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Redovisning med kamratrattning 2013-02-22, k1 11-12 (efter 6vningen 09-11).

Den hér dr ett forsok att bygga in mer praktisk information om elkraftsystem, och att man skapar sitt
eget kretsdigram fran en beskrivning. Uppgifterna técker vixelstromsanalys, effekt (aktiv och reaktiv),
effektfaktor, och dven ldtt pa filterkretsar. De &r ocksa en inledning till det senare &mnet 3-fas system.

Om det upplevs som for svart att forsta fran texten vilka kretsar som gar att anvinda for uppgifterna,
sa kan jag ge en 'ledning’ vid slutet av en foreldsning. Det &r bra om ni diskuterar med varandra ocksa.

Redovisningssystemet kommer att &ndras denna gang genom att uppgifterna ska hamtas in efter sessionen,
for att vi ska kunna kolla lite mer pa innehallet och identifiera problemomraden. Som vanligt maste man
inte ha besvarat alla tal ritt, utan ha gjort ett rimligt forssk (vilken rigords definition!).

Har man gjort alla uppgifter, sa har man sékerligen forstatt mycket, vilket blir en férdel vid tentan och
senare kurser. Har man ocksa seritst list texten och linkarna sa har man fatt bra bakgrundskunskap om
det viktiga dmnet elektrisk 6verféring av energi.

Nathaniel Taylor, feb 2013

Forst finns det en beskrivning av spdnningarna som anvands i elsystem. Lis den foljande texten, och férsék
att bygga upp en 6versiktsbild av ett elnét. Det finns ldnkar: 14s dem och ta hénsyn till kdllorna: t.ex. SvK
dr Sveriges stamnéitoperator, och ENTSO-E koordinierar sadana operatorer éver Europa. (Fér Wikipedia
och Desertec linkarna, titta bara oversiktsméssigt, for att fa ut inom ett fatal minuter information om
senaste teknologier).

Viaxelstrom

Mellan olika ldnder har man mindre och storre skillnader i elnéitet. Alla ldnder anvinder véixelstrom for
kundforsorjning och inom det mesta av det hogspande elnédtet. Vixelstromsfrekvensen ér antingen 50 Hz
(vanligaste) eller 60 Hz (Nordamerika, delar av Sydamerika, halv Japan!). Frekvenserna valdes for cirka 100
ar sedan, och beror pa manga faktorer. Roterande maskiner (generatorer, motorer) och transformatorer
maste byggas stérre om driftfrekvensen &dr ldgre. Seriereaktanser (X = jwL) och parallellsusceptanser
(B = 1/X = jw(C), i luftledningar och kablar, blir stérre vid hdgre frekvenser (w), vilken ger orsak
till mer bortfall av spénning och strom i nétet. Rimliga mekaniska hastigheter for roterande maskiner
(generatorer, stora motorer) maste ocksa ha spelat en roll. Man ville klart ha tillrickligt hog frekvens att
man inte mérkte dndringen i ljusintensitetet av en glédlampa under de korta tiderna under en cykel dér
en vixelspdnning dr néra noll: hirifran far man en ligre grins.

Det hogspénda elnéitet, fran tiotals till flera hundratals kilovolt, &r ganska lika i olika linder. Det dr alltid
’3-fas’ (mer beskrivning senare) med 3 ledare som anvinds for effektoverforing. De flesta system i Europa
har 400kV som den hogsta nivan. I Nordamerika och Ryssland, samt i andra stora linder som Indien och
Kina, har man ocksa en hogre niva pa cirka 750 kV. Valet &r en optimering av kapitalkostnader (vilka blir
hogre for isolering vid hogre spanning) mot kostnader for de hogre forlusterna och de andra nackdelarna
av en 'svag’ (ldgrespénd) férbindelse.

Stora skillnader beh6vs mellan spdnningar i hemmet och i stamniéitet. I ett hem maste det vara mycket
14t att isolera spanningen, dven hos de manga billiga utrustningar som anvinds. Ett fatal hundra volt har
blivit en vanlig spanning: d4ven denna spanning har nackdelen att den &r livsfarlig, men den har férdelen
att man kan fa effekterna som krivs av sadana laster som en vattenkokare eller diskmaskin utan att
behova tjocka sladdar (jamfor med de korta tjocka kablarna mellan en 12V bilbatterie och en startmotor,
trots att startmotorn inte drar sa stor effekt som en bra vattenkokare). I hogre nivaer i niitet, ddremot,
overfors dven tusentals megawatt Gver hundratals kilometer; det blir viktigt att minska effektforluster
i ledarna (I?R) genom att anvinda liga strémmar och déirfér hoga spinningar av hundratals kilovolt.
Transformatorer anvinds for att omvandla effekten mellan olika spénningsnivaer i ett vixelstromsystem.

Det kan mojligen vara nagra 5 transformatorer mellan en stor generator och en slutkund. Stora generatorer
har optimalkonstruktion, med héinsyn till isolering, vid 10—30kV (och mindre generatorer sasom vind- och
vagkraft, har d&nnu mindre optimala spénningar). Fran generatorn transformeras effekten upp till (t.ex,
for en stor effekt) 400kV, i stamnéitet ("transmission system’). Pa vigen till kunderna kommer elen fran
stamnétet genom regions- och lokalnét (’distribution system’), vilka exempelvis kan innebéra nivaer av
130kV, 50kV, sedan 10kV upp till nagra hundra meter fran slutkunderna, och sedan till 'vanlig’ spdnning



av hundratals volt till bostédderna. Definitionen "lagspianning’ (LV) betyder under cirka 1000 V; sedan har
man (ibland) en definition av mellanspénning (MV) upp till nagra tiotals kilovolt, och sedan hégspénning
(HV) och dnnu hogre nivaer EHV (ofta inklusive 400kV) och UHV (t.ex. 750kV).

Den traditionella bilden var att generatorer alla har stora effekter, sasom 50 MW eller &ven 1000 MW i
extrema fall, i vattenkraft eller kol/kirnkraftverk; dessa kopplas till stamnitet, vilket matar mindre nit
ner till kunderna. Manga nya férnybara kéllor bestar av mindre generatorer: ibland &r dessa ihopkopplade
i en stor grupp som ger en hog totaleffekt och kopplas déarfor till stamnétet. I andra fall, sasom sma
grupper vindturbiner, eller solceller pa ett tak, har sadana kéllor lageffekt och kopplas déarfor till nétet
vid mellan- eller lagspanning. Nar manga sadana kéllor anvénds har man mdjlighet till en situation som
aldrig hade betraktats vid tidpunkten nér de flesta elnit byggdes: att man kan fa ett effektfléde 'upp’
i systemet fran lagre till hogre spanningsnivaer, i stillet for alltid en envigs utspridning av effekt fran
stamnétet. Den hér dr bara en av manga utmaningar som uppstar vid évergangen till olika energikéllor.

Varje spanningsniva brukar ha cirka 1000 A som en typisk markstrom, och i storleksordning 10 000 A kort-
slutningsstrom. Déarfor ar effekten tydligt mindre i en ledning i ett system med ligre spanning: effekten
sprids ut, genom att varje transformator fran en hogre till en ldgre spanning delar sin strom till flera av
de liagrespinde ledningar. Alla spidnningsnivaer bestams av ett optimlat val mellan kapitalkostnader och
driftkostnader (ink. forluster).

Likstrom

Det finns ett fatal undantag dér likstrom anvénds for 6verforing av stora effekter mellan noder i vixel-
stromssystem. Likstrommen omvandlas fran och till vixelstrom genom effektelektronik med halvledareba-
serade kompenenter vilka beter sig som switchar. Dessa (’lite forenklat’) kopplar likstrémskretsen pa olika
hall till vixelstromskretsen, for att likstromssidan alltid kan ha strémmen eller spdnningen i sin bestdmda
riktning trots att dessa kvantiteter vixlas i polaritet pa vixelstromssidan: . . .

Fordelarna vid HVDC (high-voltage direct current) dr manga. Den kan forbinda viixelstromsystem som
inte ens har samma frekvens. Det finns hog styrbarhet, genom styrning av snabba effektelektronikkompo-
nenter vilka bestdmmer effektoverforingen.

Det finns en serieinduktans i kablar och luftledningar, och en parallell kapacitans i en kraftkabel (och pa
mycket mindre niva i en luftledning): dessa beror pa energin i magnetfiltet och elfiiltet nir man har (respek-
tivt) strom och spinning, och de gar inte att undvika. Vid likstrém kan man betrakta jimnviktsliget, dér
serieinduktansen forsvinner (’kortsluten’) och parallelkapacitansen forsvinner ("6ppet’). I ett viixelstrom-
system motsvarar dessa kvantiteter induktiv och kapacitiv reaktanser: dessa orsakar, respektivt, 'forlust’
av spanning langs en kabel eller luftledning ndr man drar en laststrom, och ’lidckning’ av strém genom
kapacitansen mellan ledarna. Det finns #ven ’stromfortringning’ (skin effect) som gor att en vixelstrom
flodar mest ndra ytan av en ledare, och dérfor &r ledarens resistans lite mer vid vixelstrom (skillnaden
beror pa frekvensen och material). Ledningar i stamnétet brukar ha manga ganger (10 eller mer) sa hoga
serieinduktivreaktans vid 50 Hz jamfort med serieresistansen: man far tydligt en fordel genom minskad
serieimpedans (vektorsumman av resistans och reaktans, Z = R + jwL) om man anvéinder likstrom dér
frekvensen och dérfor reaktansen blir noll. Konsekvensen av reaktanserna &dr att stora effekter inte kan
overforas dver sa langa avstand i ett viixelstromsystem. Kablar, p.g.a. mycket hog parallellkapacitans (kort
avstand mellan ledarna) dr begrinsade till en maximallingd i storleksordning 10—100 km vid véxelstrom.
Likstrom undviker sadana begriansningar: stora effekter kan overforas dven 6ver tusentals kilometer utan
att lingden spelar en stor roll, forutom effektforlust i resistansen. Kablar brukade bara behdvas under
vatten och i innerstider, men nu ar det sa svart att fa tillstand for nybyggnad av stora luftledningar att
man ibland véljer att bygga nétet med kablar i marken. Det finns dérfor flera situationer dér likstrom
har en fordel pa grund att kablar av betydliga langder behovs. Utveckling av nya kablar med polyethene
isolering i stéllet for papper och hégtrycksolja (hogre kostnad och okad miljorisk) dven vid hundratals
kilovolt har givit &nnu mer incitament att anvdnda kablar.

Nackdelar, ddremot, maste vil finnas, varfor har man annars inte likstrom overallt? Praktiska roterande
generatorer producerar vixelstrom. Transformatorer dr viktiga for att tillata optimala spdnningsnivaer
pa olika nivéer i elnétet: vanliga transformatorer fungerar bara med vixelstrom, och motsvarande dc-dc
omvandlare skulle sékert vara dyrare atminstone i dagsldget (men utvecklingar i effektelektronik bidrar
hela tiden till minskade skillnader i sadana jamforelser). Omvandlare mellan ac/dc, sasom mellan olika
likspianningar, kostar mycket pengar och tar markplats, och tappar en del av effekten (nu mindre &n 1%,
men trakigt om effekten maste ga genom flera omvandlare pa sin viig). Det &r ocksa svarare att bygga
isoleringssystem (t.ex. polymer i en kabel, eller papper och olja i en transformator) for likstrém, speciellt



nir man betraktar situationen dér spénning slas pa och av (vilken betyder att situationen &r transient,
inte bara ’likstrém’). Ett stort problem ér nér det finns ett kortslutningfel i systemet och man vill koppla
bort snabbt bara denna del av systemet utan att stora andra kunder. Ett vixelstromsystem drivs med
en spanning som regelbundet dndrar sin riktning och dirigenom tvingar strommen genom noll: da &r det
relativt latt for en avbrytare att forsdkra att strommen inte borjar ga igen. Men likstrom tvingar inte
sadana 'nollkorsningar’ och det blir darfor ett mycket svarare jobb for avbrytaren, vilken ocksa maste
kunna tvinga strémmen till noll.

Nu har Sverige och Danmark flera lankar under havet med HVDC, till Polen, Tyskland, Norge, Finland,
Litauen. Dessa, samt det hela Europeiska stamnitet kan ses pa kartan hir https://www.entsoe.eu/
publications/grid-maps/. Det har &ven beslutats att bygga tva ¢verlands HVDC lanker, fran narheten
av Jonkoping 6ver till ndrheten av Oslo och av Malmé, http://www.svk.se/Projekt/Samtliga-projekt/
Sydvastlanken/Information/. Fordelen med HVDC hér dr att man kan anvidnda langa kabelstrécker i
marken, som &r ldttare att fa godkéinda &n nya luftledningar. I Kina bygger man nu jéittestora HVDC
system som Overfor tusentals megawatt tusentals kilometer fran vattenkraft omraden (sydviisten) till de
storre stiderna (osten) —sehttp://www.siemens.com/press/en/pressrelease/2010/power_transmission/
ept201006090.htm, om ett sadant projekt som kom i drift for tre ar sedan; titta pa 'Press photo’ linken
vid slutet av sidan, och beundra storleken pa utrustningarna! Stérre projekt utvecklas dven nu av ABB
och Siemens — se senaste pa denna lista http://en.wikipedia.org/wiki/List_of_HVDC_projects. I
Indien finns det ocksa byggnad av nagra langa HVDC lankar. I Nordsjon har man redan stora grupper
vindturbiner (windfarm, windpark). I dagsldget kan en enda vindturbin ha maximaleffekt pa cirka 7 MW,
men detta okas fortfarande (jimfér med 0,07 MW enligt var kursboks urgammal information, s.497!).
Man bygger sadana windfarm med tiotals eller hundratals turbiner, och kan darfor generera hundratals
megawatt (nuldget) eller tusentals megawatt (under konstruktion) sammanlagt — se forsta sektionen hér
http://en.wikipedia.org/wiki/Wind_farm.

Effekten maste 6verforas fran vindturbinerna till landet. HVDC behévs om man har flera tiotals kilometer
emellan. Projekt &r redan igang dédr man hémtar effekten fran flera turbiner till en ’platform’ i havet,
dér den omvandlas for att skickas till landet. Det har varit mycket diskussion om ett HVDC elnét under
havet for att linka vind- och vagkraft samt linderna (DE, DK, UK, NL, BE, NO...) — lds http://
spectrum.ieee.org/energy/the-smarter-grid/europe-plans-a-north-sea-grid. Det har dven fun-
nits diskussion om ett ’supergrid’ koncept for att overfora effekt 6ver hela Europa och Nordafrika, kanske
med anvindning av solresurser fran Saharatknen — ta en snabbtitt pa http://www.desertec.org/|

Observera att, om man ska ha ett nidtverk med flera noder dér effekten gar in eller ut (till skillnad fran
vanliga HVDC lénkar i drift ddr man ansluter mellan bara tva eller ibland tre noder i vixelstromsystem) sa
maste man ha en relativt nyutvecklad teknologi av HVDC omvandlare (sa kallad ’voltage source converter’,
VSC) samt stromavbrytare som klarar HVDC. VSC vid sa stora effekter, samt med rimligen laga pris och
forluster, har bara nyligen blivit aktuella: man behover ett slags halvledare som kan sla pa och av manga
ganger under en véxelstroms cykel (valet dr f6r nu en 'IGBT’), till skillnad fran den #ldre ’tyristor’ som kan
styras vid paslagning men sedan maste vinta med avstingning tills vixelstrommen blir noll. Kommersiellt
rimliga IGBT, och konstruktioner av omvandlare (med manga IGBT och andra komponenter), har utveck-
lats de senaste tio ar. Bara nyligen har det betraktats som kommersiellt viktigt att ta en HVDC avbryta-
re till marknaden: se http://www.nyteknik.se/nyheter/energi_miljo/energi/article3577629.ece
(men tro inte pa pastaendet att den hér var den enda som behovdes under 100 ar foér att bygga lik-
stromsnét — moderna omvandlare var det riktiga forhindret, for att man maste kunna byta spdnningen
mellan stamnétet och mindre nétnivaer). Den #ldre teknologin (ibland kallad for line-commutated con-
verter, LCC, eller current-source converter, CSC) med tyristorer anviinds fortfarande i de flesta stora nya
projekt med overforing mellan bara tva stéllen (’point-to-point’). Med hinsyn till utvecklingarna éver
de senaste tio aren kan man forvéinta sig att VSC nagon gang kommer att bli ekonomiskt béttre i alla
situationer.

Ligre spinningar: Slutkunder

Kunderna av elnétet tar sin el som vixelstrom (lat inte det féregaende sektionen ge intrycket att HVDC
ar en stor del av dagens elnét: jamfor lik- och viixelstrom pa ENTSO-E kartan!). Ett fatal elkunder i stor
industri far elférsérjning med hogspéanning: 10kV &r relativt vanlig, och dven 130kV for mycket stora
laster.

Skillnaderna mellan linder dr storre nér det géller forsorjning till slutkunder pa lagniva, t.ex. bostéider.
Hér brukar lidnder med 60 Hz anvinda cirka 120V som standardspinning som man skulle fa fran ett
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vigguttag. Linder med 50 Hz brukar anvinda nidrmare 230V (brukade kallas fér 220V i det mesta av
Europa, 240V UK, Australien m.m., ibland 250V i Indien; men nu férssker man standardisera mer).

Skillnaderna handlar inte endast om spénningen ’till vigguttaget’ utan ocksa om hur strommen kommer
till bostaden: (minst) tre metoder kan identifieras:

S3. I Sverige, Tyskland och nagra andra lander i Europa brukar elforsérjningen ske genom 4 ledningar till
varje bostad. En ledning dr jordad, och kallas for noll eller 'neutral’. De andra tre har alla en sinusformad
50 Hz viixelstrom med 230V (effektivviirde) relativ till jord: dessa kallas for fasledarna. Men spidnningarna
mellan dessa ledare &r inte noll! Langt ifran det — spdnningarna &dr 400 V mellan varje kombination av
tva fasledare! Och hur kan detta vara? Fasspdnningarna har alla 230 V som effektivvérde, och alla &r pa
50 Hz, men alla har olika fasvinklar. Det finns en 120° fasférskjutning mellan alla fasledarnas spanningar.
Detta kallas for ett 'trefas system’ och blir &mnet for slutet av kursen. Det &r typiskt att sékringarna vid
ingangen till en bostad &r 20 A (d.v.s. max 20 A effektivvirde av strom &dr forvéntad for var och en av de
3 faser). Lat oss kalla denna metod for S3, for att den anvénder 3 ledare forutom noll-ledaren.

S1 I manga liander kopplar man varje enskild bostad till bara en fas och noll, trots att man ofta ha ett
‘trefas plus neutral’ (3p-n) system ut pa gatan. Storre laster som foretag kan dédremot fa anslutning till
alla tre faser. Detta dr vanligt i Storbrittanien och Frankrike, samt manga andra linder runt om i vérlden.
Dérigenom far man en enkel 230V forsoérjning mellan tva ledare, av vilka en &r jordad. Sdkringen pa
fasledaren pa ingangen till en bostad ar typiskt 100 A. Lat oss kalla denna metod fér S1, utan att behéva
forklara.

S2 1 lander med 120V standardspadnning brukar man ha en transformator for néstan varje bostad.
Detta kan bero pa att dessa lander brukar ha relativt stora bostdder med stora avstand emellan och hog
elkonsumtion, men ocksa pa att en ldgre spanning kréver tjockare ledare for samma effektoverforing, och
darfor kan man inte sa latt sitta transformatorn 'pa den andra dnden av gatan’ utan orimligt stora kablar.
Med sa manga transformatorer, blir det en férdel att minska kostnaden genom att bara ha en hogspéind
ledare in till varje. Darfor matar man varje transformator pa slutkundnivan med bara en fas fran ett
trefas-plus-neutral mellanspédnningsystem (typiskt 13,8kV). Fordelen #r att transformatorn har bara en
hogspénd ledare som géar in: den andra ledaren i den hogspianda kretsen &r noll-ledaren, vilken dr jordad).
Dérfor far man bara en fas fran transformatorns lagspéanningslindning. Men man kan fa nagra av fordelarna
av ett 'polyfas’ system genom att ha tva lagspéinda (120V) lindningar i transformatorn, och att koppla
dem sa att en dnde av varje dr kopplade till varandra och jordad (noll-ledare) och de andra tva #nderna
har motsatt fasvinkel. Darfér far man 240V mellan dessa tva ledare. Man forsorjer varje bostad med
3 ledare: nollan, plus tva andra ’fas’ (ibland kallad for 'hot-wires’, d.v.s. med spénning relativ till jord).
Sedan kan man ansluta en del utrustningar mellan en ’fas’ och neutral, och andra mellan den andra fas och
neutral: har man lika last pa bada faser, sa blir summan av dessa strommar noll i neutralledaren. Man kan
ocksa ansluta stora laster direkt till 240 V mellan de tva fasledare. I detta system brukar man ha en 100 A
sékring pa bada inkommande fasledningar, och man tenderar &ven till 200 A i nya installationer. Man kan
se hér http://www.youtube.com/watch?v=ANK--5Fu518 hur enkel konstruktionen av en Nordamerikansk
distributiontransformator &r (bara om intresserad av hardvaran).

Uppgifter

Har, till skillnad fran resten av kursen, jobbar vi med numeriska l6sningar for att fa en kénsle for storle-
kerna. Det gar bra att anviinda dator/riknare for berikning, sa linge du visar lite algebra som tydliggor
din vig till 16sningen. Obs att varje delsvar &r ganska ldtt att berdkna da man inte dr tvungen att hantera
komplextal berédkningar manuellt. Rita diagram for att visa vad du férséker berékna.

1)

Hér tar vi en forenklad jimforelse av vixelstrom och likstrém i en ledning: vixelstrommen betraktas utan
hénsyn till ’3-fas system’.

Betrakta en enkel luftledning som bestar av 2 ledare. Isoleringen tal maximalt 300kV mellan ledarna:
om vi anvinder véxelstrom sa ar detta varde ett toppvérde, eftersom risken for elektrisk dverslag i luften
mest beror pa toppvirdet. Ledarna talar maximalt 2000 A strom: detta ar effektivvirdet, eftersom griansen
handlar om uppvirmning av ledaren.

Serieresistansen dr R = 30 m{2/km, och serieinduktansen #r L = 1 mH/km. Parallellkapacitansen ska for
tillfallet forsummas, for att forenkla problemet: detta &r inte orimligt d& berdkningarna handlar om en
sadan kort luftledning och en hog laststrom.


http://www.youtube.com/watch?v=ANK--5Fu518

Ledningen ar 50 km lang. Fran en dnde matas ledningen fran en ’styv spadnningskélla’, pa andra ord en
ideal spianningskilla. Pa den andra dnden kan man ta ut effekt till ’laster’.

a) Betrakta fallet dér spédnningskillan dr likspédnning med den hogsta tillatna spénningen for ledningen.
En last kopplas vid den andra sidan: lasten viljs sadant att den drar den hogsta tillatna strommen genom
ledningen.

i) Vilken last (resistans) &r det?

ii) Vilken effekt gar in fran kéllan?

iii) Vilken effekt kommer ut till lasten?

b) Betrakta nu fallet dér kéllan ger 50 Hz viixelspdnning med det hogsta tillatna vérdet. En last dr kopplad
for att dra den hogsta effekt som den kan fa, med hénsyn till den hogsta tillatna strémmen i ledningen.
i) Vilken last (impedans) &r det?

ii) Vilken komplexeffekt gar in fran kéllan?

iii) Vilken spénning (amplitud, fas relativ kéllan) &r det 6ver lasten?

iv) Vilken komplexeffekt kommer ut till lasten?

¢) Upprepa b), men stk nu efter maximaleffekt utan hénsyn till att begrénsa strommen i ledningen (nu
ar den en klassisk ‘'maxeffekt’ fraga).

d) Det dr sannolikt att den mesta effekten genom stamnéitet kommer att anvindas vid lagspédnningsnivan,
efter att ha gatt genom flera transformatorer. Lat oss exemplifiera fordelen av éverforing vid hogspanning;:
téink om man bérjade med en spinningskilla av effektivvirde bara 200V (50 Hz), och hade samma ledning
som forut, med stromgrénsen 2000 A.

i) Anta att hela 2000 A gar in till ledningen fran kéllan, med samma fasvinkel som kéllans spénning har
(dérfor att en aktiveffekt gar fran killan till ledningen, och ingen reaktiveffekt gar in). Vad &r komplexef-
fekten som gar in till ledningen fran kéllan i detta fall?

ii) Vilken strém kommer ut vid den andra &nden av ledningen? (ldttsvar!)

iii) Vad maste da spinningen (amplitud, fas relativ kéllan) vara pa den andra #nden av ledningen? Hur
stor &r spdnning 6ver ledningens impedans?

iv) Vilken komplex effekt kommer ut fran den andra édnden av ledningen?

v) Svaret till iv) verkar férmodligen konstigt: vad betyder det? Ténk pa vilken spénning det skulle krivas
hos killan for att d&ven tvinga 2000 A genom ledningen till en kortsluten last. Skulle situationen beskriven
i detta deltal (d) kunna hénda med passivlast?

e) Nu betraktas situationen dér man tar hénsyn till en parallellkapacitans av C' = 10nF/km. Berikna
kapacitansen for den hela ledningen, sedan modellera den genom att dela denna kapacitans mellan tva
kondensatorer: en kapacitans pa {C/2 (dér [ dr ledningens lingd) pa varje éinde av ledningen. Den hér
ar tydligt en forenklad modell, da kapacitanser, induktansen och resistansen i verklighet dr distribuerade
over hela lingden: denna ’pi’ (II) modell anvéinds ofta for 'mellankorta ledningar’ dér kapacitansen inte
kan forsummas men &r ganska vél approximerad i tva bitar! I vart fall &r luftledningens kapacitans liten
(den drar en liten andel av strommen som ledningen forsérjer till lasten) men kapacitansen blir viktigare
néir vi kommer till del iii) om en kabel vilken har mycket hogre kapacitans.

i) Los b)iii) igen, med samma lastimpedans, men nu med en parallellkopplade kondensator vilken model-
lerar halv av ledningens kapacitans.

ii) Los igen for spénningen pa lasténden, nu med lasten bortkopplade och dérfoér bara kondensatorn an-
sluten (situationen nér ledningen &r i tomgang).

iii) Los igen for ii), men nu med parametrar som motsvarar en kabel: som en bra approximation, halvera
R och L véarden och multiplicera C' med 30.

2)

En ac-dc omvandlare ger inte en perfekt sinusformad strom péa vixelstromssidan. Man kan anvinda en
fourierserie for att betrakta den periodisk (50Hz) men inte sinusformade signalen som en summa av
sinusformade signaler med frekvenser pa 50Hz, 100Hz, 150 Hz, o.s.v. — en grundton och Gvertoner.
Konstruktionen av en CSC omvandlare gor att den forsta betydliga 6vertonen &r den 11:e, d.v.s. 11 ganger
50 Hz. Overtonerna i strémmen orsakar 6vertoner i spinningen (tink pa att man kan betrakta niitverket
som en Théveninekvivalent, och omvandlaren som en stromkélla med flera vixelstromsfrekvenser, och
anvinda superposition for att analysera varje frekvens pa en gang). Man bygger stora filter f6r att minska
Overtonerna som gar ut i nétet, for att de kan orsaka ckad uppviarmning av komponenter och storning av
andra kretsar.



Nu har du en uppgift. En kapacitans C och induktans L ska seriekopplas och anslutas mellan en fasledare
och jord i ett 50 Hz system med 130kV mellan fas och jord (1at detta vara effektivvirdet, vilket &r vanligt
for specifikationer inom elkraftéimnet). De tva komponenterna skapar ett filter som ger lagimpedans till
den 11:e 6vertonen (dérfor kommer Gvertonsstrommer att ga till jord genom filtret, i stéllet for ut pa
nétet). Vid 50 Hz ska filtret ha ett absolutviirde av impedans lika med 5k(2. Observera att i verklighet
skulle man ocksa ha en serieresistans, av olika skél!

a) Bestdm C och L for att uppfylla kraven. Ledning: du behover att totalimpedansen &r minskad vid 11:e
dvertonen, och ett bestdmd absolutbelopp vid grundtonen (50 Hz). Tva ekvationer, tva fria variabler.

b) Vilken reaktiveffekt drar filtret fran ledarna vid 50 Hz 130kV? Vilken aktiveffekt?
¢) Vilken impedans har detta filter vid 11:e 6vertonen?
d) Vilken impedans har filtret vid 11:e dvertonen om systemfrekvensen &r lite hégre dn vanligt: 50,05 Hz?

e) Vilket slags filter dr detta, med hénsyn till vilka frekvenser av strom som det slipper genom sig?
(Sldpper det mest hoga frekvenser, eller mest laga, eller en viss band, ...?). (For intressens skull: fran
néitperspektivet dr det tviartom — frekvenserna som slapps ’till jord’ genom filtret &r frekvenserna som
inte gar ut pa nitet.)

3)
Nu betraktas lagspidnda nét fran olika ldnder.

a) For varje av de tre beskrivna metoderna (S1, S2, S3), rita ett kretsdiagram som visar ledarna som
kommer in till en bostad, och spanningskéllor vilka modellerar nétets spanningar. Ténk pa att man i varje
fall har en noll (neutral) ledare som kan anvindas som referenspotential.

b) Med hiinsyn till de angivna viirdena av typiska spinningar, maxstrémmar (sikringar) och antal faser,
berdkna for varje av de tre beskriva metoderna den maximala effekten man kan dra till en bostad. Det &r
enklast att betrakta summan av effekter fran varje enskild fas med referens till noll-ledaren. (For intressens
skull: en sdkring kan egentligen béra typiskt nagra tiotals procent mer &n 'markstrommen’ under flera
minuter innan det slar av: man brukar ange strommen som far ga kontinuerligt. Hér i talet anvénder vi
bara markstrommen utan att tdnka pa vad man skulle kunna gora under en kort tid av éverbelastning.)

c¢) T ett 'typ S1’ system har man en last pa 3kW (pf=1) och en pa 5kVA (pf=0,8 lagging [induktiv]). Vad
har man for strommen (amplitud, fas) fran kéllan i fasledaren, och strémmen tillbaka i noll-ledaren?

d) T ett "typ S2’ system har man en last pa 3kW (pf=1) fran en ’fas’ till noll, och en last pa 5 kVA (pf=0,8
lagging) fran den andra ’fas’ till noll. Vad har man for strommen (amplitud, fas) fran kéllan i de tva
'fasledarna’ (hot wires — inte verkligen ’faser’ i 3-fas meningen) och tillbaka i noll-ledaren?

e) I ett "typ S3’ system har man identiska laster pa 3kW (pf=1) kopplade fran varje fas till noll. Vad har
man for strémmen (amplitud, fas) fran kéllan i fasledarna och tillbaka i noll-ledaren?

f) Gor e) igen, med 3kVA last mellan varje fas och noll, men nu ér det rent resistiv last pa en fas, rent
kapacitiv pa en annan, och rent induktiv pa den tredje.

Compiled: 18:29, 24 februari 2013.
(Bara sma riittningar, inte dndringar i uppgifter, sedan 17 februari.)
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EI1120 Elkretsanalys (CENMI), LOSNINGAR till Hemuppgift 3/4.

Redovisning med kamratrittning 2013-02-22, kl 11-12 (efter évningen 09-11).

In English to help assistants and help me write quickly. Sorry! The basic answers could fit into a couple
of pages; extra explanation has been included, much of it in footnotes, for those who are interested.

This has been done quite quickly: I hope there’s nothing wrong, but if there is I'll very pleased to be told
of it.

Many of the equations are shown in Octave / Matlab syntax, including the numerical answer after them.
I hope this makes it clear how, in reality (when one can use a computer), using complex numbers for ac
circuit analysis is often no harder than doing dc analysis.

When doing calculations like this, it’s good to keep such commands in a file, with comments, so that if
you want to do a similar analysis with different numbers it’s easy just to copy, edit and re-run; or if you
think there’s an error in the solution, you can look through every step and find what the error was.

Notice how we often just write voltages and currents as phasors, without ever needing to think about
time-domain waveforms and converting from time to frequency: we often do all the work in the “frequency
domain”. We just define some quantity as the reference phase (set to zero), then the phase-angle of
everything else is relative to that. Calculation of powers should of course not depend on the absolute value
of phase, but only on relative phase between voltages and currents: that is why we use the conjugate when
calculating S = UT*.

Glossary /translations:
conductor = ledare : individual metal wire (or bundle of wires not insulated from each other

line = ledning : transmission-line, transmissionsledning, consisting of two or more conductors with voltages between them.

Nathaniel Taylor, feb 2013

1) We have a “line” of two conductors, modelled with just the series resistance and inductance. The
intention was that the entire line has the given resistance and inductance per kilometre, i.e. this includes
the contribution from both conductorsEI Some people may have doubled these values, assuming them to
be per-conductor: that’s fine, and the solutions can easily be worked out by following the same lines of
program-code, but changing the input data.

Let us define the totaﬂ resistance and capacitance of the line, using the subscript ‘1E|

1 = 50; % 50 km length
Rl = 1 * 30e-3; Y% total series resistance of line
L1 =1 % 1e-3; % total series inductance of line

While we have a simple loop-circuit without parallel capacitance, the current is the same in source, line
and load: we shall call this current ‘I’. Because we’re using the variables mainly in computer code, we’ll
not always bother about writing variables as nice italic maths symbols like I.

a) DC. Highest permitted loading (voltage and current).

For dc, the max value equals the rms (effective) and the mean! So we can apply a dc voltage of U = 300kV
at the source, and can allow a dc current of I = 2kA to flow in the line.

We are interested in the steady-state dc behaviour (jamviktsldge), not the transients if we had just con-
nected the line (note that the L1/RI time-constant is about 30ms, so the transient would decay after a few
50 Hz cycles.

i) Find the load resistance Rz to give the above situation (I = 2kA, U = 300kV).

1 It is normal to specify the values for the whole line: we don’t usually care so much about the potentials of the
conductors compared to a “ground reference”, but just about the voltage between the line’s conductors: in that case, all the
series resistance and inductance from both conductors can be put into one resistor and inductor in the model. Sometimes, of
course, we do also care about potential relative to the earth, for insulation reasons. Note also that defining the inductance
of a single conductor doesn’t have a clear meaning: the inductance depends on both the conductors and the space between
them. (Resistance is simpler.)

2 Note: it’s rather sloppy of me to have written “R = 30mohm/km”. Better to find another symbol, like R’, as the quantity
is a per-km resistance so doesn’t even have dimension ’ohm’.

3 Nomenclature is annoying here: we’d like a good subscript for the line and for the load, but both start with ', in
Swedish and English. And we can’t call the line parameters just 'R’ and 'L’, as I've already stupidly used these for per-km
values. Hence the choice of 'z’ for the load, and '’ for the line. The source-quantities (U, I) are without subscript.



a
]

300e3;
I = 2e3;

Several ways are possible. Probably the shortest is to calculate total resistance needed (U/I) then remove
the resistance already given by the line:

Rz = U/I - Rl
--> 148.5 ohm

ii) The power in from the source is simply

P=0U=x1I
--> 600 MW

We have to be careful about checking the active convention; but here, we know what to expect, and should
immediately see that ther is an error if we found the the only source in the circuit is consuming 600 MW!

iii) Power in to the load (i.e. the above, minus the loss in the line). We can’t immediately do Uz*I, because
we don’t know Uz. Quickest is surely

Pz = I"2 * Rz
-=> 594 MW
We could have got the same by calculating voltage first, then power.

b) Now the source is AC, 50Hz. Again, we push the source-voltage to its upper limit, to give the higest
power we can get.

Let us choose to work with rms (effective) values of voltage and current. This is absolutely the standard
way of working, within the subject-area of electric power.

The line’s voltage limit restricts us to a peak voltage of 300 kV. Thus the rms voltage we can apply is only
300/v2kV = 212kV[]

U = 300e3/sqrt(2)
--> 212 kV (rms)

We define also the angular frequency as a useful variable, and calculate the line’s total inductive reactance.

w = 2%pixb0; % angular frequency
--> 314.15 rad/s

X1 = j*wxLl; % series inductive reactance of line
--> 15.7j ohm

Note that it’s quite normal — more normal — in power systems work to say that ’X’ refers just to the
magnitude of a reactance. Thus one would write Z = R 4 jX. In this course we are taking the definition
where X already includes the imaginary unit: that’s a bit easier to use when we want the algebra to take
care of our signs without us having to think about it!

i) Choose a load impedance that maximises the load’s absorbed power (active power, also known as real
power) while keeping within the line’s current-limit.

4 Actually, we might also have to consider that when there is no load connected, and the line actually has some parallel
capacitance (which we have ignored so far) then the voltage at the load end will be higher than at the source, due to the series
L-C circuit that this forms. This is sometimes called the Ferranti effect, and is a serious issue for power system operators
with very long lines (e.g. Sweden from north to south) or extensive ac cable-networks (e.g. London). But we’ll ignore that
here, and assume we can apply exactly a peak value of 300kV at the source. Even when we do include some capacitance we
will be assuming that it all comes in two ’lumps’, while in reality it and the series inductance are distributed evenly over
the whole length of the line, and can only properly be treated by a differential equation as a function of position along the
line! See the “transmission line equations” or “telegrapher’s equations” (in frequency domain) in any common textbook on
electromagnetic fields.



This could be done by writing an equation for load power in terms of load impedance, line impedance
and source voltage, then maximising with respect to the (complex) load impedance. In the following, we
instead work in a more physical way, to see what the solution must beE|

In our case, the line’s max current only loses a small proportion of the source voltage in the line, so most
of the power goes to the load. We therefore are not anywhere near the situation of theoretical 'maximum
power’; so our power is increased when we decrease the resistance. We therefore want to make the current
be its maximum permitted value, of 2kA, to make the power as high as possible.

But we also can put a reactive part in the load impedance, and we increase the power if we choose this
reactive part to “cancel” the line’s reactance: that’s because the cancelling means that more of the source
voltage can be across the resistive part of the load, and thus more power is given, when the current is

fixed [f]

Choose the load’s reactance to cancel the line reactance, so that as much as possible of the source voltage
can be across the resistance part of the load (maximising the power, given the limited current). Hence

Xz = -X1
--> -15.7j ohm

This is possible with a series capacitance C such that has capacitive reactance Xc = 1/(j*w*C) equal to
-Xl. i.e. C = 1/(w2*Ll). Note that this is the condition for series resonance of the line and load, but there
is also a lot of series resistance so we don’t see a big effect of resonance. Then problem then becomes like
the dc case, because all the capacitance and inductance in the circuit cancel each other. Hence, choose a
load resistance

I = 2e3;
Rz = U/I - Rl
--> 104.6 ohm

The total load impedance is thus
Z = 104.6 - 15.7j

ii) The complex power in from the source.

We can see this should be purely active power — no imaginary part. This is because we know the load
and line cancel each other’s reactances (series resonance). But let’s calculate fully, as if we didn’t know
anything in advance. The voltage of the source is U: this is used as the reference phase-angle, so it is set
to zero phase. The current, which is the same all around this circuit, is

I =U/ (R1+X1 + Rz+Xz )

--> 2000 +j0 (quelle surprise!)
S = U * conj(I);

--> 424 + jO MVA i.e. 424 MW.

5 In the general case of this type of problem (“maximise the power in a load-impedance fed from a Thevenin-type source
[our ideal source and line-impedance], subject to a current-magnitude limit”) we would have to be more careful. That’s
because if the source impedance is so big that our maximum permitted current would cause a significant part of the source
voltage to drop in the Thevenin impedance (i.e. the line’s Ry + jX)), then we may have reached the point where we get a
higher power by decreasing the current, because the decreased current increases the voltage remaining at the load, and the
load power depends on voltage and current (as well as their relative phase). This possibility of a change in resistance either
increasing or decreasing the power, depending on the source impedance, is why there exists a ‘maximum-power point’. At
that special value of resistance, the power delivered becomes less if the resistance is made either more or less: making the
resistance lower makes the voltage across it lower more quickly than it makes the current higher ... making the resistance
higher makes the current through it lower quicker than it makes the voltage across it higher...!

In a typical high-voltage line, with an impedance that is mainly inductive reactance (like our case where Xl;;Rl) the
maximum power to a purely resistive load is at |U,| = U/+/2, which is in contrast to the case of a purely resistive line or a
dc circuit, where maximum power is when |U;| = |U|/2.

6 This may sound strange: surely, if current is fixed at 2kA, then the power to a resistor is fixed too? Yes: but if we cancel
the line impedance, then we have to choose a higher value of load resistance to ensure that the current stays at just 2kA ...
hence the higher power in the resistor.

My apologies go to one student whom I must have misled about this on Wednesday morning! I agreed then that the load
would best be purely resistive in order to extract the maximum power: I only realised when making the solutions, that there
was this further little complication.



iii) The voltage across the load, Uz, with phase relative to the source voltage.

We've already started using the source as the phase-reference, so this just needs us to calculate the load
voltage, and its phase will immediately give us the phase relative to the source voltage.

Uz = U - I*(R1+X1)
-=> 209 - 31 kV
Let’s get that in polar form:
abs(Uz), angle(Uz)*180/pi
-=-> 211.5 kV at -8.5degrees

iv) Complex power into the load.

Easy, as long as we use the right convention. ..

Sz = Uz * conj(I)
--> 418 - 63j MVA

Le. it consumes 418 MW and provides 63 MVAr[] We understand what it means that active power is
consumed (is positive, using passive convention): it means that on average, over each cycle, there is energy
moving in from the circuit to the load. That is always the case with a resistor that has a current in it.
But we also say that “reactive power is supplied from the load”; this is about convention rather than an
energy-based physical significanc

Note that when dealing with nasty equations one can play with numerical-guesses methods to get a feel
for how the solution depends on the various controllable variables.

So here’s a numerical-guesses way to play with maximising power: we can make some guesses at a good
range of resistance and reactance, then get a computer to calculate for thousands of points and plot them
as a surface plot (function of two variables, R and X). We can easily update our guesses if we appear to
be in the wrong range. It’s not very necessary here, where we instead can use logic or calculus to find the
right value: but it’s useful in more complex problems. Learning little programming examples can be as
useful as learning ‘normal’ maths!

% unconstrained by maximum current of line
>> R=[1:1:15, 20:5:60]; X=-100:5:100; P=[];
>> for n=1:length(R), for m=1:length(X),
I = U/(R1+R(n) + 1j*(wxL1+X(m))); P(n,m) = abs(I)"2*R(n);
end; end
>> surf(X,R,P);
% constrained (remove points where R & X combination gave current over 2kA)
>> R=10:10:400; X=-300:10:300; P=[];
>>for n=1:length(R), for m=1:length(X),
I = U/(R1+R(n) + 1j*(w*L1+X(m)));
if abs(I)>2e3; P(n,m)=NaN; else P(n,m)=abs(I)"2*R(n); end;
end; end
>> surf(X,R,P);
>> zlabel(’real power [W]’);
>> ylabel(’load resistance [ohm]’);
>> xlabel(’load reactance [ohm] (negative->capacitive)’);

c) Repeat the above (b) but without having any limit to line-current.

i) Choose a load-impedance to maximise the load-power. This is a classic ‘textbook case’ of maximum
power. Seen from the load, the supply is the ideal source, and in series with it the impedance of the line,

"New unit: VAr or VA, or just ”var”: it’s short-hand for ”volt-amp reactive”, meaning a volt*amp product that is not
active power. One typically writes W (watt) for active power, VAr for reactive power, and VA for complex power, which is
also known as apparent power, sometimes when taken as magnitude.

8 Why minus 63 MVA reactive? The load has been chosen to be capacitive, and we have a convention that an inductor
‘consumes’ reactive power and a capacitor ‘supplies’ reactive power. This has no fundamental meaning like producing and
consuming active power: the difference with capacitors and inductors is only where in the ac cycle they take in and give
out energy — they do it at the opposite times. However, typical power system loads like motors and transformers tend to be
inductive, and generators (and capacitors) tend to be the main things that could have reactive powers that do the opposite of
the ones in the loads. One therefore associates loads with lagging reactive power (current lagging voltage, as in an inductor)
and defines this type of reactive power as a “consumption” to match with the consumption of real power in a load.



Z1 =Rl + X1
-=> 1.5 + 15.7j ohm

This is directly a Thevenin source.

Power to the load Z is maximised when Z = Z":

Z = conj(Z1)
--> 1.5 - 15.7j ohm

which means that the load is like a resistance equal to the line resistance, and a series capacitance that
gives a reactance of -15.7j ohm (as in (b)).

ii) Complex power from the source:

S=U * conj(U/ (21+2Z))
-=> 15 GWw (')

This, of course, is absurd: it’s the normal load taken by the power system across all of Sweden. The current
in the line is 70kA, which would heat the line 1250 times as much as the maximum rating (remember:
I?!). More importantly, any realistic generator would have significant internal impedance when compared
to this tiny line-resistance, and would also be incapable of producing a power above its normal rating
because the turbine driving it will give limited mechanical input-power.

iii) Voltage across the load.

Let’s do a voltage-divider equation here:

Uz=Ux2Z/ (Z+1Z1)
--> 106 - 11113 kV
abs(Uz), angle(Uz)*180/pi
-=> 1.116 MV at -85 degrees

Wow! Isn’t that wrong? How can we have 1116 kV in a system driven by a 212 kV supply (remember: we
used rms values as input, so even the 1116 kV is rms: the peak is 1578!) ? We’ve certainly exceeed the
voltage limit as well as the current limit! It is a reasonable result, given the circuit that we’'ve analysed.
We had a line that was mainly reactive: it had about 10 times as high inductive reactance as resistance.
We chose a load that would cancel (by series resonance) the line’s inductive reactance. That means the
voltages across the load’s capacitive reactance and the line’s inductive reactance are ‘in antiphase’: they
cancel. The actual levels of these voltages can be very large, because they are proportional to current, and
the current is being limited only by the relatively small resistances.

But don’t let this make you believe that power systems always operate very very far from the theoretical
‘maximum power’. Our cases had highly artificial capacitive loads, and very short lines, resulting in extreme
currents, extreme powers, and ludicrous overvoltages. When the loads are slightly inductive instead of
capacitive (they usually are!), and the lines are hundreds of kilometres long (they often are), one can
much much more easily approach the situation where adding load (decreasing the total load resistance)
actually decreases the total power transfer, because the voltage is falling faster than the in-phase current
is rising. This is part of the subject known as ‘voltage instability’, and was a relevant to the collapse of
part of the Swedish power system in 2003 (and around 1983), and plenty of other cases around the world.

Note that normally a capacitive load would not actually be made of a series resistor and capacitor: that
is just a convenient way of representing the load in our case, so that we can add the two values to give
the impedance, and can put this in series with the line to give us a single series loop to analyseﬂ

iv) Complex power delivered to the load (from the line).

9 Practically, a capacitive load would more likely be a parallel capacitor and resistor. At a single frequency any parallel
pair of C and R can be replaced with a series pair (with generally different values) that give the same total impedance. But
when the frequency changes, the values of one pair would have to be changed in order for the series and parallel case to give
the same impedance. In fact, this is true for any combination of any number of R and L and C at one frequency, when they
all connect through just two terminals to the rest of the circuit. This can be seen by reducing such a set of components as
a Thevenin or Norton equivalent: as there’s no voltage or current source, the equivalent source will have zero value, so just
its equivalent impedance will be seen: an equivalent impedance is of course a single complex number, and can therefore be
represented as a series or parallel combination of just a resistor and either a capacitor or inductor (depending on the sign of
the imaginary part of the impedance).



Sz = Uz * conj( Uz / Z )

or, the same in a simplified form,
Sz = abs(Uz)"2 / conj(Z)
--> 7.50 - 78.5j GVA

So the load consumes 7.5 GW and ‘generates’ 78.5 GW, which must come quite close to the total reactive
power generation of generators across Europel!

d) Another silly question, that makes the point about reasonable values (and about the importance of
high voltage for transmitting large powers). The line is as before. The voltage source is now just 200V.

i) We assume the maximum current, 2kA, enters the line from the source with zero phase-shift (current
and voltage have the same angle). Thus, the circuit of line and load looks like a plain resistor. The complex
power into the line from the source is thus

U = 200;

I = 2000;

S = U * conj(I)
-=> 400 kW

ii) The circuit we're looking at is still a simple loop. What current goes into one end of the line must come
out at the other end. So I = 2000 at the load-end as well, and is the same through the load.

iii) Voltage across the load.

If we know the current through a known impedance, we can calculate the voltage over that impedance.
If we know the voltage at one side of the impedance, we can thus calculate the voltage at the other side.
The “load voltage” must be

Uz = U - Ixzl
--> -2.80 - 31.4j kV
abs(Uz), angle(Uz)*180/pi
--> 31.5 kV at -95 degrees

Note: kilovolts.

That certainly sounds strange. How can the voltage have become so big? We haven’t talked about what
the load even is: could it be giving a resonance? Actually, what we’ve calculated simply shows that with
just 200V at the input of the line, even a short-circuit would not take as much as 2kA (it would actually
give 12.67 A: try U/Zl). To make such a huge current flow in the line, we’d have to put a big power input
at the other end of the line: note that having 2 kA in the 1.5Qline-resistance would cause 6 MW to be
converted to heat in the linel When we fed the line with 212kV in part (b) we easily forced the current
through the line, and still only lost a small part of the total power in the linem

iv) The complex power out of the load-end of the line is

Sz = Uz * conj(I)
--> -5.6 - 63j MVA

That is, the other 5.6 MW goes in from the load-end (as said, the “load” must actually be some sort of
source, because 200V cannot force 2kA through this line by itself): together with the 400 kW from the
200V source, this supplies the 6 MW power loss in the line’s resistance. Then a further 63 MVAr goes
in, due to moving current through the inductive reactance: this “reactive loss” in the line can also be
calculated as XjI2. No reactive power went in from the 200V source, because we have fixed the problem
to demand that the current and voltage there are in phase. So: see how one can do calculations with a
sort of “conservation of reactive power” just as with active powerE

10 The power-loss in the line is proportional to the square of the current. The current is approximately inversely proportional
to the voltage, if one has to transfer a given power and can assume that the lost voltage in the line is small compared to
the total voltage (not true in our case with 200V and 2000 A). Thus, a doubling of the voltage is a quartering (1/4) of the
power-loss in the line.

11 But “reactive power” can be made even more general, by including cases where voltage and current don’t have the same
spectrum (fourier components), such as a computer supply that draws a very non-sinusoidal current from an approximately
sinusoidal voltage-source. In that case, there is also a difference between the actual power (mean energy transfer per cycle) and
the apparent power (product of rms values of voltage and current), even if there isn’t a phase-shift between the fundamental
(‘grundton’) of the voltage and current. With this type of extended form of reactive power, one can’t so easily talk about
conservation or define just ‘positive and negative’. Real (active) power, on the other hand, can always have a physical meaning
attributed to it.



v) Could a passive load get this high current from a 200V source through our 50 km line?

This has largely been discussed up in part iii): no, a passive load of R and C and L components couldn’t
make 2kA go through the line: even if a C were chosen, to compensate exactly the line’s series inductive
reactance (series resonance) the current could only be 200V / 1.5Q = 133 A.

e) Now we include paralleE capacitance of the line, due to there being two conductors separated by an
insulator (that makes a capacitor).

We define the line’s total capacitance as

Cl = 50 * 10e-9; % 50 km, with 10nF/km capacitance
--> 500 nF

The capacitance is included in our circuit using a simple model pi model (IT-model, because the circuit
looks like that letter), where half of the total capacitance is placed in a “lump” at each end of the line (a
simplification to aid analysis).

i) Based on b)iii) we had a voltage source and load impedance of

U
Z

300e3 / sqrt(2);
104.6 - 15.7] ; % chosen to maximise load-power given max current=2kA

The C1/2 now introduced at the load end of the line is clearly connected in parallel to this load. Note that
the other Cl/2, at the source end, can be ignored: it is directly parallel with what we have assumed to be
an ideal voltage source. The total impedance at the load end is thus:

Zt =1/ ( 1/Z + j*xwxCl/2 )
--> 104 - 1.65j ohms

Treating the line-impedance then the load —— Cl/2 combination as a voltage divider, we get:

Uz =U* 2t / (Z1 + Zt )
--> 209 - 31.5j kV
abs(Uz), angle(Uz)*180/pi
-=> 211.7 kV at -8.6 degrees

We note that this is almost exactly the same magnitude as at the source end of the line, but the phase
has moved round a bit. It is a tiny amount higher than in b)iii).

ii) Now there’s nothing at the load end except that capacitance of Cl/2. Repeating from part i) above,

Zc =1 / (j*w*Cl/2)
-=> 0 + 785j kohm
Uz =U* Zc / ( Zc + Z1 )
--> 212400 - 2565 kV
i.e. 212.4 kV at O degrees.

So, just slightly more than when the line was loaded with a quite capacitive and resistive load.

iii) Do the above, but with series inductance and resistance halved, and shunt capacitance multiplied by
30, to represent a cable (in the ground or under water).

X1 = X1/2; % very dangerous thing to do in a program script:
% it will be halved every time we run this line;
% better to define new variables, but we’re lazy

R1 = R1/2;

Cl = C1 * 30;

Zt =1/ ( 1/Z + j*wxCl/2 );

Uz =U * Zt / ( Z1 + Zt )

--> Uz is 219.4 kV at -9 degrees with the load connected

120ften the old word “shunt” is used as a synonym for “paralle]”. Hence “shunt capacitance”. I think the word comes
from old types of motor-connection.



Zc = 1 / (j*wxCl/2);
Uz =U=x*Zc / (Zc + Z1 )
--> Uz is 220 kV at -0.2 degrees with no load, just the capacitance Cl/2

What (if anything) is the lesson from all this part €)? One point is that it’s easy to do the calculations
using simple expressions in a scripting language that supports complex numbers. Another is that control
of voltage can be made harder by the high capacitance of a cableE

Some people might have done part e) a bit differently by choosing a new load impedance to maximise the
power given that there already is a capacitance in the cable. .. the result should then be just the same as
in part b). The intention was actually that one should use the load impedance from part b) to calculate
a new voltage. But it doesn’t matter which way was chosen: we get quite similar results, and the basic
principle is the important thing.

2) Here we have components L and C in series, connected to a 130 kV 50 Hz source (rms, ac: one assumes
ac means “sinusoidal”), where the source also has some harmonics (higher frequencies) of voltage that are
caused by a converter (modelled as a harmonic current-source) injecting harmonic currents into a power
system that has a non-zero impedance.

a) We want the impedance of this “load” (or “filter”) to be at its lowest when the frequency is the 11th
harmonic:

wll = 11%50%2*pi
--> 3456 rad/s.

The lowest impedance of a series-connected L and C is at resonance, which is when w = 1/v/ZC. In our
case, we don’t consider any series resistance, so the impedance will be zero at resonance (the currents in
L and C are the same, due to series connection, and the voltages across L and C completely cancel). But
this relation only fixes the product LC, not the absolute ValuesE

However, we also have a requirement that at 50 Hz the impedance should be 5k2. Adding the series-
connected reactances, we get an impedance requirement that

1
L— —|=5x105.
w wC"

Substituting the resonance requirement, that w$, = 1/(LC), we get

5x 103w

L=———+——
|W2_W%1|’

from which we can then come back to find C. Hence,
w = 2%pix50

--> 314 rad/s
L=5e3 *xabs(w/ (w2-wil"2) )

--> 133 mH
C=1/ (wi1"2 * L)
--> 631 nF

As a final check, we calculate both impedances at the desired resonance frequency,

13Note that a realistic load would be resistive and slightly inductive, so it would tend to cause more voltage drop in the
line than we saw here with our capacitive loads: the voltage at the load-end of the cable would therefore be quite different
between the no-load value (calculated in e)iii)) and the full load situations.

14 If we were only bothered about getting the right resonant frequency, we might start thinking about what level of
harmonic current we expect to have through our filter (we assume all the 11th harmonic current from the current source
modelling the converter will go through our filter, as the filter has zero impedance at that frequency, and the rest of the
system has a finite impedance). Then we’d see that if we make L smaller and C' larger, we can keep the resonant frequency
the same, but have smaller voltages across these components. The dangerous thing about series resonance of very high
impedances (very large L or small C) is that the voltage across each of these components can be very high at resonance.



1/ (j*w11*C)
--> -458j ohm
j*wllxL

--> +458j ohm

These are indeed “equal and opposite”, as desired.

b) The impedance at 50 Hz is

Z50 = jxwxL + 1/(j*w*C)
--> -5j kohm

Ok — we expected the absolute value of 5k{2, which was our design requirement. The interesting point is
that it’s a capacitive reactance: note the —j. This is a general feature of a series resonant circuit when below
its resonant frequency. The inductor still partially “cancels” the capacitor, but the capacitive reactance
dominates.

Thus the reactive power drawn from 130kV is

130e3°2 / conj( Z50 )
--> 3.38 MVAr

This was chosen in the design of the question, so that the result for having three phases, each with this
sort of filter, would be a generation of about 10 MVAr at 50 Hz. There is no active power consumption by
the filter, as it has only reactive elements (L, C).

¢) At the 11th harmonic (wy1) the filter is resonant. A series resonant circuit with no resistance has zero
impedance at resonance. Hence, Z = 0.

d) If the system frequency is 50.05 Hz, the 11th harmonic is

wll_ = 50.05 * 2*pi * 11
--> 3459.2 Hz

and the filter impedance is

Z11_ = jxwll_xL + 1/(j*wll_*C)
-=> +0.91j ohm

This impedance is still a totally imaginary quantity: it must be as the filter has only reactive components. It
is inductive, as the frequency is now slightly above the resonant frequency that the filter was designed for.
It is non-zero, meaning that the filter doesn’t work as well to filter away this slightly altered frequencyE

e) The filter itself, seen as a “network function” with voltage as input and current as output, is a type of
band-pass filter. Therefore, as explained in the question, the result when one looks at harmonic currents
injected from the converter (as input to a filter) and harmonic voltages appearing on the connection to
the power grid (as output), this forms a band-stop filter, as the series-resonant circuit dumps the 11th
harmonic-current to ground.

3)

a) This is a diagram-question, as shown in the circuit diagrams in the homework “help” file. For the S2
type of system, the two voltage sources have opposite phase (a shift of 180° in their voltages relative to
the neutral conductor). For the S3 type, there are 120° shifts between all the three voltage sources. In
the diagram I’ve made the ‘b’ phase be leading the ‘a’ phase. In the calculations below, I've made it be
lagging, which is generally more common in power systemsm

15 A power-system frequency will in normal circumstances not vary more than small parts of 1 Hz; deviated by 1 Hz would
be an emergency condition. But a real filter’s design would have to consider changes and inaccuracy in component values.
It is common to add some resistance to have not too high a “Q-factor” (see course book on second-order filters), leading to
a less strong peak but also a broader frequency-range where the filter still has quite low impedance (or high for a parallel
resonant circuit) around the peak.

16As with so many definitions, it doesn’t matter as long as each calculation uses consistent definitions. Note that the
“phase sequence” (which order the 3 phases reach their peaks: a,b,c or a,c,b) is important in power systems, as it determines
which direction 3-phase motors will turn!



b) Calculate maximum power available from each of the three common types of low-voltage supply. Here
we will write kW, assuming that a “unity power-factor” (pf=1) is used. Otherwise we could write kVA,
for apparent power.

S1: 230V * 100A = 23 kW
S2: 2 * 120V * 100A = 24 kW (or 48 kW if with 200A fuse!)
S3: 3 * 230 * 20 = 13.8 kW

c) Let’s denote the current as I: this is about a simple S1 system where there’s just one wire in (phase
conductor) and one out (neutral conductor), so the current is the same in both: current coming in through
the phase goes out through the neutral.

Stot = 3e3 + 0.8x5e3 + 1j*sqrt(1-0.872)*5e3
--> 7 + 3j kVA

Note that the PF gives the ratio of P/S (real/apparent power), so /1 — [PF]? gives the ratio Q/S
(reactive/apparent power). We know that lagging power factor on a load means inductive reactive power,
which by convention is a positive imaginary quantity. So the current is

I = conj( Stot / 230 )
--> 30.4 - 13.0j A (in the phase and back in neutral)

d) Let’s call the two ‘phase’ or ‘hotm conductors 'a’ and 'b’, and the neutral 'n’. Let’s define the neutral
current as going ‘out’, and the other currents as going ‘in’. Then

Ua = 120;
Ia = 3e3 / 120
--> 25 A

The other phase is a little more complicated. Note that the voltages we saw before were all real, because
they had been chosen as the quantity that defines the phase of all our other complex quantities. Now we
are connecting to the other ‘phase’, b, which has its voltage 180° out of phase with the first one (with
respect to the neutral), So we can represent it as

Ub = -120; % i.e. 120%exp(1j*pi)
Ib = conj( ( 0.8 + 1j*sqrt(1-0.8"2) ) * 5e3 / Ub )

Doing this calculation, using the same phase reference as we did for the current in the other wire, means
we can simply add these numbers to get the neutral current:

In = Ia + Ib
--> -8.3 + 25 A

e) Finally, the 3-phase-and-neutral system, S3. With the same terminology as last time, talking of phases
a, b and c,

Ua = 230;
Ub = 230*exp(-1j*2%pi/3);
Uc = 230*exp(-1j*4*pi/3);

Note that one could instead use positive angles: the only thing that matters is that all three phases are
120° apart from each other. The above is, however, the normal way of thinking, where the ‘b-phase’ is the
one that comes after the ‘a-phase’ (then the c-phase after that).

Ia = 3e3 / Ua
Ib = 3e3 / Ub
Ic = 3e3 / Uc
In = Iat+Ib+Ic

-=> 0 A (or at least a very small number due to inaccuracy)
abs([Ia,Ib,Ic,In]), angle([Ia,Ib,Ic,In])*180/pi
13.0A 13.0A 13.0A 0.00
Odeg 120deg -120deg -

1"Hot in US useage. Conductors with a potential to earth are generally called ‘live’ in UK parlance. .. but the S2 system
is largely US-specific.
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f) Let’s put the resistive, capacitive and inductive loads onto the a, b and ¢ respectively.

Then

Ia = 3e3 / Ua

Ib = conj( -j*3e3 / Ub
Ic = conj( j*3e3 / Uc
In = Ia+Ib+Ic
abs([Ia,Ib,Ic,In]), angle([Ia,Ib,Ic,In])*180/pi
13.0 13.0 13.0 35.6

0 -30deg 30deg O

)
)

But notice that the result actually depends on how we select which phase the loads go on. If we swap the
loads on the b and ¢ phases, we instead get:

Ia = 3e3 / Ua

Ib = conj( j*3e3 / Ub )

Ic = conj( -j*3e3 / Uc )

In = Iat+Ib+Ic

abs([Ia,Ib,Ic,In]), angle([Ia,Ib,Ic,In])*180/pi
13.0 13.0 13.0 9.55

0 -150deg -150deg  -180deg

You can probably understand this better by thinking of phasors, imagining the voltages as three phasors
distributed evenly around a circle, and then seeing the currents in one of these being 90 degrees leading
its voltage, and the other one 90 degrees lagging. One choice of which leads and which leags will cause
the sum of these two currents to be able either to add to or subtract from the current in the other phase
(resistive load).

Compiled: 10:46, 22 februari 2013.
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