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ABSTRACT

This research proposes an alternative approach of Newton-Raphson power flow calculation, which
is based on the current-balanced principle. This study challenges the conventional Newton-Raphson
method, in which intensive and careful comparisons must be performed. The main purpose leading this
development is to improve the computational speed of the power flow algorithms and to reduce the use of
memories required by power flow programs. The developed method employs non-linear current equations
instead of the power-balanced equations. These equations can simplify the power flow calculation,
however new derivation of Jacobian matrices is also needed. Although the algorithm has been changed, the
proposed power flow method still has quadratic convergence as the original does. The newly developed
power flow method in comparison with the standard Newton-Raphson, 5-bus, 6-bus, 10-bus, 25-bus, IEEE
24-bus, IEEE 30-bus, IEEE 37-bus, IEEE 118-bus and the SUT feeder 159 bus were used for test systems.
The test results confirm that the execution time of the proposed method is considerably reduced when
compared to that of the original method, while the comparative convergence curves between them are,
slightly and insignificantly, different. The Development of the alternative Newton-Raphson power flow
method will lead to the essential improvement in field of power flow computation in such a way that the

execution time and memory requirement are considerably reduced.
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lﬂk a|Qk| = “2‘Ykak|Sin (Gkk) %:! |Yk! V‘Sln( ++d. -Sk) (220)
iFk

Ao a Y = o a oo
uﬂgﬁﬂﬁﬁﬂ']'iﬂTUﬁLlﬂ@UﬂlLﬂucﬂlﬂﬂiﬂ"H

&
Tunsfiamns nafddWihduneunddy
[} 14
Hawadenegluszuu duiu lumsfiuauazdeg
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A 0') -3 s .
FaTaoallszuu dhdrdeesiiniiou
#nsanludivemdeutlasiineagiznineda k uasia i @y Auweaslugil 2.2 Feeninse

¥
ajlaumsfmuimaai
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Busk Busi
tyt
|
1
Busk il Busi
I 4 | (1-thyt t{t- 1yt
(n) ()

30N 2.2 yundrassveandemlag

Yk(inew) ~ I/;((inld) + (__ ‘3’{) (2.21)
Yk(knew) _ Ykg:ﬂd) +(l _ t)yt (2.22)
Yii(new) _ Ysi(dd) t(t)y (2.23)

' ~ = ]

o a o’ (] 1 o ot -
die Yk(i“ew) A9 noallauAUTIUAI NG 1A MHUI00IR k ManT i iaeunUvedudiautlas
y, 0 noAlnnaLgsEHNIE k oz i

3
¢ Ao umlvosnvoudas

assuaams lradids Ifhesdasd namaidds i n s lumsdsudandunas

o ar t:l = ! t§ 4 et 4
fde i iqaudoluaedadae Saeinsodiuae 1ddadl

0 S=v-I
vy ld Showki = {V: (Ve =¥ v + Ve (HaHyg )} (2.31)
unz Bosski = it Saoweki + Stowik ) (2.32)

¥ . ¥ k4
agUdumaumsdiuiums Inafmdsidihdwisidusddunnaududsi
1 ] [ v 4
1. AMMueRusTuAuYeIvIIALBEYNVeILTIduNTada 1 eI T s niae
o
afennti

9 toas ) s A 3 ' .
2. SmmUauealauausINATIY ¥ luglszvumenian (per-unit system)
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6. wavuslasimsdiudiem A| uag As Tui dail (k)

way st _g(k) a5k

SAEIN S

7. asvedoud Al| &1 AV fianndimianuaaiamisuiidinua’l’ (Fu
aunaandou = 1x10 ¢ Wud) Wasuldmnaddunoudt 3 Iny unds
Al fadesnhmanuaaandsuismual3 s nnalutuneud & de'ly

5. dnnammds it Twaluszun It cashde ihigandelussuy ndh

!
aunsnefuedanaiiuvesTdsunsumasiuiunms madde Wi 148 wwunwas
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Anzentfe k deuaaddugyi 3.1 Taon1s 14 KCL aumsaszua ldiiouge o 0o k
annsadonIdftaumsn 3.1 lumsdwrams lnadda Witz o T aunsnszuaaugasy

g lmiluglasnisfids ifhaugadsaumsii 3.2

N
(Igen,k_“fdem,k)"ZJ’ka(Vk—Vg):O (3.1)

i=1

N
“VkZJ’ki(Vk—Vi):O (3.2)
il

*

(Sgen,k S domk )

=h.

Tag
A o Ll q' o i at
Loy 808 Ly wnuAszua dmnnTosduida Iiduos Tnaaiita k awdiey
genk dem,k
Sgenic 40Z Sgemyc tnuirdeitfhnnmsssdiatuiluas Tnaafinfe k amddy
¥, snumlmandusedu v «
Vi Wnumeaiiauaudndosyuiadd kuasa i

* Lmuﬁaﬂizﬁqﬁ'aqﬂﬁaﬁffau {complex conjugate)

a H qy ~ 's i w r
FmsfidnuiieeFnsinnrziniwamasnnaumsi 3.1 Tnedagidaunisindasld
aumswassuduveswaguseniiwsediu Idihdunoadiaunudiia (bus admitance) A9

AUNIIN 3.3

N
ZYkiVi :[gcn,k —Idem,k (3.3)
=1

Tae

o @ =y o =y o o ar {
YkiLmuﬁﬂJ'l‘]fﬂUﬁtlﬁ]ﬂﬂﬂlw‘ru"ﬁmmiﬂﬁﬁ (bus admittance matrix) 84039 k UASHAND i

r ¥
dinsnn Inaaluszuu Ifdmdalsudmuadomda iddnan hnszua tidh dadu
4 ¥ E ]
dielfmeandasduifoulail nrzuaduaniovosaunish 3.3 doudouldedlugdagn

= o 1 e ar o 3 4 Qs ar &
iﬂfﬂ%@uﬂ@qgﬁi"lﬁ?uﬂ"lﬁﬁllwﬁ'lL“]f\‘l"%;ﬂuﬁﬂlﬂﬁlnﬁBSHSQﬂu"iﬂﬂ'lﬂQﬁuﬂ']i'}’] 34

*

N S -~
Fk:ZYkiVi ___( cnkV dcmsz :O (3.4)
=1 k

¥
Aviuatiuudae 1

F, =G, + j H, @anuamamdounsyue e k)
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e =V | £5
Y = | Y| Lo
Sgenk ~Sdemk — Sschk = Ssch,k‘Z‘Pk
wnusastuaunsi 3.4 089
N S,
k= ._ZI‘Vi B | (o) = |5 £ (o)
=
N
:-;|V—;ijE{cos(eki+ﬁi)+jsin(6ki+8i)}
=
S S. f
) 2 5

N S
Ge= X2 ‘ViYkilcos (Gki+6i)—‘ .spc'h,k cos (Sk—(pk) (3.5)
i k

i=1

N S,
Hy, = > ‘V! Yki|5i“ (eki+6i)_‘ S;'h’k sin(ﬁk-qak) (3.6)
k

i=1

< A A o P '
TUNITN 3.5 LAY 3.6 ﬂﬂﬁuﬂqiﬂ'}’]ﬂﬂﬁqﬂlﬂﬁ'ﬂumﬂﬂﬂﬁgllﬁl‘l"n’\]ﬂ—lﬂ‘Uﬁ k 1UUNUAIND
[y @ A L) a 9/ 3 A g o
LﬂaULLNﬂu‘Ufﬂ’mmil‘iﬂ‘lJ‘EN‘jznuaﬁ"lﬂﬂzﬂﬂﬂﬂllmiwG 2 uﬂ’]lﬂuquﬂ ATITNIHAINRY

ar 9 D & ar o’ ar ¥ o 2 ar dy
115%\1\!1ﬂﬂ1ﬂ?ﬂ?ﬁl&’lﬁ]l&i1ﬂﬂ”ﬁ?ﬂ1iﬂﬂi8‘i)'lUfTiJﬂ1iiﬂﬂﬂﬁ']'lﬂ’)ﬂﬂlgﬂ'iumlﬂﬂﬂﬂﬂﬂu

N N

Gy = E%A5i+ZﬂA[Vi| (3.7)
i=1 0 =127
i#s i#s
N oH N oH

Hk=za—kAai+z——k—A|Vi1 (3.8)
=1~ i=1 l il
ies . s

A ar <
A s LNUUTTLUAN

as o Q@ 4 [] ) s
s s amsasugadu 1WA linswedwau N - 1 dudsuazmsadisanns

1 ] s ]
AanuAManaonvoInssuaAtanidu N - 1 da aumsweldliuiljsnamasuoanis lnavoa

o a

A Wi fiEannmssaveumsanuaasnfsudnalou 1easaun1sh 3.9
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G %g"lg% AR R
7| sren [A!VIJZ[J: liﬂam}
& 1 oV

s

ynaun1sh 3.9 aanFnvean TndoumnSndiiuaa o

wasnggey J, : AT 3.5 014
oG, o o
——aﬁ—ik-:“‘-ll/i Ykilsin(ﬁki+5i) TJMIU k# i
S
%‘%:_’Vk Ykk| sin (Gkk+8k)+ sch,k sin (Sk—cpk)
Ok
Iwa3nddes J, : VnaunTsf 3.5 9214
aG o o R
~(TV:‘| = |V cos (8;+5;) FMTU k # |
aG S,
E}TIZI(I = |Ykk|cos (ekk +5k)+ —;jk};—’k cos (Sk—q)k)
WAIngtoy J, AT 3.6 9214
oy _ |V Y| cos (0,+5;) dwmiy k#i
08,
a_f{& :'VkYkk,cos (ekk+5k)— SSCh’k cos (5k-<pk)
08y, K
wasnddos J, VInaumsi 3.6 9214
cH o w
aﬁ:h’kjsin (05+5;) dmiu ki
OH S,
E-IV—:(=|Ykklsin (Gkk+8k)+ ;E’k sin (Sk —cpk)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)
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1Y

o VA o o oo 1 Y o :J q’}.
ATHUARUTUAUYDIVUIAUDSYNVDILTIAUNUTRG 9 Lﬁﬂﬂ"li‘ﬂ'l“lﬂﬂiﬂuiﬂ

o
wazasae 11

o 1w Y o = o | 1 .
ATUIUATUTHD AN LA TITINN TN JYbus 1u3ﬂs:umaﬂmﬂ (per-unit system)

frnuanmandounssie TWeh G ung H,

A Iadloumas g J -,

fuannuAmanasuyLIaus ey Trlfh A7] wasypvasuzsauInih
s Rifafifi9TN

imlyem A|V] uay as T Fail

pt) Zpo) +A|V|(k) i 50T = 5lk) 4 55(k)

asvasy AV §1 AV faunnanmemuamamasunitmual3 e

3 "

4 — d o/ [:] 4 Qar L
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grudayaanuindays
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LLNﬁuﬁlﬁ’ﬂﬁiﬂd‘}

AATalesinuaud
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3.3 NAMINAABY
_— -y =y lﬂ' Qar ‘é} lﬁﬂy Qe al
mInageulszaninmyeadtnsinennvulndil Mizuuneaevauia 5 Ud 6 Ua

2

HAZFTUUNATOUYD IREE 24 Ud way 30 1d Invhszuunadiinisld Ivaalassiu (165 MW,
40 MVar) (510 MW, 90 MVar) (1055 MW, 570 MVar) uag (283.4 MW, 126.2 MVar) @& 191)

o
]

oo 8/ = s Al = ey
nanadsuariiumi lesldnouiunes 3 e lavlinuauiinaed

307 1 Intel Pentium IV 1.5 GHz, 256 DDR-RAM
minen 2 AMD Athlon (TM) XP 2000plus 1.67 GHz, 256 DDR-RAM
5099 3 Duron 1.2 GHz, 384 DDR-RAM

nInaaouvoslns el smuadoulumsnyal¥idnnuaaianieuvenis
nRsuiasnaus siuimgagafivonsuidimdy 13107 pu. Felddmiunsdinaaounn
nsfidmingasuduvesmsdnuRldfuszuunaneut 4 szuuil a1 udugadeniy
Taodmualdus sdudadudumndaiian 1.00 4+ 0.00 pu. d1usunntasauiadan g

usadudae Tsunsunisdaums mamddwihwaunTaeld MATLAB wanisnaaouiiy

9
]

AU

3.3.1 szuUnNagel 5 v
] [~ 1 9 [ & ) o A
AsNAEUILHLAMINATaUDNEY 2 daudleiu An mIfiuwns manide 1w

¥
AwBindun i dunuuduay vazmssiuaams lnasad ihde3 i iadus W duu vy

Taatviua v
SNR = F5UWUIMAULIRITIU (Standard Newton-Raphson Method)
' ¥ )
NNR = Tniduswldunvannau v (Newly Developed Newton-Raphson
Method)
o3 o c?
HAMINATB UL U

d' =\ P=) a o/ a Qs o
M15190 3.1 manmadFoumsunamasns madds Ivhdmsussuunaasy 5

BT UIUTOU nanlunslszuiana gnsEINnm
7D ATTAUN Guin (SNR/NNR)
M50 1 2 3 1 2 3 1 2 3
SNR 5 5 5 | 0.0250 | 0.0156 | 0.0158
1.5625 | 1.0196 | 1.0000
NNR 4 4 4 | 00160 | 0.0153 | 0.0158

¥ )
Aurudamsgriiveddimafiuaais 2 35 dWethu ldneasuduszuunacdey 5 1o
TRuaas3lugild 3.3
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Newtor-Reaphson method for the 5-bus test system

Maximum voltage error (p.u.)
L]

10-? i 4 | 1 L 1 4
1.5 2 2.5 3 a5 4 4.5 5
Number of iterations

7109 3.3 quenniAnsgeiweaszuunaday s 1 fuaudedtihdus wldy

{ &£ o 2
TINHaN1INAad Iua15199 3.1 FUUUTTVUNAXDUYUIR 5 Ua lasNan1snaaea
Wsufeumsaiuranis Inafmas a3  tadus M unrududfuuazuyuing msna
apavmsnadaURURDNRAoS 3 i e saniiaz 5z 1841
> iafesfi 1 vianaminaaeanudl SNR 195 mauseunisdiuon s seuunndi3t NNR
n:. ar ag ] é = o ] n‘ 94 a e
Armaduu Ind sl eruseunIsA A 4 sou uazmari 1y lumsuinueads
red o i = oy ol o @ md ~
Twiifiezisann Taoldhan 0.016 1% Womeududs SNR Aldnat 0.025
A ~ ' o 5 A
> 95047 2 91nMan13NaananU I SNR 198 1uusaunisdniaa 5 50Unn135 NNR
& o & S S o o o o
AannyuIng Falnnuseumsdiula 4 seu uaza 1l lumImuInyeds
ldw o 1 9/ = a4 A - @ oy | = AL
Insisiazsanh Iagldar 0.0153 it Wemeududs SNR Aild0a1 0.0156 3ui
> 1A5D397 3 DINRANINAABIWLIT SNR 198 uruseun1sfiusa 5 sauuinndnds NNR
i -7 ¥ ] ‘b a o 1 d‘ el g £hed
Awarnnaan vl Fdismaussumsian 4 seu uarna1n ¥ lunsdanaesds
wirdu Tae a1 0.0158 Junil
Qi 1 9 ar ] :sr = o
nansupaauiamsgdvesssuumare 5 da wirigluuuvesns i idfianyne

Aladifsatu Taogufl 3.3 @unsdmsgidiues SNR (5 501) AU NNR @ sou) Tndifesduinn
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3.3.2 ssUUNAael 6 Ua
3
wansnaaoUilusail

M990 3.2 wanmsalSeuRsunamasnts mamas lihdwsuszuunaey 6 o

Pna 114U 1 nalumsysgiana snsnaIIm
o,/ ASAUN Guii) (SNR/NNR)
wiedh | 1 2 3 1 2 3 1 2 3
SNR 5 5 5 ] 0.0300 | 0.0154 | 0.0156
1.0000 | 1.0065 | 1.0130
NNR 5 5 5 | 0.0300 | 0.0153 | 0.0154

£ «
guautiamginueslinmsdnnnd 2 33 dievhinldmaneuduszuunaaou 6 T

Tuaasl3lugiiiz 4

0 Newtcn-Raphson method for the 6-bus test system
T BEE

Maximum voltage error (p.u.)

-
L=

Number of iterations

311 3.4 uaniAnmsgnvesszuunaey 6 U Anudledt idusdu

PRy & < o
NAHANITHARB L IHAI1T199 3.2 Futluszvunaaovvuia 6 Ua Tasnanisnaasy
! ¥
WisuReumssruaunis lvadidaldd1d1635 dadus g uuuududvsazuuv vy ms
@ s = o é‘! A'l =3 =4 el 7]
NAABININITNATOUNLADUTRANDS 3 1504 inaTanfiazdes 1d
» 195047 1 91Han1INAaany SNR - 198 1maussunisdiuan 5 souiuius:

] 3

1 ¥
NNR AWannvun vy waznam s lumsdsuunsaeStimisu Teoldiar 0.030

= =
UM
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> 1A5090 2 IARENITNAADINYIT SNR 1991140 UNIIR NN 5 ToUWIANAY T

o ,{3’ L] r Q¥ o e lg o * 14
NNR Aaruivwn vy uarainislunisdrneeddsivyiozisn Taeldan

0.0153 51717 WeesuduIt SNR 11981 0.0154 w19

A « ' e o "o @ A
> INTE1 3 VINHANITNATBIND I SNR ‘i‘mm'suiaumsmmm 5 F9UMIAUNLID

oo .5 ] 1 6 o 5 n:}" d t 3/
NNR Awardius vy aanaidldlunisdiuaauesds mateszsn Tasldoe

0.0154 Funit iiafsuduis SNR f1ldnar 0.0156 Jud

nnndguaniinmsgivesszuunadey ¢ U nunguuunveans i Tdawg Ui

3.4 fianwasiduns iy Tasdasinisaansvesnnuaniamdouns i ugIgavesis SNR

(5 50U) 9£AN31 NNR (5 501)

3.3.3 SLuUnAeeY IEEE 24 1w

=1 ar J
HamsnaTeuiludet

AR 3.3 pansalSeudsunamanns lnad s Wi dwmsussuuvaaon IEEE 24 Jd

Yna $1UIU5 01 narlumnlszuiana BT UA]
w0y ATFAUM Gud) (Standard/Newly)
e 1 2 I 2 3 1 2 3
SNR 7 7 0.6160 | 0.3045 | 0.3594
: 11249 | 1.1473 | 11217
NNR 8 8 0.5476 | 0.2654 | 0.3204

aaanianisgdvediimsfmanis 2 33 doinnldvaaeufussyunaaeu 24 va

TRaasTilugiin 3.5
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5 Newton-Raphson method for the IEEE 24-bus test system
10 L T T ¥ T T
R e
167 | VQ\\\ L Ta 4
: T \\\\
. e e
. s +
e \YS\ \\
3110 R \\.\\\. RN
& \\, : \\
E e haN \\
© -
[ ) . X
s107 | N \\
T ~ol |
g ‘ - . \
£ . SR S DU )
: ; : : : \
10" 1 i 1 i i i
1 2 3 4 5 5 7 8

Number of iterations

51/ 3.5 amauiAnsgvesszvumaTow 24 1 drudmded3iadusvdu

= & o ™
NaRantsnaaoalua1s1ei 3.3 Fudussuunaaeuriig 24 e Taewan1inaass
¥
WSsufeunsaiuiums lmamas i35 idu s duuuuaudvnazuvu vy s
© s = 4 M i . =3 aay []
naaRMININaTaUiUADLRNABT 3 MTDa WiorvsanazIdezlan
> 05097 1 9INHANTINAABANLIY SNR 8 1uiuseun1sfiulm 7 5eutiaundids NNR
c;. o 3 L] & a9 o 1 d‘ 9 o Y.
AN L vl i uauseun1saiuam 8 5oU usa I 1E lun1sduinveddd
Tnaitivzd 021 Taalda1 0.5476 Tundl Weaeududs SNR Aldoan 0.6160 Ju7f
> 195037 2 11RaN13NAananUa1 SNR 1dimausaumsfiiuin 7 seuiioend13E NNR
o o é’ ] é = [ ] d. g/ o =
AW dun In e mausaunisfiuin 8 30U uara1n 14 luats MuInee s
Fa [] v
Tuuiiiezs 20 Tagldan 0.2654 T Weeududs SNR Aldtaan 0.3045 Jui
> 1A399%1 3 1INHAMINAaeanyI SNR 193 1uauseunsdiuam 7 seutiosninis NNR
l:‘: L) é‘ 1 A =i o (-] 1 H -] Y.
Avanyuu vy Faiduseuniifiuaa 8 o usra 19 lumsduinees3s
n:.y o 1 =y J=3 y = PV $ - =
Tniitiszis i Taoldran 0.3204 31 Wameudu3s sNr 71981 0.3594 Jund
nnnsguanianisgiinvesssuunaaey 24 17a wohgduuuvesnsii ldawgila
3.5 tdunsivvisduninTagdasinisanatvesnnuaniamio s IR UFIgAYa3T SNR

(7 591) 91EANI1 NNR (8 501)
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3.3.4 SzUUNaaoY IEEE 30 1
¥
wamsnadoudiudeil

M1 3.4 wanmsdSeudounamasms Ivamas Wihdmsuseuunaasy IEEE 30 U

e $14IUTBY naTlumsilszyana das 190
Aou. IR Guid) (Standard/Newly)
Wwied 1 2 3 1 2 3 1 2 3
SNR 5 5 5 107110 [ 03377 | 0.4000
1.3443 | 1.3269 | 1.2862
NNR 5 5 5 105289 | 0.2545 | 0.3110

9 ]
aamuiansgivediimsdianis 2 35 el ldnareuduszuunamou 30
e MRuaadlugii 3.6

Newton-Raphsen method for the IEEE 30-bus test system
= e

Maximum voltage error (p.u.)

i
2

25 3 3.5 4 4.5 5
Number of iterations

317 3.6 nuoninsgdvesssuunae 30 Ta fnoadieiiddusindy

sinwanisnaanslua1s19i 3.4 Fadusyuunageuvuia 30 17 Tasnanisnaans
Wisuidounidnanums naside thdaeis tavus duuvudaduuasuuulml s

naasshimInaapuRneLRIaes 3 nsev ieRasaniiay3es 18
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] Newton-Raphson Method for the IEEE 118-bus test system
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3. Performance Evaluation

To evaluate the effectiveness of the developed algerithm,
a total number of arithmetic operations requived by each
algorithm needs to be compared. For the conventional
power flow calculation, the matrix eguation of the
Newton-Raphson power flow can be expressed as

¥ P
s 20 2Te
ol"|z Zla"ls s ]av

Therefore, elements of the Jacobian matrices are
computed. To caiTy out the comparison, only .J; is chosen
to give an example as described in Equations 19 and 20,
while elements of J; of the developed method are already
written in Equations 10 and 11.

Sub-matrix.fy:
derived fram power-balanced equations 11,2,8-11]

E;Z"k = Vb Yilsin(y +8,-8) Tor k=i (19)
£

A
e _ Z\Vklf’,}’ulsin(sh +8,-4;) )
aak i=l

ik

For a power system having a total of ¥ buses, dimension
of J} is N—1_ As can be seen, there are 3 multiplications
and 2 additions for the conventional method in case of k#
while 3 muluplications, 3 additions and 1 division are
required by the new method. At this point, it seems to be
no benefit for this simplification. However, for k=i, the
conventional method requires (N-1)x3 multiplications and
(N-1)x2 additions, whilst only 3 multiplications, 3
additions and 1 division are required by the new methad.
This explains that the total number of cperations requited
by the conventional strongly depends on matix
dimension. For the developed method, a fotal number of
operations is matrix-size-independent.

With this distinction, the overall execution time of the
alternative Newton- power flow method is expected to be
less than that of the conventional. As can be seen, the
great advantage that can gain from this work i5 the
reduction of the system complexity and the overall
execution time. This may leads to a breakthrough in
power flow caloulation of the 21* century.

4. Simulation Results

The effectiveness of the alternative Newtcon-Raphson
power flow caleulation were tested against 6-bus, IEEE
Z4-bus and IEEE 57-bus test systems [12-14), which
serve their total load of (510 MW, 90 Mvar), (1055 MW,
570 Mvar) and (1250 MW, 336 Mvar), respectively. The
tests were performed by using a 1.7-GHz, 512.SDRAM
Pentium 4 computer in which the power flow calculation
programs were coded in MATLAB™. The test results are
shown in Table 1.

Table 1 Results from the three test systems

\‘ Tieration Time (5) Performance
Test index
system
SNR | ANR SNR~ ANR
6 bus 5 s l Q.047 0.031 1518
24 bus 7 7 0.378 0328 1.762
57 bus 5 5 2.438\' 1.359 1.794

. Where SNR denctes the standard Newton-Raphson
power flow method using power-balnced equations, ANR
denctes the altermative Newton-Raphson power flow
methed. Perfromance index is a factor of the time
consumed by the SNR and the ANR methods.

Convergence property of each case is alsoe illustrated in
Figs 2 - 4 for the 6-bus, [EEE 24-bus and [EEE 57-bus
test systems, respectively.

As a result, for the 6-bus test system, although both
methods spent 5 iterations for obfaining the solution, the
overall execution time consumed by the developed
method was shorter (6.031s} than the time {0.047 s}
consumed by the conventional method. For the 24-bus
test syslem, the tolal number of iterations required by both
methods is 7 iterations. The time usad by the conventional
method was 0.578 s in this case. By applying the
develtped Newion-Raphson power flow method, the
overall time consumed was reduced to 0.325 s only. For
the 57-bus test system, 5 iterations were consumed by
each method equatly. The time of each method is 2.438 5

for the conventional and 1.359 s for the developed
method.

From Figs 2 - 4, convergence comparisons between both
methods are shown. The convergence curves of each test
case describe that convergence rate of these two methods
are close to each other. The maximum voitage-error
allowance was set o 1x10® p.u. as cne of stopping
criteria for all cases, In addition, an initial solution used to
start the Newton-Raphsen process were 1.00 +j0.00 p.u
for all unknown bus voltages, including wvoltage-
controlled buses. Furthermore, o illustrate the nature of
convergence between them is important. Although the
convergence Tate of both is similar, directions of trial
voltage solutions converging to the true solution were
different, depending on the method used. For example,
this characteristic of a selected bus of the 6-bus test case
is shown in Fig. 5.

6-bus test system

| + SNR method
. ANR methed

Maxinum valtage errar {p.u.)

N ‘ R
¢ t 1 k] 4 5

Tteration
Fig. 2 Convergence of the 6-bus test case

IEEE 24-bus test system

1 -» SNR methed
| = ANR method

Maximum voltage ercor (p.a.)

lteration
Fig. 3 Convergence of the 1EEE 24-bus test case
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IEEE 57-bus 1est system

\ % SNR method
| & ANR method

Maximum valiage errar (p.u)

Iteration

Fig. 4 Convergence of the [EEF 57-bus test case
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A SNk method True salution M
. i
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1-—/-»7}
Eas

* Tnitial selution

True solulien

‘,,A
L

Phase angle (deg.)  Magnitude {p.u.)

Tleration

Fig. 5§ Example of voltage convergence

5. Conclusion

This paper presents an alternative approach for Newton-
Raphson power flow calculation. The developed method
is based on the mnon-linear current-balanced equations,
where the derivation of Jacobian matrices and their
elements are fully provided. With performance evaluation
found in Section 3, a total number of operations required
by the developed method does not depend on size of the
Jacobian matrix, while that of the conventional method
does. This wmeans that the execution time of the
conventional Newton-Raphson method increases as 2 fotal
bus number increases. From this advantage, the execution
time consumed by the developed method is expected to be
less than that of the conventional one. This can leads to
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ABSTRACT

This paper introduces a new approach for Newton-
Raphson power flow calculation, which is based on the
current-balanced prineiple rather than the widely-used
power principle. This concept ieads to the replacement of
the power-balanced equations that are broadly used by
conventional Newton-Raphson power flow methods for
over half a century. The use of mnon-linear current
equations can noticeably simplify the power flow problem
but therefore requires new derivation of Jacobian
matrices. Although the equations have been changed, the
proposed power flow method stll has quadratic
convergence as the original does. To assess the
cffectiveness of the developed method in comparison with
the conventional Newton-Raphson, 6-bus, IEEE 24-bus
and IEEE 57-bus test systemns were tested. Furthermore,
the test results confirm that the exccution time is greatly
reduced when the proposed methed is applied while the
comparative convergence curves between them are,
slightly and insignificanily, different.

KEY WORDS
Power flow solution, Newton-Raphson methed, current-
balanced equations

1. Introduction

Over several decades, elecirical power systems have been
characterised using the bus veference frame approach
{1,2]. Nodal analysis [3] is always used to solve for a sat
of voltage solutions. However, elecirical demands or so-
calied loads are in general defined in power form, this
leads to non-lineanity of nodal voltage equations. Since
simple methods of solving linear equations are unable to
handle this problem, some non-linear solution methods
(e.g. Gauss-Seidel, Newton-Raphson, et [1]), have been
employed. To date, there is no objection that the Newton-
Raphson power flow method is one of the most powerful
algorithms, which has long history of development [4-8],
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and is widely used to develep commercial power-flow
solution software across the world.

Although the conventional Newton-Raphson power flow
method is very efficient and widely used as the standard
for the power flow calculatien in several power system
textbooks [1,2,9-11], to formulaze a mamix equation
requires complicated and long expressions. In this paper,
the Newton-Raphson method is still applied as the main
solution framework. The key difference is that the
mismatch to formulate the matrix eguation is derived
directly from current-balanced equations rather than the
power-balanced ones. This approach simplifies very long
mathematical formulae to very simplistc ones. With this
simplification, there are some advantages fo reduce the
overall execution time of the caleulation.

Te do so, ali expressions to obtain elements of Jacobian
matrices require being re-written. These are all in Section
2. Assessment of arithmetic operations resulting from the
use of the developed method is carried out and then
compares 1o the assessment of the classical Newton-
Raphson. These assessment and comparison are in
Section 3. Simulation results to confirm its performances,
the conglusions and discussion leading to further works
are provided in Sections 4 and 5.

ToBus |
Y To Bus 2
Jgen
Jatemi ] .
Busk ToBus N

Fig. 1 Representation of bus k

2. Alternative Newton-Raphson Power Flow

Given that an N-bus power system, which one bus is
treated as a slack bus of constant voltage magnitude and
zero phase angle, is shown in Fig. 1.

Considering the k" bus, current-balanced and power-
balanced equatioas characterising this bus can be obtained
by

(Jzou "jd‘m&)*i)’a,(”x'y-)*o n

Eall
(2)

¥
(Smx ~ S T ¥ Z vole -y, )=0
Bl

Where  Jgen k denotes generator current at bus k
Jdemk denotes Joad current at bus &
Sgenk denotes generator power at bus k
Sdem i demotes load power at bus &
¥k denotes phasor voliage at bus &
vig denotes the primitive admittance connecting
between bus & and bus §

The conventional method starts with Equation 2 and then
derivation of power mismateh equations is made, while
the developed method uses Equation 1 instead. This
replacement leads to current nusmatch eguations as

K
Y FiVi = s &

=i

= dewmi

h ]
Where i represents the &"row and Jm-co]umn element
of the system bus admittance matrix.

Typically, loads in electrical power systems are in form of
powers, therefore it is rather convenient 1o rewrite the
right-hand side of Equation 3 into a function of powers as
follows.

& /s -5
DR A Y )
1 " \ L

Define F; = Gy + jH, is the current mismatch at bus &
V=, [<3:
V= Yyl is
Sgork = Stemi = Secht = Lsmhﬂé‘i’k

Substitute the above expressions inte Equation 4, thus

Fy 7§_:|Vyhl,4(e,u 8,)- \L“\Aa -w)

=

= ZiV‘Yh l{cos(ah +3)+ jsin(ﬂh +d, )}

i)
i

| YM Cﬂ-"(ék Wk) J‘ 5‘"('5 —‘Par)
3

G, =St foste, )H(& ) ®

sin(d, - m.} (6}

u, =i}t’,r,]sin(9_ . 5)137

Eguations 5 and 6 are real and imaginary pars of the
current mismatch at bus & They will be approximately
zero when all bus voltages are solved. Te find a set of
voltage sclutions by using the Newton-Raphson method,
these two equations must be expanded by Taylor series as
written in Equations 7 and 8.

G, Z-—Ao +Zay|4y| N

H, Z e Edy[dw @

Where § deﬁotes the slack bus

With -1 unknowns of complex wvariable and N-1
complex current mismatches, a matmix equation used to
update the voltage solution can be found in Equation 9.

[G]_ L AJ]_{JJ J,:[d&} IC))
d]0% ] s s L4
Hence, elements of Jacobian matrices can be derived in

the same manner as that of the conventicnal method and
are summarised in Equabions [0 - 17.

a

Sub-matrix J;:
ﬂ: Ay jeinle, +8) for k=i (10)

G,

-—~=—IV}’|sm[n9 +d,) :m(& -} an
2,

Subvmal‘ring'
a{V|_|y Jeos(8, +4) for k =i (12}
BP’I = [ eosls, + &)+ sy [ca,(o —o) (13
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improvement of power-flow software development in fast
computational speed and effective memory usage,

The work described in this paper is only one part of a
whole. The effectivencss of this method is continually
improved. As the conventional method, fast-decoupled
power flow can be formed. With these efficient
algorithms together with efficient memory management
and exploitation of sparsity, this method can be extended
to large-scale power systems.
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power flow equations as shown in Equation 4. Also,
these equations can be decomposed into real and
reactive power equations as in Equations 5and 6.

abe

’;‘yl

Tonede 1 (slack bus)

Fig". 4 Three-phase node in distribution systems

She,” = poke, - joshe, Sy yaeyste @)
r={

P ﬁXZIY""V"Vﬂcm(ﬂW +5¢ —Sp](ﬂ
T g=a
Qwu=_zz{YWVFV‘*|sm(em +8t =57 ©
where, e

Siewi = Sgens =S¥

Pk, = Paiy - I

O, =0be, - 08

S;’fjf_,, is scheduled complex power
P % is scheduled real power
Ok, is scheduled reactive power
595 is demand complex power

P2t

watz 15 caiculated real power

Qnbe, is caleulated reactive power
V£ is a three- phase voltage vector
Y2 is an k™ - column,i®
pbe {a, b.c}

-row of "bc]

bus

The Proposed power flow method simplifies these
equations by rearranging into Equations 7—9.

abc * n
[ ka.kJ 21;1:: =F;bc ‘i'jH:bc EZY.{gchiabc (6]
i=l

= Yt eotelt vot)

i=i p=a

(4]
S.rchk
coslg? —qf
Lok
HP 5 rv|sinp? + 5t
cm',l'c kT F-4 i
e ©
R34
s g )
Vf
where,

185 is mismarched complex current
Fab s caleulated real current
Hmf 7 -is calculated reactive current
Therefore, current mismatch equations are used to

formulate the proposed Newton-Raphson updating
equations as follows.

T\ 8H e
AH | |55 &F |Vi Ji Uy EV|
To update node-voltage wvectors, elements of the
Jacobian matrix must be calculated. Without

provision of any mathematical derivation herein,
Jacobian sub-matrices can be expressed as follows.

Sub-matrix J,:
I = %};L: = -Ir,gpykp!sm(ag +af)
kp (I1a)
ol o)
JF = %g% =-r7 V‘*!sm ot s?) (1)
i

(lib)isfor (i =kandp = ¢).
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Sub-matrix J:

R =a—}}‘:—=IY£p‘cos(Bff +Bf)
f ‘ (128
+—_ il T cosiBE —f
bz -of)
il
ﬁ’ =§%§:| kf"‘cos(&? +6?) (12b)

(12b} is for (i = kand p = §).

Sub-matrix Ja:

NI =% :lYkikaP|cos[8ff +57)
S"P {13a)
--fé;;—" cos(&f—q)f}
&= E;H IYP¢V¢|c058 +8?) {13b)

(13b}is for (i = kandp = §).

Sub-matrix Ja:

ink _ z_i&:_ = iYk";PIsin(Bff +8f)
{(14a)
+,‘S\scir1'; (Sk "(Pf)
ai
" aHJE IY o m[em . 56) (14b)

{1ab)isfor (f =kand p = ¢).

With this computation, voltage magnitudes and
phases can be updated iteratively by using the
following equation where A indicates a counter for
iteration.

51 s g LT ar s
W Ty Tl s jan] P

Inaddition, a power flow solution framework cane be
summarized in flow diagram of Fig. 5.
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T

. R

Load system dala
Tnitiabize node voltages [/
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Formulate Yr..u

Calculate AF,. AH,
fori=/f-n
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Calculam Jacobmn sub—matnccs.
I ddnde

- e
ﬁUpdal.c nade voltages. Fou
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i NO_,_Q:"/ Convergence checking -

—_—
K "Record resulls |
A
STGP

—
Fig. 5 Flow diagram for power flow calculation

4 Simulation Results

The effectiveness of the alternative Newton-Raphson
power flow calculation was tested against 25-bus and
[EEE 37-node test systems as shown in Figs 6 - 7,
respectively. Table 1 shows total loads of each phase
for each test system. The tests were performed by
using a 2.4-GHz, 512-SDRAM Pentium 4 computer
in which the power flow calculation programs were
coded in MATLAB™,

Table | Systern loads for each test case

Test system Systern load
Phasea | Phaseb | Phasec
25 bus SI3kW [ 473kW [ 493 kW
385kvar | 385 kvar | 370 kvar
37 bus T2TkW | 639kW | 1091 kW
357kvar | 3ldkvar | 530 kvar
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| Alternative Newton-Raphson Power Flow Calculation in 2 Three-phase Power System Models ver v vy

_ R . fn power distribution systems, one node or so<called ofr _| Ba BB By k)

Unbalanced Three-phase Power Distribution Systems b congisting of thres separate busbars of phases A, 14 =0 Wy Vi &

B and C. However, in many feeder portions where e y,—}'—u i
their far-end loads require a single-phase supply, it is
unnecessary to build complete three-phase power
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Abstract: - This paper proposes an alternative approach for Newton-Raphson power flow caloulation, which is

1 Introduction

For many decades, electrical power systems have
been analyzed using the bus reference frame
approach {1]. Nodal analysis [2] s typically used to
obtain voliage solutions. However, electrical
demands or loads are usually defined in powers, this
causes non-linearity of nodal veltage equatiors.
Since simple methods to solve Hinear equations fail to
handle this problem, some efficient numerical
methods {e.g. Gauss-Seidel, Newton-Raphson, etc),
have been used [1-3]. To date, there is no objection
that the Newton-Raphson power flow method is one
of the most powerful algorithms, which has long
history of development [4-8], and is widely used to

. difference is that the mismatch to formuiate the

matrix equation is derived directly from
current-balanced  equations  rather than  the
power-balancing [9]. This concept simplifies very

long mathematical formulae to very simplistic ones.
With this simplification, reduction of the overall
execution time for power flow problem solving is
expected.

In this paper, electric power distribution systems
are of our focuses [10-13]. They have special features
of radial feed configuration to distinguish them from
electric power transmission systems. Besides feeding
arrangement, unbalanced load services also make
them special and need particular derivation of
solution methods. Per-unit power flow calculation
cannot be applied unlike the transmission systems.

To handle power distribution power flow
problems, an intensified mathematical expression of
power flow analysis is required. Therefore, in this

effectiveness of the proposed method are in Section
4. Conclusion and discussion leading to further
works are provided in Secticns 5.

lines for them. A pair of lines will be used, therefore
at the end of this feeder section only two busbars
exigt. With an additional assumption of earth return,
any customer load may consist of 2 single bushar,
double busbars or triple busbars. This leads to a
variety of feeder models as shown in Fig. 1.

Fig. | Modeling of a feeder portion

Different busbar configuration of the two ends of any
feeder causes different size of an admittance matrix
characterizing the line portion. In the figure, o, f and
¥ are phase indices and they must represent one of
{A, B, C}. With appropriate algebraic techniques of
matrix, these matrices with different size can be
rewritten into three-by-three matrices as shown in
Equations 1 - 3, for single, double and triple busbar
configuration, respectively. Consequently, when the
system bus admittance matrix is successfully
formulated, non-existing busbars can be eliminated
by Kron's matrix reduction technique.

system is to have only one feeding point that is the
substation Although many types of bus arrangement
are possible, the substation for power flow problem i3
pimply a current source in paralle] with admittance as
shown in Fig. 2.

Equisalen soutoe R

Customer demands are normally modeled as
power loads. Any spot load can be single-phase,
two-phase or three-phase. However the spot load
draws power from busbar(s), therefore only a 3x1
column vector is sufficient to representing such a
load, see Fig. 3 for detail.

based on currént-balanced equations rather than & widely-used power-balanced principle, especially for power — s iy Bl resseztiog HY prd Subation termanst
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: power flow calculation in several power system These are all in Section 2_ and 3. Assessment of 0 00 .
textbooks, to formulate a matrix equation requires numerical computation re.sultmg from the use of the 3 Problem Formulation

tedious and complicated mathematical expressions. developed methed is carried out and then compares o op A power distribution system defines as a set of
. In this paper, the Newton-Raphson method s stili ~ with the assessment of those obtained from the yoo g Yi Yy severa! interconnected elements through between 2

g i applied as the main numerical framework. The key classical ~ Newton-Raphson  method.  These frad =[ e i rabr oy B 0 (2} pair of nodes as shown in Fig. 4. For simplification,

! assessment and comparison to confirm  the Yioo Yy 0 0 0 most electric power apparatus in power diswibution

retwork can be classified into three major types,
which are 1) power source, ii) feeder line and iii) load.
To analyze system characteristics, nonlinear nodal
analysis is employed to formulate a set of complex
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Fig. 7 IEEE 37-node test feeder [14]

To perform the tests, all initial node voltages are
assumed to be 1.0 p.u. and to terminate iterative
processes, maximum voltage error is set as
110 p.u. for both power flow methods. The resuits
obtained are presented in Table 2.

Table 2 Simulation results

Test Iteration used Execution time

system | SNR ANR SNR ANR

25-bus 4 4 100% | 86%

37-bus 4 4 100% 84%

* SNR denotes Standard Newton-Raphson method
ANR denotes Alternative Newton-Raphson method

As a result, the alternative Newton-Raphson power
flow calculation can reduce calculation time by 15%
(average value). The number of iteration used is
equal for both metheds. This implies that their
convergence property is quite similar. The Teaders
can observe their convergences for each test case in
Figs8-11.
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5 Conclusions

This paper proposes an alternative approach for
Newton-Raphson power flow calculation, especially
in electric power distribution systems. The developed
method is based on the nonlinear current-balanced
equations, where the derivation of Jacobian matrices
and their elements are fully provided. With its
simpler updating formulae, shorter execution time
consumed is expected. As confirmed by simulation
results, the calculation time can be reduced by 15%
of the time used by the standard Newtcn-Raphson
method. This advantage can lead to great
improvement of power-flow software development
in fast computational speed and effective memory
usage.
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Unbalanced Three-phase Distribution Power Flow
Using Alternative Newton-Raphson Method
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Abstract: - This paper utilizes the newly developed approach for Newton-Raphson power flow calculation,
which is based on current-balanced equations rather than a widely-used power-balanced principle, especially for
power distribution systems. This concept gives the replacement of the power-balanced equations that are
broadly used by conventional Newton-Raphson pawer flow methods, The non-linear current equations can
simplify very complicated power flow problems, however new mathemnatical derivation of Jacobian matrices is
necessary. Although the power flow equations have been modified, the alternative power flow method still has
quadratic convergence. It is sufficient to enhance calculation time required by the iterative processes. To
distinguish the alternative method in comparison with the conventional Newton-Raphson, 25-bus, IEEE
37-node, modified 118-node test feeders and the 159-node, 22-kV distribution feeder of Suranares University of
Technology were tested. Moreover, the results reveal that solving the power flow problems with the altemative
Newton-Raphson method can considerably reduce execution time consumed by simulation programs when

comparing with the conventional methods.

Key-Words: - Power flow, Newton-Raphson method, Gauss-Seidel method, Fast-decouple methed, Quadratic

convergence, Electric power distribution system

1 Introduction

For many decades, elecirical power gystems have
been analyzed using the bus reference frame
approach [1). Nodal analysis [2] is typically used to
obtain voltage solutions. However, electrical
demands or loads are usually defined in powers, this
causes non-linearity of nodal voltage equations.
Since simple methods to solve linear equations fail to
handle this problem, some efficient numerical
méthods {e.g. Gauss-Seidel, Newton-Raphson, etc),
have been used [1-3). To date, there is no objection
that the Newton-Raphscn power flow method is one
of the most powerful algorithms, which has long
history of development [4-8], and is widely used to
develop commercial power-flow solution software
across the world.

Although the classical Newton-Raphson method
is very efficient and becomes the standard for the
power flow calculation in several power system
textbooks, to fonmulate 2 matrix equation requires
tedious and complicated mathematical expressions.
In this paper, the Newton-Raphson method is stifl
applied as the main numerical framework. The key
difference is that the mismatch to formulate the
matrix equation is derived directly from
current-balanced  equations rather than the

power-balancing [9]. This concept simplifies very
long mathematical formulae to very simplistic ones.
With this simplification, reduction of the overall
execution time for power flow problem solving is
expected.

In this paper, electric power distribution systems
are of our focuses [10~13]. They have special features
of radial feed configuration to distinguish them from
electric power transinission systems. Besides feeding
arrangement, unbalanced load services also make
them special and need particular derivation of
solution methods. Per-unit power flow calculation
cannot be applied unlike the transmission systems.

To handle power distribution power flow
problems, an intensified mathematical expression of
power flow analysis is required. Therefore, in this
paper the Newton-Raphson method will be modified
to be able and to be suitable for solving unbalanced
three-phase distribution power flow problems.

These are all in Section 2 and 3. Assessment of
numerical computation resylting from the use of the
developed method is carried out and then compares
with the assessment of those obtained flom the
clagsical  Newton-Raphson  method.  These
assessment and comparison to  confirm  the
effectiveness of the proposed method are in Section

4. Conciusion and discussion leading to further
waorks are provided in Sections 3.

2 Three-phase Power System Models
In power distribution systems, one node or so-calied
bus consisting of threg separate busbars of phases A,
B and C. However, in many feeder portions where
their far-end loads require a single-phase supply, it is
unnecessary o build complete three-phase power
lines for them. A pair of lines will be used, therefore
ai the end of this feeder section only two busbars
exist. With an additional assumption of easth return,
any customer load may consist of a single busbar,
double busbars or triple busbars, This feads 10 a
variety of feeder models as shown in Fig, 1.
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Fig. 1 Modeling ol a feeder portion

Different busbar configuration of the two ends of any
feeder causes different size of an admittance matrix
characterizing the ling portion. In the figure, o, § and
Y are phase indices and they must represent cne of
{A, B, C}. With appropriate aigebraic techniques of
matrix, these matrices with different size can be
rewritten into three-by-three matrices as shown in
Equations 1 ~ 3, for single, double and tripie busbar
configuration, respectively. Consequently, when the
systemt bus admittance matrix I8 successfully
formutated, non-existing bushars can be eliminated
by Kron's matrix reduction technique.
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One of special feature of the distribution power
system is to have only one feeding point that is the
substation. Although many types of bus arrangemen
are possible, the substation for power flow problem is
pimply a current source in parallel with admittance a5
shown in Fig. 2.

Eguivakinl surce
taresenting KY grid

A
3

Pawer distyibinion
fezder

Fig. 2 Modeling of a power substation

Untike the feeder models, the power substatios
consists of ail three busbars, therefore a voltage
vector representing HV grid is 2 3x1 matrix, while ity
admittance is also a 3x3 mairix,

Customer demands are normally modeled as
power loads. Any spot load can be single-phase,
two-phase or three-phase. However the spot load
draws power from busbar(s), therefore only a 3x!
column vector is sufficient to representing such a
load, see Fig. 3 for detail.

Customer nade

fucoming feedey

Fig. 3 Modeling of a spot load

3 Problem Formulation

A power distribution system defines as a set of
several interconnected elements through between 2
pair of nedes as shown in Fig. 4. For simplification,
most electric power apparatus in power distribution
network can be classified into three major fypes,
which are i) power source, ii) feeder fine and iii} load.
To analyze system characteristics, nonlinear nodal
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To perform the tests, all initial node voltages are
assumed to be 1.0 pu. and to terminate iterative
processes, maximum voltage error is set as
1x10° p.u. for both power flow methods, The results
obtained are presented in Table 2.

Table 2 Simulation results

Test Iteration used Execution time

sysem | SNR ANR SNR ANR

25-bus 4 4 100% 86%

37-bus 4 4 100% 4%

* SNR denotes Standard Newton-Raphson method
ANR denotes Altemative Newton-Raphson method

As a result, the alternative Newton-Raphson power
flow calculation can reduce calculation time by 15%
(average value). The number of iteration used is
equal for both methods. This implies that their
convergence property is quite similar. The readers
can observe their convergences for each test case in
Figs8-11.
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5 Conclusions

This paper proposes an altermative approach for
Newton-Raphson power flow calculation, especially
in electric power distribution systems. The developed
method is based on the nonlinear current-balanced
equations, where the derivation of Jacobian matrices
and their elements are fully provided. With its
simpler updating formulae, shorter execution time
consumed is expected. As confirmed by simulation
results, the calculation time can be reduced by 15%
of the time used by the standard Newton-Raphson
methed.  This advantage can lead to great
improvement of power-flow software development
in fast computational speed and effective memory
usage.
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Unbalanced Three-phase Distribution Power Flow
Using Aiternative Newton-Raphson Method

U. THONGKRAJAY, N.POOLSAWAT, T. RATNIYOMCHAI & T. KULWORAW ANICHPONG
Electrical Power and Energy System Research Group
School of Electrical Engineering, Institute of Engineering
Suranaree University of Techrology
111 University Avenue, Suraparee District, Nakhon Ratchasima
THAILAND 30000
thznatchig@sut.ac.th

Abstract: - This paper utilizes the newly developed approach for Newton-Raphson power flow calculation,
which is based on current-balanced equations rather than a widely-used power-balanced principle, especially for
power distribution systems. This concept gives the replacement of Ihe power-balanced equations that are
broadly used by conventional Newton-Raphson power flow methods. The non-linear curent equations can
simplify very complicated power flow problems, however new mathematical derivation of Jacobian matrices is
necessary. Although the power flow equations have been modified, the altermative power flow method still has
quadratic convergence. It is sufficient to enhance calculation time required by the iterative processes. To
distinguish the altemative method in comparison with the conventional Newton-Raphson, 25-bus, IEEE
37-node, modified 118-node test feeders and the 159-node, 22-kV distribution feeder of Suranaree University of
Technology were tested. Moreaver, the results reveal that solving the power flow problems with the alternative
Newton-Raphson method can considerably reduce execution time consumed by simulation programs when

comparing with the conventional methods,

Key-Words: - Power flow, Newton-Raphson method, Gauss-Seidel method, Fast-decouple method, Quadratic

convergence, Electric power distribution system

1 Intreduction

For many decades, elecirical power systems have
* been analyzed using the bus reference frame
approach [1]. Nodal analysis [2] is typically used to
obtain voltage solutions. However, electrica
demands or loads are usually defined in powers, this
causes non-linearity of nodal voltage equations.
Since simple methods to solve linear equations fail to
handle this problem, some -efficient numerical
méthods (e.g. Gauss-Seidel, Newton-Raphson, etc),
have been used [1-3]. To date, there is no objection
that the Newton-Raphson power flow method is one
of the most powerful algorithms, which has long
history of development [4-8], and is widely used to
develop commercial power-flow solution software
across the world.

Although the classical Newton-Raphson method
is very efficient and becomes the standard for the
power flow caleulation in several power system
textbooks, to formulate a matrix eguation requires
tedious and complicated mathematical expressions.
In this paper, the Newton-Raphson method is still
applied as the main numerical framework, The key
difference is that the mismatch to formulate the
matrix equation is derived directly from
current-balanced  equations rather than the

power-balancing [9]. This concept simplifies very
long mathematical formulae to very simplistic ones.
With this simplification, reduction of the overall
execution time for power flow problem solving is
expected.

In this paper, electric power distribution systems
are of our focuses [10-13]. They have special features
of radial feed configuration to distinguish them from
electric power transmission systems. Besides feeding
arrangement, unbalanced load services also make
them special and need particular derivation of
solution methods. Per-unit power flow calculation
cannot be applied unlike the transmission systems.

To handle power distribution power flow
problems, an intensified mathematical expression of
power flow analysis is required. Therefore, in this
paper the Newton-Raphson method will be modified
to be able and to be suitable for solving unbalanced
three-phase distribution power flow problems,

These are all in Section 2 and 3. Assessment of
numerical computation resulting from the use of the
developed method is carried out and then compares
with the assesstnent of those obtained from the
classical Newton-Raphson  method,  These
agsessment and comparison e confirm the
effectiveness of the propesed method are in Section

4. Conclusion and discussion leading to further
works are provided in Sections 5.

2 Three-phase Power System Models
In power distribution systems, one node or se-called
bus consisting of three separate busbars of phases A,
8 and C. However, in many feeder portions where
their far-end foads require a single-phase supply, it is
unnecessary to build complete three-phase power
lines for them. A pair of lines will be used, therefore
at the end of this feeder section only two busbars
exist, With ar additional assumption of eanh return,
any customer foad may consist of a single busbar,
cdouble busbars or triple busbars. This leads to a
variety of feeder madels as shown in Fig, I,
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Fig. 1 Modeling of a feeder portion

Different busbar configuration of the two ends of any
feeder causes different size of an admittance matrix
chiaracterizing the line portion, In the figure, «, B and
y are phase indices and they must represent one of
{A, B, C}. With appropriate algebraic techniques of
matrix, these matrices with different size can be
rewritten into three-by-three matrices as shown in
Equations 1 - 3, for single, double and triple busbar
configuration, respectively. Consequently, when the
systemm  bus admittance matrix is successfully
formulated, non-existing busbars can be eliminated
by Kron’s matrix reduction technique,

yi© 00
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One of special feature of the distribution power
system is to have only one feeding point that is the
substation. Although many types of bus arrangemer
are possible, the substation for power flow problem ig
pitply a current source in parallel with admittance as
shown in Fig. 2.

Equivalert 10urce
represeriing HY grid

Insgnual subtiation

Fig. 2 Modeling of a power substation

Unlike the feeder models, the power substation
consists of all three busbars, therefore a voltage
vector representing HV grid is a 3x[ matrix, while ite
admigtance is also a 3x3 matrix.

Customer demands are normally modeled as
power loads. Any spot load can be single-phase,
two-phase or three-phase. However the spot loed
draws power from busbar(s), therefore only a 3xi
column vector is sufficient to representing such a
load, see Fig. 3 for detail,

Cusiomer nade

fncoming feeder

Fig. 3 Modeling of a spot load

3 Problem Formulation

A power distribution system defines as a set of
several interconnected elements through between a
pair of nades as shown in Fig, 4, For simpfification,
most electric power apparatus in power distribution
network can be classified into three major types,
which are {} power source, ii) feeder line and iii) load.
To anaiyze systemr characteristics, nonlinear nodal
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Table I System loads for each test case

FTest system System load
Phase a Phase b Phase ¢
25 node S1I3kW | 47T3KkW | 493 kW
385 kvar | 355 kvar | 370 kvar
37 node 72TKW | 639kW | 1091 kW
357 kvar | 314 kvar | 530 kvar
118 node 1420 kW | 915kW | 1155kW
775 kvar | 515 kvar | 635 kvar
SUT feeder 1361 kW | 1361 kW | 1469 kW
659 kvar | 659 kvar | 711 kvar

¥-15

Fig. 6 253-bus test system [11]
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Fig. 7 IEEE 37-node test feeder [14]

Fig. 9 159-node SUT distribution feeder

To perform the tests, all initial node voltages are
assumed to be 1.0 p.u. and to tetminate ilerative
processes, maximum voltage emror is set as
1108 p.u. for bath power flow methods. The results
obtained are presented in Table 2.

Table 2 Simulation results

Test Iteration used Execution time
system [ SNR ANR SNR ANR
25-bus 4 4 100% 86%
37-bus 4 4 100% 84%
118-bus 4 4 100% 88%
SUT 4 4 100% 83%

* SNR denotes Standard Newton-Raphson method
ANR denotes Altemative Newton-Raphson method

As a result, the alternative Newton-Raphson power
flow calculation can reduce calculation time by 15%
(average value). The number of iteration used is

408 WSEAS TRANSACTIONS ON CIRCUITS AND SYSTEMS  Issue 3, Vol , wvialig) syywu_ sadu siveeion

equal for both methods. This implies that their
convergence property is guite similar. The readers
can observe their convergences for each test case in
Figs 10-17.

Standard Newlon-R aphscn stathod fur the 25-hug 1ast system
T T

N—

Manimm velage ense (p.u )
=

. i 1
1 15 2 25 3 35
Number of israticny

Fig. 10 Convergence of SNR for the 25-bus system

Alemalive Newion-Raphson Method for the 25-bus tey syatem
T — T

g T

M yokage sovor (pu)

Numbar of ilenions

Fig. 11 Convergence of ANR for the 25-bus system

Sladtard Newion-Raphean Method far the 37-bug tesd systam
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-Fig. 12 Convergence of SNR for the 37-bus system
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Fig. 13 Convergence of ANR for the 37-bus syster
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Fig. 14 Convergence of SNR for the 118-bus syste
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Fig. 15 Convergence of ANR for the 118-bus syst



anatysis is employed to formulate a set of complex
power flow equations as shown in Equation 4. Also,
these equations can be decomposed into rezl and
reactive power equations as in Equations 5 and 6.

Ta node | (slack buz)

Tanuda

Tanuden

Fi 4 Three-phase node in distribution systems
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where,
ey = Sgone —SEX
abc
Pobe, =Py = Pi3
Qb =0y - Q3%
sebe " 1s scheduled complex power
P, is scheduled.rea.l power
0%, is scheduled reactive power
S5 is demand complex power
P is caleulated real power
fofk is calculated reactive power
V{5 is a three - phase voltage vector
Y8 is an k™ ~ column, i —row of [7%°]
poefabel

The Proposed power flow method simplifies these
equations by rearranging into Equations 7 - 9.
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where,
I ,fbc is mismatched complex current

F2i% s calculated real current
H, is caloulated reactive current
Therefore, curtent mismaiwch equations are used to

formulate the proposed Newton-Raphson updating
equations as follows.

o AE
aH] [ W] s e

To update node-voltage vectors, elements of the
Jacobian mafrix must be calculated. Without
provision of any mathematical derivation herein,
Jacobian sub-matrices can be expressed as follows.
Sub-matrix J;:
oFF
57

PP
L&k —

—l}’k_{-"VkP|s1‘n(@fkp + Sﬁ)
7 (1la}

JP =%‘3‘§ = -{Yg"m"lsin(eg +5!)  aw
i

(11b) is for (i = kand p # §).

Sub-matrix J3:
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{12b) is for (i = kand p # $)-
Sub-matrix Ja:
aHf P
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S hk
. P
;:P cos(&f _‘Pk)
k
aH?
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{13b) is for (i = kand p # §).
Sub-matrix Ja:

JrPP =ﬂ=£)fkipi3m(eﬁf +8kp)

E app
I ’ (14a)
o]l o)
d
Jn = %f— = |Y§"|sin(e,{;.° +5t) (14b)

(14b)is for (i =kand p= ).

With this computation, voltage magnitudes and
phases can be updated iteratively by using the

following equation where k indicates a counter for ’

iteration.

8 ("”'i)_ 5 (h)+ Jl JZ -1 AF (n) s
Wi | Jy Jy| |aH (43)

In addition, a pawer flow solution framework cane be
summarized in flow diagram of Fig. 5.

|

/ Load system data 'J"
Initialize node vollages /
Reset all zounters /
Formulate Y. /

Y

fori=1Ji-n

l

Calculate Jacobian sub-matrices,
iy In Ty

I

i Update node voltages, P I

i Calculate AF;, AH]

Fig. 5 Flow diagram for power flow calculation

4 Simulation Resulis

The effectiveness of the alternative Newton-Raphsor
power flow calculation was tested against 25-node
IEEE 37-node, 118-node test feeders and thw
159-node, 22-kV  Suranaree Uaiversity ¢
Technalogy (SUT) distribution feeder as shown i
Figs 6 — 9, respectively. Table | shows total loads &
each phase for each test system. The tests wem
performed by using 2 2.4-GHz, 512-SDRAN
Pentium 4 computer in which the power flov
calculation programs were coded in MATLAB™,
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S1andard Newlon-Raphson Methad for the 155-bus Ieal system
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Fig. 16 Convergence of SNR for the 159-bus system

Altarmative Nowan-Raphson Muthad for the 155-bius 1969 system
T ¥ Y Y

MaEdnum ¥ okage e fpu)
a

U l: E 1 A
1 1 [ 2 28 E] EE] d
Nuenbar of duealions

Fig. 17 Convergence of ANR for the 159-bus system

5 Conclusion

This paper proposes an altemative epproach for
Newton-Raphson power flow calculation, especially
in electric power distribution systems. The developed
method is based on the nonlinear current-balanced
equations, where the derivation of Jacobian matrices
and their elements are fully provided. With its
simpler updating formulae, shorier execution time
consumed is expected. As confirmed by simulation
results, the calculation time can be reduced by 15%
of the time used by the standard Newton-Raphson
method. This advantage can lead to great
improvement of power-flow software development
in fast computational speed and effective memory
usage,
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