ELECTRIC SHip RESEARCH

ESRDC

AND DEVELOPMENT CONSORITILM

Final Report
ONR Grant i NO001402-1-0623

Office of Naval Research
Attn: Terry Ericsen
Office of Naval Research
Arlington, VA 22203

Submitted By:

Florida State University, Center for Advanced Power Systems,

2000 Levy Avenue, Tallahassee, FR2310

On Behalf of:

The Electric Ship Research and Development Consortium

Florida State University
Massachusetts Institute of Technology

Mississippi State University
University of South Carolina
University of Texas at Austin

Purdue University

United States Naval Academy
DECEMBER 192008

Technical POC

Dr. Steinar J. Dale, Director

Center for Advanced Power Systems
Florida State University

2000 Levy Ave

Tallahassee, FL 32310

Telephone: (850) 645183

Email: dale@caps.fsu.edu


mailto:dale@caps.fsu.edu

R O 011 7= Tox W [ 1 {01 0 4 1= 1 {0 ] U U RPN 4

P = Tox o g o= LIRS o 4 (o o PSPPI 4
3. POWET SYSTEIMS..... ittt ettt )
4.  Simulationsand Early DeSIgN TOOIS........uiiiiiiiiiiie et 53
5. Power train teCRNO0IOGY........... i 168
6.  Thermal ManageMENL... ... ..ottt e e e e e e e e eeees 215
7 @ 11 o ] 231
8. ESRDC DESCRIPION OF FACILITIES. .. .ttt ae e e e e e e 270
The Florida State University Center for Advanced Power Systems (CAPS) Research Facilgiés
Purdue University Laboratory Facilities and Research Centers............ccooovvvveeeeeeeeiieeeennnnnn. 271
University of Texas Laboratory FacCilities...........ooooiiiiiiiii e 273
University of South Calma Facilities and Laboratories.............ooovvvvvviiiieeenieieeiiii e 275
Mississippi State University Research Capabilities..............ooouuiiee e 275
Massachusetts Institute of Technology Research and Facilities Capahilities...................... 276
9. Publications (Oct 2002 March 2008)...........iiiiuuuieeriiieerereie e e e et e e aeeee e e e eanaeeene 278
N [ 10 =1 PSPPI 278
THESES/DISSEITALIONS......cceeeii et ettt e e et et e e e e ae e e erea e 288
Proceedings / TeChNICal REPOIS.......ccuuuiiiiiiie et e e e e e e e e e s 291

LS I I 01771 010 3 PSSP 319

S B o (0] 0 0 ] £ PRSPPI 320

S IR T = o To ] Qo] g O o= T =] £ 321
10.  Personnel Statistics (Oct 20024arch 2008)..........uieeriiiiieeiiieeeeeeie e e e e e eraeeeeens 323

2 N0001402-1-0623_FinalReport_Dec2008.docx



N0001402-1-0623_FinalReport_Dec2008.docx



1. CONTRACT INFORMATION

Contract Number N00014-02-1-0623
Title of Research Electric Ship Research and Development Consortium
Principal Investigator Steinar J. Dale
Organization Florida State University, Center for Advanced Power Systems
CO-PI
- Chrys Chryssostomidis Massachusetts Institute of Technology
- Roger Dougal University of South Carolina
- Robert Hebner University of Texas at Austin
- Noel Schulz Mississippi State University
- Scottsudhoff Purdue University
- Ed Zivi United States Naval Academy

2. TECHNICAL SECTION

Objectives

The Electric Ship Research and Development Consortium (ESRDC) objectives have been to develop and
apply methodologies forhe design and operation of the -allectric ship (AES), taking into account the multi
scale, multidomain, and mukdisciplinary aspcts of the problem. This project will provide methods, algorithms
and corresponding software tools for design, especially early design. It is a fundamental tenet of complex system
design that early decisions have very serious consequences, both irerttstalges of design and development,
and in the operation of the ship. ESRDC is accelerating the development and demonstration of technologies,
modeling, and simulation tools to provide critical design and operational capabilities of AES program. The
congortium continues to address the national shortage of electrical power engineers.

The work under this programddressed a broad spectrum of isstedated tathe development of electric
ship systems including methods and models for design and simulatghty-integrated multidisciplinary ship
systems, methods for power routing and control, methods for characterizing and understanding the performance
of the electric plant, and methods for controlling the plant. It is impossible to capture the fulhtmeddlepth of
the research in this one report, so instead the report content has been developed ta petaitk insight into
some of theachievements in illustrative areas. The reader is then encouraged to review the list of publications at
the endof this report to comprehend the full breadth of the achievements and to refer to the appropriate
publications where this report provides insufficie
investigations can be classified into the cat@égs of Simulation Tools, Power Systems, and Control Systems.
Highlights in each of these areas are mentioned next.
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3. POWER SYSTEMS

Thefocus for the power systems group centered on several areas. A notiorihdadgboard power system
is develped. This notional next generation integrated power system (NGIPS) is modeled drinRedligital
Simulator (RTDS) at CAPS. High fidelity simulations on RTDS provittetbasefor various studiesf dynamic
scenarios in shipboard power systems, such asilist analysis, wide area protection, DC fault location,
electricalthermal system ceimulation, power quality study, and probabilistic study. The concept of the
hardware in the loop is developed to include controller hardware in the loop (CHIL) aed pawware in the
loop (PHIL). Hardware in the loop simulations were carried out for testing new equipmeaterestby Navy,
such as the 5SMW high temperatuse superconducting prototype propulsion motordevelopec by AMSC for ONR.
The testresultsprovidedimportant validation of the design tools and design metodologies for the design and
manufacturing of a 36.5 MWuIl scale HTS propulsion motor by AMSC. During 20@7e ESRDCconducted a
study anerergy storage challenge problem for theedttric ship.The final report included several important
contributions, such as transient performance metrics for comparative studies of dispersed and centralized energy
storage schemes, models of energy storage components and pulse load, and converter contrel dynamic
improvethe power hardware in the loopHIL) simulation capability, a 5SMW ABB converter was installed at
CAPS atthe end of 2007. The installatiaf this converter will enable PHIL testing of equipment at voltage
levels of 4.16kV AC and 1.15kV DCController hardware in the loofCHIL) simulations have been made to
improve the controller performance of this 5SMW voltage amplifier.

During the fiveyear period from 2003 to 200Zignificantcontributionswere madeéo the notional integrated
power sytem (IPS) fo the next generation war ship. This included the development and validation of high
fidelity modeles of the majority of the componentghie notional IPS systeand the zonal IFTBnthe RTDS.
Together, the&eMW PHIL facility and the RTDSconstitute a core research and validation facfiitly further
research work and hardware testingtf@Navy shipboard power systems.

More extensive use of electric energy onboard ships is accompanied by a need to move a large amount of
thermal energy hat is dissipated in electrically driven loads, in power conversion devices, and in power
generating devices. Our work on power systems thus encompasses not just the architecture of the electric powet
delivery network, but also the architecture of therti@renergy network, and the interactions between these two.

Thermal systems include not only the usual heat exchangers that cool power electronic equipment, but
also the heat engines that utilize either primary heat or waste heat to drive productéotriofestergy. Our work
in this area has focused on assessing the performance of integrated thermal systems such as combined cycle solic
oxide fuel cells that use heat engines to enhance energy recovery. This has led to development of transient therma
mocels for heat exchangers, heat engines such as turbo compressors and expanders, fluid piping systems, chiller
or refrigeration units, and thdevelopment of componemtise models of gas turbine engines.

Power routing is as much a control issue and annmdton issue as it is a power system issue, and has
been approached from that wholistic standpoint. Methods of power routing and load power management based on
flagent 6 technol ogies have been expl or e cdimilationgndemt d e
hardware have been developed. A combined hardware/software testbed incorporgtesvdowfew kW)
machinery, simulation environment, and Java agent technologies to develop these new methods for power routing.
A combination of simulatormgents, monitoring and diagnostic agents, and load agents have been defined and
successfully tested to deal with local power shortages, graceful degradation of power, and load shedding.

Methods for assessing power quality based on-fremuency methods ke been defined and applied to
basic ship power system architectures. Metrics suct
guality, and propagation of power quality disturbances, have been defined. These provide means for
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characterizinghe impact of specific loads on the performance of the power system, or for specifying the locations
of active power filters to compensate for untoward load behaviors or interactions.

2.1.2 Key Accomplishments

Developed a scheme for dynamic reconfigurati@t respects stability, via a hybrid systems approach
Broke new ground in optimization problems subject to power or communication constraints
Developed a new set of power quality indices for transient events based on joifietjomency signal
analysis

Utilized higherorder statistics to enhance the statehe-art of machinecondition monitoring
Developed new methodologies for detection and analysis of interharmonics in shipboard power systems
Developed a new matrilzased procedure for locating faulbsgower systems, using monitored voltage
sag data at several nodes

Characterized the interaction between voltage and current harmonics for the most commqrhasele
loads

Developed a new technique to determine the penetration levels of power eldoadsion a power
system from total load response to voltage sags

Developed a load model for power electronic loads that is suitable for conventional power system
stability studies.

e Ship power system development

Modeling the notional badie shipboard poer system

Simulation aspects of the 5MW AMSC motor tests

Hardware in the loop simulations

Pulsed power management and energy storage

Stability analysis

Wide area differential protection for shipboard power systems

Fault location in ungrounded DC distriimn systems

Impact of fault current limiters (FCL) for Navy shipboard power systems

Electricatthermal system esimulation

Advanced power quality management of theeddictric ship

Advanced signal processing tools for power quality analysis

Probabilistc aspects of aklectric ship system simulations and surrogate models

Analysis of Network Reconfiguration Potential

Ship PowerSystem Development

Ship-system simulation activities continued with work to improve the baseline notional destlag®rship
model, especially the nirack version that contains 5 distribution zones. The power electronics in those zones is
a continuing area of study, Witimproved models for the choppers and rectifiers and their controls being
implemented to provide better fidelity to a realistic system. Documentation took a major step forward with a
comprehensive users guide that will make it easier for the increasingen of users who come to the existing
system with a desire to test controls or pesystems concepts on an existing, sophisticated, simulation test bed.
This documentation will continue to evolve and expand as CAPS' library of ship systems and misbsyste
improves in size and sophistication. A version of this manual was made available to the members of CAPS'
industrial advisory board in order to provide them and their staffs with a fuller understanding of CAPS'
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capabilities in shigystem simulation, awell as to provide them an opportunity to comment and advise on
improvements.

Validation of this system is continuing in collaboration with the power systems group. The question of how to
simulate power el ectronics aklimeasinudatorisbeieg agdressed thpoogha i b |
systematic program of comparisons between simulations of standard power electronics configurations on the
simulator and on other platforms. The new sttiale-step capability for power electronics recentlyeleped
for the simulator, as well as the older letige-step powetlectronics models, provide opportunities for
simulations of power electronics with various levels of speed and accuracy. The detailed comparisons of
waveforms, spectra, etc., obtainedhwilifferent simulation options will provide a guide on how to get the best
results in different situations.
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Figure 1 RTDS IPS Model Diagram

Modeling the notional basdine shipboard power system

In order to facilitate valid&in of the notional baskne shipboard power system model for RTDS, various
uncertainty and sensitivity analysis techniques were investigated for applicability. Several techniques, including
local, first order sensitivity methods, random sampling methdus Morris factor screening method, and a
fractional factorial experimental design were used to assess the relative influence of thirteen uncertain parameters
for the ship system on six response variables for two different transient scenarios. Wiaisaltisefrom each of
the methods were similar, the experimental design approach provides a number of advantages in terms of
flexibility and extensibility, as well as in the incorporation of system knowledge into the experimental process.
Using geometriconsiderations, this provides a sequential approach to methodically gain more information about
the system and refine the model with the addition of new simulation runs. At each stage in the process, the
experimenter augments and extends the design lmasedailable data and intuitive knowledge of the system.
Thus, the experimenter is able to incorporate hypotheses about the system model into the design, but is able tc
validate or invalidate these hypotheses as the process proceeds. This allows acahetaogpling of the
parameter space, as opposed to the random sampling employed by the other global techniques. This method i:
being used to construct response surfaces for each of the response variables for each scenario, from whick
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tolerance intervalsan be constructed for each response based on probability distributions for the uncertain
parameters.

Two types of problems in developing applications of lesgale shipsystem simulations to design are
discussed. The first is optimization of the compunelues for the filter between the tésid controllable AC
bus and a motor drive. A comparison of the spectra of the desired and actual voltage waveforms at the motor drive
input is given. The second design problem is that of-aidle control of the DIX-type ship system simulation
being developed at CAPS. Design exercise shows the improvement possible with the curgitesbgntrol
system and demonstrates the performance possibilities inherent in design optimization involvingngystem

simulations in this case of a controller that might be used to mitigate the effects of the loss of auxiliary
generators.

Simulation aspects of the 5SMW AMSC motor tests

AC loss determination experiments were performed, using sinusoidal torque variations. Additional
variable load torqueests were conductethcluding full ship propulsion modeling on the RTDS. Through
RTDS control of the dynamometer, variable load torques that corresponded to a range of sea states were
imposed on the AMSC motor shaft over a range ekedp. Testinfocused on variable power tests, with

the introduction of RTDS control to minimize AMSC power variation in a variable load torque
environment. A series of tests designed to monitor the sensitivity of the motor to AC losses were
conducted irhardwarein-the-loop tests with ship loading and sea state computed according to dynamic
models, in real time, and the dynamometer controlled to supply this loading to the test motor. The
simulator (RTDS) was responsible for computing the behavior of fib&s gitopeller under the influence

of hydrodynamic forces, which includes modeling the motion of the ship and the sea state in order to
account for the effect of these conditions on the load torque developed by the propeller.

Ship Hydrodynamic Model
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Figure 2 Torque Load Reference Provided by RTDS/ dynamometer based on Ship,

Hardware in the loop simulations

Interfacing algorithms and stability

A practical methodology was developed to evaluate the simulation accuracy effeetwaslyfor highly
complex systems. Also, iB007, theCHIL setup ofthe ABB-AC800PEC with RTDSwvas completedA demo
case for PHIL using the 16 kW Alstom MG set was developed. Several miscellaneous improvements and
upgrades were made on the RTDS software lsardware. Thesémprovementsinclude upgrade of RSCAD
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software & RTDS Interface firmware, new Component Builder software tesexthbles GPC and RPC custom
model development, evaluation of GPC breakpoint method and scripting for case debugging ar@ new c
simulation methods, and consideration of CAPS upgrade to-&P&l system. Although support remains for the
110 3PC cards that CAPS owns, future enhancements to the Rill@&phasize the GPC hardwaskows the
transfer function diagram for the intectss of the PHIL simulations.

AG, (5)| TFP hﬁ
‘ 1 O—@—
Gyss(S) Ghur(s)

Figure 3 PHIL transfer function diagram

b) 50kW Power Electronic Building Blocks (PEBBS)

Before CAPS installed a MW variable frequency, variable voltage converter (or power voltage amplifier) to
enhance the experimental facility for ship propulsion motor testing, it is desired to first build ascahall
prototype to become familiar with the design, and gain necessary knowledge about the system. CAPS therefore
carried out the 5&W PEBB convertepr oj ect . The 50kW converter was set
a similar PEBB unit and controller to the 5SMW converter. This setup can provide valuable insights into the
technology and experiences for the future fpglver testing.

Virtual Rest of Power System
(VROS) Hardware Under Test (HUT)

Figure 4 50kW PHIL set up

C) Controller improvement for the 5SMW PEBB converter

The control algorithm for the inverter side of the PEBB converter was progressiy@iyvied during the first
guarter of 2006. The improvements on RMS regulation and phase shift compensation in control were achieved on
50kwW PEBB converter.

Controller parameter tuning was conducted on 5MW PEBB converter. Using simulation for evaluating and
designing new controllers has been proven to be an efficient approach in a variety of power system and power
electronics applications. In this research, we pushed this front even further to utilizing hardika’deop
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simulation for the controller algibhm desigrand automatic parameter tunintpe controller hardware in the loop

setup for this parameter tuning. By incorporating the real controller hardware as a part of the simulation, the
nonlinearities and potentially unexpected behaviors of thewaaedare inherently taken into consideration. To
demonstrate the effectiveness of the method, the transient response dV&2BRMW amplifier system is
optimized through controller tuning using a genetic algorithm. The tuning is performed automéatiaailizing

a master script governing the repetitive evaluation of step responses obtained from -timeeraglstem
simulation modelThe performance improvement of the converter controller after parameter tuning. This model
provided both the power eleonic circuit which receives firing pulses from the real controller as well as the
dominant power circuit. The optimized controller settings are validated through field tests. It is shown that the
system transient performance is improved significantlyr dkie conservative settings originally chosen from

simplified, non reatime simulations.

RTDS Optimization
Runtime script Matlab / RTW
—————————— -
Console : Files exchanged 1 Update Done: 0/1

\ € mmm—mmm— 1 on server: hi \
\ | \
SIMULINK2RTDS.txt |
S — > PSR > -
New control |

Analogue signals:

: Fiber voltage, current  ™———— Fiber
FDAC ADC
— o] [ rec ]

Firing pulses F.P. Fiber
GTDI interface

Controller

Fiber

RTDS ]
Figure 5 System setup of the controller in the loop simulation
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Figure 6 Comparison of the step responses fronhe hardware experiment

Pulsed power management and energy storage

In 2007, seven major issues were raised atoEage challenge problems at CAPS and studied as part of
ESRDC joint effort for solving Energy storage challenge. Modeling and simulatigdtratapacitor in RTDS for
E-stor project was finished. Equivalent circuit model was developed for fuel cells. Comparative studies of
dispersed and centralized energy storage schemes were carried out by giving indicedufting transient
performancelLoad leveling and utilization of energy stored in propulsion motors for ship power management
were studied when pulse load are energized. Fault current contribution byotimmautated energy storage
systems was studied. Control strategies, such as tititizaf dedicated Etorage and motor regenerative power
for minimizing electric ship power system leatkp disturbances were given. And finally, impact of pulse Loads
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with uncertainty considerations were considered. The detailed description of thesecasibe found in the-E
storage report submitted to ONR.

Table | List of metrics for comparison of energy storage options

Metric Parameters of interest
Maximum voltage deviation sign(®) x max(Vgumsdt) —1) x100%,n=12,3 ,Ngys,
Voltage stability V, () -V, (-1
Qn () -Qn(t-1)
n=123 ,Ngys
Sag energy S E £i] X¥&yent duration
. S Vi event
where Ei =|1— ————dt|x100,
Vi _nom?

event_start

whereV; eveni@ndVi_nomare the magnitude of the voltage during the sag eve|

and magnitude afominal voltage respectively.

Asymmetry factor v -
peak pea
Vi

, WhereV' peacandVpeac are the positive and negative

peaks respectively and is the peak of the fundamental of the voltage

waveform
THD
max(THD,, (t)), n=12,3 ,Ngys., THD, = , whereVy
is the magnitude of thd" harmonic component and is the magriide of the
fundamental of the voltage waveform
Voltage RMS 1
1
?I Y (t) :Zdt , whereT is the period of the voltage wavefoivi(t)
0
Maximum frequency deviation sign(£) x max( f,, (t) —1) x100%
n= 1,2,3 y NG
Coherency max(&y (t)) —min(&, (t))
n= 1,2,3 y NG
Transient energy conversion max€, — Epn) . N=123 ,Ng,
where Ek and Ep (kinetic energy and potential energy) are defined
Transient recovery voltage V¢, reference voltage a peak (crest) value in kV,
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t3, time to reacH\/C in microseconds,
R, rate of rise of TRV
V | referencevoltage in kV,

t , timeto reachV in microseconds

Peak, duration

Notei all quantities (except energy) are per unitized.

Stability Studies

Stability work has proceeded with continued efforts to develop fast and accurate medestifigrng incipient
instabilities in a system. The Prony method is being investigated, modified with various types of linear estimation
technigues to find a mean® get accurate damping factors in the presence of noise without excessive
computation. This work has been applied to adaptive filtering work being conducted by the controls group; the
Prony method provides information on the amplitude, phase and frgqoénice part of the waveform to be
eliminated by the filter.

Other stability related work continues in the effort to find out how best to usedeatge simulations to
understand the dynamical properties of a power system. Investigations in app8giilgtiog and impulsive
current injections to a power system at various points and monitoring other points in the system are being
performed in order to arrive at means for understanding the dynamical nature of a system through simulations.
These procedes are expected to provide means for evaluatingyhamicalsize of a system (that is, how large
does the simulation have to be, how much opportunity is there for redudedmodels, etc.), for quantitatively
determining how closely coupled one pdrthe system is to another, and for precisely describing how the system
behaves under stresses. An example of the application of one of these techniques is shown, where an impulsive
current injection is applied t estrdydiciass stigysiemgimulatian.at or
This disturbance is similar to that seen if a fault were applied to the system, but permits more precise control of
the numerical experiment. In the figure, the speed of one of the main generators is shown faraglyceparate
simulations of the same system. Estimation techniques applied to the deviation betwesimthiegienswill
provide an important quantitative assessment of the behavior of the disturbed system. This type of analysis (based
on the standardumerical method for determining the Lyaponov exponent of a dynamical system) provides a
means for assessing the stability and controllability of a ship system under a wide variety of conditions, from

PR O,

e ——

———1—\ “‘\\\\‘_/

steadystate operation, to ordinary operational stresgeextreme stresses.
Figure 7 Top: Speed of one main generator in separate simulations with a current disturbance applied to the
generator bus under steadystate conditions.The current disturbance in the simulation shown inred was delayed by
0.1 sec relative to the disturbance in the simulation shown in black. Bottom: Identical simulations, except now the
motor speed is being ramped down.
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Wide area differential protection for shipboard power systems

As part of the ongoingollaborative effort between MSU and FSU, Yanfeng Gong and colleagues spent
10 days in 2005 at CAPS conducting protection and reconfiguration studies on the RTDS. Based on initial RTDS
modeling work by MSU, CAPS provided significant enhancements to tlgkelmin particular, two PWM
propulsion motor drive models were incorporated into the model. Furthermore, CAPS facilitated th¢lRTDS
experiment with two SEL relays which controlled a total of 24 circuit breakers in the simulated ship system
model. A refprt on the activities is in preparation by MSU.

CAPS has now implemented both the primary protection and a wide area back up protection on the pair of SEL
relays left by the MSU team. The relays have been configured and are being tested on the RTOSsmiptiona
systemCAPS and MSU have now implemented both the primary protection and a wide area back up protection
on part of an ac distribution scheme. The pair of SEL relays from MSU were configured to handle the primary
protection and the CAPS Wide Areackaup relay was implemented as a UDC on the RTDS. Signals for the
protection system were taken from the power system running in real time on the RTDS. Various fault types and
sensor failure scenarios were investigated and a joint paper was preparednissisutto the IEEE IAS.

Fault location in ungrounded DC distribution systems

The goal of this project is to derive methods for fast and robust ground fault location in ungrounded DCZEDS
to avoid disruptive current caused by second ground fault. Welganttied t o | EEE P17009
Practice for 1 to 35 KV Medium Voltage DC Power Sy¢
iMet hod f or |l ocating phase to ground faults in DC
devebp a fast fault location method to avoid secondary-bighent faults. The disadvantages of the current fault
|l ocation methods areAemploying |large number of sen
large power electronic penetratiomdamay provide no suitable backup protection. Our approach is to utilize
inherent switching noise already present in the system in order for DC fault location. In 2007, we analyzed system
conditions, including no fault, positive bus fault, zonal positifault and negative rail faultSignificant
background noise caused by power electronics and cable stray LC are analyzed and distinguished from the noise
with different fault locations. Therefore, by employing advanced signal processing on noise signats,aufch
as wavelets, we can identify different fault locations. The simulation results of a notional ship system at different
faults indicate suitable performance of the proposed method.
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Impact of fault current limiters (FCL) for Navy shipboard power systems

The study has been finished and a final draft version of the report has been prepared. Since a total of five
companies who are developing FCLs for utility appglimas have contributed technical information
material the draft report has now been sent to those contributors for final comments before release of the
report. The (preliminary) summary and conclusions of the study are as follows: In this study the
applicaion of fault current limiters on future adllectric navy ships was investigated. Therefore a notional
power system design for a future-alectric navy ship first was introduced. As basis for the following
considerations the rated currents and shiocuit currents in the power system were determined. The
highest total subtransient shaitcuit current of 30.&«ARMS occurs when the power system is operated

in the common bus plant alignment configuration. Different locations for fault current limitete i
shipbs power system were pointed out. The most
limiters are at the connections of the main turbine generators to the switchboards. Through the insertion
of the fault current limiters thermal and rhanical stresses in cases of faults can be reduced significantly
depending on the actual design of the fault current limiters.

Despite the observed fault current limiting effects it is concluded that as long as the generator subtransient
reactance is notignificantly lower than 0.1%.u. and the total generation power is not increased the
resulting fault currents can be managed with conventional switchgear without the need to actively limit
fault currents. However, it still might be advantageous to defaloly current limiters in the system to

lower mechanical and thermal stresses in the case of faults. Furthermore, all the bulk power devices such
as generators, switchgear, bus work, cables, current sensors, and transformers could be designed for thos
lower stresses. This in turn is expected to result in overall weight, volume, and cost savings. Therefore,
further studies should conduct a more detailed investigation to quantify possible benefits due to the lower
stresses on the power devices. Benefits|shal compared to the additional effort of installing,
maintaining, and operating fault current limiters on board a Navy ship.

Electrical-thermal system c@imulation

We established successful-Gimulation in RT and revealed strong system interactionbrigdao thermal
runraway . A B e simulations ake executed. In these simulations, electrical system components
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send power loss and adjust temperature dependent model parameters; thermal system is controlled to keey
electrical system components atided temperature; and thermal system sends required motor power. In
the implementation V1, the step response of the system to sudden increase in DC zonal load on the 1 kV
bus from 0.9 MW to 1.25 MW is shown. In the thermal system, it reacts by increasifantcpump

power in order to maintain the temperature set point dfC70n the implementation V2, we
Afaccidentall yo discovered an system insttimdili:t
simulation model.. The remaining problems in this pmbjare required strong support from USC to
facilitate thermal system modeling needs in VRB (VTB2003) and lack of rutime user interface in
VTB-RT (needed to operate more sophisticated cases inR/MB CAPS contributed to VTB model
development in: valwi now controlled to open/close a specified percent per second; Puoy can

control pump pressure (motor models not required); water cooling models (heat sink & plate fiin HEX)
now can easily measure temperature and heat load; analog signal I/Ot& D@ii now compatible

with multiple DAQ cards; PI controllér now can be reset; Reported that VVIRB could falsely appear to

run in realtime (simulation breakdown without giving notice to user); many models/components added to
VTB-RT library (i.e. corpiled for
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Advanced Power Quality Management of the &llectric Ship

A simulation based rationale for introducing flexible thresholds of harmonic distortions on shipboard power
systems was demonstrated. This study was performed in the perspective of equipment aging.-vidrgitigne
nature of harmonic distortions was taken into account to establish a-gbromficept for introducing
flexible/relaxed harmonic thresholds. Artifitiime-varying current harmonics were injected into the system
simulation model, while the load on the EXEDS was varied randomly (within set limits). The associated
harmonic distortion in voltage at the PCC was tabulated and the corresponding lasgaoflifé expectancy) of
an example load (three phase induction machine) was quantified. The same study was performed with no
additional current harmonic injections in the system as well as a constant harmonic distortion corresponding to the
relaxed threlsold. By comparison of the results of the above simulation case studies, it was established that the
time-varying nature of the harmonic distortion leads to a life expectancy that is better than the estimated loss of
life of the equipment in the presendesteady harmonic injections. Future work relates to demonstration of the
above concept through hardware in the loop studies.

Advanced signal processing tools for power quality analysis

The goal of this project is to assess the PQ requirements of t8ledtic ship and to study the effect of time
varying waveform distortions and other PQ deviation parameters (unbalance, sags, etc). We filed a provisional
patent application number 60939226, ASystenmmaded me:t
decomposition (EMD) and for demodul ating intrinsic
May 21, 2007. An Empirical Mode Decomposition (EMD) is used. In this methodstationary nonlinear
waveforms are decompose into intrinsic mddactions (IMF). Therefore, locally occurring oscillations are
recognized. IMFs are extracted in decreasing order of frequency and can indicate local oscillations. The
decomposed components are mutually orthogonal and cmmponent and their residue isonotonic. The
performance of EMD as a second order signal processing filter was analyzed. The enhancements to the original
EMD accomplished were accomplished. In addition, application to online (adaptive) transfer function estimation
of HTS motor model uret seastateswvas investigated successfully.
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Figure 10 lllustration for advanced digital signal processing tool for power systems

Probabilistic aspects of aklectric ship system simulations and surrogate models

In order tofacilitate validation of the notional batiae shipboard power system model for RTDS, various
uncertainty and sensitivity analysis techniques were investigated for applicability. Several techniques, including
local, first order sensitivity methods, ramdcsampling methods, the Morris factor screening method, and a
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fractional factorial experimental design were used to assess the relative influence of thirteen uncertain parameters
for the ship system on six response variables for two different transietrese While the results from each of

the methods were similar, the experimental design approach provides a number of advantages in terms of
flexibility and extensibility, as well as in the incorporation of system knowledge into the experimental process.
Using geometric considerations, this provides a sequential approach to methodically gain more information about
the system and refine the model with the addition of new simulation runs. At each stage in the process, the
experimenter augments and extetius design based on available data and intuitive knowledge of the system.
Thus, the experimenter is able to incorporate hypotheses about the system model into the design, but is able tc
validate or invalidate these hypotheses as the process proceeds.alldiis a methodical sampling of the
parameter space, as opposed to the random sampling employed by the other global techniques. This method i:
being used to construct response surfaces for each of the response variables for each scenario, from whick
tolerance intervals can be constructed for each response based on probability distributions for the uncertain
parameters.

We completed characterization of AC/DC conversion system in terms of two scenarios involving 27 parameters
and 30+ response variableshelremaining problems are difficulty obtaining sufficient surrogate model fits for
some response variables and difficulty with augmentation of designs for nonparametric models in high
dimensions. Uncertainty analysis was applied toddk ship system withulse load charging circuit connected to
common bus with MTG1 and ATG1. MTG2 is islanded, supplying propulsion drive 2. ATG2 is islanded, but is
connected to MTG1 and ATGL1 through the DC distribution system. Parameters and ranges are Propulsion drive
powe (MW) [1é15], DC | oad power (MW) [0.5é4], MTG i
[ 2é4] , Proportion of available power wused for puls
Projections in two dimensions of sampling usedlbbgension adaptive collocation method were derived after 416
simulation runs.

Propagation of Pulse Load Effects through DC System
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Figure 11 Pulse load effects through DC system

Analysis of Network Reconfiguration Potential

As part of our effort to develop a comprehensive basisef@uating reconfiguration schemes, the
investigation into the structural potential of a network for reconfiguration is continuing. In this work,
tools are being developed to determine the intrinsic potential for reconfiguration of a particular network
configuration. Focusing purely on the network structure, these tools provide a means for determining the
upper limit of the reconfigurability of a network and thus will help to provide a meaningful assessment of
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the effectiveness of proposed reconfigumatiechemes. Network structures that maximize the
reconfigurability according to this analysis are also being developed.

Generator
bus

Ship
Loads

Figure 12 Stylized Version of Ship System Employed in Present Analysis

In the work conducted so far, the ship system has been viewed in the simplified form and the focus has
been on the generator bus. (Extension to load distribution zones will be part of future work.) The
guestion is then asked, how many simultaneoussfaalt the system sustain while still maintaining some

or all of its generating capacity? Probabilities are assigned to the loss of a generator or a network link and
overall probabilities of partial or total generator outage are computed for a given rafrebeultaneous

faults. For four twagenerator networks experiencing from one to eleven simultaneous faults. The graph
below each network shows the probability of a loss sustained without the need for reconfiguration (gray),
loss sustained but capabjlitetained with load reconfiguration (white) and total capability lost (black).
These probabilities may be used to construct composite figures of merit for the different network
structures. The welike structure on the right has a clear advantage owerothers, at the cost of
additional cabling. In fact, it compares favorably with three generators in a conventional network; cost
and weight considerations will have to be included in order to determine whether the web configuration
truly has an advantag&his work will continue with extensions of the analysis to detailed load zones and
more realistic probabilities for component and link losses than the constant values used to date. It will
ultimately be combined with the transient evaluation processefmnfiguration proposed earlier and
currently being developed for the notional destreglass ship simulation (as described above) to provide

a comprehensive means for evaluating network reconfiguration schemes.
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Figure 13 Suseptibility of Four Networks to Various Numbers of Simultaneous Faults
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Power Quality Analysis Using Advanced Signal Processing Techniques

In shipboard electric power systems, transients will be generated by various switching events, while harmonics
and interharmonics will be generated by various nonlinear devices. Copious amounts of interharmonics are likely
to be generated by devices sashvariable speed drives where nonlinear interactions between the source
frequency (e.g., 6B1z) and variable load frequencies result in the generation of many possible interharmonic
frequencies. In this section we review progress made in developingety wimew transient and interharmonic
diagnostics. These new diagnostics rest upon the use of advanced signal processing techniques, namely joint
time-frequency analysis for transients, and higher order spectral analysis techniques for interharmonics.

3.1.1.1. Power Quality Indices for Transient Disturbances

Power Quality (PQ) indices have been well developed for periodisimosoidal waveforms. The approach rests
upon Fourier series analysis of the periodic waveforms. However, Fourier series analysiislyboi

suitable for the analysis of transient events. For this reasdn,]iwg developed a new set of power quality

indices for transient events based on the signal processing technique known as jdietjtierecy analysis, or

just T-F analysidor short. Such analysis indicates how the energy of a transient signal is distributed jointly in

both time and frequency. In this work, we used the reduced interference distribution (RID) which is a member of
a class of TF distributions known as Cohéns c | as s . The approach is to dec
fundamental 68Hz component and a disturbance component. Then-fhei$tribution for each component is
computed. From theseH distributions, the following transient PQ indices eateulated: (1) the instantaneous
distortion energy ratidDE(t)], (2) the normalized instantaneous distortion energy reiDE(t)], (3)

instantaneous frequenchf(t)], and (4) instantaneous-tactor IK(t)]. These PQ indices were defined in such a

way as to be analogous to their steatigte harmonic counterparts. BoEHE(t) andNIDE(t) characterize the

transient in terms of the disturbance energy associated with the transient, Wy eaw K (t) characterize the
transient in terms of the detian in instantaneous frequency from 8@ when the transient event occurs. Since

we are dealing with transients, all of the transient PQ indices cited above are functions of time. In order to
facilitate comparison of various transient events, wecanald ef i ne each PQ index in t
value, 0 a single number, which is defined as the av
fundamental period. The efficacy of the proposed transient PQ indices was demonstrated usingireal worl
transient data corresponding to fast and slow capacitor switching events, and voltage sag associated with motor
starting. The method is quite flexible and adaptable in that once one has calculatéddisé&ribution

corresponding to the transient didiance waveform, there are any numbestb&rtransient PQ indices that one

might construct, depending on the features of the transient that one wishes to extract and quantify. The transient
PQ indices software has been integrated into a MATIb&Bed UTTFTPQA (University of Texas, Time

Frequency Transient Power Quality Assessment) tool hmoxollaboration with the University of South

Caroling this toolbox was integrated into their Virtual Test Bed (VTB) and was demonstrated by quantifying the
transint effects of inserting a new capacitive load. The work on developing transient PQ indices and the
associated tool box was principally carried out at
Shin is now participating in the ESRD@ogram as a faculty member at the University of South Caralina.

3.1.1.2. Detection of Transient Disturbance Energy Flow

Transient events manifest themselves as a disturbance of the fundamétzav®@form. Of particular interest,

from a diagnostic point of vievis the ability to determine the magnitude and direction of real and reactigy ener
flow associated with the disturbancthe secalled crosgpower spectrum may be used to track the magnitude

and direction of real and reactive power for stesidye hamonics and interharmonics. However, this approach

is not suitable for transients, since transient disturbance energy flow depends not only on frequency but also on
time. In["], we utilized the notion of a complex cross tiAflequency distribution (XTFD)which is computed
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from the voltage and current disturbance waveforms. The real and imaginary parts of the XTFD vyield the
magnitude and direction of the real and reactive disturbance energy flow, respectively, as a function of both time
and frequency. nl polar form, the phase difference between the disturbance current and voltage is provided as a
function of both time and frequencAn EMTP simulation was carried out to illustrate how the XTFD may be

used to quantify disturbance energy flow associatéld agpacitor switching and, thus, to lay the ground work for
developing a methodology based on the XTFD to determine the location of a capacitor switching event in a
network. Of course the XTFD signal analysis tool is not limited to capacitor switchémgse but is applicable to

any transient event.

We also mention that XTFD has been used to develop a new approach to determining load inapedizndts

in coaxial cables based on joint tiffrequency reflectometr}y’, ¥, "']. This work is being continued by UT

Austin PhD graduate, YongJune Shin, in his position as a faculty member and ESRDC researcher at the
University of South Carolina.

3.1.1.3. Real and Reactive Power Flow Analysis for Interharmonics

Because of their neharmonicfeatures, interharmonic properties and effects cannot be readily quantified using
classical harmonic analysis tools such as Fourier series analysis. Therefore, we developed another digital signal
processingbased techniqué'| for the analysis of interharonic events. The first steptineinterharmonic

analysis study is to investigate the magnitude and direction of real and reactive power flow associated with each
frequency in the interharmonic spectrum.

Theapproach is to compute the-salled crosgpower spectrum from the discrete Fourtesinsform (DFT) of the

voltage and current waveformsin&e the cross power spectrum between voltage and current preserves the
magnitude and phase difference information at every frequency, the magnitude and difeetiband reactive

power at every frequency of interest can be easily determined.

To verify theproposed method, we simulated a current source type invertersgisisean utilizinghe ATP-EMTP
simulation program. From the resultingwveforms, we demotrated the ability to determine the magnitwzael
direction of real and reactive power flow at every frequemmpiding harmonics and interharmonics, at different
measuringpoints in the simulated current source type inverter drive circuit. We bdhiavthe detailed analysis

of interharmonic poweflow utilizing the cross power spectrum teauewill provide an important toalith

whichto understand and address interharmoeiated problems ishipboardelectricpower systems.

3.1.1.4. Robust Interharmonic Detection in Adjustable Speed Drives using the Cross
Bicoherence

Interharmonics from ASD (Adjustable Speed Drives) can cause potentially serious problems (e.g., excitation of
undesirable electrical or mechanical resonances) to the entire power system even though their amplitudes are
usually small compared to the fundantad frequency and its harmonicéccording to a study of an offshore
platform powersystem, a low frequency interharmonic was resonantthitimechanical natural frequency of a
turbinegenerator. Thisesonance caused severe vibration problassiting in theshutdown of the entire

power system.

Therefore the detection and measurement of interharmonics have bémpmeant issues recenthyHowever,

the detection of the existence of interharmonics is often not an easy task, since intéchaetagtion is

sensitive to many factarsuch as spectral leakage and measurement error. ,Hegeemay be a question as to
whether the measured component at the suspected interharmonic frequency is a real interharmonic component or
just an artifact bsignal processing.

In an effort to evaluate interharmonics in a quantitative maseegeral approaches have been proposed, but they
have their own limitations since they mainly rely on detecting the small amplitude of the interharmonics.
Therefore, wepropose a new approacim ["'] with a different point of vievfor the detection of interharmonics,
particularly in ASD systems. Interharmonics mainly result from nonlinear frequency interdaioreen the
sourceside frequency and its harmonics with tbad-side frequency and its harmonigkich take place in the
nonlinear rectifier and inverter in the ASD. Furthermore, the interharmonics exhibit a phase coupling or phase
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coherence between various frequencies which satisfy apprdipei@iency seleadin rules. These phase
couplings provide a sensitivenlinear signature, and it is for this reasiagtwe utilize ahigh-order spectral
guantity, the cross bicoherence, to deteciptiese coupling and, hence, firesence oihterharmonics. The
principal advantage of this approach is that, unlike previous interharrdetection approaches, it does not rely
on detecting the lowmplitude of the interharmonics.

For our specific application of cross bicoherence to interharnaaection, we use a modifielefinition of cross
bicoherence tinvestigate the degree of quadratic coupling between the sourcaisidet and the DC side
current. Our experimealresults for ssimulatedASD systembased on MATLABSimulink® show that our
crossbhicoherencdéasednterharmonic detector provides a moobust detection thaconventional methods
which rely on theamplitude of the interharmonics.

3.1.1.5. Interharmonic Detection with Noisy Measurements

We continue tdfurther develop robust interharmonic detection methods using higtier statistics of measured
signals. Higher-order signal processing techniques are crucial parts of interharmonic analysis, since
interharmonics are products of nonlinear interactiats/een fundamentals/harmonics of different operating
frequenciesuch as are present in various frequency converter devitesefore, we developed a constéaise
alarmrate (CFAR)interharmoniadetector based on the cross bispectrum.

As wementioned peviously, interharmonics are responsible for varipatentiallyserious problems including
destructive sideband torques on motor/generator shafts and possible misoperation of control devices due to alterec
zero crossings. Therefortae [EC recommendedn interharmonidimit of 0.2% of the fundamentamplitude

from 0-2 KHz. Since this limit is very small compared to the magnitude of the fundamentaaternmndesirable

side effects (e.g., spectral leakage and/or nese)ead to inaccurate interhanic detectiorresults This is

mainly because the current interharmonic measurement standards only utilize the FFT magthitudeasgured

signals

In previousquarterlyreports, we demonstrated thhé FFFbased interharmonic detector can lead tompletely

wrong decision when it deals with small magnitude interharmopasicularly in the presence of noise (e.qg.,
measurement error)l o address this issue, we propo#iee use of higheorder signaprocessingbased methods,
particularlythe crossispectrum. Since interharmonics are the results of nonlinear interactoys

interharmonic appears as a peak in the cross bispectrum domain. The cross bispectrum values in other points in
the bifrequency domain are insignificantly small comparethtopeak value. One advantage of using the cross
bispectrum instead of the classical frequency spectrum is that the cross bispectrum rejects Gaussian noise in the
bi-frequency domairwhile the noise still remains in the frequency spectrum. In othersytrd error in

interharmonic measurement will be ideally removed if we use the cross bispéetsachinterharmonic detector.
Therefore, we designed a new test statistic, which is the sum of the cross bispectrum magnitude squares, which is
calculated fromthe source side measurements anditteide measurements, along a diagonal line (in the bi
frequency plane) corresponding to a certain frequency. According to the statistical analysis of our specific
definition of the cross bispectrum, we could derive threshold which gives us the constant falsem (false

positive) rate (CFAR), and the corresponding CFAR detector. More detailed discussion and derivations about the
statistical characteristics of the definition and the threshold decision prockse el@dboratd on in a journal

article which is currently being prepared.

Figure3-1 presents the interharmonic detection results using the proposed test statistics. - Fi@)rstf®ws the

test statistics for interharmonr@ontaining current signals thi 3% measurement error. The test statistics in

Figure 31 (a) clearly indicate that interharmonics are present at 30 andz.5Bigure 31 (b) shows the test

statistic values for nemterharmonics terms in Figurel3(a) (Please note the change ingbale of vertical

axis.) It shows that the test statistic values for 4it@rharmonics are consistently below the-getermined

threshold line. Figure-3 (c) shows the probability of false positive comparison result between thbdged

detector (ndicated as {®2FFT) and the cross bispectremased detector (indicated agRBISP). While the

probability of false positive of the FFBased detector sharply increases as measurement error (i.e., noise)
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increases, that of the cross bispectivmsed deictor remains at almost zero. This result clearly indicates that our
cross bispectrurbased interharmonic detector is robustiEasuremerdrror.
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Figure 3-1: The cross bispectrumbased interharmonic detection with measurement error: (a) Test statistics with 3%
measurement error, (b) Test statistics for nofinterharmonic terms, (¢) The probability of false positive comparison

3.1.1.6. Light Flicker Assessment in the Presence of Interharmonics

In our continuing effort to study the effect of interharmonics on shipboard power systemsest@atedight
flicker problemsassociated with higfrequency interharmonics from ASD systems. Light flicker is defined as
noticealte illumination changes due to voltage fluctuations imposed on the fundamental power frequency
component, and a flickermeter is an instruneamable omeasuring the severity of it. The detailed specification
for the flickermeter is presented in IEC stand 610004-15, and the current IEEE standard 14584
recommends the adoption of the IEC standard.

However, according to recent studies, the current IEC staihdeset flickermeter can not detect flicker caused by
interharmonics whose frequencies amghler than 1024z. A real field case for the deficiency of the current
standard was also reported. Utility customers complained about light flicker, but staodgoiibnt

flickermeters could not deteitt We also found that the IEC flickermeter alsa ladimitation in representing
flicker caused by low frequency interharmonics in terms of beat frequency. Therefore we proposed an approach
based on peak detection by dewmsampling',*, ]. The basic idea is to examine the fluctuation imposed on
thehalf cycle of the fundamental frequenc$ince the input ac voltage is squared (e.g., incandelseaps) or
rectified (e.qg., fluorescent lamps) in order to prodineelight output, the fluctuations of the halfcle should be
considered.

In Figure 32, the sensitivity curve of the proposetethod to detect interharmonics is preseaiedg with that of
the IEC flickermeter. These curves represennii@mum interharmonic magnitude to produce one PU
(PerceptibilityUnit) in the flickermeter outputThe sensitivity curves for both methaaigpear identical in the
frequency range from around B2 to 90Hz in Figure 32, where the IEC flickermetavorks properly with
interharmonics. However, the sensitivity curves for both methods exhibit diffeekmtior in the lower

frequency range below 38z and higheffrequency range above 8. Contrary to the inaccurate responséhef
IEC flickermeter in the lowirequency range (L8 Hz) asdiscussedh previous quarterly reportthe curve
corresponding tthe newly proposethethod shows that the proposed method sensitively reactsltmthe
frequency interharmonics in that a smaller interharmorggnitude is required to produce one PU.

In the highfrequency range (9420Hz), according to the curveorrespnding to the standard method, large
magnitudes ointerharmonic are required to produce one PU in the flickermetput, which is contrary to the
field case reportedhirecent papersOn the other hand, the curve corresponding to the proposed methaid is
extended into the higliequency range, and shows thalatively small magnitudes of the interharmonic can
produce one PU.
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The numerical experimental results presented in Figt@ndicate that our proposed flicker processingthods
are able tgroperly detect flickers caused by interharmonics regardlesgenffrequenciesFurthermore, our
proposed methods can be immediately combined with the current flicker standard, since we justaéplaced
blocks in the standard with our proposed sigmatessing blocks.

We also investigatethe flickerresponses of variodamps including LED (light emitting diode) lampsing a
laboratory interharmonic flicker station angblaoto detector. The experimental results demonstrate that LED
lampsexhibit aflicker responsaimilar tocompact fluorescent lamps, whiahe sensitive tthosehigh-frequency

interharmonics wich areclose to odebrder harmonicesf the fundamental
10

—— |EC standard
—*— Proposed method

Magnitude (%)

1
90 102 120

60
Interharmonic frequency (Hz)

Figure 3-2: The minimum interharmonic magnitude necessaryto produce 1 PU forthe IEC flickermeter response
and the proposedmethod vs interharmonic frequencies

3.1.2. Machine Condition Monitoring Using Higherorder Spectra

In this section we review progress made in developing new machine condition diagnostics. The key idea is that as
machines degrade they tend to become progressively more nonlinear. Higher order spectral (HOS) analysis is a
key signal processing tool with which to quantify the associated nonlinear signatures. The previofiglstate

art involved the use of the salled bispectrum to quantify the nonlinear signature. In this section we point out

that, for many applications, the bicoherence and drmssherence spectra are much more suitable. We also

eliminate some of the ambiguities of the bicoherence approdatther improve the reliability of this new

machine condition diagnostic.

3.1.2.1. Machine Fault Detection using Bicoherence Spectra

The purpose afmachine conditiomonitoring in rotating machisesuch as induction motois shipboard power

systens, isto provide appropriate signature or feature information that is a direct indicator of the health of either

the complex overall system or a particular component of interest

As machines degrade, they often tend to become more nornirtkar than more linealA characteristic of all

nonlinearp henomena i s t he gen ecoredpondingtoedriousisure and differeneequ enci e
combinationsofth@ or i gi nal 6 nonl i near i arigimrardaewifraggendies mugtu e n c i €
satisfy a particlar frequencyselection rule which depends on the order of the nonlinearitypafitular

importance is the fact that the phase of eachfreguency is related to the phase of the original primary

interacting frequencies. Thus, a certain degree ofepbaspling or phase coherencexists between the primary

and new frequencies. This phaseipling is a true and significant signature or featuth®honlinear

interactions. The fact that higherder spectrdHOS)areable to detect this phase cangl between the various
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interactingfrequencycomponents is one of the principal reasons WS are such a powerfaliagnosticin
detecting and quantifyingonlinear features in signdisr machine condition monitoring.

Many condition monitoringechniques using HOS have focused mainly on bispectral analysis as a signature of a
faulted or degraded machine. Thus, one of the dominant detection schemes is the bispectrum. However, a
drawback otusing the bispectrum method arises from the fact thatlue not only depends on the degree of
quadratic phase coupling, but also on(it@mplex) amplitude of the interacting frequency componerits
overcome this challenge, we proposedihthat the bicoherence to be used to remove the amplitude dapgnd
of the bispectrum and, thus, to solely quantify the degree of quadratic phase coupling between the various
nonlinearly interacting frequencies satisfying the appropriate frequency selection rule. The values of the
bicoherence are bounded between ® hn Therefore, the bicoherence is a useful measure of quadratic phase
coupling.

To verify theperformancef our proposed methodse utilized measured experimental datssociated with
degradation of an induction motor. Figur8 Bepresents the experémtalsetup The induction motor was
powered by a threphase 6(Hz power source Two phases were directly connected to the motor and the third
phase was connected through a variable resistor in order to gearetatbalanced current in the statbthe
induction motor. Therefore, the fault detection of the induction motor in this experiment is based on the analysis
of vibration signals provided by an accelerometer attached to the statoif berexperiments were performed for
three different resistees, 0, 1&da nd 20 q, Thelwlpnead phase eaBey rgsistor, was measured in
order to be used as a reference for a healthjauld caseand theasymmetricalnbalanced cases) dr 20q
resistors, were utilized to simulate faulty, degchdases. Inrolerto avoid any transient effects, the
measurements were carried out while the motor showed sséateybehavior.
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Figure 3-3: Schematic diagram ofthe experimental setup for measuring the unbalanced vibration signal

The bicoherencspectrap®( f,, f,), for the balanced q ¢ dsteh @ nalsy mmet rcaseael f aul t

presented in Figure-8 (a) and (b), respectivelyin Figure 34 (a), two dominant peaks are apparent, indicating
strong quadratic phase couplirag,the low and high frequencies. The peak at low frequencies is associated with
the shaft rotation frequency and the peak at high frequencies is associated with the bearing frequencies. As the
machine degrades with tRe0 asymmetric faultmany additimal peaks begin to appear in Figurd ). This

is caused by the fact that tasymmetriaunbalancedaults manifesthemselves as a change in the vibration
characteristics aherotating machineand this change in the vibration characterssgassciated with more

guadratic phase coupling as shown in Figu#e(B). These new peaks can be interpreted as quadratically
nonlinear interactions betwedmeshaft frequency anthebearing frequencies diieinduction motor. These
resultsdemonstrate #t the bicoherence is a powerful diagnostiprovidinga nonlinear signature of a faulted or
degraded machine for condition monitoring.
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Figure 3-4: The bicoherence,b?( f, f,), for (a) 0 2, nofault case and (b) 20€2, asymmetrical faulty case.

3.1.2.2. Machine Condition Monitoring Utilizing Bispectral Change Detection

Since a damaged or abnoilrsgate machine often generakeghly nonlinear signals, it is desirable to use a tool
that can effectively detect and analyze nonlinear signatures. In the previous section, we reported on the
advantages of using the bicoherence since it is a quargitatasure of the degree of phase coupling, or phase
coherence, between nonlinearly interacting frequencies.

However, @en though the bicoherencesisiseful and powerfudchemen thedetection of phase coupling, it has
somelimitationsin a machine conditiomonitoringapplication due to the challengeditinguisting between
intrinsic nonlineassignaturesssociated withealthy machines anmtbnlinear signatures associated witlaalted
machine This can lead tambiguous indicatiain machine condition monitoringrhereforethe ability to
discriminate the faulinduced nonlinearities fromme intrinsic nonlinearities ia very importantactorin
determining thénealth of machine.

To address antksolve thisssue we proposein [™'] a rovel methodexploitinga bispectral change detection
(BCD) to detect and analyze the headthte of a machineTheprincipal advantages of the propos@dD
methodare that itcan suppress the bicoheremssociated with intrinsic nonlinearitiesahealthy machine by
nulling them out and emphasize the bicoherence assowidtethult-induced nonlinearitiesWith these
advantages, owproposed BCD method can discriminate the fauly nonlinearitiedrom the intrinsic
nonlinearities, andhus,is a strong and sensitiwdicator for machine fault monitoring

Based on the analysis of the vibration data from Fige8etBe usefulness and statistical robustness of our
proposed BCD method are demonstratasishown in Figure-& of the previous sectioit,is very challenging
using just the bicoherence to (1) distinguistween théntrinsic nonlinearities associated with healthy machines

and fault nonlinearitieand (2) to determine thef,, f,) coordinates the dominant nonlinear frequency

interactions associated with a fault.

Meanwhile, Figires3-5 (a) and (bshow the results of olBCD methodior theO a n dcastgresppctively.

The Zaxis in Figure 3 represents the relative nonlinearity increasee r t he b al dlotecttmatdhe0 q ¢ &
scaleofth&Z-axi s i n each case is adjusted f ornhepBGDadsulin ng pu
Figure 35 (a)is essentially zero, indicating a nornfiedalthy machine state. On the other haine BCD resulis

nonzer o for t he unnd@gdrea3h(b)e FEurthertoregl note that dus to the scale change, the

val ue f or tektremeB Bighdhus aurspmposed BCD methadd a sensive indicator of fault

induced nonlinearities.

As we can see in Figure3 our propose®CD method successfullyuppresses the intrinsic nonlineartya

healthy machinand emphasizes tifi@ult-only nonlinearities, compared to Figur€l3In addition,the plot in

Figure 35 (b) clearly indicatethe (f,, f,) coordinates of the dominaftequency interactions. From these

results, we confirredthat ourBCD method can remove the ambiguous indicatinrm®nventionabicoherence
plots.

xiii
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Figure 3-5: The BCD for (a) 0 2, no-fault case and (b) 20C2 , asymmetrical faulty case.

3.1.2.3. Condition Monitoring Based on Estimating the Complex Coupling Coefficients

Our most recent worK'[] has focused on providing a novel stafehe-art diagnostic for condition monitoring of
rotating machines. The key idea is to estimate, from measured single tiesedsg¢athe complex coupling
coefficients which characterizke strength of the dominant nonlinear interactions of interest. The approach is
based orkey concepts from the field of HO®halysis and leasheansquareerror analysis. The proposed
approzh has the abilityo estimate an optimal kerné\(i, j), which is a complexjuadratic coupling coefficient,

char act er i z i of guadratically rforslinear etergctiomssociateavith possibledegradation of
rotatingmachinesn shipboard power systenThe discrete interacting frequencies are denotedaby;.
Since the physics of the nonlinear interactioari®edded in the complex quadratic coupling coefficient,
knowledge of A(i, j) offers the possibity of providing new physical insight into the degradation proeesk

enhancing the stataf-the-art for condition monitoring diagnosticdn addition, we verify that the goodness of

our model can bguantitatively measured based on the skalbwn higherorderspectrum called the bicoherence.
Future work entails tracking the direction of power flagsociated with various nonlinear interactions connected
to degraded machines, thereby providing possible insight into eaugseffect. Such insight is notreently
available. We have takem important step iaddressinghis goal by being able to estimalbe complex

guadratic coupling coefficients. Since this stepuscessful, the next goal will be to investigate the feasibility of
determininghigherorder complex coupling coefficients (i.@igher than quadratic) to analyze the nonlinear
interactions. Thigs motivated by the fact that higherder model analysis requirdsat we include, as a

minimum, the lowest evearder and odardernonlinearities, i.e., quadratic and cubic, respectively.

3.1.2.4. ASD System Condition Monitoring using the Cross Bicoherence

Adjustable speed drives (ASD) for propulsion motorsaamengthe mostrucial components in the electric ship

power system Therefore, utmostttention should be paid 85D systenconditionmonitoringto prevent

possible failures, since any anomalies of ASDs can effect the health of motors immediately. Furthermore, ASDs
are also copious sources of harmonics/interharmonics which can creatieagises throughout the entire

shipboard power systenflthough many condition monitoring techniquesvb been proposed, theainly

focus on standlone motor status monitorin@ herefore, we propose condition monitoring methods specific to

ASD and ASDdriven motors.

Our fundamental idea is to diagnose both the status of an ASD and the load side of the ASD (usually a propulsion
motor in shipboard power systems) from information observable at the source side. This is a challenging problem
because the &l and source side operate at different frequencies, and from the source side dnEwEie

loadside through nonlinear rectifiers and inverters. It is for this reason that{ugtesspectral (HOS) analysis

forms the heart of our diagnostic teaure.

Any anomalies in ASDs cause changes of voltage and/or current at the source side of the ASD. The changes are
often too small to be detected by simple tidmmain or frequency domain analysis. However, those changes can

be sensitively detected by FBdechniques (e.g., the auto/cross bicoherence), since they are the result of nonlinear
interactionsoccuring in the rectifier/inverter parts of the ASD. Due to the sensitivity of HOS techniques, we can
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detect anomalies of the ASD and the load of the ASieir incipient stage. This early detection is crucial for

the prediagnosis of potential system problems.

Therefore, v developedn [*] a modified HOSmetric (the cross bicoherence) and the required theoretical
backgroundor ASD system anomaly dettion. The proposed method is verified using a simulated ASD system
using MATLAB. Asymmetric resistance or inductance is introduced at single phase of the load side feeding lines
in order to simulate load side imbalance, and the corresponding croserbivminresults are analyzdeigures 6

(a), (b) and (c) illustrate the crosscoherence results on thefbéquency plane for the balanced cas#alanced

cases with asymmetric resistance and asymmiattictance, respectivelyin Figure 36, oneaxiscorresponds to

the source side frequentyand the other axisorresponds to the dc link side frequeihgy

In Figure 36, there are four dominant peaks aligmedtically atl,. frequency 7Hz. Among the four peaks, two

peaks located at (60,7and (-60,72)represent the normal interharmoniesulting from the nonlinear frequency
interaction between 6@z source side ac power atite 6th harmonic of 14z load side power The tvo other

peaks are symmetri c @i ma ghesmmetyfpropetiyef the cress hiconerencee wo p e
Meanwhile, we can observe additional peaks iufgg 6(b) and (c). Figure-B (b) presents the cross

bicoherencé or unbal anced case with 40 q asymmetratlgg resis
frequency 24Hz, which is the second harmonic of the load side operating frequendy. 1Zherefore, the peaks
aligned at 24z represent newlgenerated interharmonics due to phase imbalance at the load gideA&D.

In Figure 36 (c), thecross bicoherence result associatéith 160 mH asymmetric inductance shows a similar

pattern with theesult in Figure 3 (b). However, other dominant peaksA8tHz are also observed in Figures3

(c). This is becausthephase imbalance due to asyntriteinductance has different harmomwicaracteristics

compared with phase imbalance due to asymmedsistance. For both types of asymmetric impedance, the
dominant peaks on th®-frequency plane provide valuable information aboutéere of theoghaseimbalance at

the load side.

Crons Boohvrense

Crmt Pocstmimme

Frecusscyd, M

Fregamncyd, )

Frequercpd, e

(a) (b) (c)

Figure 3-6: Cross bicoherence result comparison: (a) balanced, (b) unbalanced with 40 ohm asymmetric resistafick,
unbalanced with 160 mH asymmetric inductance.

Thecharacteristics of the dominant peaks in the cross bicohedentain also suggest tipessibility of

classifying the imbalance hifie type of asymmetric impedanci addition, since we need informaiti only at

the source side for the anomaly detection, we do not need any extra information from the load side. This is
helpful to reduce the number of required sensors, or to provide a redundant monitoring method wéida load
sensors are not functionalan emergency situation.

3.1.2.5. A Novel QPC Detector for the Health Monitoring of Rotating Machines

The conventional neparametric bispectrum/bicoherence approadiaged on ensemble averaging over sample
bispectra computed fromdependent time serisggments. However, the conventional bicoherence estimation
process can lead toisleading QPQQuadratic Phase Couplindgtection results under certaiincumstances. In
the conventional neparametridicoherence estimation methodsjlependentlata sgments orealizations

should be collected, and then sample bispectrasdcealated from the DFT of each segment. Next, the sample
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bispectraare ensemblaveraged to obtaian estimate of théispectrum. The bic@hence is then computed from
knowledge dthe bispectrum. If the segments are not independdhiasthe phases of interacting frequencies

are consistent over tlsegments rather than randomized over each segment, the corresjmicwhiegence

always results in spuriously high values regasitgfgshe true existence of QPC relationship. Therefirese
call ed fAiphase randomi zat itoachieveatlsepropapbisgecirom/bicshereneeqesult.r e d
For health monitoring applications, a continuous time serieslanthdata reord length is often used, and the

long time series igivided into segments for the estimation of the bicoherence. However, application of
conventional bicoherence estimation methimdstating machine time series data can cause problems, since the
measirements from rotating machines usually have very mngelation times. In other words, each segment
from the single longlata record is correlated, and thus the phase randomiaasamption is not satisfied.
Therefore, the correspondibicoherenceanalysis of rotating machine monitoring data can yiglse QPC

detection results. The exhibition of QPC indicatesptfesence of nonlinearity, which is often associated with
systemdegradation. Therefore, false QPC detection results can triggecesary tasks, such as additional
maintenance or systeraconfiguration.

If the sacalled phaseandomization assumptionvsolated, which requires the phasemponents of two primary
frequencies to be independent aaddomized over each individual datgiseent used to calculate the
bicoherence, theicoherencemagnitudebased QPC detectors alwagdicate a high value of bicoherence,
regardless of whether theretise phase coupling or not. This false QPC detection is illustvdtedhe

following testsignal

X(t) =cos(2r 4@+6,, } cos(2 63-6,, § cosf2 1006,,, +yt,
wherev(t) is additive white Gaussian noise wiflzh,2 =0.15, equivalent to 10 dBignakto-noiseratio (SNR),and

6. (I = 40,60)is randomly chosen betweenz ard 7. 6,,is 8,,+ 8, for the QPC case ars randomly

chosen betweer 77 and 7 for noQPC case. Theorresponding bicoherence values are computed osilycga
single data record (phasesfid@quency components acensistent over the record), and the results are illustrated
in Figure 37. Even though Figres3-7 (a) and (b) represent QPC and@BC cases, respectivethetwo

figures appear almost idécal. Two peaks in Figure-3(a) are generated from QPC relationghipween 4Hz

and 60Hz components, but peaks in Figur& 8b) are the artifact of the bicohererestimation process due to

the failure of the phase randomizatmssumption.

(a) QPC (b) No QPC
Figure 3-7: Example of false QPCdetection (a) QPC, (b) No QPC
From this example, one can see that if the phase randomiaaiamption is violated, theaditional
bicoherencemagnitudebasednethod yields a false detection result even when there is no QPC. More detailed
mathematical analysis of the limitation of th@nventional bicoherendgs provided in[*", *"].
To address the false detection problem, vappse a novel methofiphase randomized (PR) bicoherenaEhe
mainideaistointroducear t i fi ci al 0 phase randomi ausedtoestimatethe eac h
bicoherence. This can be done simplyniyltiplying the phase components oétbample bispectrum of each
segment by a random varialde during the calculation.
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To illustrate the efficacy of the proposed PR bicoherence techmguepnsider the same QRIEtection example
presenteearlier, where theconventionaimethod fails. PRBicoherence is computed using the same test signal,
and the results are presented in FiguB2 Figure 38 (a) and (b) illustrat®PC and n€QPC cases, respectively.
While peaks generated by QP&ationship between 48z and 60Hz components are clear in Figuré&3a), no
peak is observable in Figure8b). Compared to the indistinguishable restrtten theconventionabicoherence
in Figure 37, the QPC detection results via PR bicoherence are cldiatlgguishabléetween the QPC and-no
QPC casem Figure 38. The mathematicalistification of the proposed method for general sigisapgesented

in asubmittedournal paper

(@) QPC (b) No QPC
Figure 3-8: QPC detection example by PR bicoherence: (a) QPC, (b) No QPC
We evaluated the detection error performance of the proposed method with respect to that of the previously
proposed biphaskeased approaches. The theoretical and numerical comparison results demonstrate that our
proposed metholas better detection errperformance in terms of the probabildferror at high SNRs.
Furthermoretheconventional biphaskased methodsil to detect the practicglartial QPC cases when coupled
and uncoupled components are presghe same frequencyOn the other hanour proposed method is capable
of addressinghe partial QPC cases as well.

3.1.3. Using Voltage Sag Data to Decompose Utility Load and Determine Linear Load
Characteristics

The two objectives of this section are to use voltage sag data to determine the éfdooindue to singkphase
power electronics, and to determine the active and reactive linear load modeling coefficients needed for stability
studies.

We begin by observing actual feeder load response data that was recorded during a transmissiay@aglon a
residential feeder in AustjiTexas. In Figure 39, the normalized voltage (dashed line) and current (solid line) are
shown for a five cycle, 15% voltage sabhe majority of the load current is 6 sinusoidal, but a fraction of

the load is powr electronic which causes the triangular peaked current distortion due to capaeitat flode

bridge rectifiers.

The transient response of the power electronic load is quite different than that of traditional linebisloga
decomposition tecligue, the power electronic load current component fragmre 39 is determined, and the
estimated response of that load to the sag is showigime 310. As can be seen, the composite power

electronic load momentarily disconnects from the system Wddlk power is provided by the dc capacitors of the
bridge rectifiers During the sag, the dc capacitors discharge to new steady state vokaghe capacitor

voltages decay, individual loads slowly begin to reconnect to the sy#tevoltage sag reavery, there is a
substantial power inrush to recharge the capacitors back to tigiabsteady state voltages.

As we will show later, the percentage of power electronic load on this feeder cansdagh as 15% of thetal

MW demand in the wintegnd can be as low as 5% in the summer. The overall MW deafidinel power

electronic load, howeveis relatively constant throughout the year.
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Figure 3-9: Actual utility voltage sag (dashed line) and current (solid line) response on a distribution déeer.
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Figure 3-10: Estimated power electronic bad current response for the event in Figure 3 (same scale).

Concerning stability load models, previaneasuremerbased procedusdor calculating modeling coefficients

do not distinguish between linear and power electronic load. And yet, the responses of these two types of loads to
voltage sags are considerably differefhis sectiondetermines the linear load coefficients by daeposing the
composite load into linear and nonlinear components and then observing the variation of linear loagl with sa
voltage.

We determined the total amount of nonlinear power electronic load for each of the 122 events captured over a
two-year period o the distribution feeder. Each studied event is for the nfilested phase. The monthly

average singkphase power electronic MW demand per phase is shown in Figie s expected, it is rather

constant throughout the year.

Because the linear loadries by season, the percent of power electronic load changes by season. Due to air
conditioning load, the percentage greatly decreases in the summer. Fiflsb®&vs the monthly average power
electronic load in percent of total feeder MW. The aveliagyreatest (12%) in December where there is little air
conditioning load. In the summer, the linear load approximately doubles due to air conditioning, which causes the
power electronic percentage to decrease by approximately half. For examplertggeay 6% in August. For
individual events, the seasonal range-556.

CoefficientsdP/ dV and dQ/ dV are determined for the 84 events (of the total 122) that occurred strictly in the

summer or winter monthd.inear load coefficients for the summer months of June, July, and August are plotted
in Figure 313. Recall thatdP/ dV=1.0is constant current andP/ dV=2.0 is constant impedancéuring

these summer monthslP/ dV averages 1.15 andQ/ dV averages 6.12The linear active power load is
primarily constant current, and the reactive load is much more voltage dependent than constant impedance
Figure 314 shows the results for the winter months of December, January, and Feltoefficient dP/ dV
averages 1.62 andQ/ dV averages 5.45The winter active power linear load is therefore slightly closer to
constantmpedance than constant curte@oefficient dQ/ dV is still very large.

These average residential active power coefficients compare favorably to those suggesteddnly cited
referencegi.e., 1.2 in summer and 1.5 in winter).

30 N0001402-1-0623_FinalReport_Dec2008.docx



0.25

0.2 |

0.15 A

0.1 4

0.05 -

Power Electronic Load (MW)

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Month
Figure 3-11: Monthly average power electronic load on the feeder, per phase.
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Figure 3-12: Monthly average power electronic load in percent of total feeder MW.
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Figure 3-13: Summer linear load coefficients (Jun, Jul, Aug),dP/ dV average = 1.15dQ/ dV average = 6.12.
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Figure 3-14: Winter linear load coefficients (Dec, Jan, FebY]P/dV average = 1.62dQ/dV average = 5.45.
The composite utility feeder loadn successfully be decomposei linear and singlphase power electronic
components using data captured by power quality monitors and protection relays during transmission voltage
sags
For our 122 tests, the power electronic load (in MW) on the residential feeder is shown to be relatively constant
throughout the year Expressed as a percent of total MW, it ranges from about 5% in the summer to 15% in the
winter.
The voltage response of the linear load during the sag is used to calculate the exponential load modeling
coefficientsdP/ dV and dQ/ dV required by most stability program$he active power coefficients are
strongly influenced by seasofor the 19 summer events showrkigure 313, the average load modeling
coefficients aredP/ dV=1.1Eand dQ/ dV=6.12.

For the 65 winter events shownFigure 314, the average load modeling coefficients dfe/ dV=1.62 and
dQ/ dv=5.45.

Summarizing, the techniques described in $leistionallow electric utilties to use actual data éstimate the
percentage of singlghase power electronic load atacautomate the process of determining the appropriate
stability models for linear loads

3.1.4. Experimental Apparatus, Testing Results, and Interpretation of the Impa€tvoltage
Distortion on the Current Distortion of Typical Singlhase Loads

Current distortion (THDi) tests for individual appliances are supposed to be made usindistdotion voltage

(i.e., nearperfect sinewave)ln practice, it is difficult taobtain a neaperfect sinusoidal voltage in any

commercial building because of harmonic pollution in the buildiagen if an amplifier is used, load currents
interacting with the amplifier impedance corrupt the voltage waveféxsna result, actual tegbltage waveforms

can have 2% total harmonic voltage distortion (THDv), and the individual harmonics are uncontrollable and can
vary considerably.

Technical literature is rich with publications that document the effect that THDi has on. Titiidwever, here

are very few references available about the reverse éffaxt whd impact does THDv have on THDiI

This section illustrates the effect of THDv on THDi through carefully controlled tests, where a harmonics testing
station with corrective feedback the load voltage energizes 120singlephase loads with precision voltage
waveforms The results illustrate the sensitivity of common sifgihase loads to voltage harmoni&ensitivity

varies considerably with load type

The harmonics testingtation, developed for CenterPoint Energy, uses an inverter togetheoftware written

in LabVIEW to create a singlphase 12W/rms, 50/6(Hz ac voltage with a desired harmonic spectral content
(through the 28 harmonic) for loads up to 18V. The wo unique features of the station are the following:

e The testing station compensates for the distorting impact that harmonic currents in the test load
have on the applied voltage by employing a specidlyeloped feedback method to adjust the
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load voltagespectrum to the desired targdthe station minimizes the total individual harmonic
voltage error, normalized to the fundamental, within 1%.
e The testing station has the ability to operate in eitifetand aloné mode where it provides all

the load powe or in afisumming junctioto mode where it synchronizes with the grid and adds to

the building voltage Thus, the testing station need only provide the harmonic portion of the

desired load voltage plus a few percent of the harmonic load power.
All amplifiers and inverters have output impedancBEsus, when powering a nonlinear load, harmonics in the
load current create undesired harmonics in the amplifier/inverter output voRagdback is necessary to adjust
the amplifier/inverter input voltage in sl a way that the output voltage waveform is driven to the desired target.
Consider the feedback loop in the stand alone mboueerter input signal is comprised of two components

inverter

i the user specified target valdg, , plus the computed correction needed (Mgeqpae) to drive the load
voltage to the target valud hus,

Vinverter = target T V feedback
so that
V =

error target —

Moad =0-
For the summing junction mod¥,,,... does not contain the portion 9, that is supplied by the 120ac

building voltage Thus,
V,

inverter

target Vbuildingvoltage+ \4 feedbac

There are two methods for adjustiVg.qn.q iN the harmonics testing station, and each applies to both stand alone
and summing junction operating modésrst, the user can make manual adjustments to the individual harmonic
components oV eqnae (i€, Mahual MBthod). Themanual method is useful for making simple corrections
and for illustrating the interaction between load current harmonics and inverter output.vbltagever, it is

usually impossible to manually redu¥g,, to the 1% range, espatly when testing nonlinear loads.

The second feedback adjustment procedure is automatic and itefitigdterative procedure employs the
method of finite differences, where small changes are made to the individual harmonic compovigpis of

and the corresponding changes in like harmonidg,Qf are observedThis does mean that the interaction

between harmonics is ignored, however, for any iteration only the most offending harmonic is controlled.
Each iteration begins by identifying the harmokichat has the highe&t, , magnitude Then, partial

rror

derivatives are approximated from finite differences, ¥pd,...; iS adjusted accordihgto reduceV.

error *

Expressing harmoniccomponents oV oo @Nd V.., @s phasors in rectangular form, we have

error
7k _\/k -\ 7k
eredback_ Vf real+ JV

f imag
and
\7eI:ror :\/el,(real + jvekimag'
The objective is to adjudt; ., and V., so thatV,\., andV, ., approach zeroFor small changes,
N WVarea

|:Avel,<real }: aka,real aka,imag Avfk, real

AV,inag | | Neimag Ve mag | AV imag

| Vea OVimag |
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At any iterationm, one must compute theages in feedback voltage that will reduce the error to zero at iteration
m+1. Writing the previous equation as

AV, = J[AV,],

e

then expandingp

Ve ml Ve mo J m |:Vf:|rm1_|:vf:|m !
and setting theV, o termto the desired valyee., 0), yields

-1
|:Vf ]r‘ml :I:Vf ]m_ J m \é m
Summarizing, the partial derivatives given in the above Jacobian matrix are evaluated using the method of finite

differences, and then new values of feedback are computed for hakmonic
The test voltage wavefars have an underlying 120'ms, 60Hz fundamental componenHarmonics through
the 28" multiple can be added individually, or together, to add distartEvenordered harmonics are zero in the
test voltage because they are usually negligible in bigjlglirpply voltagesWith the use of feedback, the load
voltage waveforms are controlled to within 1% of the desired target wavefthemwaveforms are
e Sinusoidal voltage
e Simulated building voltage having THDv = 5% and a typical building voltaaeshapand
harmonic content.
e Sinusoidal voltage plus 5% or 10% single dddmonic voltage' 5",  é ™ ar@ &ith
harmonic phase anglegher 0°, 90°, 180°, or 270°.
The 5% THDv simulated building voltage is fairly typical in commercial buildinfise building voltage is
flattened due to large numbers of computers and other gihglse power electronic loads that draw current for a
short interval near the voltage peakhe waveform shown has a somewhat higher THDv than normally seen, but

it is still within the limit of what is considered acceptable (i.e., 5%)
Comparisons of load THDi for the sinusoidal and 5% THDv simulated building voltage are sheigariaz315.
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Figure 3-15: THDi for test loads excited by sinusoidal and 5% THDv building voltage

The simulated 5% THDv building voltage can produce either higher or lower THDi than sinusoidal.voltage
Specifically, the electronic ballasts and the fan of the window air conditioner have lower THDi when energized by
the simulated building voltageAlso, the simulated building voltage has the flattened shape that causes the high
distorting loads to conduct for longer periods of time each half cycle, thus reducing their THDiI

The sensitivity of load THDi to fundamental plus one voltage harmonic wastigad for all odd harmonics

through the 28 multiple with cosine phase angle reference 0° (peaky), 90° (skewed left), 180° (flattened), and

34 N0001402-1-0623_FinalReport_Dec2008.docx



270° (skewed right) for each of the test loa@lke tests were made using single harmonic voltage magnitudes of
10.

Each of the followindgour graphs contaid9 individual measurements (four points for each ofitkedd

har monics 3, 5, ¢&, 25), plus a dashed . Tosmplfythbat i nd
interpretation of the findingshe upper and lower envelopes of the measured THDi are plotted with solid lines,
the reference sinusoidal voltage THDi is represented by the dashed linepandrits are added where needed.
The refrigerator is most affected by lawder voltage harmoniashich cause greater distortion than the reference
case for all phase angless seen ifFigure 316. Harmonic exciting voltages induce mostl§ Barmonic current

The peaky ¥ harmonic voltage causes the THDi to be five times greater than the refeasecevhile the

flattened 3 harmonic voltage causes the THDi to be three times greater than the reféreadeduced THDi
exponentially decreases back to the reference case as the voltage harmonic order increases.

Harmonic excitation voltage inducewmstly the ' and %" harmonic currentsHowever, as the voltage harmonic
order increases, th&zind 3" harmonic currents decreas€his causes the THDi to exponentially decay to the
reference case for higbrder voltage harmonics as seeifrigure3-17. The THDi is especially impacted by the
low-order voltage harmonicsThe 8" harmonic voltage causes a resonance in the compressor increasing the
THDi by approximately a factor of two for all phase angles of harmonic voltaga! cases, a peakyoltage

causes the THDi to be at the upper bound of the envelope while a flattened voltage results in the lower bound.
In the PC, loworder exciting voltage harmonics induce {owder harmonic currents, while the highder

exciting voltage harmonics inde@ broad range of harmonic currenighen the load is excited by learder
harmonics, the resulting THDi is significantly different for di#fat phase angles, as seen in Figui8.3For the

3% and 3" harmonic voltages, peaky harmonics increase thBiTwhile flattened harmonics decrease the THDi
from the reference cas®eaky harmonic voltages up to thé"tause the load current to be one single narrow
pulse each power frequency half cychster the 13" harmonic, the peaky voltage causes tiveant pulse to

break into multiple conductions, therefore decreasing the Ti@Dice that occurs, the phase angle of the voltage
harmonic becomes less significant resulting in a convergence of the peaky and flattened THDi .efibelope
THDi is greater thn the reference case tigh-order harmonic voltages.

Summarizing, his section gives the results of extensive harmonic testisgweralcommon 120/ac, 60Hz,
singlephase loadsTHDi results obtained by using the 5% simulated building voltage ayesimailar to those
obtained with sinusoidal excitatiorContrary to what might be expected, the THDi of electronic loads such as a
personal computer actually decreases when the simulated building voltage is used because of the characteristic
flattened waeshape of that voltagd his is also seen in the individual test for flatten&d&rmonic voltage.

The variation of THDi with harmonic voltage magnitude and phase angle depends greatly on lo&wtyle
except the higitistorting loads, the"8harmonic voltage has the greatest impact on THQiad response

depends largely on the phase angle of the harmonic volfdge is especially true for thé®Znd %" harmonic
voltages, whose phase shift has a significant impact on the peaky or flattenesiof the composite voltage

The THDi of some loads is considerably worse with peaky voltage excitafither loads have an alternating
peaky/flattened pattern of THDi sensitivity

Two loads experienced serious resondntie refrigerator near tH8° harmonic, and the window air conditioner
near the 8 and %" harmonics There is a significant increase in THDi near those harmofiibe power

consumed by these loads increases¥yaind 36, respectively This increase manifests itself additional motor
losses.
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Figure 3-16: Refrigerator.
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Figure 3-17: Window air conditioner.
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Figure 3-18: Personal computer.
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3.1.5. Problems in the Use of Norton Equivalent Models for Singkhase Nonlinear Loads

The use of Norton equivalent models for cosifmcustomer loads has been widely discusstmvever, as
explained in most circuit analysis textbooks, Norton equivalents are intended to be used only with linear circuits

and loads For a Norton equivalent to be valid, its complex impedance and ptasent,Z , and |, for any
harmonick should be constant and independent of the applied voltage waveshapmeasurements show that
neitherZ_ , or | are costant enough to justify the use of Nortomigglents for nonlinear loads.

The Norton guivalent model is shown in Figurel®. Its parameters for a harmorkican be experimentally
determined using two sets of voltage and current measurements

Ik —»
7 |

Vi Znk Ink

O
Figure 3-19: Norton equivalent load model.
The two sets of measurements, together with
(2) @ ()
Ve Ve angy =Y o
n,k I (2) — 1) n,k k
k k n,k

are used to solve faZ , and |, , . The fundamental voltage phase @&nglust be the same in both experiments

In our testswe obtained the sets &, |, using the Harmonics Testing Station

The four test loadased to evaluate the Norton equivalent load moidelside apersonal computecompact
fluorescent lampwindow air conditioner, and incandescent lamp. The personal computer and compact
fluorescent lamgre highly nonlinear loadsThey have severe current distortion whose harmonics change
significantly with voltaye waveshapeThe window air conditioner is representative of a significant portion of
summer peak load and has a slight nonlinearity that causes noticeable interaction between voltage and current
harmonics The incandescent lamp, which obviously isredir load, is used as a benchmark to confirm our
testhng and calculation procedures.

We performed two different types of harmonic tedtssingle harmonic tests, we excited the load with Y&@s,
60 Hz plus 5% of 3, 5", or 7" peaky or flattened valige In the mixed harmonic tests, we used the 5% THDv
building voltage waveform

At this point, it is helpful to explain the purpose of testing the incandescent lBimgncandescent lamp has a
known resistance and zero Norton currdlhowing this, wewere able to ascertain that accuracy in Norton
model calculations requires harmonic voltage changes of approximately 1% or. gidetrefore, we have
limited our analysis and conclusions to tests where the complex difference batevéwn sets of vadtgeis 1%

or greater

The 3% harmonic Norton parameters for the personal computer are given in3FablEhe eight voltage test
waveforms are paired intt sets ofdata. In thefiwaveform b andfiWaveform @ columns, the notatiofiPo
means peaky singlermonic voltagefiFo means flattened single harmonic voltage, @B 6 means simulated
building voltage Sglbfindicates the results are determined with single harmonic waveforms,fiMiedd
indicates the results are determined when one wavefoime smulated building voltage.
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Table 31: Personal Computer 3* Harmonic Norton Load Model (sine angles)

Waveform 1 Waveform 2 Z3_mag £3_ang 13_mag 13_ang
Sinusoidal 5% W3, P _ 431 =151 0,393 -1
Sinusoidal % W3, F & 5700 GY (.393 -1
5% V3, P 5% W3, F == =153 0384 o
5% BY Sinusaidal a0 -55 0306 -1
5% BY 5% W3, P GE B8 (1.349 -20
5% BY 5% W3, F E 11 G0 1.040 -41
5% BY 5% W5, P = K3 57 0387 o
S% BY 2% VB, F = 27 -E9 0344 T
5% BY 5% VT, P a2 -54 0,396 -2
5% BY 5% VT, F 28 -84 0.275 4

For any given row in Tablé-1, the values Z3_mag, Z3_ang, 13_mag, and 13_ang safisfyand |  , exactly
for the circuit in Figure &9 using the two voltage waveforms indicated#gveform D andfiwaveform 20 If
Norton modeling is valid for the personal computer, then every row of Norton impedance and current in the above
table would be nearly @htical However, there is considerable variation, especially in the impedance of the top
SiX rows
Based upon the results in TaBld, our conclusions for the pnal computer are as follows:

¢ Norton models fofiMixedo harmonic tests vary too much to leeful.

e iSglo harmonic tests produce mostly steady Norton currents, but the Norton impedance

magntudes and angles vary greatly.

e Two tests yield negative Norton resistances (i.e., Z3_anppdfand-153 degrees).
The Norton inaccuracies described abaxenot unique to thé“harmonic The same inaccuracies are also
evident in the results for thd'&nd 7 harmonics
The 3 harmonic Norton load models for the compact fluorescent lamp are given in3Fabt@verall, for the
compact fluorescent lggnwe conclude that

¢ Norton models fofiMixedo harmonic tests vary too much to be useful.

¢ iSglo harmonic tests produce steady Norton madels

e One test (i.e., fifth row ofiMixedo results) has a negative resistance.
Results for the Band 7" harmonic testgield the same conclusions.

Table 32: Compact Fluorescent Lamp 3 Harmonic Norton Load Model (sine angles)

Waveform 1 Waveform 2 £3_mag £3_ang 12_mag 12_ang
Sinusoidal 5% V3P _ 59 2 0614 83
Sinusoidal 5% V3 F o 57 -25 0613 a3
5% V3P 5% W3 F 549 -12 0.580 iyl
5% BY Sinusaidal a3 -GE 0612 =)
5% BY 5% V3, P 57 -d4 0.514 78
5% BY 5% W3 F z 15 8 0674 42
5% BW 5% WG P = 24 -24 0.642 G5
504 BYW 5% W5, F = 50 =113 0.493 a3
5% BY 5% VTP 24 11 0.607 G0
5% BY 5% W7 F 54 -T8 0.524 i)

The window air conditioner is more linear than the computer and compact fluorescent lamp; however, the Norton
model is not consistenfThe 3¢ harmonic Norton models are shown in Tabi@.
Overall, for the window air conditioner, our conclusions are that
e Norton models for OMi xed?©o
¢ 60Sgl 6 harmonic tests indi
The conclusions fathe 8" and 7" harmonic tests are the same.

tests v
Norto

har moni c
cate steady
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Table 3-3: Window Air Conditioner 3™ Harmonic Norton Load Model (sine angles)

Waveform 1 Waveform 2 Z3 _mag Z3_ang 13_mag I3 ang
Sinusoidal MV P _ 15 24 0.940 -Te
Sinusoidal 5% W3, F E‘;—J"‘ 11 12 0.943 -72
5% Vi P 5% W3, F 13 17 0.945 -79
5% BV Sinusaidal 10 2 0.940 -T2
5% BY Bl W3, P 12 21 0895 -B0
5% BY A% W3, F E 21 29 0.91% -95
5% BY 5% W5, P = o 36 1.160 -73
5% BY B W5, F = 16 16 0.834 -05
5% BY B VT, P 13 40 1.070 -87
5% BY 5% VT, F 10 33 1.070 -77

Norton models for the personal computer, compact fluorescent lamp, and window air conditioner depend greatly
on voltagewaveshapeThere is a wide range of Norton parameters for any one of these loads depending on the
voltage waveforms used in the calculatiohs some cases, the Norton impedaneenehas a negative resistance.
Norton equivalents are intended to be usét Winear circuits Our tests show they are inappropriate for even
mildly-nonlinear loads such as a window air conditioner
If Norton equivalents are inappropriate for building block sifgilase nonlinear loads, they are most likely
inappropriate for cmposite nonlinear loads and thyglease nonlinear loaddf so, one Bould then ask the
following two questions:

¢ Which two sets of voltage and current measurements are to be used in computing the Norton

model?

e In practice, how does one create a significan( O 1 %) change in har moni
measurements can be made?
In our opinion, the above two questions must be addressed before a serious attempt is made to use Norton
equivalent models to determine a customerds i mpact

3.1.6. Dynamic Power System Reconfiguration

Much of the following section is detailed with an extensive bibliography in: K&garaj, JCarroll, T.
Rosenwinkel, A° Ar apostathi s, M. Grady, and E. J. Power s, fi |
shippb@ r d a p p |IEEE BldctricoShig Technologies Symposiusmlington, Virginia, May 2123, 2007.

The power system network is modeled as a hanof generators converting at@nical power input to electrical
power which is supplied tofflerent loadwia a network of transmission and distributiiines. The generators are
nomally modeled as a set of nonlineadff éiential equationsThe generatorsupply to loads that can be modeled
as constant power demands, curigjgctions, or impedanced he noas of the network are called buses which
are connected by mainly inductive transmission lirEse transfer of powdsetween any two nodes is governed
by algebraic equations that correspomdasic Kirchéf's laws.

For easier modeling and control of nerks, it is common conventido model the network as being radidlhat
means that every load hasisique supplying substatiod-rom a substation, the switches that didiake radiating
lines into sections are known as sectionalizing switchés switches which can connect two radiating lines to
form a loop are called tigwitches An illustrative power network is shown Figure 320.

The system state is retained close to a designed operating poinhandat conditions During sudden load
changes, faults, oretwork expagsion/maintenance activities, the network may not functfbiciently. Over

time, due to developmerioad distribution across mebrk changes This can cause undesirable power
imbalance It may becomaecessary to alter éttopology of the network to minimize the iffects ofsuch
phenomena or to improve thiieiency of the network Recorfiguration of power systesis the process of
altering the topologicatructure of the network by changing the status of open/ckwitches irthe network.
Therefore reconfiguration is best framed as a combinatorial optimization of the switching ktedunsbe used as
a tool in planning and maintenance as wellcageal time control.
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Optimal recofiguration is a nonlinear conmatorial optimization problemit involves choosing positions of the
switches in the network to meet soopimization criteria without violating certain constrain@ne may neetb
perform a loadlow analysis of the network to observe floav of power, voltage levels, and currefiows in he

network under the chosen cagiiration If there aren switches in the network, there a28 possible switch
position combinationsFor even small number of switches, it becom@siputationally formidable to attempt an
exhaustive searchHence, researadff ort has been directed towards minimizing the search space of candidate
corfiguratiors, reducing the number of calculations per iteration, arrivirggghdbal minimumwithout g/cling,

etc The solution cofiguration may servetmeet the following objectives

Restoe service to all/most aheloads under fault conditions
Minimize resistive losses in transmission/distribution lines
Balance loads across the network

Minimize readive powerflow

Enhancevoltage stability

Improvereliability and redundancy in the network
Minimize operational costetc.

Normaty Open Normally Closed
A

Tie Swilches P :ti:tt;::wng

3

Figure 3-20; lllustrative radial network.
Depending on the time requirements of the purposeaaifiguration, searal methodolgies have been proposed
in the literature. We survey the fifent purposes for which redoguration has been used, the broad spectfum
optimization echnigques that are employed to find an optimal recordign
If the loads are assumed constBf, the line models asshown inFigure 321
Sj = P +3Q;
-
o= Vg Z; = Rj +jX;

i i

SL] = PL; +le,j
Figure 3-21: Line Model and Parameters
The resistive loss incurred in each branctaeigulated as:
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The injected power at each node is the summation of the gmmeratedninus poweiconsumed at that node.

From this model, several of the optimization objectives can be simply formulated. Service restoration is nothing
but maximizing the total power delivered across the netwdhe functionto be minimized for minimal resistive
lossis:

whereb is the number of branche# popular estimate of the balance of load is given bydtie of the complex
power at the sending end of the branclidoated KVA capacity The objective function to improve loddlance
is given by
b b PP+Q7
LBigex = Zi:l Siax - Zizlw
In a similar manner, objective functions have been formulatadhieve the objectives listed above, as well as
other network specific objectives.
Clearly, the set of feasible configurations may not beséime as the set of possible switch staBsme
switchingcombinations might produce an unsafe scendrimrder toguarantee an appropriate reconfiguration
solution, the optimizatioproblem is constrained to exclude bad switch staesne of the tyjgal constraints
associated with theptimizationproblem are:

¢ Radiality of he network should be maintained
All (or a specificset of) loads should be served
Maximum limit onthe number of switch operatioslouldnot be exceeded
Stability must be maintaed
Frequency must reain within standard tolerances
The voltage magnitudes must wéhin operational constraints
Current capaity limits must not be exceeded

Geneation limits must be satisfied

Depending on the reconfiguration strategy, all of theset@ntsare legitimate concernd helast five,
however, must btaken into account for predictable behavibtany studies takeertain constraints for granted,
assuming that most values willl within tolerances For large systemsuch assumptionge@usually valid.
However, some constraintannot be ignored in a smaller system

The search for an optimal reconfiguration for the algnads is a nonlinear combinatorial optimizati@rhich is
NP-complete. For the power system reconfiguration, the af the problem makes an exhaustive search
computationally intractable. Practical reconfiguration techniques often incorporate algebraic simplifications to
reduce the required number of calculatiohsthis direction, several simplified load fldarmulas have been
developed:

The node voltages are approximately .omais is nearljtrue under normal operating conditioriBhis makes the
power loss termP°*0 R (F* + @).

The active power flow & particular nodé comprise of the activdoad downstream frorthat node plus the

active losses of the respective branchBse latter part is negligible in comparison to the total |eadhe line

losses can be ignored for some objectiv@snilar approximationsan ke applied to the reactiymower.

Many reconfiguration methods avoid the complexity of the combinatorial optimization problem by adopting
heuristic rules. Some of the earl i est Brarglteschadngegur at
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algorithns start with a radial enfiguration Alternative configurations arfeundby closing a tieswitch and
opening a sectionalizing switch in ordembaintainradiality. The switch pairs (one tie and one sectionalizing
switch) are chosen based on heuristic rules and by calculléirgpange in loss obtained by the switchifige
branch exchange stops when no furttegluction in loss can be achievethis method has thedvantage of
being fast and simple in implementation, but dogisguarantee a global minimumnother methodrying to
achieve the optimal flow patterntise sequelil switch opening algorithmSince acompletelymeshecetwork
provides the minimal loss solution, the algoritbtarts with all switches closedt aims at achieving a radial
configuration thateast disturbs the optimal power floltromthe completely meshed network, switches carrying
the leasturrent are opened successiveljhe algorithm stops whehe system is radialThe advantage of this
method is thait is independent of initial loaffow. A similarformulation of reconfiguratiofor minimal resistive
lossbased on transshipment treats current flow as cost associated with transporting power from the generators to
the loads.
Other heuristic rules are included in the optimization gwbio reduce the search space directly. Examples
include:
e Shifting loads from heavily loaded transformers to lightlgded transformersThis will
minimize losses and alsmprove load balance in the network.
e Avoiding shifting loads to branches whichvgarecentlyviolated constraints.
e Considemng voltage drops from the substation to botdssof an open sectionif load is
transferred lower voltagarop side to higher voltage drop side, the lossesingikase.
e Afirst level substation connected tacead level substationsith excess capacity is a good
candidate to accejiiad transfers.
¢ |If the voltage drop across an open tie switch is negligib&) that switch option is neglected.
Using these heuristic rules, the switching options are redandithe calculation time decreases. Some studies
have automated the reconfiguration process into an expert system that algorithmically applies heuristic rules to
find a near optimal solutionOthers have used petri nets to solve reconfiguration for lossnimation, to solve
service restoration, and to enhance reliabilljowever, enforcing the heuristiales might direct the solver away
from theglobally optimal solution.
To solve thereconfiguratiorproblem in a glob&} optimal manner, a plethoa mehodologiesnvolving mixed
integerprogramming, evolutionary algorithms, artificial intelligenaad fuzzy logic have been applief¥ost
use a randomized search to avoid dependency on the initial candidate solution. A popular modern method is
simulatedannealing. The simulated annealing algorithm relies on convergence parameters that must be adjusted
to find reasonable solutiond. h a t i shoaonemenul ati on with fixed param
yield a global optimum solutionAlthoughtechniques employing simulated annealimg time consuminghey
have the advantage of being capabfehandling iltstructured constraintsGenetic and evolutionalgorithms
have invoked tremendous interest dsannique for ptimal reconfiguration.The naturahnalogy between
genetics and the growth of infrastructorer the decades have inspired engineers to use evolutadgarithms
to make power distribution more efficienSnce the algorithnsearches from many initial pointhe authors
expect the neaoptimal solution to be reached fagthe maindrawbackin using theraditional genetic algorithm
formulation is that it converges tocal minima In order to circumvent this situation, gene crossavet
mutation operators have been deped usinghetworkconstraints t&liminatetheinitial infeasible gene poolin
conjunction with simulatednnealing and genetic algorithms, tabu search is a mechtngisiras been used to
systematically eliminate some solutican®d to avoid cyclingrd entrapment in local minima.
The techniques that have been surveyed above for terrestrial power systems are useful when considering
shipboard power systems, bhete are many important distinctions between large seteorks andhe self
contained sysims found on shipsSeveral characteristics of the shipboard systerdiegetly relevant to the
reconfiguration problemThe space andeight constraints of the electribip can severely limit thamount of
redundancy that can be incorporatddhe shpboarddistribution network is tightly coupled and spread over a
smallarea; hence resistive losses are lyaaggligible Large dynamidoads and limited generator inertia can
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lead to large voltagend frequency deviationd.arge nonlinear loads makemmon assumptions about constant
or linear power consumptianaccurate Tight coupling may result in unexpectedhavior if the system is not
modeled accutely. For this reason, many of the constraints on reconfiguratioratiegiess relevant in large

scale systems require attention in slhpboard caseAlso, specific models of the shipboard powgstem can

often be used to simplifseconfiguration analysis

The first shipboard reconfiguration studies applied the same principles as thdiatsetiounterparts. fie

model was formulatesglo as to satisfy radiality constraints without stating tle&plicitly, and aimed at

maximizing the power delivered to the load:he optimization was further improved to satisfgre constraints,
include heuristic rathods, andéhcorporate geographic fault informatio®@thers extendethese methodologies to
account for nowradial topologies andhixed ac/dc systemas well as islanding scenarioBecause the shipboard
system is smaller than a typical power systesmpuutational complexity is not a limiting factor in these methods.
One of the most desirable characteristics of an integsaipioard power system is the ability to survive
catastrophidailure. For naval applications, component failure coulcchesedy a physical attackBased on

this scenario, somesearchers have formulated a probabilistic reconfiguratgorithm that predicts component
failure based on physicdlstancdrom a detected attack poinBecause the shipboasgistem is limited irsize,
nearby components are maikesly to fail or continue operation togetherhe optimizatiortries to reroute power
around components that are likelyfadl during an imminent attack, thereby maintaining servicenash as

possible throughout the attk Another popular area of shipboard reconfiguration resdardistributed control
Distributed controllers, called agents, exchaimfermation to collectively achieve goals\gentbasedcontrol

has the benefit of continued control operation evban communication pathways break down, as in an attack
scenario Most of the research into agdmased reconfiguratiols concerned with the practicalities of agent
interaction rathethan optimal reconfigurationSome studiebave yielded promisingesults when the network is
restrictedto a specific topology or a specific task suitedbtralized control. These methods are only interesting
with regards to the specified network structure or task, thoughtlagyprove very useful within their respiee
paradigms Evenmore general agefitaged control schemesrecurrently lacking in rigorous proof of optimality,
especially insevere failure scenarios

One of the key considerations rarely accounted for in reconfiguration studies is the transentaysonse to
reconfiguration actions. In the largeale scenario, the system is often large and redundant enough that a mild
reconfiguration will not produce a significant transient. For the shipboard system, the small system size and the
relativelydrastic reconfiguration actions may produce significant transient stability responses. The smaller
system is wettoupled, so angle instability usually will be negligible, but voltage transients are of utmost
concern.

To analyze and prevent dramatic vgkaswings, we proposed an enefggctionbased method for finding safe
reconfiguration transitions. Our method involves approximating a region of safe convergence in the state space.
A system trajectory starting within this region will remain within tbgion, and therefore within the user
determined voltage constraints. The safe region is numerically difficult to find exactly, but by using an
approximate energy function, we can approximate the region to conservatively investigate the safety of a
particular transition.

A great deal of work has been done over the years on developing energy functions for various power system
models However, most of the past work on energy functions for power system stability has focused on fault
based switching actior{ge., breakers) However, in the reconfiguration problem, we are interested in every
possible switching configur at i oRatherthantwork witlsthe hightyor mal o
nonlinear dynamics of the system, we can linearize thlygkifly perturbed system model of each configuration
around its respective equilibriunThough the linearized version of the system is a rather extreme approximation,
the area near the equilibrium is reasonable and the analysis involved is greatlyesimihich switching
configuration is represented generallyaplifferentiatalgebraic systerwhich is then approximated as follows:

x= 1 5= f
Original System: X y), Singularly Perturbed System: (%) ,
0=g,(x,y) ey=9,(x )
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Linearized System: Energy Function:

) CD-CHED )

where P solves the Lyapunov equation fgr.

The safety of a transition is determined by comparing the energy level of the origin state (with respect to the target
stateds energy function) t o Fadnlkardconstrdintsoratthe statespace suchl e v
as voltage lints, the quadratic energy function shown above allows the calculation of the critical energy level via
guadratic optimization along each of the bounds on the state space.

Critical Energy Levek min min (% gg)T Rx X

allbounds xonboundary

For constant loads and reference voltages, each of thmizgions may be performed dife; if the loads and
references will change, the linearized system can be maintained as a funti®aitinuous variables.

The quadratic energy functions produce hygléptical level sets, and the critical energyé&vdefine the

boundaries of the region of safe convergence for each switch configuration. Once the critical energy levels have
been calculated, all of the transitions between states can be classified as safe oQnesa#m use energy

functions to eSmate the region of the state space that will converge safely to the desired equiliByistem

theory results dictate that the energy of a dynamic system must decrease along trajéfchovedl energy

function exists, the safe region of convergeran be estimated by finding the largest energy value with a level

set entirely contained within the safety bounds illustrate the concepEigure 322 shows the critical energy

level sets for 15 arbitrary-@mensional, linear systems bounded aficimted Figure 322 also shows how a

multi-step switching path, chosen based on those level sets, remains within boiledsdivect transition does

not.
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Figure 3-22. (a) Bounded energy level sets for 15 arbitrary -2limensional linear systems and (b) an unsafe direct
transition (blue) and a safe switching path (red) State space bounds are shown in grey.

After the above analysis has been performed exhaustively on valid switching configurations, the resulting
transition information can be formed into a reachability grapdich configuration is represented by a node, and
eachsafe transition is indicated by a directed edge between néddesn illustrative exampldsigure 323 shows

a partial reachability graph based on thdifdensional linear systems showrFigure 322. Because the
graphical representation quickly becam@owded, the reachability graph is also conveniently shown in matrix
form. A filoin the {, j)" position indicates a safe transition from configuratiemconfiguratior;.
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Figure 3-23: (a) Partial reachability graph and (b) complete reachability matrix for the systems inFigure 3-22.
We alsoadopt a different approach by considering soft constraints: instead of restricting the voltagestourrents
staywithin a certain safe region, we optimize the hybrid trajectory so that the deviation frorfetkace
voltages/currents is minimizedrurthermore, by adding a penalty on switching, within this framewodkire 3
24, we reach a tradeoff of the optimality of the voltage deviation and the number ofesxiighired This
model fits well into theramework of optimal control and stabilization of switching systems: the objective is to
minimize the total accumulated cost of the deviation of the system state, using analog controls and discrete

controls which correspond to continuous feedback contbkaiitching, respectively
N

Z mzP;cn + quun + c(zn))
o

Deviation from Cost on analog Switching
the reference control signal cost

Figure 3-24: A general cost function for switching optimization under soft constraints

We have applied the above methodology to a simplelusesystem, shown in Figure2. We implemented
switches by simply breaking or mtnecting various lines, and also adding lines with comparable impedance
properties between various busses. Our constraints were based on reasonable voltage limits on all feeders.
Though an exhaustive search of possible configurations was not execet@dravable to note several unusual
pathologies of even such a simple system.

We consideredh ninebussystem inthe initial configurationshown in Figure 25 and in about 3@dditional
configurations We found that the configuration eliminating the connection between nodes 4 amot &asily
achievedrom the initial configuration None ofthe configurationsested with busset and 5connected were
able to safely transition to a new configuratioitiMbusses 4 and 5 disconnected. Additionaliy, of all
combinations oflirectly connecting generator exterdmlsegbusses 4, 7, and 9) that we considgetled only safe
transition was to the state whdmases 7 and 9 were connectédgraphical repesentation of the partial
reachability graph described is shown in Figu263

The results for this simple system demonstrate the complexity of the reconfiguration problemmtulioe
switching issues can arise for even a small system under cornsstrAmmore demanding constraints are
implemented, a safe reconfiguration algorithm will prove valuable.
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Figure 3-25: A sample ninebus system used as the basis for our control implementation.

Initial Configuration All other configurations differing from
(INIT) INIT by 1 step

v

All other configurations with 4 and 5 disconnected
and one other switch changed from INIT

N
INIT with 4 and 5 disconnected, INIT with 4 and 5 disconnected,

5 and 8 connected 7 and 9 connected
J

p
\ INIT with 4 and 5

disconnected

.
Figure 3-26: A partial reachability graph summary for the nine-bus system.

3.1.7. Optimal Generator Scheduling and Energy Storage

An area of particular interest for electric ships is efficient design and scheduling of the generatoesggnd en
storage systems. Figure23 shows the specific fuel consumption for six commercial turbines. All turbines work
most efficiently at peak load ratings, but lesmsiderable efficiency at partial power settings. Thus, intuitively,
one should distribte the maximum load for some of ttuebines and keep others idle. On the other hand,
switching turbines fron®FF to ON requires additional fuel for the stapt process. We formulate the dynamic
generation scheduling of shipbogrower systems as a dowvlled Markov process and consider an electric ship

with a number oN turbinegenerators. The total power required for the ship at sgediP, . Let P, denote

the power assigneld generatom at speedv, . The specific fuel consumption of generatandicates how much

46 N0001402-1-0623_FinalReport_Dec2008.docx



fuel isrequired to generate unit power, and is typicallegponential function irb, , (see Figure 27).

Specifically,
P-R,
_ 7m( min )
é — éo + (52 ?rg) . [1_ e Pmaxfpmin J
l1-e

Given a mission profile, withy, denoting the sojourn time fracti@t speedy, of a mission, generation
scheduling can be formulated thefollowing optimization problem:

N N
Minimize > nk>_ P & (P, ) subjecttod P, >R .
k n=1 n=1

However, the objective function is n@onvex,thus the optimal solution is computationally hard to obtain. We
use a reasonable convex approximatibthe constraints and obtain the approximate optimal solution using
convex optimization. However, the above formulation neglects the additional fuel consuwipgioigenerators
switch from OFF to ON. We consider this effect by modeling the systerMaskav decision process (MDP),

with state(k,, n_,) and action(n, R, ), wheren, denotes the number of generators ON at tinke denotes the
state of the ship speed, aR}l, denoteshe power vector B, 1< i<n attimet, 1<k <K,1<n < N.

Under the assumption that the speed of the ship changes accordirautorsamous Markov chain, arad,,

denoting the startup fuel consumption for egeherator, the problem can be formulated as a MDP with state
constraints:

L — 1 i ) N _
Minimize lim ?Z{Z P& R+ n-n, gtan} subject toizﬂ: R.2R.
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Figure 3-27: Predicted and measured specific fuel consumptions of various generators as a function of power.
Here we consider the infinite horizon letgym average cost and thptimal policy can be obtained by the value
iteration algorithm. Details are omitted due to spaceditinins.
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In Figure 328, we compare the total fuel consumption underojitemal power generation scheduling policy
between the case without starfuel consumption (i.eGs. = 0) and the case with startup fuel consumption. In
Figure 328, six 13.5 MWAIston turbinegenerators are usaad we consider a family of Markov chains
characterizing the speed changes of the ship, which have the same stationary distribution (or mission profile) but
different transition rates (acceleration factor of the shify.we can see, with the transition rates increasing, the
additional fuelconsumption due to the startup fuel penalty also increases and can posgblynuch as00

cubic meterswhich is nearly 10% more than the expected fuel consumption obtairibd digtic optimization.

By adding energy storage into the system, it opens up a new dimension for design and brings at least two
advantagedirst, it can reduce the frequency of turbines switching f@Rf to ON, thus reducing their overhead;
second, it caallow turbinesto work mostly at peak load, the most efficient working point. The MDP model
above can be amended to include a gieeenergy storage. The amount of energy in the storage system at

time k+1 is given by:

E..=E+NR-D,

where E, is the amount of stored enerdy, is the power generated by each generdiy is the number of
working generators, anB, is the taal power demand. The stored energy is constrained in that it cannot be

negative, nor exceed the size of the storage. The model behaves as a MDP with the following transition
probability:
P(Xe1l X U)= A(D., B [ NG RV B, D)

=P(D... D)

Comparison of total fuel consumption in a 10-day task
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Figure 3-28. Comparison of total fuel consumption between static optimization and dynamic optimizatioffor six
Alstom turbine-generators.
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Figure 3-29: The relationship between energy storage and average rate of fuel consumption for (a) four 20.142 MW
GE LM2500 generators and (b) two 5 MV GE and two 50 MW RR MT50 generators.

Lacking more comprehensive data, the ship
MW, 8. 25 MW, é, 80 MW}, with transition p

P(D, , = j|Dk=i):{p" - 'ﬁl}.

0 else

We simulated the system fartypical fourday mission profile with two different generator configurations.

These results demonstrate the importance of generator scheduling and energy storage in the design and operation
of shipboard power systems. However, in order to be abletlicomndaccurately optimize the fuel

consumption of generatonse need to have control data of the ship acceleration distribatioimot only the

mission profile. With accurate data, adaptive scheduling schemes can be combined to enhance thegeeoforma

the generator system.

0s
rob

Research Work Related to Reconfiguration

As reported previously in various quarterly reports, the MSU research team has been active in looking at issues
related to reconfiguration including optimization, islanding and Oisteid generation. In order to do analysis
related to the ship systems, a three phase unbalanced distribution power flow was developed that would allow for
the inclusion of distributed generation as a source instead of a negative load. Optimizatiomesctveice
employed on the shipboard power system to understand the impact of islanding and distributed generation on the
survivability and fight through capabilities. Muligent systems have been developed to provide fault detection,
fault removal and remfiguration after a fault to minimize the impact of the fault. Additionally genetic algorithm

and graph theory have been used in applications to provide reconfiguration in a centralized manner.

Besides the reconfiguration of the power system, resemtitities have been accomplished that look at the
possibility of an adaptive protection scheme where the protection system reconfigures to match the new
conditions of a reconfigured power system. Research activities demonstrated the possibility afraiging
settings or a look up table to allow reconfiguration. While these techniques provide some adaptability they do not
provide coverage for all possible power system reconfigurations. As an extension to modeling activities
described below, MSU researth are working to develop an integrated power system and protection system for
analysis and optimization.
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The other area of analysis and reconfiguration has related to medium voltage DC systems. Simulation activities
have modeled the various types dfilfa and grounding to understand how that impacts signals within the MVDC
system. These studies have provided the foundation for MVDC work that will be continued in the renewal.

This next section provides additional details on a recent research petggeti to reconfiguration.

Summary
Graph theory has been applied to represent the shipboard power system and all possible islands formed
due to the fault are found with their load and generation capacities along that path. Then binary particle
swarm optineation is applied to optimally reconfigure the set of loads satisfying the operational
requirements and priorities of load. The proposed method is appliedus 8hipboard power system
model and extending it to a bigger systems with more constraiotgding research work.

Highlights:
o Developed new algorithm and methodology to apply particle swarm optimization for shipboard power
system

e Tested algorithm for-®us shipboard power system
Summary of Technical Activities

Particle Swarm OptimizatioPSQO) approach has been applied for restoration of shipboard power system
having buses, breakers, generators and loads. When a severe bus fault affecting the generator occurs, it causes
power deficiency for the rest of the power system. Fast reconfigurfainction can identify the outcome of the
fault isolation, reduce the faultédés impact to the 1
reconfiguration algorithm, any unfaulted zone that imports power from the faulted zone, cannitiergener
unfaulted zones to avoid loss of power if it does not have enough power surplus to compensate for the imported
power from the faulted zone. Particle swarm algorithm enables to find the optimal combination of loads that can
be supplied after theccurrence of the fault, considering the priorities of the loads and the constraint of balance
between the total load and total generation. Figure 1 shows a generic shipboard power system model. The
shipboard power system has been divided into eightgiimtezones containing the connectivity of the breakers.

The power system topology is modeled in the form of matrices. Depending on the type of fault, corresponding
changes are made in the matrix and the revised matrices are processed.

Mathematically theproblem can be formulated as the combined objective function subject to the weighted
values of load priorities and load magnitudes depending on the requirement of the situation. The objective of this
optimization problem can be expressed by the maximizatiothe total loads in the formed island after the
occurrence of fault with fitness as:

Fitness=w(L:+L.€ Ly+ W (1L + plo€ ) é eq. (6)
Subject to

Pgen>= Poad (LOad should not be more than generation)

Where:

n shows the total numbef lobads

L.,L.é L,shows load magnitude values

pup£ pnshows load priority values

w1l shows the weighing factor for load selection based on magnitude
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w2 shows the weighing factor for load selection based on priority.

Parameters wl and w2 determine the mafdead selection. If wl is taken as 1 and w2 as zero, the
reconfiguration will be done, based on the maximum load magnitude only. If wl is zero and w2 is 1, prioritization
of load is implemented and high priority loads are selected until the genergiamitgas less than the total load
without the consideration of load magnitudes. The status of the loads is coded as a binary variable. All the
possible load states are then stored in a vegtorix t hand@066. The value 60 loaddser o) 6
di sconnect e denotesihdtitis donnected.e ) 6

Bus|
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Fig. 1. 8bus shipboard power system

Stepwise algorithm is as follows:
1. Set population size, maximum number of iterations and stopping criterion.
2. Randomly select feasible solutiong, xxcompute g from each %, py is the maximum in all p and the
initial values of y are taken to be zero.

3. Use (1) insectionIVtocalculatg¢ or particle 6i 6 in di mension d.

4. Use (2) in section IV to updatex

5. Calculate fitness function using)(6

6. 1 f the fitnesié&6 val behe prévious pantitledh h B e v al u é Otheswisesite t t
remains same as the previous.

7. If the best p is better than g the value is set to,p

8. If stop criterion issatisfied, gis the best opthal solution, otherwise, go to Step 3.

When eithetthe stopping criterion is satisfied or the maximal iteration number is reached, the algorithm ends
and the results are obtained.

TABLE 2: SIMULATION RESULTS
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The developed formulation was applied tbi@ shipboard power system. Test results containing different
possible conditions with negative power bus, power supply bus sequence, possible load shedding and breaker
reconfiguration are shown in Table 1. Fadlbis shows bus faults comprising of all combinations of single and
double generator faults. Negative buses are those buses where power balance is negative after the fault
occurrence. Possible supply bus sequence is the sequence of buses through wagdtitleepower bus can be
supplied. If even after the path search, the resulting power balance comes out to be negative, some load has to be

Faulted -ve Power Load Breaker
bus power supply bus shed reconfiguration
number bus sequence (open/close)
B1(G1) B2 B2-B3-B4-B5-B6- L2 BK4(0)
B7-B8 BK5,8,9,14,17
©)
B3(G2) - - - -
B5(G3) B6 B6-B7-B8- L7 BK13(0)
B1-B2-B3- BKS5,
B4 8,14,17,18(C)
B7(G4) - - - -
B1(G1) B2 No L2 -
B3(G2) generation
B1(G1) B6 B6-B7 L2 BK4,13(0)
B5(G3) B2 B2-B3-B4 L5 BK5,14(C)
B3(G2) - - - -
B7(G4)
B5(G3) B6 No L5 -
B7(G4) generation

shed which
is
represented
as possible
load
shedding. In
the results
below, wl is
taken to be
one and w2
as zeroi.e
load
magnitude
has been
taken in
consideratio
n. At last,
the system is
restored
after fault
occurrence
by
reconfigurin
g the breaker
status.

Results are satisfactory when compared with Genetic Algorithm and other mathematical approaches and found
to be little faster. There is flexibility of options to adapt the system for load prioritization or load magnitude by
just changing the weight values. The proposed method can be easily extended for application to bigger shipboard

power systems with more sgm constraints as future work.
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4. SIMULATIONS AND EARLY DESIGN ToOLS

Work under this program addressed a broad spectrum of issues related to the development of electric ship
systems including methods and models for design and simulation of dmgtdyated multidisciplinary ship
systems, methods for power routing and control, methods for characterizing and understanding the performance
of the electric plant, and methods for controlling the plant. It is impossible to capture the full breadth and depth of
the research in this one report, so instead the report content has been developed to provide a detailed insight into
few achievements in illustrative areas. The reader is then encouraged to review the list of publications at the end
of this report to cmprehend the full breadth of the achievements and to refer to the appropriate publications
where this report provides insufficient i nformati on
be classified into the categories of SimulatiayolB, Power Systems, and Control Systems. Highlights in each of
these areas are mentioned next.

The early days of this project saw the maturation of the Virtual Test Bed software version known as
VTB2003 and the final days saw the maturation of version YT& The transition from VTB 2003 to VTB Pro
was dramatic, as the latter incorporated many improvements and new capabilities (such as version control, user
management, etc.) related to enterprise use of the software as a design tool. More significanttali users
was the development of tools such as Entity Builder and Component Builder for creating new models. Also,
means for blateral interaction with other software using COM, ActiveX, HLA and other protocols which enabled
solutions to challengingroblems using federated software packages such as Matlab, Simulink, ESL, ACSL,
LabView, and others. This work also addressed issues of software speed for simulation of large systems,
including the use of methods such as mudte and distributed simulah. A significant focus on real time and
hardwarein-the loop methods produced new approaches for ensuring the stability and accuracy of combined
hardware/software systems and for interfacing simulation software with power electronic systems. Aroability t
export executable system models in ANSI C format permits compilation of simulation models so that those
models can be executed in arbitrary environments (such as on Digital Signal Processor chips, or on computer
systems running newindows environmentsush as Linux or realtime versions of Windows or Linux, which
then permit simulation with hardware in the loop.) High speed FB&%d interfaces were developed to support
interaction between the realtime simulation engine and power hardware.

Incorporationof methods based on Polynomical Chaos Theory allowed VTB to be the first simulation
engine to support prediction and propagation of uncertainty (in the form of probability distribution functions)
throughout an energgonserving network model.

New methoddor representing the performance of power semiconductor devices, using a Fourier series
approach, allow more accurate assessment of losses and dynamic response of the power converters that will direc
the flow of electric energy from origin to point of usethe ship systems. Procedures have been defined for
automatic extraction of model parameters from experimental data.

At the component level, the research effort addresses design issues of electromagnetic and
electromechanical design. In particuldne concept of a higfidelity magnetic equivalent circuit was introduced.
For some geometries, this technique is as accurate-BsREEA analysis at a fraction of the computational cost.
Another new analytical technique developed was the FEA wavefmomstruction that has been applied to
permanent magnet synchronous and induction machines. Using this technique, a small number of static FEA
solutions are used to obtain basis functions for thgagirflux density. These basis functions are then wsed t
predict the flux densities and forces within the machine under arbitrary excitation and rotational velocity. This
technique greatly reduces the computational effort (from many hours to seconds) dfdsddsmodeling of the
machine and has near the a@xy of timestepping FEA. In working through the field reconstruction technique,
it was found that analytical expressions for the radial forces acting inside machines could be derived, which helps
to establish expressions for the forces that potenaalyn the bearing system of machines. Evolutionary
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optimization based design codes for El core inductors and permanent magnet synchronous machines were also
developed under this effort. These codes drastically reduce the engineering time requirddpaneéewve
machine designs.

At the system level, two efforts were undertaken. One of these is focused on the stability analysis of
power electronics based systems. In particular, a new method was developed to determine how strongly a power
electronics baskpower distribution system could be perturbed without leaving the safe operating area. The
other system level effort focused on energy storage. In particular, the beginnings of a method to best allocate
energy storage on a ship in order to improvertheistness of the integrated engineering plant was developed.

In addition to early design tools, there has been some reseattobpmwertrain design. This has focused
mainly on developing methods to improve the faolerance of electridrive based poertrains. For permanent
magnet synchronous machines a new position observer was developed that uses sensed vibration in tandem with
single halleffect sensor to predict rotor position with accuracy approaching that of a high precision position
encoder.Thus, in navy applications, a vibration sensor that is used to monitor drive system health could be
readily used in a dual role to improve drive fault tolerance. Related, a new sensor was derived that uses torque
ripple-induced vibration to establishelspeed/position of induction machines. The sensor is relatively easy to
implement, and can serve a dual use role as part of a vibbatgad health monitoring system.

Survivability, or the ability to provide uninterrupted power flow to loads in sgitaultiple simultaneous
faults caused by natural or hostile disruptions, is a desirable feature of any power Bysiklectric naval
platforms, the ability to withstand multiple simultaneous unrecoverable faults in a battle field is a vital
requirenent for the integrated power system (IPS), since power interruption or its total loss during a battle would
most certainly lead to mission failure, personnel loss, and possibly complete destruction of a ship. The goal of this
study is to enhance survivabjl of power systems subject to multiple simultaneous faults caused by natural
and/or hostile events.

The project objectives are to develop mathematical framework to analyse power system survivability,
develop computational algorithms for evaluating powgstem survivability, anddesign power systems of
enhanced survivability.

Key factor determining survivability of the power system is its topology or désite number of
generators, their connections with one another and Idadised, reliabilityof equipment alone is no protection
against destruction caused by direct hitewHnuch reconfiguration is possible in a given IPS is also limited by
its topology. Therefore, structural (topological) survivability is the current focus of the Project. ludyrvge
develop mathematical and numerical tools to analyze structural (topological) survivability of IPSruttijde
simultaneous unrecoverable faulte particular, we developed probabilistic approach to evaluate structural
survivability of differentpower system topologies; evaluated and compared structural survivability of various
generator bus topologies of two, three, and four generators; suggested a new web topology of enhanced structura
survivability; and developed and validated@mputationaklgorithm based on the graph approach to evaluate
structural survivability of power systems.

Possibility of detecting and isolating faults in a given power system topology also influences the total
system survivability. Current protection standards do matet the challenges associated with increased
complexity of modern power systems. We are working on adapting the-bagksdl fault detection and isolation
approach based on structural analysis to evaluate the monitoring potential of the power sysistematic and
automated manner. Such an approach is particularly promising for successfidregdprotection of the
complex IPS.

The focus of the Purdue / USNA ESRDC research has primarily been in the area of early design tools.
At the materials lesl, one of the key contributions Purdue has made has been correcting an error in the IEEE
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standard for the characterization of magnetic materials. As this procedure is in widespread use, the fact that the
standard was in error has far reaching implicatiomgluding the fact that the error undoubtedly propagated into
thousands of analysis by engineers and researchers in the power engineering area. In addition, a new method o
characterizing losses of magnetic materials was invented. This method itagdeais for automated design in

that it allows losses to be found from knowledge of only the minimum and maximum field Valoesentire
waveform was not required. This results in a considerable computational advantage in design activities.

At the compnent level, the research effort addresses design issues in electromagnetic and
electromechanical design. In particular, the concept of aftdglity magnetic equivalent circuit was introduced.
For some geometries, this technique is as accurateDaBE3A analysis at a fraction of the computational cost.
Another new analytical technique developed was FEA waveform reconstruction that has been applied to
permanent magnet synchronous and induction machines. Using this technique, a small numberF&/Astatic
solutions are used to obtain basis functions for thgagir flux density. These basis functions are then used to
predict the flux densities and forces within the machine under arbitrary excitation and rotational velocity. This
technique greatly reduseghe computational effort (from many hours to seconds) of feded modeling of the
machine and has near the accuracy of #tepping FEA. In working through the field reconstruction technique,
it was found that analytical expressions for the radiedds acting inside machines could be derived, which helps
to establish expressions for the forces that potentially act on the bearing system of machines. Evolutionary
optimization based design codes for El core inductors and permanent magnet synchemionesnwere also
developed under this effort. These codes drastically reduce the engineering time required to develop new
machine designs.

At the system level, two efforts were undertaken. One of these is focused on the stability analysis
of power eletronics based systems. In particular, a new method was developed to determine how strongly a
power electronics based power distribution system could be perturbed without leaving the safe operating area.
The other system level effort focused on energyaste. In particular, the beginnings of a method to best allocate
energy storage on a ship in order to improve the robustness of the integrated engineering plant was developed.

The Virtual Test Bed software

The VTB 2003 software was used as the basifeating the third generation simulation environment
named VTB Pro. The concepts of simulation based design and simulation as specification require support from
appropriate computing tools. The Virtual Test Bed software has continued to evolve tcepirosicdupport.
Requirements that were deemed essential in order to support the Navy in these efforts included support for early
stage topdown collaborative design, system and subsystem decomposition for detailed design, management and
security of the sipi design process, as well as various simulation features such as the execution of subsystems at
independent time steps, variable resolution of models, and-coudti and distributed simulation. In addition
incorporation of several features into the corftvgare was essential in order to provide a simulation platform
which could easily evolve over time.

Large systems are generally designed using aléeyn philosophy that decomposes a large system into
smaller subsystems. These subsystems may be furthemgesed (often even successively decomposed) along
both disciplinary and functional lines, until work tasks ultimately become manageably small. In order to better
suit the needs of this type of large system development the concept of systems and sub&ystémioduced
into the VTB Pro framework. This permitted VTB to move from a single document tool to adociltiment
simulation tool. Complicated ship design problems can now be decomposed into smaller more manageable pieces.
After the system is decoroped, the resulting subsystems are generally designed in isolation, but then reviewed
together at predetermined times set by the design review schedule. After the initial design work for the individual
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subsystems has been completed the engineers willy likeed to simulate the system at a higher level
incorporating the design work from many teams across multiple disciplines. VTB Pro provides subsystem
connectors as a means to allow the user to connect subsystems together for simulation purposes.lithecapabi
quickly decompose a system into multiple subsystems permits the engineer to better focus on a particular design
problem and at the same time the ability to quickly reassemble the subsystems via subsystem connectors allows
engineers the ability tonderstand the capabilities and limitations of each individual subsystem and the impact of
design features of one subsystem on another subsystem. In addition subsystem connectors can also be used |
connect components within the same subsystem withoutllyigegresenting physical connections. This helps
produce schematics which are clearer and easier to comprehend.

There are many artifacts created during the design process, and it is imperative that management have a
complete picture of the design, know evl all design documents reside, control access to such documents, and
track changes to them. Wi thout such a controlled pr
design or to effectively manage the design process. VTB Pro has datddshse support to help manage this
process. Systems are persisted to a central repository and designs can be shared between teams without having
move files between computers. This helps to eliminate the problem of where the design resides anesighich d
is the latest version. In order to share designs with others that are not in the same team or organization the system
can be exported to an XML (Extensible Markup Language) format. In order to ensure that the design documents
are secure, permissiorend security have been added to VTB Pro. After a user logs onto the windows
environment the userés credentials are captured. T
VTB Pro environment. Permissions have been added to the systaysten and simulation objects and can be
assigned as needed by the owner or administrator of the document. The owner can add permissions to any of the
various documents that constitute the design at the individual user or group level as they seesét. dfhe
permissions that can be assigned to each document is read, write, or execute. As modifications are made to the
design documents, VTB records the user making the change and the date and time that the change was initiated
In order to ensure that tltwcument remains in a consistent state document locks have been added to VTB Pro.
Users check out the document or subsystem they wish to make changes to and then, once the change is complete
they check the document back into the central repository. ecdocument is checked in, all other users who
have permission and who care to be alerted of such changes are informed that their version of the document is ou
of date and the document is automatically updated. While a document is locked and cheakedtbat, users
may make modifications to it. This ensures that the design document remains in a consistent state and that change
modifications are not lost. The administrator has the ability to remove such a lock on the design document if
deemed necessary

Users of VTB Pro are categorized into three roles, administrators, component developers, and standard
users. Administrators are responsible for assigning users to roles and can revoke or grant access to all documents
Users in the administrator role hathe ability to perform all tasks within the VTB Pro environment. In particular
they have permission to open, create, delete, and modify any system or subsystem and to execute any simulation
Component developers are allowed to create new or modify existmponents or modules for use by the
system engineers in their designs. A component developer typically creates a new component and after it has beer
adequately tested makes it publicly available to system engineers for general use in their systen stselidn
the component development role is also allowed to manage the component database by adding or removing
components. Standard users have the ability to create, delete, and open systems for which they are the owner o
for which they have been gineexplicit permissions.

In order to keep all designers of a system informed of changes made to the various subsystems a
notification mechanism was implemented in VTB Pro. A publish and subscribe service was added to the
framework in order to send notifigaihs to interested users. A user that is currently logged onto VTB Pro and that
has a particular subsystem opened for viewing will be notified if any changes are made to that subsystem while it
is opened for viewing. In addition any newly created or medifiomponents also cause a notification to be sent
to permit users to refresh their component databases.
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Solver efficiency and precision are of critical importance and will likely become all the more important as
systems become increasingly larger and ncoraplex. Over the last few years analysis of and modification to the
underlying implementation has led to improvements in these areas. A new approach for inverting and solving
matrices involving large systems that contain complex components was impléméhie has led to better
convergence of these systems. New solver settings now permit the use of an absolute error and relative error
setting. The user can use either or both of these settings simultaneously during the execution of a simulation.
When an gor condition occurs the user is given a visual cue as to where the problem might lie by way of
highlighting the node with the greatest amount of error. This feedback gives the user some idea of which
components are most problematic in the simulation #eduser can then attempt to make the necessary
modifications in order to get the solution to converge. The amount of error in a simulation can be plotted
alongside any other values the user may be interested in.

Distributed computing has performance adages over singlprocessor computing, and is conceptually
consistent with a simulatiebasedd e si gn phi l osophy in the sense that
those who are responsible for them, and should be independently computable, eitheighijtabstracted
boundary conditions when the subsystem is tested outside of the larger system context, or with boundary
conditions that result from direct interaction with the larger system. Distributed computing faces challenges due to
the stronglycougded nature of electrical networks but several methods support decompaosition of large systems
into smaller subsystems. These subsystems may have different dynamics but where the system as a whole woulc
have its time step determined by the subsystem witHastest dynamics, for both performance and strategic
reasons, these independent subsystems should be computable with independent time steps. Research ar
development has continued in this area resulting in the development of a set of components whithepesan
to manually break a large system at predefined points into two smaller systems. These systems can then be
simulated on different cores of the same processor, different processors on the same computer, or even on
different computers. It is antfzated that this approach will lead to an increase in the size and complexity of
systems that can be simulated in the VTB Pro environment.

Early-stage conceptual designs often make use of idealized representations of system components; great
complexity isnot needed in the model, since much is unknown at this point in the design. As the design is
explored further, the level of detail in the design increases and the complexity of the model likewise increases.
VTB Pro provides the capability for the engindéeruse models of varying levels of fidelity based upon the
current maturity of the system design. In VTB Pro, under certain conditions, the simulation engine for a model
may be swapped out at run time with another simulation engine. This is a compldioogbed requires that the
simulation engines being swapped have intimate knowledge of each other. In addition it is required that each
engine know how to handle the current and past values for all state equations. It is often the case, when moving
from alesser to a more complex model, that the system engineer will be required to supply more data either in the
form of model parameters or possibly via coupling the component to existing or new components. This feature
permits the user to determine the legEldetail he or she is interested in achieving during a simulation and can
manage this with respect to time constraints.

In order to adequately test the robustness of a system design a user needs the capability to introduce
events or changes into a sintiga at specific points in time. A tool for creating scripts was created which allows
a user to create events such as the closing or opening of switches, adding or removing of components, connecting
and disconnecting ¢ omp o n ecctrsatspedfic gomts in tinge ddriagualsimglation.t ¢ é
This tool can be used to test various scenarios and determine the systems ability to degrade gracefully. Once the
script is created it can be executed from the command line or through the traditi@maatc editor tool.

The architecture of VIB Pro permits the dynamic addition of new solvers and components to the
application. The VTB Pro framework was extended to permit the use of complex numbers and a phasor solver
was implemented as well as a basisatment of components such as sources and impedances. Test systems
were created including a three bus transmission network with constant impedance loads, notch filters, and a
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system frequency controller. A test system was created and the results wpagetbwith an analytical solution

to the system and were found to be in agreement. The successful development of the phasor solver demonstrate:
that the VTB Pro environment is capable of integrating third party solvers and components and can now be
extendd in multiple ways.

In order to permit VTB Pro to be used in a hardware in the loop simulation it is necessary to move the
application into a real time environment. Methods for developing a real time version of VTB Pro were researched.
Possible approachesanged from using a real time version of W
well as parallelizing the solver to reduce the required simulation time. This initial research has led to exploring
both approaches as well as proceeding with opétions to the solver in order to reduce the required run time
through parallelizing the simulation.

In support of user reqguests, enhancements to
extensions were made to support functions typically found in other modeling languages primarily mathematical
functions such as trigonometry, as well as basicfumcns such as ceiling, floor,
were made in order to increase the probability of a user or another tool being able to translate models from one
language such as Verilog or VHEAMS into the native modeling language of VTB Pto.addition we are
extending the language to support user defined functions. The capabilities of the interpreted language are being
extended to fully support the compiled ACO0 family o

A major thrust of the development effort was made in tlea af component development. The signal
control library was augmented with additional models such as a state space model and zero pole gain model to
complement the transfer function model. A suite of various timers were also created as a means oh@troduci
regular triggers at certain times or with a certain frequency of time step intervals. Several encoder and decoders
were added including a priority encoder. A feedback component was created which allows a user to break a
cyclical control circuit at a pot determined by the user in order to permit the system to be solved. A PID
controller, integrator and differentiator were also added to the library. Additions signal sources were added as
well. The mathematical library was also augmented and now includal set of trigonometry functions, the
gamma function, Airy, Bessel, Dirichl et etceé

Certain components were created in order to permit integration of VTB Pro with other applications such
as the Excel wrapper components that permit data to be bo#ttexktfrom and inserted into Excel spreadsheets.
In addition a set of socket based components were created which allows data to be either sent or received from
VTB Pro to other external applications. In addition a suite of file readers and writers wereested that can
dump data generated during a simulation to a comma separated file for later processing by other applications.

Certain components were created for the express purpose of allowing users to easily interact with a
system while a simulatiors iexecuting. A HID (human interface device) wrapper component was incorporated
into the component library for VTB Pro. This component acts as a wrapper to an actual hardware device
connected to the computer via a USB port. This hardware device can theado@ithin a simulation as a means
of control. In this case the HID device used was a steering wheel. In addition a component which permits the user
to use an Xbox controller was also created. These HID devices can be used to permit a user to iateract in
realistic manner with a simulator such as occurs when training military or civilian personnel. In order to add more
realism to the simulation a terrain model was developed which can be used to read in the topology of an actual
location and permit the cqonents to make use of such information in the simulation. This model has been used
to create a realistic terrain model for simulating vehicle operations.

Several models were developed which permit the user to quickly create a model without havingdo use t
Entity Builder or Module Builder tools. The UDD (user defined device) has both signal and natural versions
which permit the user to directly enter the governing equations when placed on the schematic. In addition a
parameter event and a parameter sirddeh were created in order to permit the user to turn a parameter on a
component into a signal input port. Thus, allowing the component to be controlled via some control logic.
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Another component was created that permits the user to combine informatiommfrltiple sources on the
schematic into a single mathematical expression which can then be used or displayed to the user.

In the electrical component library components were added such as a single line fault which introduces
faulting conditions between miigdle phases. There were also several components created which provide
variations on three phase loads that have resistance, inductance, and capacitance. A set of SPICE complian
components was created that cover some of the basic models present in @iSRI&Er although this set is not
yet complete.

Power sources were added to the component library in the area of-elemtnacal sources such as a set
of standard batteries, PEM fuel cell, Lithium lon battery, and a generic battery that lets theeo#grtkp
voltage vs. amp / hour curve.

In the hydraulic and thermal libraries components were created such as a gas tank, air compressor, fluid
mixer, vertical pipe, five different types of fluid pumps, throttle valve, check valve, signal controlled gate
valve, sea water inlet and outlet, counter flow heat exchanger, plate fin heat exchanger, heat sink, plate frame healt
exchanger, and six versions of heat exchangers.

In order to provide better support for the users of VTB Pro a web site has leatddo field general
guestions and to allow for the download of evaluation versions of VTB Pro. Professional bug tracking tools have
been used to help manage and improve the quality of the software as well as to help plan the release of new
requirementsand features. An academic version of VTB Pro has been created in order to support the ongoing
research work of universities within the ESRDC. Although this version does not support all the functionality of
the enterprise environment it does support athef major elements. The academic version in general does not
support features of the cooperative team environment that is found in the enterprise version.

Several workshops were held to educate users on the general use of VTB Pro as well as on thef creation
models. Workshops have been hosted for personnel at NGSS, students and faculty at Mississippi State University,
University of Arkansas, and Florida State University, as well as several at the University of South Carolina for
both academic and industrizsers.

Model development tools i1 Component Builder

When designing and modeling systems and especially during the conceptual phase of design, the
capability to quickly create simulation models is essential. Models developed early in the conceptuailphase w
likely be minimally complex in order to simply convey the general idea, to reduce the time required to configure
or reconfigure the conceptual system, and to rapidly execute many simulation experiments. Rapid exploration of
the design space with minifnme investment is crucial. As the various conceptual designs are examined, the
engineer can quickly focus on the set of rrstmising designs; those that will require additional elaboration and
examination. In order to facilitate such rapid prototypamgl model development VTB Pro ships with two tools,

Entity Builder and Module Builder. These tools permit the engineer to create the specification for the component,
to define configuration parameters, terminals or points of connectivity with other cenippno define its
symbolic or iconic representation, and to define the behavior of the component during simulation. VTB Pro
allows components to define their behavior at simulation time in one of two weiyker by the use of an
interpreted language dh is automatically compiled at run time, or by supplying an assembly that provides the
necessary information for simulation. The modeling language provides a convenient and rapid way to prototype a
model. After the component has been created in thisittoah be deployed with the single push of a button and

then used in the drag and drop environment of VTB Pro. In some situations a new component can be defined by
merely repackaging existing components in someapra@nged configuration with an establidhset of
parameters. VTB Pro ships with a tool called Module Builder that allows engineers to quickly define new
components by assembling and configuring existing components into reusable objects. These components
(modules) can then be used in the dragdrog environment.
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These tools bring improvements to the original model development process by seeking to simplify and
reduce the coding requirements of the developer, incorporate all activities in a single tool, and simplify the
deployment process. All pscts of the creation of a component such as the creation of the icon, the definition of
the component, and the behavior at simulation time, can now be completed within a single tool. This helps to
expedite the development of new components and at the tsameeduces the complexities of deployment.
Modifications to the interpreted language have also permitted simplification and rapid development of new
components. The new |l anguage closely resembles the

VTB Pro has implemented a diffeent approach to defining and pr o
In VTB Pro a component is described by its metadata. The metadata in its natural form is expressed in XML
(eXtensible Markup Language) and v Bundidthd imstl dvegtorna s c |
for the application. This metadata is processed by the VTB Pro framework and used to create an instance of the
component. This permits the separation of the metadata from the implementation of the engine responsible for
simuation thus simplifying the implementation. A component developer does not have to understand how to
write, read or format the XML since Entity Builder and Module Builder automatically provide the ability to
produce a fully documented and valid componé&ntadditional benefit of providing the metadata in XML format
is that other third party tools can extract and use this information as well.

An entity consists of one or more icons which represent the component visually on a schematic, an
interface which dermines how a user and how other components may interact with the component as well as an
engine which performs the mathematical calculations necessary and which govern how the component behaves
during simulation. When all three pieces have been fullinddfthe entity is ready to be used within the VTB Pro
environment.

A module is a fixed configuration of components (entities and other modules) grouped as a black box
represented by an icon that can be reused across disparate subsystems where apgiectcoidunctionality or
behavior could be used repeatedly. A module exposes some of the interaction points of the components it
contains to allow it to connect to other components, be configured using parameters, and plot data from
viewables.

The capallity to version components (both in terms of complexity and release history) is imperative in
order to permit both the concept of variable resolution models as well as allowing for patches or bug fixes to be
applied to the components. The versioning pgsede managed using the Entity Builder tool. Model development
progresses along three axes. One axis represents the type or family of the model, the other axis represents th
complexity of the model, and the third axis represents the revision number artieulpr model type and
complexity. Resistors, capacitors, and inductors are different types of devices and lie at different points along the
first axis. Each device can have multiple complexity levels and lies on the second axis. Once a specific type and
complexity level of a component has been identified the version or lineage through time of that particular
component is represented along the third axis.

From Entity Builder the modeler can choose to increase the complexity of an existing entity. As
compment complexity increases the modeler is indicating that the device, although of the same type, exhibits a
behavior at simulation time that is closer in fidelity to the actual physical device. For instance, the modeler may
want to add thermal characteristito a resistor. The user could select the resistor type and choose to increase its
complexity, add a thermal port, modify its equations and save this new version. Complexity of a component can
then be used by the designer of a system as an indicatetamtning the level of sophistication or accuracy
needed in their simulation. In addition because the version history of an entity is now included in the metadata for
the component the user can now determine whether they have the latest version ofreesbamubif not update
their environment with a single click.

In order to expedite component development a user can create a new entity type from an existing entity
type. This can significantly reduce the development time required in cases where theensethht an existing
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type is a close enough starting point to for a new type of device. A component that has been cloned becomes ar
entirely new component and is not really related in any way to the original component from which it was cloned.

An entity is comprised of interaction points which define how it interacts with the simulation
environment, users, and other components. Extensions have been added to interaction points to provide suppor
for a wider range of data types. In addition to the integer re@al number data types originally provided the
framework now supports datetime, xml, enumerations, strings, booleans, and complex numbers. The component
developer simply selects the underlying data type of an interaction point within the Entity Baglder

VTB Pro now supports and honors the use of units associated with interaction points. Units such as ohms,
volts, radians, meter / second are now supported. This is useful when displaying information to the user in plots as
well as when attempting tmnnect components together.

Support for read only parameters now exists in Entity Builder. From the tool the developer can indicate
that a parameter is read only. A parameter that is read only can not be modified from the schematic. This can be
useful wha the component developer would like to expose the value of a parameter that is for informational
purposes only such as a derived attribute.

Constraints can now be added directly to a parameter to ensure that the value of the parameter falls into a
valid range. In Entity Builder a constraint can be added to a parameter and if it has been added then all values
entered by the user are first checked against the constraint before being applied to the actual parameter. Multiple
constraints can be applied andsnu b e separated by a semicolon and a
That is to say all constraints must be satisfied in order for the new value to be accepted by the parameter. If the
user attempts to enter a value which violates the constrainttieerequest is ignored and the previous value is
still in effect. Constraints only apply to parameters that have a numeric data type.

VTB Pro permits callbacks into the engine when a connection is established between any ports that
belong to the componentn Entity Builder, the user simply indicates that they would like to receive these
callbacks and can then respond to the event. Typical reasons for responding to such an event include the need t
modi fy a portds attr i buhasadynafiomatrie may wantteadjast its dingemsepris p C
based on the dimensions of the connecting port. Other possibilities include modifying the underlying units of one
port so that it can work with another port.

An interaction poiscatarbbst candd desgnateg to deeaf naatniX vialueiinsEntity
Builder. In addition an interaction point can change its dimensions at any point in time if configured to do so in
Entity Builder.

Support for single line diagrams is achieved through the uaemafltiport. A multiport is a single icon
that actually represents multiple physical ports on the component. In this situation all of the ports represented by
the single icon must be of the same type, that is to say all ports must be natural pbperts atust be signal
input ports or all ports must be signal output ports. These ports do not have to have the same underlying data type,
uni t s, di mensi ons, etcé but mu st be of the same typ

By allowing the developer to specify all of the metadatdifermodel in the Entity Builder GUI, they are
no longer required to programmatically specify this in the source code for their entity. In VTB Pro the iconic
information and interaction point information for the entity is no longer placed in the sourcdileoglteatly
speeding up and simplifying the model development process. In added benefit is the reduction of the size of the
source code making it easier to navigate and maintain.

Using Entity Builder, users can graphically construct the icon for thg eising a standard set of shapes.
The color and style of each shape in the icon can be adjusted and by combing an array of shape types the user ca
build very sophisticated looking icons without altering the source code for the model. Entities carsentegdr
by more than one icon. The locations of the ports must remain consistent between icons. This requirement is
enforced automatically by Entity Builder.
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VTB Pro has been extended and now permits the component developer the ability to write tioele for
model in several languages. The list of supported languages in Entity Builder now includes C++, C#, VB, Java,
FORTRAN, and any . NET compliant | anguage. A wi de
acceptance of and reduces the learningecvequired when developing VTB Pro compliant components.

In VTB Pro, the component developer now has the option to use a native interpreted language instead of
learning the base classes necessary to code a component and the complexities of the Cge. [@hgua
mathematical equations for an entity can be entered directly into the Entity Builder GUI using this language.
Typically the domain expert for a model is an electrical or mechanical engineer and does not usually posses an
advanced background incomp er | anguages, compil er s, etcé and sao
this barrier by removing the requirement to be familiar with these concepts. Another feature now permitted in the
Entity Builder tool is to allow the developer to generatesinigrce code form the equations already entered via a
process called code generation. The developer may choose to perform code generation to produce a compilec
model for a variety of reasons such as to better protect their intellectual property right tmob#or learning
how to write compiled models.

In addition to expanding the language options for the developer, Entity Builder reduces the amount of
code required by reducing the number of functions that must be coded from four to two. A typichentityrs
now only required to implement two functions AONRuUN

Modules are created from an existing subsystem using the Module Builder tool. During the creation
process the user specifies the salay from which to create the module. In the tool, the user is shown an
interactive view of the subsystem they have chosen. This view of the subsystem is then used during the module
creation process allowing the developer to select the interaction gwihire to be exposed in the module. There
is no longer a requirement to perform port mapping as the user directly selects the ports to expose in the GUI. The
current process greatly reduces the time required for creating a module. An additional fhettgethee
developer the capability to rename the interaction point being exposed to something more intuitive.

Specifying the icon for the module in the Module Builder is specified in exactly the same way as the
Entity Builder tool. The only difference ihidt a module can only ever have a single icon to whereas an entity
may have multiple icons.

Help documentation can be associated with the entity directly while using the Entity Builder tool. This
documentation can be in any format such as a Word docuP®ft,File, or html page. Entity Builder can also
automatically generate an outline for the help documentation for an entity. The user contributes content to just a
few of the sections of the document, greatly reducing the burden of writing help documents.

Cosimulation methods: Stepping API

In order to permit the greatest possible integration with other tools, VTB Pro has incorporated the use of
COM (Component Object Model) as well as Microsoft 6:s
of both a COM and .NET interface now permits VTB Pro to be driven programmatically just as it can be from the
native user interface. In particular systems and subsystems can be built, components connected and disconnectec
parameters changed, simulation resalktsessed, and the solver controlled at a granular level all through the
interfaces provided. In addition events can be raised either by conditions at the solver level or by the hosting
application programmatically adding arbitrary events of interest.dardo reduce the complexity of controlling
the VTB Pro software a facade was created which simplifies the object hierarchy and lets third party developers
perform most actions by utilizing the services of a single object. Alternatively if the developler like to use
the more sophisticated features of the framework this is permitted through the individual objects directly via the
COM or .NET interface.

In order for VTB Pro to be controlled as a simulation service it was necessary to implement a stepping
API which permitted a client to dictate how much VTB Pro stepped in time and when it stepped. VTB Pro can be
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controlled in an asynchronous mode by <calling the i
In this mode the caller dictatesly the time to start and stop but not the rate at which VTB Pro steps. The caller
can request t hat VTB Pro run a simulation and r et
function. This mode is most useful when the caller does not nemshtl the simulation but is only interested in

the result and would like a synchronous call to obtain the result. This call does not return until the simulation has
compl eted. The third and final way onttionclo this modd thei n g
caller passes in the amount of time for the solver to run forward before returning to the caller. In this mode the
caller controls how the solver moves forward in time and can use this modsitautate with other simulation

tools.

In order to exercise the interfaces to VTB Pro an application was developed that involved the
optimization of a hybrid fuel cell power system. In this case VTB Pro was used as a service to perform various
simulations of the power system while anothepli@ption processed the results of the simulations and made
changes to the design in order to determine some minimal weight and volume for the fuel cell used as a power
source for a specific load. In this case Matlab was chosen as the primary tool thelisuaulation within VTB
Pro, analyze the results, and to make madifications of the design parameters. Using the COM interface to VTB
Pro we successfully demonstrated the potential to drive, analyze, and modify a system design in VTB Pro from an
externaltool.

Another project made use of VTB Pro to simulate and provide analysis of a system consisting of various
batteries and a set of configurable loads in various operating conditions. This application demonstrated several
powerful capabilities of the VTBPro software, primarily the ability to dynamically build and configure a
subsystem as well as to cause VTB Pro to dynamically create and raise events to the calling application when
certain conditions occurred. The user selected a power source and toaal lisd of sources and loads available
in the VTB Pro component library. Once the user chooses the type of source and load the application made the
appropriate calls to dynamically connect the components in some predetermined configuration. At theesame ti
the application wanted to be informed whenever the battery supply being used was depleted to a certain level. In
this case every time the batterybés state of <charge
then remove the used batteand reinsert a fully charged battery and resume the simulation. Examples of the
types of events that can be raised include the passing of a particular amount of time, the violation of some
constraint such as an excessive current or voltage level,ar avparticular condition has been satisfied such as a
satisfactory level of power being delivered to a motor. Upon firing of the event the application can perform
whatever action is required such as modifying the system parameters, adding or removingeotenor
disconnecting or making new connections.

VTB Pro is also capable of driving the simulation and using another tool as its server. Several
components exist within VTB Pro to-eimulate with Matlab. These components use COM to connect to Matlab
ard open a model file for esimulation purposes. Data is passed into and out of Matlab at the appropriate times in
the simulation. I n addition VTB Pro has integrated
custom component was develop@dVTB Pro that permits a system in VTB Pro to communicate with the
Simsmart solver and send and receive data during a simulation. Testing of this mechanism was performed with
VTB Pro simulating an electrical system which drove a fresh water pump rdspof@i cooling a system
simulated in Simsmart. Collaboration with ISIM has resulted in the capability to import components directly from
the ESL simulation environment into VTB Pro. A tool called ESL importer was built to perform this importing
procedureand has been tested and validated against several ESL components. Further development of the feature
set is expected to occur to more fully implement all features.

Co-simulation Techniques using ActiveX

Many complex systems are an integration of variolsygstems. The complexity of a system may bridge
various technical expertises. As results of that, the classical approach is to simulate each subsystem into the mos
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appropriate environment. The concept ofsamulation equips the user with an environmeittere different
languages can be used to perform the simulations and a set of solvers interact. This means that any part can b
solved using the most appropriate tool without affecting the solution of the rest of the system. This possibility not
only increaes the set of problems that can be analyzed but also provides the user with a more exhaustive, user
friendly approach to solve the problem.

The Virtual Test Bed (VTB) [1], [2], [4] has previously used Dbhased methods to set up interfaces with
external slvers. This approach is certainly effective and provides the desired results but it also calls for redundant
effort in compiling the code to generate the DLLs. The users are required to go over the procedure of generating
the DLLs and then copying themtinthe destination folder each time. This procedure prevents the users from
changing the code on the fly and increases development time. For example distributing the DLLs to all VTB users
who need to use the Matlab Engine interface for using Matlab agexna solver is inconvenient.

The use of Matlab Engine to call Matlab from a C++ code is well described in [6]. This report discusses
about the Matlab Engine class and the method to link an application with Matlab. We can see that the appropriate
DLLs have to be imported to the required destination folders.

Approaches to esimulation can also be viewed in [5] where an engine cycle simulation code (WAVE)
with Simulink provides a complete modeling of a vehicle system. The link makes use of the Mitaibich
protocol. This again requires the need to import certain DLLSs.

Many institutions have built custom tool sets to enablsicwlation. PyMat [11], e.g., is an interface
between the Python software and Matlab. This interface also makes use of tie &gihe. The Tdbolbox is
another tool used to interface Ther@alc software with Matlab.

In this report, the authors define an ActiwveX b;
simulation between VTB and other software and comparélitthe already existing techniques. As result of that
the way in which VTB interacts with external environments is generalized and simplified at the same time. In
particular the authors analyze the case of \M&lab and VTBLabVIEW, but the framework ia guideline for
other cases.

Past co-simulation experience in VTB

The approach of distribution of DLLs was previously adopted as a means of realizing the interface
between VTB and other simulation softwares. This report focuses mainly on the interfaeesnb¥TB &
Matlab and VTB & LAB View.

Review of existing methods: VTB-Matlab/Simulink

The previous version of the API for Matlab/Simulink was developed using the Matlab engine. It allows
the data exchange between Matlab and C++ custom software. The Miagiale is a communication protocol
that allows the user to benefit from the Matlab computation engine.

The interface is realized by a dedicated class inside the VTB architecture. This class invokes the
following procedure [2].
¢ The VTB calls the Matlab gine at the start of the simulation.
¢ The VTB calls a Nu#time execution of the target Simulink model.
¢ At every simulation step the VTB calls a step execution of the Simulink model. The required data is
provided at the input.
¢ The output is then used by VTBr further computations.

One of the main advantages of using the Matlab engine is that instead of requiring the linking of the
complete Matlab code, only a small engine communication library is needed [8].
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Review of existing methods: VTB-LabVIEW

The proess of interaction between VTB and LabVIEW was based on the Dynamic Link Library (DLL).
The LabVIEW software is equipped with a tool called the Application Builder that generates DLLs for LabVIEW
VIs. These DLLs can then be exported to be used in othé@oaments. The DLL is also the basis for library
management in the VTB software. A model class in the VTB software is able to load and execute LabVIEW
DLLs. A case study to verify the effectiveness of this approach has been presented in [2].

Disadvantages of using DLLs

The existing API have been developed by distributing the component either as DLLs or executables. A
DLL can be linked in two ways, Statically and Dynamically. We can summarize the disadvantages of their use as
follows.

In static linking theobject code of our program is linked with the object code of the library function
during the stage of compilation and building of the application. This increases the size of the code as there is no
way of sharing the library if many applications intendise it.

Dynamic linking solves this problem of redundant code. All the applications using the DLL will share the
DLL. The software follows a cliergerver based relationship between the application and server. The application
is called the client as it dalfor the services of the component (server). Although the problem of redundant code
is solved using dynamically linked DLLs, the problem of having to compile the foreign code each time to
generate the DLLs and then the need to copy them in the destifaltier is not solved. The use of DLLs thus
increases the development and simulation time significantly. The DLLs cannot be heavily relied on as there are
chances of the application crashing due to some error in the DLLs. Version Management is arsotersarg
problems while using the DLLs. As there are no standard rules for developing new versions, there is often a
chance of a problem being created.

Introduction to ActiveX

ActiveX is the general name for a set of Microsoft technologies that allows wsecuse code and link
individual programs together to suit their computing needs. Based on Component Object Model (COM)
technologies, ActiveX was originally developed as an extension of a previous technology called Object Linking
and Embedding (OLE) inrder to facilitate the development requirements of intdsased applications. OLE
applications now fall under the umbrella of ActiveX.

The concept of API relies on the theory of Component Object Model (COM). COM is a specification for
solving problemf software integration and defines certain rules for writing software components. Applications
can then be built using these components. These components can be built using any language. COM basically
uses the concept of cliegerver relationship. COM s has the advantage of being object oriented and is build
using the theory of encapsulation and polymorphism [9].

A COM component can be defined as a set of functions and methods that provide services to external
applications. A COM component makes itsvimes available through one or more COM interfaces. The COM
interface establishes the communication between the client and server through a group of related functions. The
DLLs on the other hand uses the exported functions.

The transparency of a COM intace as opposed to using a DLL is seen as the component does not have
to change if the client changes keeping the interface the same and vice versa.

The COM interface essentially follows a certain set of rules that make it unique [9].

s Every interface hasanique 128bit identifier called Interface Identifier (1ID)

¢ An interface cannot be changed once itdés been <c
an attempt is made. This solves the problem of Version management.
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¢ The interface is dered from a standard interface called lUnknown interface.
e As the component can be built in any language it must follow a standard memory layout defined by
COM.

However, there is no uniform way of developing such an interface between applications using COM.
OLE automation simplifies the task of automating applications. On one hand it enables an application to
manipulate objects implemented in another application and on the other hand, it helps an application to expose
objects that can be manipulated by oth@pligations. OLE Automation is very similar to COM and also follows
the concept of clienserver interaction. In this case the server is called the Automation server and the interface is
called the dispatch interface. However, this is not the final irderfhat makes the properties of an automation
server available to automation client or automation controller. Another interface called the IDispatch interface
establishes the connection. The Dispatch Interface in this case can be defined as a grotipnsf &mtcmethods
that provide their services to external applications. The Dispatch Interface is accessed through the IDispatch by
automation controllers. The following figure gives an overview of COM applications.

Automation
Controller

A 4

IDispatch
Implementation

Dispatch
Interface

Figure 14: COM Interface

ActiveX in VTB to implement co-simulation

The Resistive Companion Method is the basis of the VTRBesolrhe RCM requires that device model
eguations be expressed in a specific form which allows for handling of device interconnections. A recent version
of the VTB solver [10] has been enriched with a new backplane for supporting different type of coupling
according to the IEEE standard VHEAMS. According to this standard, the VTB entities can be coupled with
each other in two ways, Signal Coupling and Natural Coupling.

In the following a brief description of the interaction between the VTB solver andtama solver is
reported both for Natural and Signal coupling:

¢ In Signal coupling the challenge of the VTB solver is to determine the sequence of execution of the VTB
schematic. Thus at every time step the VTB solver communicates with each VTB entitisshaes
them. While sequentially solving all the models, when the VTB solver reaches the model with the
interface, the control is thepassed to the external solver. The modeler is supposed to code the required
initial conditions to set up the interfadn the Init function. The appropriate data is transferred to the
other solver through the interface and the solution is then taken back during the SignalStep function. The
VTB solver just waits for the solution form the external solver before moving timet next time step.
The output from the interface model is then forced at the input of the next model in the sequence of
execution. The models then update the equations in the post step function so as to provide the appropriate
inputs during the next timstep. Thus in signal coupling of the models, the VTB solver never provides a
solution for the entire system as a whole.
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e In Natural coupling, the solver communicates with all the entities in the VTB schematic. It then
represents the system in the formtbe resistive companion equation. In general it generates the
conductance matrix for the entire system. The initial conditions for setting up the interface are coded in
the Init step of the VTB program. The solver then obtains the output form the estevel (this is the
point where the ActiveX interface exchanges data) and forces it as a known input in the appropriate
branch of the equation. This is done in the Step function of the code. The system is then solved by the
solver and the solution is thgiven back to the models. The models can then update the equations in the
post step function so as to provide the appropriate inputs during the next time step. Thus the solver
provides a solution for the entire system as a whole.

More generally the naturacoupling is applied to represent mtysics systems. Every model,
representing any system for example, thermal, mechanical or electrical can be represented in its equivalent
electrical format. This equivalent electrical circuit is then representédeiriorm of the resistive companion
equation.

A simple diagrammatic representation of the resistive companion simulation flow can be Begmen
15.
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Figure 15. Resistive Companion simulation flow

Let us now focus on the possibility of embedding in a VTB model the communication through ActiveX
with an external software/solver.

Applying the above theory, VTB is the automation client and Simulinklaid/IEW become the automation
servers. The interaction between the VTB and the external solver can be summarized in the following manner.
¢ Inthe Initialization step the VTB initializethe COM interface with the external simulation environment.

¢ Depending on the requirements of the specific experiment, it then sets up the appropriate input values.

¢ With every signal step, the VTB then calls for an execution of the external code passiitiht values
as inputs and receives the outputs.

¢ These outputs are then passed to the next connecting block in the VTB schematic.

¢ This eliminates the need to follow different routines to generate the DLLs for different solvers. We can
see a formalized ay of interfacing the external solvers.

Summarizing the methods describe in what above an interface class requires the following methods:
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Init: the init method is used to initialize the communication with the external solver. If the external solver
allows for initial condition definition the init should force the value of the variable according to the user
input. The methods returns a false or a true depending of the effectiveness of the communication

Step the step is the real kernel of the simulation. iteen solver (VTB in this case) should enforce the
initial condition for the step, provide value for external inputs of the interfaces software and collect the
outputs. In the case of natural coupling the input/output must by applied to enforce consesf/atio
energy. In order to do that two options are given: the main solver provides the value for the across
variable at the interface point and receives back the value for the through variable or vice versa the main
solver provides the value for the throwgdriable and receives back the value of the across. This protocol

is not necessary for signal input being the external solver simply embedded in the signal chain.
PostStepthe post step phase is adopted to adjourn the current value of the state. driaribhat the

main solver keeps a copy of the state of the external solver in order to be able to repeat a step with
different value of integration step when needed (a classical case is given by the definition of crossing
point event)

Coming to the codi details of the implementation, the COM object is defined in a C++ class. Instances
of this class can be created using special COM functions. The ordinary C++ new and delete operators do
not work. The following steps describe the process of building @ Component using C++ language.

We first initialize the COM library on the current thread using the command Colnitialize(Null).

Every application has a program ID called the ProgID, for example the ProglD for Matlab is
Matlab.Application and the ProgID rfc.abVIEW is Labview.Application. Given this ProgID we obtain

the class ID from the system registry of the corresponding application using the command
CLSIDFromProgID

The next step would logically lead us to the extraction of an Interface ldentifier doiDikpatch
interface. This identifier is called DIID (dispatch iid). Please note that the dispatch interface is not the
COM interface.

The dispatch interface has a number of methods and properties. These members can be accessed onl
through the IDispatcterface. The DIID for the IDispatch interface is then obtained using the command
CoCreatelnstance( ).

Once this interface is set up, it is easy to obtain the ids of each of the methods and properties of the
dispatch interface. This is done using the fiorc GetIDsOfNames( ). The parameters passed in the
parenthesis define the name of the method to be used.

Once the dispid of the members is obtained, the methods or properties are invoked and data is
manipulated in the required sense.

We will now see thegplication of this technology in the case studies described in sections 6 and 7.

LabVIEW case study

LabVIEW on MS Windows supports ActiveX Automation Server capabilifidis can be done by

interfacing with the LabVIEW type library that is located in the_abVIEW\resource" directoryThe idea is to

open an Instance of LabVIEW using which we then open an Instance of a VI. This VI is then made to run
asynchronously so as to enable the extraction of data during run time. Appropriate Flags are thendexchange
between C++ and LabVIEW using ActiveX commands to achieve proper synchronization in their execution.

The Simulink software has a timing model with which the VTB interacts. If the time step of the VTB

schematic is smaller than that of the Simulink schiemthe VTB forces its time step on the Simulink solver. If

the Simulink time step is smaller then it solves multiple time until it reaches the end of the time step of the VTB
solver. However, LabVIEW does not have its own timing model. So the contmottevéabVIEW code can be
obtained only by exchanging certain flags to determine the status of the VI execution as mentioned above. This
however demands from the user, an effort to customize the models to suit the requirements of their LabView VI.
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Common ommands such as Createlnstance and GetVIReference are used to open instances of LabVIEW
and its VIs. Commands such as SetControlValue and GetConrolValue are used to set the control values in the VI
and to extract readings from it respectively. The kew izinning the VI asynchronously using the command Run
(1) . With the parameter fA10 passed in the Run comr
during the execution of the VI [3].

We will now use an example that makes use of the Y&BVIEW interface. The model implementing
this interface in the VTB environment acts as a simulation agent on a network based monitoring system. A DC
electrical drive with an AC interface was chosen as the monitored system.

-
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Figure 16. VTB Schematic of the System using the-\/aBVIEW Interface

The drive system is simulated within the VTB environment. The idea is to compare the simulated results
with the actual results using the same inputs for the simulated as well as the real Bhsteghematic adopted
for the simulation is shown ifrigure 16 [3]. The AC side input current is the variable of interest in this
simulation. The input voltage gimulation is the AC side input voltage.
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Fiéure 17: Input Voltage as it appears on the VTB scope display

This measured voltage is shownRigure17. Thus, instead of using an ideal sinusoid voltage we have
now used in the simulation, the actual voltage input given to the real system. The simulation geeccaresnt
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which is then collected by another model supporting the YaBVIEW interface. The values are again stored in

a buffer in the LabVIEW schematic. These are collected by other simulation agents over the internet using
LabVIEW programs implementg the TCP/IP protocoln Figure 18 we can see the simulated current and in
Figure19we see the actual measured current.
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Figure 18: simulated current when the system is supplied with real voltage
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Figure 19: Measured Current
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The LabVIEW interfacevith VTB performs the following functions.

A LabVIEW code is used to extract data from a GPIB port on a Tektronix oscilloscope. This data is
temporarily stored in a buffer.

This data is then transferred to the VTB simulation on its approval ovéntdreet. This is done using
TCP/IP routines in the LabVIEW code.

The model in the VTB schematic that receives this data is the model implementing tHeaW VEEW
interface. This LabVIEW code collects the data and delivers each data point as and whHEB soh&matic sets
a flag. This exchange of data and the flags uses the ActiveX interface between the two environments.

Another block implementing the VFBabVIEW interface collects each data point of the simulated result
and sends it over the internet twother agent in the network.

Simulink case study

Interfacing Matlab with VTB follows the same pattern as stated above. Having replaced the Matlab
engine with ActiveX commands gets rid of the problem of distributing certain DLLs that support the Matlab
enghne and also the problems with version management.

The Schematic used for this case is a simple system that takes a square wave input from a VTB signal
source model, uses an integrator in the Simulink environment to integrate it and then returns tatedntegr
waveform back to VTB. The data is exchanged between the two environments using the methods of the
component model.

A Simulink .mdl with the correct number of inputs and output is required to be in a working directory of
Matlab. The validity range oht VTB-Simulink models depends on the meeting of requirements and the validity
of the Simulink file being interfaced into.

The following figures show the schematics and the result of this simulation.

Q0 Simubink

Figure 20: VTB schematic shamg the system
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a) b)
Figure 21: a) Simulink file implementing the Integrator and b) Integrated output seen on
VTB scope
Conclusion.

The ActiveX technology clearly poses an advantage over the previous methsttibliting DLLs. The
need for compiling the external code to generate the DLLs each time and copying them in the destination folder
has been eliminated. With ActiveX the external code can be modified on the fly which reduces the simulation and
developmentime. Problematic issues such as that of version management have been disposed off.
Co-simulation has enabled each part of the system to be solved in its native environment assuring optimum
output.

The VTB has now become a more powerful and a user fyieamvironment. Thus we have now defined
a better approach towards the development of Application program interfaces.

VTB Realtime

Traditional softwarebased simulation has the disadvantage of being unable to exactly replicate
real operational conditionsOne way to bridge the gap between simulation and real conditidhs is
Hardwarein-the-loop (HIL) simulation. Reattime HIL simdation replaces the emulated hardware
under test or control logic in the simulation model with real hardware that interacts with the computer
models. This increases the realism of the simulation and provides accdabhe hardware features
currently not mailable in softwarenly simulation models, hence reduces the risks of discovering an

error in the very last stage of the-the-field testing

Over the years, any HIL simulation experiments have been proposed in litergthoavever
these systems areofs realtime or even nomealtime, hardware dependent or based aostly
proprietary solutions, or supported only by a single platform or solmenrder to extend the application
of this technology,a very lowcost hard realime simulationenvironmen for HIL experiments is
developed at the University of South Carolicampletelybuilt on opersource software and effie-
shelf hardware This system is referreds VTB-RT, VTB-RT has unique properties such @milti-
platform, multisolver, and hard rédime. Instead of competing with commercial systems, it is
designed to provide a very legost alternative for redalme HIL applications while maintaining

acceptable resolutions.

72 N0001402-1-0623_FinalReport_Dec2008.docx



Reattime HIL simulation has a wide application, such as power qualityurhsnces
investigation, and modern automotive electronic control unit developmEms paper focuses on the
power electronics applicationsThe application of Real Time Simulation (RTS) to Power Electronics
system is in particular a very active fielflresearch. In effect Power Electronics can be considered a
significant challenge for RTS considering the requirement in terms of time accuracy.

In the following, we will focus on the description of the main features and on the ¥SeBef
RT, an efficientreattime HIL testing approach for power electronics control system deSmmeet
with the hard reatime constraint, fast dynamicand the evemncreasing complexity of the power
electronics systems, distributed simulation using W Bis also adopteith this testing approach.

The full procedure including both software simulation and hardware implementations of the
proposed approach is then applied to two classical power electronics application examplesst
converter control system and anhrdge inverter control system, representing a very low cost and a
relatively advanced hardware setup, respectivElyce the results of these examples are-kredwn in
textbooks, they are adopted here intentionally to validate the applicability of thespdopesting
approach.

In the case that real hardware is involved in the simulation process, the software must deal with
additional challengesThese challenges motivate towattle VTB-RT, therealtime extension of the
VTB. Hardwareoriented simulation has to deal with more problems than softbased simulation,
especially the inexorable forward progression of timEhis requires the simulation environment to
operate in hard regime mode. However, operating systems likindows and Linux are unable to
provide hard realime capabilities. To address this issue, an open source Linux kernel modification
package, the Redlime Application Interface (RTAI), has been developed by the Department of
Aerospace Engineering of Reknico di Milano. RTAI completely changes the way Linux receives and
handles hardware interrupts and enables the hardimeakapability of Linux. In VTBRT, Linux and
RTAI were adopted as the underlying réiade operating systemThe VTB-RT shareghe major parts
of its architecture withthe VTB. It reads the same file format created by Yfi&B schematic editor
under Windowsthus make it convenient to export simulations from the a@attime platform the
VTB, into the reatime platform the VIB-RT.

VTB-RT Components

Many systems for HIL simulation have already been developed, such-aallR RTDS, and
HyperSim. However, all of them are based on proprietary solutiofise objective of th& TB-RT is
not to compete with these commercial systeloog instead, to provide\aery low-cost solution for real
time HIL applications, while maintaining acceptable speed and resolutions. Th&VT8completely
implemented withopensourcesoftware andow-costoff-the-shelf hardware.From the software gint
of view, the VTB-RT consists ofour free software packages

Linux

Linux is selected as the operating systemtltd VTB-RT because ofits low cost, high
performanceandopen source. It provides thiser interfacebasic functionsanddevelopment toe. In
the development process tife VTB-RT, various Linux distributions including Mandrake, Redhat,
Caldera and Swee have beerdemonstrated to be suitable as the operating system. The open source
feature of Linux makes it possible to modify its keroadle to become reéiime capable.
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RTAI

Hard realtime requires the operating system to be preemptive and determiristibe VTB-
RT, RTAI is used to achieve this requiremefteRTAI is a kernel modification package ofriuix that
permits the handling of hardware interrupts and therefore enables the hanmheszdpability of Linux.

Comedi

An HIL simulation system requires 1/O interfaces ttee hardware. Inthe VTB-RT, this is
achieved by Comedifreeware that developspensource device drivers for many differentdata
acquisition (DAQ) devices. 1 t consi sts of two complementary p:
the kernel space functionaltg nd fcomedi l i b, 06 which i mplements
driver functionality. Comedi works with a standard Linux kernel as welilhesRTAI.

VTB Solvers and Simulation Models

The SAC solver and the SRC solver are used by both the VTB and theRVTBTlhe solvers
and simulation models are developed usirg @nguageand the same source codes are shared in these
environments. In the VTHRT, the source codes of the solvers and models need to be recompiled and
made compatible with the refine Linux environment. An important consideration to use the SRC
solver is thait manipulates the real hardware interface, and as a resemtaliies the natural coupling
between the simulation environment and the hardware @ladtthus makes possible the virtual power
exchange between the simulation software and the hardwdee tast. At this point, the SRC solver is
the main solver for both VTB and VFRT. The application examples in sectidand0 usethe SRC
solver.

A complete descriptiof the VTB-RT and its componentis available inError! Reference
ource not found.

VTB-RT Configuration

Minimum and suggested hardware configuratiforsthe VTB-RT host computeire listedin
TABLE Ill. The minimum configuratiorrepresentsthe first versionVTB-RT. The suggested
configuration is the one used in the application exampéedtion0. The speed and resolution of VIB
RT can be improved easily by choosing higher level hardware, as in the application example in section
0.

TABLE I
Minimum and Suggested HardwareConfigurations for VTB-RT
Minimum Suggested

configuration configuration
CPU Intel P200MHz Intel PSOOMHz
Hard drive 2 Gigabytes 10 Gigabytes
RAM 64M 128M
FreePClI Slots 1 At least 1
1/0 DAQ Cards Yes &) Yes @)

A DAQ card should be listed in the Comedi supported hardistes
Appendix Bof Error! R eference source not found.Otherwise, Comedi
oes not support the device and the driver has to be devedtapedually.
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The software configuration fathe VTB-RT includes the components listed in sectimor!
eference source not found. a clean Linux kernel with an RTAI patcomedi driversand VTB
solvers. Details VTB-RT implementation procede is presented ithe Appendix.

Real Time Implementation

There are three maj@omponentsn the VTB-RT realtime implementation: a reéime task, a
Linux process, and a retiine FIFO (first in first oubuffer).

Real-time Task

The RTAI preempts the standard Linux kernel and handles hardware interfopbe VTB-RT,
arealtime taskis generated by the RTAb managethe 8254 chip (clock generator) to generate a real
time clock whichis used as the basis fdefining thesimulaton step This reaitime taskis a loadable
module in Linux; it stays irthe kernelspaceuponbeing loaded. Fig. 1 shows the pseudo code of a
typical reattime task.

In a typical reakime task a$ig. 1, the following code sections are included:

e Application interface between the raahe task and the reéime FIFO:
The interface between the rdahe task and the redime FIFO is definedn this section.

e Realtime task initialization function:

#include Header Files init_module()
<Linux module, i/o, math, rtai, rtai_sched, rtai_fifos> {
Set_RT_Step_Size();
Initialize_RT_Task();

#define RT_Step_Size Create_RT_FIFO();
#define RT_Task_Priority Run_RT_Task_Periodicly();
}
cleanup_module()
RTAI_API() {
{ Stop_RT_Clock();
Send_RT_Clock_Message_to_RT_FIFO(); Destroy_RT_FIFO();
} Destroy RT_Task();

}

Fig. 1 Pseudo code of a typical reaimetask.

A kernel module must always contain iait_module()function. It isinvokedby thefinsmoa
command when the module is loaded. It prepares for later invocation of the éadduletions. The
step size and rediime application task are defined in this section. The application task sendsimeeal
clock message into the FIFO at tbheginnirg of each time step. This message indicates a new
simulation time interval for the usspacewhere the VTBRT solver is located.

¢ Realtime task cleanup function:

A cleanup functiorcleanup_module(js also required for any kernel module. It is invokscthe

frmmod command when the module is unloaded. It informs the kernel that the module has been
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removed andhone of is functions are called anymore.

Linux Process

VTB-RT solvers are realized by a set of standard Linux procesBesy aresimilar to other

Linux programssuch as a text editofn eachstepinterval the solvertakes in the system input frotine
input channel of the DAQIlevice solves the system state, and sends the system output thrmugh
outputchannel of the DAQ deviceThe Linux process is a usspaceapplicationprogramand hence
has no direct communication with theattime task Fig. 2 shows the pseudo code of a typiwdB-RT
solver.

In a typical VTBRT solver ag-ig. 2, the following code sections are included:

e DAQ input function:

This function reads the input datatbe under test system from the input channels of the DAQ
device.

e DAQ output function:

This function sends the output data of the under test system to the output channels of the DAQ
device.

e VTB-RT solver function:

This functiontransplantghe VTB solver fom Windows environment to Linux environment. It is

the fheard of the VTB-RT platform. It solves the state of the under test system using the input
data and generates the system outputs during each simulation interval.

e Main program:

The main progranmcorporateshe previous three functions. It polls the rgale FIFO for the

reattime clock update. If an updated rémhe clock is detected, it will call the DAQ input function,
VTB-RT solver function, and DAQ output function in sequence.
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#include Header Files
<Standard Linux header files>
<Header files for a specific VTB-RT solver>

VTB-RT_Solver (System_lInputs)
{
System_Outputs = Solve_State(System_Inputs);

#define Input_Channels } R OURIE:
#define Output_Channels

DAQ_Input (Input_Channels) main)

{
Open_DAQ_Device(); {
Set_Mode&Range_of DAQ();
Read_Data_From_DAQ();
Data_Scaling();
Close_DAQ_Device();
Return_Input_Data;

Initialize_ RT_FIFO();
Initialize_VTB-RT_Solver();

While('end)
{
Read_RT_Clock_From_RT_FIFO();
If (RT_Clock_Updated)
DAQ_Output (Output_Data, Output_Channels) TrEen
{
Open_DAQ_Device();
Set_Mode&Range_of DAQ();
Data_Rescaling(); }
Send_Data_to_DAQ(); }
Close_DAQ_Device();
Return;

}

System_Inputs = DAQ_Input(Input_Channels);
System_Outputs = Solve_State(System_Inputs);
DAQ_Output(System_Outputs, Output_Channels);

Fig. 2 Pseudo code of a typical VBT solver.

Real-time FIFO

Because in the VTHRT the reakime clock information has to be passed to the solveeah
time FIFO is appliecast h e i lbetwedntheer@altime task andhe Linux process. Theealtime
FIFO is a unidirectionalreadivrite buffer created byhe RTAI. After simulation starts, it continuously
recordsthe realtime clock generated by the retiine task. Simultaneouslythe Linux processolls the
reattime FIFO, detects the redlme clock and performs the simulatior-rom the programming point
of view, the reatime FIFO can be divided into two parts: one manbeddedn the realtime task, and
the other in the Linux process, as shmowFig. 1 andFig. 2.

Fig. 3 graphically illustrates how real time is achieved in the WRAB platform using the
previously discussed three major components. More detailed explanations and exateplefdhese
components are availablevmb.ee.sc.edu
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Fig. 3 Real time implementaticof VTBRT.

VTB-RT Architecture

Fig. 4 shows the architecture of the VABT. This architecture allows the user to perforneat
time HIL testing of asystem thaincludesreal hardware. This tasy phase can be considered as the
very last step before the real-bme testing of power electronics controls. Through this process the user
can verify not only the algorithmic correctness of the systeqy @ controller) in the simulator, but also
its capability to meet the redime constraints.

VTB-RT (in Linux)

(| RTAI {8254 Chip D

J L
Real-Time Clock
J L
Dynamic VTB
Input i System Solver | Output
@ vts file
VTB Schematic Editor VTB Solver

Port from VTB (in Windows)

Fig. 4 The architecture of VTRT.

The simulation schematiasan becreated using the VTB Schematic Editor under a Windows
platform. The schematic file fonat, .vts, is compatible with the VTBRT under Linux. This enables
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the user to directly export a simulation from a@attime platform to hard redlme platform. It is
important to underline that this step does not require any compilation prothesvts file is shared
among different platforms and is an ASCII file describing the system by using arbéb#d notation.

Real-Time Control for Power Electronics using VTB-RT

Power electronics control designers often use simplified models of the pthetearly stages of
the system design.By doing this, they can focus on the control algorithm itself rather than the
complexity of the plant.However, many factors may affect the viability of the derived controller, such
as oversimplification of the modl and data communication time delay$herefore, in order to be
confident of the design, the control system must be tested under more strict condhtiomnsstance,n
the case of the switching power convertiiferent levels of modelsould be consideresubsequently

e Averaged model.

e Switching model.

¢ Real hardware redime HIL testing.

ReferenceError! Reference source not found.gives a detailed example of using bdtie
veraged model anthe switching model of a boost convertethis paper focuses on tiheattime HIL
testing with real hardwardJsing the VTB-RT, a very lowcost reatime HIL testing approach for
control desigs in power electronics applicatioms proposed This approach isummarized in four

steps, as shown kig. 5.
Imported
Plant Simulink Plant
Model Controller Model
Simulink

Controller
Model

VTB or Simulink VTB

Step 1: Non-reattime simulation in VTB Step 2(Optional): Non-reakime @-simulation using VTB
or Simulink. and Simulink

J 3 Plant

| Controller | Plant | | Controller K

" Model " Model | " Model Real

ode > ode 3 Hardware

VTB-RT/Other VTB-RT/Other VTB-RT

Step 3: Realtime/Nonrealttime ] . ]
o ) ] Step 4: Reattime HIL testingwith realhardware.
distributed Simulation.

Fig. 5. Design approach of redime control for power electronics

79 N0001402-1-0623_FinalReport_Dec2008.docx



Step 1:

Design a higHfidelity system model for botkhe controller andthe plant inthe VTB or other
nonreaktime simulation environmepsuch as Simulink.Tune the control parameters if necessarge
result of this stemvill be theidealresult.

Step 2:

Link the contrder modelin Simulink developed in step ifito the VTB and perform the VTB
Simulink casimulation ¢(efer toexample 1). This result can be used as a comparison to analyze the HIL
results in step 3 and step #his step can be skipped fan even lower costTB/VTB-RT only design,
where Simulink is not involvedéfer toexample II).

Step 3:

This is the distributed simulation stag&he whole system is partitioned into two subsystems:
one contains the model of the contralland the other contains the model of the plabifferent
simulation environments cdre used to host these subsysteifikis step can be either re@he or not,
depending on the host environment&pplication example | shows the neoeattime distributed
simulation using dSpace and VTBApplication example Il shows the hard rémhe dstributed
simulation using two separate VIBT computers

Step 4:

Keep the controller model ithe VTB-RT and replace the plant model with real power
electronics hardwarePerform the hard redéime HIL testing.

Following these steps, the VIRT providesan efficient design and testing approach for power
electronics controls. The refne HIL testing eliminates the costly hardware and greatly reduces the
design cost. It should be pointed out that the limitation of \RTBand the proposed design appitoac
primarily lies in the fact that for a given hardware platform, the minimumtireal step is limited. It
means only a limited bandwidth of the system under test can be used. Therefore, in the actual design
stage, special attention must be paid to comise between the VTFRBRT platform cost and the
bandwidth of the system under test. At this time, a minimuratréalme st ep of 250 ¢€s
using low | evel hardware and 50 e©€s has been
resolution stsfies most of the power electronics controls.

Application Example I: RT State Space Feedback Control for Boost Converter

This application exampldlustrates the process during the implementation of a state space
feedback control for a boost convertshowing all of the steps described in secflonParticularly, it
focuses on theeattime HIL testing withvery low-costhardwareError! Reference source not found.

First, the analytical control design uses pole placement on the linearized syBtdes are
selected so that the cldloop system has satisfactory dynamic behavibine designed system is then
built in the VTB to obtain theided results. Then,the VTB-Simulink cosimulation is performed by
importing the Simulink controller intthe VTB. After that,the nonreattime distributed simulation is
performed on this system using dSpace tedVTB. This step is not hard retime, since the plant
model is still hosted in WindowdHowever, it give a general approach ftine HIL testing where a hard
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reakttime system is noavailable. Finally, the reatime HIL testing is performed usirthe VTB-RT and

a real boost converter.

The hardware and softwareonfigurations ofthe VTB-RT computerused in this example are
listed INTABLE IV. The boost converter has the parameters giv@iABLE V.
TABLE IV
VTB-RT Configurations in Boost Converter Control Example

Hardware configuration Software configuration
Linux
CPU Intel P1Il 800MHz release Mandrake 9.0
Harddrive 10 Gigabytes Linux kernel  2.4.20
RAM 128M SDRAM RTAI 24.1.10
Network 10 Mbps ether net | Comedi 0.7.66
1/0 DAQ Advantech PCI11710] Comedilib 0.7.19
Devices Advantech PCI1720 gccversion 3.2
TABLE V
Parameters ofPrototype Boost Converter

Rated input voltage 12v

Rated output voltage 40V

Maximum output power 100w

Input inductance 46¢H

Output filter capacitance 1.360mF

Main switch IRF540N

Switching frequency 50kHz

Load resistance 35 q

Designing and Testing Procedures

Step 1:Nonreal-time simulation in VTB

The plant and the feedback controlée designed irthe VTB asFig. 6. The desired closk
loop poles are chosen ag000, -500Q and the desired output voltage 20V, which result in the
parameters of the controllek;=-0.0161 and k= -0.0206. Fig. 7 shows that when the reference output
voltage steps up from 12 volts to 20 volts, the actual output voltage follows the reference.

Step 2: Nonreal-time VTBSimulink cesimulation

The controlleris then implemented in Simulink and importedoirthe VTB by using the
interactive interface betwedhe VTB and Simulink. The schematic of the esimulation system is

shown inFig. 8.
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steps from 12 V to 20 V (softwawaly simulation case).
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Step 3:Nonreal-time distributed simulation

The dSpace system supports direct compilation of timeul8ik control definition, and the
compiled code can be downloaded into the dSpace platform without any ctBegefiting from this,
the Simulink controller model is compiled and downloaddd the dSpace platform, and Reeattime
distributed simulatin is performed betwedhe VTB anddSpace. Since step 2 and step 3 do not deal
with hard reatime, for simplicity, the simulation results are omitted here. Detailed results are available

in Error! Reference source not found.

Step 4: VTBRT HIL testing with a real boost converter

The state space feedback controlteimplemented in the VTB anthen exported intthe VTB-
mo dirael cloak evthe VEB-RTn fTheee t h e
I nt egighabegcbhange betivedhe VTR-r e

RT, as shown iFig.9. The ART

AVTBIADVPCIFL 710 |1/ O Cardo

RT and the boost convertbardware
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Fig. 9. State space feedback controller modeh@VTB (exported intthe VTB-RT).
Finally, the hard reatime HIL testing is performed with the controllertire VTB-RT and a real boost converter.
Fig. 10 shows the response of the boost converter when the reference voltage steps up from 12 volts to 20 volts.
It is in good agreement witkig. 7, theidealresult predicted in step 1.

Voltage (V)

Time (10-3s/div)
Fig. 10. Output voltage of the real boost convertehen reference voltage steps from
12V to 20V (hard realime HIL simulation case).
Notice that the steady state output voltaigesig. 10, 11.6 volts and 19.2 voltare less than the ideal caserig.
7, 12 volts and 20 voltsThis isbecausehe simplified models in the iddacase do not take into account the losses
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in the actual hardwareAlso it is observed thahe experimental result has piecewlige behaviorcaused byhe
reaktime simulation step sizdn this casethe stepsizé s 300 ¢ s.

If a faster host computer is used for the VRB, thesimulation step sizean beeasilyreduced, and the result
will be smoother. For instance, a time step of 3 has been achieved for a similar example using a more
advancd VTB-RT platform, whose configurations are listed in TableéElivor! Reference source not found.

TABLE VI
Configurations of a More Advanced VTB-RT Platform
Hardware configuration Software configuration
Linux
CPU Intel P4 2.66GHz release RedHat 8.0
Hard drive 60 Gigabytes Linux kernel  2.4.20
RAM 512M SDRAM RTAI 24.1.11
Network 10 Mbps ether net | Comedi 0.7.69
1/0 DAQ Advantech PCI11710] Comedilib 0.7.20
Devices Advantech PCI1720 gcc version 3.2

The agreement betwedfig. 7 and Fig. 10 confirms that the redime state space feedback
control of a boost converter is achieved through the proposedR/ITBard reatime HIL testing
approach.

Application Example II: Real-Time Feedback Control for An H-Bridge Inverter

The second example demonstrates the design of a digital controller forbeidgd inverter
using onlythe VTB andthe VTB-RT, eliminating any other third party design softwaiiéhis example
focuses on the reéime distributed simulation stefarror! Reference source not found.

First, aproportionatintegral (Pl) controller is designed analytically at desireddiadth and
phase margin.The system stability is analyzed in discritee domain and stable integration time step
limit is obtained. The designed closedop system is then built ithe VTB to obtain theided results.

The VTB-Simulink cosimulation $ep is skippedsince in this example the design capability of
VTB/VTB-RT without help of third party softwares concerned After that, the whole system is
partitioned into an inverter subsystem model and a controller subsystem model, hosted by tea ident
NI VXI-872Bpc omputes. As the focus of this example, hard réiate distributed simulation is
performed.

The configurations athe VTB-RT computerused in this example are listedTIABLE VII.

TABLE VII
VTB-RT Configurations in H-Bridge Inverter Control Example
Hardware configuration Software configuration
Intel P11l 1.26 Linux

CPU GHz release Mandrake 9.0
Hard drive 15 Gigabytes Linux kernel  2.4.19
RAM 128M SDRAM RTAI 24.1.10
Network igto Mbps ether Comedi 0.7.66
110 I_DAQ NI PCI-6070E Comedilib 0.7.19
Device gcc version 3.2

The whole system is describedhig. 11. A sinusoidal voltage source is rectified and suppliesdihe
voltage level for the inverter. The output current of the inverter is fed into a Pl contrdllés. current is
compared with th reference, and the output of the controller determines the duty ratio of thergyiitihe
inverter. The load is a 1 mH inductor with an internal resistance of 0.01 ohm
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Fig. 11. Description of he Hbridge inverter system.

Analytical Design of the PI Controller

Choose the bandwidth atice phase margiof the operoop transfer functioms
gy = 277 x100HZz = 628 rad/s and Ppy = 550",

To compensate for the delay effect caubgdthe D/A and A/D conversion and by the signal
transition between the plant and the controller, the phase margin is modified as

Ogy * T

@py =50+ Ap = 50"+ = 545",
Choosing the sampling period of the controllyt o be 250 ¢ s, t he pal
controller can be calculated as
K, =0.016¢ and K, =7.8213.

The operoop transfer function of the whole system is then obtaingd)as
0.506s+234.4
Go(8) = )

0.001s° +0.01s

Stability Analysis

The SRC solver uses the trapezoidal integration mettbdrefore, the opeloop transfer function of the
whole system can be transformed fromianain to Zdomainas (3).
0.50632;1+ 2344

T, z+
Go(2) = = = ©)
00012 2=Y2 0012 271
T, z+1 T, z+1

The main stability issue of this system is related to the delay introduced by the signal processing, A/D and
D/A conversion and model integratioWVith a proper sampling frequency, the systean beapproximatd as a
hybrid system with an internal ois¢ep delay. Based on this estimation, the system characteristic function can be
derived as4).
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The stability analysis gives the root locus of the system with different sampling peristievasn Fig.
12. When the time step is greater than 2.1 ms, the system becomes unBedaase othe system complexity
andthe hardware limit, the minimumitie step that can be achieved while satisfying thetimal constraints is
250 s with syst e mlTABLE VA .i Thaneforetthetimetse poive thosen to b
example

0sf

05+

-1.81

Fig. 12. Root locus of the discrete system with-tbime-step delay.
Testing Procedures

Non-real-time simulation in VTB

The entire system is simulated usitige VTB as shown inFig. 13. A delay in the feedback loop is
inserted into the close loop simulation, to emulate the effect of the connection between the two separated
machhes at the distributed simulation stagéwo output current reference signals at frequency of 10 Hz are
applied separately, a square wawela sinusoidal, with amplitudes 1.5 amps and 2.5 amps respectRiglyl4
shows that the output currents track the current references at a typical second order behavior.

Real-Time distributed simulation

The entire system ihenpartitioned into two subsystemsplant model and a controller modak shown
in Fig. 15.

The two subsystems are exported into two separate-RTRomputers These computers are two
identical National Instruments VX872Bpc catrollers (system configurabns in TABLE VII). The two
simulation processes communicate through a direct analog connection between the DAQ devices embedded in
each VXI controller, as shown in

Fig. 16.

87 N0001402-1-0623_FinalReport_Dec2008.docx



A

o1 controlles

I® Q=]

reference

;.

cad
.
.

*

curren! sarso

I

ey

-

- O

Fig. 13. Schematic of the-Bridge inverter control system in VTB.
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Fig. 16. The architecture of VFRT realtime distributed simulation.

The results of the reaime distributed simulation are shownhig. 17. The agreement betweeiig. 14
andFig. 17 validates thata PI controler of an H-bridge inverter issuccessfullydesignedoy using the VTBRT
reaktime distributed simulation The design of the controller has already been achieved at this $tali@mving
this, the hard reaime HIL testing can be sdy performed by substituting the plant host VRB computer with
real inverter hardware.
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Fig. 17. Output currents and current references of the-teaé distributed simulation in
VTB-RT (realtime distributed simulation case).

The simulation time step cannot lmaver than2 5 0 € s  btleecspeadsnéatioosf ofthe VTB-RT
platform. TABLE VIII shows the distribution dime consumed byhe VTB-RT in this exampé within each
simulation time step. In this examplethere are components (voltage source, diodestches resisor, and
inducbor) that are solved usingesistive companion modeling (RChiethodand other compomgs (sensors,
math functions, anBAQ interface models)singsignal extension resistive compani@RC method Asshown
in TABLE VIII, most of thesimulation time is spent in solving and interfacing the SRC models. At this 8tage,
VTB-RT presents undesirable overhead that counts at lea3@®rsl. n addi t i on, 33 e©s ar e
and logging the simulation results; this time can vary depending on how many variables the user prints in a log
file at every time step. Minimizing data logging processes and using the advancedTVpRtform Isted in

TABLEVI, a time step of 100 ¢s HEaw! Réferance scarcemotoumd.d f or
TABLE VIl
VTB-RT TIME ANALYSIS IN H-BRIDGE INVERTER CONTROL EXAMPLE

Time Consumption

Solving system equation

- RCM 717 s
- SRC 1167 s
Output and logging 337 s
Additional overhead 3071 s
Minimum time step 2507 s

Conclusions and Recent Progresses

A multi-solver, hard realime HIL simulation environmentthe VTB-RT, is introduced. Using this
platform, a complete design and testing procedure for power electronics controls is prapusagplicability of
theVTB-RT and the proposed testing approachaigdatedthrough two application examples.

The proposed redime HIL testingapproach eliminates the need of using costly hardware in the design
process, and therefore greatly reduces the overall design cost. However, for a given hardware platform, the
minimum time resolution is limited and only a limited bandwidth of the systederutest can be used.
Consequently, in the actually design stage, special attention must be paid to compromise betweenRfie VTB
platform cost and the bandwidth of the system under test.

The most attractive feature othe VTB-RT is that it isvery low cost, yet is capable of yielding
comparable performance as the expensive commerciatimgalsimulation software. As shown in the first
example, hard redlme could be realized without advanced hardwadet certainly, the minimum redaime step
that can be achieved depends on the hardware configuration of thaRVTiBatform (i.e., the speed of the
processor, the sampling frequency of the DAQ deviets, as well as the complexity of the system urtést
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In the first example, the VTHRT platform is based on a standard PC with an Intel Plll 800 MHz CPU and 128M
SDRAM, and the minimum step that candmhieve to simulate the boost converter control system in hare real

ti me i sin®&decormb@mple, the VTBRT platform is based on a National Instruments \8XRBpc
controller with an I ntel Pl 11 1.266 GHz CPU and 128
for an even more complex-bfidge inverter control system. The time resioln of the VTB-RT can be improved

by using faster processors and DAlQvices. If more advanced hardware is used, the minimum step can be
further reducedto 50 ®ind10e s r especti vel y f or iedolatiorssasegoedermugphter i me
simuate the dynamic behavior of most power electronics control systems and are comparable with the
commercial reatime systems.Additionally, a highspeed device, such a field programmable gate array (FPGA),
connected to the VTHRT platform can improve thperformance of the overall simulation process, providing
means to accurately acquire and generate high frequency digralsReference source not found.

Signal extension resistive companionR©) solver used byhe VTB-RT enables the natural coupling
between the simulation environment and the hardware undeabesthus enables the powsardwaren-the
loop (PHIL) testing, where virtual powexchange between the simulation environment and the hardware under
test is possible. The theoretical framework and experimental results of the PHIL testing usingRUT8&re
reported inError! Reference source not found. The most recent research advances in the -RTBhas
uccessfully extended VT-BT and the proposed HIL testing approach to more complex systems, such as three
phase systems and motiive system&rror! Reference source not found. These applications usually include
witched circuit that requires high and variable frequency switching gating signals, for example, fast switching
PWM signals and encoder signals. This poses a major challenge to the simulation platform due tcdithe high
resolution required. A FPGBased signal conditioning hardware interface has been recently adoptedR'VTB
as the 1/O interface to the hardware under Esbr! Reference source not found. It greatly reduces the
omputational burden of the simulation in the acquisition and generation of fast switching signals. These recent
advances have greatly extended dlesign and testing capabilitf the VTB-RT from mere control system to
almost any hardware system.

Automatic Synthesis of Uncertain Models

Representaiton of uncertainty, when applied to circuit simulation, can be a powerful tool for
producing and designing robust systems. Various aastihave been proposed which can be used to
guantify and propagate uncertainty. There are interesting examples of research in which Atrtificial
Intelligence techniques are applied to provide a simplified or qualitative definition of the physics of
systemsvhen uncertainty is involved. Reviews of this topic can be found"lg'f,* > " *"]. Similar
issues have been considered in the electrical engineering field to overcome specific design problems
caused by uncertainty’l’, *"]. The numerical evaluation of théfects of uncertainty is traditionally
achieved by wusing the Monte Carlo method, wh i
determining uncertaintyxkvi]. The Monte Carlo method can give the entire probability density
function (PDF) of any system vable through reiterations of the system simulation. Another method
used for the eval trugwarggcna scef cumoceaurittaitnotlyeriasncfe 0 a
the results concerning the upper and lower statistical boahdse circuit respose to uncertainty
(7). The polynomial chaos approach to the evaluation of uncertainty also yields the full PDF of the
systembébs variables using only one execution of
generating a tchaosrepieseriation fooulseyimsonaiatian is presented in the paper.

It has been common practice in engineering to analyze systems based on deterministic
mathematical models with precisely defined input data. However, since such ideal situationslyare rar
encountered in practice, the need to address uncertainties is now clearly recognized and there has been
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growing interest in the application of probabilistic and other methods. Among the existing methods for
uncertainty analysis, Ghanem & Spanos péad a polynomial chaos expansion methdd"([ **]).

This method is based on the homogeneous chaos theory of Wighevhich uses a spectral expansion

of random variables. The use of the term chaos in this context represents uncertainty and should not be
confused with the chaos theory used frequently in theoretical physics. The homogeneous chaos
expansion employs Hermite orthogonal polynomials in terms of Gaussian random variables. Cameron &
Martin have proved that this expansion converges toLarfiynctonal in random space in the sense

[**]. Combined with Karhunehoeve decomposition{] of the inputs, polynomial chaos results in
computationally tractable algorithms for large engineering systems. Recently, a more general
framework, called generalizedolynomial chaos or Askey chaos, has been propof&H.[This
expansion technique utilizes more orthogonal polynomials from the Askey scheme than the original
homogeneous chaos theol§ ] and is can represent general +®aussian processes. Applications to
ODE, PDE, NavieiStokes equations and flestructure interactions have been reported and
convergence has been demonstrated for model prob®&<°[*]. In recent years, polynomial chaos

has been applied to measurement uncertafiit§}][***"], entropy multivaria¢ analysis’f**], control

design 11111, de5|gn of a TwePlanar Manlpulator"][”] and polynomial chaos based observers for

use in control theory[']. Reference{'] presents an overview of applications of Polynomial Chaos
Theory to Electrical Engineering. Amg other possible applications, circuit simulation by means of
Polynomial Chaos Expansion is introduced. In that paper though the problem is solved for a specific
topology without providing a generalized algorithm for the solution starting from a SiHE€Betlist

and information about the uncertainty of some parameters The major contribution of this present work is
in effect the formalization of the automatic solution process while using resistive companion method
(™). In particular, a systematic algttm to automatically define the conductance matrix of an
uncertain system is presented. This theory yields the definition of a new approach to Nodal Analysis
where the topology of a network is mapped to a multilayer topology where each layer represents on
level of polynomial expansion. This approach helps to pave the way for a new generation of uncertainty
based CAD tools.

Table IX
Variable Definitions
3 Independent random variable
U] Individual random event
ny Total number ofandom variables
No Single variable polynomial order
P Multi variable polynomial order
q Denotes a single polynomial term (single or multivariable polynomials)
X General second order random process
| Single variable polynomial coefficient
b,y Multi variable polynomial coefficient
H, Hermite polynomial
He, Rescaled Hermite polynomial
w() Weighting function
q Region of space (polynomial basis dependent)
I Electrical current
G Electrical conductance
V, v Electrical voltage
B History source (same units as current)
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H Time step

T Current simulation time
C Capacitance

R Resistance

Polynomial Chaos

N. Wiener first introduced polynomial chaos theory in the form of Homogeneous Chaos
Expansion in 1938 [13]. This expansion use®scaled version of the Hermite polynomials, which
correspond to a Gaussian or Normal distribution when used in combination with Gaussian random
variabl es. This expansion t echni;gwhiehaie sassociatede d
withani ndi vi dual random event d. Every uncertair
represent ed by dhetoawmlmdnridenofvaadom arfables is stenoted by the symbol n
Each random variable is represented by a single variable polynomial expression in tgrnWiafe in
principle each decomposition comprises an infinite number of terms, for practical purposes the
polynomial order for each single variable polynomgalimited to a finite number of terms denoted by
the symbol p When the examined system contains multiple uncertain parameters, a single variable
polynomial basis is no longer sufficient to represent the uncertainty of the system. The single variable
polynomial contributions from each uncertain variable in the system, are combined into a multivariable
polynomial that comprises all of the uncertainty in the system. Equation (2.1) represents the order of the
resulting multivariable polynomial as a furioh of n,andn,

f,+n !
P=| —2*f=|-1 (2.1)
n!n,!

The variables,and P are both indexed starting at zero, representing the first polynomial order.

Every variable in the examined system must be expanded along the entirevamaliie
pol ynomial basi s. The individual pol ynomi al t
Equation (2.2) represents a variable Y(t) that is being expanded @lengultivariable polynomial
basis.

YO =Yy 0% 22

The multivariable polynomial basis mathematically describes a general secdedrandom
process X@ij])). by (2. 3) (]

X(0)= 3+ X8 U (0)+ 23 8, BlE, (0).5,0) +
=1 i1=1 i,=1 (23)

i'z“zzaﬂzm(«;l 0).£,(0),¢,(9))-..

=1 ip=1 gy

Notice that there is no limit on the number of terms in (2.3). This equations represents the case
in which PYD. The number of terms resul ttarng f
simplification purposes (2.3) can be rewritten as in (2.4).
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X(0) = Zﬂi‘ﬂ @) (2.4)

The indexing of the variable Q@ in (2.4) and
because (2.4) represents a truncated decomposition, and in sémomdgrause in (2.4) each index
refers to a set of polynomial terms of the decomposition. Once the valugsnolihphave been chosen,
the summations from (2. 3) a findexed aquaadng ® dheiramewd
positions. The réndexing is a result of the process of transforming single variable polynomials to
multi-variable polynomials. The expansion performed on (2.2) is the act of projecting Y(t) onto this
multi-variable polynomial basis.

Wi ener s original ld cescalagl enso ool the HErmite paynomle. drhe
Rodriguez formula for the Hermite polynomials is (2.5).
n ox° d" _x2
H,(X) = (D" ——(e") (2.5)
dx

Rescaling of these polynomials with a factor of the square root of two is required to achieve the
popular polynomial$ie, associated with probability theory and the Gaussian distribution. The rescaling
and resulting Rodriguez formulae are (2.6) and (2.7).

X
He =H (— 2.6
L (X) n(\/E) (2.6)
1. dn )
He,(X)=(-1)"e* —-(e? ) 2.7)
dx

The first three single variable polynomials are showhabhleX.

Table X
Rescaled Hermite Polynomials
He, (X)
He, (X)
He, (X) X
He, () x* -1

The multtvariable representation of these polynomials is shown in (2.8).

X(0) = aHe, + 38, He (&, (0) + 3 a, He, (£, (0).£,(9) +
i=1 i1=1i,=1 (28)

o

>3 > ay, Hey (€, (0).€,(0).€,(6))...

i1=1i5=1 iy

The following table demonstrates the meaning behind the multivariable polyrootasibn.
Table XI
Multivariable Polynomial Notation
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Multivariable Notation Polynomial Realization
He,(x,y) He (x)He,(y)
He, (%, %) He, (x)

He;(x, %, y) He,(x)He,(y)

An example using the expansion in (2.2) with two random variables and a polynomial order of 2 results in the
following equation.

Y(6.0) = Yo () + Yi(DEB) + Y, (1)E,(0) + V5 (t)(E2(0) - D)
+ Y, (DE(0)E,(6) + Ys(t)(&,(0) - 1)

Polynomial chaos theory is not limited to the Hermite polynomials. efaéimed polynomial
chaos (otherwise known as Wierksskey Polynomial Chaos) expanded the theory to use all the
polynomials from the Askey scheme of orthogonal polynomials. The polynomials of interest in this
paper are the Hermite, Legendre, and Lagupalgnomials. These specific polynomials are chosen
because they represent the most common physically realizable distributions of uncertainty. Hermite
polynomials are associated with the Gaussian distribution, Legendre polynomials are associated with the
uniform distribution, and Laguerre polynomials are associated with the exponential distribution
([xxxiii]). The use of Hermite, Legendre, and Laguerre polynomigéllsram now on be referred to as
Hermite Chaos, Legendr€haos, and Laguern€haos respectively.

(2.9)

When all of the variables in the examined system have been expanded onto the basis of choice, a
Galerkin projection onto the basis is applied. The Galepkojection is realized by the integration of
each component of the examined system with the polynomial basis. The projection takes the form of an
integral because the chosen polynomial bases are all continuous. The limits of the integral correspond to
the region where the chosen polynomials are valid. The limits for HeGhié®@s, Legendr€haos, and
LaguerreChaosareb t ¢l Bt,o 1, and O to DB respectively.
q . An exampl e of t hilllsparpBraodcnarsy xaapep isfaiir, xxxv,xxxvi]. s e c t |
The Galerkin projection results in inner products of the polynomials. Equation (2.10) is an example of
an inner product for a polynomial basis.

(P W) = [ 9 W w(&)de (2.10)

A polynomialbasis dependent weighting function which is a function of the number of uncertain
variables is included in each inner product. The weighting function for the rescaled Hermite
polynomials is given by (2.11).

W(f)( = Je?f 2.11)

An example of arinner product of three Hermite polynomials and this weighting function is
located in (2.12).

(He,E)He ) He,,E0) = [ [ €€, 86,6, g#}: e ‘deldgz 012

Jer?

—00—00
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The inner products must be separately calculated for each polynomial Basie the
polynomials bases are orthogonal, the majasitthe inner products result in zero. The number of inner
products required increases according to (2.13).

#inner__ products= (# polynomiaks_in _inner_ producd)® (2.13)

Calculating(2.13) with three polynomial inner products with two uncertain variables expanded
by second order polymial chaos results in the needed calculation of 1000 inner products. The inner
products are dependent solely on the muadtiable polynomial basis. This dependency allows for the
inner products to be calculated only once during a simulation. Theatalouof the inner products of
the polynomial terms can be automated for simulation purposes when the fundamental polynomial basis
and its weighting function are known. The polynomial basis itself can be automatically generated with
the knowledge of vaablesn,, n,and theRodriguez formulae for the fundamental polynomial basis.

It should be clarified though that when the number of uncertainties grows significantly the
Galerkin method here proposed may not be the most efficient appréddodn the numberof
uncertainties g?r_pws significantly the Galerkin projection is usually substitutechdycallocation
approach"'][*"]. A comprehensive comparison between Galerkin approach and collocation method
can be found in{].

In this paper, polynomial chaos is used to expand a commonly used circuit analysis modeling
method called resistive companion. Section Il introduces the resistive companion modeling method
and its polynomial chaos expansion. The expansion of the vesistmpanion modeling method allows
for a general and automated approach to the simulation of circuits and systems containing uncertainty.

Extended Resistive Companion Method

Resistive Companion Modeling Method

The resistive companion modeling methodased on equations resulting from nodal analysis.
This method is commonly used in the computer simulation of dynamic systems. This modeling method
is a general format for models that can easily automate the model creation process to achieve a systen
soltion. Individual model equations are represented in a specific form called the resistive companion
equation. All models must be represented in this format in order to combine them into a system
representation. The resistive companion equation is sio(@nl).
() =G(h)*V(t) - B(t—h) (3.1)

Equation (3.1) relates the current (I(t)) of a model (or more in genethrisgh variable) to
it's voltage (V(t)) (or more in general iteross variablg) using the model's conductance (G(h)) and
equivalent cuent source representation (B(Y). The time step of the simulation is denoted by the
variable h. Equation (3.1) can be realized through the use of an equivalent circuit. The equivalent
circuit representation is shown kig. 18.
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IQ}

+

V() G(h) B(t-h)

Fig. 18. Equivalent circuit representation of the resistive companion equation.

All resistive companion models are represented in this fashion. The equivalemt c
parameters are modified at each time step of the simulation according to the time relation defined by
(3.2).

To exemplify this technique the defining equations of a capacitor will be manipulated into the
form of (3.1). The defining voltage to cumerelationship for a simple linear capacitor is show(8i2)
and rearranged i(8.3).

dv
| =C— 3.2
at (3.2)
dv |
_1 33
d C 3:3)
Applying the trapezoidal rule t3.3) results in(3.4).
h(le |#-h
v(t)=v(t-h)+—| —+ = 3.4
0 =vie- 5[ {2 L @)
Rearrangind3.4) into the form of(3.1) results in(3.5).
| o = %v(t)—%v(t—h)—l t-h (3.5)

Equating (3.1) to (3.5) results in the equivalent terms G(h) andh)Bftir the capacitor that is

represented b§3.6) and(3.7).
2C

Gh =— .
= (3.6)
B!—h::%v(t—h)ﬂ —h 3.7)

The capacitor is now in a form where it can be combined with other models represented in the
same format. The system representation is created using the node numbers from nodal analysis tc
combine the individual resistive companion representatidmise models lvi,Error! Bookmark not
efined]). Once all the modelare combined into the system matrix form of the resistive companion
eqguation, the Kirchhoff Current Law is applied. The resulting solvable equation is located in (3.8).

V(t) = G(h) *B(t — h) (3.8)
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Equation (3.8) is solved for V(t) and then tt@responding voltages are placed into the model
and a new resistive companion representation is retrieved. The cycle continues until the simulation is
complete (klvi]).

Polynomial Chaos Expanded Resistive Companion Equation

The introduction of uncertainty into circuit analysis is achieved through the application of the
polynomial chaos expansion to the resistive companion equation. Each variable in (3.1) ig@éxpand
onto the polynomial basis as in (2.2). Equations {89)2) show the expansion onto the basis.

P
(1) =1, ()Y, (3.9)
i=0
P
V) =2 V0¥, (3.10)
i=0
P
G(h) => G (¥, (3.11)
i=0
P
B(t—h)=> B (t-h)¥, (3.12)
i=0
Replacing these variables int8.1) yields the expanded resistive companion equation shown in
3.13).
( ) P P P P
Z I, (DY, = Z G (hV,; )Y, —Z B (t—h)Y, (3.13)
i=0 i=0 j=0 i=0

The process of applying the Galerkin projection onto the polynomial chaos basis results in (3.14).

ZIQ i (OF; P, w(S)ds =

P P P (3-14)
>3 LG W, OF ¥ FWEAE - [ B (- ¥ wE)ds

The following identites from (3.15) and (3.16) are used to replace the integrals in (3.14) with inner
products.

[ W we)de = (v ) (3.15)
[ ¥ we)ds = (¥ ¥, W) (3.16)
These relationships are then applied to the individual terms of (3.14) resulting in¢R.17a
[ Owwwe)ds =1, f wrwe)ds =108 ) (3.17a)

IQGi (hV; O, ¥, ¥ w(&)dS =G (h)v, (t)IQ‘Pi ¥, w(g)ds
=G, (hV, (O(V ¥, ¥,)
fQ B (t —h)¥, ¥, W(&)ds = B (t—h) fQ‘Pi‘P'W(é)dé =B(-h(¥Y¥) G170

(3.17b)
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The result of replacing the terms from (3.17) back into (3.14) yields (3.18).
P P P P
SO ) =X > G (V0¥ W) - B (t—h)(¥¥) (3.18)
i=0 i=0

i=0 j=0

The inner product of two orthogonal polynomials tavreplaced by the identity in (3.19).
(w9)=(¥%)s, (3.19)

The nature of orthogonal polynomials enforces the relationship in (3.19). Placing (3.19) into
(3.18) yields (3.20).
P

i L (W7)5, = > GV, (¥, ¥ ) - ZP: B (t—h)(¥*)s, (3.20)

P
i=0 j=0 I
The Kronecker delta eliminates the summations of the I(t) antl)Bérms, resulting in (3.21).

I (t)<‘P| 2> = ZP:ZP:Gi (V, (O(¥ ¥, %, ) B, (t - h)<‘P| 2> (3.21)

i=0 j=0

Dividing both sides of the equation tz§m2> yields (3.22).

- iiﬁ (h)V, ()%, ¥, '¥,) - B, (t - h) <T'j> (3.22)
Y >i:0 i—0 <\PI >

The complete polysmial chaos expansion of the resistive companion equation is shown in
(3.23).

||(t):<

\Plz> iiGi (V; O, 'Y, )~ B (t-h) (3.23)

j=0

Il(t):<

The symbolic derivation can be taken no further due to the necessity of calculating the inner
products. In order to calculate the inner products, a polynomial basis must be chosen and the uncertain
variables of the system must be determined. The mogedgentation stage in part C addresses these
problems.

Model Representation

The capacitor example from section Il part A will now be expanded according to the polynomial
chaos theory. The capacitance parameter of the capacitor model will be theinmdeni@nt. Every
coefficient of the expanded input variables is known for the each term of the polynomial basis. Equation
(3.24) is the expanded version of the capacitance.

C¢)=C\¥Y,+CY¥, +C,Y,... (3.24)

All of the values for C are therefore known. &nC will only be associated with one random
variable §), thanks to an appropriate choice of the base, the majority of the C terms will be zero.
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Consider (3.24) with the Hermite polynomial basis, two uncertain variables, and using, for example
second ordepolynomials. Equation (3.25) represents (3.24) with the parameters described.

C(t,0) = C, (1) + C ()&, (6) + C, (1), (8) + C, ()&, (6) 1)

. (3.25)
+C, (1)1 (0)5,(0) + Cs ()£, (0) -1

If the capacitance is associated with only one of the uncertain variables (let 443 8®n the
values of C2, C4, and C5 are all zero. Imegy@l, it is convenient to associate each uncertain parameter
with one random variable. If the probability density of the capacitance is perfectly Gaussian, then there
is no need for C3 term, and the corresponding polynomial term is zero. In this cgseofnist two
terms of the Hermite polynomial basis are needed for a perfect Gaussian distribution representation. If
the uncertain parameter has a perfect Gaussian distribution, then all pteéh®m<other than CO and C1
are equal to zero.

The samedecomposition process described for the capacitance, can be applied to the
conductance of the resistive companion model a
because the terms 2 and h in (3.6) are constant and their oniy @ano Q1 & a, wisich i§ equal
to 1, the resulting G(=3,h) is (3.26).

G(g,h):zhCO‘POJrZ C 2*C

. Ly + . 2Y,... (3.26)

The only norzero C coefficients areq@nd G, which result in the only nerero G terms being
Go and G. The summation of the expanded resistive companiaat&a in (3.23) can now be reduced
to only the noreero G terms thus yielding (3.27).

Li Go(h)V; (t)( P, W) +

Il(t):<‘P2> !

(#’

> Gy (VO L, ¥, )~ B (t—h) 327)

~—

The polynomial basis must be chosen so that the inner products can be calculated. The Hermite
polynomials will be chosen in this example. The zerno inner product results from using third order
polynomial chaos with one uncertain variable are showiralrie 1V.

Table Xl
Non-zero inner products using Hermite polynomials with G term restriction
(P, ¥, ¥, ) =1 (P P,F,) =2
(P ¥,) =1 (PP Y,)=2
(P ,) =1 (PP, 9,) =2
(P ¥, ¥,) =1 (P, ¥,) =1
(W) =1 (W,¥,)=2

The series of resistive companion equations, through the substitution of the inner products from
Table IV into (3.27) results in equations (3.28a

lo(t) = €&V, +GV, —By(t—h)
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(1) = €V, + GV, +2GY, - —B/(t—h) (3.28b)
1, (t) = GV,(t) +GyV,(t) —B,(t—h) (3.28c)

Equation (3.28a) can be represented by the equivalent circuit representation loc&igdle.

l,‘m
(;,QIIIC

>
+

Vi) Giy(h)

N

B{t-h)

1{t)
+

Vi) G, < G

GZH"C

B (t-h)

L(t)

Vi)

Gy(h) Gh) C

Fig. 19. Equivalent circuit representation of the extended resistive companion equation.
The values of G and B can now be replaced with C and h yielding equafi®a¢3.

B (th)

1,(t) = [ oy )+ Zﬁlva)] [Zﬁova—h) 2C1V(t—h)j—lo(t—h) (3.29)
1) = [chva) 2ﬁ°v1(t>+%v2(t)]
(3.29b)
[2?\,@ h)+2(;°vl(t—h) ‘flva h)j—ll(t—h)

1, (1) = [ 2V, (t) + EOV(t)j [Zﬁlva h) + COV(t )j—lz(t—h) (3.29¢)

Equation (3.30) shows the matrix form of equatlon (3:@pa

2, 6 %, 6 ]
,®] | h h v,®] | h n V,t—h)] T1,t=h)
L) | = 2:131 Zﬁo 4:1:1 x|\ (t) |- 2:131 2(h:° 4:1:1 s\ (t=h) || 1,(t—h) |@3.30)
LOL |, 26 2G| V201 | 26 2G| [VL(t=h] [I.(t=h)
I h h I h h

The extended resistive companion equation representateachfmodel is then combined into a
system representation through the use of nodal analysis. The resulting system equations can then be
solved using (3.8). Equation (3.8) is identical to the solution of a network where all of the components
are replacedy their equivalent circuit representations frétig. 19. The number of equations to be
solved at each time step is the product of P by the size of original resistngaigion representation.
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Even with this increased number of equations, there is a considerable computational speed improvement
over the Monte Carlo method for this system. The improvement in simulation speed is dependent on the
length of the simulationhe number of components used, and the size of P.

An interesting symmetry appears in every model using this technique. The zero index of the
uncertain parameter always falls on the diagonal of the G matrix. If there were no uncertainties in this
model, is conductance matrix would be purely diagondlhe models, whether they are certain or
uncertain, have a diagonal entry associated with each term of the polynomial basis. If the system being
expanded has only one uncertain model, with only one uncqrammeter (the capacitance of a
capacitor), then (3.30) is valid representation of the model of the capacitor. All models within this
system, would have conductance matrices of this same size, and this is true in general, that is in any
system model matrés will have the same size as the uncertain model. With reference to the example of
the system with the uncertain capacitor, since all the other models in the system are certain, then their G
matrices will be strictly diagonal. Models can automaticaéipegate their matrix representation based
on P and on which is their uncertain parameter. Each model have access tezémnaner product
coefficients, so that it can build up the matrix representation corresponding to its uncertainty.

The capacitbexample is very basic. When deriving the equations for a resistor or inductor, the G matrix must

first be inverted before the equations can be placed into resistive companion form. This is due to the fact that the
Galerkin projection is convenienthepr f or med i f @ i s at the numerator .
integrals to be prealculated, which greatly simplifies the process of automating the model generation and the
network solution. This restriction, for example, requires thaGidderkin projection is applied to the equations of

a linear resistor in the form in (3.32).

P P P
R (WL O(F YW ) =DV, O Y) (3:32)

j=0 i=0 j=0

Equation (3.32), represents the expansion post the Galerkin projection and the inner products are
in one of the precalculated forms. Limiting the inner product calculations to the polynomials in their
standard forms, is much easier than having to cd&wadditional integrals containing inverses of the
polynomial terms. It is much easier to automate the expansion of the equation in the form of (3.32)
because it contains only the inner products of the original polynomials. Once the equations aiig in matr
form the R matrix can be inverted and brought to the right side of the equation placing it in resistive
companion form. Models that are certain are not as difficult to treat, because their conductance matrix is
diagonal and the inverse is much easecalculate requiring minimal additional effort.

The analysis of the output data is achieved by the reconstruction of (2.3). The coefficients of
each term are the result of the solution of the extended resistive companion equation. The resulting
voltage coefficients from the system representation can be used to construct the PDF using equation
(3.32).

V(£,0) =V, (1) + VL (D£,0) +V (0, (60) + V5 (1, (0) -1
VL (040)E,(0) + Vs (0 (0) -1

Equation (3.33) represents a system with two uncertain variables and a Hermite polynomial order
of two. Placing the corresnding voltage values into (3.33), along with random variables from the
distribution corresponding to the polynomial basis used, results in an individual voltage value. This
process is then repeated with numerous random values to recreate the PD&sulfing voltage values
are then plotted using a histogram. The histogram is the PDF of the voltage. The more random points

(3.32)
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that are replaced into equation (3.33), the higher the resolution of the output PDF becomes. All of the
variables must be una@lated random variables. The PDF can be reconstructed at any time instant and
the only values to be stored in memory are the coefficients of the voltage polynomial. This is a highly
desirable side effect of the proposed method that allows the stor#ye fofl PDF through a minimal
number of therms and therefore minimal memory occupancy.

The Automation of Network Theory with Polynomial Chaos

The mathematical relationships in the previous sections can be automated for use in CAD
simulators usinghte modeling method derived in (3.23). This resistive companion equation expanded
via polynomial chaos is used section Ill part C to synthesize an uncertain representation of a linear
capacitor. Models derived using this method can be combined togdther system representation of
the polynomial chaos expanded resistive companion equation. The resulting system equations can ther
be solved in time domain yielding the full probability density function of all of the system variables at
each time stepThis automation process is made possible definition and implementation of utilities and
processes to make the uncertainty equations manageable. This section will cover in detail the processe:
and methods required to make this automation possible.

The first step in the automation process requires input from the application user. The user must
first build a network out of the predefined components. This process is corresponds to the creation of a
graphical schematic in PSPICE or SABER or to thatie of a net list without graphical means. It is
in fact only the models that compose the systen
responsibility is to set the parameters of each model, knowing that some of these models asaptrepr
uncertain components. For eample some of the parameters of the system be resistances or capacitanc
with related tolerances. The coefficients of (3.25) are an example of possible parameters that can be
made available for an uncertain model. eTuser must then select the standard simulation parameters
such as time step and simulation length. Polynomial Chaos simulation also requires specific parameters
such the single variable polynomial order, the number of random variables used to creadmd Dies
chosen polynomial basis (Hermite, Laguerre, or Legendre). The process of simulating an uncertain
network begins with the stages showirig. 20.

User builds network

)

User sets model’s
parameters

)

User chooses polynomial
basis, single variable
polynomial order and
simulation parameters

:

Start simulation

'

Fig. 20. Pressimulation operations

Another required parameter for the simulation is the number of uncertainties present within the
network. This number corresponds to the number of uncertain models present in the network. The
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number of mcertainties together with the order of the single variable polynomial allow the calculation

of the multivariable polynomial order using (2.1). The single variable polynomial basis can be
constructed automatically by utilizing the Rodriquez formula fer ¢hosen basis. The single variable
polynomial terms can then be combined together to form the multivariable polynomial using (2.3). The
requested number of random variables for the chosen basis can also be predetermined at this stage so :
not to slow dow the simulation during the main execution loop. The random variables are used to
reconstruct the PDFs of the system variables such as in (3.32). The process of simulating the uncertain
network is shown irfrig. 21.

Start simulation

Build polynomials &
random variable vectors

!

Allocate system matrices

Tell models their local
uncertainty

!

Initialize models

Combine models matrices
into a system matrix

:

Single step models

Combine models B(t-h)
into a system B{t-h)

:

Solve network t=t+h

!

Set models across
variables (voltage)

!

Model post process
< stopr 2

WSI

Fig. 21. Uncertain model simulation process

The system and individual model matrices can now be allocated. The size of the system matrix
is the size of the equivalent system withaincertainty multiplied by the multivariable polynomial
order. The size of each individual model matrix is dependent on the number of nodes attached to and
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within the model multiplied by the multivariable polynomial order. All of the model matrices are
combined together using the system interconnectivity to form the system matrix. This process will be
described in further detail further on.

The next step is to communicate to each model which terms of the multivariable polynomial
basis correspond tésiown uncertain variables. This information is needed to facilitate the calculation
of the matrix equations. The models can then enter the initialization stage where they can calculate their
own conductance matrices. This process is shown in detfaihWig. 22.

Initialization procedure

!

Clear conductance matrix

!

Clear polyhomial mateix

:

Calculate single variable or
multi variable polynomial
coefficients for (™ term

!

Evaluate RC coefficient
Tist with nultiplier for
(" term

'{\

<" Uncertain?

nao

\"\ -

g yes

Calenlate single variable
polynomial coefficients
for n'™ term

| -

Fvalnate RC coefficient
list with multiplier for
n= term
1

< Invent? ye

L

Invert pelynomial matrix

i

Project polynomial matrix
onto conductance mabrix
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Fig. 22. Uncertain model initialization procedures

Linear, time invariant models are only required to calculate their conductance matrices once
during a simulation run. This simplification only applies if the matrix elements are constant during the
simulation run. For example, the capacitor example fsection Il part Cmeets these requirements.

The first step in this process is the clearing of the conductance and polynomial matrices. The
polynomial matrix is an intermediate step used to simplify the process of creating the model specific
conductance mex. The polynomial matrix is allocated to the size of the multivariable polynomial
order. Clearing out these matrices allows for the building of the polynomial and conductance matrices
incrementally for each conductance value.

The model specific potyomial matrix is represented by (4.1) which is an excerpt from (3.23).
The index| represents a term from the multivariable polynomial basis and corresponds to the current of
the model. This index forms the row indexing of the polynomial matrix. Themoindex is denoted
by j and represents the voltage term that the polynomial matrix is multiplied byi ifdex from (4.1)
represents the conductance term G such as in (3.26).

< ;2>ZP:ZP:Gi(h) @.1)

i=0 j=0

Each G termb6s cont rmabrixdan be nalcdlated usihgea two ctépyprocessi a |
This process begins by calculating the 1z@no coefficients corresponding to a givighand | index
combination with a fixed index. This process entails the calculation of the inner products fee the
index combinations such as (@.12) The next step is multiplying the resulting coefficients by the G
variable and adding the result to the correct cells in the polynomial matrixl ahldg¢ indices determine
the location within the polynomial matriwhile thei term represents the conductance value used to
multiply with the inner productodés resulting co:¢
zero G terms of the model. Models that contain no tolerances only need to go thropgbcdss one
time for the G term. This process for both certain and uncertain models is shdvig. 22.

Once the polynomial matrix has been created, it may have to be inverted depending on the
mathematics of the model involved. Resistors and inductors are examples of models whose
charactestic equations require an inversion of the polynomial matrix. Depending on which variables of
the model are user inputs, t@alerkinprojection may be conveniently applied before the equations of
the model are put in resistive companion form. An exampthis condition is found i1§3.32) Matrix
inversion is required to put these models into the expanded resistive companion form. The polynomial
matrix can then be projected onto the model 6s ¢
The polynomial matrix does notcontaimg port or node relationships as o
matrix and the system matrix. Each component of the polynomial matrix must now be mapped to the
conductance matrix depending on the port connections within the model. A graphicalntepicesef the
mapping process from a polynomial matrix to a model conductance matrix is shBignds.
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Fig. 23. Polynomial matrix to catuctance matrix mapping

Every conductance located within a model should follow this process to incrementally create the
conductance matrix from each conduct aFig2206ny pol
represents a model with a single conductance value. If a model has more than one conductance then th
polynomial matrix should be cleared, created and then mapped for each conductance value. This
technique is used to formalize the creation process of uncertain models that can be solved using the
uncertain resistive companion equation modeling method.

The creation of the conductance matrix completes the initialization stage of the model and the
simulaion can now enter the main execution loop freig. 21. This process consists of single stepping
the model, solving the system matrix and advancing time. The maasgiensibility during the step
phase is to calculate the past history termB(t In most cases, the Bf) term is a function of the
current conductance matrix, the voltage and the current. The derivation of 4het&(tn results from
the reorderingf the models equations assection Ill part C

The system conductance matrix is built from the contributions of all the models in the system.

Each model 6s conductance matrix 1is mapped to t
models connedtity to the rest of the network. This mapping process is different from the mapping of
the polynomial matrix onto the model 6s FRgo2daduct a
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Fig. 24. Model conductance matrix to system conductance matrix mapping

The model matrix is broken into components that represent specific terms in the multivariable
polynomial basis. This partitioning if@wvn inFig. 24. The contributions of the model are mapped to
the corresponding multivariable polynomial term section of the system conductance matrix. A similar
mapping i s al so us-)dectordo theaqrespohding systechedctérs B ( t

The system representation can now be solved using (3.8). The resulting voltages are then given
to the models so that they can calculate their nexhBalues. The voltages can also be used in the
models post processing stage to evaluate the modsisgmoial chaos expanded resistive companion
equation. All of the variables on the right side of (3.3) are known in this post processing stage so the
model can calculate its own current. The simulation time is then advanced by the time step and the
executon loop starts over again.

This automation scheme is meant to help standardize the process of creating uncertain models
and the methods used to solve networks of thes:
the number of uncertain variablesid the single variable polynomial order complicates the model
creation process. This section introduced techniques that help simplify the process of creating these
uncertain models.

Simulation Results and Discussion (RLC Circuit Example)

Circuits contaiing multiple uncertain variables greatly increase the number of terms located in
the multivariable polynomial basis. The increase in the number of terms is clear when considering the
calculation of P in (2.1). The RLC circuit example explores multipleettain variables and extreme
levels ofuncertainty This example uses Legendbhaos exclusively. The circuit consists of a 10 v DC
voltage source, a 1 @resistor (RSRC), two 0.8 resistors (RL & RC), one 2@ resistor (RO), an
inductorat 1l mHand®a0uF capacitor. The simulations are r
2 ms. The results from hatwdded Monte Carlo analysis, polynomial chaos theory, and PSPICE are
compared. The RLC circuit schematic is showFfign 25.
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Fig. 25. RLC circuit example

The first scenario uses the schematic frbig. 25 with the predefined parameter values. The
system has five uncertain variables including a 10% tolerance on resistances RL, RC, and RO along with
a 10% tolerance on the capacitance of C1 and the inductance of L1. This tolerance is reprgskated
uniform distribution. Legendr€haos will be used with third order polynomials. The heoded
Monte Carlo analysis and PSPICE will use random variables from the uniform distribution. The number
of random points used by LegendZ@aos is 5000 ahthe number of hardoded Monte Carlo iterations
is 5000. PSPICE uses 400 Monte Carlo iteratidrig. 26a shows the time domain results of the current
through the iductor using the statistical curves of the mean, maximum and minimum. Thedded
Monte Carlo analysis and Legendtdaos results are both shownFig. 26a. The BPICE results of
the inductor current are shown Fig. 26b. There is no visible difference between any of the
waveforms.

Current (amps)

0 000E Q001 Q0015 G002

Time(sec,)

(a) ' (b')'
Fig. 26. 10% tolerance RLC example. (a) Leger@teos and Monte Carlo analysis
inductor current results. (b) PSPICE Monte Carlo inductor current results

The PDFs of the inductoturrent at 0.4 milliseconds from Legendtbaos and PSPICE are
shown inFig. 27.
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Fig. 27. PDF of inductor current at time = 0. 4 ms from 10étetance simulation. (a)
LegendreChaos. (b) PSPICE

The second scenario uses the schematic Fag25 with five uncertain variables where not all
of the uncertainés are of equal magnitude. This situation places a 5% tolerance on the resistance of
RL, RC, and RO, along with a 5% tolerance on the inductance of L1. The largest uncertainty is a 50%
tolerance on the capacitance of C1. Third order Lege@tems is usd along with the same simulation
parameters from the previous scenariégy. 28 shows the time domain statistics of the current through
the inductor. The range of uertainty for this scenario is much higher due to the 50% tolerance on the
capacitor. Even with this high range of uncertainty the third order Legéites and the harmbded
Monte Carlo analysis match up extremely well. The resultant waveforms caerb@éBig. 28.
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Fig. 28. 50% tolerance RLC example. (a) geadreChaos and Monte Carlo analysis
inductor current results. (b) PSPICE Monte Carlo inductor current results.

The normalized PDFs of the inductor current at time 0.4 milliseconds from the Leg&mave
and PSPICE simulations are showrfFig. 29. The shapes of the PDFs are consistent with one another.
Since the shapes of these waveforms are more distinctive it is easier to recognize the similarities

between them.
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Fig. 29. PDF of inductor current at time = 0.4 ms from 50% tolerance simulation. (a)
LegendreChaos. (b) PSPICE

DCi DC Open Loop Power Converter Example

Let us now consider the application of the PCT to a more complex situation and in particular to
the analysis of the behavior of a clodedp power converter. We start first with the operation of the
open loop topology and then we consider the impact of tlsedlmop on the operations of the uncertain
syst em. The converter is supplied with a DC vol
The ideal switch has on and off resistances of
switched by a square signal source and a frequency of 10kHz with a duty cycle of 50%. The inductor
and capacitor are 3mH and 100¢F. The inductor
The out put resistance i s 9% tlgranee nhdt isiusiformlyodmssibuteéd r e d
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Fourth order Legendrehaos will be used to simulate this system and the results will be compared to an
equivalent Monte Carlo simulation. The schematic for the buck convesieougnin Fig. 13.

? : m
G2 A | WeZ ]
- 0 1 -
2 0o ! > R2
1 ' t:
SQ0 l 7‘ q
- <
-
Fig. 30: Buck converter schematic
The schematic from Fig. 13 has been simulated with agsimee p of 1les wuntil a

simulation results are displayed in the tid@main with five statistical curves. Three of these curves are

the minmum, maximum and mean of the output variable. The remaining two curves are the average of
all the values located above the mean and conversely the average of all the values below the mean. Th
statistical representation is designed to show the genexaé sif the variables PDF as it evolves in time.

The Legendré&Chaos simulation uses 5000 random points from the uniform distribution to reconstruct
the PDF. The Monte Carlo simulation will use only 500 Monte Carlo iterations. The voltage and current
statigical waveforms are displayed in Fig. 14(a,b).

Yoltage (volts)
Moo

Curront (aops)

(a) (b)

Fig. 31 Buck converter output waveforms (a) output voltageo(fiput current

The five statistical curves from both the Legendnaos and Monte Carlo simulations are
displayed in Fig. 14(a,b). The waveforms are nearly indistinguishable from one another. Zooming in on
the peaks from the voltage graph gives batteplution to compare the two simulation methods. The
zoomed in graph of the output voltage is located in Fig 15. There is still no visible difference between
the statistical waveforms from the two methods even at this resolution.
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Fig. 32 Buck converter output voltage peaks

Closed Loop Power Converter Example

The buck converter from Fig. 13 is now supposed to be controlled using a feedback loop. The
control technique used will be the sté¢éedback control using optimal contrtiieory.. The state

feedback control law used is located in (7.1).
u=kV, -kl -kV (7.2)

The variables V and | represent the state variables of the converter and Vref represents the
desired output voltage. The k coefficients are determined using optimal control theory The averaged
buck converter model must also be expanded using the polyinoimaias method. The duty cycle for
each term of the polynomial basis is the new signal input into this expanded buck converter model. The
schematic of the polynomial chaos expanded buck converter with state feedback is lo€gLe®Bin

e 1}

. . :"“: % _:O‘

RE
C—C

Fig. 33 Buck converter with polynomial chaos state feedback

The schematic from Fig. 16 is simulated using fourth order LegeDidaes. The voltage and
current sensors must be designed to output the voltage and current from each term of the polynomial
basis. The resulting signals must be applied as inputs into the polynomial chaos expanded control logic
and fed into an averaged buck converter model. ppiynomial chaos expanded control logic is located

in (7.2).
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This expansion is performed under the hypothesis that the control is digital and then there is no
uncertainty on the control parameters.

The averaged buck convert@odel must also be expanded using the polynomial chaos method.
The duty cycle for each term of the polynomial basis is the new signal input into this expanded buck
converter model. The simulations represent the performance of the closed loop systeimewheput
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voltage and current resulting from both the simulations are located in Fig 17(a,b).
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Fig. 34: Feedback controlled buck converter output results (a) output voltage (b) output

current

The resulting waveforms of Legenedthaos and Monte Carlo analysis are neariytidal. The
effect of the output resistance uncertainty is extremely noticeable because it results in different steady
state output voltage values. The voltage peaks from Fig. 17 are zoomed in on in Fig. 18 so that a more
direct comparison of the two nding waveforms can be made.
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Fig. 35. Feedback controlled buck converter output voltage peaks
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Conclusion

The examples demonstrate that polynomial chaos theory can be used to generate accurate
simulation results for uncertain syste. The primary technical innovation within this paper is the
derivation of a formal modeling theory based on polynomial chaos theory. This new modeling theory is
an enabler for new CAD simulators focused on the evaluation and propagation of unceft4isty.
paper demonstrates multiple advantages that this new modeling theory has over other uncertainty
evaluation methods. The first advantage is that the polynomial chaos theory can calculate the entire
PDF of each variable during only one executionhaf simulation. This allows statistical information
about the circuit to be available after each time step of the simulation. Monte Carlo analysis requires all
of the simulations to be performed in parallel in order to have the full statistics afteirradtep. If
the Monte Carlo iterations are not executed in parallel then it must wait for each entire simulation to be
completed before the statistics are available. Secondly, the information required for the reconstruction
of the PDF can be compactiyored by polynomial chaos in the form of the coefficients of the multi
variable polynomial basis. Monte Carlo analysis, on the other hand, requires the storage of all of the
data resulting from each Monte Carlo iteration. A third advantage is that opalyh chaos
automatically allows for irregular shapes of PDFs to be used for inputs, making it easier to represent
complicated uncertainties.

Power Semiconductor Device Models

Advances in power semiconductor devices are one of the main enabling teclmtilagimake
the All Electric Ship concept possible. The overall goal of this activity is to develop models of power
semiconductor devices at different levels of detail from behavioral to pHyssexl and implement them
in VTB and other simulation platforsn Particular emphasis is placed on detailed physssed models
for these devices that can be used in cirouinted simulators. Higholtage shipboard power
converters typically wuse I nsulated Gate atBd pol ¢
Thyristors (IGCTs) and-p-n diodes as switching semiconductor devices.

Besides the development of mathematical models describing these devices, it is critical that these
models be implemented, debugged and tested in simulation environments sepboard power
converter design. Parameter extraction procedures based on a small number of measurements must b
defined in order to obtain the model parameters needed. The models should then be validated agains
experimental results under realistic cgierg conditions.

ESRDC research activities focus on helping the design process and providing simulation tools to
support this process. This requires the ability to simulate the entire electrical system aboard the ship and
parts of it at different level®f detail. This means very highvel simulations and more detailed
simulations that capture more of the system physics. At the more detailed level, fplageidsmodels
are extremely important, especially to accurately predict converter losses, whiekergpa large
percentage of the thermal load on a ship. An accurate prediction of the thermal load is critical for an
appropriate dimensioning of the ship cooling system, which in turn is critical tetéongreliability.

Physical models are also neededtradeoff studies on new devices (e.g., devices realized using wide
bandgap materials such as Silicon Carbide), for the sizing of snubbers and clamps, for EMI estimation
and also to provide a solid basis for the development of behavioral models.

As pat of this power semiconductor modeling effort, accurate phssed circuforiented
models have been developed for various power semiconductor devices: IGBTs, |GCHisratid ges.
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The dynamic behavior of these conductiMitpdulated devices is demsined mostly by the lovdoped

drift region that supports the voltage across the device when it is not conducting. The ambipolar
diffusion equation (ADE) describes the carrier dynamics in this region. A Faeries solution of the

ADE is implementedn the physicdased models, so that at each instant in time the model calculates the

instantaneous carrier distribution in the drift region. This model captures a significant amount of the
relevant physics inside the device and as a result accuratelgtpritb@ device dynamic behavior.

Prior research efforts have led to the development of Feseiges models for nepunch
through IGBTs and -n diodes described in [1]. These models have then been extended to other types
of IGBTSs, such as punetirouch and fieldstop IGBTs [2], [3]. The Fourieseries modeling approach
has then been applied to IGCTs as described inAlthese models have been extensively validated
against experiments over a wide temperature range under various voltage and current conditions under
resistive and inductive switching conditions.

The current work consists of several developments and fatenof the Fourieseries model
[5] 7 [10]. The following contributions will be described in detail:

1. A practical and accurate parameter extraction mekiasdoeen developddr the Fourietbased
solution physicshased IGBT and power diode models. The goal is to obtain a model accurate
enough to allow switching loss prediction under a variety of operating conditions. In the first step
of the extraction procedure, only one pim clamped inductive load test is needed for the
extraction ofall the parameters required for the diode model and forl@BT model The
second part of the extraction procedure is an automated formal optimization step that refines the
parameter estimatn. Validation with experimental results from various structures of IGBT
demonstrates the accuracy of the proposed IGBT and diode models and the robustness of the
parameter extraction methdé]

2. In order to optimize device characteristics, diode manufacgufrequently utilize lifetime
control by proton irradiation. Using this procedure, the diode lifetime can be varied within the
device, improving the tradeff between switching speed and forward drop. The Fosgees
diode model is extended to accodomr variable lifetime and a parameter extraction procedure is
developed [78].

3. Modeling of IGBTs has traditionally focused on tafi, where the stored charge inside the
device causes the wédhown current tail effect, with associated switching losséswvever,
significant losses also occur at IGBT twon, especially in the case of inductive tam, where
the diode reverse recovery causes an overcurrent in the IGBT. A detailed study of IGB# turn
has been performed, showing that the proposed madehpable of accurately predicting
switching waveforms for resistive and inductive tam For completeness, tuaff results are
also included, showing that a single model is capable of accurately predicting device behavior
under all of these conditior9].

4. An extension of the IGBT model has been proposed to accurately represenrsitiéOSrrier
injection. This effect is particularly important for device tam[10].

Only the first of these contributions is described in detail in this report.
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Parameter Extraction for Physics-Based IGBT and PIN Diode Models

In recent years, the characteristics of IGBTs have been greatly improved. For example, with the
application of advanced lifetime killing technology and structure development [Powerex]"the 4
generaibn IGBTSs (trenckgate punctihrough), which have been available in the market for some time,
exhibit fast turroff speed and low saturation voltage. Budigyer IGBTs also exhibit tafree turnoff
current under high voltage conditions [Hefner]. Tipplecation of light punch through [Yamada] and
field-stop technology now offers the newW' §eneration IGBT with superior characteristics. These
external characteristics, brought about by internal device design changes, can only be accurately
modeled by ghysicsbased (analytical) IGBT model. However, in spite of the accuracy of physics
based IGBT models, either overly complex or inaccurate parameterization procedures often discourage
electronic engineers from attempting to use IGBT models in theirmsydtsigns.

Reviewing the IGBT circuit model parameter extraction methods described in the literature
shows that further work must be done in the field. The parameter extraction provided for the accurate
and comprehensive Hefner model [Hefner], [HefnesZHo complex that it is not practical for electrical
engineers. The extraction method proposed in [Lauritzen] is only for the luohpege IGBT model.

In [Claudio], the parameter extraction for the Hefner model was further developed with seven very
predse but complex experiments. The parameters extracted in [Musumeci] are used for IGBT
behavioral models. In [Sigg], the parameter extraction lacks detail.

One of the primary reasons for device and circuit simulation in power electronic system design is
estimation of power losses. The significant source of such losses is generally the switching devices.
Hence an accurate and physicdigsed model is required, as the simulations must be valid over a wide
range of conditions. This is also the case iredrining other characteristics such as electromagnetic
compatibility.

Crucially, the parameters must be found for a good fit with the devices and circuit. In most
power electronics circuits the IGBTs operate under clamped inductive switching withah&ekng
diode. In order to obtain good switching loss estimates, an accurate gbgsecs model for the power
diode is also needed.

In conclusion, accurate physics based models for the IGBT and diode are needed. On the other
hand, the parameter extractiprocedure has to be simple enough to be practical. In order to meet these
conflicting requirements in this work we propose a-step parameter extraction, consisting of a simple
parameter estimation based on datasheet data and a single clamped imiegsireement, followed by
an automated optimization procedure to refine the extracted parameters.

Previous attempts at an automated parameterization procedure have concentrated on either fitting
DC characteristics [OrtizConde1999] or key performance inglisatfor example reverse recovery
currents and times in the case of the power diode [Chante1993], [Strollo1997]. None allow a model to
be fitted sufficiently to produce accurate switching power loss estimates.

This paper describes parameter extractionrafidement using a formal optimization procedure.
One of the goals is to provide a complete extraction procedure for IGBT and power diode that describes
in sufficient detai both the initial parameter estimation and the optimization procedure. Thetiextra
procedure is valid for different families of IGBTs such as putincbugh, norpunchthrough, fieldstop
and trench gate. The physibased model has been proven accurate for all of these devices [Palmer],
[Kangl}[Kang5]. The procedure is based occarate device and circuit models coupled with an
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optimization algorithm and hardware data acquisition. All of these run from or within MATLAB.
However, once the parameter extraction is complete, the parameters may be used for the models
implemented on gnplatform, including circuit simulators such as PSpice.

Physics-Based Circuit Simulator IGBT and Diode Models

Being a conductivitymodulated power device, the behavior of an IGBT or a PIN diode depends
heavily on the carrier distribution in its wide dnigion. For diodes, the carrier distribution across the
wide drift region is approximately orsimensional. For IGBTS, it is or#gimensional across 90% of the
drift region [Palmer], and so may be reasonably assumed as such for the whole region poow&ed s
modifications are made.

Under these conditions, assuming hlglel injection, the Ambipolar carrier Diffusion Equation
(ADE) ) describes the carrier dynamics,
5 P _ p(xt) | p(x.1)
ox* ThL ot
whereD is the ambipolar diffusion coefficienty. is the highlevel carrier lifetime within the drift
region ando(x,t) is the excess carrier concentration.

Most physicsbased circuit simulator modeling approaches focus on the simulation of the drift
region, and consequently implement the modeling of AB&. The Fourietbasedsolution (FBS)
model is adopted in this research [Leturcq],[Palmer]. For a more comprehensive description of the
IGBT and diode models used in this work, refer to [Palmer], [Kang2]. This approach preserves the
essentials of theistributed nature of charge dynamics within the drift region and offers reasonable
simulation speed while preserving satisfactory accuracy. It effectively reduces the PDE into a set of
coupled firstorder ODEs which may be solved in circuit simulators.(@8pice [Palmer], Saber) or
generalpurpose simulators (e.g. MATLAB/Simulink [Bryant2002]). The representation used for the
whole region is shown in fig. 1, and the ADE requires boundary conditions of the carrier density
gr adipefpt o G (dependent on the device current) and boundary positipms. The carrier
densityp(x) is solved using the FBS model, and the carrier dengitiepx. at the boundaries are used to
generate the boundary conditions and device terminal voltage. orhmilation of the boundary
conditions depends on the device modeled, giving the device its characteristic behaviour. Table 1 gives
the relationships between the boundary carrier densities and currents for the diode and IGBT.
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Fig. 1. General arrangemertf carrier storage region and depletion layers in the FBS
model, shown for the diode and thebBkse region of the IGBT; the doping is.NThe
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anode (IGBT collector terminal) is on the left, and the cathode (IGBT emitter terminal) is
on the right. The caier density p(x,t) is solved for the boundary carrier density
gr adi e nd, s O@andRoYNdary positiong x%.

TABLE |: BOUNDARY CURRENT FORMJLATION FOR THE DIODE AND IGBT

Inl Ipl |n2 |p2
Diode gAhp.’ a-ln a-lp2 aAhpe’
NPT 2 Imos(Channel
IGBT QAP el current) le-lna
gAD, W,

PT el I pL = — Pro — Puw COS LiH + IQH Imos(channel el

IGBT et Lon sinh{WH ] PH current) o
L
pH

For PIN diodes, the P+ and N+ layers act as emitter regions when the diode is on. The electron
and hole boundary currentks, Iy, are given in terms of the boundary carrier densjigsp.. by the
classic recombination equation [Schlangenotto]. For the IGBT, the MOS channel duierdn be
found as a function of the gaseurce voltage using the wédhown MOSFET equation. Athe left
(anode) side of the drift region, different equations are used for the NPT and PT IGBT due to the
structural differences. For the NPT IGBT, the emitter recombination equation is used to calculate the
electron current element at the junction betw the P+ emitter and the Wrift region. For the PT
IGBT, the buffer layer formulation in [Kang2] is used to obtain the hole current comphnertthe
junction between the N buffer layer and the d¥ift region. Some modifications required to takio
account capacitive currents are described in detail in [Palmer] and [Kang2].

Two-Step Parameter Extraction Procedure

The proposed parameter extraction procedure consists of two separate steps:

2. INITIAL PARAMETER EXTRACTION. This is based on device dsteets and at most one
clamped inductive switching experiment.

3. OPTIMIZATION PROCEDURE. Refinement of parameters through a formal optimization
procedure.

Generally, there are three kinds of parameter extraction methodologies, which include: 1) simple
estima i on based on the empirical value range, 2
datasheet, and 3) extraction with simple experiments. To make the extraction procedure practical, the
three methods are employed jointly.

Some of the diode and I@Bparameters listed in Tables Il and Il can be obtained from the
datasheet or calculated based on textbook equations, so there is no need to use measurement for the
extraction. Extra measurement can be used to verify the mathematical results. Bpasometers,
like IGBT carrier lifetime, have to be determined by experiment, which also needs to be simple.
Accordingly, the clamped inductive load test experiment is used. The second step in the procedure is a
formal optimization which may be completehutomated. An advantage of this procedure is that
inaccuracies in the initial parameter estimation may be corrected by the optimization procedure.

The parameter extraction process can be summarized in the following list and in Fig. 2:
1. Initial estimatef parameters made from device datasheets and basic measurements,
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Measurement of device switching behavior, i.e. acquisition of switching waveforms,
Simulation of circuit behavior using parameters estimated,

Comparison of simulated and measured wavefagonmsoduce an error value,

Variation of the parameter values to minimize the error value.

arwn

Measurement Waveform

of DUTs comparison ﬁ

A P
{ Parameter
refinement

Y | Optimiss

Parameter
initialisation

A

Simulation

Fig. 2: Diagram showing the procedure of parameter extraction

Step e) is the optimization procedure. Once the error value has been determined, the parameters
are varied and the simulation in step c)earecuted to produce a waveform valid for that set of
parameters. This is again compared to the measured waveform in step 4), and the optimization
continues accordingly. Once the parameters have converged to giméam error, the optimization
procedure stops.

Step 1: Initial Parameter Estimation

Initial Parameter Estimation for Power Diodes

One of the major advantages of the physichfiged diode model is that only six parameters
from manufacturers are needeutlacan be easily estimated from the datasheets or from a single diode
turn-off measurement.

Table Il. Diode model parameter list.

Symbol Description Step
A (cnr) Active die area 1
ta (1s) High-level lifetime 2
W (pm) Drift region width 3
Ng (cm®) Drift region doping 4
hahp (cmi's™?) Emitter recombination parameters 5

Five important ratings given in the diode manufacturer datasheetg) aepetitive maximum
voltage, Vrrw, i) DC forward current]g, iii) reverse recovery charg@gg, iv) reverse recovery peak
current,lry, andv) reverse recovery time. The following steps describe the parameter estimation:

1) Diode Area A Since the maximum current densitjs for most power diodes from 100Acén

to 150Acm2, the active die are& can e roughly estimated from the average forward DC current in the
datasheet usingl ).

A:I

(
]
i 1
J )

A more precisestimate can be obtained by opening the device and measuring the actual die area.
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2) Diode lifetimezy: Neglecting the recombination effect in the reverse charge, eq&iprs
used to make an initial estimatgfor the highlevel lifetime
_ Qer (2)

TuL® T = |
.

In the case that the reverse recovery ch@gein the datasheet is ggw for a temperature other
than room temperature, the parametecan be scaled accordingly [Palmer]. A more accurate estimate
for the lifetime may be made using an inductive fofinmeasurement [Lauritzen2],[Tien]. This will
only be necessary if the lmmated parameter optimization in section V is not carried out.

4

Diode current |,

I

\ Amd

Current slope

a=|dl/dt| Ty: reverse recovery

time constant

i
'IRM —————————————————————

Diode voltage Vi«
_VRM -------------------------

Fig. 3. Diode reverse recovery.

The extraction of the lifetime using the inductive measurement refers to fig. 3. AfteFtime
currentwaveform has the form:

i(t):—IRMexy{—t_le fort>T, (3)
TI’I'

where 7; is the reverse recovery time constant and can be extracted from the experimental reverse
recovery current waveform. In [Lauritzen2] it is shown that the following relationship holds:

lam = a7y — Trr)|:1_ ex{_ LH (4)
[

All parameters can be determined from the experimental waveform: current fallaslppak
reverse currenitzy and timeT; at which it occurs, reverse recovery time constant The lifetime 7y
can be obtained by solving the implicit equation (5). Alternatively, following the approach of [Tien] the
lifetime can be read from a graph. Substituling= aTa and T:=To+Ta equation( 4 ) can be rewritten
as:

hz ﬂ_l 1-ex _TL L_Fh (5)
T T T\ T T

In this expression there are three dimensionless quanfities; z/Ta and 7/ 7. The first two
are known and the third can be read from the graph in fig. 4. Notice that par&metéra gives an
indication of the snappiness of a diode and is related to the classical snappiness factor (also called
softness factor).
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Fig. 4. Diodereverse recovery lifetime extraction.

¢) Diode drift region width W The electric field E) dependence of the ionization coefficients

for electrons and holes in St, has been shown to fit experimental data fairly well in the form as given
in (7), [Overstraeten] [Kokosa] [Sze],

a,, =aexp(-b/E) (6)
wherea varies between70° and 3.&10°cm* with a corresponding variation im from 1.4%10° to
1.75¢<10°Vem™.  Assuming breakdown in the bulk, an abrupt junction, equagdtion coefficients for
holes and electrons, and aNAN" structure, an expression for the breakdown voltage in terms of the
parameters, b, and the Ndrift region (base) width\s, can be obtained (8).

=% (7)

In(aW;)

The Ndrift region width,Wg, used in the model is derived based on (8) uairgl.0%10° cm?, b =
1.65<1°vem®, and the value of the breakdown voltage
margin.

d) Diode drift region doping N For purposes ofhe modeling and based on tekenpirical
effective impuritydoping concentration range {80"° - 2x10"cmi®) in the Ndrift region, the doping
concentration is assumed to bé“am?.
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€) Diode recombination parameters, . The recombination parametdisandh, control the
amount of charge present in the diode during thstate; their increase results in a reduction in stored
charge and therefore a reduction in reverse recovery charge. An initial estimat00f cm's® may
be made for both.

Fig. 3 shows typical reverse recovery current and voltage waveforms obtained from an inductive
turnoff measurement. In the model, the lifetime is the dominant parameter affecting the recovery
waveforms. With the correct highavel lifetime 7y, not only goodmatching of the reverse current can
be obtained, but also a good match of the diode voltage waveform durirgfffuntiuding overshoot
and ringing, can be made. The first estimate of-tegkl lifetime, 7y, is given by the initial recovery
time 7. A better estimate can be obtained by trying to match the reverse recovery current. After this,
the N-base width estimate can be improved by trying to improve the matching of the diode voltage
waveform. It has been found empirically that, compared iifé&time 7, the width and doping of the
N-drift region do not have significant effects on the reverse recovery current, but have an obvious effect
on the diode voltage waveform in the simulation. The recombination pararhetand h, affect the
reverse recovery curreitin particular the peak reverse recovery curigpti and should be used to
improve the matching further.

Initial Parameter Estimation for IGBTs

The Fourierbasedsolution IGBT model requires 12 and 15 rsilicon paraneters for the NPT
and PT structure IGBTs respectively. Table Il lists the parameters, which are classified into three

categories based on the related device p@tS-gate, geometryandcollector bodyparameters
TABLE Ill. IGBT MODEL PARAMETERLIST

Pat Symbol S
. t
Description e
p
V1y (V) MOS threshold voltage 1
Kp| (AV" MOS transconductance coefficient 1
MSO (%) Shortchannel parameter 1
Gate Cee (nF) Gateemitter capacitance 2
Cox ; ;
(nFen) Oxide capacitance 2
lm (um) Inter-cell half-width 2
Geo A (cmz) Effective die area 2
metr — -
y g Ratio of intercell to total die area 2
NB (cm’ Doping concentration of Mrift region 3
Wg (cm) Width of N-drift region 3
Coll A (1) - PN
ector Carrier highlevel lifetime in N-drift region 4
Bod BE (us) Carrier lifetime in N buffedayer (PT) 4
y h —
1)" (cm's Hole recombination coefficient in emitter (NPT 5
W, (cm) Width of N-buffer layer (PT) 5
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N, (cm” Doping concentration of Muffer Layer 5
H (DT\

[sne(A) Minority carriersaturation current (PT) 5

Because a behavioral MOSFET model is used for the IGBT MOS gate, the relevant parameters
can be extracted following the extraction procedure for a MOSFET. The information given in the
manufactur er soé dextraatshése fered parameterse nough t o

1) MOS parametersThe first three MOSFET parameter8)OS threshold voltagevry,
transconductance coefficieKt,, and short channel parametdy can be obtained from the knowsVI
characteristic curve, shown in fig. 5. Ndtet this curve is only used for obtaining initial parameter
estimates and is not used in further processing. The electron curembat flows through the
elemental MOSFET is a fraction of the total IGBT currdeydnd can be calculated as:

b (

- 8
mos b+1 C )
whereb is the ratio of electron and hole mobilities. The assumption of this fraction is necessary to
obtain an initial estimate of the MOS parameters. The MOS channel vwliageapproximately equal
to the collectoemitter voltageVce during saturated operation of the chanMgkOVesVh).

IMOS

/ Vs increasing
~ /‘/’,/IMOS:KPLVDSZ

-VD‘S:'l/;\, 777777777777777777777777 0 - VDS
Fig. 5 Forward I-V characteristics of the IGBT MOS gate

2) IGBT geometry and capacitance§he active die are& can be measured ditécby opening
the device package. Another method is based on the empirical range of IGBT maximum current density
J. Therefore, the active die arean be roughly estimated as:
Az lom (9)
J
wherelc)\ is the peak collector current from the RBSOA curve given in the datasheet. Practically, the

Ilcm Vvalue is decided by many factors, not only the chip but also the package and heat extraction.
Nevertheless, the range of current dendiggnerally is 100Ae2-250AcnT2.

The ratio of intercell area to total die aresm can be extracted based on the capacitances in the
datasheet. Figs. 6 and 7 show the IGBT capacitance distribution. It can be seen that the displacemen
currentlgisp, due to variation of # depletion region width, flows through two branches: the first branch
is under the emitter terminal, which is represented by the colleatiter capacitanc€cg, while the
other is the Miller capacitance branch, which includes collegate capacitanc€sc and gateemitter
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capacitanceCge. When the gate is shorted to the emitdse£0V), the second branch only includes
Cec. Using analysis in [Kang4] and [Leturcq], the intercell ratio can be obtained as:
min €,

A - (10)
min €,

Equation (11) is only valid under the condition that the colleetoitter voltageVce is
sufficiently high to allow for an approximately uniform spad®rge layer capacitance over the whole
crystal area. Therefore, the minimum valueCgf and Ces In the datasheet should be chosen, as a
sufficiently highVce is reached at that point.

C
I
/l’
Cdep
COX
GH CCE ;Z_Z
i
E
Fig. 6: IGBT capacitances.
Area a Areal-a; |
E ; G ’ E PG

Depletion layer edge
N- drift region

N buffer
P+ emitter

— e

C
Fig. 7. Capacitance distribution diagram for a trench gate IGBT.

As shown in figs. 6 and 7, the MOS oxide capacitabgg together with the serieonnected
depletion capacitanc€gye, determines the gateollector capacitanc€gc, which is also called the
reverse transfer capacitan€as in datasheets and is commonly referred to as the Miller capacitance
between gate andotiector. Cox is the maximum value of the Miller capacitance when the depletion
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region under the gate area has not forn@gd~). That point corresponds to the maximum point of
the C.es curve in the datasheetCox is strictly the oxide capacitance penit area, and therefore is
written as:

c _max(C.)

(11)
0oX Aa_

The intercell halfwidth I, is typically 515um. Along with the Miller capacitanc€gc it
controls the length of the gate voltage plateau during switching; larger valliggioé longer plateau
durations.

The gateemitter capacitanc&ge can be directly obtained from the input capacitafize
(measured gatemitter capacitance when calter is shorted to emitter) provided in the datasheet.
Since the input capacitanCs is the sum of th€se and the Miller capacitanc&sc, and the former is
much larger than the latter at higher voltagas; can be chosen equal @sat 100V.

3) IGBT drift region parametersThere are several different ways to extract the doping
concentration of the drift regioNs. The first is the direct estimation based on the normal range of the
drift region background doping, which is from®* to 2<10*cm? for the IGBT device. The typical
value, k10*cm?, is generally chosen as the doping concentratipduring the simulation. The second
way is based on the relation between the doping concentration and the breakdown voltage [Hudgins]
using equation (13):

N; = 2.88x10'V 2 (12)
whereVgr is the breakdown voltage value fromtina nuf act ur er 6s dat-a00\Vs heet
typical margin for general IGBTs. The breakdown voltage could also be measured with a curve tracer.

Besides the above simple but rough extraction method, the extrapolation basedCgn d@hel
Cres Versus ctlector-emitter voltage curves in the datasheet can also lead to a reasonable extraction
value ofNg using the analysis in [Kang4] and [Leturcdhis leads to a linear relationship between
1/(CoesCre9)? and Vg, shown in equation (14). The slope of thesationship, which may be obtained
using linear regression performed on the datasheet curves, can be used\tpsiimce the ared and
intercell area rati@ are already known.
1 _ 2 v
~Cei)” aNg(AL-a))* &

oes res.

The extraction of the drift region (base) widdlz is different for PT and NPT devices. The NPT
has a triangular shape of electric field distribution, and it is designed to punch through at the same
voltage as avalanche breakdown.

Under the triangulartape of the electrical field distribution in the NPT IGBT, the breakdown
voltage due to punethrough is:
V. CINB(\NB)2 (14)

PT ™ 2¢

(13)

(C

For PT devices, where the electric field is trapezoidal, the breakdown voltage due to avalanche
is:
Vo= EW, -qzﬂw; (15)
g
whereEc is the critical electrical field value for silicolE & 2 I-3kx1@Vcem™). Fig. 8 shows the
curves ofVgg against drift region widthAVs with a dopingNg of 1x10“cm® for both NPT and PT
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structures. As can be seen from the figure this gives a maximum breakdown voltage of approximately
1330V. The intersection of the two curves gives the width for which avalanche andtpumalh

occur for the same voltage, i.e. thedthi for which a NPT device would be designed. A PT design
would typically have a drift region width less than this. The breakdown voltage advantage of the PT
structure for the same drift region width can clearly be seen in the figure.

1800 T
— PT breakdown voltage
— - NPT punch-through voltage

1600

|
|
PT I LPT
1400 - !
|

1200

Voltage (V)
=
o
o
o

@
o
o

(2]
o
o

.
0 50 100 150
Drift region width Wg (um)

Fig. 8: Punchthrough and breakdown voltages as a function of drift region width for
NPT, LPT (light punchihrough) and PT structures, withe®lx10**cm®. The NPT, LPT
and PT regions are indicated in the figure.
Hence this figure can be used to deternWieand the likelystructure. Solving the quadratic in equation
(16) gives the following expressions 1df:

e (NPT)

g[E - |E 2_2qNBVBR] (16)
aNg | ¢V £ (PT)

4) IGBT lifetime parameter£Extraction of the higlevel lifetime =z, and, in the case of the PT
structure, the buffer layer lifetimesr, must be obtained from inductive twoff measurements,
specifically the current tail. This is shown in fig. 9. The decay rate of the current tail is set by the
lifetime.
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Fig. 9: IGBT current waveform under inductive turn off.

Based on the theory in [Hefner2], the IGBT current decay during the current tail for a constant
collector voltage is given by:

1(0%)

Ic(t) =
- -+ (17)
{u? )+1}eﬂ{t]_lc(9 )}
Iy Tho I
wherelc(t) is the collector arrent, andy” is defined as:
qZAZDpniZ

L snd
This expression can be approximatedtfé? 7, as:

._ 109 _t
IC(t)N[Ic((T) 1}@(% THL] (19

I (18)

R s
e
Therefore, the higlevel lifetime can be extracted by extracting ttime constant of the

exponential current decay a couple of time constants after the initial current fall time as shown in fig. 9.
It should be noted the accuracy of this method willl not be assured for IGBTs with lifetimes greater than
approximately 10s due to the assumption of a linear charge profile made in [Hefner2]. However, this
method will provide an initial estimate of the lifetime which can be refined either by hand or using the
automated optimization described in section V.

Fig. 10 shows the meared results of BynexNPT IGBT with a 90A current rating. Notice that
the effective lifetime is approximately independent of the collector current, therefore the collector
current level used to extract the hilgivel lifetime is unimportant.
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Fig. 10. Highlevel lifetime extraction for the Dynex NPT IGEThe xaxis is collector
current, 10A/div, and the-gxis is time, 2s/div)

For the lifetime extraction of the PT IGBT, a method similar to the NPT case can be used. The
difference is that the efteive lifetime s, instead of the higlkevel lifetime 7y in the NPT case, is used
in (20) for the PT case. The effective lifetime is function of the eghkl lifetime in the drift region
and lowlevel lifetime in the buffer layetsr (equal to the mmority (hole) lifetimez,n). Moreover, z is
dependent on the clamp voltage, unligg in the NPT case, which is independent of the voltage.
Therefore, lifetime extraction for the PT IGBT needs to be performed under several clamp voltages.
The effective lifetime extraction under clamp voltage condition is the same as in the NPT cadd. Fig

shows the curve of the effective lifetimmg; versus the clamp voltage based on the test results for a PT
IGBT. Notice that fig. 10 and fig. 11 have differeraxes: in fig. 11 the-axis is the collecteemitter

voltage, whereas in fig. 10 theaxis is the collector current. The hidgvel carrier lifetime 7y
corresponds to the lowoltage 7. value, while the lowlevel carrier lifetime in the buffer layese is
equal to ther value at high clamp voltage since the drift region is depleteiér that condition.
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Fig. 11. Effective lifetime extraction under different clamped voltages for the PT IGBT
(The xaxis is collectoremitter voltage, 50V/div, and theaxis is time 0.0bs/div)

5) IGBT recombination and buffer layer parametef$ie lecombination parametdr, (in the
NPT case) and the buffer layer paramebérsW, andlsne (in the PT case) set the level of injection from
the P+ emitter into the Ndrift region. The initial height of the current t&(0+) is set by the level of
stored charge within the drift region, which is in turn set by the level of injection from the P+ emitter.
Increasingh, for the NPT IGBT, or increasintsne Wh Or Ny for the PT IGBT, reduces the level of
stored charge and therefore reduces the initial héight+). Generally, a value of 1x18cn's® may be
used for an initial estimate fdw, in the NPT case.

The remaining parameters of the buffer layer for PT IGBTs can be obtained based on their
empirical value range. The typical PT IGBT buffer layer widthis about 410um. The normal range
of the doping concentratioh is 10'°-10'’cm®. For a relativelylow-doped buffer region used in
structures such as the CSTBT or fisldp (FS) IGBT, smalleWwy andNy values should be chosen. In
the PT modellsneis used instead ¢, and an empirical value of 1¢-10"°A may be chosen as an initial
estimate. Ador the NPT IGBT, the tail current height decreases with increasing valligs dfote that
the hole diffusivityDpn used in the PT model is reduced from its intrinsic value due to the high doping
of the buffer layer, and therefore depends on the bla§er dopingNy [Leturcq2].

Initial Circuit parameter Estimation

Estimation of the stray inductante in the switching loop of the circuit is critical for modeling
the switching process. It controls the slope of the reverse recovery current wavefbentase of the
diode, and the current and voltage waveforms in the case of IGBT sfitchThe diode reverse
recovery waveforms are traditionally used to estimate the stray inductance:

V, (
LS — DC 20

d1,,/df )

A disadvantage with this method is that it assumes that the IGBT volkage negligible,
which is not necessarily true. A more accurate method would be to use the voltage dropped across the
stray inductance,
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Vbc T Vce. However, this suffers from nesonstantVce during turron, making the choice of point at
which to estimate the stray inductance more difficult.

Therefore a more robust method is recommended for estimagingihg the IGBT turvoff
waveforms, since the diode voltage is negligible durihig phase of the switching cycle (it is
undergoing forward recovery).

o= VCM *VDC (21
di /d )
Vewm is the peak collector voltage during IGBT toff andVpc is the supply voltage. The current slope
dic/dt is measured during ¢hinitial current fall. It is also essential to include the Kelvin emitter
inductancd_g (between the emitter terminal and the return path to the IGBT gate drive) in the simulation
of the switching circuit, since this affects the shape of the IGBT coflagiltage waveform during
IGBT turnron. This is typically 820nH for a 1crhIGBT.

Optimization Procedure

Experimental measurement of switching waveforms

The optimization procedure requires suitable experimental waveforms from inductive switching
tests tocompare with the simulation waveforms. Ideally these should be captured using a digital
oscilloscope and transferred to the host computer, allowing a direct comparison with the simulation
waveforms to produce an error figure which is then used to ghe@eptimization. The waveforms
acquired for the tests described had the features shown in fig. 12. A framasoiv&® captured at a
sample rate of 200MHz, giving 18 a mp | es per fr ame. Ts<48uswasintiudddi n g
within this, incorporéing both switching events, with the tuom occurring fis from the start of the
frame. In addition to the extraction of IGBT parameters, these waveforms also allow the extraction of
diode parameters from the diode reverse recovery current reflectedI®&BA turnron waveform.

Error evaluation windows

A
Ic - Vee ;
't
Vec 4 ~_Synchronization
windows
| —>|—>] || +—>| >
Tue | Tue Tuc | Tue
2 2 }~WEPTS 2 2 }vwg(l-p)Ts
« pTs s

Fig. 12. Typical features of experimental waveforms.switching period,o: duty ratio,
Awe: proportion of cycle used for waveform error evaluatioggTlength of window used
for crosscorrelation (synchronization).
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Waveform Evaluation

One possible method of comparison of the measured and simulated waveforms is using the
salient points of the waveforms, e.g. diode reverse recovery current, reverse recovery time or IGBT
switching time. This gives a small number of geito match, but can suffer from low accuracy. Most
importantly, the waveforms may differ quite substantially during the switching instants, especially in
di/dt anddv/dt This would give a large error in estimated power during simulation. A much more
accurate method of comparison is to simply calculate the sum of the squared errors at each time point in
the waveforms. This requires:

e A method to compare the different traces of each waveform, typically voltage and current.

¢ Normalization of the errors useso that the conditions imposed such as supply voltage and load
current do not affect the consistency of the parameter extraction.

e Accurate synchronization of the waveforms, otherwise the errodi/dn and dv/dt will be
significant and lead to inaccuraof the power loss estimates during simulation.

Accurate power loss estimation is the goal of the parameter extraction. One possible basis for
the error is the instantaneous power dissipation. This encompasses the most critical points in matching
the vdtage and current traces, since maximum instantaneous power dissipation is usualldildhere
anddv/dtare high. Therefore, a possible waveform comparison method is to compute the sum of the
squared errors at each time point of the instantaneous passpation. However there is the
significant disadvantage of the independence of the voltage and current traces being lost when
optimization takes place. For example, the same power dissipation waveform can be maintained by the
voltage increasing and theurrent decreasing; while the power dissipations match, the voltage and
current waveforms do not. Therefore the voltage and current waveforms should be used separately, anc
given that these are matched the power dissipations will match too. Matchiagevahd current
waveforms will tend to ensure that any oscillations, the waveform slopes and the switching energies are
all matched. Normalization to the supply voltage and load current may be performed before the power
dissipation is calculated, allowgncomparisons between different operating conditions. Finally,
summing the squared errors, rather than the magnitudes of the errors, assigns more significance to any
large errors between measured and simulated waveforms. It has the effect of emptiesgiritghing
losses. This is useful since it forces the optimization to reduce the large errors first and converges
quickly. The error figure used is therefore the sum of the normalized squared errors for the current and
voltage at both turon and turroff:

V, | V, | (
fe _ SS% CE,onJ+ SS% C,on J+ SS% CE,off ]+ SS% C,off ] 22
VDC IF VDC I F )

—_ N —_
SSEX = & M — X0 M 23
n=1

meas —

whereN = number of samples in window.

Typically, synchronization is carried out "by eye', and matches both the time scales and the
slopes {i/dt anddv/d{). A simple synchronization is to align the gate drive signals, which are available
in both the hardware and the simulation used and are square waves [Palmer]. An alternative is to
compare the instantaneous power dissipations and find the eetégtay of the waveforms which
produces the minimum error between them, thus removing the effect of the gate drive circuit. This
method was found to be the most effective. To perform the synchronization automatically, the cross
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correlation between the parimental and simulated traces is calculated. The-casslation between

two continuous signals(t) andy(t) can be defined as:
(D)= [Xt+ D)y @t e
- )

Here the waveforms are sampled, so the ecoselation for discrete signalgn) andy(n) is

used:

c, [kl = 3 x(n+ k)Y (n) S

e )

If the waveforms are similar enough, which will be the case since the model is relatively accurate
and the initial parameter set should give reasonable results, then the time @idtaat which the cross
correlation is at a maximum equals that whicH wibduce the best matching. The appropriate function

in MATLAB is xcorr , which in this case is set to produce the unbiased estimate of the correlation:

N—k-1 . (
N K| EX(mk)y(n) )26

ny,unbiase&{ k] =

The correlation of the power dissipation wavefounsss a window of lengthwd2 = 4us either
side of the gate step, to ensure that the switching event is captured. Once the matching delay is
determined, the error between the waveforms can be calculated at each point, squared and summed t
produce a singlerror estimate. The windows used for the error estimation are set to15@% (.5) of
the on or off-state period. In this case the sum of these perigi$s(4Qus. Refer to fig. 12 for details.
A summary of the simulation and waveform evaluatioocpss is:

1. Update the parameters to reflect the new point in the search space.

2. Simulate the switching cycle.

3. Obtain the waveforms from simulation and experiment. The simulation waveform may need to
be interpolated to get a uniform sample rate. Also ntizmahe waveforms to the offtate
voltage and osstate current (i.e. divid€ce by Vpc, Ic by I§).

Calculate the instantaneous power dissipation for eablag= I¢).

Window two sections of each waveform: one around theduaravent, one arourtdrn-off.

Calculate the crossorrelation of the windowed waveforms (MATLAB functianorr ).

Search for the maximum cressrrelation (MATLAB functionmax).

Apply the shift (the number of samples to which the maximum arog®lation applies) to

synchronize the waveforms for both tton and turroff.

9. Rewindow the shifted waveforms.

10.Subtract the simulated waveform¥cg and Ic for both turnon and turroff) from their
experimental counterparts. Square the differences and sum them to give thefssopare
errors (SSEs).

11.The error figurde equals the sum of the four SSEs.

©NogOA

Parameter Optimization

Optimization techniques rely on finding the minimum of an objective function (also known as a
cost function). This is specific to a particular problemmg must be a function of the system parameters.
The optimum set of parameter values will give the minimum objective function, which is in this case the
error figure 1, between the measured and simulated waveforms.

133 N0001402-1-0623_FinalReport_Dec2008.docx



Common optimizatiortechniques used in power engineering, including the design of circuits,
components and machines, are optimization by steepest descent or stochastic searches. Steepest desce
a traditional method of optimization, suffers from only being able to findcal loninimum, not
necessarily the global minimum, and is dependent on the start position. This can be ameliorated using
additional heuristics such as a variant of the Tabu Search [Connor1998]. Stochastic searches such a:
simulated annealing and genetic @aithms find the global minimum more effectively by introducing
random parameter variation [Lindfield]. The advantage of using these is their complete and relatively
quick search of the parameter space. However this is only of benefit where the objauth@nfis
likely to be multimodal, i.e. contain many minima.

In the case of parameterization the starting point is likely to lead directly to the global minimum
since the model is accurate and the initial parameter set should be a good estimate siigpleedaect
search, without additional heuristics, may be used. In addition, the search time must be kept reasonably
low, particularly since the number of parameters is high, giving a large parameter space. Using genetic
algorithms or simulated annealimguld increase the search time prohibitively.

In the direct search [Murray], locating a minimum relies on the method of steepest descent. For
analytic objective functions, the gradient can be calculated at any point. Frequently though, the
objective funtion is not an analytic function of the parameters, and as this is the case here, the use of the
direct search is dictated. Therefore the objective function must be evaluated at points surrounding the
current position in the parameter space.

The Hooke andleeves Search [HookeJeeves1961] is a variant on the direct search. After
evaluating the objective function at points surrounding the current (base) point, a move in a particular
direction is made, and then a test is made to see if further movement antbedgection would give
another reduction in the objective function. This is known pateern moveand can increase the speed
at which the minimum is reached. It is particularly useful with a large number of parameters, where the
cost of reevaluatingthe space surrounding a particular point is high. A feature from the Tabu Search is
added, which ensures that points visited recently (i.e. the last M base points) areisibede M is
typically between 5 and 10 for smaltale problems (up to 12 n@aneters), and is set to 8 here. If the
error figure does not improve on the global minimum within two base points, the search terminates.
Finally, if the simulation suffers from convergence problems, including adumhewhere the number of
time steps xceeds a specified limit, the waveform evaluation returns an objective value of infinity. This
forces the optimization algorithm to ignore this point and continue searching in other directions. Fig. 13
shows a graphical example of the direct search tmithvariables.
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— Accepted increment
— Rejected increment

-- Accepted pattern move
————— Rejected pattern move

® Base point

O Pattern move point

X2 &

Minimum

Start point ;1

Fig. 13. Example of Hooke & Jeeves direct search with two variables.

A summary of the optimization process is:

Start at initial (base) set of parameters, perform the simulation and obtain thfg (eeothe objective

function).

Simulate and evaluate the error at each surrounding pointAixefaot each parameter. This requires twice

the number of evaluations as there are parameters.

Find the lowest (i.e. best) out of these, and move there. If this is lower than the bagkipdiatomes the

new minimum and the new base point. If none are lower than the base point, the minimum has been found so
the search is terminated.

Move in the same direction as the move to the new base point-aimdulate and evaluate the error (tisghe

pattern move). If the error is lower still, then this becomes the new base point and minimum.

Return to step 2, ensuring that previously visited points are +visited (this feature from the Tabu search

saves the execution time).

Results

A. Validation of the IGBT Model and Parameter Extraction

In order to validate the analytical IGBT model and the initial parameter extraction method (step
1), the IGBT model with extracted parameters was used to simulate the switching behavior of various

strudure IGBTs from different manufacturers. They are listed in Table IV.
TABLE IV. IGBTSTESTED

IGBT Structure Rating Manufacturer
A Trench PT 600V/600A Powerex
B DMOS PT 1200V/600A Powerex
C DMOS NPT 1200V/100A Dynex
D Trerlch Field 1200V/80A Infineon
E DMOS NPT 1700V/400A Semikron
(with diode)

In order to avoid the effects introduced by the external circuit, the validation experiments were
performed under a simple hard switching environment, including resistive and clamped inductive load
test circuits. The current generation of IGBTs generadly very fast switching speeds and becomes
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sensitive to the circuit parameters; therefore these parameters, such as parasitic inductance, have to b
precisely measured and accounted for in the simulation.

The comparison between the experimental and sitedlIresults for various IGBTs at tuwff
under clamped inductive load circuit is seen in Figs. 14(a), 14(b) and 14(d). Note that large snubbers
across the diode and the IGBT were used in these tests as described in the figure captions. Resistive
switching was used for the results shown in Fig. 14(c). The time scale is 200ns per division. The
simulations were carried out in PSpice.
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Fig. 14(b).
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Optimization of IGBT and diode parameters

IGBT E was tested in a clamped inductive load circuit. The initial parameter extraction (step 1)
was used to obtaiestimates of the parameters, a selection of which is shown in table V.

Experimental waveforms for both tuom and turroff were obtained for several sets of
conditions. The conditions varied were the load curignthe supply voltag&/pc and the orstate
periodt,=pTs.  Optimization of the parameters in table V was performed for each set of conditions.
The simulations were carried out in Simulink. The conditions, the resulting parameter variation and the
percentage error reduction in total switching endtgy (relative to the experimental waveforms) are
given in table V. Each of the 12 parameter optimizations took an average of 21 minutes to run, using a
Pentium IV machine with 512MB RAM running Windows 2000. Each simulation lasted between 3 and
4 seconds, thereforequiring approximately one minute for the search space around each base point to
be evaluated with nine parameters.

TABLE V. PARAMETER VALUES BEFCRE AND AFTER OPTIMIZATION.

Index Conditions IGBT Diode Circuit Eswerror
VDC Ir ton A T Ws Ng hp A T Le LS Before After
Initial 4.0 6.7 200 | 6.7 5.0 4.0 0301 400
1| 225 51 20 | 3.8 6.7 157 | 5.3 14.4 4.4 019 1 357 | 47 26
2| 230 53 10 | 3.8 6.7 170 | 4.2 14.4 4.0 0191 318 | 56 26
3| 220 51 30 | 38 6.7 170 | 4.2 11.1 4.0 019 1 357 | 45 17
4| 345 78 30 | 35 6.7 123 | 5.3 20.0 4.0 019]1 357 | 33 5
5| 350 80 20 | 3.0 106 | 157 | 5.3 14.4 3.0 0.19]| 12 | 357 | 75 2
6 | 350 80 10 [ 3.0 10.6 | 200 | 5.3 111 3.6 015] 1 357 | 38 7
7 | 450 128 | 10 | 21 5.3 123 | 6.7 6.5 3.8 019 1 357 | 33 5
8 | 450 58 10 [ 2.3 10.6 | 235 | 10.6 0.5 2.0 0241 357 | 61 49
9 | 455 59 20 | 4.0 6.7 200 | 8.4 2.9 3.3 0241 400 | 52 52
10 [ 800 101 | 20 | 21 100.0| 105 | 16.8 2.3 2.0 0241 357 | 17 8
11 | 810 147 | 20 | 3.2 6.7 157 | 6.7 5.0 3.0 0241 357 | 13 2
12 | 800 212 | 20 | 2.4 33.6 | 114 | 13.4 2.3 3.5 024] 1 357 | 16 0
[Units [V |A Jus [cenf [ pus [ pm [10%cm® [10%cm's’ [en [ us [ nH [nH | % % |
Mean | 3.1 176 | 159 | 7.7 8.7 3.4 0.21| 1.0 | 357
Standard deviation 0.7 259 | 37.6 | 3.8 6.0 0.7 0.03| 0.1 17
Std dev as %f mean| 22 147 24 50 69 22 14 5 5

Figs. 15 and 16 show the normalized voltage and current waveforms before and after
optimization for test 1, table V for twion and turroff respectively. The power dissipation waveforms
are obtained by multiplyinthe voltage Yce) and currentl¢) waveforms.
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Voltage and current traces are normalized relative to the supply voltagand load
current I, and the power dissipation is normalized relative gol¥.

Discussion

The waveforms in figs. 236 show that the optimizatiorrgredure improves the matching of
both the device waveforms and the power dissipation during switching. The waveforms are shown after
synchronization, with the start of the window (fe) coincident with the appropriate edge of the
simulation gate driveignal Vee. The synchronization using the power dissipation for ecosgelation
produces welbligned voltage and current waveforms.

The matching of experimental and simulated waveforms is particularly close duringffturn
The main source of error is the voltage \{ce) waveforms, where the voltage ramps during the gate
plateau are too large. This is also visible in figs. 24@Xx), and is being addressed in current work.

The results in table V show that most parameters vary by up to approxima¥#ly Phe diode
and IGBT area#\, the diode lifetimezy. and IGBT drift region widthAg only vary slightly from the
initial set of parameters. This shows that both the initial parameter estimation is good and that the
optimization is effective: indeed it recognizes that no significant refinement of these parameters is
necessary. The switalg energy errors decrease significantly in all optimizations, except for runs 8 and
9. This is because the devices have a long tail current, and the small error in current during the tail gives
a large error in switching energy loss due to the integratimh point timing. The choice of least
squared errors between waveforms for the objective function results in a reduced sensitivity to this
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period of the switching waveform. Thus the estimated values of the IGBT carrier lifgira@d the
recombinationparameterh, can be expected to vary more widely than the other parameters. As no
lifetime control is used in NPT IGBTS, a carrier lifetime of t6Gs not unusual, as found in run 10, and

the behaviour of an IGBT under conventional switching is nottlgréafluenced unless very short
lifetimes are used. A further issue arises associated with the absolute accuracy of the experimental
current tail waveform, where an error will cause a poor estimatg.fofinally, in index 5 the simulated
waveforms bedre optimization exhibit reduced convergence (while still completing simulation), giving

a large turroff energy loss. The waveforms after optimization do not show this, demonstrating the
ability of the optimization to remove this discrepancy.

The diode everse recovery clearly affects the IGBT current overshoot atoturnThe current
overshoot is an important contribution to the power dissipation of the IGBT, and as a result the diode
parameters must be optimized in addition to those of the IGBT. iFtas example of the coupled
nature of IGBT and diode interaction in an inductive kasitching environment, previously discussed
in [Bryant2002].

The validity of the model across the range of conditions chosen is good, shown by the low
variation (up to 8%) of the parameter values. This emphasizes the accuracy of the model. It may be
observed that the estate period,, associated with the duty rati@ has no significant effect on the
optimized parameter values. Therefore there is no need to vargaihdition in practical parameter
optimization. It is left to the user to choose representative operating conditions, having no practical
impact on the optimization and resulting simulations, as would be expected for a robust dodwesl|
model. Ifseveral sets of conditions are used, taking the mean of the parameters across the conditions
would be a suitable method of obtaining one set of parameter values.

A number of sets of conditions should be tested, over a wide range as illustrated in, table V
obtain a set of final parameter estimates which are robust across a wide range of conditions. Achieving
this avoids the danger of creating a set of parameters unique to particular conditions. Adopting the mean
parameter values offers a practical lmggzh. A parameter validity map [AllardPESC2003] could be
generated to indicate the matching of the experimental and simulated waveforms for different
conditions, allowing designers to make informed decisions regarding the validity of the models. The
corditions important in the application considered can be determined with the use of condition maps
[BryantlAS2004], which give the most likely sets of conditions for a particular load cycle. The use of
these would allow the suitability of the models andapaaters to be justified and point towards the
suitable conditions under which the optimization of parameters should take place.

Conclusions

A practical parameter extraction method is provided for the Febaisedsolution analytical
IGBT model. Since thextraction procedure is general in nature, some methods used in the research are
also suitable for the extraction of some parameters needed for other kinds of IGBT models. Once the
parameter optimization is complete, the parameters may be used in modealg platform, including
circuit simulators such as PSpice.

By jointly using three general parameter extraction methiogimpirical valuebased extraction,
datasheebased extrapolation, and simple tbased extractiof the total extraction procedure lgn
needs a simple clamped inductive load test for the extraction of 12 and 15 parameters needed for the
NPT and PT IGBT models respectively.
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The validation with the experimental results from various structure IGBTs demonstrates the
accuracy of the propoddGBT model and the parameter extraction method. The combination of an
initial parameter extraction and a parameter optimization procedure provides a solid foundation for
automated parameter extraction. The use of MATLAB as a common environment alopls s
implementation of the extraction procedure. The optimization results show a clear improvement in
simulation accuracy from the initial parameter estimates. However, depending on the intended use of the
simulation models, in some cases the accurat¢gimdd from the initial parameter extraction may be
deemed sufficient, making the optimization step unnecessary.

Designing Survivable Electric Power Systems

Survivability, or the ability to provide uninterrupted power flow to loads in spite of multipial&ineous faults

caused by natural or hostile disruptions, is a desirable feature of any power $ysti@lectric naval platforms,

the ability to withstand multiple simultaneous unrecoverable faults in a battle field is a vital requirement for the
integrated power system (IPS), since power interruption or its total loss during a battle would most certainly lead
to mission failure, personnel loss, and possibly complete destruction of a ship. The goal of this study is to enhance
survivability of power gstems subject to multiple simultaneous faults caused by natural and/or hostile events.

The Project has three objectives:

e develop mathematical framework to analyse power system survivability;
e develop computational algorithms for evaluating power systemiability;
e design power systems of enhanced survivability.

Key factor determining survivability of the power system is its topology or dédige number of generators,
their connections with one another and loddsleed, reliabilityof equipmentalone is no protection against
destruction caused by direct hitsowd much reconfiguration is possible in a given IPS is also limited by its
topology. Therefore, structural (topological) survivability is the current focus of the Project.

In our study, wadevelop mathematical and numerical tools to analyze structural (topological) survivability of
IPS undemultiple simultaneous unrecoverable faultsparticular, we
e developed probabilistic approach to evaluate structural survivability of different ggstem topologies;

e evaluated and compared structural survivability of various generator bus topologies of two, three,
and four generators;

e suggested a new web topology of enhanced structural survivability;

e developed and validated @omputational algorithnmbased on the graph approach to evaluate structural
survivability of power systems.

Possibility of detecting and isolating faults in a given power system topology also influences the total system
survivability. Current protection standards do not meet tiadlenges associated with increased complexity of
modern power systems. We are working on adapting the rbadeld fault detection and isolation approach based
on structural analysis to evaluate the monitoring potential of the power system in a systechatitomated
manner.Such an approach is particularly promising for successful-atida protection of the complex IPS.
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Technical Details by Task or Project:
o Key Accomplishments

Developed and validatedamputational algorithm based on the graph approach to evaluate structural
survivability of different power system topologies (designs) under multiple simultaneous unrecoverable
faults

e Technical Detail

Introduction

The ability to withstand multiple sinultaneous faults caused by natural and hostile disruptions is a desirable
feature of any power system. Such disruptions are sudden, massive in scale, often without the possibility of being
repaired in the short term. For some complicated modern systechsas the integrated power system of an all
electric ship, the requirement of survivability is vital. Power interruption on a battlefield can have drastic
consequences for a ship, its crew, and the mission. Natural and hostile disruptions are less iexp#lity

power systems. However, the consequences of such an occurrence can be enormous in cost and scale. Therefor
survivability is a critical issue in designing any power system.

Total survivability of the power system is determined by varioutofadl]. One of the key contributors to
power system survivability is its topology (or design). The number of generators included in the system, how they
are connected with each other and with loads, and how the loads are connected between themsmines dete
whether power will be available to the loads after disruption occurs. A highly reliable system with a poorly
chosen topology might not survive a natural disaster or hostility.

To compare survivability of different topologies, the quantitative aisalystopological survivabilityi the
capacity inherent in a systembs str uf€isuvequeed.tDae tonai nt
specifics of damage resulting from natural and hostile disruptions, the traditional reliability/avaitatzlygis is
not applicable to the present problem. Notice that the analysis of structural (topological) survivability
compliments rather than replaces the reliability/availability analysis for a specific type of damage. It is a part of
the comprehensive/stem analysis.

The analysis of structural survivability of existing power systems and the design of power systems with
enhanced structural survivability is theal of the current study

The theoretical background for the analysis of structural survitsabflpower systems was developed ir5R
and was employed for comparing structural survivability of existing topologies of the IPS generator bus
containing up to four generators. However, evaluation of the structural survivability of complex IPS systems
requires automated computer analysis. We developed a-geaeld approach (described below) to compute and
compare structural survivability of power systems.

Analysis of Structural Survivability

For the purpose of the analysis of topological survivehiéill elements of thpower system may be divided
into two groups. The first group contains generators and the transmission lines linking them. We call the links
between generators horizontal links. The first group also includes the links connectjipgdtetors with the
system loads (vertical links). A vertical link can be attached to any element in the first group. Loads and the links
between them form the second group. Faults in the first group can result in decreasing the power supply to loads
up b complete service interruption. Faults in the loads and the links between them do not inAaexikty of
thefirst groupto supply power. Clearly, survivability of the first group determines survivability of the whole
system. Therefore, the main facof the analysis of topological survivability of the power system is on the
survival ability of the first group topology.
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As an example of grouping elements of a power system f@midugsis of its topological survivabilityet us
considerthe IEEE 14 Bus Test Case (Fig. 1), representing a portion of the American Electric Power System (in
the Midwestern United States) as of February 1962. Fig. 2 represents this test case, with the elements of the powet
system being grouped according to the schstedescribed. In the dashed box representing the first group, two
black circles marked by G represent the two generators. The six links, which start from-bagies @nd with
arrowheads, are the vertical links from the first group to the second gkiblipks inside the dashed box
representing the first group are horizontal links. NodBsriFig. 2a correspond to node% 1n the IEEE 14 Bus
Test Case. In the dashed box representing the second group, loads and links between them are not shown; nodes
6-14 from the IEEE 14 Bus Test Case are inside this box.

Fig. 1. IEEE 14 Bus Test Case

Since the topology of only the first group of the power system is under investigation, the second group can be
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removed entirely from consideration. For the IEEEBL# Test Case, this results in the transformation of Fig. 2a
into Fig. 2b.
If one denotes the number of generatorg,dbe number of horizontal links asand the number of vertical

links asv, then the total number of elements in the first groubis- g + v+ h. In Fig. 1bM =18, g =2,

v=6, andh=10. In the present analysis it is assumed that all horizontal links in the first group are in operation
prior to damage occurring. Potential reconfiguration schemes within the elements of the first group are not
considered.
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T Loads and Links between Loads

a) b)

Fig. 2. Group representation of the IEEE 14 Bus Test Case [(a) and the topology of the first group for the same Yest case (b

Faults considered here are those connected with the multiple losses of cables and generators due to combat
damageThe nature and sequence of faults do not enter into this study; multiple faults are considered to be
simultaneous and not repairable in the time frame in which survivability is being studied. (That is, system
protection will be assumed to have isolatkedrs circuits, but the short circuits themselves will not be repaired.)

Each possible combination wfdamaged elements from the total number of elemdrissdefined as a fault
scenario. There are three types of fault scenarios, based on the three types of responses from the second group of
the power system:

- Ano responseo0o scenari os;

- reconfiguration scenarios;

- scenarios of complete failure.
I n Aino Oor sxcE®mms e 0SS, no generator is damaged, and f at
of the generators. That is, after the faults, the first group of the power system is still able to supply power
produced by all generators to the secormligrand no response from the second group is required. In such cases,
we say that the system survives without requiring reconfiguration in the second group. We denote the number of
ino respons&0 scenarios by

Scenarios in which power supplied frahe first group to the second group is reduced, either due to damage of
at least one generator or due to faults in vertical and horizontal links isolating at least one generator, require
reconfiguration in the second group. Therefore, such scenariosllatereaonfiguration scenarios. In this case,
we say that the system survives but requires reconfiguration in the second group. The total number of
reconfiguration scenarios &

Scenarios in which all generators, or all vertical links, are damagé@uwhich generators, horizontal and
vertical links are damaged so as to lead to a complete interruption in power supply, are called scenarios of
complete failure. Their number is denotedroy

At a number of faultsn, the total number of fault scenagiteading to each response of the second group can
be used to determine the response probaliitunder the assumption that each scenario is equally likely. We
thus define the probabilitl? as the ratio of the number of fault scenarios resulting in @nslegroup response to

the total number of fault scenarisat a giverm:
P(S)= S(m)/ N(mP(R)=R(m)/N(m, P(F)=F(m)/N(m,
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whereP(S)is the survival probability without reconfiguration in the second grB@R)is the survival probability
with reconfiguration in the second group, d(@) is the probability of complete failure. The probabilities of the
three responses sumto uniff(S + P(R )} P(F x1.

The total number of scenaribskat a givermis

M!

N(M)= M —my

m< M Q)

where k!=1-2-...-k (k=m,M) is the factorial. Ifm> M, there is only one scenario and this is the scenario
of complete failure, because all elements in the first group have already been damaged and no power is available
for the secongroup. In this caseN(m)= F(m)=1, P(F)=1, andP(S )= P(R >0 at anym.

These three probabilities characterize survivability of the first group topology at a given number of faults
and can be used to compdhe performance of different topologies. To calculate these probabilities in a more
realistic manner, one should also take into account the probability of occurrence of each scenario, which depends
on the probability of damage for links and generatorsuged in the scenario. Such an analysis is called a
susceptibility analysis and, to the best of our knowledge, it has not yet been developed. It is clear, however, that
realistic evaluation of the probability to be damaged for different elements in theréitg requires knowledge
of the sizes of the system elements, the scales of possible damage, the protection scheme in use, and othe
specifics. Without such information, it is reasonable to assume that all elements in the first group have equal
probabilty of being damaged and all fault scenarios are equally likely. This is the approach currently used in our
study. However, this is not a requirement of the analysis or of the numerical algorithm discussed below. If the
probabilities of different scenarioare known, the analysis and the algorithm can easily incorporate this
knowledge. We are going to combine the analysis of topological survivability with the susceptibility analysis in
our future studies.

Numerical Algorithm
As the number of elements in thiest group increaseshé total number of scenaridsat a giverm
increases drastically (s€#)). Computational solutions become the only choice. Below we describe
a numerical algorithm, which allows one to compute the numi&ns) R(m) F(m), N(m), and the
corresponding probabilities.

Graph Representation of the First Group Topology

The first step is to represent the first group of a power system as an undirected graph, with each group element
being considered as a node. If between two elements there exists a physical connection, we say that the two nodes
corresponding to these twaeatents are connected by the edge.
As an example, let us consider the topology shown in Fig. 3a. Comparing it with the topology in Fig. 3b, we
see that there are only single vertical links adjacent to the nodemfllieace of multiple vertical links adjacent
to the same node on system survivability was discussed in dedilTBe topology in Fig. 3a contains 16
elements M =16), which are now considered as 16 graph nodes. Generator 2 @whtadink 8 (nodes 2 and
8), for example, are physically connected. Therefore, there is an edge between them. There is an edge between
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elements 12 and 14, elements 5 and 12, and so on. Elements 9 and 10 have two physical connections. However,
when theres a fault in one of the elements, any connection between them becomes inactive. Therefore,
connections between these two elements should be represented by a single edge. Graph representation of the
topology in Fig. 3ais given in Fig. 3b.

a) b) c)

Fig. 3. Topology of the first group (a), its graph representations (b), and the corresponding adjacency matrix (c).

An undirected graph can be represented by the adjacency matrix, whichNé >t symmetric matrixX. If
there isan edge from nodeto nodej, then the matrix elemenk; ; is 1, otherwise it is 0. Matrix indices
correspond to the graph nodes. In our study, indices fronghte reserved for the generators, and indices from
g+1 to g+V for the vertical links. The matrix corresponding to the graph in Fig. 3b is showaigi 3c.

Diagonal matrix elements are equal to zero.

A graph like the one in Fig. 3b and a matrix like the one in Fig. 3c represent only the topological structure of
the first group of a power system. To evaluate the structural survivability, a nunadgoathm should also
Aknowdo which nodes are generators, that s, power

achieved by assigning to the graph nodeme qualityE, , which is equal to 1 if a node is a generator arid.ti
a node is a vertical link. For the horizontal links, that is, the nodesi wittning fromg+v+1toM, E =0.
For the graph in Fig. 3b, the correspondiegtor E= E ,i=1...,M is

i: 12 3 4 5 6 7 8 9PU1 12 1314151
E=11-1-1-12-1000O00O0O0O0O0 ¢

Matrix X and vectorE contain the complete information on how many elements the first group contains, how
many of them are generators, how many links deliver power to the second group, and how the elements are
connected with each other. For the sake of simplicity, we assumallth@nerators produce the same amount of
power and all vertical links have equal loads. For specific applications, this assumption can easily be adjusted by

changing the values dE, from 1 and' 1 to values between 1 antl

Repesentation of Faults
The next step in the algorithm is to represent faults in elements tfghgroup. Weassign to the graphodei
some qualityK; such asK, =0 if there is a fault in nodé and K, =1otherwise. Remember that this study

considers only unrecoverable faults. That is, nodes once damaged are considered being unavailable for power
flow. Multiple faults in the same node do not influence the results of the analysithemedore, are not

considered. Fathe graph in Fig. 3kthe following vectoK = K,,i=1...,M

i: 1 23 456 7 8 910 111214 15 16
K=011011110001101C

reflects, for example, faults in one generator (node 1), one vertical link (node 4), and five horizontal links (nodes
9-11, 14, and 16). In this topology, such faults causectimaplete interruption of the power supply from the first

group to the second group. Theatl number oK -vectors isN = 2¥ . For the graph in Fig. 30N = 6553€. The
vector with all K, =1 corresponds to no damage in the first group.
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EachK-vector, except the one with no damage in the nodes, repredents scenario. e relation between
the total numbeN of K-vectors and the total numbef fault scenariofN(m)at m< Mis N = Z N(mu1.

K-vectors are generated in the following manner. Each vector is assigned its order nuumberg from 1 to

2", Then, for each vector with order number we convert the decimal number equal te-1 to the

corresponding binary number. As an example, let us consider again the graph in Fig. 3b. For this graph, the

numberr runs from 1 to 65536The first vector withr =1 has the corresponding number1= 0, which is (0

000 000 000 000 000) in binary form. That is, this is the vector with all nodes being damaged. The vector with

r =1001 has the corresponding number~1=100C, which is (0 000 001 111 101 000) in binary form. That is,

nodes 16, 12, and 1416 are damaged. The vector with order numbegual to 65536 corresponds to the graph

with no damage in the nodes. Indeed, the nun@$35= 65536- is (1 111 111 111 111 111) in binary form.
Information on the topological structure contained in maXrigan be combined with informatiobeut faults

contained in thé&-vector by forming matrixy’ such that its element are determinedyas= X ;- K- K . That

is, matrixY is, in fact, matrixX where connections between a faulty node and neighborinfauttonodes have
been removed.

Analysis of Matrix Y

After disruption, the initial topology of the first group changes, because some elements in the first group become
unavailable for power flow. One has to analyze whether in a new topology there are generators to produce power,
vertical links to deliver poer to the second group, and connections between available generators and vertical
links. For instance, if all generators have no damage and there is at least one vertical link with no damage, and
each generator can be connected to this vertical link bxampination of other generators and horizontal links

or only by horizont al l i nks, then this faS(m}is scen

increased by 1 at a given number of faults. Any combination of the fiostpgelements, which connect a
generator to a vertical link, is called the path. Let us emphasize that a single path between a generator and a
vertical link is sufficient to state that power produced by this generator is available for the second gheup of t
power system. The number of generators for which power is available after damage to the second group, indicates
whether the power supply was preserved, reduced, or interrupted.

Graph representation of the first group topology allows one to employ matibahtools for conducting such

an analysis in an efficient manner. In matfik corresponding to the topologythe elementsY;; =0,

i,j=1...,9,andi,j =g +1...,g+ V indicate the presence of generators and vertical links without faults after
damage described by a vector Then, the deptfirst search algorithm for traversing a graph is used to check
whether there is a path between an undamaged generator and d lmektivathout fault. This algorithm is
generally known (see, e.g., [6]) and will not be described here. The search for a connection between a generator
and vertical links stops as soon as at least one path between the generator and any verticaldinfawlitiso
established. The search for connection between the next undamaged generator and available vertical links is
initiated immediately afterwards.

The E-vector after faults is called the' -vector with element<E",. If a generator is damaged or there is no
path between a generator and the available vertical links, the eldjerdrresponding to this generator is set to

zero. Then, the amount of power,, = Z E produced in a given topology before faults is compared with the
i<g
amount of power available after faulks,, = Z E.. If E,, = E,. the fault scenario given by vectiéri s a fino
i<g
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responseo OskE gk, theoscenarid is a reconfiguration scenario; anl,jf =0, the scenario is

the scenario of complete failure. Respectively, either the nuidifen), R(m’, or F(m) is increased by 1 at a
given number of faults.

When all matrices’ corresponding to the entire set Kfvectors have been analyzed, that is, the numbers
S(m), R(m), and F(m) are computed an< M, the probabilitie(S) P(R), andP(F) are calculated at each

m< M.
For the topology in Fig. 3b, the probabilitie¢S) P(R), andP(F) at differentm are shown in Table 1. Figure 4
shows how these probabilities change with increasing

TABLE |
TOPOLOGY INFIG. 3A

(g=2,v=4,h=10)

m| N s R F |P©)| PR)| P(F)
1] 16 | 12| 4 0 [075/025] 0O
2| 120 | 66 | 50 4 |055]042] 0.03
3| 560 [ 219 289 | 52 [0.39] 0.52] 0.09
4| 1820 | 485 1019 | 316 |0.27| 0.56 | 0.17
5 | 4368 | 744 | 2434 | 1190 [0.17| 0.56 | 0.27
6 | 8008 | 782 | 4120 | 3106 | 0.1 | 051 0.39
7 | 11440 520 | 4982 | 5938 [0.05] 0.43 | 0.52
8 | 12870 177 | 4179 | 8514 |0.01] 0.33 | 0.66
9 [ 11440 30 | 2260| 9150 | 0 | 0.2 | 0.8
10| 8008 | 2 | 767 | 7239 | 0 | 0.1 | 0.9
11| 4368 | 0 | 160 | 4208 | 0 | 0.04] 0.96
12] 1820 | 0 | 19 [ 1801 | O [ 0.01] 0.99
13] 560 | © 1 550 | 0 [ © 1
14] 120 | © 0 120 [0 [ © 1
15| 16 0 0 6 [ 0] 0O 1
6] 1 0 0 1 0] o 1

Fig. 4 Probabilities of different fault scenarios at diffenarfor the topology in Fig. 3a.
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Additional Considerations

A topology for the first group of a power system can be represented as a graph in multiple ways. Depending on
the size of elements included in the first group and the scale of damage under consideration, separate elements of
the first grouptopology can be treated as separate graph nodes or be combined into a single graph node. If the
scale of disruption exceeds, for example, the length of a link, this link should be combined into a single node with
other topological elements adjacent tdattwould be influenced by a fault in this link.

The protection scheme should also be accounteédorinstance, if in the topology shown in Fig. 3a, link 7,
generator 1, and the interconnection of links 3,-Z29and 16 are inside the same proteetete of a size smaller
than damage under consideration, all of these elements should be combined into a sirggpae@der in the
graph.

The current algorithm does not consider an interconnection of links as a separate node. An example of such an
interconnection is, for instance, a point in Fig. 3a, where horizontal links 11, 13, and 14 are connected with
vertical link 4. Interconnections are usually of smaller size than other topological elements and possibly have
better protection due to their imparice. That is, faults in interconnections are assumed to be a less probable
event than faults in generators and links. Realistic evaluation of the probability of being damaged for an
interconnection (or any topological element) is possible only if infaomain the specifics related to the real
power system is available. In the general analysis as conducted in the current study, it is reasonable to assign zero
probability of been damaged to an interconnection rather than an arbitrary number. Moreovge, afeana
interconnection can be represented by faults in the links, which meet in the interconnection. If, however, it is of
importance to consider interconnections as separate nodes, and all necessary information is available, the
algorithm presented abe can include (without any restriction) interconnections as separate graph nodes.

Web Topology
In the design of IPS, the redundancy of generators is a limited option for increasing survivability of the
power system due to many factors including (but Ihat mi t ed t o) the overall
construction and weight. The linledundancy (i.e., an increase in the number of cables connecting
generators and the use of topologies where cables are interconnected in a more sophisticated mannet
should alsobe considered. In fact, if one can show that additional links increase survivability with
minimal expense, such links can be incorporated into the existing power system.
In [2], we introduced a new web topology based on the biological prototype: er@adbd by orlweavers.
Principal elements of the web are:
171 key elements (points through which a web is connected to the remainder of the system);
271 external links extending from the key elements to the remainder of the system;
31 an external ring@nnecting key elements;
47 a central point;
57 links connecting a key element and the central point;
61 links connecting the central point with ring segments;
77 internal rings connecting the links from the central point to the key elements.
In a paver system, a key element is a generator, an external link is a vertical link, and rings and links between
the central point and the key elements and the ring segments are the horizontal links. For a gyptaesrators,
the simplest algorithm to buila web is:
- link k generators in the external ring;
- place the central point;
- connect all generators with the central point;
- connect the external ring segments with the central point;
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- if design and budget allow, connect the links from the central point to the key elements by additional
rings.
A control center (and an additional generator) can be placed at the central point. Vertical links can be multiple and
adjacent to any node inclund) those that intersect horizontal links or at any place just for the sake of partitioning
a long link. More on positioning vertical links and partitioning horizontal links can be found in [3,4]. Fig. 5 shows
an example of simple twgenerator and thregenerator webs.
Fig. 5. Twoegenerator (a) and thregenerator (b) webs

The superior ability of the web to withstand multiple simultaneous faults was demonstratéd oy [2
comparing it with existing topologies containing the same number of generators or more. Among the topologies
considered are radial, ring, star, meshds wifferent numbers of links connecting generators, and single and
dual buses. Comparisons were made for topologies containing two, three, and four generators. In Fig. 7, the
structural survivability of the thregenerator web (Fig. 5b) is compared wihte structural survivability of the
four-generator ring (Fig. 6a) and the fegenerator partitioned mesh (Fig. 6b). Note that crossing cables are
interconnected in both the web and the partitioned mesh.

Fig. 6. Fourgenerator ring (a) and partitioned mébh

(=]

o o a 12 15 1] 4 a 12 16 G R a 12 15

a) b) c)

Fig. 7. Variation of structural survivability{coordinate) with the numben of simultaneous faultsx{coordinate) for the
four-generator ring (a), the foigenerator partitioned mesh (b), and the tlgeeerator web (c). Notations: P(S)
P(R) and P(F) at a giverm.

Figure 7 shows that even thougle tonsidered wetppology is applied to less number of generators than the

four-generator ring, it has much better structural survivability than the ring, that is, it hasP(ghand higher
the total survival probability B(S }+ P(R) at a given number of simultaneous faults as well as higher number of

| | |
a) b)

faults at whichP(S + P(R ) 0. Furthermore, it has much better raB¢S )/ P(R than the fougenerator
partitioned mesh, that is, it requires less recaméigon in loads. This quality is highly valuable in a battlefield.
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Research Work Related to Modeling and Simulation

Initial work activities revolved around developing models that could be integrated into the power system analysis
and design tools. Maryf these models were developed in VTB. More recent modeling activities have revolved
around developing an integrated power system and control model that allows optimization of both systems within
one algorithm.

Executive Summary

This work emphasizes rdeling, simulation, rapid prototyping and hardwargheloop (HIL) testing as the
key stages in the design process to achieve advanced adaptive protection scheme for next generation Shipboard
Power System (SPS). Developed protective controller can taddifferent protection schemes depending upon
requirements. Redime Hardware in the Loop (HIL) simulation is becoming an essential simulation tool for
engineering design, especially in protection equipment. The first step for this research wogvedp celay
models. Developed relay model can be validated against a commercial relay using hardware in the loop (HIL)
simulation.

Researchers have developed relay model using LabVIEW. Developed relay model was tested with hardware
in the loop with simwdted power system in Real Time Digital Simulator (RTDS). HIL platform was developed
for SEL 421, distance relay and SEL 351 ewerrent relay using RTDS, MATLAB/Simulink and also using
National Instruments PXI controller.

Key Accomplishments:

¢ Developmentof hardware in the loop platform to test the SEL 351 (@uerent) and SEi421 (distance)
relay using RTDS
¢ Development of hardware in the loop platform using MATLAB/Simulink and NI PXI controller
¢ Design and modeling of oveurrent relay using LabVIEW ardl PXI controller
¢ Organized and conducted workshop as well as handscperience on LabVIEW
¢ Presented more than 10 papers/posters based on this research work in national and international conferences

Summary of Research Activities
1) Hardware in the loop test using National Instruments PXI controller and SEL 351

A HIL simulation refers to a system in which parts of a pure simulation have been replaced with actual
physical componentd$dIL simulation is often used to understand the behavior of a new devite,predict an
outcome under different system conditions without knowing the detail of device designHAlszould help to
build model and validate a data model of a new power device. For better understanding the functionality and
influence introducedy new hardware to the electric ship, either equipment or a controller, we should have it
tested in a virtual environment.

LabVIEW is a software tool for designing, testing, measurement and control of a system. National
Instruments provides different malés for particular applications as real time module as well as measurement
and automation explorer (MAX) to configure hardware. Interfaces with other development and simulation
software such as MATLAB/ Simulink are available through the simulation iagerfaolkit (SIT) module.
LabVIEW suits well for HIL tests as itrpvides an effective platform for developing and testing-tiea
embedded systems. PXI controller and SEL relay are connected as shown inHigddarein-the-loop test
using LabVIEW forrelays contains three stages:
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e Software Simulation
e Hardware in the open loop
e Hardwarein-the-loop test
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Figure 2: Block Diagram for HIL test using NI
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Figure 3: Power system model in Simulink

The SIT server generates a folder containing the model DLL file, driver base file and others necessary files.
The model DLLfile has to be downloaded into the PXI controller and by having an LAN connection, we can
communicate with the power system model. A block diagram of HIL test has been shown in Fig. 2, which shows,
how the HIL test is performed starting from designingegr system in Matlab/Simulink to getting back control
signal from relay using Simulation Interface Toolkit (SIT), driver VI and NI PXI controller. Figure 3 shows the
modeling of power system for software simulation. Before connecting SEL relay to PXblwnthardware
interface test was performed using function generator and swiitslvitch was connected to input pin of the
DAQ card in PXI controller and output pins of DAQ card were connected to a CRO to observe the O/P current
waveforms. Voltage anducrent waveforms obtained through simulation have been shown in figure 4 to be used
by relay to generate the trip and reclose signal in real time.
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Figure 4: Voltage and current waveforms for power system model running in real time

Improving powe system model and improving interface of NI controller hardware with Simulink are ongoing
research related to this research work.

2) Hardware in the loop test using National Instruments PXI controller and RTDS

This research work relates to development of -@ugrent relay model with some logical assumption using
LabVIEW and PXI controller. Different modes of operation were designed to test the developed model. In
internal mode, power system signal was depiagidg sine wave signal and fault simulation logic to test the

relay model. In external mode, power system signal from external hardware device is required. RTDS was
used to create voltage and current signal and fault simulation-cDiemt relay modeligis done in

LabVIEW graphical programming language. The features of the model include fast detection of the fault in
less than half a cycle, transient override capability, locking feature and user operated lock release. The model
has analog filtering, AD€C o mponent , digital filter, threshold de
tested with function generator in real time. After achieving satisfactory performance, closed loop testing is
done with RTDS, with power system running in RTDS. When kitad power system signal goes above
threshold value, fault indicator shown by green button demonstrates faults in different phases. Here three
phase currents la, Ib, Ic from RTDS were fed into the relay model running in NI PXI controller. Filtering this
current in and getting fundamental component was done to create correct trip and reclose signal. Figure 5
shows lock release for all the phases, to unlock relay, if the faults is sustained more than 60 cycles. Fig. 5, 6,
7, 8, 9 shows threphase voltage,urrent, trip and reclose signal in real time as observed by LabVIEW using
PXI controller, RTDS and DAQ devices. Voltage signal are sinusoidal and not as distorted as currents.

Transient overr Ide

wokage oo RN
< LOCK-RELEASE FOR A

'PHASEAFAL!.T - »

LOCK-RELEASE FOR B

-~

LOCK-RELEASE FOR €

-

‘n ,’1 | f ||‘ (|
155 L]l f'lxl nlv,ill .,|<.'w| | ,’:III.
- Jik ) \t [ J
(1]
IV‘
L @ rrinse cran

‘ PHASE B FAULT

T |
I .u' |';"w|




156

Figure 5: Three phase voltages in real time using RTDS and PXI controller
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Fig. 7. Closed loop testing

Fig. 8. Trip signals Fig. 9. Reclose signal

In future, we plan to improve the model by validation and verification using SEL 351 and RTDS.
3) Hardware in the loop test using RTDS and SEL 421

Hardware in the loop test for SE421 distance relay have been set up using RTDS with help of RTDS
engineersPower system used was 14 buses 3 generators system. Fault was simulated in middle of one of the
transmission line and-@Bhase currents and voltage was sent out to SEL relay and relay trip signal was given back
to system. HIL test results obtained showscegsful operation of developed setup. By using RSCAD
components, protective relay modeling can be created. For the case of impedance relay, it is simple in RTDS to
calculate the phage-phase and phage-ground impedances. Relay settings, like protegiarameter,
automatic reclosure can be loaded into relay using SEL software. In the case efuwsvent relay, which should
operate for any direction of current, magnitude and phase angle is measured using two samples of a waveform
taken at discrete timintervals. Expected operation time and reset time can also be calculated using certain
eguations.

Power system test case was developed as shown in figure 10. Actual setup for hardware platform for testing
SEL 421 distance relay using RTDS is shownguife 11. Lower level signal for 3 phase currents, voltage and
ground was given as input to SEL relay through RTDS. Output of SEL relay to open and reclose the breaker for
all 3 phase was given to RTDS to operate the breaker in simulated power systemaEaitiulated in one of
the transmission line at 50% of the distance and operation of relay was observed. Relay was setup in a way that
there will not be any relose after faults happen on two phases. One end of the line breaker is directly controlled
by the signal received from the physical relay for each phase. Other end of the line breaker is controlled by
simulated logic in RTDS.
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Single phase line to ground and twhbase line to ground fault were simulated at 50% distance on the

transmission line in the eighius test case. Simulation results for singhase faubn 6 phase A6 ar
shown in fig. 12. Current on 6phase Ad becomes hi
the relay operates and the breaker open.
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Figure 12. Singlphase fault on phase A
The transient response in case of p@ase linetgr ound fault is shown i fi
and phase B6 to ground was simulated. Rel ay signa
phases. The breakers will not reclose until the manual reclose button is pressed. Simulatsdioresult
faults on 6phase A and phase C6 to ground and al s

similar manner, but have not been shown here due to space limitation.
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Figure 13. Twephase fault on phase A and phase B
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This experiment clearlgxplained the operation of relay and RTDS simulation really helped students
to understand the protection concept.

4) Hardware in the loop test using RTDS and SEL 351

SEL 351 was connected to RTDS and HIl test was performed similar to 421 relay.

Phase A Burden Current @@
- [TEURE]

L L L L I I L L L L |
0 0.01818 0.03636 005455 007273 009091 010909 0.12727 0.14545 0.16364 013182 0.2

Phase B Burden Current @@
[TETFE]

L L L h L L L L I
0 001618 003636 005495 007173 009091 010808 0.1Z7I7 0.14545 016364 08182 03

Phase C Burden Current @@

[TETRT]

0 001812 003638 005456 007273 000081 010008 012727 014546 0.16364 0,812 032

Figure 14: Three phase currents using RTDS and SEL 351 for fault on phase A
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Figure 15: Three phase currents using RTDS and SEL 351 for fault on phase A, B and C

Efforts in HIL simulation of SEL 351 and RTDS have been completed and it was further improved by
simulaing test cases with different setting of SEL and several fault cases. An effort in developing
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comprehensive test suites for model validation and verification is in progress. Figure 14, 15 shows part of
the results obtained with HIL test of SEL 351 and RSTD

Early Design Tools at Purdue University

Key accomplishments over the last two years include

e Finding and correcting a significant error in the IEEE standard for characterizing
magnetic materials.

¢ Introduction of the concept of a higtlelity magnetic equivalent circuit to support
the design of electromagnetic and electromechanical components.

e Automated design methodologies for El core inductors and permanent magnet
synchronous machines.

¢ A new method to determine Lyapunov functions for theikiyphanalysis of power
electronics based power distribution systems.

e The start of a mathematical approach for optimal energy storage allocation.

¢ A new waveform reconstruction method that greatly reduces the computational
effort (orders of magnitude redim in simulation time) of fieldbased modeling of
permanent magnet synchronous and induction machines.

e A new position observer for permanent magnet synchronous machines was
developed that improves the fault tolerance of fpghformance drives.

e A new sped/position sensor for induction machines was developed that uses
torqueripple-induced vibration to establish speed. It also serves a dual role for

health monitoring of induction drives.

4.1. Technical Detail

There have been many accomplishments in thisteff@ne of the most fundamentally
of these has been addressing a serious flaw in the IEEE Standar@a®fil the
characterization of magnetic materials. This error resulted in the incorrect characterization of
magnetic materials. This incorrect chaeization leads to analysis errors in almost all
magnetic analysis method&om finite element analysis through analytical methods. This
error in analysis method invariable leads to error in design. A detailed discussion of this
error, and an meansrfavoiding it, is set forth in
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J.L. C
a

l e, S.D. Sudhoff, AAn | mproved Magnhn
Per me | e

a
b Materials, 0 | EEE Transactions on
The new method for characterizing magnetic materiglseisubjectUS Patent

Application 11/807,196, AMethods and Apparat
Mat erial so

Another key accomplishment of this effort is the concept of a-fagtity magnetic
equivalent circuit. The point of this worktisat if done correctly, a magnetic equivalent
circuit can produce results of similar accuracy 43 fihite element analysis, but in a fraction
of the time. The reduction in computer time allows the magnetic equivalent circuit method to
be incorporated o evolutionary optimization based design approaches. Details on the high
fidelity magnetic equivalent circuit and its application to automated design are set forth in

J.L. Cale, S.D. Sudhoff, AAccurately Mod
Magnetic Equivalent Circuit Approach, o |
Issue 1, Jan 2006, pp.-46.

el
E I

and
J . Cal e, S. D. S
0

Al gorithms, o 2
March 1, 2007

AEI -Based®esigmduct or I
ed

of f,
Appl i Piro, @A, Febrbadry®28 t r o ni ¢

Another detailed account of all this work appears on the PhD dissertation:

J. Cal e, AComputationally Efficient Magnet
Methods for Automated Feama g net i ¢ | n dPblxDssertation,dsrdug n o ,
University,July 2007

Additional journal publications are in progress.

Another area of contribution of this effort is in permanent magnet synchronous machine design.
In particular, a methodology for the semitomated design of permemt magnet synchronous machines
was developed under this effort. Currently, two journal papers have been submitted under this effort.
These include

B. N. Cassimere, S.D. Sudhof f, APopul ati on

Synchronous Machines: PaitPr obl em For mul ati on and Sol ut
IEEE Transactions on Energy Conversion

B. N. Cassimere, S.D. Sudhof f, APopul ati on
Synchronous Machines: ParilMa ¢ hi n e Aubmittey tlEEE Transactions
on EnergyConversion

A highly detailed account of the work appears in the PhD dissertation:
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Brandon Cassi mer e, AModeling and Evolutior
Sy nc hr on o u sPhDMassehationePsrdué Universitylay 2008

Note that this particular ek has been transitioned to both the U.S. Army for its-p@itable power
program and to RoH&oyce.

We have also focused on reducing the computational effort required to solvébtskets models
of electric machines so that these can be used dartiee design cycle and more effectively in the
analysis of machines under various operating conditions. Our teclinigieh we refer to as a field
reconstruction methedises a minimal number of solutions of static finite element models to establish
basis functions for the airgap flux density within the machines. These basis functions are then used to
predict the fields and forces acting within the machine under arbitrary speed and stator excitation. Our
earliest efforts on this were for the permanmeagnet synchronous machine. The field reconstruction
method applied to PM machines reduced the computational effort by several orders of magnitude
compared to finite element modeling. Details are provided in the publications:

W. Zhu, B . Fahi mi, and S. Pekar ek, AA Fi el
Excitation of Surface Mounted PIEEEMmManent M ¢
Transactions on Energy Conversigol. 21, No. 2, June 2006, pp. 3333.

B. Deken, S. Pekarek, B.ffra mi AAn Enhanced Field Recon
Design of PM Synchronous Machines, 0 Procect
Propulsion Conference (VPPC 2007), September 2007-3T®®H-ROM Proceeding).

Using the results of the field reconstrioat modeli the behavior of the basis functions of the radial and
tangential component of flux density, it was found that analytical techniques could be used to determine a
closedform expression for radial force acting over a pole within permanent msygmatronous

machines. Ideally, when summing the radial forces over all poles, the net force acting on the rotor is zero.
However, in practice with eccentricities that occur within the manufacturing effort, the pole forces are not
egual and so the radialrfes act to increase bearing wear. Interestingly, it was found that there is a
guadratic relationship betwegnandd-axis stator current and the radial force. It was also found that the
d-axis current could be used to increase or decrease the radiallfooontrast, thg-axis current only

acts to increase the radial force. Therefore, in high performance permanent magnet machines, the results
point to the fact that it may be advantageous tadeesds current to reduce radial force. These results
werepublished in:

W. Zhu, S. Pekarek, B. Fahi mi, B. Deken, f
Per manent Magnet ShEECTramsactioosws Endigy Conversien 0
Vol. 22, No. 3, September 2007, pp. 5565

As a second step, we developededdfreconstruction technique for induction machines. This was more
challenging than for the permanent magnet machine since the rotor has induced currents. Thus, the basis
functions are functions of time. Nonetheless, a successful technique was devetbhad been

validated against transient finite element analysis. A particular focus was to compare the computational
effort required for each. Using a desktop computer 4 Ghz computer, the finite element method required 9
hours to compute a stanp respons for an induction motor drive. In contrast, the FR method required 4
minutes for the same study. The error between the two models is negligible. A conference and a journal
paper were written on method that contains the respective details.
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D. Wu, S. Peka e k , B. Fahi mi, ARA Field Reconstruc

Modeling of the Fields and Forces within |
2007 Industrial Electronics Society Conference (IECON 2007), November 2007, pp.
12741279.

D. Wu, S. PekarelB . F a A Fieldi Recoristruction Technique for Efficient
Modeling of the Fields and Forces within Induction Machinés accept ed f or
publication inlEEE Transactions on Energy Conversioto appear in 2008.

The initial field reconstruction models forelnduction and permanent magnet synchronous machine

both used stator current as an input. In many instances it is convenient to use voltage as an input to the
model. Therefore, we developed a voltageut based field reconstruction model for the indurti

machine so that it can be conveniently coupled to external drive circuits. This is detailed in the paper.

D. Wu, S. Pek ar ek ;inpit-BaseB RididiReconstruétién Vol t age
Technique for Efficient Modeling of the Fields and Forces within Indunti Ma c hi ne s,
invited for publication in théEEE Transactions on Industrial Electronics, 2008

Another area of work in this effort relates to a new control strategy. In order twitteatodeling errors
anduncertaintiesa realtime method to approxinta continuougime dynamical systems using a novel
selforganizing RBF networlvas developed together with an adaptive robust control scHériseself
organizing RBF network has hierarchically layered structuaritadd or remove RBFs to meet the error
constraints of the designer while keeping the network size from growing unnecessarily large. An
adaptation strategy for the weight matrix of the RBF network is developed using the Lyapunov approach.
Our proposed approximation approach guarantees uniform ultimate boundedness of the approximation
error, which is proved using the second Lyapunov methbid.approach is also capable of achieving
uniform asymptotic stability of the approximation error if the-eetfanizing RBF network can capture
the dynamics of uncertainties perfectly.

Different types of radial basis functions can be employed by tipoped selbrganizing RBF
network. The implementations using Gaussian RBF and rassde RBF are discussed and compared.
It is verified that he property of compact suppaftthe raiseecosine RBFenables much faster network's
training and output evahtion as the complexity of the network and the dimensionality of the input space
increaseA detailed derivation and analysistbke employed controller and a comparison study with
supervisory typadaptive robust controllavas undertaken in this efforh detailed of this work is set
forth in

Y. Lee, S. Hui |, E. Zivi and S. H. tak , A\
uncertain systems, o0 International Journal
Vol. 22, 2008, in print

S. Hui, S. DSudhoff, ands . H. tak, AOn est iofieet i ng regi o
estingtion er r or of sliding mode dEwe2W6Vvers for
American Control Conferenc&linneapolis, Minnesota, SessiohrhB15.6, pp. 3328

3333,June 14-16, 2006.

Jianming Lian, Yonggon Lee, Scott D. Sudh¢
Structure Neural Network Based Direct Adaptive Robust Control of Uncertain

Systems," to appear Proceedings of 2008 American Control Confergi8=attle,

WA, June 13-13, 2008
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Janming Lian, Scott D. Sudhoff, and Stani
with Guaranteed Performance," to apped?roceedings of 2008 American Control
ConferenceSeattle, WA, June 1113, 2008

The work described thus far has been at timepament level. At the system level, considerable
effort has gone into the fundamental stability analysis of power electronics based distribution systems.
The key design consideration here is that power electronics based power distribution systetmbican ex
negativeimpedance instability which leads to power system failure. Small signal analysis methods can
be used to determine in a proposed operating point is stable or not. However, even if the operating point
is stable, a sufficiently large pertutlzan can cause the system to go unstable. The problem of
computing the Estimated Restricted Region of Attraction (ERROA) is the problem of determining how
far a stable operating point can be perturbed without the system going unstable or enteringieablende
operating regime (over voltage or over current).
method. In fact, recently researchers at Purdue developed a practical method of applying this theory to
high order system of arbitrary matheroat description. Even so, the results were overly conservative.
Over the last two years, under the support of the ESRD, methods to construct Lyapunov functions that
yielded greatly improved estimates of the ERROA were developed. These methods have bee
documented in:

C. Sullivan, S. Sudhoff, E. Zivi, $.ak,i Met hods of Opt i mal Lyapu
Generation With Application to Power Electronic Converters and SysidiBEE
Electric Ship Technologies Symposium, Arlington, VA, MayZ3], 2007

C.Suli van, AOptimization of Estimated Restr i
Application to Power EI| ePRhDDissertaton, Puoduev er t er
University, May 2008

A journal paper submission is also currently in progress.

Another area of workt the system level has been in energy stor@ye reason to incorporate
energy storage devices in the ship power system is to increase the quality of service in terms of the
continuity of electric power availability during damage scenarios. In codprantify this, ESRDC
researchers have proposed the concept of operability as:

[ZlLw oy QO

@]
e} f; zilzlwi €o B. (]it

In this expression, the operation status of loattime t is denoted t) andis 1 if fully operational and

0 if non-operational,® (t) is the commanded operating status of ldadnd Wt 9) is the weighting
factor relative to the importance of a given load. To be operational, a load needs be supplied with
electric power and/or cooling and/or potentially other services, depending ondheTba vector?
includes information about the damage scenafar example the location of a weapon detonation. If the
operability is 1, it implies that all ship loads were adequately supplied with services. An operability of 0
implies the ship wasedd and dark in the water throughout a given damage scenario.
The concept of operability can be used to quantify the benefits of energy storage on the ability of
the system to fight through battle damage. Since operability is directly related todtwetage of the
shipbs operating capability retained after a dama
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storage is a reasonable method of determining its effectiveness. Beyond this, operability can be used as a
basis to determine both thenount and distribution of energy storage units within a ship.

Before describing this however, it is appropriate to consider how operability is calculated. The
key consideration in the calculation of operability is that the operational status obeagbnent is
dynamic and depends on a dynamically interconnected systieenintegrated engineering plant. Thus
the determination of operability requires a simulation of not only the power distribution system, but of all
other systems pertaining to theegrated engineering plant as well.

As alluded to earlier, and as will be demonstrated in Section 13h, the concept of operability can
be used to quantify the benefits of energy storage on system performance. However, it can also be used
determine the &st distribution of energy storage within the system. To this end, let us recall the basic
definition of operability, i.e.

[T wCoy QO
[TLwCod Ot

0 >

Recall ¢ is a vector which describes a disruptive event. For exanffdeuld denote the location of a
missile detonation withi the ship. The event vectdt falls within a set of disruptive events .

Clearly, operability is a function of all of the parameters of the ship.€ ldenote the vector of
parameters of the energy storage units. This vector could include the stoeeme capacity and power
capability of each energy storage unit. Pointing out this explicit dependence on operability, we have

001 LEAWCIT G el
T LWy G

We may then calculated the expected value of operability over a set of disruptions

] [0(0,8)d0
_ e
&e) = [do
0eQ

Finally, let E(® denote the total cost of the energy storage units, in terms of capital, mass, or
volume metrics. Then, the parameters of the energy storage units may be calculated by miR{Rlizing

subject to &e) > (Emin, Wherecgmin is the desired minimum value of expected operabilityother words,
the cost of the energy storage is minimized subject to achieving a minimum expected operability. Solving
this problem is one way to allocation the energy storage units.
This optimization problem is computationally intense and will iregpotentially millions of
evaluations of the objective functions, which calls for millions of tdnenain simulations of the
integrated engineering plant. However, there is precedence. In particular, the solution of similarly

numerically intense optimation problems involving operability have been documented, in, for example

A. Cramer , AMetric Based Design of | ntegrz:
Performance During Hostile Disruptionso, f

The chief difficully in performing this approach to energy storage allocation is the time required
by the time domain simulation. The chief reason the time domain simulation is itself computationally
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formidable is the numerical stiffnegghe separation of time constabitween the electrical and thermal
time constants.

Future work in this area will be twofold. First, the component parameters and placement will be
changed to realistic values appropriate for a warship. Next, the framework will be used to support
optimization of the placement and amount of energy storagéail®ef this work are contained in the
ESRDC Final Report on the Energy Storage Challenge Problem. A highly detailed explanation of the
work will be documented in future publications, includingteD Dissertation by graduate student Ricky
Chan
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5. POWER TRAIN TECHNOLOG Y

5.1Key Accomplishments

e Completedhedesign study of a 20 MW propulsion power train

Completedhestudy of 40 MW propulsion motors

Studied integration of power electronics witpr@pulsion motor

Performed modeling and analysis of ONR/AMSC 5 MW superconducting motor

Studied modeling and simulation of the electric ship power system

Completed modeling and simulation of a naval EM railgun system

Studied active filtering of thelectric ship power system using stored energy and power

electronics equipment of a naval EM railgun

Improved Simulink power system model and investigated a new modeling environment

Studied coordination of large pulse loads onboard electric ships

Conductéd a generateset optimization study for electric ships

Completed a design and analysis study of {sigbed gas turbingenerator systems

Studied prime power generation onboard electric ships using dicamttpled gas turbine

permanent magnet gesets

e Analyzed propulsion cross connection concept that allows fuel savings in pdesemavy
ships

e Studied the effect of electric frequency on generator size

e Studied NAVSEA energy storage challenge problems

5.2Technical Detaill

5.2.1. Design Study of a 20 MW Propulsion P@wTrain

The initial task of the electric ship research program at the Center for Electromechanics was focused on
enabling a major reduction in the size of theeddictric ship power train. An extensive literature search
was conducted prior to a studyatomplete drive train as a system, from fuel to propulsion motors. The
goal of the study was to understand the technical challenges associated with a successful development of
an allelectric Navy ship, identify critical, high payff technology develoment needs, and advance a few

of the most promising technologie$he baseline design and analysis of a 20 MW ship power train
consisting of a 25 MVA, 3600 rpm radial flux permanent magnet generator, a 20 MVA PWM converter,
and a 20 MW, 150 rpm radialik permanent magnet motor, along with the amount of fuel sized for an
assumed mission profile, were completddhe widely used LM2500 gas turbine was chosen as the prime
mover. The options considered in the selection of the power train components areishegure 21.

The main results of the study can be summarized as follows:

e Fuelis by far the dominant component
e Overall efficiency othepower train is the most relevant parameter
e The 3600 rpm generator is thdahasemal | est an
significant impact, but improving its efficiency would.
e The 150 rpm motor is the nielieaviest component weighin@7#tonnes.
Relative weights and volumes of the different components are shown in Figure 2
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Figure 2-2: Baseline power train

After completing the study, five-member external panel from industry and government participated in a
review of our power train technology development prografaluable comments, suggestions, and
recommendations wereade The panel recommended that we focus on the ship power system as a
whole sodevelopment of a model of such a systeralnecthe main topic of our future effortdn

addition, the panel recommended that we look at optimizeddrighd gefsets, mainlygas turbine and
generator sets, to replace the presently used equipment which is large and inefflogegpanel also
recommended that we look at the integration of power electronics with the motor and the generator since
these machines are large anudéo have a considerable, and unutilized, inner space that can be used to
accommodate additional parts

5.2.2. Study of 40 MW Propulsion Motors

We looked at 40 MW propulsion motors to assess their size and the feasfhilgyading them in pods
We considered three different topologie&n EM-excited synchronous motor, a Pécited synchronous
motor, and an induction motoModels of the three motors are shown in Figu® 2mong the three
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topologies considerethe PM motor was the smallest in weight and voluMée then considered the
feasibility of housing the 40 MW PM motor in a pod sized for a destrolee pod sizing was based on
information gathered from various sources, including communications witgitexp the field The
preliminary analysis indicates that a 40 MW PM motor cannot fit in a destroyer pod using available
technology Figure 24 shows the maximum poddeadbtor output power as a function of temperature
and size of the pod considerefin upper limit of 30 MW at 60C was found Special design
compromises, such as allowing for a small power factor, may result in an increase of podoied
power. Figure 25 shows inboard and outboard 40 MW propulsion motors for size and location
comparisa.

EM-excited synchronous PM-excited synchronous Induction
Figure 2-3: 40 MW propulsion motors.
Podded Radsal Flux Parmanant Magnet Motor operating €& 150 RPM

=& High energy magnets: E=44 MGO

«» (can be operated safely only below 60 C)
L | -<- Lower energy magnets: E=32 MGO

~G- (can be operated safely up to 140 C)

%
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Pod diameter = 0 SxPropeller diameter =26 m
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Figure 2-4: Poddedmotor power.
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Figure 2-5: Inboard and outboard 40 MW propulsion motors.
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5.2.3. Integration of Power Electronics with a Propulsion Motor

We studied the potential for volume and mass reductionghrthe integration of power electronics into

a propulsion motor, as recommended by panel members who reviewed our 20 MW power train work

Usingthe existing 20 MW PM motor design and theN2®/ PWM inverter we considered two

integration schemesT he twoapproaches are depicted in Figuré.ZThe first design places the power

electronics external to the rotor but within the stator housihge the second design places the power

electronics inside the unused space in the hollow.rdtbe first option dds about 7750 kg to the stand

alone motor, but eliminates the need for inverter housing and cooling auxilihiedifferent

approaches result in tradeoffs on shaft and bearing dedigh®th schemegshe power electronics

cooling system is integred with that of the stator windingd he design used for the second approach

uses existing available space and does not increase motor volume significantly as compared to the

previous approach. However, due to the large shaft diameter, new types mfbeaaei needed.

Hydrostatic bearings are found to be a good alternative.
Inverter shares __ ’

cooling with
stator windings

Figure 2-6: Inverter components inside stator housing (left) and inside hollow rotor (right)

5.2.4. Modeling and Analysis of ONR/AMSC 5 MW Superconducting Motor

Modeling efforts by theCenter for Electromechanics suppattests of the 5 MW superconducting motor
conductedatthe Center for Advanced Power Systems at Florida State UniverdigyUniversity of
Texa®$role in this testing procesgasto provide physichased machine models to assist in interpretation
of test data, to provide information needed to evaluate motor control performance, and to help validate
design and analysis methods that will be used for future generations of motgrthissivew technology.

The geometric data were obtained either directly from the manufacturers or from related publications and
conference presentatian¥he set of data collected was incomplete however, and prudent assumptions
were made whenever necegsarhe model of the 5 MW high temperature superconducting motor was
later refined using initial test datd he finite element methodlasused to calculate various machine
parameters using twand threedimensional modelsA threedimensional finite elment model was built
using OPERA3d software from Vectdfields Inc The modelhndthe magnetidlux density distribution

in all parts of the machirere shown in Figure-2.
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Figure 2-7: Three-dimensional FEA model and magnetic flux distribution
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An important result that came out of this testing and analysis process is the realization that the presumed
superconducting aitore rotor cannot generate the measured level of flux density without magnetic
material in the rotor coreWith this additional maggtic material, the machine parameters, geometry, and
excitation levelgprovided by AMSC are correct. Thaeasured and predicted flux density in thegaip

with and without magnetic materjare shown in Figure-8 Themodeling results of the 5 MW Hig
temperature superconducting motare presentedt a workshop organized by FSI8 comparison of

our predictions with the available test data was presented and disclrssedition to the important

resul ts -art ot e offine totrrofthe HTSC motarthe behavior of the rotor shield during

the frequencyesponse test was impressively close to the prediction of our mBigire 28 shows the
measured and predicted values of machine impedance as a function of frequessxyy resultare very
important and the agreement gives good confidence in the dedlymnodtor drive controller It is

i mportant to note that the magnetic nature of the
frequency response tests since the rotooisnergizednd not moving during testing.
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Figure 2-8: Comparison between measured and predicted values of agap radial flux density and machine
impedance as a function of frequency in the 5 MW HTS motor

5.2.5. Modeling and Simulation of the Electric ShipPower System

We developedeveral MATLABSiImulink® modesk of the electricship power system that refletie
notional DD architectureln the initial modeling effort, prprogrammed component models from the
SimPowerSystems commercial toolbox were usHuk initial model consistedf two 36.5 MW power
trains and power equipment for ship services for one zone, which includes eight differenfTloads
model includes four synchronous generators, four switchboards, two propulsion transformers, two
propulsion rectifiers, two PWM motor drives, and two permaneatgnet propulsion motarg he ship
service section of the model has two laahter transformers, two rectifiers, a ship service transformer,
an inverter, a ddc converter, several switches and kees, and eight different loads hetop level
Simulink® modelis shown in Figure-®. The modelvas firstexercised by simulating a ground fault at
the terminals of one of the propulsion motofe ground fault occurs after the ship was accelerated
fromrest to a sustained speed of 30 knots, then skale®adh to a cruising speed of 20 knofehe
response of motor currents to the fault is showRigure 210.
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Figure 2-9: Initial electric ship power system model

10"
ar

’?m ] ﬂ( |
u\ |.u U‘

Motor phase currents (A)
) ] =]
- ) o) o

'ui

f

. . . . .
0 0.2 0.4 06 0e 1 12 14 18 18 2
Time (s)

Figure 2-10: Motor phase current during and after the ground fault (fault is initiated at t=1.8 s and removed
20 ms later)

5.2.6. Modeling and Simulation of a Naval EM Ragun System

A Simulink® model ofa naval electromagnetic railgun system was initially developed using the
commerciapreprogrammed blocks. The power supply was sized for projectiles with 64 MJ muzzle
energy, 12 round/min shot rate, and five stored shots. It consists of eigispleigth pulsed alternator

sets. Each set includes two rectifiers, a PWM drive, a 5 MWjttgamotor, a 2.8 GVA alternator, and
breakers and switches. A top level schematic is shown in Figlte Figure 212 shows an example,
including pulse current and voltage traces, in which an EM gun shot is taken while the ship is cruising at
20 knots. Figure 213 shows the response of the bus voltage to the high power pulse.
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Figure 2-13. Bus voltage response during a higipower pulse

5.2.7. Active Filtering of theElectric Ship Power System using Stored Energy and Power
Electronics Equipment of a Naval EM Rajun

The intermittent nature of high power pulse loads onboard future naval vessels make the pulse power
supply a highly inefficient subsystem, in terms of poaensity, if it is used solely for the purpose for

which it was primarily intended. In order to enhance its functionality, we investigated the potential use of
the energy stored in the rotors of higipeed alternators of a naval EM gun power supplyjtamqmbwer
electronics components, as an active filter to reduce harmonic pollution generated by various power
conditioning equipment. To demonstrate the feasibility of this-filuattion, a SimulinR model of a

propulsion power train with an integratedgmipower supply and active filter was developed. Figure 2

14 shows the top level model where only a single propulsion power train and a single 36 MW generator
were used for simplicity. The energy storage block and an inverter are explicitly extraadédheu

pulse power supply to clearly show their dual use with the help of the various switches shown.

The active filter works by injecting currents into the distribution lines to eliminate harmonic currents, or
reduce their detrimental effects on sensitioads. The energy storage components are the rotors of the
eight alternators of the naval EM railgun power supply, as mentioned earlier, and the dc link capacitors to
which they are connected. The control block consists of a calculation block, mesigstentrol block,

and an LC filter to reduce inverter switching harmonics.

When separate energy storage elements and inverters are used in the model, i.e., filter and pulse power
supply components are independent, the simulation runs relatively weatl tiig complexity of the

model. In this example, the propulsion power train is consuming ~11 MW to keep the ship moving at its
cruising speed of 20 knots. Active filtering results are shown in Figd&ewghere voltage and current

THDs are reduced fromB% to 4.2% and from 28.5% to 8.2%, respectively. While the voltage and
current signals are improved, the filtering is not perfect because, in part, the filter parameters are not
optimized. Also, the presence of high frequencies in the resulting sigmtie to the fact that a single
inverter was used, thereby requiring very high switching frequencies (>30 kHz). Using additional
inverters, from the eight available, should reduce the required switching frequency considerably and
improve signal quality.
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Figure 2-15; Phase voltage and current with and without active filtering

5.2.8. Improvement ofSimulink® Power System Model anidvestigation of aNew Modeling
Environment

During the modeling process, we found that running simulations of realistic scenarios takes a very long
time and errors occur often without the ability to determine the cause or correct them when using pre
programmed commercialdiks. Consequently, it was necessary to look at other options or approaches
for modeling the electric ship power system. One approach was to use a different modeling environment
and a second approach was tduid the models using Simulifiknative blo&s only, i.e., without the

use of commercial toolboxes. We tested both options. A power system model was developed in
MATLAB/Simulink® without the use of peprogrammed commercial blocks. The new model, using

blocks from the native Simulifikibrary only, is shown in Figure-26. Service loads for only one of

eight identical zones were modeled, and gas turbine models were not included.
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Figure 2-16. Top level Simulink® power system model with propulsion and service loads

In addition, the same poweystem model was developed in the ACSL computing environment. Figure
2-17 shows the ACSL model, which was built using blocks with similar functionality as those in
Simulink® whenever possible.

—

——
Motor drive |_’ Propulsion motor
B

- 5

b= =
[ L >
}
Anx.Gu\uml‘—b
\

> Service Loads

)
E

= h"r—J
Flot
Molor drive I—b Propulsion motor
|

!
b

—17

Figure 2-17. Top level ACSL model of the power system witlpropulsion and service loads

The ACSL block library has only a small set of basic blocks which forces the users to build their own
blocks when needed, using the ACSL CSL programming language that allows the inclusion of C and
FORTRAN code if desired. Téidirect programming in the ACSL environment seems to be the reason
the ACSL model of the overall power system runs somewhat faster than its Sthealimker part, but
without a major improvement. While the Simuffninodel was made solely of inherentréiby blocks,

the ACSL model had several ugmogrammed blocks. However, it is possible to directly program
Simulink® blocks by writing Sfunctions using MATLAB, C, or FORTRAN languages. In terms of ease
of modeling, SimulinR is more flexible than ACSLFigure 218 depicts results of a sample run
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completed in the two environments, showing the ramf the propulsion motors from rest to full
speed. During this run all service loads were concurrently supplied with their respective powers.
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Figure 2-18: Sample run result showing motor speed from SimulinR and ACSL models

The modeling of various electric machines, mainly the generators and propulsion motors, have been given
particular attention since the parameters used in the model for these corm@oaatitained through

design work performed at the Center for Electromechanics. This effort allows a realistic representation of
machines that are presently under development or projected for the future. However, the breakers, the
propulsion transformerand rectifiers, and inverter switches in these test models were ideal and
simulations with a discrete solver and a fixed time step of 1 us were completed in reasonable times.
The Simulin® model of theelectric ship power systemias subsequently improvéy including more

realistic models of the breakers and by additaglels of theoropulsion transformerand rectifierdor

better fidelity and broader flexibilityConsiderable efforts weraadeto make the model usériendly

for a third party The modéwasgiven to a graduate student at the Naval Postgraduate School for use in
his research projectin this model, Simulinknative blocks were used to solve the differential equations
describing all the components in the system except for the inveitehasvwhich were modeled as ideal
switches. As will be discussed later, modeling all switching events as they occur naturally and adding
large pulse loads create considerable numerical challenges to the Stnaiditriete solver.

An example illustratinghe analyses the model can perform is a transfer of power during a majotdault
this scenario, one of the main generators, initially supplying one of the propulsion power trains, is
damaged while thship is moving at full speedhe modehllows thesimulation of transfer of power

from the working generator to the affected propulsion lidppropriate breakers are set to close and open
and motor controllers are setreuest a speed that is compatible with the available pokigure 219
showsthetop level SimulinR model, thepropulsion motor speed response during fault and after power
transfer and the motor current response.
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Figure 2-19: Simulink® model, motor speed, and current during fault and after power transfer

The Simulin® model wadurther improved by including commutation effects in the rectifier models and
adding a realistic representation of the inverter switches. This addition was in response to comments
made by several attendees at various conferences concerning the impafrthase details for studies of
switching events and especially during fault condition. The added details and the resulting complexity of
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the model required that a smaller fixed integration time step be used (0.1 ps). In addition, we developed a
time corstantbased model for the gas turbines. The model is based on a mathematical model proposed

by GE several years ago that describes siglgédt gas turbines such as the LM6000. This model requires

the use of various time constants that should be prodided t he manuf acturer s. Som
industrial gas turbine data were published, but data for marine gas turbines are not available. For realistic
modeling of specific turbines, we will need to obtain the corresponding data from the manufacturers.

Figure 220 and Figure 21 show the top levels of the model and Figu2Zhows results of a simple

run with a synchronous generator showing the acceleration to full speed and extraction of full electric

power for assumed turbine data.
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Figure 2-20: Top level model of a gas turbine driving a generator
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5.2.9. Study of Coordination of Large PuksLoads
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Further modeling and simulation work was focused on analyses of large pulse loads onboard navy electric
ships. Models of a free electron laser system, used for ship defense purposes, and a naval electromagnetic
launch system were developed andnporated into the electric ship power system model. The goal of
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this effort was to study the coordination of large pulse loads for optimum use of installed power and
stored energy onboard electric ships, and to show that power can be shared amonghiprious
components. Specifically, it was shown that the energy stored in the rotors of the electromagnetic rail
launcher can be used as a power source for a free electron laser systerteval t@presentation of the
integrated power system model thatlirdes an EM rail launcher which operates in conjunction with an
FEL system is shown in FigureZ3. The FEL system model was simplified to appropriately represent

the power level and width of each pulse, as well as take into account the power nedgeauxyjliary
equipment necessary for FEL operation. The FEL output power consists of 20 MW, 5 s long pulses
spaced by 2 s intervals. The EM launcher stores 800 MJ in the rotors of 8 alternators which is adequate
for 5 EM shots. The power system modebvexercised to simulate a scenario that demonstrates the
sharing of power among high power loads. The exercise consisted of accelerating the ship from rest to
full speed, reducing the ship speed tofupepower for charging the EML energy storage system,

charging the EML, firing an EML shot and, without recharging, firing 4 FEL shots using the remaining
stored energy in the EML power supply. The ship was also set to accelerate to full speed during the FEL
pulse firing sequence to simulate evasive adtian requires full installed power onboard, while

defensive measures are taken by the FEL system which is powered by the energy stored in the EML
power supply. Figure-24 shows power consumption during the scenario just described. This result
shows thapower can be shared effectively between the FEL and EML systems. A factor that is
important for optimum design and operation of future electric ships. Details of this analysis were
compiled in a paper and presented at an EML conference in Berlin.

Port side propulsion power train
DATA

RAIL Launcher

\4

EML > POWER SWITCH

A\ 4

Start Control [ Gas Turbine generator sets —¥| Switchboard Service Loads FEL

\4

Starboard propulsion power train

Figure 2-23. Top level model of the electric ship power system with integrated FEL and EML systems
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5.2.10.Generatorset OptimizatiorStudies

Presentday electric power generation onhioften uses higbpeed gas turbines coupled to lowspeed
generators via gear boxes and installed on lower decks, thereby requiring large volumes to accommodate
the intake and exhaust ducts. This architecture is inefficient. As an alternative;spdighgerset

system, with no gear box, has a potential to improve power density and efficiency considerably. In
addition, reviewers of our initial study of the 20 MW propulsion power train suggested that a 50%
reduction in the gas turbirgenerator sizevould allow their installation on upper decks, freeing a
considerable volume otherwise occupied by the air ducts. The goal of our research on this topic was to
ascertain quantitatively whether that is the case. We used two different approaches iingdtigss
problem. In the first approach, gas turbine and generator scaling laws were used to show that increasing
operating speed and directly coupling the turbine to the generator would indeed improve power density,
as long as the prime power generagetrassembly is installed on upper decks since the air ducts dominate
the overall volume.

In the second approach we examined engine parameter relationships from a fundamental pointfof view
practical expression relating gas turbine speed to its outpegrpshown in Figure-25, was derived'].

The derivation was based on fundamental thermodynamics and supersonic flow constraints in turbine
blades Results of a survey of existing gas turbines used for power generatioawidelére also

included inFigure 225 for comparison As can be seen, the turbine speed decreases as power increases
This result indicates that highower gas turbines, such as the 36 MW MT30 gas turbine that is being
considered for use on future Navy ships, cannot run at piggeds In fact, the MT30 turbine runs at

3600 rpm, which is within the calculated randehis seemingly simple result is in contrast with the initial
assumption that a major gain in power density can be achieved by increasing the operatinglépeed

may be true, however, only at low power levels which are much less than the 80 MW total installed
power planned for future Navy destroyei®he gas turbines currently used on DIBGfor electric power
generation (Allison 501 engine), with power level ambdrb MW, run at much higher speed (14,340

rpm) as predicted by our calculations; a fact that furthenferces this resultConsequently, the issue of
granularity, i.e, thenumberof engines and correspondipgwer levels in a multiple gas turbine ®yms,
becomes important
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Figure 2-25. Gas turbine speed vs. output power

A combinatory method has been developed that eventually can be used to select an optimum
configuration. Simplified gas turbine engine des
volume as a function of power. The combinatory analysis of the optioonfiguration involves

determining the combinations of engines that would provide the desired 80 MW of power with the
minimum total volume, while still maintaining a reasonable number of engines. Preliminary results were
based on a minimum engine si@el0 MW. The analysis began with a single (80 MW) engine and a

trend became apparent when eight engines were used. An analysis with sixteen engines was then
conducted The results are shown Figure 226. It was found that the smallest volume resfutis

using the smallest engines with equal power. This is due to the fact that the volume is, approximately, a
monotonically increasing function of power.

The generator volume was calculated using the well established relation for synchronous generators
relating power, speed, current density, flux densitygajy diameter, and actiength The generator

and engine volumes, as well as the totalgetnvolume, as a function of power are also shown in Figure
2-26. This result gives a general insighttba relative variation of volume for different components, but

a more realistic comparison would require the inclusion of the enclosures, frames, and other necessary
auxiliary equipment such as cooling and control systems. The important result i thas$ tarbine

engine and generator have comparable sizes and both increase monotonically with power.
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In our enginenalysis, certain input parameters required adjustment to agree with production engines.
The new gas turbine data available comes from the-Ralse AE 1107€Liberty engine, rated at 5
MW. The analysis predicts a radius similar to the Liberty engumewlth a much smaller length.
Further investigation of the compressor stage letmtheight ratio showed that the value changed
considerably from inlet to exit, but in the analysis it was held constant. The other two parameters of
interest are the tuitte inlet temperature and the flow velocity. In the analysis, both parameters were held
constant, but it is possible that they vary with power. Furthermore, the analysis and actual turbine data
show that the turbine inlet temperature is a major parawiieh affects the actual size of the engine.
This parameter is not usually released by the manufacturers, a fact that makes the comparison of our
analysis results with existing gas turbines difficult.

5.2.11.Design and Analysis Study of Highpeed Gas Turbingenerator Systems

In cooperation with two industrial partners, we completed a design and analysis studysgdedtyas
turbinegenerator sets. In this study, the anticipated benefits of a 5 MW, 15,000-phas& 60 Hz,

4160 V system were examinedhd' main benefit stems from the fact that a directiypled gas turbine
generator set eliminates the need for a reduction box and has a much lighter generator as compared to
conventional lonspeed generators, thereby, considerably improving power deRsity.generator types
were considered: permanenagnet synchronous, woufiéld synchronous, switchemtluctance, and
induction generators. The permanergnet and wounfleld synchronous topologies were studied in
detail, while the switchedeluctanceand induction generators were found inadequate for applications
where stanéilone power systems are required. It was found that the pernmaagnet topology

presents the best solution and offers a weight savings of ~20,000 kg over commercially &afidble

gas turbinggeneratotbased power systems. This weight savings accounts for the additional 2,500 kg of
power electronics needed to reduce the {sigked generator frequency down to 60 Hz. The overall
system is shown Figure27.
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Figure 2-27. 5 MW, 15,000 rpm highspeed gas turbinegenerator set.
Generator design and analysis were conducted with a detail level commensurate with the goals of the
study Figure 228 shows general views of the permansrgnet generator and magnetic bearings.
The resits of the study were presented at an international confer&rmed can beummarized as
follows:
e The permaneniagnet generator topology provides the most compact, power dense,
and efficient 5 MW/15,000 rpm system.
e The woundfield generator is limitect 15,000 rpm by stresses and rotor dynamics
issues and is less efficient than the permangagnet topology.
e The induction and switcheckluctance topologies have lower torque density and
require external excitation with complex control systems and addaswitching
power electronics.

Figure 2-28: Permanentmagnet generator with radial magnetic bearings.

5.2.12.Study of Prime Power Generation Onboard Electric Ships Using Dingctbupled Gas
Turbine Permanentmagnet Generato6ets

As a continuation of the whiwe did on the 5 MW geret, we conducted a study to assess the

advantages of prime power generation onboard future naxgleattic ships based on directtpupled

gas turbine and permanemiignet generator seti order to ascertain the effectivesemd practical

benefits of this approach, we conducted a design stuihpofidditionalgenset units that include 11, 15,

20, and 40 MW permanenbagnet generators, their direct coupling with existing marine gas turbines, and
their corresponding power rectifiers that. convert
Mass and glume of the generators and rectifiavere determined arsizes of the complete gesetswere

estimated.

It was found that this topology reduces system mass and volume significantly, as compared to electric

power systems installed on presdat navy ship, and improves efficiency througémoval of the
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reduction geargptor windings and exciter found in convential turbegenerator machinery.

Furthermore, itvas found that a significant benefit this topology brings is a reduction in gas turbine air

dud volume if the compactgenet s ar e r el ocat ed on Inaddition@ar t he sh
combinatory analysis revealed that the choice of the number of generating units and their respective
power levels has agificant influence on overaéfficiency. However, the addition of power electronics

that control the output electric power from the generators tadkystemweight at levels which are

reasonable for basic topologiésit contributes additional lossesAdditional power conditioning mayeb
necessary, however, to reduce the detrimental effects of harmonic distortions which are inherent to power
electronics A summary of the main results describing the topology, the gas turbines, the permanent
magnet generators, and the power rectifierpeesented A discussion on geset installation location

onboard ships and an analysis of fuel consumption will also be presented.

5.2.12.1.Topology

As mentioned earlier,onventional woundield generators found on presetady navy ships are coupled

to gasturbines through reduction gears and output power at 6(Sice most loads onboard-alectric

ships require conversion of power, including propulsion loads which can consume up to 90% of installed
power, the 60 Hz prime power genépatfrequency is not messary.Removing the reduction gears and
allowing the generator to operate at the turbine speed results in a generation frequency that is higher than
60 Hz for gas turbines with power ratings less than 20 MWIhis highspeed operation enables a

reduction in the generator size and the use of permamagrets for excitation allows further reduction in

size and an improvement in efficiencyhe highfrequencyoutput power can be converted to dc power

by readily available power diodes and other power switcliée resulting topology, shown in Figure 2

29, enables considerableviags in weight and footprinti], and improves efficiency.

While they are compact and reliapdms turbines are inefficient and require expensive flibere are

two types of configurationsjrgle-shaft and twirshaft and botlcan be used to drive electric generators

An inherent characteristic of gas turbinethisir speeghower relationship whergpeed decreases with

powe, while the size increases. Figur@2s hows t he variation of speed an
with respect to powel][ This trend also applig® the gas generator part of twéhaft turbines

The primary parameter that affects efficiency and size afjdlseurbine is the turbine inlet temperature.

The development of new materials and cooling techniques of turbine blades present major challenges for
improving power density and efficiency. Figur8@ also shows the variation of efficiency with specific

work for two different turbine temperaturds [

The important result to note from the gas turbine analysis is thapbigbr gas turbines need to run at
slowerspeeds and have large sizes. This is due to limitations on blade stressedlawd/alocity

which needs to be kept s@gbnic in order to avoid losses associated with shock wlves |

O e e ™= : |
“E i ’

| R ™

’
| |
Rectifier PM Generator  Direct coupling  Gas Turbine
Figure 2-29: Directly coupled gas turbine PM generator topology
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Figure 2-30: Gas turbine speed and size as a function of power (left) and efficiency vs. specific work

5.2.12.2.Permanent Magnet Synchronous Generators

In the permanentagnet topology used in this study, magnets are mounted on the rotating member of the
machine, thereby eliminating the need of an excitation winding, which results in a reduction of the overall
losses and size of the rotor. The magnetshatd in place by a composite banding and a harmonic shield.

A cross section describing the surfaneunted radial flux topology is shown in Figur82. An

expanded view of a typical rotor configuration that includes magnetic bearing laminationgdgsdno
Figure2-32.

Unlike gas turbines where shaft speed decreases with increasing power, the output power of a
synchronous generator is directlgoportional to its shaft speed. Increasing generator speed is therefore
advantageous in reducing size. For low to intermediate gas turbine power (1 to 15 MW) where shaft
speed is higher than the conventional 3,600 rpm, the high speed advantage i®vtve @i reducing

the generator size when direct coupling is considered. This is particularly true for low power engines (1
to 5 MW) where speed is ~15,000 rpm or higher.

While magnetic loading is limited by stresses and magnet material, a high éteatiig can be

achieved by actively cooling the armature winding. A section of the cooling manifold and a 3d FEA
model of a multipole multiphase armature winding used to calculate the synchronous reactance and
verify the torque capability of the mackiare shown in Figure 22.

In order to determine component ratings and size of potential power generating units for an 80 MW
electric ship, we studied 5 gas turbine -@eh systems:

e 5 MW 15,000 rpm PM generator coupled wathMT5 gas turbine

e 11 MW 11,000rpm PM generator coupled withSolar 100 gas turbine
e 15 MW 7,900 rpm PM generator coupled wathLM1600 gas turbine
e 20 MW 3,600 rpm PM generator coupled wathLM2500 gas turbine

e 40 MW 3,600 rpm PM generator coupled wathMT30 gas turbine
Figure2-33 is a general view of the 5 gsats that allows a relative comparison among the various gen
sets. Table-A gives corresponding parametaxgights, and volumes.
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Table 2-1: Permanentmagnet generator parameters.

Generator Parameters
Power Speed FEEE:"Z Voltage | Power Magnetic Wieight Yaolume
(MW {rpm) ?Hz] y ik factor Bearngs {ka) {m)
5 15,00M) 750 6.6 0.84 Yes 1700 2.34
11 11, 00M} 733 5.6 0.84 Yes 2700 7.25
15 7,900 385 6.6 0.88 Yes 5000 13.23
20 3600 480 5.6 0.86 Mo D000 3337
40 3,600 G00 6.6 0.82 Mo 13030 384

5.2.12.3.Power Conversion

The last components of the gset systems are the power rectifiers. In order to determine the size and
performance of power rectifiers in the 5 to 40 Mévige, we conducted a design study-ofl@-, and 18

pulse diode rectifiers. All power rectifiers were designed for 6.6 kV generator output voltage. The power
diodes were selected from a set of diodes obtained through a general survey of existing iebponec
diodes worldwide. Figure-324 shows the ratings of the most performing power diodes. A rectifier for

the 5 MW genset unit is shown on Figure35 along with the corresponding heat sink and thermal

analysis results. A summary describing weigiolume, cooling flow rates and topology fop@lse

rectifiers is given in Table-2.

Results of all rectifi er sd Tablea-3f Bigum a36 shews wanatidny s es a
of THDs with power for the 6 12-, and 18pulse rectifier topologies.
The important result to note fr omerdithpeoverthrect i fi er sé

performance significantly by reducing the harmonic distortions, but add to weight and volume. For
comparison, the 5 MW geset is shown ifrigure2-37 with the 6 and 12pulse rectifier units along with
the corresponding weight, volume, and performance measures.

Existing commercial Power Diodes
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Figure 2-34: Commercial high-power diodes.
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Figure 2-35:

ss1C

I-phase leg, assembly, heat sink, and temperature distribution & MW rectifier.
Table 2-2: 6-pulse rectifier parameters.
a-pulse Rectifier Parameters
Power Tonoloey | Diodes Weight | Volume | Flowrate | THD (%} | THD (%)
(MW) oo " ke) (m3) (gpm) Current | Voltage
5 3 series 18 159 0.237 0.77 20 25
11 3 series 18 165 0.237 131 11 30
15 3 series 18 165 0237 1.03 13 30
i) 3 series 18 165 0.237 1.03 19 25
40 3 series 36 300 0.4 1.14 19 25
2 parallel
Table23: Recti fi ersd performance
G-Fulse 12-Pulse 18-Pulse
Power | Diode | THD, | THD, | Diode | THD, | THD, | Diode | THD, | THD,
(W) count (%) (%0 count (%) (%) count (%) (%)
5 18 18.4 25 24 5.36 14.5 18 2.5 9.8
11 18 19.5 25 24 35 146 18 16 a7
15 18 227 22 24 5.1 13.4 18 28 =
20 18 224 22 24 5.6 135 18 25 8.1
40 36 83 a0y 48 1.1 138 36 0.5 1
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- 35 4 —o— 5 Pulse
3 —=—12 Pukse
= 30 4 —&— 18 Pulse

5 MW rectifier 6-Pulse 12-Pulse
Diode count 36 48
Weight (kg) 159 175+ phase-shifting transformer
Volume (m?) 0.24 0.39+phase-shifting transformer
THD (%) 20 55

Figure 2-37: 5 MW gen-set with 6- and 12-pulserectifiers.
5.2.12.4.Complete Gas Turbine Permanent Magnet Generator Sets

Finally, for size comparison, the 5 and 40 MW @&t systems are shown in Figur82and the
complete 5 gessets with 12pulse rectifiers units are shown in Figur82 Table 24 gives tle sizes of
the genset systems and their components, including thpul&e rectifiers.

Figure 2-38: 5 MW and 40 MW gensets with 12pulse rectifiers.
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Figure 2-39: All gen-set units with 12pulse rectifiers.

Table 2-4: Parameters of all genset sysems

Turbines Generators Rectifiers Gen-sets
Power Volume Wieight Volume Waight Volume Volume
(M) (m?) (kg) (m3) (kg) (m?) (m?)
5 2.89 1700 234 175 0.38 572
11 2633 2700 7.25 175 030 33.97
15 1925 000 13.23 175 0.39 3287
20 35 Q000 3337 175 0.38 68.76
40 51.06 13030 384 443 0.66 80.12

5.2.12.5.Gen-set Installation Location

Four gensets, totaling 80 MW, were chosen for the next analysis. These were 5 MW, 15 MW, 20 MW,

and 40 MW gessets. In order to determine their relative size with respect to the ship, thesetgyarere
installed ora DD-type destroyer. The ship model was constructed using public information obtained

from various sources. Figure4®, which is to scale, clearly shows the relative sizes between the electric

ship and the 80 MW prime power generation system. As eaeén in Figure-21, when the two large

gensets are installed on the lower deck, they require long air ducts that span all ship deck levels with a
length of about 12 m (40 ft) each. By installing thesegiant s

on

a

hi gher

dgirc k

is reduced to 5.5 m (18 ft), resulting in a total volume savings of about *| ®éhioh is very significant
The corresponding installationagsoshown inFigure 241.
The 5 MW gerset was installed on the highest deck level possible to indie@possibility of

eliminating most of the ducts asdvingmaximum spaceThis may be possible since the low power-gen

set is small enough in weight and volume not to cause any instability psobldm 15 MW midsize
gensetcan also bénstalled at a psition where the air ducts are also shdrhe actual installation of the
prime power generation system on board future electric ghgrobably different from the one shown in
this analysisbut this example illustrates the importance of gas turbmduais on power density and the
possibility to reduce their volume by locating the prime powerggta on the highest deck levels

possible
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The stability concerns raised by this topology can be addressed in severdahalaging the option of
instaling t he | arge and heavy propulsion motors and
require air ducts.

Figure 2-42: Installation options on upper decks (left) and dwer decks (right).

The next analysis we performed involved determining the most efficient 80 MWegeystem that

powers an electric ship with a known, orjaetermined, mission profile. The combinatory analysis

method we developed determines the poereel at which each gas turbine needs to run for a given
segment of the mission profile so that the fuel consumed over the whole mission is minimal. In the initial
calculation, the program was set up to accept a given number of gas turbines, eadmaith power

capacity and known specific fuel consumption characteristics. The calculation uses an actual mission
profile for presentdlay destroyers (DD&1) which was limited to a 2dour period. The DD&G1

mission profile and the correspondingl2dur power demand profile are shown in Figurd2 The

propulsion power demand used in the calculation is that of the notional DD electric ship and is included in
Figure 242. The ship service power was fixed during the duration of the mission to 8 MW.

Table2-5 contains results of an analysis of three groups okgeneach totaling 80 MW. The

calculation shows that fuel consumed by the system considered earlier in the air duct analysis, i.e., 5, 15,
20, and 40 MW, is less than that consumed by a systata ofdour 20 MW gersets, as well as the

system used in the notional DD electric ship, i.e., 4, 4, 36, and 36 MW. In addition, the calculation also
determines which gesets are used and at what power level during each segment of the mission. Details
of the analysis can be found if.[ The calculation can be extended to accept any number of prime power
units, with any power level, as long as fuel consumption characteristics for each unit are known. This
analysis can atsbe useful to the electric ship power system designers if they want to determine fuel
consumption performance when deciding among several options for prime power generation in terms of
number of units and the power level of each unit. In addition, dveceumber of units and their

respective powers have been decided, the mode of operation can also be determined by indicating which
and how each geset is to be used to provide power for a given load.
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DDG-51 actual speed profile (Feb 1988) i {24-hour mission)
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Figure 2-42: Actual mission profile, 24hour power consumption profile, and propulsion load.

Table 2-5: Fuel consumption for three 80 MW gerset systems

Combination (MW Fuel WVolume (m3)
3 15 20 | 40 101
20 21 20 20 112
4 4 36 | 36 117

5.2.13.Summary

The results summarized in the preceding figures and tables show that a prime power generation system
based on directigoupled gas turbine peementmagnet generators offers considerable advantages in
terms of space savings and efficiency improvement for aglegdtric navy ship. Apparent shortcomings
often associated with permananagnet machines, such as potential high voltage hazards thee to
permanent excitation and potential permanent demagnetization under fault condition, have not been
addressed in detail in this study. However, we believe that these potential problems can be solved in a
satisfactory manner through rigorous power ctioding schemes and innovative concepts that allow a
fast slowing down of the rotor during fault conditions.

The quantitative results obtained in this study, however, should give designers of power system
architectures for aklectric navy ships a valuabinsight in terms of size, efficiency, and performance
when considering this particular prime power generation system: the diceatiyed gas turbine
permanenmmagnet generator topology.

5.2.14.Study of Propulsion Cross Connection Concept

In presentday Navy &ips with mechanical propulsion, such as in BBGships, the gas turbines drive

the propellers independently, i.e., each propeller is connected to a set of gas turbines through reduction
gears with no connection between the two propulsion power linesseGoently, when the ship is sailing

at low speeds all propulsion turbines are required to operate well below their rated power with high fuel
consumption rates. This mode of operation is very inefficient and a potential solution to this problem has
beenproposed by D. Clayton and T. Doyl§ [ Figure 243, adapted from their presentation at an ASNE
meeting in 2006, describes the concept of cross connecting the propulsion power lines by adding
disconnect clutches, power ta&ff gears, 6 MW motor/generaty and control units that allow a transfer

of power between the two propulsion power lines. When the ship is sailing at very low speed, the main
propulsion turbines are turned off and ship service power is transferred to propel the ship through the
motor'generator units. R&D options indicated by the authors include, among many, electric machines. In
our first analysis of the concept, we considered the motor/generator unit and determined, through a design
study, the size and weight of a 6 MW/3600 rpm Ristor/generator. The initial choice of the type and
topology of the machine, as well as the speed, were arbitrary and other options are possible. A
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perspective view of the PM machine, which weighs 2700 kg and has a volungsoff, is included in

Figure 243.

Power converters and power tadfé gearboxes were then considered in order to have an estimate of the
size of the additional equipment required by this concept and determine whether it is feasible. The power
takeoff gearbox is not standard andeds to be custommade for the application. In order to estimate its
volume and weight, a very simple approach allowed a first order estimate as shown in Higuréte
assembly drawing in this figure with the generator installed on top of the mabogeas initially shown

on the concept sketches, is to scale and gives a size comparison between the existing and added
equipment. A more realistic installation of the generator would be on the deck floor as shown in Figure

Propulsicn tubines Ditcansedt dusch o
:{F
~—— Maun

fleduction

‘ —‘ _—

Reduction

D:C Ceas

Figure 2-43: Propulsion crossconnect concept and 6 MW PM motor/generator.

Power converters at the 6 MW power level are readily available. Since our goal is to estimate weights
and volumes, we looked at only one manufacturer and selected two options. The two converters are
watercooled, but only one has a filter. The option with filter was considered here since improving
efficiency is the main goal of this concept. Figuré22shows, to scale, the two converters with the other
components for comparison. Adding the filtered indeed increase the size of the converter significantly.
A detailed trade study between the added size of the filter and the gain in efficiency would be needed to
justify the need for the filter. The very large size of the added power convertiglysrtoticeable as
compared to the 6 MW PM generator. It may be necessary to custom design the power converters using
advanced components in order to reduce their size as compared to commercial converters.

If the filters are not used then the size isuet but is still significant. The two propulsion power lines,

the added motors/generators, and the converters without the filters are included infgigure 2

Additional components are still needed. These are the disconnect clutches and otherlectntnaics.
However, their size should be very small as compared to that of the converters.

Figure 2-44: Generator and power takeoff gearbox as proposed in initial concept (left) and a more practical
installation (right).
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Figure 2-45. Power converters with and without filters (left) and propulsion power trains with crossconnect
equipment (right).

5.2.15.Study of the Effect of Electric Frequency on Generator Size

Unlike the terrestrial power consumers that use the 60 Hz frequency imposed bytyheavtiér grid,

the electric ship is an independent entity that produces and consumes its own power and, therefore, is not
restricted to such frequency. Consequently, any other frequencies that present advantages in terms of
size, efficiency, and operatial effectiveness need to be considered. The selection of such power
generation frequency in future alectric Navy ships has recently been a subject of intense discussions
within the Navy community because it has major implications concerning the pgstem architecture.

It affects the overall power system efficiency, the size of the power generating machinery, the distribution
eguipment, the power conversion equipment, and ultimately the overall ship design.

In order to determine the effect of thengration frequency on one of the factors mentioned above,

mainly size, we conducted a design study to estimate the mass and volume of electric generators that
produce the same power level but operate at different frequencies. We selected pemagnent
synchronous generators for this study but other types of generators, such adigldwsytichronous
generators, exhibit the same trends. Four generators rated at 20 MW 3600 rpm each with generating
frequencies of 60, 120, 240, and 480 Hz were considérbd design and analysis level was such that the
results were within an acceptable error range. Tablgi2es volumes and masses of the four generators.
Figure 246 shows plots of mass and volume as a function of frequency. It can be seen frqotothese

that the variations are significant when compared to the conventional 60 Hz case. However, increasing
the frequency from 240 to 480 Hz does not result in a considerable reduction in mass and volume as
increasing the frequency from 60 to 120 Hz 40 21z does. Therefore, the 120 or 240 Hz cases are the
best candidates since increasing the generating frequency has other disadvantages. These are mainly an
increase in losses and an increase in machine reactance which translates into an increaseaf the

factor. Figure 247 shows models of the four generators for relative size comparison.

Table 2-6: Generator mass and volume for various frequencies

Frequency (Hz) &0 120 240 480
WVolume (m?) 17.2 12.9 101 99
Mass ikg) 2TT27 | 15766 | 10450 | 9930
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Figure 2-46: Generator mass and volume vs. electric frequency.

240 Hz

480 Hz
Figure 2-47: Generator sizesor various frequencies.

5.2.16.Study of Energy Storage Challenge Problems

We completed an initial study of the energy storage challenge problems proposed by NAVSEA. These
problems include four events that involve the use of energy storage onboard Nawandhipguired

modeling and simulation. We analyzed two of them. The physics models that describe various
components of the energy storage module and the electric ship power system have been thoroughly
presented in this study. Model equations have beglicitly stated whenever needed for completeness

and further reference. A detailed report of the analyses is available for consultation and our main results
are summarized here.

As part of that work, we developed a MATLAB/Simulfhinodel of a 100 MJ flywéel energy storage

system (FESS). The FESS model consists of a rectifier model, a charging synchronous motor model, a
flywheel model describing the dynamics of the rotating rotor mass, a synchronous generator model, a
second rectifier model, and a PWM anter model. Figure-28 is a top level representation of the

model.

In the latest modeling and simulation efforts, we added details to various components that are necessary
for a dynamic analysis of the effects of energy storage on the electric shipgysten. As an example,

the circuit and model equations of g@Base rectifier that include the commutating reactance is shown in
Figure 249.
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Figure 2-48: Top level model of a flywheel energy storage system.
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Figure 2-49; Electric circuit and modelequations fora 3-phase diode rectifier.

In the first simulation event requested by NAVSEA in their energy challenge problem, the UPS function
after the loss of a generator was demonstrated using a simplified model of the power system that includes
threegenerators, breakers, two load center transformers, a ship service transformer, and five AC loads.
The top level model is shown in Figuré@, along with the model of the loads and other related
components. The PMM1 and PMM2 modules represent the wpaision power trains which were not
included in the simulation.
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Figure 2-50: Model used for the demonstration of UPS function of energy storage after loss of a generator
Results of the simulation showing charging generator and flywheel speeds,thge,vahd bus current
during the energy transfer are shown, respectively, in Figubdsahd 252. The insert in Figure-21

shows the drop in generator speed during the charging cycle. As mentioned earlier, the main result of
interest in this study i® understand the impact of energy storage on thealvpower system in terms

of disturbances and possible instabilities and other detrimental effects. The large spikes in bus voltage
and current during the transition, as shown in Figu®2 2are twaesults that need to be determined with
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good confidence. To do so, the various component parameters that are used in the model need to have a
high degree of fidelity in addition to a correct mathematical description of the system.
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Figure 2-51. Generata and flywheel speeds during charging/discharging cycle
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Figure 2-52; Bus voltage and current during energy transfer

The MATLAB/Simulink® modeling environment used in this study has several advantages that include a
userfriendly interface which allows graphical programming of complex problems with relative ease.
However, there are serious problems with the solver that we need to uisesipgiication. For small

systems with few discrete events, such as those encountered in intermittgraghpulse loads, a

continuous solver using a variable thstep can successfully resolve any discontinuities within

reasonable precision and soduttime. However, for large systems with numerous discrete events, such

as the alelectric ship power system and its power electronics modules, a continuous solver using a
variable time step is not appropriate because the solution time would be exorBitensequently, for the

large electric ship power system model, a discrete solver with a fixed time step is the method that allows a
reasonable execution time and acceptable precision level. A fixed time step of 1 us seems to be adequate
for resolvingthe dynamics of transient events of interest. However, the discrete solver fails to step

through large discontinuitieshen used to solve discrete MATLAB/Simulfhinodels. This is a major
drawback since the environment does not provide means for cimgiithié discrete solver and changing

its parameters, if any.
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Our experience working on modeling and simulation of the electric ship power system, with its inherent
discontinuities due to high power switching events, indicates that developing a solvicaetzilored

to handle the conditions found in a shipboard power system is the most cost effective and efficient
approach for a successful use of modeling and simulation as an integral part in the design and analysis of
future electric ship power sysbs.

While the electric ship power system contains several components, the differential equations and other
control algorithms that define it are not too large to manage. Most of the differential equations involved
have been included in the energy stonggrt and a numerical code to solve them using any of the

widely used languages, e.g., C or FORTRAN, can be developed within a reasonable time. In addition, the
development of the numerical code would be such that it can be used to run on desktopdlCGes am

high-end cluster machines when fast results are needed. The availability and affordability of such high
performance computing power add greatly to the benefits of this approach. We recommend that this
approach be considered.

5.3Improved Gas Turbine Performance(Pl: David Bogard)
5.3.1. 1. Overview and Motivation

The efficiency of operation of any gas turbine engine is closely coupled to the maximum permissible
temperature for the turbine section of the engine. A critical technology for allowing bjgrating
temperatures in the turbine section is the film cooling of the turbine airfoils. A major part of the design of
these turbine airfoils involves the design of coolant flows through the airfoil and exiting holes in the
airfoil t o ©6o@amtpnotemtingitiieisurfaceé from the ot combustion gases. Engine
manufacturers rely on databases for film cooling performance for these designs. However, these
databases are essentially based on the performance of new airfoils. Recently it hagjbiem@vrlent

that turbine sections for4igervice engines are modified significantly by accumulation of contaminants.
This affects the surface roughness and clogs coolant holes in the airfoils of the turbine, significantly
altering cooling performanceContaminant effects are particularly important for gas turbines used on
Navy ships because of the corrosive contaminants that exist in the marine environment. Consequently, it
is important to evaluate how seriously these contaminants can compromisebithe operation. A

further objective of this research program was to develop new cooling techniques for the turbine
components that would be immune to the contaminant effects occurring in the marine environment.

In this research program, the effects afitaminants on turbine cooling were simulated using

experimental models of gas turbine vanes in a specially modified wind tunnel facility. This experimental
program provided details of how the film cooling performance is altered for realist@\iite tirbine

engines, with particular emphasis on the effects of the marine environment. Furthermore, new film
cooling configurations werdesigned to mitigate the effects of contaminants and tested in the wind tunnel
facility. These designs were shown to digantly improve the film cooling performance for turbine
components subjected to high levels of contaminants. These experimental studies were complemented by
a computational study to examine the interaction of the solid wall conduction with the coaWeett

transfer from the overflowing gases. Results from these experimental and computational research
programs are presented here.

5.3.2. Studies of Turbine Film Cooling Performance for Flows with Contaminants
Simulating the Marine Environment

An experimentaprogram was conducted determine how the cooling of turbine airfoils are degraded
when extended operation of the turbine engine in harsh environments, e.g., the marine environment,
causes a degradation of the airfoil surface conditions. The currentfsthe-art gas turbines employ

film cooling schemes in the turbine section to allow the turbine to withstand combustor exit temperatures
that without film cooling would literally melt the turbine section. During the life of a turbine section, it
experiences wear, such as pitting, deposits, or spallation, which increases the surface roughness of the
turbine components. This wear degrades the film cooling performance of the turbine blades and vanes.
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During the fiveyear research program, several aspdctiegraded film cooling performance due to
contaminants were investigated. Specific research programs that were completed were:

e Determination of the degradation of film cooling adiabatic effectiveness due to
increased surface roughness that would occrngloperation in marine
environments. These results were published in Rutledge &t &f] pnd
Somawardhana and Bogaff] |'].

e Determination of the effects of surface roughness on the heat transfer coefficients and
net heat flux reduction for filmooled turbine vanes. These results were published in
Rutledge et al.liv, liv].

e Evaluation of the effects of near hole obstructions, due to depositions of
contaminants, on film cooling performance. These results were published in Demling
and Bogard'['] and Somawardhana and BogaldIi].

e Development of improved film cooling performance using shallow transverse
trenches, and evaluatiai performance enhancement with surface roughness and
near hole obstructions. These results were published in Waye and BYaadd
Somawardhana and Bogatdi].

A synopsis of these experimental programs, including facilities, experimental procedures, results, and
conclusions are presented.

5.3.2.1. Experimental Facilities and Procedures

The facility used in this study consisted of a closed loop wind tunnel powerefiblgpavariable speed

blower. The nine times scale, thregne linear cascade was placed in the test section of the wind tunnel

as shown in Figurg-53. The center vane, shown in Fig@&4, was used for test measuremenitsile

the outer wall of the tésection was adjusted to achieve a-danensional pressure distribution around

the vane that matched an inviscid CFD simulation of the actual engine geometry and conditions. The
inlet velocity to the cascade was set at 5.8 m/s and the exit velociyoagigrated to 28 m/s, producing

an exit Reynolds number of 1.06 x*{Based on a true chord length®f 594 mm) to match realistic

engine conditions. A removable passive turbulence generator consisting of 38 mm diameter rods spaced
85 mm apart was lated 0.5 m upstream of the cade. Hotwire measurementshowed an approach

high turbulence level of u,, = 21% withturbulence integral length scade/d = 10, measured 107 mm

(0.18C) upstream of the vane leading edge. For the low turbulenceacaagay of 19 mm rodsas

placed at nominally 1 m upstream of the vane. Low turbulence levelshwgpe 5.2% withturbulence

integral length scale &f/d = 10.7 Due to te flow acceleration at the test locatiehC= 0.37 to 0.54

the high and lav turbulence levels wertu, = 3.9%andTu, = 1.0%, respectively. Local turbulence
integrallength scales were similar to the lengtiales in the approach flow.

The test airfoil was machined in sections out of a low conductivity polyurethaneKea@048

W/(m-K), which provided a nominallgdiabatic wall for adiabatic effectiveness measurements. The

current study was conducted on the second row of cooling holes on the suction side of the vane located at
s/C=0.367. The baseline case lthd 4.11 mnmcylindrical holes with a 30njection angle spacgufd =

2.775 apart.
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Figure 2-53: Schematic of the simulated turbine vane cascade test section.
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Figure 2-54: Schematic of test vane in detail.

Quantification of film cooling performance requires tagparate experiments to determine the heat

transfer coefficient and the adiabatic effectiveness. The heat transfer coefficient is a parameter that
indicates the rate of heat transfer into the wall for a given temperature difference between wall and
exterral fluid. The adiabatic effectiveness is a parameter that indicates how the coolant injection into the
external flow has reduced the temperature of the external fluid flowing around the airfoil. Results of
these two experiments are then analytically comthto determine the net heat flux reduction to the vane
surface.

Adiabatic effectiveness measurements were obtained from surface temperature measurements using
infrared thermography via a FLIR ThermaCAM P20 camera. The camera was calibrated using Type E
ribbon thermocouples that were embedded between the sand grains and the foam surface (the paper
portion of the sandpaper was removed due to its insulating effects). Camera resolution was 1.5 pixels/mm
and the usable field of view when setup and viewimgugh a circular NaCl IR window was 260 x 240
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pixels. Beaded wire Type E thermocouples were used to obtain the coolant and mainstream temperatures.
The coolant temperature was obtained using two thermocouples with the thermocouple junctions at the
cente of different coolant holes, just outside the field of view. The two mainstream thermocouples were
placed upstream of the vane. Two thermocouples for each temperature measurement were used to
identify any instrumentation errors and the measurementsaveraged between the two thermocouples.
All thermocouple data was collected using a National Instruments Data Acquisition system (NI DAQ).
Adiabatic effectiveness;, was calculated using the following definition:

_ Too — Taw
n T T, (2.1)
Liguid nitrogen was used to cool the secondary loop air that was used for the coolant. A density ratio of
DR = 1.3 was used for all tests. Though density ratios closer to two are more common in actual engines,
Cutbirth and Bogard'™] found that low density ratio coolant jets can give a good approximation of
adiabatic effectiveness results and are on the order of only 10% lower than the high density ratio case
when using high mainstreaturbulence.
A range of blowing ratie were used, frol = 0.4 t01.6, but the majority of the data presented isMor
= 0.4, 0.6, and 1.2. These blowing ratios were chosen badédd-dh6 being the peak value for the
rough walled baseline caaadM = 0.4 and 1.2 representing a lowedapper bound, respectively.
With the low temperatures used, although the foam vane has a low conductivity, there is still a slight
conduction through the foam, making the surface temperatures slightly cooler than they should be.
Radiation was determined to be negligible and a cdimucorrection was calculated using steady state
values with no blowing. A constant conduction correctionof 0.04 was used for both high and low
Tuon smooth wall tests ang, = 0.02 orr, = 0.03 was used for high and IGw on rough walled tests,
respectively. The conduction correction values were calculated usily@iduction model described
by Ethridge et al[]:
_ Mmeas™ Mo

1-n,

Uncertainty used was based on-testest repeatability. A statistical analysis progdi@n uncertainty of
61 =+0.015 ands;; = +0.012 over 11 repeated experiments of the baseline case with a rough wall

over the full range of blowing ratiogzor the tests with obstructions, it was the standard torafsa case
without obstructions within the same test. This pragiiceideda good basis to calculate tésitest
repeatability as well as serve as a check between tests to ensure that testing conditions were the same
between tests. Systematic errfssn individual thermocouples, the IR camera temperature calibration,
and the conduction correction used in the data reduction prddncadditionalo?; = +0.006 using a
propagation of uncertainty. If the data in this study were tob@ared to other studies, the total
uncertainty of the data would bg = +0.021.

Spatial heat transfer coefficient data were obtained by application of a uniform heat flux and measuring
the temperature distribution via infrared thermagahy (a FLIR ThermaCAM P20 infrared camera
calibratedn situusing type E thermocouples). The thermocouple data were acquired using a National
Instruments Data Acquisition system (NI DAQ). LabVIEW software was written to compute parameters
in real timeand write the data to disk.

The uniform heat flux was applied using electrical heating of a stainless steel foil attached to the surface
of the vane. The electrical heat flux was determined by measuring the voltage drop across the heat flux
plate and theurrent through the heat flux plate. A rough heat flux plate had the roughness array stamped
in it and was 0.00thchesthick. The smooth heat flux plate was necessarily Ou€kesthick in order

to provide the structural rigidity required to maintaismooth surface. Lateral heat conduction was
determined to be negligible. A owlimensional heat conduction model (utilizing the known surface and
interior boundary conditions and thermal conductivity of the vane material) was used to correct the
surface heat flux for conduction into the substrate. At most, 5% of the electrical heat flux was lost due to

n (2.2)
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conduction. A numerical model demonstrated thatdmoensional conduction issues were only
significant at the edges of the heat flux plate. Heatfes due to radiation was also subtracted from the
total heat flux in order to determine the convective heat flux. The maximum heat loss due to radiation
was typically 9% of the electrical heat flux. The convective heat transfer coefficient was determin
through the following equation:

h= Oelectrical” —Oradiation —Yconduction (2.3)

Ts B Taw
Although roughness was at times placed upstream of the first row of suction side coolant holes, the heat
flux was only applied in the region downstream of the coolant holes. If théheatasapplied
upstream as well, the jets would displace the existing thermal boundary layer, thus initiating a new
thermal boundary layer. Since the purpose of this study was to isolate the hydrodynamic effects of film
cooling on heat transfer, a heditarting length was not used upstream of the injection.
Uncertainty in the measurement of the heat transfer coefficients was caused by uncertainty in the heat flux
and uncertainty in the temperature measurements. Because the heat transfer coeifficézatig
proportional to the temperature difference between the freestream and the surface temperature,
uncertaintyimwas extremely high at the |l eadinlg edge of t
However, data is accurate D > 3 where the nicertainty is typically approximately 5%, but always
less than 7%.
A concept known as fAnet heat flux reductionodo has
reduction in locaheat flux on an actual vand he net heat flux reduction is given by

A :1_M:1_£ (1_Q), (24)
" h(T, = T.) h ¢
where¢ is defined as:
p=
T.-T
whereTsi s t he surface fimetal 6 temperatur e dgwanint he act
the literature, a value of = 0.6 was presumed for this analy&$en et al.'f]).

A negative net heat flux reduction indicates a net heat flux increase. For the purposes of this study, we

have modified(2.4) to provide a technique for predicting the net change in heat load duegtmess. In

order to emphasize the fact that roughness increases the heat load, the effect is presented simply as the
quantity, o rougt/G.smoota given by

qf,rough” . hf,rough(Taw,rough_Tw) _ hf,rough(ﬂrough_@ (2.6)

Ag, =1-

(2.5)

qf,smooth” hf,smooth(Taw,smooth*Tw) hf,smooth(’?smooth’ ¢)

Combining low density ratio heat transfer data with high dematig adiabatic effectiveness data

requires selection of a blowing parameter that aligns the measurements. In the absence of definitive data
that suggests which of blowing ratio, momentum flux ratio, or velocity ratio is best suited for the task,

blowingratio was selected for this study. Furthermore, it will be shownhhatrelatively insensitive to

the 26% or 60% change M required to match the momentum flux ratio or velocity ratio, respectively.

In addition to the hedtansfer and adiabatic effectiveness measurements, a hot wire anemometer was
used to make velocity measurements. An A.A. Lab Systems Ltl 008 Hot Wire/Hot Film

Anemometry System was employed, and the same NI DAQ hardwarnese$or the data acquisin.

For the rough wall condition, sandpaper was used to simulate roughness. Bogdlti]etralracterized
typical surface roughness and created a plate with uniform cones having a precise geometry to obtain a
hydrodynamic representation for the nimads scale facility used in their study. The representative
surface roughness created|Ixii] had an equivalent sand grain roughnedg ef0.5 mm. The sandpar
used in this study had a CAMI grit designation of 36, which corresponds to an average grit diameter of
0.53 mm, close tfixii] &s In addition, an extense study conducted by Dep¥'] showed that the 36
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grit sandpaper had similar hydrodynamic effects to the conical roughness. A summary of all test
conditions is presented in Tabler2

The sandpapenlong with all other surfacewaspainted flat black tensure a uniform emissivity for the

IR camera and the sandpaper was attachddig&ream of the row of cooling holes andl8bwnstream

of the holes using doubkded tape, with the edge of the sandpaper aligned with the leading or trailing
edge of the holes. A microscopic inspection was used to confirm that the added paint did not alter the
roughness profile. An exampletbie setup igjiven in Figure 255. No roughness was between the

holes, but contour plots showed that the @.4fgp change did not affect the film cooling performance as
far as the coolant impinging and spreading between the holes before going dowrestreginienced by

the distinct jets with no lateral spibag due to the sandpaper edge.

I n Deml i pfvg]otse Skapeut2l opstruction, shown in Fige#®6, was found to have the most
significant effectsso this same shape was used for this study. The obstructions were created out of
quarter round styrene strips and the obstruction size used vebs IdX 1/2d, (heightx spanwise width

x streamwise leng)h The width was chosen to replicate the obstructions used by Demling and Bogard
[Ilvii] and the 1Zd height and respectively scaled length was chosen basadwudy by Wammack et al.

[*™]. Wammack found peak deposition levels of 318; when scaled to this study, deposition heights

did not exceedd, but 1/21 was easily justified. These obstructions were placed on top of the sandpaper
with the sand grains remadéeneath the obstructions and were painted flat black for uniform emissivity.

Table 2-7: Test Conditionsfor adiabatic effectiveness and heat transfer coefficient experiments.

True Chord Length 594 mm
Vane Span 549 mm
Vane Pitch 457 mm
Inlet Velocity 5.8 m/s
Exit Reynolds Number 1.06 x 16
Test Location s/C=0.367 to 0.540
) . | TUapp=21% | Tup = 3.9%
High Mainstream Turbulence at Inlet/Test Locatio
Si=41mm
TUapp=5.2% | Tup = 1.0%
Low Mainstream Turbulence at Inlet/Test Locatior
Si=44 mm
Film Cooling Hole Diameter 4,11 mm

Hole Length (baseline)

27.5mm [/d=6.7)

Hole Length (trench)

23.4mm [/d=5.7)

Trench Height / Width

2.1 mm [/d=0.5)

Trench Width

4.2 mm (/d=2.0)

Injection Angle 30°

Hole Pitch 11.4 mm p/d=2.78)
SurfaceRoughness CAMI 36-grit
Obstructions #2171 1/2d x 1d x 1/2d

Density Ratio

1.3 to 1.6 (fory)
1.0 (forh)

All tests with obstructions were conducted with three consecutive holes, in the center of the row with 18

holes, containing the obstructionEhere were two reasons for thighe first was to ensure the
consistency between the three obstructed holes to verify the uniformity of the obstruction placement
during each experiment. The second was to improve the accuracy of the laterally aversgedyal
having three holes availabb¥er whichto average. To ensure the results produced by obstructing three

consecutive holes were not affecting the results in any way compared to blocking just one hole, a test was

run obstructing only one hole. Résurom this test confirmed the obstructions on three holes had the
same effects as a single hole
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Figure 2-55: Photograph of coolant holes showing sandpaper placement.

Shape #1 #H2 #3

Figure 2-56: Isometric projections of obstruction shapes tested.

5.3.2.2. Synopsis of Results for Study of Roughness Effects on Adiabatic Effectiveness
Heat Transfer Coefficients, and Net Heat Flux Reduction

The spatiah distributionfor a rough wall with a typical operating condition of a blowing ratiof 0.7

is presented in Figure27. These results were with the showerhead oftégidmainstream turbulence
Aside from the individual roughness elements being quite evident, the interesting observation with the
rough surface downstream of injection is theg heat transfer coefficient is lower downstream of the
holes than between the holes, which is the opposite of what was observed on the smooth surface. In fact,
by comparing rough surfadedistributions with and without film cooling, it is evident thhétregions
downstream of the holes experience a decredsdie to blowing, but an increaselimetween the

holes. The loweh downstream of the holes may be attributed to the decrease in velocity dowrdtream
a jet that is evident blyoundary layer masurements. The increase in turbulence intensity due to the jet
on a rough surface is negligible compared to the reduced interaction with roughness elemerds due to
lower velocity coolant jet.

Roughness had a substantial effechpas shown irFigure2-58, for a test withow mainstream

turbulence There wass much as a doubling &f, which is consistent with the results[tf] who used

a flat surface test plate. With roughndbgre was no difference ih with coolant injection relative to
no coolant injection. Although not shown here, results with high mainstream turbulence levels showed no

change inh relative to low mastream turbulence results.
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Figure 2-57: Heat transfer coefficient distribution, M = 0.7. Downstream rough, showerhead off, high

turbulence.

Adding roughness upstream of the film cooling holes caused as much as a 10% detreasgared to

the case with roughness only downstream of thesh Otherwise the general trends were similar. The
lower h values observed with full roughness rather than downstream roughness may be attributed to a
thickening of the boundary layer upstream of the coolant holes.

Increases in the heat load dudhetransition from a completely smooth to a rowginface are shown in
Figure 259 for several different blowing rates with showerhead cooling. As the surface finish changes
from smooth to rough over this region of the vane, the uncooled vane was fouave @ 50130%

increase in heat load depending on position. Coolant injetionthe showerhead alone does little to
reduce the effeatf surface roughness. Howeveombined showerhead and suction side coolant

injection significantlyreduceghe increae in heat load with surface roughness with the maximum
increase in heat load being reduced to 70%.

Results from testing the adiabatic effectiveness for the two rough surfaces and the smooth surface are
presented in terms of the spatially averaged adab#tctiveness in Figure@). The 36grit and 60

grit rough wall surfacesaused a 30% reduction in the maximum adiabatic effectiveness. This is a
significant loss in performance due to roughness effects. Interestingly there was no significantdiffere
in adiabatic effectiveness for the two rough surfaces, even though the roughness levels differed by almost
a factor of two.

The two rough surfaces caused loeindary layer thicknege more than double comparedth@ smooth

wall case which was atthuted to the rough surfaces inducing transition to a turbulent flow. The large
decrease in performance caused by the rough surface was due to the thicker boundary layer not turning
the coolant jet towards the wall as effectively, and the higher turbulevels dispersing the coolant

more.

150
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Figure 2-58: Influence of downstream roughness on spanwise averaged heat transfer coefficients. Upstream
smooth, showerhead off, low turbulence
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Figure 2-59: Heat flux increase due to adding upstream and downsteam roughness. High turbulence,
showerhead on for cases with suction side cooling
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Figure 2-60: Spatially averaged effectiveness of varying surface roughness

5.3.2.3. Synopsis of Results for Study of Near Hole Obstruction Effects on Adiabatic
Effectiveness

Though it is intuitive that nedhrole obstructions could degrade film cooling effectiveness, an intensive
examination was conducted to quantify these effects. All of the obstruction characteristics were varied
individually in order to determine eachchara er i st i c6s contribution to any
Naturally occurring obstructions are random events, so there is not one defining shape. Three different
shapes were tested in this study: a fully rounded shape, a combination round and square sHap®in the

of a quarter round, and a fully square shape, designated #1, #2, and #3ivwedgpandpictured in

Figure 256. The #2 shape had the flat edge facing the hole in both the upstream and downstream
position. Because the #2 shape is not symmetdocauld be flipped, tests were also conducted with the

#2 shape, but with the rounded edge facing the coolant hole in both the upstream and downstream
position and this was des.i g nliistudy wasxsimijabtdk thisdsjudy, De ml
but conducted in an area of high curvature and found that the #2 shape had the largest impact on adiabatic
effectivenss.

A comparison of shape was repeatethis study, shown ifrigure 260. All of the differences outside of
uncertainty between the various shapes were observed at high blowing ratiosupktitdam position,

the #2 and #2 (bkwd) caused about a 25% degradation from the level of perfornemicetleupstream

position with the #1 and #3 shapes. Indbw/nstream position, the #2 and #2 (bkwd) performed about

20% less that the #1 and #3 shapes in the same configuration. When considering obstructions on a whole
across all blowing ratios inlegion to the no obstruction baseline, overall, shape was found to have a

minor effect and the obstruction placement seemed to dominate. The finding of shape not being a
dominating factor is important because it allows for the results of this studygenbeally applicable to
obstructions as a whole, considering that naturally occurring obstructions will always have a randomized
shape.

Studies of the sensitivity to theidth and lengttof the obstructions showed that they had marginal

effects. Height was the final dimension to be examined. In order to minimize the number of overall tests,
the entire obstruction was scaled with the height. In addition, overall scaling was done because randomly
occurring obstructions due to deposition of foreign pagitidaveling with the combustion products will

most likely adhere in a geometrically proportional fashion. The geometrically proportional sizes tested
were 1/8, 1/4d, 1/2d, and H; this set of tests wgserformed only in thepstream position due to the

primary focus being on degradation effects caused by obstructions. Eiglirgives an isometric view

of the various size proportions in relation to a film cooling hole footprint.

Overall obstruction size was found to play a significant role in effectadiabati effectiveness. From

Figure 262, it is clear that as the obstruction gets closer to the dimensions of the sand grain size of the
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overall surface roughness, the degradation caused by an upstream obstruction becomes less. Because the
size 1/81 x 1/&d x 1/8d obstruction was essentially the same size as the grit size for the basaiirite 36

rough wall, these smatibstructions were tested on the less rouglyi@Gsurface which had sand grains

on the order ofl/16, with the results shown in Figei-63. The 1/8 x 1/8d x 1/8d obstruction had little

effect on adiabatic effectiveness with the 60 grit surface, and it can be inferred that it would also have no
effect on the 3@yrit surface. Finally, the 1¢é4x 1/4d x 1/4d obstruction performedimilarly for both

roughness levsg, again presented in Figurés3. This is as expectesincethe two surfaces hawsemilar

hydrodynamic effectss was previously mentioned.

To improve film cooling performance and to mitigate effects of surface rouglamesneahole

obstructions, coolant holes were embedded in a transverse, shallow trench. The dimensions of this
shallow trench are presented in Tablé @nd schematic and photograph are shown in Figéee 2'he

shallow trenctprovides uniform film coling coverage and therefore better adiabatic effectiveness levels
than cylindrical holes. The major advantage of the narrow trench is that it inhibits separation, causing the
coolant to fill the trench first, and then exit the trench as a sheet radhenthvdual jets The increased
performance due to the trench over standard cylindrical holes was also observed when roughness and
obstructions were present
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Figure 2-60: Spatially averaged effectiveness with a 3¢rit rough wall comparing the various shapes in the
(a) Upstream, (b) Downstream, and (c) Upstream+Downstream configurations. Note that all shapes are of
size 1/21 x 1/2d x 1/2d except for shape #1, which is afize 1/21 x 1/2d x 1d due to its geometrical constraints.

Figure 2-61: Isometric view of the various uniformly scaled sizes of shape #2 tested in comparison to the film
cooling hole footprint (from left to right: 1/8d x 1/8d x 1/&d, 1/4d x 1/4d x 1/4d, 1/2d x 1/2d x 1/2d, and 1d x 1d x
1d).
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Figure 2-62: Spatially averaged effectiveness with a 36rit rough wall and upstream obstructions comparing
overall size effects with shape #2.
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Figure 2-63: Spatially averaged effectiveness with varying surfaceughness and upstream obstructions

comparing overall size effects with shape #2.
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Figure 2-64: Schematic and photograph of trench configuration.

Unlike the baseline case, adiabatic effectiveness with the narrow trench is relatively constant across the
range of blowng ratios, as shown in Figure6B. Furthermore, this constant level occurs for smooth and
rough surfaces. The largest difference between smooth and rough surfaces when using a narrow trench is
at low blowing ratios, with a degradation aflp 15% which is quickly eliminated with increasing

blowing ratio. This leads to the conclusion that film cooling performance with a trench is insensitive to

the effects of surface roughness, especially at the mid to high blowing ratio

Knowing that the@rench mitigates rough surface effects, the next determination was how obstructions

affect trench performance. Thessults are presented in Figuré@ which shows the spatially averaged
adiabatic effectiveness for obstructions normalized by the rtouskisncase. Figure-B6 shows that

upstream obstructions cause degradation across all blowing ratios, downstream obstructions cause a slight
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increase at high blowing ratios, and obstructions upstream and downstream simultaneously fall between
Upstreamand Downstream configurations for most blowing ratios. Overall, the variation from unity due
to obstructions is relatively small, with a maximum degradation of 15% compared to a maximum
degradation of almost 40% for the baseline case. Compared to #liedabe trench significantly

minimizes most of the effects due to obstructions.
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Figure 2-65: Spatially averaged adiabatic effectiveness of both the baseline and trench cases with both
smooth and rough surfaces.
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Figure 2-66: Spatially averaged adiabatic effectiveness of trench case with a rough wall and various
obstruction configurations normalized by the rough wall trench case with no obstructions

5.3.3. Conclusions

This research program has shown that surface roughness astbleeabstructions caused by
contaminants attaching to turbine airfoil surfaces can serious degrade the film cooling performance.
However, this degradation can be countered by embedding coolant holes in shallow trehehes. T
performance of shallow trencwonfigurations were investigated for simulated deteriorated surface
conditions, i.e. increased surface roughness and near hole obstruttierstudy involved determining
the effects on cylindrical holes and then seeing how cylindrical holes embedi@@nch performed in
comparison. It was found that regardless of the surface conditions, embedding cylindrical holes in a
trench will always outperform standard cylindrical holes.
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From the cylindrical hole study, it was determined that whed Righ obsructions are present,

degrading effects from surface roughness are overshadowed by the dominating effects of near hole
obstructions. With no trench, obstructions upstream of the coolant holes praduoedh as 0%
degradation, while downstream obsitians actually enhanced adiabatic effectiveness. When both
upstream and downstream obstructions were present simultaneously, the upstream obstruction effects
dominated.

The trench showed the most promising results. Not only did the narrow trenclcaigiyfimprove

adiabatic effectiveness relative to the baseline, it eliminated the degrading effects from surface roughness.
For rough wall conditionghe trench more than doubled the adiabatic effectiveness. Furthermore, when a
narrow trench was usette degrading effects due to near hole obstructions were negligible. As the
blowing ratio increased, the benefits of the trench over cylindrical holes also increased, similar to the
performance of shaped holes.

Power Train Design of Permanent Magnet Synchronous Machines At
Purdue University

For permanent magnet synchronous machines a new position observer was developed that uses
sensed vibration in tandem with a single ‘ediect sensor to predict rotor position with accuracy
approaching that of a higirecision position encodespecifically, a coupled piezoelectric/singdteall-
effect (CPSH) sensdrased position observeiasderived. The CPSH observer uses a zero order Taylor
Series approximation of the integral of rotor velocity to estimate rotdgtiqggobetween Haleffect sensor
transitions. During startup and at low rotor speeds the piezoelectric washer is used to determine the rotor
position (in addition to its primary mission of providing feedback for torque ripple mitigation).

The observer egnds the applicabilityfdhe torque mitigation strategies used for permanent
magnet machindsy reducing the cost of position sensing. Advantages using the observer are 1) near
maximum starup torque is guaranteed 2) no reverse rotation of the rotorsodating startup, 3) the
observer does not require knowledge of bank or cogging torque harmonics, 5) it is applicable to
machines with arbitrary baekmf waveform and stator slot configuration, and 6) it is relativelydost.

The CPSHbased observdras been validated in hardware using@hase, §ole, 1 slot/pole/phase

machine. Through experiment, it is shown that sigrperformance nearly matches that of stiart

obtained using an itine position encoder. In addition, when the torque rippkégation algorithm is

applied, the 6th and 12th order harmonics of torque are elimin@teds, in navy applications, a

vibration sensor that is used to monitor drive system health or for torque ripple mitigation control, could
be readily used in a dualle to improve drive fault tolerance. The details of this research were published
in

P. Beccue, S. Pekar ek, -HalkSemsorwPgsition Obsétvere z 0 e | ¢
for Permanent MagnetlEEEyransdctiomns orolndsstryMa c hi ne s,
Electroncs: Special Issue on Latest Advances in Machines/Dritals 54, No. 5, Oct.

2007, pp. 2382397.

A patent was also filed on the technique.

Related, a new sensor was derived that uses taigjple-induced vibration to establish the
speed/position of ingttion machines. The sensor is relatively easy to implement, and can serve a dual use
role as part of a vibratiehased health monitoring system Although requiring a higher cost than
fisensorl esso techniques, t heyandeneodensuThenproposesis ex p en
sensor does not require knowledge of machine parameters and is relatively straightforward to implement.
The effort of machine analysis and modeling is minimized. Moreover, the vibration sensors can serve a
dualuse role as a meaiffior faultdetection/health monitoring. We envision the sensor could be readily
placed on the IPS propulsion drive for fault detection and for a primary or secondary speed observer.
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D. Wu, S. Pekar ek, AUsi ng Mec hndnductoa | Vi br
Mot or Drives, 0 Proceedings of the 2007 Po\
June 2007, pp. 2412417.
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6. THERMAL M ANAGEMENT

1.1. Key Accomplishments
Some of our key accomplishments durthg first phase of the ESRDC were

1. Development ofntegrated energy/power management systems based on fuel cells hybrid systems:
2. Optimized PEM and Solid Oxide fuel cell unit geometry

3. Instrumented the CAPS Advanced Prototype Test Bed for thermal management experiments.

4. HTS Motor Thermal Modeling.

5. Developed volume element baseaethodology for the thermal apdychrometric modeling of

ships, ship compartments, and ship thermal signature.

1.2 Technical Detail

1.2.1 Development of integrated energy/power management systems based on fuel cells hybrid
systems:

In our effort towards the development of integrated energy/power management systems based on fuel
cells hybrid systems, we have implemented key components models in a-Siatladmk environment:

i) An extension of an SOFC model developed at thefiea¢orthwest National Laboratory (PNNL). The

model is now capable of computing a transient bulk stack temperature and is able to account for stack
pressurization; ii) Counterflow and parallel flow heat exchanger models; and iii) A simple gas turbine
and compressor model.  Collectively, the fuel cell, heat exchanger, and a simplified model of the gas
turbine cycle allow us to perform fundamental studies of the SOFC/GT integration.

Figure 1 represents the basic schematic of a hybrid system, which sohfsistompressor, fuel cell, gas
turbine, combustor and heat exchangers.
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Figure 1 Schematic of a SOFC/gas turbine hybrid system

Dynamic fuel cell stack model targeted for RTDS
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A button cell steady state model of an SOFC was extended to capture electrical and thermal transients in
addition to flow dynamics through a SOFC stack. Time averageit doost converter, dac converter

for extended system analysis were develofér SOFC model serves as the primary power source for
powertrain system model simulations and hybrid fuel cell based systems for energy recovery. The fuel
cell model is composed of four submodels: the electrochemical model, the transient electrical model, the

thermal model, and the dynamic flow model. The submodel codes are coupled to produce a SOFC stack
model for use in power system simulations.
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Related publication:

T.E. Brinson, W. Ren, J.C. Ordonez, C.A. Luongo, and T. Baldwin, "FuelBaskd Powertrain System

Modeling and Simulation for Small Aircraft Propulsion Applicatiordgurnal of Fuel Cell Science and
Techndogy ASME , 2008.

1.2.2.0ptimized PEM and Solid Oxide fuel cell unit geometry

We have developed a model and performed an optimization of the internal structure of PEM fuel cells
and a unit solid oxide fuel cell (SOFC)The internal structure, whictceounts for the thickness of the

two electrodes and the electrolyte, and the flow channels geometry, is optimized. The model is developed
using a control volume approach, in which, all relevant thermal and electrochemical interactions between
adjecent elemants are accounted folhe optimized internal structure results from optimal balances
between the thickness of anode and cathode, channel shoulder aspect ratio, and the number of fuel and

oxidant channels. The optima found are sharp and therefore, imptwthe identified in actual SOFC
and PEM design.
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Figure 3. Anode supported SOFC power density curves for different cathode thickness

The effect of cathode thicknesss(lin an anode supported SOFC is illustrated in Fig. 3. The separation of
power density curves at the high working current density region illustrates that the cathode thickness
affects considerablyhe fuel cell performance. Fig. &so shows that very large or very small cathode
thickness does not benefit SOFC power density. Suchvihis explained physically by analyzing two
extremes: i) for large cathode thickness, the activation overpotentials decrease due to large wetted
areas, but both ohmic (due to the large thickness) and concentration (due to large oxidant path to the
reaction site) overpotentials increase and decrease the power depsigndPii) for small cathode
thickness, both ohmic resistance (due to small thickness) and concentration (due to shorter oxidant path to
reach the reaction site) overpotentials decrebsethe activation potential will be large due to lack of
reaction area (poor electrocatalysis), so power densjtyjdereases at this extreme too. Therefore, there
must be an intermediate optimal thickness between the two extremes that maximizedepevixer

In Fig. 3, for threevaluesofsL. i n t he range [50, 600] & m, a ma
with respect to current density. The largest value of the maximum power density was observed for the

intermediate value of the cathode thickness, ls=1 50 & m, demonstrating the e

design for the studied single SOFC.

Related publications:

1.S. Chen, J. C. Ordonez, and J. V. C. Var gas, nTr
Single PEM Fuel C e Irdes) 162(1),q2006)3&868. of Power Sou

2.A. M. Mor ega, J. C. Ordonez, J. V. C. Vargas and

Analysis and Optimization ofaPEMuel Cel |l with I nterdigitated FI

Journal of Energy Technologies andi®g 2007.

3.J. C. Ordonez, S. Chen, J. V. C. Var gas, fiConst
submitted to International Journal of Energy Research, 2006.

4.3 . V. C. Var gas, J. C. Ordonez, and A . Bej an,
Intemational Journal of Heat and Mass Transfer, 48 (2005)-44ZY .
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1.2.3 Instrumented the CAPS Advanced Prototype Test Bed for thermal management experiments.
Figure 1 depicts a section of the test
bed extensively used within the
ESRDC for testing of the 5 MW

superconducting motor and for
hardware irthe loop experiments.
Various sea

conditions and ship

be studied with the real
simulaor to which the
connected. The
components in the test
MW  motors, their
drives, a process water cooling loop, a
deionized water cooling loop, and two
main heat exchangers  (process
water/deionized water and procesater/sea side). Additional hardware is in the process of being
installed, including a 1 MW DC load with 2.5 MW pulse capability, adding to the flexibility of the test
bed. The new pulse load capability will add interesting system dynamics to the td3tibed.the first
phase of the ESRDC we have added the thermal instrumentation which enhances the already existing
electrical instrumentation. This effort adds to our capabilities for model development and validation.
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Figure 4. Schematic of CAPS test bed principal

Related publications
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R. Hovsapian, J. C. Ordonez, J. V. C. Var gas, P. G.
Dynamometer Set to Simulate Ship Propulsion and Propulsion Load of-enlAB ct r i ¢ Shi p o, Pr
of the Brazilian Congress of Thermal Engineering and Scierfe®CIT, Curitiba, Brazil, 2006

219 N0001402-1-0623_FinalReport_Dec2008.docx



1.2.4. HTS Motor Thermal Modeling.

The results of our lumped thermal model for the armature of and HTS motor have been presented in two
conference papers [1,2]. They describe our study on a cooling concept for a synchmotwubat has a

High Temperature Superconductor (HTS) field winding. The thermal analysis reported is based on
equivalent, lumped thermal circuits of two types: (a) a simplified circuit, aimed at delivering fast, design
class results, that may be solvetalgtically; (b) more complex schemes aimed at assessing variable
regimes, which are solved numerically by a circuit simulator. Both approaches are valuable, and
complement each other in the quest for a meaningful preliminary design.

Related publications
[1] A. Morega, J.C. Ordonez and J.V.C. Vargas. Thermal model for the AC armature winding of a High
Temperature Superconductor airborne moASME-IMECE. Orlando, November, 2005.

[2] Morega, J.C. Ordonez, P.A. Negoidtigher Resolution Thermal Design ah HTS AC Armature
Winding. "Caius lacob" National Conference of Fluid Mechanics and Tehnical Applications. Institute of
Statistical Mathematics and Applied Mathematics, Romanian Academy. Bucharest, N@y.2Z®5.

1.2.5. Developed a volume element basadethodology for the thermal and psychrometric
modeling of ships, ship compartments, and ship thermal signature.

A general computational model for all electric ships and internal compartments (open and closed
domains) that contain heat sources and sinksl®en developed. In it, a simplified physical model,
which combines principles of classical thermodynamics and heat transfer, is developed and the resulting
threedimensional differential equations are discretized in space using adilmrersional cell entered
finite volume scheme. Two case were studied: a si
internal compartments (or cabinet). The proposed model was utilized to simulate numerically the steady
state responses of the systems in bodesaOf particular interest in the first case is the possibility of
predicting the shipods t her mal signature at sea.
convergence of the numerical results. The converged mesh in both cases was relativelyl toansd (
320 cells), therefore the solutions were obtained with low computational time. Since accuracy and low
computational time are combined, the model is shown to be efficient and could be used as a tool for
simulation, design, and optimization of thetmaanagement of all electric ships, internal compartments
and cabinets.

Related publications:

1. J. C. Ordonez, J. V. C. Vargas and R. Hovsapian
Psychrometric Transient Response of All Electric Ships, Internaip@aments and Cabinets,"
Transactions of the Society for Modeling and Simulation Internati@oal8
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6.1Key Accomplishments

Thermal management research under the auspices of the consortium has been focused throughout on the
following key issues:
e Development of physiebased mods for systerdevel simulations
¢ Definition and investigation of the architecal characteristics of future electship
thermalelectrical systems, subsgms, and components
¢ Modeling, simulation, and evaluation of advadsystem components and controls that
may be approjate to the electric ship environment
Key accomplishments, in approximate chronological order, include:
e Developedconvective heat transfer model for the Virtual Test Bed (VTB)

Developedfuel cell stack radel targeted for the VTB

Developedapproach for handling theo-physical properties in the VTB

Implemened Cycle Tempomodeling software for steagstate simulations

Devdopedsteadystate, baseline representation of thermal management systems for the

Arleigh-Burke class destroyer

A based on data and drawings obtained from NS®¥Tadelphia and Joint Computer
Aided and Logistic Support database (JCALS)

A included major subsystenmsibines, A/C plants, dedicated seawater cooling,
refrigeration plant, prairie/masker agtc.), centralized seawatvoling systems, and
chilled water cooling system

e Model ed thermal system for APil ot Systepd i nst .
in CycleTempo
A superimposd an integrated electric power system on the EElGy adding a section to

the shigds architecture
A added a new seaterto-freshwater cooling loop

¢ Implemented th&roTRAXmodeling environment for dynamic system simulations

e Introduced 1,1, 2-tetrafluoroethane (R34a) efrigerant intoProTRAXmodeling
environment using NIST formulation

o Developed dynamic thermal load representation of pulsed electric weapon system

¢ Developed dynamic chiller model based on existing Yorkt2@Cchillers orArleigh-Burke
class destroyer

¢ Created transient, thermodynamic model of the Retigce MT30 gas turbine engine for use
in an integrated propulsion system thermal model

¢ Validated nodular, capacitivdased, pulséorming network model of ailgunsystem
against experimental data from Maxwel | Labbs

¢ Completed &, transient, finite difference simulation of the thermal management provided
by multiple cooling channels through the rails ohigun

¢ Completed model for energyosaige technologies to optimize system designs and highlight
the advantages and disadvantagehybridizing energy storage

¢ Modeled active, phasegtray, radar to demonstrate the thermal load scaling pertinent to
future allelectric ship radars

¢ Worked witha student officer team from the Naval Post Graduate School to investigate
cooling options for electric weaponry as a part of a total ship system

¢ Implemented mathematical model of the Alstom 19 MW, Advanced Induction Motor in
ProTRAXand performed first imigration of this model with appropriate propeller
characteristics

s Developed review paper addressing Systawel Thermal Calculations for a Notional Al
Electric Ship patterned after the DBEXBO0

221 N0001402-1-0623_FinalReport_Dec2008.docx



e Completed simulations iBroTRAXof an integrated propulsi®ystem (IPS) modeled after
the DDG1000

¢ Investigated advanced chilling systems focused on utilization of waste heat for regenerative
cooling or electricity generation purposes-@ming work)

¢ Developed a generic,-imouse, modeling and simulatienvironment for thermal
management (egoing work)

6.2 Technical Detail

Key technical results from otive-yearresearch effort iship systenthermal managemeatre presented
in terms of the applicable student theses, as listed below. These are presemtedoiogical order such
that the progress and direction of the program over time can be followed.
e Improved Thermal Management of an-Blectric Ship Through Modeling and Simulation
August 2004.
e SteadyState and Dynamic Simulations of Lar§hipBasedThermal System®ecember
2005.
¢ Thermal Management of Pulsed Loads on arEddktric Ship August 2006.
¢ Dynamic ThermaMechanicalElectrical Modeling of the Integrated Power System of a
Notional AlFElectric Naval Surface Vesséllay 2007.
e Creation of aModeling and Simulation Environment fdhermal Management of an All
Electric Ship December 2007.
The technical details that follow summarize the work contained in these theses. Full technical detail is
best obtained from the base document and assogiabdidations.

6.2.1. Improved Thermal Management of an AElectric Ship Through Modeling and
Simulation

The major technical topic headings in the body of this thesis are:

¢ Chap 2: Convective Heat Transfer Model

¢ Chap 3: Fuel Cell Model Development

¢ Chap 4: FuelReforming

¢ Chap 5: Simulation of a DIR Molten Carbonate Fuel Cell
In this thesis, two models were developed that provide new simulation tools capable of addressing key
thermal management issues. Attention was focused on the Virtual Test Bed (VTB)ieimadétivare.
Initially, work was focused on the existing convection mod&@&B. This model required the user to
specify a constant convection coefficient, thermal capacitance, and effective heat transfer area. All of
these parameters are easily gifaaat with the exception of the heat transfer coefficient, which is
dependent on geometry, flow characteristics, environment, and working fluid. To mitigate these
shortcomings, a convective heat transfer model was developed that incorporated a graghical u
interface, a database of convective heat transfer correlations, and-thteysical property data for
common fluids. This work identified both the utility and the limitations of the VTB and set the stage for
developing a comprehensive fuel cell model.
Within the scientific literature, no fuel cell model previously provided a sy#tgel, fundamental
perspective of transient fuel cell operation with recognition of electrical irreversibilities and kinetics of
fuel reforming. The comprehensive fuel aelbdel developed as an element of this work includes all
relevant thermodynamics, chemistry, and electrical characteristics of the major fuel cell types. The main
objective was to provide a systdavel model capable of predicting the transient behaviarfael cell
stack to external conditions such as reactant flow properties, operating conditions such as pressure and
temperature, and evedtiven circumstances such as changes in load flows. The simulation model tracks
the transient temperature respews a fuel cell stack, chemical specie concentrations of exhaust gases,
and electrical characteristics. The results provide a concise parametric evaluation of how operating
conditions and usegontrolled parameters influence fuel cell performance. sk firinciple, control
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volume approach was employed such that the system is governed by an array of molar concentration
balances, for each chemical species appearing in the fuel cell, and a global energy balance. The resulting
nonlinear, first order diff@mtial equations are supported by thermodynamic and chemical kinetic
relationships with recognition of all major electrical irreversibilities. Inputs to the model are the type of
fuel cell under consideration (Proton Exchange Membrane,-Sailide, MoltenCarbonate, Alkaline,
etc.), physical characteristics (number of cells, cell area, footprint), performance characteristics (limiting
current, fuel crossover current, activation current, effective cell resistance, etc.), and fuel and oxidant flow
propertiegflow rate, feed pressure and temperature). Unlike most transient fuel cell studies, this model
does not assume chemical equilibrium for the fuel reforming or electrochemical reactions but instead
employs temperature, pressure, and reactant/productntoatien dependent chemical rate equations.
For the fuel reformation case, the rate equations are based on the LaHgmbe&lwoodHougen
Watson (LHHW) approach to catalytic chemical reactions.
Principal results from this work are available in the ojitendture in two papers:
e B. Carroll, T. Kiehne, KBall, iDevelopment of a Comprehensive Fuel Cell Model for
Mar i ne Ap fPlod. Ansericandaciety df Naval Engineers Naval Electric Power
Symposium, Philadelphjd@ennsylvanialamuary2004.
e B. Carrall, T. Kiehne, M. Lukasfi T h e-Kimetic Representation and Transient Simulation
of a Molten Carbonate Fuel CélProc. ASME Third International Conference on Fuel Cell
Science, Engineeringnd Technology, Ypsilanti, MichigaMay 2325, 2005.

6.2.2. SteadyState and Dynamic Simulatits of Large, ShipBased ThermalSystems

The major technical topic headings in the body of this thesis are:

e Chap 2: Modeling of Fuel CelGas Turbine Hybrid System
Chap 3: Simulation of DDG51 Thermal Management Systems
Chap 4: Analysis of Througiiull Heat Exchange
Chap 5: ProTRAXSimulation System User Overview
Chap 6: Implementation of 1,1,1;2etraflucoethane (R134a) Thermodynarfimperties
into theProTRAXSimulation System

e Chap 7: Dynamic Model of a Vapor Comgssion Refrigeration Cycle

¢ Chap 8: Dynamic Chiller Simulation Results
The overarching theme of this thesis is thermal management modeling and simulation for large naval ship
systems. One goal of the work was to provide current and future researcheng)warsimilar projects
with the foundation necessary to understand the operation of the thermal systems cuntveardaval
vesselsand the modeling tools employed to analyze these systemsAriEigh-Burke(DDG-51) class
destroyer was chosen as a&d&line for modeling and simulation work because these ships are similar in
size and are expected to conduct missions comparable to the first classexftett ship. The following
paragraphs outline the content of this thesis and briefly describeotkeperformed.
The initial work focused on learning to use the stestdye software packag@ycle Tempq which is
used for thermodynamic analysis and optimization of energy system<y€lel emposolution
strategy is discussed, a simple example problem is introduced and modeled to gain an understanding of
the softwareds operation and performance, and a
validated to prove capability. Usirf@@ycle Tempq a humber of the DD&G1 thermal management
subsystems are described and modeled. These subsystems include an air conditioning plant (chiller), the
dedicated seawater cooling system, the centralized seawater cooling system, and the chilled evater syst
Models of the seawater and chilled water systems are validated against operational data.
A novel cooling scheme was investigated for futureskdttric ships. This cooling system uses a chilled
water loop. Part of the chilled water is in directcamct wi t h t he shipds hull ,
hull directly into the sea. The purpose of this approach to cooling is to reduce the size of the centralized
seawater and chilled water systems, or to be able to utilize these systems for kshefAnasher reason
is to provide supplementary cooling for additional thermal loads that will be present ondleeit
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ship. A preliminary analysis was conducted, a parametric investigation was performed, and an estimate
was made whereby a portiohthe chilled water system was removed, and replaced by rejecting the
waste heat using hdtlased heat exchangers.

The purpose of the foregoing steastgte analysis was to serve as a departure point and provide initial
conditions for subsequent dynamiodeling. TheProTRAXsimulation environment was employed for
dynamic simulations. This software allows one to conduct dynamic analysis of thermodynamic systems.
As a precursor to modeling, this relatively complex simulation tool is described in tiee thhs

description includes an overview of the modeling environment, construction of models, model
parameterization, generation of an executable model, model execution, and a discussion of custom
coding. Chillers onboard the newest flight of the DBGuse the refrigerant R134a. The properties of

this refrigerant were implemented in tReoTRAXmodeling environment. The National Institute of
Standards and Technologieseference Fluid Thermodynamic and Transport Propeattitshase was used

for this pupose. Source code contained within this database was modified for ug&alitRAX The
modified code was then tested and validated.

The foundation of the cooling system on the DBGis its air conditioning plants. To determine the

impact of future themal loads on the ship (some of which may be dynamic in nature), a dynamic chiller
model was created. Components modeled in a dynamic sense include the condenser, evaporator,
compressor, and a control system. The chiller model was subsequently exdulgeimulating various
loading conditions. Steaeitate results of the dynamic model were compared to the chiller model results
from Cycle Tempo The response of the chiller to various changes in load was also simulated.

Principal results from this workre available in the open literature in two papers:

e S.Haag, T.kehnefi Si mul at i-5In ToH e rDaGI  Ma n a2§GtnPeco.t Sy st er
American Society of Naval Engineers High Powered Systems for Electric Ships Symposium,
Annapolis, Maryland Deember7-9, 2004.

e NSteady State Repr e-SdidQxidetFuebCell Hylrid Systetha § wT et thbi n-
S. Haag), Office of Naval Research Contract Report, 2004.

Publication of the dynamic chiller model remains to be done and is the subjeegafhgnwork.

6.2.3. Thermal Management of Pulsed Loads on an Adlectric Ship

The major technical topic headings in the body of this thesis are:

¢ Chap 2: Electromagnetic Railgun Background Information
Chap 3: Energy Storage
Chap 4: Capacitorbased Railgun System Simulation
Chap 5: Rotating Machinébased Railgun System Simulation
Chap 6: Railgun Barrel Cooling Techniques and Analysis

¢ Chap 7: ProTRAX Simulation
The use of anntegrated Electri®ropulsionSystem (IPS) on future a#lectric shipswill free up
electrical pover thatwas previoushdedicated to the propulsion of the ship, ultimately allowing for the
addition of pulsed electric weaponry. The addition of advanced electric weaponry will incresisip-the
level thermal loadby more than an order of magnile overthe current warshipsThe work reported in
this thesis address¢he a@sign and optimization of an energy storage modulfeload conditions on
the ship, gantification of the expected thermal loads for a large scale electromagiilgtio, analysisof
both conventional and nesbnventionarail cooling techniques, andhalysis of a systerevel model
mating representations of thermal management systems with pulsed thermal loads representing the launch
of an electromagnetic railgun.
The twocommonlyacceptegulsed powepptionsfor a shipbased railgumre a capacitebased system
and a rotating machirgased system. However, with the addition of these weapon systems, the
magnitude of the thermal loads that require active coaliadikely toincrease by more than an order of
magnitude over the current class of warships. After providing background information on railgun
systems, the initial work for this thegmcused on designing and optimiziag energy storage module.
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Theenergy storage modupgovides emergency power for thal-electric shipand is necessary for a fully
functioning IPS.Multiple energy storage devices were both qualitatively and quantitativesideredn
order to select devices for an optimization study. The lithiunar@hflywheel batteries were selected
because of their high energy and power densities compared to the selected dataniglem#telbased
batteries. An optimization process was then invoked with the key parameters being the minimization of
system massystenmvolume, and the power deficiency ass multiple power distribution scenarioks
was concluded that a hybrid energy storage system would be the best satutit@high power output
capability of the flywheel battery could provide the outpuvg@ofor large pulsed peaks, while the lithium
ion batteries could pwide the bulk energy storage.
Next the candidate pulsed power options were modeled in MATLARiamitify pulsed thermal los
generated in the railgun system.n@merical model of a capitor-based railgun system was developed
by modeling he drcuit representing the systenThe numerical model outputs the rail current profile in
addition toaddressing full energy balance and plots of projectile position, velocity, and acceleration
with time. The numerical simulation was validated against both a previous numerical study and
experimental data from a launch at the Green Farm facility. The MATLAB code accurately models the
output current through the rails and the pulsed thermal loalwlite circuit elements, indicating which
elements may need to be actively coolétie greatest thermal burden was revealed théeesistive
heating in the railfrom whichheat wil need to be removebetween successive shots to prevent
structural dgradation of theonductor material The secondandidate sgtem thepulsedrotating
machinebased railgun syste was also modeled in MATLAB. Eactumerical simulation provides the
necessary inputs to the systéawel dynamic chiller model developed witHnoTRAX
Since the greatest pulsed thermal load for the railgun symigimatesin the rails, two potential methods
of cooling the barrel were explored finite-difference method was employed to study the effects of
multiple throughhole heat exchangers to cool the rails. The tdieensional analysis outputs multiple
temperatureontour plots at the breech of the railgun, the average and maximum rail temperatures with
time, and the average exit coolant temperature with time. The copper rails are cooled from approximately
343 K to an average temperature of less thank3R0six seconds. Consequently, the results show that
an extremely large convective haéansfer coefficient likelywill be necessary to reach the high rate of
fire that the Navy proposes. More importantly, the results act as validation foofepsitationallyand
lesstime consuming numerical models to be input intoRh@ErRAXsimulation environment.
A finite differencemethod waslsoemployed to explore the use of a phakange insert to aid in cooling
of the rails. Lithium was selected as the phatsEngematerial due to its favorable thermal
characteristics. Realistic initial conditions were used to study the effects of the lithium insert on the
average temperatuie the breectof the railgun as a function time. The simulation utilized the greatest
volume of phasehange material possible with tassumed rail dimensions. was concluded that the
energy storethy the phase transition of the lithiufmom a solid to a liquid is not great enough to justify
the complexity associated with introducingl@asechangematerial into the rail system.
Finally, a simple lumped capacitance representation of the rails was developed and compared to the full
threedimensional finitedifference analysis for accuracifrhe model was then codedR@RTRAN as a
custommodule in the dynamic thermal software packd&ye,TRAX The custom railgun module was
then coupled to a dynamic chiller model, such BrafT RAXoutputthe average coolant fluid temperature
and evaporator level with time. The simple lumped capacitandelraccurately models the convective
heat transfer from thails to the coolant fluid.
Principal results from this work are available in the open literature in two papers:
¢ C. Holsonbak, T. Webb, C. Conne8eepersaad, T. Kiehne f Sy evel Madeling ad
Optimal Designofan AlEl ect ri ¢ Shi p En, ElecgiyMaghnesr age Modul
Technology Symposium, Philadelphia, PA, MayZ& 2006.
e T.Webb, T. Kiehnefi Sy slewvelifhermal Management of Pulsed Loads on aiEl&lttric
S h i, EEBE Transactions oMagnetics, January 2007, Volume 43 Number 1, pp4i&R
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6.2.4. Dynamic ThermatMechanicalElectrical Modeling of the Integrated Power System of
a Notional All-Electric Naval Surface Vessel

The major technical topic headings in the body of this thesis are:

e Chap2: Estimation of IPS Thermal Loads on DGOO
Chap 3: RollsRoyce MT30 Gas Turbine Engine Modeling
Chap 4: RollsRoyce RR4500 Gas Turbine Modeling
Chap 5: Propulsion Motor Modeling
Chap 6: Propeller and Ship Hydrodynamic Modeling
Chap 7: Generator and Disbution System Modeling

e Chap 8: Integrated Power System Modeling
The goal of thigesearclwasto develop alynamic, physichasedhermatmechanicaklectrical model
of a naval integrated power systéiidS), nominally based on the DDG0O00. This modelvould then
serve as the baseline for future testing of advanced shiptheardal management technologiesla
architectures.The model reported in this thesis was implementdraTRAX a dynamic
thermodynamic modeling software product designed for-tesd power plants. Custom coding within
ProTRAXand other modeling environments was used as needed to develop models of the IPS
components, which were then individually validated against data from the open literature. The model is
now being moved to oun-house software architecture, described in Se@idrh
Chapter 2 contains a detailed analysis of the expected heat loads aboardl®@@DeEass shiplf the
gas turbine exhaust is not considered a load, the ship service loads and propulsioandatonverters
will be the largessourceof waste heaproduction It is clear that the ship cannot be outfitted with
enough refrigeration capability to actively cool all of the equipment waste heat loads; seawater cooling
must be used extensively. Urtianately, this may limit the operational environments of the ship or
increase the design, acquisitiamdlife-cycle costs of the shipElectric propulsion does allow for
generator scheduling, resulting in reasonabierallsystem efficiency andpeciic fuel consumption
(SFC)across the range of ship speeds. At the highest speedsgetiadt systenefficiency and SFC
approach that of the main gas turbine engines. Therefore, increasing the efficiency and/or decreasing the
SFC of the main gas turbinebould be a major tws of investment in the future. A significant amount
of energy will be simply dumped to the atmosphere in the gas turbine exhaust. At full speed, the exhaust
contains more than ten times #eergythat is dissipated as waste hieaiother components ite ship.
This represents a clear opportunity &orergy recovery and/@ombined cycleechnologies that draw
upon the highemperature energy in therbineexhaust streamsThis energymaybe useckitherto
increase the power awthilling available for current ship systems or allow daeduction in mass arat
volume of the currergystem
Components of the notional alectric ship modeled in thigork are two RollsRoyce (RR) MT30 gas
turbine engines, two RR4500 auxiliarysgarbine engines, associated wotfield synchronous
generatorsan acelectrical distribution systership service load$our Alstom(now ConverteamyDM
25000 motor drives, two sets taindem Alstom Advanced Induction Motors (AIMs), and two
convenional fixed-pitch propellers. Short summaries of these models are provided below. Specific detail
may be accessed in the thesis in Chapters 3 through 7.
TheUS Navy recently selected the ReR®yceMarine Trent (MT)30 to power the IPS engineering
demonstrair for the DDG1000andthe Littoral Combat Ship. The UK MOD also chose the MT80
powert he Royal ehlelectidaircraft oatrier The MT30 is an advanced aeterivative
engine that shares 80% commongaiitith its Trent 800 forbearer. tASO conditions (15° C, 1.013 bar,
60% relative humidity, no inlet or exhaust losses) the MT30 is rated at 36 MW output pdider
kg/kW-hr SFG better than 40% thermal efficiency, 113 kg/s exhaust mass flow, and 466° C exhaust
temperature. Like the TreB00, the MT30 is a mulspool engine, having intermediate and kigh
pressure spools that are aerodynamically coupled to each other ang@feeaurbine. Tie MT30 gas
turbine enginanodel in this thesis was evolvéfdm a simple, steady state-atardard analysis to a
dynamic model ilProTRAX In eachiterationof the model, simplifying assumptiomgereremovedand
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additional complications were addressegbulting in an increasingly realisaad robustepresentation of

the MT30 engine.The unrefned results of the dynamic model were compared to the available fuel
consumption data from the literature, and good agreement was found above about 50% load. To achieve
complete agreement with experimental data, a bleed air schedule was adopted, venally gecreased

the model 6s SFC. E x a mphanges thyoadgpresemnted in ¢he thesinshavshatt o s t
the model is relatively robust and the control system-iualked.

The RR4500 auxiliary gas turbine is derived from the RRbiyce Allisacn 501K family of gas turbines;

it has been selected as the auxiliary genset for the IPS engineering demonstrator. The RR4500 is a single
shaft, high pressure ratio gas turbine engine. Itiscomposedesdaldge axi al compr essor
compressor iwdule, and a foustage turbine. It is rated at 3.9 MWe up to 37.8° C, but can produce 4.5
MWe up to 18 C. The exhaust mass flow rate is 18.3 kg/s at 547° C. Again, the RR4500 model was
evolved from a simple steady state analysis. Tl modelwas based on spreadsheet model of the
501-KB7 using a dry, akstandard analysist ISO conditions with no losseste8dy stat®peration quasi

1-D flow, ideal gashehavior adiabatic components, and no compressor air bigedsassumedThese
charactéstics were then progressively added back in and the model migrated iRiRAXdynamic
environment. Nativ®roTRAXmodules were used, and the steady state SFC characteristics were
compared to a model from the literature. Example dynamic respmnsiepchanges in load illustrated

that the model is well controlled, especially for step increases in load.

Alstom (now Converteam) was commissioned in 1995 to design and deliver a large electromagnetic
motor capable of providing ship propulsion for stdeyerc | ass ship to the U. S. Na \
called their product the Advanced Induction Motor (AIM) because of its advanced characteristics such as
high power factor and efficiency, large airgap for shock standards, and vesieialé capability. A

tandem version of the AIM was integrated into the Flight | design of the-DO@®. Alstomdesigned

thelPS AIM for 19 MW at 150 rpm At rated conditions, it has afficiency of 95.7% and a slip of

1.23%. Fifteen phasesarrangedd create twelve polepower the statorThe stator phases ameranged

in three symmetrical groups of five, Weh allows the motor to run on five, ten, or fifteen phases as

desired. helPS AIM has a power factor of between 0-@9 over a large portion of its operating range.

The pulsewidth modulation (PWMYMDM 25000motor converterand the use of a low source frequency
contributes to such high performance.h e i p r a-phase eqgailant cirpud is used in our analysis.

A discussion of alternative topologies for induction motorgisse equivalent circuits can be found in

the thesis. In this work, the collection of element values for a motor model is denoted an equivalent
circuit parameter (ECP) set. Several pertinent ECP sets from the literature were investigated. It is left as
future work to incorporate thermal characteristics into the model of the IPS AIM, including temperature
dependent resistances. For this analysis, thélRISmodel is assumed to be at thermal equilibrium,

with temperaturéndependent resistances at the nominal ECP values. A steady state model of the AIM
was developed and validated against the limited information available in the literBherérst iteation

of adynamiclPS AIM model was implemented in MATLABInN this construct,ite operator creates a

dynamic speed demand, as a percentage of rated speed, through a vector that contains the demand and the
timeframeover which the demand is valid. Thedel responds well to the demand, transitioning

smoothly between motoring and generating operation in either rotational direction. AIM model results
from MATLAB exhibit the expected responses to changes in the demanded speed. The model was then
transitined into theProTRAXdynamic modeling environment. Several refinements were incorporated

into this version of the model to increase the torque output of the motor, limit regeneration to a reasonable
level, and control speed transitions. Once initiaingsdf the AIM model was completed, the four pairs

of motors and controllers were implemented inRneTRAXIPS model, along with two shafts and two
propellers.

Quantifying the interaction of the propellers and ship is critical to predicting the oparatidigion of

the motors and gensets during ship transients. SIwERAXwas designed for laAdased, commercial

power plants, it clearly does not have native models for a propeller or ship hydrodynamics.

Consequently, these elements had to be develivppm first principles and custom codedAroTRAX

The custorrcoded shaft, propeller, and ship models were implemented via SOURCE and MACRO
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blocks. Two propulsion motors were assigned to power each shaft, and two shafts and propellers

accelerate the gh A full discussion of the characteristics of the propeller and ship systems is provided

Chapter 8 of the thesis.

The generators and distribution system of the DIDGO are the lynchpins that connect the prime movers,
which use conventional technologyin landbased power plants, and the propulsion and ship service
loads, which are unigue to naval applications. The loads are highly dynamic and large relative to the total

amount of generation. However, from a thermal management perspective, theogememchdistribution

system are well understood and are not anticipated to be primary thermal loads for ti®@DG
propulsion system. Therefore, considerably less effort was expended to model these components and

very simplified models were incorporatido the IPS model iRProTRAX.

After the development and validation of the turbines, generators, distribution system, propulsion motors
and controllers, propeller shafts, propellers, and ship hull, these models were integrated in a single

ProTRAXworkspae to form a model of the global IPS of the DR2G00. During simulation runtime,

variables flowed through the model as illustrated in Figute 4

ing simulation runtime, variables flowed through the model as illustrated in Figure 4

Figure 4-1: Variable flow throughout IPS model at runtime.

Simulations were performed for crashback and accelerttioruise maneuvers. Simulation results at
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full speed were compared with the initial estimates from Chapter 2 and excellent agreement was found.
Reslis indicate that the turbine models should be refined to include a friction load that will allow for idle

without any mechanical | oad. Al

s o,

t

wa s

not ed

while forcing the other to supply a smathount of power to the ship service loads during regeneration
caused significant differences in the spool speeds of the two turbines. Results for the acceleration

maneuver reveal that waste heat production can be significantly reduced at low shifpgpesiag only

two motors to power the shafts. Finally, the crashback results were compared to the literature, and

gualitative agreement was found.
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Principal results from this work are recorded in the open literature in one paper:
e C.Holsonback, T.kehneii Est i mat i ere vefl Syhstremal Loads on t
Workshop on Transportable Megawatt Power Systems, March 2007, Austin, Texas.
A secondpaper, tittledh Ther mal As pect $scurdntlyinipreparBtibnGor gréséntation at
ASNE Day 2008.

6.2.5. Creation of a Modeling and Simulation Environment for Thermal Magement of an
All-Electric Ship

The major technical topic headings in the body of this thesis are:

e Chap 2: Simulation Software Overview
Chap 3: Basic Component Models
Chap 4: Solvindresistive Networks
Chap 5: Thermal/Fluid Models
Chap 6: Heat Exchanger Modeling
Chap 7: Automatic Controls

e Chap 8: Model of Starboard Fresh Water System
The altelectric ship is complex and composed of many coupled subsystems that are considered large in
their own right, e.g., two main power plants, two auxiliary power plants, and several chilled water plants,
all serviced by seawater, fresh water, and chilled water cooling systems. Developing an efficient means
by which future loads can be cooled will v new technologies and methods. New cooling
architectures are best validated in a system sense via modeling and simulation. Because of the nature of
the future alelectric ship, this modeling must include a dynamic component. This approach itilyot
allow for examination of new technologies or system topologies, but will also allow for the investigation
of dynamic situations such as system reconfiguration. This thesis documents the development of a
simulation environment designed to accommogdssicsbased, dynamic models pertinent to future all
electric ships.
The central issue addressed in the second chapter is how to model large systems in various energy
domains, i.e., the electrical, thermal, and mechanical domains. In our approachpaaemmpodel is
built from the bottom up and largely simulated from the bottom up. In other words, each component
model in the system is driven by its own simulation. This gives the developer complete flexibility in
creating models. With this flexibilitythe developer at the compondatel is free to model and simulate
component level internal dynamics in a manner best suited to the component in question. The physical
system around which the research is demonstrated consists of a simplified modeaitaflibard section
of the freshwater cooling loop aboard a DIBG class destroyer. Thus loads range from simple HVAC
cooling coils to heat exchangers for vital equipment such as theshaglyy sonar sensor system. The
loads are handled by dynamic madef the existing 20@on centrifugal chiller. While the DDG1 is an
established vessel, the longer range intent of this research is to investigate notional future systems and
technologies to evaluate options in the design process.
The third chapter dedbes the construction of generic component models. The two types of models that
are allowed areeferred to as flow and potential models. These values are akin to what are traditionally
called Athroughd and fAacr os hd wardi dlmlcasn.s s OH@awev erf
describe an impedance network which is solved using nodal analysis. Because the methodologies
developed here dwoot necessarily employ such an analysis, the terminology has been established in this
way, i.e., flow and pantial, to avoid confusion. This chapter discusses the classes used as the basic
building blocks for all physical models that are subsequently developed. Because these are base models,
the terminology used in this chapter is very general. All conceptscually applicable across each
energy domain (e.g., fluid, mechanical, and electrical).
The fourth chapter discusses the solution algorithms developed for resistive networks. There are three
such solvers: a linear system solver, a simple nonlineagraystlver, and a global nonlinear system
solver. This set presents a robust capability to a system model developer and may be easily improved
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upon as required. As a system becomes larger, it is desirable to have the number of calculations required
to sinulate the system increase in proportion with the number components. In this case, the order of
calculations is said to grow at a rate on the ondgheren is the number of components in the system.

The primary simulation approach accomplishes thisbgataving the requirement that each component
simulate itself. There are times when it is desirable to have a system where it is not possible for the
components to handle their own calculations. These systems are referred to as resistive netwoeks becaus
the components are resistive elements connected to one another. Matrix algebra is required to resolve
these systems. Because the matrix algebra requires matrix inversion, the number of calculations may not
be in proportion to the number of components.

Specific models for thermal/fluids components are developed in chapter five, six, and seven. These
models introduce the differential equations used to model heat transfer and represent the basis upon which
the example system presented herein can be ntbd&lge next chapter presents more complex

thermal/fluid models, i.e., a concentric tube heat exchanger and a single phaaedtiudlé heat

exchanger. The phase change heat exchanger was developed in a separate effort and has now been
integrated intottis architectural environment. The last chapter of model development is dedicated to
controls. The basic architecture of these models is centered on the idea of a block diagram. A block
diagram offers a natural approach for development of control gigmwias they are often the means for a
control engineer to design and model automatic controls. Though primarily used to create control
algorithms, these models can be used to represent any model that can be presented as a linear ordinary
differential eqation. In general, the objective of the control models is to provide the greatest flexibility

to the user. To this end, the objects created to simulate controllers are based on objects that are capable of
simulating an arbitrary block diagram.

The finalchapter uses the DD&L starboard side, chilled water loop as an example simulation to exercise
the simulation environment. The simulation is a startup scenario where all the loads are activated at once
and valve controls are used to govern flows.

The moel uses all primary elements which this thesis presents: a resistive network to solve for flows, a
heat transfer calculation to solve for enthalpies, and automatic controls to govern flow rates.

This thesis was completed in December of 2007 and suthject of orgoing work within the research

group. Publications will be forthcoming.
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7. CONTROLS

The behaviors of power systems, especially power electronic systems, are defined by the controls
applied to those systems. In contrast to the often rewtiny controls that can be applied to slowly
reacting mechanical systems, increasingly sophisticated controls must be developed and applied to power
electronic systems. Several breakthroughs were developed in this area. The application of synergetic
control theory, initially developed by our Russian colleagues, to control of power electronic and energy
systems has been highly developed under this program. These applications are now supported by software
tools, based on symbolic processing, that were dpedlto assist in synthesis of synergetic control laws.

The application of polynomial chaos theory to design of robust controllers provides a new way of
admitting and compensating for tolerances in the controlled systems. Methods and procedures for rapid
prototyping of controls, based on incremental virtual prototyping, have been defined and proven out.
Finally, the application of multiagent systems to diagnostics, monitoring, and control of electric systems
has been developed.

In the last 5 years theseachers inControls group at CARESU performed research ¢our
differenttopics.The topics are as below:

e Multi-agent based reconfiguration of shipboard power systems

¢ Dynamic badsheddingscheme forshipboardpower systems

e PMSM conditionbasedmaintenance

e Active current harmonic detection

In the area of agent based reconfiguration, the research had significant impact on the way
distributed control is seen as solution to problems like reconfiguration and energy management.
One major outcome of éhreconfiguration approach was to successfully push for load based
reconfiguration approach (bottom to top approach) as compared to traditional generation based
approach (top to bottom). The outcomes of this research has helped convincing ONR that load
basd reconfiguration approach is better in meeting the electrical needs on an shipboard power
system (SPS). The research outcomes of dynamic load shedding scheme showed the importance
of considering the factors, other than-plefined priorities, while makgnloadshedding
decisions. Through the method developed in this research both quantitative and subjective
factors can be accounted in the decision making process at the runtime even if they are dynamic
in nature. The research on PMSM condition based nrante resulted in development of a
fault detection and diagnosis algorithm that can estimate not only constant parameters but also
slowly time varying and abruptly changing parameters in a fast manner. Besides the detection of
PMSM internal faults, this gbrithm can also provide accurate parameters for the sensor fault
detection algorithm. Additionally a Particle Swarm Optimization based fault diagnosis approach
was also developed to find the fault location and severity information of a stator windirtg-turn
turn fault. The research on active filter harmonic detection resulted in a reconfigurable power
conversion system to solve power quality problems in SPS without increasing system cost and
space requirements. The research approaches associated wiflyueable control include two
modes.n the lower level modéhe active front end converters ekisting motor drivesvere
reconfigured to function like harmonic cancellation and reactive power compensationlfilters.
the higher level mode multiple driseverereconfigured in a coordinate way by functioning them
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as harmonic or reactive power compensators to achieve high power rating power quality
improvement requirements.

In eachresearchopic significant progress wemaade and the key accomplishmenterev
presented in conferences and published in several journals and conference procHeelings.
results were critically very well received by the peers.

7.1Technical Details byTask or Project
7.2. Multi Ag ent Based Recofiguration of Shipboard Power Systems

In the past 5 year of research work a prototype MAS has been developed that reconfigures a
simulated shipboard power system (SPS) that acts without human intervention and without
centralized scheduling. Distributed software agents are used to perforievetbontrol on
each critical system component. In [1], the case is made that a decentralized MAS that is load
centric, has a decentralized control, employs service discovery and uses power source cost
modeling, avoids reliability and scalability problenssaciated with a centralized control
architecture. Initially algorithms for an radial systeroaefiguration was developed [],After
a thorough testing the algorithm was extended for a ring structured SPS. While developing the
reconfiguration algorithnasing a decentralized approach, redundant information accumulation
(RIA) problem was encountered. The agent based solution of RIA problem demanded a different
approach than what has been used for radial sygtei®p1]. Comprehensive test were
conductedo prove the algorithm and then it was extended for mesh structured sy$s#I2g |
26]. The developed agents and reconfiguration approach were tested with a shipboard power
system simulated in real time environment (RTiDSeal Time Digital Simulator) asell as in
non real time environment (VTB Virtual Test Bed). LEAP library combined with JADE was
used as the agent development framework. The developed agents have been implemented on
hardheld devices (HP iPAQ pda) [25]

7.2.1. MAS Architecture

Fig.1 shows the MAS based approach which consists of two layers. There is an upper
communication and computation layer, consisting of agents and connective peer to peer
communications. The SPS is the lower layer with its controlled electric componertisadgeat
in the MAS represents a major electric component in the SPS, such as a generator, motor,
breaker, or bus. The agents can send control signals and receive status information from the
electric component that it represents. Agents exchange informasigreerto-peer connections
in the upper layer MAS; while power flows through the connection between electric components
in SPS.

omponent
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Fig. 1. Two layered structure for the reconfiguration of a shipboard power system

The agentsense the environment and then react accordingly by reconfiguring the SPS to fulfil
the current ship mission and at the same time they try to optimize generation and distribution
cost of electrical energy. The agents make sure that vital loads, whick areent i a | for
survivability, are operational in the event of a contingency aboard the ship. In the event of
emergency situations such as generation shortage, these agents also dynamically determine the
loads that should be shed and the corresporatingol actions such that SPS is alleviated of the
constraining situation. The agents in the MAS are restricted to communicate only with their
neighboring agents. This constraint makes MAS work in a completely decentralized manner. No
central agent is sgbun the MAS and no agent in the MAS can get information from beyond its
neighboring agents. Each agent makes control decision autonomously based on the information it
receives from its neighboring agents and the corresponding electric component. Faigieotl
MAS architecture can be found ih7, 2226).

7.2.2. Redundant InformatioAccumulation(RIA)

The net powerg;, of an agent is computed using (1).
¢, = Power_ generated- Power_consumer (1)

In a fouragent ring structured MAS, shown in Fig. 2(a), ageschange accumulatedin
order to route power in the power system. Accumulated net power in the sygt8)is the
sum of net power of all the agents in the MAS. The arrows inside the ring structure show the first
round of information flow in the MASAssume that the Agentl starts the information flow.
Agentl sends its net powerto Agent2, informing that Agent2 can gat from Agentl. When
Agent2 receives ¢; from Agentl, it addsc; to its own power capacity,, resulting in
accumulated net powex+c,. Then Agent2 sends+ ¢, to Agent3 and so on. Following the
same logic, at the end of first round of information flow, Agentl recehBSafter round 1,
from Agent4.In round 2 of information flow, shown by arrows outside the ring, Agentl sends
ANPS+c1 to Agent2. As compared with the information flow in the first roukhPSgets added
to the information flow in second round. Furthermok&PSwill keep on accumulating to the
information flow in each later round leading to RIA. An obvious soluf@mnRIA problem is
those agents pass not only the net power but also their identification. This solution although
effective for small mesh systems is highly inefficient for large complex system and will not only
lead to increase in communication bandwidtlquirement but could also complicate and slow
down the inter agent communication.

Agentl ANPS+cl Agent2 Agentl ANPS',Cz Agent2
cll ) c2 cl c2
cl NPR-c2
ANPS ANPS+ .
cl+c2 -Cl
c1+czT +o3+ca c1+czll cl+c2 ANPS-cI NPR-c1  NPR-c lANPS ¢
+c3+c4 L+co+c3
clt+cZ+c NPR-c4
c D — c3 c «— c3
Agent4 CANPS+cl Agent3 Agent4 ‘ANpS_C4 Agent3
+c2+c3

(a) (b)
Fig. 2. Information flow in a ring structured MAS

However if ANPSf or t he agent system i s knowvaluesnd e ac

before information flow starts, RIA problem can be avoided using two Rlele 1:The agent
that starts the information flow sends its neighfitre information a&ANPSc;; Rule 2:An agent
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i sends its neighbor j the power informationf$PS c+c;. A spanning tree based solution has
been developed. Details dfi$ solution are discussed 5,29].

7.2.3. Reconfiguration in a Mesh Structured System
7.2.3.1. Agent Modeling Approach

According to the electric component with which an agent interacts, the agentdMd&are
classified into four categories as generator agent, load agent, breaker agent, and bus agent.
generator agent can receive current information of the corresponding generator in the power
system. This information consists of generation capacigy/reactive power output, generation
cost, fault alarm, etc. A generator agent can also exchange information with its neighboring
agents. A load agent is an agent that is associated with a load in the SPS. The goal of a load
agent is to make sure that tterresponding load is supplied in the SRSus agent is an agent
that is associated with a bus in the SPS. A bus agent monitors the current information of the
corresponding bus in the power system, the information includes voltage, current injection, etc
Each of these agents uses a set of rules, discuss2% fioif making reconfiguration decisioA
breaker agent is an agent that is associated with a circuit breaker in the SPS. The breaker agent
receives the status of the corresponding breaker, aodnitalso send control signals to the
corresponding breaker. Based on the information received from neighboring agents, the breaker
agent can reconfigure the power system by controlling the corresponding circuit breaker.

7.2.3.2. Agent Behaviors

The agents in th&IAS use behaviours to achieve the reconfiguration of the SPS. Each
behaviour consists of functions for reasoniagd communicating of the agents. These
behaviours aré initialization, spanning tree, upstream, downstream, and update. Details of these
behaviours and there order of execution are discusse@n [

7.2.3.3. Implementation Platform and Test Results

In order to validate theeconfiguratioralgorithm and test MAS performance these approaches
need to be tested and validated in a framework that captiuee impact on the total integrated
system. The developed agents and reconfiguration approach were tested with a shipboard power
system simulated in real time environment provided by RTDS as well as in non real time
environment of VTB. Details of VTB Is&d test results can be found RB][ The real time
simulation platform for validating the proposed reconfiguration method is shown in Fig. 3a.
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Fig. 3 Simulation platform and test simulation

In this simulation platform, the test SPS is simulated in RTDS and agents are implemented on
HP-IPAQs. An FPGA interface between RTDS and the iPAQs was developed to facilitate
interactions between agents on IPAQ and corresporad@agrical components inTOS [24. In
Fig. 3b mesh structured test SPS is sholiere are two generators and two loads in the power
system. Genl and Gen2 are two generators with power capacity of 20kw and 10kw respectively.
Loadl and Load2 have power demand of 15kw and 6.5kvectsply. Assume that Loadl is a
vital load and Load?2 is a nonvital load. The numbers in the brackets are the id numbers of the
corresponding agenttn Fig 4 simulation results for test cases are shown. In the first case it is
assumed that a fault happeaatshe Gen2. When Gen2 is disconnected, Genl cannot supply both
loads in the SPS. Because Loadl is a vital load and Load2 is a nonvital load, Agentll opens
Bkr8 to disconnect Load2 from the system. Fig. 4(a) & (b) show the change of current that flows
into Load2 and power of Load2 respectively due to the reconfiguration. In the second case it is
assumed that the fault on Gen 2 is cleared and hence the agents take reconfiguration steps
resulting in reconnection of Gen 2 and Load 2. Figure 4 (a) & (b) shewhange of the current
that flows into Load2 and the power of Load2 respectively. Further details can be foR(d in [
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Fig. 4 Simulation results
7.2.4. Conclusions

In the 5 years if research work the agent based reconfiguration approach has advancetdiafrtorriray

to a fully mesh structured system. Capability of agents to perform fast reconfiguration in an efficient
manner has been validated and demonstrated. In future further research need to be done to look into the
effects of network latency, commenat i on bandwi dt h on agentsod behavic

7.3Dynamic Load Shedding Scheméor Shipboard Power Systems

Current SPS load shedding is normally provided in several stages or levels, which only shed loads
based on fixed prioritgategories 30]. Three disadvantages exist with this approach: (1) in most cases,
more loads are disconnected than necessary to meet the reduced generator capacity; (2) the original load
shedding system assumes t hat fchaogind sitéatiopsr dna (B)ioblyi es ar
the static priority of the load is considered while other factors, that may be critical depending on the
natures of loads and may also play a valuable role in deciding which loads to shed, are not considered.
Moreover, g¢nerally the loads are shed manually. The realtime dynamic load shedding scheme (LSS) for
Navy SPS developed at CAFESU, in which analytic hierarchy process (AHP) is adopted for
dynamically prioritizing loads based on changing priorities (vital-vital, semivital, etc.) of loads and
system critical natures of loads, takes care of the these disadvantages. In the work doneREICAPS
system critical natures of loads that were considered included inrush current, harmonic content,
restoration process, per factor and full load power rating. The load shedding scheme maximizes
various system benefits and minimizes load curtailment. Expert system is used to facilitate the load
shedding decisiomaking process. The developed scheme was then implementedtest system
simulated in RTDS. This test system was a part of a validated notional SPS simulation in RTDS. The
realtime implementation and simulation of the LSS on a test SPS and the results obtained from various
experiments proved the effectiveness ofltB& in a dynamically changing environment.

7.3.1. Methodology

The block diagram of the proposed load shegldcheme is shown in Fig. Bhe LSS consists
of a dynamic database, a set of system critical natures of loads, an AHP load prioritization
module (ALPM),and an expert system control actions module (ECAM). The proposed LSS
assumes that the amount of load to be shed will be provided by some external application. The
ALPM takes as input the various system critical natures of loads, electrical parametsetand
of loads from a dynamic database. The dynamic database is constantly updated with present state
of the SPS. ALPM also takes as inputs the present mission(s) from a dynamic database. A ship at
any given time may be executing one mission or a combimaf several missions. Taking &
inputs, the ALPM uses AHP [3@o order the loads of the SPS in an increasing order of priority
and passes this list to the ECAM. ECAM searches the dynamic database to obtain the system

236 N0001402-1-0623_FinalReport_Dec2008.docx



state information, consisting ehrious static, connectivity and realtime data, such as status of
circuit breakers (CBs), bus transfers (BTs), and relays. It also takes as input the amount of load
to be shed. Using these inputs and based on-exseng set of rules, the ECAM ideng8 loads

to shed and determines the least number of control actions required to shed these loads. Finally
ECAM outputs the list of control actions to be executed and loads to be shed. Each module is
described in more detail in the following subsections.

Dynamic
Database

System Critical Load infg
Nature of Loads

Pshed:Amount of
load to be shed

CB, BT, switches
statuses

Expert Control
Actions Module
(ECAM)

(@ D

S1
S2

AHP Load
Prioritization
Module (ALPM)

Priority
. order of loads
Sn

1. Control actions
a 2. List of loads to shed

Fig. 5. Block diagram of LSS

7.3.2. Implementation

ALPM requires formation of two judgment matrices to calculate weight factors for load
prioritization. Judgment matrices of different significance levels and system critical natures of
loads can be formulated tanalyzing the survey results from experienced system operators. A
software program is written to implement the ALPM. An expert system shell [20]was used to
develop the ECAM, which identifies the loads with lowest priorities that should be shed and also
tries to determine the optimal control actions to shed the identified loads. In order to test the
dynamic performance of the developed LSS, the scheme was implemented in a realtime
environment in RTDS. To apply the LSS on a test system in RTDS, a load reheddiser
defined component (UDC) was developed. Fig. 6 shows the control block diagram of the overall
implementation of LSS in RTDS. The UDC inputs and the available generator capacity are used
to compute the overload amount or the required shedding amdbe UDC outputs the
switching actions required to shed loads. These switching actions are then implemented on the
simulated test system. The realtime effect of these actions is reflected in the outputs of the
simulation in RTDS at runtime. For loads tlaie selected to be shed, their CBs are opened and
the realtime effect of these actions can be immediately seen in RTDS at runtime.
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Fig. 6. Control block diagram in RTDS

7.3.3. TestResults

A test system representing a-tbdd DC zone of a notional destroyeass SPS simulation
modd was selected for the study [[30 his DC zone consists of a DC bus of 800 V and an AC
bus of 450 V. Eight DC loads are fed from the DC bus, and two AC loads are fed from an AC
bus. A DG AC inverter supplies the 450 VAC bus fratre 800 VDC distribution bus. Current
injections were added to simulate the load harmonic current and inrush current. Based on the
given input parameters, ALPM prioritizes loads for different mission or combinations of
missions, as shown in Table 1 [3Warious scenarios were tested using this setup.

Table 1: Cost and Ranking of Loads in Different Scenartios

Cost Rank Cost Rank Cost Rank Cost Rank Cost Rank Cost Rank

M1 M1 M2 M2 M3 M3 M1, 2 M1, 2 M3, 2 M3, 2 M1, 2,3 M1, 2,3
L9 1.9728 1 0.5734 3 1.9728 1 1.0648 2 1.0648 3 1.9729 1
L10 1.1841 2 1.1841 2 1.1841 3 1.1842 1 1.2015 2 1.2015 3
L3 0.4533 3 1.5595 1 1.5595 2 0.8418 3 1.5283 1 1.5283 2
L4 0.2877 5 0.2877 5 0.0799 10 0.2878 4 0.1679 7 0.2878 6
L5 0.4277 4 0.1188 8 0.1188 8 0.2496 5 0.1188 8 0.2496 5
L6 0.1164 8 0.4191 4 0.4191 5 0.2445 6 0.4135 4 0.4191 4
L7 0.1037 9 0.1037 9 0.3735 6 0.1038 9 0.2179 6 0.21R™ 8
L8 0.1199 7 0.1199 7 0.4318 4 0.1199 8 0.2519 5 0.2519 7
L1 0.1004 10 0.1005 10 0.1004 9 0.1005 10 0.097 10 0.097 10
L2 0.1378 6 0.1379 6 0.1378 7 0.1379 7 0.1335 9 0.1335 9

L1, L2, é, L10 are the names 1o¢RanklMVi aptiarity raitk@fsaad ilMMissioncl g Gost M8,2 : cdstoohlat

concurrent missions of 1 and 2 ; Rank M1,2,3 : priority of rank in concurrent missions of 1,2, and 3.

In one scenario, it is assumed that the ship is cruising (missionl) and all loads are working in
normal condition. Suddenly, one generator is taken offline due to a generator fault, leading to an
overload condition. An overload of 109.1 kW was detectedevthe ship is operating under the
above conditions in missionl. For this scenario the simulation results showed that Load 1, 6 and
7 are shed. This result can be verified from Table 1. In total 111 kW was shed.

Continuing with the previous scenario, aftee load shedding has been performed, the ship is
assumed to be in battle conditions. This leads to the assumed damage of an operating generator,
causing a further decrease in the electrical energy available to this zone. Meanwhile, mission2
(combating)is invoked immediately to engage in battle scenario. Also, the LSS is invoked again
to alleviate the overload situation by performing load shedding while the ship operates in
concurrent missions of 1 and 2. In this case, generator capacity decreasé$\hyfrdmn 401
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kW to 356 kW in. Load 8 is shed by LSS in this scenario to get rid of the overload condition.

The developed LSS was tested with several cases similar to as presented above. The illustrations
indicate the possibility of implementing the propdscheme in real time applications by taking

into account the dynamically changing environment of SPS in the decision making process. The
detailed description of these scenarios and overall LSS methodology can be fa&@83h [

7.3.4. Conclusions

The presenbad shedding practices for Navy shipboard power systems tend to shed more load
than necessary. In this research work an alternative load shedding scheme for shipboard power
systems is developed that minimizes load curtailment by considering systes caticres of
loads such that system benefits are improved. Dynamic prioritization of the loads with respect to
changing scenarios makes the proposed load shedding scheme more flexible and practical.
Realtime implementation and simulation of the load smgddcheme on a test shipboard power
system demonstrates the effectiveness of the novel load shedding scheme in a dynamically
changing environment.

7.4. PMSM Condition Based Maintenance

Faults in engineering systems are difficult to avoid and may result imusetonsequences.
Effective fault detection and diagnosis (FDD) can improve system reliability and avoid
expensive maintenance. FDD is especially important for some special applications, such as Navy
ships operating in hostile environment. So far, the ADDnonlinear systems have not been
fully explored. There is still a big gap between the FDD theories and applications. During the
past years, we tried to fill the gap by developing an integrated FDD system structure and a series
of algorithms for FDD oPermanent Magnet Synchronous Motors (PMSM).

A fault model is proposed for the stator winding ttwrturn fault of PMSM. The model
provides a good compromise between computational complexity and model accuracy and is
versatile for both the healthy and tfault condition. Simulation studies demonstrate a good
coincidence with both the theoretical analysis and the experimental observations in existing
literature. The model is especially important for the designs of model based FDD algorithms.
Based on the fdt model, a series of algorithms are proposed for the fault detection and
diagnosis of PMSM. Since the reliability of sensors is the basis of FDD and control systems, a
nonlinear parity relation based algorithm is proposed for sensor fault detectioalgbinighm
can successfully detect single faults in the currents and speed sensors. To track the parameter
variations, which are symptoms of system internal changes and faults, an adaptive
synchronization based parameter estimation algorithm is proposedlagon and experimental
studies demonstrate that the algorithm can estimate not only constant parameters but also slowly
time varying and abruptly changing parameters in a fast manner. Besides the detection of PMSM
internal faults, the algorithm can alpoovide accurate parameters for the sensor fault detection
algorithm. Based on the fault data, a Particle Swarm Optimization based fault diagnosis approach
is proposed to find the fault location and severity information of a stator windingoktmm
fault. To improve accuracy and efficiency, the real time implementation of the PSO based
identification algorithm is also studied. Finally, the proposed algorithms are integrated into a
general FDD system structure as shown in Fig.
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Fig. 7. Structure ofthe integrated FDDystem

7.4.1. PMSM modeling under normal and stator fault condition

For modelbased approaches, effective fault detection and diagnosis relies on successful
distinction of system behaviors under various operating modes. Fault detection is used to judge
whether a fault happens or not, and fault diagnosis is used to obtailed information of the
fault based on further analysis of the fault symptoms. Both of the two tasks rely on analytical
models of the monitored systemcquisition ofanappropriate PMSM model is the first step
model based FDDWe proposed new modé for PMSM operatingwith stator winding short
fault. The fault is the most common electrical fault in PMSM. The model is used in following
FDD research. Fig8(a) illustrates the stator winding short fault occurring in phase b. In the fault
model, two newariables introduced to represent fault location and fault severity.

(a). PMSM sircuit model with stator windinault (b). 3phase stator current response
Fig. 8:Modeling and simulation of PMSM stator winding fault

Fig 8(b) displays PMSM response to a stator winding fault. Simulation studies demonstrated consistencies with practical
observations and existing literatures. The proposed PMSM model is applicable to both healthy and stator winding tuto-turn fault
conditions. The model consists of fault location and fault severity information, which can be used for fault diagnosis.

7.4.2. Nonlinear faultdetectionfor PMSM

Successful operation of a model based FDD system depends on the quality of the measured data. If
the sener is not working correctly, the data provided to FDD system may lead to wrong decisions. Thus,
sensor faults, which are typically additive faults, must be identified beforehand. Based on the data
provided by these fault free sensors, a synchronizatioedbadaptive parameter estimation algorithm is
also proposed for the detection of PMSM internal anomalies.
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