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Abstract

The need for efficient power transfer at lower cost is a common requisite for any power con-
verter system. When considering the application of wireless power transfer for Electric Vehicle
(EV) charging, higher efficiency and lower cost can be achieved by reducing the number of
stages of the system at the grid side. This thesis explores the feasibility of an AC/AC matrix
converter for wireless power transfer application.

To begin with, different existing topologies of the converter module are discussed and qualita-
tively compared to the matrix converter. Subsequently, the plausibility of single stage matrix
converter is verified through simulation. Due to the converter’s high switching frequency, this
configuration results in injection of higher than permitted harmonic content into the grid. Fur-
thermore, the feasibility of three phase matrix converter and its advantages are studied. The
converter working is verified through simulation.

To make the grid current less distorted, closed-loop control is introduced. This control con-
sists of an inner current loop and an outer voltage loop which are both implemented using a
Pl controller.

To conclude, three phase matrix converter acts as a plausible solution for the desired applica-
tion. Furthermore, the control ensures balanced grid current and desired output power.
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Introduction

Power electronics has seen a rapid growth in the field of consumer and industrial electronics.
The recent developments have led to the proliferation of Wireless Power Transfer (WPT) for
Electric Vehicle (EV) charging. Wireless charging offers significant benefits over wired charg-
ing such as on-road charging, possible reduction in battery size and charging stations. It also
eliminates risk factors such as the human interaction and entanglement of cables.

With the world moving towards sustainability, one of the most significant changes is the
transition from fuel-powered cars to EVs. This transition gave rise to the development of
charging infrastructure. The steep increase in usage of charging infrastructure necessitates
research in alternative solutions to power the EVs.

In the current scenario, wired charging is the norm. This is realised in two forms : home/office
with slow charging and commercial charging stations which offer fast charging. However, they
require physical connection for the vehicle to be charged.

A plausible alternative solution is wireless transfer of power to charge the vehicle. This
can be realised through inductive/capacitive coupling. Typically, WPT is implemented using
a two-stage converter with distinct AC-DC and DC-AC conversion stages [1]. Another option
could be the use of Matrix Converter, which carries out the AC-AC conversion in a single-stage

[2].

1.1. Motivation

There is great space for development in the field of WPT, as mapped in Figure 1.1. The
communication with reduced or no latency during data transfer is of prime importance for the
control of WPT module. The power electronics and the passive modules constitute the overall
loss in the system deteriorating the amount of power transferred and the system efficiency.
The efficient design of power electronic modules and passive elements would eradicate the
issues of misalignment to a certain extent, and it would as well boost the system efficiency. For
any design of IPT systems, regulations and standards are of utmost importance. As suggested
earlier, there is a vast range of open issues in the field of WPT which makes this research a
popular topic.

1.2. Problem Statement

The objective of this thesis is to design an efficient AC-AC matrix converter for a 3.5 kW
wireless charger for the application of EV. In specific, this research focuses on the feasibility
of single-phase and three-phase matrix converters for the proposed application.
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Figure 1.1: Feasible research scope in WPT-based charging system for EVs.

1.3. Research Questions
To verify the feasibility of the use of matrix converter in a WPT application for EV charging, the
following research questions are set:

1. What are the possible configurations of power converters for the implementation of WPT
in EV charging? What is the chosen configuration for this application?

2. How is the chosen configuration implemented for a single-phase grid connection?

3. Can the single-phase implementation be extended to a three-phase system? If yes,
how?

1.4. Thesis Structure
The thesis is structured as follows:

» Chapter 1 introduces the concept of WPT for EV charging, the use of matrix converter for
the application and defines the motivation, problem statement and the research ques-
tions for this thesis.

» Chapter 2 deals with the understanding of wireless power transfer mechanism and the
detailed background on the complete module for EV applications. A comparison on
different available power supply topologies is tabulated.

» Chapter 3 gives an introduction to matrix converter. It also explains different switching
configurations, commutation and the need for input filters.

» Chapter 4 deals with the design of single phase matrix converter for the chosen WPT
system. The feasibility of the designed converter is checked through simulations.The
injection of harmonics into grid current due to the WPT system, is studied by comparing
the results with the standards.
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* Chapter 5 deals with the design of three phase matrix converter. The feasibility of the
power electronic module is verified. The system efficiency, effect of bifurcation and its
mitigation is studied. Finally, control of the converter is established to ensure balanced
sinusoidal grid current and constant output power.






Wireless Power Transfer System

This chapter intends to be an overview of the wireless power transfer (WPT) technology focus-
ing on the application of electric vehicles (EVs) charging. This chapter discusses primarily the
physical principles of WPT. Inductive power transfer (IPT) with magnetic resonance for charg-
ing EVs is analysed with its main features such as compensation networks, power electronics,
power supply, coupling pads, and control. After that, the commonly converters employed for
the grid connection of EV wireless charging are summarized with a particular focus on AC-AC
matrix converters.

2.1. Principles of wireless power transfer
WPT can be realized through three physical principles: microwave-based power transfer,
Electric field-based power transfer and magnetic field-based power transfer.

» Microwave-based power transfer consists of radio field energy and it is transmitted via
an antenna array which gets processed by a rectenna array or the receiver antenna.
Primarily, the DC voltage input is converted to an RF signal which is fed to the trans-
mitter antenna. The microwave beam is sent via the antenna to the rectenna. The
rectenna is oriented to receive the output beam. The received beam is rectified back
in the form of DC power such that it can be used by the power equipment. Generally,
microwave-based power transfer focuses on long-distance transmission [3]. Microwave-
based power transfer poses lots of challenges. The orientation of the transmitting and
the receiving end must be properly aligned to reduce the emission of stray radiations.
The losses that occur during this power transfer are phenomenally high.

* Electric field-based power transfer utilizes the concept of two coupled metallic plates to
form a capacitor for transferring power. It is often referred to as capacitive power transfer
[3]. This type of model is more advantageous during misalignment as the field between
the plates bends, making it tolerant to variations of the plates’ position. It is lightweight
and cost-effective but poses quite a lot of issues like high-frequency requirement during
operation. As the capacitance made out of parallel plates is small, the amount of power
that can be transferred is limited, and hence high operating frequency is required to
transfer the power efficiently.

» Magnetic field-based power transfer, also called inductive power transfer (IPT), com-
prises of two mutually coupled coils separated by an air gap. The coupling coefficient is
typically small due to the presence of a large air gap and, in the application of EV wireless
charging, the magnetic coupling is not fixed since the receiver coil can assume different

5



6 2. Wireless Power Transfer System

position with respect to the transmitter coil. Due to the relatively low and variable cou-
pling coefficient, ensuring an efficient and constant power transfer is challenging. High
efficient power transfer is maintained by optimizing the coils’ quality factor and the op-
erating frequency. By using polyphase or multimodular systems, a wide range of power
level can be achieved [3]. The coils’ quality factor and operating frequency are the key
parameters in determining the distance between the transfer coils and the efficiency of
the transfer.

Considering the efficiency, cost and operating frequency, the magnetic field coupling is the
most viable solution to transfer power wirelessly for EV wireless charging. Moreover, the
minimum required operating frequency is in kHz range for a considerable air gap.

2.2. Inductive power transfer (IPT)
The physical principles under which IPT works are Ampere’s Law and Faraday’s Law.

* Ampere’s Law: When an electric current flows through a conductor in free space, it gen-
erates a magnetic field which is proportional to the amount of current, the permeability
of free space, and the number of turns of the conductor [4].

» Faraday’s Law: When a time-varying magnetic flux is coupled to a conductor, it induces
a voltage in the conductor whose value is proportional to the rate of change in magnetic
flux and the number of turns in that conductor [4].

According to the two laws, the magnetic field generated by the flow of a high-frequency current
through the primary coil follows Ampere’s law. On the other hand, according to Faraday’s law,
the time-varying magnetic field induces a voltage to the secondary coil.

As seen from the aforementioned laws, the primary and secondary coils act as a loosely cou-
pled transformer due to the presence of a large air gap between them. Thereby, only a small
portion of primary generated magnetic flux gets linked to the secondary coils. This leads to
high leakage and low magnetizing inductance, thereby introducing a large amount of reac-
tive power into the system. An increase in reactive power causes a substantial increase in
the electrical stress on the switching devices and it can cause a thermal issue for high-power
transmission. A passive network is normally connected to each coil to prevent the circulation
of reactive power from the source [3]. These passive networks are called compensation net-
works, and more details can be found in Section 2.3.3.

2.3. IPT Systems for EV charging

A typical IPT system for EV wireless charging comprises of power electronics converters at
both the transmitting and the receiving side, compensation networks, and the magnetic coils,
also called pads, with a definite air gap separation between them. As shown in Figure 2.1, the
IPT system can be fed from 50 Hz AC-grid supply. As a result, the IPT system requires a rec-
tification stage at the input from AC power to DC power, including the power factor correction
stage. The resulting DC voltage source is connected to an inverter and it gets converted into a
high-frequency AC voltage. To compensate for the reactive power of the magnetic coils, a com-
pensation network comprising of passive elements is used before feeding the high-frequency
AC power to the magnetic coils. Likewise, in the receiving side, the receiver coil connected
to the compensation network receives the transferred AC power. The compensation network
at both the transmitting and the receiving side is tuned to eliminate the leakage inductance of
the circuits at the inverter’s operating frequency. As a result, the power transfer efficiency is
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maximized [3]. The resulting output voltage from the compensation network is rectified and
controlled through an appropriate power electronics regulator to charge the load battery.

Coupling between transmitter
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Figure 2.1: Traditional block schematic of a IPT system used in EV wireless charging.

2.3.1. Power supply architecture

Since the IPT system is generally powered by the (50 or 60) Hz grid, the grid-connection
converter plays a vital role in accessing the IPT system. It also influences the IPT system’s
reliability and overall efficiency. The selection of a suitable power supply architecture is more
challenging in the case of dynamic charging, also called in-motion charging [4], rather than
in stationary charging which is motionless. In the case of motionless charging, at least one
transmitter coil and one receiver coil are required to transmit power wirelessly and charge the
EV’s battery. But in the case of dynamic charging, the number of transmitter coils required
depends on the design requirements. The traditional centralized supply structure shown in
Figure 2.2(a) that powers all the transmitter pads can cause a potential decline in system
reliability under severe conditions. Besides the centralized architecture, various power sup-
ply schemes can be implemented such as the segmented rail in Figure 2.2(b), and the high
frequency segmented scheme in Figure 2.2(c).

The supply architectures used for the dynamic charging of electric vehicles are summarized
in Table 2.1 [4]. The high frequency segmented power supply schemes and the segmented rail
power supply schemes ensure relatively less power loss in the system. On the other hand, the
segmented rail power supply scheme is less sensitive towards parameter change. Centralised
power supply schemes posses a rectifier that converts the grid voltage to DC voltage which
is then fed to the individual inverter and primary coil module. The system has high reliability
due to the presence of individual inverter module for each of the transmitting pads. The sys-
tem is cheap when compared to the segmented rail power supply as the latter needs litz wire
between the inverter and the ground pad. In case copper wire is used, the AC resistance is
high due to the presence of high frequency components and thus, the efficiency of the system
is reduced.

2.3.2. Power electronics converters for the grid connection

Power electronics converters play a pivotal role in regulating the power flow through the WPT
system. The converters at the input side control the AC power that feeds the IPT system. The
converters at the output side rectify and regulate the received AC voltage for powering the
battery.

At the input side, the desired power conversion can be realized with different PE converter
structures that differ according to their number of stages. These structures can have a power
conversion with either a single stage, two stages, or three-stages. In a single-stage power
conversion shown in Figure 2.3(a), the AC grid voltage is fed to an AC-AC converter to ob-
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Figure 2.2: Grid side power supply architecture in a WPT system for EV charging [4].

(c) High frequency segmented power supply scheme
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Table 2.1: Summary of the power supply architectures used in IPT for EV charging.

Architecture

Constructional features

Advantages

Disdvantages

Centralised power
supply scheme
Figure 2.2(a)

The whole system is activated
once the primary source

is connected to the grid.

All the system must be rated
to withstand the full-power.

Simple in construction, low
maintenance and installation
cost. Less load pulsations as the
system utilizes local energy
storage. [4]

High-power rated
components. Less
efficient, and sensitive
to parameter changes.

Segmented rail
power supply scheme

Centralized power supply with
switch boxes for activating

Smaller size and fewer inverter
modules needed for the total
number of pads. This reduces

High maintenance

and construction cost.
Control is complicated,
as it requires a detector

segmented power
supply scheme
Figure 2.2(c)

with an intermediate coupler to
produce the high frequency
output.

current amplitude is lower than the
pad’'s one. The PE converter is
distributed, so less lossy.

Figure 2.2(b) each pad. the power losses. Less sensitive. |for selecting each pad.
Primary pad and power supply
are isolated easing the system’s

High frequency The power supply is connected|maintenance. The inverter’s

High frequency
module produces
high power loss.

tain the high-frequency resonant current. In the case of a two-stage power conversion shown
in Figure 2.3(b), the grid voltage is fed to a rectifier with power factor correction that realize
the AC-DC conversion. Then, an inverter outputs a high-frequency current to the compensa-
tion circuit from the previously rectified DC voltage. In the case of a three-stage conversion
shown in Figure 2.3(c), the grid connection structure is similar to the two-stage conversion
with an additional intermediate stage which regulates the DC voltage level by using a DC-DC

converter.
. _ C N
3 Phase Matr|r>t( Cor’r:p ens OZ:E;”S Rectifier Batt
Grid Supply converter ation (AC-DC) attery
(AC-AC) Network Network
(a) Single-stage
- | - Compens-
3 Phase Rectifier Inverter 002:5) t:]ns ati?)n Rectifier Battery
Grid Supply (AC-DC) (DC-AC) Network Network (AC-DC)
(b) Two-stages
[ ) c "
3 Phase Rectifier DC-DC Inverter Cor;:i[:) ins o;r:ir:;ns Rectifier Battery
Grid Supply (AC-DC) Converter (DC-AC) Network Network (AC-DC)

(c) Three-stages

Figure 2.3: Grid-side power conversion stages for EV WPT-based charging systems.

At the output side, a rectifier is used to convert the high-frequency voltage picked up from
the secondary coil. The resulting DC voltage is fed to the battery either directly or by using an
additional DC-DC converter.
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As a summary of Section 2.3.1 and Section 2.3.2, Table 2.2 shows the summary of various
power electronics architecture used in IPT. The table highlights the number of stages and
its architecture, the direction of flow of the power, semiconductor devices required, and the
efficiency observed for different configurations. As it can be observed the number of semicon-
ductor devices reduces with number of stages.
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2.3. IPT Systems for EV charging

Table 2.2: Summary of the power electronics architectures used in IPT for EV charging.
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2.3.3. Compensation Networks

In any power electronic module, passive networks play a significant role in tuning the circuit.
Likewise, in WPT, the need for compensation networks made of passive elements to regulate
power transfer and tuning the primary circuit to the secondary is necessary. Due to the ex-
istence of high magnetizing and leakage inductances in the primary and secondary coils, the
WPT system would require a high VA rating from source to transfer active power to the load
[4]. The higher VA rating from input source would bring down the efficiency and lifetime of
power electronic circuit. To avoid this circulation of reactive current, compensation networks
are connected in either series or parallel to compensate for the leakage inductance. Apart from
compensating for the reactive power, the compensation networks also have either a voltage-
source or a current-source behavior that is independent of the load.

According to [4], the main properties that a compensation network must comply with are:
* maximize the power transfer and the power supplied to the secondary converter;

* minimize the power supply VA rating and improve the efficiency of the complete system;

have high misalignment tolerance;

tolerate or avoid the bifurcation phenomenon;

» provide a constant voltage or current to the output depending on the system require-
ments.

The basic compensation networks are generally classified into four types depending on the
placement of the passive elements. The series-series (S-S) compensation is shown in Figure
2.4(a), where one compensation capacitor is connected in series with the main coil at both
primary and secondary side. In the series-parallel (S-P) compensation as shown in Figure
2.4(b), the primary compensation capacitor is connected in series with the primary coil, but
the secondary compensation capacitor is connected in parallel with the secondary coil. The
parallel-series (P-S) compensation as shown in Figure 2.4(c), is the converse of the S-P com-
pensation where the primary capacitor is parallely connected while the secondary capacitor is
placed in series. Finally, the parallel-parallel (P-P) compensation as shown in Figure 2.4(d),
is the converse of the S-S design where both the primary and secondary compensation ca-
pacitors are connected in parallel to the coupled coils.

R i S i

a) S S compensatlon (b S P compensahon
(i) IC1 §§ % #) IC1 §§ CzI %
c) P-S compensation ) P-P compensation

Figure 2.4: Equivalent circuit of an IPT system with magnetic resonant coupling
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2.3.4. Mathematical analysis of the S-S compensation network

From the equivalent circuit shown in Figure 2.4(a), the maximum deliverable output power and
the power transfer efficiency can be deduced from the circuit equations as explained in [15].
1) Load power analysis:

As seen in the equivalent circuit, the primary-side RLC circuit is in series with the parallel
combination of the mutual inductance and the secondary RLC network. The equivalent input
impedance seen from the primary voltage source is

1

= + + +
- R (2.1)

where is the primary equivalent series resistance, s the self inductance of the primary
coil, isthe primary compensation capacitance, is mutual inductance between the primary
and secondary coils, is the equivalent series secondary resistance, is the self inductance
of the secondary coil, is the secondary compensation capacitance, =2 isthe angular
frequency, and is equivalent load resistance.

At the resonant angular frequency = | the reactance given by the capacitance and
the inductance must cancel each other out. Therefore, the resulting equivalent observed
in the system is purely resistive and can be expressed as

()

+

= + (2.2)

Additionally, from the Kirchhoff’s voltage law, the equations of the S-S compensation can be
written as:

=( + +—) +
(2.3)
0o=( + + — + ) +
where is the primary side source voltage, is the primary side current, and is the

secondary side current. The relationship between and at the resonance can be found
from (2.3), which is

= —\ (2.4)
Therefore, can be written as
= = y— (2.5)

Since the load is resistive, the output power is given by

=(—=)
(hZ)
(2.6)
=g )
(2.6) shows that the output power depends on the mutual inductance  and the load re-
sistance . The mutual inductance = depends on the coils’ self inductance under

consideration and the coupling factor which varies with the distance between the windings.
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Hence the coupling coefficient and the coils’ quality factor that is function of the inductance
(Q=—) determines the amount of power transferred to the secondary circuit. Differentiating
the load power with respect to or gives the load resistance and mutual inductance at
which the maximum power is transferred, respectively.

2) Efficiency analysis:

The ratio between the output power and the input power is defined as efficiency. According to
(2.6), the output power or load power depends on the secondary current and load resistance.
The input power depends on the output power and the resistive losses in both the primary and
the secondary circuits at resonant angular frequency. Therefore, the efficiency of the circuit
depicted in Fig 1.1 is given by

+ o+ (2.7)

Dividing both the numerator and the denominator by the numerator term in (2.7):
1

T . (2.8)

Substituting (2.4) in (2.8) results in
1

1 (—) —+—

(2.9)

(2.9) shows that the efficiency depends on mutual inductance and as well the load resistance.
Higher mutual inductance corresponds to a reduced distance between the two coils, which
leads to a higher efficiency. As well, the optimal tuning of the load resistance leads to higher
efficiency. This optimum load resistance can be found by differentiating the efficiency with
respect to the load resistance.

2.3.5. Coupled Pads

Coupled magnetic pads form the basis of an IPT system. These coupling pads enable the
transfer of power from the source to the load without any electrical connection. Coupling pads
consists of coupled inductors with a considerable air gap in between them. The coupling factor
between the two inductors indicates the strength of the mutual magnetic field that is linked to
both inductors. This concept is known as mutual coupling. The magnetic pad is composed of a
Litz-wire winding placed over a ferromagnetic material that has a certain amount of aluminium
shielding at the opposite side. As summarized in Table 2.3, there are mainly six different types
of coupling pads used in EV wireless charging .

The magnetic flux determines the amplitude of the voltage that gets induced in a conduc-
tor located in the proximity. Depending on the pad geometry, the magnetic flux that comes
out of pad can be either single-ended, also called non-polarized, or double-ended, also called
polarized. In case of non-polarised, for instance the circular coil, there is only one equiva-
lent magnetic pole. The field goes out from the center and comes in through the sides of
the ferrites. The field distribution is more vertical. In case of polarised, for instance DD caill,
there are two poles, and hence the field goes out from the center of one pole and comes in
through the center of the other pole. Here, the direction of field is more horizontal. Effect of
the shielding on coupling coefficient is high for polarized as the field from the shield (which is



, 37 6\VWHPV IRU (9 FKDUJLQJ

7DEOH 6XPPDU\RIWKHFRXSOLQJSDG DUFKLWHFWXUHYV XVHG L
(IIHFW RI WKH
3DG (TXLYDOHQWDJQHWLFVKLHOGLQJ RQ WKH
VWUXFWXUH QXPEHU RI|ARKDV FRXSOLQJFRHIILFLHQW
&LUFXODU 5HFWRQHXODU 3[0®Q 3RODIRAHG
JLIXUHD
YOX[ SLSH 2QH 3RODUL]H6LIK
JLIXUHE
" FRLO 2QH 3RODUL]H6LIK
JLIXUHF
"4 FRLO 7ZR 3RODUL]H6LIK
JLIXUHG
%LSRODU SDG |7ZR 3RODUL]H6LIK
JLIXUHH
7ULSRODU SDG | 7KUHH 1RQ 3RODARZAHG
JLIXUHI

SODQH IURP WKH EDFNVLGH RI WKH IHUULWH LY SDUDOOHO WR WKH |
LV PRUH HIILFLHQW DV ZHOO WKH IOX[ SDWWHUQ KHOSV LQ UHGXFLC
FRLOVDQG LWV YDULDQWY OLNHUHFWDQJXODU DUH KLIJKO\HIILFLHQ
SDGV KDYH D ORiIZDM@OBXHWRHOO WKH WROHUDQFH WRZDUGV PLVDOLJQF
SDGVDUH FKRVHQ ZLGHO\GXH LWV VLQJOH HQGHG IOX[ GLVWULEXWL
LWNLQ LWV GHVLJQ 7ULSRODU SDGV DUH WKUHH FRLO FRXSOHUYV ZK
GHFRXSOHG DQG WKLV JHRPHWU\ DOORZV KLJK PLVDOLJQPHQW WR
SDYHV IRU KLJK FRXSOLQJ IDFWRU $OWKRXJK LW KDV PDQ\DGYDQW

WKHQHHG IRUWKUHHLQYHUWHUVY WR RSHUDWH WKH WKUHH GHFR
SOH[DQG FRVWO\ 7TRFRQFOXGH WKHFLUFXODUSDGDQGWULSRODU

&RQWURO RI ,37 VIVWHPV
&RQWURO EHFRPHV D SURPLQHQW SDUW RI DQ\ ,37 VIVWHP (VVHQW
HQVXUH DQ HIILFLHQW SRZHU WUDQVIHU WR WKH ORDG DW WKH UHTX
;37 PXVW EH HQVXUHG 7KLV LV UHDOL]JHG WKRXJK D IRUHLJQ REMHF)
DFRQWURO WKDW OLPLWY WKH KXPDQ H[SRVXUH WR KDUPIXO ILHOG\
EHWZHHQ WKH FRXSOHG SDGV PLJKW EH QHHGHG 2Q WKH ZKROH W
GLYLGHG LQWR ILYH SDUWV QDPHO\ SRZHU FRQWURO PD[LPXP HIILF
GHWHFWLRQ PLVDOLJQPHQW GHWH®WLRQ DQG FRPPXQLFDWLRQ >

3RZHU FRQWURO
3RZHU FRQWURO IRFXVHV RQ GHOLYHULQJ WKH UHTXLUHG RXWSXW S
SODFHPHQW WKH SRZHU FRQWURO LV GLYLGHG LQWR WKUHH FDWHJ
VHFRQGDU\ VLGH FRQWURO DQG GXDO FRQWURO ,Q WKH SULPDU\ V
EDWWHU\ YROWDJH FXUUHQWDQG VWDWH RI FKDUJHDUH IHG WR WK
WLRQ QHWZRUN %DVHG RQ WKH GDWD UHFHLYHG WKH FORVHG ORR
WKHLQSXW YROWDJH VRXUFH ,Q WKH VHFRQGDU\ VLGH FRQWURO V
VHFRQGDU\ VLGH WR FRQWURO FRQVWDQW FXUUHQW DQG LV XVXDOO



':LUHOHVV 3RZHU 7UDQVIHU

SLFN XS FRLOV DUH XVHG DV LQ WKH FDVH RI G\QDPLF FKDUJLQJ

D &LUFXODU FRLO E )OX[SLSH
F '""FRLO G ""4FRLO
H %LSRODU SDG I 7TULSRODU SDG
JLIXUH &RXSOLQJ SDGV IRU :37 EDVHG FkabUJLQJ V\VWH

PDU\VLGHDQG VHFRQGDU\ VLGH DUH VLPXOWDQHRXVO\ FRQWUR
$GGLWLRQDO GF GFFRQYHUWHUY FDQ EHDGGHG LQ ERWK WKH S
WKH YROWDJH WR WKKBRUHTXLUHG OHYHO >

(IILFLHQF\ WUDFNLQJ
'"HVSLWH WKH YDULDWLRQ LQ ORDG RU FRXSOLQJ FRHIILFLHQW \
FLHQF\LV PDLQWDLQHG WKURXJKRXW WKHRSHUDWLRQ 7KLV FR(
7KHILUVW JURXS GHDOV ZLWK WKH LPSHGDQFH PDWFKLQJ WHFKQ
WKH LPSHGDQFH PDWFKLQJ VIVWHP FRQYHUWYV WKH ORDG LPSHG
ORDG DQG PDJQHWLF FRXSOLQJ YDULDWLRQV 7KHVHFRQG JURX
FLHQF\GXULQJORDG YDULDWLRQ E\LQWHJUDWLQJ WKH RXWSXW
JURXS IRFXVHVRQUHGXFLQJWKHLQSXW UHDFWLYH SRZHU E\ FRC
HIILEFLH@F)\ >



, 37 6\VWHPV IRU (9 FKDUJLQJ

)2'DQG YHKLFOH GHWHFWLRQ
, OQWHUIHUHQFH RI IRUHLJQ REMHFWYV ZLWK WKH PDIJQHWLF FRLOV RI
GXFWLRQRI XQQHFHVVDU\ILHOGV LI WKHVRXUFHLV DPDJQHW ZKLO
VRXUFH LV D PHWDO 7KHVH ILHOGY DQG H[FHVVLYH KHDW PD\ FDXVF
DQRG DV ZHOO LW FDQ KDYH HITHFWV RQ OLYLQJERGLHYV 7R HUDGLFDW
WKH V\VWHP )2'LVD UHTXLUHPHQW IRUDQ\ :37 V\VWHP 7KH SULPDU
EHDFWLYDWHG RQO\ ZKLOH WKH YHKLFOH LV DSSURDFKLQJWR REWD
DVZHOOWRUHGXFHWKHILHOGUDGLDWLRQV 7RHQVXUH WKDW WKH
DYHKLFOHLVDSSURDFKLQJ D YHKLFOHGHWHFWLRQ VHQVRU LV UHT
WKH SRZHU LV VXSSOLHG WR WKH SULPDU\ SDG RQO\@WKHQ WKH VHFRC

OLVDOLJQPHQW
7KH FRXSOLQJ FRHIILFLHQW LV DIIHFWHG GLUHFWO\ ZKHQ WKH SULP
QRWLQ DOLJQPHQW $VVDLG HDUOLHU WKHFRXSOLQJFRHIILFLHQW
WUDQVIHUUHG ZKLFKWKHUHE\DIIHFWV WKH V\VWHP HIILFLHQF\ +HQ
DUHGXFWLRQLQ WKHV\VWHPYV HIILFLHQF\DQG WKHDPRXQW RIPDJQ
UHFHLYHV 7KH :37 VIVWHP PXVW LQFOXGH D PLVDOLJQPHQW GHWHF
PXP SRZHU WUDQVIHU DQG V\VWHP HIILFLHQF\ IRU WKH @SHFLILF PDJ

&RPPXQLFDWLRQ
&RPPXQLFDWLRQ SOD\V D SLYRWDO UROHLQ FRQQHFWLQJWKH SULPI
WKH UHOLDEOH DQG VHFXUH RSHUDWLRQ RI WKH :37 VIVWHP WLPHO\
DQG VHFRQGDU\ LV D PXVW +HUHE\ WKH SULPDU\ FULWHULD LV WKD
SRVVHV ORZ ODWHQF\ DQG DW WKH OHD@W PHGLXP UDQJH FRYHUDJ

6WDQGDUGL]DWLRQRI,37 VI\VWHPV IRU (9 FKDUJLQJ

7KH GHVLJQ RI :37 PXVW IROORZ UHFRPPHQGHG VWDQGDUGY WKDW D
FRPPLWWHHYV DFURVV WKH ILHOG 6WDWLF :37 FKDUJLQJ KDV D FRP S
WLRQ ZKLOH WKH G\QDPLF :37LVVWLOO XQGHUFRQVWUXFWLRQ 6WD
- IRUWKH GHVLIJQ RIPDIQHWLF FRXSOHUV FRPSHQVDWLRQ FLUFX!|
YHKLFOH XQGHU FRQVLGHUDWLRQ ZKLOH WKH ,&1,53 LVFRQVLGH
HOHFWURPDJQHWLF ILHOGV (0) 7KHODWWHU SURYLGHV WKH (0) OL
IUHTXHQF\ 7KHVH FRQVLGHUDWLRQV DUH XQDYRLGDEOH GXULQJ WK
ZHOO WKH KXPDQ VDIHW\ $SDUW IURP 68%$( - DOVR , (& IRFXVHV
RIOLIJKW GXW\YHKLFOH

,QWKHRULJLQDO GUDIW RI6%( - YDULRXV GHVLIQ UHTXLUHPHQW\
ZKLFKHQFRPSDVVHV WKHRSWLPXPIUHTXHQF\UDQJH GLVWDQFH FOI
VR IRUB@K Q JHQHUDO WKH :37 VI\VWHPV FDQ EH FODVVLILHG LQWR I
LQSXW SRZHU OHYHOV QDPHO\ :37 N9$ :37 N9$ :37 N9¢

N9$ 7KH UHFRPPHQGHG IUHTXHQF\ RI RSHUDWLRQ IRU HIILFLHQYV
N+] WR N+] ZKHUH N+] LV VHOHFWHG DV QRPLQDO RSHUDWLQJ U
IUHTXHQF\ WKH XVDJHRI/LW]ZLUH UHGXFHV WKH $& ORVVHV RI WKH |
WDQFHEHWZHHQ WKHJURXQG DQG VXUIDFHRIWKHVHFRQGDU\FRLO
QDPHO\= IRUWKH GLVWDQFH RI PP = IRUWKHGLVWDQFH RI
WKH GLVWDQFH RI @ PP >






$& $& ODWUL[ &RQYH

7KLY FKDSWHU LQWHQGV WR EH DQ RYHUYLHZ RI WKH PDWUL[ FRQYH
PDULO\WKH FLUFXLW PRGHO DQG WKH ZRUNLQJ SULQFLSOH RI WKH P
DFWHULVWLFV DQG SRVVLEOH LPSOHPHQWDWLRQV RIIRXU TXDGUDC
DQRYHUYLHZ RI WKHFRPPXWDWLRQ VWUDWHJILHY LV JLYHQ

ODWUL[ &RQYHUWHU (YROXWLRQ &LUFXLWDQGL

7KH FRQYHUVLRQ DQG FRQWURO RI HQHUJ\ DUH SHUKDSV WKH PDLQ
LQJ DSSOLFDWLRQV $V RI ODWH WKHVH DSSOLFDWLRQV DUH FKDUTL
VHPLFRQGXFWRUV GHYLFHVDQG HQHUJ\ VWRULQJ FRPSRQHQWYV OLN
FRQYHUWHU IDPLOLHV KDYH EHHQ FUHDWHG VXFK DV UHFWLILHUV LQ
DQG VR RQ (YHU\RQH RIWKHVH IDPLOLHV KDV LWV EHQHILWV DQG FI
RI SRZHU FRQYHUWHUV LV WKH KLJK HIILFLHQF\WKDW FDQ EH DFFRPS
WKLV UHVHDUFK IRFXVHV RQ WKH $& WR $& FRQYHUWHUV WKDW DUH
HUV $PDWUL[FRQYHUWHULVDQDUUD\RIIRXU TXDGUDQW VZLWFKH)\
FRPSRQHQWY ,WLQWHUFRQQHFWV VWUDLJKWIRUZDUGO\DQ $& VLQJ
SO\WRDQRWKHU $& VLQJOH SKDVH RUWKUHH SKDVH ORDG ZLWK GLII
XWLOL]LQJ DQ\ '& FRQQHFWLRQ RU ODUJH HQHUJ\ VWRUDJH FRPSRQ
NQRZQ DV WKH DOO VL@LFRB RROXWXRQLWLHY RI WKH PDWUL[ FRQYH

DUHODWLYHO\VLPSOHDQG PLQLPDO SRZHU FLUFXLW
WKHJHQHUDWLRQRIDORDG YROWDJH ZLWK DUELWUDU\DPSOLW,

7TKHVH SURIRXQGO\DSSHDOLQJFKDUDFWHULVWLFVDUHWKHUHDVI
RJ\ 7TKHLPSOHPHQWDWLRQ RI WKLV FRQYHUWHU EHIJLQV ZLWK WKH H
>@ 7KH\LQWURGXFHG WKH SRZHU FLUFXLW RI WKH FRQYHUWHU DV
VZLWFKHV DQG WKH\ SUHVHQWHG WKH WHUP TPDWUL[ FRQYHUWHUT"

*HQHUDOO\ D PDWUL[ FRQYHUWHU LV D VLQJOH VWDJH FRQYHUWH
VZLWFKHYV ZKLFK LQWHQGV WR LQWHUIDFHDQ P SKDVH YROWDJH VR’
ZRUGV WKHPDWUL[ FRQYHUWHU LV DQ $& $& FRQYHUWHU ZKLFK FDQ
SKDVHV WR GHVLUHG Q SKDVHV +HUHE\ WKH [ PDWUL[FRQYHUWHU
WR H[SODLQ WKH YDULRXV FRPSRQHQWY SUHVHQW LQ WKH FLUFXLW \

7KH [ PDWUL[FRQYHUWHWY WKRZDVQF FRQYHUWHU PRGXOH HQFR
ILOWHU FLUFXLWYV DW WKH LQSXW VLGH WKH 5/ ORDG DW WKH RXWS X



$& $& ODWUL[ &RQYHUW

WKH VRXUFH DQG WKH ORDG (DFK VZLWFK VKRZQ LV D IRXU TXDG
FRQYHUWHU KDV D YROWDJH VRXUFH DV DQ LQSXW DQG WKHUHI
VKRUW FLUFXLWHG $GGLWLRQDOO\ VLQFH JHQHUDOO\WKH ORTE
VKRXOG QHYHU EH RSHQHG 7KH ILOWHU DW WKH LQSXW VLGH LV
LQ VHULHVY WR D UHVLVWRU DQG D FDSDFLWRU 7KH PDLQ SXUSR\
IUHTXHQF\ FRPSRQHQWYV RI WKH LQSXW FXUUHQW WKHUHE\ HQV X!
DQG DV ZHOO WR DYRLG WKH RYHUYROWDJH GXH WR WKH IDVW
SUHVHQFHRIDILOWHU FDSDFLWDQFH DW WKHLQSXW VLGH RQO\
WKH VDPH YHUWLFDO OHJ RI WKH PDWRIUHRQHH WWE EHRDLIRGHK F
SUHVHQW WR PDLQWDLQ D FRQWLQXRXV IORZ RI FXUUHQW DW O
OHJ

J)LIXUH 7KUHH 3KDVH ODWUL[ &RQYHUWHU

JRXU TXDGUDQW 6ZLWFK
$V VDLG HDUOLHU D [ PDWUL[FRQYHUWHU KDV VZLWFKHV DC
VZLWFKHY FRQQHFWHG LQ DQWL SDUDOOHO 7KLV SKHQRPHQRQ
RSHUDWLRQDO VZLWFK ZKLFK LV FDSDEOH RI EORFNLQJ YROWD.
GLUHFWIGRQW>RUGHU WR DFKLHYH WKH EORFNLQJ DQG WKH FRQ
LQ ERWK GLUHFWLRQV WKH GLVFUHWH DYDLODEOH VZLWFKHV P
DV WR DFFRPSOLVK WKH IRXU TXDGUDQW FRQILIJXUDWLRQ ,Q SU
TXDGUDQW VZLWFK FRQILJXUDW L RMIBHVEURZDSY HQR XUXTUXD G UD Q\
FRPPRQ VRXUFH DQWL SDUDOOHO 026)(7V FRPPRQ GUDLQ DQWL



&RPPXWDWLRQ

D 'LRGHEULGJHIRXU EXD&RPERMY VRXUFH HRXWRPPRQ GUDLQ IRXU
VZLWEK TXDGUDQW VZLWFK TXDGUDQW VZLWFK

J)LIXUH B3RVVLEOH FRQILIJXUDWLRQV RIDIRXU TXDGUDQ

7KH GLRGH EULGJH IRXU TXDGUDQW VZLWFK FHOO FRQVLVWV RI D
IRXU GLRGHV DV VBRZBH@GHYLFH ORVVHY DUH UHODWLYHO\KLJK DV W
GLRGHVY FRQGXFW VLPXOWDQHRXVO\ 6LQFH ERWK WKH FXUUHQW GL
026)(7 WKH JDWH GULYHU UHTXLUHG LV MXVW RQH SHU VZLWFK FHOO

7KH FRPPRQ VRXUFH IRXU TXDGUDQW VZLWFK FRQVLVWV RI WZR 02
QHFWHG LQ DQWL SDUDOB HJ DIWWRZQUIHY LQGHSHQGHQW FRQWUR(
GLUHFWLRQ 7KH WZR 026)(7V UHTXLUH DQ LVRODWHG JDWH GULYH F
D FRPPRQ VRXUFH PRGXOH ERWK GHYLFHV DUH GULYHQ ZLWK UHJDU
FRPPRQ VRXUFH SRLQW

7KH FRPPRQ GUDLQ IRXU TXDGUDQW VZLWFK LV VLPLODU WR WKH ¢
WKDW WKH FRPPRQ YROWDJH SRLQW LN GYRZKYIRUW BVWIKRQEQWQH D
LQ UHDOLW\ ODUJHO\ GXH WR WKH SUHVHQFH RI VWUD\LQGXFWDQFH
OHDGLQJWR VWDELOLW\LVVXHV

6R WR FRQFOXGH WKH FRPPRQ VRXUFH PRGXOH LV WKH EHVW SUL
VZLWFKLQJPRGXOH SRVVHVVLQJ UHYHUVH YROWDJH EORFNLQJ FDSE
TXDGUDQW VZLWFK E\ SODFLQJ WKHP LQ DQWL SDUDOOHO

&RPPXWDWLRQ
7TKHFRPPXWDWLRQLVDSURFHVVRIWXUQLQJRIIWKHVZLWFKDQG D\
FXUUHQW FRPSOHWHO\ ,Q FDVHRI D PDWUL[ FRQYHUWHU LW LV FXP
EHWZHHQ VZLWFKHV VLQFH WKHUH DUH QR U H ZIQHRIWDG IQU B/RWFIR QbW B
WKH VZLWFKLQJ WZR EDVLF UHTXLUHPHQWY PXVW DOZD\V EH IXOILC
EH WXUQHG RQ DW WKH VDPH WLPH LQ WIKOH \DVPIFWOAR XIOWGVEIRZ @ WR V|
FLUFXLW RI WKH FDSDFLWRU YROWDJH DQG WKLV ZRXOG OHDG WR H
WR WKH GHVWUXFWLRQ RI WKH FRQYHUWHU 6HFRQGO\ WKH WZR VZ]
WXUQHG RIIDW WKH VDPH WEPHDBVYWKRZODGQOHDG WR RSHQ FLUFXLW I
FDXVLQJ RYHU YROWDJH GXHWR WKHDEVHQFH RI SDWK IRU WKH LQG



$& $& ODWUL[ &RQYHUW

E $YRLG RSHQ FLUFXLWV WR DOZD\V S|
D $YRLG VKRUW FLUFXLWV RWWWKHRPSXMXKYREWWJIH

J)LIXUH &RPPXWDWLRQ VWUDWHILHY UHTXLUHPH

7KH VZLWFKLQJ VWUDWHJ\ FDQ EH FRQWUROOHG WR DFKLHYH
VZLWFKLQJGXULQJWXUQ RQDQG WXUQ RIl ERWK WKH YROWDJH
ODUJHDPSOLWXGH IRUD UHODWLYHO\VKRUW WLPH EFDXVLQJ QR
VRIW VZLWFKLQJ XVHV D VSHFLILF RSHUDWLRQ WR DWWDLQ JHUR
WKHWXUQ RQDQG WXUQ RIIRFEFXUDWHLWKHU JHUR RU FORVH WE
QRLVHDQG ORVVHV UHGXFHV GUDVWLFDOO\

7KH VZLWFKLQJ VWUDWHJ\ WR DWWDLQ VRIW VZLWFEGQJ LV H[S

,QSXW ILOWHUYV
JLOWHUV DW WKH LQSXW VLGH DUH PDQGDWRU\ GXULQJ WKH GHYV
LQSXW FXUUHQW KDUPRQLFV 7KH UHTXLUHPHQWYV IRUGWKH LQSX

7R KDYH FXW RII IUHTXHQF\ KLJKHU WKDQ WKH JULG IUHTXHC
VZLWFKLQJIUHTXHQF\ RI WKHFRQYHUWHU

$+7RHQVXUH PLQLPXP YROWDJH GURS DFURVV WKH ILOWHU LQG:.
UDWLR EHWZHHQ LQSXW DQG RXWSXW DUH PDLQWDLQHG

F7RHQVXUH WKH VLIHDQG WKH ZHLJKW RI WKH FDSDFLWRU DQC

ODWUL[ FRQYHUWHUV LQ :37 DSSOLFDWLRQV
ODWUL[FRQYHUWHUV FDQ FRQYHUW WKH JULG VLGH $& YROWDJH
PDWUL[ FRQYHUWHUV IRU ZLUHOHVY SRZHU WUDQVIHU V\VWHPV
VWDJH LQ WKH JULG VLGH LV MXVW RQHLQVWHDG RI WKH FRQYHQ
DQG ORUHRYHU WKH'& OLQN FDSDFLWRU VL]HLV DSSUHFLDEO\

, QOLWHUDWXUH WKHUHDUHIHZSDSHUV ZKLFKIRFXVHV RQ PD'
wWubQVvVIHU VA\VWHP IRUHOHFWULF YHKLFOH DSSOLFDWLRQ

> @ GHVFULEHV D VLQJOH SKDVH PDWUL[ FRQYHUWHU ZKLFK D
SRZHU WUDQVIHU V\VWHP 7KH SDSHU SURYLGHV D VWHDG\ VWD\
SODLQV WKH HITHFW RI YDULDWLRQLQ SKDVHDQJOH EHWZHHQ W
RQGDU\ VLGH FRQYHUWHU IRU WKH EL GLUHFWLRQDO IORZ RI SR.
EHWZHHQ WKH SULPDU\VLGH FRQYHUWHUDQG VHFRQGDU\VLGHF
IURP WKH YHKLFOH SLFN XS WR WKHJULGDQG ZKHQ WKH SKDVH D¢
I[URP WKH JULG WR WKH YHKLFOH )LQDOO\ WKH VLPXODWLRQ YH
DQDO\WLFDO HTXDWLRQV GHULYHG

> @ EULHIV DERXW WKH GHVLJQ RI WKH WKUHH SKDVH PDWUL]
WUDQVIHU RI SRZHUIRUDQ HOHFWULF YHKLFOH DSSOLFDWLRQV
YLGHVLQWKHQHFHVVDU\KLIKIUHTXHQF\DFWLYHHOHPHQW ZKLI
UHVRQDWHY ZLWK WKH VHFRQGDU\ FRLODQG SRZHUV XS WKH EDV



ODWUL[ FRQYHUWHUV LQ :37 DSSOLFDWLRQV

LV SURYLGHG WR VXSSRUW WKH PDWKHPDWLFDO H[SUHVVLRQ DQG D
SKDVHDQJOHDQG ZLGWK RI WKH QRWFK RQ PDJQLWXGH RI SRZHU

> @OLVWV YDULRXV SRVVLEOHDUFKLWHFWXUHIRUWKUHH SKDVH |
IHU PRGHO 'HWDLOHGDQDO\VLV RILVRODWHG PDWUL[ W\SH VWDU U
DUHFRQQHFWHG LQ VWDUDQG WKHRXWSXWRIWKHFRQYHUWHU LV IH
VHFRQGDU\LVFRQQHFWHG LQ VHULHVY 7KHFRQWURO VWUDWHJ\ WR
VI\VWHP DQG WKH ORDG SRZHU DUH GHVFULEHG DQG VLPXODWLRQ YH!

> @ GHVFULEHV WKH WKUHH SKDVH PRGXODU LVRODWHG PDWULT \
SDSHU SURYLGHY WKH ZRUNLQJ SULQFLSOH RI WKH FRQYHUWHU DQG
YDULRXV QHFHVVDU\ SDUDPHWHUV 7KLV SDSHU SURYLGHV D EHWWH
IRUP RIDUHFWLILHUIROORZHG E\D + EULGJH FRQYHUWHU

> @GHVFULEHVWKHWKUHH SKDVHPRGXODULVRODWHGLQGLUHFW
RSHUDWLRQ SULQFLSOHZLWK FRQWURO VWUDWHJILHV LVJLYHQ 7KH
RI VIPPHWULF DQG DV\PPHWULF PRGXODWLRQ WHFKQLTXHYV DUH SUF
SURWRW\SH GHVLJQ

7KH VA\VWHP VSHF@I DHGA>QUH ERWK RSHUDWHG DW D IUHTXHQF\ RI
VI\VWHP DQDO\VHG LQ WKLV WKHVLV LV GHVLIJQHG DW FHQWHU RSHUD
DOO\ FRQWURO VWUDWHI\LV LQWURGXFHG WR EDODQFH WKH LQSXV
RIWKUHH SKDVH V\VWHP






6LQJOH 3KDVH WR 6LQJOH 3
&RQYHUWH

7KLV FKDSWHU GHDOV ZLWK WKHDQDO\VLVRIVLQJOH SKDVHWR VLQJ
DSSOLFDWLRQV $ GHVFULSWLRQ RI WKH VLQJOH SKDVH WR VLQJOH
WLRQ IROORZHG E\WKHFUHDWLRQ RI WKHJDWLQJ SXOVHV DV WR DW
HYDOXDWHG ZLWK D PDWKHPDWLFDO PRGHOOLQJIRU GLITHUHQW GH\
EDWWHU\ F\FOH )LQDOO\ HYDOXDWLQJ WKHJULG VLGH FXUUHQW KD

,PSOHPHQWDWLRQ
7KH $& JULG YROWDJH DW WKH IUHTXHQF\ Rl +] FDQ EH FRQYHUWHG
$& ORDG WKURXJK D PDWUL[ FRQYHUWHU 7KH VLQJOH SKDVH PDWU
VZLWFKHV LQ WRWDO ZLWK VZLWFKHV LQ HDFKOHJ 7KH JULG YROV
FRQILIXUDWLRQV RIWKHFRQYHUWHU WRDWWDLQ KLIJKIUHTXHQF\ $¢&
WZR GLIIHUHQW FRQILIJXUDWLRQV ZHUH DQDO\VHG

IRXU TXDGUDQW VZLWFKHYVY EDVHG PRGHO

UHFWLILHUIROORZHG EA\D + EULGJH EDVHG PRGHO

JRXU TXDGUDQW VZLWFKHY EDVHG PRGHO
7KH VZLWFKHV DUHVSOLW LQWR VZLWFKLQJFHOOV ZKHUH WZR RI
WKHFRQILIXUDWLRQ ORRNV VLPLODUWRDQLQYHUWHUEULGJH ZLWK
FRPSRVHG RIDIRXU TXDGUDQW VZLWFK 7KLV WR STKMRSIR YV VW HSH HV
SRODULW\RIWKH $& YROWDJH IURP WKH JULG LV IHG WR WKH GUDLQ R
LQ )LIXUZHKLOH WKH QHJDWLYH SRODULW\ LY FRQQHFWHG WR WKH GU
ZKLFK LV JURXQGHG DV VKRZEH QY RXIXFMHRI RQH VZLWFK LV FRQQHF\
VRXUFH RI WKH RWKHU VZLWFK WR DWWDLQ IRXU TXDGUDQW RSHUD
GUDLQ WR GUDLQ FRQQHFWLRQV $ DQG % RI| WYRIDHQW QY MKRIZAQ L C

WKH 026)(7DQG GLRGHDUHFRQQHFWHG LQ DQWL SDUDOOHO 2QO
ZKLOH WKH RWKHU IRXU VZLWFKHV FRPPXWDWH DW WKH VZLWFKLQJ I
WKHLQSXW YROWDJH SXOVH +HQFH WKHVZLWFKLQJSXOVHV KDYH V
SRVLWLYHDQG QHJDWLYHKDOI ZDYHRILQSXW YROWDJH 'XULQJWKE
6 6 6 DQG6 FRQGXFW ZKLOH WKH RWKHUV FRQGXFW GXULQJ WKH
VRXUFH



6LQJOH SKDVH WR 6LQJOH 3KDVH 0DW

J)LIXUH JRXU TXDGUDQW RSHUDWLRQ VZLWFK FRQILJXUD)

7KHFRPSDULVRQRIFDUULHUVLJQDOV ZLWK UHIHUHQFH VLJQD
JDWH SXOVHV IRUHDFK VZLWFK 7KH UHIHUHQFH LV WKH VLQXVR
WR EH DQG WKH FDUULHU VLJQDOV DUH WULDQJXODU YROWD.
FDUULHU VLJQDOV XVHG DV WKRR QRUIQHDFXUHNFOH RI UHIHUHQFH
FRQGLWLRQDO RSHUDWRUV DUH XVHG VR WKDW WKH IRXU QRQ RS
WXUQHG RQ WKURXJKRXW )RULQVWDQFH WKHVZLWFK®6 6 6 O
WKH SRVLWLYH F\FOHRIUHIHUHQFH VRDJQIKHDD WKRI G X Q Y HIKRIGIC
HDFK VZLWFKHV LV DV VKRS LVQKH BXXUOH/ HV IRU DOO WKH HLIKW V:
VKRZQLQ)LJEUHKHIUHTXHQF\RIWKHFDUULHU ZDYHLV VHW DW W
RI  .+] ZKLOH WKH UHIHUHQFH VLJQDO IUHTXHQF\ LV  +]

E *DWLQJSXOVH ; D[LVGHSLFWV WKH
D ORGHO VHF DQG < D[LVGHSLFWVY WKH YROWD]

J)LIXUH *DWLQJ SXOVHV IRU VLQJOH SKDVH IRXU TXDGUDQW \
FRQYHUWHU

$V VDLG EHIRUH WKH JDWLQJ SXOVB RFRWDLWANGWIRQH) LD X WHW K L
VZLWFKHVY RSHUDWH DW WKH N+] VZLWFKLQJIUHTXHQF\ GXULQ.
YROWDJH ZKLOH RWKHU IRXU VWD\V FRQVWDQWO\ RQ



,PSOHPHQWDWLRQ

D 2YHUYLHZ E =RRP

J)LIXUH *DWLQJ SXOVHV IRU VLQJOH SKDVH IRXU TXDGUDQW VZLYV
FRQYHUWHU ; D[LVGHSLFWV WKH WLPHLQ VHFRQGY VHF DQG < DJ[L"

7TKHRXWSXWYROWDIJHRIWKHFRQYHUWHU REWDLQHGIRUWKHDSS(
,WFDQ EHVHHQ WKDW WKHREWDLQHG YROWDJH LV D +] F\FOH Z
F\FOHV DW WKH IUHTXHQF\ RI N+] ,WFDQ EH FRQFOXGHG IURP
FROQILIXUDWLRQ DQG WKHJDWLQJ SXOVHIJHQHUDWLRQ DUHIHDVLEO

J)LIXUH &RQYHUWHU RXWSXW YROWDJH PHDVXUHG DRRUWHUPLQD
VLQJOH SKDVH IRXU TXDGUDQW VZLWFK FRQILIJIXUDWLRQ RI WKH PD)
WLPHLQ VHFRQGV VHF DQG < D[LVGHSLFWV WKHYROWDJHLQ YROW

SHFWLILHUDQG + EULGJH EDVHG PRGHO
7TKHUHFWLILHUDQG + EULGJH EDVHG PRGHO PRGLILHV WKH FRQILJXI
SDUHG WR WKH IRXU TXDGUDQW VZLWFK EDVHG PRGHO 7KH HLJKW YV
ZLWK IRXU VZLWFKHYV 2QH EULGJH LV XVHG DV D UHFWLILHU WR REW
WKH VLQXVRLGDO JULG YROWDJH 7KH UHPDLQLQJIRXU VZLWFKHYV D
FRQYHUWYVY WKHKDOI ZDYHUHFWLILHG YROWDJHWR WKHKLJKIUHTXH
WKH +]JULG YROWDJHLVIHGWRWKHUHFWLILHU WKHUHFWLILHG R
FRQYHUWHU PRGXOH ZKLFK SURGXFHV D KLJK TUHTXHQF\ VZLWFKLQ.
ILJIXUDWLRQ VSHFLILM®HQ DIMWXYHO\ HDVLHU WR FRQVWUXFW DQG WR
WR WKH RQH VSHFLILH®RKQ JIXBGHDQW VZLWFKHY EDVHG PRGHO LV T
FROVWUXFW WKHGHVLIQ RIJDWHGULYHFLUFXLWLV WHGLRXV DQG
VRIW VZLWFKLQJ DW WKH RSHUDWLQJ FRQGLWLRQ 7KH JDWH GULYF
EDVLVIRUSRVLWLYHDQG QHIJDWLYH F\FOH RI WKH VRXUFH SXOVH 7k



6LQJOH SKDVH WR 6LQJOH 3KDVH 0DW

WR DWWDLQ VRIW VZLWFKLQJ XQGHU QRUPDO RSHUDWLQJ FRQGL
WLPH DQG GHDG WLPH $00 WKH HLJKW ZHUH QRW DEOH WR RSHU
WLPH +HQFH LQ WKHIRUWKFRPLQJVHFWLR®VHRGWKLWRKD DB

J)LIXUH 5HFWLILHU IROORZHG E\D + EULGJH FRQILJXUDW|

7TKHIJDWLQJ SXOVHVIRUUHFWLILHUDQG + EULGJHFRQYHUWHU
7KH JDWLQJ SXOVHV LQVWHDG RI FDUULHU ZDYHIRUP EDVHG JHC
EULGJH DW GXW\ F\FOH RU WLPH GHOD\ JHQHUDWHYV WKH V
EDVHG JHQHUDWLRQ ,Q WKHFDVHRIWKHUHFWLILHU FRQGLWLR
LVRSWHG ZKLOH LQ FDVHRI + EULGJH GXW\F\FOHEDVHG JHQHU
EULGJHUHFWLILHUFDQ EHXVHGDQG RU SUHIHUUHG LQVWHDG RI
IRUWKH HDVLHU FRQWUROODELOLW\ 7KH SXOVPH\WHIGHI+ EHE GRHY
VZLWFKLQJIUHTXHQF\ RI DERXW N+] DQG D GHOD\ WLPH RI Q\

J)LIXUH *DWLQJ SXOVHV IRU VLQJOH SKDVH UHFWLILHU ZLWK A
PDWUL[ FRQYHUWHU

7KH SXOVHVIRUUHFWLILHU EULGJH LV R EXWDLGINVGKIH SIRRVRANDL LYPH
RIWKHLQSXWVLQHYROWDJH 0 DQGO FRQGXFW ZKLOHO DQGO
DW WKH LQSXW WKXV VWD\V SRVLWLYH ZLWK WKH VDPH DPSOLWX
WLYH SXOVHRILQSXW YROWDJH 0 DQG O FRQGXFW ZKLOHO DQ



,PSOHPHQWDWLRQ

SXOVHWUDYHUVHV WKURXJKVZLWFKO DQGO YLD ORDGDQG SURGXF
7TKXVWKHYROWDJH REWDLQHG DW WKH + EULGJH VWD\V SRVLWLYH XC
WLRQ +HQFH WKHVZLWFKLQJORIJLFFDQEHGHVLIQHGIRURQO\WKH

7KH JDWLQJ SXOVHV IRU WKH + EULGJH DUH GHVLIJQHG LQ VXFK D ZD
TXHQF\VLQXVRLGDO ZDYHIRUP 6R WKH SXOVHVeD BN YRKIRZRWR KDYH
JLIXUH WKH 21 WLPHIRU* DQG* DUH SPpRIYQGWE MNWRWEIH) RUGHU
WRLOQWURGXFHD VKRUW GHDG WLPH EHWZHHQ WKH VZLWFKHYV

J)LIXUH *DWLQJ SXOVH GHOD\DQG GHDG WLPH ; D[LVGHSLFWV W
< D[LVGHSLFWV WKH YROWDJHLQ YROW 9

$V VHHQ LQ )LEXUWKH JDWH SXOVHV * DQG * DUH VKLIWHG GHJL
UHJDUGVWRJDWHSXOVHV* DQG* 7KHUHVXOWDQWZDYHIRUPDW W
E\+ EULGJH PDWUL[ FRQYHUWHU LM WKRY¥YQYLRLHOQDUUMR )LIXUH

D 2YHUYLHZ E =RRP

J)LIXUH *DWLQJ SXOVH VLIQDOV IRUVLQJOH SKDVHUHFWLILHU ZL
D[LVGHSLFWV WKHWLPHLQ VHFRQGYVY VHF DQG < D[LVGHSLFWV WKH
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JLIXUH 2XWSXW YROWDJIJH RIWKHVLQJOH SKDVHUHFWLILHU Z
GHSLFWV WKHWLPHLQ VHFRQGY VHF DQG < D[LVGHSLFWV WKH

6LQJOH SKDVH PDWUL[FRQYHUWHU IRU :37 LQ (
7KH ,QGLUHFW ODWUL[ &RQYHUWHU 5HFWLILHU IROORZHG E\ + E
IXUWKHU DQDO\VLV DV WKH FRQWURO RI VZLWFKLQJ VLJQDOV DQ
FRQYHUWHU RXWSXW SRUW LV FRQQHFWHG WR WKH SULPDU\UHVF
ZLWK WKH VHFRQGDU\ UHVRQDQW WDQN 7KH RXWSXW IURP VHF
FRQYHUWHU WR FRQYHUW WKH KLJKIUHTXHQF\$& FXUUHQW WR D
7KHUHVRQDQW VKRZQ LQ GIHWIWIMHG IRUWKH FHQWUH RSHUDWLQ
DV VXJIJHVWHG IURP WKH VWD @GDUG 6$( - >

JLIXUH 6LQJOH SKDVH PDWUL[FRQYHUWHU ZLWK WKH UHYV

7KH SDUDPHWHUV RIWKH FRLO DUH FKRVHQ DV WKH RQHDYDLO
WKH ODELVD'"'FRLO ZLWK DEELQEHLQP+ DQG WKH FRXSOLQJ FRH!
EHWZHHQ WKH WZR PXWXDOO\ FRXSOHG FRLOV LV VKOG HVLV
UUHVSHFWLYHO\ 7KHLQSXW YROWDJHLVY WKHJULG YROWDJ

9 7KHEDWWHU\ SURILOH XVHG IRUDQDO\VLYV KDV D EDWWHU\ YRO
PD[LPXP EDWWHU\ FXUUHQW RI $ 7KHFRPSHQVDWLRQ QHWZRU
FRPSHQVDWLRQ QHWZRUNDQG WKHPDWKHPDWLFDO PRGHOOLQJ
7KH '& ORDG UHW.NDMDBOHWH[SUHVVHG DV DQ $& HTXLYDOHQW UH'

Ya

W — r\



6LPXODWLRQRI:37 PRGHO XVLQJ'" FRLO

$FFRUGLQ@®@WWKH RXWSXW FXUUHQW LQ WHUPV RILQSXW YROWDJH D\

|
Nom ~ R

7TKHRXWSXW SRZHU LV WKH SURGXFW RI RXWSXW YROWDJH DQG RXWS¢

l-Anm [hnn{ INnm
_ lodnnm
i QQ,

ZKHPghV WKH SHDN RI WKH IXQGDPHQWDO FRPSRQHQW RI WKH YROW
FROQYHUWHU RXWSXW SRUW

JURP WKH RXWSXW SRLQW RIYLHZ DQ (9 EDWWHU\ FKDUJLQJ SURIL
7KHILUVW LV FDOOHG FRQVWDQW FXUUHQW && PRGH ZKHUHLQ WKH
DQG VR GRHV WKH VWDWH RI FKDUJH RI EDWWHU\ 7KH VHFRQG SKDVH
PRGH ZKHUH RQFH WKH SHDN YROWDJH Rl WKH EDWWHU\ LV DWWD LG
SRLQW WKHEDWWHU\ KDV UHDFKHG PRVW RI WKH FKDUJH DQG WKH F
NHHSLQJ WKH YROWDJH FRQVWDQW

'XULQJ WKH && SKDVH WKH RXWSXW FXUUHQW VRDQ V LFGRHWIVDD Q W
WKH PXWXDO FRXSOLQJ FRHIILFLHQW LV NHSW FRQVWDQW ZH FDQ L
FRQVWDQW WKURXJKRXW WKHRSHUDWLRQ HYHQ WKRXJK WKH RXWS X
WR PD[LPXP OHYHO 7KHLQSXW YROWDJH LV VXSSOLHG E\ WKH JULG
FXUUHQW LV IC[HBW®WQ RSHUDWLQJIUHTXHQF\RI +] 7KHEDWWHU\Y

9WR 9DQGLWJVH[SHFWHG SHDNSRZHULV N: 7KHRXWSXW SR
WKH SURGXFW RI RXWSXW YROWDJH DQG FXUUHQW DV ERWK WKH SDL
WR QRWH WKDW WKH FXUUHQW VWD\V FRQVWDQW DW $ LWV SHDN D
WKH YROWDJH LV NHSW YDU\LQJ IURP LWV PLQLPXP WR WKH PD[LPXP ¢

JLIXUHVKRZV WKDW WKH RXWSXW YROWDJH RI WKH PDWUL[ FRQYHU
IRUP ZLWK HDFK RILWV KDOI SXOVH SRVVHVVLQJD ZDYHIRUP YDU\LQJ
IUHTXHQF\ 6R IRUD KDOI SHULRG RI PV LW FDKHEHK UM H Q@ BUHRUD W BIX
DWWKHVHW VZLWFKLQJ F\FOH 6R WKH RXWSXW YROWDJH RI WKH PD)
WKHWLPHLQWHJUDO RILWV DPSOLWXGHDQG VLQXVRLGDO YDULDWL

Yae _m

len =1 lraglrer

,QFRUSRUDWRQJSURYLGHY WKH GHOLYHUHG RXWSXW SRZHU WR WKF
WKH VDPH FRXSOLQJ IDFWRU LW GHSHQGV RQ MK HVREKOWSDXW W KRIDW 1/,
RXWSXW YROWDJH FRXOG EH UHJXODWHG WR FRQWURO WKH DPRXQV
7KLV FRXOG EHGRQH ZLWKD '& ' FRQYHUWHU

6LPXODWLRQRI:37 PRGHO XVLQJ ' FRLO
7KH VIVWHP VKRZQ LKV EHHQ VLPXODWHG E\ XVLQJ/76SLFH DV D FLL
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7TDEOH ""FRLO SDUDPHWHUYV

3DUDPHWHU |9DOXH
3ULPDU\ LQGX[FWD QHH
6HFRQGDU\ LQGXF\WD QFH
&RXSOLQJFRHIILFLHQW
3ULPDU\ UHVLVWD @FH
6HFRQGDU\UHVLVWDQFH

$QDO\VLV
7KH " FRLO WKDWY{V DYDLODEOHLQ WKH ODE SDUDPHWHUV DUH

7KH EDWWHU\ SDUDPHWHUV XVHG IRUWKHDQDO\VLV DUH VXPP

7TDEOH %DWWHU\ SDUDPHWHUYV

SDUDPHWHU 9D O XH
OLQLPXP EDWWHU\ ¥ROWDJH
OD[LPXP EDWWHU\ YROWDJH
OD[LPXP RXWSXW F$UUHQW
OD[LPXP RXWSXW SRZHU
,QSXWJULG SRZHU

7KH FDSDFLWDQFH RI WKH VHULHY VHULHY FRPSHQVBIWLRQ QH
Ko WKHUHIRUH [IKDQB, IK 6LQFH WKH JULG YROWDJH LV F
RXWSXW YROWDJH FRXOG EH FRQWUROOHG WKURXJK D '& '& FRQY
SRZHU DFFRUGLQIWIDRUHVXOW WKH RXWSXW YROWDJH LV REWDL
HQOLVWHG SDUDPHWHUYV

»



6LPXODWLRQRI:37 PRGHO XVLQJ'" FRLO

SHVXOWYV

J)LIXUH 6LPXODWLRQ UHVXOW RI VLQJOH SKDVH PDWUL[ FRQYHU"
WLPHLQ VHFRQGYV VHF DQG < D[LVGHSLFWVY WKHYROWDJHLQ YROW

JLIXUH VKRZV WKH YROWDJHV DW WKH UHFWLILHU RXWSXW RI + EUL
RQGDU\ FRPSHQVDWLRQ QHWZRUN 7KHLQSXW JULG YROWDJH DW

LV RQO\WKH SRVLWLYH SXOVHVDUHREWDLQHG DIWHU WKH UHFWLIL
+ EULGJHFRQYHUWHU RSHUDWLQJDW N+] 7KHYROWDJHVHHQ DW \
VHHQWREHD +]VLQXVRLGDO FXUYHFRPSULVLQJVTXDUHZDYHVRS
WKHJULG VLGH $& YROWDJH RSHUDWLQJDW +]LVFRQYHUWHG WR D
7TKHRXWSXWYROWDJHRIWKH+ EULGJHFRQYHUWHU LV IHG WR WKH S|
RSHUDWHV DV D UHVRQDQW WDQN DW WKH VZLWFKLQJ IUHTXHQF\ RI \

YROWDJH UHFHLYHG DW WKH VHFRQGDU\ VLGHLV WKHQ FRQYHUWHG'
EULGJH

J)LIXUH 6LPXODWLRQ UHVXOW RI VLQJOH SKDVH PDWUL[ FRQYHU
WLPHLQ VHFRQGYV VHF DQG < D[LVGHSLFWV WKHFXUUHQW LQ DPSH!
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7KH JULG FXUUHQW PXVW KDYH D VLQXVRLGDO SURILOH DQG VK
ZLWKLQ WKH SHUPLVVLEOH UDQJH JLYHQ E\ WKH ,(& VWDQ
GLVWRUWLRQ RI WKH JULG FXUUHQW DQG PDNH LW ZLWKLQ WKH
XVHG ,QSXW ILOWHUV DUH WXQHG VXFK WKDW WKH ILOWHU IUHT
JULG IUHTXHQF\DQG OHVV WKDQ RQH WKLUG RI WKH VZLWFKLQJ
FXUUHQW PXVW EH OHVV WKDQ $DFFRUGLQJWR6$( -

JLIXUH VKRZV WKH JULG FXUUHQW DQG WKH RXWSXW FXUUHQW
ZLWKLQ WKH SHUPLVVLEOH UDQJH RI $ EXW WKH ZDYHIRUP KD
QHQWV

J)LIXUH 6LPXODWLRQ UHVXOWRIG6LQJOH SKDVHPDWUL[FRQY'
WKH WLPHLQ VHFRQGY VHF OHIW < D[LVGHSLFWV WKH YROWDJ
GHSLFWV WKH FXUUHQW GDUNEOXH LQ DPSHUH $

J)LIXUH VKRZV WKDW WKH FXUUHQW DFURVV WKH SULPDU\ UHVF
UHVRQDQW WDQN YROWDJH 7KH V\VWHP LV RSHUDWLQJ LQ JHUR
=&6 WKH GLVFKDUJH RI LQWHUQDO FDSDFLWDQFH RI1026)(7 GXU
DQG KHQFH LW LY GHVLUHG WR RSHUDWH WKH VZLWFK LQ =96 PRC
YROWDJH IRUDWWDLQLQJ VRIW VZLWFKLQJ ZKLFK KHOSV UHGX
RUGHU WR PDNH WKH VA\VWHP PRUHLQGXFWLYH HLWKHU WKH UHV
E\LQFUHDVLQJ WKH SDVVLYH FRPSRQHQW RU E\ YDU\LQJ WKH VZL

=HUR 9ROWDJH 6ZLWFKLQJ =96

2SHUDWLQJ 3ULQFLSOH
$V VHHQ LQ )LIYWKH LQYHUWHG YROWDJH IURP W K H IMIKDW\WM D Y 8
ZKHUHDV WKH FXUUHQW UHVHPEOHV D VLQXVRLGDO ZDYH ,I WK
ZKHQ WKH FXUUHQW LV VWLOO SRVLWLYHGXULQJWKHWUDQVLWL
FRQGXFWLQJVZLWFKHVO DQGO WXUQRIIDQG DW WKLV WLPH W
EORFNLQJ WKH LQSXW YROWDJH ZRXOG KDYH WKHLU LQWHUQDC
YROWDJH ,Q WKHFDVHWKDW WKHFXUUHQW LV ODJJLQJEHKLQG"
WKHLQYHUWHU VZLWFKHY WKHDQWL SDUDOOHO GLRGH DFURV YV
WKH SDWK IRUFDSDFLWRU YROWDJH GLVFKDUJHDQG D SDWK IRU
WKH VZLWFKHV O DQGO DUHWXUQHG RQ VXFK WKDW RQFH WKH F.



=HUR 9ROWDJH 6ZLWFKLQJ =96

PRUH QHJDWLYH WKH\ QDWXUDOO\ VWDUW FRQGXFWLQJ DQG KHQF
VZLWFKLQJ =96 WXUQ RQ ZKLFKPLQLPL]JHG WKHLQYHUWHUSfV VZLW

5HVRQDQW 7DQN 7XQLQJ

7TKHUHVRQDQWWDQNIUHTXHQF\LVUHGXFHGIURP N+]LQRUGHU WR
WKHLQYHUWHU ,Q WKLV ZD\ E\ VZLWFKLQJDW N+] WKH :37 V\VWHF
WLYHUHJLRQRIWKHUHVRQDQW WDQN ZKLFKPHDQV WKDW WKHLQYH!
S5HGXFLQJWKHUHVRQDQW IUHTXHQF\ZRXOG LQFUHDVH WKH YDOXH R
SURYLGHG WKHFRLO SDUDPHWHUYV DUH PDL QW B IFQI$6 BMWVXQ FHWW IO |
LVLQFUHDVHG WR Q) LQ WKH SULPDU\ WDQN PDNLQJ LW PLVDOLJQ
VWHSSHG GRZQ IURP WKH FHQWHU IUHTXHQF\ 7KH V\VWHP DW WKH U
VLVWLYHDQG DW JHUR SKDVH EXW LQ :37 PRGXOH VLQFH WKHUH DUF
FRXOG EH SRVVLELOLW\ WKDW WKHUH DUH PRUH WKDQ RQH ]JHUR SKD
FDWLRQ ,QFUHDVLQJRUJRLQJEH\RQG WKH  FHQWHU IUHTXHQF\ PD
JRLQJIXUWKHU IDUPLIJKWPDNH WKHV\VWHP LQGXFWLYH UDWKHU LW
IUHTXHQF\DQG KHQFH WKH FDSDFLWDQFH LV PDGH WR PLVPDWFK

%LIXUFDWLRQLQ :37 VI\VWHPV

%LIXUFDWLRQ LV D SKHQRPHQRQ ZKHUH WKH SKDVH DQJOH RI WKH W
JHUR FURVVLQJ SRLQWYV GHSHQGLQJRQ WKHRXWSXW ORDG DQG WK
2SHUDWLRQ DERYH WKH UHVRQDQW IUHTXHQF\ FDXVHV WKH VA\VWHP \
WR ZKLFK WKH VZLWFKHY WUDQVLWLRQ IURP SRVLWLYH WR QHJDWLY
WKDQ LQ VRIW VZLWFKLQJ ,Q RUGHU WR HQVXUH VRIW VZLWFKLQJ
DQG DV ZHOO EH ELIXUFDWLRQ IUHH 7R DWWDLQ ELIXUFDWLRQ IUHH
UHVLVWDQFHEH GHILQHG ZHOO DERYH WKH OLPLW VSHFLILHG LQ

7KH VWDELOLW\@ WIKDMURRYW EH VDWLVILHG E\ WKH VIVWHP WR EH E
FRPSHQVDWLRQ QHWZRUN LV JLYHQ E\

. N S
W\ [b_nk\zmbhgrihgzg@s i i

7KH ELIXUFDWLRQLQ :37 VIVWHPV LV H[SODLQHG LQ &KDSWHU

SHVXOWYV

JLIXUH VKRZV WKH EHKDYLRXU RIFXUUHQW DQG YROWDJH ZKHQ WKH
UHGXFHG E\LQFUHDVLQJWKHFDSDFLWDQFH ,WVKRZV WKDW WKH FX
DQGHQVXUHV WKHIDFW WKDW WKHFRQYHUWHU LV LQ VRIW VZLWFKL
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J)LIXUH 6LPXODWLRQUHVXOWRIG6LQJOH SKDVHPDWUL[FRQYH
WKHWLPHLQ VHFRQGY VHF OHIW < D[LV GHSLFWV WKH YROWDJ
GHSLFWV WKH FXUUHQW GDUNEOXH LQ DPSHUH $

7TDEOHVKRZV WKH PD[LPXP SHUPLVVLEOH 506 FXUUHQW IRU GLI
EOH VKRZV WKH REVHUYHG )RXULHU FRPSRQHQWY 3HDN FXUUHC
LQ)LIXUH,W FDQ EH VHHQ WKDW WKH FXUUHQW YDOXH RI WKH VH
ZLWKLQ WKH VWDQGDUG OLPLW )LOWHU FRPSRQHQWYV PXVW EH |
WXGH VHHQ LQ WKH ORZHU IUHTXHQF\UDQJH DUH ZHOO DWWHQ XI
RUGHU KDUPRQLFVDUHHOLPLQDWHG FRPSOHWHO\

J)LIXUH *ULG FXUUHQW RI6LQJOH SKDVHPDWUL[FRQYHUWHU
WLPHLQ VHFRQGV VHF DQG < D[LVGHSLFWV WKHFXUUHQW LQ DI



,QSXW /& )LOWHU

7TDEOH +DUPRQLF OLPLWV IRU &0DVV $ HTXLSPHQW DV SUHVF!

DI[LPXP 3HUPLNVVLEOH
RPS i P 3HU ©
FXUUHQW $
2GG KDUPRQLFV

+DUPRQLF

K oy
(YHQ KDUPRQLFV

L QSXW /& )LOWHU

JLIXUH 6LQJOH SKDVHPDWUL[FRQYHUWHU ZLWK WKH UHVRQDQW
/& ILOWHU

JLIXUH VKRZV DQ LQSXW /& ILOWHU FRQQHFWHG WR WKH SULPDU\ FR
JULG VXSSO\ YROWDJH 7KHLQSXW /& ILOWHU PLWLIJDWHYV WKH KLJKH
DPSOLWXGH RIORZHU RUGHU KDUPRQLFV 7KHFXW RIIT'lUHTXHQF\RI

*HQHUDOO\ LWLV GHVLIJQHGWRKDYHDFXW RIIUHTXHQF\KLJKHU
DQG WKUHH WLPHV ORZHU WKDQ WEH ¥TH\WRFWKMHSDHVXKHOFRPSRQHQ
GXFWRU RU FDSDFLWRU LV DVVXPHG DQG WKH RWKHU FRPSRQHQW L
FXW RIIUHTXHQF\ ,Q WKLV GHVLJQ WKH FKRVHQ FXW RII [UHTXHQF)
WDQFH IV %DVHG RQ WKHVH SDUDPHWHUV WKHILOWHY FDSDFLWDQF

TKHLQSXW /& ILOWHU FLUFXLW XVHG IRUWKH UHGXFWLRQ RIVZLWF
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7TDEOH 3HDN FXUUHQWYV REWDLQHG IRU GLITHUHQW K

+DUPRQUMHTXHQRXULHU
1XPEHU>+]@ &RPSRQHQW

N mQ N
i —__— H [b
é 3
YLIXUH JOSXW /& )LOWHU

,Q WKH DERYH LMIWWH JULG VXSIB OV Y\WRCHNIDWIHS F X UNJIHVQW/KGIU D Z
FRQYHUWHU L Q[SXWWEKBRQWHUWH @ LYSKMHYIROWEBUH. @ GXFWD QF
WKH ILOWHU FDSDFLWDQFH %DVHG RQ WKH YROWDJH DWKH XU U
WUDQVIHU IXQFWLRQ FDQ EH ZULWWHQ DV

Na Mala Madg

qH
MJ q d/Q H_
M—I q q%Q_ H_

ZKHWH q LV WKH WUDQVIHU IXQFWLRQ UHODWHGMWRLW KMKHU L G
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7KLVFKDSWHU GHDOVZLWKWKHDQDO\WVLVRIWKUHH SKDVHPDWULI[F
FKDSWHU VWDUWY ZLWK D GHVFULSWLRQ RI WKH VWUXFWXUH RI WKH
E\ WKH IRUPXODWLRQ RI'JDWLQJ SXOVHV DV WR DWWDLQ VRIW VZLW
GHWHUPLQHG IRUWKH FRPSOHWH VA\VWHP DQG WKH DSSUR[LPDWH V\
7KHHIIHFW RI ORDG YDULDWLRQ RQ WKH V\VWHP ZDV H[DPLQHG )LQD!
LPSOHPHQWHG WR UHGXFH WKH KLIJKHU RUGHU KDUPRQLFV

 PSOHPHQWDWLRQ
7KHWKUHH SKDVHPDWUL[FRQYHUWHULVDQH[WHQVLRQRIVLQJOH
SKDVH WRSRORJ\DQDO\JHG LQ WKLV UHV AR UF K \MMWHKPRIZ\D D @ KILIEKHD 1 L
VIVWHP ZLWK D FRPPRQ QHXWUDO SRLQW 7KH WKUHH QHJDWLYH SRW
WKH FRPPRQ SRLQW DFWV DV WKH QHXWUDO DQG WKH SRVLWLYH SR
(DFK VLQJOH SKDVH PRGXOH SRVVHVVHV D UHFWLILHU EULGJH ZKLF
RSHUDWLQJDW +]WR D UHSHWLWLYH SRVLWLYH KDOI ZDYH 7KLV S
EULGJH VZLWFKLQJDW D IUHTXHQF\RI N+] 7KHRXWSXW YROWDJH |
KLJKO\ FRXSOHG WUDQVIRUPHU ZKRVH VHFRQGDU\ ZLQGLQJV DUH FI
J)LIXUH 6LQFH WKH WXUQV UDWLR LV WKH YROWDJH VHHQ DW WKH
WR WKH VHFRQGDU\ 7KH YROWDJH IURP WKH WKUHH WHUPLQDOV JH
YROWDJH RI WKH WKUHH SKDVH JULG LV VKLIWHG E\ D SKDVH DQJOH
RXWSXW YROWDJH RI WKH VHULHY FRQQHFWHG WUDQVIRUPHU ZRXOG
RQ WKH SKDVH GLITHUHQFH 7KH VWHS YROWDJH FDQ EH VIPPHWULFD
JDWLQJ SXOVH JHQHUDWHG 7KH JHQHUDWHG YROWDJH LV WKH IHG W
LV PXWXDOO\FRXSOHG WR WKH VHFRQGDU\ UHVRQDQW WDQN DQG WK
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J)LIXUH BURSRVHG WKUHH SKDVH PDWUL[ FRQYHUWHU

7KUHH SKDVH PDWUL[ FRQYHUWHU IRU :37 DSS
7KHWKUHH SKDVHPDWUL[FRQYHUWHU LV D SULPDU\FRQYHUWHU
DKLIJKIUHTXHQF\$& YROWDJH 7KHKLJKIUHTXHQF\FXUUHQW LQ
FRLO LQGXFHVDQ$& YROWDJHDW WKHVHFRQGDU\VLGH ZKLFK L\
7KH WKUHH SKDVH PDWUL[ FRQYHUWHU LV LQLWLDOO\DQDO\VHG
LWV HIITHFWV RQ WKH V\VWHP LV OLVWHG (IIHFW RI FKDQJLQJ WKt
LQ RUGHU WR LQFUHDVH WKH PXWXDO LQGXFWDQFH LV DQDO\VH:!

" FRLO EDVHG UHVRQDQW WDQN
7KHVHULHY VHULHY UHVRQDQW WDQNLVDGGHG WR WKH WKUHH .
JLIXUH $DQG % WHUPLQDOV RIWKHVHFRQGDU\WUDQVIRUPHU LV
UHVRQDQW WDQN WHUPLQDOV 7KH VHFRQGDU\ VLGH RI WKH UH"
WLILHU ZKLFK LV WKHQ FRQQHFWHG WR WKH EDWWHU\ ORDG 7K
GLVFXVVHG LQ WKH SUHYLRXV FKDSWHU 7KH FRXSOLQJ IDFWRU
PDLQWDLQ WKH VRIW VZLWFKLQJ RI WKHFRQYHUWHU WKH UHVR
UHGXFLQJWKHUHVRQDQW WDQN IUHTXHQF\LQFUHDVHV WKH FDS



7TKUHH SKDVH PDWUL[ FRQYHUWHU IRU :37 DSSOLFDWLRQ

IL[HG 7KH+ EULGJH 026)(7VDUHFRQWUROOHG WKURXJK DV\PPHWUL
LQ)LIXUH LQ RUGHU WR DFKLHYH =96 LQ DOO WKH WKUHH SKDVHV 7]
SDUHG ZLWK VDZWRRWK ZDYH IRV PTRKKDWMHFEWLL LMY EDWGIJH RXWSXW LV
ZDYHIRUP YROWDJH GXH WR WKH SUHVHQFH RI VPDOO FDSDFLWDQF!
VDZWRRWK ZDYHIRUP HQVXUHV WKH HITHFW RI WZR VLQXVRLGV FDQ
WKH VI\PPHWULF SXOVH PRGXODWLRQ =96 LV QRW VHHQ LQ WZR SKDV
LWLQHIIHFWLYH 7KH FDUULHU ZDYH LV RIIVHW DW LWV PLG UDQJH F
WXGHDQG WKHWULDQJXODU SXOVHLVY PDGHWRKDYHD GHOD\RI DC
XVXDO XSSHUUDPSDQG ORZHU UDPS WKLV JHQHUDWHY MXVW WKH S
JHUR IURP WKH PD[LPXP DPSOLWXGH 7KH WZR FDUULHU VLJQDOV DU|
VLOQXVRLGDO VLIQDO LVVHWDWDQDPSOLWXGH RI DQG LV VKLIW!
SKDVH 7KLV HQVXUHV WKH DV\PPHWULFDO JHQHUDWLRQ RI SXOVH L
DGMDFHQW VZLWFKHV DUH FRPSOHPHQWDU\ WR RQHDQRWKHU

JLIXUHVKRZV WKH SULPDU\ YROWDJH DQG FXUUHQW DOO WKH WKU
WKDW VA\VWHP LV LQ =96 RSHUDWLRQ 7KHFXUUHQW ODJV WKH YROW
WKH FXUUHQW VWLOO VWD\V SRVLWLYH HYHQ ZKHQ WKH YROWDJH W
HQVXUHV WKHDFFRPSOLVKPHQW RIWRR®YWW KW FHK LFQEW )R U XVHQJ WKH k
FRXSOHG WUDQVIRUPHUYVY 7KH SULPDU\ YROWDJH LV DQ XQV\PPHWU|
LQWKHVHFRQGDU\ YROWDJH WKHDGGLWLRQ RI WKUHH RI WKH SULP
YROWDJH )MKRA WKDW WKH VI\VWHP LV RSHUDWLQJDWDQ RXWSXW
(9 DSSOLFDWLRQ ZHDUHDGGUHVVLQJ WR LV DURXQG N: 7TKHUHIRL

VKRZV WKDW WKLV WRSRORJ\LV VXLWDEOH IRUFRXKROHG FRLOV .
JRUWKLVY UHDVRQ LQVWHDG RI'" FRLOV D SDLURIUHFWDQJXODU FR
LVXVHGLQRUGHUWRHQVXUH ORZHU RXWSXW SRZHU

SHFWDQJOH FRLO EDVHG UHVRQDQW WDQN
7TKHUHFWDQJXODU FRLO SDUDPHWHUV DUHDV IROORZVY 7KHFDSDFL\

7TDEOH SHFWDQJXODU FRLO SDUDPHWHUV

3DUDPHWHU |9DOXH
3ULPDU\ LQGX[FW Dp®AH
6HFRQGDU\LQGXF\WDQFH
&RXSOLQJFRHIILFLHQW

3ULPDU\ UHVLVWDQFH
6HFRQGDU\UHVLVWDQFH

VDWLRQ QHWZRUN FDQ EH HDORF%OMHGPEI\RXJ\J-L@)JDQI-Q

Q) ,Q RUGHU WR DWWDLQ VRIW VZLWFKLQJ WKH SULPDU\UHVRQDQW
Q)WR Q) HQVXULQJWKH RSHUDWLRQ LQ WKHLQGXFWLYH UHJLRQ

7KH VA\VWHP PXVW EH IUHH IRUP ELIXUFDWLR® SURFHMWVW BXEQ/R\DLGV X V
UHVLVWDQFH WR EH
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D 2YHUYLHZ

E &DUULHU VLIJQDO GXULQJ WKH WUDBMWLYILNRDIRIDWHGKWLQJ WKH WUD!
HQFH ZDYH HQFH ZDYH

G &DUULHUVLIQDODW WKH SHDN Rl U BYWHWUWHQHR QDOHDW WKH SHDN RI U}

J)LIXUH *DWLQJ SXOVHVIRUWKUHH SKDVHFRQILIXUDWLRQ RI
WKHWLPHLQ VHFRQGY VHF DQG < D[LV GHSLFWV WKH YROWDJH



7TKUHH SKDVH PDWUL[ FRQYHUWHU IRU :37 DSSOLFDWLRQ

J)LIXUH ULPDU\ WUDQVIRUPHU YROWDJH DQG FXUUHQW '"" &RLO
VHFRQGV VHF OHIW<D[LVGHSLFWV WKHYROWDJH VN\EOXH LQ YF
FXUUHQW GDUNEOXH LQDPSHUH $

J)LIXUH 3ULPDU\DQG VHFRQGDU\ WUDQVIRUPHU YROWDJH "' &RLC
VHFRQGV VHF DQG < D[LVGHSLFWV WKHYROWDJHLQ YROW 9
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YLIXUH 2XWSXW SRZHU RI WKUHH SKDVH PDWUL[ FRQYHUWHU
LQ VHFRQGV VHF DQG < D[LV GHSLFWV WKH YROWDJH LQ YROW ¢
LQ VXESORW DQG SRZHULQ ZDWWV : LQ VXESORW

6XEVWLWXWLQJ ®KH YDhMXMV RI DQG UHVRQDQW IUHTXHQF\ WR |
ZH REWDLQ U +HQFH WKH ORDG UHVLVW PLQKXK BWK\RZW D W
WKH EHKDYLRXU RI SULPDU\ YROWDJH DQG FXUUHQW 9DU\LQJ W
UHGXFLQJ WKH UHVRQDQW WDQN IUHTXHQF\ HQVXUHV WKDW WK
PDU\YROWDJH 7KHODJJLQJSURSHUW\RIFXUUHQW ZLWK YROWD
RI'VZLWFKLQJ DQG WKHUHE\ VRIW VZLWFKLQJ RSHUDWLRQ 7KL\
ORVVHYV
JLIXUHVKRZV WKH RXWSXW YROWDJHDQG FXUUHQW DQG DV ZHOC
SRZHU KDV UHGXFHG GUDVWLFDOO\LQ FDVH RI UHFWDQJXODU F

SRZHU LV REWDLQHG DURXQG WKH GHVLUHG YDOXH RI N:
7TRFRQILUP LIWKHKDUPRQLFV RI WKH J DU \ZIHOH F2ZALUNKAL@WMKH) Q 1L
WKH , (& VWDQGDUG WKH))7 ZDY SWHKRRVU RMHKGE IRXBEQAHU FRQ

REWDLQHG IRUWKHJULG FXUUHQWY ZKLFKDUH ZHOO ZLWKLQ WK

(YDOXDWLRQ RIFRQYHUWHU ORVVHV DQG V\VW

&KRLFH RIWKHVZLWFKLQJGHYLFH
6LOLFRQ &DUELGH 6L& 026)(7VDUH SUHIHUUHG RYHU ,*%7V DQG

026)(7VDUH SUHIHUUHG RYHU ,*%7V DV
¥,*%7 KDVORQJHUWDLOLQJ FXUUHQW DQG WK@UHE\ORQJHU V
12Q WKH ZKROH 026)(7V KDYH ORZHU VZLWFKLQJ ORVVHV WK
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