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CHAPTER I 

INTRODUCTION 

1 1 Photovolta1cs (PV) and Electr1c Ut1l1t1es 

Sem1conductors truly brought about a revolut1on 1n the technology 

for cornmun1cat1ng and process1ng 1nformat1on a few decades ago But the 

age of s1l1con st1ll rema1ns 1n full sw1ng and 1ts technolog1c surpr1ses 

are st1ll emerg1ng One of them 1s the photovolta1c cell, wh1ch 1s made 

of very th1n layers of su1tably doped s1l1con or other sem1conductor 

matenals to convert sunl1ght d1rectly 1nto electr1c1ty Researchers 

bel1eve that th1s dev1ce can contnbute a s1gn1f1cant port1on of the 

electr1c power supply 1n US, and 1n other parts of the world as well, 

by the end of th1s century [1] 

Photovolta1cs (PV) cont1nues to be the most prom1s1ng renewable 

energy technology w1th a potent1al to make a s1gn1f1cant 1mpact on the 

future electr1c power generat1on m1x Aggress1ve research and develop

ment have led to the growth of world-w1de remote and consumer electron-

1CS markets for PV The awareness of the publ1c and techn1cal 

commun1t1es has been sharpened 1n sp1te of the recent happen1ngs 1n the 

gl oba 1 energy scene Ut1l1ty 1nterest 1n photovolta1cs 1s at a h1gh 

level and the exper1ence be1ng ga1ned from the three MW-scale central

statlon PV plants 1n Cal1forn1a has been very encourag1ng and has bu1lt 

up the conf1dence 1n PV as a techn1cally v1able generat1on opt1on [2] 
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Many spec1f1c technolog1es are st1ll compet1ng and no clear w1nner 

has emerged yet because of the w1de var1ety of markets and the1r spec1al 

requ1rements. The world-w1de accumulated product1on of PV approached 

the 100 MW level towards the end of 1985 and 1t 1s expected to soar to 

10,000 MW somet1me dur1ng the 1990-1995 t1me per1od [2]. 

1.1 1 H1 story 

PV 1s not JUSt a current fad, 1n fact 1t has a h1story older than 

that of the space age. The knowledge of the fundamenta 1 pn nc 1p 1 es 

1nvolved 1n the operat1on of PV cells predates Ed1son's 1ncandescent 

lamp by about forty years Edmund Becquerel, a French phys1c1st ob

served 1n 1839 that "a small voltage was created when one of two metal 

electrodes was placed 1n a weak conduct1ng solut1on and the apparatus 

was exposed to l1ght" Noth1ng much was added to the knowledge of PV 

effect unt1l the 1870's when 1t began to be stud1ed 1n sol1ds, spec1f-

1cally selen1um (see reference 1) 

The f1rst selen1um dev1ces were demonstrat1ng eff1c1enc1es of 1-2% 

1n the 1880s Selen1um cells were used to photometr1c dev1ces because 

of the1r sens1tw1ty to the v1s1ble 1 1ght spectrum and they are st1ll 

used 1n today's l1ght meters Early 1nventors had v1s1ons that selen1um 

cells wou 1 d someday compete w1 th the e 1 ectn c dynamo as a means of 

generat1ng large amounts of power The arr1val of quantum mechan1cs 1n 

the 1930s and, later, the f1eld of sol1d-state phys1cs wh1ch expla1ned 

how the cells converted sunl1ght d1rectly 1nto electr1c1ty, speeded up 

the development of pract1cal PV cells w1th h1gher eff1c1enc1es 

In the 1950s, researchers at Bell Telephone Laboratones stumbled 

on to the s1l1con solar cell almost acc1dentally One group was work1ng 
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to 1ncrease the eff1c1ency of selen1um cells when they were develop1ng a 

remote power source for commun1cat1ons equ1pment. Another, 1n pursu1t 

of a better rect1f1er, found that 1nJect1ng 1mpur1t1es 1nto s1l1con 

1mproved 1ts electncal eff1c1ency. A marvelously strong current was 

generated, when the s1l1con rect1f1er was exposed to l1ght Soon Bell 

researchers were demonstrat1ng solar cells w1th 4% eff1c1ency (see 

reference 1) 

The quest for 1mproved s1l1con solar cells began 1n earnest and the 

eff1c1ency of expenmental cells reached 6% by 1954. The world was 

surpr1sed at the news about Bell Telephone System's solar battery and 

1ts fantast1c poss1b1l1t1es for telephone serv1ce as well as for other 

uses In sp1te of the ach1evement of 15% eff1c1enc1es 1n exper1mental 

dev1ces, the solar cell rema1ned noth1ng more than a sc1ent1f1c 

cur1os1ty because 1t was very expens1ve and had to be handmade from very 

h1gh pur1ty s1l1con 

Almost 1mmed1ately after the Sov1et satell1te Sputn1k was launched 

1 n October 1957, the s 1 1 1 con ce 11 was recogn 1Zed as the best hope to 

prov1de a few watts of on-board power for satell 1tes w1th very 1 1ght 

we1ght, cost was of l1ttle concern In 1958 when the Amer1can satell1te 

Vanguard went 1nto orb1t, 1t carr1ed PV cells "The space age and the 

s111con era had begun 1n tandem" 

1 2 2 Recent Developments 

Research and development work around the world 1s push1ng the 

technology of solar cells closer and closer to 1ts l1m1t Slngle

Junctlon s1l1con cell eff1c1enc1es are approach1ng 21% 1n the 

laboratory Amorphous cell eff1c1enc1es have crossed the 10% mark 
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S1gn1f1cant progress 1s be1ng reported 1n the fabncat1on and 

performance of mult1-Junct1on and heteroJunctlon cells. 

Des1gn procedures for large and small PV systems to ach1eve fault

tolerant and rel1able operat1on have made str1des. Encapsulat1on and 

packag1ng have advanced to the level that 1t 1s now poss1ble to expect 

30 year l1fet1mes and performance goals 1n the near future. 

Generat1on costs are be1ng reduced by 1ncreas1ng eff1c1enc1es, 

decreas1ng balance-of-system costs, and by decreas1ng cell and module 

fabncat1on costs through mechan1Zat1on Th1s mult1-pronged attack on 

the most cruc1al aspect of PV 1s produc1ng tang1ble results and 1s 

maklng the real12at1on of the cost targets a near-real1ty Ut1l1t1es 

have begun to look at PV from 1ts best angle-- 1ts ab1l1ty to supply 

energy dur1ng peak (or w1th1n 90% of peak) hours, unattended operat1on, 

low ma1ntenance, modu~ar des1gn, rap1d construct1on and commlSSlOnlng, 

lack of harmful em1ss1ons, and absence of water requ1rements [2]. 

The world sh1pments of PV modules was 25 MW (peak) dur1ng 1984, of 

wh1ch one-th1rd (8 4 MW) was manufactured 1n the Un1ted States Dur1ng 

1985, nearly 18 MW of PV were 1nstalled 1n maJor electr1c plants 1n the 

U S They ranged 1n s1ze from a few kW up to the 6 5 MW Carr1sa Pla1ns 

plant 1n Cal1forn1a By the end of 1985, world-w1de accumulated produc

tlon of PV was approach1ng the 100 MW level Th1s f1gure 1s expected to 

1ncrease to about 10,000 MW somet1me dunng the 1990-1995 t1me per1od 

[2] 

Recently, pr1vate 1ndustr1es, most notably ARCO Solar, have played 

a s1gn1f1cant role 1n the des1gn, 1nstallat1on, and operat1on of MW

scale terrestr1al PV central-stat1on systems The exper1ence of 

Cal1forn1a ut1l1t1es, Southern Cal1forn1a Ed1son Company (SCE) and 
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Pac1f1c Gas and Electr1c Company (PG&E), wh1ch have MW-s1ze PV systems 

on the1r gnds has been very good and 1t has 1ncreased the conf1dence 

that PV could be a v1able generat1on opt1on for ut1l1t1es 1n the south

western part of the Un1ted States 1n the next decade [3] 

The performance of the Lugo plant has been mon1tored cont1nuously 

s1nce 1t f1rst went on l1ne 1n November 1982. It has prov1ded an op

portunlty to exam1ne the d1urnal source of energy of a PV plant from the 

ut1l1ty v1ew po1nt [4] 

Construct1on of Phase 1 of the Sacramento Mun1c1pal Ut1l1ty 

D1str1ct (SMUD) plant has been completed and the system went on l1ne 1n 

July 1984 It 1s the flrst large central-stat1on PV plant to be de

Slgned for and owned by an electr1c ut1l1ty As such, 1t was spec1ally 

des1gned to max1m1ze the plant value to SMUD The array f1eld 1s rated 

at 1 19 MW (de) under standard test cond1t1ons. One l1ne-corrmutated 

1nverter converts the de output 1nto ac for del1very to the SMUD 12 47 

kV d1str1but1on gr1d [5]. 

Several 1nnovat1ve des1gn features have been 1ncorporated 1n 

SMUDPVI result1ng 1n cost reduct1on, 1mproved electncal des1gn, and 

h1gh performance from the power cond1t1oner In1t1al operat1ng exper-

1ence 1nd1cates compl1ance w1th des1gn requ1rements and expectat1ons 

I11 part1cular, the power cond1t1on1ng un1t exh1b1ted a net eff1c1ency of 

96 to 96 5% over most of the operat1ng range, operat1ng at a power 

factor greater than 0 9 Total harmon1c voltage d1stort1on at the 12 kV 

1nterface was 1n the range of 2 to 3% Deta1led data on 1ts operat1on 

have been collected s1nce September 1984 but the 1nformat1on has not yet 

been made ava1lable Meanwh1le, the next 1 MW 1ncrement 1s neanng 

complet1on at the same locat1on [5] 



6 

Carr1sa Pla1ns Plant, constructed by Arco Solar on PG&E land, now 

has an aggregate capac1ty of 6.5 MW and 1t was connected to the PG&E 

gr1d on November 14, 1983. A novel techn1que employed 1n the construc

t1on of th1s plant enabled 1ts complet1on 1n about the same t1me as 1t 

took for the Lugo plant [6]. Quant1tat1ve data on plant performance and 

cost have not yet been released by Arco Solar. 

Skyharbor concentrat1ng PV plant, wh1ch 1s a 225 kWdc (nom1nal) 

Fresnel-lens po1nt-focus (33x) concentrator des1gn went on l1ne 1n May 

1982, 1nterconnected w1th the ArlZona Publ1c Serv1ce (APS) gr1d. By 

necess1ty, 1t 1s a two-ax1s track1ng system. Dur1ng the f1rst year of 

operat1on, there were many hardware and computer related problems and as 

such 1 ts performance to date 1 s not represent at 1 ve of 1 ts potent 1a 1. 

Energy product1on dur1ng the f1rst year was about 60% of the expected 

value of 440 MWh (ac), w1th a net capac1ty factor of only 13.5%. A 20 

to 30% 1mprovement 1n the annual performance 1s expected dur1ng the next 

few years [7]. APS exper1ence 1nd1cates that there are no maJor tech

nlcal problems w1th PV plants 1n the area of gr1d-connected operat1on. 

There are several 1ntermed1ate (med1um-s1Ze) PV exper1ments scat

tered throughout the U.S. as well as Europe and the numbers are grow1ng 

rap1dly (see reference 3). The purpose of these exper1ments 1s to 

val1date the techn1cal v1ab1l1ty of PV as a generat1on supplement under 

a var1ety of operat1onal and cl1mat1c cond1t1ons. Data from these 

systems are prov1d1ng valuable 1nformat1on and feedback for 1mprov1ng 

the 1nstallat1on, des1gn, plann1ng, and operat1on of PV systems 1n 

conJunct1on w1th ex1st1ng ut1l1ty gr1ds. A selected l1st of med1um-s1ze 

exper1ments 1n the U.S. 1s g1ven below. 
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29.3 kW 

Mt. Laguna radar s1te, Cal1forn1a 49 6 kW system, became opera-

t1onal 1n August 1979. 

Natural Bndges Monument 1n Utah 105 6 kW system, became opera-

t1onal 1n June 1980 

Lov1ngton Square Shopp1ng Center 1n Lov1ngton, New Mex1co 90 4 kW 

system, came operat1onal 1n March 1981. 

Beverly H1gh School 1n Beverly, Massachusetts 90.4 kW system, 

became operat1onal 1n Apr1l 1981 

M1ss1ss1pp1 County Commun1ty College 1n Clythev1lle, Arkansas 240 

kW ( e 1 ectn ca 1) and 625 kW ( therma 1) system, became operat 1 on a 1 1 n 

September 1981 

W1lcox Hosp1tal 1n Kaua1, Hawa11 35 kW (electncal) and 230 kW 

(thermal) system, became operat1onal 1n January 1982 

Oklahoma C1ty Sc1ence and Art Center (Omn1plex) 135 kW system, 

t1ed to the Oklahoma Gas and Electr1c gnd, became operat1onal 1n 

March 1982 

BDM Bu1ld1ng 1n Albuquerque, New Mex1co 47 kW (electr1cal) and 280 

kW (thermal) on rooftop became operat1onal 1n July 1982 

DFW A1rport Solar Power System comb1ned photovolta1c and photo

thermal system, 27 kW (electncal) and 140 kW (thermal as 57°C 

water), operat1ng cont1nuously from September 1982, to date No 

s1gn1f1cant performance degradat1on has been detected yet [8] 

Georgetown Unwers1ty 1n Wash1ngton, D C PHENEF (Photovolta1c 

H1gher Educat1on Nat1onal Exemplar Fac1l1ty) program to prov1de 
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ut1l1ty-1nteract1ve PV power for the Intercultural Center, completed 

1n Fall 1984 

The comm1ss1on of the European Commun1t1es has 1mplemented a ser1es 

of 15 PV p1lot proJects rang1ng 1n s1Ze from 30 to 300 kW, w1th an 

aggregate 1nstalled capac1ty of 1 MWp [9]. The systems are 1nstalled 1n 

8 d1fferent countr1es, but w1th the same mon1tonng system. The pro

Jects were completed 1n the 1983-84 t1me frame and data are be1ng gath

ered to accumulate deta1led 1nformat1on on cost, performance, operat1on, 

rel1ab1l1ty, and ma1ntenance All the data are transm1tted to J01nt 

Research Center at Ispra for analys1s. 

1 1.3 Prom1ses and Prospects 

Foss1l fuels, nuclear f1ss1on, and hydroelectr1c generat1ng plants 

are expected to supply the bulk of the electr1c1ty needs of the Un1ted 

States through the year 2000 However, susta1ned research and develop

ment have resulted 1n steady 1ncreases 1n the eff1c1enc1es of solar 

cells and 1n substant1al decreases 1n photovolta1c (PV) module costs 1n 

the recent past, po1nt1ng to a br1ght future for ut1l1ty-scale appl1ca

t1ons of photovolta1cs (see references 1, 7, and 10) 

Ut1l1ty 1nterest 1n photovolta1c technology 1s stead1ly 1ncreas1ng 

[11,12] and most of the future sh1pment of PV modules 1s expected to be 

to ut1l1t1es The emphas1s of Federal support has sh1fted towards bas1c 

research and away from 1 arge proof-of-concept exper1ments But the 

Federal government cont1nues to be one of the maJor players 1n determ1n-

1ng the rate of growth of PV technology and use by 1ts plans to extend, 

mod1fy, or el1m1nate res1dent1al and bus1ness solar tax cred1ts 
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P1e future of PV for terrestnal appl1cat1ons looks very br1ght 

S1ngle crystal and polycrystall1ne cells w1th cell eff1c1enc1es of 20% 

and array eff1c1enc1es of 17 to 18% are expected to be commerc1ally 

ava1lable [13]. Sheet grown s1l1con arrays at $1/Wp and amorphous 

s1l1con modules (operat1ng at 9% eff1c1ency) at less than $1/Wp are also 

pred1cted to make the1r way 1nto the PV scene. The com1ng years w1ll 

see many more of what EPRI calls 11 S011d-state power plants .. lntercon

nected w1th ut1l1ty gr1ds 1n the Southwestern part of the US f1rst and 

elsewhere later 

1 2.1 H1story 

1.2 W1nd Electr1c Convers1on Systems 

and Electr1c Ut1l1t1es 

For centur1es, human be1ngs have been fasc1nated by the w1nds 

sweep1ng across the earth. They have harnessed w1nd for useful purposes 

for almost the same length of t1me. W1ndm1lls and waterm1lls were the 

f1rst eng1nes dev1sed by humans [14] F1rst w1ndm1lls were used for the 

{]enerat1on of electr1c1ty dur1ng the 19th century Early developments 

1n th1s f1eld took place most l1kely 1n European countr1es, notably 1n 

Denmark, France, Germany, and Harland In Denmark, generat1on of power 

from w1nd became a necess1ty due to a cutoff of 95% of the1r fuel supply 

dur1ng the f1rst and the second world wars Because of the early 

successes, the ne1ghbonng countnes -- England, France and Germany, 

developed small and large w1nd systems for the generat1on of 

electr1c1ty Almost all of the proJects had to be abandoned because of 

frequent techn1cal problems and the h1gh cost 1nvolved 1n the1r repa1r 

[15] 
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The 200 kW Gedser m11l 1n Denmark (1956-1957), [16], the Best 

Roman1 (800 kW) near Par1s (1958-1963), [17], the 100 kW un1t 1n Orkney, 

UK. 1952-1956, [18,19], and 100 kW Hutter•s system 1n Germany (1958), 

[20,21] are among the large w1ndm1lls bu1lt and successfully operated 1n 

Europe. 

In the Un1ted States, early s1gn1f1cant works 1n th1s area were 

1n1t1ated by Palmer Putnam 1n 1934 [22]. The Sm1th-Putnam•s 1250 kW 

w1nd plant was comm1ss1oned and bu1lt on October 19, 1941. The proJect 

was abandoned JUSt after one of 1ts blades broke off 1n March, 1945 and 

1t was not repa1red due to the subsequent preoccupat1on of the country 

w1th World War II [23]. 

The 011 embargo of 1973, 1ncreas1ng consumpt1on of energy dunng 

the decade of the sevent1es, real1zat1on of the l1m1tat1ons of foss1l 

fuels, large 1ncreases 1n fuel costs, and publ1c awareness of the env1r

onmental 1mpacts of unrestr1cted consumpt1on of foss1l fuels have encou

raged the 1nterest 1n w1nd power 1n the Un1ted States. A number of 

parallel actw1t1es under 45 d1fferent proJects on w1nd energy conver

S1on systems research development and des1gn were 1n1t1ated by Energy 

Research and Development Adm1n1strat1on (now the Department of Energy) 

along w1th NASA 

1 2 2 Recent Developments 

A recent EPRI survey (1979) 1nd1cated that 83 w1nd energy proJects 

were be1ng conducted by 51 electr1c ut1l1t1es 1n the Un1ted States [24] 

For 1nstance, Pac1f1c Gas and Electr1c Co and Southern Cal1forn1a 

Ed1son Co have 1ncluded w1nd electr1c capac1t1es of 82 5 and 43 MW (1n 

terms of mach1ne rat1ngs) repect1vely 1n the1r generat1on expans1on 
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plans for 1990. An agreement has been s1gned by Hawa11an Electr1c Co., 

Inc. to buy up to 80 MW (mach1 ne rat1 ngs) of Wl nd-generated power by 

1985 from a prlVate f1rm wh1ch w1ll reta1n ownersh1p of the w1nd ma

chlnes. 

Federal w1nd energy program act1v1ty under DOE d1rect1on was de

Slgned to be broadly based. Small w1nd mach1nes w1th rated output less 

than 100 kW st1ll represent an 1mportant area of attent1 on for the 

Federal program [24]. The pr1mary focus 1s to learn about the perform

ance, eff1c1ency, dynam1cs, and other techn1cal 1ssues assoc1ated w1th 

the many small commerc1al mach1nes that have been developed w1thout 

government fund1ng. 

Several megawatt-scale w1nd turb1nes wh1ch are generally the pro

duct of aerospace technology are 1n operat1on today. They are produc1ng 

energy as we 11 as va 1 uab 1 e data on the1 r 1 ong-term performance and 

econom1cs [25]. 

Over 100 act1ve compan1es and 85 operat1ng w1nd power stat1ons were 

reported by an EPRI-sponsored survey 1n 1983. Accord1ng to the state 

energy comm1ss1on, 1n Cal1forn1a, home to most of the w1nd turb1nes, an 

est1mated 500 MW would be on l1ne by the end of 1984. 

Over 3,600 w1nd systems w1th a comb1ned capac1ty of 239 MW 

(1nstalled) were 1n the U.S. by the end of 1983. About 8,200 w1nd 

turb1nes hav1ng a total capac1ty of over 613 MW were 1nstalled 1n the 

U.S. at the end of 1984. Over 4,500 add1t1onal turb1nes w1th total 

capac1ty of over 374 MW, were 1nstalled by the developers 1n Cal1forn1a 

and other states, by the end of 1984 [26]. 

Southern Cal1forn1a Ed1son Co., PG&E, and San D1ago Gas & Electr1c 

Co. are the maJor ut1l1t1es 1n the U.S. ga1n1ng exper1ence 1n 
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1ntegrat1ng w1nd energy from 1ndependent producers w1th the1r 

transm1ss1on and d1str1but1on systems In add1t1on, PG&E and SCE are 

both 1nvolved 1n WHld turb1ne test1ng programs of the1r own SCE lS 

test1ng four d1fferent mach1nes at San Gorgon1o Pass, 1nclud1ng a 500-kW 

vert1cal ax1s eggbeater-type turb1ne made by DAF Indal Ltd of Canada 

PG&E 1s 1nvolved w1th a MOD-2 near the Carqu1nez Stra1ts northeast of 

San Franc1sco (see reference 25). 

The w1nd 1ndustry had an excellent year 1n 1985 About 5,000 w1nd 

turb1nes w1th a total 1nstalled capac1ty of 485 MW were 1nstalled 1n 

Cal1forn1a By the end of 1985, an est1mated 13,189 w1nd turb1nes w1th 

a total capac1ty of 1,098 MW, had been 1nstalled on w1ndfarms 1n 

Cal1forn1a 

The electr1cal energy product1on by w1nd farms has shown a dramat1c 

1ncrease The total generated electr1c1ty amounted to 632 2 x 106 kWh 

by the Cal1forn1a's w1ndfarms 1n 1985 alone Th1s amount of energy 1s 

more than tr1ple the 183 2 x 106 kWh generated by the w1nd farms 1n the 

same state 1n 1984 Accord1ng to the number of turb1nes 1nstalled, by 

the end of 1985, the total comb1ned generated energy of the w1ndfarms 

should eas1ly exceed 106 kWh 1n 1986 [27] 

PG&E 1s one of the largest 1nvester owned ut1l1t1es 1n the US, 

serv1ng the demands of 3 5 x 106 electr1c customers 1n add1t1on to 2 9 x 

106 gas customers, set a new all-t1me area peak demand load of 16,507 

MW, 1n July 9, 1985 Of th1s, 7% energy m1A needs were expected to be 

suppl1ed from alternat1ve sources 1nclud1ng w1nd and solar Th1s 

contr1 but 1 on 1 s proJected to 1 ncrease to 27% of the ut 111 ty • s need 1 n 

1995 [28] 
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Obv1ously, w1nd-electr1c convers1on 1s cons1dered ser1ously as an 

alternat1ve by PG&E. Conceptual des1gn of w1ndplant, pool1ng the 

resources of many eng1neer1ng departments, namely, Eng1neer1ng Research 

Department and Generat1on Plann1ng and S1t1ng Department has already 

begun by the company. It 1s also est1mated that there were 5,503 w1nd 

turb1nes, w1th total capac1ty of 524 MW, 1nstalled 1n the PG&E's serv1ce 

at end of 1985 [28]. 

SCE 1s another maJor electr1c ut1l1ty 1n U.S., wh1ch have 1nstalled 

about 7,686 w1nd turb1nes hav1ng a total capac1ty of 574.3 MW 1n 1t's 

terr1 tory. Of these, 95% were connected to the gr1 d, and the rest 1 s 

expected to be on-l1ne soon (see reference 27}. 

Severa 1 European countr1 es and Canada a 1 so have substant1 a 1 w1 nd 

turb1ne development programs. Research and development program 1n 

Canada has focused ma1nly on vert1cal ax1s mach1nes. Megawatt-scale 

hor1Zontal-ax1s des1gns are ma1n focus 1n Sweden and West Germany. 

Industr1al f1rms for the Kernforschungsanlage Zul1ch (KFA), wh1ch 

manages the German w1nd program, bu1lt the Grow1an I (3-MW, 100-m-rotor 

mach1ne near Brunsbuttel), and the Graw1an II, near Bremerhaven wh1ch 

boasts the world's largest s1ngle-blade turb1ne. The Grow1an I, boasts 

the world's 1 argest-d1 ameter rotor and features a var1 ab 1 e-speed gen

erator. 

Several hundred mach1nes 1n the 50-kw range were operat1ng through

out Denmark by 1983. Two 630-kW w1nd turb1nes at N1be, are be1ng oper

ated by the Dan1sh ut1l1ty Elsam. Although Denmark was frontrunner 1n 

w1nd turb1ne technology, at present 1t 1s 1nvolved only w1th smaller 

des1gns compared to Sweden's and Germany's megawatt-scale mach1nes. 
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A mult1turb1ne development on the 1solated Orkney Island power 

system has been planned by the Un1ted K1ngdom as a maJor step 1n devel

oplng w1nd resources A 250-kW, 20-m-rotor turb1ne has already been 

placed 1n operat1on by an 1ndustr1al group of aerospace, energy, and 

construct1on f1rms, and a 3-MW, 60-m des1gn was scheduled for complet1on 

1n 1985 Two other large turb1nes are planned at the s1te for future. 

Other nat1ons, notably Austral1a, Braz1l, France, Japan, the 

Netherlands, and Norway have s1gn1f1cant, but more-modest and less

advanced, w1nd energy programs 

1.2.3 Prom1ses and Prospects 

A comb1nat1on of econom1c, techn1cal, and pol1t1cal factors has 

pushed further 1nto the future the t1me when large, megawatt-scale w1nd 

turb1nes may be con$1dered as a v1able commerc1al electr1c power genera

tlon technology unt1l the ach1evement of techn1cal advances 1n the 

technology of large turb1nes Current test and ref1nement programs on 

ex1st1ng large turb1nes are necessary not only to 1mprove them but also 

to ach1eve the 1ns1ghts whl<h can be helpful to advance the technology 

of smaller turb1nes [25] 

The a1m of the Federal program 1s to reduce w1nd generat1on costs 

down to compet1t1ve levels. Focuss1ng on s1mple mach1nes w1th 1mproved 

performance, 1 nexpens 1 ve flex 1 b 1 e towers and cheaper rotor b 1 ades and, 

eventually, mass product1on 1s the maJor thrust to reduce cap1tal costs 

Although 1n some parts of the U S w1nd-electr1c generat1on 1s used 

to generate valuable energy and exper1ence as well, the technology 

should st1ll be cons1dered as 1n the R&D stage Almost all w1nd tur

blnes have exper1enced some mechan1cal problems, and ma1ntenance as well 
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as operat1on costs have been h1gh. In sp1te of all of the problems w1th 

some w1nd systems and other d1sappo1ntments, there rema1ns cause for 

opt1m1sm that w1nd generated electr1c1ty could be compet1t1ve 1n certa1n 

selected reg1ons of the world w1th good w1nd reg1ons. 

1 3 Forecast1ng Concepts Appl1ed 

to Power Systems 

Electr1c ut1l1t1es have been 1nterested 1n power system load fore-

cast 1 ng for many years Recently 1t has become one of the maJor re-

qu1rements 1n effect1ve and eff1c1ent power system plann1ng 

sons for th1s are as follows 

1 The grow1ng complex1ty of power systems. 

2. Increas1ng consumer demands 

The rea-

3. Rap1d 1ncreases 1n the cost of 011 as well as other fuels 

An appropn ate 1 oad forecast 1 s the bas 1 s of a 11 ut 11 1 ty p 1 an-

n1ng In fact, load forecasts are the start1ng po1nts of most operat1ng 

and plann1ng dec1s1ons such as generatlon expans1on, 1nclud1ng the 

1ntegrat1on of alternat1ve power generat1on schemes such as photo

volta1cs and w1nd-power generat1on 1n electr1c ut1l1t1es. 

Unconvent1onal power generat1on systems d1ffer s1gn1f1cantly from 

convent1onal ut1l1ty equ1pment Consequently, under h1gh penetrat1ons, 

they may cause 1nadequac1es 1n the ex1st1ng load forecast1ng techn1ques 

normally employed 1n trad1t1onal ut1l1ty systems work Such 1nad-

equac1es may cause severe problems 1n the plann1ng and operat1on of the 

system from the v1ew po1nts of econom1cs and rel1ab1l1ty [29] 

The necess1ty of pr1or knowledge of the load 1s cr1t1cal from the 

des1gn, operat1on and control po1nts of v1ew for the ut1l1ty system 
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s1nce they are respons1ble to meet the power demanded by the1r consumers 

1n a rel1able manner. 

1.3.1 Role of Forecast1ng 

The usefulness of any load forecast1ng techn1que depends on 1ts 

ab1l1ty to supply 1nformat1on for the follow1ng tasks [29,30]. 

1. System and generat1on plann1ng. 

2. Transm1ss1on and d1str1but1on plann1ng. 

3. System operat1on and revenue forecast1ng. 

4. Un1t comm1tment and econom1c d1spatch. 

5. System secur1ty. 

Many d1verse 1ssues, 1nclud1ng load forecasts, must be cons1dered 

1n mak1ng generat1on plann1ng dec1s1ons. Determ1nat1on of generat1on 

add1t1ons based on the requ1red reserve marg1n (dlfference between net 

system capab1l1ty and system peak load) 1s frequently done by us1ng 

est1mated future peak loads. 

In mak1ng assessments 1n the areas of transm1ss1on plann1ng, load 

flow, trans1ent and dynam1c stab1l1t1es, short c1rcu1t calculat1ons as 

well as rel1ab1l1ty analyses, the 1mportance of the role of load fore

casts should be kept 1n m1nd (see reference 29). For these, loads have 

to be spec1f1ed 1n more deta1l. For 1nstance, the spec1f1cat1on of real 

and react1ve load components s1multaneously at a number of bus locat1ons 

are requ1red for load flow stud1es [31], and the necess1ty of the char

acterlZatlon of the voltage and frequency dependence of loads are ob

vlous 1n trans1ent stab1l1ty analyses [32]. 

Both energy and max1mum-demand forecasts are necessary for plann1ng 

from an econom1c po1nt of v1ew and for determ1n1ng schedules for 
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1nvestments 1n add1t1onal generat1on and transm1ss1on to prov1de qual1ty 

serv1ce to customers [33]. 

Forecasts of future sales play an 1mportant role 1n the f1nanc1al 

health of a ut1l1ty. They allow the establ1shment of consumer rates 

wh1ch prov1de a feas1ble return on the ut1l1ty's 1nvestment and to 

perm1t the f1nanc1ng of further construct1on and development of 1ts 

system. 

It should be emphas1zed that d1str1but1on load forecast1ng 1s more 

d1ff1cult than overall system load forecast1ng due to the follow1ng 

reasons [34]. 

1. D1str1but1on forecasts have to cons1der the t1m1ng of load 

growth, and the spec1f1c locat1on and s1ze of areas. 

2. Much more data are necessary for d1str1but1on forecasts because 

small geograph1cal areas and 1nd1v1dual large consumers should be con~ 

sldered separately due to the great amount of fluctuat1on 1n load growth 

patterns. 

1.3.2 Types of Load Forecasts Based on the T1me 

Per1ods Cons1dered 

Forecast should be accurate and comprehens1ve as well. Typ1cally, 

the accuracy of a forecast decreases w1th 1ncreas1ng t1me lead. 

Load forecasts over a few m1nutes to a few days ahead are helpful 

1n address1ng ma1ntenance schedul1ng problems for handl1ng un1t commlt

ment and econom1c d1spatch as well as secur1ty analys1s such as on-l1ne 

load flow solut1on [34,35]. 

Energy forecasts over a per1od of a few weeks to several years or 

more contr1bute to the study of revenue forecast1ng. 
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The maJ on ty of 1 oad forecast 1 ng 1 s done over a pen od of one or 

two years, w1th the establ1shment of budgets for d1str1but1on construc

t1on on an annual bas1s In order to determ1ne a prel1m1nary bas1s for 

allocat1ng resources and to meet the system load proJect1ons, a forecast 

over a f1ve-year per1od 1s requ1red. Establ1sh1ng an overall expans1on 

plan and early purchase of substat1on s1tes and nght-of-ways are de

pendent upon long-term d1str1but1on forecasts covenng a per1od of ten 

to f1fteen years [36] 

1 4 L1terature Survey 

The purpose of th1s sect1on 1s to summarlZe and present a bnef 

rev1ew of some of the recent l1terature on the latest techn1cal and 

econom1c developments, part1cularly 1n photovolta1cs, w1th spec1al 

emphas1s on the top1cs of potent1al 1nterest to the electnc ut1l1ty 

compan1es, espec1ally on load forecast1ng 1n the presence of alternat1ve 

power generat1on technolog1es, and to put the problem under study 1n 

proper perspect1ve 

1 4 1 Alternat1ve Power Generat1on Technolog1es 

Desp1te the potent1al of alternatwe energy sources to supply a 

part of the global energy needs, h1stor1cally, 1nterest 1n such sources 

and systems has been only m1n1mal and sporad1c unt1l recently 

The term alternatwe energy sources 1nclude d1fferent man1festa

t1ons of solar energy (solar rad1at1on, solar heat, b1omass, and fall1ng 

water), geothermal, and somet1mes even nuclear (f1ss1on as well as 

fuss1on). However, th1s d1ssertat10n cons1ders only photovolta1cs and 

w1nd energy convers1on 1n the context of how they 1nfluence ut1l1ty load 
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forecast1 ng. The reason for th1 s focus 1 s that the power generated by 

these two means 1s h1ghly var1able and could adversely affect ut1l1ty 

plann1ng based on load forecast1ng under h1gh penetrat1ons. In con

trast, the outputs of cogenerat1on plants ut1l1z1ng b1omass and other 

resources are "schedulable". 

The background, status, and prospects of photovolta1cs and w1nd 

energy convers1on have already been d1scussed 1n earl1er sect1ons of 

th1s chapter. 

1.4.2 Load Forecast1ng 

Power demand (load) forecast1ng 1s a very d1ff1cult task because of 

the sens1t1v1ty of load to env1ronmental phenomena (e.g. weather, tem

perature) as well as to fluctuat1ons 1n the economy. Many approaches 

have been used 1n electr1cal load forecast1ng, each w1th 1ts own 11m1ta

t 1 ons, advantages and d1 sadvantages that determ1 ne the1 r app 1 1 cab1 1 1 ty 

[37-39]. 

Reyneau [40] was the f1rst to real1ze the necess1ty of cons1der1ng 

demand (load) forecast1ng 1n a power ut1l1ty at a t1me (1918) when most 

ut1l1t1es were 011 or coal f1red w1th qu1te low load dens1t1es. 

Chr1st1aanse [41] used exponent1al smooth1ng by emphas1z1ng the 

analys1s of load data and developed an algor1thm for short-term hourly 

load forecast1ng. Several other researchers, notably Gupta (see refer

ence 33), Keyhan1 [42], Vemur1, et al [43], and Mesl1er [44], used t1me 

ser1es analys1s and Box-Jenk1ns methods to forecast future load 

[45,46]. Sens1t1v1ty of the load demand to weather has been cons1dered 

by Thompson [47], and Keyhan1 and M1r1 [48]. 



20 

Recently, W1ll1s [49] used two-d1mens1onal spat1al frequency anal

ys1s to the power system conf1gurat1on In th1s approach, both the load 

forecast and 1ts error are treated as 1mages, or two d1mens1onal s1g-

nals. He also employed the trend1ng method and used cluster1ng of 

h1stor1cal load at the small area level 1n the forecast algor1thm to get 

better results over normal curve f1t method [50]. In add1t1on, he 

extrapolated load growth for d1str1but1on plann1ng [51]. 

The most recent 1 oad forecast 1 ng research has been done by W1 11 1 s 

and Tram [52] for use 1n transm1ss1on plann1ng They have 1nvest1gated 

two aspects (1) the effect of forecast1ng error on transm1ss1on system 

plann1ng, the (11) procedures requ1red to generate forecasts 

maJor conclus1ons are reproduced below. 

Future substat1on loads are a funct1on of both dec1s1ons 1n 
future d1str1but1on plann1ng and also of the chang1ng nonun1-
form geograph1c d1str1but1on of load. Spat1al correlat1on of 
error 1s as 1mportant 1n determ1n1ng 1mpact as 1n the average 
magn1tude of the errors The transm1ss1on system planned from 
an 1ncorrect forecast may funct1on but fa1l to meet cont1n
gency cnter1a 

1 4.3 Load Forecast1ng 1n the Presence of 

Alternat1ve Power Generat1on Technolog1es 

The1r 

Cons1derable work has been done 1n recent years on the problem of 

ut1l1ty electr1cal load (demand) forecast1ng. All these methods assume 

that only convent1onal generat1on sources are present So far, not much 

attent1on has been g1ven to the effects of the presence of alternat1ve 

electr1c power generat1on such as photovolta1cs and w1nd power genera

t1on, on ut1l1ty load forecast1ng. 

The app 1 1 cat 1 on of c 1 ass 1 ca 1 forecast 1 ng techn1 ques to 1 oad fore-

cast1ng 1nclud1ng the 1ntegrat1on of new energy technolog1es, problems 
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ar1s1ng due to the presence of new energy technolog1es, and the neces

Slty of mod1fy1ng demand load forecast1ng models have been brought up by 

the most recent works of Camerford and Gell1ngs (see reference 37), F1nk 

and Feero [53], Ruane and F1nger (see reference 29), Bose and Anderson 

[54], and Chalmers, et al [55]. T1me ser1es analyses have been used to 

s1mulate hourly global rad1at1on sequences [56], and to suggest a model 

to forecast solar rad1at1on data [57]. T1me ser1es models have also 

been used to s1mulate and forecast w1nd speed and power output of wlnd

electrlc convers1on system [58], to determ1ne a model for w1nd speed 

[59], and to analyze w1nd stream and turb1ne power [60]. These top1cs 

w1ll be d1scussed further 1n the forthcom1ng chapters because of the1r 

relevence to the present effort. 

1.5 Problem Statement 

Several new electr1c generat1on technolog1es are be1ng 1ntroduced 

at present by homeowner and bus1 nesses under encouragement from PURPA 

(Publ1c Ut1l1ty Regulatory Pol1c1es Act) and the number of systems 

com1ng on l1ne 1s grow1ng very fast. 

As the penetrat1on of new generat1on technolog1es 1ncreases, the1r 

presence w1ll have to be cons1dered 1n load forecast1ng. Th1s 1s the 

problem stud1ed 1n th1s work. 

Photovolta1cs and w1nd-electr1c systems depend on renewable resour

ces (solar rad1at1on and \'llnd) wh1ch have 1nherent short-term var1a

t1ons. They v1olate almost all the assumpt1ons made 1n analyz1ng 

convent1onal generat1on systems. The1r power outputs are h1ghly varl

able because they depend on meteorolog1cal factors, 1t 1s d1ff1cult to 

control power qual1ty, output and demand are weather dependent and so 
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they both are correlated to some extent, and systems can be bu1lt 1n 

small un1ts colocated w1th the load and therefore d1str1buted throughout 

the gr1d. F1nally, they can be 1nstalled by customers as well as by 

ut1l1t1es. 

These two technolog1es (PV and w1nd-electr1c) have the h1ghest load 

forecast 1 ng barr1 ers among a 11 the new gene rat 1 on techno 1 og1 es be1 ng 

cons1dered at the present t1me. 

From the PV system po1 nt of v1 ew, the f1 rst step 1 s to derlVe an 

algor1thm to calculate PV output under var1able 1nsolat1on, temperature 

and w1nd speed cond1t1ons 1n the form of a t1me ser1es des1gnated as 

11 PVTSALG0 11 • 

Tne output of th1s algor1thm, along w1th the output of w1nd 

electr1c systems are used to forecast the 11 net 11 demand of a ut1l1ty 1n 

the presence of photovolta1c and w1nd electr1c systems. 

1.6 Method of Analys1s 

To reach the goal of assess1ng the 1mpact of gr1d-connect PV and 

w1nd electr1c convers1on systems from the load forecast1ng po1nt of 

v1ew, the follow1ng step-by-step procedure w1ll be followed. 

(1) Develop an algonthm to calculate PV system output under 

var1able 1nsolat1on, temperature, and w1nd speed cond1t1ons. Also 

rev1ew and formal1Ze the method to calculate w1nd electr1c convers1on 

system (WECS) output. 

(11) Employ the algor1thm developed 1n (1) 1n conJunct1on w1th 

un1var1ate t1me ser1es analyses to forecast the 1nsolat1on, amb1ent 

temperature, and w1nd speed to calculate (forecast) PV system output for 

both two-ax1s flat-plate and concentrator systems The f1nal forecasts 
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of "net" demand are obta 1 ned by subtract 1 ng the ca 1 cu 1 a ted PV system 

output from the load forecast. 

(111) Calculate PV system output for both two-ax1s flat-plate and 

concentrator systems from raw h1 stor1 ca 1 data f1 rst and then forecast 

these outputs us1ng su1table models. Once aga1n, forecasts of the f1nal 

"net" demand are obta1ned by subtract1ng the sum of the calculated PV 

output from the load forecast. 

(1V) The h1stor1cal "net" demand wh1ch 1s equal to the actual 

demand m1nus the PV output 1s calculated and w1ll be used as f1nal data 

to forecast the future "effect1ve" demand. 

( v) The steps outl1 ned 1 n ( 11) through ( 1 v) w1ll be repeated for 

the case of gr1 d-connected PV and w1 nd e 1 ect r1 c convers 1 on systems to 

calculate (forecast) f1nal "net" demand on the ut1l1ty. 

(v1) Study the 1mpact of temperature on load and 1ts effect on the 

forecast1ng model1ng procedures by us1ng mult1ple t1me ser1es analyses. 

The hourly load and temperature data used 1n th1s study were pro

V1 ded by the Pub 11 c Serv1 ce Company of Ok 1 ahoma ( PSO) and the rest of 

the data were obta1ned from Solmet tape [61]. 

The results w1ll be tabulated and presented 1n the form of fam1l1es 

of curves. Moreover, these tables and curves should be d1scussed and 

some useful conclus1ons w1ll be drawn wh1ch may be helpful 1n plann1ng 

stud1es. Further, th1s study w1ll also form a good background for 

further research work and ref1nements that are yet to come. 

1.7 Organ1zat1on of the Thes1s 

Chapter II summarlZes the 1mpacts of alternat1ve electr1c power 

generat1on on the ut1l1ty system, brought about by the s1gn1f1cant 
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d1 fferences between convent 1 on a 1 and unconvent 1 on a 1 techno 1091 es. 

Ut1l1ty-related 1ssues, 1mpacts and concerns as well as barr1ers to load 

model1ng and load forecast1ng are also d1scussed. 

Chapter III presents an approach and develops an algor1thm to 

calculate PV system output under var1able 1nsolat1on, temperature, and 

w1nd speed cond1t1ons 1n the form of a t1me ser1es, des1gnated 

"PVTSALGO". Th1s algor1thm has been tested and used to calculate the PV 

output for d1fferent sets of selected data. Calculat1on of the power 

output of a w1nd electr1c convers1on system 1s also d1scussed 1n th1s 

chapter. 

Chapter IV develops models to calculate and forecast the net-demand 

by us1ng un1var1ate t1me ser1es analyses 1n the presence of PV for two

axls track1ng flat-plate and concentrator systems. Next the case of PV 

and w1nd ex1st1ng together 1s cons1dered. The 1nclus1on of the 1mpact 

of temperature on load by us1ng mult1ple t1me ser1es analyses 1s also 

d1scussed. 

Concl ud1 ng remarks and suggest1 ons for further work are 91 ven 1 n 

Chapter IV, followed by a l1st of references and append1x. 



CHAPTER II 

THE IMPACT OF ALTERNATIVE ELECTRIC 

POWER GENERATION TECHNOLOGIES ON 

A UTILITY SYSTEM 

2 1 D1st1ngu1sh1ng Features of Alterat1ve 

Power Generat1on Technolog1es 

S1nce the early sevent1es when the pr1ce and l1m1tat1ons of foss1l 

fuels as well as the qual1ty of the env1ronment became publ1c 1ssues, 

alternat1ve electr1c power generat1on has become a top1c of world-w1de 

1nterest Unt1l econom1cal and rel1able energy storage and reconvers1on 

systems are ava1lable, large-scale use of most of the alternat1ve energy 

sources w1ll be 1n the form of convers1on to electncal energy, to be 

pumped 1nto an ex1st1ng ut1l1ty system The 1mpacts of such gnd

connected operat1on on the electr1c ut1l1ty are d1scussed 1n th1s chap

ter 

The new (alternat1ve) technolog1es are substant1ally d1fferent from 

convent1onal generators used by electr1c ut1l1t1es Many of the assump

t1ons made about electr1c power generators and loads 1n trad1t1onal 

models of electr1c power systems may be v1olated by one or more aspects 

of unconvent1onal generat1ng systems Examples of the assumpt1ons 

1nvolved are enumerated below 

1 Electr1c power generators are not 1nterm1ttent, they are d1s

patchable when they are not on ma1ntenance 

25 
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2 H1gh qual1ty (ut1l1ty-grade) three-phase power w1th a control

lable power factor 1s produced by convent1onal generators. 

3 The power generated 1s essent1ally 1ndependent of the weather 

cond1t1ons and demand. 

4 Convent1onal generators are bu1lt 1n large un1ts (100 to 1500 

MW) and they operate very eff1c1ently (> 95%). They are typ1cally 

located at some d1stance from the load. 

5. All new capac1ty 1s planned and constructed by the ut1l1t1es 

themselves. 

6 The ut1l1ty controls all the electr1c power generated 

Unconvent1onal generat1on systems greatly d1ffer 1n the1r attr1-

butes as compared to convent1onal electnc power generators. Such 

attr1butes can present spec1al des1gn and analys1s d1ff1cult1es for 

ut1l 1t1es whose ex1st1ng plann1ng and operat1on methods have been de

S1gned based on convent1onal generat1on Every new technology w1th 

potent1al load model1ng and forecast1ng barners d1ffers from conven-

t1onal generat1on 1n one or more of the follow1ng aspects scales of 

un1ts, 1nterm1ttent operat1on, correlat1on w1th load, ownersh1p, d1s

patchab1l1ty, power qual1ty, and load sh1ft1ng (see reference 29) 

2 1.1 Small Scale 

In contrast to convent1onal systems (wh1ch have exh1b1ted econom1es 

of s1ze w1th a m1n1mum of about 100 MW), the new technolog1es, such as 

w1nd, photovolta1cs, fuel cells, and battenes have no clearly def1ned 

m1n1mum econom1c s1ze The small scale of the alternat1ve technolog1es 

has several 1mpl1cat1ons F1rst, the un1ts do not need to be located at 

a central locat1on far from the load, they could be co-located w1th the 
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load 1n many small un1ts Second, 1n contrast to the all-or-nothlng 

capac1ty add1t1ons assoc1ated w1th large thermal un1ts, alternat1ve 

generat1on capac1ty m1ght be constructed 1n small 1ncrements 1n response 

to 1ncreases 1n the load. 

2 1.2 Interm1ttent Output 

Two bas1c assumpt1ons (1ntroduced earl1er) are made 1n the model1ng 

and operat1on of electr1c power systems. The f1rst one 1s that system 

operators can 1ncrease the power output of a convent1onal generator up 

to 1ts rated capac1ty at any t1me Another assumpt1on 1s that a con

ventlonal generator can generate power at any t1me except when 1t 1s out 

on ma1ntenance or repa1r These two assumptlons could be v1olated by 

the 1nterm1ttent power output from some of the alternat1ve generat1ons, 

spec1f1cally solar and w1nd Both w1nd and 1nsolat1on have short-term 

var1at1ons and strong da1ly as well as seasonal var1at1ons, 1n add1t1on 

to be1ng dependent on weather cond1t1ons Consequently, they are 

uncerta1n and uncontrollable 

2 1 3 Correlat1on of Generat1on w1th Demand 

The ma1n advantage of solar and w1nd systems 1s that the1r lncre-

mental energy cost 1s essent1ally zero As such, the output of solar 

and w1nd systems 1s used whenever 1t 1s ava1lable Consequently, the 

or1g1nal demand m1nus the new generat1on would be the net demand on 

convent1onal generators 

Unl1ke the assumpt1on that load forecast1ng and power generat10n 

stud1es can be undertaken 1ndependently 1n the case of trad1t1onal 

systems, 1n the case of unconvent1onal systems, power generat1on 1s 
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dependent on meteorolog1cal effects Unconvent1onal power generat1on 1s 

correlated w1th components of the load 

Load frequency control (LFC) ra1ses and lowers convent1onal genera

tlon to make 1t follow the load by send1ng control s1gnals once every 

few seconds The necess1ty of hav1ng generat1on under control 1s 

obv1ous and convent1onal generators have adequate response rates to 

follow the load (see reference 54). 

If the outputs of alternat1ve energy systems are not controlled or 

mon 1 to red, thew effect w1 ll be seen by the LFC as neg at lVe 1 oad. As 

ment1oned earl1er, the effectlVe or net load 1s the actual load m1nus 

the new generat1on. Wh1le the actual load could be followed adequately 

by the response rates of convent1onal generators, 1t may not be poss1ble 

to follow the effect1ve or net load when suff1c1ent alternat1ve genera-

t1on 1s present 

The output var1at1ons (and response rates) of some of the unconven

tlonal generators could be much faster than those of convent1onal gen

erators and 1n h1gh penetrat1ons the random effects of the outputs of 

a lternat lVe energy systems cannot be followed by convent 1 on a 1 genera-

tors. 

Th1s po1nts to the des1rab1l1ty of putt1ng the new technol
ogles under control An added advantage 1s that the h1gh 
response rates, wh1ch 1s a d1sadvantage when not controlled, 
can then be used to obta1n better follow1ng of the actual 
load Th1s 1s a benef1t for systems that have ma1nly thermal 
generat10n today as they have d1ff1culty 1n prov1d1ng good 
regulat1on (see reference 54) 

To cons1der the control of the new technolog1es, two d1fferent 

character1st1cs must be taken 1nto account F1rst the un1t s1ze of some 

of these sources 1s very small (1n the kW range) Second, the1r 
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response can be cons1dered 1nstantaneous These 1ssues po1nt to the use 

of block control where many of these generators are sw1tched together 

Such a control could be 1nstalled eas1ly 1n a central plant, but 1s not 

easy when the sources are h1ghly d1spersed. 

The ava1lab1l 1ty of power from the new technolog1es 1s the ma1n 

problem h1nder1ng the1r control. For 1nstance, 1t 1s not poss1ble to 

count on so 1 ar and w1 nd energy resources for a s 1 gn 1 f1 cant amount of 

regulat1on Therefore, suff1c1ent response must be ava1lable from other 

sources dur1ng n1ghtt1me, cloudy, or calm per1ods In th1s case the 

contro 1 of a lternat we energy sources prov 1des no advantage. The 1n

stallat1on of adequate amounts of storage dev1ces such as batter1es w1th 

fast response 1s one poss1ble solut1on to th1s problem, but the cost 1s 

proh1b1t1Ve at present However, storage dev 1 ces cou 1 d be used for 

control when the new generat1on sources cannot generate power. 

Although the regulat1on of a thermal generat1on system can be 

1mproved by us 1 ng the 1 nstantaneous response of some of the unconven

t1onal technolog1es, 1t must be ment1oned that the LFC cycle 1s a slow 

one, spec1ally 1f long commun1cat1on delays are 1nvolved At present, 

power systems ut1l1Ze the stored energy 1n the mert1as of the rotors 

for 1mmed1ate regulat1on 1n the case of maJor d1sturbances Because 

most of the alternatlVe technolog1es do not have th1s 1nert1a and the 

assoc1ated reserve energy, the result m1ght be poor regulat1on for 

changes that exceed th1s storage reserve The trad1t1onal stored energy 

w1ll be reduced relat1ve to system s1ze 1n the case of h1gh penetrat1ons 

of the new technolog1es 
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2.1.4 Ownersh1p 

The ownersh1p 1s the one of the factors wh1ch affects the control

lablllty of the new technolog1es. The Publ1c Ut1l1ty Regulatory 

Poll c1 es Act (PURPA) encourages d1 spersed ownersh1 p to generate power 

and to se 11 the excess to the ut 111 ty. But the quest 1 on of the re 1 a

tlonshlp between the ut1l1ty and the owner 1s left open. Some of the 

new generat1on methods do exh1b1t econom1es of scale that make power 

generat1on w1th small capac1t1es econom1cally v1able. 

The above 1ssues allow dec1s1ons of how much capac1ty to construct 

and when to construct under the control of both the consumers and the 

ut1l1ty. The dec1s1ons made by the consumers present 1ncreased load 

var1ab1l1ty on the ut1l1ty. It 1s necessary for the electr1c ut1l1t1es 

to pred1ct the act1ons of the consumers and also to 1nfluence the1r 

act1on to des1gn and operate the system eff1c1ently. 

2.1.5 Econom1c D1spatch 

At present, almost all generators are controlled from a central 

d1spatch control center to match the power generat1on w1th the demand 

But 1t 1s not clear that th1s w1ll be the case for the alternat1ve 

energy technolog1es. Depend1ng on the technology and the conf1gurat1on, 

new technolog1es may or may not be d1spatchable. 

S1nce d1spatch1ng bo1ls down to d1v1d1ng up the new load among the 

trad1t1onal generat1on sources, those new technolog1es wh1ch are not 

under ut1l1ty control do not affect econom1c d1spatch. 

Several d1fferent factors have to be cons1dered 1f the new energy 

sources are under ut1l1ty control. S1nce the 1ncremental generat1on 

cost 1s zero for new technolog1es ut1l1z1ng renewable energy sources, 
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they should be d1spatched completely. The except1on among those are the 

un1ts be1ng ut1l1zed for regulat1on. 

Other technolog1es such as fus1on, MHD, b1omass, and OTEC, are 

1nd1st1ngu1shable from trad1t1onal technolog1es from the d1spatchab1l1ty 

po1nt of v1ew. 

Small-scale electr1c generators such as hydro and cogenerat1on may 

or may not be d1spatchable depend1ng on the1r ownersh1p and the agree

ments (1f any) between ut1l1ty and owners. Although the ut1l1ty does 

have 1 nd1 rect control through purchase agreements and/or through t1me

of-day and buy-back rates, the ult1mate dec1s1on to generate or not l1es 

w1th the owner and not w1th the ut1l1ty. 

2.1.6 Qual1ty of Power 

Three-phase, 60 Hz, alternat1 ng current at standard voltage w1th 

controllable real and react1ve powers 1s generated by convent1onal 

generators. Some of the new technolog1es such as photovolta1cs and fuel 

cells generate d1rect current. 

In order to be 1nterconnected w1th the gr1d, the de output must be 

1nverted and synchron1zed w1th the ut1l1ty gr1d. Ut1l1t1es have been 

able to set safety and qual1ty standards for the power sold to them by 

owners v1a PURPA. The potent1al effects of a large number of small 

generators on d1str1but1on feeders are yet to be fully 1nvest1gated. 

W1 nd energy systems emp 1 oy1 ng 1 nduct 1 on generators or 11 ne-commutated 

wverters 1n part1cular pose a spec1al problem due to theH react1ve 

power requ1rements. 
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2.1.7 Load Sh1ft1ng 

A customer may sh1ft h1s or her demand to match the output of the 

user-owned new generat1ng un1t. If a buy-back agreement ex1sts w1th the 

ut 111 ty and 1 f the customer rece1 ves a fa 1 r rate for the power, 1 oad 

sh1ft1ng 1s unl1kely to occur because the user w1ll be 1nd1fferent 

between generat1ng and buy1ng power. 

2.2 Ut1l1ty Concerns and Related Issues 

The 1 ntroduct1 on of a new power generat1 on technology such as 

photovolta1cs and w1nd electr1c generat1on 1nto an ex1st1ng electr1c 

ut1l1ty system requues the cons1derat1on and resolut1on of several 

1ssues. They are categor1zed and l1sted below (see reference 7). 

1. Plann1ng 1ssues 

a. Capac1ty d1splacement 

b. Energy d1splacement 

c. Influence on load forecast1ng 

d. Generat1on m1x opt1m1zat1on 

e. T&D system des1gn 

2. Operat1onal 1ssues 

a. Impact on overall system rel1ab1l1ty 

b. Influence on reserve marg1n requ1red 

c Ma1ntenance and repa1r 

d. D1spatch 

e. Weather forecast1ng and 1ts use 

3 Inst1tut1onal 1ssues 

a. S1t1ng 

b Safety 



c. Ownersh1p 

d. Env1ronmental 1mpact 

e. F1nanc1ng 

f. Rate structure 

g. Incent1ves -- tax, deprec1at1on, etc. 

4. Hardware 1ssues 

a. Performance character1st1cs of, as an example, 

( 1 ) PV modules and panels 

( 11) Aeroturb1nes 

( 111 ) Power cond1t1on1ng and 1nterface components 

( lV) Trackers (1f any) and other anc1llar1es 

(v) Ex1st1ng system as seen at the 1nterface po1nt 

b. Cost 
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c. L1fet1me and surv1vab1l1ty under severe weather cond1t1ons 

d. Plant construct1on 

e. T & D construct1on 

It 1s d1ff1cult to address all the ut1l1ty-related 1ssues 1n one 

subsect1on. Therefore, certa1n key 1ssues are 1dent1f1ed and progress 

made 1n these areas are d1scussed 1n some deta1l. For example the 

usefulness of central-stat1on PV plants to a ut1l1ty pr1mar1ly depends 

on the follow1ng factors 

1. Generat1on cost as compared to the alternat1ves, 

2 Match between PV plant output and the system peak demand and 

3. Ab1l1 ty to 1 ntegrate w1 th the rest of the system w1 thout any 

deleter1ous effects. 

Generat1 on costs can be decreased by 1 ower1 ng module costs and by 

1ncreas1ng eff1c1enc1es. PV module costs have been stead1ly com1ng down 
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and cell eff1c1enc1es are be1ng 1ncreased by push1ng the technology 

closer and closer to 1ts phys1cal l1m1t 

Pac1f1c Gas and Electr1c Company (PG&E) has been conduct1ng a 

ser1es of expenments 1n 1ts San Ramon and Dav1s test fac1l1t1es 1n 

Cal1forn1a on the performance of d1fferent types of PV modules [62,63] 

and on the 1nfluence of d1fferent t1lts and az1muthal or1entat1ons (see 

reference 6) on the power output prof1le One of the 1mportant conclu

s1ons was that the output of an array or1ented 60 degrees west-of-south 

w1th a 30 degree t1lt 1s a good match to PG&E•s peak demand per1od, w1th 

a d1str1but1on close to global track1ng and better than d1rect normal 

In add1t1on, the ga1n 1n energy 1n summer months (when 1t 1s most needed 

and valuable to the ut1l1ty) 1s greater for a 30 degree t1lt 60 degrees 

west--of-south onentat1on than for a 30 degree t11t w1th due south 

onentat1on 

The capac1ty factor of a photovolta1c system computed on an annual 

bas1s 1s not a very good 1nd1cator of the match to the system load, 

espec1ally 1n the case of summer-peak1ng ut1l1t1es A better 1nd1cator 

can be est1mated by calculat1ng the capac1ty factor of the PV system 

dur1ng the per1ods when the load 1s w1th1n 90% of the da1ly system peak 

and cons1denng only weekdays Such a calculat1on for the 1MW Lugo 

plant connected to the Southern Cal1forn1a Ed1son (SCE) gr1d 1n 

Cal1forn1a glVes a value of 72% dunng the months of May and June, 

cons1der1ng only the weekday t1me per1ods between 11 am and 5 30 pm 

The exper1ence of Cal1forn1a ut1l1t1es, SCE and PG&E, wh1ch have 

MW-slZe PV systems on the1r gnds has been very good and 1t has 1n

creased the conf1dence that PV could be a v1able generat1on opt1on for 

ut1l1t1es 1n the southwestern part of the Un1ted States 1n the next 
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decade. These plants have essent1ally zero operat1on and ma1ntenance 

costs, are operated largely unattended, and generate s1gn1f1cant amounts 

of electr1cal energy, close to the pred1cted values. The absence of 

surpr1ses bodes well for the future of central-stat1on PV systems as a 

source of ut1l1ty-scale bulk electr1c power generat1on. The performance 

of ex1st1ng central-stat1on PV prOJects 1n Cal1forn1a and related 1ssues 

were d1scussed earl1er 1n sect1on 1.1. 

Ongo1ng act1v1ty 1n w1ndpower 1nd1cates 1ts feas1b1l1ty 1n parts of 

the world endowed w1th good w1nd reg1mes. The results of several maJor 

research efforts to evaluate the value of w1nd energy convers1on systems 

to about 14 electr1c ut1l1t1es 1nd1cate that the WECS breakeven cost 

value 1s h1ghly dependent on several factors w1nd resource, ut1l1ty 

generat1on m1x, assumed WECS penetrat1on, and t1me of WECS 1nstallat1on 

[64]. 

Operat1on of MW-s1ze w1ndfarms 1n Cal1forn1a, w1th SCE and PG&E 1n, 

part1cular, has been a very pos1t1ve exper1ence and 1t has 1ncreased the 

conf1dence that w1nd could also be a good alternat1ve source of electr1c 

power gene rat 1 on for ut 111 t 1 es 1 n the Un1 ted States. However, many of 

the ut1l1ty concerns d1scussed 1n the context of photovolta1cs are 

appl1cable for w1nd electr1c systems also. Important examples of such 

concerns 1nclude the ramp rates requ1red of convent1onal generators, 

effect on rel1ab1l1ty, capac1ty credlt, 1mpact on system stab1l1ty 1n 

the case of sudden 1 arge var1 at 1 ons 1 n the1 r output power, react 1 ve 

power consumpt1on 1n the case of 1nduct1on generators, safety, 

1sland1ng, and a host of econom1c concerns. 



2.3 Barr1ers to Load Model1ng and Load 

Forecast1ng 
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The technolog1es and the1r attr1butes that create the h1ghest 

potent1al for caus1ng load model1ng and load forecast1ng d1ff1cult1es 

have been presented 1n deta1l 1n the prev1ous sect1ons. Table 2.1 

categor1zes the new technolog1es based on the relat1ve levels of antlc

lpated carr1ers. 

Fus1on, MHO, geothermal, fuel cells, solar power satell1te systems 

(SPSS), and ocean thermal energy convers1on (OTEC), rely on trad1t1onal 

fuels or energy sources wh1ch are renewable on long t1me-scales or 

ava1lable at all t1mes and therefore do not show any ser1ous short-term 

var1at1ons. Large centrallZed plants are requ1red for these technol

ogles and they are expected to be ut1l1ty owned, and d1spatched. These 

technolog1es are s1m1lar to convent1onal generat1on from the v1ew po1nts 

of load model1ng and forecast1ng. 

Other technolog1es such as compressed a1r storage and underground 

pumped storage operate 11 ke pumped hydro systems. Storage has been 

stud1ed for many years and presents no new load model1ng and forecast1ng 

barr1ers. 

One new techno 1 gy, customer therma 1 energy storage, affects 1 oads 

by sh1ft1ng thermal and electr1cal demands 1n t1me. It 1s not lntermlt

tent, does not generate any power and can only be 1nfluenced by rates or 

connect1on agreements. 

Sma 11-sca 1 e hydro and b1 omass convers1 on systems depend upon re

sources that are renewed seasonally and therefore are s1m1l ar to the 

hydro-electr1c technology wh1ch 1s w1dely used and well-1ntegrated 1nto 

many electr1c ut1l1t1es. The ma1n d1fference 1s 1n the ownersh1p and 1n 
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the scale of un1ts. Cogenerat1on systems us1ng foss1l fuels also come 

under small-scale non-1nterm1ttent pr1vately-owned technolog1es. 

The 1 ast category of a 1 tern at 1 ve energy techno 1 091 es depend on 

short t1me scale renewable resources such as w1nd and solar. They 

v1olate almost all the assumpt1ons made 1n trad1t1onal models. Power 

output 1s not cons1stently ava1lable because 1t 1s dependent on meteor

olog1cal factors, 1t 1s hard to control power qual1ty, output and demand 

are weather dependent and so are both correlated to some extent, and 

they can be bu1lt 1n small un1ts co-located w1th the load. F1nally, 

they can be 1nstalled by customers as well as by ut1l1t1es. Customer

owned 1nterm1ttent small-scale dev1ces can sat1sfy local load as well as 

produc1ng power for the ut1l1ty. Such generat1on systems present the 

h1ghest barr1ers for load model1ng and load forecast1ng. Th1s dlsserta

t 1 on focuses on these techno 1091 es 1 n the context of short term 1 oad 

forecast1ng. 



TABLE I 

CATEGORIZATION OF NEW TECHNOLOGIES 

No Load Model1ng Barr1ers 

MHO 

Fus1on 

Fuel Cell 

Ocean thermal energy convers1on 

Geothermal 

Solar Power Satell1te 

Low Load Model1ng Barr1ers 

Battery 

Compressed a 1r 

Underground pumped storage 

Small-scale and m1n1-hydro 

B1omass 

Cogenerat1on 

H1gh Load Model1ng Barr1ers 

Photovolta1c 

Solar thermal power 

Solar heat1ng and cool1ng 

Customer thermal storage 
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CHAPTER III 

MODELING THE OUTPUT OF AN ALTERNATIVE 

ELECTRIC POWER GENERATION SYSTEM 

3.1 INTRODUCTION 

Over the past decade, many researchers have contr1buted to the 

analys1s of the effects of penetrat1on of new electr1c power generat1on 

technolog1es (PV and WECS) 1nto electr1c ut1l1t1es and to the develop

ment of models 1n the context of performance pred1ct1on and forecast1ng 

(see reference 29, 37, and 53-60). However, very l1ttle work has been 

done on the use of these results to study the 1mpact of the penetrat1on 

of new generat1on technolog1es on electr1c load forecast1ng. 

One approach to f1nd a solut1on to the problem under cons1derat1on 

1s to develop a t1me-ser1es model for each of the s1gn1f1cant var1ables 

1nvolved and use them 1n the forecast1ng process. Therefore, the neces

S1ty of der1v1ng an algor1thm to calculate PV system output under var1-

able 1nsolat10n, temperature and w1nd speed cond1t1ons 1n the form of 

t1me ser1es 1s the f1rst step 1n the study of load forecast1ng 1n the 

presence of PV. S1m1lar statements apply when w1nd electr1c systems are 

present e1ther alone or alongs1de of PV. 

The next sect1on develops an algor1thm, called "PVTSALGO", for the 

output of a PV system 1n a t1me ser1es form. Th1s 1s followed by the 

development of a t1me ser1es for the output of a w1nd electr1c system 

from known w1nd speed and performance character1st1cs These ser1es are 
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used 1n the next chapter to forecast the load on the electr1c ut1l1ty 

under study 1n the presence of these new electr1c power generat1on 

technolog1es. 

3.2 T1me Ser1es Model for the Output of 

a Photovolta1c System 

In th1s research, central-stat1on PV systems connected to an elec

tr1c ut1l1ty gr1d v1a power trackers and power cond1t1oners w1thout any 

1ntermed1ate energy storage and reconvers1on are cons1dered. 

In contrast to convent1onal generat1on systems 1n wh1ch the 1nput 

depends on the output, the 1 nput to a PV system 1 s f1 xed by extern a 1 

factors such as cloud cover, locat1on, t1me of day, etc. Consequently, 

to m1n1m1Ze generat1on cost, PV systems are operated at or near the1 r 

max1mum power output as far as poss1ble. 

The typ1cal current-voltage character1st1c of a solar cell/module 

1s shown 1n F1gure 1 and the correspond1ng equ1valent c1rcu1t 1s shown 

1n F1gure 2. Under the 1deal1zat1on assumpt1ons, (1) negl1g1ble ser1es 

res1stance, Rs = 0 and (11) very large shunt res1stance, Rsh:::::oo, the 

equ1valent c1rcu1t can be s1mpl1f1ed to the one shown 1n F1gure 3 [65] 

and th1s 1s cons1dered to be adequate for load forecast1ng because of 

the penetrat1on levels expected and also because of the very nature of 

the forecast1ng process and the way 1n wh1ch the results w1ll be used by 

ut1l1ty planners. 

When a constant res 1 stance 1 oad 1 s connected across the output 

term1nals of a PV system, the correspond1ng operat1ng po1nt 1s g1ven by 

the 1ntersect1on of the I-V curve and the constant res1stance l1ne as 

shown 1n F1gure 1. As the load res1stance changes, the operat1ng po1nt 
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moves along the curve (r1ght or left depend1ng on whether the load 

res1stance 1ncreases or decreases). 

It 1s des1rable to make the operat1ng po1nt always co1nc1de w1th 

the max1mum power po1nt, wh1ch 1s not d1ff1cult 1n a stat1c world. 

However, problems ar1se due to the 1nsolat1on vary1ng at d1fferent t1mes 

dur1ng a day. The operat1ng and max1mum power po1nts may be al1gned at 

noon, but w1ll be separated 1n the morn1ng and late afternoon. The load 

may be adJusted to opt1m1ze the power output of the PV system at some

t1me dur1ng a day (say, morn1ng), but 1t could be m1serably out of tune 

at other t1mes unless a max1mum power tracker 1s employed. 

In the present case the PV system 1s feed1ng power to the ut1l1ty 

gr1d whenever adequate 1nsolat1on 1s present. Therefore, 1t 1s reason

able to assume that the power cond1t1oner 1s controlled 1n such a way as 

to adJUSt the output of the PV system to be opt1mal, 1n other words the 

operat1ng po1nt 1s assumed to co1nc1de w1th the max1mum power po1nt 

whenever the PV system 1s operat1ng. Such an operat1on w1ll also m1n-

1m1Ze generat1on cost and tend to make the PV system cost-effectlVe. 

However, the output power w1ll st1ll be vary1ng and 1nterm1ttent because 

of changes 1n 1nsolat1on, amb1ent temperature, and w1nd speed because of 

1ts effect on cool1ng. F1gure 4 shows a s1mpl1f1ed block d1agram of a 

ut1l1ty-1nteract1ve PV system employ1ng a power tracker and a power 

cond1t1oner. 

A PV module cons1 sts of a number of PV cells wh1 ch are usually 

connected 1n ser1es. All the rules that perta1n to one solar cell apply 

to a module as well, except that a module has a h1gher voltage rat1ng 

and a h1gher power output [66]. S1m1lar statements are appl1cable to a 

panel wh1ch cons1sts of several modules, an array wh1ch cons1sts of 
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several panels, a subgroup cons1st1ng of many arrays, a group cons1st1ng 

of several subgroups and ult1mately to the ent1re PV system 1tself. 

In th1s study a typ1cal PV module w1th 35 cells, each hav1ng 81.29 

cm2 area, connected 1n ser1es 1s chosen (ARCO, solar M51 40 Watt solar 

module). Th1s module has the follow1ng spec1f1cat1ons under standard 

cond1t1ons (~eO = 1000 W/m2, Teo = 25 C0 + 0.5 C0 cell temperature) 

Voco = 21.0 volts 

Iso = 2.6 amps 

TJcs = 10.76% 

Pmax = 40.0 Watts 

In order to develop a t1me ser1es model for a PV system output, 

1nsolat1on, w1nd speed, and amb1ent temperature data are requ1red 1n 

t1me ser1es form (hourly data are preferred for th1s study). In addl

tlon, mean values of power tracker and power cond1t1oner eff1c1enc1es 

must be est1mated. The power 1 osses 1 n the connect1 ons should also be 

cons1dered. Power tracker and power cond1t1oner eff1c1enc1es (TJpt' TJpc) 

can be assumed to be approx1mately constant and they are normally h1gh, 

typ1cally h1gher than 90% [67]. 

The max1mum eff1c1ency of a PV cell or module 1s pr1mar1ly depen

dent on the propert1es of the sem1conductor mater1al and cell operat1ng 

temperature. The cell operat1ng temperature 1n turn depends on amb1ent 

temperature, 1nsolat1on, and w1nd speed as 1t 1nfluences cool1ng. S1nce 

the PV system 1s assumed to be operat1ng at max1mum output cond1t1ons, 

the overall eff1c1ency of the PV system can be expressed as follows 

(3.1) 
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The current-voltage character1st1c of an 1llum1nated solar cell or 

module operat1ng at a temperature Tc °K w1th source (short-c1rcu1t) and 

reverse-saturat1on currents of Is and 10 respect1vely, can be expressed 

as follows [68]. 

I = Is - IJ = Is(~e,Tc) + Io(Tc)[1-exp( ~ )] 
KTc 

(3.2) 

The source current Is 1s l1nearly dependent on 1nsolat1on and on cell 

temperature (see reference 67) 

(3.3) 

The dark current Ia 1 s strongly dependent on the cell temperature T c' 

and can be expressed by the follow1ng equat1on for s1l1con cells (see 

reference 65) 

The open c1rcu1t voltage corresponds to I = 0 and 1t can be found 

from (3.2) as 

(3.5) 

I 
S1nce a typ1cal value for the rat1o (~) for a s1l1con cell under stan-

Ia +8 10 dard cond1t1ons 1s 1n the range of 10 to 10+ [69], Voc can be 

approx1mated as 

KT c (Is) -in-
e I 

0 

(3.6) 

wh1ch clearly exh1b1ts the dependence of Voc on cell temperature Tc· 
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It 1s conven1ent to express the character1st1cs of a solar cell 1n 

normal1zed (per un1t) form us1ng Iso and Voco as base values for current 

and voltage. 

I =-

v = _v_ 
pu VOCO 

(3. 7) 

(3.8) 

As a result, the per un1t (normal1Zed) form of equat1on (3.2) can be 

wr1tten as follows 

(3.9) 

I 
for .2.. » 1 (3.10) 

Io 

In Equat1ons (3.9) and (3.10), z 1s equal Voc/Voco· The normal1zed 

power output for a PV cell 1s def1ned as the rat1o of the actual power 

output to the product (Vocoiso). 

p - _...;..V=-I - - V I 
Pu - pu pu 

Vacoiso 
(3.11) 

The eff1c1ency of a cell decreases w1th 1ncreas1ng operat1ng tern-

perature. S1nce Is 1s d1rectly dependent on 1nsolat1on, at any 1nstant, 

w1th a constant 1nput, the eff1c1ency 1s max1mum when the output 1s 

max1mum. 

The per umt output voltage Vmpu correspond1ng to max1mum power 

output cond1t1ons can be found by equat1ng the denvatlVe of Ppu w1th 

respect to Vpu to zero. 

(3.12) 
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Consequently, Vmpu can be found from the follow1ng 1mpl1c1t equa

tlon by us1ng a tr1al and error procedure. It should be noted aga1n 

that the rat1o of source current to dark current 1s assumed to be very 

1 arge. 

1 -~u 
z =1+.!.v 

z mpu tn (~) (3.13) 

The correspond1ng per un1t output current 1s 

I = ~ x vmpu (~)V~pu -ltn(Is) 
mpu I z I I 

sO 0 0 

(3.14) 

The max1mum power output for each cell or module can be wr1tten 1n 

the follow1ng form 

(3.15) 

Consequently, the correspond1ng max1mum eff1c1ency 1s 

p (cj> ,T ) 
~ (cl> T ) = max e c 

max e' c cl>e 
(3.16) 

F1nally, the overall eff1c1ency of a PV system 1nclud1ng losses 1n 

the power tracker and power cond1t1oner can be expressed as follows 

(3.17) 

The power output of the module 1nclud1ng the power losses due to 

1nterconnect1ons becomes 

(3.18) 
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The cell operat1ng temperature Tc can be calculated by the follow-

1ng equat1on for double glazed modules wh1ch are cooled down tw1ce as 

much as the double transparent (PMMA) modules [70]. 

(3.19) 

Th1s procedure can be summar1zed and 1llustrated l1ke what 1s shown 

by F1gure 5. 

The a 1 gor1 thm 11 PVTSALG0 11 can now be made ready for use to compute 

the power output of a PV module for a known set of <1>, T a, and w1 nd 

speed. As an example, Table II l1sts the calculated values of output 

power for the selected PV module us1ng New Mex1co data (see reference 

61) for one day. These values and the correspond1ng 1nsolat1on data are 

shown 1n F1gures 6 and 7 respect1vely. 

3.3 W1nd System Output 

The electr1cal output of a w1nd electr1c system pr1mar1ly depends 

on the w1nd speed, aerodynam1c eff1c1ency of the aeroturb1ne, eff1c1ency 

of the electr1c generator and the eff1c1ency of the 1nterface compo

nents. 

The present trend 1s large (Megawatt scale) w1nd electr1c system 

des1gn and development for operat1on 1n parallel w1th ex1st1ng ut1l1ty 

systems 1s to employ the constant or nearly constant-speed constant

frequency approach (see reference 15). The aeroturb1ne 1s operated at a 

constant speed and 1 ts rotary mechan1 ca 1 output 1 s converted to con

stant-frequency ut1l1ty-grade electr1cal output by a synchronous 

mach1 ne. When 1 nduct1 on generators are used, the aeroturb1 nes have to 

sl1p a l1ttle and consequently operate at a nearly constant speed. In 



Calculate 
Cell Temperature 

Calculate 
Max1mum 

Power Output 

F1gure 5 Algonthm 11 PVTSALG0 11 flowchart 

51 



No Year Month Day 
July 15t 

1 52 7 1 

2 

3 

4 
5 

6 
7 

8 
9 

10 
11 

12 

n 
14 

TABLE II 

TYPICAL PHOTOVOLTAIC MODULE OUTPUT AT DIFFERENT 
TIMES DURING A DAY 

Hours In~ut Amb1ent Cell Tern~. 
KJ/ 2 w/ 2 Temp. OK oc m m (oK) 

6 am 1314 365 290.8 298.6 17.8 

7 2288 635.5 292.4 306.6 19.4 

8 3015 837.5 295.2 314.7 22.2 
9 3293 914.7 298.0 320.4 25.0 
10 3439 955.3 299.1 322.9 26.1 

11 3505 973.6 300.8 325.8 27.8 
12 3535 981.9 302.4 328.3 29.4 
1 pm 3583 995.3 304.7 331.9 31.7 

2 3561 989.2 306.3 334.0 33.3 

3 3490 969.4 306.9 334.3 33.9 
4 3389 941.4 308.0 335.1 35.0 

5 3011 836.4 308.6 332.9 35.6 

6 1638 455.0 305.8 318.5 32.8 

7 719 200.0 303.0 308.3 30.0 

W1nd 
speed 
m/s 

1.5 

1.5 

1.5 
2.1 

3.1 

4.1 
5.1 

2.1 

2.1 

2.1 

2.1 

3.1 

7.2 
5.1 

Output 
w 

14.0 

24.5 

31.7 
34.1 

35.4 

35.8 

35.8 

35.8 

35.3 

34.6 

33.4 

29.7 

16.5 
7.19 
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e1ther case, the electr1cal power output starts at a w1nd speed wh1ch 1s 

called the cut-1n speed and reaches the rated value at a w1nd speed 

wh1ch 1s called the rated speed The electr1cal output rema1ns constant 

at the rated value for further 1ncreases 1n w1nd speed (by appropr1ate 

blade p1tch control) up to the cutout (furl1ng) speed, beyond wh1ch the 

system 1s shut down because of safety reasons Therefore, power output 

1s zero for v ~ vcut1n and v ~ vcutoff The power output character1st1c 

of a typ1cal large w1nd electnc system 1s shown 1n F1gure 8 As an 

example, for the NASA 2 5 MW MOD-2 un1t, the cut-1n speed 1s (3 8 

m/sec), the rated speed 1s (9.8 m/sec), and the cut-out (furl1ng) speed 

1s (12.2 m/sec) The electr1cal output character1st1cs of the MOD-2 can 

be approx1mated by the follow1ng relat1ons [71] 

0 v < vc 

P(v) = 
-0 09048-0 17446v + 0 0515v2, Vc < V< VR 

(3 20) 
PR , VR < v < VF 

0 v > VF 

The DOE/NASA-Lew1s 100 kW MOD-O system had a cut-1n speed of (10 m1/h), 

rated speed of (18 m1/h), and a cut-out speed of (40 m1/h) For the 2 

MW MOD-1 des1gn (by NASA-LeRC), the cut-1n speed was (11 m1/h), the 

rated speed was (25 m1/h), and the furl1ng speed was (35 m1/h) [15] 

The mean hourly w1nd speeds can be eas1ly converted to correspond-

1ng power outputs by employ1ng the power output character1st1c of the 

w1nd electnc convers1on system As an example, Table III l1sts the 

values of output power for the MOD-2 un1t us1ng New Mex1co w1nd data 
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No Year Month 
July 

1 52 7 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

TABLE III 

TYPICAL WECS OUTPUT AT DIFFERENT 
TIMES DURING A DAY 

Day Hours W1nd Output 
1st speed kW 

mls 

1 6 am 1 5 0 0 
7 1 5 o.o 
8 1 5 0 0 
9 2.1 0.0 

10 3 1 0.0 
11 4 1 100 0 
12 5 1 400 0 
1 pm 2.1 0 0 
2 2 1 0.0 
3 2 1 o.o 
4 2 1 0.0 
5 3.1 0 0 
6 7 2 1400 0 
7 5.1 400 0 
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(see reference 61) for one day. These values and the correspond1ng w1nd 

data are shown 1n F1gure 9. 

Because of the comb1ned effects of aeroturb1ne coeff1c1ent of 

performance versus t1p speed rat1o and generator eff1c1ency versus power 

output, the relat1onsh1p between the electncal output and the w1nd 

speed 1s sl1ghtly non-l1near for w1nd speeds between cut-1n and rated 

values. However, 1n the development of t1me ser1es models for use 1n 

load forecast1ng, th1s port1on of the character1st1c can be assumed to 

be l1near w1th very l1ttle 1mpact on the f1nal outcome. 

3.4 D1scuss1on 

Table II and F1gure 7 show that the algor1thm PVTSALGO works well 

and can be used to calculate the power output of (MW-scale) PV system. 

The output and eff1c1ency of a PV system strongly depend on cell operat

lng temperature and 1nsolat1on. The fact 1s revealed 1n the data l1sted 

1n Table II and plotted 1n F1gure 7. For 1nstance, from 11 am through 1 

pm, the PV output rema1ns the same (35.8 W) and then 1t starts to de

crease as the cell temperature 1ncreases dur1ng afternoon hours. 

Moreover, these calculat1ons 1nd1cate the w1nd speed has less 

effect on cell temperature and therefore on the PV output. 

Table III and F1gure 9 1nd1cate the w1de var1at1ons that can be 

expected 1n the output of w1nd electr1c system on an hour-by-hour 

bas1s. Such var1at1ons are one of the reasons for the concerns of 

electr1c ut1l1t1es. In short, the output of PV and w1 nd e 1 ect r1 c 

systems are not "d1spatchable" 1n the convent1onal sense. 

The algor1thm developed for PV and the s1mple procedure used to 

convert w1nd speeds 1nto power outputs of w1nd electr1c systems enable 
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one to obta1n the hourly outputs of new generat1on technolog1es 1n terms 

of the resource var1ables. These are used 1n the next chapter to 

develop the t1me ser1es models further and to employ them 1n load fore

castlng. 



CHAPTER IV 

DEVELOPMENT OF MODELS AND LOAD FORECASTING IN 

THE PRESENCE OF NEW GENERATION TECHNOLOGIES 

4.1 INTRODUCTION 

Electr1cal load forecast1ng of convent1onal generat1on systems has 

been under 1nvest1gat1on for many years. Excellent papers have been 

publ1shed on forecast1ng the load on a convent1onal generat1on system. 

W1th the proJected entry of large scale PV and WECS 1n the decades to 

come and the1r operat1on 1n parallel w1th ex1st1ng ut1l1ty gr1ds, load 

forecast1ng 1n the presence of these new electr1c power generat1on 

technolog1es assumes 1mportance. 

The f1rst and the most 1mportant aspect of forecast1ng 1s obta1n1ng 

a proper mathemat1cal model wh1ch 1s s1mple enough to work w1th, yet 

real1st1c and appl1cable to real-l1fe s1tuat1ons. 

The bas1c character1st1cs of solar and w1nd resources suggest the 

use of short-term (hourly or dally) load forecast1ng approach to con

slder the presence of new generat1on technolog1es-photovolta1cs and w1nd 

1n part1cular. Furthermore, because of the weather dependenc1es of the 

outputs of new generat1on sources (PV and w1nd electr1c systems) and the 

electr1cal loads, t1me ser1es methods offer the best opportun1ty for 

develop1ng models su1table to forecast the future demand. 

Data concern1ng new (alternat1ve) energy resources, say for example 

1nsolat10n and w1nd, usually take the form of consecut1ve hourly or 
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dally average values of the ava1lable resource. They are also typ1cally 

h1ghly correlated (dependent). 

The Box and Jenk1ns methodology has been f1nd1ng 1ncreas1ng appl1-

cat1ons 1n electr1cal load forecast1ng stud1es (see references 35-39, 

43-46). Interest 1 n the Box-Jenk1 ns process ar1 ses from the fact that 

1t models real l1fe s1tuat1ons fa1rly accurately and the mathemat1cal 

formulat1on 1n well developed and relat1vely s1mple. Furthermore, 1t 1s 

able to handle dependent data, and 1s the most prom1s1ng approach over 

the other t1me ser1es analys1s methodolog1es [72] to handle the problem 

under study. Based on th1s methodology, models are developed to 

forecast "net" demand. The development of the models 1s a step-by-step 

procedure as ment1oned earl1er 1n sect1on 1.6, and 1t 1s aga1n 

1ntroduced 1n d1fferent subsect1ons of th1s chapter. 

4.2 Un1var1ate T1me Ser1es Analyses 

Um~ar1ate t1me ser1es propert1es are used 1n th1s sect1on to 

der1 ve proper stochast 1 c mode 1 s for the data used 1 n th1 s study and 

ult1mately, to forecast the "net" demand on the ut1l1ty under study. 

The procedures and the propert1es of each set of data 1n under study the 

form of t1me ser1es are d1scussed step-by-step 1n th1s sect1on. 

As 1n many appl1cat1ons, the data wh1ch are analyzed and modeled 1n 

th1s study are dependent data. Box-Jenk1ns methodology can be used to 

handle th1s 1n t1me doma1n by bu1ld1ng stochast1c models 1n the form of 

d1screte t1me ser1es wh1ch can be used for obta1n1ng forecasts of future 

values of the t1me ser1es. 

The models employed are based on the 1dea that a t1me ser1es w1th 

h1ghly dependent success1ve values can be generated from a sequence of 
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1ndependent random d1sturbances, from a f1xed d1str1but1on, usually 

assumed normal w1th zero mean and vanance a-~, when wh1te no1se 1s 

cons1dered Consequently, a t1me ser1es can be represented 1n the form 

of stochast1c d1screte l1near processes of the form g1ven below [73]. 

Zt = 1-L + l\Jout + l\11 Ut-1 + l\J2ut-2 + 

= 1-L+ l\J( B) Ut (4-1) 

where 1-L = a parameter wh 1 ch determ1 nes the "l eve 1" of t 1me sen es l\J( B) = 

the l1near operator or the transfer funct1on of the f1lter, wh1ch trans

forms ut 1nto Zt B = back sh1ft operator (BmZt = Zt-m' m = 1,2, 

The process Zt 1s sa1d to be stat1onary (rema1ns 1n equ1l1bnum 

about a constant mean 1 eve 1) 1 f the sequence l\11, l\12, 1s f1n1te, or 

1 nf1 n 1 te and convergent The parameter 1-L 1 s then the expected va 1 ue 

(mean) of Zt = E(Zt), about wh1ch the process var1es Otherw1se, t1me 

ser1es Zt 1n non-stat1onary and 1-L does not have any spec1f1c mean1ng 

except as a reference po1nt for the level of the t1me ser1es 

The methodology employed uses low-d1mens1onal or pars1mon1ous 

models to descr1be t1me ser1es behav1or 1n terms of p past values (auto

regress1ve or AR(p) models}, a ser1es q we1ghted "shocks" (mov1ng aver

age of MA(q) models), or a comb1ned model wh1ch 1s called autoregress1ve 

mov1ng average -- ARMA (p,q) 

If the data wh1ch are non-stat1onary 1n real l1fe are transformed 

through d1fferenc1ng to remove trend or seasonal effects (per1od1c1ty of 

the data), the model 1s then called autoregresslVe 1ntegrated mov1ng 

average -- ARIMA (p,d,D,q) Th1s model represents a w1der class than 

the other non-stat1onary processes such as exponent1ally we1ghted mov1ng 
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average, and 1t prov1des a fam1ly of models to adequately represent many 

of the t1me ser1es encountered 1n pract1ce [46]. 

Stat1onar1ty or homogene1ty may also be ach1eved by tak1ng a nat

ural logar1thm of the raw data Somet1mes exponent1al transformat1on 1s 

helpful also 1n develop1ng models 

The deve 1 opment of the methodo 1 ogy 1 s based on three steps or 

stages wh1ch can be summar1zed as follows 

1 Ident1f1cat1on of the nature of the t1me ser1es, 1ts compon

ents, and the order of the components 

2. Est1mat1on of the model parameters to completely descr1be Zt 

3 D1agnost1c check1ng of the model to detect 1nadequacy, to 

suggest proper mod1f1cat1ons and thus, where necessary, to 1n1t1ate a 

subsequent 1terat1ve cycle of 1dent1f1cat1on, est1mat1on and d1agnost1c 

check1ng The acceptable model 1s then used 1n the forecast1ng process. 

Autocorrelat1on and part1al autocorrelat1on are two powerful sta

t1st1cal funct1ons wh1ch are used as gu1des 1n the 1dent1f1cat1on stage 

The unknown parameters of an 1dent1f1ed tentat1ve model should be 

est1mated 1n such a way as to get a m1n1mum error To ach1eve such a 

m1n1mum error, the use of non-l1near least squares regress1on has been 

suggested [73] 

Check1ng the adequacy of a tentat1Ve model 1nvolves exam1n1ng the 

sample auto- and part1al- autocorrelat1ons of the res1dual senes, at· 

The ats w1ll be 1ndependently and randomly d1str1buted close to zero for 

an adequate model Moreover, auto- and part1al- autocorrelat1on of the 

res1duals are good gu1des for 1mprov1ng 1nadequate models as well as 

acceptable models Ch1-square test can also be used to evaluate 1f the 
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res1dual 

Further 

sample autocorrelat1on funct1ons are d1str1buted randomly 

1nformat1on on th1s top1c 1s ava1lable 1n References 

(45,46,72,73). 

4 2 1 Net Demand Forecast1ng 1n the Presence 

of PV (Approach A) 

As ment1oned 1n the prev1ous chapter, central-stat1on PV systems 

connected to an electr1c ut1l1ty gr1d are cons1dered 1n th1s research. 

The latest read1ly ava1lable deta1led 1nsolat1on data for the 

Southwest reg1on of the Un1ted States was for the year 1975. Conse

quently, all data wh1ch are used 1n the calculat1ons are 1975 data 1n 

general, and for the month of June 1975 1n part1cular. 

The tot a 1 capac 1 ty of the ut 1 1 1 ty under study was 2244 MW 1 n 

1975 For the purposes of th1s study, a 5% penetrat1on of PV 1s as

sumed. Meet1ng th1s level of penetrat1on from PV systems w1ll requ1re 

the employment of 10957 two-ax1 s track 1ng flat-plate and concentrator 

arrays, each array cons1st1ng of 8 panels, w1th 32 modules 1n each 

panel The part1cular module used 1n th1s study has been d1scussed 

earl1er and 1ts spec1f1cat1ons were 1ntroduced 1n Chapter III 

The maJor steps 1nvolved 1n th1s part of the study to forecast 

"net" demand 1n the presence of both flat-plate and concentrator systems 

ment1oned earl1er 1n Chaper I are shown 1n the flowchart of F1gure 10. 

4 2 1a Two-ax1s Track1ng Flat-plate PV Systems 

In th1s sect1on the steps taken thus far towards the development of 

stochast1c models to f1t the selected samples of 1nsolat1on, amb1ent 

temperature, hourly w1nd speed, and load data are summar1zed 
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Ident1f1cat1on process for the total hourly 1nsolat1on (d1rect and 

d1ffuse) data w1th 360 observat1ons was undertaken. Autocorrelat1on of 

the data are character1zed by a per1od of 12 and a fa1lure to damp out 

(see F1gure A1 1n Append1x A), suggest1ng that the ser1es 1s non-

stat1onary, thus 1nd1cat1ng the need for per1od1c d1fferenc1ng (seasonal 

d1fferenc1ng 1n the case of seasonal data). W1th the help of another 

d1fferenc1ng (regular d1fferenc1ng), the autocorrelat1on of d1fferenced 

ser1es 1nd1cate some 1mprovements, but st1ll there are some s1gn1f1cant 

patterns (per1od1c non-stat1onary) at some lags, for example at 1 and 12 

(see F1gure A2). After test1ng several models, the follow1ng, wh1ch 

sat1sf1es all the stat1st1cal tests, was selected. 

(4.2) 

The parameters of the model glVen above were est1mated us1ng an 
i 

1terat1ve process. The 1terat1ve process was term1nated when the rela-

tlVe change 1n the res1dual sum of squares was less than 1.0 x 10-4• 

The est1mated parameters w1th 95% conf1dence l1m1ts are summanzed 1n 

Table IV. 

The res1duals (errors) are randomly d1str1buted, and hence the 

expect at 1 on of the errors 1 s zero, E ( et) = 0. The randomness of the 

res1duals can be seen from the res1dua1s• autocorrelat1on funct1ons 

wh1ch are shown 1n F1gure A3. The calculated x2 = 42.682 1s less 

than x2 w1th 56 degrees of freedom and at 5% s1gn1f1cance level from 

table [74]. Therefore, there 1s no ground for the reJeCt1on of th1s 

model. 

The model (Equat1on 4.2) was then used to forecast 1nsolat1on 

data. The analyses have been a1ded by the use of computer programs 



Parameter 
type 

<1>1 

<1>3 

<1>4 

<1>12 

TABLE IV 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.2 

Est1mated 95% Conf1dence 
value Lower l1m1t Upper l1m1t 

-0.18082 -0.30026 -0.061378 

-0.16780 -0.28939 -0.046202 

-0.10588 -0.22988 0.018123 

0.75991 0.68120 0.83861 
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"Ident1fy" and "Est1mate" [75], and "Gplot" [76] The same processes 

were repeated for hourly amb1ent temperature data. 

Autocorre 1 at 1on of the amb1ent temperature data are character12ed 

by a per1od of 24 and a fa1lure to damp out, suggest1ng that the ser1es 

1s non-stat1onary, thus 1nd1cat1ng the need for per1od1c d1fferenc1ng 

The autocorrelat1on of per1od1c d1fferenced ser1es 1nd1cate some 1m-

provements, but st1ll there 1s a s1gn1f1cant pattern (per1od1c non-

stat1onary) at lag 24 After test1ng several models w1th the help of 

auto- and part1al autocorrelat1on, the follow1ng model, wh1ch sat1sf1es 

all the stat1st1cal tests, was arr1ved at. 

(4 3) 

The parameters of the model were est1mated by the same method wh1ch 

was used earl1er 1n the case of 1nsolat1on data Table V l1sts the 

est1mated parameters w1th the assoc1ated 95% conf1dence l1m1ts 

Autocorrelat1ons of the res1duals show that the res1duals are 

randomly d1str1buted (see F1gure A4) The calculated x2 = 18 432 1s 

less than x2 w1th 66 degrees of freedom and at 5% s1gn1f1cance level 

from table and once aga1n there 1s no 1nd1cat1on for futher 1mprovement 

The model (Equat1on 4 3) was then used to forecast amb1ent tempera-

ture data 

Ident1f1cat1on process for the hourly w1nd speed data w1th 312 

observat1ons was undertaken Autocorrelat1ons and part1al autocorrela-

t 10ns are character 12ed 1 n such a way that the data can be mode 1 ed 

w1thout us1ng any k1nd of d1fferenc1ng transformat1ons After exam1n1ng 

many models, 1nclud1ng d1fferenced data, the follow1ng model was selec-

ted 



Parameter 
type 

<1>3 

<1>24 

<1>27 

921 

924 

966 

TABLE V 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR THE MODEL OF EQUATION 4.3 

Est1mated 95% Conf1dence l1m1ts 
value Lower Upper 

0.71598 0.63555 0.79640 

-0.12115 -0.23571 -0.0066028 

0.16679 0.064963 0.26862 

-0.16931 -0.25335 -0.085276 

0.71735 0.61326 0.82145 

-0.088916 -0.18389 0.0060555 
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(4.4) 

The parameters of the model were est1mated and the values are 

l1sted 1n Table VI. 

The model also sat1sf1es all the stat1st1cal test -- autocorrela-

t1ons of the res1duals 1nd1cate that the res1duals are d1str1buted 

randomly (see F1gure AS). Furthermore, the calculated x2 = 57.869 1s 

1 ess than x2 w1th 66 degrees of freedom and at 5% s1 gn1 f1 cance level 

from table. Th1s model was then used to forecast w1nd speed data. 
r 

Ident1f1cat1on process for the hourly load data w1th 720 observa-

t1ons was undertaken. Autocorrelat1ons of the data are character1zed by 

a per1od of 24 and a fa1lure to damp out, suggest1ng that the ser1es 1s 

non-stat1onary, thus 1nd1cat1ng the need for per1od1c d1fferenc1ng 1n 

th1s case also. The autocorrelat1ons of per1od1c d1fferenced ser1es 

damp out. After test1ng many acceptable models, the follow1ng model was 

selected. 

(4.5) 

Table VII l1sts the est1mated values of the parameters. 

The res1duals of the process are randomly d1str1buted (see autocor

relatlons of the res1duals 1n F1gure A6). The calculated x2 = 64.984 1s 

less than x2 w1th 67 degrees of freedom and 5% s1gn1f1cance level from 

table. Therefore, there 1s no ground to reJect the model. 

The model (Equat1on 4.5) was then used to forecast the hourly load 

data. 

At th1s stage, the PV output was calculated from the forecasted 

values of 1nsolat1on, amb1ent temperature, and w1nd speed data by us1ng 

algor1thm "PVTSALGO" d1scussed 1n Chapter III. 



Parameter 
type 

f.l 

4>1 

824 

TABLE VI 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
MODEL OF EQUATION 4.4 

Est1mated 95% Conf1dence 
value Lower l1m1t Upper l1m1t 

3.6677 3.0493 4.2860 

0.65681 0.57094 0.74267 

-0.18195 -0.29915 -0.064755 
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Parameter 
type 

<1>1 

<1>2 

92 

913 

924 

TABLE VII 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.5 

Est1mated 95% Conf1dence 
value Lower l1m1ts Upper l1m1ts 

1.2961 1.1784 1.4137 

-0.33170 -0.44925 -0.21415 

-0.12340 -0.20440 -0.042393 

-0.086106 -0.16714 -0.0050755 

0.76228 0.68035 0.84421 
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F1nally the net-demand forecast values were calculated by subtract-

1 ng the PV system output from the forecasted 1 oad. The forecast, 

actual, and 95% conf1dence 1ntervals values for the last day of June, 

1975 are shown graph1cally 1n F1gure 11. The forecast, and 95% con

fldence l1m1ts for the f1rst day of July 1975 are shown 1n F1gure 12. 

The absolute value of the relat1ve error between actual and fore-

casted values of net demand var1es from 0.3% to 18.69% for t1me per1ods 

extend1ng up to 24 hours. As expected, forecast1ng further and further 

1nto the future results 1n 1ncreas1ng errors. 

4.2.1b Two-ax1s Track1ng Concentrator 

PV Systems 

All of the data and developments wh1ch were undertaken 1n the case 

of flat-plate PV systems are appl1cable for the concentrator PV systems 

also, except the 1nsolat1on data. For concentrator systems, only d1rect 

1nsolat1on data were used. 

Ident1f1cat1on, est1mat1on, and d1agnost1c check1ng processes for 

the hourly d1rect 1nsolat1on data w1th 360 observat1ons were undertaken 

respect1vely. After test1ng many alternat1ve models the follow1ng 

model, wh1ch sat1sf1es all the stat1st1cal tests, was selected. 

(4.6) 

Table VIII l1sts the est1mated values of the parameters. 

The autocorrelat1ons of the res1duals 1nd1cate that the res1duals 

of the process are randomly d1 str1 buted (see F1 gure A7). Furthermore, 

the calculated i = 67.859 1s less than l w1th 55 degrees of freedom 
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Parameter 
type 

<\>1 

<\>2 

<\>3 

<\>4 

912 

TABLE VII I 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.6 

Est1mated 95% Conf1dence 
value Lower l1m1ts Upper l1m1ts 

-0.25630 -0.36460 -0.14800 

-0.21963 -0.33041 -0.10885 

-0.20767 -0.31848 -0.096858 

-0.15658 -0.26695 -0.046206 

0.80429 0.73766 0.87092 
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and 5% s1gn1flcance level from table. Consequently, th1s model could 

not be reJected, and was used to forecast the 1nsolat1on (d1rect) data. 

As 1n the case of flat-plate systems, the PV output was calculated 

from the forecasted values of d1rect 1nsolat1on, amb1ent temperature, 

and w1nd speed data by us1ng the algor1thm 11 PVTSALG0 11 d1scussed 1n 

Chapter III. The net-demand forecast values were also calculated. 

F1gure 13 1llustrates the forecast, actual, and 95% conf1dence l1m1t 

values for the last day of June, 1975. In add1t1on, the forecast, and 

95% conf1dence l1m1ts for the f1rst day of July 1975 are shown 1n F1gure 

14. 

The absolute value of the relat1ve error between actual and fore

casted values of net demand var1es from 0.3% to 18.15% for t1me per1ods 

extend1ng up to 24 hours. 

4.2.2 Net-demand Forecast1ng 1n the 

Presence of PV (Approach B) 

The maJor steps 1nvolved 1n an alternat1ve approach to net-demand 

forecast1ng 1n the presence of PV 1s shown 1n F1gure 15 for both flat

plate and concentrator systems. In th1s case a t1me ser1es model 1s 

developed for the PV systems output and 1 t 1 s used 1 n one forecast 1 ng 

step to forecast future values of PV systems output. 

4.2.2a Two-ax1s Track1ng Flat-plat PV Systems 

The output of the flat-plate PV system 1s calculated f1rst from raw 

h1stor1cal hourly data (total d1rect and d1ffuse 1nsolat1on, amb1ent 

temperature, and w1nd speed) by us1ng 11 PVTSALG0 11 • Then a model 1s 

developed for th1s t1me ser1es as before. All the steps for the 
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development of a model for the hourly PV output data w1th 360 

observat1ons were undertaken. After test1ng many alternat1ve models the 

follow1ng model was selected 

( 4. 7) 

Table IX l1sts the est1mated values of the parameters. 

All the stat1st1cal tests were sat1sf1ed by th1s model. The 

res1duals are randomly d1str1buted as can be seen from the res1duals 1 

autocorrelat1on funct1ons wh1ch are shown 1n F1gure A8. The 

calculated x2 = 54.134 1s less than x2 w1th 58 degrees of freedom and 5% 

s1gn1f1cance level from table. 

The model (Equat1on 4.7) then was used to forecast the PV output 

data. The net-demand forecast values were calculated by subtract1ng the 

forecasted PV output from the forecasted load data wh1ch were calculated 

earl1er 1n subsect1on 4.2.1a. F1gure 16 shows the net-demand forecast, 

actual, and 95% confldence l1m1t values for the last day of June, 

1975. Moreover, the forecast and 95% conf1dence l1m1ts for the f1 rst 

day of July 1975 are shown 1n F1gure 17. 

The absolute value of the relat1ve error between actual and fore

casted values of net demand var1es from 0.3% to 19.18% for t1me per1ods 

extend1ng up to 24 hours. The results of th1s method are compared w1th 

the results obta1ned by the prev1ous approach at the end of th1s chap

ter. 



Parameter 
type 

TABLE IX 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4 7 

Est1mated 
value 

0 64489 

0.87028 

95% Conf1dence 1ntervals 
Lower limit Upper limit 

0.56303 

0.81693 

0 72674 

0 92363 
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4.2.2b Two-ax1s Track1ng Concentrator 

PV Systems 

86 

The steps wh1ch were followed for the case of flat-plate PV system 

were repeated for concentrator PV systems. Hourly d1rect 1nsolat1on 

data were used 1n calculat1on of PV systems outputs. The result1ng 

model for th1s case 1f g1ven below. 

(4.8) 

Parameters of the model were est1mated, and l1sted 1n Table X. 

F1gure A9 shows that the res1duals are randomly d1str1buted. The 

calculated x2 = 58.373 1s less than x2 w1th 56 degrees of freedom and 5% 

s1gn1f1cance level from table. 

The PV output forecast va 1 ues for the present system were ca 1 cu-

lated by us1ng the model (Equat1on 4.8). 

The forecast values of hourly net-demand were calculated next. The 

forecast, actual, and 95% conf1dence l1m1t values for the last day of 

June, 1975 are shown 1n F1gure 18. Forecast and 95% conf1dence l1m1t 

values for the next day (1st day of July 1975) are g1ven 1n F1gure 19. 

The absolute values of the relat1ve error between actual and fore-

casted values of net demand var1es from 0.3% to 19.16% for 24 hours. 

4.2.3 Models For Net Demand W1th PV Present 

(Approach C) 

S1nce the goal 1s to forecast the "effect1ve" or "net" demand wh1ch 

1s equal to the total demand m1nus the PV power output, th1s "net" 

demand 1tself can be cons1dered as a t1me ser1es and used as f1nal data 



Parameter 
type 

<1>1 

<1>12 

924 

939 

TABLE X 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.8 

Est1mated 95% Conf1dence l1m1ts 
value Lower Upper 

0.64566 0.56153 0. 72979 

-0.71760 -0.79808 -0.63713 

0.64626 0.54576 0.74676 

-0.096008 -0.18773 -0.0042828 
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to forecast the future "effect1ve" hourly peak demand over the des1red 

per1od of t1me. Th1s approach 1s shown schemat1cally 1n F1gure 20. 

4.2.3a Two-ax1s Track1ng Flat-plate PV Systems 

Ident1f1cat1on process for the hourly net-demand (h1stor1cal or raw 

data) w1th 720 observat1ons was undertaken. Autocorrelat1ons of the 

data are charactenzed by a per1od of 24 and a fa1lure to damp out, 

suggest1ng that the ser1es 1s non-stat1onary, thus 1nd1cat1ng the need 

for per1od1c d1fferenc1ng. Nonstat1onar1ty was removed w1th the help of 

natural logar1thm and penod1c d1fferenc1ng 

descr1bed by the follow1ng equat1on 

The result1ng model 1s 

(4 9) 

The parameters of the model were est1mated and the values are 

l1sted 1n Table XI. 

The res1duals are randomly d1str1buted the randomness of the 

res1duals can be seen from the res1dua1s• autocorrelat1on funct1ons 

wh1ch are shown 1n F1gure A10 Furthermore, the calculated x2 = 59 771 

1s less than x2 w1th 68 degrees of freedom and 5% s1gn1f1cance level for 

table 

Th1s model was then used to forecast the future "effect1ve" hourly 

demand 

The forecasts, actual, and 95% conf1dence l1m1ts for the last day 

of June 1975 and the flrst day of July 1975 are shown graph1cally 1n 

F1gures 21 and 22 
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Parameter 
type 

<1>1 

<1>2 

92 

924 

TABLE XI 

SUMMARY OF THE ESTIMATED PARAMETER FOR 
MODEL OF EQUATION 4.9 

Est1mated 95% Conf1dence l1m1ts 
value Lower Upper 

1.1861 1.0672 1.3050 

-0.22480 -0.34374 -0.10587 

-0.12348 -0.20192 -0.045036 

0.77139 0.69278 0.85001 
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The absolute value of the relat1ve error between actual and fore-

casted values of net-demand var1es from 0 3% to 18.69% for forecast 24 

hours ahead of the present. 

As ment1oned earl1er, all of the results obtamed from d1fferent 

approaches are d1scussed at the end of th1s chapter 

4 2 3b Two-ax1s Track1ng Concentrator PV Systems 

All of the steps followed for the case of flat-plate systems were 

repreated 1n th1s case The result1ng model 1s descr1bed by the follow

lng equat1on 

(4 10) 

The parameters of the model were est 1mated and the va 1 ues are 

l1sted 1n Table XII. 

Th1s model sat1sf1es all of the stat1st1cal tests The res1duals 

are randomly d1str1buted (see F1gure All). The calculated x2 = 55 137 

1s less thatn x2 w1th 68 degrees of freedom and 5% s1gn1f1cance level 

from table 

Equat1on 4 10 can now be used to forecast the future 11 effect1Ve 11 

hourly demand The forecasts, actual, and 95% conf1dence l1m1ts for the 

last day of June 1975, and the next day (f1rst of June 1975), are shown 

graph1cally 1n F1gures 23 and 24 

The absolute value of the relat1ve error between actual and fore-

casted values of net demand var1es from 15% 20 26% for forecasts 24 

hours ahead of the present 
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type 

tP1 

tP2 
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924 

TABLE XII 

SUMMARY OF THE ESTIMATED PARAMETER 
FOR MODEL OF EQUATION 4.10 

Est1mated 95% Conf1dence l1m1ts 
value Lower Upper 

1.1951 1.0763 1.3140 

-0.23487 -0.35366 -0.11609 

-0.10581 -0.18445 -.027176 

0.77988 0.70139 0.85837 
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4.2.4 Net Demand Forecast1ng 1n the Presence 

of PV and W1nd Electr1c Systems (Approach D) 

99 

As ment1oned 1n the prev1ous chapter, both photovolta1c systems and 

MW-s1ze w1nd farms connected to an ut1l1ty gr1d are cons1dered 1n th1s 

part of the research. 

of WECS 1s assumed. 

For the purposes of th1s study, a 5% penetrat1on 

Meet1ng th1s level of penetrat1on from WECS w1ll 

requ1re the employment of 50 un1ts of NASA 2.5 MW MOD-2 un1ts or equlv

alent. The spec1f1cat1ons of the selected un1t were 1ntroduced 1n the 

prev1ous chapter. 

A 11 the steps taken 1 n the prev1 ous approaches were repeated w1 th 

the 1nclus1on of w1nd electr1c systems as 1llustrated 1n the flowcharts 

of F1gures 25 and 26 respect1vely. 

4.2.4a Two-ax1s Track1ng Flat-plate PV Systems 

Earl1er 1n th1s sect1on, the forecasts of hourly w1nd data were 

calculated by us1ng the model (Equat1on 4.4} wh1ch was der1ved from an 

analys1s of the hourly w1nd speed data. The forecast values were used 

to calculate the w1nd-electr1c system output by us1ng the power output 

character1st1cs of MOD-2 un1ts. 

These outputs along w1th the other forecasted data (PV output for 

track1ng flat-plate PV systems and load) were used to calculate the net

demand (see F1 gu re 25). The forecasts, actua 1 , and 95% conf1 dence 

l1m1ts of the net-demand for the last day of June 1975 and the f1rst day 

of July 1975 are shown 1n F1gures 27 and 28. 

The absolute values of the relat1ve error between actual and fore

casted values of net demand var1es from 0.3% to 18.62% for forecasts 24 

hours ahead of the present. 
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The approach B (see F1gure 26) was employed next to forecast the 

net-demand 1n the presence of PV (flat-plate) and w1nd electr1c 

systems. For th1s, the w1nd system output was calculated f1rst, then 

the output data were analyzed to develop a model and then to forecast 

values. 

Ident1f1cat1on process for the hourly w1nd-electr1c system output 

data w1th 312 observat1ons was undertaken. Autocorrelat1ons and part1al 

autocorrelat1ons of the data are characterlZed 1n such a way that the 

data can be modeled w1thout us1ng any k1nd of transformat1on. After 

test 1 ng many mode 1 s even w1 th the transformed ( d1 fferenced) data, the 

follow1ng model was selected. 

(4.11) 

The parameters of the model were est1mated and the values are 

l1sted 1n Table XIII. 

The res1duals are randomly d1str1buted. The randomness of the 

res1duals 1s 1nd1cated by the res1dua1s• autocorrelat1on funct1ons wh1ch 

are shown 1n F1gure A12. Furthermore, the calculated x2 = 52.613 1s 

less than x2 w1th 68 degrees of freedom and ~% s1gn1f1cance level from 

table. 

The model (Equat1on 4.9) then was used to forecast the w1nd elect

r1c system output data. These data along w1th the other forecasted (PV 

output for flat-plate PV systems, and load) were used to calculate the 

net-demand (see F1gure 20). The forecasts, actual, and 95% conf1dence 

l1m1ts of the net-demand for the last day of June 1975 and the f1rst day 

of July 1975 are shown graph1cally 1n F1gures 29 and 30. 



Parameter 
type 

f.l 

<1>1 

<1>2 

924 

TABLE XI II 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.11 

Est1mated 95% Conf1dence l1m1 ts 
value Lower Upper 

13.676 6. 3271 21.025 

0.75864 0.64486 0.87242 

-0.11678 -0.23049 -0.0030745 

-0.12874 -0.24360 -0.013886 
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The absolute values of the relat1ve error between actual and fore

casted values of net-demand var1es from 0.3% to 20.28% for forecasts of 

24 hours 1nto the future. 

The results are compared w1th the results of the other approaches 

at the end of th1s chapter. 

4.2.4b Two-ax1s Track1ng Concentrator PV Systems 

For th1s part of the study, all of the necessary data and forecasts 

are ava1lable from the prev1ous parts of th1s sect1on. Consequently, 

the net-demand for both approaches could be calculated eas1ly JUSt by 

subtract1ng the forecasts of the PV (concentrator systems), and w1nd 

system outputs from the forecasted va 1 ues of the 1 oad. F1 gu res 31 and 

32 show the forecasts, actua 1, and 95% conf1 dence l1m1 ts of the net

demand for the 1 ast day of June 1975 and the f1 rst day of July 1975 

respect1vely. 

The absolute value of the relat1ve error between actual and fore

casted values of net demand var1es from .3% to 18.15% for t1me per1ods 

extend1ng up to 24 hours. Correpond1ng forecasts made us1ng the 

approachB, are shown plotted F1gures 33 and 34. 

The absolute value of the relat1ve error between actual and fore

casted values of net demand var1es from 0.3% to 19.86% for forecasts of 

24 hours 1nto the future. 
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4.2.5 Models For Net Demand W1th PV and 

WECS Present (Approach D Cont1nued) 

113 

All the steps taken 1n the part 4.2.3 were repeated w1th the 1nclu-

s1on of w1nd electr1c systems output as 1llustrated 1n the flow chart 

shown 1n F1gure 3b. 

4.2.5a Two-ax1s Track1ng Flat-plate PV Systems 

As ment1oned earl1er, all of the steps were repeated w1th 300 

observat1ons. The procedure 1s s1m1lar to the one followed 1n the case 

of PV present, except that now WECS 1s also 1ncluded. After test1ng 

several models the follow1ng model was selected 

(4.12) 

The parameters of the mode 1 were est 1 mated and the va 1 ues are 

l1sted 1n Table XIV. 

Th1s model sat1sf1es all of the stat1st1cal tests. The res1duals 

are randomly d1str1buted (see F1gure Al3). The calculated x2 = 52.021 

1s less than x2 w1th 67 degrees of freedom and 5% s1gn1f1cance level 

from table. 

The equat1on 3.12 was then used to forecast the future "effect1ve" 

hourly demand. The forecasts, actual, and 95% conf1dence l1m1ts for the 

last day of June 1975 and the next (f1rst day of July 1975) are shown 

graph1cally 1n F1gures 36 and 37. 

The abso 1 ute va 1 ue of the re 1 at 1 ve error between actua 1 and fore-

casted values of net demand var1es from 0.51% to 23.88% for t1me per1ods 

extend1ng up to 24 hours 
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Parameter 
type 

<P1 

<P2 

913 

921 

924 

TABLE XIV 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.12 

Est1mated 95% Conf1dence l1m1ts 
values Lower Upper 

1.0369 0.91408 1.1596 

-0.092049 -0.21519 0.031089 

-0.08524 -0.19932 0.026274 

0.10667 -0.0060178 0.21936 

0.42472 0.31282 0.53662 
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4.2.5b Two-ax1s Track1ng Concentrator PV Systems 

Once aga 1 n a 11 the steps wh1 ch were fo 11 owed 1 n former case was 

repeated for the present case. 

The resu 1t 1 ng mode 1 wh1 ch stat 1 s f1 es a 11 of the stat 1st 1 ca 1 tests 

1s glVen below. 

(4.13) 

The parameters of the model were est1mated and l1sted 1n Table XV. 

The res1duals are randomly d1str1buted (see F1gure A14). The 

calculated x2 = 45.785 1s less than x2 w1th 67 degrees of freedom and ~% 

s1gn1f1cance level from table. 

Equat1on 4.13 was then used to forecast the future 11 effect1ve 11 

hourly demand. The forecasts, actual, and 95% conf1dence l1m1ts for the 

1 ast day of June 1975 and fust day of July 1975 are shown graph1 ca lly 

1n F1gures 38 and 39. 

The absolute value of the relat1ve error between actual and fore-

casted values of net demand var1es from 09% to 23.61% for forecasts 24 

hours 1nto the future. 

4 3 Mult1ple T1me Ser1es Analyses 

The 1mpact of temperature on load and 1ts effect on forecast1ng are 

cons1dered 1n th1s sect1on. To handle th1s problem, transfer funct1on 

methodology was employed. Th1s approach expresses the 1nterrelat1on-

sh1ps or dynam1c relat1onsh1ps between two or more t1me ser1es. The 

process of 1dent1f1cat1on, est1mat1on, and check1ng 1s done 1terat1vely 

unt 11 an acceptab 1 e mode 1 1 s eva 1 ved Th1s procedure 1s comparable to 



Parameter 
type 

<1>1 

<1>2 

913 

922 

924 

TABLE XV 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.13 

Est1mated 95% Conf1dence l1m1ts 
value Lower Upper 

1.0351 0.91183 1.1583 

-0.089857 -0.21363 0.033920 

-0.080127 -0.18974 0.029486 

0.11514 0.0031454 0.22714 

0.43885 0.32811 0.54960 
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the procedure for the development of an ARIMA model for a un1Var1ate 

t1me ser1es. 

A very general form of the transfer funct1on model for a b1var1ate 

t1me ser1es such as load (output Yt) and temperature (1nput Xt) can be 

wr1tten as 1n the form of a d1screte l1near process (see reference 46). 

Yt = voXt + v1Xt-1 + v2Xt-2 + v3Xt-3 + ••• + Nt 

= (vo + v1B1 + V2B2 + V3B3 + ••• ) xt + Nt 

= v(B)Xt + Nt (4.14) 

where, Nt 1s the comb1ned effects of all other factors 1nfluenc1ng Yt 

and 1t 1s called 11 n01Se 11 • The we1ghts v0 , v1 , v2, ••• are called the 

1mpul se response funct 1 on of the system wh1 ch would be used 1 n the 

1dent1f1cat1on process to determ1ne the order (nature) of the system. 

To 1dent1fy a tentat1ve model for the b1var1ate (Xt,Yt) process. 

It may be s1mpler to f1nd the prewh1tened values for 1nput, output, and 

no1se data. Consequently, equat1on 4.14 can be mod1f1ed as follows 

where, at 

!3t 

~t 

= 

= 

= 

~p(B) sq1(B)xt, prewh1tened value of Xt, 

~p(B) 9 q1(B)yt, prewh1tened value of Yt' 

~Pn(B) 9q~(B) nt, prewh1tened value of Nt, 

(4.15) 

nt,Xt and Yt = the transformed and d1fferenced values of Nt, 

Xt, and Yt· 

The prewh1tened at and !3t w1ll be used 1n the b1var1ate stochast1c 

process to 1dent1fy the shape of the transfer funct1on (the spec1f1c 

values of b, n, s and Pn, qn) wh1ch maps a values 1nto 13 values. It 
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should be noted that t and even t do not have to be wh1te no1se 

ser1es 

In order to have a pars1mon1ous form, 1t 1s preferable to wr1te the 

transfer funct1on model 1n the follow1ng form. 

Yt = v(B) 't-b + nt 
= w(B) X + a(B) 

o(B) t-b ~(B) 

or 

where, at = a random no1se values, 

o(B) = 1 - o1 B -

w(B) = w0 - 61B -

- o B r 

- o Bs s 

and b,pn,qn,r and s are constants 

(4 16) 

( 4 17) 

The subscr1pt (t-b) for x 1nd1cates that there 1s a delay of b per1ods 

before x beg1ns to 1nfluence y The cross-correlat1on funct1ons between 

the 1 nput and output or between the prewh 1 tened 1 nput t and the f1 1-

tered output !3t, ( ra13 ) , are used as gu1des 1n the 1dent1f1cat1on 

process The 1mpulse response funct1ons are d1rectly proport1onal to 

the cross-correlat1on funct1ons Once the ra 13 (K) 1 s are est 1mated, the 

vks can be calculated and used 1n tentat1vely 1dent1fy1ng the order of 

the parameters of the transfer funct1on Furthermore' the vk Is could 

also be used to est1mate the 1n1t1al values of the parameters Further 

1nformat1on on th1s top1c ava1lable 1n Reference 46 

After the est1mat1on process, a model needs to be checked for 

adequacy The res 1dua 1 autocorrel at1ons raa and the cross-correl at 1on 

functlon raa between at and at can be used to check the adequacy of the 
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model The raa would have some patterns 1f the no1se model 1S 1ncor

rect When the transfer funct1on model 1s not adequate the raa and r a 

show some patterns, 1n other words raa are correlated and so are raa 

Then the model 1s reJected or mod1f1ed for further test1ng. 

The load model (equat1on 4 5) was developed based on the past 

h1story of the load. The forecast va 1 ues are shown graph 1 ca lly 1 n 

F1gures 40-41 The absolute value of the relat1ve error between actual 

and forecasted values of net demand var1es from 0.3% to 17% for t1me 

per1ods extend1ng up to 24 hours. 

In th1s sect1on a transfer funct1on model wh1ch 1ncludes not only 

the past demand h1story, but also 1nformat1on on the assoc1ated tempera

ture data 1s der1ved. It should be ment1oned that th1s temperature data 

are d1fferent from the prev1ous temperature data wh1ch were used 1n the 

calculat1on of the PV system output The present temperature data were 

prov1ded by the Publ1c Serv1ce Company of Oklahoma (PSO) for the1r ma1n 

serv1ce area 

The 1terat1ve process 1nvolv1ng 1dent1f1cat1on, est1mat1on and 

d 1 agnost 1 c check 1 ng stages were undertaken for 720 hourly temperature 

data After test1ng many models the follow1ng model, wh1ch sat1sf1es 

all the stat1st1cal tests, was selected 

(4 18) 

The parameter of the model was calculated and l1sted 1n Table XVI 

The autocorrelat1ons of the res1duals 1nd1cate that the res1duals 

of the process are randomly d1str1buted (see F1gure A15) Furthermore, 

the calculated x2 = 72 897 1s less than x2 w1th 55 degrees of freedom 
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Parameter 
type 

TABLE XVI 

SUMMARY OF THE ESTIMATED PARAMETER VALUES 
FOR MODEL OF EQUATION 4.18 

Est1mated 
value 

0.86742 

95% Conf1dence l1m1ts 
Lower Upper 

0.83033 0.90452 
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and 5% s1gn1f1cance level from table. Consequently, the prewh1tened 

1nput can be wr1tten as follows 

{4.19) 

W1th the same transformat1on on Yt and no1se Nt, the follow1ng prewh1t

ened models were der1ved (see reference 46) 

v1v24 (1-e24B24)-1 Yt = ~t 

v1v24 (1-e24B24)-1 Nt = et 

{4.20) 

{4.21) 

The 1mpulse response we1ghts were calculated and shown graph1cally 1n 

F1gure B16. In add1t1on, the autocorrelat1on funct1ons of the no1se 

ser1es were calculated and they are shown graph1cally 1n F1gure A17. 

F1nally, after check1ng several models the follow1ng model was der1ved. 

(1- e s5- e s11- e s24 ) 5 11 24 {4.22) 

The parameters of the model were est1mated us1ng least square 

approach 1 terat 1 ve ly. The 1 terat lVe process was term1 nated when the 

1 -4 relat1ve change 1n the res1dual sum of squares was less than .Ox10 • 

The est1mated parameters w1th the1r 9b% conf1dence l1m1ts are l1sted 1n 

Table XVII. 

The res1duals are randomly d1str1buted (see F1gure A18). The 

calculated x2 = 66.943 1s less than x2 w1th 69 degrees of freedom and 5% 

s1gn1f1cance level from table. 

The model was then used to forecast the hourly load data (see 

F1gures 42 and 43). 
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type 

01 
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<1>1 

<1>2 
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TABLE XVII 

SUMMARY OF THE ESTIMATED PARAMTER VALUES 
FOR MODEL OF EQUATION 4. 22 

Est1mated 95% Conf1dence l1m1ts 
value Lower Upper 

0.66264 0.30840 1.0169 

4.64429 2.1412 7.1447 

0.22713 0.034788 0.41948 

0.12804 -0.062182 0.31826 

0.19473 0.04617 0.34328 

0.11920 -0.033919 0.27232 

0.60366 0.44219 0.76512 
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The absolute values of the relat1ve error value between actual and 

forecasted values of net demand var1es from 0.09% to 18% for 24 hours 

ahead The results are compared 1n the next sect1on. 

4.4 D1scuss1on of Results 

The net demand on a power system was forecasted by apply1ng d1ffer

ent approaches 1n the present of PV alone, and PV 1n conJunct1on w1th 

WECS The forecast va 1 ues were compared w1 th actua 1 va 1 ues wherever 

poss1ble and the ranges of error were computed The approaches stud1ed 

are summar1zed below. 

A. The algonthm "PVTSALGO" developed 1n Chapter III 1s used 1n 

conJunct1on w1th unwar1ate t1me senes analyses for 1nsolat1on, w1nd 

speed, and amb 1 ent temperature to forecast PV sys tern output for both 

two-ax1s track1ng flat-plat and concentrator systems The f1nal fore

casts of "net" demand are obta1ned by subtract1ng the calculated PV 

system output from the load forecast 

B PV system output for both two-ax1s track1ng flat-plate and 

concentrator systems are calculated from raw h1stor1cal data f1rst 

These values are cons1dered as a set of t1me ser1es and future values 

are forecasted by us1ng su1table models Once aga1n, forecasts of the 

f1nal "net" demand are obta1ned by subtract1ng the calculated PV output 

from the load foecast 

C The h1stoncal "net" demand, wh1ch 1s equal to the actual 

demand m1nus the PV output, 1s calculated and used as f1nal data to 

forecast the future "effect1ve" demand 
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D. The steps outl1ned 1n A through C are repeated for the case of 

gr1 d-connected PV and WECS to forecast f1 na 1 11 effect 1 ve 11 demand on the 

utl1ty. 

E. The 1mpact of temperature on load and 1ts effect on forecast1ng 

and model1ng procedures 1s stud1ed by us1ng mult1ple t1me ser1es anal

yses. 

A study of forecast values and error ranges 1nd1cate that Approach 

A 1s preferable to the other approaches. Th1s 1s because 1n A each of 

the raw (or1g1nal) data set 1s analyzed, modeled and forecasted 1nd1v1d

ually. S1nce each raw data set 1s subJeCt to deta1led analays1s, the 

result1 ng models represent more truly the nature of the data sets 

1nsolat1on, w1nd speed, amb1ent temperature, and load -- cons1dered 1n 

the 1dent1f1cat1on process. Consequently, the result1ng forecasts are 

more accurate than others. The output of a PV system 1s not solely 

dependent on 1nsolat1on data, 1t 1s calculated through a step-by-step 

procedure and 1t 1s strongly dependent on the operat1ng cell temperature 

(see Equat1on 3.4) and, 1n turn, on the amb1ent temperature and w1nd 

speed. As such, the t1me ser1es of PV output data has substant1ally 

d1fferent character1st1cs from the t1me ser1es of 1nsolat1on data. Th1s 

po1nt 1s brought out clearly by compar1ng the models of Equat1ons 4.2 

and 4.7, and also by compar1ng Equat1on 4.6 w1th Equat1on 4.8 for flat

plate and concentrator systems respect1vely. 

S1m1lar d1scuss1on and compar1sons can be made for w1nd speed and 

w1nd system output also. However, amb1ent temperature has very l1ttle 

effect on WECS output. In short, PV and WECS outputs are second hand 

data and some of the character1 st 1 cs of the key 1 ntputs ( 1 nso 1 at 1 on, 
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Wl nd speed and amb1 ent temperature) become obscure by not cons 1 der1 ng 

1nd1v1dual models. 

The nonstat1onar1ty of the 1nsolat1on data for both flat-plat 

(total) and concentrator (dlrect) systems can almost be removed by 

apply1ng the per1od1c (seadonal d1fferenc1ng for the seasonal data) w1th 

the order of 12, v12 = (1-B12 ) and regular f1rst order d1fferenc1ng, V1 

= (1-B) (see Equat1ons 4.2 and 4.6). But th1s process takes on a dlf

ferent form for the PV output data (see Equat1ons 4.7 and 4.8). 

Stat 1 onar1 ty 1 s ach1 eved for the data 1 n Approach C by app ly1 ng 

natural logar1thm to get more homogeneous data and a 24 order dlfferenc

lng, v24 = (1-s24 ) to remove the dally per1od1c nonstat1onar1ty (s1m1lar 

to 12 that 1s expected 1n the monthly seasonal data). 

F1gures 16 and 18 reveal that Approach B has a smaller error than 

Approach c. Th1s can be attr1buted to the fact that some more natural

lty 1s lost 1n the data transformat1on. 

It should be ment1 oned that for the f1 rst few steps of the fore

casts, Approach C g1ves much better results. For example, the error for 

the f1rst hour net demand forecast value 1s only 0.15% for the flat

plate case, wh1ch 1s only one half of the 0.3% obta1ned w1th the f1rst 

two approaches. Also 0.18% for concentrator system 1s aga1n smaller 

than 0.3%. 

Cons1der1ng all these results Approach A 1s more accurate and 

preferable. However, 1t 1nvolves more calculat1ons. Th1s 1s true 1n 

the case of both flat-plate and concentrator PV systems. Both are 

assumed to have two-ax1s track1ng although 1t 1s absolutely necessary 

only for latter. 
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Once aga1 n, 1 n the case of the presence of PV and w1 nd systems, 

Approach A has smaller error range and average error. W1th Approach C, 

forecasts of the very f1rst few steps have smaller error as compared to 

the other approaches. As an example, 0.09% for the f1 rst step ahead 

forecast 1s an excellent 1mprovement, but the overall range of error 1s 

larger and so 1s the average error w1th respect to the other approaches. 

Compar1ng the graph1cs 1n F1gures 40 and 42 (see sect1o1n 4.3) 1t 

1s not1ceable that there are some 1mprovements on load forecast1ng when 

the effect of temperature 1s 1ncluded, spec1f1cally for the f1rst few 

steps -- compare 0.09% w1th 0.3%. Also the average error 1s smaller 

than 1n the case of un1var1ate t1me ser1es (about 0.2%). Overall, the 

d1fference 1s not that s1gn1f1cant. 

Error 1n the hourly load forecasts 1s h1gher than monthly or weekly 

even dally forecasts because of the rap1d var1at1ons of data. In other 

words, the vanat1on of data obta1ned over a longer per1od of t1me 1s 

more stat1c, therefore the error would be smaller. Sma 11 er errors 

result 1f the forecast1ng process 1s done for a shorter t1me lead (a few 

hours) ahead rather than a day ahead. Th1s process can then be repeated 

for the next few hours and so on. To 1llustrate th1s, forecast1ng of 

the 1 oad us 1 ng um va r1 ate t 1 me ser1 es ana 1 ys 1 s has been repeated by 

cons1der1ng a per1od of only three hours ahead at a t1me. The results 

are shown 1n F1gure 44. The closeness of the forecast to the actual 

value 1s clearly ev1dent. A s1m1lar procedure for the b1Var1ate anal

ysls results 1n the plots shown 1n F1gure 45. Once aga1n, the forecasts 

are much closer to the actual values. Such a procedure of forecast1ng 

over smaller per1od of t1me can be used to forecast 1nsolat1on, w1nd 

speed, temperature, PV output, and WECS output w1th 1mproved results. 



2000 
1800 
1600 
1400 

u 1200 
w 1000 

800 
600 
400 
200 

0 

_,_ .......... 

,.-.--,---r ·-T--.-.-. I I I -.----. I I -1 I I I I I I I 

0 6 12 18 24 

TIME, HR 

LEGEND ----LOWER --FORECAST 
-----UPPER ----- ACTUAL 

95% Confl dence 

F1gure 44 Forecasts of hourly load (MW) over each 3 hour per1od for June 
30, 1975 (Un1var1ate T1me Ser1es Process) 

...... 
w 
0"1 



2000 
1800 
1600 
1400 

u 1200 
w 1000 

800 
600 
400 
200 

0 

---

...... _.,.,. 

y----r-r---r-1 t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 6 12 18 24 

TIUE, HR 

lEGEND ----lOWER --FORECAST 
-----UPPER ------- ACTUAL 
95% Con fl dence 95% Conf1dence 

F1gure 45 Forecasts of hourly load (MW) over each 3 hour per1od for June 
30, 1975 (B1var1ate T1me Ser1es Process) 

_. 
w 
-.....! 



138 

The absolute value of the relat1ve error for the results shown 1n 

F1gure 44 for the un1var1ate process var1es from 0.18% to 7.7%, and for 

the b1var1ate process shown 1n F1gure 45 from 0.06% to 10%. In general, 

the average error 1n the case of b1var1ate process 1s smaller than the 

un1var1ate process as expected. 

The results are not the same under d1fferent penetrat1on. For 

1nstance, the numer1cal value of the d1fference between acual and fore

casted PV and/or WECS output would be double or one-half under 10% or 

2.5% penerat1ons respect1vely from the Approaches A and C, and the same 

th1ng 1s expected from Approach B too. However, the percentage d1ffer

ences would rema1n the same. 

It should be real1zed that one cannot expect to use the same model 

dur1ng d1fferent seasons or even for d1fferent months 1n the same season 

-- Fa 11 , W1 nter, Spr1 ng or Summer. Because of many reasons such as 

var1at1on of weather, economy, d1fferent demands etc., d1fferent models 

would be necessary. Moreover, these models w1ll be h1ghly s1te-spec1f1c 

and ut1l1ty-spec1f1c. 

Compar1ng the results 1n the case of flat-plat and concentrator 

systems, sl1ghtly smaller error range and average error have been 

ach1eved 1n the case of concentrator systems. Th1s can be attr1buted to 

the many factors that could 1nfluence total 1nsolat1on as compared to 

only the d1rect port1on of the 1nsolat1on cons1dered 1n the case of 

concentrator systems. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

5.1 SUMMARY AND CONCLUDING REMARKS 

Methodolog1es for forecast1ng power system loads 1nvolv1ng conven

tlonal generat1on un1ts are well developed and have been used for many 

years. These methods are f1rmly establ1shed 1n power ut1l1t1es and the 

necessary requ1 rements are well 1 a1 dout not only for generat1 on sector 

but also for transm1ss1on and d1str1but1on parts of the power system. 

Dur1ng the last few years, research and development around the 

world have la1d the groundwork necessary for the des1gn, development, 

and fabr1cat1on of large MW-slZe PV and WECS for the generat1on of 

electr1c1ty. 

The world-w1de accumulated product1on of PV approached the 100 MW 

level towards the end of 1985 and 1t 1s expected to soar to 10,000 MW 

somet1me dur1ng the 1990-1995 t1me per1od. 

The central-stat1on PV prOJects 1n Cal1forn1a have been qu1te 

successful and have boasted the conf1dence level of ut1l1t1es conslder

ably. The comb1nat1on of h1gh capac1ty factors dur1ng peak hours, low 

ma1ntenance, unattended operat1on, modular des1gn, no harmful em1ss1ons 

and no water requ1rements make PV a very attract1ve opt1on 1n many parts 

of the world. 

The exper1ence of Cal1forn1a utl1t1es, SCE and PG & E 1n partlc

ular, wh1ch have MW-s1ze w1ndfarms 1n the1r serv1ce area has been very 

139 



140 

pos1t1ve and 1t has 1ncreased the conf1dence that w1nd could also be a 

good alternat1ve source of electr1c power generat1on for ut1l1t1es 

around the world. 

The 1ntroduct1on of a new power generat1on technology such as 

photovolta1cs or w1nd electr1c generat1on 1nto an ex1st1ng electr1c 

ut1l1ty system requ1res the cons1derat1on and resolut1on of several 

1ssues. Plann1ng 1ssues are among those 1mportant 1ssues and they 

1nclude the study of load forecast1ng 1n the presence of there (new) 

alternat1ve electr1c power generat1on technolog1es. 

The reason for th1s focus 1s that the power generated by these two 

new generat1on technolg1es 1s h1ghly var1able and could adversely affect 

ut1l1ty plann1ng based on load forecast1ng, under h1gh penetrat1ons. In 

contrast, the outputs of cogenerat1on plants ut1l1z1ng b1omass and other 

resources are "schedulable". 

Load forecast1ng 1n the presence of new (a1ternat1ve) generat1on 

technolog1es prov1des 1nformat1on useful 1n several aspects of power 

system plann1ng and operat1on -- generat1on plann1ng, system operat1on, 

revenue forecast1 ng, un1 t comm1tment and econom1 c d1 spatch, and system 

secur1ty assessment. 

Ava1lable hourly data such as 1nsolat1on, w1nd speed, amb1ent 

temperature, and load were used to forecast the net demand on the ut11-

1 ty. 

Chapter II d1scussed the 1mpacts of alternat1ve electr1c generat1on 

on the ut1l1ty system, brought about by the s1gn1f1cant d1fferences 

between convent1onal and unconvent1onal technolog1es. MaJor d1fferences 

from convent1onal technolog1es are present 1n the follow1ng aspects 

scale, 1nterm1ttent output, correlat1on of generat1on w1th demand, 
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ownersh1p, econom1c d1spatch, qual1ty of power, and load sh1ft1ng. 

Ut1l1ty-related 1ssues, 1mpacts and concerns as well as barr1ers to load 

model1ng and load forecast1ng were also d1scussed. 

Chapter III presented an approach and developed an algor1thm to 

ca 1 cu 1 ate PV system output under var1 ab 1 e 1 nso 1 at 1 on, temperature, and 

w1nd speed cond1t1ons 1n the form of a t1me ser1es, des1gnated as 

"PVTSALGO". Th1s algor1thm has been tested and used to calculate the PV 

output for d1fferent sets of selected data. Table II l1sts the calcu

lated values of output power for the selected PV module us1ng New Mex1~o 

data for one day. These values and the correspond1ng 1nsolat1on data 

are shown graph1cally 1n F1gures 6 and 7 respect1vely. 

Table II and F1gure 6 show that the algor1thm works well and can be 

used to calculate the power output of large PV systems. The output and 

eff1c1ency of a PV system strongly depend on cell operat1ng temperature 

and 1nsolat1on. The w1nd speed has less effect on cell temperature and 

consequently on the PV output. Calculat1on of the power output of a 

w1nd electr1c convers1on system 1s also d1scussed 1n th1s chapter. 

Chapter IV d1 scusses the 1mpact of gr1 d-connect PV and WECS from 

the load forecast1ng po1nt of v1ew. Several approaches were 1nvest1-

gated to forecast the net load on a ut1l1ty 1n the presence of new power 

generat1on technolog1es. They are summar1zed below. 

A. The algor1thm 11 PVTSALGO" developed 1n Chapter III 1s used 1n 

conJunctlon w1th umvar1ate t1me ser1es analyses for 1nsolat1on, w1nd 

speed, and amb1 ent temperature to forecast PV system output for both 

two-ax1s track1ng flat-plate and concentrator systems. The f1nal fore

casts of "net" demand are obta1ned by subtract1ng the calculated PV 

system output from the load forecast. 
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B. PV system output for both two-ax1s track1ng flat-plate and 

concentrator systems are calculated from raw h1stor1cal data f1rst. 

These values are cons1dered as a set of t1me ser1es and future values 

are forecasted by us1ng su1table models. Once aga1n, forecasts of the 

f1nal 11 net 11 demand are obta1ned by subtract1ng the calculated PV output 

from the load forecast. 

C. The h1stor1cal "effect1ve 11 demand, wh1ch 1s equal to the actual 

demand m1 nus the PV output, 1 s ca 1 cul a ted and used as f1 na 1 data to 

forecast the future 11 net 11 demand. 

D. The steps outl1ned 1n A through C are repeated for the case of 

gr1d-connected PV and WECS to forecast f1nal 11 net 11 demand on the utl1ty. 

E. The 1mpact of temperature on l~ad and 1ts effect on forecast1ng 

and model1ng procedures 1s stud1ed by us1ng mult1ple t1me ser1es anal

yses. 

A study of forecast values and error ranges 1nd1cate that Approach 

A 1s preferable to the other approaches. Th1s 1s because 1n A each of 

the raw (or1g1nal) data set 1s analyzed, modeled and forecasted 1nd1v1-

dua lly. S 1 nee each raw data set 1 s subJect to deta 11 ed ana 1 ys 1 s, the 

result1ng models represent more truly the nature of the data sets 

1nsolat1on, w1nd speed, amb1ent temperature, and load -- cons1dered 1n 

the 1dent1f1cat1on process. Consequently, the result1ng forecasts are 

more accurate than others. The output of a PV system 1s not solely 

dependent on 1 nso 1 at 1 on data, 1 t 1 s ca 1 cu 1 a ted through a step-by-step 

procedure and 1t 1s strongly dependent on the operat1ng cell temperature 

(see Equat 1 on 3.4) and, 1 n turn, on the amb1 ent temperature and w1 nd 

speed. As such, the t 1 me ser1 es of PV output data has substant 1 ally 

d1fferent character1st1cs from the t1me ser1es of 1nsolat1on data. Th1s 
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po1nt 1s brought out clearly by compar1ng the models of Equat1ons 4.2 

and 4.7, and also by compar1ng Equat1on 4.6 w1th Equat1on 4.8 for flat

plate and concentrator systems respect1vely. 

S1m1lar d1scuss1on and compar1sons can be made for w1nd speed and 

w1nd system output also. However, amb1ent temperature has very l1ttle 

effect on WECS output. In short, PV and WECS outputs are second hand 

data and some of the character1st1cs of the key 1nputs (1nsolat1on, w1nd 

speed and amb1ent temperature) become obscure by not cons1der1ng 1nd1v1-

dual models. 

The nonstat1onanty of the 1nsolat1on data for both flat-plate 

(total) and concentrator (d1rect) systems can almost be removed by 

apply1ng per1od1c d1fferenc1ng (seasonal d1fferenc1ng for the seasonal 

data) w1th the order of 12, v12 = (1-B12 ) and regular f1rst order d1f

ferenc1ng, v1 = (1-B) (see Equat1ons 4.2 and 4.6). But th1s process 

takes on a d1fferent form for the PV output data (see Equat1ons 4.7 and 

4.8). 

Stat1onar1ty 1s ach1eved for the data 1n Approach C by apply1ng 

natural logar1thm to get a more homogeneous data and a 24 order dlffer

enclng, v24 = {1-B25 ) to remove the da1ly per1od1c nonstat1onar1ty 

(s1m1lar to 12 that 1s expected 1n the monthly seasonal data). 

F1gures 16 and 18 reveal that Approach B has a smaller error than 

Approach C. Th1 s can be attr1 buted to the fact that some more nat

urallty 1s last 1n the data transformat1on. 

It should be ment1oned that for the f1 rst few steps of the fore

casts, Approach C g1ves much better results. For example, the error for 

the f1rst hour net demand forecast value 1s only 0.15% for the flat

plate case, wh1ch 1s only one half of the 0.3% obta1ned w1th the f1rst 
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two approaches. Also 0.18% for concentrator system 1s aga1n smaller 

than 0.3%. 

Cons1der1ng all these results, Approach A 1s more accurate and 

preferable. However, 1t 1nvolves more calculat1ons. Th1s 1s true 1n 

the case of both fl at-p 1 ate and concentrator PV systems. Both are 

assumed to have two-ax1s track1ng although 1t 1s absolutely necessary 

only for the latter. 

Once aga1 n, 1 n the case of the presence of PV and w1 nd systems, 

Approach A has smaller error range and average error. W1th Approach C, 

forecasts of the very f1rst few steps have smaller error as compared to 

the other approaches. As an examp 1 e, 0.09% for the f1rst step ahead 

forecast 1s an excellent 1mprovement, but the overall range of error 1s 

larger and so 1s the average error w1th respect to the other approaches. 

Compar1ng the graphs 1n F1gures 40 and 42 (see sect1on 4.3) 1t 1s 

not1ceable that there are some 1mprovements on load forecast1ng when the 

effect of temperature 1s 1ncluded, spec1f1cally for the f1rst few steps 

-- compare 0.09% w1th 0.3%. Also the average error 1s smaller than 1n 

the case of umvar1ate t1me ser1es (about 0.2%). Overall, the dlffer

ence 1s not that s1gn1f1cant. As expected error 1n hourly load fore

casts 1s h1gher than 1n monthly or weekly even da1ly forecasts because 

of the rap1d var1at1ons of data. In other words, the var1at1on of data 

obta1ned over a longer per1od of t1me 1s more stat1c, therefore the 

error would be smaller. Smaller errors result 1f the forecast1ng pro

cess 1s done for a shorter t1me lead (a few hours) ahead rather than a 

day ahead. Th1s process can then be repeated for the next few hours and 

so on. To 1llustrate th1s, forecast1ng of the load us1ng un1Var1ate 

t1me ser1es analys1s has been repeated by cons1der1ng a per1od of only 
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three hours ahead at a t1me. The results are shown 1n F1gure 44. The 

closeness of the forecast to the actual value 1s clearly ev1dent. A 

s1m1lar procedure for the b1var1ate analys1s results 1n the plots shown 

1n F1gure 45. Once aga1n, the forecasts are much closer to the actual 

values. Such a procedure of forecast1ng over smaller per1od of t1me can 

be used to forecast 1nsolat1on, w1nd speed, temperature, PV output, and 

WECS output w1th 1mproved results. 

The absolute value of the relat1ve error for the results shown 1n 

F1gure 44 for the un1var1ate process var1es from 0.18% to 7.7%, and for 

the b1var1ate process shown 1n F1gure 45 from 0.06% to 10%. In general, 

the average error 1n the case of b1var1ate process 1s smaller than the 

un1var1ate process as expected. 

The results are not the same under d1 fferent penetrat1 ons. For 

1nstance, the numer1cal value of the d1fference between actual and 

forecasted PV and/or WECS output would be double or one-half under 10% 

or 2.5% penetrat1ons respect1vely from the Approaches A and C, and the 

same th1 ng 1 s expected from Approach B too. However, the percentage 

d1fferences would rema1n the same. 

It should be real1zed that one cannot expect to use the same model 

dur1ng d1fferent seasons or even for d1fferent months 1n the same season 

-- Fall, W1nter, Spr1ng or Summer. Because of many reasons such as 

var1at1on of weather, economy, d1fferent demands etc., d1fferent models 

would be necessary. Moreover, the models w11l be h1ghly s1te-spec1flc 

and ut1l1ty-spec1f1c. 

Compar1ng the results 1n the case of flat-plate and concentrator 

systems, sl1ghtly smaller error range and average error have been 

ach1eved 1n the case of concentrator systems. Th1s can be attr1buted to 
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the many factors that could 1nfluence total 1nsolat1on as compared to 

only the d1rect port1on of the 1nsolat1on cons1dered 1n the case of 

concentrator systems. 

The stud1es pursued 1n th1s research have pract1cal 1mportance 

The process developed 1s general and 1s appl1cable to any ut1l1ty system 

1 n the presence of PV and WECS The results presented and d1scussed 

have la1d the necessary groundwork for better understand1ng of the 

forecast1ng aspects of alternat1ve (PV and WECS) power generat1on tech

nolog1es ass1st1ng convent1onal generators, supply1ng a common load 

The results and d1scuss1on presented should be helpful for further 

stud1es 1n th1s area. 

5 2 Scope for Suggested Further Work 

Integrat1on of new (alternat1ve) generat1on technolog1es w1th 

present-day power systems 1s a mu1t1-step 1terat1Ve process 1nvolv1ng 

econom1cs, 1nst1tut1onal 1ssues, env1ronmental 1ssues, customer accep

tance, and hardware development Appropr1ate load forecast1ng can 

prov1de some of the 1nformat1on and 1mpetus needed for the character1za

t1on, des1gn, evaluat1on, and demonstrat1on of new generat1on technolog-

1es 

Future work on forecast1ng the net demand on PV and WECS - ass1sted 

ut1l1ty systems appears necessary 1n many areas and some of the 1mpor

tant ones are outl1ned below 

1 Decompose the load and outputs of new generat1on technolog1es 

on the bas1s of d1st1nctly 1dent1f1able serv1ce reg1ons Develop models 

for each part 1nd1v1dually and obta1n net forecasts 1n terms of these 

1nd1v1dual forecasts 
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2. Improve the mode 1 s for 1 nso 1 at 1 on, w1 nd speed, 1 oad, amb1 ent 

temperature, PV output, and WECS output. 

3. Develop ways to 1nclude the d1vers1ty and/or the complementary 

nature of solar and w1nd resources 1n the study and forecast1ng. 

4. Study d1fferent m1xes of PV and WECS depend1ng on the ava1l

ab1l1ty of the resources. 

5. Cons1der the poss1b1l1ty of 1nclud1ng other energy technolog1es 

such as heat pumps and solar heat1ng and cool1ng wh1ch could have an 

1mpact on the net load exper1enced by the ut1l1ty. 

6. Include other new electr1c power generat1on technolog1es such 

as solar-thermal-electr1c, solar ponds, and geothermal 1n the forecast-

1ng process. 

7. Study d1 fferent seasons and the d1 fferent mode 1 s necessary. 

F1nd ways and means to arr1ve at s1mpler models useful for longer range 

forecast1ng. 

The paragraphs that follow d1scusse some of these po1nts 1n more deta1l. 

The stud1es documented 1n th1s thes1s cons1der total system hourly 

loads and central stat1on PV and w1ndfarms outputs. Ut1l1ty load can be 

broken down 1nto d1fferent sectors -- agr1cultural, commerc1al, 1ndus

tr1al, and res1dent1al. The loads contr1buted by each of these sectors 

depend on certa1n var1ables. Such as populat1on, economy, and wea

ther. Ident1f1cat1on of these var1ables and the1r relat1onsh1p to 

sector loads and 1n turn to total system demand w1ll 1mprove the fore-

cast1ng process cons1derably. Moreover, each reg1 on 1 n the ut 111 ty 

serv1ce area w11l have d1st1nct 1nsolat1on and w1nd character1st1cs. 

Consequently, 1t w1ll be better to develop separate models of the out

puts of PV and WECS, depend1ng on the1r geograph1c locat1ons. 



148 

Although the models developed 1n Chapter IV are reasonably accurate 

for a f1rst-cut study, 1mprovements are certa1nly poss1ble and they 

could come from employ1ng d1fferent types of data transformat1ons and by 

cons1der1ng spec1f1cally seasonal, weekly, and shorter-term (less than 

hour) var1at1ons. 

Data concern1ng new (alternat1ve) energy resources, say for example 

1nsolat1on, usually takes the form of consecut1ve hourly or da1ly aver

ages values of the ava1lable resource. Typ1cally they are h1ghly cor

related. Consequently, further study 1 s strongly warranted to develop 

new and 1mproved forecast1ng methodolog1es to handle the cont1nuous and 

dependent data. 

Due to the bas1 c nature of solar and w1nd resources, short-term 

(hourly) load forecast1ng approach 1s employed to cons1der the presence 

of new generat1on technolog1es for one s1te. Any general1zat1on of the 

f1nd1ngs of th1s document w1ll requ1re the study and evaluat1on of many 

more s1tes w1th1n the ut1l1ty serv1ce area w1th d1fferent 1nsolat1on 

patterns and w1nd reg1mes and longer per1ods of t1me, espec1ally 1n the 

case of larger penetrat1ons. Based on the ava1lab1l1ty of 1nsolat1on 

and w1nd speeds, d1fferent penetrat1on m1xes for PV and WECS should also 

be stud1ed. 

It would be worth wh1le to 1nclude other new technolog1es such as 

solar-thermal electr1cal generat1on, solar heat1ng and cool1ng, heat 

pumps, solar pond electr1c generat1on, and geothermal un1ts 1n the 

forecast1ng of future net demand. 

It 1 s des 1 rab 1 e to 1 nc 1 ude as many of the env1ronmenta 1 factors 

such as cloud cover, hum1d1ty, etc. as poss1ble 1n the model1ng of the 

resources and the outputs of new generat1on technolog1es. However, one 
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should also be careful not to make the models too compl1cated to be of 

much use as far as forecast1ng 1s concerned. 

S1nce large scale arrays of PV and WECS are expected to be located 

1n remote areas served by the ut1l1ty, 1t 1s clear that transm1ss1on and 

even d1str1but1on l1nes const1tute an 1ntegral part of a PV and WECS -

ass1sted ut1l1ty system. Therefore, the 1nclus1on of transm1ss1on and 

d1str1but1on 1n forecast1ng opens up another area for future research. 

F1nally, PV modules and WECS w1th d1fferent operat1ng characterls

tlcs should be stud1ed 1n deta1l. As an example, WECS could be a con

stant-speed type or a var1able-speed type and 1ts output as a funct1on 

of w1nd speed strongly depends on t~1s po1nt. PV modules could be made 

of s1ngle-crystal sem1conductor or amorphous s1l1con, to ment1on JUSt 

one po1nt. The1r outputs as funct1ons of 1nsolat1on depends on factors 

such as these. All such factors w1ll have an 1mpact on the models and 

methods used 1n forecast1ng the net demand on an electr1c ut1l1ty. 
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