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This deliverable, which is the major output of task T2.3 in the work package WP2 of edgeFLEX,
describes the frequency control concepts and algorithms developed for future Virtual Power Plants
(VPPs) and Energy Communitys (ECs). These include a new theoretical concept for modeling,
estimation and control of frequency variations; a set of combined primary voltage-frequency con-
trol schemes for Distributed Energy Resources (DERs) and VPPs; an aggregated VPP model for
system-wide transient stability analysis studies; and a stochastic decentralized control strategy for
charging large fleets of Plug-in Electric Vehicles (PEVs). All algorithms are tested through computer-
based simulations according to the relevant scenarios defined in deliverable D2.1.

Revealing the meaning of frequency as well as the link between frequency and power variations at
the buses of modern power networks is an open research topic and an important problem for system
operators. The deliverable generalizes the concepts of the frequency divider and rate of change of
regulating power described in deliverable D2.2, to introduce a new quantity, namely, the Complex
Frequency (CF), The most significant property of the CF is its ability to give a more robust and clean
indication of frequency than the current state-of-art, especially to describe the behavior of frequency
variations at buses close to a disturbance. The proposed definition of CF is in accordance with the
commonly accepted definition of frequency and generalizes it.

Arelevant aspect of DER and VPP regulation is the utilization of the active and reactive control loops
and which control signals are dedicated to which control objectives. In this vein, the deliverable
takes advantage of the theory on CF to present two control schemes. First, a technique is presented
based on a voltage feedback that improves the effectiveness of the Primary Frequency Control
(PFC) provided by DERSs. This technique relies on remote bus voltage measurements and consists
in modifying the reference of the DER voltage control loop. Second, a combined control scheme
for DERs and VPPs is presented in which both active and reactive power injections are modified
to compensate both for frequency and voltage variations. An important aspect that impacts on the
effectiveness of both control schemes is the sensitivity of loads to voltage variations. Accordingly,
the deliverable also provides a novel approach to identify accurately and in real-time the parameters
of Voltage-Dependent Loads (VDLSs).

The operation of the Distributed Generator (DG) units that compose a VPP may rely either on a Grid-
Following (GFL) or Grid-Forming (GFM) control strategy. To be able to capture the effects of both
strategies on system-wide transient stability studies, the deliverable also proposes an aggregated
model that accurately reproduces the dynamic response of VPPs following a disturbance. The
proposed VPP model consists of a voltage source and a current source connected in parallel, with
a scope to emulate the respective synchronization transients of GFL and GFM-based DGs.

Finally, the deliverable studies the flexibility provision by ECs and provides an efficient algorithm
to control PEV chargers by dynamically allocating the available power in an optimized way and
without affecting the system stability. The proposed approach is based on an Additive-Increase-
Multiplicative-Decrease (AIMD) stochastic decentralized control strategy that manages the charging
of PEVs with little communication efforts, and is particularly suited for large numbers of PEVs.
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1.1 Task 2.3: Frequency Control for Energy Communities with Future VPPs

This deliverable is the major output of task T2.3 in the work package WP2. The main goal of T2.3
is to define novel control concepts for VPPs. Two main approaches are considered. The first is a
fully decentralised approach based on a stochastic control approach which requires minimum com-
munications among distributed generation and Energy Storage Systems (ESSs) and guarantees
high scalability. The second approach is based on a hybrid centralised/decentralised control. The
centralised part of the control is run only at given times (e.g., every 5 minutes) and solves an optimi-
sation problem to properly allocate power and inertia reserves among the resources that compose
the VPP. With this aim, each resource has to communicate its current operating point (e.g., state
of charge), reserve and generation forecast for the next period to the VPP control centre. The
decentralised part of the control is based on a fast frequency control.

1.2 Objectives and Outline of the Deliverable

This deliverable aims at describing the frequency control algorithms developed for ECs with fu-
ture VPPs. A new theoretical concept that helps better understand and capture the frequency
variations in a power network is presented first. Second, two combined voltage-frequency control
schemes that efficiently utilize the active and reactive control loops of converter-based resources
are proposed. In practice, the performance and tuning of these control schemes depend on the
knowledge of the sensitivity of loads to voltage variations and thus, accurate formulas to capture
this sensitivity are also provided. Then, an aggregated dynamic model for VPPs consisting of both
GFL and GFM-based resources is developed. Finally, an efficient algorithm to control the charging
of large fleets of PEVs in an optimized and decentralized way is presented.

1.3 How to Read this Document

The frequency control concepts presented in this deliverable are tested based on the relevant sce-
narios and using the data and component models provided in deliverable D2.1. Note that the sce-
nario and model description in D2.1 has been revisited and proper modifications and updates are
provided in Sections A.1 and A.2 of this deliverable. We thus encourage the reader to go through
this document while referring in parallel, first, to the material presented in D2.1 and, second, to Sec-
tions A.1 and A.2 of the present deliverable, whenever relevant. Dependencies and links of task
T2.3 with other tasks within WP2, as well as of WP2 with other work packages from edgeFLEX,
including WP3, WP4, and WP5, are summarized in Figure 1.

1.4 Structure of the Deliverable

The remainder of this deliverable is organized as follows. Chapter 2 proposes the novel concept of
CF. Chapter 3 describes two combined voltage-frequency control schemes for DERs and VPPs,
as well as proper formulas to estimate the voltage-dependency of loads. Chapter 4 provides an
aggregated VPP model for system-wide transient stability studies. Chapter 5 presents a decentral-
ized charging strategy for PEVs. Finally, the deliverable is summarized and conclusions are drawn
in Chapter 6.
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Figure 1 — Relations between WP2 and other work packages
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2.1 Introduction

A well-known and accepted definition of the frequency of a signal x(t) = X, (t) cos8(t) is given in
the IEEE Standard IEC/IEEE 60255-118-1 [1], as follows:

F) = 580 = H 8O+, 2.1)

where 0 is the phase difference, in radians, between the angular position 9, also in radians, of
the signal x(t) and the phase due to the reference nominal frequency f,, expressed in Hz. If the
magnitude X, of the signal is constant, this definition is adequate. However, if X,,, changes with
time, the definition of the frequency in (2.1) does not provide a meaningful way to separate the
effects of the variations of & and X,. Thus, the definition of frequency in the most general conditions
is a highly controversial concept that has been discussed at length in the literature (e.g. see the
interesting discussion in [2] and the references therein).

This chapter provides a novel interpretation of “frequency” as complex quantity. This CF takes into
account the time dependency of both 3 and X,,. The CF allows a neat and compact representation
as well as a consistent interpretation of frequency variations in AC power systems. The CF is also
capable of explaining the interactions among active and reactive power injections at buses and
flows in network branches. It is important to note that the proposed approach does not attempt to
substitute the modeling approaches that go beyond the classical phasor representation or that focus
on analysis of non-sinusoidal signals (see, for example, [3] for a state-of-the-art survey on this topic
and the several references therein). On the contrary, the proposed concept of CF is compatible
with the approaches that have been proposed in the literature as it allows interpreting angle and
magnitude variations as complementary components of the same phenomenon, provided that one
accepts to extend the domain of frequency to the complex numbers.

This chapter focuses on electro-mechanical transients in high-voltage transmission systems. Thus,
the starting point is similar to that of [4, 5, 6, 7], that is, the transient conditions during which the mag-
nitude and the phase angle of bus voltage phasors vary, change according to the inertial response
of Synchronous Machines (SMs) and the frequency control of synchronous and non-synchronous
devices. On the other hand, harmonics, unbalanced conditions and electro-magnetic transients are
not taken into consideration. The resulting formulation is:

+ exact, in the measure that power system models based on the dqo transform for voltage and
angle stability analysis are exact;

» general, as it provides a framework to study the dynamic effect of any device on the local fre-
quency variations at network buses; and

+ systematic, because it provides the tools to determine analytically the impact of each device on
bus frequencies.

2.2 Background

The starting point is the set of equations that describe the complex power injections, in per unit, at
the n network buses of the system, says C", as follows:

s() =p®)+ a®) =v(® -1 (1), (2.2)

where p R™1 g R™! are the active and reactive power injections at network buses, respec-
tively; v C"™landT C"™*! are the voltages and current injections at network buses; indicates
the complex conjugate; and - is the element-by-element product of two vectors. In steady-state,
balanced conditions, (2.2) expresses the power flow equations. However, it is important to note
that, in (2.2), all quantities are assumed to be time-dependent. The elements of v and 1 that appear

Page 8 (65)



edgeFLEX D2.3v1.0

in (2.2), in fact, are not to be interpreted as conventional phasors, but as dynamic quantities, which
in some studies are called Parkis vectors [8, 9]. A Park’s vector is a complex quantity obtained from
the dg-axis components of the well-known dqo transform. For example, for the voltage, one has:

V(t) = va(t) + vg(t), (2.3)

where the components vq  and vq i of the k-th element of the vector v are calculated as follows:

Va k(t) Va k(t) _ cos(Bo(t)) cos(B,(t)) cos(B, (1))
Vgk(® =P@) vpi(t) , PA)= 3% sin(@(t)) sin(,(t)) sin(,(1) , (2.4)
Vork(t) Ve(®) * ¥ %

where 6, is the angle between phase a and the g-axis, with 8, = wo, 8, = 8, — Z¢, and 6, = 6, + 2.
Transformation (2.4) is also applied to the abc currents. Since no assumption is made on the abc
quantities, the d- and g-axis components of Park’s vectors v and 1 and, hence, (2.2) can be assumed
to be valid in transient conditions. It is important to note that the reactive power is not well-defined
for non-sinusoidal signals, e.g. see [10]. However, it is a common assumption, which effectively
underpins the vast majority of studies on the transient stability of power systems [11], to approximate
the reactive power as in (2.2). v, k is the 0-axis or zero component and is null for balanced systems.
If the system is not balanced and the o-axis components are not null, then the vector p in (2.2)
does not represent the total active power injections at network buses as it does not include the term
Vo °lo. The hypothesis of balanced system is not necessary for the developments presented below.
However, since the focus is on high-voltage transmission systems, in the remainder of this chapter,
balanced, positive sequence operating conditions are assumed.

For the purposes of the developments given below, it is convenient to rewrite (2.3) in polar form,
as V(t) = v(t) - £6(t), where v = |v|, £Z6 = cos(0) + sin(B) and 6(t) = 9(t) — 6,(t). 0 is the
vector of bus voltage phase angles referred to the rotating dg-axis reference frame, 3 are the bus
voltage phase angles referred to a stationary reference, 8, = | wodt is the angle of the rotating dg-
axis reference frame and w; is the angular frequency in rad/s of the dg-axis reference frame. From
(2.1), the time derivative of 8 gives w(t) = 6(t) = B(t) — (1), where w is the vector of frequency
deviations with respect to the reference frequency at the network buses. In [1], it is assumed that
wo, = 2mf, is constant and equal to the nominal angular frequency of the grid, e.g., w, = 2150
rad/s in European transmission grids. Note that w, being constant is not a requirement in (2.4).
However, for the derivations presented below, w, is assumed to be constant when it is utilized to
calculate the values of reactances and susceptances. As for the reactive power, this is again a
widely-accepted approximation utilized in RMS models for angle and voltage stability analysis and
consists in assuming that the link between current injections and voltages is given by:

() = Y V(b), (2.5)

whereY = G+ B C"™ "isthe well-known admittance matrix of the network. It is important not to
confuse (2.5) with the conventional relationship between current and voltage phasors (in which case
(2.5) is an exact equality). Tand v are Park’s vectors, i.e., complex quantities with time-varying real
and imaginary parts and, hence, (2.5) represents an approximation of the dynamics of the grid. In
turn, to obtain (2.5), it is assumed that, for network inductances and capacitances the relationships
between voltages and currents can be approximated with:

v=L=L dg+ W)= WoLT= XT,
_ fj (2.6)
1T=Cv=C &+ Wo)l = woCv = Bv,

where % is the time derivative relative to the Park rotating frame; w, is the term due to the rotation
of the Park reference; and L, C, X, B are the inductance, capacitance, reactance and suscep-
tance, respectively. The quantities in (2.6) are assumed in absolute values. In turn, the approxima-
tion above assumes that electro-magnetic transients in the elements of the transmission lines and
transformers are fast and can be assumed to be in Quasi-Steady State (QSS). The approximation
(2.6) is applied also to the equations of the circuits of the devices connected to the grid, e.g., the
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ZLWKIMWULEXWLRQ@Q MWW AARHINNVWKH UHVLVWDQFH LQGXFWDQFH UDWLR R
OHDGLQIJWRDVWURQJLQWHUDFWLRQRIDFWLYHDQG UHDFWLYHSRZHU
,Q WKLV YHLQ DVROXWLRQ WKDW KDV EHHQ SURSRVHG LV WR DUWLILFLI
FRXSOLQJ WKURXJK WKHFRQWURO RI SRZHU FRQYHUWHUV VHHH J WKI
> @ ,QVWHDG LQ WKLV FKDSWHU ZH IRFXV RQ WKH SRWHQWLDO RI H]
DFWLYHDQG UHDFWLYH SRZHU IRU WKH GHVLJQ RI HIILFLHQW FRQWURO
DQG YROWDJH UHIJXODWLRQ RIWKH SRZHU JULG

6RPH UHFHQW VWXGLHVY KDYH H[SORUHG WKH DELOLW\ Rl SRZHU HOHFW!|
IUHTXHQF\ WKURXJK YROWDJH FR®WWROH EHIMHBR)UHTX\W ®RF\ &RQWURO
IHEWLYHO\ WDNHV DGYDQWDJH Rl WKH VHQVLWLYLW\ Rl ORDGV WR YRO
DSSOLFDWLRQV LQFOXGH UHVRXUFHV@ (6 WPLDEVOHLINURDMOH/GHZEL W\R/IVDHPPLVF %)
> @ VPDUW WUDQ® I PEWBDUM F 9DU &R P&HY VDQWRWIVOOHG DW WKH WUDQ\
VIVWHP OH&¥ HO >

7KH IRFXV RI WKLY FKDSWHU LV R @ PWKHYXWLIODRFOWLYRGFRQOWURO ORRSYV
FRQWURO VLIJQDO LVGHGLFDWHG WR ZKLFK FRQWURO REMHFWLYH ,Q W
VFKHPHY DV IROORZV

tf 6HFWLRSRUHVHQWY D WHFKQLTXHEDVHGRQD YROWDJHIHHGEDFN W
QHVV RBWMISHIRYLGHEBVEN7KLY WHFKQLTXHUHTXLUHY UHPRWH EXV YF
PHQWV DQG FRQVLVWY LQ PRGLI\KG IWRIOMWWH HHERHQ@QWH RO WRR S

¥ 6HFWLRSUHVHQWY D FRPELQHG FRRIWDREG WFKRRZHKLFK ERWK DFWLY |
DQG UHDFWLYH SRZHU LQMHFWLRQV DUH PRGLILHG WR FRPSHQVDYV
YDULDWLRQV

,QERWKVFKHPHY ZH NHHS HDFKFRQWURO ORRS VLPSOH \HW SUDFWLEFD
FRQWUROOHUV ZLGHO\ XVHG LQ LQGXVWULDO DSSOLFDWLRQV

‘H QRWH WKDW VLPLODUO\ WR PRVW FRQWUROOHUV WKDW PL[ WKH YR
VHHHJ > @ WKHHIIHFWLYHQHVV Rl WKH FRQWURO VFKHPHY SURSR\
XSRQ WKH VHQVLWLYLW\ RI ORDGV WR YROWDJH YDULDWLRQV )RU WKF
WKURXJK VLPXODWLRQV LW LV DFFHSWDEOH WR DVVXPH WKDW WKH YR
SULRHRIZHYHU LQ RUGHU WR HQVXUH WKDW WKH SHUIRUPDQFH RI WKH St
SURPLVHG ZKHQ SXW LQ SUDFWLFH WKHUH LV DOVR D QHHG IRU D ZD\ W
UHDO WLPHWKH YROWDJH GHSHQGHQF\ RI ORDGR/S RVW K V& R\E WQ. P L DGV b
IUHH PHWKRG WR HVWLPDVOH WKMIHKSBRUDR MWHWPWHRNXUHPHQWY RI RQO\ Wi
DQG UHDFWLYH SRZHU FRQVXPSWLRQ DQG IUHTXHQF\GHYLDWLRQV DW V
HYDQW FRQVHTX&)FRQRHWWHEHVFULEH @ RQ & OISMYBBW DQG DQ DSSURJL]
IRUPXODWLRQ RI WKH PHWKRG DUH GLVFXVVHG

JUHTXHQF\ &RQWURO 7TKURXJK ORGLILHG 9ROWDJH &RQW

7KLYV VHFWLRQ SUHVHQWY D WHFKQLTXH WR3)&SURY HOMISHEDIQHFW LY HQ H
(66V WKURXJK VIQWKHVL]LQJ D SURSHU YROWDJH EDVHG IHHGEDFN VLJ
OL]HG WR PRGLI\WKH UBINBPDYPHRIFRAWURO ORRS 7KH WHFKQLTXH LV
WKHRUHWLFDO FRQFHSWYV LRMWVUKRLG/XEHG LYHYIDESOWH U
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'"HVFULSWLRQ RI 8RQWURO 6FKHPH

,Q VWDQGDYROWDJIJH FRQWURO VFKHPHYVY WKH YROWDJH UHIHUHQFH LV
SHULRG +HQFH ZH KDYH WKDW
Vref(t): Vcr)ef = Vho ;

ZKHUYH LV WKH GHVLUHG UHIH U} GHQRRCHYDU KHDQBO XH LQ VWHDG\ VWDV
DJH PDIJQLWXGH RWUEXWKHY FRQQHFWHG 2XU JRDO LQ WKLV VHFWLRQ
HITHFWLYHQHVV RI PRGW LIQJID SURSHU IHHGEDFN VLJQDO WKDW DLPV W
WKHLQMHFWHG DFWLYH SRZHU WKDW GRHVY QRW FRQWULEXWH WR IUHT X

,Q JHQHUDO D GHYLFH WKDW UHJXODWHY WKH IUHTXHQF\ LPSRVHV WKF
RI FRQQHFWLRQ ,Q WHUPV Rl WKH WKHRUHWLADOPG B U HWHLWGRY Y R &K
$ 5HFDOO IURP 8WKBPRW B Q EH H[SUHVVHG DV D VXP Rl WBREFRPSRQHQYV
dod + dp® 7KH WdgUIPV WKH FRPSRQHQW RI WKH DFWLYH SRZHU WKDW FDQ HII
WKH IUHTXHQF\ LQ WKH JULG 7KLV REVHUYDWLRQ LV WKH NH\ Rl WKH FI
EHWWHU LOOXVWUDWH WKLIPSR]L Q@ R BDIHMD QHAVRSHWIVWE WR WLPH DQG VX
die= 1,1 ZKHIYHV WKH IUHT X K@RI®MWEXKH UHIHUHQFH VIQFKURQRXV VSHE
2Q WKH RWKHU KDdp¥P WIKHOWBHBHQGY RQ WKH YDULDWLRQV RI WKH EXV
DQG WKXV KDV D QHJOLJLEOHLPSDFWRQ WKHIUHTXHQF\UHVSRQVH RI

7KH SURSRVHG FRQWURO KDV WKH REMHFWLYH pR WH @ K FHMK LG MDHOUPR G
GRHV QRW FRQWULEXWH WR WKH IUHTXHQF\ UHVSRQUH RIAWKH V\VWHP
DQG KHQFH RSWLPL]JH WKHHIITHFWLYHQHVV RIWKHIUHTXHQF\FRQWUR
GHVLIQHG WR LPSRVH WKHIROORZLQJFRQVWUDLQW

dp=0:

8VLQW DQGDVVXPLQJIRUVLPSOLFLW\D ORVVG@H¥Y WQDB@HILQVYIORQ V\)
Bhw = Bnk Sin ik ZH FDQ H[SFQPHH)\W\AROO@V>

P
dpﬁoz E:l Bk (1) vk dvy + v, dvg

JURP DVXIILFLHQW FRQGLWM.RQWRWHKDAMIHDGY DV IROORZV

E=1 Vk(t)th+Vh(t)de =0:
P
7KHODVW HTXDWLR @ty gfJ %{1Y-DQ HIXWHIWRY D FRQVWDQW ZKLFK IROORZL

WKH VIVWHP LQL&E BDQ()DWLRB® LYLQDOO\ WKHPRGLILHG YROWDJH FRQV
WKDW LV XVHG WR DFKLHYH WKHWRQWURO REMHFWLYH

Co .
2:1 Vi (t) .

LV YDOLG DOVR IRU ORVV\ WU BR\SFOLVD/QR QW \WKKXP VDL HQHUDO FRQC
,PSOHPHQWDWURDQXIUHV PHDVXULQJWKHYROWDJHPDJQUWKGHY DW WK
FRQQHFWHG ZKLFKLQ WXUQ GHSHQGV RQ WK BWKRZR/(BRB RRIQMKERVE W H P
WRWKHJULGLQDQWHQQD ,Q WKLVFDVH RQO\RQH WbHPIRVWEFHPHDVXUHPF
LV FRQQHFWHG WR WKH JULG WKURXJK PXOWLSOH EXVHV PRUH PHDVXUt
WKH WRSRORJ\ VKRE ® QO K.OX WHR B HDNGX U H

Vref (t) -

6LPXODWLRQ5HVXOWYV

7KH HITHFWLYHQHVV Rl WKH SURSRVHG YROWDJH FRQWURO UHIHUHQFH
RI(5VLVYWHVWHG E\ FRQVLGHULQJ 8VH &DVH )&B$ GHILQHG LQ GHOLYH
ZLWK UHVSHFW WR WKHURUG\M\PBPV &R R U G:l6G B WY WEPXIQFHL. OV IROORZV
60V DW EXVHV DQG KDYHEHHBQURARBOFWEHEPHFKDQLFDO WO DUWLQJ W
FRQQHFWHG WR EXV LV GHFUHDVHG WR V :LWK WKH DERYH FKDQJHV
EHHQ UHGXFHG E\ FRPSDUHG WR WKH GDWD RI WKHRULJLD@®O V\VWHP
(66LV FRQQHFWHG WR EXV
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D $QWHQQD E OXOWLSOH &RQQHFWLRQV

JLIXUH % ([DPSOHV RI'(5FRQQHFWLYLW\WR WKHJULG

7KH(5 DQ@6IUHTXHQF\FRQWURO PRGHOVHPSOR\HGLQ WKLV VHFWLRQ D!
RI" >@ ZKLOH YROWDJH FRQWURO PRGH®V RUMNWGHY BRIFEHPEH QQ/ 6 HR W
FRQVLGHU WKHIROORZLQJFRQWURO PRGHYV

&3& &RQVWDQW 3RZHU &RQWURO L H ZLWKRXW WKHIUHTXHQF\ D
)& L H ZLWK WKHIUHTXHQF\FRQWURO FRQQHFWHG DQG WKH YROW

)& 9& L H ZLWK ERWK IUHTXHQF\ DQG YROWDJH FRQWURO FRQQH
UHIHUHQFH JLYHQ E\

)& 059& ORGLILHG 5HIHUHQFH 9ROWDJH &RQWURO L H ZLWK ERWE
WURO FRQQHFWHG DQG ZLWK WKH PRGLILHG YROWDJH FRQWURO U}

6LPXODWLRQ UHVXOWY DUHSUHRIHQKWHELLQ 6HFWLRQ

&RXSOHG 9ROWDJH )UHTXHQF\ &RQWURO 6FKHPH

7KLVVHFWLRQ SUHVHQWV DFR QWUIZKQ WMk ERWHKIIRRWLYHDQG UHDFWLYH S
WR UHJXODWHERWKIUHTXHQF\DQG YROWDJH 7KLVLVLQFRQWUDVW WHF
YROWDJH FRQWUROOHUV DUH GHFRXSOHG

&RQWURO 6WUXFWXUH

7KHEORFNGLDJUDPRIWKH SURSRVHG FRQW FRQ WWR @ SLFAVWHPG! EQ 1L\ IXVUWM
LQQHUFXUUHQW FRQWURO ORRSDQGWZRRXWHUORRSVIRUIUHTXHQF\LC
FXUUHQW FRQWURO 6 RREG[HYXRP\E R Q MEWMV R W KHQPAGKUHH 8 WH Q F H

IUDPH 7KHVH FRPSRQHQWY DUH OLPLWHG EHWZHHQ WKHLU PLQLPXP D
DQWL ZLQGXS OLPLWHU 7KHIUHTXHQF\ FRQW URD@RRS SJHFHM B IEW WK S
FRQWURO DQG D ZDVKRXW ILOWHU LQ SDUDOOHO 2Q WKH RWKHU KDQC
EXV YROW D i \HRHIRQV RUBMSRUWLRQBOFRWHIROOHU DQG D ZDVKRXW ILO
SDUDOOHO 7KHRXWSXWV RIWKHIUHTXHQF\DQG YEOW DFWLRGVDQREO V T
UHDFWLYHSRZHUUHIHUHQFHVY 2EVHUYHWKDW ZHKDYHDGRSWHG VLPS(
DUHWKHPRVW FRPPRQO\LPSOHPHQWHG LQ SUDFWLFH 7KHPDLQ REMHF
HITHFW RI GLIITHUHQW FRQWURO FKDQQHOV LPSDFW RQ WKH SHUIRUPDQF

7KH HIDPL@HBRQWURO VFKHPH LQFOXGHV IRXU FKDQQHOV WKDW FDQ EH
IHUHQW DFWLYHDQG UHDFWLYH SRZHU FRQWURO PRGHVY $VXPPDU\RIV
DFWLYH SRZHY RVWKHROORZYV

¥ )3 7TKHDFWLYH SRZHU LV HPSOR\HG WR UHJXODWH WKH I IUHTXHQF\
ZD\WR UHIJXODWH WKHIUHTXHQF\LQ FRQYHQWLRQDO SRZHU V\VWH

+ 93 7KHDFWLYH SRZHU LV HPSOR\HG WR UHJXODWH WKH YROWDJH
FKDQQHO DFWV E\ PRSGDRWQYMEBRZHU UHIHUHQFH
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JLIXUH %= '(5 FRQWURO VFKHPH

¥ )93 7KHDFWLYH SRZHUUHIHUHQFH LV PRGLILHGWRFRQWURO ERW
,Q WKLV FDVH ERWK )3 DQ@UBMALWBKHE RQ

6LPLODUO\ DVXPPDU\RIWKHDYDLODEOK5PEEBBNWRUY M ERZHRQMW/UROI R OW

¥ 94 7KH UHDFWLYH SRZHU LV XWLOL]HG WR UHJXODWH WKH YROWD
LH YROWDJHUHJXODWLRQLVYFRQYHQWLRQDOO\UHDOL]HG E\ PHD

f )4 TKHUHDFWLYH SRZHU UBIHWPRGHIRH®KMHR SURYLGH IUHTXHQF\ L

3DJH



HGJIH)/(; Y

t )94 %RWK 94 DQG )4 DUHVZLWFKHG RQLQD FRPELQHG FRQWURO RI

, QWKLY GHOLYHUDEOH ZH VWXG\WKHHIITHFWLYHQHVV RITUHTXHQF\DQG
ERWK WKH DFWLYH DQG 'Y5 ¥ F Y LYAK SRZMHAVRWR WKH FRPELQHG VFKHPH )
6HFWERQ RI WKH $11(; WKH G\QDPLF SHUIRUPDQFH RI WKLV FRQILJXUDW
FRQILIXUDWLRQV LQFOXGLQJWKH FRQYHQWLRQDO DSSURDFK WR IUHT

$VVHVVPHQW OHWULF

7KH H[DPLQHG FRQWURO FRQILIXUDWLRQV DUH DVVHVVHG XVLQJ VWDQG
IUHTXHQF\DQG YROWDJHV IURP WKHLU QRPLQDO YDOXHV $V D FRPSOHF
WLRQ SUHVHQWYV D VFDODU PHWULF WKDW LV HPSOR\HG WR FDSWXUH Wk
UHVSRQVH SURYLGHG DW D EXV RI WKH SRZHWBQHWZRUKH &RQWIVGRIU HT
dp? de® D QY df WKDW DUH GXH WR ORFDO YDULDWLRQV RI WKH IUHTXHQF
UHVSHFWLYHO\ DUHJLYHQ E\ WKH@ROORZLQJH[SUHVVLRQV >

dpf° = andn; df® = pod g dpd® = Mavy; dfc = T,

Vh Vh
7TKHQ UHZULWLQJ HKXDQYLRQYH GHULYDWLYHYVY RQH KDV
dOoc d e doﬂbc dgfdec
th = o qjt =P —pgt = pn%: ; —(ft = h%:;
ZKHUH
o_dn. oy = L AV,
T AT dt

1RWHWRDWUH LQIDFW WKH FR®)SSRHYHFQWEHG WK KD SMKHWGHYLDWLRQ RI
WKHEXVIUHTXHQF\ZLWK UHVSHFW WR WKH Y% QHISURIY RRQRWNWKXHQUD 2\
UDWHRIFKDQJHRIWKHYROWDJHQRUPDOL]JHGZLWKUHVSHFW WR WKH E>
WLW\ KDV WKH XQLW RIDIUHTXHQF\DQG LV WKXV FRESBUQEB®HERLWK WK
DUHLQWHUHVWHG LQDVVHVVLQJ WKHFRPELQHG DFWLYH UHDFWLYHLQ
ZH XWLOL]HDV D PHWULF RI WKH MRLQW IUHWXHQRO DR WP AXNLHNERWY YV H

Zq

h = ( D)2+ (%)2%:
to

7KLVPHWULFLVY REWDLQHG VLQFH ZHDUH LQWHUHVR/\(FEE-*L((%&VVHVVLQJV‘
IRUDJLYHQ WLRH]LQMWMHUYPWHUYDO LV GHWHUPLQHG EDVHG RQ WKH WL
UHVSRQVHRIJHQHUDWRUYV ZKLFKODVWVIURPIHZVHFRQGXB/NRIHZ WHQ\
WKH SURSHUW\ WKDW WKH WZR FRPSRQHQWY FRUUHVSRQGLQJ WR WKH I
ZLWKWKHVDPHZHLIKWV DQG KDYHWKHVDPHXQLWY WKXVEHLQJVXPPD
PHWULF LY XVHG WR FRPSDUH WKH'(3IBFWLY HQHWVO/FRM LG/IH IHRIGWWR O FRQ
,Q WKLV UHJDUG QRWH W KDBVWHPREMD K IUQHBODRHWRID OOHU IUHTXHQF\ YR
ZKLFKLQWXUQ LQGLFDWHDEHWWHU G\QDPLF UHVSRQVHDW EXV

6LPXODWLRQ 5HVXOWYV

7KH SURSRVHG FRQWURO VEX M PDHIGAW EVRRIEVIRGHULQJI 8VH &DVH )&BS$ |
8VH &DVH )&B% VHHBH 6RIFWKR®11(; 7KH PRGLILHG 1HZ (QJODQG V\VWH
D SHQHWUDWLRQ RI QRQ VI\QFKURQRXV B0y FRQWHR Y H,Q@ \& R EW VX0 D
DQG DUHVXEVWLWXWHG'E5S MRAQROVWGHUERVMAEH SUDFWLFDO FDSDF
(5 WK VFRQQHFWHG WRHDFKEXVKHUHDUHQRW VLQJOHJHQHUDWLRC
FRPELQDWLRQ & VHRIDWBGMDUHPRGHOHG XVLQ@WXK,13 ©BPRGHQ WKLV VW X
FRQVLVW RI FRQVWDQW SRZHU FRQVWDQW FXUUHQW DQG FRCG
WLRQ )IBQDO®OH DVVXPHG WR $BIEWQBISD WHHY R H @ F& RIQIRKR K D Q

$XWRPDWLF *HQHU BWL KRG KHRRWSFRAY PRGHOHG DV DQ LQWHJUDWRU ZKR
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LV XVHG WR XSGDWH WKH DFWLYHB®RAWHIUWMHW SRLH WR/CGRIIMKEGI1HZ (QJOI
VIVWHP LV VKRZQ L)L DDQUHWKHLU FRQWUROV DUH PRGHOHG DV GHVFUL

6LPXODWLRQ UHVXOWYV DUH$SURY WEW I$G 1(Q §HHWHRIHVXOWY HYDOXDW
SRVHG FRQWUROLQ FRPSDULVRQ WR WKH FODVVLFIUHTXHQF\ DFWLYH S
DQG DVVHVV WKH HIITHFWV RQ LWV SHUIRUPDQFH RI WKHEHKDYLRU RI WK
UDWLR RI WKH QHWZRUN QBQIHHQ RWW R W DRIY MRRVKH JULG DQG RI WKH V)
LW\ ,Q SDUWLFXODU IRUWKH VFRSH RI VKRZLQJ WKH HS$IHFW RI WKH V\V
FRQVLGHUV D PRUH GHWD L'@ HDERREROIDA\D JDR/I WKKRZ Q LQ )LIXUH

JLIXUH * ORGLILHG 1HZ (QJODQG V\WVWHP ZLWK '(5V

(VWLPDWLRQ RI 9ROWDJH 6HQVLWLYLW\ RI/RDGV
JRUPXODWLRQ

7KLV VHFWLRQ SURSRVHV D WHFKQLTXH 9V RVHIAN IQF DONRHD WEKRHD SIDGIHD\N IWVEHQ
VXUHPHQWY 7KLV WHFKQLTXH L&) BRQ@FHE0ON BIHW E R Q BRH GAHK®\& R D B/W H U
ZLWK WKH SRZHU FRQV/XZEWERQWGHILQHG DV

Sh = Pn*Jdn = PioVy  [diovip':
KH
Q — p 1 a 1_ 0f *
Sh = Poo pVhVy |dio qVh Vh =( pbPnt | q0h)%;

ZKHUH LW LV DVVXPHG W KDMQ W) H [SR@HQIVMW B QS WIDIW2VORZ O\’
ZLWK UHWSHFWRWR DQG RQH REWPLQVqth)% = L[S n+ )]
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JLIXUH + 7RSRORJ\RI'1 PRGHO XY HG LQ 6HFWLRQ

DQG VSOLWWLQJUHDODQG LPDJLQDUNSDUWYV
—_ 0, 1 Pn . — 0, 1 Pn .
p=(pn%) “<f s(n+t D9 q=(h%) "=f oy smk(nt )I;

ZKHUH WKH ULJKW KDQG VLGHV FDQ EH GHWHUPLQHG BDIVEHG@®Q PHDV XL
VWHDG\ VWDWH FDQ FUHDWH QXPHULFDO LVVXHV ZKLFKFDQEHVROYHG
RIWLPHQDPHO\ =t .=t D@ u=1t DVIROORZV

N 1 P n
p (Pn un) "< sk ont )
T (T e A G )

8VLQJ WKH DSSER[LPABW ILLRQ WKH IROORZLQJDSSUR[LPDWH \HW DFFX
IRUPXOD FDQ EH REWDLQHG IRUWKHHVWLPDWLRQ RI WKHOR®G DFWLYH

pn (t) )
pr(t)+ pa(t)’

ZKHUHQGLFDWHY WKDW HVWLPDWHG TXDQWLWLHY DQG WKH WLPH GHUL
PDWHG ZLWK ILQLWHKIG WMKHHUREWHRWO FWLRQ RI WKH UDWLR RI WKH EUDQF
WKH/ WR WKH UHVW RI WKHRWEAW WORUHRYHU WKHFRIHMKRALIHODOWFWLYH
SRZHU RY'WKBQ EH GHGXFHG IDR'IPPROORZV

e 0 o S

ZKHYUH 1 DUH SRVLWLYH FRHIILFLHQWYV WR SUHYHQW1LODRWLPOL]DWLR
h=0o 1 DVZHOODV WKH WUWLYEDQRWREXWKIDR) GXH WR WKHDSSUR[LPDWL
WR REWDLQ HISUHVVLR@MWH LQ JHQHUDO PRUH DFFXU®WH LQ HVWL
SDUDPHWHUV 2Q WKHRWKHUKDQDBUGRRWIBWWDYWHO\VLPSOHU WR XVHLQ ¢
WKH\FDQEHUHDGLO\LPSOHPHQWHG H[FOXVLYHO\WKURXJKVWDQGDUG

() 2 )

:O'

4(t)In

6LPXODWLRQ5HVXOWYV

7K'/ HVWLPDWLRQ WHFKQLTXHV GHVFULEHGLQWKHSUHYLRXV VHFWLR
DQG8VH&DVH)&B( GHILQHGLQ GHOLYHUDEOH $ RQWXXS GHW®H GH @QD/HH
6LPXODWLRQ UHVXOWYV DUHSUHRIHQKHEILQ 6HFWLRQ

3DJH



HGJIH)/(; Y

 QWURGXFWLRQ

7KH YDVW PDMRULW\ RI H[2¥3WPIRGIHDM DK HDMWHEH G WR VROYH WKH HFRQR
DQG HQHUJ\PDQDJHPHQW SUREOHPV DQG DUH W& X2QWWKHD IER QWWIDDVH PVRK
FKDSWHU SURSRVHV DIBPR GHIIMW R ZHU VA\VWHP WUDQVLHQW VWDELOL

7RGDWH WKHWUDQVLHQWDQDO\VLVRIV\VWHPV ZLWK KLJK SHQHWUDWI
LQGLYFOXMDVHG RQWKHVWUXFWXUHRIWKHLUFRQWUROV L H FXUUHC
WKH FRQYHUWHUYUV RUWKIOD VLILHG DV '@/ FRWHERQEW UHVHDUFK KDV IRF;
RQ GHYHORSLQJ ERWK@BWOMIPSOLARBRGHOV RIVVIIQG *)O V

+RZHYHU PRG3BOXPLIQJ VXFK PRGHOV PD\ OHDG WR D FRQVLGHUDEOH FI
HVSHFLDOO\ LI WKHIGXPHEWR XU FHR/HLY ODUJH DQG RU WKIBBHLY D ODUJH
WKH JULG )URP WKHUYDRBYPRVYWRRI 6\VWHB2ZSHUDMWRWYLW LV QRW YLDE
PRGHO WKH WUDQVLHQW EHKDY 983 RQ I BBRKVWIM/MO XQDW RV RI SULPDU\ |
WKH WUDQVLHQW OB3S\RDYZKRO WK H

$JJUHJDWLQJ WKH FDSDFLWLHV RI VHYHUDO VPD D&M RLWHWQ VHFRPRAQ S
DJJUHJDWHG JULG PRGHOV IRU G\QDPLF VHFXULW\DVVHVWRONQW ([DPSO
'LQG 3RZHU 3:BBQYW&6Y FDQ EH IRXQG L@> 5HIJDOWGRQEHYHORSLQJ DQ
DJJUHIJDWHG PRGHO ZLWK JRRG DFFXUDF\LV D FKDOOHQJLQJ WDVN WR F
DEOH PRGHOWRNXPHWKD®SO\D *)/ PRGH ZXMWPHPY)/ DQG *)0 XQLWYV
ZLWK YDULRXV IUHTXHQF\DQG YROWDJH FRQWUROV DQG WKXV WKHLU U
RUGHU WR ®PF3BHBOXUDWHO\ VIVWHP LGHQWLILFDWLRQ LV DOVR UHTXLUH
RIWKH DJJUHJDWHG PRGH® H J VHH >

7KLV FKDSWHU SURSRVHV DQ DJJUHJDWHG G\QDPLF PRGHO DEOH WR DF
UHVSRQVIBRIBRQFH WKH Y@BRD/QLEHDHLWKHU *)/ RU *)0 98KABERGRVHG
FRQVLVWV RI D YROWDJH VRXUFH DQG D FXUUHQW VRXUFH LQ SDUDOOHC
VHSDUDWHO\

%DFNJURXQG

7KLV VHFWLRQ SURYLGHV D EULHI RYHUYLHZ RI WKH *ULG ) ROORZLQJ *
FRQWURO VWUDWHJILHYV

*ULG )ROORZLQJ'*

7KH *)/* EHKDYHV OLNH D FXUUHQW VRXUFH ,WV JUBG VW@ FIRFR® G DWLR
JRRSB// ZKLFK WUDFNV WKH YROWD 3R ISE\W\RH RRBP O R @BRM KL Q J
VXPLQJWKDW WKH SK B ¥ YIRONOBHIRI M/KMKH UHIHUH @BIED W REREHQDW H R1 WK
RI &RQQHBW&ERY 7KHQ B&&YROWDJH FRPSRQHQWYV LQ WKH VIQFKURQRX
EH ZULWWHQ DV IROORZV

Vd = Vpoc €COS( ) (g+ !)lglg:s Vg= Vpoc Sin( )+('g+ !)lg{a;

ZKHUHLY WKH JULG IUHTIXHIQFY LV WKH LQGXFW D'® PR WERERE W7 HKHH
*Y/ '* VIQFKURQL]DWLRQ WLPHFRQVWDQW LV W\SLFDOO\LQ WKH UDQUJH >
SHUIHFWO\ VIQFKURQW}HG DIQWK WK HORIIBRYHU WKHDFWLYHDQG UHDFW
DUH GHFRXSOHG 7KH FRQYHUWHU FRQWURO UHIHUHQFH FXUUHQWYV DU}

ref ref
{&ef - P . ref — q .

le q Vd’
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ZKHUHWKHUHIHUHQFH DFWLYHDQG UHDFWLYH SRZHUV DUH JLYHQ E\
pref - pgef+ Kd(! ref !) M !_;- qref - qgef+ Kq(vref Vd);

ZKHU®H DQWS' DUH WKH UHIHUHQFH IUHTXHQF\DQG YROWDJH UHVSHFWLY
HQPH FRQWDLQV WKH IHHG*IRURD WKSREZNRBR X UF B @GWKHH SRZHU IRU WKH
IDVW IUHTXHQF\ UH V3)RQIHUPIGWKKHUHTXHYRBEWDQRE G/IURB GV K H

WKH UHDFWLYH SRZEHERHIVBUBQ MHKH UHD FW Y HD BZW K H/ FRWP SRIIQQAWD W H G
UHDFWLYH SRZHU IRUWKH YROWDJH VXSSRUW WRIVERELWU GHOLYHUHG E

P={dVpoc COS( ) + {qVpocSIN( ): 0= {qVpocCOS( )+ {dVpocSIN( ):

1RWH WKDW FRQYHUWHU FXUUHQW FRQWURO G\QDPLFVY FDQ EH QHJOHFV
PVLH PXFKIDVWHU WKDQ WKH VI\QFKURQL]D Wyl=R(J (ﬁq\:Q{[;?fPLFV 7TKXV ZH

*ULG )RUPLQJ '*

7KH *)0* DLPV WR VXEOWWVLQVXMSRVLQJ WKH YROWDJH DQG IUHTXHQF\ WR
VIQFKURQL]DWLRQ LV EDVHG RQ WKB \.DH HESWHEFR 8 OMKBIVSWEHU EDODQ
SDUWLFXODUV\QFKURQL]DWY R Q WHWKRBORBUQYFEUR QB &V *HQHWKD W R U
FRQVLVWY LQ HPXODWLQJ WKH LQHUWLD WKURXJK D BRI&QY MTK¥DW LR Q
UHIHUHQFH WKH SXIDWHVREKSMKH 7KHQ WKH VIQFKURQ@ISPOOWLRQ R1 WKH

ML=p pf+Kg(!™ 19)+D( !g);

ZKHDHYV WKH GDPSLQJ FRHIILFLHQW 7KH Y RO MWD WRPORVUW B R OWKHHIH (
SHIXODBWRULWKKPLQ
v= Ve K (VT vpee)

6LQFH WKH**FRQWUROV WKH YROWDJH GLUHFWO\ LWV UHDFWLYH SRZH!I
DQG WKH SRZB2&DW WKRIQVHTXHQFH RI WKH YROWDJB&RDIQBREH QFH EHWZF
$VVXPLQJ WKH WKDW VA\VWHP LPSHGDQFH LV SX2BHU\ UHDFWLYH WKH SR
Ypoc .

= Yoo gin . g = YVeoo

Ccos .
g g

7KHFRQYHUWHU YROWDJH FRQWURO G\QDPLFV DUH RI WKH RUGHU RI F
VDPH UHDVRQ WKHG\QDPLFVRIWKHFXUUHQW FRQWUROMRRIGIHIDOVR QRW

e

$JJUHIJDWHG 933 0ORGHO

*Y/ '* DQG *)0* KDYH GLIIHUHQW G\QDPLF UHVSRQARHYU R 8 H WBGI\FMOLRPX U H
WKHLUWUDQVLHQWYV WK H SEFRRSRVM GAORIOXEBYWREOE FXUUHQW DQG RQH Y
7KHQ WKH ORDIBD UG WHKHUHVHQWHG ZLWK WKUHHDJJUHJDWHG ORDGV DI
LH EDVHG RQ ZKHWKHU WKH\ DUH ORPRWH GVROFRAHPOR V)O3R WK H
32&WR WKH JULG ,Q VWHDG\* WWRWQMW WRQPMKHDFWLYHDQG UHDFWLYH Sl
DJJUHJDWHG FXUUHQW VRXUFH LV PRGHOHG DV 34 EXV ZLWKWHJIDWLYH
FRQWURO WKHDFWLYH SRZHUDQG YROWDJH GLUHFWO\ WKHDJJUHJDWF
39 EXV 7KHUHPDLQGHURIWKLY VHFWLRQ GHVFULEHV WKHERPSRQHQW
PRGHO

$JIJUHIDWHG &XUUHQW 6RXUFH ORGHO

JHW WEB. QFOX*GH'* V. 7DNLQI2EEW WKH REVHUYDWLRQ'S /LKD) BWHKHV H *)/
UHSUHVHQWHG E\ D 1IRUWRQ HT X LY DXOUHDRD ALVR X UAWHAKBIUH FRRIQHFWH G
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7KHUHVXOWLQJDJJUHIJI®WHG PRGHO LV >
P = P P

st L P {ya = Lt L oa, 1 X
Vd ' 9.2 Vd ' |g’a =1 Ig'|

{d;:a = ;
ZKHUBHp g LV WKHDFWLYH UHDFWLYH SRZHVUKFRPSIRQVDWILTRBQ@H\WKH
YROWDJH VXSSRUW L H

X X " xX X X .
pi = Kai (M 1) Mil;; g = Kai (V™ Vpoc) ;
i=1 i=1 i=1 i=1 i=1

ZKHUH WKH VDP H! PHIVQESR IDQWWDVVXPHG IRYU D O,@ AW/XUQIWK® UDWH
RIFKDQJHRIITUHTXH® RIDDQQRD Y& H DJJUHIDWHG FXUUHQW VRXUFH PRG
VXPPLQJWKHUHVSHFWLYH Y'D@XHVERHIDOO WKH *)/

7KH VIQFKURQLVP GLIIHUHQ@FRDR QWK B H)S HQ G VIgRQ TWK-H OIS BIW
WKH ORQJHU WKH VIQFKURQL]LQJ G\QDPLFV ,Q |DFWV VWKH UHRHXA JIRYZ D U C
G\QDPLFV GHSd{dQ(QV%Q 7TKHQ WKH DJ3U/BIDWHEHWHUY FDQ EH FRPSXWH!
WKH ZHLIJKWHG 3, 3P RDWHKWHU V RI\DO® WHH

P . P v
Kia _ = lgg faa (Kpi + 52— =1 g PG (Kpi + “4-
= P ,

. . n . nref
S iz1 lgi {ai i=1 lgi Poii

Kpa+

$JJUHIDWHG 9ROWDJH 6RXUFH ORGHO

/JHW VORBLQFONX®H '* V 7DNLQINVEBN WKH REVHUYDWLRQ*SREQQ® WKH *)0
EH UHSUHVHQWHG E\ D 7KHYHQLQ HTXLYBOWQ@WHFYRRXNEW\VZRHHH RVEOIHF
SDUDOOHO 7KHUHVXOWLQJDJJUHIJDWHG PRGH G 2¥VDKURROW B DHOLRMU F H
7KH SRZHU RI WKH DJJUHJDWHG YROWDJH VRXUFH ¥ WKH VXP RI WKH SR

xn . xn 1 xn xn 1 ) xn 1
Pa = Pi ViVpoc SIN . 7 O = G ViVpoc COS I Vpoc .
i=1 i=1 "~ o9 i=1 EE S i=1 "~ o9

ZKHUH IRU VLPSOLFLW\ ZH XVIH WKH DUIRFUR[LWRWDRQH VXVFHSWDQFH R
DJJUHJDWHG YROWDJH VRXUFH't WWKHHSPIR) BDHOW 7IHQ VIXEWWR LW XW L (
DQG WKH UHDFWLYH SRZHU GXH WR2WRKH VR0 D/\V JAHKEK Y Q JH

_ X Kyicos |
% - V ! | . i
i=1 0'gl

ZKHUH DJDLQ ZH DVNV&RH;:::;m )LQDOO\ WKH B93UBIBQMHGFRP
SXWHG DV WKH ZHLJK$918 EDVQRY R IVDIOHD *) &/

P P
' i=1 COS i=lolg; iz1 G

7KH G\QDPLFVRIWKHIUHTXHQF\UHVSRQVHDQG VIQFKURQL]DWLRQ DUH |
LV GHWHUPLQHG E\ WKH LQHUWLD GDPSLQJ IMQ ® QG RBRERRBHWKFLHQW YV
DJJUHJDWHG YROWDJH VRXUFH PRGHO LV WKH VXP RI LQHUWLDV DQG GU

X0 xn
Ma = Mi ; Kd;a: Kd;i:
i=1 i=1
7KH HTXLYDOHQW IUHTXHQF\ LV REWDLQHG DV WKH ZHLJKMWMHG VXP RI W

VLPLODUO\ WR WK HHRWAHHS &I RRWKHRZB Y HU WKH VIQWKHWLF GDPSLQJF
VLPSO\FRPSXWHG DV WKHVXP RIWKH GD P SLQ JEHHHRAHD XIVAH H\@ W\ RO WK B *)HF
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E\WKH ORVVHVIBRBWRYVAWWEB WKH GDPSLQJ LV FRIBXMIDG® BKWR XJIK

P b e KA 1)+ M,

I 1

D, =

$JJUHIJDWHG /RDG ORGHO

‘HDVVXPHWKRFRGHO GHVFULEHGLQ6HFWRQ $ RI /IRDG¥3DUH GLVWU
DQG ZH DVVXPH WKDW WKHLU YROWD/JHY/CGHSHRGVWVURQHDKHESRZHU GLU
ZKLOH WKHLU WHUPLQDO YROWDJHV DUH SDVVLYHO\ FRQWUROOHG DV D
SRLQW 2Q WKHRWKHYV RRQ®UR® WKH YROWDJH GLUHFWO\ 7KDW VDLG

WKUHH FDWHJRULHY GHSHQGLQJ RQWKHLHVO WIRDWKLHR © R AEDW B WIL FIXVD DV
WKH ORDG LV FO2RVH W RWKKH DJJUHIDWHG FXUUHQW VRXUFH RXWSXW L
*) LLL RIWKHDJJUHIJDWHG YROWDJH VRXUFH RXWSXW QI WKHORDG
GLVWULEXWHG ORDGVDUHDJJUHIJDWHG LQWR WRP& X OXN QW VR XWBFPIH C
DQG YROWDJH VRXUFH UHVSHFWYV\ YNNG RWRM B PWVKOWH TDQDWHD B MWK\H DJJ U
YROWDJH +HQFHDVPDOO PLVPDWFKRQ ORDGLQJLVLQHYLWDEOH

ORGHO GHQWLILFDWLRQ

$933JHQHUDOO\ R QM KL HRUpi;6;!i) DW WKH WHUPLO®DO®RE HFBRPRDQGYV

WKH VHYWESHEL @W! ™ DQG WKH SULPDU\ kR &YW UKR.OWB IHDW K+ RZHY H U

WKH LQWHUQDO G\QDPLFN;DUQBMKW H QG X BYHIWBAHEE LIUH QRW NQRZQ

E\ WEB3 ,Q WKH DJJUHJDWHG PRGHO WKH GDPSLQ ERNMHHUGCHIMWLLDH G
DQGLOSXW LRSMEDQPHQHHG WR EHLGHQWLILHG 7KH SRZHU VI\VWHP LG
RSHQUHVHDUFKWRSLFDQG WKHUH H[LVW SOHQW\RIUHOHYDQW PHWKR
LVHVWLPDWHG XVLQJ WKH PHAWKKG §HVWHEEHD EQY BQWR MRS HDFK
LVFRPSXWHG YLDD GHULYDWLRQ RIWK® SRZHU IORZHTXDWLRQV >

R

I'_:VngSin(i) ViVy (!i !g)_
¢ pi P '

6LPXODWLRQ 5HVXOWYV

7KH VXLWDELOLW)\ FOIBWKRIGHIR SFRWW\E/WHP ZLGH DSSOLFDWLRQV LV WHYV
IHUHQW FRQWLQJHQFLHV DQG EDVHG RQ 8¥H &D WHKIRBPA (; FHKH EHEZWLRQ
(QJODQG V\VWHP LV PRGLARHVG W Q\QEOWIK B HDUE\ ORDGYV ®3BA UHSODFHC
7KHPRGLILHG VIVWHP LV VERZWLPSOLXUW\ WK HY¥8RBIS\RIORH QRILHFDEK E X W
WKH FDSDFLWLHV DQG SDW IDPHZHOUW/IRM WKH GLVW B2 E PWH G DIRDGVQ\@ W K
*Y/ DQG *)0* V DUH UHSUHVHQWHG E\ G@WDQP®)GCALRGHOKRH>G\QDPLFV RI
DQG FXUUHQW FRQWUROOHUV DQG FRQYHUWHU ILOWHUV

6LPXODWLRQ UHVXOWV DUBSUHVHQWHG LQ 6HFWLRQ

3DJH
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JLIXUH #*# ORGLILHG 1HZ (QJODQGB3V\VWHP ZLWK
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 QWURGXFWLRQ

3(9%v DUH D YDOXDEOH UHVRXUFH RI IOH[LELOLW\ IRU WKH SRZHU V\VWEL
JRULWKP WKDW H[SORLWY WKLV IOH[LELOLW\ E\ SURYLGB@YDQ HIILFLF
ZLWKRXW DIIHFWLQJ WKH VA\VWHP VWDELOLW\ 7KH SURSRVHG DSSURDF
OXOWLSOLFDWLYH '"HFUHDVH $,0' VWRFKDVWLF GHFHQWUDOL]JHG FRQ\
OHVVO\PDQDJH WKBI(BKBUWKQAIRVWOH FRPPXQLFDWLRQ HITRUWYV DQG L
ODUJH QXPE(MMYV RI

7KHLPSDHWRRQ SRZHU VA\VWHP G\QDPLFVLVLQWULQVLFDOO\WLHG WR W|
DVXLWDEOH FRQWURO LQIDFW WEMVRDUBR®SBR®GDVHHWIKOHR SHWUBIW LR
VHFEXULW\RISRZH@VWSYWPRIOQBWHILVWLQI VWXGLHVY WKDWLQYHVWLIJDWH WK
RIB(9%Y RQ SRZHU VA\VWHP G\QDPLFV ©@H ROMWHKH RWKHU KDQG LI SURSHL
VFKHPHY DUH D98 GDIQKHOS PDLQWDLQ RUHYHQ LPSURYH WKH SHUIRUP
> @ 5HOHYDQW OLWHUDWXUH VWXGLHV VRGBXWLERW KR SAKRWLW LVRIQUH
> @ DQG ORQJ WE@WPLPH VFDOHYV

7KH FKDUJLQJ FRQWYPO NDWOWEHPLPISOHPHQWHG IROORZLQJ HLWKHU D G
FHQWUDOL]HG @ W&PAMBHDU 5VRQ EHWZHHQ WKH WZR VKRZV WKDW FHQWUD
FKDUJLQJSURFHVV RI D DBV P QXHPERRHRARP SXWDWLRQDOO\LQWUDFWD
FDO DQG WKXV PRVW FKDUJLQJDOJRULWKPV DUH HYR @Y LQRRUWRZADU GV C
UHDVRQ WKH VWUDWHJI\ SURSRVHG LQ WKLV FKDSWHU IROORZV D GHFH
GHFHQWUDOL]HG $,0' DOJRULWKP LV FRQVLGHUHG WKLV DSSURDFK KDV
RI UHVRXUFH VKDULQJ SUREOHPV ZKHUH D JURXS RIDJHQWV ZLWK OLP|
ZLVK WR RSWLPDOO\ VKDUH® J LY RRWFHVRK WEKHDOJRULWKP FRRUGLQD
UDWHN I VR WKDW WKH DYDLODEOH SRZHU FDQ EH XWLOL]HG E\DOO YH
6LQFH WKLV DSSURDFK LV IXOO\ GHFHQWUDOL]HG LW LPSOLHV WKDW W
IURP WKH QXPEHU RI DJHQWYV ,Q RXU FDVH SDUWLFXODUO\ WKLV PHDQ\
WKH QXPBHOVRFIRQQHFWHG IRU FKDUJLQJ QRU WKH DPRXQW RI HQHUJ\ V
LQJO\ QBI(WWKGIRU FKDUJLQJ VWDWLRQV UHTXLUH WR FRPPXQLFDWH DQ\
YDVW PDMRULW\ RI RWKHU H[LVWLQJ GLVWULEXWHG FKDUJLQJ DOJRULW
DOUHDG\ GLVBXYFKBURILQJ LQ VRPH ZRUWNV7KHVH UHIHUHQFHV HQYLVDJ
DGRSWLRQ RI $,0' EXW WKH\ GR QRW FRQVLGHU DQ\ PR@ @ RERKHVSRZH
$,0' DOJRULWKPVFKPWJILQJ FRQWURO VXSSRUWHG E\ D GLVWULEXWLRQ J
PHQWYV Rl ORFDO YROWDJHV DUH XVHG WR GHFHQWUDOL]H WKH FKDUJL
VLPLODU WR WKH RQH SURSRVHG LQ WKLV FKDSWHU \HW @QRORSWLPL]DW
WKXV WKH ZKROH SRZHU FDSDFLW\RI WKH QHWZRUN LV QRW IXO0O\ XWLC

$,0' %DVHG '"HFHQWUDOL]HG &RQWURO RI 3(9V

7KH SUREOHP RI RSWLPDO DOORFDWLRQ RI D VKDUHG UHVRXUFH KHUH
DIHQWV KMWWHDULVHV LQ PDQ\ GLIIHUHQW VFLHQWLILF DQG HQJLQHHUL
DOJRULWKP ZKLFK ZDV LQLWLDOO\ LQWURGXFHG WR DGGUHVV LQWHU
VKDUH EDQGZLGWK EHWZHHQ FRQQHFWHG FRPSXWHUV PD\EH HIILFLHQ
SDUWLFXODU $,0'LVNQRZQWREH YHU\DWWUDFWLYH ZKHQ WKH QXPEHL
KHWHIY FRQQHFW DQG GLVFRQQHFW IURP WKH JULG ZLWK OLPLWHG RU
DOJRULWKP FRQVLVWV RIWZR DOWHUQDWLQJ SKDVHYV

WKH $GGLWLYH ,QFUHDVH $, SKDVH WKH UHVRXUFH FRQVXPSWLF
HDUO\LQ WLPH ZLWK-DOFHUWDLQ VWHS

WKHOXOWLSOLFDWLYH 'HFUHDVH 0" VWDJH HDFKDJHQW GHFUHD
SOLFDWLYH IDVKLRQ ZPWX D FHUWDLQ VORSH
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,Q SDUWLFXODU WKH 0' VW H S&D/SPHHF U VR\LKN HRGAFKKHIY DZKLFK PHDQV WKDW
OLPLW Rl WKH VKDUHG UHVRXUFH KDV EHHQ UHDFKHG H J DOO WKH DY
FRQQHBVOMG/HWt,< <ty <::: GHQRWH WKH WLPH&Q@RFBRWVLEKHQ
WKH LQVWDQW Dil B/HHUWI RAKMHVDD @ Q W Wi H &\ W VAKLIPUHH R | WKt U HVR X U F H

Xi(tkeg ) = o m i (1)

DQG WKHQ BIBQWHWXUQ WR WKH $, SKDVH XQWLO WKH QH[W &( RFFXU
GHVFULELQJ WKH EHKXYDRRKQWR LWMHKH IROORZLQJ

Xi(t)= xi(t)+ (t te); t2 (te;ter);
ZKHYyHWDOQte; UHSUHVHQW WZR FRQVHFXWLYHMRPHXWDWWDQWY DW ZKLFK |

‘H WDLORU WKH JHQHUDO $,0' DOJRULWKP IRURXU DSSOLFDWLRQ DV IR
D PD[LPXP DOORZM® WRDMULYV VKD WBHE/DPR@IXV GHRRWKH BWEH U
FRQVXPSWLR@RIDVKBDW VW BXKH 7&HRFBXUV BWKWEKY ZKHQ WKH VXP RI
WKH FKDU pH BDIWVOI® FR @GQIVFW ABHGYV WKH PD[LPXP D LODEOH SRZHU

8QVI\QFKURQL]HG $,0' &RQWURDO

7KH YHUVLRQ RI WKH $,0' DOJRULWKP GHVFULBHQ DXERYGLANBOVR NQRZ(
DBOIY UHGXFH WKH FKDUJLQJ UDWH LQ D PXq WV RMIWIDIWH & H ,IQ W KIDFROQ WK
VXIILFLHQW WKDW RQ®DA ®HPUHHMWH RMKHLU FKDUJH UDWHV DQG WKLV SR
SULRULWBI(WWRPHU RWEBHUKEV FDQ EH DFKLHYHG EX QR SQFHPHRWLI B G D Q
YHUVLRQ RI WKH $,0' ZKH U HRIYO)HDD\EXEEWIRYDIRS UREDELOLVWLF ZD\

3ULRULWLHV RI VLQJOH EXVHV FDQ EH IRUPD G (0\i \KD I W WG RZV.WXP LQJ !

)X Q FW&)RQ (pis) ZKHUHIRUFRQYHQLHQFHZHFRQVLGHU BRAMH[ VWULFWC

WKDW KDYH D JOREDO PLQLPXP IRU WKH PD[LPXP DOORZHG FKDUJH UD\

VSHDNLQJ WKLV LPSOLHYV WKDWWRKB 8\ QY. P K R IYHDOBKGNRR MK FK DU JH G

DW WKH PD[LPXP SRZHU $FFRUGLQJO\ ZHIRUPXODWHDQ RSWLPL]DWLR
8

P
< min JCTT
bs 2[0;3:3] N: i=z1 Tis Pis
|n:(1$) Pi;s pmax .

ZKHU®ME) LV WKH QXBEWMFRIQQHFWHOMKREWKH5RXJKO\ VSHDNLQJ 3UREOH
ZRUNV DV IROORZV ZKHQ WKHUH DUH QR VWDELOLW\ LVVX8)V WKHQ WK
LV DFKLHY HBGR/KMHUH FKDUJHG DW WKH PD[LPXP FKDUJLQJ UDWH ZKHQ WK
ORDG UHDFKHV WKH SBZIVUDO HPEKWD WKIBQDW D ORZHU FKDUJLQJ UDWH D
FRQILIXUDWLRQV DUH UHVWRUHG 7KHDRBBH FRIODYWH R QEDREOBGPGHFHQ
ZD\ LI ZH OHW HDFK YHKLFOH DV\QFKURQRXVO\ SHUIRURWKH GHFUHDVH

pi;s(t) ’
ZKHEPH) LV WKH GHULY DWIL(Y H IRW KXIQHF WS_HRFQV p\ R)VWLVPMK B @@ HUDJH FKDUJH
UDWBI(RIIDW BXOW SUHYLRXV WLPH VWHSVY WR LPSURYHVPRRWKQHVV RIV
1Zt
Pis (1) = n Pis()d;
0

is (Pis (1) =

DQGDSSHDULQJLWQD FRQVWDQW UHJ X QUWHRGDWSRIRE® E O L W\ (T XD

WLRQ PHDQV WK BW\WHDHFKF W& (W ®HSHQGHQWO\IURP WKH RWKHUV ZLWK
SUREDEL@ELW\EDVHG RQ LWV KLVWRULFDO SRZHU $RRYIXPIBW DRY HXO JR
GRFRGHWR LPSOHPHQW WKH $,0' DOJR U)W ORJBIW RIQ V¥ KEXWH Gl BR Q@ HR[X U F
DQG SDUDPWWBDOVH WKH VDPH IRUDOO DIJHQWV WKHQ WKH FRQYHUJHQ
> B6HFWLRQ @ FDQ EH XVHGS DRGXFMHNRD IORIQE WHUP DYHUDJH WKDW FR(
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VXUHO\WR WKH RSWLPDO VROXWLRQ RI

$OJRULVBROR\QFKURQL]JHG $,0' D Os] WIKLEAKK/P DW W KH

,QLWLDOK¥DWLRQ

ZK lFK)‘Hk simulation GR
LI pis (k) pI (k) WKHQ

P is (K); ZLWK SURED(RL @YW

Pis (kK +1) = ;
pis (K) + ; ZLWK SURED EL(P.t W)
HOVH
Pis (K+1) = pis (k) +
HQG LI
k=k+1,

HQG ZKLOH

8QOLNH PDQ\ RWKHU RSWLPL]DWLRQ DSSURDFKHV WKH $,0' GRHV QRW |
WLRQ SUREORBPIVREQHFW IRU FKDUJLQJ EXW D QHZ RSWLPL]JHG VROXYV
FRPPXQLFDWLRQ LV&HVYVVUDFWMHG BMRA DRI FRPPXQLFDWLRQ

,Q DSUDFWLFDO LPSOHPHQW® IV SRZ HRU SO LBUEZW IR VXPH WKDW LW ZRXO
SOLFDWHG DQG DQ\ZD\QRW IXQGDPHQW DO 3WR MKRORQR HWHIQH B R BU RIUQW K
UHDVRQ ZH DV VE(FNHRWADRF F )30 HLHUD FFRUGDQ®H ZLWK >

6LPXODWLRQ 5HVXOWYV

7KHSURSRVHG $,0' EDVHG FKDUJLQJ FRQWURO VWUDWHI\LV WHVWHG EI
LQGHOLYHUDBOHKH PHZ (QJODQG VI\VWHPLVPRGLILHG EV:BHASODFLQJ *H(
RIVDPHFDSDFLW\ ZLWK GHWDLOHG G\QDPLFPRGHOV RI WKHGRXEO\ IH(
DQG PD[LPXP SRZHU SRLQW WUDFNLQJDQG YROWDJH FRQWWRO RI WKH S

/IRDGV DUH FRQQHFWHG WRQGKH JJRIDGGWR BRI IAUWK GLVFUHWH FRQW
RI'WKHYROWDJH ORUHRYHU DJ3BUHEOMHGERRGWOWRRYKHVHBHHBHFWLRQ
DVVXPHGWREHORFDWHG DW EXVHYV DQG IRUVLPSOLFLW\ DOOV
FKDUJLQJUDWH L H N: ZKLFK LV WKH W\SLFDO QRRDBQDIODYBIWH RI GR
DOVR EHHQ LQFOXGHG DW WKHVH EXVHV WR SUHYHQW FROODSVHV GXH
JULG 1RWH WKDW VLQBHOWKIHHIREPXM DRRWQQFOXGHG LQ WKH VA\VWHP D |
FRQWURDVLQRU ODUJH EDWWHULHY 7KH ORDG FRQVXPSWLRQ RI WKH V\

SXZLWK UHVSHFW WR WKH RULJLQDO GDWD DQG SUH H[LVWLQJ ORDG
ORDGYVY DWHDFKEXV RIWKHV\VWHP DUHFRQVLGHUHG FRQVWDQW ZKLF
RI WXMV IURP WKRVHRIFRQYHQWLRQDO ORDGYV

6LPXODWLRQ UHVXOWV DUHSSURNWRMWSHELGLLQ 6HFWLRQ
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JLIXUH = ORGLILHG 1HZ (QJODQG VA\VWHP *HQV :3BQ/G DUH PRGHOH
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7KLV GHOLYHUDEOH SUHVHQWYVY WKH IUHTXHQF\ FR]®3 DR@W AJRULWKPV |
FOXGLQJPRGHOLQJDQGHVWLPDWLRQ RIITUHTXH®RQFGGCWRERPENIQH® W
DFWLYHDQGUHDFWLYH IR XHUIB XIWHWKRQRIPHDVXUHPHQW EDVHG HV
RO9'/V DJIJUHIJDWHG PRBGHBRRIRLVLQJI *)/ DQG *)0 EDVHG UHVRXUFHV D
WUDOL]JHG FKDUJLQJ FRQWWBRO RI ODUJH IOHHWYV RI

5HVXOWY RQ WKH FRQFHSWV GWR/FD MWEK-DAVLW KH R &)EGNIGEOHOME EHWWH U
FDSWXUHWKHSRZHUDQGIUHTXHQF\YDULDWLRQVLQDSRZHUQHWZRUN
LPDWHG H[SUHVVLRQY') LQH OKGLEHGOMKHGHOLYHUDEO&) LV XVRUXRYHU \
IRUHYDOXDWLQJ KRZ JRRG LV WKH HVYWLPDWLRQ RIBWKB QG HTOXHRDF\ RE!
DSSHDUV DV D YDOXDEOHWRRO IRUWKHGHVLIJQRIHIILFLHQW FRQWURO
WHFKQLTXHV

7KH GHOLYHUDEOH SUHVHQWYV WZ K PRERBWU RF&KMFKBPWWRRUNURO VFKHPH
VLVWV LQ PRGLI\LQJ WKH(? HMROWQBH RRYWHRO ORRSV DFFRUGLQJ WR I
EDVHGIHHGEDFN 6LPXODWLRQUHVXOWY VKRZWKDW WKLY FRQWURO SL
I[UHTXHQF\UHJXODWLRQ IRUD FODVV RI GLVWXUEDQFHVY HJ VKRUW FI
VFKHPH LV D FRPELQHG FRQWURO'QH VY DROGRR QLYH BMUHWK EBWHKGDFWLYH D
UHDFWLYH SRZHU LQMHFWLRQV DUH PRGLILHG WR FRPSHQVDWH ERWK |
7TKHFRQWUROOHU LVHYDOXDWHG LQ WHUPYV RE&O REBDDXHRFWG UGDYPDLEFL D V
UHVSRQVH DV ZHOO DV LQ WHUPV RI D SURSHUO\GHILQHG MRLQW YROW
HUDO VLPXODWLRQVDUHFDUULHGRXWDQG UHVXOWV LQGLFDWH WKDW
RWKHU SRVVLEOH DFWLYH UHDFWLYH SRZHU FRQWURO PRGHV DQG SUR"
G\QDPLFUHVSRQVHRIWKH V\VWHP 7KH SHUIRUPDQFH RIERWKFRQWUR¢
YROWDJH VHQVLWLYLWA\RI QHDUE\ ORDGV &RQVHTXHQWO\ WKH GHOLY
HYWLPDWLRQ WHFKQLTXHWRLGHQWLBR'LQY WHARDWKWIBRAWEREGDSBSBPBRWHUO
IRUPXODV DUH GLVFXVVHG DQG VLPXODWLRQ UHVXOWY FRQILUP WKH DF

7KH GHOLYHUDEOH DOVR SURSRVHV DQ DJJUHJDWHG ORZ RUGHU PRGH(
WKH WUDQVLHQW3BHYSWRWHREHFW WR VAIVWHP FRQWLQJHQFLHV 7KH S
PRGHO FRQVLVWV RID FXUUHQW 'V RK\QDHPWRWHEE B YIRQW D)JH VRXUFH WR
*)0 '* G\QDPLFVa3BVWKBHUHIDWHG ORDGV DUHDOVR SURSHUO\UHSUHVHQ
LQGLFDWH WKDW ZLWK WK FIDRS\RW MG\PRIGGHG\QDPLF UHVSRQVH RI WK
ORVVRIDFFXUDF\DQG ZLWK QR QHHG WR PRGHOLQ GHWDLO WKH WRSROF
W KO3 3

)LQDOO\ WKH GHOLYHUDEOH SURSRVHV D GHFH@WIWI¥Q MW K B XW0D DIGI FRW L\
LQJ WKH VIVWHP VWDELOLW\ E\ G\QDPLFDOO\ DOORFDWLQJ WKH DYDLO
SURSRVHG VWUDWHJ\ BEHTXRUHFK DHLMWKHUMWDWLRQV WR FRPPXQLFDWH
HJ WKHLUFRQQHFWLRQ IRUFKDUJLQJ DQG LV SBUWL BRQADWWUIHWVDE O H
LQJ FRQFOXVLRQ LQ WKLV VWXG\LV WKDW DXWRPDWLF IUHTXHQF\ EDVH
IDLO WR SUHVHUYH WKH VWDELOLW\ RI WKH QHWZRUN 2Q WKH RWKHU V|
EH XVHG WR DXWRPDWLFDOO\ DQG VH D P GBH W @ RDRGSWKLPWL JFHKID G HIVQ U bl B VE
IXQFWLRQ RILQWHUHVW
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8VH &DVH )&B$ + )UHTXHQF\ YROWDJH GHYLDWLRQV IRU GLIIHUHQW
WURO PRGHV =,3 ORDGYV

8VH &DVH )&B$ + )UHTXHQF\ YROWDJH GHYLDWLRQV IRU GLIIHUHQW
WURO PRGHV FRQVWDQW LPSHGDQFH ORDGYV

8VH &DVH )&B$ +QHWBLF

8VH &DVH )&B& + 8QV\QFKURQL]JHG FRQWURO SHUIRUPDQFH ZLWK S
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5HODWLRQV EHWZHHQ :3 DQG RWKHU ZRUN SDFENDJHV
([IDPSOHV RI '(5 FRQQHFWLYLW\WR WKH JULG

'(5 FRQWURO VFKHPH

ORGLILHG 1HZ (QJODQG V\VWHP ZLWK '(5V

7RSRORJ\VRI'1 PRGHO XVHG LQ 6HFWLRQ $

ORGLILHG 1HZ (QJODQG V\VWHP ZLWK 933V

ORGLILHG 1HZ (QJODQG VI\VWHP *HQV DQG DUHPRGHOHG DV :33V
9ROWDJH FRQWURO VFKHPH RI '(5 PRGHO

9ROWDJH FRQWURO VFKHPH RI (66 PRGHO

8VH &DVH )&B( &) FRPSRQHQWY RXWDJH RI ORDG DW EXV

8VH &DVH )&B( &) FRPSRQHQWY IDXOW DW EXV FOHDUHG E\WUL
8VH &DVH )&B( %XV IUHTXHQFLHV XVLQJ3// )')DQG &)

8VH &DVH )&B$ JUHTXHQF\UHVSRQVH DIWHU WKH RXWDJH RI OLQ
8VH &DVH )&B$ '(5 DWEXV YROWDJHUHIHUHQFH DIWHU WKH RX\
8VH &DVH )&B$ 9ROWDJH UHVSRQVH IROORZLQJWKH RXWDJH RI C
8VH &DVH )&B$ JUHTXHQF\UHVSRQVH IROORZLQJD WKUHH SKDV#
8VH &DVH )&B$ (66 VWRUHG HQHUJ\ IROORZLQJ D WKUHH SKDVH I
8VH &DVH )&B$ JUHTXHQF\UHVSRQVH IROORZLQJD ORDG LQFUHD
8VH &DVH )&B$ 7UDQVLHQW UHVSRQVH IROORZLQJWKH ORVV RI *
8VH &DVH )&B$ 7UDQVLHQW UHVSRQVH IROORZLQJWKH RXWDJH F
8VH &DVH )&B$ 7UDQVLHQW UHVSRQVH DIWHU GLVFRQQHFWLRQ F
8VH &DVH )&B% 'é5 IRU )93 )94 DSSOLHG WR D SRUWLRQ RI1933DVYV
8VH &DVH )&B$ 7UDQVLHQW UHVSRQVH IROORZLQJ WKH ORVV RI *
8VH &DVH )&B$ 7UDQVLHQW UHVSRQVH IROORZLQJWKH ORVV RI *
8VH &DVH )&B$ 7UDQVLHQW UHVSRQVH DIWHU GLVFRQQHFWLRQ F
8VH &DVH )&B( 5DWLRV RI DFWLYH SRZHU YDULDWLRQV YV YROWLE
8VH &DVH )&B( JURP OHIW WR ULJKMW RQIDWRSIHVR ERWWR P

8VH &DVH )&B( JURP OHIW WR ULJKIN DQI@WRIHR ERWWRP

8VH &DVH )&B( 5DWLR RIDFWLYH SRZHU YDULDWLRQV YV YROWD.
8VH &DVH )&B( JURP OHIW WR ULJKW(DQEMRS3R ERWWRP

8VH &DVH )&B( JURP OHIW WR ULJKW DRB WIRS3)R ERWWRP

8VH &DVH )&B( * (VWLPDWLRQRI9'/DW EXV

933 WRSRORJ\IRU (07 VLPXODWLRQ

$FWLYH SRZHU WUDQVLHQW UHVSRQVH DIWHU D IUHTXHQF\ YDULDW
5HDFWLYH SRZHU WUDQVLHQW UHVSRQVH DIWHU D IUHTXHQF\ FKDQ
$FWLYH SRZHU WUDQVLHQW UHVSRQVH DIWHU YROWDJH YDULDWLR
5HDFWLYH SRZHU WUDQVLHQW UHVSRQVH DIWHU YROWDJH YDULDW
8VH &DVH )&B% *HQHUDWRU RXWDJH

8VH &DVH )&B% /RDG RXWDJH

8VH &DVH )&B% /LQH RXWDJH

8VH &DVH )&B& 8QFRQWUROOHG FKDUJLQJRI3(9V D DQG G G
SURILOH E DQG H QRGHV YROWIRJH UKN ORFWHW UR ZD\OKR 2V
UHVXOWV IRUD VIVWHP ZLWK QRLVH WHQ WLPHV KLJKHU WKDQ WKH
8VH &DVH )&B& + 6\QFKURQL]HG $,0°' D ORDG DFWLYH SRZHU DW
l'cor UHVSRQVH

8VH &DVH )&B& +5HVXOWV RI WKH VIQFKURQL]HG $,0' IUHTXHQF\ E
DFWLYH SRZHU RI ORDGV DW 3(9 EoX WHHW SEQNUHH TXHQF\

8VH &DVH )&B& +8QV\QFKURQL]JHG $,0' D ORDGDFWLYH SRZHU DW
WURO ZLWKRXW U IFRROWUWR® ZEWKRXW SULRULWLHY F ORDG DFW
EXVHV FRQWURO ZLWJXK SAR®WUWOH\Y. W& SULRULWLHYV

8VH &DVH )&B& + $FWLYH SRZHU RI 3(9 VXEJURXSV DW EXVHV DQG

L o e e e L

s SR TR

o+
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>

>
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@ (( ,(& . QWHUQDWLRQDO 6WDQGDUG OHDVXULQJUHOD\VDQG SURWHFWLRQ HTXLSPHGQ

VIVWHPV OHDVXURPKQWWG

@ .LUNKDP : 'LFNHUVRQ DQGS$ 3KDGNH 3'HILQ L Q3IBRZHUGCL\Y IWHRPI W KIAT XH QF(6 *H@HUDO

OHHWLQJ SS +

@ 3DRORQH 7 *DXQW ; *XLOODXG 0 /LVHUUH 6 OHOLRSRXORV $ ORQWL 7 9DQ &X
3)XQGDPHQWDOVRISRZHU VIVWHPY PRGHOOLQJLQ WKH SUHOHEOWH RFBRQ@MH 6WHUHPQW

5HV HD WRKO S

@ 1XWDURDQG9 3URWRSRSHVFX 3&DOFXODWLQJIUHTXHQF\DW ORDGMLQ VLPXODWLR

7UDQVDFWLRQV RYBPDUWRULGS + ODUFK

@ OLODQR DQG E 2UWHJID ?)UHIXHOQR\VEIFWIGRQV RQ 3RZAH 6\VWRHPVSS +

obU

@ *ROSLUDDQGS$ 5 OHVVLQD 3$ FHQWHU RI JUDYLW\ EDVHG DSSURDFK WR HVWLPDWH

,(((7TUDQVDFWLRQV RQ SRFRRHOU BBVRQYRIPV SS #

@ OLODQR DQG E 2UWHJD 3$ PHWKRG IRUHYDOXDWLQJ IUHTXHQF\ UHJKODWLRQ LQ DQ

7UDQVDFWLRQV RQ 3RROU 6\\QRHP\S S + -DQ

@ 6DFFRPD@MEWULF 3RZHU 6\VWHPV $QDIG\X kR DN GRRQWORI® 6RQV

@ OLODQR DQG E) PH/MXHHIDF\ 9DULDWLRQV LQ 3RZHU 6\VWHPVY ORGHOLQRKQVDWH (VWLP

:LOH\ 6RQV

@ $NDJL ( + :DWDQDEH DQGWWBHBOQMBHMRXYV 3RZHU 7TKHRU\ DQG $SSOLFDWLRQV WR ¢

QG HG 1HZ <RUN :LOH\,(((3UHVV

@ : 6DXHUDQG 0 3R3BBDW 6\VWHP '\QDPLFV DQ@SSSMIDEDL®E WM 5LYHU 1-

3UHQWLFH +DOO

@ 6WRWW DQG 2 $0VDo 3)DVW GHFRXBQWDBFORR® VORYZ 3 RZRIQW @H6W HPYR SsS
"

@ OLODQR 2&RPSOH[,(YHTXHIMDFWLRQV RQ 3BBHUt6\VWHPV

@ HGJH)/(; *' IUHTXHQF\ FRQWURO FRQFHSWV IRU FXUUHQW 933V LQ ODUJH "
KWWSV ZzZZ HGJHIOH][ K HX SURJUHVYV ZRUN SDFNDJHV KWPO

@ XQGXRZHU 6\VWHP 6WDELOLWND @BWNRQQWURXY +LOO

@ 0 *XHUUHUR /XLV *DUFLD GH 9LFXQD - ODWDV 0 &DVWLOOD DQG - OLUHW
FRQQHFWHG 836 LQYHUWHUV ZLWK ZL UHOHMQYREF® VKOWRQJ OB FWRMB DD @WROHFWURQLF

SS +

32XWE

@ : /ILDQG & .DR 3*$Q DFFXUDWH SRZHU FRQWURO VWUDWHJ\ IRUSRZHU HOHFWURQLF\
RSHUDWLQJLQDORZ YROWDJH(FIYOWVDXWRRQWRRIQ B XRWD(OHDWURGLSFV =

@ 'HOLOOH - <XDQ DQG/ &DSHO\ 37DNLQJDGYDQWDJH RI ORDG YROWDJH VHQVLWLYL

LQ (((*UHQREOH &RQIHWHQFHSS ¢

@ )DUURNKDEDGL & $ &DxL]DUHV DQG . %KDWWDFKDU\D 3)UHTXHQF\ FRQWURO LQ L

YROWDJH UHJXOMMWOQR'@FWLRQV RYBPDUWRULG S +

@ 'H&DUQH * %XWLFFKL 0 /LVHUUH DQG & 9RXUQDV 3/RDG FRQWURO XVLQJ VHQVLW

WUDQVIRUPRWDQVDFWLRQV RYRPDUWRULGS + -X 0\

@ $ $ 0OXUDG * 7]RXQDV 0 /LX DQG) OLODQR B3)UHTXHQF\ FRQWURO WKURXJK YROW

XV0LQJ69& GHYBBRWVHH®LQJV RI WKH ,(((3(6 *HQHWBBO @HHWLQJ

@ 7]RXQDV DQG) OLODQR 3, PSURYLQJWKHIUHTXHQF\ UHVSRQWHRFH5GWKIMRKIK YRO!

WKH ,(((3(6 *HQHUDO OH 8L Q

@ HGJIH)/(; 3' VFHQDULR GHVFULSWLRQ IRU IUHTXHQF\ DQG LQHUWLD UHVSRQ'
KWWSV ZzZZ HGJHIOH][ K HX SURJUHVYVY ZRUN SDFNDJHV KWPO

@ $UULOODJD DQGBRPINWHRDORGHOOLQJ RI (OHFWWHEXABR ZHRKE& VMOHRY 6RQV

FK SS *

@ OLODIRZHU 6\WVWHP ORGHOOLQJRQGRGUESWLQIH U

3DJH
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> @ 2UWHJDDQG) OLODQR 3(VWLPDWLRQRIYROWDJHGHSHQGHQW ORDG PRGHOV WKUR)
(((7UDQVDFWLRQV RQ 3RRHU 6\\QRHP\5 S +

\

@ ODVKKRXUDQG®6 0 ORJKDGGDV 7DIUHVKL 3%LGGLQJ VWUDWHJI\RI YLUWXDO SRZHU
VSLQQLQJ UHVHUYH PDUNHWV2SDUW((( BWREDHPW RRI@X RDVBIRZRIAW 6\VRRIPV SS
*

> @ =KDQJ & -LDQJ DQG; :DQJ *&RPSUHKHQVLYHUHYLHZRQ VWUXFWXUHDQG RSHUDWL
VIVWHP7 *HQHUDWLRQ 7UDQVPLWR®RQ 'LUMULESWLRQ

\%

@ SRFDEHUW $ /XQD ) %ODDEMHUJ DQG 3 5RGUtIXH] 3&R QW UR O7R IDSRZIHFUNFLRRIWH U W H L
RQ 3RZHU (OHFWRWR QL BP\R Ss +

> @ +X /| 6XQ ; <XDQ 6 :DQJ DQG < &KL 30RGHOLQJRIW\SH ZLQG WXUELQHV ZLWK G
IUHTXHQF\UHVSRQVYHWMWXMDFWLRQV RQ 3RRRHOU 6\\QRRHP\S S +

> @ 'f$UFR - $ 6XXO DQG2 % )RVVR 33 YLUWXDO VIQFKURQRXVY PDFKLQHLPSOHPHQWD
FRQYHUWHUV LQUWABPWWIBIBRZHU 6\VWMR® 5HVISBUFK=*

> @ 'RQJ % :HQ ' %RUR\HYLFK 3 ODWWDYHOOL DQG < ;XH 3$QDO\VLV Rl SKDVH ORFNH
WKUHH SKDVH JULG FRQQHFWHG SRZHU FRQYHUWHUN (FR QP DQVBE QR DRSRIG DX XVIVDWL
(OHFWURROFV QR SS t

> @ &KHQDQG 7 21'RQQHOO 3*3DUDPHWHU FRQVWUDLQWYV IRU YLUW XDO7VFKURQRXV JH
DFWLRQV RQ 3RZHYROVWHPR/ SS +

\Y

@ 6KL ) /L DQG + &XL *$QDO\WLFDO PHWKRG WR DJJUHJDWH PXOWL PDFKLQH 6)5 PRG
G\QDPLF VWXGIZHDQVDFWLRQV RQ 3RROU 6\\QRRHP\S S +

> @ <H : 3HL DQG= 4L *$QDO\WLFDO PRGHOLQJRILQHUWLDODQG GURRSUHVSRQVHV IU
UHJXODWLRQ LQ SRZHOUDOWEBPWLRQV RQ 3RROU 6\\QRRHP\S S +

> @ +XDQJ 3 -X < -LQ ; <XDQ & 4LQ ; 3DQ DQG; =DQJ 3*HQHULF VIVWHP IUHTXHQF\ L
JULGV ZLWK GLITHUHQW $ APHWBRWLR G ° +

\%

@ =KDQJDQG + ;X *2QOLQHLGHQWLILFDWLRQ RI SRZH,({ \NWVDIQR B F WILRIO/HRQN, QG MY W UD
(OHFWURROFV QR ss +

> @ 7DUNLDLQHQ 5 3ROODQHQ 0 1LHPHOD DQG - 3\UKRQHQ 3, GHQWLILFDWLRQ RI JU
IHHGEDFN DFWL Y(H(I3RIHU(IHFWURQLE® /H\QWHUSS =

> @ &KHQ 0 /LX DQG) OLODQR 3$JJUHJDWHG PRGHO RI YLUWXDO SRZHU SODQWV IRU WU
DQDO\M(VY7UDQVDFWLRQV RQ 3RAROU 6\\QRHP\S S +

\%

@ /LX - &KHQ DQG) OLODQR 32Q OLQHLQHUWLD HYWLPDWLRQ IR(YV@PKQWRQRXYV DQG
DFWLRQV RQ 3RZHYROVWHPR/ SS +

> @ 2UWHJD DQG ) OLODQR 3*$ PHWKRG IRU HYDOXDWLQJIUHTXHQF\ UHJXODWLRQ LQ DQ
QRQ VIQFKURQRXY(GHYREMBFWLRQV RQ 3RARU 6\\QRRHP\S S + -DQ

> @ &KHQ 0 /LX & 21/RXJKOLQ ) OLODQR DQG7 21'RQQHOO 320RGHOOLQJ VLPXODWLRQ
RIYLUWXDO VIQFKURQRXV JHQHUDWRU FRQVBUR®G i 19 ®LRYI VERH WK IHD3RRZ BB VW WMRF & RO S
WLRQ &RQIHUHQFH 3&&&+

> @ % 5LFKDUGVRQ 3*(OHFWULF YHKLFOHV DQG WKH HOHFWULF JULG $ UHYLHZ RI PRGHC
HQHUJ\ LQW HBHITHZDEQ@H DQG 6 XVWDLQDEGRQQHUSS5HYLHZV

> @ +DMLPLUDJKD & $ &DQL]DUHV 0 : )RZOHU DQGS$ (ONDPHO 32SWLPDO WUDQVLWLR
2QWDULR &DQDGD FRQVLGHULQJWKHHGHB®YDFWW R QW LR3Q RELWBVMILR@EOHFWURQLF
Ss +

> @ & *UHHQ / :DQJ 0O $ODP DQG6 6 6 5 '"HSXUX 3(YDOXDWLQJ WKHLPSDFW RI SOXJ |
FRPSRVLWH SRZHU VA\VWHP UHOALBR EPBUWFDQQ@RZHU ,G{PSRVLSXP =

> @ ORVFKHOOD 0 $ $ 0XUDG ( &ULVRVWRPL DQG) OLODQR 22Q WKHLPSDFW RI 3(9 FK
6WDWLF DQG G\QDBURPHIRGWYJIVLRY WKH ,((( 3(6 *HQHUDO 0BSW£QJ

> @ ,JDGNKDVW 3 *DUFLD *RQ]JDOH] 3 )UuDV / 5DPuUH] (OL]JIRQGR DQG 3 %DXHU 3$Q D
WULF YHKLFOHV LQFOXGLQJ GLVWULEXWLRQ QHWZRUN,EKITUDPW B BWL R QFVRI® B BAH.P D (
6\VWHRWRO QR SS +

> @ $ 3 /RSHV ) - 6RDUHV DQG 3 0 5 $OPHLGD 3 QWHJUDWLRQ RI HOHFWULF YHKLFC
3URFHHGLQJV RIWRIOH ,((QR  SS +

> @ 6KL + ' 7XDQ $ 9 6DYNLQ 7 4 'XRQJ DQG + 9 3RRU 30RGHO SUHGLFWLYH FRQWU
HOHFWULF YHKLFOH FK@UUDRVDOWNWRRYWRQYBPDUWQRILGSS +
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> @ ( .KRGD\DU / :X DQG = /L 3(OHFWULF YHKLFOH PRELOLW\ LQ WUDQVPLVVLRQ FR
VFKHGXQ(QIUDQVDFWLRQV RYBRPDUWRULGS +

> @ *DUFtD 9LOODORERYV , =DPRUD - , 6DQ ODUWtQ ) - $VHQVLR DQG 9 $SHUULED\ 3¢
GLVWULEXWLRQ QHWZRUNV $ UHYLHZ RIHPHZMNE PKIDDQGCBXVHDURDEKHMYQHU I\ 5HYLHZ)
SS +

> @ & OXNKHUMHHDQG $ *XSWD *$UHYLHZRIFKDUJH VFKHGXQ [ @WRV HOWHARXWIDYH KLF O +
YRO QR SS +

> @ &RUOHVV & .LQJ 5 6KRUVBHO GDQBRALAWWEKG GLVWULEXWHGBYU$HWRXUFH DOORFDWLR

> @ 6W.GOL ( &ULVRVWRPL 5 OLGGOHWRQ DQG5 6KRUWHQ 3$I1OH[LEOH GLVWULEXWHC
KV\EULG YHKLFOH FKDWQWRAUQRWILRIGHIVO -RXRQDO RIRRR@WBURO*

> @ 6W+-GOL ( &ULVRVWRPL 5 OLGGOHWRQ DQG5 6KRUWHQ 32SWLPDO UHDO WLPH GL
HOHFWULF YOMHEQ®DWLRQDO -RXRQDO RIR&ERQMBURO+

> @ 1 6KDK * 3 ,QFUHPRQD 3 %ROJHUQ DQG 3 &RODQHUL 32SWLPL]DWLRQ EDVHG $,0°
FKDUJLQJ RI HOHF\WULRESHIXQ FRXYQD O RO &R QMEU R @

> @ 8FHU 0 & .LVDFLNRJOX DQGO <XNVHO 3$QDO\VLVRIGHFHQW WBURHAHGGLQIEDVHG (9
RIWKH ,(((3(6 *HQHUDO,(HHWLQSS =

\%

@ &ULVRVWRPL 5 6KRUWHQ 6 (6WFG\VOLL POGG SOXWKQ K\EULG YHKLFOH QHWZRUNV RSV
&5& 3UHVYV

> @5 :LUWK 6 BWXHGOL - < <X 0 &RUOHVV DQG 5 B6KRUWHQ 21RQKRPRJHQHRXV SO
XQVV\QFKURQLVHG $,0' DQERRIGDOLRDWHIR QFRO$&0 QR  SS

> @ )HUUDUR ( &ULVRVWRPL 0 5DXJL DQG) OLODQR 3 HFHQWUDOL]HG VWRFKDVWLF FI
IUHTXHQF\VWDEL@(LM6 , QQRYDWLYHG6PDUW *ULG THFKQRORJLHV &RQIHUHQFH (XURSH
SS #

> @XURSHDQ (QYLURQPHQW $JHQF\ 3(OHFWULF YHKLFOHV LQ (XURSH ~ H($ 5HSRUW 1R

> @ +DXJQHODQG & %X DQG ( +DXJH 37KH 1RUZHJLDIB (96WRE RN\ X FE RORW MQUXHD/O™ 4 & H
EHF &DQDGDS

> @ +DUGPDQ $ -HQQ * 7DO - $[VHQ * %HDUG 1 'DLQD ( )LJHQEDXP HW-DRREVVRQ 3
3$ UHYLHZ RI FRQVXPHU SUHIHUHQFHV RI DQG LQWHUDFWLRQV ZUW®& WERURMOWL ERYH K L F
5HVHDUFK 3DUW ' 7UDQVSRUWR®G (GBLURDPHQW

> @ 4XLUyV 7TRUWYV / ) 2FKRD DQG % /HHV 3% VWDWLVWLFDO DQDO\VLY(RI (9 FKDUJLQ.
3(6 ,QQRYDWLYH 6PDUW *ULG THFKQRORJLHV /D\MLQ $PSISLFD ,6*7 /$7$0

\%

@ OLODQR DQG 5 =iUDWH OLxDQR 3$ VIVWHPDWLF PHWKRG WR PRGHO SRZHU V\VWHPV
HTXDWLRQ@VUDQVDFWLRQV RQ 3RR-HU 6\\QRHP\S S + 1RY

> @ 6WHSKDIQHUHQWLDO (TXDWLRQV 7KHLU 6RIOXWERDGYXRJ(BPPHEWRHEMWHNVGIH 8QLYHUYV
3UHVV

\%

@ OLODQR 3$3\WKRQ EDVHG VRIWZDUH WRRQAGURBIBRGZHQIMWRWWR B QD@BNWMIr"HQHQPDO OHHW
IDQFRXYHU %& -XO\

> @ 2UWHJDDQG) OLODQR 3&RPSDULVRQ RIGLIIHUHQW 3// LPSOHPHQWB®WR. RQV IRU IUH"
FHHGLQJV RI WKH WK ,QWHUQDWLRQDO &RQIHUHQFH RQ fDUPRQEBY RQG 4XDOLW\ RI 3

> @ =KRQJ * 7]RXQDV DQG) OLODQR 3 PSURYLQJWKH SRZHU VIVWHP G\QDPLF UHVSRQV
IUHTXHQF\FRQWURORI GLVWULEXWHBGMDFWL REV RROBRZH K@ GHWUHPVYLHZ $YDLODEOH
RQOLQH DW KWWS IDUDGD\ XFG LH

> @ O0XUSK\DQG$ .HDQH 3/RFDODQG UHPRWHHVWLPDWLRQV XVLQJ(LWWHGB/SRO\QRPLD
DFWLRQV RQ 3RZHYR& VW HPR/ SS +

> @ -LPPD $ 7RPDF . 9X DQG & /LX 3% VWXG\ RI G\QDPLF ORDG PRGHXURIRU YROWDJH
%XON3RZHU 6\VWHP 9ROWDJH 3KHQRPHQD 9ROWDJH 6 WHDHEE @ UWHDNQ B NH FOOUL\WB DI 6 : R L
$XIXVW

\%

@ 9DQ &XWVHP 0 *ODYLF : SRVHKDUW & &DQL]DUHV 0 .DQDWDV / /LPD ) OLODQR
- $ G 6DQWRV % 7DPLPL * 7DUDQWR DQG & 9RXUQDV 37HVW(Y NAVDIORD FRULRROWD JH
RQ 3RZHU 6\VWMRCPVY QR SS +

> @ $MMDUDSXDQG & &KULVW\ 37KH FRQWLQXDWLRQ SRZHU IORZ DWRRODQYV VWHDG\ V)
DFWLRQV RQ 3RZHYR&OOVWEHERV SS +

> @RUWK$PHULFDQ (OHFWULF5HOLDELOLW\&RXQFLO 37UDQVPLVVLRQFDSDELOLW\PDUJ
ZKLWH SDSHU
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$*&
$95
&(
&)
& *
&2,
(5

‘1
(&
(07
(66
)

3&&
3(9
3)&

3/1/
32&
6)&
60
69&
7&/
762
8)
8/7&
9'/
933
96*
960
133
6&&

$XWRPDWLF *HQHUDWLRQ &RQWURO
$XWRPDWLF 9ROWDJH 5HIJXODWRU
&DSDFLW\ (YHQW
&RPSOH[)UHTXHQF\

&RQYHUWHU ,QWHUIDFHG *HQHUDWRU
&HQWHU 21 ,QHUWLD
'LVWULEXWHG (QHUJ\ 5HVRXUFH
'"LVWULEXWHG *HQHUDWRU
'LVWULEXWLRQ 1HWZRUN

(QHUJ\ &RPPXQLW\
(OHFWURPDJQHWLF 7UDQVLHQW
(QHUJ\ 6WRUDJH 6\VWHP
JUHTXHQF\ 'LYLGHU )RUPXOD

.H\ 3HUIRUPDQFH ,QGLFDWRU
3RLQW RI &RPPRQ &RXSOLQJ

30XJ LQ (OHFWULF 9HKLFOH
3ULPDU\)UHTXHQF\ &RQWURDO
B3URSRUWLRQDO ,QWHJUDO

3KDVH /RFNHG /RRS
3RLQW RI &RQQHFWLRQ

BHFRQGDU\ )UHTXHQF\ &RQWURO
6\QFKURQRXV ODFKLQH
6WDWLF 9DU &RPSHQVDWRU
7KHUPRVWDWLFDOO\ &RQWUROOHG /RDG
7UDQVPLVVLRQ 6\WVWHP 2SHUDWRU
BWLOLW\)XQFWLRQ

8QGHU /RDG 7DS &KDQJHU

9ROWDJH 'HSHQGHQW /RDG
9LUWXDO 3RZHU 30DQW

9LUWXDO 6\QFKURQRXV *HQHUDWRU
9LUWXDO 6\QFKURQRXV ODFKLQH
'LQG 3RZHU 30DQW

‘"HVWHUQ 6\VWHPV & RRUGLQDWLQJ &RXQFLO
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$11(;

$ SHYLVLWHG 6FHQDULR '"HVFULSWLRQ

7KLV VHFWLRQ SURYLGHVDQ XSGDWH WRWKHIUHTXHQF\FR@VURO VFHC
7KH PRGLILFDWLRQV ZLWK UHVSHFW WR WKH VFHQDULR GHVFULSWLRQ S
VHFWLRQ L GHILQHV D QHZ XVH FDVH IRU VFHQDULR )&B$ QDPHO\ 8VH
PRGLILFDWLRQLQWKHGHVFULSWLRQ RI8VH&DVH)&B% RIVFHQDULR )
WLRQLQ WKHGHVFULSWLRQ RI8VH &DVH )&B( RIVFHQDULR )&B(

$ I1DUUDWLYH RI WKH 8VH &DVH

7KH JRDO RI WKLV XVH FDVH LV WR VWXG\ WKH G\QDPLF UHVSRQVH RI S
‘'(5VWKDW SDUWLFHES DMLY XY WRBVH LY EDVHG RQWKH 1HZ (QJODQG V\VW
6HFWLRQ RIGHOLYHUDEOH" 7KH VI\VWHP LV PRGLILH&EWR FRQQHF
RIGLIITHUHQW WHFKQRORJLHYV

$ .3,V
7TKHIROORZLQHDIHUWKHDQFH ,@GG/LMDRDRUDNUH HYDOXDWHG LQ WKLV XVl

¥ )UHTXHQF\&2 WKW&KH FRQQHFWHG WR WKH VA\VWHP
¥ %XVYROWDJH SURILOHV RI WKH VA\VWHP
¥ 9ROWDJH IUHTXHQF\ SH U IRHNPROULEHH BH W WBIHFWLRQ

7KLV XVH FDVH LV PRGLILHG WR LQFOXGH WKH ¥33X &\KDIWEDHUN Q BIPS B W H
WKHE& :LWK WKLV FKDQJH WKH XSGDWHG QDUUDWLYH RI WKH XVH FDVH L

7TKHJRDO RI WKLV XVHFDVH LV WR VW X@G33W WK CWOPPU W L3 XBERMN HR W KH
6)&RI D SRZHU VA\VWHP 7KH XVHFDVHDOVR VHUYHV WR VWXG\ WKH G\QD
933PRGHOV 7KLV XVH FDVH LV EDVHG RQ WKH 1HZ (QJODQG V\VWHP GH\)
' 7KH VIVWHP LV PRGLILB&WR LQFOXGH D

7KLV XVH FDVH LV PRGLILHG WR LQFOXGH WKH SDUDPHWHU HVWLPDWLR
DW'/V DV ZHOO DV WKHDVVHVVPHQW RI EXVIUHTXHQF\HVWLPDWLRQ P}
RI WKH XVHFDVHLVDVIROORZV

7KHJRDO RI WKLV XVHFDVHLV WR HVWLPDWH WKHLQHUWLD DQG HTXLY|
VIQFKURQRXV UHVSHFWLYHO\ GHYLFHVFRQQHFWHG WR D SRZHU JULG
GHYLFH PRGHOV VXFK DV WKH 9ROWDV H HOORMHQYWWRYHVY EXV I[UHTXH
PDWLRQ PHWKRGYV 7R WKLV DLP WKH :6&& V\VWHP GHVFULEHG LQ 6HFW
LQFOXGHQRQ VIQFKURQRXV GHYLFHV RI &L/ M8 B\QAMK WHFKRDWW D W LIEHD\D O/\X
ERQWUROOHR&GNRBBY DQEGUWXDO 6\QFKURQRBR&OX 0 DRAKAKQLHK WKH HTXLYD
OHQWLQHUWLD DQG SDUDPHWHU HVWLPDWLRQ LV RILQWHUHVW

7KH XS GDWHRSI WKH XVH FDVH DUH DV IROORZV

¥ (UWURUEHWZHHQ DFWXDODQG HVWLPDWHG LQHUWLD FRQVWDQW
¥ (WURUEHWZHHQ HVWLPDWHG DQG DFWXDO SDUDPHWHU RI QRQ V\Q
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$ SHYLVLWHG '"HVFULSWLRQ RIORGHO &RPSRQHQWYV

7KLV VHFWLRQ RXWOLQHV WKH EDVLF(BROMNWIDEEGY FRQWWHR @ RVGKE Y DWW R |
XWLOLJHG WR WHVW WKHFRQWURO VFKHPHY GHVFULEHG LQ &KDSWHU

$ 'LVWULEXWHG (QHUJ\5HVRXUFHV

JLIXUWMKRZV WKIRPRGHO YROWDJH FRQWURO VWUXFWXUH ,WFRQVLVWVR
WKHT D[LVFXUUHQW FRPSRQHQWDQGDQRXWHUORRSIRUYROWDJH FRC(
D3,FRQWURO WWEW i, HDHQUBUWR KKH RXW S XW(BEVUHGBPWR.WHKBRZHU UHIHUHQFH

JLIXUH = 9ROWDJH FRQWURO VFKHPH RI'(5 PRGHO

$ (QHUJ\6WRUDJH 6\VWHPV

JLIXUUKRZV WKH YROWDJH FR Q W8BR DKVWHWIRAOFWXIHHARI QWKWHR O ORRS ILOWH
HUURUDQG LPSOHPHQWY D OHDG ODJ FR Q&BURI® EMRYH BRWIS X \G \LQDIMIGY

JLIXUH £ 9ROWDJH FRQWURO VFKHPH RI (66 PRGHO

6WDWLVWLFDO DQDO\WHV KDYH VKRZQ WKDW LQ %KW QOWHB L5 HFWXHGIWR/LJ
FKDUJHLQ D GRPHVWLF@ FBIQDRRR PV WKH GULYHUY FRPH ED®N KRPH DIV
,Q WKLV FDVH WKH QXPBHYWRPIDRRXQAROH®XRFUHDVH LQ D VKRUW WLPH H
GLQQHU WLPH DQG PDV\JLYHULVH WR D QHZ H8HQGERBHHRDIGF FKDNJIEZRUYV
FDQ EH PRGHOHG DV PDQ\ DFWLYH SRZHU ORDG UDPSV DW VRPH EXVHV
FRQYHQWLRQDO ORDGV DUH DOVR SUHVHQ W ( 9¥KIHUGIRIDAEY RRFRH) Bl WVEX @ HL

P=po+ Reev(t to)+ p; = ap+tbp; $

ZKHp HY WKH W RpWIDWOWHKRDBIIJUHJIDWHSG /SREH, HMWWHQIDPS WBRYWH RI WKH
to LVWKHWLPHDW ZKLFK WKH HBYH@LQ@IXWIRD QHPHIY UHYHUWHG VWRFKD
WKDW UHSURGXFHYV ORD G &JD\QW R b 0MMW WHEKK GWILRRIVR QKDWY E QR LVH >
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$ '"HULYDWLRQ RI &RPSOH[ )UHTXHQF\

)RU WKH VDNH RI WKH GHULYDWLRQ LWLV FRQYHQLHQW WR GRS WKH G
DQ HOHPHQW ZLVH QRWDWLR@X\RHWND RGHWRRWYN ZL WK

P, .
Ph = Vh_ k=1 Yk [Ghk €COS hk + Bhk Sin nk];
n H .
Gh = Vh =1 Vk [Ghk SIN hk  Bhk COS nk];

ZKHGH Bnw DUH WKH UHDO DQG LPDJL QD Uh;§DRJIW R HVOKWH @ H R HDQB/®P L W W D
PDWULVKL=Hn + [Brk Vo vk DUH WKH YROWDJH P DJ® DWGGHYVSW FEW IV HIVO \
DQ@=1n « ZKHUHWQ®@DUH WKH YROWDJH SKD ViHDW®GE OHV DAF BXLWHID \
h=1;2:::;n (TXDWISRQRMDQ EH HTXLYDOHQWO\ ZULWWHQ DV

P, P,
Ph= o Pk; DQGh = | Chk; $
ZKHUH .
Pk = VhVi [Ghk €OS hk + Bnk Sin ni] ; $
Ohk = VhVk [Ghk SIN nk Bhk €OS nk] :
"LITHUHQV$L DW.IYRI M@
) P
dp = 0, gh‘i A+ 0oy %dvk A + dpf® $
P )
dap = k1@@;D“"cjhw ngﬂdvk def + def® $

,Q$ dpy LVWKH WRWDO YDULDWdIpR QVRW S R ZIK®R DA RXWKH DFWLYH SRZHU W
RQ EXV YROWDJH SKDVH D Qdp® HW IV HDWXIRRAQDV RDRBWLYH SRZHU WKDW G F
YROWDJHPDJQLWXGH %D ULBWIVRIGHNO HY B R WoH R RdsV HDQFEH wWiigD W
5HFDOOLQJ RGVR WKD®G XVEQJOHDGV W BpU Bl @dgl i/

P P
df = hdn+ L Gkdk; df =pndn ket Prk d i $
,Q WKH VDPH YILQ $IURPRG dp®DQIF°FDQ EH UHZULWWHQ DV
p P
dpf°= © Ph vt p\fk AV ; dcﬁo— v q‘k " vy $

/IHW XV GHILQH WKHITXD QAKIHMV\H ERWK WKH ORJDULWKP DQG LWV DUJXPH
OHVV :LWK WKLY DQBPHU XQLW QDPHO\ LW LV WKH UDWLR RI WZR YROV
&RQVLGHULQIWKHI G IHEDIQWH DO RUL@WHQ DV >

P P
dpP®= pndup + oo prc duk;  dg= ohdup + [_; Gk duy $
(TXDWLRQWPQG& FDQEHH[SUHVVHG LQ WHUPV RI FRPSOH[SRZHU YDULD\

_ 0 0_ P .

= dp, + |dg, = [shd n Ii’ k=1 Shk d K ;
oo_ 00 00_ n .
dsp = dpp + |[dgy-= spdup + | _; Shk dug;

$

DQG ILQDOO\ GHILQLQJ WKHUFRP SOWKHXDRWDLRLWFRPSOH[ SRZHU YDULDYV
ZULWWHQ LQ D FRPSDFW PDW@L[ IRUP DVIROORZV >

ds=s d +Sd ; $

ZKHBRC" " LV D PDWULMhXKRMHHOHRKHQWIWHVWLRQK DYV EHHQ REWDLQHG
LQ JHQHUDO L H DVVXPLQJDGLIIHUHQWLDWLRQ ZLWK UHVSHFW WR D .
SDUDPHWHU LV WKHWKH®HEH DUULYHIOMUHE —= u+|_ 5HFDOOLQJ WKDW
()= ()= #(t) 'o(t) DQG GHI% QLQZH REWDLQ@RWH WKDW ERWK UHDO DQG LP
SDUW RIKDYH LQ IDFW WKH G IDRWHIQNVG RHRIWL RIQ OV MYSUGIY VHG LQ UDG V
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JURP WKH GHIuQ ROUHRIQDREexp(us) L H WKH PDIJQLWXGH RI WKH YROWDJH |
DV D IXQFWLRQ ZKRVH GHULYDWLYH LV HTXDO WR WKH IXQFWLRQ LWVHC
/LHJURXSV DQG DOJHEUD ZKLFK GHILQHV WKH VSDFH RI OLQHDU WUDQV
FKDQJH@>

$QRWKHU ZD\ WRIZAWEWHS O LAWRQ WV FRPBEHFPHEAFRUGLQJ WKH GHILQLWL
R$°DQ¥ " GRHV QRW G %S BHIQHSURIBR HY QRW GHSBYGRROORZV

sP=|s ! |S!;

sP=s %+ S%:

$

W LV LPSRUWDQW WR QRWH WKDW 4@ DEBWHD Q RW KBHSHRIB@KIWH R QV R
FRPSRQHQWY KRZHYHU FDQ EH GSWHDOGQHG XVLQJ

s= g%+ g% $

JRUWKH VDNH RI FRPSOHWHQHVYVY ZH ILQDOO\ QRWH WKDW DQ LPSRUWI
FXVVHGLQ WKLV VHFWLRQQERAIGHWKNHBQWLDWHG ZLWK UHVSHFW WR DQ
DQG LQ SDUWLFXODU ZLWKUHVSHFW WR WLPH LWK WKLWUHJDUG WK

‘HQRZ GHULYHQ DQ DOWHUQDWLYHDQG PRUH FRPSDFW IRUPXODWLRQD
JLUVW REVHUYH WKDW
V=V : $

7KH SURRIRIWKHODVW H[SU®@ V¥VRQPILWKLY HRSIUHYVLRQ DV ZHOO DV WK
R$ ZLWK UHVSHEWMWR WHKIHUHQFH IUDPH ZHM @QUULYH DW

$QRWKHU ZD\ WRIZAWEWGL I THUHQWLDWLQJ ZLWRUUH\GILHA G MWOR WDFK URZ R
SE\WKH FRUUHVSR@GL@J YREWOHRHQWLQJ WKLV GEYLVYLRBWQG XVLQJ

{=Y][v ]=Ydagkyv) ; $

DQG GHIEQLI@ag(v) ZH DUULYH BV
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$ 6LPXODWLRQ 5HVXOWYV

7KLYV VHFWLRQ SUHVHQWYV WKH VLPXODWLRQ UHVXOWY RQ WKH FRQFHS\
OLYHUDEOH $00 UHVXOWV DUH REWDLQHG XVLQJ WKH S@®ZHU VA\VWHP D(

7KLVVHFWLRQ SUHVHQWYV VLPXODWLRQ UHV XpGHWF K D BVH.® IOX & MIJIDMWHHUW
5HVXOWY DUH REWDBQ& B\XWHR WKH

$ %HKDYLRU RI &) FRPSRQHQWYV

JLIXUHDPQG VKRZ WKH WUDQVLHQW EHKDYLRU RI)HWKHD FRRPISBQRWR W D RG\
D ORDG EXV EXV DQG EXV UHVSHFW | YDOHGE DK Bl UHNAGAMEDP\DHWLIRVQ RREW D L G
WKURXJK D VIQFKURQRXV3URRHWHQ F@IUDPH

6LPXODWLRQ UHVXQWWAN KRELWKDWMTXDOLW\ KROGV IRUDOO QHWZRUNYV
ZHKDYH WHVWHG IRUWKH SUHSDUDWLRQ RI WKLYV ZRUN

JLIXUH + 8VH &DVH )&B( +* &) FRPSRQHQWYV RXWDJH RI ORDG DW

$ %XV )UHTXHQF\ (VWLPDWLRQ

7TKHLPSOHPHQWDWQRRYRIWZDUH WRRO IRUWKH VLPXODWLRQ RISRZHU \
GHWHUPLQH WKH 3H[DFW  IUHTXHQF\ YDULDWLRQV DW QHWZRUN EXVHV |
DQDO\WVLY 7KLV WRSLF KDV EHHQ GLVFXVVHG DQG VROYH®WG XQ@QGHU YDL
SDUWLFXODSURERVH@G LY EDVHG ROKLFK LV DQDSSUR[LPDWLRQ RI

7KH H[SUHVVLR@DWHY WKH OL@N E€® DHHQUMKM RlI WKH YDULDEOHV RI
7KXV LQ WKH XQNQRZRW BUXNLYDDEIQW®@H FDQ RI FRXUVH FDOFXODWH
TXDQWLWLHV E\ GLITHUHQW L DW DQ& ZU MAKS bi i WS F\® \W R RVHYBH U VL Q F H
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JLIXUH +*8VH&DVH )&B( +* &) FRPSRQHQWY IDXOWDWEXVY FOHDUHG

DUHDOJHEUDLF YDULDEOHV WKH QXPHULFDO VROXWLRQ RI WKH V\VWH
YDOXHV Rl WKHLU WLPH GHULYDWLYHVY 6R HLWKHU RQH KDV WR XVH VF
ZLWK WKH LVVXHV WKDW DULVH DW GLVFRQWLQXLWI3I/HXWXYHMRBRKVRU
WKH SUHYLRXV HI[DPSOH7 KRHUOMROWHU LV WKH DSSURDFK XWLOL]JHG LQ Wi

7KH SURFHGXUH LPSOHPHQWHG LQ WKH VLPXODWR2RRPVMRWYMWREVY VHFWLR
WKH LPDJLQDU\S)DWWREWDKRHG XVLQJD WK DQG D 606G PYWGAHHOPRIBWMH O R
IRUD VFHQDULRZRWWEKXWKHY VXEVWRYXWHEBHRU@PWHUIRBFHGKHQHUDWRL
PRGHO XVHG WR UK SUBWHIQW WIKDHP SOH LV@URKHGIOR WY Y HIHU WR WKH C
QHFWLRQ MVRI WKH ORDG DW EXV 7KH U H3X\ORMDWMWRFEKWM Y LAHOOXWK R IH[DF
UHVXOWY REWD&QHHEHEW KRWKWIKH QXPHULFDO VSLNHY WKDW IROORZ WK
DVPDOO GHOD\ WKDW LV GXH WB/WKHHARBQWEROVHIRMRIRXWRHY DOVR UR
UHVSHFW WR QRLVH DV \EKRZQ LQ )LJXUH

7TKHHYHQWY FUHDWH VSLNHV RE@ WKIHQHH\GNALPDKK\WREEH R D Y LORWJ HRV

WLPDWHG &) WRRIQWWH RWKHU KDQG GHSHQGV RQ WKH G\QDPLFV RI WKH (
EXV ZKHUH WKH IUHTXHQF\ LV HVWLPDWHG 6W0WDIQGCVPKRRRAMKVRD VKM X® S |
IRUWKH WoORUGHODWWHU EHKDYLRU LV GXHWR WKHGHSHQGHQFH RI W
PDIJQLWXGH ZKLFKLVY PRGHOHG DV DQ DOJHEUDLF YDULDEOH 2Q WKHF
HYWLPDWH&YDW REWHMEKY VKRZVY D UHODWLYHO\NIDVW WUDQVLHQW DIWHL
VHH )LIX®WH7KLV LV GXHWR WKH G\QDPLFV RI WKH  FXUUHQWYV RI WKH FRC

JLIXUDOVR VKRZV WKH UHVXOWY' REWOHXQ ABWNKRY WERVHO\ WKH UHV X(
WKH SURSRVHG PHWKRG ZKHQ FRQVLGHULQJ WKHOMEX®WLU QM RIBEXRHG H
VRPH HUURBYRRWHKEB LQFOXGHV URWRU IOX[ G\QDPLFY RUZKHQ FRQVLGH}
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D WKRUGHUPDFKLQHPRGHOV

E WKRUGHUPDFKLQHPRGHOV QRLVH

F QG RUGHUPDFKLQHPRGHOV

G&,*FRQQHFWHG WR EXV

JLIXUH +8VH &DVH)&B( * %XV IUHZXHQF DIQ&XVLQJ
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$ )& 059& 6FKHPH

7KLV VHFWLRQ SUHVHQWYV VLPXODWLRQUHVXOWVRQWKHPRGLILHG YRO
LQ 6HFWLRRH SDUDPHWHUV'XY D@ CRAJIFRRMWUROV DUH S@RYLGHG LQ >

$ '"(5V &RQQHFWHG WR %XVHV DQG

'H WHVW WKH LPSDFW RI YR O ®ROQ JMKHHIIHUTXHMF\ UHIXODW(RQ SURYLGH
FRQQHFWHG WR EXVHV DQG6&RIWKWRRGLQUMIGLY (BEEIOWUQRO®BHG
LQ WKH VIVWHP 7KH FRQWURO PRGHV WKDW LQFOXGH IUHTXHQF\ UHJXO
LQSXW VLIJQDO WKH B2HZKHBK \ RUI QUKHW K H&HOLW RIQQ\WRIQH V\VWHP FRLQF
ZLWK WKH URWR 6 ¥ SRI® GHAWHG!IWR ERWHRYHU IRU WKH )8 0/5D® WKH
EXVHV DQG DUHFRQQHFWHG WR WKH WUDQVPLVVLRQ VIVWHP LQ DQW
PDJQLWXGHY DW BX\GV UHVSHFWLYHO\ WR LPSOHPHQW UHIHUHQFH

‘HFRQVLGHU WKH WUDQVLHQW WKDW IROORZV WKH WULSSLQJ RI WKH C
VXOWY DUH SUHVHQWHG Q9D UXMULHWX O DVUK RZMNKWHKH WKH URWRU VSHHG |
60 LQ +] IROORZLQJ WKH GLVWXUEDQFH 7KH VI\VWHP G\QDPLF EHKDYL
DFFHSWDEOH ZKLOH IRU WKH H[DPLQHG GLVWXUEDQFH LQFOXVLRQ RI
LPSURYHVWKHIUHTXHQF\UHVSRQVH 7KH)& 059& SURYLGHV D IXUWKHU
I[UHTXHQF\ UHJIGDHBIWZRWK UHVSHFW WR WKH )& $ FRPSDULVRQ RI WKH YF
WKH )& 059& DQG )& 9&(BRBRMMIHFWHG WR EXV LV VKRZIQVLIPSRYWIBD QW W
QRWH WKDW WKH LPSURYHPHQW SURYLGHG E\ WKH )& 059& FRPHV ZLWKF
VSRQVH RIWKH VA\VWHP 7KLV LV 2WYKIRD@QOQ)DRIWKHFDVHRIDOLQH WULS
SURYLGHV DQ LPSRUWDQW LPSURYHPHQW LQ WKH IUHTXHQF\ UHJXODW|
WULSV WR RWKHU OLQHV RI WKHQHWZRUNDQG REWDLQHG VLPLODU UHYV

JLIXUH + 8VH &DVH )&B$ + )UHTXHQF\UHVSRQVHDIWHU WKH RXWD

$ (66 &EaRQQHFWHG WR %XV

,Q WKLV VFHQBULVRFD@MQHFWHG WR EXV : GRISWKNMWREB LIKHGREMHFWLYH LV
DVVHVV WKH LPSDFW RI WKH )& 059& RQ WKH IUHTXH6®BF\: UW K S\RQLWH SUR
DLP LQ WKLV VFHQOWBRROQMEWHG WR EXVHV DQG GR QRW SURYLGH IUH
FRQWURO VHH &3% LQ 6HFWLRQ

7KH WHVW VA\VWHP LV VLPXODWHG FRQVLGHULQJ D WKUHtH- EKDVH IDXOW
DQG LV FOHDUHG DIWHU PVE\WULSSLQJ WKH OLQH WKDW FRQQHFWYV E
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JLIXUH + 8VH &DVH )&B$ =+ '(5DW EXV YROWDJH UHIHUHQFH DIWHU W

JLIXUH *8VH&DVH)&B$ +9ROWDJH UHVSRQVHIROORZLQJWKHRXWDJ

SDUHG IRBWRBWURO )& 9&DQG )& 059& 7KH YR ORMDVKHI)RI I BHR EW
LPSOHPHQWHG ZLWK WKH PHDVXUHPHQWY RI WKH YROWDJH PDJQLWXGH
UHVSRQVH RI WKH VIVWHP LV VKRZ2Q DR9& BURYLGHV D VLIQLILFDQW LPS
LQWKHIUHTXHQF\UHJXODWLRQ RI WKH VA\VWHP ZKLOH WKLV LV DFKLHY
YDULDWLRQ RI WKHVWRUHG HQHUJ\ LV UHTXLUHG VHH )LJXUH

"HKDYHWKRURXJKO\WHVWHG WKH G\QD:B KRR EMKWMPRUWKWRIHF® RGILRICHRS|
)& 059& IRUD YDULHW\ RI GLITHUHQW FRQWLQJHQFLHY 7KHUH H[LVW VF
EHWZHHQ WKH )& 059& DQG )& 9& LV VPDOOHU WKDQ WWHIHFDWYHY VKRZQ
JLIXUHZH FRQVLGHU D VXGGHQLQFUHDVHRI WKHVXVFHSWDQFHDQG
ORDGV RFFXGEZFULQ®J PWWKLYV FDVH )& 9& DQG )& 059& VKRZ VXEVWDQWL|
G\QDPLF EHKDYLRU ,Q JHQHUDO ZH FDQ FRQFOXGH WKDW WKH )& 059&
EHQHILFLDO DW OHDVW GRHV QRW ZRUVHQ WKH G\QDPLF UHVSRQVH RIV

$ )93 )94 &SRQWURO 6FKHPH

7KLV VHFWLRQ SUHVHQWY VLPXODWLRQ UHVXOWY RQ WKH FRPELQHG Y1
VHQWHG LQ 6HFRH.BQUDPHWHEH VRH WHQF\ YROWDJH DQG LQQHU FXUUH
DUH JLYHQLQ7R HQVXUH D IDLU FRPSDULVRQ GLIIHUHQW FRQWURO PR
FRQVWDQW FRQWURO SDUDPHWHUV 1RWH WKDW ZKHQ SUHSDULQJ WKH
SURDFKHV HJ ZHWXQHG HDFKPRGH VHSDUDWHO\ZLWK DQ DLP WR DFK
+RZHYHU VLQFH DV GLVFXVVHG DERYH WKH FRQWUROOHUV SHUIRUP Z|
SDUDPHWHUV WKHLU VHW XS GRHV QRW PRGLI\WKH PDLQ FRQFOXVLRQV
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$ )4 DQG 93 &RQWURO ORGHV

JLIXUH + 8VH &DVH )&B$ * )UHTXHQF\UHVSRQVHIROORZLQJD WKU

JLIXUH *+ 8VH &DVH )&B$ + (66 VWRUHG HQHUJ\IROORZLQJD WKUH|

JLIXUH + 8VH &DVH )&B$ + )UHTXHQFV\UHVSRQVHIROORZLQJ D ORI
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,QWKLVVHFWLRQ ZHFRQVLGHUWKH)4DQG93FRQWUROV ZKLFKDUH Wi
)93 )94 FRQWURO VWUDWHI\IURP WKHFODVVLFDODSSURDFK ZKHUH IUH
SURYLGHG RQO\E\PHDQVRI)3DQG 94 UHVSHFWLYHO\ VHH RRIGZMVGHILQL
HIDPLQH WKH )4 PRGH L H(5WKH DV RLDRSWRYH WKH G\QDPLF UHVSRQVH RI
E\FRQWUROOLQJ WKH IUHTXHQF\ WKURXJK WKH UHDFWLYH SRZHU 7R W
ERWK SRVLWLYH QHIJDWLYH VLIQVRIWKHLQSXWFRQWURO HUURU DVVX
VKRZQLQ)LZXBIWH IRUWKHVDNHRIFRPSDULVRQ ZHKDYHLQFOXGHG W
ZKH@5V L GR QRW SURYLGH DQ\ FRQWURO DQG LL DFW EDVHG RQ WKH
LQGLFDWHV WKDW WKH )4 BR QDWHIIRKGHIDFFSURYBR @Q\KHHRI WKH VA\VWHP LI XWL
HUURU ! 7KHPDLQ UHDVRQ IRU )4V HIIHFWLYHQHBVW LQWSRIQGFDVH L
WR WKH XQGHU IUHTXHQF\E\UHGXFLQJ WKHLU UHDFWLYH SRZHULQMHF
QHWZRUN 'XHWR WKHYROWDJHGHSHQGHQF\RIORDGVY WKHSRZHU GHPELC
WKHLPEDODQFHDQG KHOSLQJ WKH UKKiFRRMH WIKWKHNKHTRBQRYHPHQW
E\WKH )4 PRGHLV ORZHU WKDQ WKH RQH RI WKH FODVVLF )3 7KLV UHVXC
LQ6HF®WLRQ WKHEHQHILWYV RI XVLQJ)4 DUH PRUH DS'SDWHYHOWZKHQ DSS

D&2,IJUHTXHQF\ E 9ROWDJH DW EXV

JLIXUH + 8VH &DVH )&B$ + 7UDQVLHQW UHVSRQVHIROORZLQJ WKH

D&2,IJUHTXHQF\ E 9ROWDJH DW EXV
JLIXUH + 8VH &DVH )&B$ + 7UDQVLHQW UHVSRQVHIROORZLQJWKHR

‘H VKRZ WKH HITHFW RI UHJXODWL@GJ WHHPY.ROW EXV DWK WKXIK LWV DFW
LOMHFWLRQ L H WKH93 PRGH $ VLPXODWLRQ LY FDUULHG RXW FRQVL
UHVXOWYV DUH VKRZQKIQ®9BPRGH LPSURYHVY WKH WUDQVLHQW EHKDYLRU
WKH FRQWURO LQS¥W HYURRZIHYHU DV VKRIZQVIKRW¥ PRGH DOVR LQWURC
ODUJH GHYLDWLRQV LQ WKH SRZHV VRQQHRWERBROR WKH VI\VWHP DQG Wi
LWLQGLYLGXDOO\LVY QRW VXJIJHVWHG 7KH 93 FDQ VWLOO FRQWULEXWF
UHVSRQVHLI XWLOL]JHG ZLWK D UHODWLYHO\VPDOOJDLQDQGDVDQDXIL
PRGHV 7KLV SRLQW LV IXUWKHU GLVFXVVHG LQ WKHUHPDLQGHU RI WKL
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‘H QRWH WKDW IRUWKHIUHTXHQF\ UHVSRQN® RH KADIHWR VB HPKVIA R ISFSRW/R.
IURP WKH RQH XWLOL]JHG LQ )3 7KH QHHG IRU RSSRVLWH DFWLRQV ZKHQ
WKH DFWLYH DQG UHDFWLYH SRZHU UHVSHFWLYHO\ FDQ2EHWIOH/ R REVH
RWKHU KDQG WR LPSURYH WKHHWRGW DRI EHHIROOMRIRQWHG ZLWK WKH V
ERWK 93 DQG 94 PRGHV 7KLV LV DJDLQZARFEKLYXVWHBWAWALWKDW UHJXOD\
YROWDJH YDULDWLRQV UHTXLUHV DFWLRQV LQ WKH VDPH GLUHFWLRQ IR
=1 1 pDQ@E=ve v, DUH FKRVHQ IRU)4DQG 93LQ WKLV FDVH VWXG\

$ BHUIRUPDQFH RI1)93 )94 &RQWURO

,Q WKLV VXEVHFWLRQ ZH VWXG\ WKH SHUIRUPDQFH RI WKH )93 )94 FRQ'
FRPSDUHG WR WKH FODVVLF )3 94 FRQWURO DV ZHOO DV WR )3 )4 93 94
LV FDUULHG RXW FRQVLGHULQJ WKH GLVPROYDZPXELRPDBIMAVBXKH ORDG DW
7KH WUDQVLHQW EHKDYLRU RI WKH VA\VWHP IROORZLQJ VWKH BGHVWXUED!¢
WKHUHVSRQVH RI WKHMWMFREWUORWK BOOFRQQHFWHG DV ZHOO DV WKDW
(QJODQG VA\VWHP VHUYH DV UHIHUHQFHV IRU FRPSDULVRQ

D&2,IJUHTXHQF\

E 9ROWDJH DW EXV
JLIXUH + 8VH &DVH )&B$ + 7UDQVLHQW UHVSRQVHDIWHU GLVFRQQHF

7TKHIROORZLQJUHPDUNVDUHUHOHYDQW L &RPSDUHG WRSWKH RULJLQTI
ZRUVHQV WKH RYHUDOO G\QDPLF EHKDYLRU RI WKH VA\VWHP ZKHQ WKHV|
FRQWURO DFWLRQV 7KLV UHVXOW LV DV H[SHFWHG LL 7KH )3 )4 FRQV
VSRQVH WKDQ WKH FODVVLF )3 94 \HW LW OHDGV WR DESRRULYROWDJF
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&RQWURO&ODVVLF )3 94 )3 )4 | )93 )94
! | PDI[ DW | VPD][ DW |VPD][ DW V

/IRDG RXW
/IRDG RXW
*HQ RXW
*HQ RXW
/ILQH  RXW

/LQH RXW
)DXOW DW|EXV
)DXOW DW|EXV

v | PD[ DW | VPDJ DW | VPDJ DW V

/IRDG RXW
IRDG RXW
*HQ RXW
*HQ RXW
/ILQH  RXW

/LQH RXW
)DXOW DW|EXV
)DXOW DW|EXV

7TDEOH = 8VH &DVH )&B$ + )UHTXHQF\ YROWDJH GHYLDWLRQV IRU GLIIF
FRQWURO PRGHV =,3 ORDGYV

$OWKRXJK WKH 93 94 VFKHPH VKRZV D YHU\JRRG YROWDJH UHVSRQVH L\
VSRQVH LY &RPELQLQJWKH)3 )4DQG 93 94PRGHVLQDVLQJOHVFKHP
ZKLFK SURYLGHV WKH EHVW I[UHTXHQF\DQG YROWDJH G\QDPLF UHVSRQV

7R YDOLGDWH WKH WXQLQJ RI WKH SDUDPHWHUV Rl WKH FRQWUROOHUYV
RI WKLY WXQLQJ IRUWKH VI\VWHP VWDELOLW\ ZH KDYH DVVHVVHG WKH
D ZLGH UDQJH RI RSHUDWLQJ FRQGLWLRQV DQG GLVWXUEDQFH VFHQDU
WKH )93 )94 FRQWURO XQGHU D YDULHW\ RI GLVWXUEDQFHV LQFOXGLQ
VKRUW FLUFXLWV DQG ORDG GLVFRQQHFWLRQV ORUHRYHU ZH KDYH F
YROWDJH GHSHQGHQF\RI ORDGV E\ FRQVLGHULQJD FRQVWDQW LPSHGD
UHVXOWY REWDLQHG LV SUH¥XKQWHLUH LIQUAD W&HVKH UHODW&2,H YDULDWL
IUHTXHQFWDUWHIHUV WR WKH UHODWLYH YDULDWLRQ RI D EXV YROWDJH
GLVWXUEDQFH )RUHDFKVFHQDULR WKH WDEOH SURYLGHV WKH PD[LP X
YDULDWLRQV IHZ VHFRQGV IRU SULPDU\ IUHTXHQF\ DQG YROWDJH UHVS
VPDOOHVW IUHTXHQF\ YROWDJH YDULDWLRQV REWDLQHG IRU HDFK VFH
UHVXOWYV VXJIJHVW WKDW RYHUDOO WKH )93 )94 FRQWURO OHDGV WR I
TXHQF\DQG YROWDJH UHJXODWLRQ RI WKH VAIVWHP 7KLV LPSURYHPHQW
RIBO D ORDG VZLWFKLQJ RU D OLQH WULS ZKLOH IRU VKRUW FLUEXLW
YHQWLRQDO )3 94 )LQDOO\ QRWH WKDW LQ FRQWUDVW WR FRPPRQO\ Sl
HQKDQFHPHQW SURYLGHG E\)93 )94 FRPHVLQ DQ LQH[SHQVLYH ZD\ L H
DQ\H[WUD HTXLSPHQW H J VWRUDJH GHYLFHV

$ SBHUIRUPDQFH RI 9ROWDJH )UHTXHQF\5HVSRQVH OHWULF

‘HVWXG\WKH DFFXUDRFSRHRHHWWQWHG LQWAK DS WHWY WKH MRLQW YROWDJH
UHVSRQVYSWRI ,Q SDUWLFXUEKRZADOWRH YDOXH RI WKH PHWW@Y3F DW EXV .
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&RQWURO&ODVVLF )3 94 )3 )4 | )93 )94
! | PDI[ DW | VPD][ DW |VPD][ DW V

/IRDG RXW
/IRDG RXW
*HQ RXW
*HQ RXW
/ILQH  RXW

/LQH RXW
)DXOW DW|EXV
)DXOW DW|EXV

v | PD[ DW | VPDJ DW | VPDJ DW V

/IRDG RXW
IRDG RXW
*HQ RXW
*HQ RXW
/ILQH  RXW

/LQH RXW
)DXOW DW|EXV
)DXOW DW|EXV

7TDEOH = 8VH &DVH )&B$ + )UHTXHQF\ YROWDJH GHYLDWLRQV IRU GLIIF
FRQWURO PRGHV FRQVWDQW LPSHGDQFH ORDGYV

/IRDG PRGHO =,3 | &RQVWDQW ,PSHGDQFH
&RQWU|R® 94)3 )4/)93 )94)3 94/)3 )4[)93 )94
34 |DW |BW |VDW VDW |BW |VDW V

JRDG RXW
IRDG RXW
*HQ RXW
*HQ RXW
JLQH RXW

/LQH RXW
)DXOW DW EXV
YDXOW DW EXV

7TDEOH + 8VH &DVH )&B$ 3+t qBWULF

LV FRQQHRWHS VWG IRU WKH VDPH GLVWXUEDQFHV FRRN LYDHOXHG LQ 7I
Rlgs LV FDOFXODWHG XVLQJ WKH ORFDO Y R WRIH DQG MKW W DRIH BW UR @
RI WEM,IUHTXHQF\ ORUHRYHU UHVXOWV DUH QRUPDOL JtHG@5VR WKDW WK
HTXDOV WR &RPSDULVRQ BRW ZHHEG LHFDWHHWDWQKIDS WX UH WKH FRPELQH
YROWDJH IUHTXHQF\ UHVSRQVH ZLWK JRRG DFFXUDF\ :LWKsWKLV UHJDL
LPSO\D EHWWHU G\QDPLF UHVSRQVH ,W LV DOVR ZRUWK QRWLQJ WKDW
DQGIRUFRQVWDQW LPSHGDQFH ORDGYV WKH )3 )4 FRQWURO VKRZV WKH
PHWULF SRLQW RI YLHZDRQOWK®RK DRWWKH ZRUVW ,Q IDFW WKH YROWD
)3 34 FRQWURO LQ WKLV VFHQDULR LV ZR UV HAWKD QUKW K/H B ¥ ®QWIURD CHK U
LV QRW VKRZQ LQ DDBOHWLY QRW REVHUYDEOH XQOHVV ZH FKHFEN WKH [ X
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RI ERWK IUHTXHQF\ DQEEDBROWB YHWKHVH HITHFWYVY DQG KHQFH SURYLGH
FRQYHQLHQW ZD\WR HYDOXDWH WKH MRLQW'(BWTXHQF\DQG YROWDJH U

$ $SSOLFDWLRQ WR 933V

7KLV VHFWLRQ DVVXPHV WKDW WKH FRQYHUWHU EDVHG UHVRXUFHV FR
RI VHYHUDO ((P\DW@BW IFRBBP)RU WKLV VWXG\ ZH FRQVLGHU WKDW D YDU\
RI WEH3'(5 V XWLOL]H WKH )93 )94 VFKHPH DQG WKH UHVW DFW EDVHG |
FRQWURO )YBRZM WKH UHVXOWYV IRUWZR GLVWXUEDQFHVY D RXWDJH
GLVFRQQHFWLRQ RI WKH ORD Giuf R @ZBHPUBH S WOR XV 7KH UHVXOWYV DUH
FRPSDUHG E\PHDQV RIWKH MRLQW IUHTXHQF\ Y RO WZAKMHUHH VB RIQVH PHW
FRQQHFWHG 7KHPHWULFLV FDOFXOBWHG DSWGH '8 FX WG WK 61H B8 ) RD
PRGHKDVWKHEHVW SHUIRUPDQFHIRUERWK GLVWXUEDQFHV ZKLFK FRQ
,QWHUHVWLQJO\ WKH FODVVLF )3 94 PRGH FRPELQHG ZLWK )93 )
WUDQVLHQW UHVSRQVH IRUGLVWXUEDQFH D :HFRQFOXGHWKDW GHS
933RSHUDWRU FDQ GHVLJQ LWV DVVHWVY WR DSSO\DQG RU VZLWFK EHW?Z

D 7UDQVLHQW UHVSRQVH IROORZLQJ WKHRXWDJH RIOLQH

E 7UDQVLHQW UHVSRQVH IROORZLQJ WKH ORDG GLVFRQQHFWLRQ D

JLIXUH *+ 8VH &DVH )&B%5 *IRU )93 )94 DSSOLHG WR D3SBVWHWY R

$ ,PSDFWRI/LQH5HVLVWDQFH 5HDFWDQFH 5DWLR
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,Q WKLV VHFWLRQ ZH VWXG\ WKH SHUIRUPDQFH RI W{(SHVH[QWIHQHO\WRGW U
ZLWKILWY) 7R VWXG) WKHFEFWR=WKHDWLRY Rl WKH IHHGH UV SV\K DAR RRKQGIQ HF W \
VI\VWHP DUH DOWREXHG VKW K WO XMW LRDRUITHUHQW FRQWURO PRGHV LV
LQ )LIJXUBKHUH ZH KDYH FRQVLGHUHG WKH ORYRWHRMBU D/WWH UHVXOWYV
QRUPDOL]JHG VR WKRMWHIRADBVOWR 30DWZKHREX 1 :KH® X DOO

'(5 FRQWURO PRGHV KDYHD EHWWHU SHUIRUPDQFHR ,W LY3L@QAWHUHVWLQ
KDV WKH ODUJHVW LPSURYHPHQW DPRQJ WKH H[DPLQHG PRGHV 7KH VDI
XQGHUGLIIHUHQW GLVWXUEDQFHV LQ WKLV WHVW V\VWHP )LQDOO\ WKFE
G\QDPLF UHVSRQVH DPRQJWKH PRGHV FRPSDUHG

D )3 94 E )3 )4

F 93 94 G )93 )94

JLIXUH *+ 8VH &DVH )&B$ * 7UDQVLHQW UHVSRQVHIROORZLQJ WKH

$ ,PSDFWRI "(5 3BHQHWUDWLRQ /HYHO

,Q WKLV VFHQDULR ZH VWXG\ WKH3 ¥ S\DF WIKRH WRMWDIODIBMRUDWLRQ PL[ RI
RQ WKH SHUIRUPDQFH Rl WKH H[DPLQHG FRQWURO VFKHPHV DRVYWKLV DLF
EXVHV '(5V DUH DOVR FRQQHFWHG WR EXVHV DQG0V BVWHSODFLQ.
FRQVHTXHQFH WKH S8 YHWRUWWH PR BLILHG ,((( EXV V\VWHP LQFUHDVH
WLPH GRPDLQ VLPXODWLRQ RI WKH VIVWHP LV FDUULHGLRXIWQES DSSO\LQ
UHVXOWYV DUH SUHVHQ$WHIGM. PDQ IEXHUMHHQ L' (BF S HRQWMQUDWMKIRQ IURP W
DOWKRXJK LW OHDGV WRD ZRUVHYROWDJHUHVSRQVH LW GRHV QRW
RI WKH VI\VWHP ZKLFK LQWHUHVWLQJO\ VOLJKWO\LPSURYHV &RPSDUH
RXWSHUIRUPV LQ WHUPV RI IUHTXHQF\ EXW OHDGV WR D SRRU YROWDJ|
HIITHFW KROGV ZKHQ WKH 93 94 VFKHPH LV DSSOLHG ORVW LPSRUWDQWO
WKH EHVW G\QDPLF EHKDYLRU DPRQJ WKH H[DPLQHG FRQWURO PRGHYV

$ ,PSDFW RI 6\VWHP *UDQXODULW\
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D&2,JUHTXHQF\'(5V E&2,JUHTXHQF\'(5V

F %XV YROWDJH V G %XV YROWDJHYV

JLIXUH *+ 8VH &DVH )&B$ * 7UDQVLHQW UHVSRQVHIROORZLQJ WKH

,Q WKLV VHFWLRQ ZH IRFXVRQ WKH HIITHFW RI WKH VI\VWHPYV JUDQXODUL
FRQWURO ZKHQ HPSOR\HG IRUUHVRXUFHV DW WKH GLVWULEXWLRQ OHY
RI WKHDQG ORDGV LV FRQVLGHUHG ,Q GBIVUMWN EXVBY HDFKQE ORBIGV D!
QHLJKERUEXVHV LV VXEWKREXRWE GLEYA KRU LOOXVWUDWYR®&RRQO\RQH
LQ)LIXUS$IV D E\SURGXFW WKH (50¥RIHUWBIQHROWLRQ LV LQFUHDVHG WR
LQWKLVH[DPSOHDUHUHSUHVHQWHG XVLQJ V@K 1 BUGIRFIHUP VGRHF § B R Q R/
WKH SUR[LPLW\RIORDGV IRUSRWHQWLDOLPEDODQFHV DQGIRUSRVVL
QRLVH LV DGGHG RQ WKH YROWDJH DIQJDRILDW IHW R B GEXOWH B IDVKIHQ 2UQV\
S8KOHQEHFNTV SURFHVV ZLWK *DXV@&LD BRLYWUREWWLRQPH GRPDLQ VLP
FRQVLGHULQJWKHGLVFRQQHFWLRQRIWKHORDGDWEXV &RPSDULVRQ
LV SUHVHQWHG D@ IRGHFDWHY WKDW )93 )94 OHDGY WR D EHWWHU G\
WKDW WKH FRQWURO FRQVLGHUHG LV LQ JHQHUDO H[SHFWHG WR EH PF
LPSURYHPHQW RI WKH VIVWHPfV UHVSRQVH WKH KLJKHU LV WKH FRXSO]
SRZHUIORZV L H DW ORZHU YIRSS/WLFHD OHRAYVTIKQE LV FREKHPHG E\ )LJ
FRPSDUHG WR UHVXOWYV GLVFXVVHG LQ SUHYLRXV VHFWLRQV RI WKLV FD

$ (VWLPDWLRQ RI9'/V

7KLVVHFWLRQ SUHVHQWYV VL2 XGIVWLRQWHRRQOWHFRQWKHY GHVFULEHG |
5HFDOO IURP 6 WKW MR Q DOWKRXJKDSSUR[LPDWHG WKH\DUHLQJHQH
LQ SUDFWLFH FRPSDDM& WKRH\ FDQ EH UHDGLO\LPSOHPHQWHG H[FOXVLY
SRZHU DQG IUHTXHQF\ PHDVXUHPHQWY )RU WKZKN XMDVRQ LQ 6HFWLRC
DQG VKRZ WKHLU SHY'VR/UPRD@QFHFWHG DW WKH WUDQVPLVVLRQ DQG GLVW
6HFWERQ IXUWKHUGLVFXVVHV WKHDFFXUDF\RIWKHVHIRUPXODV E\ Sl
WKHH[DFW\HW PRUHLQYROYHG H[SUHVVLRQV JLYHQLQ
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D&2,IJUHTXHQF\

E 9ROWDJH DW EXV

JLIXUH + 8VH &DVH )&B$ + 7UDQVLHQW UHVSRQVHDIWHU GLVFRQQHF
$ SHUIRUPDQFH RITRUPXODYV

'HILUVW FRQVLGHY WKHRRODMHFRIHG DW WKH WUD:Q ¥ B VY VWRI@ OAKYLH® 7KH
UHSUHVHQWYV D WUDQVPRVyRQIVAVWRBRVLBHKUHG WR WKYKPAWY )LIJXUH
WKH UPW IpRIRU YDU\NLQRI B'/ DW EXV 7TKHFXUYHV LQGLFDWH WKDW WKH
pg8 RQqe LV QHIJOLIJLEOH 7KLV UHVXOW LY JHQHUDO DQG ZH KDYH FRQILU
GLIITHUHQW VA\VWHPV DQG ORDGLQJ FRQH IF®IQRIXYVYV RURFPG)LBM WK DW WKH F
IDFWRULQV 01 ZKLFKLV DER XR¥®XKGHRIDWKIHROLQHY WKDW FRQQHFW EXV
RI'WKHV\WWHP )LMXRZVWKH SHUIRUPDQFHIRIU VHYHUDO,¥ D@ XHV RI

JLIXUH + 8VH &DVH )&B( *5DWLRV RIDFWLYH SRZHU YDULDWLRQV Y\

'H FRQVLGHU WKXH/NWDWVRIORIHFWH'G DW WHICH IRU ZKLFK BWKH GIRQGLWLRQ
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JLIXUH % 8VH&DVH)&B( +)URP OHIW WR ULJKW,RTG WRR)WR ERWWRP

JLIXUH + 8VH&DVH )&B( *)URP OHIW WR ULJKWV,PD G WRR)WR ERWWRP

KROGV :LWK WKLV DLP WKH ,((( EXV V\WWHP LV FRQVLGHUHG IRU VLP>
DUHJLRQ DW N9 EXVHV DQG WKH OLQHV RI ZIRkEKyDUH FKDUDFW
[0:47:0:63] ZLWK VRPH OLQHV ZLWK D UDWLR JUHDWHWWRDW W KML QBIW 1+R

p2,= piy FDOFXODWHG DW WKH HQG RI WKH VLPX®DWKIHRERIGW IDQU B Q FM IRV Y
WKH GLVFRQQHFWLRQ RI WKH ORDG DW EXV  %DVHG RQ VBIHUDO WH VW
IRU VA\VWHPRZHHKUH1 )LIXUHBQG GHSLFW WKH HVWLPDWHG YROWDJH |
WKH DFWLYH SRZHU FRPBRQWENXRHWKH QG UHVSHFWLYHO\ 7KH DFF
HVWLPDWLRQ LV RYHUDOO YHU\JRRG DOWKRXJK LW VOLIKWO\GHFUHD\

JLIXUH + 8VH &DVH )&B( *5DWLRRIDFWLYH SRZHU YDULDWLRQV YV

$ &RPSDULVRQ RI ZLWK

JLIXUWVKRZV WKH UHVXOWYV RBR&VLOMGARKMKHWKH ORD'G DMVEKXYV LV D
»=2DQG=15 7KHWUDQVLHQW UHIHUV WR WKH GLVFRQQHFWLRQ RI RI
VKRZ WKDW.V DV H[SHFWHG PRUH SUHFLVH WKDQ WKH DSSUR[LPDWHG
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JLIXUH + 8VH&DVH)&B( *)URP OHIW WR UL JKW PQI@;WRIHWR ERWWRP

J)LIXUH + 8VH&DVH)&B( % )URP OHIW WR UL JW DQREOMRSBY R ERWWRP

(TXDWLRQLYV LQ IDFW DQ H[DFW H[SUHVVLRQ DQG LWV DFFXUDF\ GHSH
FXUDF\ RI WKH PHDVXKUHPHQ®WNX BEDWLR RI WKH WUDQVPLVVLRQ OLQHV R
FKDQJHG WR UHVHPEOH WKIDS/6 RDDV DOVR QXPHULFDOO\ PRUH UREXVW
PDWHG FRXQWHUSDUWY VHH )LJXUH
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D 5SDWLR RIWUDQVPRMXVLRQ OLQHYV

E SDWLR RIWUDQVPRAXVLRQ OLQHV

JLIXUH +8VH&DVH)&B( # (VIWLBPIERQ R
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$ ORGHO 9DOLGDWLRQ

$ UHDO WLPH VLPXODWLRQLQ ODWODE 6LPXOLQN LY XWLOL]J]HG LQ WKLYV
JDWLRQ PRGHO DJDLQVWHFWORR D OQIS\WIDE 798 R GHQW7 KHMBVWHG

LVVKRZQLQ )LMEFRQVLVWWVRI *)/0'* VDQG ORDGV FRQQHFWHG WR DQ
EXV ZKLFKLVPRGHOHGDVDQLGHDO YROWDJH VRXUFH ZLWK FRQWURO(
LQDO IUHTXHQF\ LV +] 7TKHEDVH YROWDJH LV NY DS UWRHWBVYM SRZ}
DJJUHJDWHG YROWDJH FXUUHQW VRXBRN AREHO $BWWRIQWWRD/QEEUH JLY

J)LIXUH + 933 WRSRORJ\IRU (07 VLPXODWLRQ

‘H VKRZ WKH DFFXUDF\ RI WKH DJJUHIJDWHG PRGHO LQ UHB2RQVH WR D I1
7TKHLQLWLDO VWHDG\ VWDWH LY FKDUDFWHUL]JHG BE32&+$WHVXHQF\DQG
WKHIUHTXHQF\RI WKHLGHDO VRXUFHVWDUWY GHFUHDVLQJIURP +]V'
7TKHIUHTXHQF\ YDULIWH5RQ MWRSHMRIPBDUHY WKH WRWDO DFWLYH SRZHU
'*vVv. *)0'* V. R WKH GHWDLOHG PRGHO DQG WKH DJJUHJDWHG FXUUHQW
DJJUHJDWHG PRGHOV FDSWXUHIBBG XYUDPLIFY\ WKH RYHUDOO

JLIXUWKRZV WKHUHDFWLYH SRZHUWUDQVLHQWV RIWKHGHWDLOHGDQC
DQGDJJUHIDWHG PRGHOV SUHVHQWD UHGXFWLRQRIWKHUHDFWLYH SR
FRXSOLQJRIWKH *30WD @ GWKRIXJK WKH YROWDJH OHYHO RIWKH DJJUHJD
VHW WRPDWFKWKHLQLWLDO UHDFWLYH SRZHYRO W B HH/HRDD EGIHGE P RG H (
LQWKHGHWDLOHG PRGHO &RQVHTXHQWO\ WKH UHDFWLYH SRZHU UHV?
WKH WZR PRGHOV eAHPHODUO\ DV PHQWLRQHG DERYH WKH DJJUHJDWHC
GLITHUHQW IURP WKH ORFDO YROWDJHY RI WKH DFWXDO KRGV 7KHVH I
DUHDFWLYH SRZHU PLVPDWFK EHWZHHQ WKH DJJUHJDWHG DQG WKH GHV
PLVPDWFKHV LQ*WKMHQGEORU LQ WKH ORDG DUH YHU\ VPDOO DQG WKXV QHJ

‘HYHULI\ WKHDFFXUDF\ RI WKH DJJUHJDWHG PRGHO LQ UHVSRQVH WR Y|
VWHDG\ VWDWH LY FKDUDFWHUL]JHG E\ +] IURBP2EHIXH DRGW B XHr RIOWKOH +
LGHDO VRXUFH MXPSV IURR2 ¥XDWK UHPIRIWUN-RRV SL DXWUWWHKR ZV

WKHDFWLYH SRZHU WUDQVLHQWY IROORZLQJ WKH YROWDJH YDULDWLF
'* VVKRZWZRDVSHFWY L WKH QH3OWLQYHKIBRIGEIDMNLRQWBRG LL WKH
SRZHU FRPSHQVDWLRQ %HFDXVHRIWKHVHHIITHFWV WKH MDRVWILYH DQG
FRXSOHG GXULQJWKHWUDQVLHQW 7KLV OHDGV WR WKHVSLNHLQ WKH I
FKDQJH 7KH DJJUHJDWHG PRGHO VKRZV D ORZHU SHDN RQ3WKH DFWLYF

3DJH



HGJIH)/(; Y

D *)/'*VYVDJJUHIJDWHG FXUUHQW VRXUFH PRGHO

E *)0O'*VYVDJJUHIJDWHG YROWDJH VRXUFH PRGHO

JLIXUH + $FWLYH SRZHU WUDQVLHQW UHVSRQVH DIWHU D IUHTX]|

JLIXUH + 5HDFWLYH SRZHU WUDQVLHQW UHVSRQVHDIWHU D IUH"

EHFDXVHLWQHJOHFWYV WKHWUDQVLHQWY RI WKH FXUUHQW FRQWUROO

'LWK UHJDUG WR WKWKHOVWHSY LQ WKH YR 3% /XD W\ VYD ARHYVWR MHQ F H
LQFUHDVHV WKH RXWSXW YRDWODREGWDWHKHHIXODWLRQ OHDGV WR WKH DF
LQGLFDWHGEILRHQ WKH SRZHU VIQFKURQE]PWYRQ WKW ISHKB)WH WR UH WUD|
SRZHU UHIHUHQFH 7KLV WUDQVLHQW EHKDYLRULV ZHOO UHIOHFWHG LC
7KH VXE WUDQVLHQW RVFLOODWLRQ LY GXH WR WKH G\QDPLF FRXSOLQ.
VI\VWHP LPSHG® QFKLY EHKDYLRU LV DOVR DFFXUDWHO\FDSWXUHG E\ WK

JLIXUWWKRZV WKH UHDFWLYH SRZHU WUDQVLHQWIBBWRHKIGMROWOHBIE DQ
VXSSRUWIBBWRARSHQVDWHY WKH UHDFWLY3R2&RRB W DRG GFRKDLQIHW KKH DJ
JUHIJDWHG PRGHO DFFXUDWHO\ FDSWXUHV VXFK D UHDFWLYH SRZHU FRI
EHIREHR VDQG DIRPM2BUY LV WKH VDPH WKH UHDFWLYH SRZHU WUDMHFWF
SHUIHFWO\ PDWFKHG +RZH¥YROGBRUHYDWKHKHUH LV D VPDOO PLVPDWFk
IHUHQW YROWDJNH3IBAYHG VIIQ WKHVKLY PLVPDWFK LY VPDOO DQG GRHV C

3DJH



HGJIH)/(; Y

D *)/'*VYVDJJUHIJDWHG FXUUHQW VRXUFH PRGHO

E *)O'*VYVDJIJUHIJDWHG YROWDJH VRXUFH PRGHO

JLIXUH + $FWLYH SRZHU WUDQVLHQW UHVSRQVHDIWHU YROWD

DFFXUDF\RIWKH DJJUHIJDWHG PRGHO

JLIXUH + 5HDFWLYH SRZHU WUDQVLHQW UHVSRQVHDIWHU YROV

$ SHVXOWYV

7KHW33DQG LWV DJJUHIDWLRQ PRGHO SDUDPHWHUV XVW# G:HQ WKRIW VHFV
FRQVLGHU WKH RXWDJH RIVKIRZV WMKIKWHJDMHFWRULHYVY RI WKH JULG IUH
SRZHU DQG UHDFWIL3GH B\WR BRWVRIQG WKH YROWDJHYV DW QHDUE\JULG EXV}
SRZHU UHVSRQY3BRDEKH DFFXUDWHO\ FDSWXUHG E\ WKH DJJUHJDWHG
J)LIXUB VR WKDW WKH JULG IUHTXHDQ R\WVUHOASQRW VIHD ® AMR WKH RQH REWDL
GHWDLOHG PRGHO 2QWKHRWKHUKDQG DV H[SHGEWH® DWRH G HDFERVWXH S
DJJUHIJDWHG PRGHO VKRZV D VPDOO PLVPDWFK Z%3KWHKRAS HUFHNY YWERVWMLKODI W
LQDVPDOO PLVPDWFK RQ WKH YROWDJH URVSRQVH DV VKRZQ LQ )LIJXU}

‘HQRZ FRQVLGHU WKH RXWDJH RI WKH ORDG DW EXV 7TR DYRLG UHSHW
IUHTXHQF\DQG EXV YROWDJHYV 6LQFHDIWHU WKH FRQWLQJHQF\JHQHU
WLRQ WKH V\WWWHP [UHTXHQF\LQFUHDVHY 7KHDJJUHJDWHG PRGHO DFF
UHVSRQVH RI WKHIUHTXHQF\DV ZHOO DV WKH YROWDJH UHVSRQVH DV V|

3DJH
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D 6\VWHP IUHTXHQF\ E933 DFWLYH SR¥Z&U DW

F %XV YROWDJHV G933 UHDFWLYH SR&HU DW

JLIXUH + 8VH &DVH )&B% +* *HQHUDWRU RXWDJH

D 6\VWHP IUHTXHQF\

E %XV YROWDJHV

JLIXUH + 8VH &DVH )&B% + /RDG RXWDJH

'HILQDOO\FRQVLGHU WKHRXWDJHRIWKH OLQH PRCRZWPWKHQUEXSRPVEQ
REWDLQHG ZLWKWKH GHWDLOHGDQG WKH SURSRVHG DJJUHJDWHG PRGH
RIWKH DJJUHJDWHG PRGHO SUHVHQWY D PLVPDWFK LQ WKH ILUVW V DI\
LV GXH WR WKH FRQYHUWHU FRQW (O0RQJ 8 VXEDRALVF \G L\WHF B \DIDH/R IMOKGH FW L R Q

3DJH



HGJIH)/(; Y

1RWH KRZHYHU WKDW WKH PLVPDWFK LY YHU\VPDOO ERWKLQ SHUFHQV

D 6\VWHP IUHTXHQF\

E %XV YROWDJHV

JLIXUH + 8VH &DVH )&B% + /LQH RXWDJH

3DJH
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