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SISUKORD



Peatiukk 1

Sissejuhatus

Kéesolev harjutuste kogum ”Elektrisiisteemi arvutamise alused reaalajasimulatsioonide raamis-
tikus” koostati oppeaine EES5030 ”Energiasiisteemide optimaaljuhtimine” abimaterjalina. See
valmis Haridus- ja Noorteameti IT Akadeemia programmi toel.

Energiasiisteemide optimaaljuhtimise raames optimeeritakse tiiiipiliselt siisteemi normaal-
talitlust ning arvutuste teostamisel arvutatakse piisitalitlusi. Paraku rikete ja héiringute kor-
ral voib siisteemis esineda ka raskendatud, avariiline ja avariijargne talitlus. Nende talitluste
puhul vo6ib siisteemis esineda ka olulisi siirdeprotsesse. Elektrisiisteemide piisitalitluse ja siir-
deprotsesside modelleerimiseks ning analiiiisiks kasutakse laialdaselt personaalarvuteid. Paraku
on keerulisemate vorkude ning protsesside arvutamine sellisel meetodil ajamahukas. Arvutuste
kiirendamiseks kasutatakse nii servereid kui ka eriotstarbelisi simulaatoreid. Osad digitaalsed
simulaatorid voimaldavad siisteemi reaalajas arvutada, neid tuntakse digitaalsete reaalajasimu-
laatoritena. Selline arvutuskiirus saavutatakse eriotstarbelist riistvara ning elektromagnetiliste
siirdeprotsesside modelleerimisalgoritmidel pohinevat tarkvara kasutades. Reaalajasimulatsioo-
nide eripdraks on elektrisiisteemi protsesside modelleerimine sama kiirusega kui need reaalselt
toimuks. Vastav arvutuskiirus voimaldab simulaatori abil releede ja juhtimissiisteemide testi-
mist. Selleks ithendatakse testitavad seadmed simulaatoriga kas elektriliselt (moddetavad suu-
rused pingete voi vooludena) voi sideliidese kaudu.

Kéesolevas konspektis on elektrisiisteemi arvutamise pohimeetodite arvutusnéaited. Samuti
ka MATLAB harjutuste tilesanded ja lahendused. Teooriat késitleb sama oppeaine loengukons-
pekt [1].
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Peatiukk 2

Arvutusnaited

2.1 Lahendatav iilesanne

S6lm 2 Liin 23 S6lm 3
I Liin 12 Liin 13 G3
Koormus
S6lm 1
G1

Joonis 2.1: Lahendatav vorgumudel

Liinide naivtakistused:

Zlg =10.025 s.4i.
Z13 =10.04 s.1.
Z23 =10.05 s.1.

S6lm 1 on tugisolm, milles pinget hoitakse véédrtusel 1.0520° s.i.. S6lm 2 on koormussolm,
millega ithendatud koormus tarbib 500 MW ja 300 Mvar. S6lmes 3 on generaator, mis {iritab
hoida pinge moodulit 1.06 s.i. ja toota 300 MW. Baasvoimsus on 100 MVA.

Tuvasta koormussdlme pinge; generaatori reaktiivvoimsus ja ping nurk; tugisélme voimsus.
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2.2 Lahendus kasutades Gauss-Seideli meetodit

Arvutame juhtivused :

1 1
12=— = = —i40 s.1.
VST Z, 002
13 = L _ L 125 8.1
1 (7
23 ! L 120
=— = = —i20 s.1.
VST Zas T i0.05
Nende pohjal juhitvusmaatriksit koostades :
yl12 + y13 —yl12 —yl13 —i65 40 25
Y = —yl2 yl12 + 423 —y23 = | 40 —i60 20
—y13 —y23 y13 + y23 i25 420 —i45

Normeerime voimsused (NB koormuse puhul kasutame arvutustes voimsuse negatiivset suun-
dal):
Sy = (=500 — i300) = —5 — i3 s.4.
P3; =300/100 = 3 s.4i.

Sisendandmetest teame, et U; = 1.05£0°. Teiste pingete algviaartusteks votame (Us moodul
lahteandmetest, teised valitud eeldatava ldhedased: pinge ehk 1 s.ii. kanti voiks olla ja nurk 0
lahedane):

U =1.00£0° s.ii.
U =1.0620° s.1i.

Jargnevad arvutused teostati MATLAB abil tédpseid véddrtusi kasutades. Seetottu seletustes
kasutatud numbritega arvutades voivad tulemused moningal mééral erineda.

1. iteratsioon

1) Arvutame koormussolme (PQ s6lme) pinge kasutades valemit:

1

Py — ]Qk
E YU,
Ykk kilYi

Uy =

7

Solmede koguarv on m = 3 ning kuna koormussolm on 2. s6lm, siis k = 2.

1 _
UQZE 2 JQ2 Z}/Ql il 5?2
1 1 [543
U = Yo Uy + YasUs) | = —— | —2 %2 (340 - 1.0520° + 20 - 1.06.20°
2 T Yy, U2 — (Wl +¥aslh) | = g5 | 750200 — O ! )

UM =1.0682 — 4.7479° = 1.0033 — 0.0833 s.1i.
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2) Arvutame generaatorisolmes (PU solmes) toodetav reaktiivvoimsus kasutades valemit :

m
Qr = —Imaginaarosa |Uj Z Y. U;
i=1
3
Q3 = —Imaginaarosa |Us ZY3iUZ
i=1

Q3 = —Imaginaarosa [U3 (Y31 - Uy + Y3z - Uz + Y33 - U3)]
QLY = —Imaginaarosa [1.06.£0°(i25 - 1.05.£0° + i20 - 1.0682 — 4.7479° — i45 - 1.06.£0°)]
QLY = 1.4663 s.1i.

Kui tilesandes oleks generaatori reaktiivvoimsuse limiidid, siis (J3 vastavust selle generaatori
limiitidele kontrollitaks siin.
Seejirel arvutatakse generaatori pinge nurk d3 (sisuliselt pinge Uél) arvutus) kasutades va-

]

5(1) Nu k(l [5‘1—(}61‘%4-3%2'%)])
3

lemit:

Pk:—]Qk; ZY Uk+1 i Y.,

5,(€k+1) Nu rk( L
i=k-+1

Yk

1 —11.4
O S

— (125 - 1.05£0° + i20 - 1.068./ — 4.7479°
— 5 | Tossge (125 1L.0520° +i20 - 1.068 779)])

s = 1.3974°

2. iteratsioon

1) Arvutame taas esmalt koormussolme (PQ solme) pinge kasutades valemit:

1[5
Yar U3

Uy =

1 —5+13
— (Yo Ui + YQSUS):| = [

—i60 | 1.06824.7479°
U = 0.9993/ — 4.0030° = 0.9969 — i0.0698

— (40 - 1.05£0° + 20 - 1.06£1.3974°)

2) Arvutame genearaatorisolmes (PU solmes) toodetav reaktiivvoimsus kasutades valemit

Q3 = —Imaginaarosa [Us (Ya1 - Uy + Yaz - Uy + Y3z - Us)]
QéQ) = —Imaginaarosa [1.06£ — 1.3974°(i25 - 1.0520° + 20 - 0.9993/ — 4.0030° — 45 - 1.06£1.3974°)]
QP = 1.6537 s.ii

Kui tilesandes oleks generaatori reaktiivvéimsuse limiidid, siis (J3 vastavust selle generaatori

limiitidele kontrollitaks siin.
Seejarel arvutatakse generaatori pinge nurk ds

1 [S:
52 — Nrk( {3— Yap - Uy + Yo - U D
3 Yas LUz (Y31 - Un 32 - Ua)

@ _ N 1 5 —141.6537
% urk <—i45 [1.064 —1.3974°

— (425 - 1.05£0° 4420 - 0.9993 2 — 4.00300)]>

o) = 1.7686°
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3. iteratsioon ja jargnevad

Iga iteratsioon arvutatakse esmalt PQ solmede pinged, seejérel koikide generaatorisdlmede (PU
solmede) reaktiivvoimsused ja pingete nurgad.

Peale pingete arvutuse koondumist arvutatakse tugisolme voimsus (valemis, eeldatud, et
tugisolm on 1. solm):

S, =U11 =U, Z Y1:Us (2.1)
i=1

Sageli arvutatakse pérast iteratsioonide koondumist voimsusvood ja kaod. Vaadeldud vorgu
puhul kiiks arvutus Ptk. @ kohaselt.

Asjad, mida eelnevalt ei maininud

Teoorias mainisin, et "iteratsioone teostatakse kuni lahendite muudu maksimaalne absoluut-
viirtus on viiksem kui valitud arvutustiipsus e ehk maz|U*HD — UF)| < 2 Kui kasutada seda
lopptingimuse kontrolli meetodit, siis tuleks iga iteratsioon arvutada ka pingete muudud.

Kui kasutada lahendamisel jark-jargulist relaktsioonimeetodit, siis vorreldes Gauss-Seideli
meetodiga lisandub kiirendustegur w, mille tiiiipiline véértus on 1,3...1,7. Selle kasutamisel
korrigeeritakse arvutatud pingeldhendit:

Q(kJrl) _ ng) +w- (Q(kJrl),valemist . U(k)) (22)

7 ) =
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2.3 Lahendus kasutades Newton-Raphsoni meetodit

Arvutame juhtivused :

1
12=— — — 40

y Zin 0025 %Y

1 1

13=— — — 25 s.i.

y Zis i004 2

03— L b o

Yoo = e T ioos S

Nende pohjal juhitvusmaatriksit koostades :

yl12 + y13 —yl2 —yl13 —165 140 125
Y = —yl12 yl12 + y23 —y23 = |40 —i60 20
—yl13 —y23 yl3 + y23 125 120 —i4bd

Normeerime voimsused (NB koormuse puhul kasutame arvutustes voimsuse negatiivset suun-
dal):
So = (=500 — i300) = —5 — i3 s.4.
P3 =300/100 = 3 s.1i.

Sisendandmetest teame, et U; = 1.0520°. Teiste pingete algvidrtusteks votame (Us moodul
lahteandmetest, teised valitud eeldatava ldhedased: pinge ehk 1 s.ii. kanti voiks olla ja nurk 0
lahedane):

U =1.00£0° s.ii.
U = 1.06£0° s.ii.

Jargnevad arvutused teostati MATLAB abil tédpseid véadrtusi kasutades. Seetottu seletustes
kasutatud numbritega arvutades voivad tulemused moningal mééral erineda.

1. iteratsioon

1) %vutatakse koormussolmede (PQ s6lmede) koormused Pi(k) ja ng) valemitega (@)
ja (2.8).

- Z!UHlecos i — 61+ 65)] (2.3)

(2.4)

Z [1U;]1Y2,5]cos (02,5 — b2 + ;)]
j=1

021 — 92 + 1) + |Uz||Ya2|cos(02,2) + |Us||Ya 3|cos(ba,3 — 92 + d3)]

)

= |Uz| - [|U1]|Y2,1]cos

—

PY =1.00- [1.05 - 40cos(= — 0+ 0) + 1.00 - 60cos(— 5 Ty 1 1.06- 20cos(g —0+40)| =0 s.i

I
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Qi = —Uil Y Ul lsin(6ij — 6 + ;)] (2.5)
j=1

m

Qél) = —|U,| Z [|U;|Yz,;|stn(02,; — 62 + 9;)]
j=1
Q) = —|Us] - [[U1|[Ya,1]sim(02,1 = 65 + 61) + [Us][Yaa|sin(02,2) + [Us||Vas|sin(Bas — 6 + 6s)]

QY = —1.00- {1.05- 40sm(5 — 0+ 0) + 1.00 - 60sin(— . ") 4+ 1.06- 20sm(5 —0+ 0)] = 3.2 s.i.

Leitakse saadud véirtuste erinevused AP; = Pfige — Pi(k) ja AQ; = inge - QZ(»k) vorreldes
oigete vaartustega:

AP, = PQOige _ Pz(l) =—-5-0= -5 s.1.
AQ, = ozge Q2 =-3-(-3.2)=0.2 s.i.

2) Arvutatakse generaatori (PU solme) aktiivvoimsus Pi(k) valemiga (@) ning eri-
oige P(lc)

nevus Oigest vddrtusest AP; = P, .

= U Ui sleosth = 6+ 8) (2.6)

Py = |Us| > _[|U;[Ys jlcos(bs,; — 05 + ;)]
j=1
Y = |Us| - [|UL|[Ya,1|cos(831 — 85 + 61) + |Us||Yaalcos (65,0 — 63 + 8a) + |Us||Ya 3]cos(63.3)]

PY =1.00- [1.05- 25(:03(% —0+0)+1.00- 20005(% —0+0)+1.06- 45(;03(_77T —0+0)| =0 s.i.

APy =P — P =30 =3 s.ii.

3) Arvutatakse jakobiaani vairtus
Meil teadaolevad voimsused: P, P3, Q2; ning tundmatud: |Us|, d2, 03, seega meil jakobiaan:

roP, 0P 0P, 7
oP  or 00, 003 65U2|
I(x) = d6 %U! _ | 9B Ohs
2Q  0Q 00, 003 O|Us]
o5 OlU| 0Q2 0Q2 0Q2
L b2 003  0|Us|

Jakobiaani elementide arvutused:

J1 diagonaali elemendid valemiga:

OP;
9o;

= 3 [UAU; 1Yy sin(6i; — 5 + 5))
J#i
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oPy .
6, > |Ua]|U;||Yas]sin(Ba; — 63 + 65)
72
= ‘UQHUIHYQI’SiTL(HQl - (52 + 51) + ‘UQHUgHYQg’Sin(Qgg - (52 + (53)
= 1.00-1.05- 40 - sin(g —040)+1.00-1.06-20- sz'n(g —0+40)
= 63.2
= > |Us||U;]|Ys5]sin(0s; — 05 + 65)
J7#3
= |U3||U1|YZ31|SZ'7”L(931 — 53 + 51) + |U3||U2|Y32]sin(932 — 53 + 52)
= 1.06-1.05- 25 - sin(g —0+0)+1.06-1.00 - 20 - sin(g —0+0)

or,
043

=49.025

diagonaalivilised elemendid valemiga:

oP; , o
55, — 1VillUillYislsin(0s; — 0 +85),  j #1
J
OP
aTj — —|Us||Us|[Vas|sin(Baz — 62 + 63) = —1.00 - 1.06 - 20 - sin(g —040) =212
OP , o
8752 = —|U3HU2HY},2‘S’L’/L(932 - (53 + 52) =—1.06-1.00 - 20 - SZTL(E -0+ O) =212

Jo elemendid valemiga:

oFp;

Bl = 2|Ui|[Yis|cos(0i:) + Z \U;||Yij]cos(0i; — i + 0;)

J#i

oP,
0|Us|

= 2|Us|Yaz|cos(B22) + Y _ |Ujl[Yajlcos(62; — 52 + ;)
J#2

= 2‘U2HY22|COS(922) + |U1HY21‘COS(921 — (52 + (51) =+ ’U3|D/23|COS(923 — 52 + (53)

=2-1.00- 60 - cos(%ﬂ) +1.05-40 - cos(g —0+0)+1.06-20- cos(g —-0+0)

=0

P, o
gy ~ VillYigleos(6sy = 04 0;), J 71
oP
S |Us||Yaalcos(f3n — 85 + 03) = 1.06 - 20 - cos(~ — 0+ 0) = 0
2|3 2

J3 elemendid valemiga:

9Q;
09d;

= > |U||U;|[Yij|cos(855 — i + 5;)
J#i

13
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9Q2
96, > |Ua]|U;||Yas]cos(02; — 62 + 65)
72

= |Us||U1||Ya21|cos(021 — 62 + 61) + |Uz||Us||Yas|cos(f23 — d2 + 63)
= 1.00-1.05- 40 - cos(g —040)+1.00-1.06- 20 - cos(g —0+0)
=0

00Q;
a5,

= —|Uil|Ujl[Yijlcos(0i — 6i + 65),  j #i

0
;52; = —|U2||Us||Ya3|cos(623 — 02 + 03)

- —1.00-1.06-20-cos(g —040)=0

J4 elemendid valemiga:

0Q; . .
PR —2|Ui|Yii| sin(03i) — Z |Ujl[Yij]sin (0 — 6i + ;)
J#
Q2 . .
= —2|Us||Yaa|sin(Bas) — Y _ |U;|[Ya;|sin(Ba; — 62 + 6;)
ANz J#2
= —2|Uy||Yaa|sin(Ba) — |Uy||Yar|sin(Bay — 0s + 61) + |Us|[Yas|sin(faz — 62 + 63)
= —2.1.00 - 60 - sin(%ﬂ) —1.05-40 - sin(g —0+0)+1.06-20- sin(g —0+0)

=99.2

Kokkuvottes saime jakobiaaniks

B 8P2 8P2 8P2 7

96y 963 O|Us 632 —212 0
P. P. P. ' '
Jx) = |2 OB 33 = |-21.2 49.025 0
00y 93 9|Us 0 0  99.2
0Q2 0Q2  0Q2 '

L 062 03 0O|Us| ]
4) Lahendan vorrandsiisteemi:

roPy, 0P 0P 7

00y 063  O|Us|
ART 1GR 0B Or | [ A%
A S| T |96, 005 O|Us AU3
@l aQ, 090G, 0Q. | LAIL:

L 09y 063 0|Us
Niiteks jakobiaani poordmaatriksi abil:

roPy, 0P 0P, 7 -1

96, 003 O|Us]
Nl fom opy o N
A ST a6, 065 O|UY A §
Call 109, 0Q> 9Qs Qe

96, 005 O|Us)l
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Ada 0.0185 0.0080 0 -5 —0.0685
Ads | = [0.0080 0.0239 0 3 | = | 0.0316
A|Us| 0 0 0.0101§ 0.2 0.0020

5) Arvutatakse pinge moodulid ja nurgad
Lahtudes valemitest 5£k+1) = 62-(k) + Aéz(k) ja \Ui(k+1)| = |Uz-(k)\ + A]Ui(k)|
8" = 0+ (—0.0685) = —0.0685 rad
58" =04 0.0316 = 0.0316 rad
5 = —3.9263°
5 = 1.8082°
|U5|™M = 1.00 + 0.0020 = 1.0020 s.ii.

2. iteratsioon

Korratakse samme, mida teostati esimesel iteratsioonil.
2. iteratsioonis kasutatakse eelmise iteratsiooni 16pus saadud suuruseid jérgnevatel para-
meetritel: 6o = —0.0685 rad, d3 = 0.0316 rad ja |Uz| =1.0020 s.4..

1) Arvutatakse koormussélmede (PQ s6lmede) koormused Pi(k) ja ng) valemitega

. ja 9.

P =|Ui| Y [|U;|[Yajlcos(6: 5 — 6; + 6;)] (2.7)
j=1

PV = [U5) Y [|U;1[Ya jleos(Ba,; — b2 + 65)]
j=1

PV = |Uy| - [|U1]|Yaa|cos(0a1 — 62 + 61) + |Us||Ya,z|cos(0a.2) + |Us||Ya.s|cos(6a.3 — 62 + 33))]

Py = 1.0020 - [1.05 - 40cos(; — (=0.0685) +0) + 1.0020 - 60cos(—)+
1.06 - 20(;03(% — (—0.0685) + 0.0316)]
= —5.0043 s.ii.

Qi = —|Uil Y [1U;|[Yi lsin(6i; — 6; + 6)] (2.8)

Jj=1

QW = || > U |Ya jlsin(0a,; — 62 + 65)]

j=1
le) = —|Us| - [[U1][Ya,1]sin(02,1 = 02 + 61) + [Uz|[Y2,0sin(b2,2)+
|Us||Y2,3|sin (02,3 — 92 + 03)]

™

Q8 = —1.0020 - [1.05 - 40sin( 5 — (—0.0685) +0) + 1.0020 - 603m(_7”)+

1.06 - 20sin(= — (—0.0685) + 0.0316)]

= —2.8802 s.1.

m
2
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Leitakse saadud véartuste erinevused AP; = nge Pi(k) ja AQ; = Qozge Q( vorreldes
oigete vaartustega:

APy = P9 — P{Y) = —5 — (—5.0043) = 0.0043 s.1i.
AQy = Q5% — QS = —3 — (—2.8802) = —0.1198 s.1i.

2) Arvutatakse generaatori (PU solme) aktiivvoimsus Pi(k) valemiga (@) ning eri-
oige P(k)

nevus oOigest vadrtusest AP; = P, Z.

= Z [1U;[1Yi ] cos (6 — 6i + 6;)] (2.9)

Py = |Us| > _ [|U;|[Ys s]cos(6s 5 — 05 + 6;)]
j=1

P = |Us] - [[U1][ Va1 |cos(Bs.1 — 63 + 61)+

|Uz||Y3 2|cos(832 — 93 + d2)+

(033)]

PY =1.00-[1.05- 25cos(g — 0.0316 + 0) + 1.0020 - 20cos(g —0.0316 + (—0.0685))+

1.06 - 45cos(%” ~0+40)]

= 3.006 s.1.

APy = Pg9° — PV = 33,006 = —0.0006 s.1i.

3) Arvutatakse jakobiaani viirtus
Meil teadaolevad voimsused: P, P3, QQ2; ning tundmatud: |Us|, d2, 03, seega meil jakobiaan:

_8P2 (9P2 6P2 T

oP  or o5, g6 Il
Ix) = | 29 agUy _ |9 OB OBy
2Q  0Q 00, 003 O|Us]

o5 U] 0Q2 0Q2 0Q2

| 96, 9d3  O|Us|

Jakobiaani elementide arvutused:

J1 diagonaali elemendid valemiga:

OP;
9o;

= 3 [UAU; 1Yy sin(6i; — 5 + 5))
J#i
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=1.0020 - 1.05 - 40 - sin(2

or,
o3
0P3

95,

=2-1.0020 - 60 - cos(—90) + 1.05 - 40 - 608(2

OP. .
8722 = Ua]|U][Yay|sin(02; — 62 + 65)
i#2

= ’UgHUﬂ’YiﬂSiﬂ(@Ql - 52 + 51) + ’UQHUgHYQg‘Siﬂ(QQg - 52 + (53)

(—0.0685) 4 0) + 1.0020 - 1.06 - 20 - sin(g — (—0.0685) + 0.0316)

T
= 63.1223

= |Us||U;|[Y3j|sin(03; — 55 + ;)
j#3

|Us||U1|Y31|sin(031 — 03 + 01) + |Us||Uz|Yaz2|sin(032 — d3 + 02)

— 0.0316 + 0) + 1.06 - 1.0020 - 20 - sin(g — 0.0316 + (—0.0685)

or,
003

= 1.06-1.05-25 - sin(g
= 48.9476

diagonaalivélised elemendid valemiga:

P, . . .
o5, = "IV Wiglsin(@y; = 0i+-05), j #3

™

~|Ual[Us|[Yaslsin(6as — 8 + 63) = ~1.0020 - 1.06 - 20 - sin(5; — (~0.0685) + 0.0316) = ~21.1364
—|Us||Us||Yaz|sin (633 — 65 + 65) = —1.06 - 1.0020 - 20 - sin(g —0.0316 + (—0.0685)) = —21.1364

Jo elemendid valemiga:

or;
sy = 21Ul Yaleos(8:) + D 1U;11Yi5lcos (815 — ; + 05)
Ui J#i
oP:
8|UZ\ = 2|Uy||Yaz|cos(622) + Y |Uj||Yaj|cos(Ba; — 65 + 6;)

72
= 2|U2||Y22|COS(922) + |U1||}/21|COS(021 — 52 + 51) + ‘U3HY23|COS(923 — (52 + 53)
T o (~0.0685) + 0) + 1.06 - 20 - cos(g — (—0.0685) + 0.0316)

= —4.9942

OP; o
gy ~ VillYileos(6sy = 04 0;), J 71
(9P3 ™
Pl = |U3||Y32|cos(032 — 63 + d2) = 1.06 - 20 - 608(5 —0.0316 + (—0.0685)) = 2.1183
2

J3 elemendid valemiga:

Qi
09d;

= > |U||U;|[Yij|cos(855 — i + 5;)
i
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0
22 = S U] Vagleos(6; — 62 + ;)
J#2

= |U2HU1HY21‘COS((921 — 0o + 51) + ’U2HU3HY23|COS(923 — 09 + 53)

(—0.0685) + 0) + 1.0020 - 1.06 - 20 - cos(g — (—0.0685) + 0.0316)
= —5.0043

™

= 1.0020 - 1.05 - 40 - cos( 5

0Q; o
0
c‘)?; = —|Us||Us||Ya3|cos(f23 — 62 + &3)

™

= —1.0020 - 1.06 - 20 - cos —0.0685) 4+ 0.0316) = 2.1226
2

J4 elemendid valemiga:

0Q; . .
i~ —2|Uil|Yialsin(0:s) = > |U;|[Yij|sin(055 — i + 5;)
! i

0 . ;
8\QUQ2] = —2|Us||Yaz|sin(f22) — Z |Uj||Yajsin(b2; — b2 + 35)
i#2

= —2]U2|]Y22|sin(022) — ‘U1HY21|SZ'TL(021 — 52 + 51) + |U3||Y23|Sin(923 — 52 + 53)
= 210020 60 - sin(~90) — 1.05 - 40 - sin(5 — (~0.0685) +0) + 1.06 - 20 - sin(Z. — (~0.0685) + 0.0316)
= 99.4344

Kokkuvottes saime jakobiaaniks

B 8P2 8P2 8Pg 7

902 Gy U] 631223 —21.1364 —4.9942
I9=155 a5, By | = | 264 48046 2118

2 3 2

0Gs 9Qs Qs 50043 21226 99.4344

955 903 0|Us|]

4) Lahendan vorrandsiisteemi:

roPy, 0P 0P 7

96, 003 O|Us
AT 1OR 0B, Op | [ A%
A S| T 196, 005 O|Us AU?’
@] 19Q, 0Q. 0Q, | LAIL

L 09y 0d3  O|Us
Niiteks jakobiaani po6rdmaatriksi abil:

roPy, 0P 0P, 7 -1

96, 003 O|Us]
Nl fom opy o N
A ST a6, 065 O|UY A §
Call 109, 0Q> 9Qs Qe

96, 005 O|Us)l
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Aday 0.0186 0.0080  0.0008 0.0043 —0.0000
Ads | = [0.0080 0.0239 —0.001| [—0.0006| = | 0.0000
A|Uy| 0.0008 —0.0001 0.0101 ] [—0.1198 —0.0012

5) Arvutatakse pinge moodulid ja nurgad
=0 4 a0 ja U = UL+ AU

i

Lahtudes valemitest §

5 = —0.0685 + (—0.000) = —0.0685 rad
5 = 0.0316 + 0.0000 = 0.0316 rad

53 = —3.9263°

5 = 1.8083°

|U5|®) = 1.0020 — 0.0012 = 1.0008 s.i.

Jargnevad iteratsioonid

Korratakse samme, mida teostati eelmistel iteratsioonidel. Seal juures kasutatakse iga uue ite-
ratsiooni korral eelmise iteratsiooni l6pus saadud parameetrite da , d3 ja |Uz| suuruseid.

Iteratsioonide lopp
Iteratsioone korratakse kuni APi(k) ja Ang) on viiksem kui méératud suurus e: max|AP, i(k)’ <e

ja maz|AQY| < e
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2.4 Lahendus kasutades kiiret 1ohestatud meetodit

Arvutame juhtivused

12=— = = —140
YTz, oo T T
1 1
13= — = = —125
YT oo
1
23 = — = = —120
V= 7 005
Nende pohjal juhtivusmaatriks:
yl12 4+ y13  —yl2 —y13 —i65 40  i25
Y=| —yl2 yl24y23 —¢23 | =|i40 —i60 i20
—y13 —y23 y13 + y23 129 120  —i45

Kiire 1ohestusmeetodi rakendamisel kasutatakse juhtivusmaatriksi asemel maatriksit B’ ja
B". B’ saamiseks votame Y maatriksis olevate vadrtuste imaginaarosad. Seejiarel eemaldame
tugisdlmele vastava rea ja veeru ehk esimese rea ja veeru ning saame maatriksi:

, [-60 20
B_[zo —45]

B saamiseks eemaldame Y maatriksis olevate vaiartuste imaginaarosade maatriksist tugisolmele
vastava rea ja veeru (1. rea ja 1. veeru) ning generaatorisdlmele vastava rea (3. rea) ja veeru (ka
3.). Alles jaab ainult maatriksi keskmine element ehk B” = [—60]

Normeerime voimsused (NB koormuse puhul kasutame arvutustes voimsuse negatiivset suun-

dal):

Sy = (=500 — i300) = —5 — i3 s.1i.
Py = 300/100 = 3 s.1i.

Sisendandmetest teame, et U; = 1.05£0°. Teiste pingete algviartusteks votame (Us moodul
ldhteandmetest, teised valitud eeldatava ldhedased: pinge ehk 1 s.ii. kanti vbiks olla ja nurk 0
lahedane):

U =1.00£0° s.1i.
U =1.06£0° s.1i.

1. iteratsioon

1) %vutatakse koormussélmede (PQ sélmede) koormused Pi(k) ja ng) valemitega (@)
ja (2.9).

Z [1U;]1Y2,5]cos (02,5 — b2 + ;)]
j=1

021 — 92 + 1) + |Uz||Ya2|cos(02,2) + |Us||Ya 3|cos(ba,3 — 92 + d3)]

)

= |Uz| - [|U1]|Y2,1]cos

—

PY =1.00- [1.05 - 40c0s(= — 0+ 0) + 1.00 - 60cos(— 5 Ty 1 1.06- 20cos(g —0+40)| =0 s.i

I
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QS = —|Ual Y (U1 Yalsin(s,5 — 85 + 6;)]
j=1

le) = —’Ug‘ . HUlHYQJ S’L'TL(9271 - 52 + 51) + ’UQHYZQ’SZ‘TL(QQ’Q) + ‘U3HY2,3‘S’L.7’L(92’3 - (52 + (53)]

—T

QY =—1.00- 1.05- 405in(g = 0+0) +1.00 - 60sin(—-) + 1.06 - 2osm(g —0+ 0)] = 3.2 s.il.

Leitakse saadud véirtuste erinevused AP; = Pfige — Pi(k) ja AQ; = inge - QZ(»k) vorreldes
oigete vaartustega:

APy =Py — PV = 5 0= -5 s.i.
AQy = Q29 — QY = —3— (~3.2) = 0.2 s.ii

2) Arvutatakse generaatori (PU s6lme) aktiivvoimsus Pi(k) valemiga (@) ning eri-

nevus oigest viirtusest AP; = Pfige — Pi(k) )

Py = |Us| Y _[|U;[Ys jlcos(bs,; — 05 + ;)]
j=1

PV = |Us| - [|U1||Yan|cos(051 — 65 + 61) + |Us||Ya,z|cos(85.2 — 65 + 62) + |Us||Ya,3]cos(63.3)]

P =1.00-|1.05- 25cos(g —0+0)+1.00- 20005(% —0+0)+1.06- 45005(_77T —0+0)| =0 s.i.

APy = Pg9° — PV =30 =3 s.ii.

3) Lahendatakse vorrandsiisteemid

AP,
\Ua| | _  (pn [Ad2
APy | =BT pg,
|Us|
AQ2:| "
— _[B")|A|U
2| - —iale
AP, T
Aol o pn [ U] | [-60 201 7 |70
{M:%]_ B AR =7 |20 —a5 190 (2.10)
U3 1.06
-5
~0.0196 —0.0087] |7aq| _ [~0.0732
_ 190 |
[—0.0087 —0.0261 190 [0.0304} (2.11)
1.06
L [AQ, 02
A =[B! = —[-60]7' | == | =0. 2.12
[A[Us]] = —[B7] [|U2|] [=60]7" | {og| = 0-0033 (2.12)

4) Arvutatakse pinge moodulid ja nurgad
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(41 _ 50 | A 50 D] = [®)] 4 AlT®)

Lahtudes valemitest 6 i

50 = 0+ (—0.0732) = —0.0732 rad
58" =04 0.0304 = 0.0304 rad

s = —4.1950°

o) = 1.7391°

|Us|™M) = 1.00 + 0.0033 = 1.0033 s.ii.

2. iteratsioon

Kasutatakse sama l&dhenemist nagu 1. iteratsioonis. Sarnaselt Newton-Raphsoni meetodile voe-
takse 2. iteratsioonis eelmise iteratsiooni I6pus saadud viirtused jérgnevatele parameetritele:
do = —0.0732 rad, d3 = 0.304 rad ja |Uz| =1.0033 s.1i.
1) Arvutatakse koormussdlmede (PQ solmede) koormused Pi(k) ja ng) valemitega

(1) ja 9.

PV = [U5) Y [|U;1[Ya,jleos (62,5 — b2 + 65)]
j=1

P2(1) = |Us| - [|U1]|Y2,1|cos(02,1 — 62 + 61) + |Uz||Y2,2|cos(82,2) + |Us||Y2,3|cos(02,3 — 62 + 63)]
(—0.0732) + 0) + 1.0033 - GOCOS(%”)JF

™

P{Y =1.0033 - [1.05 - 40cos( .
1.06 - 20cos(g — (—0.0732) + 0.304)] = —5.2816 s.ii.

le) — _|U2| Z [|U]||Y27_7’31n(92,] - 62 + 5])]
j=1

QYY) = —|Ua] - [[Un]|Yan|sin(B21 — 8 + 61) + [Ual|Ya2sin(6a.) + [Us||Yas|sin(f2s — 82 + 03)]
(—0.0732) + 0) + 1.0033 - 603m(_7”)+

s

1.06 - 203in(2

™

QLY = —1.0033 - [1.05 - 40sin( :
(—0.0732) + 0.304)] = —2.7831 s.ii.

Leitakse saadud vidrtuste erinevused AP, = P?9¢ — p® ja AQ; = inge - ng) vorreldes

7 7
oigete vaartustega:

AP, = P9 — P{Y) = —5 — (—5.2816) = 0.2816 s.1i.
AQy = Q5% — QY = —3 — (—2.7831) = —0.2169 s.1i.

2) Arvutatakse generaatori (PU s6lme) aktiivvoimsus Pi(k) valemiga (@) ning eri-

nevus oigest vaartusest AP; = Pfige - Pl.(k).

Py = |Us| > [|U;][Y3 j]cos(6s,; — 65 + 6;)]
j=1

PV = |Us| - [|U1]|Yan|cos(051 — 65 + 61) + |Us||Ya,2|cos(05.2 — 65 + 62) + |Us||Ya.3]cos(63.3)]

PY = 1.0033 - [1.05 - 25003(% — (=0.0732) + 0) + 1.0033 - 20cos(g —0+0)+

1.06 - 45(303(_77r — (—0.0732) + 0.304)] = 3.0435 s.ii.
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APy = PJ9° — PV — 30,0532 = —0.0435 s.1i.

3) Lahendatakse vorrandsiisteemid

AP,
Al - [AS
) =
|Us|
AQQ __p
[‘Uz,} AN
N AR ~, [0.2816
— U- —60 20
o) =t BR = [ S (B 219
|Us| 1.06
0.2816
~ [-0.0196 —0.0087] |1 ~ [0.0051 -
~ |=0.0087 —0.0261 08943 | = 0.0014 (2.14)
1.06
_ _pmn-1 AQ2 o am—1] 702169
[A|U2]] = —[B") [’UQ‘]_ [—60] [1'0033}_ 0.0036 (2.15)

4) Arvutatakse pinge moodulid ja nurgad
Liahtudes valemitest (5£k+1) = 62-(k) + A(SZ@ ja \Ui(k+1)| = |Ui(k)\ + A]Ui(k)|
6 = —0.0732 + 0.0051 = —0.0681 rad
58 = 0.0304 + 0.0014 = 0.0317 rad
5% = —3.9008°
o) = 1.8176°
|U3|®) = 1.0033 — 0.0036 = 0.9997 s.i.

Jargnevad iteratsioonid

Korratakse samme, mida teostati eelmistel iteratsioonidel. Seal juures kasutatakse iga uue ite-
ratsiooni korral eelmise iteratsiooni 16pus saadud parameetrite ds , d3 ja |Uz| suuruseid.
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2.5 Voimsusvoogude ja kadude arvutus

Sageli arvutatakse pérast iteratsioonide koondumist voimsusvood ja kaod. Vaadeldud vorgu
puhul kéiks arvutus jargnevalt:
Arvutatakse voolud (esimene indeks néitab, millisest sdlmest vool véljub)

Ly =y12- (U1 — Us)
Liz =yi3- (U — Us)
Iy3 = ya3 - (U — Us)

Io1 = =112
I31 = —1Ii3
I3p = —1Is3

Voimsusvood liinides (esimene indeks néitab, millisest solmest voimsus véljub)

S12 =U; - Iy
So1 =Us - I3
Siz3 =U; - I3
S31 =Us - I3;
Soz = Us - 153
Sag = Us - I§2

Liinide kaod

Sri2 = S12 + 521
Sro3 = S13 + 531
Sr32 = S23 + 532



Peatiikk 3

MATLAB ilesanded

Jargnevalt on esitatud MATLAB iilesannet kogum, mille lahendamiseks tuleb rakendada maat-
riksarvutusi, koostada siisteemide juhtivusmaatrikseid ning teostada piisitalitluse arvutusi MAT-
LAB koodide abil. Nende tilesannete lahendused on esitatud peatiikis @

25



Laboratory 2: Network matrix and calculations

Course: EES5030 Energiasiisteemide optimaaljuhtimine

Author: Nathalia Campos
Representing vectors and matrices in MATLAB

Vectors

Use the row and column vectors below to complete the tutorial.

View=11 2 3 4 5]

%4

column —

(€ O S

o°

Define the row vector by separating each column with a space or a comma (,)

\O

s Define the column vector by separating each line with a semicolon (;)

o°

Transpose a vector. The row vector becomes a column vector, and vice versa

o°

Create a regularly spaced row vector. This notation is used in for loops to create an index

Access the third element of the vectors

o°

Matrices

Use the matrix M defined below to complete the tutorial.

<

I
NN
® ;1N
© O w

% Define the matrix using a semicolon (;) to separate rows

% Access the element m23 of the matrix

% Access column 2 of the matrix



Matrix operations

Use the matrices M;and M, below to complete the tutorial.
M. = [1 2}
T3 4
M = [1 2}
271 2
Matrix multiplication

[al bl} [az bz] _ {ala2 + bic,

¢ d ¢ d, qa, + dc,

Array multiplication

Element-wise multiplication.

a, b, a, b, a,a;
{01 dj . Lz dz} B [5102

o°

Define both matrices

o°

Add and subtract the matrices

o°

Multiply M1 by M2

o®

Multiply all elements of M1 by 10

o®

Multiply M1 by M2 element-wise

o®

Calculate the inverse of M1

Bus admittance matrix

bib,
did,

|

|



How to build Ybus

» Step 1: Assign numbers to each bus. A bus is where two or more elements connect. Bus 0 should be
the reference.

Step 2: Create a n x h matrix, where n is the number of buses (leaving out the reference bus).
Step 3: Calculate the diagonal elements Yj;. Y; is the sum of the admittances connected to node i .

Step 4: Calculate the off-diagonal elements Y;. Yj; is the negative sum of the admittances connected
between nodes i and j.

Example

Calculate the bus admittance matrix for the system below and create the matrix using MATLAB.

I
| ‘ ‘
Reference
Ybus

® @ ©) @
O+ +Y) ~Y, -, ~ ¥
@ -Y, (Y, + Y, + 1) -, me
@ "Yc ﬁ}’b (Ya + }'b + Yc) 0
@ - ~Y, 0 (Y, + Y+ Yy)

Source: [1]

% Numeric values for the admittances
Ya = 1.25j; Yb = 0.5j; Yc = 0.2j; Yd = 1j; Ye = 0.4j; Yf = 0.8j; Yg = 0.5];

% Define the admittance matrix Ybus

Impedance matrix



The impedance matrix Z,,; can be calculated from the bus admittance matrix as

Zbus = Y_l

bus

% Calculate Zbus from Ybus

Network solution
The network equation is written as
Ibus = Ybus ’ Vbus

This equation can be expanded resulting in

5 -
A A A S
L L [Ya Yo Yal [,
-5 Ynl YnZ Y;m -
_In_ _V”_

The voltages at the buses of the system can be obtained using by solving for V;
Vbus = Yk:&s : Ibus or Vbus = Zbus ' Ibus
L, is computed by writing the current injections in each bus, where [; is the current injected into bus J.

Numeric values for the currents
-1.6j;

I
I4 = 0.6 - 15;

3
4
% Define the current vector Ibus

% Calculate the bus voltage vector Vbus

Exercise

In the system below, the voltages and impedances are given in per unit. Based on this system, answer
the following questions.



j1.0

1.20/30°

Source: [1]

(a) Determine the bus admittance matrix Y. Please remember the relationship between the

admittance Y and the impedance Z:

h<
1
N[~

% Define the diagonal elements of Ybus

% Define the off-diagonal elements of Ybus

% Define the admittance matrix Ybus using the elements calculated above

(b) Determine the bus impedance matrix Z,.

(c) Determine the voltage in all buses of the system. Please remember that in order to obtain the current
injection vector I, you must convert the voltage sources into current sources using Norton's theorem

Ry
—————o——o4 —l:ll—OA
Lo Vi
+
® >0
L———— o908 L oRB

Source: [2]

|74
where [, = =2 andR,, = Ry,
no R
th

% Define the voltage sources at buses 1 and 2



Define the equivalent current sources at buses 1 and 2 using Norton's
theorem

o® o°

\O

s Define the current injection vector Ibus

o®

Calculate the bus voltage vector Vbus

(d) Calculate the complex power S supplied by each generator. Please remember that

VZ
S=V-I*=u=\1|2-Z
Z*



Laboratory 4: The Gauss-Seidel method (Cont.)

Course: EES5030 Energiasiisteemide optimaaljuhtimine

Author: Nathalia Campos

The power flow problem

The power flow equations are

N
P - jQ = VD VY

P =

k=1
Pgr’ - Pdi
Q = Qgi - Qui

Bus types are defined according to the quantities (|V;|, &;, P;, @) specified for each bus, according to

the table below.

No. of
Quantities available No. of &,, |V;]
Bus type No. of buses specified equalions state variables
Slack:i =1 ] S, 1V, 0 0
Voltage controlicd
H] s
(i=2.. N, +1) Ny oVl Ny Ny
Load
- - —_— — — -
(=N +2...N) N=N=1 2.0  AN-N-D AN-N - D
Totals N IN N - N, -2 IN =N, -2

Source: [1]

Gauss-Seidel method

» Step 1: Define the type of each bus (load, voltage-controlled or slack bus) based on the variables

known (|Vi|, 6;, P, @)

* Step 2: Build the admittance matrix Y},

Step 3: Initialize load bus voltages (flat start = all voltages at 1. 020%)

Step 5: For each bus 1,

If i is slack bus, do nothing.

Step 4: Define scheduled powers P; g, and Q; s,



If i is load bus, calculate the voltage magnitude |V;| and angle §; using:

1 i,sch ]QI ,sch -
Vi(r) = —{ (r-1)= {Z YaV k "+ Z YikVI((r 1)}}

Y V;
where P, = Py — Py and Qi gen = Qgi = Qui-
If using an acceleration factor «a, then

V(r) VI'(r_l) + a(v[(’”) _ Vl'(r_l))

L,acc

If i is voltage-controlled bus, calculate the reactive power @Q; and voltage angle 6; using:

Q" - —Im{V“ v [Z vy + Z A “}}

1 n = J4; -1
o = fe [t S v - 3 v

Y
If Ql.(” < Qi min» SEt Qi(r) = (; min and treat the bus as a load bus.
If Q" > Qx> St Q" = Q; .y and treat the bus as a load bus.
Step 6: Check if algorithm converged using |V,” - V" "] < & and |6\ -6/ ""| < ¢

If converged = calculate the power P and Q for the slack bus.

If not converged = repeat Steps 5 and 6.

Exercise 1: When PV buses are absent

Use the system below to answer the questions.

(ad
L



3-9] -2+6j -1+3j 0
—2+6j 3.66-11 -0.66+2j -1+3j

Y —
bus = 1_1+3j -0.66+2j 3.66-11] -2+6j
0 -1+3j -2+6j 3-9j
Bus Pg; Qa; V] 5; Bus type
1 1.04 0° Slack
2 0.5 0.2 PQ
3 0.1 0.5 PQ
4 0.3 0.1 PQ
Source: [2]

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =
load bus.

bus types = [1; 3; 3; 31;
(b) Determine the bus admittance matrix Y.

Ybus = [3-9] -2+6j -1+3j O;
-2+6j 3.66-11j -0.66+2j -1+3j;
-1+3j -0.66+2j 3.66-11j -2+6j;
0 -1+3j -2+6j 3-9j1;

(c) Define the voltage vector V4, and initialize the load bus voltages.
Vinit = [1.04; 1; 1; 11;
(d) Define the vectors for active Py, and reactive ¢4, power scheduled at the buses.

% Define the active power vector P_sch
sch = [inf; -0.5; 0.1; -0.3];

o

% Define the reactive power vector Q sch
Q sch = [inf; 0.2; -0.5; 0.1];

(e) Edit the file GaussSei del . m x to calculate the load bus voltages.

(f) Calculate the voltages V; in the buses using the GaussSeidel function. Use a tolerance of
£ =107,

% Define the tolerance
tolerance = le-6;

% Call the GaussSeidel function using the values defined previously and the
% tolerance



GaussSeidelSolution(Ybus, Vinit, P_sch, Q sch, bus types, tolerance, 1);

(9) Use the voltages vector ;s below to initialize the load bus voltages. Using the same tolerance as
before, what happens to the results?

% Initial voltage guesses
Vinit alt = [1.04; 4; 2; 3];

% Call the GaussSeidel function

(h) How many iterations the method takes to converge if you use a tolerance of € = 10732 Repeat the
analysis for £ = 107°.

% Call the GaussSeidel function with tolerance value le-3

% Call the GaussSeidel function with tolerance value le-9

(i) Calculate the powers P, and Q; in the slack bus. Please note that the power injected at bus 1 is
given by

N
P i = Vi 2 Vi
k=1
% Calculate the voltages at the buses using the GaussSeidel function
% Calculate P1 - jQl

% Calculate active and reactive powers Pl and Q1

() Calculate the total transmission losses. Please note that the transmission losses P, and @, is given
by

N N N
PL:;B:;Pgi—Z;Pd,
N N N
QL—Z_;QI-:Z;Qg,-—Zlod,

% Calculate the voltages at the buses using the GaussSeidel function

% Calculate the total power losses PL and QL

(k) Edit the file GaussSei del . m x to add an acceleration factor to the calculation of the bus voltages.



() Run the same experiment using an acceleration factor a . What happens if you use a = 2?

Exercise 2: When PV buses are present

Use the system below to answer the questions.

o N
&) )

15-35] -10420] -5+15]
Yous =|-10+20] 30-60] -20+40]
~5415] -20+40] 25-55]

[ | [ |
Bus Pgi P 4 Qa; Vsl &; Bus type
1 1.02 0 Slack
2 0.5 1.02 PV
3 1.0 0.6 PO

Source: [3]

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =

load bus.

(b) Determine the bus admittance matrix Y.

(c) Define the voltage vector V4, and initialize the load bus voltages.

(d) Define the vectors for active Py, and reactive @4, power scheduled at the buses.

% Define the active power vector P_sch

% Define the reactive power vector Q sch



(e) Edit the file GaussSei del . m x to calculate the voltage-controlled bus reactive power and voltage
angle.

(f) Calculate the voltages V, in the buses using the GaussSeidel function. Use a tolerance of

€ =107°,

\O

s Define the tolerance

Call the GaussSeidel function using the values defined previously and the
tolerance

o® o°

(g) Calculate the powers P, and Q; in the slack bus.

% Calculate the voltages at the buses using the GaussSeidel function

% Calculate P1 - jQl1

% Calculate active and reactive powers Pl and Q1

(h) Calculate the total transmission losses P, and Q.

% Calculate the voltages at the buses using the GaussSeidel function

% Calculate the losses PL and QL



function V = GaussSeidel(Y, V, P, Q, busTypes, tolerance, acceleration)
% Save results for printing
Viter(:,1) = V;

% Total number of buses
nbuses = size(Y,1);

st=clock; % start the iteration time clock

error=1;
iteration=1;
Vprev=V;

% The algorithm runs until the stop condition is met
while (error > tolerance && iteration < 500)

% Iterate over each bus.
for i=1:nbuses
% If slack bus
if busTypes(i) ==
continue
end

% Calculate the summation term over Vk * Yik

PYV=0;
for k=1l:nbuses
if k ~= 1
% Calculate Vk * Yik and add it to the total
% YOUR ANSWER HERE
end
end

% If bus is PV

if busTypes(i) ==
% Estimate Qi at each iteration for the PV buses
% YOUR ANSWER HERE

end

% Calculate the bus voltage
% YOUR ANSWER HERE

% Calculate the bus voltage considering the acceleration factor
% YOUR ANSWER HERE

% If bus is PV
if busTypes(i) ==
% Calculate the bus voltage for the PV bus
% YOUR ANSWER HERE
end
end



% Tolerance at the current iteration
error = max(abs(abs(V) - abs(Vprev)));

% Save current voltage vector for next iteration
Vprev=V;

% Save results for printing
Viter(:,iteration+1)=V;

% Increment iteration count
iteration = iteration + 1;

end

ste=clock; % end the iteration time clock

%+t Print results 44 R

disp(' Gauss Seidel Load-Flow Study')
disp(' Report of Power Flow Calculations ')
disp(' ")
fprintf( 'Number of iterations : %2 \n', iteration)
fprintf('Solution time : %g sec.\n',etime(ste,st))
disp('Iteration Voltages"')
for i=1:size(Viter,2)

fprintf (' %02d ', i-1)

for k=1:size(Viter,1)

fprintf('%02.3f 2« %02.3f ',abs(Vviter(k,i)), rad2deg(angle(Viter(k,i))))

end

fprintf('\n")
end

end



Laboratory 6: Newton-Raphson and Fast Decoupled methods

Course: EES5030 Energiasiisteemide optimaaljuhtimine

Author: Nathalia Campos

The power flow problem

The Newton-Raphson method calculates the bus voltages in the network using the polar form of the net
active P; and reactive Q; powers transmitted in the grid:

N
P = V%G, + D |VViYylcos(Oy + 8 - 8)
k=1,k+#i

N
Q = -Vi[B, - D |ViViYylsin(0y + 6, - 6)

k=1,k#i
The values of the bus voltages are estimated such as to minimize the power mismatches AP; and AQ;:

AP, = Py~ P,

,sch — Ticalc

AQI' = Qi,sch - Qi,calc

This is achieved by calculating the sensitivity of active and reactive powers in the transmission lines to
changes in the voltage magnitudes and angles. This information is represented by the Jacobian and is
used to make an educated decision on how to correct the voltage guesses.

oP 0P
AP, 08 O|V|| [ A8
[AQJ - |9Q 9Q {AIVJ
a8 d|V|

The Newton-Raphson method
Steps to implement the Newton-Raphson method:
» Step 1: Define the type of each bus (load, voltage-controlled or slack bus) based on the variables
known (|V[, &;, P, @)
Step 2: Build the admittance matrix ¥},

Step 3: Initialize bus voltages (flat start = all voltages at 1.020°)
Step 4: Define scheduled powers P; o, and Q; s,
Step 5: Calculate the net transmitted powers P; .,;c and Q; cqc

N
P = VII2Gi+ D |VViYylcos(Oy + 8, - 8)
k=1,k#i



N
Queatc = ~IViI?By = D [VViYylsin(Oy + 8, - 8)
k=1k#i
where Yy = Gy + jBy and Yy, = Yy |20

Step 6: Calculate the power mismatches AP, and AQ;

AP, = Py~ P,

,sch — Licalc

AQI' = Qi,sch - Qi,calc

* Step 7: Build the Jacobian matrix]
Step 8: Find the vector with magnitude A|V;| and angle A§; corrections:

AS i AP;
LWJ" L@}
» Step 9: Calculate the corrected values for the voltage magnitudes and angles
5 =6+ ns
V[ = W%+ Ay %

Step 10: Check if algorithm converged using |V - V" V| < ¢ and|8" - 6/ V| < ¢

If converged = calculate the power P and Q for the slack bus.

If not converged = repeat Step 5 through 10.

How to build the Jacobian ]

P 0P
[ - {ll ]2} _ |08 a|v]|
s T [9Q 0Q
a8 d|V|

]1 elements

N
aP,
s ) VViYlsin(Oy + 8 - 8)
661' k=1,k+#i

ap; .
6_6]- = _|ViVjYij|Sln(9ij +0;-6)



J> elements

N
oP,
oot = 2[VYilcost, + D [ViYilcos(6y + 6, - 6)
i k=1k=#i
oPp;
T MX}"COS(@U +6;-6)
]
]3 elements
N
90,
282 > VnYidcosBy + 6, - 6)
i k=1k=i
90
6_51- = _|ViVjYij|COS(9ij +6;-6)
]4 elements
99 . ZN: .
ETAN -2|V;Y;sin6;; - | ViYi|sin(8y + & = ;)
i k=1k=i
90,
20 vy, lsin(6, + 6, - &)
]
Exercise 1

Use the system below to answer the questions. Assume that S, = 100MVA and note that the active

P,, and reactive Q,, power in p.u. can be obtained using

_ Py _ Qmvar
Ppu = and qu ==
base, MVA Sbase,M VA




Line Z = 0.1j

One 1.000 pu TWo —————  1.000 pu
n
0 MW 200 MW
0 MVR 100 MVR

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =
load bus.

bus types = [1; 31;

(b) Determine the bus admittance matrix Y.

% Define the diagonal elements of Ybus

yll = 1/0.1j;

y22 = yll;

% Define the off-diagonal elements of Ybus
yl2 = -1/0.1j;

y21 = yl2;

% Define the admittance matrix Ybus using the elements calculated above
Ybus = [yll y12; y21 y22];

(c) Define the voltage vector V;. and initialize the bus voltages.
Vinit = [1; 1];
(d) Define the vectors for active P, and reactive Q.4 power scheduled at the buses.

% Define the active power vector P_sch
sch = [inf; -200/100];

| o

% Define the reactive power vector Q sch
Q sch = [inf; -100/100];

(e) Edit the file Newt onRaphson. ml x to calculate the bus voltages.

(f) Calculate the voltages 1, in the buses using the Newt onRaphson function. Use a tolerance of
€ =10"",

% Define the tolerance
tolerance = le-12;

% Call the NewtonRaphson function using the values defined previously and the
% tolerance
NewtonRaphson(Ybus, Vinit, P _sch, Q sch, bus types, tolerance);



deltaP

0 -2.0000
deltaQ =
0 -1
Jl =10
J2 = 1.8370e-15
J3 = 6.1232e-16
J4 =10

Unrecognized function or variable 'corrections'.

Error in NewtonRaphson (line 227)
corrections

(9) Repeat the calculation with the GaussSei del function from the previous lab using the same
parameters. Are there any noticeable diferences?

The Fast Decoupled method

Simplifications:

Strong relationship between AS — AP and A|V| — AQ. This implies J, = 0 and J5 = 0.

Small angle difference between buses,§; ~ &;

In a transmission line,R << X

The corrections vector is then written as:
[A8] =J,7'[AP]

[AlV]] =1,1[AQ]

How to build the Jacobian ]

= 0
J - {h, 0} _ |98
0 LI |, 09
olvl
]1 elements
in = ‘|Lﬁ‘2£%

aé



i

— = _|V.V|B;
]4 elements

aoQ;

—~< - _|VIB.

a‘/l | l| 11

aoQ;

=i _ _|VI|B.
Exercise 2

Use the system below to answer the questions. Assume that S,,. = 100MVA and the values provided
for the transmission lines are impedances.

: 0.02 + j0.04 A
—— 400
O- -
0.01 + j0.03 0.0125 + j0.025 |—f—- 250
Mvar
Slack Bus 3
Vi = 1.05£0°
200 | V3 |=1.04
MW

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =
load bus.

(b) Determine the bus admittance matrix Y.

% Define the diagonal elements of Ybus

% Define the off-diagonal elements of Ybus

% Define the admittance matrix Ybus using the elements calculated above

(c) Define the voltage vector Vi,;; and initialize the bus voltages.



(d) Define the vectors for active Py, and reactive @4, power scheduled at the buses.

% Define the active power vector P_sch

% Define the reactive power vector Q sch

(e) Save the Newt onRaphson. m x file as Fast Decoupl ed. ml x and implement the necessary
changes to calculate the bus voltages using the Fast Decoupled method.

(f) Calculate the voltages 1, in the buses using the Fast Decoupl ed function. Use a tolerance of

€ =102,

(g) Compare the results with the output from the Newt onRaphson function.

(h) Determine the current in each transmission line. Please remember that the current between buses i
and j flowing in a transmission line having an impedance Z;,. is given by

~—L= (Vi = V). Yine
Zline ( ]) :

% Calculate the current for each line

% Create a column vector Ilines with the line currents

(i) Determine the loading factor for each line. Are any of the lines overloaded? Please note that the
loading factor is given by

I

rating

Loading =

Loading, % = Loading x 100

% Current ratings for each line in p.u.

Iratingl2 = 2;
Iratingl3 = 2;
Irating23 = 2;

Create a column vector Irating with the line ratings
Follow the same order as Ilines

%
[
)

% Calculate the loading



(1) Assuming all voltages must be between 0.95 and 1.10 p.u., determine whether the system has any
high or low voltage buses.



function V = NewtonRaphson(Y, V, P, Q, busTypes, tolerance)
DEBUG = true;

% Save results for printing
Viter(:,1) = V;

% Total number of buses
nbuses = size(Y,1);
w=0;
u=0;
for k=2:nbuses % total no of PV busses
if busTypes(k)==2
w=w+1;
end
end
for k=2:nbuses % total no of PQ busses
if busTypes(k)==
u=u+l;
end
end

st=clock; % start the iteration time clock

error=1;
iteration=1;
Vprev=V;

% The algorithm runs until the stop condition is met
while (error > tolerance && iteration < 500)

for i = 2:nbuses
WY = 0;
for k = 1:nbuses
if i~=k
% Calculate the VVY product
% YOUR ANSWER HERE
end
end

% Calculate Pcalc(i)
% YOUR ANSWER HERE

% Calculate the power mismatch deltaP(i)
% YOUR ANSWER HERE

end



if (iteration == 1 && DEBUG)
deltaP
end

for i = 2:nbuses
WY = 0;
for k = 1:nbuses
if i~=k
% Calculate the VVY product
% YOUR ANSWER HERE
end
end

% Calculate Qcalc(i)
% YOUR ANSWER HERE

% Calculate the power mismatch deltaQ(i)
% YOUR ANSWER HERE
end

if (iteration == 1 && DEBUG)
deltaQ
end

mismatches = [deltaP(2:end) deltaQ(2:end)];

Jl=zeros(nbuses-1,nbuses-1);
J2=zeros(nbuses-1,u);
J3=zeros(u,nbuses-1);
J4=zeros(u,u);

for i=2:nbuses
for j=2:nbuses
% Off-diagonal elements
if i~=j
% Calculate the element J1(i-1,3j-1)
% YOUR ANSWER HERE
end

% Diagonal elements
VVY=0;
if i==j



for k=1:nbuses
if k~=1i
% Calculate the VY product
% YOUR ANSWER HERE
end
end
% Calculate the element J1(i-1,j-1)
% YOUR ANSWER HERE
end
end
end

if (iteration == 1 && DEBUG)
Ji
end

for i=2:nbuses
for j=2:nbuses
% Off-diagonal elements
if i~=j
% Calculate the element J2(i-1,3j-1)
% YOUR ANSWER HERE
end

% Diagonal elements
VY=0;
if i==j
for k=1:nbuses
if k~=1i
% Calculate the VY product
% YOUR ANSWER HERE
end
end
% Calculate the element J2(i-1,j-1)
% YOUR ANSWER HERE
end
end
end

if (iteration == 1 && DEBUG)
J2
end

for i=2:nbuses



for j=2:nbuses

% Off-diagonal elements

if i~=j
% Calculate the element J3(i-1,j-1)
% YOUR ANSWER HERE

end

% Diagonal elements
VWY=0;
if i==j
for k=1:nbuses
if k~=1i
% Calculate the VY product
% YOUR ANSWER HERE
end
end
% Calculate the element J3(i-1,j-1)
% YOUR ANSWER HERE
end
end
end

if (iteration == 1 && DEBUG)
J3
end

for i=2:nbuses

for j=2:nbuses-w
% Off-diagonal elements
if i~=j
% Calculate the element J4(i-1,j-1)
% YOUR ANSWER HERE
end

% Diagonal elements
VY=0;
if i==j
for k=1:nbuses
if k~=1i
% Calculate the VY product
% YOUR ANSWER HERE
end
end

end



end

% Calculate the element J4(i-1,j-1)
% YOUR ANSWER HERE
end
end

if (iteration == 1 && DEBUG)
J4
end

J = [J1 32; 33 14];

% Calculate the corrections vector corrections
% YOUR ANSWER HERE

if (iteration == 1 && DEBUG)
corrections
end

for k=2:nbuses
new_angle = angle(V(k)) + corrections(k-1);
V(k) = abs(V(k))*exp(new_angle*1j);

end

for k=2:nbuses

new_mag = abs(V(k)) + corrections(nbuses-2+k);

V(k) = new_mag*exp(angle(V(k))*1j);

% Tolerance at the current iteration

error_mag = max(abs(abs(V) - abs(Vprev)));
error_angle = max(abs(angle(V) - angle(Vprev)));
error = max(error_mag, error_angle);

% Save current voltage vector for next iteration
Vprev=V;

% Save results for printing
Viter(:,iteration+1)=V;

% Increment iteration count
iteration=iteration+1;



ste=clock; % end the iteration time clock

% +++++++++++++++++HHHH+ Print results bbb

disp("’ Newton-Raphson Load-Flow Study')
disp(' Report of Power Flow Calculations ')
disp(" ")
fprintf( 'Number of iterations : %2 \n', iteration)
fprintf('Solution time : %g sec.\n',etime(ste,st))
disp('Iteration Voltages')
for i=1:size(Viter,2)

fprintf (' %02d ', i-1)

for k=1:size(Viter,1)

fprintf('%02.3f 2« %02.3f ',abs(viter(k,i)), rad2deg(angle(Viter(k,i))))

end

fprintf('\n")
end

end

Reference: Hafiz Kashif Khaleel (2022). Newton Raphson Power Flow Solution using
MATLAB (https://www.mathworks.com/matlabcentral/fileexchange/26391-newton-raphson-power-flow-solution-
using-matlab), MATLAB Central File Exchange. Retrieved September 26, 2022.
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Peatukk 4

MATLAB ilesannete lahendused

Jargnevalt on esitatud peatiikis E esitatud MATLAB iilesannete lahendused. Esmalt maatriks-
arvutuse ja juhtivusmaatriksi koostamise teemaliste iilesannete. Seejérel piisitalitluse arvutused
Gauss-Seideli, Newton-Raphsoni ja kiire 16hestusmeetodiga.
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Laboratory 2: Network matrix and calculations

Course: EES5030 Energiasiisteemide optimaaljuhtimine

Author: Nathalia Campos
Representing vectors and matrices in MATLAB

Vectors

Use the row and column vectors below to complete the tutorial.

View=11 2 3 4 5]

%4

column —

Ul o W N =

% Define the row vector by separating each column with a space or a comma (,)
v.row = [1 2 3 4 5],

v row alt = [1, 2, 3, 4, 5];

% Define the column vector by separating each line with a semicolon (;)
v_column = [1; 2; 3; 4; 5];

% Transpose a vector. The row vector becomes a column vector, and vice versa
v_transposed = v_row.';
v_transposed alt = transpose(v_row);

% Create a regularly spaced row vector. This notation is used in for loops to create an index
_row = 1:5;

c

% Access the third element of the vectors
V_row3 = v _row(3);
v_column3 = v_column(3);

Matrices

Use the matrix M defined below to complete the tutorial.

1 2 3
M=14 56
7 8 9
% Define the matrix using a semicolon (;) to separate rows
M=1[123; 456; 7 8 9];
% Access the element m23 of the matrix
m23 = M(2,3);

% Access column 2 of the matrix



m column = M(:,2);

Matrix operations

Use the matrices M;and M, below to complete the tutorial.

M, = [ }
T3 4
M, = [ }
, =
Matrix multiplication

{al bl} [az bz] {ala2 + b,c, ab, + bldg]

q d ¢ d, aa, +dic, ¢b, +dd,

Array multiplication

Element-wise multiplication.
a, by a, b, aa, bb,
6 d . ¢ d B ac did,
Define both matrices

[12; 3 4];
[12;12];

N
nn

and subtract the matrices
M1 + M2;
M1 - M2;

0w o >
c oo
o Qo
I

% Multiply M1 by M2
M mult = M1*M2;

% Multiply all elements of M1 by 10
M mult scalar = M1*10;

% Multiply M1 by M2 element-wise
M elem = M1.*M2;

% Calculate the inverse of M1
M inv = inv(M1);

Bus admittance matrix



How to build ¥

» Step 1: Assign numbers to each bus. A bus is where two or more elements connect. Bus 0 should be
the reference.

Step 2: Create a n x n matrix, where n is the number of buses (leaving out the reference bus).

Step 3: Calculate the diagonal elements Yj;. Y; is the sum of the admittances connected to node i .
Step 4: Calculate the off-diagonal elements Y;. Y is the negative sum of the admittances connected
between nodes I and j.

Example

Calculate the bus admittance matrix for the system below and create the matrix using MATLAB.

14
| ‘ ‘
Reference
Ybus

® @ ©) @
O+ v+ Yy) ~Y, -, —Y
@ —Y (Yp + Yy +Y,) -1 -
® ~Y, =Y, (Yo + ¥y + Y0 0
@ -—Y}- ___Yc 0 (};+Y)‘+ Yg)

Source: [1]

% Numeric values for the admittances
Ya = 1.25j; Yb = 0.5j; Yc = 0.2]; Yd = 1j; Ye = 0.4]; Yf = 0.8j; Yg = 0.55;

% Define the admittance matrix Ybus
Ybus = [(Yc+Yd+Yf) -Yd -Yc -Yf;



-Yd (Yb+Yd+Ye) -Yb -Ye;
-Yc -Yb (Ya+Yb+Yc) 0;
-Yf -Ye 0 (Ye+Yf+Yg)];

Impedance matrix

The impedance matrix Z,,; can be calculated from the bus admittance matrix as

Zbus = Y_l

bus

% Calculate Zbus from Ybus
Zbus = inv(Ybus);

Network solution

The network equation is written as

The voltages at the buses of the system can be obtained using by solving for V;

Vbus = Y_l

bus

' Ibus or Vbus = Zbus ' Ibus
L, is computed by writing the current injections in each bus, where [; is the current injected into bus J.

% Numeric values for the currents
-1.6j;
0.6 - 1j;

I3
I4
Define the current vector Ibus

Ibus = [0; 0; I3; I41;

% Calculate the bus voltage vector Vbus
Vbus = Zbus*Ibus; % Alternatively, Vbus = Ybus\Ibus;

Exercise

In the system below, the voltages and impedances are given in per unit. Based on this system, answer
the following questions.



@ j0o5 @
| s

j0.2 L
704
jos8 T, j1.0
12840° j2.0 @ 1.20/30°

(a) Determine the bus admittance matrix Y;,. Please remember the relationship between the

Source: [1]

admittance Y and the impedance Z:

N[~

% Define the diagonal elements of Ybus

yll = 1/0.8j + 1/0.2j + 1/0.5j;

y22 = 1/0.5j + 1/0.4j + 1/1j;

y33 = 1/0.2j + 1/0.4j + 1/2j;

% Define the off-diagonal elements of Ybus
yl2 = -1/0.5j;

y21 = y12;

yl3 = -1/0.2j;

y31l = yl13;

y23 = -1/0.4j;

y32 = y23;

% Define the admittance matrix Ybus using the elements calculated above
Ybus = [yll yl12 yl13; y21 y22 y23; y31 y32 y33];

(b) Determine the bus impedance matrix Z,.
Zbus = inv(Ybus);

(c) Determine the voltage in all buses of the system. Please remember that in order to obtain the current
injection vector I, you must convert the voltage sources into current sources using Norton's theorem

Ry
—————o—o04 —l:ll—OA
Ly Vi
+
® =0
L——— o908 L oB

Source: [2]



V
where [, = =2 andR,, = Ry,
Ry,

Define the voltage sources at buses 1 and 2
= 1.28;
= 1.20*exp(deg2rad(30)*1j);

< < o°

1
2

Define the equivalent current sources at buses 1 and 2 using Norton's
theorem

V1/0.8j;

V2/1j;

H H o° o°

1
2
% Define the current injection vector Ibus

Ibus = [I1; I2; 0];

% Calculate the bus voltage vector Vbus
Vbus = Zbus*Ibus; % Alternatively, Vbus = Ybus\Ibus;

(d) Calculate the complex power S supplied by each generator. Please remember that

VZ
S=V-I*=u=\1|2-Z
Z*

S1
S2

V1*conj((V1-Vbus(1))/0.8j);
V2*conj ((V2-Vbus(2))/1j);



Laboratory 4: The Gauss-Seidel method (Cont.)

Course: EES5030 Energiasiisteemide optimaaljuhtimine

Author: Nathalia Campos

The power flow problem

The power flow equations are

N
P - jQ = VD VY

P =

k=1
Pgr’ - Pdi
Q = Qgi - Qui

Bus types are defined according to the quantities (|V;|, &;, P;, @) specified for each bus, according to

the table below.

No. of
Quantities available No. of &,, |V;]
Bus type No. of buses specified equalions state variables
Slack:i =1 ] S, 1V, 0 0
Voltage controlicd
H] s
(i=2.. N, +1) Ny oVl Ny Ny
Load
- - —_— — — -
(=N +2...N) N=N=1 2.0  AN-N-D AN-N - D
Totals N IN N - N, -2 IN =N, -2

Source: [1]

Gauss-Seidel method

» Step 1: Define the type of each bus (load, voltage-controlled or slack bus) based on the variables

known (|Vi|, 6;, P, @)

* Step 2: Build the admittance matrix Y},

Step 3: Initialize load bus voltages (flat start = all voltages at 1. 020%)

Step 5: For each bus 1,

If i is slack bus, do nothing.

Step 4: Define scheduled powers P; g, and Q; s,



If i is load bus, calculate the voltage magnitude |V;| and angle §; using:

1 i,sch ]QI ,sch -
Vi(r) = —{ (r-1)= {Z YaV k "+ Z YikVI((r 1)}}

Y V;
where P, = Py — Py and Qi gen = Qgi = Qui-
If using an acceleration factor «a, then

V(r) VI'(r_l) + a(v[(’”) _ Vl'(r_l))

L,acc

If i is voltage-controlled bus, calculate the reactive power @Q; and voltage angle 6; using:

Q" - —Im{V“ v [Z vy + Z A “}}

1 n = J4; -1
o = fe [t S v - 3 v

Y
If Ql.(” < Qi min» SEt Qi(r) = (; min and treat the bus as a load bus.
If Q" > Qx> St Q" = Q; .y and treat the bus as a load bus.
Step 6: Check if algorithm converged using |V,” - V" "] < & and |6\ -6/ ""| < ¢

If converged = calculate the power P and Q for the slack bus.

If not converged = repeat Steps 5 and 6.

Exercise 1: When PV buses are absent

Use the system below to answer the questions.

(ad
L



3-9] -2+6j -1+3j 0
—2+6j 3.66-11 -0.66+2j -1+3j

Y —
bus = 1_1+3j -0.66+2j 3.66-11] -2+6j
0 -1+3j -2+6j 3-9j
Bus Pg; Qa; V] 5; Bus type
1 1.04 0° Slack
2 0.5 0.2 PQ
3 0.1 0.5 PQ
4 0.3 0.1 PQ
Source: [2]

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =
load bus.

bus types = [1; 3; 3; 31;
(b) Determine the bus admittance matrix Y.

Ybus = [3-9] -2+6j -1+3j O;
-2+6j 3.66-11j -0.66+2j -1+3j;
-1+3j -0.66+2j 3.66-11j -2+6j;
0 -1+3j -2+6j 3-9j1;

(c) Define the voltage vector V4, and initialize the load bus voltages.
Vinit = [1.04; 1; 1; 11;
(d) Define the vectors for active Py, and reactive ¢4, power scheduled at the buses.

% Define the active power vector P_sch
sch = [inf; -0.5; 0.1; -0.3];

o

% Define the reactive power vector Q sch
Q sch = [inf; 0.2; -0.5; 0.1];

(e) Edit the file GaussSei del . m x to calculate the load bus voltages.

(f) Calculate the voltages V; in the buses using the GaussSeidel function. Use a tolerance of
£ =107,

% Define the tolerance
tolerance = le-6;

% Call the GaussSeidel function using the values defined previously and the
% tolerance



GaussSeidel(Ybus, Vinit, P_sch, Q _sch, bus types, tolerance, 1);

(9) Use the voltages vector ;s below to initialize the load bus voltages. Using the same tolerance as
before, what happens to the results?

% Initial voltage guesses
Vinit alt = [1.04; 4; 2; 3];

% Call the GaussSeidel function
GaussSeidel(Ybus, Vinit alt, P_sch, Q sch, bus types, tolerance, 1);

(h) How many iterations the method takes to converge if you use a tolerance of € = 10732 Repeat the
analysis for £ = 107°.

% Call the GaussSeidel function with tolerance value le-3
GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, 1le-3, 1);

% Call the GaussSeidel function with tolerance value le-9
GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, 1le-9, 1);

(i) Calculate the powers P, and Q; in the slack bus. Please note that the power injected at bus 1 is
given by

N
P - O, = Vi D VY
k=1

% Calculate the voltages at the buses using the GaussSeidel function
Vbus = GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, le-9, 1);
% Calculate P1 - jQ1

S1 = conj(Vbus(1l))*Ybus(1,:)*Vbus;

% Calculate active and reactive powers P1 and Q1
Pl = real(S1)
Q1 = -imag(S1)

() Calculate the total transmission losses. Please note that the transmission losses P, and @, is given
by

N N N
PL:;B:;Pgi—Z;Pm
N N N
QL—Z_;QI-:Z;QW—;%

% Calculate the voltages at the buses using the GaussSeidel function
Vbus = GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, le-9, 1);
% Calculate the total power loss

PL = 0;

QL = 0;

for i = 1:4
S = conj(Vbus(i))*Ybus(i,:)*Vbus;
P = real(S);



Alternative solution using matrices instead of a for loop
= transpose(conj(Vbus))*Ybus*Vbus;
real(S);

S
PL =
QL = -imag(S);

(k) Edit the file GaussSei del . il x to add an acceleration factor to the calculation of the bus voltages.

(I) Run the same experiment using an acceleration factor « . What happens if you use a = 2?

GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, le-6, 2);

Exercise 2: When PV buses are present

Use the system below to answer the questions.

N Fr
) )
15-35] -10420j -5+15]
Yous =|~10420] 30-60] -20+40]
5415] -20440] 25-55]
Bus P, Pg; Qi 1A &; Bus type
1 1.02 e Slack
2 0.5 1.02 PV
3 1.0 0.6 PO

Source: [3]

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =
load bus.

bus types = [1; 2; 31;

(b) Determine the bus admittance matrix Y.

Ybus = [15-35] -10+20j -5+15j;
-10+20j 30-60j -20+407;
-5+15j -20+40j 25-55j1;



(c) Define the voltage vector ;s and initialize the load bus voltages.

Vinit = [1.2; 1.2; 1];

(d) Define the vectors for active P, and reactive Q.4 power scheduled at the buses.

% Define the active power vector P _sch
P sch = [inf; 0.5; -11;

% Define the reactive power vector Q sch
Q sch = [inf; 0; -0.6];

(e) Edit the file GaussSei del . m x to calculate the voltage-controlled bus reactive power and voltage
angle.

(f) Calculate the voltages 14, in the buses using the GaussSeidel function. Use a tolerance of
=107,

% Define the tolerance
tolerance = le-6;

% Call the GaussSeidel function using the values defined previously and the
% tolerance
GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, le-6, 1.2);

(g) Calculate the powers P; and Q; in the slack bus.

% Calculate the voltages at the buses using the GaussSeidel function
Vbus = GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, le-9, 1);

% Calculate P1 - jQl
S1 = conj(Vbus(1))*Ybus(1,:)*Vbus;

% Calculate active and reactive powers Pl and Q1
P1 = real(S1)

Q1 = -imag(S1)

(h) Calculate the total transmission losses P, and Q.

% Calculate the voltages at the buses using the GaussSeidel function
Vbus = GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, 1le-9, 1);

% Calculate the loss PL
= transpose(conj(Vbus))*Ybus*Vbus;
real(S)

S
P
Q -imag(S)

L
L



function V = GaussSeidel(Y, V, P, Q, busTypes, tolerance, acceleration)
% Save results for printing
Viter(:,1) = V;

% Total number of buses
nbuses = size(Y,1);

tStart=tic; % start the iteration time clock

error=1;
iteration=1;
Vprev=V;

% The algorithm runs until the stop condition is met
while (error > tolerance && iteration < 500)

% Iterate over each bus.
for i=1:nbuses
% If slack bus
if busTypes(i) ==
continue
end

% Calculate the summation term over Vk * Yik

PYV=0;
for k=1l:nbuses
if k ~= 1
% Calculate Vk * Yik and add it to the total
PYV = PYV + Y(i,k)* V(k);
end
end

% If bus is PV
if busTypes(i) == 2
% Estimate Qi at each iteration for the PV buses
Q(i) = -imag(conj(V(i))*(PYV + Y(i,1)*V(i)));
end

% Calculate the bus voltage
V(1) = (1/Y(i,1))*((P(1)-13*Q(1))/conj(V(1))-PYV);

% Calculate the bus voltage considering the acceleration factor
V(i) = Vprev(i) + acceleration*(V(i) - Vprev(i));

% If bus is PV
if busTypes(i) ==
% Calculate the bus voltage for the PV bus
V(i) = abs(Vprev(i))*exp(angle(V(i))*1j);
end
end



% Tolerance at the current iteration

error_mag = max(abs(abs(V) - abs(Vprev)));
error_angle = max(abs(angle(V) - angle(Vprev)));
error = max(error_mag, error_angle);

% Save current voltage vector for next iteration
Vprev=V;

% Save results for printing
Viter(:,iteration+1)=V;

% Increment iteration count
iteration = iteration + 1;

end

% ++++++++tttrr e Print results 44 A

disp(' Gauss Seidel Load-Flow Study')
disp(' Report of Power Flow Calculations ')
disp(" ")
fprintf('Number of iterations : %g \n', iteration)
fprintf('Solution time : %02.5g sec.\n',toc(tStart))
disp('Iteration Voltages"')
for i=1:size(Viter,2)

fprintf (' %02d ', i-1)

for k=1:size(Viter,1)

fprintf('%02.3f 2« %02.3f ',abs(Viter(k,i)), rad2deg(angle(Viter(k,i))))

end

fprintf('\n")
end

end



Laboratory 6: Newton-Raphson and Fast Decoupled methods

Course: EES5030 Energiasiisteemide optimaaljuhtimine

Author: Nathalia Campos

The power flow problem

The Newton-Raphson method calculates the bus voltages in the network using the polar form of the net
active P; and reactive Q; powers transmitted in the grid:

N
P = V%G, + D |VViYylcos(Oy + 8 - 8)
k=1,k+#i

N
Q = -Vi[B, - D |ViViYylsin(0y + 6, - 6)

k=1,k#i
The values of the bus voltages are estimated such as to minimize the power mismatches AP; and AQ;:

AP, = Py~ P,

,sch — Ticalc

AQI' = Qi,sch - Qi,calc

This is achieved by calculating the sensitivity of active and reactive powers in the transmission lines to
changes in the voltage magnitudes and angles. This information is represented by the Jacobian and is
used to make an educated decision on how to correct the voltage guesses.

oP 0P
AP, 08 O|V|| [ A8
[AQJ - |9Q 9Q {AIVJ
a8 d|V|

The Newton-Raphson method
Steps to implement the Newton-Raphson method:
» Step 1: Define the type of each bus (load, voltage-controlled or slack bus) based on the variables
known (|V[, &;, P, @)
Step 2: Build the admittance matrix ¥},

Step 3: Initialize bus voltages (flat start = all voltages at 1.020°)
Step 4: Define scheduled powers P; o, and Q; s,
Step 5: Calculate the net transmitted powers P; .,;c and Q; cqc

N
P = VII2Gi+ D |VViYylcos(Oy + 8, - 8)
k=1,k#i



N
Queatc = ~IViI?By = D [VViYylsin(Oy + 8, - 8)
k=1k#i
where Yy = Gy + jBy and Yy, = Yy |20

Step 6: Calculate the power mismatches AP, and AQ;

AP, = Py~ P,

,sch — Licalc

AQI' = Qi,sch - Qi,calc

* Step 7: Build the Jacobian matrix]
Step 8: Find the vector with magnitude A|V;| and angle A§; corrections:

AS i AP;
LWJ" L@}
» Step 9: Calculate the corrected values for the voltage magnitudes and angles
5 =6+ ns
V[ = W%+ Ay %

Step 10: Check if algorithm converged using |V - V" V| < ¢ and|8" - 6/ V| < ¢

If converged = calculate the power P and Q for the slack bus.

If not converged = repeat Step 5 through 10.

How to build the Jacobian ]

P 0P
[ - {ll ]2} _ |08 a|v]|
s T [9Q 0Q
a8 d|V|

]1 elements

N
aP,
s ) VViYlsin(Oy + 8 - 8)
661' k=1,k+#i

ap; .
6_6]- = _|ViVjYij|Sln(9ij +0;-6)



J> elements

N
oP,
oot = 2[VYilcost, + D [ViYilcos(6y + 6, - 6)
i k=1k=#i
oPp;
T MX}"COS(@U +6;-6)
]
]3 elements
N
90,
282 > VnYidcosBy + 6, - 6)
i k=1k=i
90
6_51- = _|ViVjYij|COS(9ij +6;-6)
]4 elements
99 . ZN: .
ETAN -2|V;Y;sin6;; - | ViYi|sin(8y + & = ;)
i k=1k=i
90,
20 vy, lsin(6, + 6, - &)
]
Exercise 1

Use the system below to answer the questions. Assume that S, = 100MVA and note that the active

P,, and reactive Q,, power in p.u. can be obtained using

_ Py _ Qmvar
Ppu = and qu ==
base, MVA Sbase,M VA




Line Z = 0.1j

One 1.000 pu TWo —————  1.000 pu
n
0 MW 200 MW
0 MVR 100 MVR

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =
load bus.

bus types = [1; 31;

(b) Determine the bus admittance matrix Y.

% Define the diagonal elements of Ybus

yll = 1/0.1j;

y22 = yll;

% Define the off-diagonal elements of Ybus
yl2 = -1/0.1j;

y21 = yl2;

% Define the admittance matrix Ybus using the elements calculated above
Ybus = [y1ll y12; y21 y22];

(c) Define the voltage vector V;. and initialize the bus voltages.
Vinit = [1; 1];
(d) Define the vectors for active P, and reactive Q.4 power scheduled at the buses.

% Define the active power vector P_sch
sch = [inf; -200/100];

| o

% Define the reactive power vector Q sch
Q sch = [inf; -100/100];

(e) Edit the file Newt onRaphson. ml x to calculate the bus voltages.

(f) Calculate the voltages 1, in the buses using the Newt onRaphson function. Use a tolerance of
€ =10"",

% Define the tolerance
tolerance = le-12;

% Call the NewtonRaphson function using the values defined previously and the
% tolerance



NewtonRaphson(Ybus, Vinit, P sch, Q sch, bus types, tolerance);

Newton-Raphson Load-Flow Study
Report of Power Flow Calculations

Number of iterations 7

Solution time : 0.0048556 sec.

Iteration Voltages
00 1.000 ~ 0.000 1.000 ~ 0.000
01 1.000 ~ 0.000 0.900 ~ -11.459
02 1.000 ~ 0.000 0.859 ~ -13.370
03 1.000 ~ 0.000 0.855 ~ -13.521
04 1.000 ~ 0.000 0.855 ~ -13.522
05 1.000 ~ 0.000 0.855 ~ -13.522
06 1.000 ~ 0.000 0.855 ~ -13.522

(9) Repeat the calculation with the GaussSei del function from the previous lab using the same
parameters. Are there any noticeable diferences?

GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, tolerance, 1);

Gauss Seidel Load-Flow Study
Report of Power Flow Calculations

Number of iterations 1 24

Solution time : 0.0013422 sec.

Iteration Voltages
00 1.000 ~ 0.000 1.000 ~ 0.000
01 1.000 ~ 0.000 0.922 ~ -12.529
02 1.000 ~ 0.000 0.868 ~ -12.529
03 1.000 ~ 0.000 0.861 ~ -13.431
04 1.000 ~ 0.000 0.857 ~ -13.431
05 1.000 ~ 0.000 0.856 ~ -13.513
06 1.000 ~ 0.000 0.855 ~ -13.513
07 1.000 ~ 0.000 0.855 ~ -13.521
08 1.000 ~ 0.000 0.855 ~ -13.521
09 1.000 ~ 0.000 0.855 ~ -13.522
10 1.000 ~ 0.000 0.855 ~ -13.522
11 1.000 ~ 0.000 0.855 ~ -13.522
12 1.000 ~ 0.000 0.855 ~ -13.522
13 1.000 ~ 0.000 0.855 ~ -13.522
14 1.000 ~ 0.000 0.855 ~ -13.522
15 1.000 ~ 0.000 0.855 ~ -13.522
16 1.000 ~ 0.000 0.855 ~ -13.522
17 1.000 ~ 0.000 0.855 ~ -13.522
18 1.000 ~ 0.000 0.855 ~ -13.522
19 1.000 ~ 0.000 0.855 ~ -13.522
20 1.000 ~ 0.000 0.855 ~ -13.522
21 1.000 ~ 0.000 0.855 ~ -13.522
22 1.000 ~ 0.000 0.855 ~ -13.522
23 1.000 ~ 0.000 0.855 ~ -13.522

The Fast Decoupled method

Simplifications:

Strong relationship between A — AP and A|V| — AQ. This implies J, = 0 and J; = 0.

Small angle difference between buses,SJ- = §;



In a transmission line,R << X

The corrections vector is then written as:
[A8] =J,7'[AP]

[AlV]] =), [AQ]

How to build the Jacobian ]

JdP
— 0
j = {]1 0} _ |98
0 I |, 2Q
olvl
]1 elements
ap _ 2
35, - \Vi|*B,
% _ yvs
as;, 1
]4 elements
90,
O_V,- - |VI|B11
90
O_Vj | V| By
Exercise 2

Use the system below to answer the questions. Assume that S, = 100MVA.



ﬂﬂﬂ-kigpi B
L 1]
O &
0,01 + 50003 0.0125 4+ 70025 |—— 2560
Mvar

Slack Bus 3

Vi = 1.06407 T
200 | Vg |=1.04
MW

(a) Define a vector of bus types. Use the following code: 1 = slack bus, 2 = voltage-controlled bus, 3 =
load bus.

bus types = [1; 3; 2];

(b) Determine the bus admittance matrix Y.

y tl12 = 1/(0.02+0.04]);
y t123 = 1/(0.0125+0.025]);
y tl13 = 1/(0.01+0.03j);

% Define the diagonal elements of Ybus
yll =y t112 + y t113;
y22 =y t123 + y tl12;

y33 =y t123 + y tl113;

% Define the off-diagonal elements of Ybus
yl2 = -y tl112;

y21 = yl12;

yl3 = -y t113;

y31l = yl13;

y23 = -y t123;

y32 = y23;

% Define the admittance matrix Ybus using the elements calculated above
Ybus = [yll y12 y13; y21 y22 y23; y31 y32 y33];

(c) Define the voltage vector Vi,;; and initialize the bus voltages.

Vinit = [1.05; 1; 1.04];

(d) Define the vectors for active P, and reactive Q.4 power scheduled at the buses.

% Define the active power vector P sch
P sch = [inf; -400/100; 200/100];

% Define the reactive power vector Q sch
Q sch = [inf; -250/100; 0];

(e) Save the Newt onRaphson. m x file as Fast Decoupl ed. ml x and implement the necessary
changes to calculate the bus voltages using the Fast Decoupled method.



(f) Calculate the voltages 1, in the buses using the Fast Decoupl ed function. Use a tolerance of
€ =10"",

FastDecoupled(Ybus, Vinit, P _sch, Q sch, bus types, tolerance);

Fast Decoupled Load-Flow Study
Report of Power Flow Calculations

Number of iterations . 37

Solution time : 0.0025364 sec.

Iteration Voltages
00 1.050 ~ 0.000 1.000 ~ 0.000 1.040 ~ 0.000
01 1.050 ~ 0.000 0.996 ~ -3.465 1.040 ~ -0.491
02 1.050 ~ 0.000 0.965 ~ -3.236 1.040 ~ -0.458
03 1.050 ~ 0.000 0.966 ~ -2.504 1.040 ~ -0.497
04 1.050 ~ 0.000 0.973 ~ -2.571 1.040 ~ -0.515
05 1.050 ~ 0.000 0.973 ~ -2.742 1.040 ~ -0.499
06 1.050 ~ 0.000 0.971 ~ -2.727 1.040 ~ -0.495
07 1.050 ~ 0.000 0.971 ~ -2.686 1.040 ~ -0.499
08 1.050 ~ 0.000 0.972 ~ -2.689 1.040 ~ -0.500
09 1.050 ~ 0.000 0.972 ~ -2.699 1.040 ~ -0.499
10 1.050 ~ 0.000 0.972 ~ -2.698 1.040 ~ -0.499
11 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
12 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
13 1.050 ~ 0.000 0.972 ~ -2.697 1.040 ~ -0.499
14 1.050 ~ 0.000 0.972 ~ -2.697 1.040 ~ -0.499
15 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
16 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
17 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
18 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
19 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
20 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
21 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
22 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
23 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
24 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
25 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
26 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
27 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
28 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
29 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
30 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
31 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
32 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
33 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
34 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
35 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
36 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499

(g) Compare the results with the outputs from the GaussSei del and Newt onRaphson functions.

Vbus = NewtonRaphson(Ybus, Vinit, P _sch, Q sch, bus types, tolerance);

Newton-Raphson Load-Flow Study
Report of Power Flow Calculations

Number of iterations 6

Solution time 1 0.012734 sec.

Iteration Voltages
00 1.050 ~ 0.000 1.000 ~ 0.000 1.040 ~ 0.000
01 1.050 ~ 0.000 0.973 ~ -2.593 1.040 ~ -0.442
02 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499

03 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499



04 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
05 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499

GaussSeidel(Ybus, Vinit, P_sch, Q sch, bus types, tolerance, 1);

Gauss Seidel Load-Flow Study
Report of Power Flow Calculations

Number of iterations 1 28

Solution time : 0.0010912 sec.

Iteration Voltages
00 1.050 ~ 0.000 1.000 ~ 0.000 1.040 ~ 0.000
01 1.050 ~ 0.000 0.976 ~ -2.486 1.040 ~ -0.285
02 1.050 ~ 0.000 0.972 ~ -2.561 1.040 ~ -0.403
03 1.050 ~ 0.000 0.972 ~ -2.642 1.040 ~ -0.459
04 1.050 ~ 0.000 0.972 ~ -2.674 1.040 ~ -0.482
05 1.050 ~ 0.000 0.972 ~ -2.687 1.040 ~ -0.492
06 1.050 ~ 0.000 0.972 ~ -2.693 1.040 ~ -0.496
07 1.050 ~ 0.000 0.972 ~ -2.695 1.040 ~ -0.498
08 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.498
09 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
10 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
11 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
12 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
13 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
14 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
15 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
16 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
17 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
18 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
19 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
20 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
21 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
22 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
23 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
24 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
25 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
26 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499
27 1.050 ~ 0.000 0.972 ~ -2.696 1.040 ~ -0.499

(h) Determine the current in each transmission line. Please remember that the current between buses 1
and j flowing in a transmission line having an impedance Z;,. is given by

_uz(v_

Zline V) . Yline

J

% Calculate the current for each line

I12 = (Vbus(1l)-Vbus(2))*y tl112;
I13 = (Vbus(1l)-Vbus(3))*y tl13;
I23 = (Vbus(2)-Vbus(3))*y tl123;

% Create a column vector Ilines with the line currents
Ilines = [I12; I13; I231;

(i) Determine the loading factor for each line. Are any of the lines overloaded? Please note that the
loading factor is given by



1

rating

Loading =

Loading, % = Loading x 100

% Current ratings for each line in p.u.

Iratingl2 = 2;
Iratingl3 = 2;
Irating23 = 2;

% Create a column vector Irating with the line ratings
% Follow the same order as Ilines
Irating = [Iratingl2; Iratingl3; Irating23];

% Calculate the loading

loading = abs(Ilines)./Irating;
loading percent = loading * 100;

(1) Assuming all voltages must be between 0.95 and 1.10 p.u., determine whether the system has any
high or low voltage buses.

No, all bus voltages are within the voltage limits.



function V = NewtonRaphsonSolution(Y, V, P, Q, bus_types, tolerance)
DEBUG = false;

% Save results for printing
Viter(:,1) = V;

% Total number of buses
nbuses = size(Y,1);

% Total number of PV busses
nbuses_pv = sum(bus_types==2);

% Total number of PQ busses
nbuses_pq = sum(bus_types==3);

tStart=tic; % start the iteration time clock

error=1;
iteration=1;
Vprev=V;

% The algorithm runs until the stop condition is met
while (error > tolerance && iteration < 500)

for i = 2:nbuses
VWY = 0;
for k = 1:nbuses
if i~=k
% Calculate the VVY product
VY = VWY + abs(Y(i,k)*V(k)*V(i))*cos(angle(Y(i,k))+...
angle(V(k))-angle(V(i))); % multiplying admittance & voltage
end
end

% Calculate Pcalc(i)
Pcalc(i) = ((abs(V(i))"2)*real(Y(i,i)))+VVY;

% Calculate the power mismatch deltaP(i)
deltaP(i) = P(i)-Pcalc(i);

end

if (iteration == 1 && DEBUG)

deltaP
end



for i = 2:nbuses
VWY = 0;
for k = 1:nbuses
if i~=k
% Calculate the VVY product
VWY = WY + abs(Y(i,k)*V(k)*V(i))*sin(angle(Y(i,k))+...
angle(V(k))-angle(V(i))); % multiplying admittance & voltage
end
end

% Calculate Qcalc(i)
Qcalc(i) = -((abs(V(i))~2)*imag(Y(i,1)))-VVY;

% Calculate the power mismatch deltaQ(i)
deltaQ(i) = Q(i)-Qcalc(i);
end

% Deletes rows with PV buses
pv_indices = bus_types==2;
deltaQ(pv_indices) = [];

if (iteration == 1 && DEBUG)
deltaQ
end

Jl=zeros(nbuses-1,nbuses-1);

J2=zeros(nbuses-1,nbuses pq);
J3=zeros(nbuses_pq,nbuses-1);
J4=zeros(nbuses_pq,nbuses pq);

for i=2:nbuses
for j=2:nbuses

% Off-diagonal elements

if i~=j
% Calculate the element J1(i-1,3j-1)
J1(i-1,j-1) = -abs(Y(i,3j)*V(i)*V(j))*sin(angle(Y(i,j))+...

angle(V(j))-angle(V(i)));
end

% Diagonal elements
VVY=0;



if i==j
for k=1:nbuses
if k~=1i
% Calculate the VVY product
VWY = VWY + abs(Y(i,k)*V(i)*V(k))*sin(angle(Y(i,k))+...
angle(V(k))-angle(V(i)));
end
end
% Calculate the element J1(i-1,j-1)
J1(i-1,3-1) = WY,
end
end
end

if (iteration == 1 && DEBUG)
Ji
end

for i=2:nbuses
for j=2:nbuses

% Off-diagonal elements

if i~=j
% Calculate the element J2(i-1,j-1)
J2(i-1,j-1) = abs(Y(i,j)*V(i))*cos(angle(Y(i,j))+...

angle(V(Jj))-angle(V(i)));
end

% Diagonal elements
VY=0;
if i==j
for k=1:nbuses
if k~=1i
% Calculate the VY product
VY = VY + abs(Y(i,k)*V(k))*cos(angle(Y(i,k))+...
angle(V(k))-angle(V(i)));
end
end
% Calculate the element J2(i-1,3j-1)
J2(i-1,j-1) = 2*abs(Y(i,i)*V(i))*cos(angle(Y(i,i))) + VY;
end
end
end

% Deletes columns associated with PV buses
pv_indices = bus_types(2:end,:)==2;

J2(:,pv_indices) = [];

if (iteration == 1 && DEBUG)



end

for i=2:nbuses
for j=2:nbuses

% Off-diagonal elements
if i~=j
% Calculate the element J3(i-1,j-1)
J3(i-1,j-1) = -abs(Y(i,j)*V(i)*V(j))*cos(angle(Y(i,j))+...
angle(V(Jj))-angle(V(i)));
end

% Diagonal elements

VVWY=0;
if i==j
for k=1:nbuses
if k~=1
% Calculate the VY product
VWY = WY + abs(Y(i,k)*V(i)*V(k))*cos(angle(Y(i,k))+..
angle(V(k))-angle(V(i)));
end
end

% Calculate the element J3(i-1,j-1)
I3(i-1,3-1) = WY;
end
end
end

% Deletes rows associated with PV buses
pv_indices = bus_types(2:end,:)==2;
J3(pv_indices,:) = [];

if (iteration == 1 && DEBUG)
J3
end

for i=2:nbuses

for j=2:nbuses
% Off-diagonal elements
if i~=j
% Calculate the element J4(i-1,j-1)
JA(i-1,j-1) = -abs(Y(i,j)*V(i))*sin(angle(Y(i,j))+...



angle(V(3j))-angle(V(i)));
end

% Diagonal elements
VY=0,;
if i==j
for k=1:nbuses
if k~=1i
% Calculate the VY product
VY = VY + abs(V(k)*Y(i,k))*sin(angle(Y(i,k))+...
angle(V(k))-angle(V(i)));
end
end
% Calculate the element J4(i-1,j-1)
J4(i-1,j-1) = -2*abs(V(i)*Y(i,i))*sin(angle(Y(i,i))) - VVY;
end
end
end

% Deletes rows and columns associated with PV buses
pv_indices = bus_types(2:end,:)==2;
JA(:,pv_indices) [1;

J4(pv_indices,:) = [];

if (iteration == 1 && DEBUG)
Ja
end

J = [31 32; 33 J4];

% Calculate the corrections vector corrections
corrections=J\mismatches’;

if (iteration == 1 && DEBUG)
corrections
end

for k=2:nbuses
new_angle = angle(V(k)) + corrections(k-1);
V(k) = abs(V(k))*exp(new_angle*1j);

end

pv_bus count = 0;
for k=2:nbuses
if bus_types(k) ~= 2
new_mag = abs(V(k)) + corrections(nbuses-2+k-pv_bus count);



V(k) = new_mag*exp(angle(V(k))*1j);
else

pv_bus_count = pv_bus_count + 1;
end

% Tolerance at the current iteration

error_mag = max(abs(abs(V) - abs(Vprev)));
error_angle = max(abs(angle(V) - angle(Vprev)));
error = max(error_mag, error_angle);

% Save current voltage vector for next iteration
Vprev=V;

% Save results for printing
Viter(:,iteration+1)=V;

% Increment iteration count
iteration=iteration+1;

end

% ++++++++++HHtHH e Print results 4R

disp("’ Newton-Raphson Load-Flow Study')
disp(' Report of Power Flow Calculations ')
disp(" ")
fprintf( 'Number of iterations : %2 \n', iteration)
fprintf('Solution time : %02.5g sec.\n',toc(tStart))
disp('Iteration Voltages')
for i=1l:size(Viter,2)

fprintf(' %02d ', i-1)

for k=1:size(Viter,1)

fprintf('%02.3f 2« %02.3f ',abs(viter(k,i)), rad2deg(angle(Viter(k,i))))

end

fprintf('\n")
end

end

Reference: Hafiz Kashif Khaleel (2022). Newton Raphson Power Flow Solution using
MATLAB (https://www.mathworks.com/matlabcentral/fileexchange/26391-newton-raphson-power-flow-solution-
using-matlab), MATLAB Central File Exchange. Retrieved September 26, 2022.



function V = FastDecoupled(Y, V, P, Q, bus_types, tolerance)
DEBUG = false;

% Save results for printing
Viter(:,1) = V;

% Total number of buses
nbuses = size(Y,1);

% Total number of PV busses
nbuses_pv = sum(bus_types==2);

% Total number of PQ busses
nbuses_pq = sum(bus_types==3);

tStart=tic; % start the iteration time clock

error=1;
iteration=1;
Vprev=V;

% The algorithm runs until the stop condition is met
while (error > tolerance && iteration < 500)

for i = 2:nbuses
VWY = 0;
for k = 1:nbuses
if i~=k
% Calculate the VVY product
VY = VWY + abs(Y(i,k)*V(k)*V(i))*cos(angle(Y(i,k))+...
angle(V(k))-angle(V(i))); % multiplying admittance & voltage
end
end

% Calculate Pcalc(i)
Pcalc(i) = ((abs(V(i))"2)*real(Y(i,i)))+VVY;

% Calculate the power mismatch deltaP(i)
deltaP(i) = P(i)-Pcalc(i);

end

if (iteration == 1 && DEBUG)

deltaP
end



for i = 2:nbuses
VWY = 0;
for k = 1:nbuses
if i~=k
% Calculate the VVY product
VWY = WY + abs(Y(i,k)*V(k)*V(i))*sin(angle(Y(i,k))+...
angle(V(k))-angle(V(i))); % multiplying admittance & voltage
end
end

% Calculate Qcalc(i)
Qcalc(i) = -((abs(V(i))~2)*imag(Y(i,1)))-VVY;

% Calculate the power mismatch deltaQ(i)
deltaQ(i) = Q(i)-Qcalc(i);
end

% Deletes rows with PV buses
pv_indices = bus_types==2;
deltaQ(pv_indices) = [];

if (iteration == 1 && DEBUG)
deltaQ
end

mismatches P = deltaP(2:end);
mismatches Q = deltaQ(2:end);

Jl=zeros(nbuses-1,nbuses-1);

J2=zeros(nbuses-1,nbuses pq);
J3=zeros(nbuses_pq,nbuses-1);
J4=zeros(nbuses_pq,nbuses _pq);

for i=2:nbuses
for j=2:nbuses
% Off-diagonal elements
if i~=j
% Calculate the element J1(i-1,3j-1)
J1(i-1,3-1) = -abs(V(i)*V(j))*imag(Y(i,3));
end

% Diagonal elements
if i==j



% Calculate the element J1(i-1,j-1)
J1(i-1,3-1) = -abs(V(i)*V(]))*imag(Y(i,3));
end
end
end

if (iteration == 1 && DEBUG)
Ji
end

for i=2:nbuses

for j=2:nbuses
% Off-diagonal elements
if i~=j
% Calculate the element J4(i-1,j-1)
JA(i-1,j-1) = -abs(V(i))*imag(Y(i,3));;
end

% Diagonal elements
if i==j
% Calculate the element J4(i-1,j-1)
J4(i-1,3-1) = -abs(V(i))*imag(Y(i,3));
end
end
end

% Deletes rows and columns associated with PV buses
pv_indices = bus_types(2:end,:)==2;
J4(:,pv_indices) [1;

J4A(pv_indices,:) [1;

if (iteration == 1 && DEBUG)
J4
end

% Calculate the corrections vector corrections
corrections_angle = J1\mismatches P';
corrections_mag = J4\mismatches Q';

corrections = [corrections_angle; corrections_mag];

if (iteration == 1 && DEBUG)
corrections
end



for k=2:nbuses
new_angle = angle(V(k)) + corrections(k-1);
V(k) = abs(V(k))*exp(new_angle*1j);

end

pv_bus_count = 0;
for k=2:nbuses
if bus_types(k) ~= 2
new_mag = abs(V(k)) + corrections(nbuses-2+k-pv_bus count);
V(k) = new_mag*exp(angle(V(k))*1j);
else
pv_bus_count = pv_bus_count + 1;
end

% Tolerance at the current iteration

error_mag = max(abs(abs(V) - abs(Vprev)));
error_angle = max(abs(angle(V) - angle(Vprev)));
error = max(error_mag, error_angle);

% Save current voltage vector for next iteration
Vprev=V;

% Save results for printing
Viter(:,iteration+1)=V;

% Increment iteration count
iteration=iteration+1;

end

% +++++++HH e Print results 44 AR

disp(' Fast Decoupled Load-Flow Study')
disp(' Report of Power Flow Calculations ')
disp(' ")
fprintf( 'Number of iterations : %2 \n', iteration)
fprintf('Solution time : %02.5g sec.\n',toc(tStart))
disp('Iteration Voltages')
for i=1:size(Viter,2)

fprintf (' %02d ', i-1)

for k=1:size(Viter,1)

fprintf('%02.3f 2« %02.3f ',abs(Viter(k,i)), rad2deg(angle(Viter(k,i))))

end

fprintf('\n")
end

end



Reference: Hafiz Kashif Khaleel (2022). Newton Raphson Power Flow Solution using
MATLAB (https://www.mathworks.com/matlabcentral/fileexchange/26391-newton-raphson-power-flow-solution-
using-matlab), MATLAB Central File Exchange. Retrieved September 26, 2022.
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