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Chapter 1: Introduction

The study of power electronics is concerned vabimtroling and converting electrical
energy Power is typically generatemhdtransmitted at a fixeérequencyandarrivesto
the load at a fixed voltagélowever, thdoad often timesoperdes undedifferent power
levels or frequenciesthus precisecontrol and conversion of the incoming power is

imperative to meet specific application requireméhjs

Operated under the guidance afntrol circuitry, a matrix of power semiconductor
switching devices resides at the core of any power electronic sy$jeifhe types of
power electronic systemsan be classified according to their function which include
rectifiers (AGto-DC), choppers (D&€o-DC), inverters (DGto-AC), AC power
controlers (constant frequency) and cycloconverters (AC frequency convertemolstit
power conversion systems utilize more than one f§perhe controlhardwareproceses
information from the source, load and application to determine hevewitches should
operatein orderto achieve the desirgagbwer conversion[2]. Thesecontrol circuits are
typically constructedusing lowpower analog and digital elements and operate under
significantly less power than the power converkegure 1 depicts thebasicelements of

a power electrord system, wherein the power electronic circuit may corgabsysters
other than theemiconductor switchinghodule suclasmagnetic transformersapacitors

and inductor$3].



Electrical Power Electrical
Energy | Electronic —
L Load
Source Circuit
Control
Electronics

Figure 1 Elements of a basic power electronic syster][

The past three decades have been characterized by numerous improvements of these
systems with respect to size, weight, performance and reliability allowing extensive
growthin applicationsinvolving industrial, commercial, residential, aerospace, military,
utility, and transportation environment].[ The gamut of applications involving power

electronics is wide, andigure2 shows some of the key areas.

DC AND AC REGULATED POWER SUPPLIES |

ELECTRO CHEMICAL PROCESSES I

HEATING AND LIGHTING CONTROL |

ELECTRONIC WELDING I

POWER LINE VAR AND HARMONIC COMPENSATION |

HIGH VOLTAGE DC SYSTEM |
POWER

ELECTRIC
SYSTEMS PHOTOVOLTAIC AND FUEL CELL CONVERSION |

VARIABLE SPEED CONSTANT FREQUENCY SYSTEMI

SOLID STATE CIRCUIT BREAKER |

INDUCTION HEATING |

MOTOR DRIVES |

Figure 2 Spectrum of applications involving power electronics4]

As power electronic systems spread into these various application fields, much attention
has been directed towards reliability. Due to the fact that most power electronic systems

are not eqipped with redundancy mechanisniy pny fault that occurs in angne



subsystemmay lead to a catastrophic system shutdown. Not only could thisnpres
significant safety concerns in misstontical applications, busystemoperation costs
would increasas well One of the primary benefits of using power electronic converters
is for their highefficiency switching mechanisif2]. If much time is sp& repairing
systems and replacing faulty components, the benefits of using power electronic
convertersvould be redundanfor example, ira photovoltaic energy generation system,
the cost of inverter related failure is equal to the cost of replacingegading parts plus

the cost of thewastedenergy that would be generated during the system down time
[5][6]. This fact is not limited to photovoltaic systems, but also applies to other
applicationssuch as wind energy conversion systems. According to the U.S. Department
of Energy, a major roaditck in achieving 20% wind power generatioy 2030depends

upon the improved reliability and operation of the power electronidsirvthe wind

energy conversionystem [/].

1.1 Variable Frequency Drives

Variable frequency drives (VF) are electronic controllers typically used in
electromechanical drive systems twmntrol the speed of electric motors through
modulating incoming power. The conversion of incoming power may take place in the
form of adjusting the voltage or the frequen&y. [Power electrnic converters, along

with their respectiveontrolcircuits and energy storage subsystems, are at the heart of all
VFDs due to the necessary power conversion process that must take place. Prior to the
implementation of VFDsin electromechanical drive systems, motors were typically

powered by fixed AC lines ancbntroled through a complex series of belts and pulleys



[9]. A typical motor drive system, shown kigure 3 contains a power source, a power

electronic converter, a transmission mechanism, a load, and variousofypeastrol

systems.
AC Supply
Power
~>» Electronic > Motor »| Transmission > Load
Converter

\ 4 v

Drive Controllers
N
A 4

Supervisory
Control
Systems

Figure 3 Typical electromechanical drive gstem 2]

The AC supply is connected directtythe power electronic converter whicbntains the
fundamental semiconductor switching elements and &tyaof passive energy storage
components.The drivecontrolers may be integrated into the power electronic converter,
as seen with recemtendsin power electronic systempackaging[10], or may function
autonomously and interact with other system lesaitrolers. The ranges of power,
speed and torque of AC induction motors vary heavily depending upon the load and
application. For example, highower motor drives(usually on the order of muiti
megawatts) are requirafithe application involves a ship ggulsion system or rolling
mills [4]. Mediumrange motor drives, those whose power requirementwitaiin a few
kilowatts to a couple megawatts, are seen in applications involving transportation, wind
generation,pumps and sartergenerators[4]. Computer and residential applications

typically require lowpower motor drives, those whose power requirements are less than



a couple hundredatts[4]. While the fundamental components and subsystems of VFDs
are seen across all power ranges, the rest of this section will investiggbevike

converter and ancillary subsystemishin a threephase 2.XW motor drive

1.1.1 ACS355 Variable Frequency Drive
The VFD modelused in this study is an ACS3B3E05A6-4 manufactured by ABB.
Tablel depicts the general specifications of the drivkile Figure4 Top and side view

of the motor dvedisplays the top andde views of the drive

Table 1 ABB ACS35503E-05A6-4 gecifications

Nominal Power 2.2 KW (3 HP)
Input Voltage (U1) 3~ 380é480 V
Input Current (I11) 9.6 A

Input Frequency (f1) |48 é 63 Hz
Output Voltage (U2) |3~ 0é U1

OutputCurrent (12) 5.6 A (150% for 6 seconds)
Output Frequency (f2)l0 € 6 00 Hz

es20c00e 220

®vo0enees

9y e

)

Figure 4 Top and side view of the motor dve

Located at the front of thérive are thevariousports shown inFigure5, for connecting
the motor, the AC power source, tleentrol cables and the braking resistdhere exist

three methods focontroling the motor drive: using analog and digitagrsls, using



external devices via embedded fieldbus or fieldbus adapter, or throcgfiral panel

thatalsoallows for USB connection to a computEaor this projectonly the last method

wasused

Control
Cables

AC
Power
Source

Motor

Figure 5 Ports for connecting motor, AC power sourcecontrol cables and braking resistor

Referred to as locatontrol (as opposed to remotmntrol which involves the external
devices and fieldbus adapters) ttentrol panel provides a means for the useoperae
the drive. Specifically, the user is able to set the frequenahiah the motor is to be run
and monitor various parameters such as current, tdrque the load, DC bsi voltage
andpower outputFigure6 shows both theontrol panel and USB port used to interface

with the motor drive.

MOL2101QI210i04D

OO

Figure 6 User interface- USB (left), control panel (right)
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Once connected to theomputer the drive can be monitored and operated through
DriveWindow Light, a software tool developed by ABB. This program allows the user to
monitor and record input and output signaperate the drive from a PC or network,

provide an avenue for PlBortrol and allow the user to create and edit custom sequence

programs.

1.1.2 Control Board

One of the major subsystems in the motor drive isctrerol boardThis board contains
the primary gata@river components thadirect the operation of the powemgching
module.Located just underneathe top casing of the motor drive, tlassemblyhouses
the brains of the power electronics systé&ingure 7 shows the tp and bottom views of

the boarcalong with the orientation within the motor drive.

Figure 7 Control board - top side (upper right), bottom side (lower left)

The primary function of this subsystem is to provide siwétches inside thgower
switching module withsignalsthat control the power conversion process. This board
operates under significantly less pavthan the rest of the board, but containdadhgest

number of componentaaking it the most comek subsystem within the drive.



1.1.2 Power Switching Modulé Diodes and IGBTs

The simplest of all power switching devices is the di@&leQomprised of two terminals,

one referred to as the anode while the other referred to as the cathode, this device
functions as a one way valve for electriciliythe potential at the anode is greater than

the potential at the cathode, the switch is in a forward &liasving currentto flow

through the switch. However, if the potential at the cathode is greater than the potential at
the anode, the device is saiol be in reverse bias and does wonhduct electricity.
However, heredoesexista small amount o€urrent known as leakage currenthich
continues to flow through. Often times in power electronics applications the leakage
current as well as the forwhwoltage drop are ignored and the diode is treated as an ideal

switch [2].

An IGBT is a power semiconductor switch comprised of three termirsal$ to control

el ectrical energy. Prior to the early 198
field effect transistors (MOSFETs) and bipolar junction transistors (BJTs) were the
primary switching devices used in hifjlequency and b to medium poweapplications

[2]. While BJTs have good estate conduction characteristicg],[ they have long

switching times and increased power loss. This is because they are aonérled

devicesand requirecomplicated basdrive circuits P]. Conversely, MOSFETs are
voltagedriven devicesrequiring much simpler gatdrive requirements, allowing the

device to operate at much higher switching spegd#{owever, the major drawbacks of
MOSFETSs are that as the voltage rating increases, the intrinsic conduction characteristics

degrade and higher switching losseswcwhich generates significant he&.[The



IGBT combines the superior @tate conduction charactgtics of the BJT with the
simple gatedrive requirements of the MOSFEproducing a device with mediurange

switching speeds and medium to higimge voltage and current ratings.

In the ACS355 the power switching module is the SKiiP 11NAB065V1 manufactured by
Semikron,shownin Figure8. The module is comprised of a thuglease bridge rectifier,
a brake choppeanda threephase bridgenverter A combination of IGBTs and diodes

[11], also shown irFigure8, formthe matrix of power semiconductor switches

Power
Switching
Module

Figure 8 Power switching module (left), IGBTs and diodes within mdule (right)

While the power switching module is rated for a maximoperating temperature of
150°C and produces a system fault at 135°C, a thermal management system is
implemented to maintain themperaturesvell below these levels. Also shown kigure

8 is the heat sink which the power switching module is attacheg tneans of thermal
paste A fan is also located near the heat sink which transfarsn air in&de the system

to the ambient at a mass flow rate of 0.0114 kighough the power switching module
generatesignificant heatthere exist a number of other components that require cooling
such as the digital signal processor (DSP) located onahied board a MOSFET also
attached to the heat sink, surface mount technology (SMT) rectifiers, voltagatoegu

and various SMT passive devices.



1.1.3 Energy Storage Elements

A power electronic system contains various components for energy storage often in the
form of electrolytic capacitors, film capacitors, inductdransformersand chokes. In the
ACS355, these elements are divided up among two different printed circudsboar
(PCBs). One of the PCBs Wil b e d e nconhextdr beamlas it toetaind the I/O
connections for the motor and AC power source whileother PCB will be denoted the
fipower boaré as it houses t he Figue%dsplayshe potver hi n g

boardoutlined in yellow and theonnector boaradutlined in red.

Connector

Power Board

Board

Figure 9 Power board (yellow), connector board (red)

The power boardcontains four large electrolytic capacitors, four smaller electrolytic

capacitors and orteansformenall displayed irFigure10.

Small
Electrolytic
Large Capacitors
Electrolytic
Capacitors Inductor

Figure 10 Electrolytic capacitors and transformer on power board
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The connector boardontains four film capacitors, a choke, a rectifier diase four

metal oxide varistorsall shownin Figurell

Diode
Choke
Varistors
Film
Capacitors

Figure 11 Components onconnector board

While the operation of these components is important with regards to power electronic
system design, the specific topology of this setnghow each componentteracts with

one another fallputside the scope of this research project. There exists nteicture
[1][2][3][4][12] which discuses in detail the electrical engineering theory behin

variable frequency drives and power electronic converter topologies.

1.2 Physicsof-Failure (PoF) Approach

Reliability can be defined as the ability of a part or product to perform its intended
function without fail and within operating limits, over a period of time through its life
cycle application environmentld]. Traditionally, reliability predictions of electronic
parts and systems have been conducted uklrf§y military standards (MH217
Handbook)which relies on fitting failure data from the field to mathematical curves in
order to determine failure rates of individual components. Once these individual
component rates are determined, the failure rate of the entire sigstmmputed by

adding up & the individual failure rates. However, this methaedictingreliability has
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inherent faults, such as producing failure rate curves that are independent of component
manufacturer and incorrectly assuming that the failure rate of each componentasitconst
over time [L4]. For this reasonmanufacturersnany years ago movedwards the PoF

approactj14.

The PoF approach for assessing reliabilgyfounded on the concept that fundamental
processes, whether mechanical, electrical, chemical, radiological or thermal, are
responsible for the failure of electronic parts and systems. Through identifying these
processes and understandthg mechanisra through whichthey induce failure, specific
models can be creatathich compute various times-failure values The end result is

an accurate reliability prediction technigg&ring engineers the ability to design more

reliable products by avoiding knownodes of failure 14].

1.3 Research Motivation

Throughout the past decade, there has been a widespread push for developing reliable
Silicon Cabide (SiC) and Gallium Nitride (GaN) based devices to improve upon the
limitations presented byraditional dicon based switching devicedq]. Wide-bandgap
semiconductor devices can operate at temperatures exceeding 500°C, while silicon
devices cargeneally operate at temperatures up to 200%Gth some exceptions. By
surpassing the longstanding temperature boundary imposed by silicon devices, power
electronics systems are now able to enter into a variety oft@igherature and extreme

environment apptiations.
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For example, in order to reduce the complexity of various systems found in aircrafts,
manufacturers are moving toward$i mor e el ectri ¢ architecture
only electrical systemslf]. In order to attain sufficient efficiency,opver electronic

converters should be placed as close as possible to the actuatazerttiel This may

require placing the power electronic systems near the jet engines which mag have

temperature rangérom -55°C to 225°C with multiple temperature cycles per day

[16][17].

Another example of power electronic systeargeringextreme applicationss space
exploration. Tle Venusian atmosphers highly concentrated with sulfuric acid, while

the surface of the planet exhibits temperatures exceeding 460°C with pressures of 92 bars
[15]. Although this is a niche application, the same technology could spread into other
areas such as the automotive industry and deep oil and gas drilling, where corrosive

environments and extreme temperatures eXgt [

While the actual power semiconductor switching devices may be suitable atdieréir

these higitemperature andxtreme environment applications, the entire @oglectronic
system contains multiple subsystenadl of which must be suitable for the type of
application. With smaller and more modular packaging techniques, such as the predicted
drive towards integrated power electronics modules (IPENG]18][19], the control
circuitry will experience significant residual heating from the power semiconductor

switches In addition to the extreme environment, ttentrol circuitry will experience

13



additional heating from the conduction and switching losses that occur at elevated power

levels.

This research will focus on developing a Hzdsed approach for assessingrédebility
of the control circuitry for power electronic systems using the ACS355 variable
frequency drive. While the power switching module and other energy storage devices are

integral in assessing system reliability, they will not be the focus ofgbéarch.
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Chapter 2: Literature Review

This section will begin with a survey of previously conducted research pertaining to
power electronic system reliability. Thréendamental topicsvill be covered in this
section: researchrelating to the power switching modulesysterdevel reliability
prediction methods and variabi@quency drive reliability assessment methods. The aim

of this study was to develop a reliability assessment method of a particular subsystem.
Literature revew indicated that thecontrol circuitry is rarely the focusof power
electronic system reliability researchlany componenspecific studies indicated that
other components and subsystem are likely to fail first, usually the power switching
module or theelectrolytic capacitors5. As such the control circuitry was often times

included as an ancillary subsystem in tb@ewedreliability assessmemhethods.

2.1 Power Electronic Modules

A congruency found among power electronic system reliability assesefferts was

that many studies focus on individual component reliability and the respective failure
mechanisms of those componerfgeld observations reveghat the power switching
module is most susceptible to failure and thusch interest has been directed towards

studying the various failure mechanisms present in these debjces [

McCluskey discusses the domimaiailure mechanismsspecifically those related to

interconnects within the module, substrates, die attach and planar intercor@cts [

Figure 12 shows the various building blocks that make up a typical pswéching
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module. They consist of silicon dies, direct bond copper substrates, a copper heat

spreader, aluminum wires to electrically conrtbetdies, solder and die atta@o]f

Wire die-terminal

/_ Die Wire die-die
DEC substrate

—

Solder

11111 A 5 55 5 0 A S

Solder 4

Copper base

Figure 12 Components of a typical power switching moduleZ0]

Under thermal cycling significant thermomechanical stressnduced in each component
due to the CTE mismatadf adjacent partsTraditionally, bond wire failure rgabeen the
dominant failure mode seen within power modules, showkigure 13. Significant
research has been conductied compare the performance of copper to that of the
traditionally used aluminum in bond wirg21][22]. These studies have suggested that
copper would b more resistant to shear failure due to its higher yield strength.
Furthermore, less thermomexiical stress would be induced in the bond wires due to the
lower CTE mismatch between the copper and the @iaus it can be concluded that PoF
studies have scessfully indicated the most appropriate materials for traditionally

unreliable constituents.

Figure 13 Failures in bond wires 20]
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Other studies have been conducted twmhbinenumericalanalysis with experimental
testing to identify the root cause of failure in power electronic modules. Bailey[@3]al.

uses a PoF approath predict solder fatigue and wire bond lift off based upon various
load applicationsA finite element model was created by identifying the geometries and
materials of each component. Information regarding the temperature profile experienced
at varying l@ad levels provided the necessary information to conduct comgpiatea
simulations.The analysis was run based upon thedifele operating conditiond4i ner 0 s
lifetime accumulation rule was implemented in order to catethe number of cycles to
failure. The result of this study was a relationship between solder thickness ar-time

failure at varying power levels.

In another study, the reliability of an IGBT power electronic module exposed to thermal
cycling from-40°C to 120°C with 15 minute rampnes was predicted2fl]. Similar to

the study conducted by Bailey et. 4R3], a finite element model was creatdebur
components weranalyzedfor failure including the busbabond wire chip solder, and
substrate soldeMetrics werealso established that defined failure criteria. In this study
failure in the busbar was defined when 50% of the solder area delaminated, while 20%
sdder areadelamination definedailure in the chip and substrate solder. Lastly, wire
bond falure wasdefined whena 90% reduction in shear strength wabserved.The
results of this study indicated the number of thermal cythes would cause each

constituent tdail.
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2.2 Variable Frequency Drive Reliability

Lorenz explains that fa key dimension for
reliable, valueadded parts of asystg@5] . 6 Furt her more, Wi kstr©°m
is repeatedly found that useof variables peed drive systems (VSI
reliability on top of the wish list46] . 06 These statements are | a
that VFDs are heavily used in safety criticahd highcost applications, such as
transportation, manufacturingumping and cooling, where a systivel failure would

be detrimental27].

In [27] a procedure for assessing the reliability of induction motor drives operating under
field-oriented conditions is developed@he processhegins byidentifying the failure
modes and failure rates of individual components and subsysfdmd, a VFD
simuation was created using MATLAB arf8imulink to provide a safe environment for

the most extreme faults that were tested in this study. Using the-drotersimulation

model, a parametric analysis was conducted that related various faults to changes in
systemdynamics. A number of performanbased metrics were used to determine
whether or not the changes in system dynamics yielded a skestehfailure. The study
concluded with the formatioaf a Markov Model in order to calculate the overall drive

reliability.

Markov Modes, alsodiscussed ing] and [27], allow for the integration o& number of
redundancy structures atch level of system hierarchiyor example, in additional to

series level redundancwherein the failure of one component leads to a system level
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failure, a number of paradl-structured redundancy mechanisms have been incorporated
as well. While this approach provides method todynamically assess system
performance given component or subsystem failewastant failure rates were assumed
in order to develop the Markov ModeAs such, the true accuracy of may be

compromised.

2.3 Experimental Selection

Literature review indicated thdhere existdittle work using PoFbasedsystemlevel
reliability assessmenmethodsfor power electronic systemsVhile there has been
extensive workregarding PoF simulations and reliability estimat®mf the power
switching module, theontrol circuitry has rarely been the focus of research effaiie
primary mention of system level assessment methods thaidedhe control circuitry

utilize constant failure rate26][ 27].

Furthermore, asohd levels on the VFD increaiee amount of heat dissipated from the
power switching module increases as wé€he nature of motodrive packaging causes
thedissipated hedb affect the temperatures of the components orcdinérol boad. The
non-PoF basedeliability assessment methods reviewed in literatygaerally did not
take into accounthe heat dissipatiorfrom neighboring subsystems, specifically the

power switching module.

This study will develop @oFbasedsimulation modeof the control circuitry found

within the motor drive. Furthermoréhe PoFbasedfailure predictionof the control
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hardware will take into accoumhe additional heatingoroduced by nearby subsystems.
This study will conclude by validating the Pdifased reliability model through

accelerated testing.
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Chapter 3: Simulated Assisted Reliability Assessmemfipproach

Developed by the Center for Advanced Life Cycle Engineering (CALCEGithelated
Assisted Reliability Assessment (SARA) approach combines PoF based principles and
software to assess whether or not a component, part or system can meet specified life
cycle conditions 28]. The software allows the user to create a computer nuddile
component, part or system allowing designers to assess the model for weakness and

overall reliability prior to fabrication.

3.1 CalcePWA Overview

CalcePWA is a simulation tool that conducts failure assessments of printed wiring
assemblies (PWAs)ncluding thermal and vibration analysi89]. Maintained by the
Electronic Products and Systems Consortium (EPSC) division of CALCE, this software
implements failure algorithms based upon existing scientific knowledge that has been
published in journal réicles, reviewed in textbooks and developed through research

conducted at CALCEZ9.

Thermal analysis is conducted usirgntrolvolume theory and a finite element approach

and allows the user to determine steady state temperatures of each component on the
assembly Five different modes of analysis are offered including conduction, natural
convection (both horizontal and verticalemtation), forced convection, radiation and air
cooled cold plates2p]. Vibration analysis, although not conducted in this study, allows

for adynamic characterization of PWA up to the first six mode shapes and fundamental
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frequencies. The user can specify the type of boundary clamping condition and can

perform analysis using either random vibration or shock in@s [

A componerdevel failure assessment is conducted based upon the component
geometries, materials, operatipgwerlevels, thermal (and vibration) results and defined
loadng conditions. Based on these user defined inputs, the software calculates individual
failure sites andmean time-to-failure estimations Z9. Furtthermore, the failure
assessment is conducted in accordance to specific failure mechanisms which extract
necessary data from the PWA model and the loading conditions. The failure mechanisms
included in the failure assessmeéhat are relevant to this studgre mckageto-board
interconnect failure due to temperature cyckmgl plateethroughkhole (PTH)failure due

to temperature cycling

3.2 Building the CalcePWA Model

All three printed circuit boards (PCBs) in the motor drive were modeled in CalcePWA.
Although the focus ofthis study is primarily on thecontrol boardand standard
components on thg@ower board both the connector boardand power boardwere
modeledcompléely in order to formulate a complete model of the systéhe rest of

this section will discuss the fundamental constituents of the CalcePWA model including
materials, types of components and basic geometries. While this section will describe
many of theessential parametetsed a complete list of alparameterss listed in the

appendix.
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3.2.1 Printed Circuit Boards
The control boardwas modeled as a nine layer board: two thin protective layers, four
copper trace layers, and three FR4 epoxy layagsire 14 shows a schematic of tiRCB

crosssecton, with each layer numbered 1 throlgh

Conformal
Coating

Y 0z.
Copper

9 |
Figure 14 Schematic ofcontrol board crosssection (not to sale)

The two outer layers (layers 1 and @nsistof a 0.1 mm thick paralene conformal

coating. Conformal coatings are thin protective layers designed to protect circuit boards

and assemblies from failure, especially undersimaenvironmental conditions. They

particularly provide protection against moisture, dirt, chemicals, organic solvents and

other forms of contaminatior8(]. Layers 2, 4, 6 and 8 are modeled as Y2 0z. copper.

Copper is conventionally measured in ounces, wWheépresents the weight of copper that

is spread over one square foot. ¥2 0z. copper converted to Sl units yields a thickness of

0.018 mm. Copper layers 2 and 8 are modeled to contain 25% metallization while copper

layers 4 and 6 are modeled to contain G@&allization.Percent metallization is a way

to model the percentage of the layer area that is covered by traces. The numbers chosen,

25% for layers 2 and 8 and 60% for layers 4 andeBebasedon the assumption that the

two inner layers are used morer fgrounding purposes while the outer two layers are
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used more for tracing between components. Layers 3, 5 and 7 are modeled as 0.5 mm

thick FR4 epoxy. The total thickness bétboards 1.772 mm.

The power boardvas also modeled also as a nine layerd@adFigure14 can also be

used to represent a schematiche crosssection. Like thecontrol board the two outer
layers of thepower board(layers 1 and 9) were modeled as a 0.1 mm thick paralene
conformal coating. However, instead of % 0z. copper layersptveer boardwas
assumed to contain four 2.q®.0696 mm) copper layers. This assumpti@s based on

the fact that th@ower boardvould operate at significantly higher current levels than the
control boardand wouldrequirethicker copper traces to prevent against trace failure. All
four copper layers were modeled to contain 50% metallization. The three FR4 copper
layers between the cppr layers were modeled to be 0.62 mm thick, yielding a total

board thickness ¢t.34 mm.

Lastly, theconnector boardvas modeled as a five layboard, shown irfFigure15. Due

to the fact that this boardontains components on one side, only two 2 oz. copper layers
are necessary, one for traces and dtieer for grounding. Like th&ower boardthe
connector boaravill operate at significanyl higherpower levels than theontrol board

thus requiring thicker copper traceBhe two outer layers consist of a 0.1 mm thick
conformal coating and the FR4 epoxy layer between the two copper layers is 2.008 mm

thick. Both copper layers are modelgiih 50% meallization.
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Figure 15 Schematic ofconnector board crosssection (not to sale)

3.2.2 Passive Surface Mount Devices

Both thecontrol andpower board contain numerous surface moedtievices(SMD) of
varying sizes. In order tsimplify the model, resistors and capacitors smaller than the
standard 1206 size (3.2 mm x 1.6 m3Q][were not includedrFigure16 shows examples

of SMD resistors and capacitors that were included in the CalcePWA model. The
resistors and capacitors enclosed in yellow were included but the, aiheisas those in

the lower right hand caerof the imagewere not included.
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Figure 16 Sizes of SMD omponents included in model

Modeling thee components in CalcePWA required a series of parameter ifjainie.2

lists the parameters requireat theSMD resistors and capacitors.

25



Table 2 Parameters for SMD resistors and apacitors

Part Length

Max I/O

Thermal Resistance

Part Width

Standoff Height

Nominal Power Dissipatior

Part Thickness

Solder Height

Solder Material

Substrate Materia

Solder Joint Bond Area

Part Outline Type

Part Weight

Max. Rated Temperaturs

Many of these parameters were found generic manufacturerprovided datasheets.
Estimations, assumptions and caliper measurements were used to determine those
parameters that were not found in datasheets. For example, Aluminum Ox(0g) (s

used to model the substrate material for all SMD resistors while Barium fEtana
(BaTiO,) was used to model the substrate material for all SMD capacitbese also

exist two glass body diodeshown inFigure 17, that were moded using soda glass as

the base material with tungsten etaps Several tantalom capacitors also exist on the

control board also shown irFigure 17. Furthermore, standard SAC305 solder was used

as the solder for all components on all boards.

Tantalum
Capacitor

Figure 17 Tantalum capacitor (left), glass body ébde (right)

3.2.3 Plastic Encapsulated Microcircuits

Plastic encapsulated microcircuits (PEMs)st both on theontrol and power board.

These types of components encapsulate a silicon die with an-bpsa&g material to
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protect theactive device from environmentdiazards Figure 18 displays examples of

PEMs that were included in the CalcePWA model.

Plastic
Encapsulated
Microcircuits

Figure 18 Examples of PEMs included in CalcePWA nodel

Table3 lists the parameters required to create a PEM device in the CalcePWA model.

Table 3 Parameters required for PEM devices

Part Length Interconrect Span Interconnect Pitch Interconnection Typé
Part Width Part Outline Type Max I/0O Standoff Height

Part Thickness | Lead Material Solder Height Max. Rated Temp.
Package Materia Gullwing Geometries| Solder Joint Area| Thermal Resistance
Die Pad Position| Die Pad Length Die Pad Width Internal Pressure

All PEM devicesin the modeltilized gullwing leads to interface with tfeCBs Unlike
passive SMDs, which only use the solder joint bond area parameter to define the device
interface, these devices require a number of geometry parameters to define the gullwing
interconnect.Figure 19 shows a screen shot of the CalcePWA gullwing definition

parameters.
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Lead Material Reference: |lead.C197

Gullwing length between case and bend : -0<25 mm
Gullwing radius of first bend :  |0.5 mm
Angle of Incline (A2) : |10 degrees -
Gullwing length between first bend and transition: |0.15 mm
Gullwing length after transition: [0.15 mm
Gullwing radius of second bend : -0.5 mm
Gullwing foot length: 0.5 mm
Gullwing width prior to transition: |0.41 mm
After transition width : >0Al mm

Gullwing thickness: |0.22 mm

Figure 19 Gullwing definition p arameters

Although many of these parameters could be defined based infmymation from
component data sheets, parameters that could not be found in datasheets were estimated
based upon similr defined components andaliper measurement3able 4 lists all
assumptions made with respect to modeling the PEM deWllesarameter data along

with any variation to these assumptions can be found in the Appendix.

Table 4 Assumption for PEM modeling

Thickness of Soldddnder Lead 0.1 [mm]

Lead Material (small, thin, low profile)| Alloy 42

Lead Material (larger PEMS) Copper Alloy 197

Mold Material Epoxy Biphenol

Internal Package Pressure 1 [atm]

Permeation Constant 1

Die Pad Position [mm] (1/2)*(package thicknes$)0.1
Die Pad Length [mm] (1/3)*(package length)

Die Pad Width [mm] (1/2)*(package width)

3.2.4 Connectors
The control andconnector boarsihouse the connection components which interface with
the rest of thenotor drive system. While th@nnector boaf contains the AC soce and

motor connectors, theontrol boardcontains the connections modules usedcfamtrol
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wires, an Ethernet poand twofemaleconnector modules that interface with fh@wver

board

36 Pin

6 Pin Connector

Connector

Figure 20 Connectors nterfacing with power board

Likewise, there exist three male conneataydules on th@ower boarda 6pin and 36
pin connectorto match those described kigure 20, and a Zpin connector in which the

fan is plugged into. These three connectors are showigume?21.

Male Connectors Interfacing with Control Board

RREEEERERRTEE

[5G IO 0 L

2-Pin Fan
Connector

Figure 21 Male connectors onpower board

All female connectorghe Ethernet port the connector modules forctharol cables and
connector modules for the AC power source and motor, were modeled as either a liquid
crystal polymer or a 30% glastled polyethemide (Ultem30) Furthermore, all
connectors were either modeled with gullwing style leads, or thrbolghstyle leads.
Figure22 shows a screen shot the CalcePWA throughole style parameter definitions.

Two assumptions universally madler all components utilizing throughole style leads

are that thesolder area is 3 mhand that the solder height is 1 mm.
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Lead Material Reference: |lead.C197 Select
L, -
12: (01 mm 2 | INNNNNRNSNNN [,

Wwi: |08 mm
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T: |05 o *—
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M |y mm Ly L, - THRUHOLE L1
w2: [os w, - THRUHOLE_WDI1
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t, - THRUHOLE THK2

Figure 22 Screen shot of CalcePWA througfhole lead definition

3.2.5 Customized Components

On all boards, there exest a number of componentkat were required to be custem
made In order to model these components and include them in the reliability analysis,
generic blocks were created which captured the overall geometry of the device along with
the specific interconnect type (gullwing, or throdgbie). Corresponding materials,
including the packaging and lead frame materials, were specified agislalloveda

failure assessment to be performed in relation to the soldes.jdinése components
include the IGBT, relays, LEDs, crystallnii and electrolytic capacitorstansformer,
choke, meal oxide vagiors, silicon rectifier diode and ceramic cased wingvd resistor.

All parameters for each of the customized components are included in the Appendix of

this report.

3.2.6 Final CalcePWA Model
A side-by-side comparison of the CalcePWA model to dlceualmotor driveassemblies
is displayed Figure 23 shows the comparison of tle®ntrol boardto the CalcePWA

model, whileFigure 24 and Figure 25 show the comparison of th@ower boardand
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connector boardespectively The large heat sink in thgower boards left out of this

comparison for display purposes.

Figure 24 Comparison of power board to CalcePWA nodel- Top side (left), bottom side (right)
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Figure 25 Comparison of connector boardto CalcePWA Model

3.3 Discussion and Analysis of CalcePWA Model

A total of 323 componentswere included in the CalcePWA model. The process of
gathering parameter data for each component consisted of searching through
manufacturer provided data sheets to get the geomatrgsnaterialof the packages.
There were a large number of assumptions maiteaply relating tomaterials and lead
geometriesWhile the assumptions included in the moakdstated in this reporturther
studies will be required to determine the sensitivity that CalcePWA has to small

variations in these parameter

CalcePWAbest models assemblies that contain standard parts such as surface mounted
passive devices, plastic encapsulated microcircuits, connectors and generically modelled
blocks. To develop a complete model, a number of components such as the film and
electrolytic capacitors, the power switching module, the inductor and the metal oxide
varistors (along with many more) were created by redefitiiegparameters ajeneric

blocks according to the specific component material and geometrical properties. This

32



allowed all parts to be included in the modalong with their respective interconnect

properties.

Overall, CalcePWA provides a methtmsimplify a complex assembly whietlows for

a first order reliability analysis to be performed on the interconnects. Althbeghctual
construction of the model takes time to build (this is due to the complexity of modelling
323 components)CalcePWA allows for quick thermal and reliability analysis of the
assembly. While other software programs utilizing a complete FEM appnoaghake

hours to run a simulation, this software performs a simplified simulation in seconds.
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Chapter 4: Load Generating Test Setup

A magnetic brake, also known as an eddyrent brake or electromagnetic brake, was
used to generate a loamh the motor drive. Other loagenerating mechanisms were
investigated such as dynamometers and coupling the motor to an identical motor driven
in reverse However researching all possible methadslicated that thenagnetic brake
proved to be the mosbsteffective and appropriate solution for this applicatidhis
section will discuss the fundamental componerftthe test setup along with the system
construction. The section will then conclude by discussing preliminary benchmark testing

of theentireelectromechanical drive system.

4.1 Three-Phaselnduction Motor
The variable frequency drive is directly connected to@mdrok a thregphase induction

motor, shown irFigure26.

Figure 26 Three-phase induction notor

The specifications of thisiotor are displayed imable5.
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Table 5 Three-phase induction motor pecifications

Manufacturer Leeson

Model Number C6T34DB17D
Horsepower 3

RPM 3450

Voltage 208- 230/ 460
Full Load Amps(FLA) 8.4-7.6/3.8
Safety Factor Amps (SFA) | 9.41 8.6/4.3

4.2 Magnetic Brake

Magnetic brakes operate under the principle of energy conversion, specifically converting
kinetic (rotational) energy into heat. Conventional friction brakes, such as the disc brakes
in cars operate under a similar principle wherein a rotating disc is slowed dgvam
opposing friction forcecreatedby the a braking padd schematic of the friction brakes

that exists in cars is shownkigure27 Conventional disc frictiondake

Piston

wheel
attaches
here

Brake Pads

Figure 27 Conventional disc friction brake

However, unlike friction brakesagnetic brakes do not phyaily contact the rotating

part thus damage and wear are less likely to occur. They operate according to the
principle of eddy current generation. Eddy currents are generated when a conductive
materal moves through éime-varying magnetic field32. L.enz 6s Law st ates

a change in a magnetic field occurs, an opposing electric field is gene3dtedHis
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opposing electric field {EMFoOof taemmd tiismeespof

the braking that occurs within a magnetic brake.

In the magnetic brake used in this studynagnetic field is generated by a large todt

is electrically activated through rmumberof remote power suppliesnd acontroler. A
threephase inductiomotor, driven by the VFD, is mechanically coupled to the sbfaft

the magnetic brakeThe shaftis also attached to the impeller and drag ring shown in
Figure 28. As the motor rotates, the drag ring rotates through the magneticEadxg.
currentsaregenerated accor di n g, ahdrreateean apposing Lfoaces in the
opposite directi on opdosingforee issirheaséncédague ondhe at i o n
motor andfunctions as théoad through which the motor drive must operate under. The
amount of torque applied to the motor can be altered by changing the strength of the
magnetic field.The usercontrok the amount of current entering thentroller. The
controler dictates the strength and tiwarying properties of the magnetic field in the
brake in order for eddy currents to be generaWtile there are numerous types of
electromagnetic brakes, this description should roughly cover titafuental principles

of operation.

36



INNER STATOR OUTER STATOR

BALL BEARING IMPELLER

COIL

SHAFT
VENT HOLE

DRAG RING

Figure 28 Schematic of magnetic bake [34]

This setupused the MBEB.7 magetic brake system manufactured Mwgnetic Brake
Systemsa division ofTechnical Film System#én image of the brake is shown kigure

29, while a schematic of the brake is shown in the Appendix.

Figure 29 MBL -8.7 magnetic brake gstem
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The amount of torque generated by the brake is linear and proportional to an analog
voltage signhthe user sends to tl@ntroler [34]. The control unit processes the analog
signal and governs the amount of current sent to the brake for torque generation. The
MBL-8.7 is designedo that theelationship between treirrentsent to the brake and the

torqueproduced have relatively little hysteregsgl]. This relationships shown inFigure

MBS M | MB-8.7 Typical Curren Tor m
2400 (12.50) BS Model MB-8 Typica Current vs Torque at O rp 16.95
2200 (11.46) 15.54
2000 (10.42) 14.12
1800 (9.38) |- 12.71
— 1600 (8.33) 11.30
S decreasing current
£ 1400 (7.29) \ 989 E
g =
£ 1200 (6.25) 8.47 W
m o
o
§ 1000 (5.21) 7.06 O
o
= 800(4.17) | \ 1 5.65
600 (3.12) increasing current 4.24
400 (2.08) 2.82
200 (1.04) 1.41
0 (0.00) . - - : 0.00
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0

CURRENT (amps)
Figure 30 Torque vs. current relationship in MBL-8.7
The maximumrated torque the motor can withstandis calculated usinghe
equation below35], where torque is in units fibs.

oL O T QN eduocui ¢
el N O——7(Ca—
YO U

The maximumtorque is calculated to be 4.567-ltts., which equates to 876.9.i0z
This calculation becomeamportantwhendetermining whether or not the magnetic brake

can sustain continuougperation at these torque levels without overheatingure 31
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shows the maximum operating torque and speeds at whidliBhe8.7 can operate at

without overheating.

MBS Model MB-8.7 Typical Speed vs Torque

8000 (41.67) 56.49
7500 (39.06) 1 52.96
7000 (36.46) 49.43
6500 (33.85) torque @ maximum current 45.90
6000 (31.25) | (6.amps) . 42.37
5500 (28.65) - 38.84
£ 5000 (26.04) | 15 sec 1 35.31 _
& E
4500 (23.44) : Ny 31.78E
E 4000 (20.83) 30 sec 28.25 §
£ 3500 (18.23) S A 2472
[=
< s
E 3000 (15.62) / 60 sec \ 21.18
2500 (13.02) |- - 17.65
2000 (10.42) - 14.12
1500 (7.81) |- / 1 10.59
1000 (5.21) maximum continuous torque 7.06
500 (2.60) minimum torque due to bearing friction an drag STITISITTNRRONS | . |
$N e =
0 (0.00) 0.00
0 1000 2000 3000 4000 5000 6000
SPEED (rpm)

Figure 31 Torque vs. speed maximum operatingitme

T h e ¢igates themhximum operating po({3450 RPM and 876.9 huz. of torque)

in which the motor can operate @his point falls below the maximum continuous torque
line, indicated by the red curve, thilie magnetic brake can dissipate all the converted
heatenergy without overheatingurthermore, the systemgsntroled in such a way that

the relationship between input current and torque output is independent of the operating
speed[34]. This means that the analog signal sent tocinaroler from the user will

yield the same torque on the motor, regardless of the speed.

The MBL-8.7 requires two 24DC power supplies (@+24VDC and one-24 VDC).
Each of these power supplies must be capable of outputiing Amps. An additional
power supply, @ 10 VDC and O 0.25 Amps, is required to generate the analog signal

sent to thecontroler. All three power supplies are cauted to thecontroler, which in

39



turn is connected directly to the bralkégure32 shows the three power supplies and the

controler.

MBL-8.7
Controller

0-10 VDC
Power Supply

+24 VDC
Power Supply

USB
Connection
to VFD

-24 VDC
Power Supply

Figure 32 Power aupplies and MBL-8.7 controller

4.3 Transformer

In order to meet the power requirements ofdhige, a transformer wagsedto convert
the threephase 208VAC power from the wall to threphase 480vVAC power. The
transformer was a T204H15E model manufactured by Federal Pacific, shdigure

33. It has a power rating of 15kW, a primary delta configuration ardcandary wye
configuration. A safety switch was alsacludedto eliminate the need focontinuous
plugging andunplugging from the wallln addition,three fuses (one for each phdise)

rated to 15A were placed between the wall outlet and the swatginotect the circuit
breaker in the building. Both the safety switch and the fuses are shokiguire 33

Transformer, switch andi$es
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Figure 33 Transformer, switch and fuses

4.4 Assembly of Electromechanical Motor Drive System

Power is transmitted between the motor and the magnetic brake through a mechanical
coupling, shown irFigure 34. The coupling is made of steel, is rated for up to Blga0G

oz. of torque at 4000 RPM and utilizes the ANSI standard keyways machined into the

brake and motor shafts.

Figure 34 Mechanical coupling between motor and magneticrake
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The MBL-8.7 is not manufactured with a means for mounting the device to a surface.
The torquegeneratedvill causethe system to rotate. Therefaadracket usedo fasten

the braketo a sturdy surfacewas developedOther methods, such as purchasing extra
parts from the manufacturer, were investigated but it was determined that manufacturing
a custom bracket would be the most esf$éctive and efficient methoérigure 35 shows

an image of the bracket fastag the brake to a wooden base.

-
—3

Figure 35 Bracket fastening brake to wooden hse

4.4.1 Vibration Damping Comonents

Multiple methods to reduce vibratiomere implementedn the design of thisystem
Although thecenters ofthe motor and bake shaftswvere aligned as concentrically as
possible,any deviation from perfect alignment wiksult invibrations. At speeds up to
3450 RPM, these small vibrations may produce significdrésses on the system

Furthermore, vibration damping techniques were implementealsto mitigate noise
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created from vibrationgigure36 shows vibratiordamping pads located under the motor

and brake to absorb energeated from vibrations

Figure 36 Vibration damping pads under motor (left) and brake (Right)

These padsvere made of silicongubberand consisted of two thicknessés/ 1tiick
and 1/3206. Aside from damping vibrations,

height of both thenotor and brake. Thigrovided a simpleneango alignthe centers of

the motor and brake shatfts.

Another mechanism used to dagnpvibrations were fourubber feet located at the
corners of the wooden base. ShowrFigure 37, these bumpers also provided enough
space between the wooden base andahkethe assembly would rest on to access the

nuts and bolts used to fasten down the components.

Figure 37 Vibratio n damping rubber bumpers
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4.4.2 Motor1 Brake Subassembly

The induction motor, magnetic brake and vibratieducing mechanisms were all
mounted to a wooden b@screatinga portable subsystem. Rather than permanently
mounting thecomponents to a table or the floor, a subassembly was creaéovidor

more freedoms with regards to placement and arrangement of the system. In order to
accurately design the subassembly and allow for proper vertical alignment of the brake
and motorshafts, a SolidWorks model was created that captured the dimensions of all
components. Shown iRigure 38, this model also provided a method to determine how

thick and how many vibration pads mustibeluded to create necessary spacing.

Figure 38 SolidWorks model of motor-brake subassembly

Figure 39 shows the motebrake subassembly created according to the SolidWorks
model.Although not shown for display purposes, this subassembly will be enclosed in a
cardboard fixture during testing to redunaise, prevent undesired airflow from cooling

the drive and to enhance safety of the test setup.
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Figure 39 Motor -brake subassembly

4.5 Entire System Layout
An additionalSolidWorks model was created of the entire system, shiowv#angure 40.
This allowed theproper placement of all componentsbe determinedvith respect to

testing room and allowable space.

Induction Motor

Power Supplies

Magnetic Brake

Variable
Frequency Drive

Transformer

Figure 40 SolidWorks model of entire test stup

The actual test setup, including all subassemblies and components, is slkigumed 1.
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Figure 41 Entire VFD test stup

Table 6 showsthe information regardin@ll components used to construct the test setup
Many parts were ordered from McMaster, therefore part numbers were included if

applicable.
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Table 6 Part information for motor drive test setup

Part Information Mcl\ﬂiit]%relr?art
Transformer Federal Pacific T204H15E N/A
Fuses 15A UL Class RK5 TimeDelay 7049K13
Variable Frequency Drive ABB ACS35503E05A6-4 N/A
Three Phase Induction Leeson C6T34DB17D N/A
Motor
(+) 24 VDC Power Supply| Lambda LH125FM N/A
(-) 24 VDC Power Supply Good Will Instruments GPR510HD N/A
0- 6 VDC Power Supply Agilent E3630A N/A
Magnetic Brake System MBL - 8.7 N/A
Vibration Damping Pads SiliconeRubber 1/16" and 1/32" Thick 8632K42 8632K41
Rubber Feet Polyurethane Bumper with 3/86 Thread 9546K51
Cable Shielded, 18AWG, 4 Conductor 9936K58
Wooden Base 30" x 12" Oak Board N/A
WOOde&gt'gfk Under Marine Grade Plywood, 3/4" Thick 1125T41
Metal Bracketto Fasten | Low Carbon Steel 90 Degree Angle, 1/4" Thi 9017K81
Brake Low Carbon Steel Sheet, 1/4" Thick 6544K24
Bolts 3/8"-16 Thread, 11/2" and 23/4" Lengths %113;%%'2%%)%
Nuts 3/8"-16 Thread 90473A031
Washers 3/8" Screw Size, 13/16" O.D. 91083A031

4.6 Initial Load Testing of Magnetic Brake System

Prior to any extended testing on the drive, it was importanbadith ensure proper
functioning of the magnetic brake system and to assedeatidevels that the magnetic
brake cargenerateon the motor driveThe motorin this setuphas afull-load amperage
(F.L.A) rating of 3.7 and safety factor amperage (S.F.Agting of 4.3A. The F.L.A

rating describes the amount of current needed to operate the motor at full load under the
supply voltage 36] while the S.F.A ratinglescribes the overload capacity at which the

motor can periodically operate at without causing damage |
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The first benchmarking test compared the amount of torque generated by the brake to the
amount ofcurrent sent to the motérom the VFD This tes simply validatedhe proper
functioning of the magnetic brake systerhe datasheets provided by the brake
manufacturerand its ability togeneratea load on the driveThe amount of torque
generated by the brake wesntroled by adjusng the voltagedvel on the 0 6 VDC

power supply. Measurements were taken at 20, 30 ahtt4Dable7 displays the restd

from this test in which the percerdrgue is a percenga of the maximum rated torque

the motor can withstand//hile the induction motor has amaximum torquerating
computed in Equation 3he VFD can periodically overload the motor and is rated to
drive the motor at 150% of its rated torque for up to sivisés. This scenario, where the
VFD operates the motor above 100% of its rated torque, only applies if the magnetic
brake systengeneratesa torque on the motor abo\&76.9 in-0z. (as calculated in
Equation 3). For reference purposes, the magnetic bratensyis able tayeneratea
maximum torqueup to 2200in.-oz., however this would only be relevant in different

applicationswith much larger motors (up to 6.7 HP).

Table 7 Comparing percenttorque of motor to current from VFD

20 Hz 30 Hz 40 Hz

Amps | % Torque | Amps | % Torque | Amps | % Torque
1.6 7.2 1.6 10.8 1.6 10.6

2.0 34.2 2.0 32.8 2.1 32.0

2.6 50.7 2.6 49.9 2.7 52.8

3.5 76.6 3.5 74.5 3.6 74.0

4.4 100.3 4.6 101.8 Fuses Blew
5.8 134.2 5.0 113.5

Higher load levels induced on the motor while operating at 40 Hz resulted in blown fuses.
This was due to current spikes that occurred during-gpavthich exceeded the original

10A fuse rating15A fuses were installed in the system and the problem iwed.fAs
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the amount btorque on the motor increasetthe VFD was required to output more
current to the motor to maintain a constant sp@edble 7 shows that 4.3Aequates to
roughly 100% of thefull load operatingorque while3.7A equates tooughly 75%- 80%

of the full load operating torque. This validated the manufacturer specifications of the

motor and the VFD.

A second validation test was performed which roessd the percentagefull load
operating torque to input current at different speeds. This was essentially a motor

efficiency test and the results are displayed@able8.

Table 8 Percenttorque at varying frequencies

% Torque | Full Load Amps (3.7A)| Safety Factor Amps (4.3A
10 Hz 85.3 99.6
20 Hz 82.0 97.5
30 Hz 80.0 94.7
40 Hz 76.0 No testing
50 Hz 75.0

This test shows that as the spaedgdhe motor increases while maintainiagconstant

input current, the perceftll load operating torque decreases. This can be attributed to
mechanical, electrical and magnetic losses that occur. An example of a mechanical loss
could be increased fricth in the ball bearings due to higher rotation speeds. While
identifying and quantifying the types of losses fall outside the scope of this project, it is

important to note that these losses do occur and will be present in this experiment.

These prelimiary tests alsdrought to attention théarge amount of noise that was

generated when the system operated above 30 Hz.
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4.7 Discussion and Analysis of Testing Apparatus

This setup providea successful method tgenerate loads omduction motors and
variable frequencydrives. The relatively low cost of the system, compared to other
methods investigated, enathlethis setup to be reconstructed in other testing
environments. Furthermore, the MBL7 has the ability to generate a widage of

torque While a 2.2 kW motor drive system was tested in this study, the 8lBLcan be

used for testing motors up to 5 kW (6.7 HR)the same manoFigure 31 shouldto be
consulted prior to any change in the setup to ensure proper operating times to prevent

overheating of the brake.

Safety was of major concebrecausehe power levels were large enough to cause serious
injury or death. As sucha number oprecautimary measurewere taken. Prior to every
operation, all wiring was checked and double checked. Caution signs were posted all
throughout the testing room. Wire thickness caltiaohs, fuse sizes, transformer
placement, magnetic brake power supplies andckest were all properlghecked and
verified to prevent unforeseen dangers. Furthermore, the mechanical forces generated
during testing were also significant enough to cause great serious harm. Thérakd¢or
subassembly required significant effort to ewesuhat the materials, design and
interactions between partould withstand thegenerated forces with a sufficient safety
factor. These calculations were conducted with scrutiny to ensure no mistake was made.
The final test setup was succeskfuésted ad operated as expected. Finathye testing
apparatus will remain intadb be used in further studieg CALCE involving similar

motors and drives.
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Chapter 5: Overview of Method to Assess Thermal Profile

The ultimategoal of this research wao develp a method to assess the reliabibfythe
controlcircuitry within a VFD The specific failure mechanisms investigatethis were
those related to interconnect failure, which argdér dependenbn temperatureand
temperaturehangs. While these fdure mechanisms are by no means a comprehensive
survey of all failure mechanisntisat are applicable to motor driveke validation efforts
used in this projectwere designed to specifically accelerate those dependent on
temperatureand temperaturehangs. The specific failure mechanisms are discussed

later in the report

In order to creata temperature changavo differentpower levelsvereused.This was

based on the assumption that different power levels result in different temperatures within
the drive.One power level occurred while the drive was turned on but not running the
motor and the other power level occurred while the drige operatig the motor at full

load (3.7A). It was initially predicted that the idle condition would produce lower
temperature than the full load condition surrounding tbentrol circuitry. However,
testing as described itme Boundary Temperature Measurementsgger revealed the

opposite to be true.

A thermal simulation of each boamtas conductedat both the idle and full load
conditiors. The results of these simulations were a serieth@fmal profilesthat were
used inthereliability assessment. Howevéwo component and systelavel parameters

were left out of the CalcePWA models due to lack of information. Thesded to be
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determined through experimental efforts in ordecdmplete the CalcePWA models and
conductthe simulations.They were individual conponent power dissipatioand the
thermal boundary conditionslable9 lists the steps taken tmd the missing information

andgenerate the thermal profef thecontrol board

Table 9 Steps to generate thermal pfile of control board

1 | Setupcontrol boardo run outside motor drive using various cables.

2 | Take boundary temperature measurementganitrol boardoperaing OUTSIDE
THE CASEwhile idle. These can be foundTiable14.

3 | Perform infrared thermography obntrol boardwvhile idle.

4 | Extract surface temperatures of all components fromredranages.

5 | Use iterative approach to determine component power dissipation simy
NATURAL CONVECTION CONDITIONS OUTSIDE MOTOR DRIVEusing
boundary temperatures measured in Step 2.

6 | Take boundary temperature measurementsoafrol boardoperatirg INSDIE THE
CASEwhile idle. These measurements can be fourichirie11.

7 | Use the same component power dissipation values fourtep 5to perform a
thermal analysis simulatinfdATURAL CONVECTION CONDITIONS INSIDE
THE MOTOR DRIVEusing theAVERAGE IDLE TEMPERATURE found inStep
6, as the boundary temperature. The thermal profile generated in this step

t er nuentdol fbardd | e6 and wi | | be used in t

8 | Use the same component power dissipation values fourgteip 5to perform a
thermal analysis simulatingORCED CONVECTION CONDITIONS INSIDE THE
MOTOR DRIVE using theAVERAGE LOAD (3.7A, 30 Hz) TEMPERATURE
found in Step 6 as the boundary temperature. The thermal profile generated i
step will cobotel bdared fomeddd fand wil |l be
assessment.

Steps 1, 2 and &redescribed in thBoundary Temperature Measuremechaptey Steps

3 and 5are described in thdnfrared Thermographychapterand Steps 7 and 8re
described in thelrhermal Simulations in CalcePWahapter It was verified through
infrared testing that the power dissipation from individual components ongotiteol
boarddoes not increase while the motor drive operates under a load. Therefore, the same
power dissipation valuessed in the idlgpower levelsimulationswere also used in the

loadpower levelsimulations.
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Many of the components on tipewer and connector boardsd howeverexhibit load

dependent power dissipatigras discovered through testilgjthough the steptaken to

generate the thermal profiles for tbentrol, power and connector boaregere similar,

two distinct processes are listed to make cjeaticularpoints. Table 10 lists the steps

taken to generate the thermal prcfiler both thePower and connector boards

Table 10 Steps to generate thermal pfile of power and connector boards

Remove case and setppwer and connector boartts run outside motor drive usin
various cables to attadontrol board Ensure fan is not connected.

Take boundary temperature measuremengowfer and connector boardperating
OUTSIDE THE CASEwhile idle. These measurements can be foun@iahle15.

Perform infrared thermography pbwer and connector boardsile idle.

AW

Extract all component surface temperatures from infrared images of Powe
Connector board

Use iterative approach to determic@mponenipower dissipation values simulatir
NATURAL CONVECTION CONDITIONS OUTSIDE THEMOTOR DRIVE while
operating under thEbLE POWER LEVEL using boundary temperatures measure
Step 2 This is @nducted for both thegwer andconnector board

Take boundary temperature measuremengowfer and connector boardperating
INSDIE THE CASEwhile idle. These measurements can be fouricalie11.

Use the same power dissipation valussnd inStep 6 to perform a thermal analys
simulating NATURAL CONVECTION CONDITIONS INSIDE THE MOTOR
DRIVE using the averagdédle temperature, found irbtep 5 as the boundar
temperature. This is conducted for both plogver and connector boardghe thermal
profiles generated i powet boardid | s t0e qunmestor
boardd| eo and wi | | be used in the rel

Use the sme power disipation values found itep 6to perform a thermal analys
simulatingFORCED CONVECTION CONDITIONS INSIDE THE MOTOR DRIV
using the average idleemperaturefound inStep 5 as the boundary temperatu
This is conducted for both theower and connector boarsl The thermal profileg
generated i n t hipswersbboaedp a @0 |lcdnmetta Boardoran
and will be used in the reliability assessment.

RepeatSteps 2i 8 WHILE OPERATING THE MOTOR DRIVE AT LOAD (3.7A,
30 Hz) In Steps 3, 6 7 8 ensure that the boundary temperatures fromLBAD
condition rather than the idle conditioate used.

Steps 1, 2 and &edescribed in th&oundary Temperature Measuremechsaptey Steps

3 and 5are described in thdnfrared Thermographychapterand Steps 7 and 8re
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described in th&hermal Simulationn CalcePWAchapter Step 9 will be included in

both sections as it is simply a series of repeated efforts.
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Chapter 6: Boundary Temperature Measurements

Aside from specifying component geometry and materials in the CalcePWA model, two
parameters needed to be determined through experimental efforts: component power
dissipation and the ambient temperature surrounding each board. Due to the fact that the
boads are housed within close proximity to one another, the heat dissipated from
components on one board may affect the surface temperatures of components on a
different board. This section describes the methods used to determine the ambient
temperatures swunding the boarddoth inside and outside of the motor drive casing.
Once determined, this data will be used in the CalcePWA model to perform thermal and

reliability assessments of the VFD system.

This chapteralong with theupcominglinfrared Thermograpy chapterwill be used on
conjunction with one another to develop a simulated thermal profile of the entire system.
Testing of the motor drive will be conducted at two power levels, idle and 3.7A of

current. This simulates a #ioad condition and a fulload condition respectively.

6.1 Forced Convectioni Operating the Boards Inside the Casing

This section will be divided up into two parts, one pertaining toctrrol boardwhile

the other pertaining to theower and connector board3oth sectionswill describe the
process used to obtain the boundary temperatures of the boards while operated within the
drive case. All thermal measurements were taken using type T thermocouples with a

datalogger to display the measurements.
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6.1.1 Control Board

Six thermocouples were placed inside the motor drive to simultaneously measure
different points surrounding theontrol board An additional thermocouple was used to
track the ambient temperatureAll thermocouples inside the drive were placed
approximatef 1 cm away from the surface of tteontrol boardbr any other component.
Figure42 Schematic otontrol boardthermocouple bcationsshows a schematic of the

thermaouple locations.

Location 4 Location 5 Location 6
[ ] L] °
Front of Board
° L o
Location 3 Location 2 Location 1

Figure 42 Schematic ofcontrol board thermocouple Locations

Standard electrical tape was used to hold the thermocouples in Phesiefi wi-lriek e 0
natureallowed them tdoe weaved into the motor drive througimall crevices and air

vents in the casdzigure 43 Thermocouples measuring thettom of thecontrol board
shows the thermocouples in Locations 1, 2 and 3 within the motor drive. This image does
not include thecontrol boardbecause it had to be removed to properly place the

thermocouples. Once placed, ttentrol boardvas then reattached.
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Location 3 Location 2 Location 1

Figure 43 Thermocouples measuring the bttom of the control board

The thermocoupleglaced in Locations 4, 5 and 6 are showfigure44.

Location 4 Location 5 Location 6

Figure 44 Thermocouples measuring thedp of thecontrol board

The testing was conducted so that four different current levels were tested (1.8A, 2.5A
and 3.7A) at 20 and 30 Hz. Temperature measurements were also taken while the drive
was idle, i.e no current passing througb the motorbut still powered on. The results

from this test are shown ifable11.
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Table 11 Results fromcontrol board boundary temperature measurements

Temperatures °C 20 Hz 30 Hz
idle | 1.8A | 25A | 3.7A | 1.8A | 25A | 3.7A
. 24.2, 259, | 26.0, | 25.7, | 26.4,
Ambient 245 | 244 | 255 o 26.1 | 262 | 265

Avg. Ambient 244 | 244 | 255 | 26.0 26.1 26.0 26.5

Loc. 1 44.1 | 258 | 26.3 | 26.8 27.1 27.3 27.5
Loc. 2 489 | 26.1 | 26.3 | 26.9 27.5 27.7 28.2
Loc. 3 339 | 246 | 247 | 250 26.2 26.1 26.2
Loc. 4 33.6 | 249 | 252 | 259 26.4 26.1 26.5
Loc. 5 434 | 256 | 263 | 27.0 27.2 27.0 27.3
Loc. 6 356 | 253 | 259 | 26.7 26.9 27.0 27.1
Range 15.3 15 1.6 2.0 1.3 1.6 2
Average 39.9 | 254 | 258 | 264 26.9 26.9 27.1

Change from

Ambient to Avg. 15.6 1.0 0.3 0.4 0.8 0.9 0.7

An average temperature, showrliablellas t he row | abeled AAver.:
by averaging the six thermocouple measurements. An ambient temperature reading was
taken right before recording the temperatures from the daged@mnd right after as well.

These two measurements were averaged to praiuegerage ambient temperaturae

bottom row indicates that regardless of the current, frequency and fluctuations in room
temperature there is little difference between the antbitemperature and the
temperature surrounding theontrol board However, the motor drive experienced
significant heating while idle. Prior to conducting this test it was hypothesized that as the

load increased on the motor drive, the temperatures witi@ndrive would increase
accordingly. This was predicted basedtba assumptions that the fan is continuously

running throughout all power levels.

However, throughtesting it was discovered that the fan only runs while the VFD is
powering the motor. While idl e, the fan di

ability to cool the component$Vhile idle, ratural convection is the only mechanism
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cooling the compoents. Furthermore, the range of temperatures taken at any power level
or frequency (not including the idle condition) is small. This can be explained due to the
fact that the fan induces chaotic airflow surrounding the components, nearly eliminating
thermal gradients in the air. Likewise, under idle conditions hotter air regions could more
easily form. This can be seen by comparing the temperatures of Location 2 and Location

4 under the idle condition ihablel11.

6.1.2 Power and Connectordards

The same process used to obtain the surrounding temperaturescohtitué boardwas

used to obtain the surrounding temperatures of gbeer and connector boards
Temperatures for both boards were measured simultaneously due to their closetyproximi
with respect to one another. As such, 12
ALocation 120, were used to take measuren
ambent temperature (Location 4). Much like tbentrol board the thermocouples were

placed approximately 1 crirom the surface of the board. An exception to this exists for
Location 3 and Location 5 due to geometrical limitations imposed by the drivelbtase.

are placed approximately 0.5 cm away from the surface of the board. Of the 12
thermocouples, Location 1, Location 7 and Location 9 were strategically placed so that
data could be used for both boar&iggure 45 Thermocouple locationsusrounding the

power boarddisplays the top side of thpower boardwith the locations of the
thermocouples. The placement of Location 3 and Location 5 exist on the back side of the

board.

59



Location 2 Location 1

- Location 9
Location 3 = =
Location 7 = -
Location 12 .
Location 8 Location 5 Location 6

A = Back Side of Board
@ =Top Side of Board

Figure 45 Thermocouple locations srrounding the power board

Figure 46 displays the thermocouple placement surroundingctirenectorboard As
stated previously Location 1, Location 7 andcation 9 were also used on thewer
board Location 10 and Location 11 are used solely for ¢cbenector boarcgand all

thermocouples were placed approximately 1 cm away from the surface of ady boar
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Location 10

Location 1

Location 9

Location 7

Location 11

A = Back Side of Board
@ =Top Side of Board

Figure 46 Thermocouple locations srrounding the connector board

In order to place all 12 thermocouples into the motor drive, theldan shown irFigure
47 had to be taken out and taped back into pldtes was conductedo that airflow
could be maintained in its original manor. Inside the drive, the thermocouple wires were

bent in such a fastin so that contact with any component or the fan was avoided.

Figure 47 Thermocouples entering motor dive through fan door
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Testing of thepower and connector boarégs conducted in ¢hsame manner as the
control board Table 12 shows the results from th@wer boardooundary temperature
measurementslhe blue highlighted rows indicate locations that were also included in
the connector boardmeasurements while the orange highlighted rows indicate the

locationsthat were solely used for tleennector board

Table 12 Results frompower board boundary temperature measurements

Temperature °C 20 Hz 30 Hz
Idle 1.8A 2.5A 3.7A 1.8A 25A | 3.7A
. 25.0, 24.6, 24.9,
Ambient (Loc. 4) 249 25.2 25.2 249 25 0 25.0 25.2
Avg. Ambient 25.0 25.2 25.2 24.8 25.0 25.0 25.2
Loc. 1 45.8 25.7 25.6 24.8 25.3 25.9 26.1
Loc. 2 53.7 29.8 29.7 28.7 29.3 29.7 29.8
Loc. 3 38.9 28.2 28.5 28.5 28.1 28.6 29.3
Loc. 5 40.1 29.5 29.8 30.2 29.3 29.9 31.3
Loc. 6 37.0 25.3 25.7 25.2 25.7 26.2 26.8
Loc. 7 39.0 27.4 28.2 29.2 27.7 28.7 30.7
Loc. 8 38.2 27.4 27.9 28.5 27.6 28.2 29.7
Loc. 9 40.0 25.6 25.4 25.0 25.5 25.7 26.3
::gg' i(lJ These locations were solely used ondbenector board
Loc. 12 35.2 29.1 29.6 30.3 28.9 29.8 31.3
Average 40.9 27.6 27.8 27.8 27.5 28.1 29.0
Change from
Ambient to Avg. 15.9 2.4 2.6 3.0 2.5 3.1 3.8

Table13 shows the results from tlwnnector boartesting.

Table 13 Results fromconnector boardboundary temperature measurements

Temperature °C 20 Hz 30 Hz
Idle 1.8A 2.5A 3.7A | 1.8A | 25A 3.7A
. 25.0, 24.6, | 24.9,
Ambient (Loc. 4) 249 25.2 25.2 249 25 25.0 25.2
Avg. Ambient 25.0 25.2 25.2 24.8 25.0 25.0 25.2
Loc. 1 45.8 25.7 25.6 24.8 25.3 25.9 26.1
Loc. 7 39.0 27.4 28.2 29.2 27.7 28.7 30.7
Loc. 9 40.0 25.6 25.4 25.0 25.5 25.7 26.3
Loc. 10 35.5 25.0 25.1 25.0 25.3 25.6 26.2
Loc. 11 37.1 25.2 25.0 24.7 25.1 25.3 25.9
Average 39.5 25.8 25.9 25.7 25.8 26.2 27.0
Change from
Ambient to Avg. 14.5 0.6 0.7 0.9 0.8 1.2 1.8
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Similarly to thecontrol boarg both thepower and connector boartlave idle operating
temperatures significantly higher than the temperatures experienced while under load.
Furthermore, the data shows that as the load increases at 20 Hz and 30 Hzatlpe aver
temperature difference between the ambient and the air surrounding both boards increase
slightly. This is different than theontrol boardneasurements where there appears to be

no qualitatively significantemperature rise in relation to power levidhis may be due to

the fact that th@ower boardcontains the power stghing module and the Si MOSFET

both which dissipatenoreheat due to losses at increased power levels. Although future
tests should be conducted to verify if this increaseuantitdively significant, this

observation is nonetheless important to note.

For each power level the average surrounding temperature pbwer and connector
boardswere determined by computing the average of the thermocswgled, nine for

the power boardand five for theconnector boardLike thecontrol boardneasurements

the fluctuations in the ambient temperature were factored out from the analysis by
subtracting the average ambient temperature from the average temperature surrounding
the board.This researchis focused towals the methodology implemented, therefore
statistical analysis of the boundary temperature thermal results falls outside the scope of

this project.

6.2 Setting up VFD for IR Thermography and Temperature Measurements
The packagin@nd locations of all three boards in the motor drive were manipulated to

access all components for thermal imaging. Furthermore, due to the nature of the
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processes as describedTiable9 andTable 10 a natural convection environment needed
to be created. This was performed by eliminating the airflow restraints imposed by the

motor drive casing and disabling the fan for certain measurement

Figure48 shows how sets of wires were used to runctivérol boardautonomously from
the rest of the motor drive. The infrared camera is also shown to bettet tthepsetup

for infrared imaging.

Figure 48 Control board setup for IR thermography

Two sets of wires were used, one with 36 wires to link thgiB6connectors and one
with 6 wires to link the &in connectorsThe wires were 20 cm long améd maleto-
female connectorgtigure 49 shows the how the removal of the case provided access to

thepower boardor imaging.
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Figure 49 Power board setup for IR thermography

Furthermorealthough the case was removed and the fan was disconnecteest

simulate a natural convection environment, tlwentrol board continued to operate
through a set oWires. Thisserved two purposes, both provide a direct view of the
connector boarcs shown inFigure 50, and to remove physicélarriersthat may trap

heat.

Figure 50 Case removed, direct iew of connector board



By removing the case and setting up the boards in the fashion shown, component surface
temperatures could be measured via infrared imaging and boundary temperatures of all

three board could be measuradth thermocouples.

6.3 Boundary Temperature Measurements Natural Convection Environment

Once removed and set up outside the case, boundary temperature measurements were
taken for all three boards. These were then used in thevéeprocess (described in Step

5, Table 9 and Table 10) to determine compunt power dissipation valuegigure 51

shows the two thermocouples used to measure the surrounding temperature change due to

heating of theeontrol board

Location 2

Location 1

L
5
S

Figure 51 Control board natural convection boundary temperature neasurements

In this image, theontrol boardis covered with a boronitnide spray. Boron itride was

initially used during infrared measurements to create a uniform swefaissivity across

all components. After testing began it was discoveretittteahigh conductivity of the

boron ntride powder created an undesired heat spreading effect. While the emissivity
among all components was unified, the infrared camera wasbhott@ differentiate
components based upon their thermal signatures. Therefore another method, described

laterin this report, was implemented to determine the surface emissivity of components.
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Thermal measurements of tlentrol boardwere taken while the motor drive was
operating at the fulload power level. Measurements were only taken at this power level
based on the assumption that tntrol boarddoes not have components with lead
dependent power dissipation. Prior to takingam@ements, the motor drive was held at
this power level forten minutes to allow all components to reach their steady state
temperature. Theontrol boardtemperature could be monitored using a thermistor built
into theboard Furthermore, only two therrosouples were used because it was predicted
that the temperature change due to component power dissipation would be small relative
to the ambient temperaturgable 14, which shows the results from this test, reveals that

thepredictionwas correct.

Table 14 Control board boundary temperature measurements outside ase

Temperatures°C
Location 1 28.0
Location 2 26.0
Average 27.0

An average othe twomeasurements was calculated and used in the thermal simulations.
Throughout all thermal boundary measurement tests the ambient temperature varied
between 24.0C 1 26.0°C. For all thermal simulations conducted in this project, it was
assumed that the base ambient temperatae 25°C Therefore, boundary temperatures

of the boards were simulated using the average measured temperatures without adjusting

for ambient temperature deviations.

Figure 52 shows the thermocouples used to measure the boundary temperatures of the

power and connector boarddnlike thecontrol board the power and connector boards
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were hypothesized to contain coomgnts with loadlependent power dissipation. As
such, more thermocouples were used to provide more data points to calculate an average

value.

Figure 52 Power andconnector board natural convection boundary temperature measurements

A schematic showing the locations where the thermocouples were placed is shown in
Figure53. The tips of the thermocouples were placed approximately. Away from the

boards and components.
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Backside of
the Board

Figure 53 Schematic showing thermocouple locationsoutside @se

Measurements were taken while the motor drive was idle and while operated@adull

It was assumed that the motor driveuld reach its steady state temperature within 10
minutes of operating at a particular power level. This walglatedby monitoring the

IGBT temperature through an internal monitoring mechanism built int&/fi2 It was
discovered that the motor driveached steady state temperature at the idle power level
within 10 minutes. However, it was also discovered that the IGBT never fully reached
steady state temperature while operating under load because the fan was not connected to
cool the system down. In dg the drive tripped due to overheating prior to reaching
steady state temperature. Therefore, the boundary temperature measurements of the
power and connector boardsong with the IR images of these boards, were taken while
the IGBT temperature was kbeten 100C - 110°C. Table 15 shows the results from

these tests
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Table 15 Power andconnector board boundary temperature measurements outside ase

Idle Full Load
25.5 25.8
26.2 26.7
Temperatures °C | 26.3 29.6
26.9 31.6
26.0 27.0
Average 26.2 28.1

This test reveals that thmwer and connector boardentain components that have lead
dependent power dissipations. This explains the increase in boundary temperature

between thédle and full load conditions.

6.4 Discussion and Analysis of Boundary Temperature Measurements

There were essentially two sets of boundary temperature measurements conducted. One
consisted of measuring the boundary temperatures ofassgmblyinside the case and

the other consisted of taking these measurements outside theTbasBrst of these
showed that the temperatures inside the case changed with the load. Specifically, it was
seen that the surrounding temperature ofcthr@rol circuitry was highestvhile the drive

was idleratherthan at full load. This was unexpected but also indicated the importance of

a reliable fan to provide cooling. &ue studies could be conducted to identify the
importance of the fan and how system performaiméd be affected in cases such as a

complete fan failure or in case of degraded fan performance.
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Chapter 6: Infrared Thermography

Infrared thermography wassedto obtain surfacéemperatures of each component on all
boards. These values were thesed to derivgpower dissipation using the Calda®R
thermal simulation softwar& our i er 6 s L aw o desctibedhe Egaationr e s i s
below, shows thatthe amount of power dissipated can be determined if the surface
temperature, the junctieto-casethermal resistance and the junction temperature are
known. Py is the power dissipated; is the junction temperature iE the case or surface

t emper a tcis thejunetiort-cade thermal resistance.

- YUY

v
However, of the threainknowns in Equation 4 only the case temperature could be
measured. The junctieto-case thermal resistae was estimated to be 10 °C/W for all
componentn the control boardThe components on the control board were relatively
the same size and thus iagvassumed that they all have similar abilities to dissipate heat
For the power and connector basttbwever the junctionto-case thermal resistarsce
were estimated based upon component sizes was due to the fact that the types and
sizes of components on these boards varied considesablyherefor different values
should be usedThe assumedjunctionto-case thermal resistancealues for each
componentcan be found in the Appendix of shreport.Pp will be extracted from the
CalcePWA thermal simulation3,c will be measured using the IR camera and ttigs
will only affect the junction temperature. Due to the fact that this study does not utilize
the junction temperature for any of theiability simulations, accurate thermal resistance
values are not necessarfccurately determining thermal resistance values for all

components is a process which fallsside the scope of this projedfluch work has
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been done in this field3B] but in ader to proceed through this research within the time
constraintof the projectthe thermal resistance values were inputted into the CalcePWA

model uniformly.

6.1 BasicInfrared Thermography Theory
All objects above absolute zero continuously emittetenagnetic radiation3p]. The
amount ofradiation an object emits is a strong function of temperature and can be

modeled by Equation 5,

6o~ pY Q
where Q is the heat transfer per uni t tion
surfadd,ankodiss constant, A is the suriiace ar

Kelvin. Emissivity is adimensionlessnaterial property and describasnaterals ability

to emit radiation.

An infrared camera works by capturing radiation pattemgted by objects and converts

them into visible images. Aens focuses the radiatiomtd a detectorthat outputs

electrical signals. These response signals are then converted into a digital yoetee

various temperatures are represented by diffestiales of grey or different colors
depending on the processing software. This

temperaturgrofile of an object4Q].
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6.2 Capturing Infrared Images of Assemblies

A FLIR Silver SC series infrarechmera wasised to perform the infraredeasurements.
This camera has a rated accuracy of)(37C, giventhatthe emissivity of the object is
known, and has a rated operating range of 53D0°C. Altair, which is a processing
software developed by FLIR, was udecdextract the surface temperatures of components

from the images.

Four sets of images were taken: twntrol boardwhile idle, thecontrol boardwhile
operating at fuload, thepower and connector boardghile idle and thepower and
connector boardwhile operating at fulload. Within each of the sets, numerous images
were taken due to the fact that one image could not capture all components. Especially on
the power board larger components prevented smaller components from being visible.
As such, imgesweretaken at various anglesith respect to the boarde tneasure all

components.

6.2.1 Calibrating Emissivityof Components

Equation 5states thabccuratey determining surfacéemperatureusing IR imagingis
largely dependent upon the accura¢yhe surface emissivityAlthough the component
materials were assumed in the CalcePWA model, factors sutie esnformal coating

on top of the components were not included in the model but affect emis8wisych,

using charts which contain emissivity values for different materials could not be used.

Therefore a method was developed to determine the emissivity of all components.
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It is known that black electrical tape (3M Scotch Super 33+) has an enyisHi\Gt95
[41][42]. The process consisted of calibrating the emissivity of each component to the
emissivity of the black electrical tape. In order to do this a strip of tape was first placed
and positioned next to the components of interest so that thefmawthe IR camera
could include the components and tape. Given that the motor drive was off, it was
assumed that the temperature of the tape and the temperature of the componehts were
same Next, apoint measurement was taken of the component goara measurement

was taken of the taptn the software, the user has the ability to alter the emissivity of the
point measurement and witness the corresponding change in measured temdmature.
emissivity ofthe tapewas setto 0.95 and themissivity ofthe componentwvas altered

until both temperatures were equahis process enabled the emissivity of each type of

component to be determined.

Initial emissivity calibrationsndicated that not all components of the samdensl
exhibitedthe same emisaty. Further investigation into literature revealed that factors
such as surface roughness, viewing angle and viewing distance all affect the accuracy of
the calibration efforts43]. However,it was determine@fter determiningthe emissivity

of all compments that all emissivity values fell within the range ofi0O®B90. Therefore,

the temperature of each component was measured using an emissivity of 0.8 and an
emissivity of 0.9, producing a rangeontaining the actual surface temperat#e.an
example Figure 54 and Figure 55 show the stiace tempeature of the DSP \th
emissivity set to 0.8 and 0.9 respectively. These images show that the actual surface

temperature range for the DSP lies between 52.3°C and 54.3°C
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Figure 54 IR image: surface temperature of DSP, missivity = 0.8

53.63 Label Level (°C) | Emissiv... | X(px) |Y(px) |Col.. | L

i 1 52.26 090 168 253 | Y
52.01

51.18
50.33
49.47
4853
4769
46.76
4582
44.86
4388
4287

4183
140.78
3969
3857

1

Figure 55IR image: surface emperature of DS, emissivity = 0.9

While this method of performing infrared thermography and calibrating component
emissivity provides a sound first order approach, further revisions of this method could
include a moreaccurate approacfor determining emissivitySpecial pyrometers and

emissivity calculators exist that provide a more accurate means for emissivity

measurementgl4]. This will be discussed theuture Worksection of this report.
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6.2.2 Using Software to AnalyZR Images

Two types of measurements could be taken using the rAstaftware, a point
measurement and an area measurement. The point measurement technique, shown in
Figure54 andFigure55, allows the user to determine the surface temperature of a single
point once the emissivity is set appropriateihe point measurement technique is
beneficial when measuring smaller componesush as resistors, capacitors and small
PEM devices. However an area measurement, showigure 56, is more useful when

taking thermal measurements of largemponents.

Figure 56 IR image:displaying area measurement

This image shows that the surface of a film capacitor located arotimector boardhas
a mean temperature of 31.5°C, with maximum and minimum temperature of 32.2°C and
31.0°C respectively. Furthermore, averaging the sartemperature over an area can

produce more accurate measurements. APhan
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occur over larger areas being measured due to reflection variations across the surface
[45 . Averaging the temperature over the are

temperature gradients.

6.2.3 Control Board
Figure57 displays the infrared profile of the back of tentrol boardwhile the system is
under full load. To show that there is negligible temperature rise icahol board

between the idleHigure54) and fultload condition, the surface temperature of the DSP

is assessed.

Label | Level ("C) | Emissiv... | X(px) | Y (p¥) | Col..
1 54.76 080 168 251 i)

Figure 57 IR image: back of control board

The surface temperature of the DSP is 54.3°C while the system is idle and ®4hi&C

the system is under load. The small difference can be attributed to measurement error and
changes in ambient temperature between measurements. While this is only one
component on theontrol board all the components were measured under the idle and
load conditions and revealed very small (less than 2°C) temperature differences. Due to
the fact that this small difference can be accounted for by the?@/accuracy of the IR
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camera and the 2°C ambient temperature range of the testing room, it wasdskat
the surface temperatures of all comporent independent of the lodthe temperatures
of all 139 components on tleentrol boardwere assessed with the emissivity set to 0.8

and 0.9. These temperatures were recorded manually.

6.2.4 Power Bard
Unlike thecontrol board the power boardcontairs components that get hotter under the
full load condition.Figure 58 shows a number of the larger sized and higher powered

components on thgower boardvhile the motor drive is idle.

Si
MOSFET

Inductor

Power
Switching
Module

Electrolytic
Capacitors

Passive
Components

Figure 58 IR image: power board idle

In this image, the power switchingodule and the Si MOSFET are relatively inactive
and do not dissipate much heat. Comparatively, the passiveedeare the hottest
componentsHowever, this changes when the motor drive is operated at full load, shown

in Figure59.
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Figure 59 IR image: power board full -load

While the system is running atlfdoad, the Si MOSFET and the power switching
module become the dominant heat dissipating componEatthermore, a heat sink is
directly attached to both of these components in order to channel heat away from other

components.

The passive components shown Rigure 58 and Figure 59 consistently dissipate a
significant amount ofeatregardless of the load. However, oncedhdace temperatuse

of all components were takéhbecame apparent that most components orptiveer
boardexperienced a temperature rise between the idle and full load condition. While the
scope of this project covers how to decouple the heating ®féeqierienced between
assembliesn the VFD, decoupling the heating effects of components on the same
assemblyfalls outside the scope of this projethe assumptions that deal with extracting

power dissipation values from the IR images will be discusskder sections.
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6.2.5 Connector Bard

Figure60 shows theconnector boardvhile the motor drive is idle.

Figure 60 IR image:connector board idle

This image makes clear that tlsennector boarddoes not contain components that
dissipate significant heat. Furthermore it can be seen that a significant thermal gradient
appears across the board that is most likely caused by the larger i$spatihg
components, such as the transformer and passive devices, mwereboardFigure61

shows theconnector boarevhile the drive is running at full load.
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Figure 61 IR image:connector boardload

An overall increase in surface temperature is seen across all components. Due to the
heating ceated by the Si MOSFET and the power switchiraglube, the air surrounding

the connector boardecomes hot enough that differentiating individual components for
measuring becomes difficult. This most likely reveals that any increase in power
dissipation from these components is negligible compared to the increase in power

dissipation exhibited byhe larger components on thewer board

6.3 Extracting Component Power Dissipation fromIR Images

Once the thermal profile of all three boards was assessed and the boundary temperatures
surrounding the boards were measured, power dissipation values could be extrapolated
for each component. This process was an iterative appwilaich usedthe CalcePWA

thermal analysis tool as the primary vehicle for these calculations. This section will
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describe each step in the process of determining the power dissipation exhibited by the

componentskigure62 displays a diagram of the methodology.

. _ Input Component and
Bu ||d N Board Materials
Estimated Component | [nput Input
Power Dissipation - Ca Ice PWA Component Geometry
A Input
|V|Od€| P Board Characteristics

A 4

Perform _ Input Thermal Boundary

4

Conditions
Thermal
SimUIation < Input Simulation Conditions
4
: Does Surface
Manually Adjust , Temperature , CalcePWA
Estimated _ Noz . . Yes ?
< from Simulation > Model Fully
Component Power
Dissipation closely match IR Created
Results?

Figure 62 Iterative process for determining component power sipation

The first step in the process was to build a CalcePWA model of all three boards,
capturing component and board material, component geometry and PCB characteristics.
This was previously described in the report. However, the mudst alsoinclude the
amoun of power each component dissipatésie to the fact that these values were
unknown, an initial estimation was inputted into the model based upon component size,

type and information from data sheets.
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The next step in the process was to perform thesmalilations using the CalcePWA
thermal analysis tool. Infrared thermography of all three boards was conducted while the
boards were operated outside of the case and without a fan. This emulated a natural
convection environment. Therefore, the thermal satiohs were conducted under
natural convectiorconditions. As an example this section will describe how the power
dissipation of the DSP, located on @entrol board was determinedsigure63 shows a
screenshot of theontrol boardn the CalcePWA thermal analysis tool.

Temperature Scale (deg C)

35.0

34.0

33.0

320

31.0

30.0

29.0

Figure 63 Screenshot oftontrol board in CalcePWA thermal analysis bol

Thermal boundary measuremeta&en of the controboard operating outside the case
indicated that the surrounding temperature was 27.0%0s was specified in the
simulationas indicated by the blue ring surrounding the boafigare63. Furthermore,

a variety of other parametevgere specified to simulate natural convection conditions.
Figure 64 shows screenshots of the various parameters. The thermal analysis tool also

provides a method to manually change the amount of power each component dissipates.
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. Comp ID Part ID Power
Analysis Type: |Conduction_with NC |

Max Iterations: {1000 . Watts
Convergence Criteria: 0.1 DSP DSP 1.0
- o - . R220 SMDRes 0.38
Maximum conductivity variation: |0.005 | W/m*degC R208 SMDRes 038
- [ 117AJG 17-33G 0.3
Relaxation Factor: |1.0
ceetion racter 17-336 17-336 0.8
Ambient Temperature: |27.0 degC HF41F HF41F 0.25
) P781F-2 P781F 0.22
Space Above Top Surface: |200 mm R209 SMDRes 0.21
; 317M 317M 0.2
Space Below Bottom Surface: |200 | mm S512 S512 017
R223 SMDRes 015
Fluid Flowrate : kg/s R221 SMDRes 0.128
Fluid Pressure : MPa

Board Emmissivity : Nodes in the x direction: |50

Enclosure Emmissivity : Nodes in the y direction: |50

Figure 64 Specified parameters in CalcePWA thermal analysitool

The analysis type was set tdConduction with Natural Convection simulating
conduction within the board and components, but natural convection between the board
and components and the surrounding air. The number of iterations and convergence
criteria are properties of the finite element solver. These were assumed to be 1000 and
0.1 respectively for all thermal simulations. Maximum conductivity and relaxation factor
are application constants and were assumed to be 0.005 W/m°C and 1.0 respectively fo
all simulations. Ambient temperature was specified as 27.0°C, as thihewvagasured
boundary temperaturéiSpace Above and fiSpace Below signify airflow boundaries.

Due to the fact that theontrol boardvas operated outside of the case, these values were
large and were specified as 200 mm. Finally, the initial estimation for the amount of

powerthe DSP dissipates was 1.0 Watt

The thermal analysis tool was run gfdure65 displays the results, showing the thermal

profile of the backside of thentrol board
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Case Temp. (Deg C)

70.909

66.968 - 70.909
3.026 - 66.968
.085 - 63.026
5.143 - 59.085
1.202 - 55.143
7.261 - 51.202
3.319 - 47.261
378 - 43319
5.436 - 39.378
495 - 35436
7.554 - 31.495

Figure 65 Thermal profile of control board, DSP = 1W

This image shows the DSP hekits a surface temperature of 70.1°C. Howether
infrared imagesrevealed that the actual surface temperature of the DSP lies between
52.3°C and 54.3°C, indicated Bygure54 andFigure55. As such, he power dissipation

of the DSP washangedto a lower value of 0.5 Watt&igure 66 showsthe thermal

profile using this estimate.

Case Temp. (Deg C)

58.764
_|55397 - 58.764
-ssxm -55.897

162 - 53.029
7.295 - 50.162
428 - 47.295
1.560 - 44.428
693 - 41.560
5.826 - 38.693
2.958 - 35.826
.091 - 32.958
7.224 - 30.091

Figure 66 Thermal profile of control board, DSP = 0.5W
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The adjusted power dissipation of the DSP reveals a surface temperature of 49.2°C,
slightly under the acceptable surface temperatamge. Therefore further iterations were
conducted in order totfthe surface temperature in between the acceptable ramwgges
ultimately determined through this process that the DSP dissipates 0.62W of power. This
produces a surface temperature of18@ which falls in the middle of the acceptable

temperature range.

This iteration process was conducted for each component on all three boards. However,
one complicationarose inthat thepower dissipation of one componeaffected the
surfacetemperature of nearby components. Therefore, on each of the three boards the
power dissipation values of the largest and hottest components were determined first.
Once this process was conducted for all components, a series of fine tune adjustments
were nade across all boards to ensure that each component fell into the range of
acceptable valueslhis was a manugbrocess that consumed much time. In order to
simplify this process the acceptable temperature range was increased by 2°C. For
example, if the IRmages revealed that a small resistor had a temperature range between
39.2°Ci 40.4°C, the acceptable temperature range produced by the thermal simulations

was increased to 38.29C41.4°C.

While this process only needed to be conducted once feotiw! board due to the fact
that the idle and full load conditions produced the same thermal profile, this same process
wasconducted foall components on theower and connector boarltisth at the idle and

full load conditions.The final result of this I@cess was a complete inventory of power
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dissipation values for each component in the motor diite. Appendix contains the

thermal profiles generated using the natural convection conditions.

These values were discovered while the boards were undealnadovection conditions
operated outside the drive cabksing the same component power dissipation values and
simply changing the thermal simulation parameters, the thermal profile® dfotrds
while operated inside the drive case could be simulategl s€ctioriThermal Simulations

in CalcePWAwill discuss this in detail.

6.4 Discussion and Analysis

Infrared imaging provided a decent method to capture the thermal profile obanes

The images show thathe surface temperatures ohch component an be easily
identified One major issue was determining the proper emissiilye of each
componentAs stated earlier in the report, boron nitride spray was used initially to unify
all surface emissivity values. However the high conductivity of thayspreated a heat
spreading effect making it virtually impossible to capture the takmignature of each
component.The final method consisted of measuring the surface tempesatusach
component using two different emissivity valud@is provided aemperature bracket
through whichthe actual temperature was assumed to be contained .Witiiie this
approactserved as a viable method for this application, this process would benefit from a

more accurate emissivity determination method.
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Furthermorecapturing the surface temperatures of the larger components powviee

and connector boardsas difficult because the geometries and sizes of the components
varied. Many of the larger components prevented smaller components from being seen at
the same rBgle. Therefore, the IR camera was constantly moved and arranged so that all
components could be sedfactors such as viewing angle and viewing distance may
affect the accuracy of the IR image&3| thereforealteringthese to measure different

components may have affected the accuracy of the measurements.

The control boardwas the simplest assembly to take infrared images of. All of the
components were relatively the same height and existed on the same plane. Only micro
adjustments of the IR camera were made to capture all components on the board.
Therefore, it was assumdat thesurface temperatures extract from tRemages of the

control boardveremostaccuratecompared to the other assemhlies

Due to the fact that the junctido-case thermal resistance values were assumed to be
constant throughouhe control boaréssemblythe power dissipation values were most
likely unrepresentative of realorld componentapplications.While the assumptions
conductedn this applicatiorwith regards to component thermal resistanceviaigle for

a firstorder simulation, trulyetermining component power dissipation would require an

electrical schematic and simulation of the system.

According to the junctioato-case thermal resistance equation defined earlier in this

chaptert h e a s ;svaloeends edsentially arbitrarfhe power dissipation values
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inputted into the model during the iterative calibration process were selected as to align

the surface temperatures from the IR images to the surface temperatures in the
simulations. Regardless of the junctien-case thermal resiance, the surface
temperatures were still able to be alignédr examplea component wf th as:
10°C/W was discovered to require mower dissipation of 1 W to yield of a surface
temperature of 50°C. According to the equation presented atebmning of this

chapter, the junction temperatuoé this componentvould be 60°C. However, if the

as s u pwas 159C/W rather than 10°C/W,would require0.66W of power to align

the junction and surface temperatures of the same component to 60°60dDd
respectively In conclusion, the surface temperatures of the components were able to

align during the calibration process regardless of the thermal resistance used.

The one downside to this assumption is tpatver dissipation in the model was
calibrated in order to match the model to the infrared imagberefore the power
dissipation value used for each component in the model may not be representative of the
true power dissipatioriWhile this does not pose a problem for this application,réutu

iterations of thisj;wmes.hod may need accur at
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Chapter 7: Thermal Simulations in CalcePWA

Prior to performing reliability assessments in CalcePWA, thermal profiles of all boards
simulating component temperatures inside the case needed to be devEhepeckvious

two sections in this report described how component power dissipation values were
derived from component surfademperatures measured withe IR camera. Once
known, these power dissipation values were used in the CalcePWA thermal analysis tool
to model component temperatures. From these thermal profiles, the PoF reliability

assessmercould be conducted.

7.1 Control Board

Although component power dissipation valwsthe control boardo not change with

load, the boundary conditions of the bodaichange while operated inside the case. The
fan plays amajor role in this observatioas described ifiable11, Table 12 and Table

13. Therefore wo thermal profiles were created of tkentrol board one capturing
temperatures while the drive was idle and the other while the drive was operated at full
load. Figure 67 displays theestimatedthermal profile of thecontrol boardwhile idle

inside the drive casélsing the same power dissipation values extracted, as described in
the previais section of this report, parameters of the thermal simulation software were

changed in order to capture conditions inside the case.
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Case Temp. (Deg C)

- 69.398
- 66.725

- 64.052

-61.379

- 58.706

- 56.034

- 53.361

- 50.688

- 48.015

-45342

- 42,669

Figure 67 Thermal profile: control board, idle

Table 16 displays the simulation parameters used to generate the thermal profile in the

CalcePWA simulation analysis tool.

Table 16 simulation parameters for thermal profile: control board, idle

Analysis Type Conduction wi'Fh Natural
Convection
Max Iterations 1000

Ambient / Surrounding Temperature 39.9°C

Space Above Top Surface 10 mm

Space Below Bottom Surface 20 mm
Nodes in XDirection 50
Nodes in ¥Direction 50

The surrounding temperature was measured using thermocouples as desciilabtein
11 The f Sp acuafacdas taken td lneghe Sace between the top surface of
thecontrol boarcandt he mot or dr i v e elawsBettorw fuifateewas he A S

taken to be the space between the bottom surface obttiml boardand theconnector
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board Figure 68 displays the estimated thermal profile of #@ntrol boardinside the

case while the drive is under full load.

Case Temp. (Deg C)

- 64.845

- 61.081

- 51316

- 53.552

- 49.787

-46.023

-42.258

-38.494

-34.730

- 30.965

Figure 68 Thermal profile: control board, full-load

Tablel17 displays the simulation parameters used to generate this thermal profile.

Table 17 simulation parameters for thermal profile: control board, full-load

Analysis Type Flowover
Max lterations 1000
Ambient / Surrounding Temperature 27.1°C
Flow rate 0.00228 kg/s
Space Above Top Surface 10 mm
Space Below Bottom Surface 20 mm
Nodes in XDirection 50
Nodes in ¥Direction 50

As stated earlier in the report, the tdtaid flow rate of the fan is 0.0114 kg/k order to
distribute the fluid flow rate across all three boards in the simulation, a division of the

flow rate was implemented according fable 18 These values were estited
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according to the relativeurface area of the boards along with their placement with

respect to the fan location.

Table 18 Distribution of flow rate across boards

Percentage Fluid Flow Rate (kg/s)
Control board 20 0.00228
Power board 50 0.0057
Connector board 30 0.00342

7.2 Power Board

The same process used to generate the thermal profiles fmrtiel boardwas used to
generate the thermal profiles for thewerboard Figure69 showsthe estimated thimal
profile of thepower boardwvhile the drive is idle andable19 displays the corresponding

simulation parameters.

Figure 69 Thermal profile: power board, idle
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