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Cut:rerltly most prl~terre:d rrletltlOll. is J.I."'""..,,,,, 

at 
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a LED 

However U",U",lUl-'U'll natute 
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nature 
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LED 
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--- ------------------
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att~c()nlrutl01un<g u~~,u~ •. ~one 

enler:gelCi as a 
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converts 
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MI[)Qlewne: a 
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at ternp,erllt 
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set 

remote 
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For next 
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Z is 

P is 
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In 

Loss = 

In 

L 
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is not tn~::n()ru,ess ina 

=K- (4.5) 

d is f is 

are 
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IJUlllljlUI! rate is 
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water 
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""JULio:. ... 1"'1 .. ,71,-.,." to meet 

to 

u.",u"n;;LU states. For converter 

ettlCl4en(:y must 

must UClCOJ.,UJJlUCO 

5 at 

season to season. 

In to 

water l-'''I.UJ.I-'JJlJ.~, 

rlp ... ~,· .. rI to rel)rc~se:nt 

is a a curve. 

rnst-,t'ttt'(~tnrt' manner. 

is to ac(::urately CJnaracten~;e 
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n("1'''UI"rf''n equlprnent, ids lrn,nr\1"r'~f 

converter on source current 
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In 

one 

rp,nnlrf' a constant 
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a water 
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where r i, thc ,k(~l' ri",,, comtanr of rhe CUl~T 

['rom ~yuaticlll (-'.1) when I =', 

I(t)" 1(1') "e-'(l; - 1',) -t Y, = O.37(y' - Y,) -t Y, (5.11 

In I)l"actic~ It i, oltm conv"ni~!lt to approximate np(-l) lO 1/3, Il)' ~'bLli,hing lh~ poltU 

"her~ I(t) = 1(,), a lwn.ot1l"llin~ Can L. l)l:od"c~d from ihis l>Olt1l lL1lWll intercept' the 

ch"roc,~ ",ric CU"T W1Kn" wrticallme elra",.-" fro'" rhe p,,;nt of i"",rsecnol1 no"c, the x-

"';, i, mach the tinK col1stant, , J" figure '.1, 1(,)a"J ,arc markeJ a, Y, anJ T 

r~'l",cnvdy 

Tn phy,ic.l d~ctric>.l tcrm, cquation {5,l; Can Ix: m(xldkJ LL,illg a rt'oi;til'e/copoCltivc 

nciwork ," ;hOWlllll figLLll' 5,2. 

-111~ (urrem I (I) no"~ng III figuu -';,2 " gt ven by ,he folloWlllg eXpre'Slon. 
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v = +---

to 

v 

R2 

can w()rl<i:ea out an etIlplncal curve 

current. 

v 
=-

to HUH""'"":; 

v 
=---

which is current. 

c can 
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one can use ... >A.J.u .... .uu ..... "-LA ..... u., .. ,. .• ., as The 

in is in 

Scope2 

Constant 
Constant1 

Constant2 

to "ll.u ... ~a •. "" a current an expolne:ntlaJ. ""'''.U"U;:o<'' 
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i i i i 

o ~ 
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4 !\. 
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~ 2 
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00 
i i i i i i 
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in 

state currents was 8 

at a 

current = 11 current as a IS 
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1(1) ,<Llch that I(I} 1O.1~xp(-2()()r)+1.43. Fjgmc~ 35 anJ 'l .r, represent th~ etlll'tric.1 

and SjmlU"t~J rCowl" re'r«'tinly 

A"I", T,,,.,, •• ,,, 

Fig:u!c' 5.5. TI,e cmpirical curren' cha",c,"",ric r-o r an l1lc.nde,cc'1lllig:ht blUb 

Fig:ut~ 5.6. ,\ Sitnulinkhlatl.b plot uf the incamk,cmt Ii!?h' b ulb current 

5.2,2 \'t.'~tct pump lo~d model 

Th. m easured nme nm",nl, .- for the w'te~ pump was (,()(l milli-seconJ, .nd the tatio of 

I, 2.R 
""ling to the ",,,Jy "",e curren' - - = 1.5(, If tbe pump pOWN raring j, 251)W and 

I, 1.g 
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orerating at 42V. then the rated cnrrent 1 , ,;,9'i;\ 'Ihe ,tnting cur!~nt i, the .... fore :1 ,% 

x 'i,95 = 92(,,\), 
There!'ute th~ cnrrem, l(f), drawn by thi, pnmp from a ,I2V ,upply is !!i,'en by 

1(1) ~ 3,3 lcxp(-1.671) + 5')'; 

hgures 5,7 ami 5,~ ,how tll<' empl1l~,1 and ,;mub",d plut> ()f the cllrrent ch"'"cteri,ri~, of 

,he water IH1ml' ""I",cri",Jy. 

- .. . -r-- -I~--" ..... ,. . . ~, ' I"r_, ..... r--J.~._ .. (,.I._ •. 

Flgllte 5,7, ,\n empmc"l plot of 0 current dr,wn by " de water rlonp 

Other li!!hting appliance, tested were 0 <eric, strinp; of light emitting ill(),,",s (LEDs) "nd , 

~omp111g ,k tlUDre'Cl.nt light tnoc. Thei! load eutrent chalOleteriStlCs are ,hO"~lln fip;\l"" 5.9 

,,-,d 'i,10, re'rc~riVlOly. l'"lih ,he r"OYiou, npo""ntlal decays, the,e are step funcaom ' I'he 

"ze of the ,h,r fo, the LEOs" e'lu:') to the!! set rulll1111!! current, wluc h )n th" ~",e w", ,," 

to 211m,". Eknri~all)' they c,n be tnmJdled ()U, uf pure ,emUn compon"nt< ' I'he 

fluof(",cent enrtent i, compI1,ed of a high 'tamn!! 'lep ",d 0 low", «cad,. ,tote "ep, The 

etnpi,ic,l ratio of the I",ak to operatlng cuttent is 2,2, TIre starm'!! cnrren, b<" fo' 2511m, 

ond then ,uddcnly dmr' to the nurm"l running clLttent. 
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<l,udes "'hen ~" ud)o;u on .ntl 'h"" off 

I f Ih~ ""ed puv. ...... uf the lube .. :!IJ\\- .",1 uprranng • • a ,·uh.;;<" of 12\'. r ... ·" rht tI,td 

,,,.rcu' [2 '" (211 -t- H ) - 0-4 - 6/\ ", he,efQr<'. d ... ~~J,. s tarring cum:", u 2.2 X 0.4 i(i - LOS. \ . 
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}';!:"" 5.10. Th<, ch, m~,,:ri,ric curr~l1l "ra Je ilu()resce.!lt li!!"h! ruh(' 

In nrcier to model the cur","' 1n figure 5.10, ot~ m"" rt:coitl1lz(' 'k Char"Cl~riSl1C as " 

,ummarion of NO ''''1' function> i\ U{t) ""d B U (t;· , uch ,hal 

AU(!) = {Oiorr:SO 

= {l .(I'ir-ort>li 

Bll(!) {O for ,:0; O_2'i 

\<1.05 -0-476) = -0574 lor t > il2S 

Th" comphc curren' ch,,'aClerisrLc j, ,h",do'(' th<, "1m AL(t) . IlU(t}. Figure 5.11 " til(' 

,ulllwnk result of this modd 

5.2.3 

hgure 5.12 " the de cum:", drawn hy an itlYerkr when JriVlug an l11dUC[lon motor driven 

comp .. """'_ ' Ill.: ,b rk Ii",,, mark th~ "ft"cuvc de ceLttt'" 'tlpphe,d by ,he de '(l\!fCC A, can 

Ix: ,cen, the characleri,lic plol is of the san", 1)1''' as r-m th~ flu()r~"'''nl liglu. Il can 

,hnctnn- lx: tnoddblu,;ng lwo >leI' itlnCUOllS as 'xplal!~d r-m ,h<: nU()[(,,~,,"t light. 
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rigur(' ., II ." ,imlliink plot of a nll(lrl:<Ccllt light load currcnt 

l'ignrc 5 12, The ill: ,urtenl drawn by on imene. wh~n dri"ing 
an indLL<:I.iotl mOlor wtnpre,wr 

itldllCllOtl mOlOr dri,'en wmpre"ors are ,he most wmmon 'YP" "sed in refrig<'ralor, in 

K~nya From ,he dark line, d"''',l, ,he r"tio of ,he smrnng currem lO the running cnrrent" 

17 2, Th~ ""rting cntt'entl"SlS for 12(Jmilli,,:col1ds. l'igur(' '1.1\ which was the actual K 
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cum'n' dfo,,", hy 'he inuucuoll molor [rom ~I", inwrte,. confirm, 'h" time' 'nca>lLremem 

from the' initial () cycle" of lile' 50Hz.c currem 

hgur~ 5, 13, ,-\e curren, h,wn from OIl inwrtc! t>y 

an inclucl1<")n motor dr"~ng 0 mmpfc«Of 

5.3 Aggregate "'odds 

Figure., 5,14 • .,d 5,15 ,'ep".,.nt "mpk' t'rol11 0 d",h,,,, or rl,c &.ulh .Hrican ~ouona; 

Rationalised Speeliie,';on, ("RS) l.<"d R"",ord Proie'Ll of a one-month >rudl"' 'rbe electfK 

con ,,,mp~on by , rmol mmmlliUty of ,11 hOLL",hold, in (jaragaJX'la was motuwred round 

tbe doek fo, onc momh, ktw"cn th" .)(f' Junc 21 X)2 anu I" .\ugu", 2002, r.gu" 5.'14" 0 

24-l>our lo.d pro file ° t' 0 random lndi,~d",,1 hou,,,ho'u (from ,mong lhese' ho""d,old,; on. 

fondom dol' ond figllf(' 'i .1 '> i, rhc o~"'g"" 2,1 hrmr 'oad pn:rfil~ lOt Il,~ 41 1,0LLsehold 

comnnmity OIl lhe ,anH' uay. 

Tl,~ peak loacllO!' Ibe' 1iHllViduail,ousd,oIJ for the day WaS 7,~5,"', "'~tb an ,,·e'.gt of O.(,~I\ 

• .,d hene. • load fac~o, of 8.4%, The ,()ui enerB->' consumed by d;e bo"",I1()ld wa< therefore 

(24 X 0,66) - 15,84 i\h. Durmg lile' Same' cia )' me community', F",.k load dellund w" 
70.7("-\' ,vilh an ov".l"'" 01 29.ct9}, • .,cI a load f.u()f ()[ 41'\'" Tl,el! coll,c~w ele.C< rtc ene,RY 

dCl110nd " "" ,berelo" (,9~.1 (,ilh. 

'" 
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load in is a constant 
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Time of day 

rate to a 

"<UHVlo;;U at 5-1llltlut:e ,.,1-"' .... ,<> 

So between to 

0.00 hours 

In to COlnpute 

is r",,,, ... ,,,.· .. rI are surnm,ed. The sum is sum 

of 

p=-'-::,----

p = 1 Since 

were at am, 

p = 1 7.26 
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= IS or 

15.00 is at 
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-1.5x + +1.2x 
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segP1e:ntswas~U.U!~;llCU 

~t< 

~t< 

11l\.JU~;!!<;:U to rel)J1c:ate 

rectenc:k D. 

"" .... h', ....... nJ.J.LJ.J.!.U L,onlp~my .JJ\,'i>C,.JU. 1978. 

2. 

1972. 

3. .l"CUll.lUl .... , New 
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on Power 
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.I."-<';;:U.U.<';UUtu L<.,,; .... u ..... Water 

7. 

8. 

9. Mr.rtpn~u·n R. E. and 

J.'U.l"""~U';ll" on Power 
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12. ~U'JU'" 

14. B. S. 

Power ,,,,,tPt'n "".'-"".<4.LO'U 
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as a 

In rural 

sources, consumers are only 

to use 

a 

concerns ".r>,,,T •. PTTP{-1:"1':rpl.r 

cause "jJ'UUL':U''''~J,"", 

to some new 

centres. 

u.u.<;HIClll" as 

..... " ....... " to users, 

sources as 

Due to the uu........... "' ... 1-'., ........ "''' 

sef:tnll11g1y "'.J.C'~U"ll<;, ids 

remote 

are 

In 

in 

rural ma:r:sn'l;:s to 

are 

Orl~ll1C waste 

water resources or seeds 

way are 
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is a 

an 

1Ill.:1UI.U: an 

a 

pl()n4eet:ed anaejrOI)lC treatment waste, 

UCUU.<1ll::>llJ~ otte:ns.lve UU'JUl'" The mf~trulne OHJUllCC;:U in 

!.LJ':.uuu~, When dll"ec:tlv in a 

a 

can .JUCU::;:;ILU use 

CUl!,ll.Lt:::> to run O::U::LI.JLU_.,U 

The 1S cell tt:l;UIIUIUl:!:lt::; 

a 

1S rf'l"f"ll~ 1')11" 

In to UUJU,,,,,,C are 

llUU",;;U,J1U or,I!a1:llC waste 

UC',-aI.1C an 

to have >I"'''''''V''''' 

92 



Univ
ers

ity
 of

 C
ap

e T
ow

n

U;;;,UJ.l". In recent 

....... 'U .......... u", as a viable 

pr()dllctl.on is our 

~"'j:;,"""'.'"'' cases, 

[1 rec:nnOlC)gy aPt)ea:rs to 

are pvj-p, .. ,,,uP 

case SUICll:es of resources are rp"l1"1"pr! 

to meet as to 

areas. 

the IS 

The nrc)ce:ss U"J~ .. '.ll'- waste matter to 

IS de:pe:nclerlt on a In 
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an accurate 

from waste 

• 
• 
.. 
.. 

is one reason 
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matter to water 
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rates. 

most 

act on raw 

U""-LUUY rates to 

amount of 

de1tennirled in 
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can or 1"1"'''1''1'':1'''(1 on 

adlilltllg some aPP!()pl:1at:e 

Extreme rlH ... "i1nn pro(:ess ...... , ..... uuu must 

so must as is not 

too .................. uo;:;. 

are not 

to at 

is most 

is UU.l.UJ'''''-' 

dH~esnon plroce:sse:s can 

some occurs, as 

bohvdr:ate "".n", ... UJ'1i,; converts to r<>,·hr.ro 

water aCI:olrdlng to In some cases some 2 

terms. 

+ + 

a 

+ 

In a more comt:)l.lc:ate~d p,rOlceSiS (l11u,tr:lte,d 6.1) 

cOl:ldlnons. In nature the most lOa 

95 



Univ
ers

ity
 of

 C
ap

e T
ow

n

In rumen 

eqluprnerlt. In 

a slaughtf:re,O cow is 

water traces 

FOOD, PAPER, FAT, OILS, 
GRASS, PROTEINS, ETC. 

HvdrblV!iis & 

HIGHER ORGANIC ACIDS 
RESIDUAL ORGANICS, 

BACTERIA 

rhrvp<:tp1" it is a 1-1".1""" 

-JlSil1tnura.-:So'suJi.e et al uses U"'~U_.L""" 
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There are va.rtclu!; ways 

F or eX~lmt)le, a 

water mtxtur,el ", .. ,,' ......... to ten percc:~nt 

VLJ'~lJ'HU waste, 

\..UU ... "WL'" more water 

water 

out 

o.UU.Ui:U waste pc:~rtl[)nns 

matter content 
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is a 

resources 

Feedstock No. of Animals to Dry Matter ... 
!"". Yield in 

Produce One ton per • '" content Cubic Meters per 
day Ton 

Cattle Slurry 20 - 40 12% 25 
Pig Slurry 250 -300 9% 26 

Laying Hen Manure 8,000 - 9,000 30% 90 -150 
Broiler chicken 10,000 -15,000 60% 50 -100 

Manure 
Food p" -<:> 

15% 46 
Waste 

ESTIMATES OF BIOGAS PRODUCTION BY CATTLE 
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9. 

10. :rerler~mCln Rates nSIWIlcaU::Q .n ........ "' ........... in 

,,,,,tplm<:" .. :nULUU.ll<1. 

11. 

.......<1J.!ULUJ. Gas ;:'V1:nP,os:lurn. 

12. " German 

13. ' .. .HVUi<U 1'>'letlnarLe L.:,UU'''''!'-'U'' from 

1990. 

cross-current 

18. 

42 V Power-net 

IEEE PES 

19. 

use 'u",,-ua. current status, 

5 12. 

21. 

22. Mt~vneu.P. !""'Ull.,.!'; a " ':'CJrlOl:Ke:n ..... , ..... v'.~". New 1976. 
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Fox in 1882. 
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dawn saw ... .u.LH'~l. water as 

mover in mainstream to cross 

are, the lmlJor1tan(:e 

",,. .. ,,,.,,,,r1 in 

to serve some 

a 1n '--'''.Uti"",,,,. 

over view a Hll.Ll.'.rl.l.VLllU 

The term InlCr~:J-rlV(lrO In 

be than 50 

tens ret'ert:ed to as 

sound means 

HVVULU~ and lntlerb~rel:lCe "u.l.u.U.K others. In "U ...... 'U->JH itis 
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A 
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8.6 Cuncluding: remarks 

' ine most cOlnmon renew.ble energy resource, and their ,ra"-of-,he-",, ,eWlir<CC_to· 

ckc,,"c,l <en",,,,, conH"lon recI11'lologi." h",,, been descn bed '1110 Jmponance of accu,otc 

r"<ourc" ""~,,tncnt ha, hC~!l highlighted In adilition, variou, ",,,,,urn, ~''''''tnc!lt method, 

lI,;Ilg: ph)'>;c"l and/or ,oftware tcch'U'lu~, "u'able for sub·Sahara ,HrK"" !lLt"l luc""on:; 

h.,,-e L>ecn dc,crib<:d, C'Jng: wDrhd out namplc; the f'facticaILL,efLLlnc;s of lhe<e method, 

h.I> OCCtl ucmm>;'r"cd. There/,,,,, "i, J>""ihk to de'ign oc~urate and hcnc~ "ost-dlccli,~ 

r~!l~w"blt ~ncrb'Y it,;,allauot,; nen in d,,!o-Jdici~nl cn"irutun~nb like rutal sub-Saharan 

,\fri.", 

8.7 Appendix VTIT 

hgure V Il]a. ,\ d"ih ,,00 ,r,~kl y lo,d prolik for' household" '[ 'h ib (Ken)") 

(from" worked out "nl11pk Ln >cotton R.2.'i) 
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T'igut~ APPVIIIb. 1),,\.%heel io, the sdeclNll'V module (;\SE-300 DC F/SO) to be ,,,led 
(The menu allow, ior sizmg of ",roy) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

hgme API'\' llk Specil1calion for wiring 

-,,,,,," 

15] 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Fig:lL!~ ,\PPVlIIc, A plot of ,h~ monthly rcrformancc"' pncenr'ge of the Io,d mel b)' lh~ 

itd,lhtion 
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9. A Specification of a Flywheel Battery for Rural Electric 

Energy Storage 

9.1 Introduction 

K~ny"n nlr.l elenrlc loads arc charKtcrl,ed by poor lo.d [.ctors with '~rll1olly no 

C01!lC1denc~ b~t\1'~~n tenerocion .nd consumpcion. 1n the ca,~ of I'V, ior nampl~, power 

ge!leral1o!l i, by !.]ayume, wlul~ the lil,llli!lt a!ld i!liolalIlme!ll domi'h'teu load, are almost 

cntirdy by mgh'_ Cynic, ha'T ,ptly likeneJ opcratttlg mch a sy,tern, wilhoLIt aJc'l""tc 

storage, to milking a ~ow withoLII , hli~kcl_ Encrgy >toragc rcm~in, hy b r the hiXf(c>l 

challe!lt<' in nlrlll clecl!iiicn;on 

Elcctncal encrgy storage kch'lOloty i!l sub-Sah".n ;\&ic. i, olmoS[ exdusl"dy by ch.""c.1 

botwie" particularly 'hc alLtomoliH l.aJ aciJ type [Ij, The batl~!its h,,~ low imli.1 price> 

but ,h" j, deceptiH, a, thelr ,hort likspa'~, imply rouU!lc replaceme!l! ~xp.mes, TIm 

!nerea"" the bllIuen O!l the ~nV1!onm~nt due to thc fre' luent di'f'O"al of to:.: i ~ matclia!>' l!l 

.ddition, thcy havc low Jepth of di,charl'~ capablime, ond rhu, l.rgn rhon ne~c"ary 

cap.cicie, >r~ rC'lulred, which furthcr e",!.ks thcu app"rent CO" aJ,'a!llal;t. Thn" ore cerwi n 

ban.ry typ' '', which have hl",b like "sohr batte"e,," ",ilh wmewha! enhanced dep,h, of 

Jischarg~ b llt lhi, often come, with tr,dc off,_ 

Cary IIUIll [2j refers !o an inextrlco ble ll nk beN-Tcn power, cncrgy '!ld likspa!l (i!l Goth al,e 

md charl(c dis~harge cycle,;, thal continues to b.me chcmic. 1 barte')' re,ca reher>. \'1/hC!leyer 

an)' one of the,~ til ree fl1!lcnom i, cnhatlCed. al l~",l O!le 01 the reJT1.lJunl' N'o cletelio rotc, 

For nample, in ord~1 ro d ellnr • rC4uired peak trA!l,ie!ll power, the desigIllT1u>r offer high 

dcetroly" lo plat~ e"po'ur~ bu r thi, in rum i'><:rca,c, ,dl~Ji,charg~ rat., and hence reduce' 

thc availahle e!l~'ty, Ambient tempcramrc, , 1", aff~u dlarlo~!lg characteri,lic, .nd l;cn~rlll 

!", rfortnanc . Olh~r iosues r.nl;C from ""'pic 0"'" likc watcr 1m, (or dryi!lg lip) !o mor~ 

. b"r>ct one , like decttolyk stiali!icHion, In renew.ble energy i!l<!alhtiom, b"'let1~' are 

oftm connected In sClie, stti!lgs "nJ charged while lfl u,~_ 0= to di'parinc, in ~hemlSlr-", 

different cclJs ch'l'ge ar diffel'<:n! TI'!C, a!lU the !lece"ary ~'Iuali ".tion to .110w the ,low 

chargint section, ro top LIp ~annor he carri~J out f~.,ibl)'. lr!orroyer due to 'hc ,to<:h"tic 

nature of ",source" many gC!lerato" are iitted Wilh m.ximUlT1 power point trad",,, which 

'" 
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Oftl'!! confhcl wilh lhe se, 'optimum' baw,')' Char);ln!? """ alld r~".J!" ill Jlttllpillg of exc,", 

power nT!! wh~!! b"ul'ril's "re not fiJII)' chMBed. In additiall. If battery cell< dJOlJJ be kq)l 

at ",·erch.rg~ (say "bove 2,45vol<s in cose ofleod acid} fOf lOll!? perioili, grIll corrosion 

""IJ ~. O!! th" other hmJ. ill c",~, of susraiIll'J low i",olorion ond high lo,d derrl"nJ, th~ 

bam,,,e, will h,,,,, to bl' "''-I~,,~d to !oilg p~"oU:; of Jeep di,charge_ 'Ih" cmJd le,d to (tk 

oforemelltioned} "Motion: , ",,,,, that """k« r~ch"rgillg diflicult and or ~"'e' impo"ibk 

[IJ, :>loreo,'er, all chemIC.1 battenes ",ff", r'rom high cli,ch.rg~ 'hock, ",Illch campromi"" 

rl"jr life,p"'''_ Con'c'-jLLmtly, chem.lcoi bone"" 'e<]\ll'" np"no1Vl' and highly skilled 

maintenance In order to yidJ rrl""-i!!:mn life, Skilled manpowe, ,nd ili+(""bl~ incon", are 

rare comrrmdirie , in ,;"frican mr,1 are,,_ 

'In" tl,-,,,,'h,,,,1 [-' lR] i, ,n 'gc'old technology llw, has ",en recent ,,",w,i md coulJ 

,"hse'lllelltly ",,,,,In: to ,dd"", th~ abon' COrlC~mS, 'n,~ LLS~ af flY''''heel' "re,c~an wheel, 

(like porrer', wheel,) dar", h,ck to biblical tim~,. TI,l' !lrS[ lke<rarnecholllcol b,ttery wa, 

how~n'r o"ly r~port~J in , lou 1<}40', in the urh,n S,,'" vehlde calkd thl' gytohus, Even 

thm fLLrthn r~Sl'.rch did 1l0t pick up mltll the 1<}70',. "'al"ly r'or Oll"" 'pac~ prognrm bLLt 

,till hpt, nhtivdy low prolLle_ The l,.rly 19')()'s Saw a nlW revi,'ol OS lllum,non,1 politic~1 

P":O"'''' illcrea,ed det!la!!d for "mironrn~!!t.lly bmi!,'tl l~chtlOlog:i~,. TItis was ougrnented by 

de"dopmcn" In ,""n!? li);htwel!?ht 'Tute";,I" trla!?n"uc r~chrJOlogy mJ soliJ-st .. ~ 

electronlC'_ Sllb"'Y'l[,nrly, ~}""h",:l h,tte')' tl:chnology wo< ,hortli,,~J "' Otl~ of lk 

condid"e technalaf(le, by [)'" l'ortnerslup [ar a New Gelleratian ofY"hicie" -::PNCV) In mid 

1m's II 9, 201 

l'o(en[Jal ,ttr1bm~s oflk (l'chno]og), i!lclude long lik'pms, abiliry to chorge or di,chorf(e ., 

ver}' high powl'r ,"Ie, throLLgh Y~l,' J,~'i' cycl~" IlO Jct~nor.tio!l in J",rforrnanCl' wilh 

nnmkr of ch"rgdr~,charg~ c)'cl~, and fn'~J()m from mOOt of th" chemical b,t"",' 

mcutnbr"nc,-" 'In;, rechnolo!?y ha, rh" potl,nri.l to ch,llenge th,' e'H");y denm)' of 

p~l!ol"'L!n, 

TIti, ch"pler will " ... nlltl[' tk I~",ibilj l)' of U''''g thl' l'n"irotl!n~nt"lly belll)\n 

ekclromechallic,,1 tlywhcd b,ttery in mml ",b-S,h",n Afnc • . S"ctian 9.2 introdace, rh,­

bo,ics of kitldic l'n~rgy "o,,!?e Section <}_3 provide. the ck'18" equooo", of a 11ywkd 
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motor gm~rawr. S~c Lion ~.4 eli"'''"e, ,h~ rol~ o[ power coneliLio!Ling d~CUOIlic,. S<ocLiO!l 

9.'i devdop, a 'l"'ciiiGlLinn f",," ,uilObk il),whed b",ier)" "nJ~! n~"r iJ~"h,eJ comhUom, 

t-or 0 ,ucol hou",,'h nid load and illu","\te ' rh" usduln~" ot- the machine cle , i",n ~'luanom, 

S<onio!l 9_6 n"tlll!le ' ,he current ,roms, SOIl" f"ndin g re",'o"h i"ue , ond the pmi<,ct('d 

nmlr, of th" nywh,d hat!~r)'. ConduolOm will ,hen be drawn ,,, to ,he p OSSI bility nf 

adOpll!lg ,he r1ywhe.1 bo"ny 0' eknncal ,nn)ry 'tm aR" for rural "'quir~!nmt' 

9,2 Kinetic energy storage 

In principle, . tly"'hed ,tm", "nnK)' in ki!l~nc fonn, in a totating wh.d ,ha,,, susl"'nd.J on 

fricnonle,,, karings on .n .erodyn,mic.lly JraR f"", vacuum mclo>ur~. 

'lne kinnic ,nug)' ,tor~cl In" !no"ing body" propnrtion.l to its mo" and the "-luar~ ofib 

hn-., nlnc,,},_ 

KH=l mv' 
2 

(9,1) 

\X'h~!l ua!l,[onned imo ,ntoanna] monon on~ !nu'!' con sider the moment nf "'('rria J I'o r 

,he ,,,li d cylinocr (tib'll" ~,1:: rotoung obout i[3 axi., th~ morn~tlt o[ inerrio " defined 

a,J = Lm,r,' , the >urn of all ebnem.1 rna, ,,,,, n1ll1rirli<:d b), the :;quare of ,heir di"ance' 

[!:Om ,he rotarional a>..i" A, ,he ,"ze" of the "" p"~id,,, tend to >ew th~)' are ,·uru.lly cubic 

with Jimen","', or" ,(Jra!ld v_ 

" R 
J ~ f fp/1-dw .dr.r' 

"'.,:: ,.oj 

I, i, ,hown ,n 'rrcndix VI ll ", ,he end ofth" ch.rrn tha , 

rm a ,ohd c)'l1nJer J 
, 
- me 
2 

(l'.quano!l ~9,4) is in ,he 'Pl"'ndiA) 

,-\!ld ,ha, for" hollow cyhnclncal 'y,km, "''' ""pical of !ly",lwd, 

, , . 
-- mer, -I- r:) 
2 

(92) 

(93) 

Where r, ond r, arc 'k inner and ou"r "di, r"l",cti\'d), and the kine,ic ''!''CCRY 'tm~d Kf-:i 

'" 
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i, b~Hn In ~'lUO llon (9,6;' 

K " 'I ' r~ = . OJ 

2 

I , , , 
4"'(1',. -tri )tv (96) 

Flgure ~ _ L l\ ;olid cylin rlcr ,,~th ",diu, ,. and heigh t h 

The energy grow, 1!l proportion to tbe flywbeel tnO" o"rl tho "111'1"(' ofrh, 'ngu],rvc\oC\l)'. 

So rhe,-e i, more emph"i' OIl angular vdo city rHher ,ban IllO SS, 

Co",id"" a ,peci,1 ca", of a thin rorating ring, il, moment of inertia,) is ginn by "'l \la~on 

Ilut '" = (w 

So kif1('tic enugy, 

'I . = ,OJ 
2 

, . 
J =-m(l'-2 . 

. ) . l-r,,' , =mr'_ 

",hne~" rhe li" ea, ,-oIocity of 0 por~de,,' 1; th~ 111 ea " rorli", of the nng, m" its 1110" anrl 

W 'u a"gular vdoci,)" 

-I1,e 'p,nnlng subJ~c[s the rowr to "ress., 1n prop onion to ,he 'qmre oi d>e ongulor 

wlocity_ 'I1,.;e stress~, can l~"d to illiLLre, So. the maximum sp"eJ anu therefore the 

tnOXllllUtn alllOunt of energ), >tonge attain,hle hy th" !:oror i, I(OYem"rl hy it> ",n;iie 

K.E= 1. '" '!.'-
2 P 

, 
J m' 

2 

,,'bere , u , " the maJUmum ail"'l'ahle h(xJp "n", for rhe rmg, p IS the do,,,ity of the 
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materi,L 

The ,bm'~ npr~ssiom ar~ Otll)' t.ue f"" a lhin ritl);. To gd ,h~ total kine,;c ~nCl"gy of a 

compo,it~ diok on~ ,,,oulcJ. in lh~or-" ha'-e [0 >l~" up the ene"'gy III the Il~arlv itdilUle lhill 

rlIlg" II will howe'-ct b~ ohOWIl 1Il ,~ci.ton 9.6 lhal in practic~ lh~ f.ClO.' lllal llel~nni.tl~ 

rotor foilme are ml.:h more compleJ<_ '!'here" s~lll.ck of od(-ql"'te eXp<'ri~nce ond {esl eLla 

oncJ much b ,WI the subien of ]",en", research. For exomple, while difierent composite 

flywheel designs may exhibit cleady diit-e,ent t}1"s of failure, smTIh, deSlgtlS mol' nm 

9.3 The motor-generator 

III oH\cr to tnll,kr ~ll".gy to 'Ild hotu the ,pituullg di,k a tuoto' gC!HTAtor i, 11>ed. Til<: 

mos' popular choice" a pennan~nl m.gIle! 'ynchtonou, nlachine, w1lh an oule", tolo, 

Je>1gtl bl-gd" cJu~ lo llS high efficiency, Th~ hean of lhi, tlwdl!lle i, .ll irotll"ss n"'~netic 

.rray: an l11no".uon by Khu, Holbach [20.1 which r~Juces the ,l.,or lo"e, 10 Il" [ lh~ copper 

losse>. Th~ outer roto, is i11l~gral~J into the ll)"'whed. iotrnillg ()jl~ utUt i'ble.J of. tuadl!lle 

with on onoched llywheel 

An ide,l H,lb,ch cylind(-t i, ,kilned a, OIl inillu,,-l)", Ion]? ,n-uc'un- where the magnitnde of 

the magneti,otion" con"o", and ii, orient-Ation tmn , continnou,ly_ At.n .ngular position ~ 

lL1 the cylinder. m"o , nred clock\vi" from the y_axis, ,1", LTIagneti,otion lu, on onenmtion 2q, 

The collecnve re,,,it,, a umfonn m,gnetic Ii(Jd, fl y in rhe y direction wuhin rhe cylinder 

lx)" .nd a ""0 fleld o""ide ,he cylinde,- 'Ihe fldd" dependent o11ly on ,he ",tio bet\veen 

the inner I; and o"re, r, rodlL of rhe cylinder (0' 'he difference bet\veen ,helr nal",.1 

" 1 _ -'._ln l---"-- _ J,rinr._in',l 
'\ '.- / 

(9 9) 

where J "the ,emonent field of the m.gneti~ more!ial of rJ,r, cytind",_ 

In practice howe"~', approximonon, of rhi, ideal design are constmcred from 0 iinire 

,,, 
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numb",. N, af, hmt 'q"m"nl, of high quality (rare-earth) magne" a11d ,y"eIIloncolly wlaLed 

to form on orray "' ,howl1 il1 ligurc 9,2, i< ha, ,he ach,,"tog" of curting ckN'<l on cost at 

tna!,'Tlelic IIlat~r1al a, well a, unprmo11g <ixi, ,tre," fX'rfmmanc~. TIl~y can ~ arranged 

<:k~nding 011 the n\lmber of po\c, r~'lui,ed. TI,~se IIl"~~let' faml the ,nner P'" or the 

motCI'· rotD' " ill""mted 111 figur~ ~.-'. LlIllike the ideal ea", howc,'cr thc,e', " fin;te suay 

field o~ tk Olmid<:. Th~te is ,ti,o a p',"SJbjjn,' of some mild eddy Clltr~l1t in ,he "rray 

mo,,1le" dlle to tk curtt:nt 111 the 'latCIr v,-;nding. 111 thc ilh"trated praelic"l cUpole (figmc 

0.2) the mo,,1letic fidd B (in the bore) is Jepelldent on the nllmber of tnag~el element, med, 

0< well It is givCIl by llalbach's theautical tteatment" e'lu,tio~ (~,1O). 

Figure 9.2. l\lag11ctk fi~ld di,tributio11 of , dipole Iiolboch art" y 

A, ill"''''ted in fiRme ~ --l, rk ",-;~di~g is o~ the il1~er wr~ which ram" the 'tatar, while the 

maRnet a,my '" moulded wilh the CClmpa<lte rata, with which i, ,pin, 'Jhe lo"c, to be 

expcct<'d tmm tbe C011 fi 8'''"n011 ,n fi 8'"e 0 __ 1 o,e, copper I",,,,, in tk st"tor "'-; nJil1g', rotor 

l)('o,",l1g loss,s end no ,i, drog losse, in thc VaCllUm chomber ' J hcrcfmc, the decderatioll 

dependent 011 rotor 'p"ed. Tkaring lo>se, , re n111llmi,ed hy the \~,e or tmg"etic ratkr than 

tn<:chonic,1 bcon~~. The copper "~ndin" for the orm"tUIT i, "'tn~urIl~' tnad<: !rotn tllbiIlg 

I('~ 
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W enable lh~ cir~UlaUOIl of c<)(~ing oil 

Figur~ '1,-', A cr",,-,~ctiOI1 of an imnl"" moto, gene mlo, 

(complete) with ,he composile rotor 

A if II!/! <vm/Xiiil, me!' 

B I,' tift' ektll;f~1 n·il/din!! 3 ph"" 4li,k 

e IS {he "'''.gnff "rra, 

The pett<JnIlmC~ of th~ !!la"hjll~ call lh~n ]", mm,,,,ri,ed " follow, Since the field 

"r~ng'h, Hand th" dep,h of 'he ''''gl1"tic ring, I arc co,,",am, the wl'que develop • .:u UUnll!; 

charging ,,~ll depend on charging (armmlfe) CUl'rent. 

y, for the dipole abon, wllh I", oS ,he effecti,·~ Curr~'" allU I, " 'k magnetic depth, tlw 

Gr·· ,,"~ ,," l=n-qII • .,,-~l1l -! 
3 " "q j 

('I,ll; 

whn", q" the number of phase, for the m.chine, 

'Ihe choIce of a dipole '-e'51(111 of the H.lbach's m.gnet arrallg~tn~'" ha, lx:~ll furlh~r 

suppol'ted in 151 on lhe g,oeuld, lhalll mak~> til<: i!JULKLi\'~ COUpliIlg b<:tw~~ll th~ t1"~~,,:r, 

anu lhe wUl<.lings telaLi\'ely lIlseIlsiLive lO lh~ railial gap lx:'WC'<.:Il 'km. This e,,~, the 

Tll [IRJ Ofori-T~l1kOTan!; ~t,] ,howed ,hal ' he ""'1"" devdop"d hy a l-,",manem tn.gnet 
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'j'achronom UlOtOr USLng- rll{' Halh,ch a,ray (with." irotlie" core)" much hl~her ,ha" fo,. 

conventioIl"1 array "sing- the "me wel ~ht md typ" of magnet', 

9.4 Power Electronics 

The f"ncnon of thi, mh ' ,,,",,m i, to CO"dit.i(~l the pc)".-e, to and irom th,-' ~ener",or rZ1, 221-

rhi, " 'l{'cc>sitated h\· th" bet tbi the Dywhed !m~or ~""erator hl< • cO<ltimdlr """ble 

w11tJge ,nd fre'l"Cl'l<,Y, like-wi,e, the' l""ds of power f,om an cxtcnl"l ,ouree like a "~nd 

ll"Line or " I'V g-enerator often nry with lllUe'. Currently rhe most popular J"ve 

compone1lls are i",,,bled ~ate hipoiar tramiSlor, (IGlll} 'I1,e,e are d rn-cn hy 'pprop""" 

control eleel".~llc ,. Fj~"re ':H jIlmtfatc, a typie"l 3-pha" il),,,'hed hattc,}' ipo"", 

cO<lru,iO<ler ",ena"o. 

Bl·drr~(l!onal 

DC 90rt 

L ________ --'c~o"~'"'~utal!On ,r,,,cd"b","c,b ______ ~ 

'n" DC rort" bi_direcM(m,1 depending on whcther the battcry i, in g"""roting or ehargcng 

!uode "nd could Ix connected diteetly to " DC generato r .nd DC load or vu .n lI"',,,~e'r to 

m !\C lo.d, l" lig,,!e 9.4 lh" lGIlTs "re' de'signated as SL SZ, etc. 'Ihe), arc operatcd h)' 

!n!ero-colltroller< 1Il , ()-puL" Lridgc wpolo~y Cormr,utatlon i, e'Il.bl"d Lr rotor »Osmon 

feedhack oh"i"eJ from Hall ,,"ect ,,,,,,or< huilt inro tb- >tator to det"ct th" po,i,ioll of ,he' 

rotor magcletie iidd. 

'Ill . lIlOt,ntmg i, ,,,eh thJt the), eoeh generate' 'gnare w"'c wirh 120" pha,e diffc,cncc ",,,,r 

one deem .. 1 cycl~ of the motor (~gure ~ .. ~). 'I h e ampli ~ e r dtwe, ""0 of the three motor 

170 
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ph",cs wnh UC cement during: ~.ch 'peciii(' Hall 'cnsor ".". Th. ledUl;'lue i> t~f'uted '0 

tcsull1!l a 'Try em' dkctiw, amphfier r211. 

, .. ~ 
'W" ~ ,-

' ' '' 0 

,. 
-

0 

«""" 

-, 

----cc 
.~. - :. - - - - - : - _. - ., 
, '" --- -" 

9.5 A possible flyvihecl battery specification for a rural application 

mom",,, of incrti~, } and tk 'yu>re 01 the !oto! 'y"~m arlguhr ,pe~d_ (For conv~n.i~nce, 

dnoils of th, po".-n conditioning ,y"ipm,nt will a''''m~d to I", ideal). If the rat~d angular 

"[>ced of th~ tlywh~d :tolOt i, "',.' , llx:n mo:illnum ~n~rg}' lh:U c.n b. "or~d i; E._ we h (h" 

If the maxim\lm 1"crfl1l"ibk dqlth of cli,charge for 'he l'"'t~t)' j, 'I()%, ,hen (hn~ wO<lld Ix 0 

Idance of l 0% of ,he energy at ,,.hICh point 'he rotm ' 1)(Td would I", fI)", mc h that 

'Jl", """inal ,-oltaR" of 'he tlywhed g<'nnator" linc".,r]y propottion"lto ,he rotor "p,,,d. 

·rherefol'e. d", [enruml ,0ltaR" 01 'I()% depth of di"'haW (DOD) would I", 31.6% of ,he 

fulJ "[>ced "oltag~, V"' which i, the rOled "oltagc, Con,i<k,,,ng 'hc int~ITlal irnp~d"na lO be 
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nq.~ligibk <1", opcn cleCllit yolm)tC ,hollid lx' 'rprm::imotcly cgllal to the Oll~"lt 1~1S ,-olro)tC 

e"~n at lull load. L~t the tly",'he~1 b,"~r,- be de signed CO d~linr 't> continuOlJ' rored rmn, 

P" O\'er th~ l'!lUre operating sped mnge, Th~n by Uhm's law, ,he current draw!l "' th~ 

Figure 9,6 15 a 24-hour d~ctric load profile 01" rmal home hold from" dat"basc o f tl", South 

l\fnCa!l ~ltional Kallonahs~d Specil1callOnS C'<lb) Lo,d I{~,earch I' roj~ct lor ""og'I")1o 

villoge_ lr will be a'SlllIled ,ha' ,hi, rep resUlt> a lYl"cal d,ul) load proilk. Th~ daily p"ak load 

i, 7_RS .. \, with an avctage of () (,(,,\ and hence" load jacmr of 8,4%, The [Oral cnCfgy 

consullled br the hou,ehold at a ,uppl,. 'oi'age of L'AJV wa, (24 x U (,(, x 211); '--- %43,2 

\'>;'h_ 

• 
• · ·----r---t--ir-----i 1, 

• 
~ ; :---::::::-=~it::: · .-], 

• :o=oecc1::'_Jlll_JL_ , 
O.CO '.00 ,.'" '''' 1>." "." "'" ".00 ,,,., 

rigute 9A ,\ 2·1-hour load profile recorded by NRS j' lr a hou,ehold itJ (jaraglpoia 

vill,~e, Sonrh .. \ftic, 

Con,ider the above to be atJ off-grid tural hou,,-'hokl operaLing from a >wcha"licalh 

di,,,rilmt,,d renew,blc cncrgr ",,,,ce, which would ""1""" , "ota~e bonery It" regular 

practice fm off grid ""'oge f'cilities to be 'I"'ciiied fot ,;evc,,1 mton"TIOllS da)" each being 

e'l\1\YOkm to thc ,nroge d'ilr re'lUlr(T'Wnr. So If thi , hou""h,,"d were to h,ve a ,"mage 

c'roc,,)' TO laST fot 2 ,nronomon, (by, (1'1,,, on" nom,,1 day; then Ih" ,voilahlc baiter) 

c'r'c")' would be' (3(,43.2 x 3) =111020,(, \'>;'h_ Since the lTIaX1n1UI11 "Ilo\\'abk d('pth of 

rti'ch"ge for rlw ~,.wh",J Imtery " <)\1"/'" rh"n the flywheel b.rrer;- c'p'cil,. lTIust he 

.:I'I02:)J, \\'h + <)\!,---,) '--- 12144 \"h, Thi, capacity howe,,"r (~,es not ,ake lo"es jnw account 

I I a b"{t~ry c harre-di ;charre e niaency of 80'% " ",sumed 141 then Enol >'Olue is ~1 21 44 \,\'h 

+ 1),8'-' 151811 \\h;, 

1"2 
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ph,,~, with OC mrrent dllli"i< ~,ch 'I"'clfic H ,ll ,~""" Wlte 'Inc t~chni'l"e" "eputed to 

tC,uit 1n' w"Y cmr-dfectiw, omph fi,t [21 [ 

' .. 
• 

-" • 
~ -, • , ,., 

~ .. 
"_. -r-----: 

- ..... ~ --. --- --. 
Fig-u,,' 9,5, Hall ,ensot based cOmmu[allOn 

9.5 A possible flywhcel bauery specification Cor~, rural ~,pplicalion 

rrom tk ~hov~, th~ ~""rgf "",('d In , ~\'\'-'h<-d b,ne r)' " propmnonol to tl", "ystnn 

mom,1lt 01 metria, J and thC' ''lu."e of th, towr ,y,,[em anl!'-,la, 'peed, (r'O" comenie"ce, 

detail, 01 th, 1"'''''' wnditiClt1l1lg ''lcupm('1ll will assUll><,d to be ideal), 11the r:aL~d ""gular 

'1,,",ul of the llywheel Wlur" w,.', then trw,;tmill enetgy Ihat on be ,tor~d i, f' ,_ meh thor 

1 , 
£.'=2.1w,; '(9:1'2) 

If the lll"xllmilll penni,,,ble depth of di,cho!g~ fo! Ih~ b~ttuy is 'J(Y/o, tl.,.- n rhn, would be , -babnc~ of 1I!~·1,,,,,rrl;e energy ~I which point the ,otor ' peed wCluld lx tu" such Lrut 

, , 
I (i)1I 

(j) , = flo = 0.3 1&", (91.1) 

'Inc te"nln~1 volt'i<e of tl.,.- ~ywh(Tll"n<"'tCl' i, hne"rly proportion"l to th~ !Otor 'J""'~(l. 

"Ibe"fo"" th, tem1ln"! '-ol'"ge ot 90':', depth 01 clisdwtge (D(lD; wO lud be 31 . ~"··" of rhe 

Ii.,ll 'V,d vClltage, V. _ wlueh is the '"ted voIlai«' Con"d('t'l!lg Ih~ lnt('r"al ""TX'donce lO be 
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1 'rom the, l~)\"e, 1 S 1 RO W'h - ,,61 1(1 x 'I 5, 1 ~ kilo joub. _ 

(wh"re, ) j, rh" tlywh",,1 rotor 'yHe'" inertia) 

TIle,e£o'e,.1 2.77xlO-JkX-m' 

1 ' 
--.1(2000,,-Y 
2 

Hou,ehold peak power demand - ('.85" 2]'()) - Lm kW .-\llo" .. i,,)', i,,,, n10r3''' ot- e"or. 

the banet!' could bt "ted [0' C011lmuOLLS 1>0"',," of 2.ii k\\':-' A, "oted, the nhdi[y of Ihi" 

,!",cJ!1ca110H is 'eq,"'ed 101: Ihe ~lHire 0f","';Il)', '1"",,1 "")',,, ond n"lS' [here10r~ be 

apph"bk at [he Htl1!JlllUm ,ute of cha'g~, III I.hi, ca,e, whell th"", i, only '[(1",'0 ot- ",o'"W 

capaci", and "' a rolo, ,)",~d (al1d b~llc~ 01 a uu , voll.ag"; of ,\1 N/ of the r""d_ 

L" ll", fllll r""d vol"ge be liWI,', t.hm " 1()'.'"o "",e ot- chor~ (SOC) [he "ohage wiJ ue 

-' 1 ~V_ 

Th~" I.he raled curr~nl., I" mLLst eyuallO the r""d po"",r (hi,hl by the "'1I11n1\\", ope"nn:? 

I __ 2()()() ,,63.30Amp 
,,- 31.6 

The load [Oryue nened 011 the HI'wheel is proporlional 10 lh~ )',ene'al.o, cu'r~"1. (which" 

Ihe load c'''r~I1l; aHd lh~re1or~ ,h~ tna";mLLlll load lOr<jue wiL 1", at th~ rall,d lood cuW,nt. 

From equalioll ,Y,11), Ih~ [Orque is T 
2 , ( , 

B~'flI<t sml ~j, TIus dlOUld ue lrue /0, bOlh 

chargil1g" al1d cli,ch"'gil1g mO<k", llul f>o"er, J' i, ,h~ produci of 1.0r'1u~_ 'I a"d m~,'\.llar 'l",ed, 

w, TI,e,,[o,e 

w, 

P=Tw=K,q]"w 
" 
, 'J ~.'2 1 ,,-

B-/,iw -
J \ q 

lS ,he [Or'!ue cOl1sUl" al1d 

(~_14) 

<,1 " oo IOlallo"d CU'r~!l[ 
" 

O.316<v, 
(h· 6(11)()(l '> 

= (1,3 J 6\' = 632,T r"li"" f"" ,",co,,,] 
riO ) 

TI",,, horn e'lLLalion (~ 11) the machil1e lor<ju~ COl1,lml K, em Ix calcula'ed u,itlg raleJ 
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power", mmlmllm 'peed 

K - P 
, - 632;r' ql,~ 

Prom "'I<!Orion (9_10;' 

=2~OO~Q ~ = 1l_1l2 
(,32J,' (;3.3 

(9.16;' 

I.hn~ the ,Upol,- in fignr~' 9_2 and 9.3 lh~ llumbc-r of m"1'(11~" u,.,J i, 12. IA't N = 12, Th~ 

rcmment fidd of gtode 32 t"t~ ~atlh, Nd-Fe-LI (-"eooymUlm Iron Boron) i, typically 

J, = 1_15 ""I. 

[ 
. ." 1 'Ill 

1.151n r, __ 6_ . 
r. " 

6 . 

, 
--"-" o"llm<erl to 1:><- 1 S U,i!l~ ,hi, ii",nrc the n ille of 'he dipoic 'trength, , 

, 
H=-xI111_5=0_39Iesla 

" 
hotn (IT;,. t),~ npre"ion for the ,xiol length i~ e,n be f(~l[)d 

1_ 0_:~2 =0,05 melen 

B 
,2 

\, 
Smce ,he raled po" er of 2lXJ()\V tm,,( be • voibblc 01 m;nLtrHltll O!l~lJor ,p~ed of 6-' 2;r then 

(h~ tlla"'tmlrn tm:<-lllc T is );iycn by 
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110 lood. '] hcn til<' to,,1 ""'OUm of cncrgy l"'t ,hi, way mu", he ';')11% of iilll """ge C"P"c';ty 

,,; 90% x 15180Wh = I 3 662. 9Wh, 'f11~rei'ore the av~tage ,elf-d.i,ch",g~ "lte - 1J()(j2,9 \\'h;n 

(24dU; hOLLt,; 0' 18,98 \V, 

' \"LLrn;llg a lOlal aL<ence of all d!ag;n the containme nt chamber, these los:;e, a"" dl~ to 

he~nng friction and pwpottwnal lO the ,0tO! moss. Th~ r~",lcing decel~tation torque TJ is 

therefore constant and" c']uol to thc prodllCt of tlw ''"''''g'' 'p'",d mTr ,h<' deceicranon 

rang~ and thc av~r.lg~ 'ate ()f 10", of power. Sp~ed Llllge is 2000-,,- lO 632r. rodians per ,~c_ 

So ,he "'-n>g~ sl"'~d i, 131 or. rad/<~c. To' 13 I 6" = I 8,98\,'_ TIle,~fore 'he l"'nni"ihlc 

, . 
hom equa[1on (9,5), J = '2 m( r.: + r, ' ) 

i-<,t th~ illJ)n rodiu, r, - 25mtn_ hom [SI il i, a"wned thot 

a<ownption th~ oukr 'a,ulI' r" -, 1,5 x 25 ~ 37 5mm 

Thereror~ the t<:,tor mass = 

Nm 

9.6 The Pl"l'Sl'nt and future of the tlywheel battery [22-25 J 

n,~ for~g()illg namf'lc ha , mainh- foclls&:d on the eleclronugnetic :Illal)'sis of ,h~ LJa'l~t)'_ 

n,~ a"umptiuILs made Wilh ,especl to the HalLach "'tal' would h()ld reawnaLJly "'1<:_ 
Howevn thet~ are iss LLes, for example, the requiremenl tha, LJ",l~t)' sdi~d"ch"rge Ix: I~" 

than \1\)% per momh that may curtemly Ix ,-"wed os an e~lreme demand, COIl&:'JLL~Illly a 

JI.!orm,",Cf_ the machin~ was a>Sllm~d to b~hav~ iocally with rc'peer to imp,,"'nt ;>SLlC', like 

""or 'tr~sse'> ma!erLIl prop~rne, and mennal dissipation, i\' will be rusclI'<ed in ,he nn, 

paragraph, lhe,. are >ome of the ,"sues thO! are the ,rill subject of major re,earch effons, 

'l1,C C1<ampk h()wn-~r ha, imporraILce, in ,hal th~ off--~rid I><Ju,~bold load depictcu i, unlik~ 
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dUr)ng grid inotabilit, Or ,hort outages) wbo,e P"'')'O'" i, malnl}' high power <khe,y Co, 

Om~ Ll1cigl1lg, TInn {be e,,"mpic pT",~de, , h,d tnagrUluo.k and d""rion thot are 

,igmuc"ntly diffe",nt ,nd hdp' W highlighl 1SSU., th" mov not ame dur11lg lbe 

aforemcnrioncd commDn applications, 

In gm~d, CUITen{ (echnic.l concern, for tl", flY'".h~d Lalter) ceehnologi"s includ~ 

structural imegrity of {h" rotor, thc 'peed e'p,hilit}' of ,h .. sUSp<'nsion lx""ng' oml tk 

speed and pO',.,.r hondling capabilit, of the mO{(lr/ge,.,""tor ,nd CDntrol deerton,cs, 

SU<f"'n,iDn Ixorings ond tnOlOr/g~n~ralor and llt,W ,eclmologi'" ho,'e applieatlO1lS m rn.ny 

other tidds and ha"e comequently ,('cn rciori,'c odYmc~tI"'nt, Rotor Sl",cHeral ".,tcg"'}' 

bow",'er, po,"" by ior ,h(' bigg"" ehollcng" in th~ <k,dOptn~nl oi rbe ilyv,hcd 0' ,,~,hl~ 

b"m"y ,,.,t(',,, 1,,,, i"u(' i, Df such gTI\,ir, and 1mpor{ance ,hat thc ore o Df r~,eareh 

tr'n<c~",h norm,l cotn!"'tltlDn and groups of researche" b"ve b('('n d""dD!",d to pool 

reSOtitces amI a',",m ble combmed e"p" ""e [23 I· 

Over the y~a" a 'and, of flywlxod ;ha!",' I' torn a range of tnateti.l> how L""'n (kSlg""d 

wllh ,be "im lO m.~imi,", ,he stored ene rgy, 11,. Importam p"~"mct"', mflu"nClng f,ilur~ of 

, rotor di,k are fabnc.lion LlTl pcrf"coom (mdit), moon ",dim, thickn~", "'''~riol pro!",rt)', 

load gradotion and 'p,,('d. 'th"", ar(' tl'" ,uh-,y""'" mdie" s of nl"rit, ,1\ of ,,·hid., tIlust Ix 

opnmi",d ,imultmcotlsly to aehiev~ the hest and taOst r~liaLk (bign, 

Curre,."l)' corbon iii",,, are (he lightest ond "rongeS[ mmet'"]' ,,'ailabk For "".mpk ' 1-

li~X) Grophih' h" t('nsik strength, ofup TO 1,200,(1)) pol1nd, per S<j".n' inch (psi) rn] 

TIoi, ","o"ld 1n llxoory trotd,,~ to , ,toroge pown d~"':ty of 7('(' ""m per kilogTI\ffi. f1ihr~ 

bowev~r i, only On~ of th~ tIlat.rix comtlt.um" of, cotapo,ite rotor. Th~ epoxy with which 

it must be tluxed b., • ,,,bSl.nllal1y ]o".-~" sttengtb ",due, oflm of lh~ ore"'r of 'j.()%, Th~ 

fih,,-- comtit.ute, only ,bout ({I% (by volume), re"dung in • sttenglll reJucuon of 'wo, This 

'kn fm1'" the d""gn l""i, 'th('n one has to inch"k allowance, for f""gue. brig"" IS ,he 

,}'sl~taatlC weakening of a tIlawiol " , ",,,,It of ,un, incd ",.c" over. p"tlod 'lms will "a.,' 

dep"nding: on eI1VitollrIl~tltal bew" lik~ ktapemrurc md chcmlCol corro,io" du" to w"cr 
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'lbe abow con,ide,ation, b el11g rOOt hO<:? sttenwh a'one, tbe de>iftIler willllilH lU cu!l.>iJ~r 

",dia' 'nd axial "rength" which ",e 01", limited by the '''''ngth orthe p,,")Tr1er matnx, Fot 

th",,, fo,,:c, the fibrc rcprc><:n" 0 dt'wn~nLlity m thc r",rrix and th" de'igll , llowoblc 

should nor exceed 1." ~··; of the ITI",-jx tcn,ik '''''n~rh o;"uctLlr,1 ,rreo< "sue, do ,mr":! on 

the dCLlric"l de,jgn a, well, [(JZ n,,"'upic. due to the rmgiliry ur lh~ IIlagne" rmIlling the 

IIalbch "rray, rhey 'Il\J.>t LJe "''''IIlolcJ do, e lO the huo. ,lli, cotu],wmi,c, the power 

clen,jty or th~ i\~mntoL ,\1"'''1, wiih !Olor bilurc, coIlle . the pwLbIl uj' Je'lb~1lI11, ,"j'e 

conWJIl",enl. ,\ , " comeqLLence of rhe" ,a ret)' concerns rhe l'-"GV i"er op"d to defer 

J e"d()p'Ilem or th e l1)'wheel banery Ca, P' OS''''' wa, dee",ed too ,low ro men ser deadlines 

or- 2i)1j4 rOOt concepr nlOdci whLel",; lou, wou:d wntinue to ITIOl1lr", p"'g'"'' ,n orher 

O',OS'rum' n1Cn[loned ]o,er. Tn rll{' cose o f a nml ,ppha~()n howenr, unclerWounJ 

contalnmcnt h" been found to ,aLi, j'actorily aJclr~" il,e , ,,rei)' cuncertl.>, 

'I he,,, i, al,o We"l u],wm,n1 as the carbon fib", strength , ore proiect"d to lITIprove from 

rhe c' . .urent "renglh, uj' l,e,,IIjJX;(ll"" [0 JJ\IIj,111») p<l ""hin rhis dec, de, i'llplying, possible 

incr~a,e or 2e':,I'}', in siured k,netic <Cnngy ,~r rh" ,,,engrh, th~ aducnLlc !Lw~rial Lip si,eeJs 

will exc~eJ 2 kilu",eter> 0"" , econeL Compo",~ c"rbon fibre ill,:"" lu,," ml aJJeJ ;"r-d), 

"dv"nLage at failn re. Cnlik" mcra:lic ill,b, wl-ilLh dt,imegmle ;n lu Jangerous >otid shrapnd 

in the ca" of a bur« (wl11(:h" th~ ".--orsl CO"" ,cel",r;() in wio' railure;, fibre alo,oro, much 

of the "nerg), by converLitlg lo coliun-like shred 

,\n()lher ilIljJu"atll r-acto' IS th e co",. Acco,ding TO 1241 the nrrr"m co" oCkaJ-aciel LJ,,"cries 

range> Oelween 550-51011 per k\'n, co.!Ilp",ed to $4rX,'-~I!lK) ]",r ~\,'h (or l1ywheds, nus 

dj'p"rity cu"en!ly gtw, rhe ch~!!lical h"ltcn~, "n eJIi'" "; ror "liClenc)" 11},,,,hee:, ~,at R11_ 

85(;--0) a,e cu,remly "'Iml or be rter tl~m ,~"'-ur--lhe-ar! chemlcai bal<en". Ope,a!io",1 

reml" oj' 9.1~."" hav~ LJeen re",Jriedl}, achiend fRl by" ASA. 

jij'''pan i, a11mher mal'" aek"n"'ge or rh~ Ih'whed I"allet'·, wllh e"i",ate, or a, ic"t 211 

'-~"r; as compa,ed to bd'v~~n 3 "nel 5 yea" rOo' che mical b,[(C,je, I'hi<" however 

compromi,ed by theIr t,curremly; nmch lugher ,elr-di,ch"i\e ",te,,, cotup"r~J lO cilenucal 

bottene, 

1'7 



Univ
ers

ity
 of

 C
ap

e T
ow

n

')l1e biggc" ~J"'nr~)':e held bv flywhul, l~,w~"er, is that OCJng ", emer)(in),: t~chnology, 

the" pn<enti,1 hOi, hHdy httn tapptd a, compo",d TO ,he cenmrie, olJ cktnie.1 'y"cnl> 

which in all ptoLaLilH)' are uIllikel)' ,0 nuh n"I'" ad"arK~', TI", i, without con<iJerin)( 

tn,'u:ollmellull j,;,ues, l\l ,he f"'efront of mlo r integrity and ,af,,), I'e,carch" ,he Odeme 

AJyanceJ Re,cHch pr<,)ecl, ,\gency (D.\RPi\j, )ll towr d)~,"",\(", hub ritn int~tfoc~, 

<trcn)(th optirni,,,tion .nd fangu, hf~ al't coll.oomtio!l' between mdependtnt group' wilh 

fundin" tnainh' £tom N,\S,\, The,," It,durle, Glen Re,earch Ctnter l~"\S"\ GRq, 

lingmetrI!lg Mo.,:lel Hywhed EIK'rg,. Stor .. ),:c Sy'tcfm, Stnall HLL,;ine;; Ktsearch ConrraCT<, 

"\UOo."'1 Ce!ltcr for Space Pm,,"r anrl Unive""y of T exa,;/N, \Sl\ Safc lifc C titeri,. l'.xi,tin),: 

"'<.liSA 'nrl R,)Cin),: d"tah",e" lih th' Go, TurLillt EIlgmc I'rogmm arc rclnforcin)': dfort< 

by l: ni\'Cr"i", of T na, ,\&~L GRC and Uni\'er;il), of Virg",ia on high 'T'm dC\'d()pLTI~n", 

amollg iJlhetS. ,hal Wllst;n."C rhe "ational ,"'ero'p"ce r:h-\d~cl Pr()"tam, 

9.7 Concluding remarks 

')l1e potcnti.1 of the dec,mmecM11lC' .. 1 h"ttcr,. h" heen h.i)(hli)(h,~d a, w~ll a,; lhe 

,hmtm"'lnw of connnuerl me of ckml c~l lY"tterie,_ TIti, Chap'~r ha , nami!led thc OOSlC, 

of ki netic energy "()ra),:e " well ~, the tn"clun' d~,ign ~'lu""i()n' of on ironl~,;" pcnll'"~"l 

111.gnN ,yllchwl1ou, miJliJr-ge!lel'''ol' L'ing ,hC3C de'igIl c<jualiom a 'pcCJ.1 batrcry ,upply 

for ~ nmu Afric.n applicatio!l h" bccll ,peellierl_ l'clldillg I'e ,catch jssucs haw ocen 

lllglilighted a, ",'ll a, 'he ()primi'tic proJection> of the n~'r futlm,_ \~'ith impr()\'~d 

techl1olo!\'cs j, ,;llould lh~rdote Ix po,;slLk u,in~ rnadtine (bign '<jLLanon, and glven load 

re'lHltemenr, .tod .yoibbillt)' of Cl"'rg-y te'iJutc~'_ lo d~,;jgn an app"'pria,e fl)"".-hul "ot"g~ 

h"tte,}" tMI ':an be m.nufacm,cJ Jll l\fnca. 

lr lotCDvtr. lh~ lift em' cvde of th" fiywhed h"tte,},. which lt1clude, (he poteIltial fiJr a liJllg 

lifesp.n Wilh vl!lually n() LTI"inten"nec ~, wdl '" rhe po,ltivc cm~l'On111C!ltaj atlribmes al'e 

111. ior ad van'")(e< 

Currcnrly • p'oje(\ " i!l its tarly st"g~' ar 'h<, Univers"y of C.pe TowIl fol' ,he de'igIl '!ld 

eon>trucnon of ~ -'>flO anlpc", iwut th-whtd halt~ty !(,r tur .. 1 application_ 'Ille proJect will 

tl~tdore hrin)( thi, app",~llt dream dostt [() ou r reality ~nrl i, awaited wuh much 
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Curr~tJtly a proj~cl is itJ 1\$ ~arl)' ,mgcs ., [h~ UniHLsj[), of Cape TowtJ for Ihe .lc'ign aaa 

conottuction of" V~) ,mpere hour ilywh"d batkry for rutal .pplication. n", proJ(T' ",~ll 

lh",dore b ring thi , appar""t .In·atn do,eL to OUL Lealil) ana i, aw"il~d with much 

9.8 Appendix VIII 

n,. kineti c "'''''R}, 'ton'a in " movin!? bod)' i, PLopottion,,1 to it, mas., ana the' "'l UaLC of it, 

htJ~.r ydOCIi). 

1 • 
KR = - mv-

2 
(9,1) 

\"'hen tr"nd("'n~d into wl,uiotJal mOlIOn otJe must consider doe mOlloe", of in~rti, ], Fo r 

tl .... ,olid cylitJ a~L (fig UL~ 9,1) wmting .bOUl it, ,xi, doe nlommt of )n,,,ti, " der,ned 

'" J = 2: m, r,' , {he ,unl of all el ~metl,"l m,,,,,,, mnltipli"a hy tlK "1 ""\L~ of Ih~iL <lid.aces 

from ,h~ rol"tional a>.is, As {he sIZes of the", r,mc]." {end {o "'ro (h"y or" "iendly culllc 

with di"",mion, &)) ,<:f·.lld h, 

,., . 
J= J Jp/I-dw .dr. ,.' (9_2) 

"_0 ,.0 

Since Ow = r/iO ,nd ma" 7 volcltn~ (",.' h) x detJsiry (P). j[ can be ,hown th,,' 

• 
J = bel''' J'" . d,. 

, " 

2 • 
pJ<hr 

4 
-"". -

2 

h 

013
· . , ' 

,~ 

l'igU!~ 9.1. , \ sohd cyll1lder ,,~th radius r and hci!?ht h 

rN 

(9_3) 
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Like,,"," for' practic.l hollow ~}'hnJer flywh~d 

2r.ph Jr"dr=~p:rh(r,: 
'.', , , 

= 21''''t('~ 'x' ') I· r r -r. , " .-

. r') = 

where, r" onJ r, arc it> Outet anei illl",r r"dli ~"pectinly. 

But che ma", m = p,,:h(r,,' - r,') for a hullow ~)'hnder 

, , , 
Tkrdu,e J = -mer' + r) 

2 ' , 

(!H) 

(9.5) 

For a cy~n<lncal sy,"'m," i, typicol of tlywhed, the kitleu~ ~j~rgy ,cored KF. i" 

,o<,tion "nd (j) " the rotc of rototion in roe!i.n, p,'r ><:w!JJ. 
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10. An Analysis of Rural Off-Grid Electrical Systems 

10.1 Introduction 

An off ",tid ekctrical ,y,",m m~y I", a, ,imple a, a g-~nerator and load combin~tion or IlISt ~ 

,echarg"able b"ttny and a load, a, i, ,omerim~' ,he c,,~ in K~nya. In g~n~,a1, lhett are 

va nni,,, of 'pwm C<lnfi~'lJ.r~tion, to m~ct Jifkr~nl 10aJ re<]ulrem~ms wilhin ~~V"" buJgel 

limi". Curn-ml,., th" ov~rwhdming mal(lfity of ,untl off-g-lid d~ctrical imttllatiom in Kenp 

"U ,<alld-alo~" 1'V ,,~a r hOll.,., ,yW,n" (SIIS) The,~ ~IIS im'albtion, typically con",' of ~ 

'l1lg1~ I'V pand," 'tmag<" barre,!- and, load. Tk otkr tYl"- of 'Y't~m ,hat" ,te,dil,. g~ining 

p'.'pubnty " PICO hydro ~"'''''rAtion, wh~tt a ~"'t;emtor 1> conn~Cled to a grOilp of rur.1 

hoc",ehold, by a mlm gnd bllt without 'tom~'" balteries. I'V anJ water pump 'yot~tm al,o 

"xist witho\lt ,(mage. 

", w~, pointeJ oul 1n chapler 1, moS[ of th.,e system, are not optim,lly , ;zed. Cmree! 

,mllg of ~n off grid 'y"~m 1!l"olv~, doe de"'!1l1ln'[!Ol1 of all appropn~te g~l1~mtor and/or 

h'rt~l-y npocity to w,,-~/l"divdy ,alidy a c"rt""1 load", a !l'v,'n reliability kvd. Th<: ","Oll> 

mnhodol('K'''' to achiev~ thi, are weli docun"'~t(-d 11-111 O~,- ,hmtcom1ng with ,lllh~,~ 

"'~th()d, howev~t> i, lh.t tlwy almost invari,bl,. di,cuo> ,tand-"Ion~ 'y,tem, anJ ha\'~ no 

",,,,cd,,,, for po,I-LIl,talhtion "'''igt1 e rrors 

'l'k K~ny~n national motto is Harm"b", m "p'.><llin", to~th.u" It "h-(J<:a'~' ,hal 'LlUW is 

'trenglh. Co,uJ !lu, hold ,rue for ",nd ,lone ~IIS ,nd ,i!lular conliguratlo",? j~ the c.,,' of 

K~ny' thi, qll~,tion is importan' ~,-cn til(' ""osivc ,bnd-alon~ SlIS n:r,,1 base> with m.llY 

neighl:>ourhooJs ill dos~ p!Oxlmity of on" ~nothn Since 'izing- ,houlJ strictly k dOll~ pno, 

to ,h~ purchase of ~c1U1pmcn', om,. in,dc'lu,ci~, ,hal ar~ r~~liseJ a/i~rwarJs c.nnot be 

remedi~d b,l' ·,jZJllg'. But could il ]x, po,,,ble lO provitk som~ tepn,,,"c fOf ,h",e n;,nng 

i",uilatio,,,,", ",dl? Tn rll<' c ,,~ ofpico-h,l'Jro, what wo,ud he the dfect oflnclLXling "nngy 

,Wrag" on th" mitu grid> 

In [12] D.kbr cl al ha"e ""empted to ro,,,,, rh" i,me of linking "an<kJon~ syst~m' but ,till 

confin~ th~ir cotllext to the ,am,' I'V SHS ,ccnario lik~ prn-;ou, aUlhorS. T lus chap'~r will 
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examine lh,,~ j""", " clcpth loy '''ing a g~n~r"li,~d l)'pe oi generotor, "orag~ and load and 

eh'" e,en,jng ,h~ 'Y""'''' loy the following 4 cliffereIll con rign,ation>. 

• Stand-,ICltle I':"ner,tI}r and load 'y",ctm without stm'ge 

• Stand-,ICltle gener,tI}r and load 'y'tcm, with sto"'l':" 

• .\ltrn grid connected gener"or( ,) ,nd load Syst~"lS witho"t "0," gc 

• \Ii!l.i grid uJIl!lected ge!le"<or< (, ) and load 'Y",C1Il' "lith ,to,"1':" 

C,ing power now equ,tion , "nd I\lathh ,imllhtio!lS a study, will be earrH,d Ollt to nam1Ile 

,h~ ,dati, e perfo'm'nc~' of the ahoy~ contlgutalio!lS In 0 !!"ol p')w~r ,uppl)' con<ex,. 

ConcluslOll' will then lx, drAwn on th~ ptaclic.l useilll!le" of 'nch mea>llr~'. 

10.2 Basic <.:onliguration of an off-grid power system 

C.on,id~r a numb~r_ Il umts oi '''!ld-,lonc rurAl hOll>~hold inst.:'hlio!lS . Let 1.,(1) ,nd 

G,(I)he ,he load dem,nd ,nd gen{TAtor outpur ,~,pccti,dy, at the lib hou,ehGld" tim' t. 

nlell th' differene. P" bnwem the gcnerarcd power 'Ild the lood dcm,nd " the 

hou,~hold i; giH!l. by 

P" (I) = G,(I) - L,(I) {HU) 

M tiule t Ihe,e are Ihree possiLilities : e"her G, (I) = t, (I) or G, (I) > t , (I) , or C, (I) < L, (I) , 

~) W1H,n G .. (I)= 1.,(1) at time " thc generator GUtpU! ~nd the load ar~ match~d aIld 

p[,! = II ,\ll [)1<' power I'\en .. toleri would be cfficl enth- deliYcrcd <0 the IGad ~nd tlH' load . . 
t~ql"rC1Il~!lt' wmlid he fully met. Thne would he no IUjLIit~mcnt for stotag<: or o,hn 

addition,.] 'yst~m ,upport at that ;n"anr. 

h; \X,llcn C, (I) > I., (I), thm thc gene",or output exee<cd" tlH' load and Pi;, (I) > (). In th~ 

ah'en,x Gr- >torose the snrp:'us etlerg-.' will h"e to he dU1IlpeJ to w",le, For the n 

hGusehokk the total surplus (or dumped; po,,-er at lime, i, Pi;s (I) ouch that 

• 
Pl)i (I) = 2:: Po, (I) fm ,Il P,,, (I) > II -, (liJ,2) 

," 
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q \"ll~n G, (I) <I., (I) thm tk load demand ex"etill th~ gm~"wr outp\lt and p ... (I) < 0 

In the absence of a lyAttn)" ~ith~r 011 or ,omc of ,ne load will J:,., shed 10 prot~ct tiK 

gen~"tm I'm toc n hou,enol"" tk total deficit (or load ,hed) [>Own., ri"", t" 1'0.0 (I) 

, 
PDD(t)~LP" for all PI1(i) <0 (HU) 

,'. ] 

1\.0(1) 0' ,ho"en In c":p"rion, (lCI.2) 'nd (10 .. ») onl,- repre'cm the minimmn lo"cs, as III 

pracuce >ornc di,crete loa"" may no< be acunted unci! minimum ,hteshold power le,'d i, 

,upplied by d", generntor, 

10.3 Effect of battery storage 

I[ a baHtI} wert in place", time , (al dl<' "h ho,,'ehold) wh~n O,(1» { ... (Ij, ei,hcr ill or 

wme or none of the m~rn will he "ved hy tk 'totag~, dep<:nding o!J 'he ,t,,'e of chatg~ "f 

,he s",ral':<' banery, ' rhe ,tate of chaw ot- a 'torage bat,ery In the ith hou,ehold, He, (in 

(ItH) 

,,·here Hc,(t - I) i, ,he pr~viOlli ,tHe of charge llruI",waldy lxfort UtI'" l, !J.I i, au 

muement>l rino" dutollon and 'Ir:/' the <:harglllg d1ic.iency of lh~ ballery' _ The ,talt ,,[ 

<:harge of a baltery m"" sati,fy ,hc follo"~ng wndition 

Hc, ,,i. ,; Bei(I)'; Bc,'"" 

whne the sub,cnpfl; min and max dcnot~ 011""" bk mlilimurn ,nd mHlmUm ".,~, o[ chorge 

t~'I"'Cr1ydy . Ie Bu(1 -I),' Eo, .. , a' Urne I ,hen the battery" t-"ll and can't take any more 

time t" the ,,,m of,1I tn~ lndi,~du,l fX.lUTr dump' at all hou,dJOld, whne the batteries art 

alrrad" charged to maXl1"um lew!. In ,ddirion , th~ pre,ence of ,he tnm '7(" I"e ,n, thot 

energy los, will be incurred during- tht storAge pro""" aud the general"r will J:,., re'lll1!ed 10 

produce mOrt energy Ii," stornf':C to drlw thc ,"",e load than m ,cenano 0) ,,·h~n the ~nergy 

!lows directlv t-w", f':Cnerator to lood 
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L1kewlSe m ,he co ",,' when ~.t the ith houoehold) G, (11 < L, (I) (or time t) but in the pre,ence 

of a ballel)', UlergT will be withdrawn hotn the ballel)' hUl conditional upon the ,tale oj 

charge of t he batt~ry. Be; (r -I) , I j lin (1 - I) = Br·","" at titn~ t, then lhe hattery is or 

maxImum depth of di;clllrge and the b"d e'lulHlcnt to (-I'", -!!,/;' ,,~1I Ix sh<'d. ' I'k total 

'pkm lo,d ,hed '" time'" the mm of:ill the indi,·idu.llo.d ,he.ds or hOlJ!'ehold, where the 

bauenes are dcpkted to ITUnltnlln1 Icvel, In ~ddition the fraction of energy reccwered will 

dq,end on the di,charw' effinency 'lao of tk balle!),-, Therefor(' tlw state of "hal')~e oj ,he 

baltery being ch"hor~d is given hy 

(10_'1) 

10.4 Effect of a mini-grid 

Tn the ""e of' piw-hydw 'y,letn," Sln"ll ru""lmlni grid connect<,ll the wmllm~r' bUl no 

'''''"ge bOllen" are pro"lded, Consider" c",e m section 10.2 wh~n Ik 'Iond-.lone 

in",lLliofiS h"e no ,lorage bauenes, Lellhe,e uni" he connecr~d by a wrmnon bl\S, 11 will 

be a»umed lh"l Ihe load profiles of dijferen, hou,ehold, aT< largely independent oj ,"ch 

o,her There is lherefore • possihility ,h., ,he jlh hOll,<,hold could h"T , [XlWer delicil al 

tim e t, G .. (I) < L, (t) . when the ith hOllSehold hoo a ,urplu, Ci,(rl > L,(I) _ 'I 'h('ll either ,onw 

or ,11 the exce" power in tk ith g~nentor would flow 1O lhe ilh load rlepcneling on Ilw 

rebn.-e qll.nnties_ In any cose, ,he "mOlin, ofload thatwOlllel have to be ,hed or g~n~ralor 

energy ,har woulrl he dum[wd to ""ste hy both th< ith and jlh hOLC",hol,h ,hould Ix: k" 

than in tk ",nd alon(C "''''_ (Por conw,,,iencc let it I", ",,"m~d thot the lo,d reqlUremenb 

a"e not Ji,cr~te, Pm namplc" g~"""'tor mltpllt of RO Wi will be ac"epted by , lo,d d~tnand 

oj j(/ ) \X' md r~>llit in a IO"Tt ddicit of20 \Ti, in>tead of rei~cting .llihe 80 \V ond shedding 

the full load). PUl~h('nnOfe, if thi, eli",ct rlow of power, ~fn~n 'he ith g~nem"'r '" Ihe i,h 

hOl", ehold,) were ~nabled 'hen power would Ix mor~ dlici~ntly ddi\'C!~d [0 Ihe load <1"" 

the ca", if it were ,"'red In a batt",), fj,,1. ':DIe ith and ilh hou,ehold, ,re a""LTI~d W be 

u"on. bly dose ~nrllin~ 10';"'" are ne['Jigible), 
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If the total number, n, of hou,ehold, were conn~ct~d to a conmw" hu, th~" th" colk~riW' 

systetn ,urplus or deiicit power", anw t 1S I'm (I) and i, gi"en hv 

, 
f~'Y1(I)= LP,,, (1)= L[G,(l)-L,{I)] (10-6) 

,,' 

10,5 Effect ufmini-grid wilh storage 

Suppose thallIl the scenono ltl ,ection 1 1l.4 a "tora",- hatll,r," w",,' introdu,ed. ' I 'hi, would b,' 

analogous w ellh~r l1ltrodUClIlg a h.w,,}' on dw p1co-h),(ho mini_gnd or a ]'rnn;· g1id 

connecLion lot a g'C<JP of SHS hou""ho]d, or a"y othn analogous R""~fatof/"or'ge/lo,d 

SltuallOn, 

The insmnmneOl1< pow'" tlow eyu,rion of the 'y'tem ",idlOUl storage is given hy equoaon 

(lll G), PD'f(r) is th,- (obI 'J"t<,m mrplu, or delici[ PO""" "' time t. This is the amount of 

»<"''-'" that nu~" be h.nJied by the collecnye swrage han",,'_ (I" th" ~a,,- ()f SIIS (or 

.".Iogy) a"utn.:: all mw\';ciu.1 Lauerie, are ,dnlrieal and Wh('ll li"k",] form a ,omLin~d 

CapaCl!} __ n nnw, th"" i,uhvidu.1 capacities), Le[ the colleeti"" "yst"m-hatt",}' sta[~ of ~harge 

So "' rune t wlHcn p,,, (I) > 0, ~idl"" .ll 0' Satne or no"e of tlHc enngy ,,~ll be sav~d by [he 

otor:age, depending 0" the ,bte of charge of the swrage barrer," ' [ h"n r)w collen;,.e ,y"etn 

batt"'}' ,tate of d~\rge, Bcr (in loul",), at rime t" ~i,.en by 

Hn(I)=B,.,(I-I)+I]QP",.{I)· t\r for,ll/',,(r»O (107) 

whn", B n' (I _. J) is (he pre,~,,,lS stat" of ~harge inllIl~wa{ely before nme t, ill" an 

1ncr~ment.1 rime dura~on and 'I ,"i i, tl><: charg:mg eftiClency of the b.ttery Like hdore, [he 

>tat<- of cha!g~ of. bauer)" muS( ,ati,fy th" fon"''''Ig conwtion: 

Ben,"", ,0; H cr (r) " B i .Ti"'"" 

] ikewis~ in the case when PDT(i) < () (at rim~ t;, ene!>,,)' will b" withdrawn frOIll th" batt"r," 

Lut conJitionalupon ,h" qa", of ~harge of [he b.rte")', BCf (r -1) I" ad'hrion, [he fr.crion 

187 
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of powe r recovered ,,,ill dq"'tld on the disch.,g. etlicLency 'I:., of the hattery, ' j'h~td,Jt~, 

(IIJ R) 

10.6 Simulatiun Results 

,\ ,d of 5 random ",""~ hOClr1y lo.,h ,panni,,,,, for a 24-hour peliod were gene,ated In 

lllotl.b .m1 auother set of ,..1 d.m from. c'" ",ldy ln Catog".pola ,ilbge m South Afnca_ 

They w.,e .,signed ,rbit,,,;iy ,mall (hHt e'l\1.I) capacitie, or g"crJerHm' and stCltage b,ttene , 

eo,h, II ".,,, tlnpo"ant thar the power , O\!fee, :j(~n~ralot ondim bOlle1'}') ,,'ere I"" rh.n 

ade'l"at~ for 'he k"d,. '!'1m wOHld ckorl), ,how impto"~meIll" in "Y"tern performa,-." . wl[h 

chatlg"'~ in coutig"ltrOUOn Wlthout etlcoutltering sOlur,uon pomts (CIt pre-m,mrcly running 

oul of lo.d;, T~ load d~!Ilaud figur., ,,'ere ",'e,.~ homly val\1" I'or ,implimy, the 

g"eIlC-rOlor cop.dUe" were g;vcrJ os LoU"'Otlt ,.Iu., but (h •. load" were "'!)lng_ '[he miti, i 

balle!)' ch.rge le,·d " ond (he minimum ,Uow,ble stHe' of charge wne set at SO",-, and ',A)'',-o 

of ,h. m,,,,,,num ,Uow,bk "ate" of charge re'pecu,'ely, 

or ,he iudi"ldu.1 ,utpll~ atld ddicit lev ds for households wer~ "",,,,ded, 

1n .ppen"'" X, t.ble 10,3 gi .. ., 0 ll[nlab getleroted sel ot· "'eroge hoctrl), loods for each ot· 

the 5 IlCIuseholds m'e! 0 24-hour pe li(xi_ Table 10.4 show, (he lood b.lonce re"J{s for die 

d"a m t.ble 1 [1.3 JIl' "mnd·,lone ,een'rio wah ,{orage 'bble W.S show" • detailed average 

hou rly load balance sheet t·m (he u" of !he conligurouo ns nome1y, ,t.oo-alone wilhout 

,mragc, ",tlll·grid without stClt'ge and lin,Uy mini-g'id with Slomge. 

The at,"j )',~d remIts ate gi'Tn In tahle In.1 , nd 10.2, whe,~ the fo rl11~r u,e, real d.,. from a 

ca,e "nely of 'i hOlbehold, In G .. ag'poh ,~ll 'ge "'hile {he hrte! elSe, the ,fo,.mentioned 

"btbh r.ndol11ly g~nerated data ·[ne tiTSt column, gi"" dle total ."''"w hourly load 

ocm.nd for 2·1 hou!'" which arc cgnal for all the 4 configur.tions, ·I1,e ,econd columm g\Ve 
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the tonl ,verage homl), defici, (or "l1Se",~ced lo"d) for 24 hours. "I1,e ihucJ cullllllTE ,,~ve 

10101 .wrag<' hourly 'urpl'" (or unused g<'neruwr power) for 24 hOlJr', 

I'ahk 1(1.1. Reml" of, ,," oflood, from ,ix homdlOld, In G"ogopo!a ,~na)t<' 
._--

T 0,,,1 a, <togo ho"dy To,,1 ", <togo ho",ly T 0,,,1 a,«a~< hom!)' 
lo,d demaod for 24 ddkh fo, 24 hOUri ''''P1u. for 24 ho"" , 

hour> (""",,~ccd load) (uou .. d ~,~e"'tor 
we< 

St~nrl ,10<", 103-';,,") _1')')(l7 40736 
WIthout battcr;-

<to',,:<' 
Sta1ld ,lollc wllh 

i 
103530 -403~1 31)51>9 

"m c 
~ 

T ""'OO"''''Otcd 10,-,;,)() &M" , 7R7') 
hou,choW, 
witl""" batt .. y 
"OI>;~C 

~~ 

1 mc,con,"'ctcd 103S:J.O -1259 27~3 
Iwu"lwhh wi,h 
b~ttcl "ora c 

; 

'L,bk 10.2. Rcm\t, of 0 ,e[ of 5 computer genem[ed rundom hourly lo.d, for 24 hOlln 

Stanrt ,1mc 
withuut L"tter.l' 
"Of" 0 

Total .ve,"W' hou,,,,' 
lo~d <lemond fo.l4 

hnu," 

G23n,H 

(,nn,R 

Total ''''''1«< Loud)' 
deficit fo. 24 Lou .. 
(un..,,,-;«d load) 

_151IM.(, 

-UJ4G,9 

To",1 a"~ragc ho"'tt 
''''plu , fo. 2~ ~ou .. 
(unu,ed j(efie •• "" 

powe.) 

11932.~ 

IOS0A 

623n,H _7721.') 
"Of"'C -~~~-C"",,,'-~~+c,",,,-~~­
I n-'~;~·()n1lcctcJ ~IS~.(, 

Iwu"hokh 
without bottcr;-
,tu'" >C' 
J nrerc,-"lnecrcd 
hou,cbokb ,,;,b 
hwcry q()(a ',C 

-1625,7 o 

1~ ________ J 

l'igure 10.1 i, :I gtaphinl re.sulr of ono ,<0{ of <lmllbtio",. Tn B 1 on 'K~te).!:'\te ~4-lwur lU:ld 

profile ()f Lbe household, fm one ()f the ,ct'!,"ri", i, sh()wn, B2 g1v~, Ih~ Hora)!c profile of 

189 



Univ
ers

ity
 of

 C
ap

e T
ow

n

the collective bonery 'Y'{em, 113 dep1cr, thc cumulotivc Iood hobncc ,hcet over 'k 2~ hour 

perIOd for lh~ condillons oi " and-,lone without '(Of'gC ond fin.lI), mini grid ,-"ith 'torag~_ 

], i, quite arru~nt frotn d", t~,u1" decl! in lk ca,~ of 'land-.lone in,t"lhtiom without 

,wtage, ,ub,{awlOl otnOutll> of metg}' go to ",'''e while "l the some lime mOlly of thc lood, 

rCLTI:lln umcrviccd_ \Yh~tJ the ')'''~tm wn~ contJ~cl<:u to • common hu, without .It~tmg ,oc 

gcneration or "orag~ c~r~citie, the ,itllatiotJ w", ~videJ1l.11' much ""proved 

,\n adilltiotl.l adv'nlag<" oi a 111lIU-gnd i11lerCOnnecllon for powcr 'O\lfCC' j, the 'haring of 

the impact oi tr.mlclll loads, As ,hown111 ligure 1IJ_2 the lugh t'Ol",~nt curre nt drawil h)' an 

\llC.ndc,cent bmp ho> OCCIl ,hared hy two POwCf_,ourcc, ",ith e~ch onl}' cXp"ri~ncitJg half 

thc atIlplituuc ot- tll<' tratJ,iellt (or ,hock) 

, 
• , 
8 

, 

Coo'boe~ 00d pcoli le 

<ooo ,,-,---,-C--~C--' 
,il ; 

" 
, ,'" " ' _: " __ ' __ A, ___ p --J,-t- __ ,_~ 

/ ,,' 
, " "" , , )U +--H -\ -~>I -. -J..;' ----~ ... .- r-----

-\ii ,'I' i '/ __ --I ___ --'i~:": 
" ! 

.o~o ~---, ____ -, ____ ,-____ ,-__ ~ 

2000, -'--------,- , -. -. -. -....... -~, . , .... 
'~'''"L. = --

i -2O()J - --------. -. ~- ---------------- B3 

~ _'000,'" ." 
j 

•• --
< ,,, 

-----, --- ---+- ------,--, 
, ,t,\ 'f .~ l_", ", t,: 

-" O~N , ,oj! -V-'V':,--
----- --j -------+ --_.-

". 
---, (/> --. 

" 
MlOJ --------, --------,--

~ ,;----;,----i",--""'--,;"'---;,, 

l'igure 1 n, 1 i\ ["hh simul .notl re,ullS 



University of Cape Town

'" 

'l1U'1U!j-l~lur 'Idu,!, ,i'l p~.,,,-,dll!1 "'1ll"-' '~Il""_;;' 
~U01"-PU"l' AcT ilu!,,!x> JO ~OU"UU01J;>d ~'I' ""P UU'1I1 "1"'0' ~1j' ·,,;1.\();Uor« ";]Ill() 11""" ell 

,i'!'Uf"cud ~S()P U1 ~'" 'Pl"'P"'0111u,m ,\ll"Ul ""~P\ ".~U")! WI 'U"lJ()tllU< '''" "'In" , '''''lJ 

-l'''Il"''U<'' "",10., _G~ll"q u"'1.l\ ' . AOJdull ",,,eA' 

P":""!1lo.-. PTL'l-Ilm.U ".10 ;DllnU1oJud :1,[, ,nrJ !Ll\UlI' t""' 'l ",\"''-' ' "q If ' ~o,,"uuoJl,d 

""IF ''':l1l~'lu:J pull ll()l.lIlU<J:l ~ oj su.,;)j,." ' UOI"-PU"" Eu"1u'l I",P 1".lUddu ~l!nh 

<;I' "1m,,, "ll' wOJ,] -l'""tlw<J:) ;)"'.l\ »:)(!nuJop>J "~ll' ' uo~"lnuHS '1"11"[« PU" suonullb 

&0[1 JO."oo Ems:, v~n:JlJuo~ u,,"'1 ~M'I ,,,,,I.u ~lqTerod t suo!',,"f!IjUm 1"1lTjuo """Il 1I10l:] 

'P""lu~$~ n , "'! ~.'"'l du""){ UT PUllO] hpu.mn euonull-.)1gucn m'le,i, ,",,,od Pllj-.!.!O ""_11J.L 

KlplllU;:'J }1u!pnpuoJ COl 

(<.leuq lU:J"",!",nUl m _'4) l' l".,~·);xl",L 

<J(mJ;w;)l( (H" pm :Jl\iu<, " U(J ",nhuL \iulpwllu:Jl","Jl JO u()$u"dmo~ V '3'0 I ~lrUJ! . .f 

, '0 g ~O lH'O ----r ." 

J 

'pu"",," u' "'-'1 

." ,. gO'O 00. "" 

.--.--'­
~ " .. ~"" ~, . .. ~ P"'"OS 

,0 '0 0 
,..." 

• 

• 

--t- -- ------- -- --- ---- -It -----I ~ 
1" . ' no ,,"ol _ 

, -+- --f- • 

--f ---------, ----------,--- " 

~--" 
00",,,, 'u."".,' po'.'I' J" "" 1"""", 

1 , 
, 

I ,. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

10.8 Appendix X 

' I-,hle I n_",_ A \/otb h ~""'t"e,\ ,~, " f ,,..age hou rl y hou,chnld I()~d" 
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'j'ahk 10.S. 1'ow,,, hahllce dat'A fOT, 'r~nd alone ",thout "otai\c, 
Mini ~rid cotH",ctul 'Y"'TIl ,,'th and without ,,()ra~c. 

• l\[ox;mutn Allowahk hatt~ry c'p"i!}, =:>-I>"_b,,, -22(~) energ), utuls 

• I\fil1lmutn o\low,bj~ botte.y cap'cil), - I HX) cncri\)' uni" (5 fi\-:, MAX_batt) 

• Storti Il!,\ h"t~ry C'P'Cil), '--- 1 760 l'lll'rg), uni" (Rff/,Max_hAtt; 
• r>'tt~.y· eI",rge-cli,ch",g~ effi~imcy -&t ... , 

• 13,"Cr,' ch"r~e efficiency a,<u"",d = nlSeI",rge ~lTiClcncy - ''-ju",e rOOl (chori\c-di,chaTi\c 
,ffiCl~nc)') 

'" 
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11. An Approach to Rural Distribution Network Design 

for Sub-Saharan Afriea 

11.1 Introduction 

TI'e' Jdi'Try or rdi,hl" ['Ower of ,ulriClent qualily to GllbULTIeto "''1\11"" among olkr 

things, thai tk vo!tog" kwh 01 the rem",eSl Co11Sutll~t itot11 the power ,ou'ce sau'ly lh~ 

!mmLTIut11 'ppli' nce 'peC] flC.,,011S, Thi, IS "ii.~u CO!l>I"ilnl hy The coM oj in li:a"ruClur~, It 

ho, long bo:,," ,ecogmsed thai clMnhLLholl ll~rwmk (he,i!?", used hy utilily CotllpatUe" at(' 

opu"u>eJ for utbm mJ iIll!u, ,,,ial ellviTOULTI('nh Til 1935, lelo"" CO""" llJ, tk !:>:cod of 0 

"e'wly cre'ot~J ttl"'ol Llcc Lti city ,\dt11immonon, RF .. \, 111 ,he l:S .. ~ wwtc' thol, ",iuce utili,)" 

cOlIlpmy iJ~a, '" to wh,! m!l>tirn""l ,ound nlral lines haw be'en ralkr lmcy, meh co'" 

wcrc pro hihitive for 1110st bmw,," T" I ~47 a "ew llalanlb:. UOVl! .\bwkuo [2] ,,"rOf(' 1n , 

r'rer orr"'ling Y"r ogain lor the recc'Rlliuon "f mral p"wn ,upply a" ". '~pa"T(' ond 

di,ti nc, rield wherein" jmn fied a comple" "vie,,· 0 f past tllt'(hoJ, md devdort11Cnl 0 t- IlCW 

one" Such 'e\~ew sh(!lllJ "" unlrmundkJ by p.c'collce,!,tioll' orher th," ,J,:"'onon ro ,ound 

e'llgineeriug awl!o th(' ex'e!J,iou orpow(" [()' de';{Tving ",ction ot our p'0pk" In a report, 

th(' \'\iorld B,nk [.0] ho, ",comln""dcd that, "r!:>:cre i, "e"d [0 hreak {Jut from the ,(amb.J 

lIwuld. '" r~new sp'cllic needs of a cO"llllumly, lO go bad. lO (he hasic priw:ipk,. a!Jl! (0 

de-'el"p de"g'" ther most coS[·eftecliwly address these neeck" Surp.i;ingly, though, th~,,' 

call; ha'T remaLne'J la.gdy 19"orec! especi.lly in ;ub·Sahara" ,~trica, 

Quite oi't~n .mal !JctwmL a.c' ",'er "~,igll~J, r~,ult;!Jg ill un,k, util;"';(lIl ,nd rh",dOl'e 

m'rly oHrheo,k 0"" '~a"'!J oi;",n ared 10' the ow, 'f'cC\fi~otion i, ,nncir,tion of lo ,d 

Rrowth. Tn most ,uh-Sahara ,\'nca" ru'ol ".,,, ho"""-er, economlC grow,h rate; are l"w a"" 
,d<'''Rner h., no lusuflc.non ill 'f'ccifj""g'" in"o5!rucmre caracily e~ceC(ling more tha" a 

tew f'cw,nt ot e""t1ng con"um,,, "''1\llrenl'''''' Ad(hnon,lly, the das"c d",ribuuon load 

model d'T'ct" uI11 __ <limcn<10"alm,m 'eed", 'Urrh"ng '0''''' uni'orm load along it 14--FtI, 

The only 10""" of ~o"c"'n m, rho,e olon!? ,\K ""in feeder with lirrl e or no reR"rd belng 

raid [() ,he loading In ,he lateral dlfectiom. On the c"Mraty l[ will he ,lww" m lIti, chaptc'r 

that, ~;pec1ally tor num di,trihwlOn networl" payinR artemi"" I" th~ tlill ge'o!Il<O,n' "f a 

Ile'twml lIlake" a big (~tkr~nc~, Such .n al'p"'och l'!<wiJe" "pjJo!lLLnih~; 1n cost 'a "ing, 

1~7 
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In SecUOn 11.2 a method for COIlStrUCung a 1n111lml>cd di"rilouhon ",·"'.'url-.. hom an nlernal 

",,,rc~ to a gi,'m nutuLx:r of cOIlSumers using conqmcral {hu)l}' ,nd 1dc"li""d n~tv.-orb will 

Lx: illustrtHed, In >tetion 11,j , me,horl t-or d" ,~-"Iu,tion ot-)""",,, ddiyny lo"e; in an 

ideali,~d ndwork wlil ~ illuorrflud, '11,. .ffeer on 1<""." loy mamgtng a conductor cross 

, ecLional ar~a l!l cli[f~r~n! topologies, wlil be l1W"tig,,,,d In ",~tion 11.4 uoing algd"aic 

cyuauon" C,ing l>.lallali ,iInulmloIlS and a rec{'ngubr 1dcoli,cd conoulner ar~a in ,ectlOn 

11 ,5, consutr~,r coni:ig"raUom ar~ J~r"'~J (o di"ipau 11llnimum nctwork Im'~' '0 a gJWl1 

numlocr of con,um"", Conclu,iom will Ihen J.", drawn", to th , u"fuln", ot- p'ying 

dc{,iled '''''n~on to con,um.-r an," geomctr), 

11.2 Design of a mininust',J network infraslruclure 

Thc jmp~danc~ of a clismlxluon ndwork lS proportion"l to it, (o"llcngth_ So Ii) Ohln', law, 

lin~ vollage drops anJ ndwork losse; ,hould mcrea,e ,,,~th ne[Work length It wowd 

{herdor~ lie r~a,onable {o anUcipak 'hal by J~,igning a distribution network {opology {hOI 

ml!Limi,~, path lenglh Irom a pow~r ;;ourc~ to a b~Y~n nutulier of consumers, on, would 

minimisc the 1",,,,,_ /l1mcuvu', • more wl1lpacr nct\1fork would rcqlure Ie" mat~tial and 

h"nG' Ioc less CXpU1S1VC to con,truct 

,\ newd conc~pt in 'h" mininllsa~on of flow path, ~ollcd ,(mx!mila! iI"mJ ha, i-x:cn articulated 

1n [11-17J_ Initially a mcthoJ \\'0' d"vdopcd t-Ol hc", flow, wirh ,ppiKo~()n to cooilng ot-h"" 

gem'm~ng v()lutr~" like d('ctro11lc, pKhg<"_ ,~ flnite_,,"c rl volum(' of I()w condu~tivi'Y 

trlar~rial in which kat i, Iocing g<,nerotcrl ot every pOInt wa, u",d_ A ,molllwn "nk to coni it 

wo, loc",('d on it, OOunda.-1e,_ Ii)" ,pplying smali amounts of high-wnduccivill' ma'~rial. ro 

cnhmc(' rh(' 'romf"r of he", to rhe 'mk, It wa, ol""'rvcd Ihat ll", resulting conJucuvity path' 

"""'c tree ,hape, o[ Ih' high conJucu"ily trla,~rial. Th, ' PKC' in hetwc"n, wu'c filkd hy 'he 

non-conducung m",~n:al. II waS rh~n deJuc~d that thc ,,, ""e "ru,turc, ,,-,re 0 I,,,,,I{ ot- (I"" 

t""",[er) opLimi,allon, lr was concluded thot tim h.d to 10< whot 'nutted a whol, rmg. of 

engm,er~J ,nd na,ural flow, 'har lncludc v,,~wor ti"ue [18-201, nwr basins mJ ligh{,ung 

(s<:~ figure 11. 1) 

It 110' fUrlhn I><:cn shown th.{ rhe geomelric cidall, of a lightl1lng lx ,lt p"h, for """"'pIe, are 
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nOl dll ~ to namral chance but can be d~'enIliai'lically rr~ilicl<,J_ Tn fl21 th" pnncipk w,,, 
u,,'J to Jenoon,uare rh" comtnIcrion of ~ minimum path linking on enetnol POInt source (0 

point> On a ,uai~ht llI1~ TII~ ,"me techaiyu" coulJ 1", u",J for th" de 'ign of" 111lounmed 

powe" ili,tlibunon network 

Real rurol consumer a,eo, ,"nge fronl phnned, hk~ community service S(nlcmu" to 

anoorphous and scattered 'trucm,es and ,he,dore difficult to model n"'thematically, In orci<:r 

10 ,,,lahh,h ,on'\(' rarional"y, iJ"ali,~u networb have hiotorically l4-7J I~Tn u",J 'n 

ili,lrihutlon 'F'eno u",igm, TIH"~ arc ,ono~Uno~o rd"rreJ 10 a, ebnen!al networb ()l' 

lnod~ls, -]1",,, ,".,larion, mal' incluJe rh,' loc~lion of the <ource, th" way In which comumer, 

ate conn~Cled to [he 'oU!c~, ollow,'rl muring ~nd ~nihhlc ilistrihution nod"" ' Inc shap<' of 

the demtntal ateOS can b~ one of. squo,"" equihr~,"l niongle or ,.gubr hnoRDn_ R",,,,nglc, 

will h" u,cu here for illu>l1-alwns 

U,j11g th" methoJ it i, a,mmeJ thot COmumets ~no(:ks of' consuIllption; ore lIrtiforml), 

,h,,,,bulerl O\'~r rh<' ~rca ",,,.,-,,J by the network (sce figlLl'~ 11,2), TII~ir consumption 'Ole" 

a"utued '0 be umform .nd ""n"am, 'Ih, 'ptcm ,rructure i, fix~J in time. TIle reyuireIllelll 

is lh" power be connected frono an external ,ouree point to alllhe COnSlIUle"" 

Fign re 11 1_ A 1ight!un~ bolt eo an naLTIpl~ 01 palh opcimisotion b), notu,.~ 
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Like all J11txld" the ide"li,ed n"worb (k,erih~d Inay dilfer wllh .espeet to ~ nnmh", of 

det"il, from a rcal ,illLauon, I-iowe,-er, the pU'T'",e of meh all cxe.ci" 1> to Jdenrik, ~n 

optinll,ation OPPOtllLlUly th,,( con , enT "" h",;s fOT aJal,ting 'peCJlic deci,\()n, in ' cal hle 

m,-,otiom, 1n thi, e,,", it h'.co be~ll hypotheSl",d (hot ~ rninimi,cJ didribuuo" ]n ("",metu IT 

\"o"ld r""ll( i" minimi,,,d \'ollag~ Jrups ond nero'o,k 10''''" , Comparison; CO" be m,,,k 

uSIng diffe"en( topol0i"'" to di".iLute powe" lO the ,")"e con",lncr "c" Finalh.- llu, reslllt 

con b" ll,,,d for mor~ );CIllT.lli,eu ,i"'ario"o. 

, • • • 

• • • • 

• • • • 

• • • • 

rigut~ 11,2,.\n iJe"li"ed con,,,,"er or,," 

In" 1%S )" ,n", l, \X.'e,ti11i/:ho",e [Rl dc-p;cteJ 'hc fUllcu,un uf power distribution~, o"e of 

g,,,he,i"g fwm th e con""",,,, '[lK ,rRume11t i, th"t r"th~r thatJ origillaung fwm the power 

,ume.," n ero'ork INd ~cru~lly or;gt"""" froln the wtJ,umer whcn '.l swiech i, :lippe d, Tim 

concept h'.<' bee" exploHed JT1 r111 [0 compll'" the pre«lltC- drop, i[),jJ~ a utu[urm cws>­

,~cliOn pipe ill '.l ih"J d",riblluon "ero'o"k '[1,e), used ,n ,mloRY of a ri,,", ba,in, where 

rainwatcr is wlleclcd al '.l uniform ~'te pe' unit ore", The Ii"t l-j'~lh" thell fonm a[)u Lcgins 

to wllect ,'.-ater Oul oj (he l~tl:ilO.y (simihr lo hnking l' '0 Q). ~'Ted ti'~lh,,, /(lrm a 

'rilmt~ry 'yorcmat;c"lly chmndhllg lh~ COliccl~J "",ee,, 1"[0 " 'mgiL: ,tre"", ThLo ,"Ill(' 

analogy em L>c useJ co ",,"Iyse " ,,,,,,I V'\\'e' tnl1"_grid,"" ,,~ll I", d"m0I1","""L FiRurc [1,-' 

i, , Ma,la'" R~ll~r.Llcd jJwlil~ oi pt~""te Or ,"oilage drop from" '-Onrce I<x"",d ~t the o"i"n 

('",rhd (0,0,0)) of" di"rihntioI1 llciwOtk itllO a tecta"f,,,-,Ia.r con,umer "t<oo ,,';th" uniformly 

diotributed INd, 'lh. '-oi'og" drop" ''''e'Y pOi11t in Ihe I1ctwo.k is olIO""', ' ['he fignre W", 

generateJ "'ing the g,,,he'ltlg conc'1" 

'00 
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11.3 Paramelers of meri l for idealised nelworks 

.<\ mC[hod [0 con,tn",t • n1.1111lnl""d poth icng,h iwm • source point to se\'~rt\l sink poiIlt> 

on " 1l!J~ wOO JemOUS\!OieJ in [12]. \'I;'hen the ,"me mdh(xl "'''' applicd to an iJcalioed 

rectan~wa' con,utner arca in IiRurc 11.2 dle network in ligutc 11 .4 wa, ]SCIlcr:a'cci C,ing lhc 

method, tllls netwo,k topology off"" th" minimum path lcn~rh from the ,ouree to thc 

con,umc" . TIIe periomlJnce of this topology ca" then be compare d with ,everal other 

I"",ihlc dj,triblLtion t()poIogies ior ,h~ ",me are. 

Figure 11">. A plot ,howing" typic.l "olta!,:e drop p rolile of a l"cctonguiar wn,;umer area 

Source • Comumu node 
Co Distribution nooe 

FiRnre 11.4. i\full!,meJ dj,mbntion 11('(work 

'"' 



Univ
ers

ity
 of

 C
ap

e T
ow

n

I.el c'ch C()1"\lI"''' n()cie in iigLLr~ 114 llnW " lo"d of 1 uml CUTrem "nd ler the eletnenta1 

conductor hnk b,,"'.-(~'n node, be ()f unit 1eng-th and utUl ,"SiSt"nc e. G"the lin!,; ,,"m at 1', the 

fu"he't cnmumer nn,k >nd pmcee,L with tbe link to d",ribu~on node Q, .'\t Q it i, j()fned 

!lowing ltl it. Fig'ure 11.5 ,how, rhe ,-,riom current, !lowing III the re'pt'cti,,,, network links 

Since the detnentallinks ha'-e tlttlC reSIstance, rhe ,urnm,tion of currenis III the". hnks Ii'nm 

r to tb" ,ourc" repre,etll' the total voltage d .. op be"'.-"el1 rhem 

Fi""" 11.0 Evaluation ()f brancb currems br a ["Ithe lin!'; method 

From ligure 11, S the folloWl1lg .'-aln"riol1 remlr, on I", obtained for dle network ' I'he tor>1 

mt'rasirUclU," lengd11' e'l,,"1 to tk numb,,, nf ekm"nt"llinL = 21, 

TIle t()tal '-01"[,, drop bern'een f"'llllll' ond dlC ..-mrce" 

1 I -' ; 4 I 12 I 13 ; 15 .- 1(, - 64, 

Th~ total power Ji"ipaled in tbe ne""'ork can be e\'alumed by ,ummln!,; up ,he ''l""n" of 

the curn,nt> In e,ch ()f tlw deITlemal links = HEO, ,\U tbese fIgure; a," relati'-e nh"" ,hot 

were subjected rn the same cnnciitinn, and had ,belr perfnl'lmlxes comp,n,d to iig-UH' 11 5, 

TIle result, are rabtJated ttl table 11, I , 

'l'h" ""rii,,r ddiniti()n for" unlT lenl'Jh rd"rf(~i to rhe (hali) Jiag()!lallink 1'Q. U,ing thi, 

"",d,,,i th" rcbrin' knl'Jh of, hnriwnt>1 ()r,,,,rticallink i, ,/2. So all parameterS for SLXh 
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11.4 21.0 64.0 880.0 
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== -1)+ + .. uuu+2+1 = 
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source to ""..,."."'" .. consutner = + 
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consutners N == w Lwere 

is a Dlllnlnlurn. 

consunlers a 

Voltage Drop as a function of the no. of lateral feeders X for 72 conlllumars 
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RATIO OF PEAK LOAD LOSSES AS A FlJIICTION OF LOADFACTOR 
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