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ABSTRACT

This work demonstrates the very first implementation of electroluminescence from
a gallium nitride vertical diode as a feedback mechanism fotinealcurrent control of a
power converter. Current estimation via electroluminescence provides a galvanically
isolated sensor capability that is not susceptible to electromagnetic interference, which is
inherently produced in switch mode power supplies. The light feedback is converted to an
electrical signal that is further digitally filtered to construct a 3D current calibration surface.
This surface converts duty cycle and light signal intensity into atireal current
estimation utilized as a feedback parameter in a buck converter control system. The
accuracy of current estimation is shown to be within 5% of stetadg current over
various load conditions. Transiestiate response was also demonstrated for step changes
in commanded current and voltage within the power converter. Methods ofsingrea

accuracy and reducing current estimation delay time are discussed.
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l. INTRODUCTION

As the U.S. Navy strivesto maintainits technologicalsupremacyin an ever
increasinglycompetitive world, the needto adopt smaller, more efficient, and noise
resistanelectronicsolutionsis paramountMost modern shipboard technologiesjuirea
conversion of supplieelectrical power from alternating current éc) into a heavily
regulateddirect current (dc) for direct use or additional conversidmack into ac for
frequencymanipulation or equipment voltagequirementsDueto the powerconversion
requirementsdc—dc converterare being dsignedto replace mucHarger, heavier, and
low-frequencytransformersor shipboardise Maximizingtheefficiencyandspacesaving
benefits ofdc—dc convertersequirehigh-frequencyswitchingof electronicdeviceswhich
can introduce interfering noise into its control system via its inherent sensorsor
neighboringelectricalsystemsFinding ameango reduce thempact ofself-generate@nd
externallygeneratedhoiseto the shipboard dc—dmnvertergreatlyimproves thestability

and controllabilityof powerelectronicsequipment irshipboardperating environments.

Inductor current and output voltageeasurementare desiredfor optimal dc—dc
convertercontrol. The efficiency requiredof moderndc—dc converterprecludes the use
of shuntresistorsfor currentdetection aswell as the nonlinear operatiorearsaturation
and bandwidttimitationsof currentransformersThis makes Hill effectsensorsheideal
choicefor shipboard dc—dconvertersHall effect sensoraneasure currenhdirectly by
sensingthe currentgeneratednagneticfield, similar to a currentransformerDueto the
use of theHall effectfor B field sensing, thenagneticcouplingbetweerthewire carrying
thesenseaturrent andhe Hall probecanbelow, reducingthe susceptibilityof the sensor
to externalinterferenceHowever,Hall effectsensors comeith their disadvantaged he
high currentoperationof the measurectircuit will causeincreasednaccuracieslue to
temperaturedrift, and the potential forlarge offset voltages duéo parasiticresistance
requires additional circuitry to calibrate and obtainhigh accuracy measurements.
Additionally, sincethe principle underlying theHall effectis still baseduponmagnetic
field coupling,stray inductive couplingirom the dc—dc converter inductontroducesa

non-negligible amount of noiseto the currentmeasurementhich canbe compounded

1
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by externalelectromagnetiinterference(EMI) and thealreadypresentswitch frequency

noise. Furthermorenagneticnondinearitiescontribute tahesensomoise.

A non-contact optically isolated solution would beideal for providng similar
advantagess theHall effectsensoywhile not beingsusceptibléo EMI. Such asolution
could beimplementedoy a sensorthat generatesn optical signaldirectly driven by the
currentto be measuredThe use ofestablishedptoelectroniadevices,suchasLEDs in
serieswith the measurecturrentpath can be usedto createan optical signalthatis a
function of the currentHowever,the additionof suchdevices adds additional loasd
reactanceo the switching converterdecreasingconverterefficiency, and complicas
control ofthecircuit. A bettersolutionwould beto samplduminescencgeneratediirectly
from the semiconductor powewitches,which are intrinsic to the operation of the
converter; althougtraditional dicon (Si) power devicesdo not produce significant
electroluminescence during operatidn. contrast,highpower bipolar powerswitches
madefrom direct band gapaterialssuchas gallium esenide(GaAs)and gallium nitride
(GaN)will luminescesignificantly during forward bias operation Pastwork at NPS has
demonstrated thatlectroluminescencéom GaN powerdevicescan be relatedto the
instantaneousurrentandtemperature of thdevice.With theemergence ofertical GaN
bipolar power diodes, hasbecome aealisticpossibilityto directly implementswitching

converter control vighedetectionof luminescence signals from the power device.

A. RESEARCH OBJECTIVE

The purpose ofthis thesisis to explore theviability of utilizing experimentally
derived relationshipbetweenrlight emissionintensityandjunctiontemperaturef a GaN
diodeto demonstratelirect control of the output of a dc—dc converigrcuit currentvia
optically estimatecturrent through thdiode. Therelationshipbetweertheluminescence,
junction temperatureandforwardcurrentamplitudeof a commercial Galgower diode is
exploredto determineapplicationviability. To demonstrate curremitasedcontrol, abuck
converteris designedand constructedOncean optimal method of obtaining eaktime
currentmeasurementasbeenestablishedit is usedas afeedbackinput into the dc—dc
converter control systeno determineastimatecturrentfor systemcontrol.

2
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B. RELATED WORK

The valueof GaN semiconductons power andnicrowavesystemds becoming
moreevidentto themilitary with its recentinclusion inthe NavySPY-6 [1] and the Army
Q-53radar[2]. As the manufacturing and prevalence@aNincreases, thexplorationof
the unique propertiesf GaN alsoincreasesBeyond the advantag€saN representsn
traditionalusein powerelectronicst alsobelongsto afamily of semiconductorthatare
direct band gaprhisallowsGaN bipolardevicego produceslectroluminescencat a high
efficiencyascurrentpasses througthe devicewhichled to the creationof theGaN-based
bluewviolet light emitting diode(LED) in theearly 1970s.0Otherwide band gapnaterials
including GaN havebeeninvestigated forutilizing emitted light to determinesystem
parametersf thecircuittheyare embedded ifrorexample Kalkerinvestigatedxtracting
currentand temperaturenformation from glicon carbide MOSFET body diodes using
pattern recognition algorithms and neutral networks [3]. Additionally, Chengmin
investigatedextractingjunctiontemperaturérom a slicon carbide(SiC) MOSFET body

diodes useth a power inverter witla photosensitive circuji].

Pastwork at NPS has directly exploredthe relationshipbetweencurrentand
electroluminescencen bipolar GaN power devicesBroeg explored the possibility of
currentestimationvia electroluminescendeom GaN positivedoped-negative dopefI)
Junctionswith optical filtering techniques [5].The split filter techniquewas further
investigatedby Robinsonwho comparedhe SiC MOSFET body diode andsaN power
diode electroluminescence [6]Williams expanded onthe optical filtering method
developedy Broegto utilize theelectroluminesence EL) of aGaN diode foreakttime
currentestimationof current usingnultiple photodiodego build intensity contoursto
eliminatetemperatur@asa requiremenb directly extractcurrentinformationas afeedback

parametef7].

C. THESIS ORGANIZATION

The design andcontrol of buck conveters, the electrical properties ofWBG
materialsthematerialandelectricalpropertieof GaN,andcommerciallyavailablecurrent

sensorarereviewedin Chapterl. An overview of theesteddevice,experimental setup,

3
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andinstrumentatiorare providedn Chapteill. ChaptedV summarizeshe datacollection
anddiscusse&xperimentafindings andresults.Lastly, Chapter V providean overview
of theresearctperformedandaddresses recommendaiterationsand futureresearchn

this subject.
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Il. BACKGROUND

This chapterdiscusses the buck dc—dc converter topology, degigrameter
measurementethodsandcontrol. Additionally, it discusses the propertie§ wideband
gap semiconductorand specifically the useful properties gbaN that maket anideal
choice forpowerelectronics.The mechanism of light emissionfrom GaN arediscussed

as wellasthe calibrationmethod forcurrentsensing from GaNevice EL.

A. SWITCH MODE POWER SUPPLIES

Modern civilian and shipboaralectronicsystems require aell-regulatedand
stable power supplthat canperformwell over a wide array of environmental antbad
conditions.Traditionally, this hasbeenachievedby rectifying andfiltering the output of
largelow-frequencytransformerso meetthespecific power requirements of the individual
system.Switch modepower suppliesare increasinglyeplacingthe olderine-frequency
systems du¢o their compactsize,reducedweight, andefficiency above 95%Common
switch mode power suppks SMPS) include nomsolated dc—dc converters,forward
convertersand flybackconvertersthe latter of which include atransformerfor galvanic
isolation. The mostcommondc—dc converteeircuitsarethe boost, buck, and buck/boost.

For this discussiorwe will focus on buck converters.

B. BUCK CONVERTER TOPOLOGY

There are two common topological layoutsor buck convertercircuits. These
include synchronous and asynchronous buck converter layouts. Fghowdasimplified
circuit diagramfor the synchronous configuratioithis circuit utilizes two switchesthat
arealternatelydriven by a gatdrive circuit. Theinductor andtapacitolin this circuit form
a lowpasdilter whichremoveghehigh-frequencygwitchnoisefrom the output andllows

the circuitto provide a continuous dgaveform.
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Figure 1. Synchronous Buck Converteir€uit. Adapted fron{8].

Figure 2 shows aimplified circuit diagram ofan asynchronous buck converter.
The purpose ofthe freewheelingdiodeis to provide acurrentpathwhen the switch is
opened. Thiserves aanuncontrolled switclthatoperatesn a similar wayas the bottom
switch of thesynchronous configuratioihe operation of the synchronous buck converter
is the sameexceptthe freewheelingdiode is replacedby anotherswitch that allows
additional control of theystemForthe background discussiontbfs work, thefocuswill
be on the asynchronous configuratishich is whatis usedto implement opticaturrent

control viathe EL emission®f thediode.

Figure 2. Asynchronous Buck Converteiir€uit. Adapted from [9].
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C. STEADY STATE BUCK CONVERTER OPERATION

The buck convertecircuit in steadystateswitchesbetweentwo different circuit
configurations: orstateand offstate.During the onstate currentflows from thedcsource
to the load through the inductor, charging tagacitor and buildingan electromagnetic
field in the inductorSincecurrentcannot changmstantlyacross the inductor and voltage
acrossthe capacitoras shown by (1) and (2), the output voltagdessthan the input

voltage. Thiscurrentflow path isillustratedin Figure 3.

| cd
dt

1)
v L4
dt

(2)

Current Flow Path

Inductor

e Y\

DG (1—) Capacitor __ /?

4l
o

Figure 3. On-SateCurrent Flow Rth Adapted from [10].

The off-statedisconnects the dc sourfrem the inductor,shortingtheleft nodeto
ground.Sincethe inductorcurrentcannotchangeinstantly, a voltages developedacross
the inductorThisresultingvoltage chargethe capacitomwhich supplieghe output voltage

to the loadThe off-statecurrentflow pathis illustratedin Figure 4.The ontimesfor each
7
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statearedeterminedby the dutycycle and occuiinverselyproportionalto the switching

frequency.

Current Flow Path

Inductor

Capacitor __ <
DC

Y

<
.}

Figure 4. Off-StateCurrent Flow Rth Adapted from [10].

Buck converteroperateby reducing the outputc voltage below thadf the input
dc voltagewhich is commondue to the large mains voltage presenin ac electrical
distributionsystemsThereducedsizeandweightover inductiveransformersreachieved

by having largeswitchingfrequency ).

(L DY,
IILfs
(3)
c 1DV, 1
8L 'V, f?
(a)

The desiredripple in both current and voltages a designparameteitakeninto

consideratiorprior to constructionTherefore for given "I, and 'V, design pointsn

continuous conduction modas switching frequendg increasedtherequiredinductance

andcapacitancarereducedas shown by (3) and (f1]. Figure5 shows thédealcurrent
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and voltagavaveformsassociatedvith a buck converterhile in steadystatein continuous
conduction mod€CCM). CCM refersto the inductor current natrossingnor reaching
zeroduringthe off-statein a given period. Itheinductor currendf a buck converter does
reachzeroduring theoff-state thebuck convertelis saidto be operatingn discontinuous
conduction modelheresearclof this papemwill focus on buck converter operatiomiile
in CCM.

- iinput(t)

DT time

Figure 5. ldealBuck Converter Vveforms Adapted from [11].
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Therepeatingwaveform naturén steadystateensures thahe integralof voltage

in one periodacross the inductor equals zger (5) [11]

T

S

T

ton S
@dt 3vdt ydt 0O

0 0 ton

(5)

Sincevoltageis proportionalto current,this impliesthatthe area A and B of the
inductor voltaganustbe equaln Figure 5 [11].Usingtheserelationshipsywe canderive
the duty cycleatio asshownin (6).

(6)

From (6), it canbe shown thathe output voltages a product of the dutgycleratio and

input voltage as shown by (7).

V, DV,

[0}
(7)
Figure 5further showghat inductorcurrentis an amalgamatiorof the input current and

diode currenfrom onstateto off-statedue tothe potential difference across the inductor.

D. BUCK CONVERTER CONTROL

Therearetwo largelyusedcontrol method$or buckconvertersThesimplerof the
two is voltage controas shownn Figure 6.1n this controlscheme, the output voltage alone
forms the feedbackloop andis comparedto an externalreference voltageThe error
betweerthereference voltage andeasureautputvoltageis fed through a proportional-
integral PI1) controllerthatadjustghe pulsewidth modulation(PWM) dutycycleto reduce
that error tazero.

10
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+ Voutput
4

+ T . —Capacitor
DC ) Z\ Diode 3’ Load

Verror -

PWM signal + PI
¥ Vref
< Vramp

Figure 6. Simplified Voltage ModeBuck Converter. Adapted from [12]

This method does not provide inherent overcurgptectionsincecurrentis not
measuredluring operationThis methodalsohasa slowersettlingtime sincethe change
in load must be detectedas a changén output voltage beforan error signalcan be
generated13]. The secondmethodis current controhsshownin Figure 7.This method
increaseshe complexity of the controlcircuitry sinceit addsa secondcontrol loopthat

utilizesthe current otheinductive elemendélong withoutput voltage.

-_|' Voutput

I

O Y Y )
r Inductor

I Capacitor Load

DC Diode T

Cindu::lor

PWM Cerror \V;
signa =N 4 %
PI
Vramp - Vref

Figure 7. Simplified Current ModeBuck Converter. Adapted from [14]

The output of the aboveientionedPI controlleris comparedto the measured
current andthis erroris fed into a secondPl controllerwhich reduceghe overallsystem

errorto zeroin the same manneaisthe voltage control methodhis control method has
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inherent overcurrent protection afasterresponséimesdueto inductorcurrentslopeand
magnitude changes due the differencein inputto-output voltagg13]. This provides
fasterline-to-load changes than voltage modetcol{13]. The controlsdiffer basednthe
method thecurrentis meauredandanalyzedFor exampletherearecontrolschemeshat
utilize peak,averageandvalley inductorcurrentsfor feedback Peakcurrentcontrol has
poor noisemmunity, andvalley currentmode has podine regulation. Averageurrent
modecontrol hasexcellentnoiseimpunity andcan be usedin any currentbranchwhich

makest ideal for this research15].

E. HALL EFFECT CURRENT SENSING

ThereareseveralWwaysto measureircuit current for converterontrol. Traditional
methodsuse resistive ormagnetic elementsand include current transformers,shunt
resistors fluxgatetransformersandHall effect sensorsHall effect sensorsarethe most
popularsincethey do not introducsignificantinductance oresistancepperateat high
frequenciesandcan be employedn a wide array of environmentsHall effect sensors
work by measuringhe magneticield of a conductonearthesensorA smallproportional
output voltagds generatedn the sensothatthen must becorrectedfor temperatureand
offset, theramplified with additionalcircuitry [16], [17]. Sincethesensomeasuresocal
magneticfields, this makesthe Hall effect sensorsusceptibleéo EMI. Figure 8showsa

simplified Hall effectsensorcircuit.
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Magnetic Flux
| —
Core «—4&

() )

!

Conductor

_)—

Hall Sensor 7 I—> Temperature

and Offset

Cl'll‘l’ent <«—1 Correction
Signal

Output Amplifier

Figure 8. Simplified Hall Effect Sensor. Adapted from [17]

A disadvantage ofall effect sensorss their susceptibilityto externalEMI [18].
Sensoprientationand proximityto electromagneti@ieldsdirectly affectthe EMI intensity.
Figure 9showsthe EMI noise spectrumas afunction of current.High switch frequency
SMPS producsubstantiaEMI dueto the hardswitchingnature ottheir operationSince
SMPSutilize Hall effect sensorso measurdeedbackparameterdor control,this added

EMI canintroduce instabilityinto their operation.
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Figure 9. Measuredulk Currentinjectionlmmunity Level of Hall Effect
Sensor avVariedDC CurrentsSource: [18].

F. GAN PN DIODE PROPERTIES
1. Electronic and Material Properties of GAN

Silicon devices have dominated th&ctronicsmarket forthe lastsevendecades.
With the needfor decreasedize and increaseckefficiency for modernpower electronic
applications new semiconductamaterialsare becomingnore readily available. WBG
semiconductorarecharacterizethy having a band gap hightan2.2eV, whereassilicon
has a band gap of 1.£8¥. GaNmeetshis requirementvith a band gap energy of 3.4¥
[19]. GaN is a direct band gap material [20] that allows an electronto movefrom the
conduction bandb thevalencebandwith a photonieemissionaloneratherthan a phonon
and photoraswith Si. Themechanismgf light emissionin direct bandyapmaterialssuch
asGaNwill be discussedn moredepthin the next sectionGaN hasadditionalmaterial
propertiesthat aid in its usein modern poweelectronics.The critical electric field at
breakdown ofGaN is an order of magnitudgreaterthanSi at 3.3 MvV/cm and 33.33%
higherelectronmobility whichis tightly correlatedo Baligas Figureof Merit (FOM) [21]
whichis discussedh detal in the next sectionGaNandSi have roughlyhe samethermal
conductivity. A side-by-side comparis@ishown inTable 1.
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Table 1. Sivs. GaN Semiconductor &ferials.Adapted fron[19], [22].

Semiconductor

Material Sl GaN

Bandgap (eV) 1.12 3.44

Director Indirect

Indirect Direct
Bandgap

ElectronMobility

(CPIVes) 1500 2000

Density(g/cnt) 2.33 6.1

Critical of
Breakdown Field 0.3 3.3
(MV/cm)

Thermal
Conductivity W/ 130 110
meK)

2. GAN PN Diode Structure

A PN diodeis constructedf thejunction of a P-type and N-type semiconductor
material At the bondingsite, a depletiomegionis createddueto electrongliffusing across
thejunctionfrom the N-typematerialandrecombiningwith holesin the P-typematerial.
The oppositas alsotruewith holesdiffusing across the junctiofrom the P-typenaterial
side and recombiningith electronsn the Ntype materialside.Dueto the heavy doping
of the Ptype materialof the GaN diodewe assume the depletiomidth onthe Psideis
negligible[23]. With this assumptionywe cananalyze th&saNPN diodeashavinganideal
drift regiondue thelarge dopingconcentratioron the Pside,small dopingconcentration
on the Nside,anduniformly dopeddrift region[21]. This resultsin atrianguar electric
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field distributionwith the peakelectricfield atthe junction and théowestelectricfield at
the maximum depletiowidth, as shownn Figure 10 [21].

P _—
Junction

FP-type
Electric Field
-
e
Depletion -
Region L
-
Vo
N-type

Figure 10. IdealDrift Region of @GN Diode withHigh P-Side Doping and
AssociatedElectric Field Distribution. Adapted from21], [23].

The specificontesistanceRon.sy of anideal drift regionis shownin Equation 8
whichis a functionof thewidth of thedrift region (Wb), the doping othe material(Nb),
mobility of the materialused(un), andcharge ofinelectron(q) [21].

Ran. sp

(8)

Equation (8) can be modified by redefining depletionwidth and doping
concentrationn (9) and (10).The depletionwidth under breakdown conditiocan be
definedas a function oflesiredbreakdown voltagéBV) andcritical electricfield of the

semiconductomaterial (E.) [21]. The doping concentration(N,) of the drift layer
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requiredfor thedesiredoreakdown voltageanalsobe relatedo thecritical electricfield,

dielectricconstan{( 4), electroncharge and breakdown voltage [21].

w, 2
E.
9)
A
° 2qBV
(10)

We cancombinethe above equationgliminatinggeometrydependenterms,to give the
ideal specific resistancen termsof Baligds FOM, whichis  E¥ as shownin the

denominator of Equation 11 [21].

4BV?
Ron ideal S/_/nE;zF
(11)

Baligds FOM is purely material dependent and indicatéise tradeoff between
optimaldrift region onstateresistance and breakdown voltage. FiguraddEquation 11
show howGaNhighcritical electricfield and highmobility resultin alowerdrift resistance
than Sior SiCfor a given breakdown voltage for a drift layer.

17

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EI



Technology Limit

[e—
—_
Lo

_
=
<

=
&

~

107" E

,‘1.
107 E

On-Resistance ({2-cm”)

: 10° 10° 10* 10°
Breakdown Voltage (V)

Figure 11. On-state Resistance vs. Breakdown Voltage of Semiconductor
Materials.Source: [24].

3. PN Losses and Bverse RecoveryTime

The lower onstateresistanceof a GaN PN diode indirectly improvesreverse
recoverytime asshown by Figure 12The negative slop®etweent: andtzis increased
effectivelyreducing thel W dteethesmallerphysical dieareawhich eliminatesheeffects
of inductance external of the diode [2T]he direct band gap of GaN allows faster
recombinationto remove excessive chargbetweentz and ts. Theseeffects allow the
reverserecoverytime of GaN PN diodesto be measuredn nanosecondsyhereassilicon
is in milliseconds.Theseeffectsallow the operatiorof GaN PN diodesat higherswitch

frequenciesvhich allowsfor reductionin reactiveelementsizein power converters.
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Figure 12. Diode Current During Bverse Rcovery.Adapted from [25].

Powerlossesin a power diodecan be brokendown into conductionlosses and
switchinglossesTotal powerlossedn the diodeare showrin (13).Baligds FOM shows
that the orstateresistances low for theGaN diodewhich reduceghe conductionlosses.
The reducedareasize of the die lowersthe parasiticcapacitanceandthe fasterreverse
recoverytime reduceghe switchinglosses Equations (12and(13) show the dependence
of device powetoss on then-stateresistancereverse recovery timelevice capacitance,
and switching frequency.Fasterrecoverytimes and reduced powdossesmakeGaN an

idealmaterialfor high.powerSMPS.

t, ot t
(12)

I:)D (Iozn IQd VF Ion)(l D) % Cd \/dz fsw % IRRthbf S\
(13)
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4. Electroluminescence ofSAN PN Diodes

In a semiconductomateria] recombinationoccurs when a conduction band

electronrecombineswith a holein the valence bandlhe energy ofthe electrorhole

systemis conservedefore andfterthis process bymitting either aseries of phonons or

a photonas shown by Figure 1Bueto the indirect bandjap of Si during bando-band

recombination, phononghich arequasiparticlesissociateavith thevibrationof acrystal

lattice structure,are primarily emitted.GaN is a direct band gap materialthat primarily

emitsa photon during recombination throutyto differentmechanismsA photonat the

energyof the band gaps emittedin direct bandio-bandrecombinationlin this processa

free electroncombinesdirectly with the vacancyin the electronshell [26]. This differs

from excitonicrecombinatiorin thatit is immediate Excitonicrecombinationnvolvesthe

formationof a hydrogerike statebetweeranelectronand a holegalledanexciton, before

recombination.The formation energy of the excitomeduces theenergyof the emitted

photon incomparisortio direct bandio-band recombinatiof26].

A Direct Bandgap

| Conduction "

\" Band /
\ /

AN e
@ ¢—— Electron

l W Photon

o 4«—— Hole
/ N

.t'/ \\
[ Valence

Band \

v

k

E

Indirect Bandgap

| Conduction J'
\" Band /
5\ /

\. Y
Electron ——» &

~—"3 Phonon

o 4«—— Hole
) /, \\
/

[ Valence \
|| Band |

v

k

Figure 13. Directvs.Indirect BandGap Adapted from [27], [28].
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Forwardbiasing of the&GaNPN junctionincreases theadiativeoutput of the diode
since theelectricalcurrent supplies additionablesand electron$o recombineThe EL
spectra of5aN exhibittwo peaksatroughly 390 nm du#o excitonicemissionand570nm
causedyimpuritiesin thefabricationprocesg5]. TheEL outof aGaN diodeas dependent
on bothcurrentandtemperatureFigure 14showsa strongémperaturelependencatthe
390 nmpeakandtwo intensity inversionsprior to the 570 nm pealAlso, the EL peaks
bothslightly shift to theright astemperaturend currenareincreased. Figure 1$howsa

strong current dependence across the eBtirspectra.

2500 -

Temperature (C)

- 30C

" 40C
,, | 50C
60C
= — 70C
80C
90C

2000

N\ f 100C
{ 110G
120C

1500 [s

Light Intensity (a.u.)

H\
1000 HQ

A i

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 14. GaN Spectra at.0 A withVarying TemperatureSource: [29]
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Figure 15. GaN Spectra &0 °C withVarying Current. Sourceg29].

Sincebothtempeatureand currenaffecttheEL output,bothtemperatur@andEL intensity
would needto be knownto estimate thecurrentin the GaN material. The difficulty is
obtaining a reatime temperature ahe GaN junction during operation.

5. Theory of Calibration

Broeg createdan optical currentcalibration method by using a pulsexzlrrent
sourceto generatdixed-duty cycle squarevaveswith the GaN diodeas aseriedoad [5].
A singular10 nm optical filter wascenteredat spectrapeaks ofinterestand theEL was
measuredver varying currentandtemperatureangeso createmultiple 3D surfacego
investigatehespectra rangbestsuitedfor currentestimation5]. Williams testedadigital
signal process (DSP)basedmnicrocontrolleimplementatiorutilizing a lockin amplifier
detectionmethod [7].Porteret al. producedan experimentalcalibration methodthat
utilized two opticalfilters at 390nm and 420 nm [30]EL measurement&ererecorded
over varying currentandtemperaturegangesto createtwo separate 3B3urfaceshatare
representetty (14) and (15).
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S fILT)
(14)

S22 f2(1,T)
(15)

Using both optical sensor inputsimultaneously,the polynomialwas solved using
Newtoris methodo use thdastsolutionas thanitial guess for the nexensomcquisition.
Thisresultedn highaccuracyat steadyconditions, but théerativeapproactcreatedong
delays duringransientsThis approactwasalsolimited dueto temperatures a required

input variablewhichis problematico measure ate junction.

In (14) and (15)emperaturés dependent on power losstheGaN diodeas shown
by (16).

P

loss

Pa D) R

sw

(16)

This allows for the substitution othe duty cycle,whichis a controlvariableeasily
calculatedduring operationin the placeof the unknown junctionemperaturevhich is
difficult to obtain. Additionally, the 390 nmpeak of the GaN spectra has the highest
temperaturelependence as shown previouslyigure 14If anopticalfilter is employed
to removethe heavily temperaturelependensectionof the spectrathe variationin EL
would morecloselyrepresenturrentregardlessf thermaltransientsSincethe dutycycle
is relatableto the output power of a current controlleaick converter, 8D surfacecanbe

experimentallyderivedto relatetheduty cycle andEL intensityto the diode current.
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The following chapterwill discuss the hardware arsbftwareselectedfor this
experiment.To facilitate rapid prototyping, readily available commercialoff-the-shelf
componentsvereused.This proofof conceptwasdesignedo demonstrate thextraction
of systemcurrent usingelectroluminescencigom a GaN PN flyback diode anditilizes
thatquantityin the feedbackoop of the buck converter contreystemin realtime. The
future work chaptemwill discussmprovementgo this designto achievefastertransient
responseFigure 16is the overallsystemschematic anavill bediscussedn greaterdetail

throughoutthis chapter.The elementsof designcan be broken dowrnnto three main

EXPERIMENTAL DESIGN AND CALIBRATION

modulesas shown irFFigure 17.

Reference

CREE Evaluation Kit
Voltage L
Simulink r
Arduino H-bridge . Jj GaN
Due Driver "IN Diode
Lo ] +
T oC B Pelteir Inductor 0 |
Voltage 'J | ¥ £l Electronic
v LA < Load
Divid
T | «—Thermistor g
A o
[¢]
Arduino IDE
Teensy y Photo Optical LabVIEW
4.1 LNA ¢ Diode | Filter —
> € Control
OsTech Computer

Figure 16. Overall SystemSchematic
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Buck Converter
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Sensing/
— Control ¢
" Module
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Figure 17. Simplified SystemSchematic

A. BUCK CONVERTER MODULE

Sincethe objective othisresearclis to determingheviability of extractingcurrent
informationfrom GaN EL, output ripple size,andefficiency of thebuck converter vere
of little concern.A 100 kHz switch frequencywas selectedto ensure the desigwas
representativeof modern buck converterget within the microcontroller limitations
discussediaterin this chapter.To ensuranaximumlight emissionduring theoff-state, the
buck convertewasdesignedo remainin CCM underall load conditions.To facilitatethis
and future work capacity the capacitorand inductorwere purposefullyoversizedto

achievethis goal.

The gate drive and half bridge were comprised of a Waodpeed
KIT8020CRD8FF1217P-Filicon CarbideMOSFET evaluatiorkit. A depiction ofthis
moduleis shownin Figure 18. The IM1 jumperwasdesolderedndlifted to split the half
bridge. This allowed the GaN diodeto replace the bottonMOSFET as shown by
Figure 19.
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Figure 18. KIT8020CRD8FF1217P-1 Wolfspe&IiC MOSFET Evaluation
Kit. Source: [31]

CREE Evaluation Kit

[
H-bridge N _|-K.
Driver o

Y Y\, !
e Inductor l
- X GaN Electronic
Diode -‘7 Load

Figure 19. Buck Converter Circuit

The diodeusedwasacommerciallyavailablevertical GaN PN diodein aTO-257
packageshownin Figure 20.This diode batchwas characterizedy Broeg[5] andwas
foundto have dorwardvoltage of3.1V, anonresistance 0d.2 , and breakdown voltage
of 1200V. Theimplementatiorof the diodewill bediscussedn greaterdetailin the next
section.The inductorsare two seriesconnectedDale IHC-30-150 for atotal of 300 +
inductance.The low passfilter capacitorwas constructedof 60 0.47 ) MKP-X2
capacitorsn seriesfor atotal of 27.12 ) of capacitance andSRof 0.33 . A Tekpower
TP3710Aelectronidoadwasusedto providevariableload conditionsandexternalvoltage

and currentneasurements.
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B. GAN MODULE:

A similar method ofoptically coupling theGaN diode andiber optic cablewas
employedasin previouswork by Williams [7]. To maximizethe EL capturethe TO-257
GaN diode packagevas modified with a jewelry saw as shownin Figure 21.This
configurationallowedfor centeringof thelinearslit SMA905 connector dhe1:4 Thorlabs
multimode fiber bundle perpendiculartto the light emissionplane of the diode with a

custom SMAholder on a J-bar mount as shown by Figure 22.
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../

Figure 22. GaN Diode ButiCoupling

Foractivetemperatureontrol ofthe diode,two Peltiermoduleswviredin series and
controlledby a PS0XPA12v200stechTEC controllerwere used.Temperaturaletection
wasaccomplisheavith a 40 k thermistorin directcontactvith themodifiedTO-257GaN
diode packagasshownin Figures 23 and 24 he Ostechinterfacedwith LabView on a
standalone computeAn auminum nitride wafer was utilized to electrically isolate the

GaN diode from théeatsinko minimize EMI production showin Figure 23.
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Figure 23. Mounted GaNDiode Module Configuration

Beforeits inclusiontheswitchnoise producettom theelectricallyconnectedsaN
heatsink during operatiowas significantenoughto disruptthe operation of th©stech
temperaturemonitoring hardware through inductianto the Peltier coolers. Several
insulatorsweretested but the electricalandthermalproperties of aluminum nitrideade

it the superior choice.

Figure 24. Temperaturévonitoring and Control

Active temperatureontrolwasnecessaryo minimize thethermalcapacitancéhat
existedbetweertheGaN diode and heatsink dteethethermalresistance of the aluminum
nitride wafer. This reducesthe thermaltransientsexperiencedduring large duty cycle
changesTheheatsinkwassizedto offer significant masto ensure extended run timefs

the systenwith minimal forcedair cooling.
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C. SENSING AND CONTROL MODULE

The control andsensingmodule utilized two different programmingsuitesto
implementthe controls angarametemeasurement3.he controls,voltagemeasurement
and postnitial currentsamplingandfiltering wereimplementedy Simulinkwhich allows
rapid prototypingin a graphicaprogrammindanguagelt alsohas theaddedadvantage of
directly exportinginformationto MATLAB for dataacquisitionandanalysis.The initial
currentsampling andiltering was performedwith the ArduinolDE. The Arduino IDE
provides dargearrayof prebuilt open-sourdérariesfor quickimplementatiorandfine-

tuning prototype designs.

1. Voltage Sensing

Systemefficiency wasnot a concern fothis proof of conceptwhich allowedthe
use of a 100 k 10:1 voltage divideto be employed for output voltageeasuremerds
shown by Figure 25An 84 MHz ArduinoDueasshownin Figure 26nhich has one analog
to digital converter ADC) multiplexedacrossll analog input channelgasusedio sample

the divided voltagsignal.

Figure 25. Voltage Detection
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Figure 26. Arduino Due Source{32]

Oncesampled a digital averagindfilter was usedto removethe undesiredhigh
frequencycomponentsThesample window otheaveragindilter directly affectsthedelay
impartedinto the voltage feedbackloop. To ensureacceptable voltage overshoand
quicker systemresponseo voltagetransients a small filter window was usedDue to
samplingerrorand the higiEMI environment, theneasuredoltageat the buck converter
outputwasnotaccurateA Fluke 77111 and theelectronicload wasusedto determinethe
voltageerrorfrom 20%—-80%as shownn Figure 27. A MATLAB function blockwasused
in Simulink to correctthe errorto lessthan 0.1 V bydetectingthe demanded dutyycle
and subtracting thdifferencefrom the sampledvoltageto ensure proper operatiar the

buck converter.
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Figure 27. Voltage ErrobetweerSampledvoltageand External Measured
Voltage

2. Current Sensing

Figure 28showsa block diagram of the higlevel currentdetectionmethod.The
Arduino Duethenresampledhe digitalto analog converteiAC) outputfrom the Teensy
4.1. Since the output electrical signal no longer contained the high frequenswitch
components, the Arduin®ue could accuratelysamplewith its hardwarelimitations.
Additional filtering was performedto removetransmissiomoise and produce @nstant

output signathatcould be measureadluring calibration.

Figure 28. Current Detectiomnd Sampling
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TheEL signalof the GaNdiode isconverted t@n electricalsignal via a ThorLabs
APD130A2photo detectoafterbeingoptically filtered with a Thorlabt50 nm high pass
filter to reducetemperaturealependance on ti@@aN EL spectraA StanfordResearctb60
low noiseamplifier is thenusedto amplify and conditiorthe signalfor sampling.Due to
themultiplexedADC of the ArduinoDueit provedto be inadequat® meettheminimum
Nyquist sampling requirements.

A Teensy4.1microcontrollerasshownby Figure 29vasoverclockedo 816 MHz
to providededicatedsamplingfor thediode current signal.lhesamplecturrentsignalwas
thenfiltered with amedianand averagélter onboard théleensy4.1 before beingassed

to the Arduino Duevia anexternalDAC as shown by Figure 30.

Figure 30. Expanded Teensyp Arduino DueCommunication

Figure 31 shows diodeurrentat the output ofthe ThorLabs photodiode prido

being sampledby the Teensy4.1. The inductor currentwas externally measuredoy a
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Tektronix TCPA300 AC/DC current probeand monitored on a KeysighDSOX1304t

oscilloscope t@nsureghebuck converter wasperating inCCM.

Figure 31. Oscilloscope Capture 9% and 19% DutgZycle DiodeAnductor
Current Waveform

3. Calibration and Current Surface

As previouslydiscussedthe 390 nnpeakin theGaNEL spectrums mostaffected
by change® junctiontemperatureThe 390nm peakalsohasthe highesintensityvalue
whichmeans that thiargechange of thgbeakintensitydrasticallychanges the magnitude
of the outputelectricalsignal.By filtering the sectionof the spectrummost affected by
temperature we effectively reduce thetemperatureeffect on the photodiode output
electricalsignal.Thissimplifiesthe 3Dsurfaceandremovegheneedfor complex controls
to accountfor the thermaltransientthat affects spectrumintensity Previouswork by

Williams [7] usedcurrent,EL intensity, andtemperatureas the axisfor the calibration
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surface.This necessitatedhe needfor representativaemperaturemeasuremendf the
diode junctiorto convertEL intensityto current However thework of thisthesisusesthe
duty cycle in the place of temperatureThis changearisesfrom the fact that junction
temperatures dependent on powelissipationandpower dissipatiois roughlyinversely
proportionalto the duty cycle. For example whenthe dutycycleis high, the offtime of
the switchingelements short. Theoff timeis the portion othe periodin which the diode
is conducting. Therefordégss power iglissipatedn the diode fowhichresults inalower
junctiontemperatureThereversds alsotrue.Whenthe dutycycleis low, the conduction
time of thediodeis longer therefore junctiontemperaturés higher.Thisapproachealizes
thefactthatjunctiontemperatureés a byproducbdf the dutycycle andcanbesubstitutedn
place oftemperaturein the 3D current conversiosurface.The duty cycle is easily
calculatedfrom the output signabf the secondl. This removesthe needfor accurate
temperaturemeasurementf the diode junction andeplacesit with a valueinherently

generateduring operation.

4. Calibration Method

To perform the current sensimglibration amodified Simulink controlschemas
utilized as shownin Figure 32.To create the8D surface,the electronicloadis usedin
constantcurrent modeln this mode theload resistancas automaticallyalteredby the
electronicload to maintaincurrentat the commanded valu&he referencevalueinputis
guantizedn stepsof approximately20% duty cycle. It is thenvariedin stepsto simulate
specificduty cycles and the lighhtensityis manually recordedrhis processs repeated
in 0.2 Aintervalsfrom 0.8 A—3.2 A androm 20%-80% dutycycle manuallyinsertednto
PWM block viaexternalpotentiometerThe MATLAB curvefitting tool is thenusedto

generate a 3[@urrent conversion surface stsown inFigure 33.
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Figure 32. Current CalibratiorMethod
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Figure 33. 450 nm OpticaHigh passFilter Current Conversion Surface
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5. Control SystemDesign

The control systemwas designedandimplemened via Simulink with an Arduino
Due as thecontrolling microcontroller.A dual Pl averagecurrent controlschemewas
employedin the controlsystemdesign. The reference voltagevas suppliedwith a
potentiometer beingoweredby the 5 V output pin on the Arduin®ue. The resulting
voltage divider outputvassampledthen quantizedvith the Simulink quantizer blocko
produceapproximatelys V stepchangesn referencevoltage.The Arduino biass required
whenusingan Arduino Due in a Pl controllerschemeThe Pl controllerdrivesthe error
betweenthe commanded value amdeasured valu® zerg andsincethe Arduino PWM
operatesvith an 8-bit (0—255) input, th®WM output dutycycle would always bezero.
Due to this limitation, a bias of 128 is addedto the secondPl output as shown by
Figure 34 tosettheinitial PWM output duty cycléo 50%.

Simulink
Reference Pl Pl N PWM
Voltage
Output Voltage Bdtimated | __ Arduino Bias [
= Current
A
Current Signal

Figure 34. Simplified Control Scheme

The tuning of thePI coefficientswas doneexperimentallyutilizing the Ziegler-
Nichols method duto thelargedelaysintroducedn thefiltering processThe polynomial
coefficients of the 3[@urrentconversiorsurfaceare therusedn aSimulink function block

as shown irigure 35 toconvert EL and duty cyclato an estimatedurrent inrealtime.
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Figure 35. Current Estimation Bck Diagram
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IV. TESTING AND ANALYSIS

Before testing, the Simulink current calibration programis executed,and data
recordedo generatehe currentduty cycle calibrationsurfacewithin 5% accuracyof the
measureccurrentas read on the programmableslectronicload. Once the calibrationis
completeand new polynomialcoefficientsare uploadedo the buck convertecontrol
program, acalibrationperformanceun is performedto ensurethe 5% estimatedcurrent
accuracyis achieved.During the performance run, the output voltage samgdimgr is
recordedand correctedto within 0.1 V of the electronicload and externalFluke 77 111
DMM measurement©ncethe performance run hdgencompletedsatisfactorilywithin
the desiredtolerancesthetestingplanwasinitiated. Test 1 and 2was conductednitially
and thecalibration datais shownin Table 2 with the calibration surface shownn
Figure. 36.

Table 2. Testl and 2 Calibratioata

Referencestep
50 100 150 200

1| 700.77 517.16] 48500| 600.00
180500 | 1396.16| 1134.8 | 101900
2347.D| 2797.% | 2191.0 | 1455.49

Current (A
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Figure 36. Testl and 2 CalibratioSurface

20 1 Current (A)

Test 3, 4, and 5 utilized a different calibration surface since the testing was
conductedeveralweeksapartwith different environmentdhctors.Thecalibrationdatais
shownin Table3with thecalibrationsurfaceshownin Figure. 37 Sincetheprimeresearch
objectiveof this work is to determinea method oextractingreaktime convertercurrent
utilizing GaN EL, the focus of the@estanalysiswill be estimatedcurrentaccuracyand
estimatecturrentdelaytime.

Table 3. Test3, 4, andb CalibrationData

Referenceéstep
50 100 150 200
§ 707.00| 620.9| 534.8| 539.2
E 185200| 1532.0| 1259.3 | 101000
O 292000| 2840.0 | 2241.D | 160300
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Figure 37. Test3, 4, and Calbration Surface

Current (A)

A. TEST 1: SMALL VOLTAGE SETPOINT TRANSIENT TEST

The small voltagetransienttestconsistedof aconstant7.2 load establishedy
the programmableslectronicload. This resistancenas chosento allow buck converter
operatioracrossawide range of dutyyclesyetremainwithin the 1-3 Acalibrationrange.
Sincethe Arduino controsystemoperates on a8-bit (0-255) rangethereferencevalues
were quantized andtepinsertedmanuallyvia the voltagereference potentiometén
intervals of 50. Table 4 shows theest sequence ofariable voltage reference values
inserted.
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Table 4. Testl Sequence

S-bit Voltage
Step Reference Equivalent

(Volts)

1 100 9.80

2 150 14.71

3 200 19.61

4 150 14.71

5 100 9.80

During thetest,the controlsystemwasallowedto stabilize before the subsequent
stepinsertion.Commanded currengéstimatedcurrent,reference voltage, output voltage,
and dutycycleweredatacapturedn reattime via Simulink and exportetb theMATLAB
work areaat the conclusion ofthe test. Outputcurrentwas calculatedwith Ohmis law

utilizing the output voltage and the programnieddresistance valu&igure38 shows the
output performancef Test1.

N
o
T

T
—Reference Voltage

/ K ——Output Voltage r

-
[}
I

Voltage (V)

-
o

1 1 T
100 150 200 250 300 350
Time(sec)

——Command Current

——Estimated Current

> ——Calculated Current
1

»
I

Cur:’ent (A)
?
|

o

100 150 200 250 300 350
Time(sec)
1 T T T T T
2
5 0.8 / k\_ -
>06[ ( N ]
804l R
1 1 1 1 1 1
100 150 200 250 300 350
Time(sec)

Figure 38. Testl: 7.2 Constant Load, VariablReferencé/oltage
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The output voltage during theansientfrom 14.71 V-19.61 V anfiom 19.61 V-
14.71 V exhibitsaninstantaneous undershaotdthen overshoofThis is dueto internal
processing of the Arduino controller and thet thatall thesetracesare recordedherein.
A differenterror correctionfactor is utilized for different voltagerangesWhenthe step
insertionof the newreference voltageccurs theerrorcorrectionvalueis different,which

IS representely aninstantaneous voltage change.

During thetest,an upper outpusaturationof 3.5 A and dower outputsaturation
of 0.5 Awereappliedto thefirst Pl thatgenerates the commandadrentsignal. Thiswas
doneto limit the commanded current overshgeneratediueto the delaytime between
thecommandedurrentstepchange and thestimateccurrent conversiorAs discussedn
previoussectionsseveralow-frequency polewereinsertedn theform of movingaverage

andmediarfilters to facilitateasemtstable output signab accomplishmanuakalibration.

The large delay time presentwith an average of 9.05 & the currentsystem
configurationis unacceptable and must beducedby severalorders of magnitudéo
become aviable current measuremenbption. The future work sectionwill discuss
improvementsn designto drasticallyminimizethis effect. Figure 39 shows thaccuracy
of the estimatedcurrent versughe calculatedoutput current. The higheststeadystate
estimateccurrenterror was 3.58%,with anaverage of 2.0% afalculatedoutput current
during thetest. The transient currenerror was much more significant during thdest,
namelydueto the considerablalelaytime in estimatingthe diodecurrent.Reducing the
currentestimationdelaytime and thus reducing theansientdelayerrorwill be the focus

of futureimprovementso this design.

45

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EI



40 1 1 T I 1 3
——Percent Error
—Calulated Current
30 ——Estimated Current -2.8
—12.6
20
—12.4
10
- <
< 1222
c
§ 03579 %) 5
k= ~ =
= 23
10
-11.8
20
-11.6
-30F 1.4
1 1 1 1 1 1 12
100 150 200 250 300 350
Time (sec)

Figure 39. EstimatedCurrent vs. Calculate@urrent PercertError

B. TEST 2: LARGE VOLTAGE SETPOINT TRANSIENT TEST

The large voltagetransienttestconsistedof aconstant7.2 load establishedy

the programmableslectronicload. Table 5 shows thdest sequence o¥ariable voltage
referencevaluesinsertedThecontrolsystemwasallowedto stabilizeduring theestbefore

the subsequerstepinsertion.Commandeaurrent,estimatedcurrent,reference voltage,
output voltage, and dutyyclewerecapturedn reattime via Simulink and exportedb the
MATLAB work areaafterthetest.Output currentvascalculatedvith Ohmis law utilizing

the output voltage anithe programmed loadesistance value. Figure 40 shows the output

performance of Tes.
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Table 5. Test2 Sequence

. Voltage
8-bit ag
Step Equivalent
Reference
(Volts)
1 100 9.80
200 19.61
3 100 9.80
T T I
< 20 \ —Reference Voltage[]
;’ —Output Voltage
215 n
L)
210
1 1 1
50 100 150 200 250
Time(sec)
5 T T T
<
= P |\-_“;\_
c B
g 0 ——Command Current
S ——Estimated Current
5 | | ——Calculated Current
50 100 150 200 250
Time(sec)
1 T T T
@
0038 |
&
> 0.6 N
A 0.4 -
1 1 1
50 100 150 200 250
Time(sec)

Figure 40. Test2: 7.2 Constant Load, VariablReferencé/oltage

The output voltagerom 9.80 V-19.61 V and 19.61 V-9.80 V exhibits Hzme
undershoot and then overshagin Test1. Thefirst Pl outputsaturatiorwasmaintained

at 3.5 A for the upper output saturatiand 0.5 A for the lowesaturationas inTest1.
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Thelargevoltagetransientresultedin anaveragedelaytime of 9.04s. This delay
time is in line with the averagedelaytime in Test1. This shows thatlelaytime is not
drasticallyaffectedby thetransientsize butis dueto thedelayintroduced by manfilters
in the processingath creatinga constantsignal duringcalibration.Figure41 shows the
accuracyof theestimatedurrentversus thealculatedoutputcurrent.The higheststeady
stateestimatedcurrenterror was 3.765%,with an averageof 2.8% ofcalculatedoutput
currentduring thetest. The largetransientcurrenterroris dueto the samemechanisnas
Testl.

50 T T I 3
k ——Percent Error
40 F —Calculated Current}{ 5 g
—— Estimated Current
30 412.6
20+ 12.4
= <
S 10 122 =
5 3
E 0 | 2 £
wl =
(&)
-10 1.8
-20 1.6
-30 1.4
T A
-40 l L 1 1.2
50 100 150 200 250
Time (sec)

Figure 41. EstimatedCurrent vs. Calculate@urrent PercertError

C. TEST 3: LOAD-STEP TRANSIENT TEST

Theloadsteptransientestconsistef a constant 14.71 xéference voltageith
threevariableloadresistancestefs insertedat the transienttimes via the programmable
electronicload, as showrin Table 6. The threeload resistancestepvalueswere chosen
basedon the value of the constantreference voltagéo ensure the buck converteutput

currentremainedwithin the 1-3 Acalibrationrange.The control systemwasallowedto
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stabilize during thetest before the subsequenttep insertion. Commanded current,
estimatecturrent,referencevoltage, output voltage, amtility cyclewerecapturedn reat
time via Simulink and exportedo the MATLAB work areaafter the test. Outputcurrent
was calculatedwith Ohmis law utilizing the outputvoltage and the programmedoad
resistancevalue.Figure 42 showshe output performancef Test3. Unlike the previous

test,no outputsaturatiorof the firstPl wasutilized duringthis test.

Table 6. Test3 Sequence

Load
Step | Resistance
()
150
7.5
4.9
7.5
150

QA WIN|[F

-
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—Reference Voltage
—— Output Voltage

/\‘ ]
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(2]
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Yl \Vadl
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A a
T I

-
=W

00 150 200 250 300 350 400 450 500
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w
I

i ——Command Current
——Estimated Current
——Calculated Current

- N —]

1 J , , | , , LV\
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Current (A)
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208} =
> S

O e —— -\ —~— ]
3‘0.6 = -
=]

004 -

1 1 1 1 1 1 1
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Figure 42. Test3: 14.71 V Constant Reference Voltage, Varidldad

49

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EI



The currenttransienttestresultedin an averagedelaytime of 10.49s. Figure 43
shows theaccuracyof the estimatedcurrentversus thecalculatedoutput currentThe
higheststeadystate estimatedcurrenterror was 4.637%,with an average of 1.96% of
calculatedbutputcurrentduring theest. Thesignificanttransienturrenterroris dueto the

exactmechanisnof the previousest.

100 T T T T T I T 3.5
—Percent Error
— Calculated Current
80 — Estimated Current
f\FfLﬁ ™ 13
60 -
\I‘*‘
—12.5
40
g =
= 20 I S 12 3
0 g
5 e i :
1.229 % 0.220 % 0.078 % 0 o
i R A N LE
1.5
20+
J ~—Aee———1
40
.60 ] ] I ] l ] ] 05
100 150 200 250 300 350 400 450 500

Time(sec)

Figure 43. EstimatedCurrent vs. Calculate@urrent PercertError

D. TEST 4: SINGLE PI DIRECT CURRENT CONTROL TEST

For Test4, amodified control programwas utilized that eliminatedthe first Pl
controller to allow a constant currenvalue manually inserted via the reference
potentiometeras showrnn Figure 44. Durindhistest,aconstant loadwasestablished
via theelectronicload. The loadresistancavaschoseno showbuck converter operation

across avide arrayof duty cyclesyet maintainthe output voltagevithin the 0-25V design
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range.Referencecurrentwas varied in accordancewvith Table 7, andthe systemwas

allowedto stabilize priorto the nextstepinsertion.

Simulink

Reference

Current PI e PWM

Predicted . .
Output Voltage Current Arduino Bias

A

A 4

Current Signal

Figure 44. Test4 Modified Control Program

Table 7. Test4 Sequence

Reference
Step Current
(A)

1

g WIN|[F
R INW[N

Commanded currengstimatecturrent referencesoltage, output voltage, and duty
cycle were capturedin reattime via Simulink and exportedo the MATLAB work area
after thetest. Output currentvascalculatedwith Ohmis law utilizing the output voltage
and theprogrammedoad resistance valud-igure 45 shows the outputerformanceof
Test4.
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Figure 45. Test4: SinglePl, Constant Load, Variable Referencarrent

No Pl outputsaturatiorwasutilized duringthistest.The clippingestimatecturrent
exhibited duringhetransientss dueto thelargewindow medianfilter usedto reducethe
duty cycle dependencyf the EL intensity. This effectcanbe eliminatedanddiscussedn
the future work section.The currenttransienttest resultedin an averagedelay time of
9.58s. Figure 46 showthe accuracyof theestimatedturrentversus thealculatedoutput
current. The higheststeadystateestimatedcurrenterror was 4.93%,with an average of

2.78% ofcalculatedoutput current during thiest. Thelargetransientcurrenterroris due
to the samenechanisnas the previous test.
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Figure 46. EstimatedCurrent vs. Predicte@urrent Percertrror

E. TEST 5: ACCURACY AND STABILITY TEST

For theaccuracyandstability test,the original dualP1 control progranwasused.

A constant 14.71 Veferencevoltagewasinsertedwith a constant loadesistancef 7.5
establishedria theelectronicload.No variableswere changed, and the buck converter

wasallowedto operatein steadystatefor approximatelyone hour. Commanded current,
estimatecturrent,referencevoltage, output voltage, amtility cyclewerecapturedn reat
time via Simulink and exportedo the MATLAB work areaafter thetest. Outputcurrent
was calculatedwith Ohmis law utilizing the outputvoltage and the programmedoad
resistance value. Figure 47 shows the oytptiormancef Test5. No Pl outputsaturation
wasutilized duringthis test. This testdemonstratethat the current conversiomethodis
stable,accurateandcanbe employed continuously without breakdown. FigureiH@&nys
the highessteadystateestimatecturrenterrorwas0.481% with anaverage of 0.380% of
calculatedoutput currenturing thetest.
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Figure 47. Test5: 14.71 V Constant Reference Voltage, Constant A.6ad
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Figure 48. EstimatedCurrent vs. Calculate@urrent PercertError
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V. CONCLUSION AND FUTURE WORK

A. CONCLUSION

This researchinvestigated théeasibility of realtime control of the currentmode
buck converteria a vertical GaN PN diode electrduminescenceEL). A current mode
asynchronous buck converteasdesigned and buitb remainin continuous-conduction
mode CCM) underall load conditionsto ensuremaximum diode conductiotime. The
GaN diodeEL wasoptically filtered and convertethto anelectricalsignal. The electrical
waveform wadurther digitallyfiltered and then converted inemestimatecturrentvalue
as afunction of EL intensityandbuck converter dutycycle. The estimateccurrentvalue
was utilized for the inner loodeedback Five testswere performedto testthe estimated
currentaccuracyandestimatecturrentdelaytime. The averagalelaytime acrosshefirst
four testswas 9.54s. Modern dc—daonverters have subillisecondresponsdimes,so
improving this metric must be the focus diiture optimization. The estimatedcurrent
accuracyacross thdive testswas2.02%,well within the 5% initial designspecification.
The manualcalibrationmethodto achievethis accuracylevel causednuchof the current

delaydueto the needor extensive digital filteringo create atable current signal.

B. FUTURE WORK

The delaytime in the currentresponseanbe reducedavith specializechardware
selectioranda low-overheagrogramminganguageThe Arduino Duewasselectedince
it had the highestapability of the Arduinos supported [§imulink. However,the ADC
bandwidthwas inadequate duéo the number of signalt®o be sampledand the buck
converterswitchingfrequency.The needto add asecondarynicrocontroller fordedicated
samplingandinitial DSPof the photodiodeurrentsignaldrasticallyincreasedhe current
delaytime. Simulink has many advantageshat facilitate rapid programming However,
dueto the graphical nature ¢fie programming languagé, has a much higher overhead
whencomparedo Python or ChasedanguagesOptimizationof both the hardware and
coding will be requiredto obtain submillisecond or better current estimationtimes.

Additionally, the currenestimationaccuracyandcurrentdelaywould benefifrom amore
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sophisticatedamplingandfiltering processThe useof medianfilters to removethe duty
cycle dependence andultiple moving averagefilters to remove EMI noise directly
contributeto the procesdelaytime of the currensignal.

Sincetheoptical couplingis in anopenatmosphere, environmengifects suclas
humidity need to be further investigated.Whereas comprehensivetesting of this
phenomenomwasnotanobjectivein thisresearchit wasnoted duringestingthathumidity
fluctuations affectedthe intensity of the GaN EL and the accuracyof the calibration
surface A proposed solutioto eliminatethis interferencewvould beto place theGaNtest
devicein a humiditysealedenclosure odirectly butt couple thdiber to the device and

encapsulate the diodatherthanleaveit opento the environment.
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APPENDIX: SIMULIN K/MATLAB

Ref Voltage (Ard units) Predicted Current (A) Output voltage (V) Duty Cycle

Fitariehy
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uparvatsge

Figure 49
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Figure 50. Simulink Single PIControl Program
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Duty Cycle
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Figure 51. Simulink CalibrationProgram
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Figure 52. MATLAB Curve Fitting Tool Testl and 2 Calibratiosurface
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Figure 53. MATLAB Curve Fitting Tool Test3, 4, and 5 CalibratioBurface
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