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Abstract

Energy efficiency is a driving factor in modere&ionic design particularly in power
conversion where conversion losses directly setiiper limit of system efficiency. A wide
variety of commercially available DC-DC conversielements have efficiencies in the 90-97%
range. The efficiency range of most common comiakodf-the-shelf (COTS) power supplies
is 75-85%, highlighting the fact that COTS powepies have not kept pace with efficiency
improvements of modern conversion elements.

Unmanned ground vehicles (UGVSs) is an applicaivere efficiency can be crucial in
extending tight power budgets. In autonomous grougidcles, geographic diversity with regard
to sensor location is inherent because sensortatien and placement are crucial to
performance. Sensor power, therefore, is alsololigséd by nature of the devices being
supplied.

This thesis presents the design and evaluati@nsofiart power module used to
implement a distributed power network in an autoaoshground vehicle. The module
conversion element demonstrated an average eftigiehn96.7% for loads from 1-4A. Current
monitoring and an adjustable output current limetrevprovided through a second circuit board
within the same module enclosure. The module peiitg®lement sends periodic updates and
receives commands over a CAN bus. The smart poweules successfully supply critical
sensing and communication components in an opaatautonomous ground vehicle.
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Chapter 1: Motivation for distributed sensor power

This section examines the feasibility of impleniegta distributed network of power
supplies so that each sensor can receive reguylatedr from a converter in close proximity. A
literature review presents developments in distetdypower supply (DPS) architectures from
1986 onward. The advantages a distributed appradcheduced transmission losses, efficiency
improvement, superior thermal performance and éighbltage regulation. Advances in DPS
capabilities have always been driven by applicati@guirements, particularly low voltage
computing needs. Sensor power is the applicatiomerest in this work. In order for such a
power network to be practical, the size of the @awn elements would have to be small in
comparison to the sensors so that they could beetently placed. A certain amount of
uniformity in the sensor power needs would alsodogiired so that a standard conversion
element could supply the full sensor suite.

Important terms are then defined in the contexhisf work. A wired power system is
one where a conduction path is established betimesupply and load through non-permanent
connection points. Commercial off-the-shelf isdis@represent a device that is available for
purchase and able to interface directly with a ipewer system. A power supply is considered
to be a complete energy conversion device builiraalca conversion element and able to
interface to a wired power system. A conversi@mant cannot interface directly with a wired
power system and this quality distinguishes a csiwe element from a power supply. The
power supply developed in this work is defined asnart power module by nature of its two
distinct circuit board components.

A survey of power requirements is presented forsiresors used in the top place
finishers of the DARPA Urban Challenge. The ressittew that the necessary uniformity is
present in sensor power requirements with the ntgjof sensors drawing less than 50W. This
fairly low power level also lends itself to the usfesmall conversion elements, making the
requirement of convenient placement attainable.

Publications from the Urban Challenge provided gréle of detail into vehicle sensors
unavailable for the most recent Unmanned Grounddkesh(UGVs) in development. One
exception being the Ground Unmanned Support Suteq@aJSS) vehicle because it was
developed by the Virginia Tech Unmanned SystemsdrabTORC Technologies. The sensor
power needs of GUSS are presented providing ingighpower requirements of a post Urban
Challenge UGV which support the above trend. Theegrnce gained through the development
of GUSS further emphasizes the need for improvedesion efficiency and physical
distribution of heat sources for thermal perfornmeanc



1.1 Literature review

Distributed power systems have been a growing @ressearch since the mid 1980’s.
Two excellent overviews of distributed power arebitires are presented in [1] and [2].
Centralized power systems are defined as havingomeersion stage in one physical location
from which multiple outputs are generated and ldissearious loads [1]. In contrast to
centralized power, distributed power systems asgattterized by division of power processing
functions among many power processing units (PP2)s)The advantages of a distributed
power approach include improved thermal managernseate savings, reduced EMI,
modularity, system flexibility and improved regudat at points of load[1][2][3].

The avionics industry made the first widespreadais#istributed power systems
motivated by reductions in wiring complexity, saled weight [4]. Gradually, as digital
technology required new and more numerous voltageld distributed power became attractive
for other markets. Distributed power is presemtelé] as an improved means of supplying 5V
and 12 V inputs to digital switches used in thedemmunications industry in 1986. At these
low voltages, it became impractical to send higtrents over the long distances from the plant
to the switches located in separate rooms. Puddigin1991, [4], not only correctly predicted
the continued growth of distributed power but als® cause speculating that the computer
industry would serve as the impetus for distribygteder architectures.

Throughout the 1990s and into the present distdbpbwer architectures have advanced
to meet the stringent power demands of emergingoatens[6][7][8]. Advanced sub-micron
CMOS technology emerged in the early 90’s chantjiegpower supply requirements from
traditional +5Vdc and +3.3V supplies to multiplenastandard low voltage supplies (2.5V,1.8V,
1.2V, etc.) with high load currents being demanig@dvanced microprocessors [6].
Introduction of energy saving features pushed paupplies to the limit as the load step
transient waking out of low power sleep modes caplain 10% to 90% of the converters rated
load [7]. Despite these rapid and severe load igatss voltage regulation of £2% was demanded
[7]. Considerations for power supplies to meesthstringent requirements are presented in [8]
emphasizing that converters must be located nekieio loads. Meeting these challenges has
led to significant advances in DC-DC conversiorhtexdogy.

It was further recognized in [7] that on board powodules can regulate only one point
via remote sense so that even a distributed poppoach was limited. This has led to multiple
converters being required on a single printed ditooard at each point of load (POL). The
spectrum of distributed power supplies now spams fseparations of hundreds of feet down to
inches of separation for high performance POL cdeye located on the same circuit board.

Implementation of distributed power architectunas always been application specific
and motivated by performance improvement. ModePS@onverters have been shaped, most
significantly, by low voltage processing advancelyanade possible by advances in DPS
capabilities. The cutting edge of DPS convertengelevolved to meet specific needs
overlooking some applications where DPS architecisidesired but economic considerations
are an overriding factor [2]. Distributed sensowpr, the focus of this work, is one such
application. The challenge has been to adapt motegh efficiency conversion elements to
make them suitable for UGV sensor power applicatiohhe crux of the problem is that the
desired, commercially available, conversion elemant designed to interface directly with
printed circuit boards.



Because sensors are most often pre-packaged xistimg connectors a sensor power
supply must be packaged with connectors in ordertésface. If the target load resided on a
custom printed circuit board, full advantage cdogdtaken of the desired conversion elements.
This work presents the process of integrating i stithe art DPS conversion element into the
sensor power system of an unmanned ground vehicle.

1.2 Definition of terms

As stated in the preceding section, distributegr architectures are implemented in
relation to a specific application. Several terrasdiin this work must be defined in within a
context of distributed sensor power in an unmargrednd vehicle. A wired power system is
one in which the power supplies are connectedadddyy a conductor held in place by non-
permanent connectors. This means that a conneationizing harness is preset between supply
and load rather than both residing on the sameggricircuit board.

COTS stands for commercial off-the-shelf. Themigbn of COTS is examined in [9]
which concludes that COTS has to remain a terntaddcoverage. Three attributes presented
in [9] are applicable to the use of COTS in thigkvd@ he device exists a priori, is available to
the general public and can be bought or leased@@mmercial” is the key aspect of COTS
devices, that is, they are available for sale éogéneral public. “Off-the-shelf” needs some
further definition. The term COTS in [9] encompasboth devices that are functional without
modification from the user and those that must belifred and configured before function. This
thesis endeavors to present definitions basedengbr experience associated with
implementation. This work defines off-the-shelfsasnething that can perform its desired
function without requiring any physical modificatiby the user. If a device can be purchased
and placed into a system without alteration itassidered a COTS device. Otherwise it is only a
commercial device because it is not functionaltbé-shelf.

The terms power supply and converter are useccidageably to denote a device that
converts electrical energy from one form to anatBeth converters and power supplies are
considered complete entities which perform a ddduwaction. A conversion element refers to
the base device about which a converter is reali@edversion elements do not perform their
desired function without the addition of externaiponents.

The conversion element is the central componeatvefy power supply but does not
constitute a power supply in itself. A conversedement is often an integrated circuit which is
not designed to interface directly with a wired osvsystem. However, when combined with
external components and connectors, a conversaoneglt becomes a complete power supply. In
some cases, a half brick converter for examplesatiponents of a functioning converter are
contained within one package. This would still besidered a conversion element because it
cannot interface directly with a wired power systemmis is illustrated in Figure 1. The half
brick converter could function unmodified if alliga clips were attached to the pins but, for all
practical purposes, is only useful after the addivf a custom printed circuit board. This
distinction is arises because of the specific @gpibn of UGV sensor power.



Figure 1. Half brick conversion element and custongircuit board photo by author, 2014.

A smart power module is a device that combinesveep supply with additional features
such as output protection and current limiting. pbever supply circuit board is separate from
the printed circuit board which enables the add#ldeatures so that the two boards are distinct,
modular, components. For this reason, the disedbpower supply developed in this work is
called a smart power module rather than a smarepsupply.

1.3 Power environment of UVG sensors

In unmanned ground vehicle applications, closetutated DC power is only required
by certain delicate components such as sensorsanuohunications equipment. Hardier
components such as actuators and motor contrakersolerate the variations in voltage of an
unregulated bus. In a UGV, physical separation betwsensors, unavoidable in achieving a
complete field of view, is often on the order oé thull vehicle length. Traditionally, sensors
receive power from a regulated converter in a edimtgd location, which is capable of supplying
the full sensor current load. Voltage regulati®mne drawback of this centralized approach as
sensors further from the source experience theeggrealtage drop across long wire lengths.
Adequate heat dissipation presents, perhaps, tisesadous drawback of a centralized
converter. Because the converter supplies thesémsor load, heat dissipation is both large and
concentrated in a central location, often requir@goval by active cooling.

A brief examination of the typical sensor poweguieements in an unmanned ground
vehicle shows that a distributed power networkrasy advantages over a centralized
approach. The input power needed by individual @enis generally small, less than 50W. If 10
sensors each drawing 50W are supplied by a sinGbD converter with 85% efficiency, 75W
of heat would have to be removed from the conveltenstead, each sensor was powered by a
single DC-DC converter in close proximity, only W5f heat would be removed from each
converter. Though the losses are the same, cosligigatly simplified as the geographic
separation allows the 7.5W heat sources to be daotkvidually. Thermal design is simplified
since less power is dissipated in each unit [2]dByributing the sources, of heat generation
thermal management can take advantage of condantkcadiated cooling, sometimes
eliminating the need for air moving equipment iring losses are also reduced due to the
close proximity of the power supplies to their Isad



1.4 Survey of sensor power in DARPA Urban challenge

The 2007 DARPA Urban Challenge has provided resepapers detailing the design,
construction and operation of the autonomous graaicles, which competed[10][11][12].
The top three competition vehicles are consideszd.lFinishing first place, Boss, was built by
the Tartan Racing team, which was composed of stadstaff, and researchers from several
entities, including Carnegie Mellon University, Geal Motors, Caterpillar, Continental, and
Intel [10]. Junior, the second place finisher, Wwadt by Stanford University. Finishing third
place was Odin built by Team Victor Tango, a paghg between Virginia Tech and TORC
Technologies.

Of particular interest, these papers list the prymsensors used to achieve autonomous
operation. Table 1[10][11][12] shows the sens@esdufor perception and autonomy in Boss,
Junior and Odin. Where possible, the maximum palvaw has been listed for each sensor as
identified from respective datasheets. The powgquirements range from 1.25W to 60W.
Excluding the 60W Applanix GPS/IMU used in Bos® temaining sensors require less than
50W individually. All the sensors operate from eith2V or 24V inputs.

Table 1. Survey of sensor power requirements for agors used in DARPA Urban

Challengec. urmson, J. Anhalt, D. Bagnell, C. Baker, R. igitt, M. N. Clark, J. Dolan, D. Duggins, T. Galatéli Geyer,
M. Gittleman, S. Harbaugh, M. Hebert, T. M. Howasd Kolski, A. Kelly, M. Likhachev, M. McnaughtoiN. Miller, K.
Peterson, B. Pilnick, R. Rajkumar, P. Rybski, BeSky, Y. Seo, S. Singh, J. Snider, A. Stentz, WWRittaker, Z. Wolkowicki,
J. Ziglar, H. Bae, T. Brown, D. Demitrish, B. Litkhi, J. Nickolaou, V. Sadekar, W. Zhang, J. Struatel M. Taylor,
“Autonomous driving in urban environmentBoss and the urban challengé,’F. Robot.vol. 25, no. February, pp. 425-466,
2008. Used with permission of John Wiley and S@0644. M. Montemerlo, J. Becker, S. Bhat, H. Dahlga®. Dolgov, S.
Ettinger, D. Haehnel, T.Hilden, G. Hoffmann, B. Hike, D. Johnston, S. Klumpp, D. Langer, A. Levanskind.Levinson, J.
Marcil, D. Orenstein, J. Paefgen, |. Penny, A. ®etkaya, M. Pflueger, G.Stanek, D. Stavens, A. V8giThrun, S. Atrtificial,
and S. Cs, “Junior : The Stanford Entry in the Wrdallenge,’J. F. Robot.vol. 25, no. 9, pp. 569-597, 2008. Used with
permission of John Wiley and Sons, 2014. A. Bachd&auman, R. Faruque, M. Fleming, C. Terwelp, €nRoltz, D. Beach,
T. Alberi, D. Anderson, S. Cacciola, P. Currier,alton, J. Farmer, J. Hurdus, S. Kimmel, P. KiagTaylor, D. Van Covern,
and M. Webster, “OdinTeam VictorTango ' s Entry in the DARPA Urban @éage,”J. F. Robot.vol. 25, no. 8, pp. 467-492,
2008. Used with permission of John Wiley and S@044.

Vehicle | sensor voltage (V) | max current (A] max power (W
Applanix POS-LV 220/420 GPS/IMU  10-34 - 60
SICK LMS 291-S05/S14 LIDAR 24 1.8 43.2
Velodyne HDL-64 LIDAR 12 4 48

Boss Continental ARS 300 Radar 14 0.5 7
IBEO Alasca XT LIDAR 12 1 12
Point Grey Fire y 24 0.05 1.25
Velodyne HDL-64 LIDAR 12 4 48
SICK LMS 291-S14 24 1.8 43.2
RIEGL LMS-Q120 24 2 48

Junior | SICK LD-LRS range scanner 24 15 36
IBEO Alasca XT LIDAR 12 1 12
BOSCH Long Range Radar (LRR2) 12 0.18 2.16
IBEO Alasca XT LIDAR 12 1 12

Odin SICK LMS 291 24 1.8 43.2
IEEE 1394 color camera 24 1.5 36
Novatel Propak LB+ GPS/INS 12 0.31 3.7 (typical)
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Diversity of sensor placement is illustrated igu¥e 2 [10][11][12] with sensors mounted
to the roof, front, rear and sides of the thres.céhe orientation and location of each sensor was
carefully chosen to achieve a desired field of viBNacement was dictated by the autonomy
capability and the maximum separation between ssnson the order of the full vehicle
lengths. Front and rear sensors are placed alnidsnthes (14.6ft) apart in the case of Odin
and up to 202 inches (17ft) for Boss [13],[14].

Velodyne laser Applanix INS
Riegl laser l SICK LMS laser }

NovAtel GPS/INS
SICK LMS

Cameras

IBEO laser SICK LDLRS laser

Figure 2. Sensor placement on the three winning vétles of the 2007 DARPA Urban Challenge. Odin (tofeft), Junior

(top right) and Boss (bottom)C. Urmson, J. Anhalt, D. Bagnell, C. Baker, R. iatt, M. N. Clark, J. Dolan, D. Duggins, T.
Galatali, C. Geyer, M. Gittleman, S. Harbaugh, Mbidrt, T. M. Howard, S. Kolski, A. Kelly, M. Likhaev, M. Mcnaughton,
N. Miller, K. Peterson, B. Pilnick, R. Rajkumar, Rybski, B. Salesky, Y. Seo, S. Singh, J. SnideiSt#&ntz, W. R. Whittaker, Z.
Wolkowicki, J. Ziglar, H. Bae, T. Brown, D. Dem#h, B. Litkouhi, J. Nickolaou, V. Sadekar, W. ZhadgStruble, and M.
Taylor, “Autonomous driving in urban environmen®oss and the urban challengé,’F. Robot.vol. 25, no. February, pp.
425-466, 2008. Used with permission of John Wileg Sons, 2014.

M. Montemerlo, J. Becker, S. Bhat, H. Dahlkamp[Iolgov, S. Ettinger, D. Haehnel, T.Hilden, G. Hoffrm, B. Huhnke, D.
Johnston, S. Klumpp, D. Langer, A. Levandowskigdihson, J. Marcil, D. Orenstein, J. Paefgen, hriyeA. Petrovskaya, M.
Pflueger, G.Stanek, D. Stavens, A. Vogt, S. Th&irArtificial, and S. Cs, “Junior : The StanfordtBnin the Urban
Challenge,"J. F. Robot.vol. 25, no. 9, pp. 569-597, 2008. Used with pssian of John Wiley and Sons, 2014. A. Bacha, C.
Bauman, R. Faruque, M. Fleming, C. Terwelp, C. Reitz, D. Beach, T. Alberi, D. Anderson, S. Cacajd®. Currier, A.
Dalton, J. Farmer, J. Hurdus, S. Kimmel, P. KingTAylor, D. Van Covern, and M. Webster, “Odifieam VictorTango ' s
Entry in the DARPA Urban Challenge]” F. Robot.vol. 25, no. 8, pp. 467-492, 2008. Used with pesian of John Wiley and
Sons, 2014.



The Urban Challenge literature, understandablgergered on sensing and autonomy. Some
information is given about the power systems oftkinee finishing vehicles, but no details are
provided on specific power components. An auxilia#y/ DC system along with a 120V
inverter were added to the native 12V battery bu8dss[10]. The power server for Junior was
located in the trunk of the vehicle, as showkirror! Reference source not found.[11] .
Perhaps the most important detail, it is statetttiermal management for Boss was achieved
with the stock vehicle air conditioning system [10] Use of native air conditioning for
cooling purposes was commonplace for all the udbetlenge vehicles. Modification was
sometimes necessary. Specialized ducts had todsslad increase air flow cooling the trunk
components of Stanley, the winning vehicle, ofpthevious DARPA Grand Challenge [15].
This represents a case where the stock air conttijesystem was just sufficient to provide
cooling for internal electronics.

Figure 3. Power server located in rear of Junior vieicle. M. Montemerlo, J. Becker, S. Bhat, H. Dahlkamp[Idlgov, S.
Ettinger, D. Haehnel, T.Hilden, G. Hoffmann, B. Hike, D. Johnston, S. Klumpp, D. Langer, A. Levanskind.Levinson, J.
Marcil, D. Orenstein, J. Paefgen, |. Penny, A. ®etkaya, M. Pflueger, G.Stanek, D. Stavens, A. V8giThrun, S. Atrtificial,
and S. Cs, “Junior : The Stanford Entry in the Wrdallenge,’J. F. Robot.vol. 25, no. 9, pp. 569-597, 2008. Used with
permission of John Wiley and Sons, 2014.

1.5 GUSS Vehicle

The Ground Unmanned Support Surrogate (GUSS) bedaendirect beneficiary of the
autonomy capabilities demonstrated by Virginia Tanod TORC Technologies during the
DARPA Urban Challenge. GUSS was an autonomous letiésigned to support a squad of
dismounted marines in a variety of missions inctgdiesupply, “follow me,” casualty
evacuation and reconnaissance [16]. Built on astiag Polaris MVRS700 6x6, GUSS could
operate autonomously or be driven directly by a &l 7]. GUSS is shown in Figure 3 with
the prominent sensors visible on the roll bar. $&esor power requirements of GUSS are
shown in Table 2. Only one device, a PTZ camemaydgmore than 50W. Overall, the trend is
toward smaller and lower power sensors with norta@targe Sick LIDARSs prevalent in the
Urban Challenge.



http://www.robotliving.com/military/automated-gatirts-head-to-warlUsed under fair use, 2014

Table 2. Sensor power requirements for GUSS vehicle

ITEM Voltage (V) | Current (A) | Power (W)
Camera 24.5 3.0 73.5
Sick 1 13.0 0.6 7.8
Sick 2 13.0 0.6 7.8
Sick 3 13.0 0.6 7.8
Velodyne 13.0 1.0 13.0
GPS IMU 13.0 0.5 6.5
Localization Board 13.0 0.5 6.5
Waysight 13.0 0.5 6.5
Radio 13.0 3.0 29.0
Operator control unit 13.0 2.5 32.5

Cooling for electronic components became a sigaifi concern now that the base
vehicle was an open frame Polaris without an aidd@ning system to provide convenient heat
removal. The situation was compounded by the gbosrimity of the power supplies to the
vehicle computers. Cooling was accomplished thindhg addition of heat exchangers and fans,
which ultimately comprised 14% of the total vehipt@ver load.

The experience gained from GUSS highlighted thgoirance of power supply
efficiency and location in autonomous ground vehtrformance. Efficiency is the most
fundamental way to reduce losses and extend vgbosler budget. Thermal concerns are also
mitigated in that less heat is lost in conversidihe location of power supplies also plays a
crucial role in determining the cooling requiremsnEven with low losses, a centralized supply
may require special cooling if sensor power dralatige. Splitting up power supplies and
locating them close to the spatially diverse semsan eliminate the need for active cooling
entirely.

This section has examined state-of-the-art in $avfrautonomous ground vehicle sensing
and determined that the majority of sensors inregaire less than 50W individually. Sensors
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are inherently spread out across the chassis ohantous ground vehicles in order to provide
full fields of view. In a ground vehicle, this caquate to separations of up to 17 feet between
sensors. While sensors are spatially distribygedier is generally centralized. A distributed
approach to sensor power has the benefit of imprtivermal performance through physical
dispersion of heat sources. In order to be effecthe distributed power supplies would have to
be small to afford convenient placement. Becauserthjority of sensors draw less than 50W, it
is feasible to implement a distributed power nekwatilizing small, highly efficient, DC-DC
conversion elements.

1.6 Overview of thesis

The remainder of this thesis presents the the@sigd, and testing of a smart power
module intended for use in a distributed poweresyst Chapter 2 provides a high-level
overview of switching mode DC-DC conversion, comgrboth theory and practical
implementation. Ideal switching mode power suppl#8IPS) are evaluated in steady state
conditions, emphasizing the importance of switclangon in voltage conversion. Next, some of
the intricacies of realizing the practical convedee discussed including MOSFET switching
sequences, gate drive considerations, feedbackot@md compensation techniques.

Chapter 3 presents the DC-DC converter in itstmadorm in which many of the
components from Chapter 2 are combined in a singggrated circuit (IC). It is at this
integrated circuit level, which most users willdrdact with a conversion element in a design
process. All converter ICs can be classified deeiinternally or externally compensated
devices. This fundamental distinction is explaiaed its implications for the user are discussed.

Required functionality and attributes are defif@mdthe smart power modules at the start
of Chapter 4 along with the six elements that caseps smart power module. The remainder of
Chapter 4 presents component selection and oveaallle design. The design methodology
placed priority on physically demonstrating funotdity supplemented by circuit simulation
with design optimization given last priority. Inishmanner, a functioning smart power module
was realized allowing optimization of system funos to follow in two subsequent revisions.

Chapter 5 covers results and the evaluation o$mh&t power modules. Efficiency, load
regulation, output ripple, and thermal performaamemeasured for the conversion elements.
Output current monitoring and current limiting fexs are implemented and tested. Inrush
current spikes, which were discovered followingatiation in the vehicle, are discussed along
with resulting adjustments to module operation.ruisierface and control through CAN is
verified.

Lastly, Chapter 6 presents future work relatetheosmart power modules. These include
expansion of current sampling capabilities to alfpywer health feedback and anomaly
detection as well as general reduction of the @siog power of each module. The smart
power modules developed in this work are succdg$upplying the power needs of an
operational autonomous ground vehicle.



Chapter 2: Theory of DC-DC converter operation

A DC-DC converter is a device that receives a Dfage input and produces a DC
output at a different voltage level. DC-DC coneestcan be classified into three main
categories based on their voltage transfer funstidrthe output is always larger than the input
then the device is a step-up or boost converténelbutput is always less than the input then the
device is a step-down or buck converter. Lastl{héf output can be greater or less than the
input, the device is a buck-boost converter.

In what follows, the theory and background of sWibhg mode power conversion is
presented. Switching is the fundamental action¢clvproduces voltage conversion. Any desired
input-output voltage relation can be achieved bgng/ing the position of passive inductors and
capacitors in relation to the switch [19]. The agk transfer function for an ideal buck converter
in steady state operation is derived as an exampglae fundamental concept of SMP operation
is not difficult to understand a DC voltage is beaknto an AC waveform by a switching
sequence, recombined through passive inductorsapatitors and filtered to produce a DC
output at a different level.

After presenting a relatively straightforward thgdhe intricacies involved in realizing a
practical converter are discussed.

The basic theory of the MOSFET, which providesdheial switching action, is
reviewed. The charge controlled nature of the FEdstablished with regard to the multi stage
ON-OFF transitions of the FET under clamped indkgctwitching. Switching losses are
analyzed. Factors important to gate driver dearmgnconsidered. The last section covers
feedback control, stability and compensation. Anitive understanding of feedback control is
presented using insight from pulse width modula{lWWM) hardware. The basic feedback
block diagram of a converter is established. $tglariterion and compensator design are
discussed along with how to identify the three ntmshmon compensation schemes.

This chapter is intended to give the reader algptsp of what is being accomplished by
each function of a DC-DC converter. Ultimately, thetails of how these functions are
accomplished are well outside the scope of thikwdihough some of the most relevant, the
practical considerations brought up here are bsneans exhaustive. Their primary value is to
provide awareness of the complexity of practicgllementation which might otherwise be
underestimated.

2.1 Steady state analysis of Ideal DC-DC converters

This section presents the basic operation of s@ttanode DC-DC converters. Voltage
conversion, the purpose of the DC-DC converteacomplished through switching action, the
fundamental mechanism of all switched mode topekgiThe conversion process is presented
beginning with a switch and, later, adding capasitind inductors. Voltage and current
waveforms are derived for the ideal buck convesfmrating in steady state. Though only the
buck converter is analyzed, the methods presemédpgplicable to any topology.

The fundamental building block of every DC-DC certer is a single-pole dual-throw
(SPDT) switch. The switching action drives theension and the orientation of the SPDT
switch in relation to supporting components detessithe voltage transfer function. The
simplest principle of DC-DC conversion is illustdtby the single switch of Figure 4. The
output voltage will equal the input voltage whiteetswitch is connected to terminal 1 and equal
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zero while the switch is connected to terminalfZhe switch is connected to terminal 1 for a
period of T1 and terminal 2 for a period of T2 thaveform on the right will be produced. A
conversion has taken place because the averagat @otfage is less than the input over the

switching cycle.
'y

o—ol Vin -
+ © e

Vin 2 Vout = Vout -

. ° 0 >

Figure 4.Basic step down converter from SPDT switch

The average voltage over the switching cycle is

- 1)

It can be seen from (1) that a step-down conversasbeen produced because the output is
always less than or equal to the input voltage siiplify further analysis, the switching cycle
will hereby be described as a pulse width modulé@dM) function in terms of a duty cycle D
and period T.

The period T is defined as

)

The duty cycle is defined as

®)

The circuit in Figure 4 is not a true DC-DC corteebecause the switching action has
introduced a substantial AC component to the oufplgrefore, it is necessary to remove this
unwanted AC component with an output filter. EvEX§-DC converter is, in actuality, a DC-
AC-DC converter because of the switching actiondiAd an output low pass filter to remove
the AC component produces the basic SPDT switchetmafdhe buck converter, shown in
Figure 5.
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Vin = Vout

Figure 5. SPDT model of buck converter.

Even with the addition of a filter, it is not pdds to completely remove the AC
component at the switching frequency and its harosdinom the converter output [19].
Therefore, a small amount of ripple will alwaysgresent. Given that the purpose of the
conversion is to produce a DC output, this AC ippbr any well designed converter, must be
very small in relation to the DC component, gerlgiaks than 1% [19]. This allows us to make
use of the small ripple approximation.

(4)

(®)

Any signal v(t) is composed of a DC componept¥nd a ripple componentipge(t). The small
ripple approximation states that the signal caafggoximated by its DC component only
because the magnitude ofd/is much greater than that afe(t). The steady state operation of
the buck converter will now be analyzed for a tagsload using the small ripple
approximation. Two circuits are formed dependinglaposition of the switch as shown in
Figure 6.

L L
—AL— _ _
+ +VL- + +VL- | +
Vin i——C 2>R VcC ' t=—C R Ve
" Terminal 1: DT " Terminal 2: (1-D)T

Figure 6. Two circuits formed during buck converte switching period

The inductor voltage during the time interval DTeual to
(6)

During the interval (1-D)T, the inductor voltage V&
@)

The relation between voltage and current for andhar is
! n

T (8)
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Using (8), we can find the changes in inductorentrfor each period. For the time interval DT,
the slope of the inductor current will be

T T 9)

Since the inductor voltage is constant under thallsiipple approximation, the slope of the
inductor current is also constant. The current inkease linearly during the period DT. For the
period (1-D)T, the current slope is

T (10)

Thus, the inductor voltage decreases linearly tvweperiod (1-D)T with the slope found in (10).
The inductor current and voltage waveforms are shiomFigure 7.

A
VL
Vin-Vc
< DT ole (1-D)T >
0 ™
-Vc
A
IL
(Vin-VeylL —
VelL >
DT >e (1-D)T >
0 tb

Figure 7. Steady state inductor voltage and currenivaveforms

13



The steady state current waveform is periodic #ng, the inductor current at the beginning of
the cycle is equal to the inductor current at the ef the cycle. From (8), we can relate the
change in inductor current over one cycle to thengle in inductor voltage over one cycle from
nT to (n+1)T.

(

# " $ v "% - & ! (11

Since the left hand side of (11) is equal to z#re,integral of inductor voltage VL must also be
zero. This principle is called inductor volt-seddmlance so named because (11) has the units
of Volt seconds. This principle is intuitive becauble inductor current would continuously
increase if the integral of inductor voltage weog rero for a full cycle[20]. The same principle
holds for the current flowing through the outpupaeaitor in steady state the change in voltage
over one cycle must be zero. This is called theggple of capacitor charge balance.

0,
# $ v $ )1& " (12)
(

Volt second balance now provides a simple meafisdihg the voltage transfer
function of the buck converter. We now know tha gmoduct of voltage and time for

the inductor must sum to zero over the cycle. (13)
* v #

# (14)

- (15)

The voltage transfer function (15) is identicathat found in (1) The small ripple
approximation cannot be used to find the outputagd ripple for a two-pole low pass filter as is
the case with the output of a buck converter [Tje DC current will flow only into the load
resistance while the AC current ripple will flowrdlugh the load resistor and the output
capacitor. For a properly designed convertercdpacitor impedance at the current ripple
frequency will be much smaller than the impedarfdb®load so that nearly all ripple current
flows into the capacitor. The current waveforntred capacitor therefore will be the same as the
inductor current waveform with the DC componentoged as shown in Figure 8.
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q dIL/2

T2
DT (1-D)T

e

v

Figure 8. Capacitor current waveform

A charge g is stored in the capacitor over therwaleT/2 during which the ripple current is
positive. The charge is equal to the integrahefcapacitor current over the time interval T/2,

which is the area of the green triangle.
¥ -
+ _ —_— =

The relation between charge and voltage for a ¢tgpas

)

The charge is related to the change in capacitbagy® by
+ ) !

Using (16) and (18), the change in capacitor veltagound to be
|

1

(16)

17

(18)

(19)
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It is possible to produce any desired DC outputgia passive network of inductors,
capacitors and embedded switches [19]. The threst coonmon DC-DC converters are shown
in Figure 9 with their conversion ratios as a fumttof duty cycle. The boost converter produces
an output, which is always higher than the inptie Buck-boost converter produces an output of
opposite polarity that is either higher or loweatithe input voltage. It is important to note that
each of these DC-DC topologies is composed of oapacitors inductors and an SPDT switch.
In their ideal form, these elements are not digsipand, thus, the theoretical efficiency of these
DC-DC converters is 100%. Though many non-ideslitire present in practical converters,
advances in semiconductor design and converteral@re pushing real efficiencies ever closer
to the lossless ideal.

Buck Converter 1
1 2228 0.8-
+ o *+ 06
: 2 Vout
Vin T =— Vout Vino4
- - 02
% 0.2 0.4 06 08 1

Boost Converter

»

Ly

l_;

+ 1 A
- Vout 4
Vin Vout Vi 3
! T Vou's
* 1
0 0.2 0.4 0.6 08 1
D
Buck-Boost Converter
& o O 'y O
+ 1 2 -
-2
J_ Vout
Vin T Vout Vin 4
+ i
. 0 0.2 0.4 06 08 1
D

Figure 9.Three ideal DC-DC converter models showin@PDT switch location and orientation. The ideal vilage
conversion ratio is shown for each converter as aifiction of duty cycle.
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Ideal switching mode DC-DC conversion is not caogikd to understand. DC voltage is
broken into an AC waveform through a switching @ctimanipulated by a network of passive
components and filtered to extract a desired D@uutOn the surface, the concept does not
seem daunting. The crucial transition from theoryeal world application is an art that can take
the power supply designer a lifetime to master.

2.2 SPDT switch realization

The SPDT switch is realized using discrete comptmeither a transistor and diode pair
or a pair of transistors. When a diode is pairé&t @ transistor, the converter is called
“asynchronous” because the diode will conduct wtike FET is in the cut-off region and block
current while the FET conducts. In this manneg,dlode is a passive terminal that does not
require any synchronization with the FET gate daigal. A second FET can be used in place
of the diode in what is called a “synchronous” cemer. For this case, both FETS must be
actively driven with synchronized signals that emeerted with respect to each other.

Asynchronous Buck Converter Synchronous Buck Converter

s e PG aon Ml i

\Y L X Vout Vi Vout
in —l— ‘ou |n. TFLJ% T ‘

Figure 10. Asynchronous and Synchronous realizatioof the buck converter SPDT switch
2.3 Basic MOSFET operation

MOSFET is an acronym for Metal Oxide Semicondu€ietd Effect Transistor. The
MOSFET is a charge controlled semiconductor devibere are four different basic types of
MOSFETSs: n-channel enhancement mode, p-channaheement mode, n-channel depletion
mode, and p-channel depletion mode. The basic csitiqo of an n-channel enhancement mode
MOSFET (or NMOSFET) is shown in Figure 11 a largbstrate of P-type semiconductor
contains two smaller regions of N-type semiconduséparated by a channel length L. A metal
layer called the gate terminal is insulated from ¢hannel substrate to form a capacitor. Metal
terminals called the drain and source are direhnected to each of the N-type regions. A
fourth metal layer, the body terminal, is connedtethe substrate base. The NMOSFET symbol
with its four terminals G, D, S and B is shown ba tight of the image.
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Figure 11.NMOS transistor with cross sectional viewand circuit symbol

The charge of the gate capacitor controls the ecindty of the channel region. When
the voltage difference between the Gate and Sdarngnals reaches a critical threshold called
V1H, @ conductive inversion layer is formed connecthmgdrain and source terminals. In this
manner, the NMOSFET acts as a charge controllettiswi
The I-V characteristics of the NMOSFET are showfigure 12. When ¥sis less than Wi,
the transistor is in the cut off region and onknaall leakage current flows between the drain
and source. Whengd¢é exceeds W4 the conductive inversion layer is formed allowmgrent
flow from the drain to the source. Whileyis below the pinch-off locus,dé VesVtH, the
transistor operates in the Linear Region and thmitels are connected by a resistive channel.
Once the voltage drop from drain to source exc&edsV 1, the FET channel pinches off, no
longer connecting the terminals. This is calledgaeiration or pinch-off region.

| Linear
region

Saturation Region

Drain source current, lpg

Drain source Voltage, Vps

Cut-off Region

Figure 12. 1-V characteristics of NMOS transistor
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2.4 MOSFET switching transitions for clamped inducive switching

An ideal switch transitions between states ohitdi resistance and O resistance
instantaneously. For any a practical switch howdvertransition periods and ON/OFF
resistances must be carefully examined. A swighiodel for the power MOSFET is shown in
Figure 13 [21]. The three most crucial componengstiae capacitorsdd, Ces and Gs.

Because the FET is a charge controlled devicewiitetsng time is ultimately determined by
how fast the voltages can be changed on theseitaggac The Gate-Source capacitances, &
a constant defined by the physical geometry ofyite and source electrodes of the transistor.
The Gate-Drain capacitancesi; is comprised of a constant term, from the physearlap of
the gate electrode and channel region, and a reanlierm from the capacitance of the depletion
layer. The Drain-Source capacitances @ the non-linear capacitance of the body diodle.
gate mesh resistanceg Represent the resistance to the gate signal disiibwithin the

device. R,directly impedes the gate current and can havgrafisiant effect in high speed
switching [21]. It must also be mentioned that ghiger impedance, iR, and external series
resistance, Bate will influence switching performance. The parasitiductances, h.and Ls,

are mainly package dependent, resulting from thasitzc inductances of internal wire bonds.

The patrticular type of switching most common inB8/is clamped inductive switching
for which a simplified model is shown in Figure [P4]. The DC current source represents the
inductor current, which is considered constantlierbrief switching time. The diode allows
conduction during the off time of the FET and clantipe drain voltage to the output voltage
represented by the battery. This model would bigl\fat an asynchronous switching mode
power supply.

Lo
Ra,I

"
q

9
-

Figure 13. Switching model of MOSFETB. L. Balogh, “Design And Application Guide Ford#i Speed MOSFET Gate Drive
Circuits.” Texas Instruments, Dallas, 2001. Usedaurfair use, 2014.
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Figure 14. simplified model for clamped inductive witching B. L. Balogh, “Design And Application Guide For Higpeed
MOSFET Gate Drive Circuits.” Texas Instruments,|Bs12001. Used under fair use, 2014.
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The turn-on sequence is divided into four sepasatgments as shown in Figure 15 [21].
In segment 1, the majority of the driver current,flows into Gss. As the capacitor charges, the
gate voltage rises from 0 tor¥. Some current also flows intas& Segment 1 is called the
turn-on delay because the gate signal has beeredqit the drain current and drain voltage
remain unchanged. During the second segmesrises from \fH to the miller plateau voltage.
On the input side, current continues to flow intes@nd Gp. On the output side, the FET
begins to conduct and drain current rises to a mami. This transition corresponds to the linear
region of Figure 12 [21] where current is propartibto gate voltage. Throughout this second
period, the drain voltage remains unchanged beadaisselamped by the diode. Only after all
the current flows into the drain is the diode abl®lock voltage. The third segment of the turn-
on cycle, called the Miller plateau region, seesmstant \és. All available driver current is
diverted to dischargedd in order to rapidly lower Ws, which falls to nearly zero. During the
final fourth segment, the driver current intesand @b drops to zero asasis charged to the
level of the drive voltage, fully enhancing the FET

Vory

O o
D

J Ry Reate > Rs. “J )

L AAA '\N\,J LG]—'\/V\/—o | * ::Cos

~—

Turn ON sequence

FET v I vV I - | |
state a3 o D5 b Ves .|| i :
s
() I 1
rises to VTH most flows to V. 0l 1 i
1 Cut off as CGsand charge CGs clamped at | no change from TH N | H
CaD are small part Vout small leakage value HE | |
charged charges CGD - o g ] :
G T I 1
] 1
: rises from flows to charge | clamped at | rises from leakage 11 ! !
Linear 1 I 1
2 Reziori VTH to Miller | CGs ans CGD Vout value to full load 11! ! !
g Plateau current 1 ! !
] I 1
(I} I 1
. d fi V 1 I |
constant flows entirely vz;:storom Ds 1 | !
3 Saturation | across Miller | to discharge i constant i ! !
§ ID*RDS(ON) Ll 1
Plateau CeD 1 ! v
I : I 1
. remains at D i I I
rises to VDRV o ifi I |
decreases to resistive i ! 1
: fully constant f 1 ] 1
4 Saturation . zero as CGS drop | 1 |
enhancing T T T
the FET charges fully ID¥RDS(ON) S ! !
¢ 112131 4 |

Figure 15. FET switching model with table and graptof turn on sequenceB. L. Balogh, “Design And Application Guide For
High Speed MOSFET Gate Drive Circuits.” Texas lmstents, Dallas, 2001. Used under fair use, 2014.
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In order to turn off the FET, the above processinbe reversed as shown in Figure 16
[21]. In the first segment of the turn-off sequenihe gate voltage is discharged from the driver
voltage, \bry, to the level of the Miller plateau. The gate dnxdtage, \&s, falls as Gs and
Cep discharge. Once again, this first segment israaff delay because botb &nd \bsremain
unchanged. In the second segmenmgs Mmains constant across the Miller plateau; tauljve
current & is applied to chargingd®. Vs rises from the small resistive drop of the FETid0
final value \bsorr The drain current remains unchanged during thersésegment. In the third
segment, the diode turns on providing an alterraiee for the inductor current. The FET
passes through the linear region wheres Iproportional to ¥s. Io drops from the full load
current to nearly zero ass¥discharges from the Miller plateau to the thredhalltage. Lastly,
the driver sinks the remaining current,ds Gsdischarges to zero in the fourth segment.
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Figure 16.FET switching model with table and graptof turn off sequenceB. L. Balogh, “Design And Application Guide For
High Speed MOSFET Gate Drive Circuits.” Texas lmstents, Dallas, 2001. Used under fair use, 2014.
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2.5 MOSFET power loss

Now that the switching sequence of the MOSFETHe®s established, the FET power
loss during the switching transitions can be urtders During segments 2 and 3 of both the
turn-on and turn-off sequences, drain current aanthd/oltage change at separate times. FET
power consumption, the product of current and gaias, therefore, large during these transition
periods. When fully turned on, the MOSFET is cheeazed by an on resistancedbn),which
is dependent on the physical properties of the &&Well as the gate voltage.

For a fixed gate voltage, the on state FET laido@ the product of drain current and
Vps. On state losses are generally small becausei¥B&ual to the voltage drop of the small
Rosonyresistance. During the OFF state of the FET,dksds are given by the product of the
leakage current andp¥. In this case, ¥s is large but the leakage current is small resgilitm
very slight losses in the OFF state.

2.6 Gate drive operation

The gate driver is as important as the switchiBd Kself. Recalling the definition of an
ideal switch, the objective is to transition theTHEom its highest to lowest resistance states as
quickly as possible. The FET is a charge contdadlevice for which the switching transition is
accomplished by changing the voltage on sevemahgit FET capacitors to deposit or remove
this charge. For a capacitor, voltage changesasction of current given by

|
) — (20)

For a fixed capacitance, C, and change in voltdge, the necessary transition time is inversely
proportional to the current

Y

)! @1

As shown by (21), driver source/sink current caliighs the most important factor determining
transition time.

Another important factor influencing gate drivepl@mentation is the orientation of the
MOSFET within the circuit. Because NMOS turn omléermined by the gate source voltage it
may be necessary to produce a voltage higher tieaoanverter input under certain conditions.
Consider the asynchronous buck and boost convetéiigiure 17. The boost converter has its
source tied to ground so that the gate drive sigaalalso be referenced to ground. For the buck
converter however the source is only a resistiop diess than the input voltage when the FET is
in its low resistance or ON state. The driver algran no longer be referenced to ground
because a voltage higher than Vin would be requoedrn on the FET. Rather, the gate drive
signal of the buck converter must be referencatléd=ET source terminal. The circuitry for
ground referenced gate drive is simpler than feoa-ground referenced driver.

22



e +
1 +o—|:j
Vin "’ Y?ut

Figure 17. Gate drive references for asynchronousuck and boost converters.

The charge Qg required to raise the FET gate gelta the driver level kv is constant.
The driver power consumption arises from the residbsses as the drive current passes through
the internal impedance sRand Ro, the gate drive resistanceRe and the FET gate mesh
resistance B..

2.7 Control

Feedback control is an essential part of pracb&aDC converters. Control provides the
ability for a converter to maintain its output adesired level despite variations in input voltage
and load. This section presents both theory andiweae to provide an intuitive understanding of
control function and purpose. The basic elemehtseloop transfer function, or converter
plant, are discussed. Stability criteria are esghbtl. Finally, the influence of the feedback
system to compensate the open loop plant in a lsgadehanner is conveyed. The three most
common types of compensation network are showedey identification.

This discussion of control is by no means exhaasind perhaps risks
oversimplification. In practice, control remainsubject of extensive research with intricacies
that confound even the most knowledgeable in #id.fiThe simplified overview of control
presented here is justified precisely becausectimplex research has yielded great benefit for
the engineer. Integrated circuit technology hesastlined the compensation process to such a
high degree that the power supply designer careaelexceptional performance with only a
high level understanding of control theory.
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2.7.1 Feedback from perspective of PWM hardware

Up to this point, DC-DC converters have been areyas open loop systems. Using
steady state analysis the voltage transfer funstieere derived for several topologies in terms of
duty cycle. Because the output is a function ptiinvoltage and duty cycle the duty cycle of the
PWM converter can be adjusted to compensate fart Mgriations. This is the basic concept of
control in a switching mode power supply. Negafeedback is employed to maintain a set
output in spite of input and load variations.

A basic hardware knowledge of the converter PWlegator is beneficial to understand
feedback control. The central component, a higiedgcomparator, operates like a one bit
analog to digital converter. When the non-invertimput is higher than the inverting input the
output is high otherwise the output is low. A fixeedquency PWM signal is generated by
comparing an oscillating ramp to a fixed refereimgit as shown in Figure 18 [22]. The
frequency of the PWM signal is the same as th#t@bscillator and the duty cycle is set by the
ratio of Veontroito Vramp.

Vin

Vramp
Vcontrol me Vinod |‘| 1 L

Figure 18. Pulse width modulator formed by comparadr and oscillating ramp input D. Meeks, “Loop Stability Analysis of
Voltage Mode Buck Regulator With Different Outpuafacitor Types — Continuous and Discontinuous M@aes Aprill.
Texas Instruments, Dallas, 2008sed under fair use, 2014.

\/

Negative feedback is provided by an invertingetihtial amplifier which senses the
difference between a fixed reference and a feedbaltige. The inverse of the sensed
difference multiplied by the amplifier gain is outpas an error voltageeVThe error voltage ¥
becomes the reference input to the PWM comparéieing the loop. The most common
feedback control schemes are voltage mode contreteMhe output voltage is used as feedback
and current mode control where the inductor cuneosed as a feedback signal.

The basic layout of a buck converter with voltagede control is shown in Figure 19.
The output voltage is sensed through the voltageel formed by R1 and R2. The output
reference is input to the error amplifier stage enchpared to a fixed reference voltage.VThe
error voltage ¥, output from the amplifier, is used as the inputhte PWM comparator which
drives the FET.
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Figure 19. Buck converter with voltage mode feedb&ccontrol

2.7.2 Stability and loop compensation

The purpose of control is to maintain a desireghoiin the presence of input voltage and
load variations. The frequency transfer charasties of the converter and controller are
important because, by nature, the system must mesjponon-DC disturbances. Any converter
system can be represented by the closed loop biagkam of Figure 20 [23]. The dynamic
performance and stability of the power supply caw be evaluated in the same manner as any

SISO control system.
Modulator Filter
. +
Vin @ H1(s) ———@® Vout
¢

Compensator -

Gfs)

+
Vref

Figure 20. Closed loop block diagram of switching wde power supply.M. Brown, Practical switching power supply design
San Diego: Academic Press, 1990. Used under fajra(l4.

The criteria for stability is that the phase detaynot be greater than 360° whenever the
gain is greater than or equal to 1. Because nagtgedback contributes 180° of lag this means
that any additional lag cannot exceed 180°.Thoughag less than 180° is theoretically stable,
the general rule is to have at least 45° of phasegim both to limit overshoot and to provide a
safety margin. The Modulator and Filter transfeairacteristics comprise what is called the loop
transfer function or control-to-output transfer étion. The compensator placed in the feedback
path can be used to shape the open loop transfetida to a desired closed loop transfer
function.
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A graphical example is shown in Figure 21. Thepltransfer function of the modulator
and output filter are shown along with the tranégiction of the compensator. When the loop is
closed the compensator adds phase boost at treearesfrequency to improve the overall
system response. Figure 21 is presented as a veurakentation of the compensation process to

illustrate the steps that must be executed by dhgpensation designer. The plot is unrelated to
the physical converter design presented in Chapter
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Figure 21. The compensator adds phase boost to adjuhe closed loop transfer function

2.7.3 ldentifying basic compensator types

The three most common compensation schemes asfidd by the number of
compensator poles. In electrical engineering, stasmdard practice to refer to these
compensation schemes as type |, type Il and tyg&9] [22] [24]. These compensation schemes
are different from the definitions of type I, [lduil systems within the controls community,
where the term relates to steady state error wisgistam is excited by different kinds of inputs.

Type | compensation, with a single pole, is seldm®ad because a low bandwidth results
in poor transient response. Type |l compensatdusa second pole and a zero to significantly
extend the bandwidth. This compensation schemdisly used in switching mode power
supplies. Lastly, type Ill compensation has threlepand two zeroes allowing for more phase
boost and adjusting the steep roll off of the fikeage. These compensation types are achieved
by adding resistors and capacitors to the errofifierpas shown in Figure 22 [24].

Type | Type ll Type Il

+120 E +120 E

+120

1 0 L 1
10 10k m 100M 10 10k m 100m 10 10k

M 100M
Frequency - Hz Frequency - Hz

Frequency - Hz

Figure 22. Three most common compensator types ankleir magnitude plots M. Day, “Optimizing Low-Power DC / DC

Designs — External versus Internal CompensatiBortable power design semindrexas Instruments, Dallas, 2004. Used under
fair use, 2014.
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This section has presented the basic concepeedback control in switching mode
powers supplies. This very simplified approachmiended to give an intuitive understanding of
the purpose and function of control in switchingde@ower supplies. A desired output is
maintained using an error amplifier to control they cycle through means of a PWM
comparator reference. The system response to teghdncy disturbances is crucial as
perturbations are by nature non-DC. The modulatdrfdter stages of the power supply provide
an intrinsic AC response called the loop trangfection. Capacitors and resistors can be added
to the feedback amplifier so that the closed lo@prAsponse compensates and improves the
performance of the basic loop transfer function.

Care must be taken not to oversimplify controbudph its purpose can be readily
understood, the practical implementation of consaleither straightforward nor intuitive. The
intricacies of controller design and realizatioa arell beyond the scope of this work. The
fortunate reality is that much of the heavy liftimgregard to control has already been done by
dedicated power supply engineers. Integrated itsr@thich are the principle component of
practical converters contain nearly all feedbaclklémar and modulator circuitry. In some cases
the compensation network is also provided inteynalith such tools available a basic
understanding of the controller function and pugssgenerally sufficient to construct a
converter which meets all design requirements.
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Chapter 3: DC-DC converter Integrated circuits

The majority of the components discussed in theipus chapter are contained in a
single integrated circuit which forms the nucleatdi®very practical converter. At a minimum
this IC contains the error amplifier, functions € output voltage sensing and correction, a
voltage-to-pulse width converter, a stable refeeermtage, an oscillator, overcurrent shutdown
protection, and gate drivers for the power swiB][ Some ICs even contain an internal FET in
addition to gate drivers. The remaining challefayehe user is to understand the IC datasheet
and how to select proper external components.

This section begins by differentiating internatiaxternal FET devices. Next, all
converter ICs are divided into two categories basetheir compensation networks. Externally
compensated converters allow the user direct acoghe compensation loop while internally
compensated converters offer no means of adjustingpensator poles and zeroes. Examples
are presented for each converter type showingnatdédock diagrams and necessary external
components. The benefits and downsides of eacbxatained.

External compensation affords the user the gredeggee of flexibility and highest
overall performance. Longer design cycles areirequdor external compensation in which the
competence of the user very much determines whathgyh performing or a non-functioning
supply is produced. Internally compensated dewvacesimpler to use but can suffer lower
performance as an uncertain plant must be accofiotdxy a more conservative compensation
scheme. The tradeoff is largely theoretical howesethe performance of modern internal
compensation now rivals any externally compensdésign.

The only significant distinction is packaging ahd complexity of printed circuit board
assembly. Externally compensated device ICs areramty available in SOIC, TSSOP and
MSOP packages which are simpler to assemble beadlusads are visible on the sides of the
packages. Most variants have 8, 10 or 24 pin©ugh some internally compensated ICs are
available in the above packages the highest penfigraevices are produced almost exclusively
in BGA and LGA packages with up to 200 pins alldtezl beneath the packages. The large
number of pins, inaccessible from the top of thekpge, make internally compensated devices
difficult to assemble without an industrial proce€3verall, internal compensation offers distinct
advantages of readily attainable performance withimral design cycle time.

3.1 Internal vs. external FET ICs

Integrated circuits for power electronics fallaritvo broad categories internal FET
devices and external FET devices. As the namdeasyghternal FET devices have one or more
power MOSFETS integrated into the wafer insidepghekage while external FET devices do
not. The major advantage offered by internal FEViaEs is design simplification. The burdens
of gate drive and power MOSFET selection are cotapjléemoved from the applications
engineer because driver and FET are internal aredutly paired. The universal downside to
internal FET devices is reduced power ratings caoatpto external FET designs. The overall
power rating of the FET is sometimes limited by tleed to process the FET on the same wafer
as the driver and other circuitry. The power limitisually further lowered by the thermal
performance of the package. Integrated FET ICsrgégpdiave a small fraction of the exposed
thermal pad that is present in a dedicated poweSWVEX to provide a cooling path.
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The opposite is true for external FET devicessi@eis still simplified because the gate
driver and control circuitry are included in the bGt the critical power FET must still be chosen.
Recommendations are generally given in the datasheehe selection process is still complex.
Greater care must also be given to printed citoodrd layout to avoid parasitic effects. The
principle advantage is that higher power FETs aanhosen and adequate heat sinking can more
readily be provided.

3.2 Externally compensated converters

An externally compensated converter is definedrgsconverter in which the user must
directly provide the feedback compensation asqfatie design. Externally compensated
converters are the most challenging design catagdgrms of physical implementation despite
many efforts to simplify their use. Design is et on a single integrated circuit containing at
a minimum a gate driver, modulator and error anglifThe TPS 54331 shown in Figure 23 [25]
is a good representation of an internally compeasadnverter IC. The TPS 54331 is an
asynchronous internal FET buck converter manufadtbly Texas Instruments. Contained
within the small 8 pin SOIC package are an erropldrer, slope compensation, current sensing,
PWM comparator, gate drive logic, PWM latch, gatget and Internal FET.

Figure 24 [25] is a typical application circuitosting the minimum external components
that the user must select to produce a functiopower supply. The flyback diode, output filter,
feedback voltage divider, boot strap capacitor, pensation network, slow start capacitor and
an input voltage divider must all be selected keyuker, 13 components in all. The user has
direct access to the compensation network throbglCOMP pin. A type Il compensation
network comprised of C1, C2 and R3 is shown cometti COMP. This is the crucial feature
that defines the TPS 54331 as an externally congpeti€onverter.
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Figure 23.Block diagram of TPS5433Texas Instruments, “3A , 28V INPUT , STEP DOWN SWIi® DC / DC
CONVERTER WITH ECO-MODEM TPS54331,” no. July 2008. Texas Instruments, Balt@12. Used under fair use, 2014.
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Figure 24.Application circuit for externally compensated TPS5433Texas Instruments, “3A, 28V INPUT , STEP DOWN
SWIFT™ DC / DC CONVERTER WITH ECO-MODEM TPS54331,” no. July 2008. Texas Instruments, Bak@12. Used
under fair use, 2014.
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3.3 Internally-compensated converters

An internally-compensated converter is definedmg DC-DC converter for which the
user has no direct access to the compensation rletwbe required external components vary
widely depending on the converter IC. In some sdlse whole output filter is internal to the
chip ensuring that the plant is known. More commgpahly the FETs are internal and filter
components must be selected by the user. A goaahgbe of an internally compensated
converter is the P13312-X0 produced by Vicor. Thaverter block diagram is shown in
Figure 25 [26].

The PI3312-X0 is a synchronous step down convaiitértwo internal FETSs.
Significantly less detail is given on the devicteimals primarily because the user does not need
to understand the zero voltage switching (ZVS) adldr. It only remains for the user to select
input capacitors and an output filter. Detaileddglines are provided in the datasheet for
selecting the filter components so that very litidculation is required on the part of the
designer.
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Figure 25. Block diagram of internally compensatedP13312-X0Vicor, “PI33XX-X0 8V to 36Vin Cool-Power ZVS Buck
Regulator,” 2013. [Online]. Available: http://cdicarpower.com/documents/datasheets/Picor/ds_pip8kx{Jsed under fair
use, 2014.
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3.4 Benefits of internal vs. external compensation

Fundamentally, the choice between internal andreat compensation is a classic trade-
off between simplicity and performance. In reathig performance advantages of external
compensation are rarely attained even with multlglsign iterations. For anyone other than a
dedicated power supply designer internal compemsatifers equal performance with
significant time savings.

The performance improvement of external compensatan be understood in terms of
the power supply block diagram of Figure 20 [28he user has the ability to change both the
filter stage and the compensator stage of the pewgply. This allows improved transient
response and possibly lower ripple voltage [27le Tost significant drawback is design
complexity as the designer must have the competensigape the filter and compensation
responses to achieve these performance gainsréduges the designer account for non-ideal
parameters such as capacitor equivalent serietarse (ESR) and inductor winding resistance
in all calculations. Layout is also crucial forfgmance as parasitic inductances from poor
layout can completely degrade performance.

A suggested layout for the TPS54331, from a Tlwat#on board, is sown in Figure 26
[28]. The total size is large compared to the sizine IC, U1l. The physical placement of the
components is crucial to performance. An evaluahoard layout serves as a good starting point
but in some cases this is not available and meltgyout revisions may be needed before a
functioning supply is produced. Ultimately, no mixg can completely account for component
tolerances and layout effects. If the desired parémce is not achieved system identification
may be necessary to determine the true plant dysaamd adjust compensation accordingly.

Texgs Instruments
TPS$4331EVM—-232
HPA232A

Figure 26. Circuit board layout of TPS54331Texas Instruments, “TPS54331EVM-232 3-A , SWilTRegulator
Evaluation,” no. July. Texas Instruments, Dallaslp 2008. Used under fair use, 2014.
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Internally compensated devices, though signifigasimpler to use, are not less complex
overall than externally compensated devices. Thpmant difference is that the heavy lifting in
compensator design has been done by engineersngdidi the IC manufacturer. This is the
primary advantage of internally compensated coevgrthe most challenging design aspects
have been done for the user, often by a more dealifesigner. These engineers did not know
the ultimate application however and had to makemaptions about the overall converter plant
to design compensation. By nature then, the iatgrales and zeroes must be more conservative
to guarantee stability when the actual open loaptak determined by the user [27].

As consequence the user must work within a seltef component guidelines. This is
the primary drawback of internal compensation tekedom of the designer to select power stage
components is reduced. If the filter inductane@pacitance and ESR are not properly selected
the resulting filter response will not match theeimal compensator response and instability or
performance degradation will result [27]. In mamages the exact filter component values and
even specific part numbers are provided in thestietets of internally compensated converters.
Rather than a design restriction this is more oftdéhessing for users who do not want to
consider every design aspect to produce a worlohgisn.

Even the distinction in performance between irdeamd external compensation is
diminishing with improvements in power electronieshnology. The most advanced internally
compensated converter chips now rival external @rsation in every regard. One factor
contributing to these advances is tighter contuardhe converter plant through integrated filter
components and larger BGA type packaging. Considelayout of theP13312-X0of Figure 27
[26]. The package is a 123 pin land grid array A)@ith all the pads underneath the chip. The
simple layout depicts two rows of capacitors and imauctor in an optimal layout for the
switching current path. Both capacitor and induat@del numbers are provided in the Vicor
datasheet. The converter open loop plant is alcwspletely know to the Vicor engineer,
provided the user follows the recommended layodt@mponent selection. This detailed
knowledge of the open loop plant means a muchdesservative, higher performance
compensation can be attained.
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Additional uncertainty form printed circuit bodad/out is minimized because the large
LGA package defines the current return paths aladive geometry. The packaging however is
a case where the IC designer is benefited at thieodaser. An LGA package requires one of
the most difficult soldering processes becauspiadl are located beneath the package and are
not pre-balled. Assembly then presents the ogigicant downside of modern internally
compensated converters. This is more of a corfoesmall scale production such as in a
laboratory setting using basic solder station emeipt. LGA packaging would not present any
difficulty for an industrial assembly process.
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Figure 27. IC package and layout of PI3312-X0 conveer Vicor, “PI33XX-X0 8V to 36Vin Cool-Power ZVS Buck

Regulator,” 2013. [Online]. Available: http://cdicarpower.com/documents/datasheets/Picor/ds_pip8kxJsed under fair
use, 2014.
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Chapter 4: Design of smart power module

This chapter begins by presenting the researcltigs, required features, and six
functional elements of a smart power module. Tét@ate components in need of regulated
power are identified defining the distributed powerdget. The requirements of the conversion
element are established based on the vehicle comslidnd desired performance. Details of
design and selection are then presented for eattte &ix smart power module elements.

The conversion element, a Linear Technology LTMB@2as chosen based on its high
efficiency and wide input range. External comporsaiection follows the datasheet guidelines.
Power conditioning is primarily achieved exterratite modules by a high power transient
voltage suppression (TVS) diode on the vehicle thahps voltage spikes to below 55V.
Secondary protection is provided by an internal T#&Ile which will suppress any spikes above
the LTM8027s max input of 60V.

Power management, the element requiring the nedatled design is covered in five
subsections. Power management encompasses cugastirement, current limit adjustment,
overcurrent detection, and output protection. €ntrmeasurement is addressed first, with the
selection of a shunt resistor and shunt amplif&xt, overcurrent detection is attained by means
of a comparator which is selected based on a deatires including latching, complementary
outputs. A digital potentiometer is chosen towalurrent limit adjustment by varying the
reference input of the overcurrent comparator. -éhBnnel MOSFET is selected to provide the
necessary high side disconnect for output protectiastly, a gate driver for the output FET is
designed and simulated using LTspice to achieveclontinuous losses and rapid transition time.

CAN is chosen as the industry standard commuwicatinterface. The processing
element is selected from the C2000™ family of neoratrollers having CAN peripherals and
convenient programming support through TI's Codenposer Studio. A two color Red-Green
LED was selected as the module status elemenbtadar a wide range of simple messages by
varying both color and blinking pattern. The demisio provide three individually controllable
outputs from each module is discussed based osiza®f the conversion element and large
number of available microcontroller I/O. A twoauit board design is adopted to improve heat
sinking and full space utilization within a standl@xtruded aluminum enclosure. The presence
of the two distinct circuit boards is the modulapect of the smart power module. Images of the
two circuit board layouts and enclosure are shoighlighting considerations made for
convenient assembly and streamlined testing.

The design process was shaped by a philosophyhheicl physical demonstration of
functionality paramount followed by simulated dersation of functionality with optimization
of this functionality as the last priority. Becauseas written after three revisions of the smart
power circuits this design section is presentethéreverse order with theory and optimization
coming before simulation and verification. Desigpresented in this order for clarity not to
give the impression that each aspect of the degagcarefully evaluated before
implementation. Ultimately, the performance of goofi the features was evaluated for the first
time as these sections were written.

The most important aspect of the smart power negdugh conversion efficiency, was
carefully designed to and achieved. The other requieatures were designed to a sufficient
degree to be implemented in a physical circuitdifidnal revisions can be initiated if further
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optimization is desired. With physical demonstmaggaramount, the smart power module
designed in this section has been confirmed iabthty to supply the full sensor power needs of
an operational UGV.

4.1 Requirements of smart power module

A set of research goals and required featuregowasded at the project onset. The six
elements which comprise a smart power module wefieetl as shown in Figure 28. Power
conditioning pertains to any necessary input reguasuch as input filtering or transient voltage
suppression. The power supply element is the DCzbrtversion element and all necessary
supporting components. Power management refed$ doitput monitoring and protection
features. The internal processing element mon&odscontrols the module operation.
Communications interface is the means for the n@tuteceive commands and transmit
information over an established protocol. The medtatus element displays the state and
operation of the module separately from the comiatiuns interface. The requirements for the
smart power module are presented in Table 3.

High conversion efficiency was the most crucigjuieement with a minimum value of
90% for all anticipated loads (1-4A). Reductiartemperature rise relates to the ability of heat
sinking to reduce the temperature difference betvtke module and the ambient air. The goal is
to improve temperature rise in the converter by 30f6ugh the addition of heat sinking.

Current limiting is desired with a minimum of 25&t points and a limit accurate to +10% of the
set point. Current monitoring within 5% is ne@ys The input range must accommodate the
native power bus generally within 24-36V but ub&Y under transient conditions. A
configurable output between 3.3V and 24V was tmbestigated though only a fixed 12V

output was necessary. The desired output rip@esi% or 60mV. The power modules must meet
all mission requirements with a minimum output powe35W and maximum of 100W.

Input Power Power Supply Power Output
Voltage Conditioning Element Management Voltage
A

Power
Elements

Figure 28.Six functional elements which comprise smart power module

36



Table 3. Design requirements for smart power moduleperation

Requirement Uni Ideal value | Marginal value
Small printed circuit board size "$ 2x3 3x5
Compact enclosure for circuit boargd  "$° 2.5x.3.5x1 3.5x5.5x2
ng_h_conversmn efficiency at % 95% 90%
anticipated loads

lF;zgluce temperature rise over output % 50% 20%
Temperature sensing °C +1 +3
Programmable current limiting bits 10 8
Current limit range %error +5% +10%
Output current monitoring % error| +2% +5%
Run off of native power bus \ 23.5-55 24-36
Provide conf_lgurable output at point Vv 3.3-24V 12V

of consumption

Regulated output voltage mVp-p 60 (x0.5%) 240 (x2%)
Smart power subsystem shall be

designed to meet all mission power W 100 35
requirements

Industry standard communications bi

: inary

interface

Each module must operate binary

independently of other modules

Processing element must be

sufficient to support all necessary binary

computational requirements

4.1.1System power requirement

Eight system components were identified as reagia higher degree of power
regulation than that of the base vehicle power bilsese components and their power
consumption are listed in Table 4.The input voltafall components is 12V. The total
regulated power draw is a continuous 91W. Theelstrgower draw of any individual
component is 29W for the radio. The relative lomad of the components are also listed, four
components on the roof, 1 in the front and threhénback of the vehicle. The majority of the
power is needed by the roof sensors, 64.5W, leawgl 3W for the front sensors and 13.4W
for the rear sensors.
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Table 4. List of vehicle sensors supplied by smapower modules

device location | voltage (V) current (A) power (W)
Radio roof 12.0 2.4 29
video switch roof 12.0 1.8 22
perception camera| roof 12.0 0.6 7
OCuU roof 12.0 0.54 6.5
Velodyne 1 front 12.0 1.1 13
Velodyne 2 rear 12.0 1.1 13
wheel encoder 1 | rear 12.0 1.8E-02 |0.216
wheel encoder 2 | rear 12.0 1.8E-02 |0.216

Total 7.6 90.932

4.1.2 Requirements of conversion element

In order to design the DC-DC converter severaliegyirements must be defined the
input voltage range, output voltage, output powetput ripple, and conversion efficiency. The
input voltage of the nominal 28V vehicle bus ranfyem 24V at an absolute minimum up to
55V the clamping voltage of the vehicle TVS diodée output voltage is 12V. The minimum
output power must exceed the highest continuous ddé29W. A minimum output power of
35W was chosen. A minimum conversion efficienc@0% was chosen for loads above 1A.

The maximum acceptable voltage ripple requirenaners determined from the devices
being powered which require a minimum of 5% or 600peak to peak at 12V. The chosen
max ripple value however was 0.5% or 60mV peaketakp To reduce design complexity the
converter must be internally compensated. No iméquirement was set for switching
frequency. The converter target specificationsshmvn in  Table 5.

Table 5. Requirements for conversion element

Input voltage range 24-55V

Output voltage 12v

Minimum output power 35W

Output regulation +0.5% (60mV pk-pk)
Conversion efficiency < 90% (for lout> 1A)
Compensation Internally compensated
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4.2 Conversion element

The selection of the conversion element was drbkedesire for design simplicity and
efficiency. The most restricting requirement foe tonversion element was the input voltage
maximum of 55V. The value comes from the clampialgage of the vehicle’s TVS diode.
Under the worst case operating conditions an impliage of 55V could be applied to the
module for nearly 1 full second. Because of the/Veng duration of this high voltage the only
viable solution was to select a device rated foortinuous input voltage higher than 55V.

This notably limited the options for conversioeraent as seen in Table 6. Using the
Digikey search filters for internally compensateaheerters with a 12V output shows that the
nominal input of 28V fits more readily into a rangfeconverters either 18-36V input or 9-36V
input. Accounting for the possibility of a 55V iaplimited the potential options by more than
two thirds.

Table 6. Availability of conversion elements basedn input voltage range

Vin min (V) | Vin max # of Digikey
(V) devices

18 36 133

9 36 132

18 75 113

Efficiency, the next most crucial design critefAas more difficult to characterize.
Conversion efficiency is a function of load currantl input voltage. For a step down converter
overall efficiency improves as the difference betwéput and output voltage gets smaller. For
a given input and output level conversion efficiggenerally varies with load current as seen in
Figure 29. The curve is split into three regiofise light load region is always characterized by
low but increasing efficiency. The peak regionédied as the region where efficiency reaches
its maximum. As load increases efficiency dropsaoifi may reach a third region where the
efficiency falls below an acceptable level. Theeiihold determining the regions is arbitrary,
based on the application. For this design 90%ieficy was chosen as the threshold with 1A as
the start of the peak region.

100

Light Load |
90+ _ : ]
80 ' 1
Peak Region
® 70- : .
2y
& 60 7
% 501 ' 1
40l 'Sub Threshold> |
301 :
28.2 0!4 016 018 '{ 1‘.2 114 116 1!8 2

current (A)

Figure 29.Generic efficiency plot for buck converte
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The conversion element chosen was the LTM802ht@nnally compensated buck
converter from Linear Technology’svlodule® family. The LTM 8027 represented the only
solution identified which met the necessary inpaltage range and efficiency requirements.
Table 7 shows that the LTM 8027 meets all the @&mith requirements for the conversion
element.

Table 7. Comparison showing how the LTM8027 specifations match the conversion element requirements

Requirement LTM8027 spec
Input voltage range 24-55V 16V-60 V
Output voltage 12v 12v
Minimum output power 35W 48W
Switching frequency Not defined 100-500 kHz
Output regulation +0.5% (60mV pk-pk) 0.2% typical
Conversion efficiency < 90% (fosub> 1A) < 90% (for due> 1 A)
Compensation Internally compensated Internally pemsated

The LTM8027 is a synchronous buck converter with internal FETs and an internal
inductor as shown in Figure 30 [29]. The deviceusent mode controlled with adjustable
switching frequency and output voltage. Like anginally compensated device, the details of

the control loop are not provided. An internalutedor is present to provide power to the control
circuitry.

RUN — J—
[
|
INTERNAL  AUX
- CURRENT CONNECTION
TV,
L1 CONTROLLER o
b T
SYNC INTERNAL INTV, i
1 Viy— _ LINEAR < & Jr{ [
REGULATOR
BIAS2
= GND R ADJ
M r
! ! | 8027 80

Figure 30. Block diagram of LTM 8027LinearTechnology, “LTM8027 60V, 4A DC/DC pModule gdator.” Linear
Technology, Milpitas, 2009. Used under fair usel 420
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The selection of supporting components was guettie LTM2807 datasheet. The
datasheet schematic is shown in Figure 31 [29]e Ekternal components where required with
recommended values supplied. One 48.7é&sistor sets the switching frequency to the
recommended 300 kHz. Another resistor, 56.2 gets the output voltage to the desired 12V.
The remaining resistor, 1M, pulls up the enable pin to ensure the devicénays on when
input voltage is supplied. Lastly, two 4F input and four 22F output capacitors are required.

V
Vin ouT

Vin Vout 12V
16V TO 60V 4.7)F A
= RUN BIAS1

—SS BIAS2

22uF

— SYNC AUX 3 el
RT ADJ
%48.71( GTD -% 56.2k
- - 1

= 3845TAOTa

Figure 31. Application schematic for LTM8027LinearTechnology, “LTM8027 60V, 4A DC/DC uModulesBulator.” Linear
Technology, Milpitas, 2009. Used under fair usel 20

4.3 Power conditioning element

The primary power conditioning was provided by viedicle power system in the form
of a high power TVS diode. TVS stands for transiaritage suppression which is a certain type
of diode designed to provide overvoltage protectmgeensitive electronics. Like any diode, a
TVS diode provides a high impedance when reverseset. Unlike a regular diode the break
down voltage of a TVS is carefully set to a desiteeéshold. When the protection threshold is
exceeded the junction undergoes an avalanche lowakproviding a low impedance path for
the excess current. In this manner transient ctiseativerted away from sensitive components
and shunted through the TVS diode [30]. The dpmraf a TVS diode is illustrated in Figure
32.

Four factors are important in the selection of é&STdlode. The reverse standoff voltage is the
voltage below which the diode will always preseihigh impedance. Reverse breakdown
voltage is the voltage at which the device will ietp undergo avalanche breakdown and
present a low impedance path. The peak pulse dusréme maximum current that the TVS can
withstand without damage. Lastly, the clampingagé is the maximum voltage drop across the
diode for a given peak current pulse [31]. A hpgglwer TVS diode was installed on the 28V
bus of the main vehicle. The vehicle TVS has akdewn voltage of 49V and a maximum
clamping voltage of 55V. Because the LTM8027 wiale 0 accept an input up to 60V
additional input voltage protection was not reqdire

For redundancy, an additional TVS diode was addéde converter input. The diode
selected was the 1.5SMC62CA produced by LittelfuReverse standoff voltage for this diode
was 53V and the minimum breakdown voltage was 5&88% a 65.1V maximum. The
absolute maximum input voltage to the LTM8027 i¥ &% the maximum breakdown is slightly
over this limit. This overvoltage risk had to beigleed against the alternative that the
breakdown voltage be too low. If the minimum breakd voltage of the converter diodes were
ever less than 55V the converter diodes would suppphe main TVS in protecting the 28V
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power bus. This would destroy the module diodeth@g cannot be rated to withstand the
transients of the full vehicle bus. Thus the mimmbreakdown of 58.9V, which always
exceeds 55V, takes precedence over the small plaggitat breakdown voltage reach 65.1V.
Ultimately, transient protection is achieved by thain vehicle TVS which will suppress
transient voltages to a maximum of 55V.

Transient

TRANSIENT  current ,x/ s PROTECTED
ENVIRONMENT Diode CIRCUIT

Figure 32. Operation of transient voltage suppressin (TVS) diodeSemtech, “Surging Ideas TVS Diode Application Note
S196-01.” Samtech, www.semetech.com, 2000. Useeénfiadt use 2014.

4.4 Power management element
4.4.1 Current sensing

Current monitoring will provide an analog refereror the overcurrent protection
circuitry as well as the input to be sampled byghecessing element ADC. The maximum
signal voltage is set by the digital power supplB13V. A shunt resistor was chosen as a simple
and reliable method for current measurement.

A shunt resistor must be chosen in relation taraent shunt amplifier. The critical
parameters for a current sense amplifier are commte range, common mode rejection ratio
and input offset voltage. Common mode range siesdifie input voltage rating of the
operational amplifier with respect to the amplifigound. When sensing the current through a
12V line the common mode range must be greaterXB&n Common mode rejection ratio
(CMMR) is defined as the ratio in dB of the diffatial gain of the amplifier to the common
mode gain. CMMR is a measure the amplifier's aptlit separate the small differential signal
across the input terminals from the often large mmm mode signal present at both terminals.
Input offset voltage is defined as the voltage thast be applied across the two input terminals
to obtain an output of zero volts [32].

Input voltage offset is caused by an inherent ratsimbetween the input transistors and
internal components of the op-amp. General op-affisgtovoltages are in the order of mV for
lower quality op amps down to tens of micro-vols the highest quality components. This
offset represents a DC bias that directly affdotsaccuracy and therefore the minimum voltage
drop of a shunt measurement system. Measuringra sinop of 10mV using a cheap op-amp
with 1mV offset would produce roughly a 10% errbine tradeoff then is between op-amp cost
and shunt power loss. Power loss is proportionahtmt voltage drop so it is desirable keep the
differential voltage to a minimum which requires@mamp with a very low offset voltage to
preserve accuracy.

The desired low voltage drop of the shunt meaasttie amplifier must also provide gain
to boost the signal to a useful range. In thisldiog@tion process a certain amount of gain error
is introduced due to manufacturing and compondatdnces. The gain error becomes the
dominant error term as the differential voltage@ases. Figure 33 [33] shows a plot of total
error as a function of differential voltage for apips of differing offset voltage and gain error.
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At lower differential voltages, offset error is tHeminant effect. As differential voltage
increases, the error converges to the gain errtbreobp amp.
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Figure 33. Plot of total error vs. differential input voltage for op-amps with different offset voltags and gain errorsTexas
Instruments, “Current Shunt Monitors,” 2014. [OelinAvailable:http://www.ti.com/lit/ml/slyb194a/slyb194a.pdfised under
fair use, 2014.

With the offset and gain errors of the shunt afigslestablished the effects of the sense
resistor value can be explored. Figure 34 illusgahe relationship. Shunt voltage drop is a
linear function of current with a slope set by tasistance value. Shunt amplifier error decreases
exponentially toward the gain error limit. A cureeconstant power is defined as the product of
the current and shunt voltage drop. A usable ramdefined by setting a maximum error and
maximum power loss. The bottom limit is definedtbg shunt amplifier error and the top limit
is defined by the shunt voltage drop.

1 I . ; 100
- -=-error 20 mOhm -90
' ---error 4 mOhm
J: -==2% error limit 80
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—
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Figure 34. Amplifier measurement error and shunt vétage drop as a functions of current. With maximumpower and
error limits defined a usable range can be determied for any value of sense resistor.
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The current sense amplifier chosen was the INA2p®A&luced by Texas instruments.
The INA213 has a common mode range from -0.3 VBt 2juite sufficient for the 12V
application. The minimum common mode rejectioforat 100dB. The maximum offset
voltage is 100 V with a typical value of £5V. The INA213 has fixed gain of 50 V/V with a
maximum gain error of +1% and a typical error @2%. A 10 m sense resistor was chosen to
simplify the gain calculations. With a 4A max ant the shunt power loss will be less than 200
mW. For typical values of offset voltage and gairor the measurement error will be less than
1% over the measurement range.
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Figure 35.Maximum and typical error from INA213 over expected measurement range

The current to voltage conversion of the shuntsussament system is determined by the
sense resistor value and the amplifier gain. Treeat sense resistor of 1 nwill provide a
current to voltage ratio of 0.01. Multiplying thasimber by the amplifier gain will produce a
total current to voltage ratio of 0.5. The fulbte current range of 0-4 A will produce a 0-2 V
output from the INA213 sense amplifier.

4.4.2 Comparator selection

The shunt amplifier output will also supply theabog reference for overcurrent
protection. A comparator will be used to detecbaercurrent condition by comparing this shunt
amplifier signal to a set reference. A comparajmrates like a one bit analog to digital
converter. When the non-inverting input is higtiem the inverting input the output is high,
otherwise the output is low. A current fault inalier can be created by referencing the non-
inverting input to the shunt amplifier output amdlerencing the inverting input to a voltage
representing the current limit. This will produecéogic high whenever the sensed current
exceeds the limit.

The comparator state will enable and disable thpui causing a continuous oscillation
without a latching feature. When current risesvatibie threshold the output is disabled causing
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the current to fall which in turn re-enables thépo and allows current to trip the threshold
again. A latching feature must be present so ttatomparator will trip on the first overcurrent
condition and remain in the OFF state until trigggeby an external signal. Many comparator
ICs have a built in latching feature allowing thearmaintain their present state without regard
to input changes.

Initial latching is triggered by the comparatotymut, as this is the fault indicator. Any
signal originating from the comparator will be helwhstant after latching. Therefore, at least
one additional external signal must be providedrtdatch the comparator when re-enabling the
output is desired. A two input logic gate can bedito accomplish both these tasks. A truth
table can be generated for the desired statesoassh Table 8. An exclusive logic gate is
required because the output must be unlatched wwderonditions. The output will be
unlatched while both inputs are low and will unkatmgain, as a reset, when both inputs are high.
The specific logic levels will be determined by ttemparator IC.

Table 8.Truth table for comparator latching feature

Comparator Reset| Latch
output signal | state
Low Low | Unlatched
High Low | Latched
Low High | Latched
High High | Unlatched

Selection of the comparator was feature drivenstated above a latching pin was
required. Complementary outputs were desireditoihte the need for an inverter. The device
needed to operate on a 3.3V supply. An industei@erature rating -40-85°C was essential. It
was also critical to find a package that was nfftcdit to assemble with hand soldering
techniques such as an SOIC 8 package. The desmattés are summarized in Table 9.

The MAX 961 comparator was selected because drpurated each of these features.
The propagation delay of the comparator, an extiefast 4.5ns, is more than sufficient for
rapid transitions. A high logic latches the congpar so that an exclusive OR gate will provide
the function of Table 8.

Table 9.Comparator features

Comparator features
Latching pin
Complementary outputs
3.3V supply

-40-85°C min temperature range
Simple package
Shutdown pin
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4.4.3 Current limit adjustment

An adjustable current limit can be attained by wagythe fixed reference to the
overcurrent comparator. The current limit will bjuested by means of a voltage divider with a
digital potentiometer as seen in Figure 36. A thliannel, 50 k, 256 position digital
potentiometer, the AD5243, was chosen to adjuslirtiiereference. To ensure a constant
reference voltage for the set point a precisiolV2déference was used as the voltage divider
input rather than the main 3.3V supply. The voltdygder was designed to adjust the reference
between 0 and 2V corresponding the maximum outpuent of the LTM8027. Using a 12.4k
value for the fixed resistor, produces a voltagegyeacorresponding to a 0.156A to 4.013A
current limit range. The current limit value i®fed as a function of wiper position in Figure
37.

Figure 36. Current limit adjustment circuit using digital potentiometer
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4.4.4 FET selection for output protection

To provide output protection, a device needs tplaeed in the output path to disconnect
the load in the event of an overcurrent conditibime location of the disconnect point in relation
to the load, either high side or low side, mustbesidered carefully. High side refers to
placement between the power source and load whiengasde refers to placement between the
load and ground. Both locations will break the dwcetion path through the load.

For a low side break the device remains conneoctéite power supply output and thus
energized. A high side break directly disconnectsgr from the load. High side placement is
safer in general for both the power supply and laigthe price of higher voltage ratings for the
disconnect device. It was deemed essential foraghpdication that both the power supply and
load be protected. A low side disconnect cannateptdhe power supply if a secondary path is
established to ground. In a vehicle where thegsibas grounded it is conceivable that a
secondary path could be established shutting doepdower supply after its internal current
limit is exceeded. A high side disconnect is neagsto protect the power supply and maintain
any additional independent outputs.

With placement determined, the disconnect devacebe chosen. The requirement for
an adjustable current limit eliminates any fornredgettable fuse from consideration. Mechanical
and solid state relays are unsuitable due primssitheir large size compared to ICs. Power
semiconductor devices are well suited to this @appibn because many feature small size, high
power ratings and convenient logic level interfaces

Either an N-channel or P-channel FET could be @igethis purpose. N-channel devices
can be manufactured with low on resistances muate masily than P-channel devices. An
online component search using the Digikey websiteiges a simple ballpark comparison of
availability. In addition to N-channel and P-chalnthe devices were filtered using&on)less
than or equal to 10m and continuous drain currents greater than 1hés@ were added to
ensure the devices were suitable for power apphicgl. The search returned roughly 9000
results for N-channel devices and 500 results foh&nel devices. With an order of magnitude
more low resistance devices, N-channel FETs offeatgr design flexibility as well as the
lowest possible on resistances. The downside tgyusichannel FETs in high side applications
is that they require a complex gate drive circaitlee gate voltage must be raised higher than the
source which is equal to the input voltage whenRE& is on. Though P-channel devices offer a
more limited selection, they are simpler to drinénigh side applications as the gate voltage
need only be pulled lower than the source to endigl®utput.

The output protection FET, though it does neesintibch rapidly, does not need to switch
continuously as was the case for SMPS gate drivEngs allows greater margin for switching
losses and power consumption since switching odntnexquently during normal operation.
Continuous losses however, such as the drain—soestance heating must be minimized, as
the FET will conduct for the majority of the time.

The basic parameters can be readily determineal fine output conditions. The
continuous drain current must exceed 4A. The blagkioltage must be greater than 12V when
the output is off. The gate charge, and ON reast&ahould be as low as possible, likely around
5-10 m . Another important requirement is that a SPICKlelde available from the
manufacturer for simulation purposes.

A P-FET from Vishay Siliconix the Si7143DP was sbn meeting these specifications.
The gate charge is a low 24.6 nC and the ON resists 10 m at a \tsof -10V. The
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continuous current is 35A and the blocking volteg80V. The threshold voltage is a 2.8V
maximum. Most importantly, the Si7143DP has aespiodel supplied by Vishay for
simulation purposes.

4.4.5 Gate driver for output FET

A level shifted P-channel MOSFET driver was sedddb drive the Si7143DP as
presented in [21]. The level shifter is comprisé®Rd, R2, Q1, Q2, and M2. The gate drive
signal is input to the FET M2 to drive the gateled primary FET M1. The resistors R1 and R2
determine the switching speed of the FET M1. ®imof R1 and R2 sets the voltage at the
base of the transistors and the sum of R1 and Ri2ats the current flow through both the
transistors and resistor divider. Both the switghspeed and FET power loss are determined by
R1 and R2.

The goal of resistor selection is to reach an ptatde balance between the continuous
losses when the FET is on and the switching tinth@FET. The continuous losses are
comprised of two components. The first is from glage drive level shifting components which
can be well approximated by just considering tissteve losses of Rland R2. The second
continuous loss component is the resistive logseerprimary P-channel FET M1.

~—

=
Vin % Vout
) 131
Q1 Q2
R1 R2

| M2
drive_signal

Figure 38. P-channel level shifting gate driver

The losses of the level shifter will be consideiiext. The largest component of these
driver losses is the resistive loss of the R1 Reage divider. The steady state power
consumption of R1 and R2 can be calculated as

"$
1 @ — (22)
29 2.

These losses are plotted in Figure 39 as a funofitotal resistance (R1+R2). When the total
resistance is low, significant power is lost beeacentinuous current flows through the voltage
divider. As total resistance increases the pooss hpproaches zero. Significant power savings
are obtained as resistance increases from 2.4lotmd 24k after which, further increase yields
diminishing returns.
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Figure 39. The continuous power loss is inversely@portional to total resistance.

The losses in the FET are proportional to thendsaurce resistancepR of the
MOSSFET M1. The relationship betweepsfnd the gate source voltages\Js illustrated in
the datasheet whereb&is given for two values of 6 For the Si7143DP,dR is 10m when
Vsis -10 V and 18.6 m when \ss=-4.5V. In general thend? decreases as the voltage
difference between the gate and source increases.

The FET losses are determined hysWhich is proportional to the voltage divider ratio
R2/(R1+R2). The FET losses as a function ef Were simulated in LTspice by changing the
ratio of R1 and R2. Figure 40shows the simulatedlte for a continuous current of 4A. The
FET losses are reduced by more than half af |¥ increased from 3V to 11.4V. These two
relations show that ideally R2 should be smallamparison to R1 so thatc¥ will be close to -
12 V and the sum of the two resistors should bicseriitly large, around 24k, to reduce the
continuous losses through R1 and R2.
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Figure 40. Simulated steady state power loss of qutt FET as VGS increase from the threshold to -11M

The last factor to consider in resistor selectsothe switching time required for the FET
to turn off. MOSFETSs are charge controlled devigesliscussed in section 2.4. The transition
time is therefore determined by the gate capacitanthe FET and the amount of current
available to charge and discharge this gate capaat The gate charge is determined by the
characteristics of the Si7143DP so that transifime can only be affected by the amount of gate
drive current supplied.

Current flows into and out of the gate of M1 thghuhe emitters of the transistor pair Q1
and Q2. The emitter current is proportional to¢heent entering the base of the transistors
which is a related to the current flow through Rt &2. Therefore, the lower the sum of R1
and R2 the faster the FET can transition.

These effects were simulated by changing the duRL@nd R2 while keeping the ratio,
R2/R1, constant at 0.526% to reduegd of the main FET. The results are plotted in Fegur
41. As expected, the 10% settling timentreases with total resistanceiRa nonlinear fashion.
Somewhat surprisingly, the FET is unable to tramsiafter the total resistance becomes
sufficiently large around 270 k
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Figure 41.Simulated output voltage transitions foffive different values of total resistance (R1+R2)rad constant ratio
(R2/R1) of 0.0526

This inability to switch arises from the real wbrion-ideal behavior of the
semiconductor devices which is reflected in theuation models. For hand calculations the
FET M2 is considered to be an open switch wherotliput FET M1 is in the off state. In
actuality, there is a finite leakage current irite tirain of M2. A more realistic model for M2
would be a bi-valued resistor. In the on staterésestance is very low, equal te$of M2
around 100m, in the off state the resistance is very highuatblM , when calculated in
simulation. This means that two voltage dividees@esent in the circuit giving two equations
for the voltage at the base of the transistors.

8 20/2’2,2 24546;7 67 2 4 e 2 (23)

3 20/2'2 (24)

s 20/2’2’2 ;5 4‘;99699 2 4s gog 1 2, (25)
2 45 699

3 29 2 4 400 (26)
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When M2 is on, the resistance is small compard2go the base voltage is given by
the voltage divider of R1 and R2 equation (24). Tdsstance of M2 in the OFF state is very
large compared to R2 so that the base voltageréndiy the resistor divider of R1 anddR:orr
eqguation (26). As can be seen from equation (281iis sufficiently large, the base voltage will
not rise high enough to exceed-vand the FET will not enter the cut-off region. Bese the
currents flowing during the M2 off state are venyadl, in the 10A range, the voltage divider,
equation (26), will be effected by leakage curresutsh as those into the transistor bases.
Equation (26) only illustrates the effect of R1tbe gate source voltage of the FET and cannot
be used to calculate a specific R1 value abovewtnansition is prevented.

The final values for R1 and R2, 47kand 2.2k respectively, were chosen to balance
transition speed and continuous power loss. The@&uR1 and R2 is close to 50keducing
the resistive divider losses to nearly 3mW. Thma ssinot so high that transition speed suffers.
A 10 % settling time around 6us should be expectéte .0468 resistance ratio will result in a
VGS lower than -11V minimizing the conduction lossd the FET.

4.5 Communications interface

CAN was chosen as the industry standard commuansainterface over which the
modules send messages and receive commands. AbQ#Nas already present on the base
vehicle and CAN is a standard protocol for autoretpplications. Three wires are required to
form the bus, CAN high, CAN low and ground. The/loumber of wires was beneficial in
reducing the number of pins needed for the inpanheotor.

4.6 Processing element

The processing element was chosen based on adesicéd features rather than specific
performance requirements. The processing elemerseid to execute user commands and
oversee the protection and current monitoring festof the smart power module. Though a
microcontroller was selected for this purpose,gfecessing element in no way affects the
internal control loops and compensation of the LDIIIB conversion element. The
microcontroller is housed on a smart current beahrate from theonversion element on the
smart power board. As can be seen in Figuréhmicrocontroller only has connections to the
current sensing and current limiting aspects ofstihhart current board with only a temperature
sensor on the smart power board.

The most crucial requirement was that the micraotlier be well supported in terms of
programming environment, online support and lalwoya¢xpertise. Laboratory expertise was
mostly limited to Texas Instruments and Atmel praddines, both of which are well supported
by online resources and programming environmerts.riext most limiting requirement was
dictated by the choice of CAN as the communicatioteyface as the majority of
microcontrollers do not include peripherals for CARhis narrowed the search to the Texas
Instruments C2000™ and ARM® lines of microcontrdle The C2000™ model had the added
advantage of extended operating temperature raxfgd®-125°C. The smallest C2000™ model
which still had the desired CAN peripherals wassamas the processing element, the 64
pinTMS320F28030.
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Figure 42. Functional diagram of smart power module
4.7 Module status element

Arguably the most important feature, an LED wassemofor the module status element.
LEDs provide visual information through both codéord pattern. Color provides perhaps the
clearest indication of module state with greenaating proper function and red indicating the
presence of a fault condition. A single two col&D. will be used to conserve space. Taking
into account the possibility of blinking the LEDistprovides at least 5 different messages that
can be easily conveyed to the user as seen in Table

Table 10.Summary of LED visual messages

Visual messages
Solid red

Solid green

Blinking read

Blinking green
Red-green alternating

The primary requirement for the LED was that itiicbbe directly driven by the micro
controller pins with only the addition of curremhlting resistors. This meant that the forward
voltage of the LED had to be less than 3.3V. A¢wire design with a dedicated ground was
preferred over a two wire design. The size ofltB® needed to be small 5mm or less to
conserve space. Lastly, the LED had to be a panaht variety. The device chosen was the
SSI-LXR48151GW3B15 manufactured by LUMEX.
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4.8 Module output considerations

To implement a practical distributed power netwa@lkompromise needed to be reached
between module size and the number of module caitpplie power conversion element and the
processing element both have flexibility for muiputputs. At 48W continuous power the
LTM 8027 could power up to three of the deviceha toof location from Table 4. Assessing the
IO requirements per channel of output protectibwas found that the TMS320F28030 could
support up to 3 outputs as well. Given the spaeghead already needed to accommodate
the conversion element, processing element, coorseahd module status element additional
output channels could be added without increasiegverall enclosure size. Given these
considerations, it was decided that each smart poweule would have three independently
controlled and monitored output channels. Thusrvealules could be located in the roof to
supply the roof power needs and one module eadd beuocated in the front and rear of the
vehicle.
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4.9 Enclosure selection

For convenience, an IP65 extruded aluminum eleisdbox was chosen from
Hammond Manufacturing. The box is comprised ofr@re¢ aluminum extrusion with card
guides and two end caps with seals in between.tWwhend caps provide the possibility to gain
access through the back side without removing cciongon the front a feature that proved
invaluable during device testing. The overall exé¢idimensions of the box were 3.54 x 2.44 x
1.34 inches. This left ample internal dimension8.4fL x 2.2 x 1 inches.

The only significant draw back to the extruded@hum enclosure was thermal
performance. Thermal conduction is achieved by maing surface contact between the
printed circuit board and the metal enclosure gctisithe heat sink. The ideal enclosure thus
would have a means to apply pressure to hold aitloard against a flat metal surface. The
card guides provide very little contact for heahoxal and no means of applying pressure.

To address thermal concerns, a two circuit boasibdevas adopted. The most significant heat
source, the conversion element, would be consulumtea separate board from the other circuit
elements. This converter board would be conndctedheat sink baseplate by means of several
screws. The baseplate would then be epoxied tbake of the extruded aluminum enclosure to
provide a direct cooling path to the case.

The second circuit board, for which cooling was aconcern, would be inserted using
the card guides. Figure 43 shows a picture of aarabled smart power module next to a CAD
model with a cutaway to revel the two internal gitdoards. Only the front panel needed to be
altered to accommodate the connector and statusprB¥ding easy back panel accesses to the
debugging interface.

Figure 43. Enclosure for smart power module with ctaway showing two printed circuit board
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4.10 Circuit board layout

The smart power board, containing the conversiement, and the smart current board,
providing the monitoring and protection featurag, shown in Figure 44. The smart current
board was designed so that all of the ICs wereéakcan the top side of the PCB for easy
assembly using a hot plate. A single 20 pin Molemrector is located on the bottom side of the
board with a 3.3V converter and eight capacitos r@sistors. A 40 pin header, located on the
back edge of the board, contains the programming g@nd any signals important for debugging.
This connector can be easily accessed when thegaaek of the smart power module is
removed.

The smart power board contains the LTM8027 anextsrnal components. The board
was designed to match the layout recommended iddtasheet. Many thermal vias are present
beneath the conversion element providing a conduigtath to the heat sink beneath. The 12pin
connector contains input and output power connestas well as 12C lines and a 3.3V input for
the LM73 temperature sensor. Convenient test pa@ird located near the input and output
capacitors for accurate voltage measurement defingency testing. An extra set of test points
is placed where it can be reached through the packl.

Single 20 pin Molex connector on All surface mount ICs located on top side of
bottom side of board board

40 pin debugging
connector easily
accessible from
back of module

Large number of thermal vias
placed beneath LM8027

Converter Board REV2 Nm <

=) -

Nl
Test pionts placed
for Vin, Vout and
GND both behind
connector and

where accessible
- from rear panel

All components
surface mount to
avoid shorts to
base plate

Single 12 pin Molex connector

Figure 44. Images of smart current board (top) angmart power board (bottom) photo by author, 2014.
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Chapter 5: Results

This section details the testing and implementadibthe smart power modules. First the
conversion efficiency of the LTM8027 is evaluated ahe measurement setup is explained. An
average efficiency of 96.7%, above a 1A load, vasutated from eight different conversion
elements with 24V inputs and 12V outputs. Loadilatipn is calculated from the same data as
0.447% an acceptable value slightly higher thardttasheet listing of 0.2%. The output ripple
was measured using oscilloscope features to be 48maW-peak at max load comfortably below
the targeted maximum of 60mV. Thermal performasfaenmodified conversion elements
closely matched the datasheet trend rising from14°&€°C above ambient over the full load
range. A nearly 70% reduction in temperaturewias achieved when the conversion elements
were secured to a heat sink in contact with thenadum enclosure. The new temperature rise of
4-22°C provides ample margin for smart power modyleration in environments with elevated
temperature.

The gate driver turn off time of the output pratec is verified against the simulation.
The measured turn off time of 18=lwas roughly three times larger than the simulétéds.
Output protection and overcurrent detection ardiedrshowing scope images of module
operation. Following installation in the vehiciieywas discovered that transient inrush current
spikes up to 26A were tripping the over currentg@cton and preventing startup of vehicle
sensors. The spikes were measured and charactasegan external shunt. A fault tolerance
was added through software by extending the radsé o allow brief overcurrent spikes to
subside. User control through CAN commands is weetif Lastly, the efficiency cost of the
processor overhead is calculated to be a 5-7% tieduitom that of the 96.7% conversion
element efficiency.

5.1 Conversion element efficiency

Efficiency is defined as the ratio of input powerdutput power which is the product of
voltage and current in an electrical system. Fuantities then, input voltage, output voltage,
input current and output current must be knownrdeoto calculate efficiency. Each of these
guantities was measured using a four channel Agilenhnologies InifiniiVision digital
oscilloscope as shown in Figure 45. Input and wiNpltages were measured directly. The
outputs of two INA213 amplifiers provided voltaggpresentations for the input and output
currents. All the grounds were connected in commibime scope was set to capture 2000 data
points for each input quantity at a sampling rdté kHz. The voltage data along with the time
stamp was saved to a flash drive for analysis.

The load current was varied using a resistive lmatk composed of up to 10 resistors in
parallel. The resistors were varied in sets of ivorder to reduce the number of load values to
5 per converter. Efficiency data was collectedeight converter modules in a randomized order.
The order of the five load values was randomizecéxh converter along with the specific
resistors that made up each load value. Two @elscwere taken for each converter. The
average input voltage, output voltage, input curegrd output current was found for each data
set and used to calculate a single efficiency pméntdata set. With two replicates a total of
eighty efficiency points were calculated. The fssare shown in Figure 46. The average
efficiency, represented by the black line, reachesaximum value of 97.46% at a load of
2.66A. The overall mean efficiency is 96.67%.
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Figure 45.Measurement set up used to calculate caengion efficiency of smart power board
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Figure 46.Calculated efficiency for eight LTM8027 onverter modules Vin=24V Vout=12V
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5.2 Load regulation

Load regulation refers to the ability of a coneetb maintain a fixed output voltage
across changing load conditions. Load regulasoefined as

=B coE F =B cer F
=B |

Yok (27)

; &=>I2@AB<>

Load regulation was measured using the same datakected for efficiency
calculations. Figure 47 shows the output voltagea aunction of load current for the eight
converters measured. The total average outpuag®hvas 12.15V with a variance of 3.0426e-
05V. The output increases slightly with loadrent consistent across converters. For each
converter the five voltage data points were soirieatder of increasing load. The nominal load
was defined as the middle point of this data sead.regulation could then be calculated by
taking the difference of the first and last valaesl dividing by the middle value. The average
load regulation was calculated to be 0.447% wifar@ance of 0.0022%.

The calculated load regulation of 0.447% was latigen the datasheet value of 0.2% by
more than a factor of 2. The voltage conditionsenearly identical to those of the datasheet,
24V input and 12V output. The load conditions weiféerent however with datasheet range of
0 lout 4A while measured conditions were 0.898ut 4.32A. Some difference can be
expected considering the test conditions excedudtx rated current of the device. With the
increasing voltage trend, extending the load ramgeld produce a higher load regulation. The
measured load regulation is still better than 0.6%re than adequate for the intended
application.
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Figure 47. Converter output voltage as a functionfdoad current
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5.3 Output ripple

Converter output ripple was measured using théniifision digital oscilloscope.
Ripple voltage was measured at two load levelse [dtv load was 2 resistors in parallel
approximately 1A and the high load was 10 resistoparallel close to 4.3A. The measurement
features of the scope were used to measure thaeinegy and peak to peak ripple of each
waveform. Scope images were saved for each teéstlow load the average peak to peak ripple
was 36mV increasing slightly to 49.46mV at highdodl' he peak to peak ripple at max load is
+0.2% of the average output voltage at full loa2l,1®2V. The calculated voltage ripple is less
than the +0.5% target requirement. An example saopge of the maximum output ripple is
shown in Figure 48.
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Figure 48. Scope image of output voltage ripple &.3A maximum load
5.4 Thermal Performance

The goal of thermal evaluation was to determineefifiectiveness of using the enclosure
as a heat sink and to estimate the temperatur&oiseambient for the heat sink enclosure. The
temperature of the converter boards was monitosatyuhe LM73 temperature sensor located
on the surface of the smart power boards. An eataircuit board was used to read the
temperature values over the 12C bus and display tikean LCD screen. First the circuit boards
were run without any thermal enhancement. Thedsoaere suspended in a vice with rubber
ends to minimize conduction paths. The load waegdrom 0 to 4.2A. Sufficient time was
given for the temperature to reach a steady stieeach load increase.

The temperature rise from ambient calculated &mhdoad level is shown in Figure 49.
The LTM8027 datasheet provides an estimated tererase. The unmodified boards
demonstrate temperature rise similar to that ofititasheet with slightly higher values above 2A
loads. The temperature rose from about 14°C abosent at no load to 60°C above ambient
at 4.2A output.

Heat sinking was then added by connecting eactdldoan aluminum baseplate which
was epoxied into an extruded aluminum enclosutgermal compound was spread between
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each material interface to improve conduction. @helosure containing the circuit board was
suspended in a vice in the same manner as theetgthlboards. The temperature was recorded
at each load in the same manner as before to atdcaltemperature rise from ambient. The
temperature rise for the converter with heat sigkiaried from 4°C up to 22°C above ambient.
This is a reduction of 10-38°C compared to the udifrexd boards.

The results of this thermal analysis show thatutm@odified boards demonstrate thermal
performance comparable to thermal data provideder_M8027 datasheet. Heat sinking to the
enclosure reduced the temperature rise by 60-708fpared to the unmodified boards. With
nearly 25°C temperature rise at full load, amplegmmeis provided for operation at elevated
ambient temperatures without approaching the 1268& operating temperature of the
LTM8027.
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Figure 49. Thermal evaluation of smart current boads showing temperature rise from ambient
5.5 Gate driver verification

A single output FET and gate driver was assemdted printed circuit board and tested
against the simulation model. The physical validRloand R2 were measured using a digital
multimeter as 46.8k and 2.18k . The resistance of the load bank was measured fo/b.

The simulation model was updated with these vahiseshown in Figure 50. An Agilent
Technologies InifiniiVision digital oscilloscope waised to measure the waveforms of the
physical circuit and provide the gate dive trigggnal. The trigger signal used was a 2.5 kHz
waveform pulse of 206G width and 3.3V amplitude. This pulse signal wagliad to the gate of
the FET M2. The output voltage and the gate veltagf FETs M1 and M2 were measured and
saved to a CSV file. The measured trigger signa Was converted to a PWL file and used as
the gate drive source, V2, in the simulation model.

Measured and simulated results are compared uré-kfl. The turn off transitions
measured in the physical circuit follow the expddrends from simulated behavior. Timing
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differences exist between the real and simulatecefoams. The simulated output voltage has a
10% settling time of 6.1s while the 10% settling time of the measured duipitage is 18.4s
nearly three times larger. The settling time cardivided into two regions one where the output
remains constant and one as the voltage transitibas comparison purposes, the transition time
was characterized by the time required for theagatto fall from 90% to 10 % of its initial

value. The delay time was then defined as therdiffee between the 10% settling time and the
transition time. The transition time of the sintida is 0.964 s making the delay time 5.14.
Measured transition time was found to be 39§iving a delay time of 14.48. For each of
these comparisons the difference is roughly a famtthree shown by the percent error between
the simulated and measured settling times of -ZB%.8This large difference must be placed in
the proper context by considering that the modatmurate to within 13.

The differences between simulated and measuretigesn be attributed to several
factors. The presence of ringing in the measurégubus the result of parasitic inductance
within the physical circuit, not accounted for ietsimulation. The transition time is most
directly influenced by the intrinsic capacitancéshe output FET which cannot be fully
captured in the model. The ability of the simwatio show transition time to within 18 is
certainly superior to any approach using hand ¢atflicuns. Simulation succeeded in providing a
solid understanding of the gate drive operationr@adonable expectation of performance.

Vin = Vout

J‘ A l Si7143DP

a1 5l e
Q@sz2_ NPN  >| QQsz2_PNP

R3
5.7

2.18k

M2

0 VGZ‘ 2n7002k
PWL file=Vdrive.txt

Figure 50. LT spice circuit used for gate drive vatlation. The resistors have been updated with theimeasured values.
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Figure 51. Comparison of simulated and measured gatdrive waveforms.
5.6 Output Protection

Gate drive testing verified that the analog cingutvas capable of protecting the outputs
from overcurrent conditions. The digital interfagas necessary to integrate this protection
ability in an effective manner. This section augl the current limiting protection features as
they function in the real operation of the smamvpomodules. The modules were programmed
to provide immunity to intermittent faults by irating a set number of reset attempts. After the
number of resets is exhausted the channel is égdabitil further user input. Overcurrent trips
and resets are shown by means of scope capturesmag

Throughout this section, the module operation badlillustrated by means of scope
images. Figure 52 shows the physical meaning o$tbee traces within the actual circuit. Imon
and Vref are the two inputs of the comparator. f\gegs the current limit threshold to which
Imon, the shunt amplifier output, is compared. k& The output of the comparator which is fed
to one input of the XOR gate which latches the carar. RST is a digital output from the
microcontroller which allows the comparator to lmdatiched and reset. The four traces are
colored to match the colors of the scope imagesdarenient identification.

$

12l

%
& m

Figure 52.Physical meaning of scope traces Imon, ¥f, FLT and RST within the circuit
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An overcurrent trip is shown in Figure 53. As Imexceeds the reference threshold, the
comparator output, FLT, rises indicating a faulbt dhown in the image, the complementary
output to FLT falls turning off the main output FEWicated by the falling voltage on the Imon
pin. The output current falls to zero in less tRans after the overcurrent is detected. The
rising edge of the comparator output, which coigd as quickly as 3-5ns, was slowed by the
addition of a 0.1F capacitor for a rise time closer toss The capacitor was added to provide
filtering and slow the transition time to reduceging. As later sections will explain, the small
delay introduced has no detrimental effect on tlaetcal performance of the output protection.

Figure 53. Overcurrent trip: as Imon exceeds Vrefthe voltage of FLT rises shutting down the output ET and causing
Imon to fall to zero

A reset sequence is examined next in Figure S4thérising edge of the reset pulse, the
comparator is unlatched because both inputs oK@ gate are high. Because Imon is still
zero FLT returns to a logic low. The output isereabled and Imon rises again to a level
exceeding Vref. The rising of Imon illustrates arportant function of the reset pulse. Only the
rising edge of the pulse is needed to clear thi, faben RST and FLT are high together for a
matter of nanoseconds. Immediately following tiseng edge then, the reset pulse itself latches
the comparator in an un-faulted state allowingentrhigher than the limit to flow to the load.

This situation could be prevented by making tmgtk of the reset pulse less thars 8o
that it would unlatch the comparator before Imogareto rise. In this manner, it could be
ensured that very little current was allowed tavfia excess of the limit. As explained in the
next section, the ability to allow overcurrent ciiwhs for brief intervals proved essential in
practical implementation.
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Figure 54. The rising edge of the reset pulse cleaFLT allowing current to rise as the output is reenabled

After the falling edge of the reset pulse, the pamator is again unlatched and able to
function. If the overcurrent is present, as isdhse of Figure 55, the comparator almost
immediately returns to a faulted state. This cadke output FET to shut off and Imon fall to
zero again. Imon reaches zero almost exactlyg 24ter the falling edge of RST. This is an
increase of only 6s from the turn off time measured in the gate dweefication of section 5.5.

Figure 55. Falling edge of reset pulse with the oxeurrent still present FLT immediately rises to a logic high disabling the
output

With the high sensitivity of the modules, somewafe provisions had to be made to
handle intermittent faults and brief current spik@iis was accomplished by the addition of an
overcurrent counter which kept track of the nunmifdrmes the current limit was tripped.
Following an initial fault, a reset pulse is sendat is noted by the microcontroller whether or
not the fault returns. If the fault returns, theercurrent counter is incremented and additional
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resets follow. After a total of ten faults, that mine reset attempts, the microcontroller disable
the output flagging it as a continuous fault.

A continuous fault is shown in Figure 56. Nineets are attempted 250apart, after
which FLT remains in a high state. Figure 57 shaw#ntermittent fault which is successfully
cleared by the reset pulses of the microcontrollee addition of the overcurrent counter allows
intermittent faults to be cleared by the microcolér without the intervention of a user
command. If a continuous fault is detected th@uwiits disabled until further user input is
provided.

Figure 56. Continuous fault with nine automatic rest attempts initiated by the microcontroller

Figure 57. An intermittent fault which is cleared siccessfully by the microcontroller
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5.7 Detection of inrush current transients

Once integrated into the vehicle power systenrmibasurement sensitivity of the smart
power modules provided unexpected insights inte@eaperation. It was discovered that the
power up sequences of several vehicle componentspveceded by high inrush current spikes
(up to 26A) of very short duration (50-105). Initially, the smart power modules prevented
startup of all but one Velodyne sensor due to tlreeait limiting protection. After further
investigation, the current spikes were discoveratiraeasured. A software fix was
implemented which used the latching feature ofcthrmparator to provide an overcurrent delay
much like a slow blow fuse.

When the smart power modules were first instaitedhe vehicle, only one sensor, a
Velodyne in the rear, was able to power successfullhe other sensors were disabled by the
overcurrent protection of the modules. The osalbpe image of Figure 58 shows an unsuccessful
start up attempt of the front Velodyne. (The coldiffer from the previous analysis with Imon
now being blue and RST green) The fault is cleamedhe rising edge of a 108 reset pulse.
While the reset pulse is high, the comparatortchied in the low state allowing the shunt amplifier
output to exceed the 4A reference and rise to elneepsupply rail. The fault returns immediately
following the falling edge of the reset pulse wltlka comparator unlatches. Railing of the shunt
amplifier indicates that a current larger than 6.8Abeing supplied to the sensor. This was
unexpected in itself considering the continuousenurrating of the module was only 4A.

By disabling the fault protection of the smart gownodule the full startup current could
be measured using an external 1008hunt resistor. The voltage difference was measur
using a single oscilloscope probe referenced tdaiveside of the shunt. Figure 59 shows four
measured start up transients from the rear Veladyime full transient duration is about 160
but thel18.5A peak current is reached in less tl@as.2The four startup current spikes are very
similar in shape and duration indicating that aststent transient is present during each power
up sequence. The transient is most likely theltesfireactive components within the Velodyne
which is an actuated, rotating sensor.

Figure 58. Scope capture from unsuccessful front \edyne start up
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Figure 59. Four start up transients from rear Velod/ne consistent in shape and duration

5.8 Overcurrent tolerance through reset pulse

Successful power up had to be ensured for allesen$he amplitude of the current
spikes, 18.5A, ruled out a measurement adjustnodutien. It was unreasonable to extend the
range past the expected operating conditions b ihan 5 times just to measure 50
transients. A simple solution was presented irstieeessful startup of the rear Velodyne. The
reset pulse affects the comparator in two wayse fi8ing edge of the pulse releases the
comparator from its faulted state while the remamaf the pulse latches the comparator in its
new un-faulted state. In Figure 60, like the poergi sequence, the fault is cleared on the rising
edge of the reset pulse. The reason that therimmkins cleared is that the transient falls and
remains below 4A before the 100reset pulse ends. Thus the length of the redst provides
a window in which overcurrent conditions are igrtbeed transients can subside. In this
manner, the output protection acts like a slow bloge with a tunable fault time. All that
remained was to measure the startup transientscbf @nart power component and set an
appropriate pulse duration.

It was found that the vehicle radio also exhibigetbnsistent current spike with a peak of
26A and duration of 16G. These two consistent current spikes are shogether in Figure 61.
Both the perception camera and the video encogerenced start up transients though not of a
constant nature. The video encoder sometimes kadlzle current spike requiring a 7@&0pulse
duration to enable start up. Two resets of theo/rlecoder are shown in Figure 62 one of which
displays a double spike. It appeared that theugiapikes of the video encoder and camera were
not completely random but rather related to thegrdwstory of the components. It seemed that
different spikes were exhibited on initial powerthpn those seen following a power cycle.

Because the goal was only to ensure proper startuptudy was undertaken to confirm
or characterize any time dependence of the incamgidevices. A pulse with of 708 was
sufficient to ensure proper startup of all the ee&hcomponents supplied by smart power
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modules. The final pulse length however was exdrid 5ms to safeguard against future
anomalies and possible changes in operating conditi

Figure 60.Successful startup of rear Velodyne

Figure 61. Startup current spikes from Velodyne andrehicle radio

Figure 62. Two video encoder reset sequences takemthe same day. One subsides in less than 48@vhile the other
needs more than 600s due to the second spike.

69



5.9 Module interface over CAN

The CAN bus provides a means for the module to pentghent data to the vehicle
computer and receive commands from the user. &aelt power module sends two periodic
update messages both at a rate of 0.5 Hz. Thed@rdains information regarding whether any
intermittent or continuous faults have occurred dredADC value for the output current of each
channel. The second message contains the tempevaiues of the two temperature sensors,
one for the power supply and the other for the tooimg board.

Command messages can also be sent by the usarhtemart power module. The
messages give the user the ability to control drige@@smart power module features affecting the
output conditions. This includes adjustment of¢heent limit threshold, enabling and
disabling of the output, resetting of the outpulofeing a continuous fault and bypass of the
current limiting feature. Figure 63 shows the atipent of the current limit threshold by means
of a CAN message. Once the message is receivdtelsnart power module the module
processor sends an 12C command changing the regeterough the digital potentiometer.

The current limiting feature can be disabled byanseof a CAN command as shown in
Figure 64. This is accomplished using a GPIO as#oend input of the OR gate controlling the
gate drive FET of Figure 52. When ENABLE is highon is able to rise despite the state of the
comparator. A command can be sent to restoreutrert limit allowing the comparator to drive
the output FET and disable the channel.

Figure 63.Adjustment of the current limit threshold by means of a CAN message

Figure 64. CAN message sent to bypass the companafteft) and disable the comparator bypass (right). The first
command is a means to ignore the current limit andorcibly enable the output while the second restorethe protection
feature.
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5.10 Efficiency cost of current monitoring features

This section calculates the power overhead o€tineent monitoring features. The
overhead is calculated in terms of efficiency lbgsneasuring the efficiency of the complete
smart power module and subtracting this from tlieiehcy of the conversion element alone.
The efficiency of the full smart power module wasasured by the same method and
configuration used for the conversion elementsatien 5.1. The only difference being that the
output voltage was measured at the output connettbe smart current board.

The efficiency was calculated for conversion eletaét14 and #16 each paired with the
same current monitor board. The comparison is shawrigure 65. The green data points are
the calculated efficiencies for conversion elemeii and #16 while the lower blue data points
represent efficiencies calculated for smart poweduates #14 and #16. The efficiency cost is
taken as the average difference between the tveosgds ranging from 6.7-4.9%. The shape of
the efficiency cost corresponds to a constant atio#set. A smart current board draws close to
70mA at 12V. At lower output currents this 70mAset represents a higher percentage of the
total load current and thus a larger efficiencytclbiss important to understand the cost of
adding protection features. The benefits of curneanitoring and protection are valued above
the 5-7% efficiency reduction.

Figure 65. The efficiency cost of monitoring and potection features as a function of output current
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Chapter 6: Conclusion and future work

The necessary hardware has been establishediize eigh efficiency, current
measurement, current limiting, and output protectiButure work on the smart power modules
will focus primarily on software development to exipl the module capabilities. The present
firmware of the modules handles basic functionsusfent monitoring, output control and
communication. The processor will perform automatiactions such as resetting intermittent
faults as well as executing user commands includingent limit adjustment, output enabling
and comparator bypassing to disable current limitiA status message containing the current
monitor ADC values and state of each output is aeat0.5 Hz rate.

Expanding the current monitoring capability coalthble power health monitoring and
anomaly detection for the vehicle sensors. The ehycgand intricacies of sensor operation are
reflected in the current being supplied to eaclsgerBy increasing the sampling rate of each
channel these intricacies can be examined andfeassThe module software would need to be
upgraded to handle the resulting increase in dataation. Possibly an SD card or other solid
state memory could be added to allow large cuivaffers to be stored within each smart power
module and read out, when desired, to provide regblution current profiles.

The expansion of module features however musbhsidered in light of efficiency cost.
Steps can be taken to streamline the existing farewio reduce processing power consumption.
Further improvement may be gained by the seleafanlower power processing element.
Choosing a new microcontroller would present areent opportunity to integrate and simplify
the module analog and digital interfaces usingetkgerience acquired up to this point.
Components could be reduced by using comparatansvthe processor instead of analog ICs.
A serial or CAN boot loader could be implementedipolate firmware without gaining physical
access to each module.

6.1 Power health monitoring

The current monitoring feature of the smart poweduaie has the ability to provide
detailed insight into the operation of the vehsd@sors. The intricacies of sensor operation are
visible in the current profile of each device. Hig®6 shows a scope image of current supplied
to the four sensors in the roof of the vehicle, soeed using the smart power module shunt
amplifiers. The scope image shows that two compizn¢he radio and waysight, have a cyclic
nature to their supply current. Both the waysigid eadio communicate wirelessly to the vehicle
operator. The cyclic current may correspond togitaons between a low power receive mode
and a higher power send mode. As Figure 66 ititis$; the operation of each sensor is
imprinted in the supply current. Current monitgrihen provides a very basic means of
measuring and characterizing sensor operation.

Current monitoring history is invaluable as a dging aid during vehicle development.
When a component fails in testing it is imperatwdave a hard data log to diagnose the cause
of failure, rather than resorting to speculatioatdlogging can also be used to characterize the
expected operation of the vehicle sensors for tlipgses of anomaly detection. With this data it
could become possible to detect sensor degradatiohother unexpected behavior.
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The smart power modules send current informatiarate of 0.5 Hz, sufficient to
convey the average current on each channel bdasbénough to capture the current dynamics
of each sensor. The base measurement hardwaesenpin the smart power modules to
achieve the high sampling rates needed for powathh&eedback. Software would need to be
developed to manage the high volume of data pratl#teaming such a large number of data
points would be impractical and unhelpful in thegel vehicle operation. A more reasonable
approach might be to store a large buffer of hggolution current data within each smart power
module which could then be transmitted to the Melgomputers when an anomaly such as a
fault was detected.

Figure 66. Current draw profiles of roof rack senses measured using the smart power modules
6.2 Sampling

The sampling rate of the current sensors has tndoeased to allow for the full range of the
current sense amplifiers. As shown in Figure 6% [BIA213 has the lowest gain in its amplifier
family allowing measurement of dynamics up to 3@kH he roll-off of the amplifier gain
bandwidth product will be used to provide an atiising filter. Using a sampling rate of 700
kHz would provide 20 dB of rejection above the Ngfjirequency. The 60MHz clock of the
TMS320F28030 can easily accommodate a 700 kHz sarafd.

Figure 67. Gain-bandwidth product of INA213Texas Instruments, “INA21x Voltage Output , Low-High-Side
Measurement , Bidirectional , Zero-Drift Seriesur@nt-Shunt Monitors.” Texas Instruments, Dal214. Used under fair use,
2014.
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6.3 Reduction of measurement cost

Reducing the efficiency cost of the smart power ud@deatures is an area for further
development. The power draw of the processing ehtms the primary contributor to the
measurement related efficiency loss. Methods caexpkored to streamline the existing code to
reduce computational power consumption. New miantrotlers can also be considered which
are specifically designed for low power operatidiis would leave many factors open to
reconsideration in light of the design experienamed.

Consideration could be given to a new communicatfmotocol. CAN was selected as
the industry standard communications interfaceiHersmart power modules somewhat
arbitrarily. The decision was influenced by thetfdat a CAN bus was already present on the
base vehicle. When the system architecture waseatkfthe smart power CAN bus was made
separate from that of the base vehicle negatirsgattivantage. The choice of CAN notably
limited the options available for a processing edamRemoving the requirement for CAN could
open up potential for simpler processing elemeritis lwer power consumption.

More thought could be devoted to the programmingrface. The firmware of the smart
power modules was uploaded using a Blackhawk XD82Q8ag programmer. This j-tag
programmer is only suited for development purpakesto its large number of connections
(seven) and short wire length between target andrammer (6 inches). In order to update the
firmware the back panel of each smart power mode&gled to be removed to access the seven
programming connections. Once the modules wetalied in the vehicle, it became very
difficult to remove modules from the roof to uploaew firmware. Future development would
benefit from the ability to upload firmware withogaining physical access to the modules.
Implementation of a CAN or serial boot loader colokdexplored in conjunction with selection
of a new processing element.

6.4 Conclusion

Sensors are spatially distributed in unmannedmgitaehicles by distances up to the full
body length, 15-17 feet in many cases. Sensor pbawgever is generally supplied from a
centralized location where one or more large caigarelements are housed. This centralized
approach has a detrimental effect on thermal pmdioce by concentrating all the heat lost in
conversion at a single location. For many vehiakesd in the 2007 DARPA urban challenge
cooling was accomplished through the stock air ¢ardng systems without modification. In
subsequent work on open frame Polaris vehicles asthe GUSS system, heat removal from
the centralized power electronics became a sigmficoncern. Ultimately, 14% of the GUSS
power budget was dedicated to active cooling oflketronics enclosure. Distributing sensor
power by placing power supplies in close proxinktyhe geographically diverse sensors offered
a distinct advantage for passive cooling.

A survey of sensors used on GUSS and vehicldseoDARPA Urban challenge revealed
that the majority of devices require less than S58@Widually. This result confirmed that a
sufficient degree of uniformity is present to implent a standard power module in a distributed
network. The relatively low power requirement o#8@vas also conducive to using small
conversion elements which could be conveniently medi near sensor locations.

A smart power module was developed to provideitigied sensor power in an
unmanned ground vehicle. The module used a heffilgient LTM8027 Module® as a
conversion element demonstrating an average eftigief 96.67% above 1A loads. Current
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sensing was achieved using a low offset voltageeatishunt amplifier. The analog shunt
reference was input to a high speed comparataviercurrent detection. The current limit was
made adjustable by means of an 8 bit digital patergter. Output protection was achieved
using a P-channel, level shifted gate driver tadiggshut off a high side FET. The measured
turn off time was 18.4s, within 13 s of the simulated value.

The smart power modules have been successfutlled and tested in the distributed
power system of an operational unmanned groundlehilhe initial sensitivity of the modules
was too high. Unknown current spikes up to 26A nitagie and 60s duration caused module
current limits to trip on startup. A fault tolerawas added to the modules by means of an
extended reset pulse which allowed these transiersigsbside. Since the addition of fault
tolerance the smart power modules have succesgioMered all system components without
exception during extensive testing.

All the hardware is in place to achieve the desmodule functions of current
monitoring, adjustable current limiting and outpubtection. Future efforts can now focus on
expanding the software to make full use of the waré capabilities. Power health feedback
and anomaly detection are two possible applicatemimsevable through the introduction of
increased sampling rates and data storage. Thesbitities are not available free of charge, as
the processor current draw reduces the overall feafticiency by 5-7% in the present
configuration. Future efforts will be directed tanls decreasing the computational power
overhead through improved coding and possiblyniy@ementation of new low power
processing elements.

The smart power modules have achieved their pyimbjective in that they supply all
mission power needs. Additional features of curreanhitoring, current limiting, and output
protection have provided diagnostic tools and ssdeded sensors throughout the development
of an unmanned ground vehicle. High efficiencyh& conversion elements has enabled smart
power modules to operate entirely under free camwecBYy leveraging advances in internally
compensated conversion elements compact smart poadules present a new capability for
distributed sensor power in autonomous ground \&ehic
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Appendix A: smart power module schematics and laydu

Al smart current board schematic

79



80



A2 Smart current board layout:

Smart current board: top layer
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Smart current board: second layer
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Smart current board: third layer
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Smart current board: bottom layer
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A3 Smart power board schematic
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Smart power board: top layer
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Smart power board: bottom layer

87



