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CHAPTER |

INTRODUCTION

The growing demand for electronics in radiation environmeats driven the
need for researchingadiation effects on electronicén some applicationsmission
critical tasks move the system into a radiatiowi®nment such aghe use ofrescue
robots in the event of a nuclear disaqtdr In other applications, the purpose of the
mission is to analyze the performance of internal electronics in the radiation environment,
i.e. the many CubeSats that have provided relatively-tmst access to space in recent
years [2]. In both cases, the components of the systdmsensors, actuators,
communication equipmengtc. i need regulated DC power voltages. &lg, if the
power converter fails, its |l oad will also
output voltage drifts, then system performance can degrade in unexpected ways.

The gamma radiationexperienced ina nuclear disaster o the space
environment will degrade the performance of thewer regulators, also known as
DC/DC convertersusedfor these applicationdMany of then use commercial off the
shelf (COTS)omponent$3], [4], [5]. These parts are not designed for useradaation
environment, but they are significantly ci
har do c o T €OTS integrated power converters that are commonly used are
uswally made from many MO®ased devices. It is wdthown in the radiation effects
community that MOShased devices experience degradation due to the total iodizseg
(TID) of gamma radiatiof6].

Linear regulators and DC/DGngiching converters are two of the most common

types ofpoint of load POL) DC/DC power converterfg]. Having one or two main bus

1



voltagesi such as a battery voltage or a solar cell busilia@d many POL converters

that provide a regulated voltage at the point of need allows for more flexibility in the
system designDC/DC switching power converters are frequerghosen because they
provide a highly efficient regulated DC output voltage frtira DC input voltage[7].
Historically, radiation effects research in the area of switching converters has focused on
large signal changes and parametric shifts of subcomprmé convertersbuilt from
discrete part48], [9]. Little information exists in the radiation effects literature about
smaltsignal parameters or frequency response and statiilihese converterglowever,

similar work has been done analyzing the loop gain for linear regulfi®is
Additionally, & technology scales, desired converters are increasingly integrated onto a
single die.As the power regulation circuitrgf these switching convertet®as become

more compact, the ability to perform measueats on them has become more difficult

This thess discusses the necessary measurement setuperform smaikignal
measurements on integrated converténge loop gain measurements tlexiamine the

effeds of TID on a switching converter appropriate ftre previously discussed
applications, and a comparison of [I0he r es!
Changes in the output regulation are correlated to changes in the loop gain and trends in

the loop gain with ineasing TID are discussed.



CHAPTER Il
LOOP GAIN AND RELEVA NT RADIATION E FFECTS BACKGROUND

Researching the effect of TID on the loop gain of switching converters requires an
understanding of both control theory and radiation effects on electronics. The key

background concepts necessary for this work are explained in this chapter.

Buck Converter Configuration

The buck converter is one of the most basic switching converter topoltigies.
takes an input DC voltage and produces a smaller, regulated DC outfagevin
switching converters, the value of the output voltage is adjusted by controlling the
switchodés duty cycl -@me((th pf the switeh overathieiswitchimg t h e
period (T5). By definition, this value is between 0 and 1, inclusiver. & buck converter

the output voltage is related to the input voltage by the following equation
Woo = 06—;03@ = 07 Gy 1)
Figurel, from [7], shows the main componentsthe buck converter: a supply voltage

(Vg), a switch (Q1), a diode (D1), an inductor (L& output capacitor (C), and a load

(R) which create a DC output voltage V.

2 .
14T )

v. ® T D, c—|— RSV

[y T _

Figurel. Buck Converter, image frofi]



In the buck converter le the switch(Q1) is closed, currentampsup through the
inductor andvoltage builds up across the capacitor. Then when sgtch opens, the
current through the inductor will decrease, decaying exponentially, while the voltage
across the capacitor decays as well. If the inductor current never reaches zero, then the
converter is said to be operating in the continucosductiom mode (CCM), and
conversely if it does reach zero, then it is operating in the disconticoodsictionmode
(DCM). Figure2 andFigure 3 show the buck converter waveforms for CCM and DCM,
respectively.

[t} igle) 4

i

0 DT, T, : &

UM

=

0 oT, T, !

S

Figure3. Inductor current (left) and diode current (right) of buck converter in QM

Figure4 shows the buck converter, including the block diagramshiicontrol circuitry

that provides the signal to drive the switchudes a resistor divider (showntas sensor
gain H(s) inFigure4) to compare the value of the output voltage to a reference voltage
and then adjust the duty cycle supplied by the pwiséh modulator (PWM).
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Figured. Buck Converter, block diagrafv]

Loop Gain Definition

The loop gain T(s) is defined as the product of the sgigiial gains in the
forward and feedback paths of the Id@jp. The magnitude of the loop gain determines
how quickly a system will respond to a disturbance as weibaswell the output tracks
the referenceThe loop gain affects performance of the regulator in terms of its
bandwidthor crossover frequency( @, as well as the stegdtate error T(0)Figure5
shows alassic feedbacklock diggram with G as theopen loop gain of the system,ds
the gain of the feedback network, and e(s) as a disturbance, that illustrates the importance
of having a large loop gain. Equati¢® shows how much each element contributes to
the output voltage, anBquation(3) as discussed ifiL0] is the linear regulation of the
feedback circuit, given that(§ is the open loop linte-output gain and T(s) is the loop

gain of the feedback circuit.
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Figure5. Feedback block diagram, including a disturbance e(s)
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If the loop gain is sufficiently largé;(s) >> 1,then the disturbance will not have
noticeable effect on the output voltage, @hiwill track with the reference voltage. The

ideal case of Equatiaf2) would be:

Ugoo = l&—?g)z (4)
As the loop gain becomes smaller, the effects of the disturbance become bigger
and the output voltage does not track with the egfee voltage as welas shown in
Equation @). Lumping the transfer functions into simple blocks provides an idealized
example but each component of thactual convertesystem has a transfer function
which contributes to the overall response of theudirand within a circuit these

components will experience loading effeft]. This loading effecieads to some of the

measurement challenges, discussed in the next section.



A short discussion of loop galras beemrovided fere, but a furthediscus#on of
this control systems topic can be seen in most introdutdgegl control systems

textbooks, such d42].

Challenges of Loop Gain Measurement

There are many approaches to measuring the loopofj@rfeedback systenm
theory, it can be measured by opening the loop at an appropriate place, inserting a test
signal, and measuring the ratio of the test signal and the signal that has gone around the
loop[13]. Figure6i s t he cl assic i mage of this scena
[13], which is still the basis for most modern loop gain measurement techniques. The
voltage injection image is shown, but curreneation can also be used in a similar

fashion.

i
A
i

— -——ﬂ feedbaock
——

Figure6. Openloop, loop gain measementusing voltage injection frorfil3]

However, it is important that for true characterization of a circuit, the loop remain
closed so that the bias points are not disturdnadi so the system does not saturate on
noise[13], [14]. Measurements made by breakihg loop do not account for the loading
effects seen within a real circuRigure 7 is the classic image frofi3], demonstrating

loop gain measurement, using voltage injection, without breaking the Tadgprequires



the use of a floating voltage source for injection ifv Figure 7), but this can be

accomplished using a cunteprobe as a 1 turn transformer.

Figure7. Closed loop, loop gain measuremarting voltage injection frorfi3]

In order to perform the measuremeit, network analyzer with a variable

frequency source and corresponding narrowband filter is uUSeein assuminghe

appropriate equipment, the location ok tmjection point is also very important. For

vol tage

propagationmu s t

i njection t

be

h e

significantly

greater

I m(diredian ot @ntred signa |

t han

at the injection site. The reverse ratust be true for a good current injection location

ook

t

[13]. This impedance requirement can be further complicated by the fact that measuring

loop gain curves requires a sweep of the frequency of the injection signal. Since the

injection site may have some reactive impedances, the variation of the frequency can

change the impedance ratio seen at the injection location. For many applications, the

injection point becomes inappropriate at high frequerjdi¢ls

Radiation Environments

It is well-known that robots working on nuclear disasters will be exposed to high

levels of radiation. One recepkampleis the Fukushima disaster of March 20[1]

where rescue robagtsvhich useCOTS parts,had to be redesigned to withstand gamma
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radiation for the duration of the missif8l, [4]. Similarly, satellites face high levels of
radiation in the space environmgh®]. Over the last 15 years, 200+ CubeSats have been
launched?], which has allowed access to space at significantly cheaper prices. However,
part of the decrease in cost is because most of the components usisd &6TS parts
instead of spacqualified radiation hardened part§his means that the parts are not
designed to be Arad hardo to survive the
must be done to determine which parts to select for CubeSat ingisEh@ main radiation
effects of concerin spaceare total ionizing dose (TIDY], single event effects (SEES)
[16], and displacement damaff&’]. This thesis focusesn the effects of TID on COTS
DC/DC convertersthat could be used ithese nuclear disaster rescue robots and
CubeSatsso TID is discussed further in the following section. For more information on

the other radiation effects, please see the given resourc

Total lonizing Dose (TID) Overview

Extensive work has been done regarding the effects of TID on -b&3&d
devices[6]. It is well known that ionizing radiation creates electhaie pairs within
insulators, such as the gaixide of MOSbased devices, and that the subsequent
interface and oxide traps aresponsible for the parameter shifts seen by the devices.
AThe primary effects of ionizing radiatio
threshold voltage and degradatiohmobility. These effects result in slower switching
speeds and r edu c[&8ll Hidoridally,eresearahpirad TID effecis @n
DC/DC converters has often focused on the power MOSFEfA®sy have larger gate
oxides han other MOS transistors, which meahgy havelarger charge collection

volumes that make them more susceptible to TID. Thasee effects are experienced by



other MOSbased devices as well, just not to the same extent. Since COTS components
are not degned to survive in the radiation environment, the gamma rays experienced in
the previously discussed radiation environments will typically cause these effects in

MOS-based devices.

Previous TID Regulator Research

Since DC/DC voltage regulators are crucamponents of most electronics
systems, xamining the radiation response of DC/DC voltage regulators to TID is not a
new area of researd®], [9], [10], [18], [19], [20]. Most previous work on switching
converters has focused on the radiation response of the power MOSHE[IS], [19]
used in switching converters, but some has focosettie control circuitry9]. All of this
work has focused on device parameter changes or large signaihnzerée changes in
converters bt from discrete component$he TIDresponses of underlying small signal
parameters andhe effects on integrated converters hdawen neglected thus far
However & shown inFigure8, Andrew Kelly did examine the loop gafan inportant
small signal quantity for feedback circuits such as a DC/DC conveostetinear
regulators, another type of voltage regulafbd]. Based on previous wor0], he
focused on the error anifeér as the most sensitive element of the linear regulator to TID.
He examinedthe total dose effects on the loop gainfofir configurations of linear
voltage regulator: a) NPN series, b) PNP series, ¢) NPN shunt, and d) PNP shunt. This
thesis begins tdill the void of TID effectsand measurement on an integrated converter
including thesmall signal parameters of switching convertéss examining the effects

of TID on the loop gain of the Max1951, a COTS buck converter.
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Figure8. Total dog effects on loop gain of four configurations of linear regulator, figdm
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CHAPTER 1lI

EXPERIMENTAL DESIGN

The Maxim1951Aintegratedconverterwas chosen as the buck converter to
analyze for this study. It is a reasonable COTS-T switching converter foboth
CubeSat and robotefforts in spaceand has been considered for Cultefsa in the past
[21]. The designprocedures available in the djgption note [22] were followed to
analyze some potential factors on the effect of TID on buck conveBehematics
shown belowin Figure 10 andFigure9, represent the circuits that were tested, and this
chapter explains how the values in these configurations were selgaleds otherwise
noted, allequationscome from the appation note[22], are a rearrangement of those

equations, or have values substituted into those equations.

L1
2 uH

2.6V to 5.5V m Output 3.3v

c4 R4

100nF 10 Q 8 L R3
| | IN LX Injection Point 47 kQ

Wi FB
|| “MAX1951A ON VMV
p— VA comp el R2 = RL
10 pF, OFF 14.7kQ 22 uF 180
R1 GND  PGND
c2 200 kQ 3 5
2nF

Figure9. Max1951, nominally designed for 3.3 V outpQonfiguration 1
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2.6V to 5.5V

L1
2uH

m\ Qutput 1.8V

Cc4
100 nF

R4

100

8 7

[ 10 yF

1nFI
v JR

IN Lx

Veo FB
MAX1951A

COMP EN

GND  PGND

3 B

—

Injection Point

Figure10. Max1951, nominally designed for 1.8 V outpGobnfiguration 2

Output Voltage Selection

Two Maxim1951Abuck converter configrations were designed to analyze the

i mpact

nominally designed to produce the common digital outputs of 1.8 V and 3Bh¥.

of

t

he

out put

vol tage on

t he

feedback resistors, R3 and 2], can be determined from the following equation:

The feedback voltage, g, is typically 0.8 V[21]. Designing for a nominal output

voltage of 1.8 V:

Using standard 5% resistor values, choB&to be 10 K and then find the closest

Y3 = Y2 x o

Y3 _

-Y2_

available resistor values for R3.

Next, calculate the theoretical output voltage, using these resistor values.

AL
=

W@

1.80
— 1=1
0.80

_10+22 ) _

1

25

1229 _ 4 59

100

12.27Q)

Woo = Wg X @+ 1 =08wx o)

13

= 00 =

+1 =1776 0 18w

(5)

(6)

(7)

(8)

conyve



The designed output voltage for the first seMax1951 converters is 1\, using a R2

of 10 KJ and a R3 of 12.21k . Now the same process can be followed for a desired,
nominal output of 3.3 V. The calculate@ Ror this converter configuration is 14.Zlka

10 K] resistor in series with 4.7 W] resistor, and the calculated R34ig K. Thus, he
designed output voltage for thether configuration of Max1951 converters is

approximately 31 V.

Load Resistor Seletion

The goal of this experiment is to analyze the changes in the loop gain, and since
changes in theonvertermode of operation will change the loop gain, the experiment was
designed to avoid operation in supervisory modaiace the Max1951 hasultiple
supervisory modeR2], a relatively low output powewras chosetthat should not cause
the part to current limit or engage thermakerload protection. One factor that could
causetwo converters to have different responsesTiD is to havedifferent output
voltages because this corresponds with a different duty cyglemeaning the portion of
time during operation that the MOS devices are biased on is diffarentveél-knownin
the radiatioreffects communityhat an NMOS device is more sensitive to TID whes it
biased with a field across the oxidé has been shown that in a buck converter, the
switching devi c e gasies bagatl iora the lmas conddiGnpositives e
grounded, pswitchingi so the circuit is biased iits operable state during irradiation to
provide the most realistic resul®], [18]. As such, two configurations of the Max1951
were tested, designed forfférent output voltages, but with the output power maintained
approximately equalA comparison of the output power for both configurations is shown

below, inTablel.
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Tablel. Configuration Comparison

Configuration }Configuration 1

Output Voltage

3.4 1.8
W)
Load Resistand
(Ohm) 18 5
Output Current
(MA) 189 360
Output Power

642 648
(mW)

Thermal Considerations

Since theMax1951 has thermalverload protective circuitryf22], the load
resistance was designed to keep the output power small enough to avoid this supervisory
mode.The thermal admittance of theF8n SO package was given as 12.2 #fG\22],

which gives the following thermal resistance:

Y= ————= 8203 /G (9)
Using the Ohmés L aw,wihglas tengpéraunetandfP@g dissipatadt  f |
power, and the absolute maximum rating foontinuous power dissipatiof22], the
maximum recommaded junction temperature for continuous operation can be calculated

as shown irFigurell and Equation§10)-(12).
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]|
=)

Tj

P =976mW RO =82

Ta=70

Figurell Thermal modelmaximum ecommended junction temperature for continuous operatic

Y'Y= 0 x'Y_ (10)
'36_) & "X = GU Gy X Y_ (11)
¥ ¢z = (976 x 10 3W x 82.03 /W) + 703 (12

This yields a maximum recommend@ehction temperaturéT;vax) for continuous
operation of 150 degrees Celsius. Next, ¢batinuousoutput powerPvax) that would
create this junction temperature with an ambtemperature, A, of 25 degrees Celsius is

calculated as shown Figurel2 andusingEquation(13), by rearranging Equatioi ).

Tj =150
P=7? RO = 82
Ta=25

Figure12. Thermal model, maximum recommended output power for continuous operation

~ TYQJ(ALO "%3 _ 150 253 (13)

Oy ¢y = .
L aw Y. 82.03 /0
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This yields a maximum recommended output power for continuous operation ofyrough
1.52 W. This is well below the operating power of both configuratioss if the
assumption of a 25 degreembientoperating temperature is valid, then the thermal

overload protection citgtry should not be a problem.

Output Inductor Design
Following the design suggestions$ the application data she§2?], a 2 eH
inductor was chosen. To see a calculation of more ideal inductor values that could be

used forfurther testing, see Appendix

Continuous and DiscontinuousConduction Modes

Based on the mode of operation, the loop gain will change. As such, both
continuous and discontinuous modes of operation are examined in this experiment.
Continuousconduction mod¢CCM) occurs wherhalf of the peako-peak currents less
than the DC currentand discontinuous conduction mode (DCM) occurs otherwise
Equation(14) [7] provides the current ripple magnitude, which must be lesshalhrof
the DC current for the converter to be in CCM, as showhignre 13. Equations(14)-
(19), from [7], provide the criteria for determining whether or not a buck converter is in

CCM or DCM.
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devices: 'L:?] L, 'L?a

Figure13. Buck converter inductor current at theundarybetween CCM and DCNV]

o, Ry ’.rd(‘)' - ne ’OOé\l(
Y= oY= S (14
© YQ for CCM (15)
Owg _ OO0 we
< —1 for DCM (16)
. ) 20
Yoa O = o 17)
Y> Yg9(0) for CCM (18)
Y < "Yg9(O) for DCM (19)

Using the facts that the duty cycle of a buck converter is equal to the output voltage
divided by thanput voltage and that the switching periogisTequal to the inverse of the
switching frequency, Equatiai20) provides the R for this experiment. Equatior{81)

and(22) provide the R values for Configuration 1 and Configuration 2, respectively

Yan O = g (20
1 W
. o~ _ 222210 52106 _
Y5a1 O = — @ - 12511 (21)
5
. o~ _ 222210 52106 _
Yoa O = ——5—= 6.25ll (22)

15
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As seen inTable 1, Configuration 1 has a load resistance X8 ohms and
Configuraton 2 has a load resistance odttms. This means that Cloguration 1 should

operate in CM and Coffiguration 2 should operate in@M.

Compensation Design

Most voltagemode controllers require anadlorate compensation network to
stabilize the control loop, but the Max1951A uses a cumede control scheme that
simplifies the compensation netwofR2]. This section provides the math used to
determine the compensationsdgn forR1 and C2 which was determined by following
the direction of the application nof22]. The power modulator, output feedback divider
and error amplifier form the basic regulator loop, which makes thedaopequatia at
the unitygain frequency22]:

Q@ X Quorm X @ = 1 (23)

Geagc) IS the gain of the transconductance amplifier at the crossover freqejcy
Gwmob(c) IS the gain of the power molddor at £, and Gg is the gain of the feedback
divider. Equation (24¥3howsthe calculation of Gx), With gmea being a constant given
in the application note, equal to 6&. Equation (25) shows the calculation Gfidgc),
with gmc being a constant given in the application note equal to 4R &ap being the
load resistanceand fpmop being the modulator pole frequency caused by the output
capacitor along with its equivalent series resistancdlantbad resistanc&egs is just the
ratio of the feedback voltage, which is 0.8 V, as shown in EquationB6)equation for
fomop IS given in the application note and is shown in Equation. (28) per the
application note, form 2 € H out put i-loopl undtyt gain crosgovere

frequency is set at 200 kH22].

19
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@y = By x (24)

Qeqa = Qox YoeanX G 5ol B (25)
o= @9

. _ 1
Hoso= 7 xB800% Yoeaat Yo

(27)

Substitution into Equation (23) creates Equations @&8g¢h can be used to determine the
necessary value of the compensation resisiara correction faot is needed to account

for the extra phase introduced by the current loop at frequencies above 100kHz. K is this
correction factor and is given to be 0#r an output capacitor of 22 [22]. Equation

(29) sets the erreamifier compensation zero formed by R1 and C2 at the modulator
pole frequency at maximum lodd2]. Due to an inconsistency in the application note
between its original stated equation for C2 and the equation used in its sample
calculation, another Maxim application note for a similar product (Max1951/Max1952)
[23] was used to verify Equation (29T.hese equations are used to determine the

necessary compensation resistor and capacitor for eachuaiitig.

'Y, = G600 (28)

T Qo 06 X Qead

s @560 % 0560
O = ——— 29
27 vyx Qoo (b o) (29)

Equations (30)33), from[22], were used t@alculate the approjate valus for
Configuration 1 which has a thoretical output voltage of 3M across an 18 ohm load.
For calculations involving the equivalent series resistance (ESR) of ceramic capacitors
that did not provide their ESR, a value of 0.01 ohms was assumed, baaedilahle

information.

N _ 1
oo = 2" 22x10 670 18+0.01

= 402 Qi (30)
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402"l

n(a o = 42 x 18 x 2007@3

= 0.152 (31)

3.358x047
60x10 6 08 0.152

Y, = = 21631911 2007/ (32)

Selecting the nearest available 5% resistor va0@,kilohms is selcted for R1.

3358m 22x10 6O _ o
200y 2280 - 198x 10 'O 2¢O (33)

181)

0, =

Selecting the nearest readily available capacitor value, 2 nF is selected for C
Equations (34)-(37), from [22], were used to aculate the appropriate values for

Configuration 1 which has a #oretical output voltage of 1\8across a 5 ohm load

1

Qus0= 5o oo = 144398Th  144°00) (34)
o 1.447C0O%
Qio-g = 42%5x 2007@ = 0.151 (39
'Y, = L8047 = 11672211 1000 (36)

60x10 6 08 0.51
Selecting the nearest available 5% resistor value, 100 kilohms is selected for R1.

. 17766 22x10 0 .
8, = mgjm —m—=11%x10 O 10 (37
51

Selecting the nearestaaily available capacitor value nF is selected for £

Design for Measurement

The circuits were designed with the intent to perform measurements of the loop
gain, impedance at the injection point, operating mode, and output DC vdltagdow
for signal injectionvia a small tragformer into the circuit for the transfer function
measurementsa wire loop was included between the FB pin dahd components
connected to it. This point was selattas the injection point to meet the criteria for

approximang an ideal injection point as discussed by Middlebrfid, because the
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impedance seen looking into the FB pin shobdl high, relative to the components
attached to itFigure 14 is the functionaldiagram of the Max1951A, which shows that

the impedance looking into the FB pin will see the impedance of an input terminal of a
transconductance amplifieLooking into a transconductance amplifier should have a
relatively high impedance, but this maytrae true over all frequenciesleaders were
included at both ends of the injection wire to allow ¥erification of the impedance
looking into the FB pin andneasurement of the loop gain. A small loop of wire was
included between the inductor and thepoitnode for measurement of the inductor
current and another header was included at the LX pin to monitor the mode of operation
of the converter. No additional ground connections were made since connections to the
ground plane could be made through theugtbbanana plug. Output DC voltage could

be measured at the load resistor of each circuit, so no additional output headers were

included eitherFigure15 shows the location of each of the measurement points.

POSITIVE AND NEGATIVE CURRENT LIMITS

CLOCK L_| _{
PWM
!

[—IN

CURRENT SENSE
CONTROL

PREBIAS
THERMAL [ | ronD
ERROR SHUTDOWN [ 7ppp.

SIGNAL CROSSING
DETECTOR

]

CoMp ? * Om

+

BANDGAP
REF

1.25V MAxXin
MAX1951A

EN

GND

Figure14. Max1951 functional diagrafi21]
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Figure15. Max1951 measurement locations for Vy, Vx, LX, IL, and Vout
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CHAPTER IV

EXPERIMENTAL SETUP

This chapter provides the test setup that was used to obtain all data presented in

this paper.The loop gain, impedance at the injection point, operating moaied line

regulation of the converters were examined between iterative round3Ibf Three

copies of each configuration were built and tested all on the same board, with BNC

connectors used as higlower switches to allow all of them to run on the same power

supply during irradiatn but be tested separgteFigure 16 shows the sclematic and

Figure17 showspicture of this test board. For further information on the construction of

this test board, see Appendix B

A
MAX1951
3.3V Design

IN PGND

B
MAX1951
3.3V Design

IN PGND

[
MAX1951
3.3V Design

IN PGND

D
MAX1951
1.8V Design
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E
MAX1951
1.8V Design
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F
MAX1951
1.8V Design

IN PGND

<~

SW_A

<~

SW_B

SW_C

<~

SW_D

<~

SW_E

<~

SW_F

Figure16. Test circuit boardgchematic
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Figurel7. Test circuit board picture

Radiation Environment

Data in this thesis was obtainafter each dose stap a Gs-137 irradiator. See
Appendix Cto see further information about the RElé calculator that was used to
determine the dose rat€he test board was placed at a measured dist@nt2.5 cm
from the sourcen a clamp to ensure a consistent distailoceall radiations as shown in
Figure18. Then the doseate at that distance along with the time spent under irradiation
was used to determinghe total accumulated dosé pathfinder test was conducted,
which the convertefailed around 80 krad (SiJ.he typical dose of interest is krad (SO
since the effects of TID are due to the energy that is depasited oxide rather than the
semiconductor. However, information for thiesishas been reported in krad (Si) since
the source was calibrated as such. To see more information on the calibration, see
Appendix C. To convert from krad (Si) koad (SiQ), use Equation (38 from[10].

1.81¢2"YQ= 10idQ "YO, (38
Using this information, he dose stepdor this experimentwere spread

logarithmically up to 80 kradSi), with 5 krad (Si) steps taken after thatget more
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information shorty before failure. See Appendix or the MATLAB code that was used
to determine the logarithmic spread of the dose sfEgisle 2 provides the total dose

information for this test.

Figurel18. Irradiation seltlTp in the Shepard Cell Irradiator

Table2. TID information for 12.5 cm from the €37 source on June 2, 2014

Dose Rate. 283.)frad/min
Total
Irradiation|Irradiation
Total DosgTime Step
(krad [Si]) |(Min.) (Min.)

1 3.53 3.53
2 7.06 3.53
4 14.13 7.06

9 31.79 17.64
19 67.11 35.32
39 137.74 70.69
80 282.59 144.83
85 300.29 17.64
90 317.91 17.64
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During irradiation, all of the BNC shorts were in place an@W Instek GPD
4303S Power Supplgiong with two banana to banana cables were used to provide 5 V to
al |l of the converter s. solthat tise interinad deeiaks welee C O |

switching during irradiation.

Measurement Setup

The following measurements were taken outside of the irradiator. The
measurements of the impedance at the injection point were taken prior to irradiation, and
the rest weréaken prior to irradiation as well as iteratively between doses of irradiation.
Loop Gain Measurement

After each dose step, the power supply was turned off and the test board was
removed from the irradiator. Next, BNC shortd-Bvere removed so that Cui¢ A could
be analyzedThen, the power supply was reconnected and turned back on to supply 5V to
the circuit under tesfThe Agilent 4395A Network Analyzealong with twoTektronix
P2221 Voltage Probeand oneTektronix P6022 AC Current Prolvgere usedd perform
a loop gain measurement. The current probe was attached to the RF output of the
Network Analyzerto act as théloating smallsignal injeciton source, ¥ as inFigure7,
recopied below aBigurel9. The current proberapped around the wire between the FB
pin and the other components, beimged as a oneirn transformer to inject a small
signal voltage into the circuits, at the injection points showkignre 15, rempied below
asFigure20. The voltage probes we oneeithertsideaof theed t o
injection wire and through Agilent 41802A
inputsA and B Both probes were set to 10x in erdo reduce the capacitive load, since

the 10x factors divide back out and do not affect the loop J&ie.Network Analyzer
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was set to record both the magnitude of the loop gain and its phase, with a logarithmic
sweep of 201 points across a start fregyesf 500 Hz to a stop frequency of 500 kHz.

The source power was 0 dBm and the IF bandwidth was 1@k this measurement

was completed, thpower supply was turned off, tiBNC connector was removed from

the previous ci r cuisBNCacandectorwas put io pldamdthem g ci r

thesame measurements performean each of the subsequent circiBtf-.

Figure19. Closed loop, loop gain measuremersing voltage injection from [13

Vin f-m—\ IL Vout
LX
8 7
| | IN LX
1 Ve FB
| | MAX1951A
p— \/\/\/\ 51 comp EN %
GND  PGND

3 6

V—TLI =<7

Figure20. Max1951 measurement locations Ty, Vx, LX, IL, and Vout
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Figure21. Max1951 measuremesetup for loop gain measurement

Monitoring Operating Modes

During the loop gain nmasurements thRogowski CWT UM/03/B/1/80 Current
Probewas wrapped around the loop of wire connecting to the inductor to monitor the
inductor current. A simple voltage probe was also connected to a header at the LX node
and ground. The current probe andtage probe were connected to channel 1 and
channel 2, respectivelpf a Rigol DS1052E Digital Oscilloscope check the operating
modes of the circuits. A typical operating mode measurement was taken for each dose
step characterization, typically arouttte point of the 2 kHz injectiorfzor circuits that
became unstable at injection frequencies with relatively low loop gain, due to loss of the
smalktsignal approximation, an additional measurement or measurements were taken to
characterize the instability.
Impedance at the Injection Point Measurement

Prior to irradiation, a measurement of the impedance seen looking into the FB pin
was necessary to verify the validiby the injection poinbf the loop gain measurements.

To perform the measurements, onlye tappropriate BNC connector for the circuit in
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guestion was connected and the same setup was used as to measure the loop gains, with
some minor modifications. ThRogowskiprobe was moved from around the inductor
wire to the injection wire and was attachtedinput R. Then the Network Analyzer was
adjusted to measure the magnitude and phase of the voltage probe closest to the Max1951
chip divided by the value of the Rogowski probe. All other Network Analyzer settings
remained the same, and the other voltaigdes remained in place to keep as similar of a
test setup as possible.
Line Regulation

Between each round of radiation and after the loop gain and operating mode
measurementshe test board was disconnected from the power supply and connected to
two Keithley 241G. One was connected to the pon) and groundPGND) banana
jacks and was programmed to sweep D@ input voltage from 2 to 5.25 V, with
increments of 0.05 V. The other Keithley was progradro measure an output voltage
at each of theseacrements and was connectedpmwer ground and the output node
(Vout) at the load resistor of the circuit under t&stjure22 shows this test setup for DC
characterizationEach circuit was tested individually, with the BNhoector for Circuit
A in place first and then subsequently replaced for the BNC connector of each other
circuit when it is tested. See Appendixf&r the Python code used to perform these

measurements.
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CHAPTER V

MAX1951A TEST RESULTS

This chapter provides the results of testing the circuits designed in Chapter I,
under the conditions described in Chapter IV. For this chapter, circutsare the tree
instances of Configuration (hominally 3.3V)and circuits DF are the thee instances
tha were tested of Configuration(®ominally 1.8V). First the results of the impedance
measurements are presented to confirm the validity of the loop gain measurements. Then
the DC characterization is presented and compared to previous Faky, the small
signal results are discussed, including a comsparto previous work. Appendix &so

includes some additional testing notes.

Impedance at the Injection Point

As discussed in Chapter Il, the impedance seen at the injection point is an
important factor in determining the quality of loop gain measurement that can be
performed and tends to be more of a problem at higher frequef@iegL4]. Figure 23
andFigure 24 provide theimpedance and correspondinigase, respectively, seen at the
injection site.Equipment restrictionsf the Tektronix P6022 AC Current Prolmeask the
information at low frequencies and provide no positiva@gative information, but the
measurement does confirm the validity of the injection point at high frequeneiethat
the forward impedance is high compared to the impedance looking backwards in the

direction of signal propagation, over the frequeraryge of interest
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Prelrradiation Impedances at Injection Point
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Figure23. Impedare Verification at the Injection Site for all six Max1951 Convertersiipagliation

Phase for Impedance Measurements
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Figure24. Phase for Impedance Verification for all six Max1951 Convertersirg@@éiation

Large Signal

A DC/DC converter fails when it can no longer create the required output voltage
within the datasheet specificatiois section examines the how the DC voltagethef
tested MAX1951 converters changed with total dédsmendix Gincludes additional DC

graphs for completeness.

33



Output Voltage
The main large signal parameter to analyze is the output voRagee 25 and

Figure26 show some of the DC sweeps for example converters in Configurations 1 and

2, respectively.

Converter A, DC Summary Profile

¢ = n w
cwvmrRrINUGI WL

Output Voltage (V)
o

Input Voltage (V)

——0 krad (Si)—e— 1krad (Si) 2krad (Si) 9krad (Si) —=—19krad (Si)
—+—39krad (Si}=—80krad (Sij-=— 85krad (Si}—6—90krad (Si}=e— 95krad (Si)

Figure25. Representate DC sweep for Converters-@ (Configuration 1)

Converter D, DC Summary Profile

N

=
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2 2.5 3 3.5 4 4.5 5
Input Voltage (V)

—m—0 krad (Si)—e— lkrad (Si) 2krad (Si) 4krad (Si)
—=—9krad (Si) —+— 19krad (Siy===— 39krad (Sij~=— 80krad (Si)

Figure26. Representative DC sweep for ConverterB [Configuration 2)
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Figure 27 shows the values of the output voltages supplied ke dhbck
converters, when the input voltage was 5V. These output voltages were extracted from

the DC sweeps.€. in Figure25 andFigure26) that were performed on each converter at

each dose step.

Converter Output Voltages with 5V Input

w

N

Output Voltage (V)
o 3 P Z N 1w oo N
\

o

20 40 60 80 100
Total Dose (krad [Si])

A B C D ——E F
Figure27. Max1951 output voltages against dose, with 5V at the input

Figure28 andFigure29 show the output voltages of buck converters versus TID,
from previous work. They show that these switching converters tend to have a fairly
steady responseplfowed by an inability to regulatefFigure 27 suggests that the
converters tested for this thesis tended to follow that trend, but further work with smaller
dose steps would be necessary to verify fhigure 30 shows the output voltage versus
total dose for four configurations of linear regulator, a different kind of DC/DC
converter. This graph suggests that depending on the configuration, linear regulators may

or may not experience the sudden diitfe failure discussed above.
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Figure28. Output voltage vs. total dose for the boost and buck converters[8fom
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Figure30. Linear Regulator DC outputs frofh0]

Turn-on Voltage

The next large signal parameter that will be discussed is th@tuwoltage The
MAX1951A has builtin circuitry designed tallow the circuit to power up into a pre
biased statat 2.6V [22], so the turron voltage is the input voltage where the output
voltage is no longer suppressed and goes to thidipsed state. For the sweeps

performed in tfs test, the step size on the input voltage was large enough that it was clear
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where the circuit turned on in most cases. In a few select cases, thim lwintuitry

designed to maintain the output at nominally zero volts did not function correctlg, so n
tunron voltage was recordeonsi mate at s@I®ci f ¢ @i
could cause this turan voltage to shiftdepending on the TID response of this control
circuitry. Figure31 andFigure32, respectively, show the voltage at which the converters

turn on and the output voltage when they turn on after iterative doses of gamma radiation.
These figures do not show monotonic changes, which suggests that the changes are not

due to rdiation, but could be due to thermal variation or other differences between

characterizations.

Max1951 Input Voltage at Twon versus Dose
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Figure31. Turn-on Input Voltage
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Max1951 Output Voltage at Twon versus Dose
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Figure32. Turn-on Output \bltage
Line Regulation
The final large signal parameter thvaitl be discussed is the linegulation. For
the purposes of this thesis, line regulatibR) is defined as the difference in the
maximum and minimum output voltages over the range of interest, divided by the

difference in the input voltage ovemtitange, as shown in Equation }39

oY % = d%bé_ddx;;wd)ééé a® % 100% (39)
)

Figure33 shows the line regulation over the range that the converter was deemed
to be regulating, based on the turn on voltage as the start through the last data point,
unless the converter stopped regulating partway through the sweep. In some instances,
the converter operated in an improper state during the DC characterization and did not
regulate the output voltage. In these cases, a line regulation is not reported for the

converter.Figure 34 shows the line regulation over the range that the converter is

supposed to operat e bas eidfteothne inpuh eachka2.68s he et
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or once the input rises above the desired output vojg&jeln some cases the converter

turned on at just over 2.6 V, so this does not provide much information.

Line Regulation, in Regulation Region
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Figure33. Line regulation in the region of regulation

Line Regulation, Datasheet Specification Region
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Figure34. Line regulation irtheregion of datasheet specification

Small Signal
The small signal data provided in this sectiowligt makes the research for this

thesis unique. As shown above, previous work has been done regarding switching
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converters and their DC parametf@8§ [9]. Previous work has also been done regarding
small signal parameters and linear regulators, another type of DC/DC coip{/@jtdut
as known, no work to date has been done regarding small signal parameters and
switching converters. This data begins to fill that void.
Loop Gain

As discussed in Chaptdl, loop gain is an important parameter for negative
feedback systems. In part, it determines how well the feedback system tracks with the
desired output. In the cas# DC/DC convertersit determines how well the output
voltage regulates at a desired voltage, both in terms of how well it tracks with the
reference voltage and how well it filters @utlisturbance

Figure 35 - Figure 38 provide the loop gain response of shedevicesFigure 35
andFigure37demonstrate that the DC/ DC converter
output voltage corresponds to a sudden change in the loopAfi@in85 krad (Si) of total
dos e, Converter A initially could noto regul
shownby t he cur ve | alriguredsdHovie8es, kfteraagower 8yiclg, the i n
circuit returned to operatioand the loop gain retoed to the same general shape of
previous measurement s. This | oofigue&8. n cur
After 90 krad (Si), Converter A went into the failure mode and did not return to an
operative state. After 80 kia(Si), Converter D went into a permanent failure state.
Closer examination of the loop gain data, showRigure 36 andFigure 38, reveals that
the small change in the output voltage prior to totalifailcorresponds to an incremental

shift to the right of the loop gain curve, with increasing total dose.

40



Converter A Loop Gain
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Figure35. ConverterA, from Configuration 1, loop gain at different total doses

Converter A Loop Gain, Prior to Failure
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Figure36. Converter A, from Configuration, Ioop gain at different total doses, prior to failure
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Converter D Loop Gain
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Figure37. Converter D, from Configurtn 2, loop gain at different total doses

Converter D Loop Gain, Prior to Failure
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Figure38. Converter D, from Configuration Zjop gain at different total doses, prior to failure

This data is in partial agreemt wi t h Kel |l yés WO ds

on |
mentionedi n Chapter [ Similar to Kellyds res
experienced an i ncrement al shift wi t h to
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configurations showed a sudden change in the shape of the loop gain at relatively high
doses. The loop gain of the buck converters tested for this thesis also experienced a
sudden shape change at high doses. These similarities suggest that the most sensitive
commnent to TID within buck converters is also the error amplifier, but further testing
would be necessary to verify this assessment. However, the data presented here dose have
some differences from Kellyds work.ichUnl i ke
degraded down/to the left with increasing dose, the loop gain curves presented here
shifted up/to the right with increasing dose. One possible explanation for this difference
is the different bias points of the error amplifiers. Previous Wb8 has shown that
threshold shifts due to ionizing radiation on power MOSFETs are bias dependent
including whether or not the bias is switching or constant. This could explain the
different direction of shift. Further information @he internal circuitry of the Max1951
as well as further testing would be necessary to explore this difference.
Phase

The phase of the buck converters was also recorded during loop gain
measurementskigure 39 and Figure 41 show the general shape of the phase that
corresponded with the loop gain measurements for Configuration 1 and Configuration 2,
respectively. The significant variation at lower frequencies is believed to be due to
equipment limitations talow frequencies, most likely from the current probe that was
used to inject the signals into the circlilgure40 andFigure4?2 provide a better view of
the point where the phase reaches 180 degrBess. data was used to examine
information regarding the stability of the circuit through measures suaroasover

frequency, phasmargin and gain marginFigure43 provides the gain marginthe gain
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magnitude when the phasees to 180 degreésinformation derived from the phase and
loop gain measurements. The other two metrics are included in Appendix H. Other than
one measurement performed on Converter B when it was in an unusual operating mode,
the gain margins shown iRkigure 43 are all negative in dB, which means that the

converters should be stablehe stability concerns are addressed further in the following

section.

Converter A Phase
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Figure39. Converter Afrom Configuration 1, phasa different totaldoses
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Figure40. Converter Afrom Configuration 1, phasat different totadoses, around the point of instabili
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Converter D Phase
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Figure42. Converter Dfrom Configuration 2, phasat different totadoses, around the point of instabili

Max1951 Gain Margins
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Figure43. Gain margins for tested Max1951A converters

Operating Mode Information

In order to verifythat the small signdbop gain measurementgere in the correct
operating mode and were valithe inductor current and voltage at the LX pinthe
device under test were observed during loop gain characterizats.observation

showed thathroughout most of each loop gain measurement, the converters performed
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as expected, with the inductor current ramping up and down as the LX poirtiesniic

and off, as seen iRigure 44 and Figure45. The values of the inductor current and LX
voltage have been scaled to show that they correspond with each other, similar to how
they were monitored orhé oscilloscope during testing. The specific values of these
guantities are unimportan@As a note, the length of the L&n time, ¢, is longer for
Configuration 1 than it is for Configuration 2 because @umétion 1 is designed for the
higher output vitage, which corresponds to a larger duty cycéee Equation (1)As the

loop gain becomes small and reats crossover frequency, theerturbations of the
injected signal from the network analyzer no lonfgglow the requirements of a small
signal appoximation. Instead, the injected signal adgigdhe bias point of the circyit
which is seen by a lower frequency envelope in addition to the switching freqUénsy

was observed on the oscilloscope during operation and can be segur@47. The

claim thatinstability iscaused by violation of the smaignal approximation rather than

by changes in the circuits due to total dose is supported by the negative gain margins for
the circuits, previously shown Figure43.

As shown inFigure46 andFigure47, the Configuration 1 circuits experienced a
greater change in inductor current than the Configuration 2 circuits. This shows that the
initial circuit design for Configuration 2 was more stable than the initial circuit design for
Configuration 1. This is further shown by the fact that the switching of the LX voltages
changed much more significantly during this injection for Configuration 1 than fodid
Configuration 2, as seen iRigure 48 and Figure 49. The output voltage of a buck
converter is directly related to the input voltage and the duty cycle, as seen in Equation

(2). Figure48 shows the LX voltage during the loop gain measurement. The value of the
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duty cycle was different when the loop gain approached the-owassfrequency from

when the converter was in stable operatibhis s hows t hat the conve
voltagevaried throughout the injectiorparticularly at the point of instability near the

| oop g atowved fsequencydlee ssmalsignal approximation is no longer valid

when the injection signal causes the DC output voltage to fluctdattange in he

mode of operation such as this causes a change in the loogmgaire 36, reshown

below with slight modification akigure50, shows a change in the general shape of the
loop gain near the crossoveequency (within the circle). The change of the shape of the
loop gain is likely due to this change in the mode of operation. Converter B and
Converter C were even more prone to mode changes than Converter A. To see those loop
gain measurements, and thedden changes that mark mode of operation changes, see
Appendix H. Visual confirmation during measurement revealed that these deviations
from smooth loop gain curves do correlate to changes in the inductor current and LX

voltage, as seen on the oscillogeo

Converter A, IL and LX, 0 krad (Si), stable
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Figure44. Typical IL and LX during loop gain measurement, Configuration 1
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Converter D, IL and LX, O krad (Si), stable
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Figure45. Typical IL and LX during loop gain measurement, Configuration 2
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Figure46. Inductor currents during loop gaimeasurement, Configuration 1
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Converter D, Inductor Currents, 0 krad (Si)
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Figure47. Inductor currents during loop gain measurement, Configuration 2
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Figure48. LX voltages during loop gain measurement, Configuration 1
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Converter D, LX Voltages, 0 krad (Si)
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Figure49. LX voltages during loop gain measurement, Configuration 2

Converter A Loop Gain, Prior to Failure
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Figure50. Converter A, from Configuration, Ioop gain at different total doses, prior to failure
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CHAPTER VI

CONCLUSIONS

This thesisexaminedthe effects of TID on a integrated OTS buck conver

ability to regulate the output voltage and the corresponding changes in small signal
parameters. The inclusion of small signal parameters for this experamemell as the
analysis of an integrated mweerter arenew for the radiation effects community and
suggest further areas of research. Two circuit configurations of the Max1951 were
examined to compar@ow differences in the biasing conditions could change the
radiation response of the loop gainmieOconfigurationexperienced stability concerns
due to the measurement technigbet the loop gain trends in both configurations were
consistent.

The DC characterization of the buck converters was shown to be fairly consistent
with previous research thdtas been done regarding switching converters and their
responses to TID. Small changes in the output voltage, in this case small increases,
correlated with increasing total dose. Additionally, there was a point of clear failure
where the output voltage deased significantly from previous measurements. This
thesis also explored potential changes in the supervisory undervoltage lockout circuitry.
However, no trends were identified regarding this control circuitry.

The analysis of small signal parametersirgfatotal dose provided the most
interesting informationThe loop gairand crossover frequency increaseth increasing
total dose, followed by a significadiecrease of loop gaiat the point of failure. These
shifts correlated with the shifts in theCDvoltage, and theecreasecoincided with the

convert er srégulatetha cuiput vottage. These results are similar to previous
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work done by Kelly onihear regulators, which suggestat the error amplifieror
transconductance amplifier, as sda the block diagram oFigure 14, may the most
sensitive componef#) within the buck converteiEquation (40) is Equation (2) without

the disturbance e(s) and applied at the DC frequency of 0 Hz. It shows that increases in
theloop gain T(s) should cause the output voltage to more appropriately track with the
ratio of the reference voltage and the DC feedback gain, H(0). If the loop gain were
decreasing at the DC point, then the output voltage should be decreasing corregponding
Since the loop gain of the tested converters changed and the DC output voltage increased
with increasing total dose, another mechanism is likely involved. The most likely
mechanism for these changes is a change in the offset voltage of either taenpiifoer

or transconductance amplifigBince these components are in the loop gain path, their
TID response could cause an increase in the output voltagefurthier supportghe

claimthat these may be the most TID sensitive components within tied mverter.

beon = L YO
€00 — qo) 1+"Y0 1'QQ

(40)

This information provides opportunities for future research. The undervoltage
lockout circuitry did not demonstrate any clear trends, but this supervisory circuitry is
commonly includd in integrated switching converteso it could be the focus of
additional research. Additionallyhe COTS POL converter tested in this experiment was
surprisingly radiation tolerant for moderate TID das®the loop gain and output voltage
experiencd moderate changeut was prone to complete failuséa dose of tens of krad
(Si) at which point regulation was losEurther work to understand this failure

mechanism could prove valuable forderstanding the sensitivity of switching convester

to totalionizing dose.
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