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([SHULPHQWDO 'HVLJ@GDRMHIG &K (QHUJ
IDVHU :HDSRQ

$OQOWRQLRY /HROKV&RRG &RQRU 3RJIXH

LHXWHQDQW +1 (OHFWURQLFVYLNSIRWRNHQYWDV DB® OH6PLQD 1DY
*UHHFH
*6HQLRU /HFWXUHU 'HSDUWPHQW RI 3K\VLFV 1DYDO 3RVWJUDG
FSHVHDUFK $VVLVWDQW 'LUHFWHG (QHUJ\ *URXS 'HSDUWPHQW
6FKRRO ORQWHUH\ &% 86%

$EVWUDRUWW XGLP X O DWGIRWLRQDO 8QPDQQHG &RPEDW $HULDO
EDVHGIJKQHUODVHU +ZHDSRQ XVLQJ WKH ODVHU RISDBDIWLRRV S K
VLPXODWLIRYQH WMRIRIAD VSHFLILHG PLVVLRQ VFHQ FRIQRLIRW BWIUR
DQGIQIJDIHPBGWLRNV 'HVLJQ RI ([SHUUPHQR®SOLRG WR LGHQWL
VWDWLVWLFDOO\ VLIJQLILFDQW SDUDPHWHUV RI WKH ODVHU Z
LOQWHUDFWLRQ EHWZHHQ ,RXD\E LLBMWE SRAPDKENK WMKW 3,% RQ WKF
WDUJHWVBIGH DVKH PHDRIXSHUIRUPIR@W¥H %DVHG RQ WKH VWDW
DQDO\WLYV ZH LGHQWLI\ WZR DOWHUQDWLYH +(/ GHVLJQV WKL
DFKLHYH HTXLYDOHQW SHUIRUPDQFH DQG ZH HVWLPDWH WKHL
GLVFXVV WKH+H/IBAWJNMMW DKWY RQ WKH HQGXUDQFH RI WKH 8&%$9
VLPXODWLRQ DQDO\VLYV H[DPLQHV WKH EHDP TXDOLW\ DQG MLW

. H\ZRUQYSHULPHQWDO 'HVLJQ 8&%$9 +(/ ZHDSRQ
3%$&6 'G U E

,1752'8&7,21

7KH GHSOR\PHQW RI DQ +(/ ZHDSRQ KDV EHHQ DWWHPSWHG P>
GHFDGHV 'HVSLWH KDYLQJ IDFHG PDMRU GLIILFXOWLHYV WKUR
FDQFHOODWLRQ RI PDQ\ SURJUDPV WKHLU SRWHQWILQRUBGY QW
YDULHW\ RI SODWIRUPYV KDYH EHHQ FRQVLGHUHG DOUHDG\ IRU D
RQH IRU GLITHUHQW PLVVLRQV DQG ZLWK GLIIHUHQW FDSDELOLWI
WR LQWHJUDWH DQ +(/ ZHDSRQ R QW \W DRDW HBOLNUFDQ W OFOHNG Z B
LQWHUHVW KDV VKLIWHG IURP ODUJH DLUFUDIW WR VPDOND WDFW
KHOLFRSWHUV $QRWKHU VSHFLDO DLUERUQH SODWIRUP WKDW F
ZHDSRQ LV DQ 8QPEQWHGH&RDO 9HKLFOH 8&%$9 *HQHUDO $W
6\VWHPV ,QF LV FXUUHQWO\ ZRUNLQJ RQ WKLYV SURMHFW DQG F
D UHDOLW\ LQ '"HIHQVH 2QH

7KH FRPELQDWLRQ RI WKHVH WZR V\VW@ P/ HRPH GKOPRWHQWZI B D
An HEL weapon shoots “bullets” that travel at speed of light, provides a deep magazine (almost
XQOLPLWHG DPPXQLWLRQ KDV D YHU\ ORZ FRVW SHU VKRW DQ
risk of collateral damages) (O’ Rourke JXUWKHUPRUH VLQFH 83%9V KDYH
VXUYLYDELOLW\ ZLWK JHUR ULVN RI KXPDQ ORVVHV DQG LQFUH
FRVW FRPSDUHG WR PDQQHG DLUFUDIWV WKH\ DUH DWWUDFWL
SODWIRUP
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7KH PRWLYKWVYRQVRGWLY WR VLPXODWH D 8&%9 DUPHG ZLWK DQ
PRGHO IRU WKH HQJLQHHULQJ GHVLJQ RI WKH VA\VWHP 6HYHUDO
and the HEL may drastically affect the system’s performance. The large number of simulation
Uu@vY UHTXLUHG WR VXIILFLHQWO\ H[SORUH DOO WKHVH GHVLJ
FRPSXWDWLRQ WLPH RI HDFK VLPXOOUWEWEWXPHGR)QRWD B OORIFI
,QVWHDG D PXFK PRUH HIILFLHQW ZD\ WR JDW K HUWMWIGHQPXOP[E A X PRI
UXQV LV DSSOLHG VSHFLILFDOO\ D W\SH RI "HVLJQ RI ([SHULF
6XUIDFH OHWKRGRORJ\ 560 7KLV DSSURDFK DOORZV IRU GHWHU
GHVLJQ SDUDPHWHU DQG DQ\ SRWHQWLDO FRUUHODWLRQV

$ OBV EHDP DWPRVSKHULF SURSDJDWLRQ VLPXODWLRQ VRIWZD
WR VLPXODWHE WKHG8&EIZHDSRQ LQ D VSHFLILHG PLVVLRQ VFHQL
HIWUDFWHG IURP WKH :DYH7UDLQ UHVXOWY DUH SIHDHN UDUQ@ GIVD D
FRGH VXLWH WKDW SURYLGHV FRPSXWHU PRGHOLQJ RI RSWLF
DWPRVSKHUH DQG LV GHYHORSHG E\ 0=% &R\ 7KH VLPXODW
WKH VWDWLVWLFDO VRIWZDUH WRRO X0 QL Q/® P DK ISKKO DW DR@ VR |
GDWD DV ZHOO DV WKH LGHQWLILFDWLRQ RI WUHQGY DQG SDWMW
EH HVWLPDWHG WR JLYH DQ LGHD RI WKHLOQWHXENH®/ L8 9D GW K
ZHDSRQ KDV WR DFKigety Huriadg tdVitel aVbdn radius hole in a 3mm thick
DOXPLQXP VKHHW :H DONBVX\GHFR®BVWODBHG $1&+25 GHYHORSH
Postgraduate School’s Directed Energy Group, to examine the effects of beam quality and
SODWIRUP MLWWHU

7KH GQVSDUDPHWHUY ZH H[SORUH LQ WKLV SDSHU DUH WKH
director’s aperture size, as well as the UCAV’s altitude, speed, and direction. We also explore
the effects of the laser’s beam quality and platform’s jitter in a separate but related VW X G\ $00 E XV
EHDP TXDOLW\ DQG MLWWHU DUH H[SORUHG XVLQJ WKH '2( DSSU
XVLQJ $1&+25

$70263+(5,& 3523%$*x®71 $1' /(7+$/,7<

In order to be able to estimate an HEL weapon’s performance, one should thoroughly
FDorwd8d WKH GHJUDGDWLRQ RI WKH EHDP WUDYHOOLQJ WKURXJK
GDPDJH WKDW WKH GHOLYHUHG HQHUJ\ ZLOO FDXVH WR WKH WD
WKDW FDXVH WKH ODVHU EHDP WR GHJUDGHDDWPRW SWHUD Y H G WLR.
DEVRUSWLRQ DQG VFDWWHULQJ WXUEXOHQFH DQG WKHUPDO E

$WPRVSKHULF ([WLQFWLRQ

$WPRVSKHULF H{WLQFWLRQ LV WKH GHFUHDVH RI SRZHU LQ W
DEVRUSWLRQ HIIHFWV LQ WKH DWPRVSKHUH 7KH H[WLQFWLRQ
PROHFXODU DEVRUSWLRQ PROHFXODU VFDWWHUIEQWWHHUURF¥RKHD
PDIJQLWXGH RI WKH HIWLQFWLRQ FRHIILFLHQW GHSHQGV KHDYLO!
HVSHFLDOO\ ZLWK UHVSHFW WR PROHFXODU DEVRUSWLRQ

JLIXUH VKRZV WKH H[WLQFWLRQ FRHIILFLHQW GHSHQGHOQF\
L G HQ W Wl trabspaténcy “windows” which would result in better propagation and therefore

PRUH OHWKDO HIIHFWV WR WDUJHW

LXXTREYWMZMSW WRH IHY KV REYWMZMSW
&
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4 Atmospheric Extinction
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),*85( $WPRVSKHULF H[WLQFWLRQ FRHIILFLH@WJMVHPWKQFWLRQ RRHEDY
UHVXOW LQ VWURQJ DWWHQXDWLRQ RI WKH EHDP $ WUDQAMSDWHQF\ Z1
ODVHUV ZDYHOHQJWK RI QP B6RXUFH 9DOLDQL
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$WPRVSKHULF 7XUEXOHQFH

$ ODVHU EHDP SURSDJDWLQJHAUKURWXKJIX WKW HBNPRWXKEXOHQFH
WHPSHUDWXUH DQG GHQVLW\ YDULDWLRQV 7KH WHPSHUDWXUH
UHIUDFWLYH LQGH[ DQG FRQVHTXHQWO\ WKH SURSDJDWLQJ EHD
DQG SKDVH |0XFUWBXIDMIQFPY LDXIJHQHUDO KDV KLJKHU YDOXHV QH
SODWIRUPV QHDU WKH JURXQG RIWHQ H[SHULHQFH VWURQJ WXU
DIIHFWV IRFXVLQJ GRZQUDQJH 2Q WKH RWKHU KDQG RSHUDWLQ.
DERYH PXFK Rl WKH WXUEXOHQFH FRXOG EH DGYDQWDJHRXYV

TKHUPDO %ORRPLQJ

$V WKH ODVHU EHDP WUDYHOV WKURXJK WKH DWPRVSKHUH WK
WKH VXUURXQGLQJ DUHD FDXVLQJ D FKDQJH RI WKH UHIUDFWLY
GHIRFXV 7KLV HIIHFW ZKLFK LV KLJKHU DV WKH RXWSXW SRZH!
WKHUPDO EORRPLQJ 2EYLRXVO\ IRU LQFRPLQJ WDUJHWYV IURP I
PD\ EH D VLIJQLILFDQW OLPLWLQJ IDFWRU

IDVHU /HWKDOLW\

7KH FDSDEILDLRKALJK HQHUJ\ ODVHU ZHDSRQ WR FDXVH DQ\ NLQG
GHJUDGDWLRQ WKURXJK WKH GHOLYHU\ RI LWV ODVHU HQHUJ\ L
GHOLYHUHG WKH PDWHULDO RI WKH WDUJHW DQG\LRVMVWWUWKHHV+ /W D (
ZHDSRQ

,Q RUGHU WR HVWLPDWH WKH HIIHFW RI WKH ODVHU ZH KDYH
QHHGHG WR UHDFK WKH PHOWLQJ WHPSHUDWXUH Rl WKH WDUJHW

4=E R
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ZKHWBGWKH VSHFLILF KHDW FDSDFLW)WHKHVKBVW CRJJWWHPDMIHRIQD R Q
ZH ZLVK WR RHWWHDMQHHGGPSHUDWXUH FKDQJH QHHGHG WR UHDFK W
LOOXPLQDRMIGVKBRMDUJHW KDV UHDFKHG LWV PHOWLQJ WHPSHULI
HQHUJ\ QHHGHG WR PHOW WKH VSHFLILF PDWHULDO DW WKH PHO\

4 = R\ +

ZKHWHWKH KHDW RI IXVLRQ RI WKH WDUJHW PDWHULDO 7KXV W
WDUJHW KDV WR H[FBBHBGQWKHHVEPQRDOVR WDNH LQWR FRQVLGF
PHFKDQLVPV WKDW UHPRYH SRZHHN 1AJRP WKKK WBEKBQLWR LV W
UDGLDWHG DZD\ DV D EODFNERG\

IozecA T, slow Hi

ZKHEMWKH HPLYWHRKHVBWIROQ]|PDQQ BR\KHNVDQMD EH L Q Bbe@IHPLQD
PHOWLQJ WHPSHUDWXUH RI \8# Hy WEDKIE HVP FPLINVORW WIHPP SBIG W X UH F
RWKHU PHFKDQLVP LV WKH SRZHU WKDW LV FRQGXFWHG WR WKH |

?#RQ% M TF _PIOW HQ@LURQPHQW

ZKHUWKH WKHUPDO BERWENF&/MLWWWHOFH RI WHPSHUPWKH HOUHDGL
WKURXJK ZKLFK KHDW LV EML®V PRQOFXWWUIDWLYH H[DPSOH ZH
HQHUJ\ QHHGHG WR PHOW D PP WKLFN VKHHW RI DOXPLQXP LQ
DVVXPH WKH WHPSHUDWXUH JUDGLHQW WR EH FP D W\SLFDO YD
VHFRQGY 7KH HDWLAHESWRRIDUH VKRZQ LQ 7DEOH

7$%/( 6WDLQOHVY 6WHHO DQG $OXPLQXP EDVLF SURSHUW

3DUDPH $OXPLC 8QL'
"HQV LW\ NJ P
6SHFLILF +HDW &DSDFLW\ - NJ
OHOWLQJ 7THPSHUDWXUH .
+HDW RI )XVLR[Q - J
(PLVVLYLW\
BWHIBDROW]PDQQ FIRQVWDQW - PV .
7KHUPDO &RQGXFWLYLW\ . P .

2QFH ZH KDYH FDOFXODWHG WKH UHTXLUHG HQHUJ\ WR PHOW \
ZH FDQ WKHQ HVWLPDWH WKH UHTXLUHG LUUDGLDQFH DV IROORZ

4
P Hj\/\/4 _ﬁg H%VI;/

& @ pey

ZKHUWAe dosrP QG LV WKH GZHOO WLPH WKH WLPH WKH ODVHU L
JLIXUHV DREEZ WKH DFFXPXODWHG LUUDGLDQFH DQG 3,% IRU GLI

LXXTREYWMZMSW WRH IHY KV REYWMZMSW

&
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IUDFWLRQDO d EWVRIUSWKB® EHHQ LQFOXGHG WR DFFRXQW IRU WK
OLJKW PD\ EH UHIOHFWHG RIl WKH WDUJHW

Irradiance vs. Dwell Time

Irradiance (VW fcm™2)
[ U R A R AT R T R A Y |

[0 I = T I T I = I R I =]
[=1=1 (=== =1

Dwell Time (seconds)

),*85( (VWLPDBWEBBS LUUDRBL P@FWKLFN DOXPLQXP VKHHW IRU YDULRXV G
XSRQ WKH PD[LPXP ODVHU GZHOO WLPH ZH FDQ HVWLPDWH WKH PLQLP
PHOW WKH WDUJHW

Power in Bucket vs Dwell time

0 2 4 6 8 10 12
Dwell Time (seconds)

),*85( 3RZHWKBXFNHW PRPUWKLFN DOXPLQXP VEAHWORMULFBYULROPWHG XS
PD[LPXP ODVHU GZHOO WLPH ZH FDQ HVWLPDWH WKH PLQLPXP YDOXH}

7R DFKLHYH D GZHOOVMWHRP@GHNI ZH HVWLPDWH WKH PLQLPXP SH
DSSUR[LPDWHO\DQG MPKH PLQOALMKIPEH DSSUR[LPDWHO\ N:

(;3(5,0(17%/ '(6,*1%$1"' 6,08/%$7,21

'"HVLIQ RI ([SHULPHQWYV '2( LV D YHU\ SRZHUIXO PDWKHPDWLI
VWDWLVWLFDO VLJQLILFDQFH RI PXOWLSOH SDUDPHWHUV VLPX
PHDQWWEKHFXWLRQ RI D FRPSXWHU VLPXODWLRQ PRGHO :KHQ GH
VA\VWHPY D ODUJH QXPEHU RI IDFWRUV PD\ KDYH DQ LPSDFW R(
,QVWHDG RI FKDQJLQJ WKH YDOXHV RQH IDFWRU DW I MHRLWHW RHS$7
system’s performance, DOE allow us to vary all the factors simultaneously; thus, we save time
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DQG PRQH\ EN JDLQLQJ WKH PD[LPXP LQIRUPDWLRQ RXW RI D OLP
UuxaQyv

The terminology of DOE methodology denotes the term “factor” for the input parameters and
the term “response” for the output parameters of the simulation model. A level of a factor is the
YDOXHV WKDW ZH DVVLJQ WR LW GXULQJ WKH H[SHULPHQW )DF
aircraft’s altitude) orunconWUROODEOH VXFK DV ZLQG WKH VSHHG DQG TXELC

7KLY VHFWLRQ XVHV '2( PHWKRGRORJ\ WR LQLWLDOO\ H[S

DPRQJ ILYH LQSXW SDUDPHWHUV RU IDFWRUV WKDW DUH VX
SHUIRBPPADRU UHVSRQVH EROVWKH+B8/&%ZBDSRQ

7KH '2( PHWKRGRORJ\ XVXDOO\ FRQVLVWYV RI W ZWR X\O/MH ISDF WK WL |
GHVLJQ PHWKRG JLYHV DQ LQLWLDO HVWLPDWH IRU WKH VLJQLI
GLVFDUGLQXQWKHADIQQW IRQHYVY W ZRUNV DV D VFUHHQLQJ SKDVH 2
PHWKRGV 7KLV PHWKRG FDOOV IRU WZR OHYHOV IRU HDFK SDUDI
HDFK SDUDPHWHU ZH DUH LQWHUHVWHG LQ ZLOO GHWHMPEWH V
PDWWHU H[SHUW LV RIWHQ UHFRPPHQGHG VR WKDW WKH UDQJH F

$VVLIQLQJ WZR YDOXHNGHW HD BB RD PHHH'SWR \BWUIREFGOXF ARPELQDW
FDOOHGHWKHQ SRKEWWRWDOLW\ RI DOO WKHVH GGNYIQQSRDQYWWN|
ZKLFK LV WKH DFWXDO VHW RI LQSXW SDUDPHWHUYV IRU WKH VLI
PDWUL[] UHTXLUHY D VHSDUDWH VLPXODWLRQ UXQ ZLWK D GLVWLC

SHVSRQVHDEKUOIHWKRG

7KH QXPEHU RI FRQWUROODEOH IDFWRUV XVHG LQ WKLV SDUW F
VNLSSLQJ WKH VFUNKDEWRUSPDVEHVLIQ DQG WR SURFHHG GLUHF
OHWKRG 560 ZKLFK LQFOXGHV DBICAZWDLREH/DZ 8 HP LWE H RUARWVHV] W U
WR JLYH D EHWWHU XQGHUVWDQGLQJ Rl KRZ WKH UHVSRQVH EHKI
TXDGUDWLF GHSHQGHQFLHY EHWZHHQ WKH IDFWRUV DQG UHVSRQ
D PHWDPRGHO XVXDOO\ D WIHER ®IG XFOUNGLHRDQ UMK DWVP D\ EH XVHG WF
VHWV RI IDFWRU YDOXHV $GGLWLRQDOO\ ZH FDQ XVH WKLV PHW
UHVSRQVH

"RUNIORZ 2YHUYLHZ

7R JLYH D EHWWHU LGHD WR WKH UHDGHU RI WKH '2( ZRUN
IRRDHG 7KH ILUVW VWHS LV WKH VHOHFWLRQ RI WKH LQSXW SDI
FRUUHVSRQGLQJ ORZHU DQG KLJKHU YDOXHV (QWHULQJ WKHVH
GHVLJQ PDWUL[ (DFK GHVLJQ SRLQW LQ WKIFXMDHANGU E) LV BRQ XU
PXOWLSOH WLPHV XVLQJ GLIIHUHQW UDQGRP VHHGV IRU WKH WX
IRU HDFK GHVLJQ SRLQW ZH JHW D GLVWULEXWLRQ RI SHDN LUUI
IRU WKH UDQGRP IOXFWXDWLRQWKBRHXWHR WEINE ¥BIMQRH UHVSRQV
DQDO\WLYV DJDLQ XVLQJ OLQLWDE WR GHWHUPLQH WKH VWDWI
SURGXFH D YDULHW\ Rl SORWYV
7KH VLPXODWHG HQJDJHPHQW VFHQDULR DVVXPHV D 8&$9 SDW
UHAYLQJ D FDOO IRU ILUH XSRQ D JURXQG VWDWLRQDU\ WDUJ}
ORFDWHGEGIWPXWK DQG H[DPLQLQJ WKH SHUIRUPDQFH RI WKH +(,
GHVLJQ FRQILIJXUDWLRQV DQG 8&$9 WDFWLFV UPKB QG WEW WDQJH
KHOG FRQVWDQW DW P DV ZH YDU\ WKH DOWLWXGH RI WKH 8&§
XWLOL]JHG ZLWKLQ :DYH7UDLQ WR HVWLPDWH WKH H[WLQFWLRQ
ZLQG GLUHFWLRQ FRQ%WDNRQWARRISKHULF WXUEXOBIQBH\ +XIQD
DQG WKH WHPSHUDWXUH 86 6WDQGDUG DOO DV IXQFWLRQV R

LXXTREYWMZMSW WRH IHY KV REYWMZMSW

&
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RI' WKH +(/ ZHDSRQ LV QP 7DEOH SUHVHQWYVY WKH LQSXW SELC
FRUUHVSRQGLQJ OHYHOV

Simulation

J

Input Parameters Design Matrix

(Minitab) (WaveTrain)

Jl

Output Analysis
(Minitab)

Peak Irradiance,
PinB

). *85( '2( :RUNIORZ 7KH VWDWLVWLFDO SDFNDJH OLQLWDE ZDV XVHG
GHVLJQ JHQHUDWLRQ DQG WKH RXWSXW DQDO\VLYVY ZKHUHDWWKKHIXOO
ODVHU EHDP SURSDJDWLRQ VL?PXRDOOWRORGOZHDMHY[BWFXAVHG E\ 'U

7$%/( ,QSXW SDUDPHWHUV ZLWK FRUUHVSRQGLQJ OHYHC

J)DFWRU /IHYHOV
2XWSRWHU N: -
%HDRUHFWRRHWHU| P -
8&$9OWLWXGH [P -
8&$9B6SHHG P V -
8&$9LUHFWLRQ GHJUHHV -

7TKH RXWSXW SRZHU-UDKJHLY XVYHG EHFDXVH WKRVH YDOXH DU
EDVHG RQ WKH FXUUHQW WHFKQRORJ\ WR EH PRXQWHG LQ D SOI
GLUHFWRU VL]H UDQJH LV D W\SLFDO ZHDGRDRI ¥OH XEINVI KWHGBOIMR I
ZDV VHOHFWHG IURP P WR P DV D QRPLQDGQ/ DXDWLQWXOW U
KLIJIKHU DOWLWXGHV ZRXOG IXUWKHU GHFUHDVH WKH KRUL]JRQWD
UDQJH IURP PV WR LVPDVUBSDHYHQWDWLYH RI D 8&%9 VXFK
$WRPLFV PUDSHU 7KH GLUHFWLRQ OHYHOV IURP QRUWKHUQ WR
HIDPLQH WKH ZLQG HIIHFWV RQ WKH +(/ SHUIRUPDQFH 6LQFH W

R WKHVH WJYWR OHRMLGH LQVLIJKWYV IRU LWV HIIHFWV ZKLOH
UHVSHFWLYHO\

5(68/76 $1' $1%$/<6,6

'2( PHWKRGRORJ\ UHTXLUHV WKDW WKUHH DVVXPSWLRQV DUI
UHVXOWDQW PRGHO LV YDOLG 7KHUHIRUH EHIRUH SURFHHGLQJ .
ZH KDYH WR PDNH VXUH WKDW WKH\ DUH | XWRL G &8 HAA WKK MAKHH DMNAW,
(the difference between the WaveTrain simulation results and the results from the model’s
DQDO\WLFDO ILW DQG DUH WKH IROORZLQJ

7KH HUURUY DUH QRUPDOO\ GLVWULEXWHG ZLWK PHDQ JHUR
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7KH HUURU YDULDQFH GRHV QWWOHKHBQVYHRIRD ®DHAWFRIH RU DF
YDOXHV RI WKH SUHGLFWHG UHVSRQVH
(DFK HUURU LV LQGHSHQGHQW RI DOO RWKHUV 7KH EHVW ZL
UDQGRPL]H WKH UXQ RUGHU RI0WXIHWH[E HWRIHAVH @/\W DD BN WWLHDIOXX O W
7KH EHVW ZD\ WR GHWHUPLQH WKH IXOILOOPHQW RI WKHVH DV
SORWYV 9LRODWLRQ RI WKHVH DVVXPSWLRQV PD\ OHDG WR PLVOF}G
WKH UHVSRQVH FDQ RIWHQ EH XVHG WR IL[ WKH SUREOHP 2HKOH

6WDWLVWLFDO $QDO\VLYV 3HDN ,UUDGLDQF

'H EHJLQ RXU DQDO\WVLY E\ DVVHUWLQJ WKH PRGHO YDOLGLW\ Z
VDPH SURFHVYV ZDV IROORZHG EXW QRW SUHVHQWHG LQ WKLV SI
WKH QRUPDO S U'REDsHitsOplow forBh@ @=ak irradiance, respectively.

Normal Probability Plot
(response is IRR)
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),*85( 1RUPDO 3UREDELOLW\ SORW IRU LUUDGLORQEHD U KSD W MNHLLEX DDR/P
WKDW LQGLFORWHPADOO QRYWULEXWLRQ WKDW YLRODWHYV WKH ILUVW '2( DV

Versus Fits
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),*85( 9HUVXV ILWV SORW IRU LUUDGLDQFH 7KAR Qb WIDIQQNF HR RH W WK HJ K
WKH ILWWHG YDOXHYVY DQG YLRODWHY WKH VHFRQG '2( DV\

LXXTREYWMZMSW WRH IHY KV REYWMZMSW
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7KH EOXH GRWV UHSUHVHQW WKH GHVLJQ SRLQWYV 1RUPDO
DSSUR[LWW WBILIJKW OLQH UHG OLQH 7KLY JUDSK LQGLFDWHV WK
YLRODWHG :H FDQ FOHDUO\ VHH WKDW WKH UHVXOWY IROORZ D ¢

7KH YHUYWY SORW VKRZV WKH GLIITHUHQFH WKDW HDFK REV!
VLPXODWLRQ KDV IURP WKH YDOXH WKDW WKH ILWWHG PDWKHPD
IDFWRU YDOXHV 7KLV JUDSK VKRZV WKDW WKH HUUBROXWHINULDQ
LQGLFDWLQJ WKDW WKH FRQVWDQW YDULDQFH DVVXPSWLRQ LV D

6LQFH WKLV IDLOHG WR IXOILOO ERWK PRGHO DVVXPSWLRQV Z
5DWKHU ZH ZLOO XVH D UHVSRQVH WUDQVIRUPDWLRQ WRQILW D
this case, each design point's response is transformed by taking its natural logarithm. Then, as
VKRZQ LQ )LJXUH WKH UHVLGXDOV IRU WKH GHVLJQ SRLQWV Q
WKHUHIRUH VDWLVI\LQJ WKH ILUNWROMMVYR®B3WIOR Q[ LYVRWHD @/H KW W
VLQFH ZH DUH XVLQJ WKH QDWXUDO ORJ RI WKH SHDN LUUDGLDQF

Normal Probability Plot
(response is LNIRR)

99,99

99 =
95
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20
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Residual

),*85( 1RUPDO 3UREDELOLW\ SORW IRU WKH WUDQVIRUPHG UHVSRQVH
LUUDGLDQFH DSSHDUV WRWNKXKGLQROQ WHOWKH WM EXWHG UHVLGXD

The “versus fits” plot also is improved and shows that residuals are randomly distributed all
along the response’s value range, as shown in Figure 8. Again, both axis scales have changed
WR WKHLU QDWXWKBIOUBR SRQIMHKP RI1 W
‘H WKHQ JHQHUDWH WKH PDLQ HIIHFWV SORW RI HDFK IDFWRU
HITHFW RI HDFK IDFWRU RQ WKH PHDQ WUDQVIRUPHG UHVSRQVH
7KH YHUWLFDO D[LV LQGLFDWHV WKWHUQ BWXQDBH [DRG DUKMW KR RL]B
levels used in the design. The steeper the line, the greater the factor's effect on the response.
We can see that the altitude’s effect is the greatest; however, reaching the 4000m upper level
VKRZV WKDW WdeHseY, indiGtihgGhdt we won’t gain much by operating at higher
DOWLWXGHY 7KH VDPH SKHQRPHQRQ RFFXUV ZLWK WKH RXWSXYV
N: WKH VORSH LV PXFK OHVV WKDQ DW ORZHU SRZHUV 7KH VI
GLUHAWHRUZYXHUH ZH VHH WKDW LW KDV DQ DOPRVW OLQHDU UHC
WKDW WKH UHVSRQVH OLQHV IRU VSHHG DQG GLUHFWLRQ KDYH
LQIOXHQFH RQ WKH LUUDGLDQFH
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),*85( 9HUVXV ILWV SORW IR U HMNWKHR @\WJHD Qv QFDUPXIUDO ORJDULWKP WUDQ\
DSSHDUV WR UHPRYH WHKH QVWOH W YWHKH EREH RI UHVLGXDOV

1 BR) 0 GBS XISVO2 -66
*MAH1 | BERW

43; )6 & %l 7->) %08-89() 74)) ( (-6)' 832

/

Mean of LNIRR

),*85( ODLQ (IITHFWV SORW IRU /1 ,UUDGLDQFH IRU ODVHU RXWSXW SRZH

PHWHSODWIRUP DOWLWXGH LQ PHWHUV SODWIRUP VSHHG LQ PV DQ

$OWLWXGH KDV WKH PRVW VLJQLILFDQW HIIHFW WR WKH SERRHIWJUDGLELC
6SHHG DQG GLUHFWLRQ VHHP RMWRVKDQY W R B QNHR/ISRRQW/ H |1 H

$V VWDWHG EHIRUH WKH VLPXODWLRQ WRRO XVHG IRU WKH"
DOPRVW KRXUV WR FRPSOHWH 7KHUHIRUH WKH DGYDQWDJH
UDQGRPL]JHG UHVXOWYV LV REYLRMNV FHBQSHFYDOO E H HPFODQ\SHK O\D W H ¢
IRU IXUWKHU DQDO\VLV 7R IXUWKHU YDOLGDWH WKH DFFXUDF\
JHQHUDWHG WKH FRQWRXU SORW VKRZQ LQ )LIJXUH OHIW SOR\
WKH VDPH SDURKHW HDYWHWHKDLQ $V VKRZQ LQ )LIXUH D JUDSKL
VWDWLVWLFDO PRGHO DQG WKH :DYH7UDLQ UHVXOWV LQGLFDWI
WUHQGV 7KLV RFFXUV IRU ERWK SHDN LUUDGLDQFH DQG 3,% DV

LXXTREYWMZMSW WRH IHY KV REYWMZMSW
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Log of Peak Irradiance

Contour Plot of LNIRR vs ALTITUDE; POWER 4000 18
4000 I
1650 3500

ALTITUDE

Hold Values
BEAM SIZE 0,35
SPEED 105
DIRECTION 90

50000 75000 100000 125000 150000
POWER

),*85( ORGHO &RPSDULVRQ EHWZHHQ OLQLWDE DQG :DYH7UDLQ IRU WKH
RQ WDUJHW 7KH PDLQ SDWWHUQ RI WKH FRQWRXU OLQHVIRDKOLFEX WY HR |
VDPH WUHQGY DV WKH RQHV IURP O\QIRZHL 60D K BN @IQHRPWLYH VORS
OHYHO RI DURXQG N: KDV VWDELOL]HG %RWK SORWV DGVRQHKVELW

), *85( ORGHO &RPSDULVRQ EHWZHHQ OLQLW OLEE X QKXW K 7RIRDGKDONR V KSHRZ
VLPLODU WUHQGYV IRU WKH UHODWLRQ EHWZHHQ DOWLWXGMH DQG RXW
DOWLWXGHYVY WKHUH LV D FOHDU DGYDQWDJH WR ODUJHU \RGWOBW SRZ
WKH EHQHILWY RI LQFUHDVRQWRKX\MBERWHIPRRHUQWKHHUHRVW OHIW SORW O
R DQG ZKLFK FRUUHVSRQG WR D 3, % EHWZHHQ N: DQG N: 7KD
DOWHUQDWLYHV WKDW FRXOG DFKLHYH WKH VDPH 3,%

‘H FDQ QRZ IXUWKHU DQDOHWXWKH/ \L\@ DO QLWDED QG LQ SDUWL
IRU DOWLWXGH YHUVXV SRZHU )LJXUH OHIW SORW VKRZV Wk
8&$9 DOWLWXGH DQG +(/ SRZHU WKDW ZHUH FRQVLGHUHG $V FDC
WR PHOWUWKBHWHUPLQHG DUHD LQ WKH WDUJHW LV DSSUR[LPDWH

UHTXLUHPHQW OLHV ZLWKLQ WKH DQG FRQWRXU OLQHV Z
3,9 UHVSHFWLYHO\ 7KHUHIRUH WKLV FRQWRRKO GQJHIU R WHW MWV
HQJDJHPHQW DV GHILQHG HDUOLHU J)LIXUH OHIW SORW LQG

DFKLHYH VLPLODU 3,%V E\ RSHUDWLQJ IURP GLIIHUHQW DOWLWXZ(
8&%$9 10\LQJ DW P DQG DQ +[/8&I$9 NO\RQJ DW P ERWK GHOLY!
VDPH 3,% HYHQ WKRXJK WKH WDUJHW UHPDLQV P IURP WKH
LOOXVWUDWHY WKH DGYDQWDJH RIIHUHG E\ RSHUDWLQJ LQ KLJ
DERYH PXFK RI WKHRYXDKRUXG BWHFWV DW ORZHU DOWLWXGHYV
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"HLJKW (VWLPDWLRQ

+DYLQJ LGHQWLILHG WZR DOWHUQDWLYHV WKDW FRXOG DF¥
PHDVXUHG E\ WKH 3,% GHOLYHUHG WR WKH WDUJHW ZHDM@QKHQ FLC
LPSRURPMD@W GHUDWLRQ IRU 8&%9 RSHUDWLRQ DQG HQGXUDQFH
DQ +(/ ZH KDYH WR VHSDUDWHO\ HVWLPDWH WKH VEZKHJIJKML R VWV R F
WKH HQHUJ\ VWRUDJ& WKEVANIWHKR Rl WKH WKHURDWHFPRQGHP HQ\
WKH ZHLJKW RI EHDP GL Ul FORRWH V XEQ/GVWHIPG L Q H

3UHFLVH YDOXHV Rl WKHVH ZHLJKWV DUH QRW NQRZ DQG ZR>
WKH +(/ KRZHYHU SXEOLFDOO\ DYDLODEOH LQIRUPDRIHIRX\ERHV
RI WKHVH VXEV\WVWHPV ,Q SDUWLFXODU ZH XVH WKH SRZHU WR
ODVHU V\WVWHP GHYHORSHG E\ *HQHUDO $WWRHFVSHIFQIHE D ® LIRDR
W\SLFDO LRIQVEDXWPWHU\ ZLWK HQHUJ\ GH Q@MLFW\ PLWE [3DWQDR/WR
FDSDFLW\ VXIILFLHQW IRU D WRWDO RI VHFRQGV GZHOO WLPF
BWRUDJH WHFKQRORJ\ GHYHORSHG E\ 5,1, 5,1, 7THFKQRORJLHYV
GLUHFWRU VXEV\WVWHP GHYHORSHG E\ 0=$%

7DEOH VXRWDUKH ZHLJKW HVWLPDWLRQV IRU HDFK PDLQ VXE

7TDEOHHLIJKW (VWLPDWLRQV IRU +(/ 6XEV\VWHPV

N : N :
(QHUJ\ BWRUDJH 6 XEV\VWHP [HLJKW NJ
/I DVHU ORGXOH :HLJKW NJ
%HDP &RQWURO 6XEV\VWHP [HLJKW NJ
7(6 :HLJKW NJ
7TRWDO +(/ :HLJKW NJ

JLIXUH8&%$9 (QGXUDQFH YHUVXV +(/ 2XWSXW 3RZHU :H DVVXPHG D OLQ
8&%9 HQGXUDQFH DQG SD\ORDG ZHLJKW

7KH QH[W VWHS RI WKH DQDO\VLV LV WR GHWHUPLQH KRZ W
DIIHFWHG E\ WKH ZHLJKW RI HDFK DOWHUQDWLYH %\ FRQVXOWL(
RI 9VWDU 6\WWHPV ,QF D VLPSOH PDWKHPDWLEPID R[] WKH/ BERO
ZLWK WKH SD\ORDG ZHLJKW LV FRQVWUXFWHG $VVXPLQJ WKH
ZHLJKW RI WKH +(/ WKH 8&$9 HQGXUDQFH IRU WKH YDULRXV RX\
VKRZQ LQ )LIXUH

LXXTREYWMZMSW WRH IHY KV REYWMZMSW
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,Q SDUWLFXODU ZH FOKHWVIIBRIAHKDW WKHDIOMWHUQDWLYH DOORZYV
Rl DSSUR[LPDWHO\ KRXUVY ZKHUHDV WKH ORZHU SRZHU
HQGXUDQFH RI KRXUV

-LWWHU DQG %HDP 4XDOLW\ 6WXG\

7KH :DYH7VDRXQODWLRQ UXQV WR JHQHUDWH WKH DQDO\WLF P|
TXDOLW\ DQG SODWIRUP MLWWHU 7KHUHIRUH ZH KDG WR HI[H
$1&+25 ZKLFK LV FDSDEOH Rl H[DPLQLQJ EHDP TXDOLW\ DQG SO
SHWIRUPDQFH :KLOH NHHSLQJ WKH SUHYLRXVO\ XVHG GHVLJQ SDU
TXDOLW\ DQG MLWWHU YDOXH IURP WKH LGHDO VLWXDWLRQ ZLW
RQH 7DEOH VXPPDUL]JHV WKH LQSXW SD XDPMNRQVUXG LQ $1&

7TDEOKHQSXW 3DUDPHWHUYV 8VHG LQ $1&+25

:DYHOHQJWK
7DUJHW +HLJKW 9DULHV
%HDARUHF®L]H P
%HDP 6KDW 6R) 8QLIRUP
30DWIRUP 'L 1RUWK
'LQG 'LUHFWLRQ R
7DUJHW 6% HHG PV
BODWIRUP %50 PV
3RZHL(WK% XFNHWUY P
JUDFWLRQDO 7DUJF

JLIXUH&RQWRXU 30RW IRU $OWLKULXGFHORMUVNK WHENVQWR WKH LGHDO VLW
TXDOLW\ LV SHUIHFW DQG ZH KDYH JHUR SODWIRUP MLWWWWHWKH7KH HIIH
FRQWRXU OLQH ZKLFK LQGLFDWHYV WKH 3,% WKUHVKROG H\

YLIXUH VKRZV WKH RAWERWWUR® UXQ LQ $1&+25 IRU D 8&%$9
DOWLWXGH DQG DUPHG ZLWK D N: +(/ 7KH UHVSRQVH LQ WKLYV
FRQWRXU OLQH LQGLFDWHY WKH SUHYLRXVO\ HVWLPDWHG WKUH
UHSUHVHQWYV
DERYH JURXQG 7KH HIIHFWLYH UDQJH DFKLHYHG LQ WKLV FDVH
RQO\ RFFXU XQGHU DQ LGHDO VLWXDWLRQ ZBE®& G HS@B\WILRWD A UT X
JHUR
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JLIXUH3ODWIRUP -LWWHU DQG %HDP 4XDOLW\ (IIHFWV 6WDUWLQJ IURPF
LGHDO VLWXDWLRQ O
SORW DQG MLWWKGBU VKRZV WKH VLJQLILFDQW GHFUHDVH RI WKH HIITHFW

7R EHWWHU YLVXDOL]H WKH HIIHFWV WKDW EHDP TXDOLW\ DQG
VKRZV D FROOHFWLRQ RI HTXL P DEOHDPWILID\RRHW ZIKIHHEZRISOHH I B FW
EHDP TXDOLW\ DQG SODWIRUP MLWWHU DUH FKDQJLQJ ORYLQJ
SODWIRUP MUWG/BQ ORG WPRIDWTXDUH YDOXHY UHVSHFWLYHO\ OR®
ZH VHH WKH HIIHFW IRW\DREHDPGCGTXDWLHVSHFWLYHO\ /RRNLQJ DW W
VFHQDULR WKH ORZHU ULJKW SORW ZH FDQ VK WIQD WY AUW KH
SODWIRUP MUWBNVMKHRIIHFWLYH UDQJH RI WKH +(/ LQGLFDWHG E\
DOPRVW NP DW JURXQG OHYHO IRU WKH LGHDO VLWXDWLRQ WR \
HITHFWV RI ERWK SDUDPHWHUYV

&21&/86,216

7KLV SDSHU SUHVHQWYV @IFRYHQUWKEB\VIWKODWLRQ DQDO\VLV 7
WKLV SURFHVV DUH HYLGHQW LQ WHUPV RI WLPH DQG FRVW §$
QXPEHU RI UXQV ZHUH VXIILFLHQW WR JLYH XV D FOHDU XQGHUV
IDFWRUV RKDWKH V HUIRUPDQFH PHDVXUH RI RXU V\WVWHP LQFOX
PDQDJHG WR ILW D PDWKHPDWLFDO PRGHO DQG JDLQ FRQILGHQF]
E\ GLUHFW FRPSDULVRQV WR RXWSXW IURP :DYH7UDHQ8&%9 LQFR
WDFWLFV DQG WKH +(/ GHVLJQ ZH ZHUH DEOH WR HVWDEOLVK

LXXTREYWMZMSW WRH IHY KV REYWMZMSW
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VWURQJHVW LQIOXHQFH RQ SHUIRUPDQFH RI WKH ZHDSRQ DQG
SRVVLEOH FRXOG FRPSHQVDWH IRU ORZHU RXAWSRXW VIRZHOKRQ QA
VLIJQLILFDQW UHVXOW LI ZH FRQVLGHU WKH 6:D3 FRQVWUDLQWYV

N: DQG D N: +(/ ZHDSRQ VKRZV WKDW ERWK FRXOG EH PRXQW
FDSDELOLWLHV VLPLODU WR WKRVZAH IRIK®U R G DWKRIU | 24J VIK HR @HR AH
HQGXUDQFH LQFUHDVH RI DERXW RQH DQG D KDOI KRXUV ZKHUHLE
KHOS FRPSHQVDWH IRU WKH QHJDWLYH HIIHFWV Rl WKH ZRUVH EH

5(0)(5(1&(6

KWWS ZZZ GHIHQVHRQH FRP WHFRQRBEJIJKQHWDEBEBQWWLY H

1DY\ 6KLSERDUG /DVHUV IRU 6XUIDRY H$ L% D NJIG PXY @
DQG ,VVXHV IRU &R® BHBRWW 1R 5/ 'DVKLQJWRQ '& &RQJUHVV
BHUYIKAHWSY IDV RUJ VJS FUV ZHDSRQV 5 SGI
UDJH 5HTXLUHPHQWYVY IRU 6KLSWRWHJUD\
7KHVUWYDO 3RVWJUDGXDWH 6FKRRO ORQWHUH\
/IDZ $YHULOOSDPXODWLRQ ORGHOLQWKH GG $DHDKYRIMILOB* UDXFDWLRQ
2HKOHUW $DIUUVW FRXUVH LQ GHVLJQ DQGYHH@DO\VLV RI H[SHULPHQW\

3JHUUDP * 3 6 - &XVXPDQR 5 / +HQJHKROG DQG 6 7 )LRULQR
:HDSRQ 6\WWHPV VW HG $OEXTXHUTXH 10 'LUHFWHG (QHUJ\ 3URIHV'
6RILHYD % '"DODXGLHU - 98MIL@QULIQ6WHOODU 6FLQWLOODWLRQ IRU 6WX

3KLORVRSKLFDO 7UDQVDFWLRQV RI WKH 5R\DO 6RFLHW\ §
KWWS ULQLWHFK FRI
FROWHOW XSORDGV TKHUP(QHUJ\6WRUDJH SGI
&R\ 6 :DYH7UDLQIUSH&®WGED) :DYH 2SWLFV 3URSDJBWDRDRQDEBBH
KWWSYV Zz77Z P]D FRP SXEOLEDWLRQV ZWVSLHSDSHU KWP
ORWHV $QGUHZ 5 DQG 5LFKDUQWU®RENBWQFRRY MR )+t EHU VDWW HHGBV
$OEXTXHUTXH 10 'LUHFWHG (RAUKIW3URIHVVLRQDO 6
KWWS ZBYILIBRP KHOODGYV

LXXTW RE MRHYWXVMEP TEREWSRMG GSQ WMXIW HIJEYPX TMH!
RISVQEXMMRERNBRSESREXXIVMIW THJ
DVL FRP KHOODGYV
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