

discharging current to t output while the output capacitor, Ccharges voltage.

In negative halfine cycle operation (intervals 3 and 4)a DC bus VD(@s tied to N potential as3s

conducting all the timelntervals 3 and 4 repeatedly loop for the duration of the negative half cycle.
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3.2 Control Method

Since CCM operation was chosen for thisglegverage current mode control will be used as it is the

most convenient method for achieving a CCM operation[BHT1] [14] [26]. As nentioned in the

literature review,LJ2 8 SNJ FI OG2NJ Aa RSTFAYSR Fa (GKS NIXGA2 o0SasS
power. Assuming that the input voltage is a perfect sine wave, PF can be defined as the product of

current distortion and phase shift. Theoee, 0 KS t C/ O2y GNRf f221LJaQ dFaita I N

w Control the Inductor Currentwhich makes the current sinusoidal and maintains the same
phase as the input voltage

w Control the Output Voltagewhich makes the output voltage equaled to target value

U, Vee i,
[]d y + P Vnzns i - i I)dm‘}‘
= Vol PI D (50— Cur PI—
Voltage Loop Reference Arithmetic Current Loop

Figure21: Control scheme for the BTPPFC.

PFC arithmetic can be divided into three parts
1 Voltage outer loop, which insures the output voltage follows the referecmastant voltage
output.
1 Reference arithmetic, which insures that the curreeference follows the sine reference

9 Current inner loop, which insures the input current follows the given current reference

Ly Fyrt23 FINAGKYSUGAOZ GKS AyLlzi O 2dfeiencBsdthal YLIE S A &

ripple voltage is introduat to current control at the same time

Q — (3.1
Where:
Vacis the input voltage involved to ensure the current wave follows the input voltage wave
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Vcis the output of voltage regulator

Vimsis the RMS value of input voltage

The measured sigrabre DC output voltagéic, inductor currenti, and input voltag&/ac.and Vacn, as

seen in Figur@2. From above, the input current reference can be obtained by multiplying the output of
the voltage regulator with the rectified value of the AC inputtagk and divided by the square of input
AC RMS voltage. The output from the current loop drives the PWM modulator to generate the gate

signals. Therefore, the line current can be tracked toitipat voltage waveform as shown in Figa@

vacL —_—
L N
v C":) L, BTP | L §
AC i R
N N (l\- PFC CL -
Vaen Gate
driver
i
PWM MM
[+ PI Ve
\ 4
— L Pl +
r §
|VEC| 1/v2rms
Polarity detection Vic_ref

V. rectification
V:ms calculation

Figure22: Overall control block diagrafi4].
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Figure23: Average current mode control schefid].

3.3 Component Selection for the Power Circuit

In order todetermine themain powercomponent values, and eventually selection, for the PFC circuit,

the design specifications first have to determined Table3 provides all of the specifications for the

power stage of the BTPPFC.

Parameter Value
Input Voltage RMS) 180220V
Input Current (RMS) 2.7A (max)
Output Voltage 400V
Output Power Steady State | 600W (max)
Switching Frequency 100kHz
Inductor CurrenRipple 25% at full load
Output Voltage 120Hz Ripplg 10Vpkpk
Power Factor >0.95
Current THD 10% (max)
Efficiency Target 99%

Table3: Specifications for the power stage of the BTPPFC design.

Figure24 shows the schematic of the power circuit which houses all of the main power related
components of theselecteddesign. The addiin of several components not seen in FigliBsshould be
noted. These componentacludeinput filter capacitors and a commemode choke, a bridge rectifiea

flux gate, and a relay with a parallel connected power resistor.
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Figure24: Altium schematic for the entire power stage of the BTPPFC design.

The input filter components are to eliminate any hijequency harmonics coming from the mains and
prevent them from entering the PFC circuite values of the input filter cap&ais were selected from

a similar PFC design, and the choke selection agltélThe flux gatés amagnetic field sensor which
makes use of the Hadlffectto sense the magnitude of the current through the inductor. Further
discussion and selection of this devicdl Wwe outlined in a later section of this thesis. The bridge rectifier
(Bridgel) power resistor{R1)and relay(K1)are used during stastip of the PFC with the rectifier and
resistor being shorted out by the @l once steadsgtate has been achieved. Their selection is outlined

below along withthe selection for the inductor, outputapacitor, SR MOSFETSs, and GaN switches.

3.3.1Inductor Selection

The PFC filter inductor value and its maximum current are detexdhbased on the specified maximum

inductor ripple as shown:

0 i P 46y — p X P00 (3.2

G BN / p = usd 3.3

With this, the inductor saturation current must be rated for greater than 5.3A and have a minimum of

785 H. Ths value is atypical for common inductor manufacturers, so a more standard value for
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inductance of 82PDHwas chosenThe Bourns 114821KRC inductor with a ferrite core and 7.2A

saturation current was selectd@7].

3.3.20utput Capacitor Selection

The output capacitor was sized to meet both of the hofdtime or the AC line voltage periad
16.6ms, and the low frequency voltage ripple requirements. The capacitor value is selected to have the

larger value among the twoggliations in below:

0 TT'QYO (3.9

o) - o wyYo (3.5
G must be greater than 448, so a common capacitance value of 47 wa selected. Thalichicon

LGX2H471MELC58 electrolytic capacitor, rated for 500V was sej28ied

3.3.3R MOSFET Selection

The requirements for the SR MOSFETSs are solely related to the masiwitaiing voltage in theesign

(400V) as well as the maximum conducting current, which was calculated above to be 5.3A. However, in
order to maximize the efficiency of the PFC design, a power transistor with a low drain source resistance
was selected. Fdhis application, the Ifineon 600V CoolMOS IPB60R099C6 transistors were selected

due to their high continuous drain current of 37.9A and lawf®f 90mOhm at room temperaturg29].

3.3.4GaN Switch Selection

It was alreadyknown going into this degn process that the GaN switching devices would be products
from GaN System$aN Systems offers a variety of enhancermantle high electron mobility

transistors (HEMT) at the 650V level. The GS66504B 650V devices were odhgosalyfor the design
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asthey offer a high enough draisource current rating (15A) and lows& (100mOhm) with a bottom

cooling package design that would eliminate the need for a heafSibik

Lateron, in the design processwas discovered that # bottom cooling was insufficient for this

applicationso a top cooled package in the 650V product range was chosen. The GS66506T devices were
selected and offered a higher dragource current rating (22.5A) and a lowegR(67mOhm) for even

higher efftiency performancg31]. The details of this component selection and design change will be

expanded upon later on in this thesis.

3.3.5Relay Power Resistor, and Diode Bri®gdection

The diode bride rectifier(Bridgelneeded to have a high enough peak reverse voltage to ensure it
R2SayQi o6 NBveise daresst flow ldufiiy stidp while also being robust enough to
potentially handle the full load curremuring a fullload startup conditon. Additiondly, the diodes

must have a lower voltage drop across them than the bdidge drop from the GaNs (less than 1.67V)
to ensure that the high staftip current does not pass through the GaN switclas. easy soldering, a
through hole package wahosen. Theomponent is the&KkBPO6G from Diodes Incorporated. It has a
600V peak reverse voltagé.1V forward voltage drognd 1.5A average rectified current which satisfies

the full-load condition[32].

The power resistofR20)in the neutral terminal path ensures that the currespikes through the SR
MOSFETSs are limited so as to not damage them. A small resistance value with a high enough power
rating is suitableFor this application, a resistance of 100hm with a rating0% was seleted. The

component is theNHS2BLORJ1 from Riedon

For the relay, the maximum current rating and the contact resistance determined this components
selection.Since the relay shorts the power resistor and bridge during stetatg operationthe relay

latch is constantly conducting the input line current. Therefore, it must be rated to at least the
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maximum current of 5.3A. To reduce the conduction losses associated with this component, a relay with
as low a latch resistance as possible wasdetl. The poposed relayK1)is theG6G2114RUSP6CDC5

from Omron. It is rated for 10A continuous current and has a very low latch resistance of 30fB&hm

3.4Preliminary Loss Analysis

To see if itsactually possible tachieve the targeted 99% efficiency with thelecteddesign, a
preliminary loss analysis of the main circuit componemsperformed using the datasheet specified

electrical characteristics of the selected components.

It should be noted that a loss anals was not performed for the input filter capacitors because the
losses are small enough to be considered negligdlérthe choke because it was not necessary for

the hardware tests performed on this design.

Loss aalysis for switching devices isryeomplex for @FQircuit in CCM operation due to the AC

nature of the current through the switches. Under DCM or CrCM, due to the fact that the current tends

to be zero at the turron of theBoost switch, as well afieé turn-off of the Boost diode the calculations

are simpler. However, in CCM, this is not the case. In order to simplify the preliminary loss analysis, it
wasassumed that the circuit is operating in a purely boost converterRETmanner with CCM

operationin steadystate, and under thevorst case, highest loss, conditions. These conditions yield the
largest input current, meaning the lowest acceptable input voltage, which gives Vin = 180V, Vout = 400V,

and Pin = 600W.
These losses are calculated asdob:

3.4.1Inductor Loss

Inductor Copper Loss

The inductor RMS current and the corresponding copper loss are:
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0 — — %6 (3.6)

0 O J006Y o& oPpuvam pg T (3.7

Inductor Core Loss

In order to céculate the core losdirst, calculations fothe minimum and maximum inductor current
and the associated minimum and maximum magnetic forcn@dg to be performedthen the fitted
eguation of that magnetic materia usedo calculate tle minimum andnaximum magnetic flux (B).

Finally the AC flux swing can be used to calculate the core loss by using another fitted edqa8tion
For the selected inductor:

Path lengthd L& & Cross Section ae ~ T# LG @ Volume® o8 @ud

O Tmoi ¢i

The magnetic force at the peak of the line cycle can be found as:

o) VB X Qi o — O 3.9

8

Therelative permeability of the ferteé core of the inductor is approximately 9084], so the specific
permeability can be found using the relationship between relative permeabilityttegermeability of

free-space:

‘ C wnaA“* 3— pPp 0 D— (3.9

The flux density for the inductor material is:
0 ‘0 18 0'YQi aw@® 'OMoi i6 (3.10

6 & YDH T & @ODO (3.11)
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The AC flux swing at the peak of the line cycle is:

Y§ —— 1@ 0YQi am® OO i i
Method 1:

Peak core loss at the peak of the line cycla 1§ [18]:

. 8 8
0 Yo — Pt T — 8 op T T P

Average core loss across the line cycle is:

0 X 0@

Method 2:

The core loss density given by the curve fit equatidt7$[18]:

00 B Q 0@ Wd cY® B LOE
The cordoss then is:

0 00y ——— 8 elpd X T &

(3.12

(3.13

(3.14)

(3.19

(3.16

Since the two methods are in close agreement to one another, the larger of the twoowdidered a

the approximate core loss moving forward.

3.4.20utput Capacdr Loss

With a dissipation factor of 0.15, the capacitor ESR loss is obtained as below:

oYY

@ qny
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The capacitor RMS currentrass the 60Hz line cycle and thepacitor ESRss can be calcuied by the

following equatiors:

" 0/ Js) o/l o
(@] _— 5 5 P& 00K (3.18
0 0 0°Y'Y pdooly JBCc o pd Y 7 (3.19

3.4.3SR MOSFET Loss

Under the above conditions, only one SR MOSFET is active at a time and is underiy@iogduction

loss with no switching losses. This should also be the case under normal PFC op&shtion

0 0 oY OB 6 WAM TR @ (3.20

3.4.4GaNLosses

High SideBodyLoss

While operating in a purely boost mannéefore the high side GaN turns on, the device is conducting

similarly to a forward biased body diode. Thisd is calculated as:
0 D0 Y  cBOD® 6 P TRAOQ TEM TP QD (3.22)

Where vis the reverse biased voltage drop that was found from Fi@Sreelow.
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Figure25: Reverse conducticcharacteristics of the GS66504B de{&.

High& LowSideCapacitorLoss

During turnon, the enegy stored in the GaNwitchQ & 2 dzii LJdzii &) kis dissipated. TyeOS o /
amount of energy at this point is determined by thaltage across the device seen at tton. Figure26
below shows this voltage, energy relationship. The voltage across thesitiglGaN switch is equal to

Vin or 180V. This loss is:
0 p® dp ™ VP TOA T oW (3.22
The voltage across the legide GaN switch is equal to Vin or 400V. This loss is:

0 o® 1 T VP TOG T O (3.23
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Figure26: Stored energy @racteristics of the GS66504B de\ize].

High & Low Side Switching Losses

The switching lossdsr the turn-on and turnoff of the GaN switches comes from the overlap of the
voltageand current waveforms across and through thevices respectively. This overlap is due to the
time duration it takes for the switch to turon, t, and the time duration it takes for the switch to turn

off, t; [15] [45].
For the highside, this loss is calculated as:
0 T (3.29

This is due to the fact thatthe highA RS DI b &¢AGOK A& |t NBFR& O2yRdzOGA

RA2RSé RANBNOGAZY |G GdzNY

0 -0 0Q - Yalood WP i P MEAOH T T (3.2

For the lowside, this loss is calculated as:

0 -~ 0 0 -1 TIr® 6 Ppd Wp i P TRAOY pst oy (3.26

0 - 0 0 - W® 6 VPt | P TRAOG W 0w (3.27)
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Conduction Loss

Just like the conduction losses for the SR MOSFETS, the conduction loss for the GaN switches is can be

found by the equation:

0 0 oY o% 6 p mam  pH 1w (3.29

3.4.5RelayLoss

The conduction loss for the relay is calculated as:

0 0 oY OB 6 XL Gm TR XX (3.29

3.46 TotalPowerLoss

Summing the losses from the above components gives a read®estimate for thanaximum
theoretical efficiency of the design at full load, while operating at a worst case, minimum input voltage

condition.

Total Loss ¥.95W

Efficiency (in %) = Pout/Pin x 100 = (§085)/600 x 100 = 988% = ~99% (3.30

It canbe seen that the taret efficiency of 99% is achievable with the selected components. Fajure
below shows the percentage breakdown of the total losses for each type of loss associated with the
main circuit componentsTwo of the largest losses come frdhe input inductor am output capacitor
with approximately 20% of the total loss each. The next largest loss is themswitchingloss of the

low GaN switchvhich equates to approximately 17% of the total loss. The low Gandrswitching

loss iscomprised of the low GaNturn-on overlap loss and thiew Gan capacitor loss. Following this is

the GaN conduction loss at around 14% of the total loss. The remaining smaller losses such as the SR
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MOSFET conduction loss, toff switching losses for the Higand low GaNs, turon switching loss for
the high GaN and relay conduction loss make up the remaining 25% of the total [Disisesnalysis has
been replicatedor the entire range of acceptable input voltage conditiamsl can be found in a

graphical 6rm in AppendixA.

Total Loss = 7.95W

= Output Capacitor Loss

= MOSFET Conduction Loss

= Inductor Loss (Core and Copper)
Low GaN Turn-On Overlap Loss

= Low GaN Turn-Off Overlap Loss

= Low GaN Capacitor Loss

= High GaN Turn-Off Overlap Loss

= High GaN Capacitor Loss

= High GaN Body Conduction Loss

= GaN Conduction Loss

= Relay Loss

Figure27: Percentage breakdown of the losses in the power stage.

3.5Controller Selection and Circuit

Based on the control methoehentioned above, a controller fahis design must have the features

outlined in the tablebelow.
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Feature Explanation with respect to the Control Structur,

Analogto-Digital
Converter(ADC) | Line terminal input voltage sensing

ADC Neutral terminal input voltage sensing
ADC Inductor current sensing

ADC Output voltage sensing

DigitalInput Input voltage polarity sensing

Digital Output Relay control for steady state operation
Digital Output Enable control for the GaN drivers

Digital Output High side SR MOSFET control
Digital Output Low side SR MOSFET control

Complimentary High and low side PWM output for control of the

PWM Pair GaN switches
Tabled: Peripheral requirements of the digital controller for the BTPPFC design.

Due to the familiarity and user friendliness of their products, a Microchiplypcowas selected as the
controller for this design. This component is th&bit microcontroller unit (MCUJsPIG3FJO06GS101A

[25]. It was selected for the following reasons:

w The device operates at 3.0V to 3.6V foxdow powerconsumption.

w It has a 16Bit core with two40-Bit Wide Accumulate; 32-Bit Multiply Supporwith up to 40 MIPS
which is useful for higher precisiphigh speedalculations and more accurate control.

w Features dow tolerance and accurat@ternal oscillator for clock reference as well as
Programmable PLLfsr clock customizability.

w Up to Threenigh-speedPWM Pairs with Independent Timingpecifidead Time for Ring and
Falling Edgeand 1.04 nsof PWM Resolution for Dead Time, Duty CyBl®mgrammablé-ault Inputs,
andFlexible Trigger Configurations for ADC Conversibims small resolution is specifically
important for this application as deadtime must bedly tuned to avoid shoathrough but also to

limit losses and maximize the PFC efficiency.
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w Up to 8ADCnput channels grouped into four conversipairswith 10-bit resolution,Flexible and
independent ADC trigger sourcemd aDedicated Result registéor each These ADC channel
parings allow for measurements to be taken almost simultaneongly each result saved to a
specific register that can then be saved and altered later on in the control code. The customizable
trigger sources are beneficial feynchronizing the voltage and current control loops to the PWM
control.

w ThePeripheral Pin&ect (PPS) allosvforfunctionremapto suit the specific pin layout for the PCB
design

w Up to 13 analog or digitahput/output (1/0) pins with external interrupts. The control forigdesign
needs at least 5 1/0 pins for various purposes and makesfube external interrupt functionality
for the input voltage polarity sensing as will be explained later on.

w In-circuit andin-application programmingfor quick code debugging and program upload to the
device.

w Can be purchased in an easy to solder 183tMC package which has theactnumberof pins for
all of the inputs and outputs for the circuit control.

Figure28 below shows thechematic and pin layout for the controller circuit. It is worth noting that all

of the pins that have analog signal inpuiave arexternallow pass RC filter network attached to them

to filter out any high frequency noise that could yield unwanted measiamts.
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Figure28: Altium schematic for the control circuit of the BTPPFC design.

3.6 Detection/SensingCircuits

The analog signal sensing cirsuitave to measure fouquantities as mentioned above. These are the

input ACvoltage (letweenline and neutral), the inductor current, and the output DC voltage.

3.6.1Input AC Voltage and Polarity

The input AC voltage ranges from 2841V pk. In order to measure these voltages at the ADC of the
controller, the voltage first hatbe stepped dowro a level suitable for the range of the ADE3(BV).

This is done by means of a voltage dividetween4Mohms and 27Kohms, with an additional parallel
resistance to the 27Kohffior balancing the line and neutral voltages. With this ag# divider, the range

iS now
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O GE Qe— 8t Y (3.30)

Which is well within the limits of the ADC pin on the controller. Because the input voltage is alternating

FYR GSyRa G2 1 SNR 06ST2NB ONP Sibleifof the oltguiia? thebolfageda y S+ G .
divider to see a slightly negative voltage. This can cause severe control errors and hurt the overall

operation, so a small positive DC biasing voltage is connected to each of the output nodes of the voltage
dividers. R&er to Figure29(@@). This islone by means of a stepped down 5V source via the following

relationship:

OWOQN— TP oPp (3.32

Yielding a new ADC voltage range of 0:23116V to reflect the original 311V pk from the input.

Before the voltge signal from the output of the voltage divider reaches the ADC pin, each signal (line
and neutral)goes through a voltage follower circuit which is comprised of a unity gaangpcircuit.

This voltage follower has very high input impedance that actslagfer to limit any current flow to the
ADC pin of the controller which could potentially causendge to the pin. This internal egmp circuit

can be seen in Figu9(b).
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Figure29: AC input voltagsensing circuit. A) the entire circuit and B) the internahog connections of OPA2376.

To determine the poldty of the voltage at any given time, thi@e and neutral signals are additionally
fed to the inputs of a comparator circuit which output eitreelogic high (around 3.3V) or a logic low
(around 0V). When the line voltage is greater than the neutralgat the comparator outputs a logic
high indicating the positive half cycle. When the neutral voltage is greater, the comparator outputs a
logiclow indicating the negative half cycle. From these logic$ighows on a digital input pin of the

MCU it can always be known what half cycle the input voltage happens to be in. BQutetails the

comparator circuit with the line and neutral signaputs, and a square wave polarity output.

POLARITY A

2

Figure30: Comparator circuit for the palily detection.
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3.6.2Inductor Current

Typical current sensing is done by means of a small resistor. By measuring the voltage drop across a
known resistance, the current can be calculated. One major problem with this method isritiaation

loss from theresistor. In order to achieve the targeted 99% efficiency, another sensing method without
the inherent resistive loss needed to be used. $akcted method for this design is to usg/pe of
Halleffect sensor known asflux gate.Flux gates offer supmr temperature characteristics.€., low

drift), and accuracy when compared to other low loss current sensing methodsddigonal Hall

Sensors.

The output of the flux gate is a voltage signal that is centred at 2.5V. This level corresponds to zero
current through the flux gate. Depending on the direction of current flow, the voltage signal output
changes linearlwith respect to curreh Refer to Figur@1for the current to voltage relationship of the
flux gate. In this specific application, thAERENP was utilised with a two primary turn configuration to
reduce the measurable current range and therefore increase the accuracy of the sensor. With this
configuration the primary nominaims current, gy, is 3A and has a maximum rms currdgtaag of 10A

[35].

| [At]
I;.- =L 0 I'_

T

Figure31: Current vs. voltage characteristics of the flux gate.
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Like the input voltage senginthisoutput voltage range 00.3754.625Wvastoo large for the ADC pin
of the controller so it had to be stepped down slightly by means of a voltage divider between 20Kohms

and 39Kohms. This gives a new current range of:
WOdiiQEi &——— T T PosdT Uy (3.33

Which will reflect an inductorms current reading from10A to +10A with a zeramp centre of 1.65V.
Before the current sense voltage signal from the output of the voltage divadmhes the ADC pin, the
signal goes through anothé&wo-stage voltage follower circuit that acts as a buffer to limit any current
flow to the ADC pin of the controller, as wal reducing noise from the output of the flux gate sensor
which could give eaneous current measurements. FiglB2shows the inductor current sensing circuit.

The ISNS tag connects directly to the output pin from the flux gate, refer to Fidateove

| |
|
2 UlIA
1000pF
37 s - 1SNS_ADC

3

OPA2376
C

7.5K 75K s1 —
1000pF
GND

Figure32: Inductor current sensing circuit.

3.6.30utput DC Voltage

The output voltage sensing circuit is much simpler when compared to the input voltage and inductor
current sensing circuits. This circuit simply comprised wbltage divider that feeds directly to the ADC
pin of the controller. Beca® (1 KA & @ 2 $olrdesh&esthe’samé bybté@riground as the

controller, abuffer circuit is not necessary. FiguB8shows the output voltage sensing circuit.
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Figure33: Output voltage sensing circuit.

Under steadystate operation, the nominal output voltage is 400V which yields a voltage at the ADC pin

of:
wé 6ot i ©— cH v (3.39

Thisratio of resistance in the voltage divider was specifically chasahleaves lots of room for output
voltage overshoot (upwards of 5008)iring startup or step load conditionsghat can still be registered
by the ADC pin and hence provide reasonabla dar the control algorithm taeturn the operationto

steadystate.

3.7 Driver Selection andCircuits

Dueto the many difficulties and constraintghen working with GaN switches, as outlined above in the
Section2.5.1literature review, special consideration had to be taken when selecting a driver for the GaN
switches.The driver had to have dual outputs fitre pulkhigh and puHlow signal that drive the GaN.

This was necessary in order to tune the high and low gedistances to eliminate any ringing or
oscillations that might cause reliability issues or losses that are caused by the parasitic inductance
between the driver ad gate. Additionally, the driver had to have high isolation and commnoode

transient immuniy (CMTI)due to the fast switching and high dv/dt characteristics of GaN. It also had to
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be compatible with the voltage driving requirements@4N, i.e., a 6V pdiligh and 0V pullow

reference. Finally, the selected driver had to have a low propagattey, which is the time delay

between the inputPWMsignal from the controller and the outpgatedrive signal to theswitch[13].

The dual output SI8271GB gate driver by Silicon Labs, with a very high CMTI of 400kwiues law
propagation delay of 30ns, meets these requirements and was chosen as the gate driver for this design

[36]. Figure34 below shows the gate driver circuits for the higtlle and lowside GaN switches.

SI8271GBIS E €26
v vDD Iﬁlll' GNDH R208

} VDDI VO+ T PFC G
= GNDI VO-
} EN GNDA

SI8271GB-IS

sIl a Cc73
t VI VDD Iﬁ"l' GNDL R17

= 1 vDDI vo+ oA PFC_GL
2 GNDI VO- A 10" ]
| EN GNDA

~1foo

[ [=N

2

|||-GNDH

[ [N BT [}

SI827GB IS |||' G

Figure34: Gate driver circuits for the high and low side GaN switches.

Unlike the gate drivers for the GaN switches, the gate drigeirements for the SR MOSFETS are much
morelenient. The driver had to have a high input to output isolationva#i as two independent isolated
drivers (high and low) in a single package to reduce the number of components and the layout
complexity. The dal driver package SI8230BBISND by Silicon Labs meets these requirements and

was chosen as the gate driverfine SR MOSFE[BS]. Refer to Figur&5 for this gate driver circuit.

A higher gate voltage supply of 12V was deleé@s it yields a lower draisource onrstate resistance
(Rusen) for any given drain currei29]. This is important to minimize the conduction loss of the SR
MOSFETSs, therefore maximizing the overall PFC design efficdedayonally, for the high side gate

voltage supply, the VDDA pin on the driver, the ground reference is directly connected to the neutral
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terminal of the AC source which means that it is constantly changing or floating. In order to provide a
positive 12\gate supply to this floating ground reference, a bootstrap circuit was uskd.bootstrap
capacitos (C66/67/68) areonnectedoetweenthe 12Vthe supply raibnd the floating ground
referencethrough a diodeto ensure proper current flow to charge thamacitors.Due to the charge
storage characteristics of a capacitor, the bootstrap voltage will rise ath@veriginal 12V supply

providing the needed gate drive voltage.

C63 a Dle
I R47
|

4.7uF 4.7
= ESIIL 600V VI 1.7V VE@1 A

SI8230BB-D-IS-ND

P . . 16
{PWM_SR_H K2 G E)ITA v Egi s T | CL21A226MOCLRNC (0305)
100K 3 g o 14 GSRE C66 C67 ==C68
VDDIl GNDA o) Lm0
8 i 5 11 0.1uF 22uF 22uF
=— VDDR VDDB (—¢ VM_SR
7 pseL vos |
v 7 = - “NT" 2
PWM_SR_L VIB  GNDB 12V
A o E
4 1 GNDI _L(,69 —LC'-o
- s\l oy
i‘ i‘ lz I 0.1uF | 4.7uF
3r200 1
K= L ] oo
GND

- SI8230BB-D-IS-ND

Figure35: Gate driver circuit for the high and low sS8BMOSFETS.

3.8 Auxiliary PoweBelection andircuits

Based on the components selectfat the PFCthe supplementary circuits to the power stage require
multiple DC voltages teupplypowerfor the various I€@omponents in these circuit hese voltagsare
12V, isolated 6V, 5V, and 3.3V. For simplicity, and to achieve the highest possible efficiency from the
power stage of this PFC design, an external 12V power syglylannedto be connectedirectly to

the PCBo provide this auxiliary powelFromthis input voltage, the other required voltagesuld be

obtained from low power board mounted buck converters and LDOs.

55



To address the isolated 6V needed asipplyfor the high and low side GaN driveta)o power supplies

are needed. The chosen componéar this application is the Recom R12P06S isolated DC/DC converter.

LG ¢l a aStSOGSR RdzS G2 AlGQa KAIK AaztlraAiazy @2t 4l 3
voltage regulation accuracy and lowtput ripple which ensures an accuratarh-on voltage reference

that will not cause damage to the GaN switcii@8]. The low side reference has the 6V output

grounded to the main power circuit ground, while the high side refeedmas the 6V output grounded

to the floating voltage node after the inductor. It is this floating reference which necessitates the

isolation between input and output of the supply. Fig@&shows the6V supply circuits for the GaN

drivers.

*3
&0 Tl +Vin
=if | | - | [ |
-Vout — C9 —
_ _:t.'."ul-‘ +Vout 4 7uF GNDH
- R12P06S ‘
GND ———
+6VH >

*4

s i

-Vout 5 —
= _-t_?u}‘ +Vout 4. 7uF GNDL
—r R12P06S
N
GND { +6VL >

Figure36: Isolated powergpply circuits for the GaN gate drivers.

To supply 5V needed for the various ICs including the flux gate, op amps, relay, drniddt0O, a nen
isolated 125V DC/DC converter was selected. This compbneeaded to have a small footprint but also
delivera reasonably large output current to satisfy the power draws from the more power intensive
components like the relay. To meet these requirements, the chosen component &g 80500

from CUI as it cadeliver up to 2.5W at the output or 500mA of curtgB9]. Figure37 shows thesV

supply circuitvhich was suggested by the datasheet
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Figure37: 5V auxiliary supply circuit.

Finally, a 3.3V supply for tiCUand comparator was selected. Due to thery low power draw from
these componentsa low dropout regulator (LDO) washosenas it is simple and cosfffective for this
applicationsince it can regulate from the 5V suppBRigure38 shows the 3.3V supply circuit with the

AZ1084€3.3LDO componerduggested by the datashe@t0].

+5V INPUT -
() & /oA A N
_q 'Z' OUTPUT T +33V >
= C1

5

— 22uF
GND AZ1084C-33 =3
GND

GND
Figure38: 3.3V auxiliary supply circuit.

3.9 ComputerSimulations

Computersimulations were first performed with LTspice to verify the expected function of the more
complex input voltage and polarity sensing circuits, as well as the inductor current sensing circuit. Next,
the complete power stage of the PFC design, along wigtstinsing circuits and full closed loop control
wassimulatedin Powersimto verify the prope function of the design and to refine the control

algorithms and parameters.
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3.9.1Vac and Polarity Sensing Circuit Simulation

Figure39: LTspice circuit simulation of the AC input voltage and polarity sensing.

Figure39 aboveshows the LTspice circuit simulation for the input voltage and polarity seosmgt A
60Hz AC voltage source (V3) with a peak voltage of 311V pk connecetictde bridge rectifier and

load was used to ensure a proper current flow and approximlageldaded PFC circuit. The rest of the
circuit, including the voltage divider resistance values, DC biasing, voltage followers, and comparator

circuit are exactlghe same as theriginally designed sensing circuit.
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V(polarity)

Figure40: Simulation results of the AC input voltage and polarity sensing.

From this simulation, it can be seen that the circuit will function as expected. The resultdyselaled

input voltage waveformsvell within the 63.3V range of the ADC input pin of thentwller with a small

positive biased voltage of around 130mV. The polarity wavefomtlisan square wavalso within 0

3.3V that is gives a logic high whitse line terminal voltage ipositiveand a logic low when the neutral

terminal voltage is posite. This verified thenput voltage sensing and polarigyrcuit design.

3.9.2Flux Gate Sensing Circuit Simulation

L
D3 1—95-7 .
Source ~ R1
D D 20k
V3 RS
.’ N /:; | i 1k
TTUSIN E(3.'?ﬂ\2.275 6'3%..0)
Dl Ds- 2
.tran 0 0.035 0 0.0001
[ ]
lib opamp.sub
~—RT
~ 39k

Figure41: LTspice circuit simulation of tflex gate andnput currentsensing
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Figure41 above shows the LT circuit simulation for the input voltage and polarity sensing. A 60Hz

AC voltage source (V3) connected to a diode briégéfier and load was used to approximate the

output voltage signal from the flux gate while undergoing a maximum AC rms inductent through

the component of 10A. Just like the previous simulation, the rest of the circuit is exactly the same as the

originally designed inductor current sensing circuit.

Figure42: Simulation results of thitux gateandcurrentsensing.

From this simulation, it can be seen that the circuit will function as expected. The results yielded scaled
flux gate outputvoltage waveforms well within the-8.3V range of the ADC input pin of the controller
with a centredvoltage, repesenting zereamps, of 1.65V. This verified the flux gate current sensing

circuit design.
3.9.3Power Stagand FullCircuit Simulation

% oz CURRENT Sensing

F lL e l‘s 39k 11
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Figure43: PSIM circuit simulation of the power stage and current sensing of the BTPRJAC desi
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Figured3above displays the power stage circuit model used for the PSIM simulations. For simplicity, the
input filter, and startup components like the bridge rectifier, power resistor and relay have been

ignored for the simulation as there is no wgrabout the physical limitations of the switches and other
components in the simulatiorThe input voltage source bdeen set to 200Vrms, midway between the

range of acceptable input voltage conditions, and a current source at the output acts as aeviaadabl

for the PFC circuit. Four MOSFERsused to simulate the four switches in the BTPPFC topology.

Switches 1 ad 2 act as the high and low GaN switches, respectively, while switches 3 and 4 act as the SR

MOSFET switcheEhe output capacitor and inpinductor are set to the values of the design.

An equivalentversion of the flux gate was implemented using a carsensor andsoltage sensor with a
reduced gain of 0.20433 to reflect the current/voltage relationship in the internals of the flux dase. T
was then biased by a fixed voltage source to centre any signal at 2.5V, just like the reference voltage of

the flux gate.

= g =
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—— 100097 27k — 27k M- 1000p
= INPUT VOLTAGE Sensing }
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Figured4: PSIM circuit simulation of the voltage sensing circuits of the BTPPFC design.
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In keeping \ith the results fromthe LTspice models, the sensing circuits for the input voltage, output

voltage, and polarity have been built according to the original circuit schematics.
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Figure45: PSIM circuit simulation of the digitabtockcontroller for the BTPPFC simulation design.
The brains and control behind the simulation are done bybéock controller, see Figueb. The
controller accepts various inputs and uses a program written in C language to provide the outputs that
controls the power stage, just like thlCUwill doin hardware. Apart from the known sensing signals,
the ¢block controller uses a square wave input to act as a system clock that can be used to set up the
frequency of the current and voltage control loof$e ouputsfrom the controller include two gate
signals for switches 3 and 4, and three variables which are sent to the PWM generation circuit below in

Figure46.
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Figure46: : PSIM circuit simulation of the GaN switch PWM geimrdogic for the BTPPFC simulation design.

These variables are PTPER, PDC1, and ENABLE. The variable names PTPER and PDCL1 correspond to
registers within the PWM module of thdCUthat hold the integer values for the period and-time of

the duty cyclerespectvely.Using the PWM circuitry, a constant integer on the PTPER octpates a

PWM waveformwith a period of 1ns multiplied by the PTPER valng¢his manner a switching period

representing 100KHz can be made. In a similar manner, the integex @alhe PDCL1 output creates an

on-time with a duration of 1ns multiplied by the PDC1 value. The combination of these two values

generate a variable dutgycle PWM waveform to drive the high and low side GaN, switches 1 and 2. The
ENABLE variahldependingonii Qa @I f dzSx OFly Yl al 2@SNJ 4GKS t2a ¢l @
2 KSYy 9b!.[9 A& aSié G2 a2ySésx GKS agAiOKSa | NB RNMA
02y iNRBf t23A0® 2KSY 9b!.[9 A& aSdforieation.Ti8shidBohs 06 2 (i K
isusedduring the zerecrossings of the input voltage and curremaveformsto ensure that the current

does not oscillate in the positive and negative directions and is indigadyht to zerdike the input

voltage waveform. Thifunction reducesthe current waveform noisaround this region which can

adversely affect PF and THD in the input current.
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Description of GBlock Code

As mentioned above, the square wave clock input acts as a timer to determine when the control loop
shauld sample the input pinkor the voltage loop, reference arithmetic, and the current loop. The entire
O2y GNRf &0GNHzO0 dzNB NlHagpaThedesked aamplingyandicghiFoh Igop fileGueniys K A £ S €
was to be half of the switching frequency, or 50which is the same frequency as the clock input
When the clock input is highthe controller samples all of the inputs and stores them into variabkes,
line and neutral AC input voltage, output voltage, AC input current, and the polarity. Afdfirgti
samplethe output voltage is compared to the reference voltage then sent through a digital filter and PI
feedback compensator to generate the tage error, Vc. Next, the lesser of the line and neutral AC
input voltages is subtracted from the gtea, then multiplied with V¢, and their product is then divided
by a constant Vrnfterm to generate the current reference, Irefinally, thesampled inpit AC current is
compared to the reference generated in the previous step and fed through anotheedtdck
compensator which outputs an integer that represents thetione value of a PWM waveform. Before
this value isentto the PWM generation circuir, the integer is clamped betweefddand 99% of the

total period valug9579) or between 96 and 9483 his is to ensure that a valid duty cycle is sent to
drive the GaN switches and does not cause an unwanted error. The last step is to utilise thg polarit
variable to determine the distribution of the duty cycle. When the input voltage is in the pok#iVe
cycle, with respect to the line terminal, the lower GaN switch acts aBalst switch with the top as

the Boost diode When the input voltage is ithhe negative half cycle, the top GaN switch acts as the
Boost switch with the lower as thBoost dioe. Therefore, if the polarity variable is high, the PDC1
variable must beequal to the total period minus the integer representing thetone from the curent

loop compensator. If the polarity variable is low, the PDC1 variable is exactly equal toetiperint
representing the ortime from the current loop compensator. The value stored in the PDC1 variable is

then outputted to the PWM generation circuitrg drive the GaN switches.
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Thisentire process is then repeated on the next logic high of the clocltjrith the exception of the
voltage loop which is only triggered every tenth sampling via a counter variable which keeps the voltage
loop operating freg@ency at 5KHZI he output voltage loop is set at a high frequency to offer better
performance undedynamic(step-load) conditions. This refers to a faster recovery of the system to
steadystate operation after a sudden load changeperturbation Traditonally,the bandwidth of the
voltage loopis chosen tde 10Hz. This is selected to be well belowitiput frequency 060Hz, so that

the second harmonic ripple on tHaC bus voltage is eliminatesd the THD in the input current is

reduced To recreate this phenomenowhile operating at a higher frequency, a digital implementation

of a deadzone contrdler was used on the original output voltage error, before it is compensated by the
PI controlle. This deaezone controller reduces the resolution of the sensed output voltage and places a
higher weighting on the previous voltage error versus the currettbge error. By adding this filter, the
error caused by the double line frequency ripple ie thutput voltage is virtually ignored, even while
operating at this high loop frequeng41]. However, during a transient, the fiteannot ignore the error
RdzS (2 A0Q&a f I NASNJ Yl 3y AldzRS ntengded to fuacklyibkngthd 2 2 LI 02 Y LJ
system back to steadstate. Additionally, to aide irthis quicker response, an algorithm was

implemented within the Pl controllettisicture to ignore the integral term andnly act as a proportional
controllerduring a transiat occurrence. This algorithm relies on monitoring the magnitude of the
voltage error. By operating with only proportional control, the system can respond fasteturn to a

more stablestate (smaller Verror) before reintroducing the integral term ittie control structurg42]

[43]. To reduce the AC current spike that can occur during the-zerssingransitions, a sofstart

function for theGaN switches was introduced similaf24]. This function completely dictates the duty
cycle for the GaN switches for a set period to slowly reach a maximum or minimum, dependiveg on

switch and half line cycle, where the control loops take over again.
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Also ncluded in thec-block, is a function that slowly ramps up the output reference voltage to ensure a
smooth startup without causing instability. Additionally, theredentrollogic toprovide an output

signal toset the correct SR MOSFET high or low depending owvathe of thepolarity variable.

For a complete copy of theldock code used in the simulation, referAppendixB.

Selectionof Pl Parameters

P1 loop control isvidely used and classical in industry confddl] [44]. In this application, the
voltage and current loops adopt PI regulator arithmetic. Figifeepresents the block diagram of

the control stru¢ure in terms of its transfer functions.

Vic=Vac"5 Lic = luc%s
D TR e e T T e P s e Ty e T P o ] ) o] — o o— -
Iy, . V4 Licrer = Licrer-Fm | ‘J |
J ERR IPI ‘)( 3 X IER.R Ip] =

[ I F | |

Ll e S e S 2N et v e, s o 4

) Current Error Compensator

Vbc-k

Veorr
Figure47: Block diagram of the control structure with regard to it's transfer functions.

The gain constants k1, k2, k3, and km are selected as:

Q — — Tmmnqu (3.39
o) = TBInocCp (3.39
Q. — - ™uyx (3.37)
Q —— — p&Cg (3.39
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The current compnsator and resulting parameteese calculated and outlined belowhe current loop

bandwidth is chosen to b&0kHz. This is selected suclathihe currentaccuratelytracks the sinusoidal

inputvoltage a0l T ® ¢ KS OdzZNNBy i O 2 Yby&ifgitheigitildalaysSmba? Q A & LI |«
consideration. Therefore, for a phase crossover frequend@df1 T = G KS Wi SNRBQ LI | OSYS
belowthis frequency. A frequency 4000 Hz is chosen in this application for placing the current PI
O2YLISyal@®e NI Wi SNp

The transfer function for the current error compensator is giverpda:

i Q@ — @ = (3.39
Where"Y ——and fis the location othe zero for the current Pl controller
, 2 2 2 8 2
Oi 5 0] 5 — 0] 3 5 (3.40
P P® W@ J
Ol ™MYd—Zr e 3
T 0@ua . ko)
Oi T Y i® Q -
o e T 0 @u B
The controller gainQ — T ¢ L X (3.4

To achieve an initial startingoint for the voltageerror compersator parametersit wasdesigned to
reflect the traditional approach with a very low frequency bandwidth of around 10Hz. This was done
even thought the actual voltage loop is operating at a much higher frequeftsitHzecause the dead

zone control filte before the volage compensator allows this high frequency loop to mimic a much
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slower loop during steadgtate operation¢ KS @2t G 38 O02YLISy &l 62N Wi SNRQ A

loop bandwidth, because at 10Hz, the digital delays are insignificant.

Thetransfer functian for the voltage error compensator is given[dy]:

0O i Q — Q 5 (3.42
Where”Y  ——and fis the location of the z® for thevoltagePI controller
o~ o)
O i O0— 00— (3.43
— ¢OBtTo O Y P& ¢ TTT p p® W@ J
ol 11t 18 1 V) 0 P 0 ® @ J
c c“ :1) Tﬁ Xi.r["o p @
— TO®T . 0
O i P80 ¢ X i Q T
o . T0dT1 B
(p&) C m U‘?’Q"O(:] l‘IJ X p
The controllergainQ — Tm8tp ¢ U X (3.44

These initial values for the voltage and current loop kp and ki were imgaiéed in the simulation and
tuned, varying one term at a time, to yield the nicest shaped current waveform under various-steady

state loads and also to yieldoqaicker response under stdpad conditions.

Closed Loop Simulation Results

The final tuned &lues for the voltage and current loop kp and ki terms, takingr #eparate controller

gains into consideration, are:
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Voltage Error Compensation Qurrent Error Compensation
Parameters Parameters
Proportional ko, = 0.09 ko=0.2
Integral ki= 0.001 ki=0.015

Table5: Tuned compensation parameters that yielded the best simulation results.

With the tunedcompensation parameteralues, simulations were run to observe the stapt, steady

state, and dynamic performance of the PFGiga.

Start-up Performance
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Figure48: Startup of the BTPPFC simulation model at 300W output load.
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Figure49: Zoomedn input current (top) and output voltage (bottom) waveforms of the stgrisequencabove.

SteadyState Performance
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Figure50: Steadystate of the BTPPFC simulation model at 150W output. lsgout current waveform on the top and input
voltage and output voltage waveforms on the bottom.
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Figure51: Steadystate of the BTPPFC simulation model at 300W output load. Input current waveform on the top and input
voltage ard output voltage waveforms on the bottom.
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Figureb2: Steadystate of the BTPPFC simulation rabat 600W output load. Input current waveform on the top and input
voltage and output voltage waveforms on the bottom.

For eacHoading condition in steadgtate, the power factor and total harmonic distortion in the input

current were analysed using tlsgmulation tools in PSIM. TalBéelow summarizes these findings:

Output Power (W) | Power Factor (PH Total Harmonic DistortionT(HD)
158 91.84% 31.12%
316 96.95% 15.52%
632 99.23% 6.47%

Table6: Summary of the simulation PFRRHD performance at various loading conditions during stetate.
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Dynamic Performance
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Figure53: Dynamic performance of the BTPPFC simulation model during a step load from 300W to 600W output power. Input
current and output arrent waveforms on the top and output voltage waveform on the bottom.
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Figure54: Dynamic performance of the BTPPFC simulation model during a step load from 600W to 300W output power. Input
current and output current waveforms dme top and output voltage waveform on the bottom.

It can be seen from the tdb and figureabovethat the control algorithm offers very good performance
for startup, steadystate, and dynamic conditionBuring startup, the output voltageyuickly rigs from
the peak of the input line voltage in around 400ms and achieves ndmimgut after only 700ms after
turn-on. Steadystate performance also offered good results, particularly between the half antbadl

conditions. The output voltage waveforrase very stable, and the power factor is within the desired
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range for the desig. However, the input current waveform during light loading conditions did not

achieve the targeted power factor. Additionally, the THD in the input curreat isutside of he 10%
requirements for the desigwith the exception of the fulload simulatbn. This large value of harmonics

in the input current was likely caused by the discrete time nature of the calculations performed in the
simulation as well as a lack of inditering. The dynamic performance results meet and exceed the

results from[11]. The simulated step change occurs for each test at 1s and lasts for only 1ms. During the
300-600W step change, the input current waveform stabsiafterapproximatelyl25ms while the

output voltage waveform stabilizes with#00ms of the step change. During the 6B@OW step change,

the input current waveform stabilizes aftapproximatelyl50ms while the output voltage waveform

stabilizes withi00ms of the step change.

73



Chapter 4 HardwareDesigrand Process

4.1First IterationPCBEDesign

For this Bridgeless BooBtem-Pole PF@esign, theACinput andDCoutput are both high voltagand
high-power signals. Additionallyhe control system is operating at high switching frequency of 100kHz
with low magnitude feedback signals and very high dv/dt and di/dt switching that can cause noise.
Because of these factorshe PCB layout needo be well considered, especially fiire following

details

9 The input and output current loop routing

9 Distance consideratiaTor the high voltagepower loop.

1 Heat dissipation for power components

1 Theplacement of noise absorption components.

9 Distance considerations between the gate of the GaNcheit and the GaN gate drivers.

1 Power ground copper pourirgnd control system ground copper pourityavoid influence by
high frequency and high current sigaal

1 Routing method for thesensitive signals
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Figureb5: First iterdion PCB layout as seen fronettop side. Top layer is red, bottom is blue, all other coloured traces are
internal.
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Figure56: First iteration PCB layout as seen from the bottom side.

In Figure 55,

Block 1 containghe signal ensing and control circuits;

Block 2 containghe input filter and EMC circuits;

Block 3 containthe power stage circuit for the design;
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Block 4 containghe GaN switch gate driver circuits on the front and the SR MOSFET gate driver circuit

on the back;

Block 5 containghe auxiliary pwer circuits

The more sensitive circuits such as the detection and sensing circuits, as well as the control circuits,
were kept isolated away from the high switching frequency higdrpowertraces of the power stage to
reduce the impact of any EMI skawg the sensing and contrsignals At the same time, the input AC
voltage and current sensing were positioned between the input filter and EMC circuits and the digital

controller.

The auxiliary power circuits, particularlyetisolated 6V DC supplies werlaced in close proximity to

the GaN switch gate drivers that rely on their output. Being discrete supplies, there was no concern
associated with EMI by placing them close to the power stage. The remaunpdjes were plaad next

to the isolated supplig, but closer to the sensing and control circuits which make up the majority of the

load for auxiliary power.

The input current traces for Line (cyan) and Neutral (magenta) in Fsgurerere done with wide
copper pours taeduceresistance and thermdiotspotsand arranged to bypass the sensing circuits
when utilizing the top layer aun at least two layers below the top when necessary to run underneath

the sensing circuits.
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Figure57: Input curent traces. Line in cyaNeutral in magenta.

To reduce losses and noise from the high switching frequency, the high veitéiglingloop of the

power stagewnas oriented to limit the total distance travelled by the current through the four switches

of the power stage. This loopasts from the DC output bus, through the GaN switches (Q4,5) to the
power ground (cyan line), then back up through the SR MOSFET switches (Q1,2) to the DC output bus

(magenta line)Refer to Figur®8 below.

Figure58: High volage, high frequency switching loop of the power stage.

High voltage ceramic capacisrC31,32 and C30, C1071, are placed as close as possible to the high side
Db a¢6AGOK 0SisSSy AGQa RNI AY ighrg5R Thédé Gerami2 4 SNJ a G 3S
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cgoacitors act to absorb the high frequency current spikes caused by the high dv/dt switching
characteristics of the GaN device and shunt these spikes to grdimedthermal pad of th€&S66504B
GaN device is shared with the sourampf the footprint. Becase of this, large copper pours for the
source pad were made to extend beyond the pad boundaries of the device footprint to provide more

material for better thermal management.

2 2 ,_OL
VDC_OUT  VDC_OUT

Figure59: Absorling capactors, located immediatelgdjacent to the high side GaN switch.

As mentioned above in Secti@®b.1, the GaN gate driver chip should be placed as close as possible to
the GaN device, so that tHeop for thedrive signal to the gate pin, G, and the gateure path
from the source pin, S, back to the drivéhould be as small as possilttelimit unwanted

inductance. This can be seen in Figbe
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Figure60: Gate signal traces between the isolated gate drivers Ard3aN switches. gh side on the left, low side on the right.

Being a high voltage power supply design, the grounding strateggry importantAn entire layer has

been dedicated for the ground planEigure61 shows thegroundrouting method.To limt circulating
currents in the ground plane, the power grounzhntrol ground and analog ground have all been
separated into separate planes that are joined together with small traces. The power ground is divided
between a large top layer plane and a midiaplane that is conected to the dedicated ground plane

with a large via in Figuig2.
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Figure62: Connection point between the power ground anddpstem ground plane

The routing strategy for the sensitive signals from WéU;PWM ENABLE, etavas to utilize a
dedicated middldayerto provide isolation and maintain the signal integrity even while running

underneath the power stage components.
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Figure63:Highlighted internal layer used for the sensitive output signals from the digital controller.

4.2 MCUProgramming

As previously outlined, the control core of this design is the @&3HID6GS10IMCU This lowcost
controller hasenough peripherals and features suitable foe implementation ofa fully digitally

controlled design of 8ridgeless Boost TotefolePFC.

Theprogramming for the controlleis written in C language usitige integrated development

ICD RJ-11 STYLE

environment specifically designed by Microchip for its 8, 16, and CONNECTOR INTERFACE
32-bit digital controllers, MPLAB IDE. TX€16 compiler tool, also

o _ 23N
designed by Microchip, was used to build and compile the contrc /fgg/"zspf;ze'

VPPMCLR Vss PC Board
Bottom Side

code for the controllerTo upload the program to the controller,
the ICD 3 hardware tool was utilized. This hardware ¢ooinects e

B
to the DSC through afin jack on the PCRNd to a kol

Figure64: RJ11 connector with pin layoyf5].
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computer through a USB port andta as an interface between the two in order to reprogram the

controller or debug the current program on the controller.

This section describes the design of the software blocks, inclediftigare structure, configuration of
the DSC peripherals, contrairting,andimplementation ofthe code.The majority of the programming
mainly the structure of the arithmetifor the PFC algorithmyas directly adopted from the-block code
written for the simulation The specifics of the programming changes, whictevd®ne to ensure

proper function with the DSC implementation, are outlined below in detail.

4.2 .1Parameter Normalization

Ly 2NRSNJ (2 YI1S FdzZ t dza S skd quinti&s a® hotnlized sikéd2 dzNDO S a =

point decimal formatwhich is a Q15 format for this application.

The relationship between actual value of the physical quantity and its normalized value is shown as

following:

"Of X d 6 'Q 4.2

Where

9 Frac value = the normalized value of the phylsitantity
9 Actual value = the actual value of the physical quantity expressed in units

1 Quantization range the maximum measurable value of this physical quantity

Once in this Q15 format, integer only arithmetic is performed according to the PFC agtmnthm to

determine the appropriate duty cycle based on the sensed conditions.
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4.2.2Program Control Stes

The control program operates in several states to control the sydtem as in Figuré5. After a system

reset, the DS@nters an infinite loop comprising of four control states. These are

1 Initializationt variableand peripheralnitialization.
1 Wait: the PWM output is disable while theystem is checking for the start conditions
1 Run:the PWM output is enablednd the control isvorking to achieve steadstate operation.

1 Fault the system faced a fault conditicand thePWM output is disabled.

After thelnitializationstate, the application state machine continues into thait state. The input

voltage RMS is detected to see viher it satisfies the requirements. tiiis condition is metalong with

the output voltage reacimg a stable value the output capacitor is charged enough to close the relay and
continue into the Rn state. In this state, the controller starts to take &df to achieve given output

voltage and current according to load.

Under each state, if any fault is detected, the Apgtion state machine enterthie Fault state. In this
state, the software stays inr@everendingloop andthe output of the converters disabledThe sgtem

needsto power up again foarestart.
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Transition INIT -> WAIT

Transiiton WAIT -> RUN

Transition INIT -> FAULT

Transition RUN -> WAIT

Transition WAIT -> FAULT Transition RUN -> FAULT

Figure65: Programming stateantrol system flow.

4.2.3Clock and Peripheral Settings

Clock

The system clock signal for tMCUwas set up using the internal oscillator and an internal PLL to
operate the device at 80MHz which gives a processing speed of 40 million instruaiosecpnd
(MIPS). Additionally, the auxiliary oscillator for the PWM and ADC peripherals was setiuQ & i
maximum of 120MHz as this maximum value is necessary to enable to the PWM register to have a
resolution of around 1nsThis high resolution in PWNMgsal isto lend a high degree of accuracy for the
GaN drive signals to maximize efficiency and lirak af shootthrough. The following block of-code

initializes the system clock and auxiliary PLL of the MCU to the parameters mentioned above:

84



void intClock(void){
/* Configure Oscillator to operate the device near 80Mhz
Fosc= Fin*M/(N1*N2), Fcy=Fosc/2
Fosc= 7.37*(43)/(2*2) = ~80Mhz for Fosc, Fcy = ~40MIPS */

/* Configure PLL prescaler, PLL postscaler, PLL divisor */

PLLFBD = 41; /I M =PLLFBD + 2
CLKDIVbits.PLLPOST = 0; /IN1=2
CLKDIVbits.PLLPRE = 0; /IN2=2

/lunlock sequence and clk set

__builtin_write_ OSCCONH(0x78);
__builtin_write_ OSCCONH(0x9A);
__builtin_write. GCCONH(0x01);

/lunlock sequence and initiate oscillator switch
__builtin_write_ OSCCONL(OSCCON | 0x0046);
__builtin_write_ OSCCONL(OSCCON | 0x0057);
__builtin_write_ OSCCONL(OSCCON | 0x0001);

while(OSCCONDits.OEW == 1); /I Wait for switch to be successful ie. FRC w/ PLL
while(OSCCONDits.LOCK !=1); /I Wait for Pll to Lock

/* Now setup the ADC and PWM clock for 1220MHz
((FRC * 16) / APSTSCLR ) = (7.37 * 16) / 1 =MH¥20

ACLKCONBIASRCSEL = 0; /I FRC Oscillator provides the clock for APLL
ACLKCONDbits.FRCSEL = 1; /I FRC provides input for Auxiliary PLL (x16)
ACLKCONDits.SELACLK = 1; iayADsiillator povides clock source for PWM & ADC
ACLKCONDIts.APSTSCLR = 7; // Divide Auxiliary clock by 1
ACLKCONDits.ENAPLL = 1; /l Enable Auxiliary PLL

while(ACLKCONDbits.APLLCK !=1);  // Wait for Auxiliary PLL to Lock
return;

}

PWM

Thededicated high speed PWM1 modgenerates two complementary PWM signals vatbonstant

frequencyof 100kHz and variable duty cycle. The geneda®VM signals are routed the gate drivers
for the generation of GaN drive signal$ie TRIG1 register valaad the TRGCON1bits. TRGDtvhpare
event is used to generatiie 50kHznterrupt routine for the inner current loopThe following block of

c-code initializes the PWM module of the MCUthe parameters mentioned above:
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void initPWM(void){
*PWM setup for halfbridge*/

PTPER = OPENLOOPPERIOD;

IOCON1bits.PENH = 1; /I PWMZ1H/L is controlled byléO mod
IOCON1bits.PENL = 1;
IOCON1bit$MOD = 0; /I Complimentary mode

IOCON1bits.OVRDAT = 0;

PWMCONL1bits.DTC = 0; //was 2 /I positisnerdeadenabled, usinguly cycle- deadtime
PWMCONL1bits.IUE 5 0 /l disable immediate duty cycle updates
PWMCON?1bits.ITB = 1; //was 0 Il select PTPER provides period value

DTR1 = 100; // high side deadime 100ns

ALTDTR1 $00; Ibw side deadime 100ns

FCLCON1bits.FLTMOD = 0; /[ Enable fault mode

FCLCONL1bits.FLTSRC = 0; /I Fault SeGdR RENT

FCLCONL1bits.FLTPOL = 0; /I Active High

PHASE1 = OPENLOOPPERIOD;
PDC1 = 4789;//8815; //1438; /I Start with a duty cycle of 0.45

TRIG1 = PTPER >> 2;

STRIG1 = PTPER >> 4;

TRGCON1bits. TRGSTRT = 1; I/l Trigger ADC after the first PWM
TRGCON1bits. TRGDI¥Y, = /I Trigger generated g\&cycles
return;

Pins

All of the digital pins are set up in this function. This includes all of the digital autputhe SR MOSFET
gate control, the enable pin on the GaN drivers and the relay control. The digital input polarity pin is also
set up and the priority of the interrupt is set to be higher than that of the ADC interrupt. This was done
so the distributionof the duty cycle is always correct with respect to the input voltage polarttg.

following block of ecode initializes the dital 1/0 pins of the MCU to the parameters mentioned above:

void initPins(void){
//disable all seriatommunicationbasedperipherals
SPI1STATbIts.SPIEN = 0;
[2C1CONDbits.I2CEN = 0;
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U1MODEDbits.UARTEN = 0;

/[Set up SR L/H Pins
ADPCGbits.PCFG6 = 1; //pins are digital now
ADPCFGbits.PCFG7 =1,
CNENZ1bits.CN1IE = 0; //disable input change interrupt
//ICNEN1bits.CN4IE = 0;
CNEN1bits.CN2IE = 0;
TRISBbits. TRISB1 = 0; //pins are outputs
/ITRISBbIts. TRISB4 = 0;
TRISBbits. TRISB2 = 0;

//Set up ENABLE Pin
CNEN1bits.CN5IE = 0; //disable input change interrupt
TRISBbits. TRISB®; //pins are outputs
RPOR1bits.RP3R = 0b00®00
PORTBDbIits.RB5 =0; //set low initially
LATBDbits.LATB5 = 0;

/[Set up RelayCTL Pin
IECObits.INTOIE = 0; //disable ext interrupt pin INTO
CNEN1bits.CN3IE = 0; //disable inputradpinterrupt
TRISBbits. TRISB3 = 0; //pins argpots
RPOR2bits.RP5R = 0b000000;
PORTBbIts.RB3 =0; //set low initially
LATBDbits.LATB3 = 0;

/[Set up Polarity Pin
TRISBbits. TRISB4 = 1; //pin is input
CNENZ1bits.CN4IE = Yfenable pin as interrupt on change
IEC1bitsCNIE = 0;  //do not enable CN interrupt yet
IFS1bits.CNIF = 0;  //clear CN flag bit
IPC4bits.CNIP =7;  //set priority of interruggher thanadc
return;

ADC

The ADCorverters, channels 0 and are set to run simultaneously arate triggered bythe

PWM1H trigger eveniThe ADC clock is set to 20MHz with abitOnteger format output when the
buffer is read. DSC pins ANO,1,2, and 3 are configured as analog Teué&Cchannel Gsamples
the output DCvoltage andnput current. ADC channel 1 samples the line and neutral terminals of

the input AC voltageThe following block of-code initializes the ADC module and ADC associated input

pins of the MCU to the parametementioned above:
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void initADC(void){

ADCONDits.FORM = 0; /I Integer data format

ADCONDits.EIE = 0; /l Early Interrupt disable

ADCONDits.ORDER = 1; /l converter odd channel first

ADCONDIts.SEQSAMP = 0; /I Select Simultaneous sampling
ADCONDits.SLOWCLK = 1; /I APLL for the ADC

ADCONDIitASYNCSAMP = 0; /l Dedicated S&H starts sampling when trigger detected
ADCONDIts.ADCS = 5; Il ADC clock = FADC / 6 = ~120MHZ / 6 = 20MHZ
ADCPCObits. TRGSRCO = 4; /I PWM1H triggers ADCP0O ANO/AN1

ADCPCObits. TRGSRC1 = 4; //16 H tFHYges ADCPO AN2/AN3

ADPCFGbits.PCFGO = 0; /l ANR,AN3,& configured as analog input

ADPCFGbits.PCFG1 = 0;
ADPCFGbits.PCFG2 = 0;
ADPCFGbits.PCFG3 = 0;

IFS6bits. ADCPOIF = 0; /[clear ADC interrupt flag
IEC6bits.ADCPOIE = 0; /[disable ADC interrupt until after staup
IPC27bits. ADCPOIP = 6; Il set ADC interrupt @ienil as
ADCONDits.ADON = 1; /I enable AD@lIpantitoe to stabilize
return;

4.2.4Control Tinng

The PFControl codeconsists of two periodic interrupts. The first periodical interrupt
AD@0Interrupt(), is driven by thdlag that represents when the ADCO paired buffers are ready to
beread. This flag is triggered every other PWM cycieng the high side otime. This routine is
configured for higher priority to execute the inner current loop calculatioBOkiHzwhich is half of

the PWM switching frequency of 100kHz. Within thigrrupt, all of the ADC buffers for input AC
voltage,input current, and output DC voltage are read and updated before the current loop related
calculations are run. Also, in this loop is a counter variable that will execute the voltage loop
calculations ever tenth entry into the current loop which yieldsvaltage loop frequency of 5kHz.

The other periodic interruptCN4Interrupt()js driven by thenterrupt on change feature attached
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to the RB4 pinThis pirholds the output of the comparator signal whidetermines the polarity of

the input voltage Thisinterrupt on change is triggered with both a rising and falling edge seen at
the RB4 pin. After it has been triggered, a digital read is performed on the pin to determine the
input voltage polarity. Thisformation is then used to determine the twon ofthe appropriate SR
MOSFET and to determine the distribution of the calculated duty cycle. Just as it was done in the
simulation. While in the Run state, these two interrupts are constantly looping thrtheghactions

indefinitely.

4.3 Testing Stages Achieve Full Operation

Once the PCB had been populatttk discrete components were tested to verify a solid soldered
connection on every pin. The detection circuits waraividually verified using small DC test voltage

for the Line and Neutral ingwoltage sensing and for the output voltage sensing circuits. While testing
the Line and Neutral input voltage, the output of the comparator was monitored to check proper
operation of the Polarity sensind@he flux gate and current sensing circuit wergteéel with bt

directional DC currents that covered the entire nominal current range of the flux ¢aked +3A).

After this,all ofthe outputs from theMCUwere testedby means of a short testcript that was written

to continuously loop through the pBormance of all of the outputs. Initially, the PWM module was set
to a 50% duty cycle with the enable output for the gate drivers set high, and the relay was-tumned
After a short delay, the high sid@R MOSFET was turpaal Another delay and the ensboutput was
setlow while the high side SR MOSFET was tugfednd the low side SR MOSFET wasedion.
Another delay, and the script looped to the beginnifmyis testscript was then repeated for viaus

duty cycles between 2 and 98%, the lower amgber duty cycle bounds, respectively.
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To conclude the systems check, a simulation tool within MPLAB IDE was used to compile the code and
step through the voltage and current control loops with sedidedetection values on the ADC buffers.

The simulatiorwas performed one line at a time, with the variable outputs monitored after each step.
This was done tguarantee that no math or stack overflow errors would occur during the arithmetic

calculations in theroltage and current control loops.

To get thephydcal hardware version of theonverter working, theargetedend goal of closed loop
operation was broken down into steps to slowtyroduceaspects 6the complete operationThe

following sections expahon these individual steps.

4.3.10pen LoogControl with a Rectified Input

The first of the steps utilized an open loop control scheme with a rectified AC input voltage. In this
testing stage, the current control loop and duty cycle generation arithoraduld be tested without

having to deal withthe Polarity information for duty cycle distribution or the voltage loop interaction. To
perform these tests, the power stage of the PFC design was alterfedhction in a purely DC manner as
per the schematiin Figure66. To provide all of the necessanformation to the current control loop, a
compensated error voltage, what would normally come as an output from the voltage control loop, was
artificially replicated with an external DC power supply that diasctly connected to the output

voltage sensig ADC pin of thmCUin lieu of a connection to the DC output voltage bus. This external

supply could then be varied to either increase or decrease the input current draw into the power circuit.
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Figure66: Circuitschematic for the BTPPFC operating with a rectified input and under open loop conditions. Note that there is
no voltage sensing at the output.

At the beginning of this tesbnly low input voltage and power were used teech for expected

function. The inpt voltage and artificial error signal were slowly increased until the PFC converter was
operating at the correct input voltage level and was achieving the approximate input to output voltage
ratio, around 1:1.8, at halbad power conditionsFigure67 below showsthe rectified input voltage and

input current waveforms at these conditions.
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Figure67: Input current waveform ancectified input voltage waveforrander 300W output load condition.

Source

4.3.20pen Loop Control with an Atput and Rectifying Diodes

The following step eliminated the input voltage bridge rectifier and reintroduced the rectifying diodes as
per the schematic in Figu@8. With this step, only the Polarity information for thésttibution of the

duty cycle wasntroduced while still operating under an open loop, current control, scheme.
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Figure68: Circuit schematic for the BTPPFC operating with an AC input and synchronous rectifying diodes uraigy open |
conditions. Note that theresino voltage sensing at the output.
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Per the original control theory and methodology, the output of the comparator was to yield a clean
square wave that alternated between a logic high and low at eactciielé of the inpuline voltage. In

the physical Ardware implementation, the comparator output was not a clean square wave but instead
had multiple oscillations during each logic transition and caused issue within the interrupt on change
and control logic of thtMCU As asolution, control logievas adde within the MCUto compare the ADC
buffer readings of the Line and Neutraput voltage during each current control loop and determine

the Polarity in that manner.

Once the circuit was operational in this orientation dndction, the input voltage andrtficial error

signal were slowly increased again until the PFC converter was operating at the correct input voltage
level and was achieving the approximate input to output voltage ratio. The current error compensation
parameters were then tuned from thealues in the PSIM simulation to offer the highest PF and lowest
THD in the input current under a full range of loading conditions. These new tuned values are shown

below in Tabl& with the resulting input voltage and cunt waveforms in Figuré9.

Volage Error Compensation Current Error Compensation
Parameters Parameters
Proportional NA ko=01
Integral NA ki=0.015

Table7: Hardware tuned error compensation parameters for the current loop.
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Figure69: Input voltage and current waveforms using the tuned error compensation parameters for the current loop. Gate
signals for the SR MOSFETSs are shown below the other waveforms.

4.3.3Closed Loop Control with an AC Inpodl Rectifing Diodes

Following the completion and tuning of the open loop testing, the control loop had to be closed with the
addition of the voltage control loop. With this step, the artificial error voltage signakramsved,and
the output voltage sesing ADC pin of thielCU was reconnected to the output DC voltage bus as per

the schematic in Figureo.
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Figure70: Circuit schematic for the BTPPFC operating with an AC input and synchronous rectifying diodes under closed loop
conditions. Note that tere is voltage sensing at the output.

By closing the system control loop with the addition of the voltage control loop, agpaitinction was
required to slowly raise the output voltage reference to the desired value. Thisigidunction was

taken diectly from the PSIM simulation and adapted to suit the hardware andiBél At the

beginning of this test, only low input voltage and power were used with a fractional value for the output
reference voltage to check for the expectiohction. An examplefahis low power starup test at a

fractional value for input and output voltage can be seen in Figadre
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Figure71: A low power starup test at fractional input and output voltages. Output voltagaigreen, input curreni
magenta.

The input voltage andutput voltage reference valueere slowly increased until the PFC converter was
operating at the correct input voltagend output voltagdevel The voltage error compensation

parameters were thertiuned from the valuesni the PSIM simulation to offer a stable output voltage and
quick startup while maintaining a high PF and low THD in the input current under a full range of loading
conditions. These new tuned values are shown below in Tabi¢h the resulting input volge, input

current, and output voltage waveforms in Figuia

Voltage Error Compensation Current Error Compensation
Parameters Parameters
Proportional ko =015 ko=01
Integral ki= 0.0 ki= 0.015

Table8: Hardwaretuned error compensation parameters for the voltage and current loops.
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Figure72: Input voltage and current waveforms using the tuned error compensation parameters for the voltage and current
loops. The regulatedutput voltage is shown in green.

4.3.4Complete Operation

The final step to achieve the complete working operation of BT#PFC convertewvas to eliminate the
rectifying diodes and replace them with the SR MOSFETSs as per the schematic i@4;i§aron 3.3.

The original plan was to utilize a short timer interrupt thatited around 500ms after a zero crossing to
turn-on a FET. dWever,an issue arose due to the current ripple in the input inductor current that flows
through the SR MOSFETSs. If tBF s turneebn too early, the current can reverse direction and cause a
very large negative current spike, upwards of 20A in magnitude clyiatcause damage to the GaN
switching devices or the SR MOSFE®savoid this phenomenon, logic that uses a \gdtéhreshold

with hysteresis was implemented to control the-time for the SR FETs. For example, when the input

voltage is above 50V the Fiill turn-on, and when the input voltage falls below 35V the FET willturn

off. This hysteresis ensuresthatth@ 8 g Af t y204 Ff GSNYy 4GS adl adSa YdzZ (A
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desired state, due to input voltage ripple or noise on the ADC pigain lowinput voltage and power

tests were conducted first to verify this new function. The stgstsequence for sth a case can be seen

in Figurer 3.
[ & 125ms 12.0v
96.9ms 28.0 V
® A28.0ms A16.0V

cursors Linked

il

@& 100V 2 20.0ms 500kS/s 2) £ |24 May 2018
10,0V B

@ 2004 4 100k points 7.80V 415:00:34
; Slope Mode
Type Source Coupling J Lavel Normal
‘ Edge J 2 ] DC _/_ _\_ 7.80V & Holdoff

Figure73: A low power starup sequence to test the control method of theMBBRSFETS. Input current is in magenta, and SR
gate signals are in green and cyan.

Once verified, the BTPPFC cameewas setup to nominal input and output voltage conditions. The
steadystate waveforms for complete operation with closed loop control &RIMOSFETSs are below in

Figure74. At this stage, the approximate etime for the MOSFETSs was around 5.7ms.
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Figue 74: Steadystate waveforms of input voltage, current and SR gate signals wadeplete operation of the BTPPFC design.

4.3.5First Round Efficiency Test

With the converter running at a complete functional level, initial éfficy tests wee performed to
establish a benchmark and determine how much needed to be done to achievarteted 99%

efficiency.The results of this first round of testing are detailed in the following Table.

Benchmark Efficiency Test
Vin (Vrms)| Pin W) | Vout (V) | lout (A) | Pout (W)| Efficiency
200 611 379.9| 1.5602 592.7 97.0%
200 523 379.5| 1.3392 508.2 97.2%
200 403 380.0| 1.0313 391.9 97.2%
200 307 379.7| 0.7835 297.5 96.9%
200 247 379.1| 0.6321 239.6 97.0%
200 199 380.2| 0.5068 192.7 96.8%
200 161 378.9| 0.4091 155.0 96.3%

Table9: Efficiency data from the firsbund of testing with the converter in full operation.
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Benchmark Efficiency vs. Load

99.0%
98.5%
98.0%
97.5%
97.0%
96.5%
96.0%
95.5%
95.0%
94.5%
94.0%
100 200 300 400 500 600
Output Power (W)

Efficiency

Figure75: Efficiency curve at various loading conditions for the first round ahtestith the converter in full operation.

4.4 Efficiency Optimization

To reach the targete@9% efficiency, the loss analysis performed earlier and outlined above in Section
3.4was consulted to determine where improvements could come from. Referencmipss analysis,
the largest losses come from the conduction lossebefinductor, capacitor, MOSFETs and GaN

switches.

Looking at the output capacitor, there is very little to be daneeduce the conduction loss developed
from the ESR of the capagitas the chosen component already has a lower than average dissipation
factor, DF, which is directly related to ESR. There is also very little to be done to reduce the conduction
loss of the GaN switches the selected devices have a very lawgRor their current rating and

compared to other technologies on the market.

In an ideal situation, the SR MOSFETSs are tuomegind conducting for the entirety of their respective
half line cycles. However, in practice the MOSFETSs can only be ‘onn@atce thecurrent flowing

through them is at a high enough point from the zetorent level as mentionedBecause of this, there
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is still room for improvement to increase the time of the MOSFETSs as much as possible while still

avoiding the negative current 4#.

Unlike the capacitor, th®CR ofnput inductorcan be reduced whitshould greatly improve the losses
of the inductor associated with conductioAdditional losses which can be mitigated are found in the

switching overlap loss of the GaN switchingides.

4.4.1InductorOptimization

To reduce the DCR of an inducttire conducting wire that wraps around the magnetic core can be
swapped for a lower resistive wire through a material change or an increase in wire gauge. DCR can also
be reduced througliewer windings around the core while using the same material and gatdg®ever,

by changing the number of turns, the inductance of the component is also chahged

For this applicationit was decided to increase the apaut gauge of the wire by taking two lengths of

the same gauge as themrant inductor and twisting them together beforgindingit around the core.

This additional amount of wire and material was unable to wrap the correct number of times around the
core while staying inside the bounds of the drum core. To fix this issw@wgarldrum core inductor with

a similar ferrite core material was bought to better accommodate the extra material.

The selected inductor for this purpose wiag 1539M32 from Hammond Bhufacturing Due to the
change in material and physical characterst the core, such agosssectionalarea and path length,
a newnumber of windings had to be calculatdtht would deliver the desired inductance of §24. This

calculation is outlird below:

0 5 ——pm puo 4.2)

Where N = 240 turns and— = 7.771 for the new inductor core.
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Rearranging for N gives:

ODOl Ei 4.3

v — 5 28 o

With the number of turns known, the new, larger inductoreevas wound with the larger apparent

gauged twisted wire. Figuig showsthe finished inductor.
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Figure76: Finished new inductor to allow for lower copper loss.

To verify that the DCR of the new inductor iaser than the previous inductor, an experimenas set
up which involved running a large DC current through each inductor and measuring trgeveittp

across it. These voltage and current measurements were then used to calculate each components DCR.

Tale 10 summarizes these findings.

Inductor DCR Comparison

Old New
Current (A) 2.96 3.05
Voltage (V) 0.40 0.26
5/ w 6m0| 0.135| 0.084

Table10: DCR measurements of the old and new input inductor.
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4.4.2MOSFET GhimeOptimization

Since the potential for a large negative current spike during-turrof the SR MOSFETS is directly
related to the magnitude of the current at turon, it was decided to change the control scheme for this

feature to an input currentontrol as opposed to relying on the input voltage waveform.
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Figure77: Largest consistently achievable M@$Prtime using voltage contrat 300Woutput load

To test this new control method, it was firstimplemented intfelPa & A Ydzt F A2y (G2 @SN
Once verifiedthe same control structure was replicated on thkCUfor hardware testingThe sgcifics

for this current controlre similar to the voltage hysteresis method mentioned previousifferent

current threshold values with a hysteresis margin between the fomand turnoff levels were tested.

The outcome of this testingroduced a sebf current threshold values which maximized the MOSFET

on-time for all loading conditionswhileconsistentlyensuringthat a MOSFET is always turrmufor

every half cycleAn additional benefit to this change in control scheme, was a more accurate th&tho

achieve IDE with the SR MOSFETS, particularly at lower loading conditions.
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Figure78below shows the o#ime resultwith this tuned threshold and new control method. It can be
seen that at haHoad conditions, 300W, the etime is over 6.3ms. With thsame threshold values, the

on-time seen at fulload conditions, 600W, is approximately 7.0ms.
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Figure78: Largest consistently achievable MOSFEfinoa using current control at 300W output load.

With a larger ortime observedwith this adaptive current method, the anpiarallel body diodes of the
MOSFETSs are conducting for significantly shditee period, as well as at a much lower current level.

Therefore, the conducting losses associated with these synchronous switchgieatly reduced.

4.4.3GaN Gate Resistance and Deadtdptimization

To reduce the switching overlap loss of 8aN switchesthe gate driving resistances of the switches
needed to be reducedAs was explored, ringing and oscillations can occur atdlte @f the GaN switch
due to parasitic inductance between the gate driver and gate of the GaN as well as thevkigandi

low gate to source capacitance of the GaN. Limiting the distance of this loop can only do so much to
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prevent ringing so a large engh gate resistance is used to provide dampingtos switching signal
during the transitions from low to high aridgh to low. During the first round of testing to initially get
the BTPPFC converter working, larger than recommended values for the hitgwagdte resistors

were used to eliminate any potential switching failures caused by ringing or oscillg®n3 hese
values were 50 and 2w respectivelyHowever, with these larger gate resistances, the transition times
for the gates of the GaN switches to tdom and turroff have been increased which leads to greater

overlap loss dung switching.

In order to safelyeduce these gate resistances, another board was partially populated to operate as a
fixed duty cycle, symronous DC/DC boost converter with the GaN switches. This test scenario allowed
for the gate signals of the GaN ssties to be monitoredvhile starting at lower risk, lower input and
output voltage conditions. The high and low gate resistances were vaniedesistance at a time and
monitored up until the test circuit was operating at 200Vin and 400Ysuilar to the operating

voltages of the BTPPFC converter.
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Figure79: OriginalGaN gate signals with0/2 Ohmresistances. High side in cyan, low side in green.

Tek Prevu 14 i . . Tel Prevu T
[b] (@] B O
@ 51.6464ms 6.60 V @ 51.6433ms —-200mv
51.6464ms -40.0mv 51.6483ms 6.68 V
® A30.4000ns A6.64V ® A15.4667ns A6.88V
Cursors Linked Cursors Linked
fifmmenrat i " »
33 e ol [3Y b o o
2 40.0ns 2.50G5/8 2) s J24)ul 2018 2 40.0ns 2.50GS/s 20 7 |(24Jul 2018
@ 200V 100k points 3.76 V [10:55:14 @ 200V 100k points 3.76 v [10:57:18
coupling |[ MPedance | invert [Bandwidth “ @ Label o ] coupling || ™mPedance | invert | gandwidth JI @ Label “ a J
AC 75 so| on Full More AC 75 50| on Full More
Tek Prevu |4 Tek Prevu I
o 9 o o
® 51.6558ms 6.36V @ 51.6476ms —200mv
51.6557ms -600my 51.6476ms 6.68 V
® A16.0000ns AG.96 Y ® A16.0000ns ABG.8SV
Cursors Linked . I cursors Linked
. h 7
Z z
EBprearntoy I B ¥ bl
2 40.0ns 2.50GS5/s 2) 7 |[19)Jul 2018 2 40.0ns 2.50GS/s 20 £ |(19Jul 2018
@ 200V 100k points 3.76 v 117:15:25 @ 2.0V 100K points 3.76 v {17:21:31
i Impedance f Impedance
Coupling (o) Invert [ Bandmdth H @ Label More } Coupling Q) Invert Bangm:dth @ Label More
AC h 75 50| on AC & 75 50| on

Figure80: Optimally tunedSaN gate signals with high sid®/2 Ohm resistance in the top two imagasdlow side20/1 Ohm
resistance in the bottom two images.
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For the high gate resistance, values of 50,30,20 anavi€re tested, andfor the low gate resistance,

oA

valuesof 2,1and® ¢ SNB § S a (i BtRrdediarfghte Ba¥efoimk & i found AppendixC

By comparing the waveformthe optimumresistane valuesfor each gate driver were found. It was
desirable to not only redce the transition timebut to also limit the magnitude of any voltage spikes
that occur during these transitions. Taldlé below summarizes the selected gate resistance values for

both GaN switch gate drivers.

Low Gate Resistanc( High GateResistance|
LowSide GaN MM WM
Switch
HighSide GaN H M MM
Switch

Tablell: Hardware tuned gate resistance values for the GaN switches.

In addition to the gate resistancete deadtime value between the high and low side complimentary
PWM signals was reducetightly from the100ns used in the initial round of testing. By using the

following equation, and referring tiL3]:

0 0 . 0 0 4.9
Where:
o} ‘ is the propagation delay of the gate driver, for SI820&s typical and5ns maximuni36],
o} is the transition time for the voltage gate signals to tuff,
0 is the transition time for the volige gate signals to turon.

0 X8i poi owmi

0 opi
0 xXei poi p@i
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o X pi
Based on the above calculations, it was decided to use the larger of the values for the newndeadti

parameter. To reduce the risk of accidental shttwbugh, caused by the turon overlap of both

switches, a safety margin of 15% was added to the tanfjthe deadtimes to give a value of 85ns.

This reduced deadtime leads to reduced body diode condadtme and therefore lower losses in the

GaN switches.

4.4.4Second Round Efficiency Test

After the component tweaks and optimizations outlined abosother round of efficiency testing was

performed. The results of this second round of testing ar@aiied in the following Table.

2nd Round Efficiency Test
Vin (Vrms)| Pin (W)| Vout (V) | lout (A) | Pout (W)| Efficiency
200 607 380.5| 1.5592 593.3 97.7%
200| 517.5 380.9| 1.3289 506.2 97.8%
200 405 380.8| 1.0434 397.3 98.1%
200 310 381.0f 0.7991 304.5 98.2%
200 244 380.6| 0.6299 239.7 98.3%
200 198 380.7| 0.5118 194.8 98.4%

200 157 381.1] 0.4022 153.3 97.6%
Tablel2: Efficiency data from theecondround of testing with the converter in full operation.
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Comparison of Efficiency, Pre & Post Optimization
99.0%
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Figure81: Efficiency curve at various loading conditions for the first and second round of testing with the converter in full
operation.

As can be seenthe improvements in efficiency are lower than expectesthe converter is still unable

to reach the targetedfficiency of 99%rThe most likely reason for thiack ofefficiency improvement
particularly at the highepower end,is the excess temperature tie GaN switches which drastically
increases the losses experienced by the switches during condy8tarThermal imaging wasiken

and verified this hypothesis. As can be seen in Fig@r¢he bright yellow and white region in the

bottom left corner of the box represents the temperature of the two GaN switches. The temperédture o
these components while only operating at around 400W is already close tdefi@es Calus. For

better thermal management of fast switching components, it is typical to add a heatsink to eliminate the
waste heat from losses and cool these componentsvéler, because the GaN switches are of a

bottom cooled package design, adding an external heatsink on theisudace is an ineffective method

to reduce the temperature of the switche§o progress the project and push to achieve the highest
possible dficiency, it was decided to make another PCB design using a top cooled package design for the
GaN switches with designated layout for the addition of a heatsittkshould also be noted that the

selected top cooled GaN switch compone@666506Tis rated for a larger continuous draisource
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will allow for fewer conduction losses and greater efficief89] [31].

2018-07-30
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Figure82: Thermal image of thrst PCB design converter operatingd@0W. The inductor is seen centred with the GaN
switches to the left.

4.5 Second IteratioRCHDesign

A second iteration PCB design utilizing ¢opled GaN switching devices was dohiee bulk of thanew
PCB design remains unchanged apart from theqr stage that has been altered for the footprint of
the GS66506T GaN components and to provide better thermal manageRignte83 below shows the

redesigned PCB layout of tippwer stage
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Figure83: Second iteration PCB lajtaf the power stage as seen from the top side. Top layer is red, bottom is blue, all other
coloured traces are internal. GaN switches are outlinddack, gate drivers in white.

It can clearly be seen that the new design has many more copper planegions layers to better

reduce the internal resistance of the copper traces that make up thepigher circuit while also

providing surfaceon the tgp layer that are not electrically connected to any other circuit nodess@h
free-floating copper planewere addedto act as a sort dfieatsinkwhen working with copper fins to

provide component cooling directly to the GaN switches. This qune#l beexplored in further detail

later on.For additional cooling, multiple vias were added in the copper layers that directly connect to

the drain and source pads of the high and low GaN switches. These vias introduce greater surface area

that provide good pasive air cooling.

Other important concepts, such as close proximity of the gate drivers to the GaN switches as well as a
tight current loop between the four switches and absorption capacitors next to the high side GaN, are

maintained in this neWPCB layout
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Figure84: High voltage, high frequency switching loop of the power stage for the second PCBAaymefore, this highower
current loop starts from the DC output bus, through the GaN switches (Q4,5) to thegrowed (cyn line), then back up
through the SR MOSFET switches (Q1,2) to the DC output bus (magenta line).

Figure85: Absorbing capacitors in the second PCB layout are located immediately adjacent to the high side GaN switch.

4.5.1GateResistance Tuning

Due to the change in layout of the gate drive traces, as well as the component change for the GaN
switches, the test outlined above to tune the high and low gate driver resistancesepeatedon the
new PCB layout. Tabls below sumnarizes the selectedate resistance values for both GaN switch

gate drivers.
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