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ABSTRACT

This work demonstrates the very first implementation of electroluminescence from
a gallium nitride vertical diode as a feedback mechanism for real-time current 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 a real-time 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 steady-state current over
various load conditions. Transient-state response was also demonstrated for step changes
in commanded current and voltage within the power converter. Methods of increasing

accuracy and reducing current estimation delay time are discussed.

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



THIS PAGE INTENTIONALLY LEFT BLANK

vi

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



I1.

I11.

IV.

TABLE OF CONTENTS

INTRODUCTION...uuiiiuiiininsiissansssncsssnssssessssssssssssssssssssssssssssssssssssssssssssssssssssssss 1
A. RESEARCH OBJECTIVE ......ciiiiiiiniineinninssicsnesssnsssesssssssssessssenns 2
B. RELATED WORK .....citiitiitictinnticnnisnessesssisssessssssssesssssssssssssssnss 3
C. THESIS ORGANIZATION ....cuuiiiiitiintinseenssecssesssnnsssessssnssssssssssssesssee 3
BACKGROUND ...uuciiiitiintinniisnensneesssicssissssesssesssseesssssssssssassssessssssssssssasssssssasses 5
A. SWITCH MODE POWER SUPPLIES .........iiiviirvnrcssnicssnnecssanecsannes 5
B. BUCK CONVERTER TOPOLOGY ....ccuiinuiniricnnrcsnnissnnsssessssscssnesssenns 5
C. STEADY STATE BUCK CONVERTER OPERATION..........ccccueeuee 7
D. BUCK CONVERTER CONTROL . ......ciiniiruiinnnsnecsnensnecssecsseeaenes 10
E. HALL EFFECT CURRENT SENSING. .....cccevviersnrcssnnrcssnnscssasssssaseses 12
F. GAN PN DIODE PROPERTIES.......cccccciervercrsnrcssnnicsssnncssssssssssessssseses 14
1. Electronic and Material Properties of GAN.........cccevueevuvrcunenne 14
2. GAN PN Diode StruCture........cceeeccercssercsssercsssencsssescssssscsssseces 15
3. PN Losses and Reverse Recovery Time ........ccccecceeeccsssnnnccccnnns 18
4. Electroluminescence of GAN PN Diodes .......cccoevrervurecsnrcccnanes 20
5. Theory of Calibration ..........eiceicncsercsssercsseicssnncsssnscssasssssaseces 22
EXPERIMENTAL DESIGN AND CALIBRATION .....ccvviiivicneissnncsnecsanes 25
A. BUCK CONVERTER MODULE ........iiiiuinninseicsnensnecssessscesaenas 26
B. GAN MODULE: ....cuiiiriicniininssiisncsssissssisssssssssssssssssssssssssssssssssssssssssss 28
C. SENSING AND CONTROL MODULE . .......ucivvticsueiseicseecssnecsanssanncnns 31
1. Voltage SeNSING .......ccceverervnicssricsssnissssnessssnessssnossssrcssssessssessssses 31
2. Current SENSING ......ccceeervericssrressssncssssnesssnessssrcsssssssssssssssssssssssses 33
3. Calibration and Current Surface .........ccceeveeesceecssneccssenccsnncens 35
4. Calibration Method ...........ueeeeeeinneeinseecssneecssnnecssnencssneccssnnenns 36
5. Control System DeSigN ........eciceevvnricsissnnrecsssnssessssassesssssssscssnnss 38
TESTING AND ANALYSIS uuiiiiintinitinsnensnensnensnecssessssesssessssesssessssssssessses 41
A. TEST 1: SMALL VOLTAGE SETPOINT TRANSIENT TEST ....... 43
B. TEST 2: LARGE VOLTAGE SETPOINT TRANSIENT TEST ....... 46
C. TEST 3: LOAD-STEP TRANSIENT TEST......ccocevvinninsncinensercnenns 48
D. TEST 4: SINGLE PI DIRECT CURRENT CONTROL TEST.......... 50
E. TEST 5: ACCURACY AND STABILITY TEST ...cccoveeeevvuecccrnrccsnnnece 53
vil

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



V. CONCLUSION AND FUTURE WORK .......uuovnueerrinrnensnensnenssnecsannssnessseesane 55

A. CONCLUSION ..uuuiiiiennnensnensnesssenssnssssesssssssssssssssssssssssssssssssssssasssssssassss 55

B. FUTURE WORK .....uuiitirrintinnnnnsnensnensnsssnssssnssssssssssssssssssssssssssssassss 55

APPENDIX: SIMULINK/MATLAB .....uccotiiiinuinrnesnnsnensnesnesaessnesnsssessssssssssssssessasssess 57

LIST OF REFERENCES ......ooiiinininntinieninstesnnsssssnsssessesssesssssssssssssassssssasssssssssssssss 61

INITIAL DISTRIBUTION LIST ..uccouiininiennnsnennnsensanssncssessacssassssssssssassssssasssasssssssenss 65
viil

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



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.

Figure 18.

Figure 19.
Figure 20.

Figure 21.

LIST OF FIGURES

Synchronous Buck Converter Circuit. Adapted from [8].......c..ccevveneenee. 6
Asynchronous Buck Converter Circuit. Adapted from [9]........ccccccvvennenne. 6
On-State Current Flow Path. Adapted from [10].......ccceeviiniiiiieniieene 7
Off-State Current Flow Path. Adapted from [10]. .......ccoevvieeiiiiieniienennne, 8
Ideal Buck Converter Waveforms. Adapted from [11]. ....ccoooveeiieiiinncnnne. 9
Simplified Voltage Mode Buck Converter. Adapted from [12]. .............. 11
Simplified Current Mode Buck Converter. Adapted from [14]................ 11
Simplified Hall Effect Sensor. Adapted from [17] . ...cccocvieiierieniiennennne. 13
Measured Bulk Current Injection Immunity Level of Hall Effect
Sensor at Varied DC Currents. Source: [18]......cccoeevvieiviiiiiiiiiciieeereeeee, 14
Ideal Drift Region of GaN Diode with High P-Side Doping and
Associated Electric Field Distribution. Adapted from [21], [23]. ............ 16
On-state Resistance vs. Breakdown Voltage of Semiconductor
Materials. SOUrCe: [24].....uii i 18
Diode Current During Reverse Recovery. Adapted from [25]. ................ 19
Direct vs. Indirect Band Gap. Adapted from [27], [28]...ccccvevvievrienvennnen. 20
GaN Spectra at 1.0 A with Varying Temperature. Source: [29]............... 21
GaN Spectra at 30 °C with Varying Current. Source: [29]. ....cccovvvevneenne 22
Overall System SchematiC ...........cocvevievieriirieiinietece e 25
Simplified System Schematic ..........ccceovvreeiieriieiiieieeiieeee e 26
KIT8020CRD8FF1217P-1 Wolfspeed SiC MOSFET Evaluation Kit.
SOUICE: [31 ]t 27
Buck Converter CIrCUIL.......eoouierieeiieie ettt 27
Unmodified TO-257 GaN Diode Package..........cccceevveeiienieniieiieeieenen. 28
Modified GaN Diode Package.........cccceeevierieniininiinieienicnecieeeeeenen 29
X

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



Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.

Figure 27.

Figure 28.
Figure 29.
Figure 30.

Figure 31.

Figure 32.
Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.

Figure 44.

GaN Diode Butt Coupling .......cccccovveriiviiniiniininieneeeeeneee e 29
Mounted GaN Diode Module Configuration............ccceeeveeveerieenneenneennen. 30
Temperature Monitoring and Control.........c..ccccevvvevieveniiniienenneneeneenne. 30
Voltage DeteCtion ......cccuvieiieeiiieiieeiie ettt ettt 31
Arduino Due. Source: [32]...ccuiiierieiiieie et 32
Voltage Error between Sampled Voltage and External Measured

VOIEAZE ..ottt 33
Current Detection and Sampling...........ccceeevveeviierieniienienieeieere e 33
Teensy 4.1. SOUTCe: [33] ittt 34
Expanded Teensy to Arduino Due Communication .............ccceeeveererennne. 34

Oscilloscope Capture of 79% and 19% Duty Cycle Diode/Inductor

Current Waveform ........coceoiiiiiiiiiiiieceeeceeeeeeeeee e 35
Current Calibration Method...........ccocciiiiiiiiiiiiiee e 37
450 nm Optical High pass Filter Current Conversion Surface.................. 37
Simplified Control Scheme.........c..coceoviriiniiiiiniicece, 38
Current Estimation Block Diagram .............cecoeviivciienieniiieniesieeiieeens 39
Test 1 and 2 Calibration Surface..........cccoeveeviiieniiniiinienieeeee e 42
Test 3, 4, and 5 Calibration SUIface..........oovveevvveiiiieiiieeieeeeeeeeeeeeeeeeen 43
Test 1: 7.2 Q Constant Load, Variable Reference Voltage ...................... 44
Estimated Current vs. Calculated Current Percent Error..........ccccoceeueeeee. 46
Test 2: 7.2 Q Constant Load, Variable Reference Voltage ...................... 47
Estimated Current vs. Calculated Current Percent Error..........ccccoceeueenee. 48
Test 3: 14.71 V Constant Reference Voltage, Variable Load................... 49
Estimated Current vs. Calculated Current Percent Error..........cccoceeueeeee. 50
Test 4 Modified Control Program...........ccccceeeveriiniininicniiinencneceeee. 51
X

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



Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.

Figure 53.

Test 4: Single PI, Constant Load, Variable Reference Current................ 52
Estimated Current vs. Predicted Current Percent Error............ccvveeeene.. 53

Test 5: 14.71 V Constant Reference Voltage, Constant 7.5 Q Load......... 54

Estimated Current vs. Calculated Current Percent Error..........ccccoceeueeeee. 54
Simulink Dual PI Control Program........c..ccccceeerieneinenicneenenicneeieneens 57
Simulink Single PI Control Program...........ccccoeevvevieeciienienieenieeieenee 57
Simulink Calibration Program ........c..ccccceceiiiiiniiiniininicnicencneeenne 58
MATLAB Curve Fitting Tool Test 1 and 2 Calibration Surface.............. 58

MATLAB Curve Fitting Tool Test 3, 4, and 5 Calibration Surface......... 59

xi

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



THIS PAGE INTENTIONALLY LEFT BLANK

xii

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



Table 1.
Table 2.
Table 3.
Table 4.
Table 5.
Table 6.

Table 7.

LIST OF TABLES

Si vs. GaN Semiconductor Materials. Adapted from [19], [22]............... 15
Test 1 and 2 Calibration Data ..........cccceverierienenienieeeeceeee e 41
Test 3, 4, and 5 Calibration Data ...........ccccceeeeeiiiiiieciiiee e, 42
TeSt 1 SEQUENCE ...eveieiiieeiie ettt e e e s e e 44
TESt 2 SEQUENCE ....eonveeiieiiieeieeieee ettt 47
TeSt 3 SEQUENCE ...ttt e e e s 49
TSt 4 SEQUENCE ....conveiiiiiieieiieeee et 51
xiii

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



THIS PAGE INTENTIONALLY LEFT BLANK

Xiv

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



LIST OF ACRONYMS AND ABBREVIATIONS

Q ohm

uF microfarad

pH microhenry

3D three dimensional

A amps

ac alternating current

ADC analog to digital converter
CCM continuous conduction mode
cm centimeter

cm? square centimeter

cm?® cubic centimeter

D duty cycle

DAC digital to analog converter
dc direct current

EL electroluminescence

EMI electromagnetic interference
eV electronvolt

FOM figure of merit

g gram

GaAs gallium arsenide

GaN gallium nitride

IDE integrated development environment
K kelvin

kQ kilohm

LED light emitting diode

m meter

MHz megahertz

XV

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



MV megavolt

N negative doped

NPS Naval Postgraduate School
nm nanometer

P positive doped

PI proportional-integral

PN positive doped-negative doped
PWM pulse-width modulation

] second

Si silicon

SiC silicon carbide

SMPS switch mode power supplies
A% volt

w watt

Xvi

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



ACKNOWLEDGMENTS

I want to thank Matt Porter, Professor Weatherford, and Professor Corzine for the
opportunity and support during this project. Shawn and Christina, thank you for being a
sounding board for me during our educational journey. Lastly, I’d like to thank my wife

Kira and kids Ashlyn, Rory, and Lorcus for putting up with my endless hours in the garage.

Xvii

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



THIS PAGE INTENTIONALLY LEFT BLANK

xXviii

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



I. INTRODUCTION

As the U.S. Navy strives to maintain its technological supremacy in an ever-
increasingly competitive world, the need to adopt smaller, more efficient, and noise-
resistant electronic solutions is paramount. Most modern shipboard technologies require a
conversion of supplied electrical power from alternating current (ac) into a heavily
regulated direct current (dc) for direct use or additional conversion back into ac for
frequency manipulation or equipment voltage requirements. Due to the power conversion
requirements, dc—dc converters are being designed to replace much larger, heavier, and
low-frequency transformers for shipboard use. Maximizing the efficiency and space-saving
benefits of dc—dc converters require high-frequency switching of electronic devices, which
can introduce interfering noise into its control system via its inherent sensors or
neighboring electrical systems. Finding a means to reduce the impact of self-generated and
externally-generated noise to the shipboard dc—dc converters greatly improves the stability

and controllability of power electronics equipment in shipboard operating environments.

Inductor current and output voltage measurements are desired for optimal de—dc
converter control. The efficiency required of modern dc—dc converters precludes the use
of shunt resistors for current detection, as well as the nonlinear operation near saturation
and bandwidth limitations of current transformers. This makes Hall effect sensors the ideal
choice for shipboard dc—dc converters. Hall effect sensors measure current indirectly by
sensing the current-generated magnetic field, similar to a current transformer. Due to the
use of the Hall effect for B field sensing, the magnetic coupling between the wire carrying
the sensed current and the Hall probe can be low, reducing the susceptibility of the sensor
to external interference. However, Hall effect sensors come with their disadvantages. The
high current operation of the measured circuit will cause increased inaccuracies due to
temperature drift, and the potential for large offset voltages due to parasitic resistance
requires additional circuitry to calibrate and obtain high accuracy measurements.
Additionally, since the principle underlying the Hall effect is still based upon magnetic
field coupling, stray inductive coupling from the dc—dc converter inductor introduces a

non-negligible amount of noise into the current measurement, which can be compounded
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by external electromagnetic interference (EMI) and the already present switch frequency

noise. Furthermore, magnetic non-linearities contribute to the sensor noise.

A non-contact optically isolated solution would be ideal for providing similar
advantages as the Hall effect sensor, while not being susceptible to EMI. Such a solution
could be implemented by a sensor that generates an optical signal directly driven by the
current to be measured. The use of established optoelectronic devices, such as LEDs in
series with the measured current path, can be used to create an optical signal that is a
function of the current. However, the addition of such devices adds additional loss and
reactance to the switching converter, decreasing converter efficiency, and complicates
control of the circuit. A better solution would be to sample luminescence generated directly
from the semiconductor power switches, which are intrinsic to the operation of the
converter; although traditional silicon (Si) power devices do not produce significant
electroluminescence during operation. In contrast, high-power bipolar power switches
made from direct band gap materials such as gallium arsenide (GaAs) and gallium nitride
(GaN) will luminesce significantly during forward bias operation. Past work at NPS has
demonstrated that electroluminescence from GaN power devices can be related to the
instantaneous current and temperature of the device. With the emergence of vertical GaN
bipolar power diodes, it has become a realistic possibility to directly implement switching

converter control via the detection of luminescence signals from the power device.

A. RESEARCH OBJECTIVE

The purpose of this thesis is to explore the viability of utilizing experimentally
derived relationships between light emission intensity and junction temperature of a GaN
diode to demonstrate direct control of the output of a dc—dc converter circuit current via
optically estimated current through the diode. The relationship between the luminescence,
junction temperature, and forward current amplitude of a commercial GaN power diode is
explored to determine application viability. To demonstrate current-based control, a buck
converter is designed and constructed. Once an optimal method of obtaining a real-time
current measurement has been established, it is used as a feedback input into the dc—dc

converter control system to determine estimated current for system control.

2
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B. RELATED WORK

The value of GaN semiconductors in power and microwave systems is becoming
more evident to the military with its recent inclusion in the Navy SPY-6 [1] and the Army
Q-53 radar [2]. As the manufacturing and prevalence of GaN increases, the exploration of
the unique properties of GaN also increases. Beyond the advantages GaN represents in
traditional use in power electronics it also belongs to a family of semiconductors that are
direct band gap. This allows GaN bipolar devices to produce electroluminescence at a high
efficiency as current passes through the device which led to the creation of the GaN-based
blue-violet light emitting diode (LED) in the early 1970s. Other wide band gap materials
including GaN have been investigated for utilizing emitted light to determine system
parameters of the circuit they are embedded in. For example, Kalker investigated extracting
current and temperature information from silicon carbide MOSFET body diodes using
pattern recognition algorithms and neutral networks [3]. Additionally, Chengmin
investigated extracting junction temperature from a silicon carbide (SiC) MOSFET body

diodes used in a power inverter with a photosensitive circuit [4].

Past work at NPS has directly explored the relationship between current and
electroluminescence in bipolar GaN power devices. Broeg explored the possibility of
current estimation via electroluminescence from GaN positive doped-negative doped (PN)
Junctions with optical filtering techniques [5]. The split filter technique was further
investigated by Robinson, who compared the SiC MOSFET body diode and GaN power
diode electroluminescence [6]. Williams expanded on the optical filtering method
developed by Broeg to utilize the electroluminescence (EL) of a GaN diode for real-time
current estimation of current using multiple photodiodes to build intensity contours to
eliminate temperature as a requirement to directly extract current information as a feedback

parameter [7].

C. THESIS ORGANIZATION

The design and control of buck converters, the electrical properties of WBG
materials, the material and electrical properties of GaN, and commercially available current

sensors are reviewed in Chapter II. An overview of the tested device, experimental setup,

3
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and instrumentation are provided in Chapter III. Chapter IV summarizes the data collection
and discusses experimental findings and results. Lastly, Chapter V provides an overview
of the research performed and addresses recommended alterations and future research in

this subject.

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



II. BACKGROUND

This chapter discusses the buck dc—dc converter topology, design, parameter
measurement methods, and control. Additionally, it discusses the properties of wideband
gap semiconductors and specifically the useful properties of GaN that make it an ideal
choice for power electronics. The mechanisms of light emission from GaN are discussed

as well as the calibration method for current sensing from GaN device EL.

A. SWITCH MODE POWER SUPPLIES

Modern civilian and shipboard electronic systems require a well-regulated and
stable power supply that can perform well over a wide array of environmental and load
conditions. Traditionally, this has been achieved by rectifying and filtering the output of
large low-frequency transformers to meet the specific power requirements of the individual
system. Switch mode power supplies are increasingly replacing the older line-frequency
systems due to their compact size, reduced weight, and efficiency above 95%. Common
switch mode power supplies (SMPS) include non-isolated dc—dc converters, forward
converters, and flyback converters, the latter of which include a transformer for galvanic
isolation. The most common dc—dc converter circuits are the boost, buck, and buck/boost.

For this discussion we will focus on buck converters.

B. BUCK CONVERTER TOPOLOGY

There are two common topological layouts for buck converter circuits. These
include synchronous and asynchronous buck converter layouts. Figure 1 shows a simplified
circuit diagram for the synchronous configuration. This circuit utilizes two switches that
are alternately driven by a gate drive circuit. The inductor and capacitor in this circuit form
a low pass filter which removes the high-frequency switch noise from the output and allows

the circuit to provide a continuous dc waveform.
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Switch

Gate Drive DC

Inductor

Switch Capacitor Load

T

Figure 1.  Synchronous Buck Converter Circuit. Adapted from [8].

Figure 2 shows a simplified circuit diagram of an asynchronous buck converter.
The purpose of the freewheeling diode is to provide a current path when the switch is
opened. This serves as an uncontrolled switch that operates in a similar way as the bottom
switch of the synchronous configuration. The operation of the synchronous buck converter
is the same except the freewheeling diode is replaced by another switch that allows
additional control of the system. For the background discussion of this work, the focus will
be on the asynchronous configuration which is what is used to implement optical current

control via the EL emissions of the diode.

Gate Drive

+
¥ Inductor
DC C_)
75 Diode Capacitor Load
. . —[

Figure 2.  Asynchronous Buck Converter Circuit. Adapted from [9].
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C. STEADY STATE BUCK CONVERTER OPERATION

The buck converter circuit in steady state switches between two different circuit
configurations: on-state and off-state. During the on-state, current flows from the dc source
to the load through the inductor, charging the capacitor, and building an electromagnetic
field in the inductor. Since current cannot change instantly across the inductor and voltage
across the capacitor as shown by (1) and (2), the output voltage is less than the input

voltage. This current flow path is illustrated in Figure 3.

P
dt

(1)
-y
dt

(2)

Current Flow Path

Inductor

e Y\

DG (i) Capacitor __ /?

4l
o

Figure 3. On-State Current Flow Path. Adapted from [10].

The off-state disconnects the dc source from the inductor, shorting the left node to
ground. Since the inductor current cannot change instantly, a voltage is developed across
the inductor. This resulting voltage charges the capacitor which supplies the output voltage

to the load. The off-state current flow path is illustrated in Figure 4. The on-times for each
7
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state are determined by the duty cycle and occur inversely proportional to the switching

frequency.

Current Flow Path

Inductor

Capacitor __ <
DC

P Y A J
e

Figure 4. Off-State Current Flow Path. Adapted from [10].

Buck converters operate by reducing the output dc voltage below that of the input
dc voltage which is common due to the large mains voltage present in ac electrical
distribution systems. The reduced size and weight over inductive transformers are achieved

by having large switching frequency ( f,).

;_(1-Dy,
AL f,
(3)
c_(1=D) 7, L
8L AV, f.
(4)

The desired ripple in both current and voltage is a design parameter taken into

consideration prior to construction. Therefore, for given A/, and AV, design points in

continuous conduction mode, as switching frequency is increased, the required inductance

and capacitance are reduced as shown by (3) and (4) [11]. Figure 5 shows the ideal current
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and voltage waveforms associated with a buck converter while in steady state in continuous
conduction mode (CCM). CCM refers to the inductor current not crossing nor reaching
zero during the off-state in a given period. If the inductor current of a buck converter does
reach zero during the off-state, the buck converter is said to be operating in discontinuous
conduction mode. The research of this paper will focus on buck converter operations while

in CCM.

- iinput(t)

DT time

Figure 5. Ideal Buck Converter Waveforms. Adapted from [11].
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The repeating waveform nature in steady state ensures that the integral of voltage

in one period across the inductor equals zero per (5) [11].

t

7‘: on 7;
[vidt=[v,di+[v,di=0
0 ton

0

()

Since voltage is proportional to current, this implies that the area A and B of the
inductor voltage must be equal in Figure 5 [11]. Using these relationships, we can derive

the duty cycle ratio as shown in (6).

AR
Il
||§
>

(6)

From (6), it can be shown that the output voltage is a product of the duty cycle ratio and

input voltage as shown by (7).

v, =DV,

o

(7)

Figure 5 further shows that inductor current is an amalgamation of the input current and

diode current from on-state to off-state due to the potential difference across the inductor.

D. BUCK CONVERTER CONTROL

There are two largely used control methods for buck converters. The simpler of the
two is voltage control as shown in Figure 6. In this control scheme, the output voltage alone
forms the feedback loop and is compared to an external reference voltage. The error
between the reference voltage and measured output voltage is fed through a proportional-
integral (PI) controller that adjusts the pulse-width modulation (PWM) duty cycle to reduce

that error to zero.

10
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Figure 6. Simplified Voltage Mode Buck Converter. Adapted from [12].

This method does not provide inherent overcurrent protection since current is not
measured during operation. This method also has a slower settling time since the change
in load must be detected as a change in output voltage before an error signal can be
generated [13]. The second method is current control as shown in Figure 7. This method
increases the complexity of the control circuitry since it adds a second control loop that

utilizes the current of the inductive element along with output voltage.

-_F Voutput

I

V. '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 Mode Buck Converter. Adapted from [14].

The output of the above-mentioned PI controller is compared to the measured
current, and this error is fed into a second PI controller which reduces the overall system

error to zero in the same manner as the voltage control method. This control method has
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inherent overcurrent protection and faster response times due to inductor current slope and
magnitude changes due to the difference in input-to-output voltage [13]. This provides
faster line-to-load changes than voltage mode control [13]. The controls differ based on the
method the current is measured and analyzed. For example, there are control schemes that
utilize peak, average, and valley inductor currents for feedback. Peak current control has
poor noise immunity, and valley current mode has poor line regulation. Average current
mode control has excellent noise impunity and can be used in any current branch which

makes it ideal for this research [15].

E. HALL EFFECT CURRENT SENSING

There are several ways to measure circuit current for converter control. Traditional
methods use resistive or magnetic elements and include current transformers, shunt
resistors, fluxgate transformers, and Hall effect sensors. Hall effect sensors are the most
popular since they do not introduce significant inductance or resistance, operate at high
frequencies, and can be employed in a wide array of environments. Hall effect sensors
work by measuring the magnetic field of a conductor near the sensor. A small proportional
output voltage is generated in the sensor that then must be corrected for temperature and
offset, then amplified with additional circuitry [16], [17]. Since the sensor measures local
magnetic fields, this makes the Hall effect sensor susceptible to EMI. Figure 8 shows a

simplified Hall effect sensor circuit.
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Figure 8.  Simplified Hall Effect Sensor. Adapted from [17] .

A disadvantage of Hall effect sensors is their susceptibility to external EMI [18].
Sensor orientation and proximity to electromagnetic fields directly affect the EMI intensity.
Figure 9 shows the EMI noise spectrum as a function of current. High switch frequency
SMPS produce substantial EMI due to the hard switching nature of their operation. Since
SMPS utilize Hall effect sensors to measure feedback parameters for control, this added

EMI can introduce instability into their operation.
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Figure 9. Measured Bulk Current Injection Immunity Level of Hall Effect
Sensor at Varied DC Currents. Source: [18].

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

Silicon devices have dominated the electronics market for the last seven decades.
With the need for decreased size and increased efficiency for modern power electronic
applications, new semiconductor materials are becoming more readily available. WBG
semiconductors are characterized by having a band gap higher than 2.2 eV, whereas silicon
has a band gap of 1.12 eV. GaN meets this requirement with a band gap energy of 3.44 eV
[19]. GaN is a direct band gap material [20] that allows an electron to move from the
conduction band to the valence band with a photonic emission alone rather than a phonon
and photon as with Si. The mechanisms of light emission in direct band gap materials such
as GaN will be discussed in more depth in the next section. GaN has additional material
properties that aid in its use in modern power electronics. The critical electric field at
breakdown of GaN is an order of magnitude greater than Si at 3.3 MV/cm and 33.33%
higher electron mobility which is tightly correlated to Baliga’s Figure of Merit (FOM) [21]
which is discussed in detail in the next section. GaN and Si have roughly the same thermal

conductivity. A side-by-side comparison is shown in Table 1.
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Table 1. Si vs. GaN Semiconductor Materials. Adapted from [19], [22].

SemlconQuctor Si GaN
Material
Band gap (eV) 1.12 3.44
Direct or Indirect Indirect Direct
Band gap
Electron Mobility
1500 2000
(cm?/Ves)
Density (g/cm?) 2.33 6.1
Critical of
Breakdown Field 0.3 33
(MV/cm)
Thermal
Conductivity (W/ 130 110
meK)

2. GAN PN Diode Structure

A PN diode is constructed of the junction of a P-type and N-type semiconductor
material. At the bonding site, a depletion region is created due to electrons diffusing across
the junction from the N-type material and recombining with holes in the P-type material.
The opposite is also true with holes diffusing across the junction from the P-type material
side and recombining with electrons in the N-type material side. Due to the heavy doping
of the P-type material of the GaN diode, we assume the depletion width on the P-side is
negligible [23]. With this assumption, we can analyze the GaN PN diode as having an ideal
drift region due the large doping concentration on the P-side, small doping concentration

on the N-side, and uniformly doped drift region [21]. This results in a triangular electric
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field distribution with the peak electric field at the junction and the lowest electric field at

the maximum depletion width, as shown in Figure 10 [21].

FP-type
oN Electric Field
Junction - >
e
A
Depletion -
Region P
e
~
Wi
v

N-type

Figure 10. Ideal Drift Region of GaN Diode with High P-Side Doping and
Associated Electric Field Distribution. Adapted from [21], [23].

The specific on-resistance (Ron.sp) of an ideal drift region is shown in Equation 8
which is a function of the width of the drift region (Wb), the doping of the material (Np),
mobility of the material used (un), and charge of an electron (g) [21].

WD
qyn ND

on.sp

(8)

Equation (8) can be modified by redefining depletion width and doping
concentration in (9) and (10). The depletion width under breakdown condition can be
defined as a function of desired breakdown voltage (BV) and critical electric field of the

semiconductor material (£.) [21]. The doping concentration (N, ) of the drift layer
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required for the desired breakdown voltage can also be related to the critical electric field,

dielectric constant (¢, ), electron charge, and breakdown voltage [21].

w 2B
EC
©)
_ gsEé
P 2qBV
(10)

We can combine the above equations, eliminating geometry-dependent terms, to give the

ideal specific resistance in terms of Baliga’s FOM, which is &,z E] as shown in the

denominator of Equation 11 [21].

4BV
SS/’lnEé

on—ideal =
(11)

Baliga’s FOM is purely material dependent and indicates the tradeoff between
optimal drift region on-state resistance and breakdown voltage. Figure 11 and Equation 11
show how GaN high critical electric field and high mobility result in a lower drift resistance

than Si or SiC for a given breakdown voltage for a drift layer.
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Figure 11. On-state Resistance vs. Breakdown Voltage of Semiconductor
Materials. Source: [24].

3. PN Losses and Reverse Recovery Time

The lower on-state resistance of a GaN PN diode indirectly improves reverse
recovery time as shown by Figure 12. The negative slope between t1 and t2 is increased,
effectively reducing the At due to the smaller physical die area which eliminates the effects
of inductance external of the diode [21]. The direct band gap of GaN allows faster
recombination to remove excessive charge between t2 and ts. These effects allow the
reverse recovery time of GaN PN diodes to be measured in nanoseconds, whereas silicon
is in milliseconds. These effects allow the operation of GaN PN diodes at higher switch

frequencies which allows for reduction in reactive element size in power converters.
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Figure 12. Diode Current During Reverse Recovery. Adapted from [25].

Power losses in a power diode can be broken down into conduction losses and
switching losses. Total power losses in the diode are shown in (13). Baliga’s FOM shows
that the on-state resistance is low for the GaN diode which reduces the conduction losses.
The reduced area size of the die lowers the parasitic capacitance, and the faster reverse
recovery time reduces the switching losses. Equations (12) and (13) show the dependence
of device power loss on the on-state resistance, reverse recovery time, device capacitance,
and switching frequency. Faster recovery times and reduced power losses make GaN an

ideal material for high-power SMPS.

t,=t,—t,
(12)

1 1
PD:(Ijan+VFIon)(1_D)+_Cdn2ﬂw+_1RRthb SW
2 6 (13)
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4. Electroluminescence of GAN PN Diodes

In a semiconductor material, recombination occurs when a conduction band
electron recombines with a hole in the valence band. The energy of the electron-hole
system is conserved before and after this process by emitting either a series of phonons or
a photon as shown by Figure 13. Due to the indirect band gap of Si during band-to-band
recombination, phonons, which are quasiparticles associated with the vibration of a crystal
lattice structure, are primarily emitted. GaN is a direct band gap material that primarily
emits a photon during recombination through two different mechanisms. A photon at the
energy of the band gap is emitted in direct band-to-band recombination. In this process a
free electron combines directly with the vacancy in the electron shell [26]. This differs
from excitonic recombination in that it is immediate. Excitonic recombination involves the
formation of a hydrogen-like state between an electron and a hole, called an exciton, before
recombination. The formation energy of the exciton reduces the energy of the emitted

photon in comparison to direct band-to-band recombination [26].

A Direct Bandgap A Indirect Bandgap
l: Conduction ‘ |: Conduction '
\" Band / \" Band /
\ / N /
\ / N /

o

@ ¢ Electron Electron ——3 —®

l W Photon ~—3 Phonon

o 4«—— Hole

o 4«—— Hole

/ AN /
/ \ / \
[ Valence [ Valence
Band | II Band |
k k

Figure 13. Direct vs. Indirect Band Gap. Adapted from [27], [28].
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Forward biasing of the GaN PN junction increases the radiative output of the diode
since the electrical current supplies additional holes and electrons to recombine. The EL
spectra of GaN exhibit two peaks at roughly 390 nm due to excitonic emission and 570 nm
caused by impurities in the fabrication process [5]. The EL out of a GaN diode is dependent
on both current and temperature. Figure 14 shows a strong temperature dependence at the
390 nm peak and two intensity inversions prior to the 570 nm peak. Also, the EL peaks
both slightly shift to the right as temperature and current are increased. Figure 15 shows a

strong current dependence across the entire EL spectra.

2500

Temperature (C)

- 30C
40C
50C
60C
70C
80C
90C
100C
110C
120C

2000

-
[4)]
o
o

Light Intensity (a.u.)
o
o
o

500

Il ! L 1 1 g - 1
500 550 600 650 750 800
Wavelength (nm)

Figure 14. GaN Spectra at 1.0 A with Varying Temperature. Source: [29].
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Figure 15. GaN Spectra at 30 °C with Varying Current. Source: [29].

Since both temperature and current affect the EL output, both temperature and EL intensity
would need to be known to estimate the current in the GaN material. The difficulty is

obtaining a real-time temperature at the GaN junction during operation.

5. Theory of Calibration

Broeg created an optical current calibration method by using a pulsed current
source to generate fixed-duty cycle square waves with the GaN diode as a series load [5].
A singular 10 nm optical filter was centered at spectra peaks of interest and the EL was
measured over varying current and temperature ranges to create multiple 3D surfaces to
investigate the spectra range best suited for current estimation [5]. Williams tested a digital
signal processor (DSP) based microcontroller implementation utilizing a lock-in amplifier
detection method [7]. Porter et al. produced an experimental calibration method that
utilized two optical filters at 390 nm and 420 nm [30]. EL measurements were recorded
over varying current and temperature ranges to create two separate 3D surfaces that are

represented by (14) and (15).
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Si= f1(1,T)
(14)

S2= £2I,T)
(15)

Using both optical sensor inputs simultaneously, the polynomial was solved using
Newton’s method to use the last solution as the initial guess for the next sensor acquisition.
This resulted in high accuracy at steady conditions, but the iterative approach created long
delays during transients. This approach was also limited due to temperature as a required

input variable which is problematic to measure at the junction.

In (14) and (15) temperature is dependent on power loss in the GaN diode as shown

by (16).

P

loss

=F,1-D)+F,
(16)

This allows for the substitution of the duty cycle, which is a control variable easily
calculated during operation, in the place of the unknown junction temperature which is
difficult to obtain. Additionally, the 390 nm peak of the GaN spectra has the highest
temperature dependence as shown previously in Figure 14. If an optical filter is employed
to remove the heavily temperature-dependent section of the spectra, the variation in EL
would more closely represent current regardless of thermal transients. Since the duty cycle
is relatable to the output power of a current controlled buck converter, a 3D surface can be

experimentally derived to relate the duty cycle and EL intensity to the diode current.
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III. EXPERIMENTAL DESIGN AND CALIBRATION

The following chapter will discuss the hardware and software selected for this
experiment. To facilitate rapid prototyping, readily available commercial-off-the-shelf
components were used. This proof of concept was designed to demonstrate the extraction
of system current using electroluminescence from a GaN PN flyback diode and utilizes
that quantity in the feedback loop of the buck converter control system in real time. The
future work chapter will discuss improvements to this design to achieve faster transient
response. Figure 16 is the overall system schematic and will be discussed in greater detail
throughout this chapter. The elements of design can be broken down into three main

modules as shown in Figure 17.

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

Figure 16. Overall System Schematic
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Figure 17. Simplified System Schematic

A. BUCK CONVERTER MODULE

Since the objective of this research is to determine the viability of extracting current
information from GaN EL, output ripple, size, and efficiency of the buck converter were
of little concern. A 100 kHz switch frequency was selected to ensure the design was
representative of modern buck converters, yet within the microcontroller limitations
discussed later in this chapter. To ensure maximum light emission during the off-state, the
buck converter was designed to remain in CCM under all load conditions. To facilitate this
and future work capacity, the capacitor and inductor were purposefully oversized to

achieve this goal.

The gate drive and half bridge were comprised of a Wolfspeed
KIT8020CRD8FF1217P-1 Silicon Carbide MOSFET evaluation kit. A depiction of this
module is shown in Figure 18. The JM1 jumper was desoldered and lifted to split the half
bridge. This allowed the GaN diode to replace the bottom MOSFET as shown by
Figure 19.
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Figure 18. KIT8020CRD8FF1217P-1 Wolfspeed SiC 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 diode used was a commercially available vertical GaN PN diode in a TO-257
package shown in Figure 20. This diode batch was characterized by Broeg [5] and was
found to have a forward voltage of 3.1 V, an on resistance of 0.2 Q, and breakdown voltage
of 1200 V. The implementation of the diode will be discussed in greater detail in the next
section. The inductors are two series connected Dale IHC-30-150 for a total of 300 pH
inductance. The low pass filter capacitor was constructed of 60 0.47 uF MKP-X2
capacitors in series for a total of 27.12 pF of capacitance and ESR of 0.33 Q. A Tekpower
TP3710A electronic load was used to provide variable load conditions and external voltage

and current measurements.
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Figure 20. Unmodified TO-257 GaN Diode Package

B. GAN MODULE:

A similar method of optically coupling the GaN diode and fiber optic cable was
employed as in previous work by Williams [7]. To maximize the EL capture, the TO-257
GaN diode package was modified with a jewelry saw as shown in Figure 21. This
configuration allowed for centering of the linear slit SMA905 connector of the 1:4 Thorlabs
multimode fiber bundle perpendicular to the light emission plane of the diode with a

custom SMA holder on a J-bar mount as shown by Figure 22.
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Figure 21. Modified GaN Diode Package

T\E¥T b o

Figure 22. GaN Diode Butt Coupling

For active temperature control of the diode, two Peltier modules wired in series and
controlled by a PSO1-PA12v20 Ostech TEC controller were used. Temperature detection
was accomplished with a 40 kQ thermistor in direct contact with the modified TO-257 GaN
diode package as shown in Figures 23 and 24. The Ostech interfaced with LabView on a
standalone computer. An aluminum nitride wafer was utilized to electrically isolate the

GaN diode from the heatsink to minimize EMI production shown in Figure 23.
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Figure 23. Mounted GaN Diode Module Configuration

Before its inclusion the switch noise produced from the electrically connected GaN
heatsink during operation was significant enough to disrupt the operation of the Ostech
temperature monitoring hardware through induction into the Peltier coolers. Several
insulators were tested, but the electrical and thermal properties of aluminum nitride made

it the superior choice.

LabVIEW
Thermistor > OsTech Control
< Computer
GaN Diode
Y
Peltier

Figure 24. Temperature Monitoring and Control

Active temperature control was necessary to minimize the thermal capacitance that
existed between the GaN diode and heatsink due to the thermal resistance of the aluminum
nitride wafer. This reduces the thermal transients experienced during large duty cycle
changes. The heat sink was sized to offer significant mass to ensure extended run times of

the system with minimal forced air cooling.
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C. SENSING AND CONTROL MODULE

The control and sensing module utilized two different programming suites to
implement the controls and parameter measurements. The controls, voltage measurement,
and post initial current sampling and filtering were implemented by Simulink which allows
rapid prototyping in a graphical programming language. It also has the added advantage of
directly exporting information to MATLAB for data acquisition and analysis. The initial
current sampling and filtering was performed with the Arduino IDE. The Arduino IDE
provides a large array of prebuilt open-source libraries for quick implementation and fine-

tuning prototype designs.

1. Voltage Sensing

System efficiency was not a concern for this proof of concept which allowed the
use of a 100 kQ 10:1 voltage divider to be employed for output voltage measurement as
shown by Figure 25. An 84 MHz Arduino Due as shown in Figure 26 which has one analog
to digital converter (ADC) multiplexed across all analog input channels was used to sample

the divided voltage signal.

i—z Simulink

10:1
Load/? Voltage —— Arduino Due
Divider

f—i

Figure 25. Voltage Detection
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Figure 26. Arduino Due. Source: [32]

Once sampled, a digital averaging filter was used to remove the undesired high
frequency components. The sample window of the averaging filter directly affects the delay
imparted into the voltage feedback loop. To ensure acceptable voltage overshoot and
quicker system response to voltage transients, a small filter window was used. Due to
sampling error and the high EMI environment, the measured voltage at the buck converter
output was not accurate. A Fluke 77 III and the electronic load was used to determine the
voltage error from 20%—-80% as shown in Figure 27. A MATLAB function block was used
in Simulink to correct the error to less than 0.1 V by detecting the demanded duty cycle
and subtracting the difference from the sampled voltage to ensure proper operation of the

buck converter.
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Figure 27. Voltage Error between Sampled Voltage and External Measured
Voltage

2. Current Sensing

Figure 28 shows a block diagram of the high-level current detection method. The
Arduino Due then resampled the digital to analog converter (DAC) output from the Teensy
4.1. Since the output electrical signal no longer contained the high frequency switch
components, the Arduino Due could accurately sample with its hardware limitations.
Additional filtering was performed to remove transmission noise and produce a constant

output signal that could be measured during calibration.

Arduino [DE Simulink

Fiber Optic p Optical Filer ¥ Photo Diode SRLNA Teensy 4.1 Arduino Due
Cable Detector

Figure 28. Current Detection and Sampling

33

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



The EL signal of the GaN diode is converted to an electrical signal via a ThorLabs
APDI30A2 photo detector after being optically filtered with a Thorlabs 450 nm high pass
filter to reduce temperature dependance on the GaN EL spectra. A Stanford Research 560
low noise amplifier is then used to amplify and condition the signal for sampling. Due to
the multiplexed ADC of the Arduino Due it proved to be inadequate to meet the minimum

Nyquist sampling requirements.

A Teensy 4.1 microcontroller as shown by Figure 29 was overclocked to 816 MHz
to provide dedicated sampling for the diode current signal. The sampled current signal was
then filtered with a median and average filter onboard the Teensy 4.1 before being passed

to the Arduino Due via an external DAC as shown by Figure 30.

Arduino IDE
Teensy 4.1

Digital Median Digital
Filter Average Filter

DAC

Y

Simulink
Arduino Due

Digital
Average Filter

Digital Median |_

3D-Surface Filter

L e—

A

Figure 30. Expanded Teensy to Arduino Due Communication

Figure 31 shows diode current at the output of the ThorLabs photodiode prior to

being sampled by the Teensy 4.1. The inductor current was externally measured by a
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Tektronix TCPA300 AC/DC current probe and monitored on a Keysight DSOX1304t

oscilloscope to ensure the buck converter was operating in CCM.

79% Duty Cycle Diode Signal 19% Duty Cycle Diode Signal
2 2
2 2
O o1y
> >
0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Time (s) %107 Time (s) %107

79% Duty Cycle Inductor Current 129% Duty Cycle Inductor Current

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Time (s) %1073 Time (s) %1073

Figure 31. Oscilloscope Capture of 79% and 19% Duty Cycle Diode/Inductor
Current Waveform

3. Calibration and Current Surface

As previously discussed, the 390 nm peak in the GaN EL spectrum is most affected
by changes in junction temperature. The 390 nm peak also has the highest intensity value
which means that the large change of that peak intensity drastically changes the magnitude
of the output electrical signal. By filtering the section of the spectrum most affected by
temperature, we effectively reduce the temperature effect on the photodiode output
electrical signal. This simplifies the 3D surface and removes the need for complex controls
to account for the thermal transient that affects spectrum intensity. Previous work by

Williams [7] used current, EL intensity, and temperature as the axis for the calibration
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surface. This necessitated the need for representative temperature measurement of the
diode junction to convert EL intensity to current. However, the work of this thesis uses the
duty cycle in the place of temperature. This change arises from the fact that junction
temperature is dependent on power dissipation and power dissipation is roughly inversely
proportional to the duty cycle. For example, when the duty cycle is high, the off time of
the switching element is short. The off time is the portion of the period in which the diode
is conducting. Therefore, less power is dissipated in the diode for which results in a lower
junction temperature. The reverse is also true. When the duty cycle is low, the conduction
time of the diode is longer, therefore, junction temperature is higher. This approach realizes
the fact that junction temperature is a byproduct of the duty cycle and can be substituted in
place of temperature in the 3D current conversion surface. The duty cycle is easily
calculated from the output signal of the second PI. This removes the need for accurate
temperature measurement of the diode junction and replaces it with a value inherently

generated during operation.

4. Calibration Method

To perform the current sensing calibration, a modified Simulink control scheme is
utilized as shown in Figure 32. To create the 3D surface, the electronic load is used in
constant current mode. In this mode the load resistance is automatically altered by the
electronic load to maintain current at the commanded value. The reference value input is
quantized in steps of approximately 20% duty cycle. It is then varied in steps to simulate
specific duty cycles and the light intensity is manually recorded. This process is repeated
in 0.2 A intervals from 0.8 A—3.2 A and from 20%—-80% duty cycle manually inserted into
PWM block via external potentiometer. The MATLAB curve fitting tool is then used to

generate a 3D current conversion surface as shown in Figure 33.
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Figure 32. Current Calibration Method
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Figure 33. 450 nm Optical High pass Filter Current Conversion Surface
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S. Control System Design

The control system was designed and implemented via Simulink with an Arduino
Due as the controlling microcontroller. A dual PI average current control scheme was
employed in the control system design. The reference voltage was supplied with a
potentiometer being powered by the 5 V output pin on the Arduino Due. The resulting
voltage divider output was sampled then quantized with the Simulink quantizer block to
produce approximately 5 V step changes in reference voltage. The Arduino bias is required
when using an Arduino Due in a PI controller scheme. The PI controller drives the error
between the commanded value and measured value to zero, and since the Arduino PWM
operates with an 8-bit (0-255) input, the PWM output duty cycle would always be zero.
Due to this limitation, a bias of 128 is added to the second PI output as shown by
Figure 34 to set the initial PWM output duty cycle to 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 the PI coefficients was done experimentally utilizing the Ziegler-
Nichols method due to the large delays introduced in the filtering process. The polynomial
coefficients of the 3D current conversion surface are then used in a Simulink function block

as shown in Figure 35 to convert EL and duty cycle into an estimated current in real time.
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IV. TESTING AND ANALYSIS

Before testing, the Simulink current calibration program is executed, and data
recorded to generate the current-duty cycle calibration surface within 5% accuracy of the
measured current as read on the programmable electronic load. Once the calibration is
complete and new polynomial coefficients are uploaded to the buck converter control
program, a calibration performance run is performed to ensure the 5% estimated current
accuracy is achieved. During the performance run, the output voltage sampling error is
recorded and corrected to within 0.1 V of the electronic load and external Fluke 77 III
DMM measurements. Once the performance run has been completed satisfactorily within
the desired tolerances, the testing plan was initiated. Test 1 and 2 was conducted initially

and the calibration data is shown in Table 2 with the calibration surface shown in

Figure. 36.

Table 2. Test 1 and 2 Calibration Data

Reference Step
50 100 150 200
g 1| 700.77 517.16 | 485.00 | 600.00
§ 2| 1805.00 | 1396.16 | 1134.80 | 1019.00
S | 3]2347.10 | 2797.50 | 2191.70 | 1455.40
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Figure 36. Test 1 and 2 Calibration Surface

Test 3, 4, and 5 utilized a different calibration surface since the testing was
conducted several weeks apart with different environmental factors. The calibration data is
shown in Table 3 with the calibration surface shown in Figure. 37. Since the prime research
objective of this work is to determine a method of extracting real-time converter current
utilizing GaN EL, the focus of the test analysis will be estimated current accuracy and

estimated current delay time.

Table 3. Test 3, 4, and 5 Calibration Data

Reference Step
50 100 150 200

1| 707.00 | 620.40 | 534.80| 539.30
2| 1852.00 | 1532.70 | 1259.30 | 1010.00
312920.00 | 2840.70 | 2241.20 | 1603.00

Current (A)
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A. TEST 1: SMALL VOLTAGE SETPOINT TRANSIENT TEST

The small voltage transient test consisted of a constant 7.2 Q load established by
the programmable electronic load. This resistance was chosen to allow buck converter
operation across a wide range of duty cycles yet remain within the 1-3 A calibration range.
Since the Arduino control system operates on an 8-bit (0—255) range, the reference values
were quantized and step-inserted manually via the voltage reference potentiometer in
intervals of 50. Table 4 shows the test sequence of variable voltage reference values

inserted.
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Table 4.  Test 1 Sequence

gbit | _volage
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 the test, the control system was allowed to stabilize before the subsequent
step insertion. Commanded current, estimated current, reference voltage, output voltage,
and duty cycle were data captured in real-time via Simulink and exported to the MATLAB
work area at the conclusion of the test. Output current was calculated with Ohm’s law
utilizing the output voltage and the programmed load resistance value. Figure 38 shows the

output performance of Test 1.
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Figure 38. Test 1: 7.2 Q Constant Load, Variable Reference Voltage
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The output voltage during the transient from 14.71 V-19.61 V and from 19.61 V—
14.71 V exhibits an instantaneous undershoot and then overshoot. This is due to internal
processing of the Arduino controller and the fact that all these traces are recorded therein.
A different error correction factor is utilized for different voltage ranges. When the step
insertion of the new reference voltage occurs, the error correction value is different, which

is represented by an instantaneous voltage change.

During the test, an upper output saturation of 3.5 A and a lower output saturation
of 0.5 A were applied to the first PI that generates the commanded current signal. This was
done to limit the commanded current overshoot generated due to the delay time between
the commanded current step change and the estimated current conversion. As discussed in
previous sections, several low-frequency poles were inserted in the form of moving average

and median filters to facilitate a semi-stable output signal to accomplish manual calibration.

The large delay time present with an average of 9.05 s in the current system
configuration is unacceptable and must be reduced by several orders of magnitude to
become a viable current measurement option. The future work section will discuss
improvements in design to drastically minimize this effect. Figure 39 shows the accuracy
of the estimated current versus the calculated output current. The highest steady-state
estimated current error was 3.58%, with an average of 2.0% of calculated output current
during the test. The transient current error was much more significant during the test,
namely due to the considerable delay time in estimating the diode current. Reducing the
current estimation delay time and thus reducing the transient delay error will be the focus

of future improvements to this design.
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Figure 39. Estimated Current vs. Calculated Current Percent Error

B. TEST 2: LARGE VOLTAGE SETPOINT TRANSIENT TEST

The large voltage transient test consisted of a constant 7.2 Q load established by
the programmable electronic load. Table 5 shows the test sequence of variable voltage
reference values inserted. The control system was allowed to stabilize during the test before
the subsequent step insertion. Commanded current, estimated current, reference voltage,
output voltage, and duty cycle were captured in real-time via Simulink and exported to the
MATLAB work area after the test. Output current was calculated with Ohm’s law utilizing
the output voltage and the programmed load resistance value. Figure 40 shows the output

performance of Test 2.
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Table 5. Test 2 Sequence

. oltage
8-bit v Hag
Step Equivalent
Reference
(Volts)
100 9.80
2 200 19.61
100 9.80
T T I
< 20 \ —Reference Voltage[]
;’ —Output Voltage
215 n
8
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
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Time(sec)
1 T T T
2
0038 |
&
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A 0.4 -
1 1 1
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Time(sec)

Figure 40. Test 2: 7.2 Q Constant Load, Variable Reference Voltage

The output voltage from 9.80 V-19.61 V and 19.61 V-9.80 V exhibits the same
undershoot and then overshoot as in Test 1. The first PI output saturation was maintained

at 3.5 A for the upper output saturation and 0.5 A for the lower saturation, as in Test 1.
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The large voltage transient resulted in an average delay time of 9.04 s. This delay
time is in line with the average delay time in Test 1. This shows that delay time is not
drastically affected by the transient size but is due to the delay introduced by many filters
in the processing path creating a constant signal during calibration. Figure 41 shows the
accuracy of the estimated current versus the calculated output current. The highest steady-
state estimated current error was 3.765%, with an average of 2.8% of calculated output

current during the test. The large transient current error is due to the same mechanism as

Test 1.
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k ——Percent Error
40 F —Calculated Current}{ 5 g
—— Estimated Current
30 412.6
20+ 12.4
= <
"s: 10 12.2
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. Estimated Current vs. Calculated Current Percent Error

C. TEST 3: LOAD-STEP TRANSIENT TEST

The load-step transient test consisted of a constant 14.71 V reference voltage with
three variable load resistances steps inserted at the transient times via the programmable
electronic load, as shown in Table 6. The three load resistances step values were chosen
based on the value of the constant reference voltage to ensure the buck converter output

current remained within the 1-3 A calibration range. The control system was allowed to
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stabilize during the test before the subsequent step insertion. Commanded current,
estimated current, reference voltage, output voltage, and duty cycle were captured in real-
time via Simulink and exported to the MATLAB work area after the test. Output current
was calculated with Ohm’s law utilizing the output voltage and the programmed load
resistance value. Figure 42 shows the output performance of Test 3. Unlike the previous

test, no output saturation of the first PI was utilized during this test.

Table 6.  Test 3 Sequence

Load
Step | Resistance
(Q)
1 15.0
2 7.5
3 4.9
4 7.5
5 15.0
17 T T T T T T
—Reference Voltage
S 16 [~ ——Output Voltage |‘
% 151 — /\'\ k ]
E 1al \Vagl \/_/ ]
L 1 1 L 1 1 1
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Time (sec)
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Figure 42. Test 3: 14.71 V Constant Reference Voltage, Variable Load
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The current transient test resulted in an average delay time of 10.49 s. Figure 43
shows the accuracy of the estimated current versus the calculated output current. The
highest steady-state estimated current error was 4.637%, with an average of 1.96% of
calculated output current during the test. The significant transient current error is due to the

exact mechanism of the previous test.
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Figure 43. Estimated Current vs. Calculated Current Percent Error

D. TEST 4: SINGLE PI DIRECT CURRENT CONTROL TEST

For Test 4, a modified control program was utilized that eliminated the first PI
controller to allow a constant current value manually inserted via the reference
potentiometer, as shown in Figure 44. During this test, a constant 4 Q load was established
via the electronic load. The load resistance was chosen to show buck converter operation

across a wide array of duty cycles yet maintain the output voltage within the 0-25V design
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range. Reference current was varied in accordance with Table 7, and the system was

allowed to stabilize prior to the next step insertion.

Simulink

Reference

Current PI e PWM

Predicted . .
Output Voltage Current Arduino Bias

A

A 4

Current Signal

Figure 44. Test 4 Modified Control Program

Table 7.  Test 4 Sequence

Reference
Step Current

(A)

DB (W=
— N[ W[ —

Commanded current, estimated current, reference voltage, output voltage, and duty
cycle were captured in real-time via Simulink and exported to the MATLAB work area
after the test. Output current was calculated with Ohm’s law utilizing the output voltage

and the programmed load resistance value. Figure 45 shows the output performance of

Test 4.
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Figure 45. Test 4: Single PI, Constant Load, Variable Reference Current

No PI output saturation was utilized during this test. The clipping estimated current
exhibited during the transients is due to the large window median filter used to reduce the
duty cycle dependency of the EL intensity. This effect can be eliminated and discussed in
the future work section. The current transient test resulted in an average delay time of
9.58 s. Figure 46 shows the accuracy of the estimated current versus the calculated output
current. The highest steady-state estimated current error was 4.93%, with an average of

2.78% of calculated output current during the test. The large transient current error is due

to the same mechanism as the previous test.
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Figure 46. Estimated Current vs. Predicted Current Percent Error

E. TEST 5: ACCURACY AND STABILITY TEST

For the accuracy and stability test, the original dual PI control program was used.
A constant 14.71 V reference voltage was inserted, with a constant load resistance of 7.5
Q established via the electronic load. No variables were changed, and the buck converter
was allowed to operate in steady-state for approximately one hour. Commanded current,
estimated current, reference voltage, output voltage, and duty cycle were captured in real-
time via Simulink and exported to the MATLAB work area after the test. Output current
was calculated with Ohm’s law utilizing the output voltage and the programmed load
resistance value. Figure 47 shows the output performance of Test 5. No PI output saturation
was utilized during this test. This test demonstrates that the current conversion method is
stable, accurate, and can be employed continuously without breakdown. Figure 48 shows
the highest steady-state estimated current error was 0.481%, with an average of 0.380% of

calculated output current during the test.
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Figure 47. Test 5: 14.71 V Constant Reference Voltage, Constant 7.5 Q Load
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Figure 48. Estimated Current vs. Calculated Current Percent Error
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V.  CONCLUSION AND FUTURE WORK

A. CONCLUSION

This research investigated the feasibility of real-time control of the current mode
buck converter via a vertical GaN PN diode electroluminescence (EL). A current mode
asynchronous buck converter was designed and built to remain in continuous-conduction
mode (CCM) under all load conditions to ensure maximum diode conduction time. The
GaN diode EL was optically filtered and converted into an electrical signal. The electrical
waveform was further digitally filtered and then converted into an estimated current value
as a function of EL intensity and buck converter duty cycle. The estimated current value
was utilized for the inner loop feedback. Five tests were performed to test the estimated
current accuracy and estimated current delay time. The average delay time across the first
four tests was 9.54 s. Modern dc—dc converters have sub-millisecond response times, so
improving this metric must be the focus of future optimization. The estimated current
accuracy across the five tests was 2.02%, well within the 5% initial design specification.
The manual calibration method to achieve this accuracy level caused much of the current

delay due to the need for extensive digital filtering to create a stable current signal.

B. FUTURE WORK

The delay time in the current response can be reduced with specialized hardware
selection and a low-overhead programming language. The Arduino Due was selected since
it had the highest capability of the Arduinos supported by Simulink. However, the ADC
bandwidth was inadequate due to the number of signals to be sampled and the buck
converter switching frequency. The need to add a secondary microcontroller for dedicated
sampling and initial DSP of the photodiode current signal drastically increased the current
delay time. Simulink has many advantages that facilitate rapid programming. However,
due to the graphical nature of the programming language, it has a much higher overhead
when compared to Python or C-based languages. Optimization of both the hardware and
coding will be required to obtain sub-millisecond or better current estimation times.

Additionally, the current estimation accuracy and current delay would benefit from a more
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sophisticated sampling and filtering process. The use of median filters to remove the duty
cycle dependence and multiple moving average filters to remove EMI noise directly

contribute to the process delay time of the current signal.

Since the optical coupling is in an open atmosphere, environmental effects such as
humidity need to be further investigated. Whereas comprehensive testing of this
phenomenon was not an objective in this research, it was noted during testing that humidity
fluctuations affected the intensity of the GaN EL and the accuracy of the calibration
surface. A proposed solution to eliminate this interference would be to place the GaN test
device in a humidity-sealed enclosure or directly butt couple the fiber to the device and

encapsulate the diode rather than leave it open to the environment.
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APPENDIX: SIMULINK/MATLAB
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Figure 50. Simulink Single PI Control Program
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