G Lt
) University

MODELING AND VALIDATION OF OVERCURRENT AND EARTH-FAULT PRO-
TECTION SCHEMES WITH RELAY INTEGRATION IN A HARDWARE-IN-THE-
LOOP (HIL) FRAMEWORK

Lappeenranta-Lahti University of Technology LUT

LUT School of Energy Systems

Master’s degree programme in Electric Transportation Systems
2025

Rana Khan
Examiners: Professor Jukka Lassila

Senior expert Ville Tikka



ABSTRACT

Lappeenranta-Lahti University of Technology LUT
LUT School of Energy Systems

Master’s degree programme in Electric Transportation Systems

Rana Khan

Modeling and validation of overcurrent and earth-fault protection schemes with relay
integration in a Hardware-in-the-Loop (HiL) framework

Master’s thesis
2025
92 pages, 58 figures, 12 tables and 10 appendices

Examiners: Professor Jukka Lassila
Senior expert Ville Tikka

Keywords: HIL, HIL Connect, OC, EF, REF, PCM, relay, SCADA, PHIL, CHIL, distribution
networks, MV networks, network protection

This thesis presents a Hardware-in-the-Loop (HIL) framework for modeling and validating
overcurrent and earth-fault protection schemes with relay integration in a real-time simula-
tion environment for medium voltage (MV) networks. Using the Typhoon HIL 604 device
and Universal HIL Connect, the system interfaces with the ABB REF 615 relay, enabling re-
alistic fault scenario testing, real-time monitoring through HIL Supervisory Control and Data
Acquisition (SCADA), and dynamic parameter adjustments via Python scripting. The results
illustrate the fault waveforms, demonstrating that the fault currents align with the calculated
and simulated values, validating the accuracy of the protection schemes and minimizing the
need for physical testing. The system provides real-time visualization of relay activation and
fault identification within SCADA, with relay parametrization managed through PCM 600
software. Additionally, it displays relay tripping during fault occurrences in the SCADA
interface, while the physical relay indicates the specific type of fault detected. Future re-
search should explore adaptive protection strategies, dynamic relay settings, and machine
learning-based analytics to enhance protection performance in distributed energy resource
(DER) integrated networks, microgrids, and electric vehicle (EV) charging infrastructure,
contributing to more reliable and efficient modern power systems.
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SYMBOLS AND ABBREVIATIONS

Roman characters

\Y voltage

A ampere

Greek characters

Constants

Abbreviations

AO Analog Output

C-HIL Controller Hardware-in-the-Loop
CAN Controller Area Network
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CPU Central Processing Unit

CT Current Transformer
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DERs Distributed Energy Resources
DI Digital Input

DI1 Digital Input 1

DNP 3 Distributed Network Protocol 3
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DOC Directional Overcurrent

DSOs Distribution System Operators
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DT Definite Time

DUT Device Under Test

EDSs Electrical Distribution Systems

EF Earth Fault

EtherCAT Ethernet for Control Automation Technology
EVs Electric Vehicles

FPGA field-programmable gate array
GOOSE Generic Object Oriented Substation Event
GUI Graphical User Interface

HIL Hardware-in-the-Loop

HMI Human Machine Interface

HV High Voltage

I/O Input-Output

IED Intelligent Electronic Device

IT Inverse Time

LED Light Emitting Diode

LV Low Voltage

MV Medium Voltage

MVDN Medium Voltage Distribution Network
NO Normally Open

OC Overcurrent

OCR Opvercurrent Relay

PHIL Power Hardware-in-the-Loop

PO3 Power Output 3

RMS Root Mean Square



RS 232 Recommended Standard 232

SC Short Circuit

SCADA Supervisory Control and Data Acquisition
SFP Small Form-factor Pluggable

SIL Software-in-the-Loop

SLG Single Line to Ground

USB Universal Serial Bus

UX User Experience

VCCSs Voltage-Controlled Current Sources

VT Voltage Transformer
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1 Introduction

Electrical power systems are becoming increasingly complex, and ensuring their reliability
and safety is crucial for maintaining service continuity. Medium Voltage (MV) and Low
Voltage (LV) networks serve as vital components of the electrical grid, distributing electric-
ity to residential, commercial, and industrial consumers. Overcurrent (OC) protection plays
a crucial role in ensuring the safety and reliability of power system networks. In medium
and low-voltage networks, protection systems are vital for reducing risks associated with
fault currents, which, if uncontrolled, can disrupt entire grid sections, cause infrastructure
damage, and pose significant safety risks. Today’s power systems face distinct challenges,
including ageing infrastructure, increasingly interconnected networks, and higher safety stan-
dards. As a result, the demand for reliable and dynamic protection schemes has never been
more critical in maintaining the integrity of power networks. Overcurrent protection de-
vices are specifically designed to detect excess current levels and respond by isolating the
impacted network sections. This action prevents further damage and enhances fault manage-
ment, reducing downtime and repair costs. Against this backdrop, this study seeks to provide
a detailed analysis of overcurrent protection schemes, to support both industry practice and

future research developments.

Effective overcurrent protection schemes are essential in MV and LV networks, as they safe-
guard equipment and personnel from potential hazards associated with electrical faults, such
as short circuits and overloads. Conventional software-based simulations often fall short of
accurately replicating real operational conditions. A viable approach to aligning simulation
with real-world performance is Hardware-in-the-Loop (HIL) simulation (Lu et al., 2007).
This research aims to utilize the capabilities of Typhoon HIL 604 and its associated HIL
Supervisory Control and Data Acquisition (SCADA) system to provide a comprehensive
analysis of overcurrent protection schemes, ultimately enhancing the resilience of electrical
networks. Unlike most studies that rely on purely digital simulations, this research leverages
Typhoon HIL 604 and HIL SCADA, which allow for real-time fault simulation and dynamic
monitoring. This setup provides a unique environment to analyze overcurrent protection
schemes by allowing direct interaction with protection relays, detailed visualizations, and
precise data logging through SCADA interfaces. This research breaks new ground by using
HIL technology to simulate overcurrent events and immediately assess the relay responses
in real-time, a capability not typically available in standard simulation environments. This
novel approach enables the precise evaluation of how different protection settings and con-

figurations impact network stability. In this approach, a real-time HIL device (HIL 604) is



used, and the results are demonstrated in the integrated HIL SCADA. Additionally, the results
are then verified with the ABB REF-615 relay unit. All equipment utilized in this research,
such as the Typhoon HIL 604 simulator & integrated HIL SCADA system, Universal HIL
Connect, and the REF 615 relay, along with PCM-600 software, is located in the Electricity
Market and Power Systems Laboratory at LUT University.

1.1 Research problem

Research has shown that well-designed protection mechanisms can significantly reduce the
risk of equipment damage and facilitate efficient fault management strategies. Advancements
in testing have moved beyond the constraints of traditional software-based simulations, which
cannot adequately emulate real-world operating conditions (Pham and F. Gonzalez-Longatt,
2023). Progress in simulation technologies, particularly HIL testing, has provided new op-
portunities for the real-time analysis of protection schemes. Existing literature highlights
the advantages of HIL in accurately imitating the behaviour of electrical systems under fault
conditions, enabling a comprehensive evaluation of protection strategies. However, a gap re-
mains in the application of HIL methodologies specifically focused on the dynamics of MV

networks.

1.2 Objectives and research questions

This research aims to address the gap by utilizing the Typhoon HIL 604 simulator in com-
bination with HIL SCADA to model and analyze overcurrent protection schemes in MV
networks. The study’s objectives include evaluating the performance of different overcurrent
protection settings under various fault scenarios, examining their impact on network stability,
and identifying potential improvements to optimize existing protection strategies. Addition-
ally, the purpose of this study is to validate the simulated results from the HIL simulation and
SCADA outputs using the REF 615 relay in the laboratory. The primary objective of this
study is to test the ABB REF 615 relay by using outputs from the simulated model as inputs
to the relay and then feeding the relay’s response back into the HIL SCADA system, creating
a closed-loop framework under simulated fault conditions. This approach ensures that the
modeled protection schemes closely reflect real-world performance, enhancing the accuracy
and practical relevance of the findings. Continuous monitoring and verification refine protec-
tion strategies, enhancing MV network reliability. The findings contribute to strengthening
distribution network resilience by optimizing relay settings and methodologies, ultimately

providing valuable expertise for grid operators and protection engineers.



1.3 HIL system configuration process flow

The overall procedure to establish the HIL arrangement is presented in Figure 1.1, providing
sequential steps of the necessary tasks. This process ensures the effective integration and

testing of the protection relay for different types of faults.

Build the model in HIL schematic

Compile the model in HIL SCADA

Connect the Universal HIL Connect to the protection relay

via signal interface panel

Select specific Analog Output (AO) pins of the HIL Connect,
allocated for the current & voltage outputs through HIL SCADA

Connect Digital Output (DO) pin from the relay to the
Digital Input (DI) pin of the HIL Connect to establish a loop

Set the scaling factor of the Universal HIL Connect

(according to the nominal current & voltage rating of the relay)

Set the relay parameters using designated software

The feedback from the relay is displayed
in the HIL SCADA interface

Figure 1.1: HIL system setup process outline



2 Literature review

Protecting MV networks is essential for ensuring power system reliability and preventing se-
vere equipment damage. Overcurrent and earth-fault protection schemes are central to fault
management, enabling relays to detect, isolate, and clear faults. However, validating relay
performance across diverse fault scenarios presents a significant challenge. HIL simulation
addresses this by providing a real-time testing environment, where relay behavior can be
modeled and evaluated without endangering physical infrastructure. HIL-based simulations
enable engineers and individuals to safely observe the impact of various disturbances on elec-
trical systems and validate power system protection schemes in real-time. Platforms such as
National Instruments (NI), OPAL-RT, dSPACE, Typhoon HIL, MATLAB/Simulink, Speed-
goat, etc. provide comprehensive tools that support efficient and effective research across a
wide range of disciplines (Mihali¢ et al., 2022; Anushree, 2024). This review focuses on net-
work protection in MV networks, validating relay performance in a HIL-based environment

using Typhoon HIL or similar simulation software.

HIL testing is a powerful approach that merges physical devices with simulated environments
to evaluate and refine protection systems in power grids and power electronics. By creating
a controlled yet realistic setting, HIL testing makes it possible to observe how hardware in-
teracts with complex network dynamics, enabling safer and more effective system validation
(Phan et al., 2024; Memon and Kauhaniemi, 2021). HIL testing facilitates the integration of
physical protection relays into the simulation environment, enabling comprehensive evalua-
tion of their behavior across various fault scenarios and configuration settings (Pujari et al.,
2023). By replicating real-world conditions, HIL testing ensures that protection systems can
accurately detect and respond to faults, enhancing overall system reliability and reducing the
likelihood of design-related issues (Azmi et al., 2019). HIL testing enhances the integra-
tion and verification process, enabling faster detection and correction of design errors, which

helps lower overall development expenses (Song et al., 2018).

2.1 Applications in power systems

1) Protection relay testing: A real-time HIL implementation is developed for nondirec-
tional OC protection relay, using the SEL-751 relay and Typhoon HIL 604. The setup
integrates physical protection devices into the simulation loop, allowing evaluation
under various fault scenarios and overcurrent protection features. This lab-based en-

vironment facilitates ongoing research into advanced protection algorithms, providing
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ZRUNV 5LG]XD@HFWULFLW\LVLQLWLDOO\GHOLYHUHG IU
YLDLIJK OROWDWHDEONPLVVLRQ OLQHYV N9 LQ )LQOL
WUDQVPLVVLRQ ORYR YW K KB DNXKOURXHK DQG N9 DQ
/9 OLQH 9 ),1*5," 2SHUDWLQJDW NO9WR NO9IRUPHGLXF

9 IRUORZYROWDJH WKHGLVWULEXWLRQ QHWZRUN LV V
LQJ VXEVWDWLRQ RXWSXW WR VXS &8 \HRRAX B HRLW ) DO W Z
PDQ\VXEVWDWLRQV DQG GLVWULEXWIBQEXWDRA QI WRHLPA
W\SLFDOO\ GHVLJQHG ZLWK D UDGLDO WRSRORJ\DQG IHD)
DO 6XEVWDWLRQV DFWDV QHWZRUN QRGHV ZKHUH SRZ
7KHVH VWDWLRQV IDFLOLWDWH WKH FRQYHUVLRQ GLVWU
PLVVLRQ 'LVWULEXWLRQ WUDQVIRUPHUV ORZHU KLJK WU
FRQVXPHUV (QHUJLDWKRGOVWXXEXWLRQ QHWZRUN OD\R>
WUDQVIRUPHUV DQG/9DQG OPLARDBY LV SUHVHQWHG LQ

J)LIXUH 6LQJOH OLQH GLDJUDP RI+9 09 DQG /9 GLVWULL



6LIQLILFDQW GLIIHUHQFHV H[LVWEHWZHHQ8 6 DQG (XURS
JDUGLQJSKDVHEDODQFHDQGJULG GHVLJQ ,Q (XURSH SK
HYHQO\FRQQHFWHG VLQJOH SKDVHORDGV RUGLIFMUHQFH
WULEXWLRQ 6\VWHPWSNWRWRQVPLEHVWKHVH XQEDODQFHYV
VXPHUV (XURSHDQIHHGHUV DUH W\SLFDOO\WKUHH SKDV
WUDQVIRUPHUVDUHPRVWO\WKUHH SKDVH OHDGLQJWRP
,Q FROQWUDVW SKDVHLPEDODQFHLQ WKHS8 6 LVRIWHQD
WUXQN IHHGHUV EUDQFK LQWR VLQJOH SKDVH ODWHUDOV
DOO\VLQJOH SKDVHDQG FHQWHU WDSSHG LQKHUHQWO\L
7KHVH VWUXFWXUDO GLIIHUHQFHY PHDQ WKDW (XURSHDQ
ZKLOHS8 6 QHWZRUNVUHTXLUHPRUHDWWHQWLRQ WR SKD

,Q)LQO®XMXQFWLRQ DV QDWXUDO PRQRSROLHV XQGHU WK
$XWKRULW\ &ROODBE FRWBQQJ WR %LJMKHSKXDSRVH RI U}
LQJ QDWXUDO PRQRSROLHV LV WR SURWHFW FXVWRPHU LG
LQFUHDVLQJ SULFHV )LQODQG KDV '62V YDU\LQJ ZLGHC
EDVH DQG JHRJUDSKLFDO FRQGLWLRQV 7KH FRXQWU\{V
NP ZLWK RYHU FRQVLVWLQJRIRYHUKHDG OLQHV SULP
YXOQHUDEOH WR VWRUPV DQG KHDY\ VQRZ 8QGHUJURXQ
ZRUN DQG RI WKH ORZ YROWDJH /9 QHWZRUN 1RWDEO
09 XQGHUJURXQG FDEOLQJ ZKLOH RQO\ H[FHHG L
'HVSLWH WKHVH FKDOOHQJHV )LQODQGYTV HOHFWULFLW\ \
H[SHULHQFH DURXQG PLQXWHV RIDQQXDO VHUYLFH LQ\
ULVH VKDUSO\ GXULQJ VHYHUH VWRUPV GXH WR WKH UHOL
RYHU XQGHUJURXQG FDEOLQJ VHUYH RI FXVWRPHU\

FDEOLQJ DFFRXQW IRU 7KHILQGLQJV KLIKOLJKW W
RQUHOLDELOLW\DQG HPSKDVL]HWKHLPSRUWDQFHRI QH\
LELG

2YHUFXUUHQW 2& DQG HDUWK IDXOW () SURWHEF

(OHFWULFDO 'LVWULE XFMDL@ 8 [6\WWHRF H ' 6YIITHUHQW GLVW
FLUFXLWV DV WKH PRVW FRPPRQ IDXOW W\SH 7KHVH IDXC
FOHDUHG TXLFNO\ FDQ VHYHUHO\ GDPDJH V\VWHP FRPSR
LVRODWH IDXOW\ SDUWV RI WKH V\VWHP W2R' SUHR X H Q WQGND P!
2&5LV ZLGHO\ XVHG LQ ('6V GXH WR WKHLU DIIRUGDEOH Sl
FRQILJXUDWLRQ PDNLQJWKHPDQHIILELHQWDQG FRVW H
WLRQ 2MDJKL &KWDBQ HW DDKHVH UHOD\V SURWHFW GLVWUL
EDFNXSVIRUGLVWDQFHUHOD\V SRZHUWUDQVIRUPHUV D



PLVVLRQOLQHYV 7KH\RSHQDWH ZIERMKYHAUWWKIHAGMHKD DYV ZLW
,7UHOD\VEHLQJSUHIHUUHG IRUIDVWHU IDXOW FOHDUDQF
WLRQLVPRUHFRPSOH[ 8PKGDIMWIDVHDMVMYSLWH LWV DGYDQ\
SURWHFWLRQ PHWKRGLVY SURQHWRPLVFRRUGLQDWLRQ I
OHYHOV ODKDW HW DO

09 VIVWHPVDUHJHQHUDOO\VXSSOLHGE\DQ+9 QHWZRUN
QHWZRUNPXVWEHFRRUGLQDWHG ZLWK WKH +9 SURWHFWL
HPSOR\HGWRVHFXUHKLJK YROWDJHWUDQVPLVVLRQOLQ
GLVWDQFHUHOD\ZLWKDPLQLPXP RIIRXU SURWHFWLRQ VI
ZKLOR&®RU GLIITHUHQWLDO UHOD\ DFWV DV WKH EBFNXS SU
ORUHRYHU %DEDBHQYWORQHG WKDW ZKHQ JHQHUDWRUYV DU
VHFWLRQRIDQ 09 QHWZRUN WKHRYHUFXUUHQW UHOD\ PX
RQO\D QRQ GLUHFWLRQDO RYHUFXUUHQW UHOD\ SURWHF
DUHUHTXLUHG WR HQVXUH VHOHFWLYLW\

7KBHGLXP 9ROWDJH 'LVWULEX\WERY DNVWZRHURR 08 RI WKH O
WKH KLJK YROWDJH DQG ORZ YROWDJH GLVWULEXWLR QHI+
ZLWK 2& DQG () GHWHFWLRQ SURWHFWV 09 VZLWFKJHDU DQ
DUH FRQQHFWHG D GLUHFWLRQDO PXOWL VWDJH UHOD\
FUHDVHIDXOWGXUDWLRQ H[SRVLQJHTXLSPHQW WR SURO
%D DVHW DGKH SULPDU\ SURWHFWLRQ PHFKDQLVP LQ GL"
UHQW SURWHFWLRQ 6RWMLHW V& H FXUUHQW WKUHVKROG
WKH H[WHQWWFSHKLRKPY LQ SURWHFWLRQ FRRUGLQDWLF
SRLQW DUH FRQILJXUHG WR WULS IDVWHU WKDQ WKRVH ILC
ODKLQGDUD HWIMFODVVLILFDWLRQRI2&5V LY GHWHUPLC
DFWHULVWLFV GLYLGLQJWKHPLQWRLQVWDQWEQBRXV C

L, QVWDQWRGHRM\SY LQVWDQWO\ ZKHQ FXUUHQW H[FHF
TXLEN IDXOW GHWHFWLRQ %HKHVKWDHLQ HW DO

LLLLUHFWLRQDO 2YHUBFKXO RPEQW ODEXXVUHQW 7TUDQWRRUPH
PHDVXUH FXU UWHROW DDIRMZ/IDQQWRGHAMWHWVORFLQH SRZHU IOF
7KH GLUHFWLRQ LV HVWDEOLVKHG E\ SRODUL]LQJ WKH
YROWDJIHZIHWEK WKURXIK D fTXDGUDQW FRQQHFWLRC
WHFWLRQ VFKHPH DVVXPHV D QRUPDO GLUHFWLRQ RI W
WR HOLPLQDWH IDXOWYV DW WKH GLVWDQW SRLQW RI W



LLLQYHUVRR LM Q WKH FXUUHQW UHDFKHV WKH SUHGHIL
VHQW DIWHU D FHUWDLQ WLPH SHULIREU 86 WHBAWKIINY LR
WLPH 2&5 DUH L QIOIXVUWHUQWEBIGGL®J FRQYHQWLRQDO LQ
DQG H[WUHPHO\LQYHUVH FXUYHV

J)LIXUH ,QYHUVH WLPH 2&5 FXUYHVIRUYDULR?>

SBURSHUUHOD\FRRUGLQDWLRQHQVXUHV WKDWHOHFWULF
DUHDDUHLVRODWHG E\WKHSULPDU\UHOD\DV TXLFENO\DYV
DFRRUGLQDWLRQ WLPH GHOD\ LI WKH SULPDU\UHOD\PDO
WLPH LY GHWHUPLQHG E\DGGLQJ WKH FRRUGLQDWLRQ GH
HQVXULQJD VDIHW\PDUJLQ IRUVHOHFWIEYIGW\ DQG SUHYH!

2YHUYLHZ RIHDUWK IDXOW SURWHFWLRQ VFKHPHYV

7TKH PRVW FRPPRQ IDXOWV LQ 1RUGLF 09 QHWZRUNV DUH H
DUHUHVSRQVLEOHIRURYHU RI\HDUO\RXWDJH FRVWYV L
1RUGLF FRXQWULHY SUHGRPLQDQWO\IHDWXUHLVRODWHOC
YHQWDXVWOMOLNH VROLGO\JURXQGHG QHWZRUNV ZKLFK |
GHWHFWLRQ GXHWR WKHKLJK DPSOLWXGH VKRUW FLUFXI
RULVRODWHG JURXQGLQJV\VWHPVPD\SUHVHQW FKDOOHC
%XUNKDUGW +LOEULFK HWDO



IHXWUDO LVRODWHG () LQO9 QHWZRUNV

1IHXWUDOLVRODWHG FRQILIXUDWLRQVDUHRIWHQ XWLOL]
DSKDVH WR HDUWKIDXOWGHYHORSVLQWKHVHQHWZRUN
+ $ 6WRMDQRYLUDQG/ BDNHNRYIDQG 3DUVBEMWQLF FRPSE
LQ)LQODQG KDYH VLJQLILFDQW H[SHUWLVHLQ FRQGXFWL(
LQ ORZHDUWK IDXOW FXUUHQWYV 1L BB UWIKQ DX 0 WHRMXW
QRW RQO\ XVLQJ WKH SKDVH WR HDUWK FDSDFLWDQFHV R
DOO WKH KHDOWK\OLQHV 6WRMDQWRK DONXY @ & D WNR/YW K H | ¢
IDXOW FXUUHQWY WKURXJK 18 DQWKHFD 8 Bl A/ RV IROOMGS 6 UL Q

7KH HDUWK IDXOW FXU U HQW WY REEKWBPK QM & SHBIKHHG LQ /I
3DUWDQHQ
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Rt (DUWKIDXOW UHVLVWDQFH
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JLIXUH 6LQJOH SKDVH () RID QHXWUDO LVRODWHG WKU
IJHKWRQHQ



7KHHDUWKIDXOWFXUUHQWLY SULPDULO\GHWHUPLQHG E
LPSHGDQFHVRIRWKHUHOHPHQWV DUHUHODWLYHO\VPDO
FDSDFLWDQFH RIWKHIDXOWHG SKDVHLV E\SDVVHG DQG \
SDFLWDQFHVRIKHDOWK\SKDVHVDQGOLQHYV 7KHWRWDO |
RIWKHFRQQHFWHG OLQHV +LJK DQGORZ YROWDJH QHWZ
ODWHG QHXWUDO WUDQVIRUPHUFRQQHFWLRQV EORFN ]JHL
$EGHO )DWWDKDQG /[MRBWHQ QHXWUDO VA\VWHPV HQV XU
VHQWLDO LQGXVWULHV EXWQHHGTXLFNIDXOWGHWHFWL
() SURWHFWLRQ 1 XVHV SKDVRU PHDVXUHPHQWY WR ILC
QXPHULFDOUHOD\VDQG FXUUHQW WUDQVIRUPHUV ZLWK \

5HVRQDQWRU FRPSHQVDWHG HDUWKHG () LQ 09 QHW Z]

5HVRQDQW JURXQGLQJLV ZLGHO\ XVHG LQ (XURSHDQ HOH
RI WKH SRZHU VXSSO\ 7KLV PHWKRG PLQLPL]JHV VLQJOH S
WKH UHVLGXDO HDUWK IDXOW FXUUHQW DOWKRXJK GHWH
6FKPLGW HWIRD®DQGHU DQG -IUYHQ DWW MW KH UHGXFWLR
FXUUHQW DOVR FRQWULEXWHV WR WKH ORZHULQJRI WKH \
HW DO 7KH QHXWUDO SRLQW LQ UHVRQDQW JURXQGHG Q
WKURXJKDQ DGMXVWDEOHLQGXFWRU FDOOHG D 3HWHUVI
DQG VXSSUHVV DUF IDXOWS$/F 66 KE WEW H W\W O O

JLIXUKBHPRQVWUDWHVDVLPSOLILHGHTXLYDOHQWUHVRQ

J)LIXUH (TXLYDOHQW PRGHO RIDVLQJOH SKDVH () LQ D L
HW DO

'XULQJDVLQJOHOLQH WR HDUWHKUBRROWK HVKR-P ISGIGX/ DWILLRH
FRPSHQVDWHYV IRU W KIH, FOD/8 BVKLHM DKHD RUXSJRIIHIDW 7 KH 1D X O W



EHFDXVH WKHMHEEJDBHYRWSSRVLWHDQG WKH]JHUR VHTXHQFH
WLYHFXUUHQW YLD WKH SHWHU%MKQNRDL DG 8 KR I0EW IHAK DHD\

,Q D QHXWUDO SRLQW QRQ GLUHFWO\ JURXQGHG UDGLDO
SKDVH WR JURXQG IDXOWY VHOHFWLYHO\ ZLWKRXW YROW
WLRQDO GLUHFWLRQDO GHWHFWLRQ PHWKRGV DUH XVHIX
%XUNKDUGW )LFNH[BOMHWEBG WKDW WKH ..9 6KRUW WHUP
DOJRULWKP GHWHEFWV (DUWK IDXOW ORFDWLRQV E\EULHI¢
VDWHG WR XQGHUFRPSHQVDWHG PRGH 7KLV VKLIWFDXVH
EHFRPH PRUH FDSDFLWLYH DOORZLQJUHOLDEOH IDXOW C
SRVLWLRQV 'RQBHWWIRVHV D PHWKRG WKDW GHWHFWV VH
SDULQGIWKHPRQLF DQG IXQGDPHQWDO UHVLGXDO FXUUHQ
ZLWKRXW 37V RUKLJK VSHHG VDPSOLQJ )XUWK HWHPRWIH %
VWUDWHG WKDW .,63( 6KRUW WHUP ,VRODWHG 6WDU 3RL(
EULHIO\ GLVFRQQHFWLQJ WKH HDUWK IDXOW FRPSHQVDW
7KLV DOORZV GHWHFWLRQ RI VLQJOH SROH IDXOWV XS WR
H J PV WKDW UHPDLQV ORZHU WKDQ LQ VROLGO\ JUR}
LVQIW VXLWDEOH IRUULQJ QHWZRUNV



+DUGZDUH LQ WKH /RRS +,/ UHVHDUFKH

+,/ VLPXODWLRQLVDVRSKLVWLFDWHG PHWKRG LQ SRZHU
WLPH KLJK ILGHOLW\WHVWLQJRIFRQWURODQG SURWHF\
7TKLVPHWKRGDOORZVGHYLFHVVXFKDVUHOD\VDQGFLUFX
FRQGLWLRQV DV WKH\ ZRXOG LQ D UHDO ZRUOG VA\VWHP ¢
DFURVY YDULRXV VFHQDULRY ZLWKRXW H[SRVLQJ DFWXD¢
KDUGZDUH DQG VRIWZDUH +,/ VLPXODWLRQ H[HFXWHV UH
ZLWK SK\VLFDO SURWRW\SHVY RSWLPL]JLQJ ERWK WLPH DQ
WKHGHYHORSPHQWRILQQRYDWLYH VROXWLRQV

2YHUYLHZ RIWKHODERUDWRU\ VHWXS

7KH ODERUDWRU\ VHWXS FRQVLVWV RI D GHGLFDWHG ZRU
WRU DQG +,/ 6&%$'$ IRU VA\VWHP PRGHOLQJ DRIXDED®W LV
VFKHPDWLF PRGHO LV LQLWLDOO\FUHDWHG LQ WKH +,/ 6FK
UDWLRQLVGHVLIJQHGDQGVLPXODWHG $IWHUFRPSLODWL
SURYLGLQJDQDGYDQFHG SODWIRUP IRUUHDO WLPH DQD(
YLVXDOL]DWLRQ RI WKH G\QDPLF EHKDYLRU RIWKH V\VWHF

J)LIXUH +,/ ZRUNVSDFH

7KHODERUDWRU\LQFOXGIHWDBWRD A RXNVUYVHYVHQWLDO F
DV WKH 7\SKRRQ +,/ UHDO WLPHVLPXODWRU 8QLYHUVD
DORQJZLWKDOO QHFHVVDU\ SK\VLFDO FRQQHFWLRQV 7K
WKH ZRUNVSDFH WR HQVXUH HIILFLHQW FRPPXQLFDWLRQ
SK\VLFDO KDUGZDUH HQDEOLQJUHOLDEOHWHVWLQJDQG



J)LIXUH +DUGZDUH UDFN

7\SKRRQ +,/

7TKH7\SKRRQ +,/ HPXODWRULVDVXLWDEOH XVHU IULHQ
LQJ DQG TXDOLW\DVVXUDQFHRIJULG FRQQHFWHG FRQYH
V\VWHPV HWF DXWRPRWLYHFRQYHUWHUV PLFURJULGYV
VA\VWHPV +,/J 7KHFXUUHQW 7\SKRRQ +,/ OLQHXS FRPSUI
GHYLFHV HDFK ZLWK GLVWLQFW VLPXODWLRQ FDSDELOLYV
WKH +,/ DQG +,/ SURYLGH HQKDQFHG SHUIRUPDQFH Z
DGLIJLWDO LQSXW VDPSOLQJUHVROXWLRQ RI QV VLPXO
UHDO WLPH VLPXODWLRQV 2Q WKH RWKHU KDQG WKH WK

+,/ DQG +,/ VXSSRUW VLPXODWLRQ VWHSV DV OfF
LOQSXWRYHUVDPSOLQJZLWKD UHVROXWLRQ RI QV 7ULS
$FFRUGLQJ WR WKH EURFKXUH SXBOLNBE GNVEPH HPXODWLF
FRQYHUWHUV LV SRVVLEOH SRZHUHG E\DQ DGYDQFHG F
8VHUV FDQLQWHUIDFHWKHLU FRQWUROOHUV WKURXJK |



LQSXWV DQG GLJLWDO RXWSXWV SURYLGLQJH[WHQVL'
KRVW 3& VBIQURKMIUK/ DO 6HULDOROWURE HU $UH DWW ERVARK N
HUQHW 5- SRUWYV DQGDQ ODQHJILIJDELW SHU VHFRQG
0+] HQDEOLQJKLJK VSHHG GDWD H[FKDQJH $GGLWLRQDO
ORGEXV ,(& (WKHUQHW DQGIXQO\DORW BHR BIVHKBQV L
RYHUYLHZ RIWKH +,/ V\WWHPYTV VSHEOHFDWLRQV LV SUR

7TDEOH +,/ VSHFLILFDWLRQV +,/

SDUDPHWHU '"HVFULSWLRQ
SURFHVVLQJ FRUHV QXPEHUWBIWRUHVQFOXGLQJ| $50 FR
WA\SH =\QT 6R&

ORGHO FDSDFLW\
'HWDLOHG FRQYHUWHU PRGHOV SK SK
$YHUDJH FRQYHUWHU PRGHOV SK
'LVWULEXWLRQ QHWZRUN VDPXODWLRQ
7LPH UHVROXWLRQ
OLQLPXP VLPXODWLRQ VWH|S QV
', VDPSOLQJUHVROXWLRQ QV
2

'LIJLWDO, 2 SHU XQLW
$QDORJ, 2 SHU XQLW
&RQQHFWLYLW)\

7LPH VAQFKURQL]DWLRQ 33&DQG,5,* %
3&,H+LJK VSHHG VHULDO ODQN

(WKHUQHW X
86 % X
&$1 X

SHFRPPHQGHG 6WDQGDUG | X 56
*HQHULF 2EMHFW 2ULHQW/KKG 6XEVWDWLRQ (YHQW

*226(

(WKHUQHW IRU &RQWURO $¥WRPDWLRQ 7HFKQRIORJ\
(WKHU&$7

6PDOO )RUP IDFWRU 30XJJDEOH 6)3

3DUDOOHOLQJ 8SWR XQLWV

7TKHUHDU SDQHO RI WKH +,/ L VL@ DX IVAWUDCML@ PILWXBIH- R P P
QHOVDQG KLIJK VSHHG VHULDO LQWHUIDFHIRUHQKDQFHG



J)LIXUH +,/ UHDU YLHZ

7KH +,/ SODWIRUP HPSRZHUV XVHUV WR DXWRPDWH FR:
3\WKRQ VFULSWLQJ DQGWHVW UHSRUWVY DUHDXWRPDWLF
3\WKRQ VFULSWV FDQ EH HPEH G G H G &LWK LXQUWHKHH B LHGQ I DVQ
WKH SODWIRUPYV FDSDELOLWLHYV

8QLYHUVDO +,/ &RQQHFW

7KH +,/ 8RQQHFW D UDFN PRXQWHG VLJQDO FRQGLWLRQL
HJ109 WRLQGXVWU\ VWDQG DUGREMYMHOD/Q 6 X KRABP 508
PRQO\ XVHG LQ SRZHU HOHFWURQLFV DQG SRZHU V\VWHP\
LQFOXGLQJ XSWR DQDORJRXWSXWV $2 $2 DPSOLIL
RXWSXW FRQQHFWRUV $2 $2 FRQYHUWHG IURP YROW
FRQQHFWRUV $2  $2 DQDORJLQSXWV DQG GLJLW
LQWHJUDWLRQ ZLWK DQ\ +,/ GHYLFH WKH +,/ &RQQHFW ZK
XOHV IDFLOLWDWHVY VPRRWK FRQQHFWLYLW\ZLWK YDULR
JHQVHW FRQWUROOHUYV SRZHUHOHFWURQLFFRQWUROOF

7KHIURQW SDQHO RIWKH 8QLYHUVDO +,/ &RQQHFW FRQVLYV
PHWLFXORXVO\GHVLJQHG WR FRQQHFW WRLDXWRJOH URZ |

)LIXUH 8QLYHUVDO +,/ &RQQHFW IURQW YLHZ



2Q WKH RWKHU KDQG WKH UHDU SDQHO RI WKH 8QLYHUVD
WRUV VHUYLQJDV D YHUVDWLOH LQWHUIDFH IRU FRQQHF
YJLIXUH+,/ D

J)LIXUH 8QLYHUVDO +,/ &RQQHFW UHDU YLHZ

7KH 8QLYHUVDO +,/ &RQQHFW FRQVLVWVY RI HLJKW VORWYV
VWUDWBBUHBEORWY $ WR 'DUH IXUWKHU GLYLGHG LQWR WZ
+ DUHGLYLGHG LQWRIRXUEORFNV 60RWV $DQG % DUHDO
& DQG 'DUHGHVLJQDWHG IRUFXUUHQW RXWSXWV 60RW * L
SLQV

)LIXUH 'LIIHUHQW VORWV LQ +,/ &RQQHFW +,/



EXUUHQW RXWSXWYV

7TKHFXUUHQWRXWSXWV RIWKH8QLYHUVDO +,/)dARRQHFW D!

VKRZV WKH FRQILIXUDWLRQ RIWKH SLQV RI; WR; EORFN
JLIXUH &EXUUHQW RXWSXW SLQV VFKHPDWLF +,/
(DFKEORFN ; WR; RIGORWV & DQG'"FRQVLVWV RI SLQV

SLQ $2 ZKLOH SLQ LVGHVLIJQDWHGDV JURXQG *1' 7k
RXWSXWDQG JURXQG SLQVFRQWLQXHV VHTXHQWLDOO\ XS

9ROWDJH RXWSXWYV

7TKHYROWDJH RXWSXWV RI8QLYHUYVD 0O)+ ,JXURH@® X WADULHAWH
SLQFRQILIXUDWLRQVIRU; WR,; EORFNVLQWKHVHVORYV

J)LIXUH 9ROWDJH RXWSXW SLQV VFKHPDWLF +,/

6LPLODU WR WKH FXUUHQW RXWSXW FRQILIJXUDWLRQ HDF
FRQWDLQV SLQV 3LQ IXQFWLRQV DV $QDORJ2XWSXW SL
LV GHVLJQDWHG DV JURXQG *1' 7KLV DOWHUQDWLQJ SDV
IROORZV D FRQVLVWHQW RUGHU XS WR SLQ



'LILWDO LQSXWYV

6ORW *RIWKHS8QLYHUVDO +,/ &RQQHFW LV GHVLJQDWHG IR
LOQWR IRXU EORFNV GHQRWHG E\; WR; 7KH SLQ FRQILJX
)LIXUH

J)LIXUH 'LILWDO LQSXW SLQMVFKHPDWLF +,/

3LQY WR DUH ODEHOHG DV 'LJLWDO ,QSXW ', SLQV ZK}F
JURXQG SLQV (DFKGLJLWDOLQSXW SLQKDVDVSHFLILFY
ORJLF KLJK LV WR 9

6LIQDO LQWHUIDFH SDQHO RIWKH8QLYHUVDO +,/ &RQ

TKHLQWHUIDFH SDQHO RI WKH FXUUHQW RXWSXWYV ; ;
; ; RIVORWV S$ % LV )NQOXXWHWWUDWHG LQ

J)LIXUH +,/ &ERQQHFW VLIQDO LQWHUIDFH SDQHO
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