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ABSTRACT

A Modified Boost Converter witfiReducednput Current Ripple

Nathan H. Lentz

Batterypowered trends in consumer electronics, transportation, and renewable
energy sectors increase demand®a@iDC converter technologydigher switching
frequency and efficiencyeduce solution size andost, whileincreagng power
capabilities Still, switching noise remains the primary drawback associated with any
DC/ DC converter. Reducing a converteros in
from spreading to other systems on a shared DC power bus. This thesis covers the
analysis, simulation, and implementation of a receptyposed boost converter
topology, alongside an equivalent standard boost converter, operating instady
cortinuous condction mode. AMatlabb ased si mul ati on predicts
ripple performanceusingastdep ace model . The converterso
minimizescomponent and layout differences to create an equivalent comparismn
simulation and Ardware measurements demonstrate a 40% input current ripple raductio
using the modified topologyReplacing standard boost converters with the modified
topology minimizegshes wi t chi ng noi se conducted througt

network.
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1. INTRODUCTION

Globally, electricity continues growirfgster than any forraf enduse energy
consumptio [1]. Many primary energy sources, including fossil fuels, nuclear, hydro,
solar, and wind, fughe electric power generation serving numerousteses. Between
generation and endse, power electronics control the electria¢rgy flow to countless
systemskElectricalsystems increasingly rely on power electronics as groelegricity
demand strains global energy supplies.

Power electronics achieve higffficiency energy transfer using switches. While
on, an ideal switchanducts current without a voltage drop across the device.
Conversely, the ideal switch does not conduct current while off, regardless of voltage
imposed across the device. The product of voltage across the device and current through
the device always renme zero, preventing the ideaditch from dissipating power.
Transistors, diodes, and other semiconductor devices provide the electronic switching
capability to realize power converters. General Electric introduced the first power
semiconductor device, hyristor, in 19582]. Later technologies including power
bipolar and fieldeffect transistors increased energy capacity and switching frequency. A
power c oswiiches aternatélysdirect energy from the source intoivesstorage
elements, typically inductors and capacitarsd from storage elements to the load. This
switchhrmodebehavior resembles a metro station, where trains periodically transfer
passenger groups toeir destination3].

Power converters adapt energy flow between alternating current (AC) and direct
current (DC) forms at varying voltage levels. These circuits commonly perform a

combination of rectification (AC/DC conversion), inversion (DC/AC conversion), and



stepup or stg-down DC/DC conversionlraditional electronic power supplies step
down AC line voltage through a large-612 transformer, rectify the lowoltage AC, and
distribute power to different subsystems using linear voltage regulators. DC/DC
converters eliminatthe need for bulky transformers and inefficient linear regulators by
increasing (steqip) or decreasing (stegpwn) DC voltages. Higkefficiency anchigh-
frequency operation minimizgeat dissipation and magnetic component size, reducing
overall power suply size. These characteristics enatiie miniaturization of modern
electronic devices.

Today,DC power source trendscreases y s t ROMEC @onverter performance
demandsPortable electronics neégh efficiencyto reduce size and extend battery life.
Battery electric vehicles operate at high DC voltages to manage increasing power
requirements. Microinverters for solar photovoltaic (PV) modules often include
intermediate DC/DC conversion to reach appropriate AC output voltage levels. These
trends pointoward increased DC/DC converter deploymami a need to continue

improving converter performance.



2. BACKGROUND

2.1  Switching Noise

The primary drawback associated with DC/DC converters, switching noise,
presents a significant chafige for system enginee&witchhmode operation adds AC
ri pple to a converterodos DC input and out pu
allow this switching noise to spread to nearby circuits, causing electromagnetic
interference (EMI)EMI refers to undesired conducted odieded electromagnetic
signals that degrade onpair the performance of electrical systeiMaimizing

switching noise and preventing its transmission helps improve system reliability

I B T

Figure2-1. Typical Triangular and Trapezoidal Switching Waveforms

Switching noise spreads through both electromagnetic conduction and radiation.
DC/DC converters typically produce triangular and trapezoidal waveforms such as those
shown inFigure2-1. These waveforms carsygnificantenergyat the switching
frequency(2-1) and its harmonics which typically sit between 100 kHz and seMgial
The sharp transitions particularly associated with trapezoidal waveforms cemtagy

at much higher frequencies in &z range.Conduction dominates EMI transmission at



lower frequencies, before parasitic effects dominate electrical circuits, and radiation
increases at higher frequencies, when wavelength approaches physicatadedgth.

p

Q.,—Y ¢ P

EMI regulations reflect the characteristics of switching @@ishong other
sources. Typicdiests limit conducted emissions between k8@ to 30MHz and
radiated emissions from 3@Hz to 2GHz. Government regulators impose EMI limits to
ensure electrical interoperability, particularly among wireless electronics and power
supplies connected to the AC grid. Mitigating switching noise helps achieve EMI
compliance in many application&t a system level, specific grounding and shielding
techngues reduce conducted and radiated EMbduced by switching noise sourdés.
Switching noise also propagates within systems from power converters to nearby signal
conductorg5]. Printed circuitboard (PCB) layout and grounding techniques help
minimize EMI radiation along higfrequency current patlj§] [7]. These approaches
primarily focus on containing radiated switching noise emis$toeventing switching
noi se conduction relies on reducing or

and output terminals.

2.2  Input Ripple

The discontinuous currents cadsby switchmode operation adan AC ripple
component t o an ynpicrfrddtCWherinpwt eurrénteippl@ sonducts
through a voltage sourcswitching noise spreads dther circuits connected to the same
source.This conducted EMsignificantly impacts systems that draw power from rectified

AC-line voltage or a battergurrent ripple alsadversely impacts maximum power

c

on



point tracking (MPPT) and the transfer efficiency of solar photovoltaic mof&]I§3].
Reducingthe ur r ent r i ppl e s esource bepefiaallyenpacts mmany er 0 s
systems.

Designers may choose a DC/DC converter topology based on the relative amount
of current ripple introdced. Inductoffed topologies (boost, Cuk, and SEPIC) produce
significantly less input current ripple than sviied topologies (buck and budioost).
At a minimum, most desigremploy an input capacitor for input ripple reduction. This
simple solution provides adequate filtering performance for some applicdtiigs
performance converters must incorporate aolddi input ripple reduction methods,

including more complex filters, multiphase interleaving, and specialized topologies.

2.3 Input Filters

Adding a filter between the input source and power converter provides bi
directional noise isolatiorkigure2-2 displays the general input filter configuration,
using a lowpass response to atiuate higfrequency AC ripple. The filter attenuates
both voltage ripple introduced by the source and current ripple introduced by the
converter. This bedvior prevents noise from spreading between systems connected to the
same voltage source, such as a battery or rectified line voltage feeding multiple DC/DC
convertersinput filters help system designers contain EMI without changing the DC/DC

converter tpology.
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Figure2-2. DC/DC Converter with Input Filter Network

Though adding the filter improves ripple suppression, the interaction between
filter and converter may destabilizestystem. Yu and Biess first described these
conditionsin 1971[10]. Later analysiperformed by R. D. Middlelook, provided
graphical criteria hat predict instability when the f
c 0 n v einputémpédance at any frequeridyl] [12]. Middlebrook developed a
canonical C/DC converter model capablepfr e di ct i ng a converter 6s
based a design parametef$1] [12]. Figure2-3 presents theanonicalkonverter input
i mpedance determined by the converteros in
resistanceJang and Erickson later adapted thiediebrook criteria to predict instability
in currentmode catrolled converter§l3]. These toolprovide the mean® design an

input filter in conjunction with a converter or as a modification to an existing converter.

fo
: Converter Z,

fo

LCHilter Zy

\ 4
—

Figure2-3. Middlebrook Criteriawith Generic Impedance Curves
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Higherorder input filters preseninstability risk due taesonant behavior. A
genericLC filter exhibits output impedae characteristics of the form showrFigure
2-3. Resonant frequency location and damping factor determine whether the filter
violates the Middlebrook criteri.ower i ng the filterods resonar
requirement$ut increases the filter component sizg@gure2-4 presents two damped
LC filter circuits; Erickson demonstrates optimal damping for both fi[tets Yu and
Salato offer a damping technique thatees t he LC f il terds parasi:t
minimize the number of filter componernisd]. Most input filter design approaches
either seek to minimize the filterds i mpac

(number of corponents, size, etd.}6] [17] [18] [19].

L L
Ra R L
C C —
G

Figure2-4. Shunt (Left) and Parallel (Rightpamped LC Filters

Input filter designers minimize conducted EMI in new or existing systémpsit
filters help compensate for noisy converter topologié filter must be designed to
prevent impacting the DC/DC conve sestaldility by employing one of many available
damping technique#&n optimally designed input filter reduces switching noise
conducton, without impacting transient response, at minimal additional cost and physical

size.



2.4  Interleaved Multiphase

High-power applications often require multiphase power converters, which
operate several implementations of the same converter topology in parallel. In these
designs, each phase only provides a fract.i
total power disipation[20]. Low-voltage, highpower computer processor applications

influence many designs based aroundntiudtiphase bick topology[21] [22] [23].

st ON OFF
i Ts A .
Py g
T/3
st ON OFF
P -
T/3
st ON OFF

Figure2-5. ThreePhase Interleaved Switching

I nterl eavi ng t h e swichhgtsignplhiradsices thipplen v er t er 0
introduced and scales the ripple frequenmpprtional to the number of phases.
Interleaved switching signals turn on each phase alternately rather than in Bigsoa.
2-5 demonstrates thrgghase interleaved switchinghe switchingcontroller implements
interleaving ly introducing a proportional delay between each converter phiase.
delayed current waveforms sum at the input and output terminals, and the resulting ripple
appears at a multiple of the switng frequencyTable2-1 summarizeshe relationship
between the number of converter phases, switching delay, and overall ripple frequency.

8



Table2-1. Interleaved Multiphase Converter Properties

Number of Phases Switching Delay Ripple Frequency
2 Py cQ
C
3 Pry aQ
o
4 Py 0
T

Interleaving creates ripple reduction because of the delay between each phase.

The duty cycle, shared across all phases, determines the ripple cancéllgtios2-6

demonstrates current gfe cancellation at the output terminal of a {pltase buck

converter. The inductor current ripple flowing through the output capacitor canbels

the converter operates at a 50% duty cycle. Similarly, a-fitrase converter would

achieve complete ripe cancellation at 33% and 67% duty cycles, and apjbase

converter would achieve complete cancellation at 25%, 50%, and 75%.

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3

Normalized Ripple Current

0.2
0.1

0

0

10

20

30 40 50 60
Duty Cycle, D (%)

100

Figure2-6. Two-Phase Buck Convert&urrent Ripple Cancellatiof20]



The combined ripple cancellation afndquency scaling easéiering
requirements. A multiphase converter requires a much smaller filter than ajsiagke
converter to achieve equivalaemple performanceRipple cancellation atsreduces the
inductance per phase required to match stpbkese performance. These characteristics
decrease the solution size for higbwer applicationddowever, the relationship between
duty cycle and ripple cancellation restricts design choices.ofptvase converter only
achievesignificant ripple reduction at duty cycle around 50%. Increasing the number of

phases provides more options, but significantly increases design complexity.

L

i —>
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Figure2-7. Two-Phase Boost Converter

Parallel converters in a multiphase solution reduce the conduction losses
associated with a large input current, and interleaved switching provides some ripple
cancellationA multiphase boost converter, show Figure2-7, alsoexhibits inductor
ripple cancellation properties at the input termi24l. High-power solar PV inverters
benefit from using multiphase boost converters because of curremtgshad ripple
cancellatio{25] [26]. These converters undoubtedtyprove efficiency, but restrict duty

cycle selection when operated for maximum ripple reduction.
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2.5 Boost Converter

Figure2-8 depicts he boost topology, a standdd/DC stepup converter,
which contains a single switch and opera#ernatelybetween two states: switan and

switch-off.

Vi

Figure2-8. Standard Boost Converter Topology

Duty cycle, referred to as a percentage or a ratio less than unity, relates the
switching period to the time spenttime switchon (22) and switckoff (2-3) states
o} oJY ¢ ¢
0 p O JY ¢ O
Circuit operation depends on the relationship betweerctodourrent and
voltage (24).
w 0 SQ—Q C T
Qo
Turning the switch on and off changes the voltage applied across the inductor,
alternatelyincreasing and decreasing inductor curré&his action, stores energy from the
i nput source in the iIinduceceidenagy®theneagnet i ¢ f i
Becausehe cawerter always appliesoltage across the indtor, the converte6 s i nput

current never settles to a flat DC level. Inductor current ripple manifests as input current

ripple in a boost converter.

11



2.5.1 Switch-ON State

In the switchon state, the inductor stores energy from the input, while the
capacitor releases energy tovdrthe load. Turning the switan, reverse biases the

di ode, separating tMHgaure29 rcuitods two hal ves

in ® lL L CT REVJ;UT

Figure2-9. Boost Converter SwitcldN State

The inductor current ramps up with slgj2es) defined byequation (24).
Constant input voltage guarantees a fixed lirsdape (26), equivalent to the change in
current relative to the time spent in the switehstatg2-2). This equivalence &ils to a

description of the @akto-peak current ripple ¢2).

a0 @

Q06 0 ¢ v
YyQ ®

Yo 0 ¢ @
. o 0Y
YyQ 5 ¢ X

2.5.2 Switch-OFF State

In the switchoff state, energy from inpsiburce and energy stored in the inductor
flow to the capaitor and load. With the switch gfthe diode becomes forward biased

and connects the inductor to the output node &sgure2-10.

12



i|_—> I +
Vin CT RS Vour

Figure2-10. Boost Converter SwiteDFF State

Thedifference letween input and output voltage determimesictor current
slope(2-8) whil e the switch remains O0OFFO.
voltage, theswitch-off state also exhibits linear inductor current slop®)(ZEquation (2

10) presents the ped&-peak inductor current ripple during the swifh state.

a0 o
Qo 0 < v
yQ »  w
Yo 0 ¢ ©
.. W  w op OYY
YyQ T ¢ pTm

2.5.3 DC Transfer Function

Under steadystate operating conditions, inductor current reaches a fixed DC
value.Figure2-11 depicts these conditisnwhere net inductor current change reaches

Zero.

13
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Figure2-11. Boost Converter Stead§tate Inductor Current

Equation (211) describes the steadtate operating condition mathatically.
YyQ YyQ ¢ pp

Substituting the inductor current ripple expressions in the switc{2-7) and

switchoff(2-10) st ate | eads to the boost -18onverte
®w VY w w 2Jp 0O7Y
5 5 ¢ PG
w © o
0o © ¢ P

The ideal power relationsh{-14), in a lossless converter, extends the DC
voltage transfer function to the DC current transfer functieis]2
0 w O 0 w O ¢ pT

0
Y

O o) ¢ puv

2.5.4 Continuous Conduction Mode Operation

A DC/ DC converteroés inductor.Catinuosent de
conduction mode (CCM) impligaductor current flow throughout the switchigycle.
Discontinuous conduction mode (DCM) occurs when the inductor current drops to zero

during the switckoff state. In this scenario, the diode prevents negative current flow and

14



the inductor current remains at zero until the next swottieycle. DCMnaturally
occurs when a converter operates under light loads well below specified maximums. The
general converter design process assumes CCM operation at maximum rated load.

A special CCM case called boundary conduction mode (BCM), illustrated by
Figure2-12, delineates the barrier between CCM and DCM. BCM represents the

minimum conditions for CCM operation.

LN e o N | i
NN

DT T T+DT 2T 2T+DT 3T

Figure2-12. Boost Converter BCM Inductor Cemt

Maintaining CCM operation constrains inductor current ripple given the desired
averagenductor current level. le BCM constrain(2-16) describes a minimum

inductance, known as the critical inductancd {2 required to maintain continuous

conduction.
yQ o ’
C PO
. w 0'Y
0 <O C PX

2.5.5 ComponentRatings

Vol tage and current waveforms help dete

Manufecturess specify voltage ratings as peak values and current ratings as awerage o

15



RMS valuesFigure2-13 defines component current and voltage polarities in the boost

converter.

Inductorcurrent splits between the switch and diode. These components conduct

Figure2-13. Boost ConverteCurrent and Voltage Polties

alternately,;

carr.i

es

t he

t he swi

nductor

tch

carri

Deodercurrennsplits hetwedthe gt

€es

t he i

output capacitor and the load. The load conducts the DC output current and the output

capacitor conducts the AC component of the diode curffeqnire2-14 depicts the

current waveforms for each component.

i
A
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>t

|
T
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T+DT 2T

T T
2T+DT 3T
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Figure2-14. Boost Converter Current Waveforms

\\ \\ A I“
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A
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During the switckon state, the inductor see the input voltage and the reverse

biased diode sees the output voltage. During the swifcttate, the iductor sees a

16
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negative voltage, equal to the difference between input and output voltages, while the
switch sees the output voltage across its terminals. Capacitor valtzaesequalsthe
output voltageincludingthe additional ripple caused bytegratng the capacitor current
Figure2-15illustratese a ¢ h waveform

component 6s voltage

V|_ VSN

A A
Vin Vour —

DT T+DT 2T+DT o
T 2T tart
Vin - Vour f
M DT T  TDT 2T 2T+DT 3T
Vc |
A T
Vour
— — —— v
DT T  T+DT 2T  2T+DT 3T Vo

Table2-2s u mmarr i

Figure2-15. Boost Converter Voltage Waveforms

Z€es t

he

determined based on voltage and current waveforms.

boost

Table2-2. Boost Converter Component Ratifigg]

converteros

Component Rating Value
tch Drain Current ‘O 00
Swite Drain-Source Voltage W
. Forward Current O ©°
Diode — , ,
Max. Repetitive Reverse Voltag w W
Yo
Capacitor DC Voltage 0 W —
. . . YyQ
Saturation Curnet (@) (@) ra
Inductor o
RMS Current O O _YQ
PG
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2.5.6 Capacitor Sizing

Capacitors handle the AC current ripple
terminals. During steadstate operation, the net chargerstl and released by a capacitor
must approach zero over the switching cycle. Gihgrand discharging the capacitor
introduces voltagdapple across the capacitor-18), the primary desigparameter

associated with input and output capacitors.

N ¢ pyY

O:| CA

Integrating the positive or negative portion of the ripple current over a half
switching cycle specifies the maximum charge stored or released by the capayiier.

2-16applies this technouputeapatitorr a boost conver

Q T+DT 2T+DT

Figure2-16. Boost Converter Output Capacitor Charge Storage

The DC output current and switching cycle parameters determine the output
capacitor charge €29). Combining egations (218), (219), and (220) expresses the
required output capacitance to achieve aifipdovoltage ripple ratio (21).

0 "0 0JY ¢ pw

&)

© Y
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Though often omitted from schematics during theoretical analysis, practical
DC/DC converter implementations requireiaput capacitor. This provides a low
impedance source for highequency current ripple drawn by the converter. Inductor
current ripple determines the charge store

Figure2-17 depicts.

+Q ni
T 2T 3T

DT T+DT 2T+DT
-Q

Figure2-17. Boost Converter Input Capacitor Charge Storage

Like the output, input voltage ripple requirements determine input capacitance.
Applying inductor current ripple €Z) and input capacitor charge-g2) expressions to
t he c a phargevdtage rélaionship (28) specifies input capacitance in terms of

converter parameters and inputtegle ripple specifications {23).

. yQoY

Y T ¢ C¢
Y oJY

0 L|.Ul ¢ CO

19



2.6  Noveland Modified Topologies

Many stepup converter applications require performance beyond the standard
boost convertero6s capabi |-upttopatogies deSignedito nee d s
optimize dfferent performance criteria; including efficiency, ripple performance;spep

conversion ratio, size, and c$28] [29] [30] [31].

G
[
)

L L,

Vin : G R% V-;UT
| ] T-

Figure2-18. Modified Boost Converter

New and modified topologies trade additional complexity for performance
enhancementigure2-18 shows a relatively simi@ modification proposed by Karanam
as part of a stepp inverter applicatiof32]. Karanam implemented the modified boost
converter, focusing on performance of the inverter rather than the boost conselfter
Using analysissimulation, and hardware implementation techniques, this work intends to
prove the following thesis statement. Duringsteady at e, CCM oper ati on,
modified boost converter provides a 40% input current ripple reduction compared against

an equivéent standard boost converter.
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3. DESIGN REQUIREMENTS

Comparing two related converter topologies requires common performance
criteria and design constraints. Equivalent operating conditions and performance
measurements ensure proper evaluation of topologicaderter modifications. This
performance comparison primarily concerns
measured through the input inductor. Physical size and cost constitute secondary
comparative concerns as some applications value performancezeszand cos# valid
performance comparison requires uniform design constraints on input voltage, output
voltage, output power, switching frequency, inductance, input capacitance, and output
capacitanceSelecting thesparameterper standard boost ceerter characteristics

establishes the comparative baseline.

3.1  Current Ripple Performance

l nput current ripple rel at esespgemallyinhe con
boost topologies which place the inductor at the input terminal. Current ripple
measurements typically concern the peapeak value. But specifications typically
remain relative to the established DC current level, as a percentage much like voltage
ri pple. The boost topol ogylYreates dirgcthyttpeakur r ent

to-peak inductor current ripple{2) and DC input cuent (214).

bYQ yQ o
5 p
bYQ © D
R§elost] o G
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Specific applications dictate the tolerable induciament ripple percentage.
Generaly, most design guideles suggest ripple below 40%hddsing a relativg large
ripple percentagdifferentiates a topological modification that reduces rippé&geting
40% current ripple in a standard boost design provides adequate opportunity to improve

performance withougxceedingpracticallimits.

3.2 Functional Parameters

A DC/DC converted s f wlparamietergietermine the component values that
compl ete the caqunementsTaele3-d summdagizes tlge choser
functionalparametersor both boost converter$hree factors influenceopver and
voltage level selection: DC input current, DC voltage gain, and laboratory power supply
capabilitiesDC/DC converters with large DC input current require larger inductors to
achieve low current ripple. A topological modification designed to redyaut current
ripple provides greater benefit among converter with large DC input current. Because DC
voltage gain correlates with DC input current, hggin converters also benefit from
input ripple current reductio.heavailable DC powesupplies ao informed power and
voltageparametersThe voltage ripplealuesreflectcompensation for neideal

capacitors, which produce more ripple due to equivalent series resistance (ESR)

Table3-1. Functional ConerterParameters

Parameter Value
Output Power 30W
Output Voltage 20V
Input Voltage 6V
Output Voltage Ripple 0.3%
Input Voltage Ripple 0.3%
Inductor Current Ripple 40%
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3.3  Standard Boost Design

The functionaparametersistedin Table3-1 determine converter component
values and operating conditions. Two key operating conditions, duty cy8)eaf®l load

resistance (@), directly relate to funainal power and voltage levels.
0 W
-— o O
P w

&)

Y .
v

o T

The chose power and voltage levatecifya 70% duty cycle and 13.383oad

resistance.
, Pw
0 P T ™
Y ¢ T &
o 10 P (R

A third operating conditionswitching frequency, provides a degree of freedom to
adjust component valuesicreased switching frequency reduces the inductdi) (3
output capacitor (21) and input capacitor {23) component values. Because the
performance comparison regards inductor cu

inductor value outweighs the impact on capacitor values.

® 0
b YQ 230

0

Switching frequencylso constrainswitching controller selection. Some
controllers offer adjustable switching frequency, while others operate at a fixed

frequencyGenerally most controllers opematbetween 100Hz and 2VMIHz. Selecting a

23



200kHz switching frequency keeps all three component values within reasonable ranges

and preserves a widelsction of switching controllers

. pw I -
" mocnmowom PP °
. 0JY mOu* i .
© vy3— p@&om Omdinu L@ O
5 0oJY mou' i

W3— $Op 1t OOmBImu T&U O

Table3-2 presents the complete desigmurementsderivedfrom the functional

parameterand stated design goalssing standard boost converter relatlups These

constraints establish the baseline performance of the standard boost converter and limit

the modified design to validate the perfance comparison

Table3-2. Converter Desigiarameters
Parameter Value
Output Power 30 W
Output Voltage 20V
Output Current 15A
Input Voltage 6V
Input Current 5A
Load Resistance 13.333 q
Switching Frequency 200 kHz
Switch Duty Cycle 70%
Inductance 10 pH
Output Capacitance S0puF
Input Capacitance 44 uF
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4. ANALYSIS AND SIMULATION

Basic converter analysis techniques describe converter performance by exploiting
inductor currentlepe assumptions. These assumptions eliminate the need to solve the
underlying differential equations that describe inductor current and capacitor voltage.
Section2.5presents a typicdloog converter analysigssuming linear inductor current
slope during both switching statésnear inductor current slope implies pud€ voltage
across the inductor armconverterswitching frequency higher thantbeo n v eltCt er 0 s
resonant frequency. These assumptions remain valid foeipyeagesigned boost
convertersand the simple analysis accuratphgdictsinductor current ripple.

The modified boost converter topology challentessassumptions that facilitate
simplified analysisAs sumi ng the converter ddreswiitrachuiing
resonanfrequencies, linear current slopralysis predictsaargel. current ripple,
proportional to W, andzero L; currentripple, based on the DC voltagegure4-1
depicts across each inductor

+ (Vin G Vour) -
| |

1]
L L G

+’_/WT[>< +
Vin Vin G = R <§ Vour
) | ] _

Figure4-1. Modified Boost Converter DC Voltages

This simple analysis ignores the small voltage ripple on both capacitors, which
induces a small current ripple in both inductors. The lineaenusiope analysis remains

accurate when large current ripple introduced by DC voltage across the inductor masks

25



the small addition. In the modified boost converter, simple analysis accurately predicts L
current ripple, but notdcurrent ripplewhich depends entirely on small AC voltage

ripple applied across the inductor. Therefore, input current ripple prediction requires
more complex analysis of the modified boost converter.

State space analysiescribes a DC/DConverter using a set of time differat
equationsAveraging the state space representatchngig swich-on and switckoff
operatiompr ovi des t he nsferfumcgon,tvesiflyirigdoody e bahaviar.
Transformation to thexdomain, normalizes the tirglomain statequationoverthe
converter s swit crirdomagn s@atequationdescribBstdadystateg t h e
convertembehavior. Unlikesinusoidal waveforms nalytical switching waveform
expressioa provide little intuition towards performance measurements such asgpeak
peak, RMS, and average valyd8]. Computeraided numerical solutions provide
relevantboostconverter performance measurements, particularly-pepkakand
percent inputurrent ripple, facilitating converter design otes. Analyzing the known

standard topology alongside the modified topology validdwesteadystate model

4.1  State Space Analysis

The state space analysis method describ
variables, as a set of firstder differential guationsknown as the state equation
DC/DC converters require a state equation, for each switching state. Control loop and DC
transfer function analysis rely on the ave
switching states. Combining the individgtate equations sequentially describes the

converter 6s dy rsthencomplete switeghmgcygcle. acr os
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Energy storage elements, capacitors and inductors, determine a DC/DC
convert er GaviodSinmpk diffeentid elationships make induatorrents
and capacitor voltages the best state variable choices. Circuit analysis completes the
associated first order differential equat:
inductor voltage with capaci tcorentkw(K@Lage st
replaces capacitor current with inductor current state variables. The cosiptete
equation describes easngt lsd ad s tveama sa bd teadtse d\

inputs.

4.1.1 Standard Boost Converter

Thestandard boost converferstate modelequires two state variables, indic

current, i, and output voltage oyvshown inFigure4-2.

Vin

Figure4-2. Standard Boost Converter Statariables

Figure4-3 displays the standard boost state variables during the sovitstate.

Vin (D 1_§L C_f\-llrO %R

Figure4-3. Standard Boost Converter Swit€in State Variales

KVL determines the inductor current differential equatiori)4nd KCL

provides the output voltage differential equatios2j4
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The switchon state equation {8) summarizes the state variable differential

equations in matrix form.

[910]

— Tt ® P
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Q) - "pE b H w T O
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Figure4-4 depicts the standard boost state variables in the softctate.

iL —> l+ L

Figure4-4. Standard Boost Convertewtch-Off State Variables

KVL around the circuit and KCL at the output node determine tthacitor

current (44) and outpuvoltage (45) differential equations

220y Py Tt
Qo 0 0
@ P, P
Qo 5 8Y vy

The switchoff state equadn (4-6) summarizes both statariable differential

equations in matrix form.
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Summing the swith-on and switckoff state equations, weighted by duty cycle

andinverse duty cycleprovides the average state equation across the switching period

(4-7).

aQ S p 0

— o Tt = v

Qo Q : b QI

Qb On ﬂ N p ©O 0 o U H w T X
- oY - ST Tt

Qo 0 oY
The DC transfer funct i o asshedt&esvariahleb e

reach pure DC values. Under these conditions both differentials approach zero.

'aQ

Qo T
Q) T
™

Solving the resulting inductor current equatiorBjdyields the DC voltage

transfer function (®).

Solving the output voltage equationt19) yields the DC current transfer function

(4-12).
. p . p . . p
nm O FY(A) p O 3 O p O 6—,Yoo T pTT
0 w
R T pp
0 0
o O T pg¢

State space averaging produces the same DEférafunctions presented in

Section2.5.3using steadygtate current ripple constraints
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4.1.2 Modified Boost Converter

The modi fied boost converterbds state

variables Figure4-5 shows thewo inductor currents;: andir2, and two capacitor

voltagesyci and , describinghe modified boost convet er 6 s .dynami cs

Figure4-5. Modified BoostConverter State Variables

Figure4-6 depicts the modifietboost state variables during the switah state.

L + Vo |

[l °
ip —>» ('3'1 l +

Vo

Vin 'iz Lo Cz—l— "

Figure4-6. Modified Boost Converter Swite®n State Variables

VWA
Py

KVL around the outer loop provides the current differential equation {43)
and KVL around the inner loop provides thedurrent differential equation {#4).

% BL‘) BD Bo’o T poO
Qo 0 0 0

o0 pL‘) pL‘) T T
Q0 0 0 P

KCL at t hwe nodes provide the@apacitmltage differential equations

for vci (4-15) and ¥ (4-16).
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The modi fi ed b o oantstateeguano@-17) entains thesstate t ¢ h

variable differentibequations in matrix form.

'aQ 7 0T T B 'B l’l
1 |’Q C)I’I 11 U U I,I
QA 11 P P nQ nBI’I

1 T~ A | |T[ n no no o I(I‘) 1

Q0" ) v "Q "

Ivm 1 | p ' l‘) 1T 0)] T p X
M I‘E — T Ty L

11Q 0% 9 0 o Ty

L P P1

uQolU 5 ) 6 'YW

Figure4-7 shows the modified boost converter state variables in the sufitch

state.

+ Vg |
[
1
O N
i, —> i, —> T+
Ve ® G=Vw 3R

Figure4-7. Modified Boost Converter SwiteDff State Variables

KVL around the circui tibusentadiffdremtral | oop det
eqguation (418). KVL in the G loop determines theslcurrent differential equation {4

19).
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KCL at the circuifs nodes determisg¢he G voltage differential equation {20)
and G voltage differential equation {21).
QD
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The modi fi ed b o odftstateeguatogl22) eontdains thesfour t ¢ h

statevariable differential equations in matrix form.
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Summing the modified boost core r t ate efusatios, weighted by their
switching period fraction, pragtes the average state equafidi23).
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The differentialsapproach zero as the state variables reach their DC value.
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Solving the averagedilcurrentequation (424) and the averagead turrent

equation (42 5 )

and 427).
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Consolidatingoothrelationships produces the modifieddbet convert er 6s

transfer function (4€8).

w

w 0 ©

T QY

Solving the average C1 voltage equatior2®} demonstrates the equality
between the average inductor current8@J.

(@) ()]
>0 o £
(0] (0]

O O T T CW
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Considering the equality of the average inductor currents while solving the

average gvoltage equation (81) yields the DC current transfer function3a).

(@) o 0 W p O 0 W
o} Y o} Y n t.op

‘O

O 5 0

T 0¢

The modi fied boost conyvert standagl bdo<st

topology, demonstratinfyinctional equalityOn average, both converters shthe same

relationships between switch duty cyctedanput and output quantities.

4.2  SteadyState mDomain State Equations

During steadystate operatiora DC/DC converter returns to the same state at the

begnning of each switching cycl@he switchon ard switchoff state equations each

governa potion of the cycleModeling the switching transition creates a unified,

periodic state equatoAnmd o mai n st ate equation descr.i

over a generalized switching cycle.
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Independent vaabletransformation (433) partitions the time domain into a set

of discreteswitching cycles in thex-domain[33].

0O &€ aY T OO
¢ miphghotB
T a p

Applying the transformatioreducesa periodic,time-domain diferentialequation

(4-34) into anm-domain differential equation {@5) describing thea" time-domain

cycle
Quw |
—— WO T Ot
Qo
Qo a L
— w a JY T OV
Qa

The transformation al so si mprmodel es
Transitionsin the time domaimccur relative to the switching period and duty cycle.
However,mdomain switching transitions depend only on duty gyallewing a simple

piecewise function to model the transitidigure4-8 illustrates this difference.

ON |OH| ON |oFF| ON |oFF| ON |OFF
} » t
0 DT T T+DT 2T  2T+DT 3T  3T+DT 4T
ON |OFF
| m
0 D 1

Figure4-8. Time-domain andn-domain Switching Transitions
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4.2.1 Standard Boost Converter

The standard

b o eodf statecequatioret8) toatairts swo erms t ¢ h

not present in the switebn state equation {3). Applying the standard boost switching

function (436) to the switckoff equation models the transition in tmedomain.

Qa

Q¢ & ©
phQE® & p

Thestandard boost-domain state equation-@ 7 )

behavior during a generalized, steadgte switching cycle.
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4.2.2 Modified Boost Converter
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The modified boost switebn state equation {#7) contains two terms not

present in the switebff state equation (48). Applying he modified boost switching

function (4-38) to the switckon eqiation models the transition them-domain.
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The modified boostn-domain state equation-@ 9 )

behavior during a generalized, steadgte switching cycle.
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4.3  Numerical m-Domain State Equation Solutions

Ma t | @édbfnctionprovides numerical state equation solutions. Solving the
system of firstorder differential equatits requires initiatonditions(ICs). Sate variable
average valug obtained through circuit analysis, provide initial condition estimates.
Understeadst at e conditions, each st at-effstat@ar i abl
equals itgnitial value during the switeon statelteration graduallyeduces the
sol ut i o-statéderra;tthe diftrgnce between final swibchvalue and initial

switch-on value.

4.3.1 |Initial Condition Estimates

A converterbés state variable avemsages d
associated with its reactive components. During ststatg operation, the average
voltage across an inductor and the average current through a capacitor both approach
zero. Under these conditions, the average inductor currents and capacitor veltdges
t o the &mwnnputaneautpus parameters.
Table4-1 summarizes the average voltage and current associated with the

standard boost converteros inductor and ca

Table4-1. Standard Boost Converter Component Averages

Component Voltage Current
L ov Iin
C Vour 0A

Table 4-2 summarizes the average voltage and current associated with the

modi fied boost converterdés reactive compon
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Table 4-2. Modified Boost Converter Component Averages

Component Voltage Current
L1 oV IN
Lo oV IN
Ci Vin - Vout 0A
C2 Vour 0A

Table4-3 lists the estimated initial conditidor each state variable in the

standad and modified boost converters, based on functional requirements and the

associated DC transfer functions.

Table4-3. State Equation Initial Condition Estimates

Standard Boost Converter Modified Boost Converter
State Variable Estimate State Variable Estimate
iL1 5A
i 5A
't i 5A
Vel -14 'V
Vo 20V ve 20V

These functional converter design parameters provide reasonable initial condition

estimates that allow theerative state equation solution to converge

4.3.2 lterative State Equation Solution

Custom Matlab functions implement the iterative state equation solution process
for both the standard and modified boost converters. Each function requires converter
design ifiormation, including component values, switching period, input voltage, output
voltage, and output power. Component values and switching period populate the state
eguation matrices, while inpaiutput parameters provide the initial condition estimates
for each state variable. The scripts decouple the state equation intoewickl switch

off equationsf aci | i t a todeASunctiba and eetord the concatenated solution

over them-domainafteriteration converges.
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Figure4-9 depicts the iteration process, controlled bydteadystate errarOnce
the final state variable values of the switififi solution match the initial values of the

switch-on solution, within0.0001% thefunctionstops iterating.

Solve SNV-On SN-On

Equation | ¥ Final Vals
v
SNV-Off | Solve SW-Off | SNV-Off
Final Vals Equation | [e3

Figure4-9. Iterative Numerical State Equation Solution

APPENDICES

MA contains the Matlab filelsoost_cycle.nandboost_mod_cycle.mvhich
implement the iterative state eqgoatsolution functions for the standard and modified

boost converters.

4.4  Modified Boost Design Process

The baseline desigmestrics modified boost convertatesgn choices. These
parametes, detailed in Chapt&; set switchingrequency anautput cpacitance (¢
directly and constraih he modi fi ed t op oDiwdynytlespetiied al i nd
total inductance between knd L, and sizing the additional capacitor l€main the
only topology design choices.

Designconstrants | i mi t t he converguHghed8usnoftbot al i n
and L. This design process considers tha##ecations of 1QH between Land L2: a
50/50 split, a 25/75 split, and a 75/25 split. Converter resonant frequencies and physical
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sizelimttreGval ue range. The convertero6s resonar

C. value keeping the highest resonant frequency belo@@B&Hz switching frequency.
Setting the maximum Gralue at 5QuF, the specified converter output capacitance, limits
themodi fi ed boost conver Malabonkrma fcha compowenta |
value selection, based on input current ripple performance predicted by the numerical

state space equation solutions.

4.4.1 Resonant Freguencies

The modified boost converter tdpgy complicates resonant frequency analysis.
The standard topology contains one resonance during the s¥fitstate. Inspection

suggests multiple resonances in the modified boost convertegdie switchof state.

Figure4-10i |  ustrates an AC simul ati on-onamfd t he

switch-offcircutsused t o observe the converteros

phy

m

res

Each circuitds input i mpedanceFigarbar act e

4-11portraystheswitclon ci rcui t 06s two resoqoamht cireaque

three resonant frequencies with&gjual to JuF. The impedance curves align at higher
frequencies, suggesting the circuits share two similar resonances. étpthese

resonant frequencies do not match exactly; they separatevati€ increases.
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c1
€}

out2 .param C 1u
.param L1 5u

.param L2 5u
R2 = .param Cout 50u
R} .param R 13.333
.ac déc 1001 1meg’
.probe V(in1) V(in2) I(L1) {L3)

L2} {Cout}i

Switch-On Circut Switch-Off Circuit

Figure4-10. LTSpiceModified Boost ConverteResonance Simulation

V(in2)1{L3)
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Foaor
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L oge

0dB+
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-20dB-|
b -0

-30dB-{
L 600

-804B-|
S4BT T e ad
6048 ; ; : . ‘ 100°

THz 10Hz 100Hz 1KHz 10KHz 100KHz TMHz

Figure4-11. LTSpiceModified Boost @nverterSimulatedinput Impedance

Figure4-12pl ot s t he convert er Oabtaihedfgoméset r eso
Figure4-10 simulation, over a range oh@alues.These data suggest Galues greater
than 1uRpreventthe convertgls maximum resonant frequency from exceeding20
kHz switching frequency. The data also indicate that the inductance split betwaed L

L. impacts resonant frequency les<Ca valueapproaches output capacitance value
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Figure4-12. Max. Modified Boost Resonant Frequency versud/@lue

4.4.2 Component Szing

Thelicurrent

state var

i abl e

predicts t

he

performance.Matlab provides the numerical state equation solution, calculating ripple

performance using the maximum, minimum, and averageiirent valuesAppendix A

contains the scrigioost_mod_design_comp.executing these calculations for all three

L1/L2 inductance splits over the selectedv@lue rangeFigure4-13charts the

converteros

perfor mance

based

o N N o @
T T T T

L1 Current Ripple Percentage
©

— 50/50 Split
— 25/75 Split |

75/25 Split

10°
C1 Value (F)

o

Figure4-13. Modified Boost Converter @mponent Sizing Chart
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These performance predictions agree with a simplistic explanation of the input
current ripple. A larger Cvalue reduces the voltage ripple acrogsand smaller v
changes induce smallei changesThe Li/L2i nd u c t a n gact os utrenttrigple I m
performance and maximums@nant frequency decrease(as/alue approachesutput
capacitancealue.Selecting a 50/50 inductance split simplifies component selection.
Table4-4 lists the modified boost coewter design parameters chosen based on predicted

input current ripple performance.

Table4-4. Modified Boost Converte€omponent Values

Component SelectedNominal Value
L1 SHUH
L2 SHUH
C1 30puF
C 50 pF

4.5 Design Simulation

The numerical state equation solution method provides lirdigstgn simulation
by directly solving for each state variable over a single, stetdg switching cycle.
These waveforms provide all necessary information, edtinectly orindirectly, to
physically implement the converter. Given specific converter design parameters, a
Matlab-simulation script performs iterative state equation solution, plots the state variable
waveforms, and calculates relevant state variable measuremdintging converter
perfor mance. Comp ar i sigqulatian adaindheoneticad DG er 6 s
performanceind a omplementary LTSpice simulation, evaluatesrthdomain state
equati on mo tablédd summdrizeshe samwlgtedonverter designs,
including functionaparametes and component valueSection4.5.3compares both

simul ation techniqueb6s relevant converte
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Table4-5. Converter Design Parameter Summary

Standard Boost Design Modified Boost Design
AV 6V VN 6V
VOUT 20V VOUT 20V
Pout 30 W Pout 30 W
fsw 200 kHz fsw 200 kHz
R 13.333q R 13.333q
L1 5 uH
10 uH
- H L2 S5 uH
C 30puF
C S0puF c, 50 IF

45.1 Matlab Simulation

Theboost_sim.nscriptin Appendix Asimulatst he st andard boost
performanceFigure4-14 portrays the Matlaisimulated inductor current and capacitor
voltage in the standard boostnverter design. The simulated waveforms tidlee

expected shap®ection2.5.5presents.

L L 1 1
0.2 0.4 0.6 0.8 1

~

o

IS

Inductor Current (A)
(6]

w
o

)

N
o
o
a

20

19.95 -

Capacitor Voltage (V

Figure4-14. Matlab State Variable Waveforms for Standard Boost
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Table4-6 compares relevaMatlab simulatiormeasurementandtheoretical

standard boost converter design valldg simulated average state variable values

match theoretical values within one percent, while the-pegleak and percemipple

values match to five percent errdppendix Bcontains complete standard boost

measurements obtained through Matsamulation.

Table4-6. Matlaband Theoreticabtandard BoodbesignPerformance

Inductor Current (A) Capacitor Voltage (V)
Matlab | Theory | %Diff Matlab | Theory %Diff
Average 4.9591 5 -0.818% | 19.998 20 -0.01%
PeakPeak 2.1 2 5% 0.105 0.1 5%
%Ripple 42.346%| 40% 5.865% | 0.5249% 0.5% 4.98%

Theboost_mod_sim.mscriptin Appendix Asimulateghe modified boost

designoés

fFrigurefl- 6 presants ctheimulatednductor current waveforms,

demonstratinggreement between the state equation model and the simplistic circuit

analysis. The voltage auss L1 approaches zeand the small voltage ripple produced

by current through C1 induces small current ripple through L1. The voltage across L2

approaches

t he

stand

ar d

boost

converteros

inductance of the standabdost design, L2 experiences twice the current ripple. These

wavefor ms i

ndi c

ate t

he

only a small current ripple at the converter input.

modi f i

ed

designobs

Figure4-16 depicts both capdtor voltage waveforms, demonstrating voltage

ripple performance comparable to the standard boost design. The iterative state equation

solution method favors minimizingilc u r r e n t-shage ersot, theaddfgrence between

initial and final values, badeon the state design goal. Both capacitor voltage waveforms

suffer larger steadgtate error due to the chosen hierarchy.
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Figure4-15. Matlab ModifiedBoostIinductor Current Waveforms
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Figure4-16. Matlab Modified BoosCapacitor Voltage Waveforms

The simulation script determines capacitor currentef@wns calculated from
inductor current solutions and the known DC output current, using KCL relationships
during each switching statéigure4-17 shows simulated capacitor current waveforms
which help determine capacitor current ratings. Under ideal stath/conditions,

average capacitor current approaches zero. Theseamangeéxhbit nonzero averages
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andindicate the Matlats i mu | duhctiomal liimgations; small state variable solution

error compounds through further calculation required to determine related waveforms.

C1 Current (A)
o

C2 Current (A)

Figure4-17. Matlab Modified BoosCapacitor Current Waveforms

Table4-7 compares simulated average state variable values and theorateal st
variable averages derived from DC circuit analysis and functional conpartanetes.
Despit favoring minimal inductor current steastate error, the Matlab simulation
predicts average state variable values within approximately one percent of theory.

Appendix Bcontains complete Matlab simulation performance measurements.

Table4-7. Matlab and Theoretical Modified Bod3esignDC Performance

L1 Current (A) | L2Current (A) | Ci1Voltage(V) | CzVoltage (V)
Matlab 4.9446 5.0384 -14.032 20.012
Theory 5 5 14 20
%Diff -1.108% 0.768% 0.2286% 0.6%
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4.5.2 LTSpice Simulation

LTSpice tansient snulations provideompletebenchmark comparison against
the Matlabbased simulations. Both convertgpice simulations use nedeal switches
andopenrloop PWM control. The measure command captures the relevant converter
pe f or mance data over ,tehmswitchingoyolésavaragoand s f i na
peakto-peak measurements determine Sysiceulated ripple percentag&ppendix B
contains complete LTSpice performance measurements for both standard and modified
boost dsigns.
Figure4-18 depicts the LTSpice transient simulation of the standard boost
converter desigrigure4-19 shows the standard boost state variable waveforms over the
transi ent s i nswilchang cydes.dlesefwavafars indieate approximate

ripple performance similar to the Matlab simulation.

(2]
rbl;lf)ﬂ\ gw A T out
... 10u. .. .. . .. ..
Isw S
s ST ez R ..
= 50u 13.333
2 V2 st S ;
PULSE(0 10 1n 1n {D*(1M} {1/}) - - > -

T .meas tran IL1_avg AVG |(L1) FROM=19.95m TO=20m
Ceyd SRR T .ieds tran IL1”rms RMS I(L1) FROM=19.95m TO=20m
0 ° 0o °©00 00 °©00 00 ° ° o ° o ° .meas tran IL1_rip PP I(L1) FROM=19.95m TO=20m- -

vommoman TR e 1o
P .meas tran min m =ZUm
PULSE(10.0 1n 1n {D*(1/f)} {1/f}) _meas tran Vout._avg AVG V(out) FROM=19.95m TO=20m

- param D 0.7 R .. ......meas tran Vout_rms RMSV/(out) FROM=19.95m. T0=20m . .
*_param f 200k .meas tran Vout_rip PP V(out) FROM=19.95m TO=20m

= = = = .meas tran Vout_max MAX V(out) FROM=19.95m TO=20m
el }1’51‘:,"”;“ (Roff=1E6 Ron=0.0001 Voff=0.0 Von=1.0) 0 2n Vout_min MIN V(out) FROM=19.95m TO=20m - - = - -

Figure4-18. LTSpice Standard Boost Transient Simulation
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Figure4-19. LTSpice State Variable Waveforms for Standard Boost

Figure4-20 shows the LTSpice transient simulation for the modified boost
converter desigriigure4-21 presents the LTSpice moudifl boost inductor current
waveforms, again demonstrating the designbo

predictskcurrent ripple twice the standard boos

- =meas tranIL.1_avg AVG I(L1) FROM=19.95m TO=20m - -
<meas tran IL1_rms RMS I(L1) FROM=19.95m TO=20m
=meas tran IL1_rip PP-[(L1) FROM=19.96m TO=20m

© ameéas tranIL1_max MAXI(L1) FRON=19,95m TO=20m

see0co - seoncoo - - =meas-tran IL1_min MIN (L1} FROM=19.95m TO=20m - -
@lecooco 200 se0o000 000 - - =meas-tran IL2_avg AVG |(L2) FROM=19.95m TO=20m - -
[ N SooDI DTl D smeastran IL2_rms RMS I(L2) FRON=19,95m TO=20m
A =meas tran IL2_rip PP-I(L2} FROM=19.95m- TO=20m
= o~ smeas tran IL2_max MAX I(L2) FROM=19,95m TO=20m
erg =meas tran IL2_min MIN I(L2) FROM=19.95m TO=20m
5 ouE <meas tran VC1_avg AVG V(x,out) FROM=19.85m TO=30m
IBU il . e LoDl D D dmeéas tran VC rmis RMS V(x,out) FROM=18.95m TO=20m
0 =meas tran VC1_rip PP V{x;out) FROM=19.96m TO=20m
D erdsw X Co€200 L, oo emeas wan VCA_max MAX V(x.our) FROM=19.95m TO=20m
; = =meas tran VC1_min-MIN V(x,out) FROM=19.85m TO=20m
= . . H0u. . 13,333 - - - - ameas tran-Vout_avg AVG V(out) FROM=18.85m TO=20m
.. L . ¢meas tran Vout_rms RMS V(out] FRON=19,95m TO=20m_
=meas tran Vout_rip PP V(out) FROM=19.95m- TO=20m
<meas tran Vout_max MAX V{out] FRON=19.95m TO=20m
N 0coaaa s S - - - ameas-tran-Vout_min MIN V(out} FROM=19.95m TO=20m

SEO . S . . S . e - - =meas-tranC1_avg AVG I(C1) FROM=19.95m TO=20m - -
c S . Sl . B Ll B S 01 imeas tranllC4_rms RMS I(C1) FROM=19.95m TO=20m.

L2

S Ll 1 imeastranIC1_rip-PP.I{C1) FROM=19.95m TO=20m
PULSE(0 10 1n 1n {D*(1f)} {11} imeas tran IC1_max MAX I(C1) FROM=19.95m TO=20m
R R SRS R RS R R SRR e o e tE L IR UL ) AL SR T TS
V3 =meas tran IC2_avg I(C2) FROM=19.95m TO=20m
S S S PRy St iméastran’IC2_rms RMS (C2) FROM=19.95m TO=20m -
*Raram f 200K <meas tran IC2_rip-PP.1{C2) FROM=19.95m TO=20m
PULSE(10 0 1n 1n {D(1/M} {1/}) - - ~model ISW VSWITCH:(Roff=1e6 Ron=0.0001 Voff=0.0 Von=1.0) . - :Meastran|C2_mak MAX I(C2) FROM=19.95m TO=20m’ :
HOOT: UTHERDARR): © T N e on=1.0) - meas tran IC2_min MIN I(C2) FROM=19.9m TO=20m

1-d

Figure4-20. LTSpice Modifed Boost Transient Simulation
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Figure4-21. LTSpice Modified Boost Inductor Current Waveforms

Figure4-22 depicts the modified boost capacitor wavefgrademonstrating
output capaitor voltage ripple equivalent to the standard boost design. The LTSpice

simulation measures;@oltage between nodesandout shown inFigure4-20.

2900 Vixou
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Figure4-22. LT Spice ModifiedBoost Capacitor Voltage Waveforms

Figure4-23shows thd.TSpicemo d i f i e d b largescapacdoe curregtn 6 s

ripple, like the Matlab modified boost simulation.
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Figure4-23. LTSpce Modified Boost Capacitor Current Waveforms

4.5.3 Simulation Comparison

Selected relevant measurements form a comparative basis between simulation
methodsAverage state variable measurememngisfy eachd e si gndés DC-behavi
to-peak and percent rippléase variable measurements, relative to measured averages,
guantifyeacldesi gnés ripple performance. The modi
current measuremenpertain to component current rating requirements. LTSpice
measurements serve as nominal velben calculating percent differences.

Table4-8c ompares the simulated standard boo
performance measurements. Both simulations match withjradfgss all three

measurements.

Table4-8. Standard Boost SimulatiddeasuremenComparison
Inductor Current (A) Capacitor Voltage (V)

Matlab | LTSpice | %Diff Matlab | LTSpice | %Diff

Average 4.9591 4.9627 -0.07% 19.998 19.839 0.80%
Peak-Peak 2.1 2.0827 0.83% 0.105 0.102 0.77%
%Ripple | 42.3468% | 4196/ 0.90% 0.525% 0.52%% -0.06%
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Table4-9 compareshe modified boost design state variable and capacitor current

measuremenig\verage l. current matches withithree halves of a perceatd the othe

state variable average measurements maititiin half of a percentLTSpice predicts

significantly larger L current ripple and Cvoltage ripple; given the small absolute peak
to-peak values, the difference between simulations carries less importanckat&d G

RMS currents match within two percent, andRBAS currents match within 12% despite

the Matlab simulation measuring naaro average capacitor current, an imperfect

steadystate condition.

Table4-9. Modified Boost SimulatiodMeasuremenComparison

L1 Current (A) L2 Current (A)
Matlab | LTSpice | %Diff Matlab | LTSpice | %Diff
Average 4.9446 5.0188 | -1.48% | 5.0384 5.0183 0.40%
PeakPeak | 0.0286 0.0444 | -35.59% | 4.2209 4.2098 0.26%
%Ripple 05780 | 0883% | -3469% | 8377 | 8388%% | -0.14%
Ci1 Voltage (V) C2 Voltage (V)
Matlab | LTSpice | %Diff Matlab | LTSpice | %Diff
Average | -14.032 | -13.999 | 0.24% 20.012 19.993 0.10%
PeakPeak| 0.0993 0.2134 | -53.47% | 0.1162 0.1084 7.20%
%Ripple 07086 | 152%% | -53.57% | 0581% | 0542% 7.10%
Ci Current (A) 2 Current (A)
Matlab | LTSpice | %Diff Matlab | LTSpice | %Diff
RMS 1.2429 1.2242 1.53% 2.8323 2.5308 | 11.91%
Both simulationb6s produce similarly

boost output voltage and modified boostvGltage.Theoeetically, the standard boost

output voltage follows a roughly quadratic trajectory during the svatthtate, as

s ha

Figure2-16 shows charge accumulating at a decreasing rate due to negative current slope.

This analysis assues output voltage ripple exerts a negligible effect on load current. The

LTSpice simulation produces nateal load current, consequently affecting the output
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voltage waveform. Additionally, solution uniqueness affects the state equation simulation
model.The iterative, numerical solution method simply finds a set of solutions exhibiting
steadystate error, difference between initial and final values over a switching cycle,
below a predefined threshold. The iterative method does not guarantee a unigom. solut
However, Sectiond4.5.1and0 demonstrate general waveform similarity, for both
converter designs, across simulation methods.

Though Matlatand LTSpice simulation results differ in some respdmbth
methods predicsignificant input current ripple reduction between standard boost and
modified boost design3able4-10 summarizes input current ripple performance across

bot h t squuvalengdesign, projectimgdiction from a 40% baseline to below 1%

ripple.
Table4-10. Simulated Boost Converter Input Current Ripple Reduction
Standard Boost Modified Boost
PeakPeak (A) %Ripple PeakPeak (A) %Ripple
Matlab 2.1 42.36% 0.0286 0.578%
LTSpice 2.0827 41.967% 0.0444 0.885%
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5. HARDWARE

Theconert er sé6 hardware i mplementation coVé¢
switching controller design, and printed circuit board (PCB) assembly. Hardware testing
determines each convettes per f or mance based upon state
Implementation priorities includainimizing nortopological differences and

characterizingteadystate, CCMoperation

5.1 Power Components

Each converter 6s posvexceedexpeciediageand r at i ng
current conditions based on theory or simulation. Most components experience similar
voltage and current stresses in both topologies. The modified boost topology primarily

impacts L, C;, and output capacitor (Ccurrent ratings.

5.1.1 Inductors

Bothc onverter i mpl ement at WB-RAMI seree Wuerth
throughhole, shieldeghower inductor$34]. The modified boost converter contains two
4.7 uH inductors chosen to occupy less PCB area thaistandard boostoov e r t er 6 s
single 10uH inductor.Table5-1 summarizes important properties for each inductor

selected.

Table5-1. WE-FAMI Series Inductor Properties
Use Inductance | Ipc lsst | Max DCR | Tol. | Footprint
Modified Boost| 4.7 uH 65A | 96A | 125mq | 20% | 60.82mnY
Standard Boos{  10pH 89A | 124A| 95mq | 20% | 172mn?

Both inductors meet the designds curren

exceeds the 5 A average current though each indurctbeistandard boost and modified
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boost. The memaximumeuwrenbas apgraxiinatelyl7 A, remains below

the inductor saturation rating.

5.1.2 Capacitors

Both converter implementations use multilayer ceramic capacitors (MLCCs) in
the power path. Us;p; ML CCs miti gates the capacitor
(ESR) effects ranging from increased output voltage ripple to parasitic etwatpoteros.
This choice keeps powgath capacitors closer to the ideal components assumed during
analysis and siulation. Configuring multiple MLCCs in parallel accommoddtage
ripple current. MLCCs, curredimited only by heat dissipation, offer a smaller, cheaper
solution than electrolytic capacitofBable5-2 describes the worstase current through
each powepath capacitor, based on Matlab simulation, and the corresponding MLCC

configuration.

Table5-2. PowerPath Capacitor Current and MLCC Configuration
Component Worst-Case Current Value | Configuration

Input Capacitor Standard Boost| 0.614 Aqwvs 44 uF 22uF x 2
Modified BoostC; | Modified Boost | 2.8323 Aws | 28.2uF | 4.7pF X6
Output Capacitor | Modified Boost | 1.2429 A&ms | 47uF 4.7uF x 10

Table5-3 lists propertes of both MLCCs implementing powpath capacitors.

Table5-3. PowerPathMLCC Properties
Component Capacitance | Voc Rating | Dielectric | Tol. | SMD Package
Input Capacitor 22 uF 10V X7R 20% 1210
Modified BoostCy
Output Capacitor

4.7 puF 25V X7R 10% 1206
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5.1.3 Switch and Diode

The switching components experience similar stresses in both converter designs.

Both topologies expose no more than the output voltage across both switching devices.

Additionally, both deices carry the same average currents in each conveatsr.

converter implementation uses a IRF60B21channeMOSFET switch and a

MBR10100G $hottky diod€g[35] [36]. TaHe5-4s u mmar i zes each

compon

and expected operating conditionsltdge ratingnargirs accommodatgarasitic ringing

at a c owitecheng noder Gursent sating margins ensure power dissipation within

component packaging capabilities.

Tabe 5-4. SwitchingComponent Rating Margins

IRF60B217MOSFET MBR10100GDiode
Peak DrairSource Voltage (Vs) Peak Repetitive Reverse Voltagefy
Rating 60 V Rating 100V
Expected 20V Expected 20V
Margin 40V Margin 80V
ContinuousDrain Current (p) Average Forward Currentsl
Rating 60 A Rating 10A
Expected 3.5 Expected 15A
Margin 56.5 A Margin 8.5A

5.2 Switching Controller

Both converters use an identical control circuiitbaround the LM3478w-side,

currentmodeswitching controllef37]. Large inductor current in both desighisqualify

most internal switch devices and relatively low switching frequency furtheslimit

controller selectionThe LM3478 balances otrol features and external component

requirements; providing variable switching frequebay fixed softstart, undewoltage
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lockout, overvoltage protection, and sheeircuit protectionTable5-5 describes each

LM3478 upction.d6 s f

Table5-5. LM3487 Pin Descriptionf37]

Pin Name | Pin No. Description

IsEn 1 Current sense inpu€onnect to lowside sense resistor.
COMP 2 Control loop compensatio@annect RCnetwork.

FB 3 Output feedback. Set to 1.26 V with output voltage divide
AGND 4 Analog ground
PGND 5 Power ground

DR 6 Gate drive Connect to external MOSFET gate terminal.

Frequency adjust and shutdav@drounded resistor sets

FA/SD ! switching frequency. Pull high for 3@ to shut down.

Vi 8 Powerinput Connect 2.97 V to 40 V supply.

External components configure the essential control functions in the LM3478,

including switching frequency, current limit, output voltage, and loop cosgi®n.

5.2.1 Switching Frequency

A resistor connected between the FA/SD pin and ground sets the internal
oscillator frequency. The LM3478 datasheet provides the frequency adjust resistor
equation (51) [37].
Y 1@npmnoQ?d v P
Y 1@n®pmni¢nRoad o’
The standard values 93.ftk an8k d .clonnected serially i

corresponding to a 200 kHz switching frequency.

5.2.2 Sense Resistor

The contr ol | er 0 sdetermines iadudtor dureest chthracdtykA | o o p
low-side current sense resistor provides a voltage proportional to the inductor current
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while the switch conduct3his voltage applied to thed pin determines when the
controller turns the switch off.
Asensegsistors et s t he inductor current | i mit
feedback loopFigure5-1 depicts the LM3478 lovside sense resistor configuration. The
Isen pin receives a voltage proportional to the inductor cunsdmile the switch

conductions. PWM logic resets the DR pin whet Voltage exceeds an internally

generated control signal[37.turning off the
LM3478
DR —]
|

Figure5-1. LM3478 Current SensResistor

Sizing the sense resistor determines the peak current value required to trip the
contr ol | er 0The datasheetrsuggekts al 209%mmatgin above peak switch
current (52) [37]. The standard boost desigequires a 7.2A current limit; simulation

results suggest this also covers the modified boost design.

o
v

. . YQ
O pg OO0 T L C
. . GO .
(@) p& duvo T X& O
Thecmt rol |l er s internal current feedback

value.Table5-6 lists several internal LM3478 current feedback parameters. These values
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describe the voltage required to trigger the current limie I¥3478 providesn
internal slope compensatioamp, preventing subarmonic oscillation during operation

at duty cycles above 50887].

Table5-6. LM3478 Current Sense Feedbdatdrameterf37]

Parameter Min. Valyrc)alr()r.nv Mo, Description
V SENSE 135 156 180 | Current sense threshold voltage.
VsL 52 92 132 | Internal compensation ramp voltage.
Vsiratio 0.3 0.49 0.7 | Vsu/Vsenseratio.
Vsc 250 343 415 | Shortcircuit current limit voltage.

The desired current limit and LM3478 current feedback parameters determine th

required sense resistor val{te3) [37]. Both converters use a 15gnsense resistor.

v w 0w aw
o) U O
v U TEIP LI w :

An upper limit prevents the sense resistance from affecting the currebadied

loop stability (54), without adding additional, external slope compens4§8@h

cw I
W )

Y

COMwX MO m O

v ’ ’
CT® pQn

T @m
The selected5 nq sense resistor falls well below the stability threshold.

5.2.3 Output Voltage Divider

Programming the convertero6s output requ
1.26 V at the feedbadFB) pin, matching an internal referen@]. The feedback signal

and reference voltage drive an error amplifier. The error signal offsets the current limit
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threshold voltage, approaching zero as the controller achieves output regéigtioe.

5-2 depicts the feeditk network designed to program a 20 V output.

Vour
LM3478 Ry 180 k.
B 1.26V
8.2 km
Re
3.9 km

Figure5-2. Output Voltage Feedback Divider

The datasheet provides an equation fer(B-2), which rearranged specifies the

ratio d Rr1to Rr2 (5-3).

pg @ JY
Y - - v U
w pE @
Y W !
Y  p& @ P ¢

TheFigure5-2 network achieves the ratio required to program a 20 V output

using standardl% toleranceesistor values.

Y C T p Yt
P pBWXO W&y odoan

Y o p& @

PEIX @

5.2.4 Loop Compensation

Currentmode control eases the LM3478 compensation requirements. A type

integrator sufficiently compensates most LM3478 boost agipdias[38]. Figure5-3
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shows the loop copensator design, adding both a pole and a zero to the etmtrol

output transfer function.

PWM Logic 126V

Sope
GCompensation

2 pocm

Figure5-3. LM3478 Typel Loop Compensator

The selected compensator design provides adequate performance during steady
state converter testing. Further optimization falls outsidstéedystatehardware
operationscope Appendix Cfully documens compensator design calculations per Texas

Instruments guidelind88].

5.3 Implementation and Testing

Eagle CAD provides the schematic capture and PCB layout tools to complete
hardware implementatioMat c hi ng t h eratimgpcondigonsttoethe figheso p e
achievable degree minimizes the impact of-tmpological factors on performance
measurements. This task raises significant challenges, but the results demonstrate the

modi fied boost topol ogwmtéppleeabi | ity to reduc
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5.3.1 Schematics

The converter schematics reflelgsignedimilarities, using identical components
and connections. The topologiga@werpathmodification creates the only significant
difference between the two schematkeigure5-4 andFigure5-5 show simplified
schematics of the standard and modified boost convef@rsimplicity, Gy and Gur
refer to the multiple MLCCs comprising the input and output capacitors. Likewise, C
referstothemut i pl e MLCCs comprising the modified
inductor carries the reference designator associated with the theoretical circuit; L in the
standard boost and landL: in the modified boostThe simplified schematics also

condensehe frequency adjust and output feedback networks made up of multiple

resistors.
L MBR10100G
VN @ Y o o o Vour

o L oo T T

N 180 km
44 F I I 47 pF

94.23 kM LM3478 12.1 km

Iw— FA/ D Vin
poc m —

= rm— COMP DR 4":1 IRFBOB217
150 nF l
f AGND PGND 1 15 mm % I 10nF

Figure5-4. Simplified Standard Boost Design Schematic
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L L MBRL0100G
V ° ° YY) Y Y\ N Py ® Py V
™ l 47uH \, A4TpH - l T

Gn X Cour

180 km
44 uF I I 47 yF

94.23 km LM3478 12.1 km

_L—w— FA D Vin
poc m =

IRF60B217

S g
[lee _mh e

10nF

i

Figure5-5. Simplified Modified Boost Design Schematic
Appendix Dpresents the complete samatics produced using Eagle CAD and the

electrical bill of materials, detailing component ratings and tolerances.

5.3.2 PCB Layout

Each onverter occupiebalf of thetwo-layerboard.The control circuits receive
identical | ayout and bot hshapeCaopparpolygpish s gene
connect power components, minimizing conduction losses along the power path. Both
converterssrae a gr ound pl a reecloging the poweepsatlesrop bnd s a 06
bottomlayers. Figure5-6 highlightsthese PCRattributes Appendix Dcontains large

images of both PCB layers.
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TOP LAYER BOTTOM LAYER

Control System

FOCOCC

Power Path

Modified Boost

Standard Boost

Control System
Ground Plane (Similar on Top)

Figure5-6. Top and Bottom PCB Layefnnotated

Figure5-7 shows both converters assembled on the PCB, before adding current

probe wire loops.

Modified Boost Converter

Figure5-7. Assembled PCB (ToView)
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5.3.3 Test Configuration

The hardware test configuration contains a Goodwill Instruments&@BBD DC
power suply, two Rigol DM3058E multimeters, a Teledyne LeCroy HD4096
oscilloscope, and a BK Precision 8510 electronic load. The power supply andretectr
loadindicateDC inputand output curreniThe multimeters measure DC voltage directly
at each convertero6s i nput ,#riggéreddoytheput t er mi

converter 0s imarily pravidds stae varinbie maasurements.

Figure5-8d epi ct s each instrumentds connecti o
GW GPR6060D RGOL DM3058E Teledyne LeCroy HD4096 RGOL DM3058E BK Precision 8510
DCPower Supply Multimeter Oscilloscope Multimeter DCHectronic Load
6V Ve a1 G2 a3 a# Ve 15A
A
Qurrent
Probe
I lsw DR
-1 » Vin Vour

Sandard Boost Converter

Figure5-8. Standard Boost Converter Hardware T@shnections

Figure5-9i |  ustrates the modified boost conv
instrument. Oscilloscope connections vary depending on the state variable measurement.
The scopebds current pr ohandladureatmeasutersest bet we
loops. The CH3 scope probe contacts the current sense voltage tedtupamt.
current measurements. The scope measureslage as the difference between the V

voltage on CH3 and the output voltage on CH2.

65



GW GPR6060D RGOL DM3058E Teledyne LeQroy HD4096 RGOL DM3058E BKPrecision 8510
DCPower Supply Multimeter Oscilloscope Multimeter DCHectronic Load
6V Ve CHl G2 a3 a4 Vic 15A

A
Qurrent |
Probe
I/l la/Vy DR
-1 » Vin Vour
Modified Boost Converter

Figure5-9. Modified Boost Converter Hardware T&nnections

During initial testing, the controll erd
achieving nominal output voltage at full loachditions.Large inductor current ripple
carried through the sense resistor triggered the current sense voltage threshold, limiting
PWMdutycycleandloen ng out put voltage. TBdueentmodi fi e
ripple limits the duty cycle more than the standasidegn 6s i nductor curre
causing a difference in output voltage. Loweringgbese resistor valuaises the
controllerds current | imit, al|l elable&T i ng ¢t h

compares the outpwbltage difference after dropping the sense resistance frang e

12 nq.
Table5-7. Converter Output Voltage Difference at Full Load
Sense Resistor 15 12 m
Standard BoostVout 16.23V 18.39V
Modifie d BoostVout 153V 17.86 V
Difference 0.93V 0.53V

Table5-8c o mpar es each ¢ onv emeaseredésl lo®dC char ac
after reduang the current sense resistartcensidering tolerances and parasitic effects,
the diference between fulbad DC characteristics pravacceptable. The primary
comparison metric, input current ripple percentagmains unaffected by a small DC

input current difference.
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Table5-8. ConverterFull Load DC CharacteristiocSomparison

VN Iin Pin Vour lout Pout .
Efficiency

V) (A) (W) V) (A) (W)

Standard Boost| 5.27 6.08 32.04 | 18.39 15 27.58 86.08%

Modified Boost 53 5.81 30.79 | 17.86 15 26.79 87.01%

Difference -0.03 0.27 1.25 0.53 0 0.79 -0.93%

Figure5-10 describes each test point used testing the converter asseifibées
Vxnodeds wire | ead c on neucrengproke toopBdihdinab e gi nni n

assembliescontain 12gn sense resi stor s.

Vin Vour Vin Vour

Modified Boost Standard Boost

Figure5-10. Final Converter Assembly Test Points

Figure5-11 depicts the complete test configuration on the laboratory bench. The
DC power supply and electrorico ad connect moontetinpiand onverter
outputterminals minimizing current path resistanc®lultimeters and the output voltage

scope probe connect to the additional wire leads.
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Figure5-11. Laboratory Test Configuration

5.3.4 State Variable Measurements

Both convertestate variable measurements rely on a combination ofibuilt
scope measurement functions and manual cursor measurements, applied under
appropriatesignal coupling condition$able5-9 summarizestte method used for each
measuremenPar asiti c ringing el autonomaudlysessure he s c 0|
maximum, minimum, and peak to pealtage values; cursaneasurements better

representopological performace
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