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h~rl!:lhv declare that I have iriRntifiRri all work others in thesis. All 

presenlted in this thesis is own. 

Stuart van 

The follc)wir,g :::I,"rn''IVrYlC::: are used in this thesis: 

ACSR Aluminium Conductor Steel Reinfc)rCE~d (c:on,duc:tor 

AVR 

CCT 

DG 

EHV 

HV 

LDC 

LV 

MV 

Critical r.IR::Irirln Time to nRrlRr~~tnr stalbility) 

Distributed ~R'''Il'>rl~tnr Distributed Gelner;aticm 

VoltaC:le (\I'oltc~ge levels than 1 

VolltaCle (\I'oltc~ge levels from 33kV up to and .... :1111 .... ' .. 

controlrt:i::Ilun::j 

Low Volltaole than 1 

Medium Volltaole (\i'Oluige levels from 1 kV up to and 1III..i'UUIIIY 

NRC Reactance Cornpoiuncling control featur1e) 

aCTS Off-Circuit Switch 

PFNAR Constant power or constant reactive power (sYlnchronol 

Short Circuit Ratio 

iv 

nRr'Rr~~tnr control 
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are common 

in 

transmission <>\1,,. .. ,,,,,, 

Less obvious 

waste cane 

at one source of reall-DIDWiar 

or is in .:o",'ITI(\1'\ 

most common 

waste cane 

is int'''I''I'' ..... nrl''' ... t'''rI 

is 

to 

an 

not exceed 

not a in a 

from resources are 

are 

"AI''''l"l::atnl"!:t that are 

at 

context is also I"ATj"l"r"'~" to 

11 

over a 

sources of renleVII'aDle 

wood and 

v 
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a 

networks are eatJIOllea 

awareness in 

to 

in some cases, 

rise 

that 

it was eXJ)ec'tea that the 

when 

r:lnr'lAT,Ar.c:: on "nlf .. ", ... 

research mar/cates 

to I .......... 'u,<:> 

occurs in a manner to 

will 

in 

in 

is well 

itis 
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methods tend to 

are in use in 

is connected and 

at 

and 

neither is 

could also T:::!l"iIllT:::!'r!'> 

A 

This 

were eXI:lec:ted to the extent of unIT:::!nl!'> 

The source ImlIBQ,anC:B seen 

source iml"OClIrI~nl~OClICt weakness of 

on the constraint , ................. /"1 VOIIIaCIEl rise effect. 

(ii) The nn:>,c:. .. n,l"'''' I"ln,Or<:lirll"ln of transformer "r"""'I<1'''' r .. .,,,,,,,"',,£1r,,, on the 

is ~r.I'IF!'JF!n 

A 

modelled as an source fixed at the In t'nrltrJ:lc::t 

source 

r.nflSIIlIF!fF!n in two one 

nlOtwnir\( rI,I"IIAII"lc::tl"IOJ:llm of the 

network between the 

aIIC)WBIDle limit 

in 

nominal. This 

to an aIlC)WSIDle 

viii 

busbar and the \/nllf!:2l"'l!'> ..... ::1 ... """ • ..,, 

OVEII'VC)/ca!CJes on the network. and 

busbar vOlltagE3!S to a maximum of 105% 

niti •• t .. rI \/nl,' .. ", .. rise of between 0.01 and in 
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a new to \In •• ",,, .. 

SV(lChro"'OUSJ DG control mode. 

can be nn'~'""'t~~ at t~"'I"1.,."", 

The between constant constant realcmfe 

network un.v""",,,,, 

A 

derive an ~Yr\F"&>.:c:lr\l'\ 

manner 

can be r.nF"IC:1I11&>F"II"i"I as 

1) a term 

a Power 

with 

terms. 

resistance 

the 

sum terms: 

term that is 

rtlcilpaltlnll in 

distribution of 

a 

to 

can be aC(~eD'ted at a 

is exc:ee(]eo 

indicatE~s that 

to the 

""NC)-Ioao" term is h\ln,ArhnU,.. 

the source substation. 

varies with the 

with to d which 

the For a 

the 

the 

event the is 

is in the event that 

is from the source 

ix 
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a on nl'>l"lI'>tr::!til'ln 

I'>TTII' ..... fl\/I'> means 

in weak 

service. 

on 

"""1-'''' .... ,''' networks. This increased network IV;:)~'C;:), 

to the absence 

Inf'!::nll',n between network customers. 

The ",1",,,,1"0,-,,,, ... method can the .. ",1""1\,,,, ",m,""'''''''''' 

vnlf:::an,I'> rise mltllgal:1on a nl'ltwnlrlC 

\,nlf::!n,,,, networks and 

on 

network are ",rrC ..... Tn.,,,, in ..... ;tii"''''lri ........ " .... It"' .... '''' 

service. ' 

results 

indicate an most network rnr,nmnn" 

""1 .... "'1"0.·"", ... method is most accurate when used on 

rise 

",In .. h,·",i ... method is 

The 

on the 

""nrl"'''''i''Ct 1"0,,\,,,,,",\'''1'' to be 

in the n ... '1\''''''t' .... n 

modified to "' ... ,· ........ , ..... ,,"''''",t''' .... ,"'t\.,' ...... ~.'" 

on the DaC:KDC)ne 

is also in cases where 

The ':::lIn .. n"::!I .... is used as the basis 

networks. 

on data that is 

The "new" n"""",,,,,,I,,,, .. 1'I method is more accurate 

can be used to 

apl)lIcatlcm of the "new" ,.,., ... Tnl"' .... 

The thesis concludes that vOlraae constraint to 

....... I","', .. ,:::" .... t to the 

load 

In-.f\l,,,rn''I'If and 

in UT.-"r:;on countries. It is stressed that "nit"" .... '''' rise 

:::'LUIJIt:;:) should be n .... f .... mn"'rI The 

that was nF!1JF!h,)OF!n in be in this 

x 
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1 

has been a w .... lrlrt\A/iti'" 'n .... r·"':::Ic~'" in 

solar 

been seen to 

1 p.1]. 

is n,.,.,o::;",,'\tIV 

it difficult for diesel 

cost 

in 

The 

lenient relative to 

to 

Baga~;se - waste cane fibre - is a 

as well as a 

mills in 

stations are in I'\ ..... ~,.""t'nn 

lin Eskom 

2 In t--n"lml.~:A 

... "",,,,,.,::atn,rct - be it 

caj:laclty of 11 

four stations in the 

March 

for this 

in 

in 

,.,,,,,.,,,,,.,,,tll',n on a 

At least six 

Africa to a 

source 

paper 

in 

power 

1 
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a onto the local olo,,,tn,,,tu nol~Aln,rl<''' fit 

et the acceotE3d 

rnn:m",lnt:::&I awareness in the 

of 

..... n' ....... "'n. that the 

",nn,o",r to have been "' .. "',..TI\/",I\I n"""~":'n 

on seU3ctE!O 

rotE!ctlcm a:spE!cts are 

]. 

the 

on 

areas with 

with 

2 

as 

there is reason to Delleve 

the 

of these machines on al:>LJCIJLl:> 

in 

concerns in 

on the 

to have an 

to 

1 
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it is 

p.11] comments that 

such rni.iin"'ifi ....... 

in 

to 

network 

remains at 

event 

to lessen the 

u~j-CCJnrlec:Iea networks. In 

for a number of 

in the area. 

substation to a maximum at 

on weak cause 

that 

to 

current that must 

have become a DrEHE~aUIISI1:e 

in a network 

nA:9Vle!':T network 

to the network 

seen to rise at 

current 

In 

source 

in some cases 

3 A "weak" network is defined in this thesis as one that is constrained 

rather than the thermal of the or of waveform 

is it seen that "weak" networks are also characterised as those with source imn,""r1~mrj:~!:: 

3 



Univ
ers

ity
 of

  C
ap

e T
ow

n

aplPIlCatIC:ms in 

asa 

Task Force 38.06.03 

rise nh~.nnlm~lnnn 

1. Reactive 

case 

2. 

3. 

CI.nA I c:I lUI on 4. 

5. the network. 

It is DDSi51Dltl 

network vnlt~n,~ 

is 

electrical , ... __ •• " .... of 

4 

on 

values in 

and 

(in the 

on 

two others: 

cost 

aDI)ilcatlcms in 

are 

it 

are in Table 1.1 

1 
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Table 1.1. Standlllrdi;sed pelJetr:ati(Jln on their e/ectrica//ocation. 

DG location MaximumDG 

AmlWMIArA on a 63kV - 90kV network 

AmlWMIArA on a 15kV - 20kV 

At an 11 kV or 11.5kV 8MVA 

Elsewhere on an 11 kV or 11.5kV network 2-3MVA 

Elsewhere on a 400V network 50kVA 

The second gel1eral method uses the trm'!A-lnn;~!l:A level at the DG's of cormectiOln 

as an indication of the allclwable A common :::>LlIJ'UIClILlUIl in this is 

that the {nnee-omase at the gerlercltor locaticm must be at least a number of 

IIIUIIUI.m:::::> of the DG's A of 10 is used in DG in 

whilst IIUII •• ".m:,;:, as as 25 have spE~cified in other r.nllntr·iA!:: 

Task Force 38.06.03 comments that the gerlen:llisE~d methods must cater for the 

worst case of a number of network and that tend to 

as a result. In this the Task Force comments that: "if such rules were to 

lead to a very conservative and restrictive ap~)ro,:ich to the connection 

As a countries to detailed studies per 

DG in An 

uncler1itarldirlg the mechanism voltaOle rise occurs, a gerler;:llisE~d method 

orclvidle an answer to the qUE~stion: 

• Which network n~r'~mAtAlrj:;, are most imr\nrt:::lnt in rlAI~Arrninlinn the extent of the voltaole 

rise in 

In the ~h!::An(~ an answer to this 4Ut::;:'UUII, it is not posisibie to ev.alucite. in gerlenal, the 

the voltaae increased perletr'atic:ms into 

African distribution networks. An answer to the above is also on account 

of the fact that it will the of the mechanism which the 

opltior1ls achieve a rediuct:ion in network voltagle rise and sU~lge:st alternative solution 

methods. The first qUE!sticln also providE~S a basis for a second qUE~stion: 

• Which is the optimal method the mitiiga1tion of network voltage in DG 

4 Both methods consider Sln!lle-'aerlefl:ltor appillca:tiorls, or ap~)lialtioI1S that can be modelled as a 

installation examplle, wind 

Network VOlltaole 
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IUs IJV'::'",,'U, 

use n:::lr:::Iml" .... r values 

38.06.03 

at 

a 

6 

10CBtiCIn as a measure 

in "",,,,vi,,,,.... re!SmmC ""VIt/UV' 

the evaluation 

is 

to the VOll,aae 

or to a 

to 

can 

The 

level 

as 
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• to 

• 

• To at a busbar be the the 

• in D"'~;Slli't;! 

• To 

• 

• 

Answers to material in 

in ::IUI.I::IC\.j to nrnl\lln.c. an 

into the 

In on 

relevant to the 

In are the 

is other than the 

levels of n.c."""t"""ti,," ",v,·et""f'I facilities. 

that is 

to on 

7 
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structure this thesis is the oouecIIves the research and 

must in to eV,","Urf"e 

outlined below. 

3 examines the rise 

4 and 5 in networks and 

machines 

The is consolidated in 

a 

In 

relative on 

8 InVE:!stl!JatE~s the extent to which a 

1"1<=1""",.".,,,,,1"1 method is aOCiliea the \In .. ",,..,,, 

m~,th(1lt1 is also used in this ('h~~nte~r 

and mitliaat:ion in 

'''''''"t .... 1 0 summarises the 

nr ..... hl~lm in 

,1"I", ... rl1',"'1"I as a 

that 

in 

the 

the 

that were made in the 

in 

the 

nrl"\,,..,,,',.,,, is 

and rI'!VII'!u"c:: 

in the 

absence of a accurate evaluation ",n • ., .. ,."",.." would lead not to 

a 

the 

8 1 
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The next "h< ..... t.' .. 

with the intention of A!::I':::II"lIII~1"l 

can 

DG 

to these 

the CVI'''YI.",.. base of KnC)WII::!aCle on which the 

9 



Univ
ers

ity
 of

  C
ap

e T
ow

n

10 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2 

rh • .,"'t, .... 1 a 

The ... rD.,,,, ... r 

1. The 

eSt:aDI!ISn the the \/nlr::ll"1l'" 

2. 

3. 

are .:.ff".,..t.,.rI 

VUllClu,e rise effect. 

4. 

that 

,n,", ... "",... , .... t ....... ''''''''I''I'\.., on Network un,.,:,,.,,,,,, Rise 

to the an 

a tr::llm~'wnlr\( is used in 

the and 

",,,, .. Fn,.,,norl to 

must 

the at 

the ,",n~'I\"i;:'''' 

",n".,..rn/", in 

on as~)ec[s 

mode 

mode selection 

11 
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Three 

same m""thl"l,rl 

in 

.... """n,.. .... ImrIPrl::::anr,p to understand the ..... "",,..h",n''''' ..... 

et 

textboloKs such as "" ...... rn/ 

the 

The 

and to understand "flr'""'!"11"" between busbar \lnll'''I''1~'''' and 

to 

number 

is stated to be accurate 

aPIJlicaticm in most "'.U\~'C'" to 

most network ... "'."" ..... ""t""..., 

as 

12 

and 

comments that the 

to 

the 

.... 1",,-,"1"1 the \lnlt",n,,,,, rise in context. 

is 

and 

These studies assume constant 

as 

were r'nr",;:,n,gn"n 
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Persaud et 
at 

Masters 

2. 

detail6!d s:ruo'les ra/~~til1!a to )r.: .• initi~ltJ£ll,rl network voua'nH rise. 

9-bus "",rWnlrl< 

33kV busbars up~.tream 
33/11kV transformers. Feeder 
load is at three busbars 
on the 11 kV network. 

20-bus 11 kV l'I",twnlrlt 

six lateral feeders. Different 
conductor are used on 
the backbone and spurs. The 
source substation transformer is 

." ... ,'",t""" modelled with a 

- Generator control mode. 

- Automatic variation of the 
transformer 

and 

uses an advanced - DG location . 

InvE~sti~late the 

.:lIlnnrithm 

4-bus 11 kV network. Total 
feeder load is distributed 
between the nodes, 

27 -bus network 
discrete the 
11 O/20kV power transformers. 
The network is based on a real-
life Load is located at 
13 and are 
based on metered 

5-bus network with an infinite 
source. The model includes 
rll'!r'lfll'!!;Anlt.:lltinn of a "t"" ... ", •• ..n" 

backbone. is 
,"if.~rmlv distributed between 

busbars. 

Conductor between Buses 2 
""t,,,,,ti .. 1 alPplllcaltlon of and 3 is re~)lac:ea 

CY •• ""LIU' with 

- Automatic variation of the 
transformer 

- Generator 

- Generator location. 

- Conductor 

at the source 
substation. 

nl'llii ..... 1:' ... 1'1 of a 

- Generator control mode. 

- Generator control mode. 

V ... ,lt .. r,,,, at the source 

- Generator control mode. 

- Automatic variation of the 

"1'I~.n ... ,,,," refers to the common oraictlc:e of suc:celSSI\IelY mlrmelr-a;aU~le conductors further 

from the source substation on account of the reduced and hence encountered. 

13 
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on 

",nlll:ltlt"ln., to 

14 

at ten 

':;;O"':;;OTI\.'''' nature and the ,.All:I,TI\/A 

nnrnl,u,nn is not ","v",lnr •• 1'I in 

in 

an 

the 

where 

et 

extent 

and 

is aOI:>lie!d on 11 

\In'T<>n, .. rise is 

,:"""rn,,,, ... n to 

networks. In 

\1""",,,,,,,1 .. ., and the 

as lines in 
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A the ... "',,"'., ........... '" on the extent 

onset 

..... " • .,,"'"t.,.1'1 as a series of curves with "DG n""'''''''·'''r" .... " .. 

networks t'I"'c~ ... ril"l"'t'I in 

2 Masters describes a number of different 

direct and indirect methods. 

into 

as to the m".fI'Itv,c. 

best to 

2.1. 

rise 1:>lU\JlI::1:>, those that 

are 

This 

to solve 

more 

Of 

of 

rise 

15 
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at a in a is to 

= x xlf 1) 

Where: = the nominal and 

Where: 

a measure 

In a 

1 

I, = the current drawn fault at the of interest 

in 

if it is 

\In,.",,,, .. at to then: 

1 
= 

= the and 

:: the Thevenin .. "',, ..... , of network as seen from the fault 

to the source of the "'U""'<>ITl 

".,tiff" .. ."." of a network 

to 

a 

the 

, p.11 comment that 

Inl:llnlrln on network 

an 

fault level can used as 

a 

<e:v~~rplm can 

Ratio is 

=--------~--~--

have a 

The 

for an arc 

a on-line motor is once an 

3 The Per-Unit """"""' ..... Is discussed in more detail in """"nri;v A. 

16 2 
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is a 

18V81-loa5i8a rule 1"1"","' .... , •• " ... 1"1 

as a measure 

In 

to 

serve to restrict vu ..... ue 

reason 

in n""~iSI\i'1"! 

in or 

in 

CaIJaC:ltOI"s or rA~ll"'t,.,rc: 

on 

Reactors are at 

u""<:In,,,, rise in a 

reactor 

n""'Alnnr" It is I.IV'::I<::II,I.I' 

a 
.,it'l,,,"r,,,,rI as an 

4 As is common .... r<>, ..... i'· .. in reference to DG power factors in this thesis are made the 

n"'r''''r~~tnr convention where "IA:::Il'lllnn" refers to the and to the of reactive 

power. Reference to the power factor of a AYlI',mnlA that which flows 

the load convention where "IAlI',nln,/"!" and "1<>,,,,,,;,,,,,," have 

to those of the nArlAr~ltnr convention. 

17 
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that .... li;I''' .... i;li;lIUI in 

as a mltill1:::1l'inn 

a 

and is out 

is in contrast to a Unlfo:llnlil:l can .-."rr","n in co-=OI"\I1I""-=O rriesr:leCl:IVe 

in two catem)rle of ae\/ICI!'!S 

1. 

the Unlfo:llnl-=O and 

2. fu nction is to CYI.lldl.C the "'"".,.,,,,.."',,,, 

In 

and 

which must 

In two and 

Ihl"lml:nn Ull:IIl ... l.Il:11>:1Cl:II how the of 

is reduced with the 

also 11-=OC::I"I"II"I-=O while 

aSJ)ects of VOII;aae 

nn'~rnl'inn n'w", "',.-'" , information and 

In her .... 1i;lI ... Ui;I>:IIUI no 

are ., ...... "It'" to 

18 
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as Sen [1 

this 

reduce " .... , • .,.",'" 

mode 

et al. 

nr""e:""l'llr""n in ""'''',.,,'''',''' teixtDOO~,S on ""1"" .... t .. ii .... ~1 m~,,..."'i,.,""e: 

et at. comment 

network 

and 

in control mode. 

vOltaole control 

in " ... rwnlrlC 'v,:".""', 

assessment. 

are 

is 

Ca[)aDllltv curve or 

on 

aeC<I::!llJn is made 

or 

networks is not 

in 

has an on .... "'.u/nror In 

evaluation of nn.~ .. """n'" in 

reactors to 

the 

machine. This is es~)eclal 

on the 

Mabuza and Gaunt 

r,..." .... "",...."'.n to ,.,ot,un'rlCe: are to 

ru""''\AJf'llrlC \If'llr~~n ... Rise 19 
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The literatu re answers to 

from 1. These answers are de1Jell:'lDtE!d 

of 

of later 

methods and 

..... ,...rlc:tir!~rc:t the ,...n~~r:::lti,... 

None 

vOlraae rise. These ;;)U,jIY'O;:';;) 

ae\felCID a network model 

to 

",n, .. "",... method that was ir!~r'tiflg~r! in ::-.p,I"TlI1,n 2.1 to ae\/elCm a 

\I""'r"",,,~ rise 

20 

"""rTr>rlrTl a 

Su(]OlE!lsre!a an 

is .""",r,, .. ;,.,n of 

at 

the 

2 
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n iti",t .. .rI V'OI't;I08 rise 

its 

not a new 

active 

and across 

In 

end 

res,)ectto 

3.1. 

can be nrl ..... "'·tn"'rI in its ""m,nl .. ",t basic 

.... ,,, ... t,,. .... 2.1 it was seen 

is 

1 

on 

to 

DG and/or 
load location 

3.1 

away from bus 1, whilst and 

n""",n"",,,, is 

to 

used to unlrlalst.alnd voltaCl,e n~u"rliu,on 

on a radial network. 

we are .. """ .... ''"''"'''''' with 
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1 2 in 3.1 is n<:>,"."",.n in terms 

laws 

it is IoIU"''''IIoIIC 

+ x + 1) 

• x ::::> == 

In itis Dv,"\rD",,,,.,n in 

bus 1 to bus 2, bus 1. 

3.2 

x + 

== 

== + + 

or • DVI'''''''.''''''.''''' in terms of ): == + + 

1 Vector I","tiiti",,,, are ",v".r",,,,,,,,,ti with a bar above the variable. Scalars are ..,,,,,,,..,,..,..,.,., without bars. 

3 
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are a 
across the feeder. 

Va,,.,,,,,, rl'11III","1IIIIm II.rUJ;:tmtina the 

in which is 

In this case, 

It is seen 

S"'",/"fll'.n 3.1.3 to of are rea:IlSE~a in some 

are drawn the 

is a as r""t.~r"".~ .... "" in 

for VOllaQle on an c'" ..... r' ... ''' 

I as reference. 

as the 

and 

this vector of aplpe~iraS 

in 

23 
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in terms 

it must be 

known 

are 

that are to 

to 

It is nnri'!:Int to 

VOI'taare vector OIl'lor.!ilm a 

the 

is in 

in an 

is 

asa means to a network. 

in the 

3.1.2 

in 

it is common for 

VOlraa9 '=!EI~IICnIVI on jOlIljOlI/'trir,:::a1 n,ClnAI'nI"lC'oc:t 

network. To 

can 

form of 

more as: 

""""t .. "",., in ....... ,I"t,,, .... 3.1.3. 

can be understood 3.3a 

is in the ... ,<>' ...... "''''''''' 

3 
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Ac::"",...nnt"l to is to 

terms nnrn~r'h is in 

is 

a ratio 11 

~",c ... ~r''''' 0.8 and 1.9 resipel:::tivelv It is thus clear that in ",rn,,,,,,,,rln and distribution 

reactance. 

as shown in 

a ... ""'" ~tl\/<:I 
This "n,vlii'inn 

introduction 

In the event 

3.1. If reverse flow 

the 

1 2. 

It is thus seen how 

on UCl~';:'IV't:: 

occurs in some 

seen to 

must be ;;: ..... , .... ""; .... 

3.1. 

to 

which causes Un'T"''''''' 

and Jenkins et al. 

in terms 

with 

be 

This 

the as a 

it reverse 

it can overcome 

to a net 

from 

at the source 

rise occurs is 
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In this 

to 11"I':>,nrnrv 

we do not 

term in 

source VOIIelae 

occur as a 

that connects 

more 

a nature so as to ::Inl'll'"::I""::ITI'! 

the source. 

is 

are in more 

In 

this 

will 

Jn~.rr!'!::::Im load 

it is loccltea to 

reactive power "'U""IJ"~;;"" 

same 

to more !'!){flr!'!rrl!'! v.mrl'lnF'! 

· ... .,."' .. ~r 3 
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are "g,,,grl""'"' on 

how 

to counteract 

The 

so as to an ...... ,"\.1"', .... '" 

n~'wnrLrO::: is 

The converse of this is that realCTI\/Fl 

lower u"lt",,,,,,, ....... 1'1..''' .. 1'0::: 

it is seen that the 

a 

increase in " ..... 'T"'''''''' level. 

in 

comments 

"yl."' .... '" are met 

is thus 

vOltacle levels 

on 

"Hare" 

in 

....... ~ ... rI'v A 

VOliT:::IICIF! level. 

an 
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source 

the ",..,.' .. ,.'" 

source sutlstation 

seen 

In 

1. 

2. Source i ...... '''.n''' ..... ·.,. 

3. 

4. Location ,""""' .... A 

5. Power 

6. 

7. 

8. 

9. 

10. 

11. Network 

can 

is seen the locatlcm is """"1..11 .. <:;;'" in 

u"".,,'''''' ,,,,,,ri::l,tinr,,,, at 

the Tnlll"lWIIV, 

effect on 

source 

!O:: •• ., ... tirln 3.1, the 

",n"",i,fo,·",.ir." of an .. I .. ',"' ..... th factor: 

the 

occur in a 

across the 

the 

at the 

are eXIDec:ted to 

as it extent to unit"""",. rise 1"11"1 ........ , .......... " .... 

'1'\<>,,,.,,, .. 3 
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into """,.r'!:lr,,,, 

are 

are 

is 

were iri.c>ntii'.c>ri 

on 

has serious Iml)licati()ns for 

to voltage 

un,y"",,, .. rise concerns on 

an ..... ,."' .. , .. 

as 

rise to Vnlf.:lt"l.c> 

was 

is in contrast to a 

29 
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...... ~., .... 'r"''' are 

more severe in 

transformer Ca[)acltles are 

network n""·",m ... ,,, .. c:. as to cause an eXclClCl~eraltiOn of the vnlT;:!I'lIA 

A 

the mitilJath:m 

(i) 

or 

It is seen in the means 

at least one of the 

or 3.1 

more 

source 

the 

as 

a 

fiR", "XU, up", 

3 
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terms of the 

The two to n.,.tUlnlrlt' \1,"'IT~anA rise nrn,n"",ITl'" are 

The 

more 

reactance networks. 

this on 

From the 

but 

the relative Affil"jAlnl"'j,,,c:t 

method to 

a is Cle,,,eUJDE!CI in 6. 
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branch Imr'II"r1~nt~c:: 

the 

some 

to 

the 

in 

a 

busbar source 'rnr\~n~nl"~ 

is 

in 

",o.,otr'''"t",n limits. 

6 it is seen 

POs;sIDle to 

in 

networks 

at 

In 

3 
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4 

3 ,,,, .... lrnrc. that are ex[)ectea to the \In .. ",,, ... nnl"'nr\ml"'nr\n in 

of one the "' .... ,"' ............ 

was not clear 

current Eskom will 

the extent the aIlC)WBIDle ",."."',,,'" 

.",,,.u,,,,,,, a 

These were irl"' .... tifi"'rI in 

is I"lnc~"lv 

source Imr, .. rlJ:lnr'", 

Parallel Load ImnIA!'I~mCf~ 

4.1. _""""""'11$ ilnDIElO'c:mc:e seen from a 

Accurate source 

networks. This is most 

records network series 

are 

are 

when 

levels that were ,1'1 ...... ""1 .. 1'1 in 

is result an 

to 

whilst are 

in an electrical nelrW'c,rK. 

busbars in 

network 

The latter inf,u"m,l:Iti,\n 

are used in a 

as 

is 
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It was in 3 

.... rM'\I'''' .. a wOlrst-cas.e the source 

.... "",.. .. ,., 1"" ..... ",11 .. ., an annual at 

MVand HV were used to ,",,, • .,n,, ... 

-0 

11 kV to BBkV. 

for to 

11kV 
100% 

90% 

80% 

70% 

60% 

50% 

40% iii I 
;; I 

30% ~~ 
G.I 14) I 

20% 
0.0 
..cOl) 
0 

10% 
14) 

0% 

0 200 400 600 800 1000 

4.2. Cumulative D9l!"C9.ntiJf9 distribution of source-busbar fault levels 

in South Africa. 
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curve in 4.2 source bus bars in 

This to source 

shown in 

were 

on from two , are 

4.1 data. 

4.1. MVA level. 

No. of Percentile Fault level Breaker 

Level Busbars 20% 50% 

11kV 713 41 88 

22kV 446 49 84 

33kV 93 224 425 

66kV 57 219 387 

88kV 54 482 805 

a 25kA breaker 

:I: Calculated a 40kA breaker 

in 4.2 4.1 a 

This is to be 

The number of source at from 

become more nearer the customer 

level statistics with ,nt<.rn,,,to,.,,,..,,,1 nrjO.llIK,cor 

of 

of 

nAYWnrK<C: with reS,DeIC( to 

In ..... '-.. n'" 

in 

how the current contributions OGs in some countries can cause """',,.,... ......... ,,,,. 

1 The fault level data that is ... , .. <> .. ",t .. .-I 4.2 and Table 4.1 can be l>'\I'n,rAl':!O:A11 

unit source imr\l>ti"'''('1> 2.2. 

2 The IEC for current of include a wide range of 

1 4, 5, 6.3 and 8A and their of ten up to 80kA 

Tl>lll>nl,nn,i ... discussions with manufacturers ASS and Alstom 19 Feb 

are 

that 

in 

in 

4.1 is 

4.1 

per-

1, 

nrl>llArn~11 at 132kV and 88kV 

whilst 20kA or 25kA are most often used at 

levels ,."n,nolC'" Eskom Distribution 

levels of 11 kV to 66kV. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

A 

11 

is to occur 

in since 

on the 

.. Vr, .. ,..t .. rI to rlAI~rA:::I~A on account 

,"-.' .. "' .. ,.,,..,,, .. ,,,,,,I'\F'\ or 

'0 
~ 

60% +---'--+-+--"--

~ 40%+--4~~-~~--r-+-~~-+-4-~ 

~ 
CI.l 
a 20%+-~--B~+-~~~-+-~--+-~~ 

0%~~~~~~~~~-~-~-+-~-4 

o 200 400 

in 

600 
level 

800 1000 

levels in 

be1twe!en source­

is !:In,,\,.n'lfim 

been nnlrm~~li ease 

line 

via a 

source 

are 

4 
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50% 

40%+---------------------------­
Expected distribution of fault 

level angles at Load Busbars 
30%+-----------~------------~~~~ -o 

C 20%+----r~~-------~-~-------------~--~~~ 
~ 
w 

a.. 10% +----------'.:-------, 

Source imnAda,nr.A 

50% 

40% 

30% 
'0 -c: 20% 
~ 
w 

a.. 10% 

0% 

4.4c. 

Afrlcs. 

Two Iml~nr't;::!r't trends are the 

1. The source imln ... r1~rl,.. ... 

level is reduced. 

busbars are 

The increase in source 

40%+-------------------------~~~--

30%+-----------------------~ ____ ~--

C 20%+-------~--------------~~--~--
~ 
w 

a.. 1 0% +--------7''W.o-__ I--~-

0% 

~!..!U:!W!!:!!S.!::! In South 

50% 

40% 

30% -0 -~ 20% 
f:? 
w 

a.. 10% 

0% 

.§§1UU~tQ!J~ in South 

of 4.4a-d: 

and tend towards 

n""r1:;;o.~r .. '" at source 

moaellea as 

source busbars at lower \lnlt~rl"'c:t 

"'","nrr ... ""r", at distribution 

2. The source ,m,,,,,,,,;,,,.,,..,,, for load bus bars are around the Imln"'I'~rl"'''' 

in 

in 
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are seen to 

is unable to react to VnIT:::InIA that occur as a 

common 

seen in '-'",',LOU' 

An 

can 

are 

is 

to 11kV 

that \In,fl:ilnlj:l 

at 

VOllClQles. even in 

In 

case, ~nITlni~n~:::It~~!:: 

to 

.... , .... "'''' .. a 

on 

In 

alters the turns 

U"""''' •• '''' as it 

of load fluctuations. It 

is 

ratios 

MV nj:lTWnrK "' ..... ,.~.,..'" 
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if can 

value above nominal even 

t"hl:lnt' .... r are 

at a 

is 

to 

in far the more common is the current 

a 
lower current { .... ,.."nnn'l:Ir".n 

on 

,tn •• tr~lnc::ifnr''no::>rc:: that are 

units are, nO'Ne'ver much more AYI'Arlc::i\J'A than an 

nc::tnrnn .... r so as to 

that must be 

turns in 1.25% 

1.71 

a .. :: .. """''''.... series 

rn~.nn"'r" in 

17. 

at the same time. 

the 

a 

to 

or a 

a 

future 

are in use on 

1I.1",'"""'tI"l".,,,,,,,,,,, a 

number of 

limits in South Africa are described in detail in Section 4.3. 

4 Carter-Brown comments that a Tnr~.",_",n:::l~'''' "'!~I.I"=lUI ........... , •• costs the same as four 

rated 
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in 

In 

or 

an is ""nm",11 

It is common 

1 - so as to ensure 

excess 

a 

to be 

is centred at 

termed to 

is asa 

cans can be 

a 

at 

most remote 

in 

it is not 

as a 

to 

to a 

VOllaOle .""'Tn,-.mr is 

.,".'n,.'..... rated 

in 

for 

accommodate 

As 

of nominal 
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"" .. " ..... too Down" initiated 

too low- initiated 

It is common to set to 1 or 

1 in chosen to :::II1"'1~nl'nm,nrl:::Itl'> 

1. It must 

a 4.2.1 as 1.71 

2. The '''<>'"In\,o,,nrn 

ensure 

not 

ltis mnnn,,,,,nT 

the network VOlrE!OIE! remains .",feu·"," 

at 

a 

or ",h,,,,,,.,,,,,,, on 

near-infinite to the 

1 

Here the 

in 

n.,t,nrn"l"''''''- to 

as " .. ,.."""".,,.. 

is T\ln,II"'""II\/ used on 

This is ... ,,'"'"','''.«.''' 
rather than to that 

on most 

at a constant ",,,,,tnni,nt 

transfonners in South Africa tvnlCl'lllV use bandwidth "''''"''n,,''' of 1.2% 

41 
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in SD~:lCnIC case 

follow. 

be 

in 

seen 

increases. 

4.6 below 

Half Load 

, 
100% ... ' 00;;;;;:::::::: , , , , , 

... ""n<>.n .. "ng .. is 

are 

AVR 

is to 

Remote Busbar 

-------i' No Load , , 
, Half Load 

Full Load 

No Load 
__________ -=~~~100% 

source of 

at or, in worst case, 

In 

that 

two 

to \lnl'~I"1I"" at a 

to 

It is 

""""""''' as 

to 

...... " ...... ,,,,, .... the 

... ""tuJI'"rlt' can 
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the same 

source 

is that 

two 

then 

constant 

to a 

In is to at 

DstatlCms as it 

or not it was the 

hence whether it was out with a 

reactive current its 

current is at a ..... "''-1'1.::.1' ...... 1'1 

realCII\re current and \.IC'.:IU\,C;::O 

current. Where nec::es,sal'V /",nrril"I"tIVI:> 

is reliant on 

near to 

the 

the essence 

transformers use 

the 

AVR 

or 

can 

to 

use 

the 
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S~l"tirln 4.1 source i ..... ,".,i.::.n.r-"'., 

Africa. 

in accordance 

downstream 

as 

are busbars in 

source 

instantaneous ",o, .. ,nrv 

a more 

is 

source 

reactive nature of ~lIni~t::lTlOn source In O;;:"',l"ti,.., .. , 4.1 it was seen 

is rise to vOlt::ll'1l1=! nlr",nl",n,., on the 

transformers. 

to 

studies on 

of un'T"''''<> 

whose vnllt::ll"ll" is .... 1"\." .. "'11"',..; 

in a 

OVE!rvc)ltai:leS on the 

)r-irlstsilled n",liuJ",rLr", must be 

this ........... "''''''''''.,,.,''' to the 

source 

a ,AI, ............ 

in 

can be made 

I n the case of 

i ...... "'.,.,"',,'·., cannot be .... "' ..... · .. ,1"'.01" 

much 

This 

on 

cuI.m::nu1 IClcaltion and a second on the network betweem the 

a 
In it is seen in 

in the context 

that 

that 

~n"""t", .. 9 that it is DO~;SIDle 

a 
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a""""""""::' 
... ",,,t,,,,..,,,,,,t'I on "",.. .. ,"' ..... 

The "'ml'\h~~C: 

on the vnltJ:lniA rise 

rnnln.,,,'.,,," to 

- 1 

MV networks are r'n'~<>'" 

the results 

... ",fUll"irLrc: at (1kV -

low vOltacle 

MV 

are 

more 

it is seen that 

In 

maximum 

cause 

is true 

between 

networks in are """ron .. '" in 

new customers is 

with an allClwalDle "<>r"""t,,\" 

ntr~~ ... tl!'l'i to 

;:)Uj.II-'''~=;:) to customers at 

In the absence 

in 

It 

.... ,..""',..,.,"',,.1'1 v' .... lt::ln ... at 

be seen nrl!l,C:AI,tlv 

the 

the 

in the worst case, 

the 

1 
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In 

cost c:"::"I ...... ,~ 

case 

For 

on 

to 

a 

un.T:;on,,,, <>nn .... rti,nnl"l"l ... nt in 

or 

second is used 

It is r .. ",~n.,,,,,,, 

the nln,n .... c:or 

to assume 

zone 

PPlicaltiorls as 

network as a 

a similar to a on 

4 
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It was seen in ....... ,"'t ....... 

t .. ",ncd'",rrno,r .. and the meter is ... "' .......... ,"' ... 1" as 

the 

MV and 

Anew 

maximum MV 

in the 

are set the same. The into more than one zone 

allows rlit1f~rl:ont + .. "', ... "'+\"' ..... ,,"' .. 

near the source, and SW:;celssllvelV I"Ilr~l:Irl:>r uniT"''' ... is 

The ..... "r' ........ nT'" 1"I1:>,;: .... ',n.:,1"I are 4.7a and 

1. Maximum OCTS boost determined at first transformer 
installation: the limit must not be 

conditions. 

LV load 

load 

-10% LV limit 

source 

4.7a. VOllrscrs nn:urllH of a on!ltVIOU'S siOlliro.1!tch to sSlrtifl'O 

MVIL V transformer OCTS boost sSlrt/fl'OS • all transformers set with boost. 

p.10] 
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3. Increased aCTS boost .<i:9~rmCIS 
the source. The 
violated at any installation 

load ~r'~~::~-J~----__________ 1-________________ JL ___ LV 
c 
!!! 
~ MV load 

load 

-.-.-

--------------------------------------------,~--~--~-----~~ 
-10% LV 

zone 

can 

It is 

4.7b. 

zone ~n!'\rn':ll"'n 

rise to an 

a 

zone 

At 

zones 

limit 
can further under 

load conditions without IlInlismrln 

L V lower limit. 

source 

MV feeder inCl'icli,tin i'iIlU:Jro''ff!n to SUlrnn'g MVIL V 

p.10] 

zone most remote 

in 

,nn .. ",r'G costs. 

worst case, 

In this case, it 

allow unl'T"',"'" to "",,,,,.,..,, .. even 

the source. 

zones on a 

in one 

in 

on 

onto such a 

rise to extra 

zones 

still 
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apt)liaetioin on 

cases. 

The 

VOltac:e rise 

1. 

restrictions to 

a n""twnlrk' 

in we are nrirl"l!:l .. il" 

can be n''''' .. ln, ..... Lr'''/'I in some 

were eXI:>ec:tea to 

The .... I;;:>'~\,I;;:>;;:>I ... I has 

can be ne~llec~ted if 

source ,.., .... "'/'1,::. ....... '" 

busbar VO/LaGle 

to be 

the 10aC-Sloe 

source at the C!",tnni,nt 

of 

n",YWnrll!:: is some 

a 
1'1""/'0""',,," of the \/nIT~I'I',," rise 

5. 
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5 

aO[IIiCCIDle to 

n""n"'r·~tr\1" c::1r~hillihl on the 

1. the exciter is 

n"",n",r'~rr,r or 

2. where excitati is nrr."Ir·' .... , 

current. 

It is seen in !":"",r-tin,n 5.1, no'we'ver 

I In the of electrical m .. ,..hi, .. ",l': the 

a 

is "'1"11""""".1" 

main t""rl'l"lin,~lo:::. 

source, a n""rm,::In."nt 

on transient 

to source 

as a 

is induced is termed the armature. In 

the case of l':Vrll"'nlmnnl 

does not move. The 

m.::ll"'nll~",_q the armature 

on the rotor is the 

is also referred to as the stator as it 

source of flux in the machine and is also termed 

the field W'ru"I,rln 
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"' ... '1",.,1',""<:>,,,,..... is the "'\f'-'it!:!I'lnn current nrn'lIln~'n 

that is app,lIea to which the excitation current can 

are 1"I"~:"'rll'\ .. 1"I in S .. ,!"tll"l,n 5.2 to 

1 

a 

circuit that is 

as 

5.1. t'ejr-DJrJal!ie eaUI'va/em .... n-.. n of a SlIflrn::l':ln.lIlrl[lIlIS aan.~rairor_ 

source in 5.1, is rAl'1lrA!::Anlr:::atl'lIjO:! nn .. ln::m excitation in 

turn is nn1,,,,:mn,,,,.. current. The r~"~~rln,no:::n"n DI9tween 

core 

In 

The term in to 

r .. !:! ... fl,.,n on 

reactance a n .. "lCl1r<>tn .. 

5.1 is series ,. .. <l::II<l::t:::ln ..... 

the stator term is small in r.nrnn~~rI to 

is 
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The used to derive an o=ovl",ro=oC!'C!, the 

is delivered to the C!\JC!'fo=om 

[1 

C!\lc:'r.:.m is 

1) 

== ---'---'- x 

5.1 .",1 ....... '1'1 tr' .... .:.T'n.:... can as a in the 

centre at --'-----'- as u::tr':::Itl=!rI in 

Motor 

COJmD"ex n.uuarlocus 

If we assume 

machine's ex(~italtion \lnllT~rl':' 

the current 
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it is 

It will seen in the 

nl''U:.rl:l'tlClrt in the SIeam/-St:ale 

nnl:.r~'tl:lort in the 

the 

From it is seen that the 

"",,,:rn., ... n how the reactance 

amount 

eXE)ected that <:ITl,,,,II •• r .... ,Qi,.".rl:l"nr~ 

are more sensitive to rtvl"l~mii .... so 

a 

A is that the nlClf·'n't'''' .... 

in the 

when 

the 

dlctiSltes that 

a 

;::,el:::I1Ctn 5.1.1, it was 

currents 

with res,eec::! to the motor ,.."'.~\I""nti'''' .... ''' It is seen that a 

A 

some 

current in the 

... "'r.o .. ~.t"" .. c:t~hjlilhJ is nlCl\/nnn the 

to im.~nrl~l:I 

is shown in 

level 

form as a 

in the motor 

the 

a 

15, in 

2 Recall from ~.""''''''!I 4 that MV and HV a maximum variation of 

so the of a fixed VI will not rise to l'mrlrAr:iAhIA errors. The excitation Ef can vary 

to a much extent. 
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Also included in 

to the l'I"'r""r~~tnr 

5.3 is a horizolntal line that rAn.rA~:Anh:: the mAIr"h:::lnir"::::I1 

.. t .... ,ilitv limit 

5.3. Power - nnLUAr characteristic of a SYI"lCI1ITOI"lOLIS gem!lraitor. 

In the steam/-st:ate negllecting 10sseSi), the mechanical to the l'I"'rl"'r~dnr will 

be matched the ele,ctrc)mcl(:metic and the machine will be seen to opE~raite at 

e~. ~ 81~ 

is said to be uns,table if made to or at is 

greiater than UC".elU~)C an increase in power to the n,::o.rl,::o.r~~tl"\r increases the 

power this increase in 

The mismatch in 

will lead to a decrease in the 

power will tend to 

accelerate the rotor and a nh"'nnlmAI'Inn "Dolle-~:;liDIDinltl" will occur. This in 

darnacle to the m:::ll~hir,,,, as a corlseqwenc:e of wil"li'lil"ll'I I"\v",r'h"':!:Itirll'l or mechanical stress 

the 

and 5.3 is termed the "st~eaclv-!;tal:e sl:abiility limit", and opE~raltion at power i::Ill~IIt!:::ii in 

excess of is not po!;sillie. 

refers to a to remain with the network 

transient In its form it is understood the Area 

Criterion" as and Jenkins et al. The 

area a is more to at 

power near the limit. For the same power as 

in 5.3 such an 

3 Note that in as we have assumed that the machine is operatirlg as a gerlersltor, the power 
delivered the machine is and < 0 < 
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a at in 

one or more 

1. on a where the is below i.e. 

2. with the service lines in the 

or 

3. the at 

The second This is the 

a connected to a 

distribution will be at a 

3 t'\n.", .. ",.arl on a MV network with low ov,.it"",i" ... 

ndE~r-Etxcitedl") will be more transient those 

a 

Transient .,+""hili'~1 en." ... H'i""rI in terms a 

lime" in the network. A .... "' .. ,"' .. <.+....... will lose 

were shorter (a[lDrI)xilllaltelv 

when the was n ... r·a!!l'~""rl 

network in 

network 

the machines were ............. "',........ under-

4 Mabuza and Gaunt conclude that DGs connected to weak distribution networks are eSI:.eClaliv 

prone to insltabiilitv and that this is exacerbated the low rotational inertias of small ,., .. .." .... "',1" .. ., 
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SIeO<l y-s l.1e 
, I.bi lly ""I ~ 

, 

Cu", •• 01 ""osl.ol 
.,"101",,, "'-"ronl , 

C""o' or """,Ianl ,,,,, 01,,,, currool, I, 

10'%: of P, {-----!.'(""'L"' __ -,-I-_-,-'".L---..l~--~--...1-L-'Q-o. 

Fig. 5.4. Performanci chart of a synchronous generator indicating the operating area 

(bound~d by the capability curves of the machine). [\Needy, 1994, p. 1 021 

With ref" r" nc" to Fig 5.4, t~ cap~bility curves of a synchronous generator are as follows 

1 Turbifle rating. This is th ~ rat..c1 output of the prime· mover ~nd is normally express..d as 

~ thr" e-phase power The turbioo ratirlg capability curve is a horizontal line if! the Q-P 

plan<! 

2. Armature h"atill9 limit This is related to the I'R losses in the stator a~d Is thus ~ 

functioo of the armatu i"'! curr,,~t I" or altern~tlv~ ly the apparent jXlwer generat..c1 Tho! 

armature heatif!g capability CUrVe is a Circle c..mr..c1 at th" origin in th " Q.p plan<!, and 

ls radius is given by the app~rel1t jXlwer rating of the alternator 

3 Field heating limit. S<m jar to the armature heatirlg limit, thi ~ capab~ity curve is related to 

the I'R losses in the rotor wlrnling For a particular geoorator, this limit is governed by 

the maximum allowable field current As discussed in Section 5.1.2 thi ~ capabi~ty curve 

, ' 1 is a circle in the Q-P plooe with it~ centre at 1,- 3 ~~I ,0 and radius of 

,' •• ,V~, 'ce"l' . - w~r" V, and E, are the nominal ~nd ITI<lxlmum-rated values respectlve~, 
X. 

4, Stabilty limit In the previous seeto n, it was discussed how a synchronous generator ·,5 

unstable when operated at a torque angle greater than goo. This criterion gives rise to 

the steady-state stability limit shown as 3 v" rt c allln " in Fi;l 5.4 In practice, a sal'!ty 

margin is introduced to allow for an incr..as" in load of "it~r 10% or 20% of t~ tulti-l " 

"'ting before the machine becomes unstable. The safety margin is realised 00 e~ch 

Ope r~tion ~rKI Cootrol of Synchronous Generators Pag.. 57 
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constant .co"' ... ·.,""'n current the 

is is to 

the current in the it was 

seen 

constant. 

In nr"' ...... "·.,. 

.... "'<:I,M,.,"',., much over the 

in nITT,I""I"nr are 

is the most a 

case, the current is 

is to 

the 

in network 

i",t.,.r.co<!,t.corl in the eml-St:ate 

exc:italtion control is it 

the case 

it is reason 

on 

not 

within the 

current can 

the excitation control not in 

nn.:.r!:llt ..... r intervention 

the 

is 
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5.2.2 Power factor and reactive power control 

Aulomatk: reaclive power and power factor contrd operate on very similar pri nciples. and are 

normally discussed as a sill9le control mode (and are termed PFNAR mode in this study). In 

this cofllrol mode. an excitation controller is employed to perform the fUnction of the operator 

in manual control mode: to re~ulate the field current such that the reactive power output or 

power factor of the generator is mil4ntained at a set yalue. A schematic diagram of this 

control mode is included as F~ 5.5a below am the operating Io::;i in the Q-P plane are soown 

in Fig. 5.5b 

E,,", \oo 
P~S,pply 

-cD 
~ ~ ~ ~ ~ ~ ---------, 

EXO •• too- -~ i , m , 
~'" contro " r , , , , , 

~ ~ ~ ~ ~ ----------------

Q 

Fig. 5.5a. Schematic diagram of PFNAR 

excitation control mode. [Moor, 2001, p.181 

Fig. 5.5b. Operating lod of a PFIVAR 

controlled generator in the Q_P plane. 

Nottoe from Fig. 5.5b that in PFNAR mode. the reactive power ootput of the generator is a 

constafll or linear function of the real power output As a result. this mode 01 contrDl is 

unsuitable for single generators operating on networks that are independent of the grid 

supply, as here the MW and MVAr components of the loads do oot vary linearly It willl>e 

seen in the discussion of Section 5.3 and the analysis 01 latter chapters, howe~er. that this 

mode of excitation control is well SUited /or small am:! medium-sized DG applications. In fact, 

PFNAR control will be tile first choice /or excitation contrd in most DG applications 

5.2.3 Voltage feedback control 

As its name suggests. this mode of eXCltation cofllrol involves the variation 01 the field current 

so as to maintain the generator terminal Yoltage at a preset value. The ba~c method by 

which this is achieved is illustrated in the schemat., of Fig 5.6a The mechanISm by which 

this control mode operates can be understood using the phasor diagram of Fig 5.6b 

Operation and Control of Synchronous Generators Page 59 
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, , 

Line of constant 
power 

,'----_ ..... 
1 ______ ------------------

5.6b. rn .. "' .... n'SUlr""n used to unlr::iel'St.IJrnd 

control , p.18] Vnlr'l"$IIt:fA control mode. 

The is """"l:It"r model 

and 

armature current armature current 

cj>1 t'nr',.",c:.nn"rt 

to no 

......... ,,1""',"""' ... ,.1., to a new armature current 

and of the armature current. 

In 

would increase the current 

to 

former case, 

true in the case 

not be 

electrical network is n"I",,,,n,",r,n 

in an 

of the branch reactance and reactive power 

and resistance flow: 
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::::: 

is a \1""'''''''0 OelM/E!en the source load 

the source rn\ll/!lIrrlC:: the load, It was 

to such a network will tend to rI"",'r""!:tc::"" 

\lnlt!llnl"" in 

In the event that ,,,,,,,,no,',,,.!:.,,, a small amount is 

as 

will be 

In 

5.7. ,..rC'lDlemIS with 

more onerous 

levels 

limitation" to ..... "''''" .. ,. 

so it is 

this not true 

and aDl)lIcatlCln 

network 

o 
VI'1I'lf.lllI'JIR control mode on on'O-CZOI1n.9CI:eo DG. 

not 

how a """~""!"' rnlnn. to 

concerns and 

as a 
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roc:esl;or··Dased exc:itation ,.. .... , .... """ .. ,,., such as 

ensure that the "" ...... ' .. ·""t/'" te.""" ... ,,,1 ""It",,,, .. never eXI~E!ds a 

A ., .. '~n""'" 

current 

can 

in 

occur 

aOIOIiEIO in this 

the machine "n,,,,,,,,,,ti ... ,, at 

constant P - ... n ... "'t''''' ... t Q node 

in the 

mode can 

event that 

to 

S In South "Unitrol" excitation controllers have been installed on several of the sugar rniIIL .... """""t .. n 

"''''I'I'''f'''Yn''' and have been chosen Eskom as the for the old control svs,tenlS 

on the Transkei In recent a similar range of from an American 

company, Basler Fn,nin,AArinn have become available in this 
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to 

1. 

the to 

of VARs to the 

to the 

2. 

cost to 

the 

rates. 

cases 

the m~inrit\l 

It was seen that 

constant 

are 

in nrll'l,Tg:,r,I'lI"l"'1CI 

UI;::OI ... U:::II':::'O;:U in terms 

1) 

the cost to 

is made for reactive to 

is in cases where 

the be 

be 

the the 

will be 

at 

is as a 

to other customers at 

is with 

in the 

in most 

in excess of a certain ng:,F'I"g:,rlt!:lt'11CI 

n;:>r'I"g:,I'lt of 
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losses 

The 

is 

its 

to ..... n'.r<:I1~' ..... n 

comment 

It is 

customers. 

in 

structures in 

In 

as discussed in 

criteria 

..... n.::or:::lltlnn of a 

loss At n .. ",.coo,,,,t 

that rea:cm,e .. " ...... '" 

at an "'",,'<:,.<1 

to 

can also 

D-SI3!Ctllons n .. t'AI ..... ,r~ loss ............ coin' .... .:=.ti ..... '"'Ico 

across 

nc:t,::orrlO'l1 down the 

not 

in 

no 

be seen in 

..... " ..... >t ....... in terms 

are not 
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'''''',11'''''''''' to oalllCloat:e in network loss or hmitl:lt'inn 

loss """"""~lTIn,n IJlractlct:!s 

a .. ",',.. .......... ,r'I'" machine losses 

power ... ..:;; • .,C:ILI.:...:;; the armature current that 

a minimu m in this n ... ",.",."nn 

result in acc:;el13ratea nAI'r~,rI~tlnn 

and a shortened 

In 

power 

at 

were 

,,,,.,,,,.,,,'torl at 1",1'1"""'1'1 

a small 

a 

5.1 It was seen 

to .......... ~ .. """ ........ 

is 

to 

at 

be 

Consideration network and 

excitation control 

nal(:;atE~S that PFNAR 

I'",n ... ,,",, is with a 

that 

the 1"'I""'r'I"",''''''"l1' 
are not as a no incentive is to 

nr",t"'tir"", of alll1'I".aliino losses to s~~cific network customers is described Jenkins et al. 

The discussion indicates that the allocation method used at is not suitable in 

networks with DG and will have to be revised. No loss allocation is 

in South Africa. 

1 Machine losses are calculated as III where is the resistance of the armature Wlr,nlr,l"'I 
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or a can be to 

The choice between 

be 

factor. 

The so 

as to 

6 

as 

a variable to a at its 

5 
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6 

The in ("h,"'nt..... 3 ,1"I ..... t,,·, .. 1"I eleven were 

4 SU!lgE~stE!d a reduction 

serves to ro;:",:n,u'"" 

then used to 

rise ni"''' ........ ' ....... ~ ... ..,'n 

under 

describes two ....... "nn' .. " 

This model is 

the on 

is cond ucted 

to determine limit 

are exceeded. 

the ...... ,at,,, ..... model can be ::>UI\,.,u. The a 

7 an 

ml'>,fnl'"l,t'I is used in 

irlontiflorl three amendments can made to 

a 

and 

app'lled to reduce 

1. , ........ , .. 1"1."'......... can be 

the .. ."m,,,,ini 

if the 

n ... · .. "'lrr .... "'.",I't,,.,,n 6.1.3 a 

three 3 

"rUT"''''''' is 
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2. HV and MV busbar loads load on DG can be 

if an OLTC is in at the source 

3. not on to 

studied. 

of the number of influential a network model is still 

to .2 a 

of to the number of to a 

set while the to a wide network 

aS~iurrlpth:lns are prollosl!ld to recluce con1ple!xity of netwolrk model: 

1. The source substation is eqLllpt)ed 

uses a conventional control strsltegy. 

an assuml!ld that 

spE~cifiically does not use line 

cornpl:ms,atic:m or reactance cornpclunejil 

2. The feeder is unifonTi/v distributs!d down the feeder. This :::Ic:tc:llm,ntir\n is I"'nl'l'"llTlnnlv 

made when corlsiderirlg vC)lta~le ItI!:IUlc::lUVI on pal$si\i'e radial fee,delrs load 

denlsitiE!s and is simlulatE!d tap~)ing the total load from the centre of the line 

This asslum~)tion is app,lied to the pre!;ent 

load denlsith!s on rural networks in 

low. the en!',;lineerirlg princi~'le of superposition, itis expectE:td 

are 

the aSSiumlpticln is 

not partiCIJlar to networks with one source, can be extended to intE!rcc:mrlected 

,-in,stalled networks. 

3. A of conductor is used entire feeder It is common pra:etic:e 

4. 

for distribution feeders to 

substation to to 

that 

load is of the constant 

motor 

conductors near to the source 

away. Thinner .... VIIUU'l..ilVII;) are also 

In 

on the feeder. 

we assume 

The pO\lVer'-voltaCle cl,arc~cte~rist:ic of a load 

tAl1lriinln to be a nature 

variable reactive power reSlpolnse~), the power drawn loads falls off 

at lower The betlaviour of a a feeder for 

eXcilmllle, is obtained the of the constituent loads. 

detailEld information the of 

such loads is seldom available studies are often I"nlTlnlAtl'l,ri under the 

aS~jumlpti(>n of constant im~)ed:anc:e (h,eatlino-tvDce) load. corresporlds to a 
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to assume the oc V r"'''::lTIf\nc::nl 

that is as 

as is to be most onerous 

network vmraalB 

volltacles are f",!:::trll",t",rI load. 

5. 

6. a "CI-'ClJlllty curve. It was 

seen in the n"'I"Itc>I'1,n"',nr on 

As 
itis not DOISSIIDlB to the .... .",,,g'·"'.,>r to n .. " .... !:II~ ... a 

The 

ten 

1. 

2. 

3. Line 

4. 

5. 

6. & 7. Total and 

B. and 

9. & 10. 

All above are in the network in 6.1 

1 Without the many of the factors of influence from 3 would have 

at least two different variables in the network model. 
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Where: 

Load 1 = 

Load 2 = 
x total DG feeder load 

x total DG feeder load 

6.1. Model network for the ge,..,elislis.ed evaluation of the voJ!ta{;,e rise effect. 

The model network of 6.1 includes an infinite source of mSlgniitudle v,,_, __ ,_, 

corresporldirlg to the OL TC value. The DG feeder is of L and is 

with a conductor that can be varied. The DG is installed onto the feeder 

bac;kbcme, a d the source The is two 

lunlpeid values to load between the source substation and the DG 

1) and load connected downstream the DG location The two formulae 

in 6.1 are used to divide the total feeder load between the two load areas so as to 

simulalte a uniform load across the entire The are 

pOl;iti()ne~d in the centre of their line c:.::onlrnoQ,ntc: 

In was in 2 that the extent the rise effect can be studied 

conlsiderirlg the maximum DG that can be at a network 

location onset an This two meltho(js 

whE~ret,v the network model of Section 6.1 can be solved to ascertain the maximum allowable 

DG under different network conditions. The described in Section 6.2.1, 

is based on the from 3. A more riaclrolls 

ml=!,thl"lln is l'ic.C!I",.il ... c.1'i in Selcticm 6.2.2. 

An ap~'roximate algeb,raic solultion of the neNvork model can achieved 

of SUI)enpo~;itic)n and one of the derived in Ch,aptl~r 3. 

In the constraint at maximum ger1enaticm is assumed to occur 

at the DG since load current is almost of an inductive nature and rise 

re~;nel~t to nllc:nl:lr is not ex~)eclted. 

6 
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the of su~,erplosi'tion the total voltage or rise from the reglulated sublstation 

hllC!h~r to the in is 

1. The voltage 

2. 

3. 

caused 

the 

the 

uDS!tream of the location 

downstream of the location 

source. 

Each of the above AYr)rA!::~i()n~ can be translated into mathematical eqlJatllons 

of 3: 

and 

Recall that 3.4a is an apPlroxiimate e)(OrEtssi()n for the ma!Jnitlude volt,age chalnge, 

across an electrical network of np!'_I,rllf branch resistc:lnce, 

reclelVllng-lend bus bar of cOnnplE!X 

is an apJ)roldmate sol lution , since it negllec'ts 

the volt-aae r.h~~nnA the ,.,II< .... lr'::.till·oQo term as 3.4b. 

pu. 

to 

and whose 

the three described above can be trarlslslted 

into mathematical as follows: 

1. Vo/'taare cJha,,'ge, "" Vnr."fl. caused Load 1 

the ... h~n,.,'" in vOltage ma!gnitude line section 1, 

Load 1, can be calculated as: 

Where: ::: the im~)edanc:e of line section 1; + 

+ ::: the Load 1 (exDre'ssE~d 

convention: Q is DO!!lltl,,'e for inductive and 

::: the at Load Busbar 1. 

I C;::'IUIUlIl:j from 

the load 

no load flows between Load 1 and the busbar in this sCEmario. ::: 

the across line section 2, is 

the of line section 1 is half of that the 

to zero, 

to the 

source substation. The is as + in 

vOltage between the source substation busbar and the busbar caused Load 1, 

uVnr::/'I\, can be written as: 

+ 

asses 
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In 6.1a it is to note an (1) is to the the 

at the to as the 

1 

2. 2 

on line 3, the in at the 

2 the as: 

=:-

In 6.1 b, as in case 1, the 2 is 

also is 

at is as 

The to 

in 

3. caused 

The the a 

to the nll'O\'1J11nrk\ voltaoe at the 

1c) 

The that source is 

band 6.1c: 

= 

=: 

= = 
1.2 to The 

to written as: 

we are nt",r",.,t",rI in the the 
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1. 

2. 

3. 

it is 

== + + + x + 
2 

can be the same V!:Ir'I!:II"\,I£'C> as network 

and can be pYI'rp!:::~jO,rI in terms the 

==rxd and =xxd 

where r + jx '" the line Imrll"'n::ln(~ per unit and 

and 

where 

d '" the distance of the DG from the source substation 

source 

n"'""'IF::Ifllnn can be written as: 

were in as: 

d 
and =-x 

L 

d 
and =-x 

L 

xcoscjl and 

to 

+ + x + 
2 

to 

=(1-~)x 

=(1-~)x 

== x cjl 

x x 

'" the total .. 1J1 ..... "e:;. power load on the DG and 

~ :: the load power factor 

of 6.1, 
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== 

and 

assume 

6. 

- b, 6.6 and 6.8 into 6.4 

+ x J 

== the upper limit on the n""tUlt'\,ri< 

== the OL TC ltl'!tnnilnt V,I"IIT$llnl'!' 

r + jx :: the f"nrln,,",M,n,n the DG and the source 

d :: the distance of the DG from the source SUDStallOn; 

L :: 

== the total power load on the and 

== reactive power the DG to the network . 

n::ll'v~~'t1 in . n""nr.'r 7 and it is 

rliff'!:lr~lnt network v!:lr'i!:lh,I~~ on the 

to 

rise 

mntinr\~ that were made in the course 

== 

were made in 

mntinr'~ and 

== == .,~,~,-.... , This 

In a nec:esslty in order that 

6.1a to 6.1c) of 

to rise to 

:: 

is an 

This is on 

6.9 

on are 

was made in order to 

from 

As a 

and in order to a 

iUs to 

is 

6.1 a and 6.1 b that are across a as a 

result of load. In cases, at 

6 
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that at the source sul)sti:iticln as 

a 

In the ~hc''''n('''' 

rather than an 

the VOlraCie 

3 as 

event that 

a 

The 

the 

Actual voltage no .. ,~no"l1U" 

Vector t'J1:llnr.am ;lh,~tI7llt;rnCJ the 

vOli,atllg chann'g across a i'a43t'J.cI' 

account 

and the ra ... ·al\l,Int1'_"'r\n 

It can thus 

this was the nrir, ... jr". reason for 

\ 
\ 
\ 
\ 

> thus has the that the 

6.1c and 

an 

and .. on,l"Io,·." 

Vn,,,_ •. v' is a 

in the 

In the 

this 

vector 

aDIDllc:aDlle in the 

in 

VOllClOie nl,,~c:nr<: in the event 

1 and t'nr·,.",c,nn,rorlc to a 

Actual voltage magnitude difference 

6.2b. va,!"!'..", t'l1SU''!IYSlJm i/J'"Cf'Slfin,f"f the 

VOI'raflfg cnann'g across a "0~.1'iI" ... 

the 

in neeJlec:tl the 

3.4a as the basis of the derivation rather than 

3.3a that uses the source busbar as reference. Use of """rlt1irln_~~nri IAntiti~~c would dictate that 

to be solved without iterations. 'rn,...t' ..... ". be made under all network scenarios for the CqlJidiUUI 
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an 

limit is exc,eec 

As,sut:nnr/on 3: 

are ex(:;eelcea. The 

76 

~",,,,ti,..,,, 3 are ne"r,ecrea. 

6.1 to a 

This is U<;;I",aU;:l.<;; 

the al101NaIJ'Ie 

was ,.." ........ 10 .... to 

2.1 as most 

~"'IO~'On'to""asatr~/iiti~.n~1 

to a 

to 
in 

.,..<:In_T.,,.. .. , ... rl'lhlo' .... as 
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Node 1 Node 3 

= ::: x Conductor imoedance 

.. x Conductor imr'IAti".nr"" 

9L .. of Conductor imr\",ti".nr"" 

of the power are calculated as in 6.1; 

6.3. 

In 

be chosen as 

the source 

are the load and DG power factors respe(:tIVI9IV; 

power; and 

of the substation transformer OL TC 

model asa 

is 

in 

as a 

as a constant 

It is used as a 

node that most 

is an and is the 

was used for 

1. Ease 

the and extraction data 

and 

1] 

and 

case 

of 

in nr ... ,f"'f,!'>nr'A to 

user-
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""",nn",: can 

2. 

to 

A 

are are in 

to 

r-------- ... 
MaximumVoltage 1---------------------------------, 

I 

OL TC Setpoint 
I 
I 

Voll Level & Condo 

I 
Total feeder length 

Swing bus Voltage, Vs 

~.-.-.-.-.-.-.-.-.-.-.-.-.-.-.~ 

I 

Dist of DG from source ~......;::d"""I---I-~ 
I ~---~ 
I 

Total feeder load 

DG Output 

and 

6.1 

3 

different conductor at different VUlli"!(]E! levels are 

derived 

78 

inf'rlnrt"",t'inn is "",,,.1\'''' ..... from 

is nrjO'!:!",nt",.rI in Table 7.1. 

6 
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B: solution process. 

loU'IlrlFlI1,nlll( B. In contrast to used 

t:X(::eI-Da~;ea If'll:I,n_TIf'lU:I<<:: use 

at ... v,,,,,,,r • .,,,, of 

A ... "':lIn' .... ., in 

is 1 0 times smaller 

[1 in 

short line .,"',.·flt .... '., A second 

was with a tn' •• r"" ... ,...", accurate to 

1kVA. 

A of 275 ..... ""TIt ... '"'' was nec:essiary to in worst case: a 

nll'ltWf'llrk" with 2km "' .. ,,·t,,· ... ,'" 

the load-

case. 

uses to 

of " .. ,u.r'<:>T,r,n cause 

VOlraal9 to to 

on 

The model network can formula to 

acceptl9d at a 

to rllI'I'tll'lrlmll'llI'I relative 

3 As described in An' ..... n't'I'y B, this criteria is more onerous than the node tolerance for 

networks with low branches, 
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limitations 

use 

wasde'veliODl3dinsecticln 
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7 

6 the mj;lo"h:=lnj~ nj;lofWnrK VIOIti:1ICe rise could be 

the 

is in 

serves to of the 

in scenarios and 

The relative of network on of the rise 

is 

of as a series of 

vs. curves. 

Four are used in the 

1. a line of 

low current 

2. a a 

3. an 

4. an "Wolf' line: a line. 

Parameters as from 

in 7.1 below. 

1.1. Line and data used In the 

Conductor XlR 

ratio 

22kV 0.12507 0.07987 0.639 

22kV 10.2MVA 0.06703 0.07813 1.166 

88kV 40.8MVA 0.00420 0.00598 1.424 

88kV 56.4MVA 0.00250 0.00524 2.096 

on a 100MVA base. 
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in """''''''''ITI'lIlnl ;:'UJI ... 'O;:;;:' were seleclted the 

between cases 1"1I'1'I'",r,rln 

The was chosen as 50km in .. ",,., ... ,,,,,,,,,nlt,,, a 

an :::IVI!'!!r.:IlnF! 

S",r,tinn 6.2.1 indicatE~s 

1. a "NC)-iOao" term 

2. a term 

3. a "RI~:::II~thJ''''' 

:= 

terms: 

x 
... x . 
'f + -Sin 

r 

:: the upper C'y~"dlUVI limit on the "",twnrk 

:: the OL TC "' .. ,LIUlm voltiaae: 

As 
can 

r + jx :: the Imr)ArI::I"r~ ....... rm"',MIr1'" the DG and the source 

d .. the distance of the DG from the source SUI)SUUlOn; 

:: the total power load on the and 

.. reactive power the DG to the network . 

1 This is the maximum of the line such under the most onerous 

environmental conditions , ... , ... "'". ambient tennDE!ratufe and no I"rn",,,,,.,,;nlri\ the conductor Y",n'"II',r,,'" 

will rise no than rnrT .. "nnr,"" to a certain of conductor """1'1"""" The 

thermal limit of conductors has for many years been used in Eskom as the limit for continuous of 

a feeder under normal "n.~r",liinn conditions. 

82 7 
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of terms of 6.9 are anallysl3d in fnllnw'jnn sections to irl,,'nti'N 

different ... ""t"" .. "rLr pl:irailleters on voltaQle rise 

No-Load term: 
V n"~/",.,v, X 

6.9 term total DG 

are not loaded and DG at power 

term indicates in the DG limit is 

to d, DG from source limit of 

allowable is thus DG from source is doubled. 

is for two in the no-load curves of 7.1 

10.0 

:t:= 
E 
:.J 
c 
0 
;j:I 

11: 5.0 
ell 
C 
ill 
Q. 

(!) 
C 

0.0 
0 10 20 30 40 50 

Distance of DG from Source 

7.1. DG DeJrJetratlon curves for typJ;cal 22kV feeders in the absence 

ge/1en!lt/cln at 

The increase in allowable DG n"'F,,,,tr':::IItif,n in 7.1 is a 

result of its lower oe,·-urm resistance. From 7.1, the I Inr.,."",.I"" a "R~,nni." line to 

De'·-Urllt line resistance 

a factor of 1.87 

conductor reduces 

increases the perletratic)n limit 

perletr'atic)n limit is eXllected with a conductor upglradle from 

the NO··IOSIO term 

A similar increase in 

to "Wolf' on an 88kV 

2 An eqLlcUIIJn in is said to be if xy = c where c is a constant. 

3 The curves of 7.1 and 7.2 are constructed under the aSSiUmptIC)n of a 1 

OL TC setplOint and a maximum oVE~rvollta(1e limit of are connmc>nly ap~)IiClilble to 

distribution networks in South 
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A ."'::"'~n,.,, .... 

The curves in 

is 

NO'-IOcIO term 

on 

7.2 

is 

~ 30.0 +---;--F=:...:--\--I!----:----t---:---+--:-----1 
::::i 
c o i 20.0 +----'--t--~---1i----"". ___ -t----+------l 

GIl 
C 

If 
CI 1 0.0 -I""'-..... ""-"" ..... ........, ....... ~f---'_~"-l""'-~i""-"""'-"I"~""'i'-"........., 
Q 

o 10 20 30 40 50 
Distance of DG from Source 

seen 

7.2. D9J'19trat,IDn curves; 

09119t:1!11tjllin at 

a 

on 

on an 88kV "Hare" feeder is 16 

is a 

term is 

is 

one at 22kV. 

lower ca~lacity 

the first 13km an 88kV "Hare" 

limitations rather than the "",··" ... ,nnr1r' network nUiI'l'runm'ln On the 22kV "1'.1",1"11"1.,." 

2.4km to the source sutlstation 

a to 

same rn!:ll,~nl""::' on an 88kV line can 

84 7 
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a maximum 

2 
at 

term: 

vs. 

at 

is 

to 1 

Ic;tr~~t",rl in 

1 to 

7.2. This is a 

the new to 

Eskom It was seen here a 

is not uncommon. 

Notice that the 

to at 

a 
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7.3. 

increase 

C!l 2 o 

No-load term that 

source SU!)sti:ltJcm 

on Load 

characteristic a 

k is 

is 

n"Y\Alnr~c: in 

Load at a 

power factor 

o Line end 
Distance of DG from Source 

on 

load on 

the addition 

at 

a much c:tr, ... nru,,, 

k. This is illustrated the 

with the 

will 

This is in contrast to 

10Ccited near to the 

7.3. The 

term. load 

1.00 11-----1-----+-----+-------; 

1.00 0.95 0.90 0.85 0.80 
Load power factor 

7.4. term SC~'illl1la factor 

on rlififa"':lInf networks. 

86 7 
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The ,,,,.. .. """'."''''' in the calpa<;rry n"'TWnrl(~ in 

7.4 is a 

in 

to 

4 The 

to an 

7.2. values 

7.2 on 

the 

their caClaCll[1eS 

rA\J'A::!II~ that a maximum of 

term in weaKE~r 

in 

NO··IO;;IC term in weaKE~r <:.','<:.r,"" ..... <:: 

"'''''''1""tr::!tlinn that is on a 

reactive nature of sub-transmission and transmission line ImllAClI::!n,r'.A!l: dictates that 

in these networks are more on reactive power flows than on that of real power. 

Load power factors at these levels are thus more the of tariff 

n .. ,um ... ", to power users that power factor. Power factor correction devices 

are also l"J"lnnmcmlv installed at sub-transmission levels. 
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with 

The 

while 

Ct't"I, .... <:of'I"\."" in absence 

to the 

is 11&:>1'&:>rrn I 

line is 

I 
i! 40.0 +-----'+-+-~""-""~----'-~----'--t-----'--1 

:J 
c 

i i 20.0 +--:--+--:--+--:---t----!ttnliI"'"~:_:_-1 
a. 
CI 
Q 

o 

0.0 -1-----'--1----'---1----'---1-----'-"'-''''-1-----'--1 0.0 +-~-+_--'--+-~--t-~--I---'--l 

o 10 20 30 40 50 o 
DIstance of 00 from Soun:e (km) 

",.:,oc ... "",,, ... u DG l'lIAI1Atl'atit)l1 ana 

Notice 

the allCIWaltlle 

the nn •• ln<:;," fl"l .. &:>c~nnlt"l 

at the same 10Cii:ltlcln 

7.5b. 

an 

10 20 30 40 50 
Distance of 00 from Source (Ian) 

Inl'.~TA~I.o:::Ad DG Oeirlerrar"on limit on 

.. , .... ,,,"" .. line with the adClit,;on 

on the 

.;&:>rl&:>r;::lfIl"ln term: - [ ~ x 

above 

an :::It"I/1Ifl\,'&:> 

the :::Ihc:n",ntif1,n 

It is 

the A 

the 

The 

reactive 

has 

to the XlR 

on 

onto a 

a is 

7 
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to same 

substation as it 

= 

It is seen in 

manner as 

... 
S 
Co) 

J! 

=: 
:& 
c 
0 

:j:I 

i c 
CD a.. 

in 

2.5 

2.0 

1.00 

term can be 

at a 

0.98 0.96 

a 2km source 

on 

0.94 0.92 0.90 
Generator power factor (Iealolng) 

PAII'1Af'ratinn limit SCililinlO T"lI~TI:U:S 

at lea0ll110 n,n_.~ ... T';;IClfl1rs. 

n,... .. "''''c'''' in a near­

curves 

with Inr-I""'l:I'::;",n vOltaOle levels 

to inl"'l""'l:I.::;",rI 

aOl/arltaC]eC)US on networks. 

89 
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"'n'~r::lll'inn on is on those "O'UI/''',.",,,, 

7.1 that the feeder increases the to be 

factor the 7.1 is 

is understood 

in 

at a 

in demand a 

of that the niti:::lt",rI ",.."."',.,0 rise can be l:>LUI.m:'y 

in of three terms: 

1. A "NCHo,ao" term nVI,,,,,.,nnllll" with ,."'C!n",,~t to the source 

2. A 

decreased 

A 

NO-IO;!;!a term is nrl".nn,rllnn:::11 

lI!:!r',!:!r"","C! in the 

on the No-load term. 

the 

1I1"!:!'rI\/"'IV with increased 

is 

term is 

from the source 

with ,."'''':nol~' to the 

from the source su[:,statlon This term is nr .... n .... r+i .... ,""'1 to the 

and the of reactive 

term that forms a the "NC)-Ioao" and 

described above. of term is on 

factor and the XlR ratio of the 

Table 7.3 below. 

90 

of variations in 

",o,t.,..,,/"I outlined above. 

feeder. 

""'TWnlrK ,,,,,,",,,,,,,",01'0,",,, was studied the 

results of these are summarised in 
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Network n:::II'~1T1I'!tl"r 

\lnllT"'''.<> level 

Conductor 

Feeder load 

OG 

*Term references are as follows: 
power factor". 

serves to 

rise. 

nA:fWt]rk n#lln:l'nJlillI~JIiII" VaJnairlO,ns on 

Additive 

effect on the no-load .,,,,.,,,,b',,,,;,," 
to the square of 

levels also 
reactive power load 
of the increased XlR ratios, 
less and can IIo.rrn •• "v 

extent than lower ",.", .. ,,,,,,, 

The effect at No-load is 1n\l'<>.,,<>.\1 n.""n,,,rfinn,,,1 

conductor resistance. Has a 
and reactive power n<>,n<>r<>''',n 

Effect 
decreases for machines located from the source 
SUIJstl:ltlcln but this decrease is not as as the 
decrease in the No-load effect of the 
load term increases with power 

this is ratio of 

lultiplic:ati'fe effect on the No-load ... n.nnt',"","t 

decrease in the OL TC or a similar 
increase in the limit for the No-
load factor. 

Fixed levels of reactive 
additive but this is nrnnn''t'n'~", 
the conductor. Generation at a fixed 

effect both the 
t"l·..,nn,\"","Y" of the limit. 

"OG 

rl" ... rl"::aIl"/1 the "''','''''1'' ... '''', ...... 'v, ..... ". to be a tool 

9 to 

in 

8 inve,stig:ates 

were made in derivation. 

the "'''I,."n,v. to the 
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Two sets 

1. 

2. 

These 

8 

were ""'C:I"I"II""'" 

in 6. 

::III"",n,':::a11" m"",thl'1,rI as a to the network 

the ,::lIInAn,":::a 

were made in 6.1 to determine whether or not the model 

is and can 

This section rI"'~!l"rll"l"'!:: results of a series of I"nrnn~~I":::IIt'iv'" studies that were n""lrtnl"m~.rI to 

assess the 

6.1.3. 

Twelve 

.. ,n .. n,',",,,· method as a .:.vnAUVI 

are rnlmn:::arl"n 

locati(:>n" vs. "OG .,o.'oh·"'ti .... ., .. curves were constructed to of 

the 

as were used in the 

."'1.""",....,'" were 

at no load and 

be encountered in real-life un,.",n,c rise effect is 

most severe of lowest network 1 ....... Ai.",.. was 

at at UPF in all cases. 
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3i' 10,0 

i!!. 
:t:: 
E 
:J 
c 
10 

~ 5,0 
'Iii c 
iIII a.. 

C) 
c 

0,0 

0 

1 

curves, 

some cases, no r1l:1'~hiC.r1 

l:icIUss-~)elllJel curves. 

curves are 

10 20 30 40 
Distance of DG from Source (kin) 

lI.Alr'.AI'UA IOclalna I"n,I'lil'f,fT'l'llnJII: on 

a 22kV "Ra,bbit" 

50 

i 40,0 ..p.....""-"i'~+~~~"-=-"'i'-'''''-'''''I='''''''-1'''''-''''*=-'''_-'''''-I-

:J 
j 

~ Iii 20,0 +---+--+--+---+--"!'lo~oIr---+--'I""""",,=--l 
a.. 
8 

0,0 +-~--+--~-+-~-+-~--+--~-4 

o 10 20 30 40 50 
Distance of DG from Source (kin) 

VRI"IRI'lIIA lOilalna I"n,P'III'f,fTII'lII'lJlO: on 

an 

A is 

of 

an of 

94 

are nriC'I::.ont,:.r1 as 8.1 

In 

110
,0 

:t:: 
E 
:J 
c 
10 
;:; 
I! 5,0 ... 
iIII 
C 
iIII a.. 

C) 
c 

0,0 , 

0 10 20 30 40 50 
Distance of DG from Source (kin) 

a 

60,0 

1 
i 4O,0 

:J 
c 
10 g 
iIII i 20,0 
a.. 
C) 
c 

0,0 

0 10 20 30 40 50 
Distance of DG from Source (km) 

the ;Ul'fAr,lra"I" SOllJrflO,n 

VRAnRI'lIIA Irdltfl."I'f co,naf'tlClns on 

an 

from fall below 

is to be ex[)ected all 

6.9 .... , ......... '" .. ", .... in S'"',r"rll",n 6.2.1 to 
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Table 8.1 

the 

at 

the !:lIlIr,""!:lI,nl'" the 

all 

m"""n,,.1"1 was most accurate 

each 

the value is achieved for 

P8,rCQ!ntj!,OQ error the ;IIl"JAn,'7'l'''' SOIFUll'on 

22kV Hare 1.6 - 2.0 1.7-3.3 2.5-5.1 

88kVHare 2.0 - 2.5 2.0 - 3.1 2.1 - 3.5 

88kVWolf 4.6 - 5.2 4.4-4.9 4.7-6.1 

It is !:lI"""'!:lIr,.,. ... t 8.1 !:lIln",n,'!:lI'I" m""n".1"1 is most accurate 

DGs loccltea closest to the source sU!:Jlstatlon This effect is a result of 1 in 

This 

n""'Afl:!tl"lI'C:: far from increases 

increases on account 

r"'~tnr'.rI to an extent in 

a 
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In n"_.I""',1"I curves are 

as: 

:::: :::: 

The term m.::l'l"Initl of eX[,eCleU to increase r",ll'ltiY·'" to as the XlR ratio of 

one nA'"I"AI"It l",nm,nO:=OfAri 

with 

are 

most 

A 

0.95 

As in 

that the base case rI",c:l"fil"l",rI as 

B.1b. 

to 

is 

n""rfnl"m~.rI to A!::T::::Inll!::r 

at 1",,,,,1'1,1"'''' 

is 

is most accurate at 

severe, and 

curve in 

line 

B 
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n8.2. 

all the 

8.2. 

o 10 20 30 40 50 
Distance of DG from Source 

,.,.''' ..... ,.., of the SllrrArlr.l,lro; S,OIlJ,no,n for various laadlnlD DG nn,,,,, ... r factors 

on a 22kV - .... ~ .• -" line. 

is constant across 

alc.,elllrBj,C _"' ... " ..... '" for "H'jr.'I1''', .. .,,' 

the linear solution 

22kV"Hare" 1.5 3.4 6.2 9.7 

88kV"Hare" 2.0 6.3 12.1 25.6 

88kV ''Wolf' 4.8 26.1 77 -100" 100 .... 

"'Load-flow program determines very limits, but does not converge 

- Load-flow program does not solve limit 

increased solution ........ ,t"',.,.1"1 

can to 2 Section 6.2.1.2: the term was 

97 
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ne~lIec,tea in and are 

= 

Notice is ", .. ~.""t.:,,,,,,t are 

hc:tU'hinn reactive 

rise 

to 8.2. 

constant error 

8.2. 

Table i",.-li,.",t .. ., a decrease in 

can 

ratios of 

occurs is not 

solution m~,thnlrt 

more .., .. "",.ti,-", 

not trend is SU!]aE!SU~a as a 

1 Note that 1 and 3 from the discussion of Section 6.2.1.2 are not ap~)IICCIDle in 

simulations n ... rf .... l"I'1n"'f'I without feeder load. 

2 A similar trend is noticed in a series of simulations on 22kV and 88kV "Hare" feeders with OGs 

power factors in the presence of low power factor load. This is 

described in Anln ... rlf'liy C.2. 

98 .n""u.·r' 8 
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to 

1. 

this 

6.1, 

= 

as in 

is most accurate on weak ."""."" ...... ., 

is 

""""",1 hi in the event a 

to 

r .. ",r",,,,,,,n' r .. !:.Li.'r", """",'",m,,,, is in 

source SW'st'3t#cm is "'U'~"JZJ"''' an 

as: 

+ +--=- x + + 
2 

to 

was the 

case. In 

the same 

of line section 1 in 

x +-~- x + 
2 

where + Imr''''I''I",nt''''' of the conductor ,.."r" .. " .. Mi the source sUbstation to the DG busbar 

+ = the source imlu .. r1':::Int"'" seen from the source busbar 

the 

n""rl""tr~ti('n limits. From 

is 

tr<:>n",l<:>t.:.", into a source 

that 

resistance 

concluded 

source irn." .. I'II<> ... ,I"""" in 8.1 can 

4. 

"''''''''''~''' from 

+ 118 pu. Notice 

in case is 

to a 

from the source. Recall 

7.1 

be 

99 
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7 to source are 

the rather so 

the an on the at 

all. 

8.1 the a not 

the on From 6.1, the load is 

to the source and so (1+ will thus not 

have a limit. source 

the term tends to 

The model 6.1 is not 

is 

2. The is IIn;'fnrl71lv down the 

is a 

source. In 

at 

the not 

This 

the 

on a 

line is 10Ccitea ~nr'rn· .. im~t"",lv 

account the 

sU~lge~sts that a more accurate 

to to In this 

made to more r"' .... t' ..... "'1 networks. 

3. A conductor is used common 

the n",rwnlrlC 

nc::tlr"'~lm load centre. The mechanism which 

is achieved is 

1 the source ,hc::i,<>tir.n on 

a 22kV The the is with "Hare" whilst the 
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remainder the uses 

centre is 3km 

the 

_-==-_-== = ) 0.1124 + 

in the naTn,n ... , 

to the .... "',f .... "' ...... 

The 

source to the 

the 

centre to 2.3km 

on the same 

the 

in 

centre is not relevant in 

1"lC>!:II_II:rso networks. 

7.1, the ;;.0 v ... , ........ ,"1n£>,/'1::=1I''''''' 

can be 

can used as 

the line resistance 

the 

as 

the 

to 

the source busbar on the 

is 

no on the 

the size of 

will 

the 

on account 

1 ). 

4. The is the constant 

the aDIJllication 

The VUIIClIJIt: rise 

5. 

the \lnlT::01na 

loads are more ""n,,,,t,,.·,,, ... , in lilCIIlSl:iilliCilI VjnlT::;;ln~ 

VOllaU'E! \,,~ .. i""t'l'\n is the order 1 in 

VOllaCIE! deviations can be encountered. 

is f"t''111".a,f''t.a,rl ,. ... "'/~ .... , to 

be 

where the 

....... ,.,"' .. where 

flC>".t'I",r", on networks can be accommodated in the 

centre. 

that is downstream 

on the oaC:kDc)ne of 
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in a can 

to the source 

nc:.fl ... rm,~rc:. are, nO\lli8Vj"!r 

via a tr~:II,c:.fl"lrrrl~ 

the 

of n~rl~r~nl'lr nc:.fl"lrm,~rc:. in tr~r1Itln,n~1 

area 

6. The (c::vnl"f""'U"II'lIJic::1 

can 

It was 

curve is 

:1"1""""4:> .. 6 or in the 

seen in ....... 'roT'rln 

is not constrained to nl'l'''n::Ilf", within in a 

a curve 

when the DG is to be made to n""lIIr~lt~ 

to 

vOllragE~s are to 

I"nrlc:.llil~r.::.r1 in 

on 

rise across 

SU(lCe!StE!C as an 

ca/:.lav,rlllV curve. 

at a 

network losses 

it was 

"'4:>r'",tirln at 

rise to extreme losses across network. 

Further discussion in .... 4:>,l"t,/"'" 

network model the reduction 

which this is the 

caution to 

identified in this are, 

n.c>N:>trll' control 

rise. 

8 
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this 

in 

is not 

aOI::lIlEiD to most 

ti",rnn'1e::t!·::lIt",.ti in two case l:>LU\Jle;::, 

to in 

.n:,,,,u"'9. 

is most accurate for 

and load. is 

a constraint to in 

method is 

of the nr",.e::""lnt f'ln~l"lt"" .. 

most 
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The 

on 

9 

were introduced in 

rI""'I'In''lc:.t'"l'It".rI on two 

the ,""'ll'ITIV'" 

in 

rlitt,IO>,"""nt network n!:lv'l'Im,,,,t,,,rc< 

to ,"'''''''11'\1 the 

the 

section 

are in 

7 on network 

unlT:;;on ... rise. 

An 

A 

and from 50-

conductor on the one of 

A 

terms in 

the extra conductor 

a 

maximum POSiSIDle 

is 

constraint is 

to 

r'I"'V,"'tV'l'Itif\r'I limit. A 

75 - 100% on a 

of 

in 
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The hypE~rbolic ctlaracteristic the no-load DG with increased distance of 

the DG from source described in Section 7.2.1) has serious imillic;aticms 

n",ru~nrk upgradilng as a miti!~ati()n 

on the that its terms MW gelner'ath:m) will decrease in 

I"Irnl"lnrtinn to the distance between the DG and source cost a conductor 

upgirade, on the other increases in to the line 

Costs and sUb-transmission networks in South Africa vary in 

of R150 000 to 200 OOO/km. This makes the network an eX~lem;ive 

prolspe1ct for all but those DGs located close to the source substation - closer 

4 or 5km In 7, it was seen that DGs located close-in are often 

constrained thermal the conductor that the substation traI1Sfc)rlTler) 

rather rise. be the best pre,splect in 

select apl)lie<atiCllns. 

power ab!;Ofl:ltiClln 

This has the added "''''''''''''' effect of reactive 

as described in Section 9.1.4. the DG as a mitigaition 

no\we\,er. DGs located farther the source substation will usuallv UCIIICIIL more the 

of a vOltagle 1t::~!:IUIii2LUI as described below. 

The discussion S:""r-ti,r"n 4.2.4 indiC<ated that the apillicaticm of a voltaoe IC\:I'UldLUI to a DG 

C<an be apllro;l(imlate!d corlsiderirlO v,oltsige rise in terms of two Sel)ar;ate sv!;terTIs: 

rln\lIIn~:tr"'::Im of In a 

voltage reglulat,or on the DG reduces the effective distance the aerlercator from the 

source the variable lid" in At the of a 

voltage reglulator rrlidVl/ay between the source and DG busibalrs C<an halve the value "d", and 

can inc,'easie in no-load As with the ore'ViOllS 

has a effect on the no-load and 

the ",ffil"i,::olnl"v this solution method is reduced for machines 10C<ated farther from the source 

A two-C<an voltage regiulcuol installation can installed at a cost of apllrOJ<imately R500 000. 

For DGs 10C<ated than 5km from the source this thus has a 

lower cost/benefit ratio than a posisible network uP9lrade. This is less viable for DGs 

10C<ated close the source since the apillic;atiein of a voltagie n:::YL.II<dLUI does not 

VOltaCle re!gulators are also increase the thermal of the network. 

available for at distribution levels. 

In the discussion it was assumed that the voltage reglulator insl:aIlE~d at the 

source and In 

ins'tall;aticms is a more I"nnnl"ll .. ~Y and 1I1\,IUUI:::;) an ancilYsis load ma'gniltudc3S and 
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POl;ItIC)nS as as the acc:eS~;IDIl 

is ,., .. , .. ,,,,,,,1"1 

a 

"Line 

can neClamJelV influence the "' .... ~~r~"I1' ... 

to 

",h." ..... ,,,,.i,,,n was seen to 11~ ...... nll1 

the prol:>os4~a 

in Selt'!tlClln 9.1 

source vnlraa.e .,"" ..... , ... ;". 

on 

the apl.'JllicatlOn 

This same 

or with 

to 

as an 

nau:::aTI'!CI that 

is 1"'I~,"' ... n,11 of the 

the 

11 kV n~'UJnrllt'C! It n"/~'''~'' a on 

can be is 

the extent of :=i" ..... UJ:::l'nIP network ,u"", • ..,,,., 

on 

At 

r~C!n ... "'t to DG. 

A 

factor 

to nn""":=ilr .. 

structures are ae\/elcmea. ~n't"I~lnt"\I of 

the 

to the 
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at a 

source sul)st:itlcln 

[1 

a shunt reactor to 

case can 

located the 

that the em~cnver 

• """"eu_ nn\&I.'''''",. since the 

VnlT!:IInll" on the 

was 

adJi:iCelnt network is an IC>ftC.t"tl>U'1C> means 

protecltlon on IInC._ln'c::r!:llllllC>t'I c::wlltt"ht'llC>~~r 

event that the 

cannot 

network has Imr,!iI"':::Itlr,no::: 

also cause 

cause VOlraCle 

the 

the 

that a 

"' ... ·' .... "1 .. of heavier network is a second load-

are 11"\ ... ~>t .. t1 

investment. The on the 

9 
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... ""n",.·"'t'~ .. to nn",,,,,,.t .. is 

as a 

is 

The 

x,r 

...... , .. n~',.. ... is rnlTln:::lrlOln 

7 8 ndic~tE~S that 

9.1 

can 

+ 

1 . 

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

x . 
++-Sin 

r 

:::: the maximum allowable bus bar on the DG feeder 

in 

to 

non-

= the of the substation OL TC controller or the line-installed 

:::: the average resistance/reactance of the conductor the DG to 

the source substation 

d :::: the electrical distance of the DG from the source substation 

:::: the total power load on the line section between the source substation and DG 

busbar 

= the total ",n,~ .. r, .. nt power load at, or downstream the DG busbar 

n = load factor. On networks of uniform conductor n is calculated as 

the distance of the load centre of the load from the source 

eXllre:ssEld as a nerr.erUl'ICIR of d. If the load centre is k km from the source substation 

then n = ~. Where the nn~~iti ... ,n of the 
d 

n~tlrA"'m load centre is not 

+ :::: the load power factor power 

.. reactive power delivered the DG to the network. 

use n:::: 0.3. 

1) 
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In 

is aD[)licclble to 

no is Insl:aIlEIO at 

9.1 is used as 

in 

source 

can, 

9.1 

unit"".."", is 

event 

Reactive power tariff 

& loss allocation. 

~ ~----r----=-'l----1---­

nnA."thln DG at a 

9.1. Decision tree for the UVilflUcfUCJ'" .lSU,IU[J'UII of network vOlracre rise 

pr()pCI5C1U: maximum 

is 

information on I .... I~IUIC'U via 

If is not 

110 ." ... 'nu~, 9 
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can the load In case and 

are 

d 
=-x 

L 
and = x 

L 

d ::: the distance of the DG from the source sut.statlon 

L ::: of the DG and 

::: the total "n" ... r<>nt power load on the feeder. 

9.1 can used as the the IJUl:,l:iIUIt: nnlrlnl'"lOI:: in 

the event the !:lIUr'W!:I,nIA 

9.1 can be used to 

r""_'lAlrI1Clnn the term as a as 

in 

,... .... ,.,'Tr ..... mode as a solution 

on the realcm/e and the loss 

used to 

The is here to 

the two methods that were 

a based on the 

location: at a source or 

on the network. The second 

bus bar to the 

.n",,'u .. , 1 listed the 

the 

is ",,_lr"IrA'~AnitArI 

of the VOlraa,e 

level at the 

that are aplPllc:aOlle 

as 9.1 below and 

as 
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network 

., Based on the results for the 88kV "Hare" line in 7.2 

t Based on the results for the 22kV "Rabbit" line in 7.1 

* Based on the percentile fault level for 11 kV busbars in South Africa with an assumed source impedance 

of 84°. This COrlre!;[lOnl]!; to a source resistance of O.118pu. 

- Calculated from the results of the 22kV "Rabbit" line, the thermal as the upper limit and the 

Itan' ..... "' .. related lower limit. The latter 

nAnAtrl'l,tinn limit 

is four times smaller than that at 22kV on account of the no-load DG 

with the square of the level. 

9.1 that 

constraint. The n,::",,,,, .. ,,,1 

the 

Inrlll"::I'tAC:: a 

This I"nrTAI,::atll"ln 

an 

There is a 

"new" """'Tn"." will 

can related to 

cate(]()rleiS 1,2 and 4 

also considers 

en .... " .. "".n between 

since 

.n""" .... 7 indicated 

have been more reallistic to 

in of 

and not on a vnlT;:!I'lIA 

the 

on the 

bound of 

catE:!golry 1. 

is based on 

varies 

in 

load on the DG feeder. so, the addition of 

n"'TWI"IIFk' and 1 MVA on an 11 kV 

.,i"nifi,,..,,,r,tl,, lower than those international mg"n"." 

the "'IANri, .... "'1 nAt'\lll"\rkc: in the countries where 

1 Penetration limits derived from this method are tabulated in p. 1 0]. 
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m",.thrV'lICi: are that is 

on weak 

ltis I.IV;;)l:IlI.m:;. 

An 

...... "',t"",/"I can for vOlta ole 

the two ......... I'hnri'" 

...... "',t"".n is r ... "'r ... "' ... 

are near to a 

an not 

the 

in 

network loc,atlcm 

...... "','''1'1/''1 is on the 

as 

not eXI::ee~a a 

in 

Sec:tlon 4. 1 n""~:l"rilh""n 

the source 1 ...... ," ...... I~n 

the 

at 

the 

It was seen in ", ... ,,..t,,,,,n network 

that the 

2 It also 

of the 

at that 

_"""""""1""1' as seen from a can 

= the Tnr~!A_rlnl'l!~A fault MVA Allr,rA!O:!O:An and 

:: the fault level or source imr'Art .. nr'A 

the effect of OL Te action at the UD~;tream substation that acts to mask the Im[)eClam~ 

networks. This is not to lead to 

of DG connection will be dominated 

level. 

nOVl/II'!VII'!r since the source 

the line and transformer rnn, .. I'I",n,...~", 
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can the term to the 

at a 

x 

k ::: a constant x For networks with a 

and a maximum allowable bus bar of 1 k ::: 

0.021. 

can used to understand the in some 

"I'II"II'Itl":::ltlln" must not one f\iIJ"'nn.'_TITrn 

a The more 

is 

source Imlr'll'lrl:::l in the ("h~~r:::lIr.tl'llrio::tir~1 

This 

"""I"I""trgtit'ln on MV networks in this 

be connection. 

The 1.I100, .. 1.I0),0)IUI 

evaluation of network VnIT:::In,,,,, rise can be well understood 

""""C:tC!in,iC!tlif' than the new 

it makes no ........... " ........... 

modes on 

term in 

The 

A 

mill 

114 

to 

eSIJeC:lal,ly in weak ... ""t",,,,, .. ,,,., where the 

hence no-load ... "",,,""+ .. :::I+ii,,,, ... are lowest. 

""rg,II.,,,,.t"I glr'l ..... ,""gr'h to t:lVcllUdllll is 

case studies. 

Province aDIOlle,a in 2002. 

up to 4MW onto the local 22kV network one of its 8MVA 

to 

9 
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In 

at a power 

an __ " ___ . 

and to 

source 

The 

for this 

thus 

nnl"f::=l1tl" at a 

processes, 

Note 

132kV 

2x20MVA 
132122kV 

22kV 

5.6km 
"Hare" 

pcc-~ 

2x5MVA 
22/6.6kV 

Turbo 
Generator ~ "v 

Source sUbstation 

SMVA 2MVA 

1: 

the bac:kb()ne 

Qnln .. n.Vlnn~',nn can 

at the Point of 

r,u',,,,,,, ... nr,n the 

nnl~I""Qlr,nn conditions is 

can 

would 

the mill 

to 

and up to 

is calculated under the .. l>l>'UIII.JUU' of a 20% load ratio ratio between maximum and 3 This 

minimum 1",,,,,,Min, .. \ This indicates that the load on the feeder is 400kV A. The load 

factor for this feeder at a load power factor of 0.S7 can be calculated as 1.44 and thus load will 

add 5S0kW to the no-load limit. 
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in event the v,,,,,_nn,nv to 

is 

effect on 

A C::"'I~nrln 

1 

is situated rlnIAlnc:tr<:l,~m 

event it was nn."'r<>t.....-i 

he 

to 

network is \JIU;~CU. as 

busbar has no the source 

onto 22kV network 

baclkbol1e 5.1 km .... U":>IUC 

1, the source 

Source substation 

116 

3x 10MVA 
66122kV 

Turbo 11 k_V..,..---,-_-.­
Generator 

10MVA 5MVA 

9.3. Electrical nA:l'Wt,rlr for 2: 

I' 

MiIIB 

Mill B CO •. CfAI1Sr,r;ttillln 
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a 1 source on a 

at the 

1 source 

can be 

9.1 

the limit to at 

a 0.998 power. The reactive of reactive power the DG in this 

is a 

line. 

the 

at the 1 some 

The "new" "''''''''',"''''' in nnli,..~'~inl"l~ is a tool 

that can be 

on the 

117 



Univ
ers

ity
 of

  C
ap

e T
ow

n

118 9 



Univ
ers

ity
 of

  C
ap

e T
ow

n

10 

answers to .... ~'I:>"' .. r·'" aluestiorlS in :n" ..... ''''r 1 were ex~)ected to f",,,'ilit,,,,t .. the 

the rn .. ,,"f'\UoC.1"I .... ''''n~.r!:lllii., ... rI method the 

be de'/eIC)pe,d. 

over the course and are 

"'\I .. \nrr"I:>~'" is aSSieSlsed in the research and the 

A 

1. 

and were 

aUE~Stll::ms are below. 

the 

in 

...... ".,.."'n were in 

2 

The answers to the 

Which methods can be used to the YOlltacle rise ... 11'11', ..... , •• ;, 

A 

A 

these 

more I"'nl'1"nl ... ", 

What Is 

use ",.,n"nl~.v dcetaillea network 

n",'"'''''''' studies to the 

vOltaOle rise :::HU\JICl:i in context. The nr""",,,,,nr overcame 

to a 

a traditional load-

1""11"'1 .... 111\1 accurate for most nl1i .. 'l::It .. that 

10""20,18 Y'Oltllae rise in ................ '" nAt ...... n, .. "" .. ,·" 

the O::Atnnilnt '''1"\'''''''''''' 

that is to the nearest 

OVE~rvC)ltal(]eS on are 

aOl)lIe,a. and n ... UJnnc VIJl1a'!les in excess 1 

to a narrow band 0.01 to 
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most I"nnnmr\r' 

some 

costs 

The 

It is 

other countries and it 

extent can 

The Tn"':lIA_nn~~C!A 

seen 

The new 

are in 

the can 

in these cases to a 

or extra costs to the network. 

aPI:>IIEid in 

on is to 

at a busbar be used to determine the the 

n .. n\II"u~C! a 

the nAtwnl'lc used as an Infilf':::lItl"lf 

The use 

a 

.... "', .. "",,·,t,,"C! or reactors. 

as an indication the "'" ... ".,,,'" 

on account it 

networks is 

be aOI:>IIEid in an 

that was 

n ... , .. rr'",,,,,., limit at 

the 

shunt-

network 

on 

reactors are to 

to be removed 

10 



Univ
ers

ity
 of

  C
ap

e T
ow

n

a 

extent are ClaSSical 

in 

to oVlervomaCE!S 

in 

is not 

the 

can 
is 

~ ~ 

low source substation. 

rAa.CII\i'B nature source be 

source 

that are not often in sutlstation be 

can to 

OPltlOl1lS are to 

are avc~lIalble. 

are constant 

What TliIIr~Tl"n"!Ol: Il'1lrllllAnl~A the cnlmc:::e 

reactive 

a 
most are In::lnnl'nnri::lt';::lolv 

in network and 
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The absence a 

the on 

to OVE!rvc'lta!~es in 

in Africa to operate at leaejing 

the 

network. 

.""",n .... " so as to mitigalte ~In~iln<e:t vOltacle rise. 

hO'Ne"er. increase machine and network losses and may ieooal'disie 

of conditions on network. The a nAr'A,.~~tn,. to maintain 

busbar volt:age mode may also be corlstnainE~d 

ca~)abiility to absorb reactive 

pOs;sible p':lrtic:ipa'tion of the in network voltage nnl~im:::al control 

is at constar,t, power In 

l::IInnin,n power factors so as to embeejdeld reactive power 

for 

operate at 

nA"",r::::.tA at factor with to of cormecticIn to the rlh::trihlltinn 

network. 

Amlwers to the "ActISl~"t~h qlJestiions main hV[lottlesis 

that was pro1po:sed in r.h:::ant.::.,. 1. that: 

ltis pO~tsib,'e to tmr.,ro\'e the extstililfl ol3neralhsed methods for the evaluation 

on the Srei:lGV"Srare vc)/ta"e fElguJ'aticm 

distribution networks to which are connected. the 

iml)rol/ed DrOlce~;s should remain to on data that is 

its results should not conservative. The 

in seeJking realistic SOILJtlOl1S to rise 

The "new" aPI:lrol:ich to eV81lua'ting voltage rise that was delJ'elolPed in thesis was based 

model is representath,e of a wide on a 4-node network Desipite its simlPlicilty, 

ap~)IiCC:ltiorls on 

norl-hc)mc)genOLJS load distribution. 

,m,,,,,,,,,,,. feeders with conductors and 

Aigiebr'aic solution of the model ... A .... ,,,,r'" revealed that the allowable DG perletr'aticln at any 

location on feeder on the rise could be calculated as sum 

of three terms. include a term that is of network a load 

and a term the reactive power or the DG. The 

forms the basis for a to evaluate rise in DG-

networks. The format the allows limit to 
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an 

the ODI4:!ct"/e 

vOltaale rise 

uses f'nrn""l"Iflr"":lI1 

results. The 

a 

that are most 

n,",-II","""" ... 'O.,<l,t .. ""'t ...... ., term is 

with the 

aacilptE~a to ",,,,",,r",,,,, 

The "new" \lnlrl:l/'1I'" in its 

""~'f'itilf' n.",tw'nrll nl:lr'l:Im",t""lro:: on the voltaole 

to two of the '0""""",,,, from 1 : 

on 

to 

amount 

on 

to a 

..... ""Tnr.n was most accurate 

are 

on 

can, 

to nr/'1,\llnl'" answers 

nAII:Wf"llrlC Dalranletll!trs are most ImlrllOll'llllll1t in I'Ict'cml'llin'lnn extent of the ..,nll'l:!ll.., .. ", 

rise 

at which the is C!inl~ifi .... ,,,,,.,t factor I"I'COI''CO .... I''III''I. 

extent 

in nrnnn .. tinn 

for in nr/'1,nnlrti 
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",,,,',,,",\1"1<',,, is 

..... ".hl ... ""'''' with aCI:>IICatl()nS on HV networks. 

on 

network losses and is 

The 

is an .::"", .... ,1\,,'" 

to 

customer 

124 

as 

times when the is 

on weakE~r 

... "'''',....... to that on "'Yrr''''''',,,r 

:!:lllIr'W~lnl'" In~lrlinln on weak 

more "'"''''I"'TI\,''''' on 

are 

at a 

is 

aCI:>IICatl()nS on 

re-

VOII3al8 rise 

rise to increased 

r",n~rrl,inn loss 

reactive power ""h.,,,, .. ,,,,,,,, 

in VOIt:aaE~s at 

10 
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aplPlicatlc)nS on MV networks is locate~d at an intermediate 10CiBtlcm 

source SUI)stiBtlcm and closer-in on a 

lower u .... ,t"''''''' 

is aa'varua!;)ec)us as a result 

on account 

the n ... ,n""·.:.t,,,· 

It is 

the a network 

on the 

on the nn • .Ir'l'::'1'I 

to Del'weEm 7km and 1 

that the extent 

41' .. ,,/,,':'" network ,.. .... ' ... l'1i1~i .... """ 

... tt." .... tIV ... under 

11kV 

is 

rise 

indicates that the 

1"' .... ' ... c:t'r!:llir' ... rI to nr",.u ... ", excE~ss,ive " .... ,1'.:.", ... It is 

a constraint in 

in service on 

is on account 

IIr ... ,m""nTO::: in event Even so, Case 

9 rI ... rnn"c:t,'.:.tg"o::: 

near 

results of this 

on the """,,,,"\/_,,,,':;;0,<> \In.,:;;on,<> 

it is standard n"!:lI"'''''''' 
connection of new 

in of 

... n~~rl:ltrinn to the m:::l, .... hlin can 
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