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“ " ABSTRACT

-]
In this thesis AC/DC load ‘flow problem is formuldted on the ;
I
basis of the conditions’ established by realistic systems. ' The non-

. linearIAC/DC load flow' equations, thus formulated, are solved first
o \ ! ", ' v o . . N Y
. by usin‘g the Newton-Raphson technidue. The 'method is then extended to
F

‘using the a],gha—modified quasi second order Newton—Raphson (alpha-

‘ M.9.S.0. N\ R. ) :Lterative method by including the second order terms of
.the- Taylor series. '

Ty PR _ The AC/DC 1oad flow equations are develoPed in rectangular foxm.

i Only one equation per converter station is necessary. " For. one HVDC

link, two rows and two columns (with only eig elements) are added to -

‘the AC Jacobian matrix of the Newton—Raphson 'proeednre. »Suitable

algori_thn\s -are proposed to obtain the solution.

test systems. With the Newton-Raphson n‘etho'd. computations for. all

test systems coverged in three jterations. The effect of DC link

resistance, and :initial guesses for voltages and coverter angles on

'I'he performance of the alpha-modified quaei second order Newton-naphson

‘method is analyzed for a range of alpha values. - The convergence rate _"

f F] i
with the alpha-modified.quasi second order Newton-Raphson method

varies with the value of 'alpna chosen. In three of the four test '

order Newton-Raphsonlmethod Eor .certain alpha values-is better than’

that of the Newton-Raphscn method.

systems, the covergence performance of. the 'alphaémodified'quasi second

c—— . ,._._..:__T,\,‘..‘_ -

The propoged algo;ithlns_ a're'exteneively tested on four different

the perfoi'mance of the Newton-naphson technique is also inveetigated. .

.

X

.‘J’ .
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CHAPTER 1

"+ . .. INTRoDUCTION . ¥

1. 1 Background .
Soluéion of the load flow problem is necessary for effective

.“.

operation of electric power systems, "load f10w simulations are utilized

~ for day-to—day analy81s for network contingency evaluation and for

.

planning network expansion.
In modern power systems thé‘majority of the generating stations .
are in close’ proximity to the load centres. Due to’ the exploitation of _

these lccal generating sites and increased pressure from concerned

! 1 ‘

environmental groups, it is becoming increasingly desirable to locate

such generating stations far frcm the population centres. Such expansion '
into the remote areas results in the transmission of large amounts of 1? "k
power over very long distances. For reasoqs of economy and system |
reliability this is often accomplished by High Vbltage Direct Current

(HVDC) transmission.‘ In order to accommodate pC links the conventional

AC load flow solution must be appropriately modified. This modification-‘
18 due to the dissiﬁilarity in the behaviour of the HVDC and the HVAC

transmission networks. Thus it is’ increasingly important to develc

Vo

algorithms which will merge the twa subsystems to. allow for integrat

t lysis. R
sys em ana ysis | - P2

1.2 Scope of the Thesis‘ . ¥ [‘ ..
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l”

order Newton—Raphson method for solving the load flcw problem, moreover, .

{ o S 5o . | 2

the application of the alpha-modified quasi-second order Newton—Raphson

(alpha-M Q s O.N.R. ) method for AC/DC applications ig also investigated

In o_rder to\- be comﬂatlble with the original'progra.m, .the rectangular .

coordinate Ystem is’ adopted. hapter 2 is the core of the thESis ‘and

prov:Ldes the necessary load flow equations for AC systen[:s having HVDC

links.‘ Us:mg these equations, the Newton—Raphson technique is then s
n » :

tested for solving the mtegrated AC/DC load. flow problem.

. Application of the alpha—modified quasi—second order Newton-Raphson
R

method for solving the AC/DC load flow problem is investigated in Chapter_'

'I‘he Jacobian and th second order terms necessary for the p&:ocedure .

. 0

are deﬁa’iled. Special conside ions for the efficient calculation of‘
the additional te,rms required by the method are also discussed J.n this
chepter.

testing of the' proposed algori *J'First, details of four well known

test systems are given. The performance of the first ‘oxder Newton-

Raphson method .in solving the four test systems is given next.

.

Included also are the results of sensitiv:.ty analyses related to. the
- N q .
effect of the initial gconditions and the DC link resiﬁtance on. the .

convergence of the method 'I'he chapter is concluded with results
pertaining to the application of the alpha-modified quasi-second order'

Newton—Raphson method Chapter .5 contains concluding remarks and

suggestions fpr\ future work. :

P

Ca . . . . . - X N
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. 1n a standard AC load flow program 1s that by Barke

-that the reactive power consumed by ‘the converter wss assumed constant.

l 3 A Historical Review of Ac@c I.oad Flow -

One of the first papers reporting on accommoda ion of HVDC links _

“and Carre [6] in

1

1966. ‘ In their work a successive overrelaxaticn iterative method has

been used to solve the AC/DC 1oad flow equations 3

.

¢

Subsequently, in 1969, Sato and Arrillaga [24] reported on work

in which they investigated the effect of KVDC links on the accuracy and

,

convergence rates of ‘the standard A'C programs. ‘The method presented

'involved the- simulation of the DC link whOSe outcome ‘was then utilized

E

+.dn an existing AC load flow program. 'I'he algorithms were tested on the

- AEP 14 Bus "Power SYstem. 'I‘his test system was ‘later on used by many

- Y

, ‘other authors ag a standard test system for hC/DC applications.

The work by Braunagel, Kra,ft and Whysong [7] in 1976 centered around

-including the equations for DC converters and transmission lines directly ,
: in a Newtoll AC poyrer flow. The Jacobian of the 'AC system was: modified )
4 . - N

to account for‘the DC equations: 'I‘he DC equations were arranged such

s

With tolerances of less, than 5 Mw and 5 Mvars mismatch per bus, it ‘is

reported that the addition of the oc equations in the Ac Newton power

= flow did not increase the number of iterations needed for convergence

of the AC system alone. The method ‘used" by Braunagel K.raft and

.o "
Whysong was Newton-Raphson in polar form. oL

:

' In 1977, Reeve, Fahmy and Stott [21] presented a Newton-based

algorithm for solving the load flow problem for multiterminsl HVDC

systems. The methodalogy adoptad in theiriwork as to alternate

E betv}een the AC, and DC system Ioad flows.

i
N . .

o

LT

Tt Gt o1 st BB 8 G 522 s o
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An integrated approach to the AC/DC 16ad flow problem was '
L I .

reported by Arrillaga and Bodger [2] in 1977, ‘l'he technique presented

;

' ,relied on solving the AC part by]nea.ns of the fast-—d,ecoupled method. ““.ﬂ

2

It should be noted that the for'mulation presented in that paper ’

accounted for the transformer reacta.nce tw;i.ce. A clarification of this
- 1
point can be’ found in Arrillaga, Harker and Turner, [5] in. "1980.

. The application of fast decouple:}, methods to integrated AC-DC B

systems was given by’ El-Marsafawy and Hathur [14] in 1979. The DC

\
.

' ,\-system ‘was formulated in such a way that any multiterminal system of any

.configuration could be. easily accommodated. The algorithms were tested
-t 'q

on a number of test systens. 'rhe Dc link in each test sytem is

~
-

+

v,delivering a constant Hw at the inverter end , It is worth no_ting that

for ‘eech of the systems tested four it‘erati he were retiu_,ired to achieve: )

[ . - .
) N . v ) .
3

In 1981, Ong a.nd Hamzei-nejad [19] presented a m}athod for solving
AC/DC load flow prqblems with a variety of converter Ttrols and -

operatinq,oondi-tione of~the--Dc—system. ' Their algorithms have the,

N A

o capahility to handle discrete tap-ltep and tap limits of the converter o

transformer to. set overcurrent '].imit at the Dc terminal. The iterations

. are performed on the DC voltage equations using a digital current i . <

!;rererence bala._ncer to update the DC currents. The DC and AC load flows : '

are performed sequentielly. The proposed DC algorithms are flexihl; a_nd

can be co:nbined with any existing }\C load flow ptogram.
& . o

i -

-
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: 2.2 &piatione for- AC Buses

2,1 Introduotion '

a

:fn 1ts simplest formthe\AC/Dc load flow problem can be’ represented .

as a DC link interfacing two functional AC networks. As shown in . .

-

Figqure 2.1, 'thisvlink has several niomponénts with characteristics that

1

_ contribute additional conplexities to the overall 1oad flow problem.

~

. The formulation of equations of an integrated AC/DC systemlis done

- in two parts. Im section 2,2 equat ons for these AC nodes {buses) which

, g, | .
are not directly connected to .the link are formulated. In section 2. 3

[ l

" some background pertaining to the op ration of converters (rectifier and

inverter) is" given and the necessary equations at the rectifier and

A

:.nverter end of the Dc‘iink are developed. A brief review of the Newton-

AN \ 0 -

Raphson method is given in .section 2 Ja. ’l‘his is. ﬁollowed by sect.ion 2 5

-

where equations using ‘the Newton-Raphson technique are formulated a.nd

the method for solving the integrated AC/DC load flow' problem is outlined.

.
; . .
0 . \ . . -
\

2.2.1 Typee of Buges and System Modelling - ‘ . "

Normally there are’ three differen?: types of nodes or buses identified

in an electric power system,: These are. the load bus, t:he generator or

[y

voltage—controlled bus, the slack or swing bus, A bu's_ in an AC system is

W . : .
said to be completely defined if ‘the following four .parameters ,are' specified

at thnt'bus: _total active pcwer (P) entering or leaving the bus, total

i
3

reactive power (Q) entering or leaving the bua, magnitude of the bus ‘ ( .,

voltage (|V|) ’ end angle of the bus voltage (6). 'For each bus two of

N

) . . . f \
1

)




[ SO

<

t.hese variables are khown and two are unknown. Thns,'

for a 1oad bus: . P and Q are specified

" v and 6 are u.nknown
for a’ generetor or voltage—controlled bus:
P ard :lv_l are s.pec:[f:ied

Q and_§ -are unknown

v,

At a generator bus ‘the voltage magnitude is controlled

. by supplying reactive power (Q) from the generator.

PR 4 g
1

for the swing or slack/bus
|vl and §. are specified .

P a.nd Q are unknowns

T

output plns’ lopses.

‘ ..

Si‘nce th‘e' purpose of this 'thesis is .to modtfy an existing N

* at the other generator buses and the total syst_?/m, .
« . . . N N / .

P
J

/

- supplies the difference bLtween the specified real

and the calculated re_active poﬂer.into the syste_m oo -

»

oh-haphson

AC 1oad flow progrem 80 a8 to accommodate HVDC links, the modelling and

programing of the AC system is not described in qreat detail. The _('

\
bagic AC 1oad flow program considered in this study is developed- ‘in [29]

.Transmission lines are represented by their Pi-equivalents. If a transformer,

‘ b N

C‘with off-norqinal turns ratio is connected to a line as shown in

Figure 2 2y an equivalent Pi-model with pa.rameters as shown in Figure 2. 3

_.The swing bus is essentially a generator bus and it / ‘ Lo ) j

C v e m e e s

ot prema—

_‘ is cbtained in the program. This equivalent Pi—model is then used in® L

.* the formulation of the static load flow eqnatione. -

‘ .

oy

[OOSR
'
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22 2 Logd Flow Eguations for AC Buses . s

To beg:m with, con51der the follow:.ng well establlshed AC load flow

’ : - vl w
equatlons. Nodal analysis technlque is followed in the formulatlon of
S A : i :

_these eq‘pations. . S . ' ‘ : N
At 2 1cad bus,"p . ) ) }

sl
n w’;‘;?’:' . " L
P = L {e—(e2G"} v B )+f (f ¢ -e B )} - {2.1)

P g P 4PEEaP P od P dM

[y

tQ = I {f (e:G +£ B )-e (£ 6  -% B_)} (2.2)
P g1 P 9 P4 9 PQ. P a P2 g P -
At a voltage co{ttrolled bus, ¢, REPER
L n o, - ".. .. . ‘.‘ . . ) i I,, “ . . X
P = ¢ {e (e G +f B-)+£ (£ G -e - B')} — ' (2.3
c g=1 c g cq ‘q ¢q . C q cgq .4 <q . L
v |?=e2+e2 . o : C(2:4)
e c ¢ - - ‘ K .
where : oL
.vp 8 voltage at.bus p
= ép + 3 fp (in rectét_‘nr;ul?ar coordinates) "
Vq 4 voltage at bus q LT . N
= e ,'+': £
15 -
/ Vv, 4 voltade at bus ¢ AR : oL
te = e, .+ 3 f

‘ qu, Bl;q i active and reactive components of the series admittance

(ypq) of the ‘lina. connecting bus p and bus q.

The actiVe and reactive powers at the swinq lme .are determined at the

end of the load flow solution since it supplies the system transmission

(line and transformer) losses and the dlfference between the system 1oad

L
- .

and the total genaration at the voltage controlled buses. Henoe no |




"

'
. , P . . . i
' . . . ' N ' a K .
. F; B . :
* ) . ' é . . ‘ - X3
. . , . .
El B .
s . .
. . ) - P . .o '
y . . .
. . - .

iterative soluticf_r‘l is required for the unknpﬁn i:arameters (P and Q) of ’ . ' l ,
» n . . . . '.-

> . : : . vy . 3

- the swing .bus. R ) L : : , , : )

s

' - ? M s

2.3 Bquations for AC Busesﬁ Interfacing DC hink - . . S
N 4 . . ‘. * . . ) .
2.3. l Basic Definltlons and Assumptions ) - K ,

- " f . . .

wlth reference to Flgure 2.1 the DC link .I.S between bus r and bus i

W 4

_of the AC system. ’I‘he 5ubscr1pts r and i used P{ere ,refer to rectifier v

' arid- inverter, respectlvely. At bus r (the rect:.f:.er bus) the AC power' . '
" :1. R . ’ .

is converted" to DC through rectification and 15 then wheeled over DC L

LY .- ) " P

' transmission line or cables. At bus i (the 1nverter bus) DG power is- e
converted back t AC t‘h;rough inversion to, be fed J.nto the Ah system. ! .

'v s

't 'I’he DC transmiss:.on scheme co“uld be monopdlar, b.tpolarg or homopolar . "

. dependlng on the economics and the degree of rel.tability desued

wa

-HVDC converter (rectlfier.or ,mverter) cn;cu:.ts are formed by ‘
. N . . - ' ‘ . . . , e
‘. ‘connecting.valve groups or bridges in various ways. In modern HVDC

systems, two:. or more bridges in s'eri.es aqn the DC side are usually needed .
) ‘F . . . o A . E N . *

[

for achieving as high a direct voltage as requn.red' for ecqnomical

R

transiniesion.‘ Th c1rcu1t arrangement which is most commonly used in

L4

e Sen e e et Har 3 o e

rters is the Three—Phese Two-ﬂay (graetz) Cir:u:lt .conm_\only referred ¢
x e-Phase Brldge Con;erter Circ_uit: This is due to:’ : .
“ (a) . low peak. inverSe' voltage. (PIV), o . R JEET
' ) (‘p) © Tow transformer volt-ampere rating for both the p?i\.marf and S ,' 3 ' ‘? .
SEE eecondary eidea. .;' » _ S n -
c {e) low valve volt-ampere 'rati:n:‘g,' and i T e
) {d) the, eimplest. transfformer connection‘ " , -7 . , ' , . Io‘
o 'rhis circuit arrangement is shown in' Figure 2.4. The valves are repreaented h o \
\ by diode ay'mbola. " The direct voltage across the bi’idqa converter is . , .

N . \ . . s . N ' B .
' LIS ’ ' B . . .
f & " . , FEEAN St
. C . . '
b
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.controlled by delaying the firing af the valves.- 'I'he, delay\angle, also-
ﬁferred to as f:.rlng or igm.tion angle in HVDC 11terature, is denoted

L] "

by a_ and correspgnds to a time delay of az-}‘ﬁ' seconds. In Figure 2 4 : - '
the numbers associated with these valves J.ndicate their firing order. o .
The- relatlonshlp between the dlrect volt\ge-*(v ) and the fn:ing \
v s \)
angle (ur}, as given J\n [13], is
Ay v ’ i .. . ‘. .. '
. e RN & . - . i
v, = 3—§xE cos o -
D Tom x . ' : )
= VDO coSs: er . - o . (25)/ _
[ ‘ - o

where Em ie the maximum value of the AC phase vd_lt:.age_and V'DO -ig the ..

avex‘a’ge@di%ltage— with T N o !{,
. a- . A R ! LY .

. N ‘ - .
o to. . . o a =0 .. L ‘k . a _,Ti . ) .
PR ; : . 2. v\ —_—

_u;: cannot be greater than one,hundred and eighty” '(1!'30)"fd‘egrees.- For

a_ =90°
R - .
N .' . 'A . - e .. »‘. , , L
- the diregt voltage is zero gnd for - - ' .
‘ a, 3 90° B S

<

{ N :
® The fu damental component of the AC line current is in phase with‘ 3

.

‘the AC source voltage for a = 0, The converter in

is case ‘does not

consume any redctive power. With ignition delay current am’ voltag ‘-
. - v - ' l\
are no longer in phase ahd the converter draws react:.ve power frow the  ° .
. o : . o

AC system. : . P | . IR W

S,
During the sequential fj.ring of the va}ves, the current transfer

— -

from one valve to enother in tha same row does not taka plaoe simultaneously

] KK Lo

:
* ' - v L N - A ] ' .'
L ) - . r RN
; .
. * -4 . . . Ne o :
., - . s

. . N . . T
— ¢ St U Pa ] Nk W A et bl 13 AR i St P ViR ¢ VR S B
T . . T - A
O - “ . g,
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' di"mi,ni‘shes and-in, the third valve the current increasee‘. This period of

AL

. due to. the presence of the leakage inductance in the AC source transformer

-

s

windingsi. Thus tﬁere is a finite ti_me during which two phases and three

valves conduct 'at.. the same time: in two of the valvés the current

“- 3 »

' R e

? cominutation ig called the angle of overlap and is denoted By ur.‘ Thus

N/

.
o

@ PR -
and ¢énds at. o ,
- - . N N o ) : i 't R

-

Danan v
- . L

the conduction begins at
+ .

[ .

T r—
A

L

’
i

. . oy r . ;
. « - N . . . '4 t
'y

..‘where 6 1$ )&nown as’ the extinction angle and is defined by the following
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relationship, - , . o N : . 2
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§, =oa_+ M } o ) (2.6)
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The symbols ar and 6 for cgay angle and extinction angle, respecti.vely

¢ > & 9

sed. exclus.ively for rent.tfier operation where they have values between

Sk

‘to one hundred and eighty (léﬂ?deqrees. for inverter opération. " However,

A4 .
., ' . -

in tsiis ’case’, it is a more common practice to definehithe iqnition advarnce
angle 8 ax{d the extinction angle Yy by their advance fr‘om the instant

(wt = 180° for ignition of value 3 and extinction of value 1, see Figures",. .‘ . '
2.4 and 2.5) when the communication voltage (eb ) is‘ zero and decreasing.' '

" The following fundamental assumptions are made in the fomulation of - o

‘the equations representing the AC/DC converter. . o

a

R (.'"L)A The AC source supplies a balanced steady-state sinusoidal voltageg L e

-
’

and current of constant frequency_ o . SRR

'
i
o

©(44) “ . The voltages and currents of higher harmonics generated by the .. ’

-

converter are filtered out and do not appear on ths AC. side. ‘
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‘ {iii) The converter trAnsformers are resistance-free. 4
. . s .

: ' T £ 8 /| The direct voltage and' current are constant and ripple—free.

" {v) The converter valves,are ideal ‘so that the forwardlzesistance':

o . ! '

is zero and the 1nverse re51stance 15‘1nfinite. sAlsoy one’

.-
v

assumes that these valyes have np arc voltage drop.

.
'

(vi)p‘ The converter valves 1gn1te at\equal 1ntervals of the AC cycle.

. . \ -
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: 2.3.2, AC/DC Converter_ Model e ‘ ; ' s

- . . . ‘. i

.o o . The basic converter model used iq'this thesis is shown in Figure 2 6. . 14'\

"o . jS ! ?

The area surrounded by the dotted Iine is the representation of the‘ _- ; !

B

’ converter. The converter transformer 15 an’ ideal On-Load—Tap-changing

Ty ]'-': 4 \_‘ ' .

(OLTC) transformer and its leakaqe reactance is included in the qommutating

o H t .
BEEY
LN

. reactance of the con erter s (rectifier 8. or inverter s) AC source.

~ . ‘ ¥ . .
. - oo * : . . °

Consider the Single-line representation of ‘a‘DC line as- 1llustrated )

‘~ s e

An Figqre 2.7,° Ihe two: AC buses between which the DC link existe are bus r . ~

f i * . 2
_3 . and bus i denoti ‘2 rectifier end and the inverter end, respectively.
' . ok P ' s )
The respective AC voltage and current levels at. these two buses are ,

et - H [y

\ e ° ', ! A ‘
: IV:[Z r' ''r Z¢r' - I, '
, .r . - . . b B , [ N )y
) and . ;{ T ‘ S s ,/ .
\. R AR A S e
. R o 1 " -t ) i LS .
" . " The On-Load-Tap-Changing transformers have tap ratios ala and a, with taps -
) * ! . o ' % ‘
_on the Dc_eide in both,cases. Yo T . — . ‘
R : b : : P S ) N
LI , R ‘ .,o : v '_;‘ . . . - sy
\ o A 2.3 3 Basic Converteé Equations o . . ;o ’ ”N\gdfv
I - The.wall known basie converter equations that have been developed in —~ N

v e

the literature [l3 18] dre given below._ These-equations are yalid only
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for a .single-bridge converter apnd are in per-unit form. The per-unit

i .
i . ]
system thosen is such that At,hei same base MVA and base voltage are used
on the AY and DC sides. Thus" ' o .
L : e . i
f R ,
R = Y o=@ ), =(R__) = (2.7
Abase . base AC base AC base ne ﬂbase
| ' ( ( |
V. ) muV ) = 2.%y/ ‘
. base AC. base e hase - \ ) -
LT + Ppige .
( ), = -.223se . _ . {(2.9)
‘- ¥ base /_ v . R - J
R base
. I e . N
o faase ' e
b ) v . ' " (2p10)
o base be base o Ol i o
From equatidns '(2.59') and’ ‘(2.10),' ‘ .
(r 3. = /" (f ) L : (2.11)
base base © ' e
: " pe.” AC ‘ T

'_ The d1rect voltage in -terms - of the rectxfier delay angle, the commutating

reactance, and the volt:age on the AC side of the rectzfier transformer is

w:lt‘.ten as.

Vp =K, a |v.| cos a_ -k, 1 X, (2.12)
r ., F ’
iR R
where N
N Yy ) R / o . 4 t
] . i %
.32 : 0
. = . . 2,
: L - _ (2.13)
.. ‘ ) b R X B . - N . - ‘ .
oW ' .‘3 3 4 : . . ~
: K, ='= - - . S -
ne A ‘ . 4 2 o T ( . P ' L] ’ ' !
v, is thg direct voltage at the rectifier. ’
r N - S S
u; is the delay angle of the rectifier.

‘[\(rl is the;magnitude of.the AC voltage at bus r.

)

-
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; - a, is the tap ratio of the rectifier transformer.

. . ID is the direct current in the link.
. ’ \ o N
. xc is the commutating reactance of the rectifier's AC source.
r o .
H The direct voltage at the rectifier may also be written as.a function of

the rectifier power factor and the rectifier AC bus voltage,

. VDr = Klvar IVr] cos ¥ | . (2.15)

where cos ¥, is the power factor of the rectifier.

The direct current in terms of the rectifier parameters and the
, s : : . . V. :

' ' \ ' - - ,
rectifier AC bus voltage is 'given by the followinQ relationship:

+

 a [v_| . e - ‘
I =—=—% [cosqa_ =— cos {a_+tu)} ' (2.16)
D ovax o TR |
c . - . ar

!
vy . i

r’ L ‘ . R ;
_where u, is the‘overlaé ?ngle of thé rectifieé.' - ‘
. . T-The reactive power requirement oé a rectifier is dependent predominantly
on two fac;oréa‘ the délay angle and the Acbbus voltage acéordipg to:

|2 ‘

r . .
o QD = T % sin ur [l‘- cos (2ur+ur)] ‘ (2.17)

Beécause the inverter model is similar to that of the rectifier, equations
»

. similar to (2.12), (2.15), (2.16), and (2.17) apply for the inverter

operation as well,

b ] v
. - vDi =K a, Jvil cos y; - K, I *ci : ' (2.18)
. " i R V. =K .a |v I cos ¥ ' {2.19) )
' . .‘ R 'S ) D.’. 1 i i i .
U L = oo e i
| %] { (rotud] (2.20)
= cos vy, = cos (y,+u : . .
D /7 x- i i y
’ Ci B
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. o % sin ui.ll - cos (2Yi+ui)l

where

’ J .
VD ig the direct voltage at the inverter.
i .

Yy is the extinction angle of the inverter.

|Vi| is the magnitude of the AC voltage at bus i
a; is, the tap ratio of the inverter transformer.

ID is the dlrect current in the link.

X

i

, cos wi is the power factor of the inverter.

The DC wvoltage drop across therlink is ‘given by
Vp .~ ¥, =Ry Ip
T | T

o

where R, is thé\feéistancé of the DC line. . '

L
| ]

i

2.3.4 ﬁg;d Flow Equations for the Interfacing Buses
T

14

(2.21)

- is the commutatlng reactance of the inverter 5 AC source.
i . .

(2.22)

., For the.rectifier AC.bus r théffolloﬁihg active and reactive balance
P > o : L

equations are written: -
n T, .l ' \ k ) »
P:= qil {er (eq Grq + £ qu)\f fr (f G;q - e, B, )}+ P

L -
N
n: - .

’ :=> 7
Q = F {f (e G _+ £

. r ) -.e, (£ -Gr “e B -

g1 q rqa g rqg -r.'qrq q >,

where Pb is the DC power over Ehe link on the rectifier side, and Q
e

-

is the reactive power absorbed by the rectifier as given by equation
ey

(2.17). Pb ‘is given by multiplying equation (2.12) by;ID;
. Dy ; .

—
-

? X 1 a, |v | ID cos a, = K, I

r

- b (2.

23)

rq)}+ Q- (2.24)

r .

.
v d

2 .
5 Ip X, B e
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“o(2.21y. As in the rectifier case, P
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. , ‘s v"

Thus, the active power (MW) over the rectifier end jof the DC link and

the reactive absorption (Mva.r:')- ‘of tlie rectifier are treated as a load

on the rectii:'ier AC bus., . o .
Equations (2.26) and (2.27) provide t:he active and reactive power

balance for the 1nverter AC bus i

n . .
P, = 't f{e, J+ B, ) + f, ., = e B, - .26) .
i q£1 {e; (eq qu ‘ fq ) lq) | £, (fq qu ey qu)} PDi (2.26)
L no ) - ' .o :

. 0. = ¥ .{f : - a, L - . | o 2.27)
O3 _ qfl ty ‘®q g * fqPig’ "% Fq Siq T % Big'! ¥ QDi (2.27.
" = . ) ) o . . e ‘ . ¥

where P_  is the DC power ovexr the link on the irivelrter side, and Q
: i : - .i. -
is the reactive powar abgorbed by the invertez: as given by equation

D. is ngen by multiply:mg equation
. i .
(2. 18) by 1 Henge ’ o

ﬁ;‘?l‘ Ty

Di.l, ' : s

P, =K, a, |vil I, coey; - K, Ig X, - (2.28).

Thus, the representation of the’ DC link on the inverter side is that: of"

a load w‘ruch draws nega.tive active power and" posit:we reactive power .

Y

from the anerter AC bus.

at . .

2.4 Review of the Newton-Raphson Method

»

The Taylor expansion for ‘a multi-variable f\inction f is written as

/ f(x + AXI; x2 + szl ---)

o f(xl, Xy vea) + o it E (Ax.k) axk '
n o0 ' . 2, Lo -
1 o £ . T -
+ = £ L (ax) (Ax — : ) R
gy gy K axle- ,_
I R éAx)(Ax)(Ax.)-L—-EES—*-—+.;. ' (2429)
31 k" ..2. m’ axk 3!{!‘ ax . o '

k=1 =]l mal

(Y2
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As. an appr%:ii.ma‘.tion;' the Newton-Raphson Method assumes convergence after

the first two terms-of the above series. Thus we have

, -

.\ : - ) ‘ . l B . . . n,‘. ) . ) " .A
Elx o, xyHh, ) - £(x,, Y =T (ax) 3%;- (2.30)
or . e : .
. : L | c
. nare. L ‘A"k’ x_k T (2.31)

If there: are-a number of multlvarlabIe funct:.ons (fl, f £, etc.),

- 3
‘equatg.cm (2. 31) can convem.ently be wrxtten ‘as
T A = 3 px
or .
‘ N Y S BER-E
Here! . Ax = increment vector .’ o '

-J = matrix of first o'rder'pc-‘:trtial derjvative coefficients

referred to as the Jacobian -matrix

Af .= error vector = .- T .
'\ During each iteration equation (2.32) is solved for the increment

- matrix fx. -Iterations are performed until the solution is reached.

1

-~ 2 5 Fomulation of Equations Using Newton-Raphson Method

2.5, 1 Formulation for the AC [oad Buses . . ‘ -

"I'he active- gnd react'ive powers ente:ing or leaving a bus in.a power

- *  systenm are functions of systeni bus irpltages’. Thus, at any bus p,

,.pp = pP (v , v2 ) B e $z:33)
' Qp Ve Vyy eudd T 23w
) . . D
/ ' \ . M ’\ .

- ThaEe 4
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Applying equation (2.30) to the above equations gives

< .. n P
' - B ' = B
PV + AV, VAV, ), PoVyr Vi eea) k AV =
: k=1 k

(
L. n aQ
. : - - - _2
-QP_-(Yl POV e Vy AV eel) 2 QuUVe Vo eed) _kil tav, ) v,

o

\

' errors or mlsmatches at bus P in the active power and the reactive power, .o
respect1vely. Let APP be the active power mismatch andvAQ be the reactive R

" power mismatch at bus p, and Letl in rectapgular_coordinates,

o - Vi T %

k

+3 5

.. {men equations (2.35), and (2.36) take the form - -

LT
K I

.
e n . 3P .. n aP ) .
JBP. = I, [ =2 fe] + I.[==E af) Y
R R T S RN o |
R :To n .0 "
g, = = 152 ne )+ b (5 g
%%k - K=l k .

. " ) ..PA’ .k=l‘

PN

* system bud voltages,

'-swing bhs, the set of equations to

Equations (2.38) and (2.39) ere.linear in natﬁre-anq they express.the ;

.bhange%r;n active and‘reactive powers in terms of bhe components of the

17

(2.36)

The left hand sides of equatlons (2. 35) and (2 36) represent the’

A (2.39)

‘For a system of n buses where the nth bus is the

be solved are wrztten in matrix form as

' ARy . ;}" i a:Pl.. :zl» - aipl | Aél' :' !
.o 1, - ““na1 1 . - %pa ‘
,Z; _- I A | ¥y ” apn 1 ap{(’"ﬁ, o ,
S 4 I T R T B (2.40) -
1 89 I = 39_1_ 30, [ 00, r"__.§g1,- . ¥ o
Y IR I O T of 8F, | h T~
al | [ |
: 1 o=l -1 -1 " '
L e - / - = - o
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In the above equation the square coefficient matrix whose  elements

¥ .

. are first order partial -derivatives is refer}ced to as the Jacobian matrix.

iE:quat;ion {(2.40) ' is also writfcén as

v e | a1, be | : _
. : 4 ' . _ o (2.41) "
sof oy | ag| | et N -
The elements of Jie Ty Iy and‘JQ are derived in Appendix A.

w " .
' /_/ s ‘
. ’ - LT ..
y
/

2'.‘ff2. Formulation for the A.C. Voltage~Controlled Buses. :

»

- The follow':l'.ng‘equations determine a‘voitage-fcg)'ntrolled bus, c,

‘P =135 {e. (e G_+f B )+f (f G/ -e B : (2.3)
K c g=1 t c q cq q ?q) - e .(“q cq q, Cq) }.‘ L ( ) } .
‘ L i , ‘
. 2 [2; 2 ' "'\,\ . k . ‘ . . v .
. s . . . B - [
..|vc.| e  + f K R C ; . (2,4)
. ) . v . v . . " . - one ‘\
. * - .‘ . ' ' I -
The active péwe‘z' mismatch (AP) relationship as given by equation (2.38),

de_velo'p;ed in the _pre'vi‘ous.,seétipr_x,1\'vou1d’als‘o apply to this case. Thé

voltage mismatch equation is developéd using the same procedure and is

" given as follows:' i o
VAI‘V 12 T ['-8|VC|Z'A T ST ool A, 1 Y zan
= L b — de ] + o N ¢ 3 ‘
c k=1 'Bek ) k kel "af.k k AR S ey

Hetpce for a sysﬁém of n buses wher:'g bus n-1'is th_-e uvbltageiéonﬁrdl.led -
- ' (generator) ‘bus ‘and bus: n is-the swing bus, .the foll,dwing matrix equétlon
. Lo . a . R : "- -
" is written: S K ' S e [/ o

-
-

'
w . . [

. .
) . .
R R e N e Par LRLE e A
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[}
t s o pr— i — p— p—
; , 9p. /Of -o. OP_/BE be
3 -1 .
fe, P, fle, P /de | ‘ 1 1
.n e deesen s e s - -’- ases s en
AP -1 BPn_l/Bel ap _l/Be -1 BPn__l/afl Bpn-l/afn-l . e 1
b, 3Ql/3e1 .o BQl/ae 3Ql/3f1 vee :an/?fn_l' , Afl
v %z | P2 PP | P900/Pt) e 39,5000
- C2 Y 2 e 12 o
AIVn l| aivn-li /B_el alvn-l| /aen-l a|Vn-‘ll-/afl''alvn--'].l /afn-l efn-l
- e : . : : . - .
. - .* - -
e . ‘ (2.43)"
e . C T '
. . In condensed form, equaticn (2,.43) is .alsp written as |
, o 1 g 7 L
. ) . . ‘Jl . J2 - ..E . . =
2 Ty Ia ' (2.44)
=8 : : £ r' oL -
° 2 . * . N M ) . N
vl | _Js JG— ] . \
E ] ,/. . : ; .
RN In the above equatlon Jl' J ’ J3,_and J4 are the sarne as in (2 41). 'l‘he
TN glement_:s of J5 and kS ‘are also derived in Appendix A,

RS

4

2‘5 3 Formulation.for the Irterfaciggh Buses -

for the load buses.

*

in~this thesu as a load on both

o lslnce"%he HVDC '1link is represented\t\
I’ )

the rectxner a.nd 1nverter AC buses,'_ the treatment of these two' buses

. interfacmg AC buses can be arranged to maintain

. qonstgnt converter power -{ Py

,
[N

. oy: PD
. r .
- cofistant DC current (I ) over.the link, or

)r or
i

for the Newton-Raphson appllcations is the same as in the foregoing

) The equatmns for the ccnverters and for the o

.

.
R S e i
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. « .
(1ii) constant DC wvoltage at -either end of the link, or

{iv) constant reactive power absorbed either in the rectifier
or in the inverter, or
‘(v) ¢ a combihatidn of the above.

0

In the following formulation power delivered to the AC system at the

inverter (P, ) is maintainhed while holding fixed the dirett Zent (iD).
. i . P ot
over the HVDC link, ile. , ( ~ . '
P '='pgpm S §\> (2.45)
=D.i. j: M \.\ ’ . ‘ . y.
. R = sp * ’ . - . ’ ) ~ . ) 3 .": .
IpF Iy . cL L (248 N

L]

{The subscript 'sp" will be used to signify thatva quantity is set at a

specified value. " The condition set by equations (2 45) and (2. 46) is
>, . ‘ e -y
the preferred mode of operation in most electric power utilities w1th o

’

HVDC link. The Dc power at the inverter is given by the jollowing

N . . . ‘e

simple-relationsﬁ}p' '
=v_ 1P : o (2.4

which reaéiiy gives VD

 the inverter DC voltage.  Thus
i o

N

e S

~

In light of the above, equation (2 22) uhich gives the voltage drop across -

the link is written as

- .. W
L P
. v - 1.- qu .. , ) ) }
D S[i- \D-/? i L
r oI 7 _ | -




or c v =

I and VD' béing known the DC power at the rectifier is
r Co -

" calculateds: SV ¥ r P

.’ R ty . B ) C
It is obvious from the above equations that, once P, and I, are
‘specified, no iterative procedure is required for cgmputing V

Dt.vbt.

3 ) . ‘ .. CA r.

- and PD - These variables are computed &s per equations (2.48), (2.49),
r ' v‘ . " ‘.

and {2.50) before the iterations begin.

The control ofnfhe_conVertgrs is realized - . \\;\\ 4

. (a) by Qaryiné the de1a§ angle (ar) of tﬁé rectifier
(B) py'varying the extinction angle (yi) of the inverter, and
(C) " by adjusting the taps of the converter on-load-tap~changing
tiangformers (a ., ag)- - SN R
4

Civen'dr, |Vr[) Yy and |Vi|, the transformer tap ratios a, and a, are

. calculatéd us@hg‘equationg_(Z.IZf 5hq (2.13{, fespectively.

%

"V - 4eK &Igp X

~

3

s

Dr . cf o i
a_ = =— — - {2.51) ‘
r K IVEJ;C?S a - o
Ce g e8P . - _ S ‘
- c VDi + Kz IP- xci. . - .
* ooa — e {2.52) '
Do i Ky [Vi['cos 1y . ' B
£ ‘» .
N \ ' 5 wr
——— e i s et = A
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The active and reactive power balanbg equations for the rectifier

bus, r, and for tﬁe invertef‘bus, i, as a function of system variables
’ aré;
Pr = Pr xvl,vvz,_...) + ?D Fpalculated) (2.53)
. . r . . A 4
Qr = Qr (Vl?‘, V2| --.) + QDr (vrr f!r) . {2.54)
‘ . . , N Sp ) ) . . . B
- By =By (V) Vy, .l C P'Di _ s _ (2.55)

(Vil Yi) . |l

Q= 9 (Vyr Vpr oo .QDi L - {2.58)

+ - ' o . .

'Applylng equation (2 30) t?r;he above equations results in’

. 3 N ’ .a . . . %
o . '~g§§$ . : . n - oP *
o P_(V +AV1' Y2+AV2 ’...J 7pr(vl, Vor «eed = I (Avk).“'a'v'_, ,' (2.57)
. k=1 . ko R
[Qr_(V1+AV1"’V2+Av1’ eea) +.QD,(vr+'Avr. ur+Aar)] ) - 2 ,
) L ' X .
' - ,[Qr(vl' Vzl .--), +.QDr(Vrl Gr) ) . - ) o0
. . . N .' ‘ . .‘ "' ) .
, . n a0, BQD ‘. 3901_‘ ?
: '={z (AV ) } + (AV ) =+ (Aat,) Py (2.58) -
/ N S ‘ | * L.
. i-‘- ~. . . ' . o ' . . " n . . api . .

. : P, (v +Avl, v +AV2. Y. - P, (v 2. o) = kzl,‘ .(Avk) -5-‘7}-(- {2.59) '

) ~ Y - ¢ : St .
[gi(vl+Avl.. v2+Av2, .) .+ QDi(vi+. vi, Yimyi)l . .

. oo e N ' L |
. . ~lRyi Vo eal) +gDi(Vi, ‘L o |
o g N : ': . 391 ‘ ' 3QD1. : aQDi"
- ) ={z (Av ) =1 + (Avy) 5=+ ) —= K (2.60)
: k=1 A Ny Yy
: ",¢ff’ .
| _ s ;

b et m mep = b e 4

N
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The left-hand sides of the above equations give-the bus mismatches for

active and reactive poweré. In rectangular coordinaf:es (se'e’ (2.37))

these equations' may be written as

n aPr . n o ap; < ) ' ‘ A -
8P, = I lg==npe, ]l + & [5af]" ‘ {2.61) - - ,
x x=1 dey k=1 Of K . G) N L e S } .
: ;0 ? . ‘ |
N 3Qr oon ,JQL. - ) ) L : ) { ' %
AQ = & [w=pel + ¥ [ wAL) PR S
o k=l agk k k=1 ?fk- f"k \ . ) ‘ ) 4 ; ‘J ‘ [
aQDr. T a-QDJ:' " a?Dr . o ) / ‘ , :
et R MR M L RSB T s
r r c r :'& { ..‘ ) R
o . ‘ s -~ - ‘ : \. ,
_ n .. ap; ntop, ' -y P
AP, = I [T Ae L+ © [ —= Af . : (2.63) .
1 per 38 RIS 3, "k . “
! I 4] i d'; = 4 N il
n an n agg_«‘ . . . ) ‘
AQJ'. = B 3o Ae’k] + £ I 3t Afk] . SN
- k=1 k . k=1 k o e
' . b .‘ l'
! 4 - K i o .
aQDi ZiQD:L Z!QD.1 o ,
+ de .+ —= Af, + Ay, * (2.64) .
X 3ei # i af..l i Byi! ~‘J. ¥ "
) N [
Whére . ' v

: »
'

AP is the total active power mismatch- at the re.c.tifgr bus.,

w#

AQ is the total reactive .power mismaten at the re'étifier bus. -~ b . ) p
APi is, the'tot:al act;ve power mismatch at the inverter bus. - - k
49, is the total react.we power ‘mismatch at t-.he inyerte—ﬁus. o /- s
“ N 4, ) \‘ ‘ N B ‘ R .
TWO equations, onq per conveg;ter, are utilized to/ account for the - . “
. v - . o,
|| )
performance of the. rectifier and inverter in the Newton-naphson method.u "
* - R X ] .
These are equations (2 25) and (2 28\) 0 Secti.on ,2 3. 4. Now thai: I is o . e
R .
speciﬂ_ed,‘we have - R .
‘ T ) ' # . =
: m‘;" ) ' , :
' . - ’ P ' ! M
. \ v L4 ‘ /)) . ! ,
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. . . 2 Ve
s 2k . a | 8p, -k ap, - ‘ ¢ . 3
'-PDr Ky a [V (157 cos a. - Ky (1%) xcI (2,65)
and ¢ - E
. N . Y .- - 2 . 3 )
'pDi K i [v | (I F) cos. Yy —hsz (I Fy xci . ; ({2..66)

(7 \

. Recallmg from equat:.ons (2 51) ' “and- (2 52) of this section that a, is .

]

. known once’ {V | ana ur are known, ahd ai is known once IV | and y are .

—_—

[

knou'n, hence the only unkrowngfjin the a\bove equations are: |Vr|. a, in-

. (2. 55), and [vi[ y..m ¢2 66)% 'rpus, we have . I
. LR, el Lo . . .
C Ry = By (e £ %) . : - (2.67)
. r - r. . N p :",‘. . ' Wl
- . . , . ‘:: . . .A. eC . ot . ,
Po= P le,, £oy) 3 ;'-:4.* ST (2.68)
T A T PEMA A AP
. - - LI o -a i o St

Using Taylor expansion as a basis and %lecuting the ‘procedure outlined
7 .

previous“ in this section, the followi‘hg.equab;.ons are der;wed. .

‘ ’ - [ Ry
aPDr anr o .
( Ae Y o 3¢ Afz + 3 _Aui- -, 4 (2.69)
r 'Y I . . ) '
N ;"' Iz A " . -
oj P apnifi , i’Pr.)i_ N
= Ae, + AF, + —— Ay : (2.70)
I“’v ! D,i aﬁi 12 - afi 1 K] a‘Yj’. i .1
. N . ¢

'rhis cornpletes the formulation using Newton-Raphson method for a

. system having HVDC link. Consider a power system of n buges-with the

following description- ) -"‘\' ’ S o

(a) Th‘ere are m vgltage-controlled busee, one B‘E which (the n;h bus) is

&

the swing bus. . t oy

"(B) .The HVDC link is between the bus r (rectifier). and bus‘!. (1n<rter) .

s

of. the system,
'rha matrix equation (2.71) for this system is ehown .on the !ollowing ‘page.

In condensed fom, equation (2,71) i written as lhown in equetion (2.72).

i )
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(2.72)

It 'is- noted that the portlon of equat1on (2 72} surroundeﬂ by thick lines-

corresponds to AC equatlon (2 44) with modlfied J

l

3

and. J

There are

eight additional tenms added to the Jacobian mdtrfx‘and two addltlonal

terms to the error vector and the increment vector.

Comparing equations (2.71) and (2.72), we haﬁe" :

..

..

(2.73)
(2.74)"

(2.75)
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S T
9Py :
= — (2.80) ‘
: 8y o\ !
‘ : : v Vf *._‘i 1
/ . . , 2, BQDr
3(r,r) alirven + e (2.81)
} ' r r . ¢
- ,' .
- i,
\ ‘ 3(1-;1) =5 * e (2.82) -
i i e —
a. i - g ]
' ’ noC -2, aQDr - .
. - ) J4 (r,'r) = 5 + -—a—f— ] (2.83)} . ,
S oy o vy
ot . . (L/d) =55~ + —= o -84).
. , ‘ attt TR T RE] .
) : . “ . The new elements of,the Jacabian matz:ix. as well as those which mocify J3 ' o
B o - ‘ and._J; are derived in A;;:pendix' B. - .
. 2.5,4 outline of the Method '
" The iterative computations of the load flow equations utilizing-the- : .o
Newton-Raphson method procged in the following step§
‘ Step l - Assemble the bus admittance matr:l.x [Y] ' )
' Step 2 -'-“Calculate VD ’ VD , and PD usinq equations (2,48), (2.49) and
: i ‘r r - R ) .

(2. 50) ‘- respectively

. ~

Step 3 - Initialize - . e

(A). real and ’mnginary components of.thev bus voltages, ep anqi'fp

T e e e gt A e A Ven o e Mo

. T A ’ (B) reactive power‘s" (Qc) ‘at the voltaqa'c.o‘ntrol‘led buses
o S .I (@) celay ariole (@) of' the rectifier, and )
' : (D) extinction angle (71) of - the inverter.t ' ‘ Y 4
" \ Step 4 - Calculate ) ’ Y

Pp using equation (2 1)

!

! . ’ : . ‘ x

-

e e g



...f
Q using equatioﬁ‘(2.2)
NP ¢

»

|vc|;2 using equation (2.4) Y

. a_ using equation (2. 51) /

!

’ ai using equat:.on (2. 52] < . ’ .

O using equation .(2.17) ‘ | -

r - - T
using equétion {(2.21)

i v

P using equation (2.25) and . 4

%

D
r

PD using e'quatiori "(2 28)
i

. Step 5 = Calculate errors usin the followl'ng equatlons: .
’ ARy, = pscmM o ‘:' o v
APr = PYSC‘HED - Pr -,PD (known from Step 2).

4

0By =Py e .‘“P'i * P';f o o | :
89, = Qscun ~ 9 : | ' ' ‘
AQr' = Q conpp © Q? = QDr (calcz‘hlated in'§tep 4_)’
AQi = _QiSCHED - 9 .{.-QD' '(ca?:léuia;ed 1nStefn 4')'

12 2
sl | - - v,

8P, =P’ (known from Step 2) - PD (calculated in
r r . . ) X ) '

-Séep 4}

2z

.

' chCHED I

ap, = p°P . p <(éa1cu1ated in step 4)
Dy By by

s

(2.91)

28

(2.85).

'.(2.36)

(2.87)

: (2.88)

(2.89)

(2.90)

-3

~(2.92?

(2,93)

Step 6 - Test for convergence. If APP, AP ' AP ’. AQ .2 AQ ' AQi' AIV ,2

APD 5 and AP a' ll less than the sp'ecified tolerance
r .

aolution is ’dﬁ'f“ained. "If not, continue.

(E) ’
-

-

-———te 0

Sfeb 7 - Calculate the elem&tu_lh_mnhian_mm:i.xr
L. . . ot - 4 o

Step 8 ~ Solve the mqg;rix':equatioﬂ" (2.‘72) for Ae,;Af‘, Acnr and Ayi.

compute o B PR : ’

o e avpes Ce et ree—

t

.Th\lls ’ .

) -
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o b — ' ‘
. - _-1 '
g ta ! AP ]
- - 12 .
S B i I e
Af I R R =T
. 1 i 2 , .
5: 1 6 ) 1 .
. 2 B P N
g e 0% Ml 1 P,
| ' X 1%y 1 % Bep
By I L i ‘
' Step 9 - Updaté the bus voltages; (e and f) ‘and ?;ﬁe converter—angles [
\ (@, and v,). | ’ N
| o . R
A ) (2.95)
L i+1) " _(4) - o
. g3t _ (3 e (D) (2.96)
‘l L] . Q -
PSRRI = LAY (2.97)
: . S 5 r .
G, (3) {3
: AP PR P (2.98) -
* Step 10 - Return to Step.4 for the next iteration. ’
i “
; 4 » , .
b . e . ;
i i.: ‘ . '
| . . ~ | .r
; : N -
- .
' . L
; ' .
i ® 1
i e
t -~ o
i . S i
L '
' 1
. } '
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.CHAPTER 3
% {
APPLICATION OF ALPHA-MODIFIED QUASI-SECOND
LY
ORDER NEWTON-RAPHSON METHOD )

3.1 Introduction ,
x}']‘he theory of the alpha-modified quadi-second order Newton-Raphson

d for so!lving AC load.flow problems is fully developed|in [20]. This

-

| . . o
theory is extended in'this chapter to the analysis of integrated AC/DC

N

systems.

ﬂ‘ alpha-modified quasl—second orddt Newton-Raphson method. Th formulatlon

of the Aé/DC load: flow equat:.ons uging this method is dealt

method is discussed. . - s
N - : : , !‘
4
* 3.2 Basic, Concept of Alpha-Modified Quasi-Second Order Newto'n—\ﬁaghson)
' . - . \
Method S : ‘ ' \ ' :

i - ! . . . .
{ The second order Newton-Raphson method, an extension of the\ Newton-
Semin -

M~
7

Raphson method, is obtained by utilizing the first and second order terms ‘

of the "raylbr expansion. Thus

fﬁ(xl+Ax y X +Ax S | = fm(xl~

R
1 " n "Bzf ' !
_. += L° ¢ (ax.) (8%,) (3.1)
- 2 kel £=1 A X, kDR /

For a number of multiva.ria.ble £unctions (f 2, etc.), equation (3‘ 1)
¢ L. I

.can be written as F A .!{

] . . B

{
!

e ] —— b



méthbdmah be &xhibited by rewriting equation .(3.'2) as follaws: /

=
.

N . .37
i "
’ + . N o
1 ’ ~ -
Af =J Ax + -é-Ax _A_x (3.2)
vhere : . )
Afm = error in mth component : 4

mth yrow of the Jacobian -matrix of the first order elements

4= 4

>= Hessian matrix whose elements are’ the second order partial

derivatives of £ *

. , ~
Chx = ingement vector o
‘f‘he.gnderiying concétgt.of an élpha—mdified second ordef Newton-Raphson -

a

e R

1, e 1M R . ;

,'Afm -0 (-2-'Axy. B Ax) q.{gﬂ\ + (1-0) '(2 Ax .ym)}‘_{i_:g - . 53.3)
Thus the ‘{ncrement vector.fx.is written in vect;or.fdm asg.: . .

i /‘ i . t o -;: ‘o - '\ o

bx = {3+ -0y GO YT (A G m A0} v . @)

-

Comparing equation (3.4) with equation" (2.3”}"1{ is noted_that in the

alpha—mdifed second order techniqua. the Jacobian matrix, J, as well

as the error vector, Af, are modified. In equation (3 4), for a= 1 o,

*

only theeerror vector (Af) is modified. In the literature, this {' "

particular case is referred to as the guasi-second order .Nein:on—nai:h‘son .

(Q.S.0.N.R.) method. A number of possible methods of implementing ‘tﬁe »

P

- gecond order correction factors 't'? the origin&l .Newton-aaplﬁon technique

based ;"nfnequat:l.on (3.2) ars descz’ii;ed\in [29], “on such method is

shown above and is conaiderad further in this thesis %6: AC/DC.
. \ ‘ - ! N

applications. ‘ ) v

f

. )I‘:"'

’

. .
b p R . LSS it 4% | £ voees Lk e b
. - -

s e e

n o wta T
»
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i . ' | . . . !.
. +3.3 Appiiéétion of'Alpha‘iModified Ouasi-Second Order Newton-Raphson
IR ' » v
o (a=M.Q.S.0.N:R.) Method . {
L o N 3.3.1. Formulation '
. . A Equation (3 3) of the previous settion 15 the basis for developing
) : the load flow equations to be uaed in the a~M.Q.5.0. N.R. method. For
A: . compatibility the same\ notatibns as used in [29] are followed. First,
‘ . : ‘ ) - .
. r: T » . we apply equation (3.3) to the AC buses (excluding those’ two which -
; a o " . interface the HVIC link). .Thus, A} A )
,f o n . n-1 ° 3P n-l ap - . o R
e AP "« oR =,£..~(—-P'Ae ) + oL (B Af) 4+ (1-a) R (3.5).
% e . P . §° k=l aek k kel afk k . <) .
) § A t . 'n-]. 39. n=1  2Q. - T _
e AQ_ = of ° (—EAe R AE ).+ (1-a) T .- T (3,8)
?" . L. P ‘Pu §k4 - kel Ei‘ kT P L
. : SR .
--§ . s ) : . ‘ 2‘ . L3 ¢
N o1 o |  w=1l ey |
P AIV ] —.uu = I (—gg—de) + L, (ﬂ-s'f—-'Af ) + (l-u) v, @
" ° kel - kK, kel ,
' o ¥ ' .
I : T - . -
o 'In the above equationn Rp, '1‘p and U are the sécond order active power.
: . ,_-eactlve pwer, and voltage squaAd correcti%. factors, reapectively. and
‘ *are given as = - = L . , ’
v ' R = pe (CRl) + Af_ (CR2) - T (3.8)
c s g : . Pp - P P . P - L - " ,
‘ P o o ' ' . L R R
* . -Af- (CR1 - A& CR2) - - ’ 9 LI
: { . - TpFAp ( )p Ap~( )p_ o (3,9) .
o B S, A L. '
e ) _' U? = Aec (Aec) + Afc (Afc) '_n -v I AN . - . (3-10,)
4—" . I n-1 . B . .
1. : o CRl1) = I (By AEf + G . Ale ) ‘ . . (3.11)
. o CRUp = Do M O By o B
RN A . , _ ) : ,
. ’ . _ . n=l : O . . o '
CR2) = L :(G Af:=B . Ae ) ) ) (3412)
S Pt e St e
K : ‘ v T, ) - g
: ¢ T i ' l ¢ Ty
\ ST T
. 1 , . ' . '
1 . : y oo

L N R,

JORIOTRRPRNPY
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- Rl

.

Substituting equations (3.B), (3.9), and (3.10) into equations (3.5), *(3.6),

39

.and_(3.7), we get T ' :
{ . - ’ -
4 ‘\e ’ te
P - CR1)_ + Af_ (CR2
Ap a[,AB(R)P.‘AP.( )pl
‘ - nX TP *n=1 . )P
. = o (s Baep + 1 (2
. k=l °Fx k=1- 4
k#p _ k#p
e ] -«
—B B : - ‘
* e be, + o, A.fp + (1-qa) [AJP (CRL) , -.O-I,Afp (cg;)pl_'
n-1" 3P . fﬂ - : -
= p (=—Epe) +1 + (1=a) (CR1) ) Ae_
S kel % e %9 A
kyp
- ! n
s n-1 . 31_5 ' ' 352 . - o .
+\k}:1‘ { Jafk afy )y + [ 35+ (1-a) (CR2) 1 Af (3.13) ¢
k= } p
k#p
- , * - . N
.- £ ' - CR2) ] _
o 80, - albfy (gR1) = de, (CR2) .
T T T 2Q S
= § (=Rpe) + [ —£ - (1-a) (CR2) ) de_
k=ly %%k % de,, CRA B} tep .
- '  k¢fp _
. n=1 23Q 39 . : ¢ . .
+ L UgEaf) + LR & (- (cRY) ) af (3.14)
, kel . "% p - p P :
a ' kep - Ve
. o i
‘ 2 . : 1 “"')’.
. MV ]® - alte (ae ) +af, (8f)
n-l ° alvc|2 B alvc|2
. . T T aek Aak) [ g (l-g) (Be )] Agc
. &7 . v - .
' Tokwml ' T , ‘,‘,
’ k#c e R . . ) .~ “ .
. N .. ‘f
. nml alvcl2 . _a[va|2
: *‘-,kil ( --EE;—- A!k) + { "—5'!";—'4' (1.-(!) ‘(Alc)] A,‘c (3.].5)~
LY ko ' u
+ . p b
* re i -
| ;o N

Cem e e
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At the rectifier AC bug, r, the following o equatiops are written:'

n-1 al-"r n-1 aPr .
AP = aR_ = § (=—fe )+ L (=——Af ) + (1~a) R (3.16)
r r k=l aek ' k k=1 afk k r ; N
’ . n-1, aQr n-1 ,aQr
A0 - a(T +X ) = E | e ) + I ( o= AF)
. r Tt r'r k=1 Qek k k=1 at'k k
; aQDr ?QDr BQD: "o
* de Aer * of Afr + a0 Ac"1':
r- r r
V4 . L ‘ :
+ (lfa) ('I‘r+xr)~v - ) Lo . (3.17)

In the above equations 'Rr and (_T;:+xr),~ are the second’order active and

.

hr%active power ccg%ection factors, réspectively. The facto; xr,is due

to the reactive power consumﬁtion of the rectifier. These factgrs are

. R
defined -as follows:
'R_ = fe_ (CRL) .+ Af_ (CR2}_ * - - * ’ : (3.18)
r o r Tr r ‘r 3 ‘ _
¥ r = £ (cRL)_ - he (cRD), L . (3.19)
X, = fe_ (XDUMI) + Af_ (XDUMLL) + Aa_ (XQUMS) - ' - (3.20)°
where ‘
: pel N | 4
ACR1) n-kil (B, Af + G Afe) R & (3.21)
n-1’ .
(CR2) = I (G, Af, - B, e - (3.22)
l kel . ] .« : =
XDUMO = Af_ (XDCBA) + § de_ (xpc3L) ™S ‘ (3.23)
. % . ) . B
. ry . .
XDUMLL % da_ (XDC36) + > Af_ (XDC32) - L L (3.29)

XDUMS = de_ (XDC3S) + 7 ba, (XDC33)
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The factors used in equations (3.23), (3.24), and (3.25) are defined by

.

the following equations:

fﬂé second order partial differential coefficients as expressed by équationa

XDC31

XDC32

XDC33

. XDC34
XDC3s

XDC36

2
a%g,

2
aer

L}

de: of -
r

afr aar

o »
}

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

L)

(3.31)

(3.26) through (3.31) are derived in'Appendix B. Equation (3.18) when

substituted 1nto.equation (3.16) gives: * .

. AP - alle,

(CRL) + Af  (CR2) )

P

aek k‘

a®_ .
== Af. ) + |
ax X

oP

op

e
BE_ .
b

P -
s, N )
7

. r R r ! .
== fhe ) + [ 3;; + (1-a) sCRllr] Aer

+ (1-a) (CR2) ] af_

-
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3
Substituting ec.iuations (3.19) and (3.20) ihte equation (3.17), we get
- ’.\_“ '
) . R
AQ. = a_[‘bfr (CRl)r - te_ (CRZ)r] _

- alde_ (XDUM9) + Af_ (XDUMLL) + Aa _ (XDUMS5)]

n-1 aQ ' n-1 aQ
= L be, ) + L o, )
k=1 “k w1 9% , ‘
k#r . kfr . \
20 3Q ) %
+ 35 de + =5 Af + de_ + Af

r ‘1 1) :
; Aar.+ (1-a) ,[?fr' (c ); - Aer (CRZ?r]
. B § ' '

+ (l-a) [Ae, (XDUM9) + Af_ (XDUM11) + Aa (xpuMs}]

. ‘ n-l ' ?Qr s /aQr BQDr . . ‘ . '_ ‘-\‘ '.
= I ( . Bek) +‘ ["aT * e -~ (1-a) (CRZ)r +- .{lju)_. (XDUMQ)]. Aer
. k=1 k . r . ‘
k#xr . .
BQD . ' . ) VL .

n=l. 9Q_ 3Q,_. B :
et L.y Af ) + [ v Y F +.(l-a) (CR1) , + (1-a) (XDUM11)] af
. k-l/—'\ r r :

« Pk m

8, . . S - | | M
1 o (1-a) (XDUMS)) do_ | ® - (3.33)

’ ‘ i

| Now, at the' inverter AC bus (:I.) the following equations, which are similar
to those at the rectifier AC bus, are written for the a-M Q.S.0.N. R. method
‘:.I:hfese are: ‘ T o _ ‘ “ .

- W3

n=-1 321 : n=-1 8Pi : .
AP, = aR, = I (z==1le) + I (== Af, ).+ (l-u) R, (3.34)
Took=l kT kml : ‘
‘ .
-

P e o i e 2 Rk



AQi-u('ri+xi)

. -
. [
n-l o aQ, - -l ag ¢
= I (z—de) + £ (== Af)
MR Do SN T W 9
aQDi ' a‘Qni ' 9901 L '
Y et t TeE, af, + A Ayy +-(1-a) (T +X,)

i

43

(3.35)

R, and (Ti+xi) .are respectively the second order active and reactive -

5

power correction factors for the inverter AC bus. The fbllowin’? equations

- T— g o 7 T

define these factors: I - v
L A 4 amy . e
Ry = ey (CRL)y + A, (CR2)4 (3.36) " %
= ,j'ri = L\fi tcn_l)_i - be, (t‘.RZ)ll , (3.37) /
s « A . L wh .
0 X = be, (XDUMIO) + Af, (XDUMI2)'+ Ay, (XDUM?7): - .  (3.38)
where 7 © . C '
. .'. .n-'.ll . o .
{_Clll)i = kil (»Bik Afk + Gik éek? (3.39)
R n-1l ) ) .
- . {CR2), = © (G, Af, - B_. de) (3.40}
,ﬁ’.\ S 1k ko~ ik Uk )
¥DUM1O =-A'£‘i (XDC40) # % 4e, (XDC37). . (3.41)
XDuulzj-.Ayi-(XDm?i +,§ AE, {kod38_) (3.42)
. ' " - o . ) .].‘. ' . . h » (
XDU}.H ,‘;ei ( XDC41) -+‘2 Ayi {XDC39} AN (3.43') :
- The -factors used in eé;uatio‘ . (3.41), (3.42) and (3.43) are ¢efix_x"ed bélow.
- .‘azo,:l L o A
XDCI7 = Mt B (3.4 p
. T ‘ . R o
: - - g
2%’
0y
XDC3I0. = — s (3.45) .
) 3!1 N .
» -
T . . .
o . i
' ¢ z v
« \ “




v
XDC39 =
XDC40 =
e,

XDCA2 = o

.‘\

4

(3.46)

(3.47)

ol rear ' o (3.48) -

(3-49)

The- derivations of ‘the second order partial differential ooefficients as - -

shown in equations (3 44) thro\lgh (3 49) are contained £1 Appendix B.

Adapting the same procedure as used in the foregoing for the rectifier

AC hus, t'.he following equations for the . i.nverter AC bus result.

AP - a[Ae

.

. =z
R " |
' XAd

N .n:-l

§ . + I

"«\ .. ) . ” k=1
A - | - kAl

n-l '

Q. - alaf,

(cRL) | fi '(9R2)1]
'api S
( ?e.—k- Aok) +. -a-e—i- + (i-c.;_)'. (CRL),1 aey
e
L aPi‘ ‘ o
(35 85) + [ 57+ (1- a) (cnz) ] Af . - (3.50)
k i ‘ ‘
.‘. 4 .
(onl)i-'- Aeir.(om)ii o

Ae,)+[

" - alfe, (XDUMIO) + Af, (SDUMLZ) + Ay, (XDUMD)

h Q. . ‘
°°i Y S -
80 T + (i:a) ((;RZ):L + (l-q) (XDUMLO) Ae

1
P ey 1

D




i

n-1 QQi 90,

30y . X .

Y5 (=2 Af) 4+ [ =+ —> 4+ (1-a) (CR1), + (l-u) (XDUM12)] Af, ° .
BT o, * OE, i £y
. Ketd _— _ ' ‘ .
. 3, | . o |
( vt (1-a) (XOUMT)] By, — - (3.51)
. ' :

As described in Chapter 2, the iastjtwo equations used in the Newton;»

. Raphson technique for the AC/DC. load f{éw are the converter performance -

.equations (2.65) and {2.66) . These eq@gfions after the application of LA
: -~ equation ({3.3) take the fdllowing"fqrnii. . o
- ) . ! aPDr T, ,. a?Drf ‘_aPDr . A A-', . .- © B \ ' .
-k .. . - = S T —_— - - ‘ N .
: ; APD aZ = =33 Aer + E Afr + Y Aur + (} o) Zr (3:52)
: ’ r . N r N S o SR . N
C ) ST
. , L
'l aPDi _ aPDi : zn?Dl I o .
APD. - uZi = '-a';— Ael + —af_. Afi + —a?— éYi + (1-([14) Zi : (3.53) R
i i i i : . (:’
, In equations (3.52) and (3.53) Zr_‘and 2, are the second order DC power .

~ . LR
correction factors on the DC side of rectifier and inverter, respectively.

‘These cofrection factors are defined by épe eciuations' given below:

)

- Z_ = Ae_ (XDUML) + Af_ (XDUM3) + z}ur {XDUMS) , “‘(3.54,) '
' ?i = e, (XDUM2) + AE, (XDUMA) + ty, (xnm_qa). . ‘.‘\»' (3.55)
e . where \ v - -
n - .
XDUML = OE_ (XDCL) + 7 de_ (XDC&) - . (3.56)
XDUM3 = Aa_ (XDC3) + = AR (XDC5) . {(3.57) . .
r L 2 r . o . .
» - . 1 i ‘. : . . F‘
XDUME = Amy (XDC2) + 5 Aa_ (XDC6) R (3.58) '
- ’ ‘ co . o .
i ) 1 : L
XDUMZ = Of, q(ncv + 5 bey (xnc1p) K , (3.59) .
i ..' . ) ) ’ ) : D
;‘i‘! " . . . . '
i L . - - -.ly.
:h:-‘ . a
v ¥ .
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] . ,
XDOMA = Ay (XDCO) + 3 Af, (xpCll) ‘ (3.60).
XDUMS = de, (xpc8) + % oy, chmF (3.61)

The factors used in equations (3.56) through (3.61) are the second ‘order
. « : ) -3 -

partial.differehtial coefficients which- are expressed by the following .
. v

. . . . [N

equations and gre‘derixgﬂﬂin Appendix B.

/ ‘ _ - a'PDr : . - ?
o o ) = —— o - (3.62)
y o _ xpc1' '_aer af o o
, h 2 ‘: ' . . : - - )
.azp . .
) xDC2 = O (3.63)
. aer,aai ) .
2
o 3 PDr - y
XDC3 = - (3.64
a.fr'aar T : '
2 -
B
. XDC4 = ——m (3.65)
2 .
de , .
a2ps_ ; ;
XDCS = st (3.66)
» ] afz. _
— X
' 2
. .3 PDr . I's .
XDC6 = - 3 (3.67)
, a ’ aa'rg‘ t
3%p o . .
. = D; .
XDC7 = = < (3.68)
- aei agi:
XDCS bod ae aYi = ) (30'6.9)
L3 n. ! -
e | Y
. ¥
o . Coed L N ~ e - [ - -‘ P T .:.

>
§ e el - b




'd : . equations result. " ' G I ’ o ’
‘ APD,‘: = ©lae_ (xnugl) + Af ' (XDUM3) l+.-Aart_ (X'DUEI??)]- .
. aPDr X i BPDr' . ' o
= [5e + (1~a) (xDUM1)] 4?: + [ =7 + (1-a) (XDUM3)] Afr
r r .
. ) aP_Dr ) . - N . . . .
, + [ *-5-&-;'+ (1-a) ’(X.DUMB)V] Aét . - : - n (3.74.)
’ ' AP - albe, (xDuM2) + Af, (XDUM4) + Ay, (XDUMS)] 1
TR T i
aPDi DU ’ o :_BPbi N -
+ [ =—= +.(1=b} (XDUM2)] de, + [ —== + (l-a) (XDUM4)] Af;
aei il . i aﬁ-i e ‘i .
\ € . .
- 3?01 . . _ © o \ »
. + [ ===+ (1l=a) (XDUM8)] Ay, : o . {3.75)
. aYi . s i : i :
\ ' L ’
" ' ) ! t
.\ . L J ]

47

R .
XDCY = g (3.70)
1 1 v
. 2
9 pDi N
XDCLO = (3.71)
de
@
azpn »
XDC1L = L ) (3.72)
i ]
. . 2 '
- v PDi . ,
XDC12 = 5 (3.73)
- aYi' ’ -

i o Subgtituting (3.54) i;nto (3.55) and. (3.55) 'i‘nto'(3'.5§), the foilowing

[ B
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- Equations (3.13), (3.14), (3.15), 12‘32). {3.33), (3.50), (3.51), (3.74)
and (3.75) are used for AC/DC load flow analysis in a-M.Q.S.0.N.R. technique

and are written in compact matrix form as follows:

[ ) ' [ "
AP J1 J2 1 lde X
1
AQ' - 35 '}a xé x; i :
- e e 2 Aft (3.76)
N N N E '
(AjVI] ) = Jt I
— 4 2 L G A
. ’ [ ' v - ’
; . ) nPDi al nl | 1. %1 . ba_
. . A VRS RO R .
' NE APD. x2 Xd 1 x8 AYi‘ 3
- : 1 Iy P . . '\‘

It is noted that the off-dlagonal terms of the Jacoblan matrlces Jl é,
Wi, J4, Jg and J' are the same as those for the Newton-ﬂaphson ‘method

' but the diagonal terms are mod1£1ed by the second order correction factors.
- r . -

The e1ght.add1tlonal terms xi{ xz. vees x' due’ to the HVDC link have ‘the
second order correctlon factors addtf to. them. The-power error vector
is also modifled to account for the second order terms of the Taylor‘serles.

During each iteratlon, equation (3 76) is solved for the voltage lncrements

at buses and the aﬁgle increments at converters. Just how the-o-M Q.5.0.N,.R.
™

technique’ i hpplied in conjo:stion with the Newton-Raphson method is ~
. discussed -in the next section. )
% - . . *
- 3.3.2 Outline of the Mbthod -
' The step~by-step proc for applyinq the a=-M.Q.S.0.N. R. techniqua

.

. to solve the. AC/DC load flow equq;ions is as follows:
i ‘ ) N . . A . - : ‘ . . '-'-~
Step 1 - Assemble the bus‘gdmit;ance matrix [¥].
D , and P using equations: (2.48), {2.49) and

i b - r. : ’ -l ' ’ “ ’ - . ]
{2.50), respectively; S . .

Step’2 - Calculate Vp v v

L i WP S U,

st oAk e Ersaamre M e & w v

R



Step 3 ~

' 2
‘Jvc’ u§ing'e?ugtion (2.49)

Initialize . .

49

(A) real and imaginary components«of the bus voltages, ep and fp,

-

(B) reactive powers (Qc) at the voltage controlled buses,

(C) delay angle (ur) of the rectifier, and
(D) extinction angle (Yi) of the inverter.
Calculate

oLl , Y
Pp using equation (2.1)

Qp using equation (2.2) .

a, using equation (2;51{

a, using equation’ (2.52) . Ce L e

QDZ usinj equatibn’(2.17)
v .

‘Q, using equation (2.21) .

i .

?D .using equation (2.25) and
r - -

PD using equation (2.28)." -
i - .

Calculate errors using the following equations:

.Api = PrSCHED - Er,~ PDr (known from Step 2)
N . . Bp,
" AP = Pygeupp T Fi T Fp, *

4Q

824" Qoo 8" ) (©

Q = Qpscuep, ~ %
e = scup ~ 8 T QDr (éalculated in Step 4)

alculated in Step 4)

. i -
Y- AN 2 2
alv,| ’_Jvcscu |© - lvql
APy = Pb'A(knbwﬁ from Step 2) - P_ (calculated in
r r * . '"r step 4)
Ap_- = PP . p_ (calculated in Stap 4) . . . .
Dy by by, R :

- gy e b s o

{2.85)

(2.66) ai:

(2.87) . - {'
(2.88)
(2.89)
(2.90) ‘
’ ] ~ P
(2.91) '

(2.92)

- (2.93)



¥

C——

R

Step 6 - Tegt\for convergence., If APP, APr' 9Pi, AQp, AQ:' AQi,

Alvclz, Ap’Dr, and APy

1

tolerance (&), solution is attained.

N -3

I1f ‘not, continue.

Step 7 - Calculate the elements of the Jacobian matrix.

A

Step 8 - Solve equation (2.72) for Ae, Af,.Aar, and Ayi. Thus, compute

F
. ‘ e M
[ pe fa, v a3 | B AP
. 12 { ) T
¥, Y oohg g b
Af - - .:_ _.5_.; -1 —
o A" N 2 .
e 3 | T 1] alvf | (2.94)
\ N S I v
. Aar xl | x3 :l.x - -APD e
..'—--‘- —.——| ——.—l.—-—|'—._ — c—y —— gk
Lbyi X, ' %y S A | sey

‘Step 9 - With ‘the values of

+

the second ordér correction factors as follows:

R.%‘usiqg'
R llng

R, using

T using

T_ usging .

" using

using

¥~

equation (3.8)

.equation (3.18)

equétion.13.36)
equééionv(3.9)

equatic;n [(3.19)
equation (5.37)

equation (3.10)

. using - aquation (3.20)

X, using  equation (3.38)

2. . uaing“:}'fequation“(3.54)',

Z, using ecuation (3.55)

L

N
\

50

are all less than the specified -

L

Ae, Af, Aar,-‘:and"Ay1 from Step-8, calculate



Step 10

! . : T .
- Test for con\vﬁj‘gence with the (first ‘order) Newton-Raphson o

l method. If the cokvlergence criterion is met with the first

‘_,. order voltage cor__rectioi1§, _t.he' procedure would stop and there
would be no need to go for the ‘Second order voltage corrections. L
One way to 4o ’t:his would have been to calc;ui.ate the bus power A ‘ r
;and voltage mismatches right after Step 8 and then test fo.r B . ..
convergence. Realiz"in:g that this check® would lze. carried gut .
during every iteration ‘:and thus it wox'xld involve 'a lot ot/ ok .. 3

. : .1
conp‘?fggtion ti'mé (probably much more ‘than performing the secqnd‘ \ - &;1
half of the last iteratiz;n), E; much less time consuming approach ;
is u_ti].iz‘ed‘; In this methog, the second order corre:ctién

" factors are calculated based on the first order voltaée

. cortect;ons, as done in 'St;ap 9. . If all‘ the factors are lm;er

“than the t;:lerance (€), the update.d voltage corrections weRld

be the same; as non-updated values and hende the sign Qf convexgence.

*" In this case the program is said to con}verge in half of 1% 1ast

Step 11 - Update the power and voltage magnitude mismatches by subtracting

»,AQi-AQi a('r+xi) ¢ : “ (382)

iteratiou, Otha:wise, go tb l:he next step. . . . '-‘ E

e € o 47

the second order correohion Eactors of ' Step 9 from the original

i e e PP IRURI W A RIOIY SR

. PERN
mismatchea of Step 5\ Thus. : o ’
‘AP' = AP_ - OR . - (3.77)
P P P . : |
Ap'r = Apr - OR_ . . SO - W.78) .
. ‘i . ‘ - rJ .
L\P;L = Api,- aR, . B . : ‘ (3.792 N .
AQ"AQp'aT ‘ . ".“' oo (380)‘. L
gy = AQ - a('rr+xr) R R ¢ 81) ‘

B T vy W,

-l




P

oy
v
,.V‘. .

-
[}

. 2 2. - gy ) ) ‘ : Lo P
. { -mlv I -AIVI au, oo 'aen ?
8P -0z - | ‘ L (3.8

'
' APD D r = o

e

r “.or

P! = AP -~ aZ - : '
Dy Dy AT » o
Step 12 - Calculate the modifigd Jacogian elemeﬁts_of J]'_,~Jé, 3 5 -
Jg and Jg as -well as the modified additional terms Y .. ?
xi,"xi, ..~.¢xé due to the HVDC link. - - ‘ : ‘
) oP P

Y = —BIA . ’ . ~
‘ Ji(Prk) aek ‘ X A'. k¥ p -

& »

' - -
N ' ot aP A i R
co T, T ==E4(1-q) (CRL), ,k'=p ~
¢ ' re f aei - k N .
. '. . -~ “a R . . , .

S ) = - S C R B
o "JJ (Ap')k""‘ of, T '&‘ P C .(‘3'.89) : T
. = M R l. - " P . E“' ' . " . . . .
e T (l-a) (CR2) +tk=p T
. Tk ‘ _ . .

IB.
[
h
o~
w
[e1]
0
~

. -
A}

. -~ N ) . aQ ' . . ’ \ ‘ .'-.. ) . ) o .o
¥ (pk) ;ef ‘ s kdpdpts o G0 T
> . e . - ‘ . . N ,

'

C .. 2@ S k-p U

=. -E - (I-a) (cR2) .
: # r,i

. . . . ) ;
T ‘ o Ll . |
%y ' CoA T ' SRR
- X « = T - :
3o = (1-'a)'(cnil)r 1-a) (xnfm9),-‘ . . |
r o xr . - B © i . R

2l T i -, . . ;.
'.aQDl . - . . ' - T a &

-——-e—;,."' ‘(l‘u)‘ (CR2)£ + ‘(1-5)_‘ \ ‘Mlo) \

< . . ‘QQ - K ::.,'. : ,.' - o ) . . u‘.
S O 2 - L X
. : ’. * . k ._-. ‘ . 4 . - ,T‘W.Q"*"; -
- v - ) Cw . o

k - P S _ o S v“
+ (l'ﬂ) Rl) - L - .
grd " .

3
l

v [
o \
e . "y N
.
D , .
,. 4 LN l‘:* ’




I3
——
h }
-
~
®
i-.
* It
] (‘
¢ s -
[P
- -~
: »
i
¥
4
i
£l
.
4 I,

o~

i

T (r,r)
' 4 r,x .

L)

,ngt(c'k.)

‘ ‘:'fé ‘(c,vk)

x

»

. 2
;o
reeX)

F)

e + (1~ a) (CRl)

& 2 ‘ ]

+ (l-a)
e

na R

D.'I.“

'aQD'
Bur

p ; )

S D

. .
e,

D¢
Y1

N\

P, BT
. \ :
XS L+ (-} (XOUMB) -

371 -

I+ (1-a) (cRL)y

v o .

+ t1-0) (xDuM3)

===+ (1-0) (XDUMS)"
5o+ (1-0) (XDUMS)
r ‘ . ¢

-15-—-+ (1-u) (XDUM'I)

B

=

+ (l-a) (XDUMLL)

+ (1-a) (XDUM12)
I

ke

(A‘ecd . k. =c

R

*
-
¥
.
«
r
-
- r
~

s
(5.96),.

(3.97)

(3.98)
(3.99)
.{3+100)

L 43.100)

. (3.102)
© (3.103)
SR
e
o (3.104)
,“: )
(3.105)
(31;66)
43 .107)
\' * '

.
i i 2

b i 14

e I NS S



Step 13 - With the miematch values calculated.in Step 11 and the modified

oo F
o : " . -1 - : ) :
’_"AeIT ; '—Jl B 1 i 1 A apr —1 .
1, %2
——- S e L ‘.____
'\\]"l ' 3! l; xll ‘ xl AQ' &
*1 oas AT S R B —_——
=l e o wlvihel .oy
A s 1.% | ] , .
e |—_T—'—|_—|_" — -
Aa’
. r x' l x' l x" I Apl
SRR D TN SO A NUDEN I A" SN B
v ‘v | B | IR T .
l.hri 1% % o K AR! 4
"o o = Ly 1 ' ’ _— N SN i . e
. v - Cuy :
Step 14 -~ ws.:g the voltage and nngle dorrections obtained in Step 13,
e update t:he bus voltages and converter angles. T
(j+1) ( °i”) i \\ - o @aaily
* N " l
) LG | D) L a ) . ;
_f'k = flé + Atki ‘ \ = .
AT a”’, + oy - ©(3.113)
S x
'- ey @ ’ .
: y(_j ) o yj‘.:“ + A'yij o {3.114)
. ‘ N ’ . . T

Step 15 - Return to Stap 4 for the next iteration.

Jacobian matrix el,e.menﬁé cbtained in Step 12, solve the

following matrix equation for the voltage and angle corrections.

L]

Steps 1 t‘ 10 conatitute one-half iterat:ion of ‘the alpha-u Q S O.N R,

techniquq .

zv-é' '

. &

bl Y
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CHAPTER §
-~ COMPUTATIONAL RESULTS
- (
4.1 Introduction \\ e

+

S5

The purpose of this chapter is to summarize results of extensive

1, .
computational testing of the proposed algorithms indicated 'in Chapters 2

+and 3.

Due ‘to the unavailability of standard AC/DC

/~ .- . - ' .
to include a DC l!.ink._ In each AC test gystem, an

- by a DC Jine which delivers the same pover at the

actiye'po_ r transpirted by the vreplacéd AC line.

resistances of DC "line's' and AC iineé, it is found

L ' }MVA and kv the 'p,u. re'si;ﬁnnce of a DC line's i&ndnct’:or is a;;pg:oxim;tely

~

" “one-sixth of that of the ‘coxrresponding AC case of
. . : ' 4 -

!
'

L

data for all tést systems are c‘on,t:ained'.in»_Appe‘ndix c.
, . N v . -t PR .

S

4.2 Test systéms =~

' : The details of four test systems avallable in the literature with.

-

-

7

;:he médd fications ria i

4.2%1 Test System A.

. Thip test system has five buses and is givan
. L ) - - ) L

three load buses r

" (41)  two v_ol.ta’ge-éontrone.d buses, one 'qu which

* AR L
' .

" (i;i) . meven g.ines

* .

‘Eppri?ach‘ is utilized in afriving at a resistance for the DC line in all

‘test s‘ystemé. Typical valqeé for, all. other ~par‘ame!:e£s.arg assume'd. The

for r.he;HVDC link.inclusion are given here,

is the swirng bus
. S 1

)

K4
I

. '
test systems, the methods

Fproposed in this thesis are tried on existing AC test s)stems modified

AC line is replaced
. e

inverter end as ﬁhe.
_}if;ex. com’pgrir_xé-
‘that on the same ‘base

i. ’ .
equal ‘length. "This
, NP

4

v

-

in [26). It éonsists of
+ .

LS
.
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given in Tables C-1, C-2, C-3, and C-4 of Appendix C.

(i)  four load buses : . of -

(i) four voltage-controlled buses, one of which acts as the swing bus. *

-Fzgur;e c-2 of Appendix ~C. The- system data are.qivenv in }_\ppendix C, 'I‘ahles‘

56 ‘,"‘/\

- o f
A two terminal DC link is established by replacingsthe AC line 2-3

ag shown in Appendix C, Figuré C-1. The data for this test. #atem are
S *

4.2.,2 Test SystemB ¢ ‘ - g

This test system ‘is tjiven‘in {10] and has eight buses. The particulars
of this system are as follows: - »

- . .. . . . r

(iii') ourteen J(‘ines S o i " " +

The AC lmi 2-3 is replaced by a two terminal DC link as illustrated :Ln )

c“:!-s.;'c-e, -7, and C-8. . L ' '
7. 4.2.3 Test System €. . -

" This is Amerjcan® Electric lI;ower Corporation's fourteen bus tesf system
[1;7>]. ;and ¢‘oﬁs‘ists c;E:-' ' / ‘ .
(4) Cnine load buses . L. .o - N
(i) ¢ ﬁv‘e ;idlﬁége;bqntr611~;§‘Euses,‘ one ;’f; which is the sv‘ving~ bus .
(.iii') twenty lines. | | .

(iv)  three transformers._tyith off-nominal turns ratios-
* B . . . K b o )
(v)--_ ' one.stati'.c dapacit:c}r

i

A two terminal. o link is set hp hy "!:epfacing‘ the zic iine 4-5 as illustr’atad

in‘Fiquré' c-3 of Appendix C. 'rhe data for this teat systpm are givgn in ' ‘

* Appendix c, Tables c-9, £-10, c-11, c-12,, and C-13.

» . .

D -~ L e
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4.2.4 Test System D _ ‘ o ) :

1

This is a fffty-seven bus system and is one“of the standard 1IEEE
‘ L4

A test systems [17]) It consists of:
. (i) .flfty J.oad buses
. . ‘ _ N .
) (1i) = seven voltage-controlled buses, one of wﬁi_ch acts as the 's;fing bus
' (iii) elghty 1Tnes _ ‘
?iv)',\ \ seventeen trar;sfome;:s withif_f—r'\ominﬂ _turn§ ‘ratios
* (v) ~ three static capacitors - . . f )
’ The AC line 47-48 is replaced by a two term al DC link as shown in Figure'
4 C-4 of Appendix C. The system data.are giveq in .Appendix.c, Tables C—14.
: » through- C-Zd. , g . _ . '_ k R ‘ -
E & 4.3 Computer Program -~ e . p
‘{ N f‘”w, - 'I'he AC program’t'lsed in this thesis :ls' the one developed in 1291 ..

s

- This. progx:am utilized the FORTRAN IV language and wag run on an IBM’B‘TO/].SB

' o . moéel ‘I with svs operating syste.m ownad by Newfoundland and Labrador

Computer Services (NLCS). 1In order to be cumpatible, the .DE' extemuon

has-also been written in the FORTRAN Iv language and the mtegrated
- L g
AC/DC program, has been fun on the sme system. ’“

Sparaity aubroutines as deve Q by the At:omlc Energy Research

Appendix D containa the specitication aheets,of Ehese suhroutings. The

-

listings are given in A &p_endix, F.
) A } ’ ,
’ Pigu.r:ek4 1 prov:l.des- a'flow chart which basically demonstxates the

i_ procéduie 1nvolved in Newton-naphson and alpha-nodified quasi-qecond

."

order Newton-luphson techn:l.ques. it is obvious t.hat tha alpha-modified

L4 tii‘

PR I
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\ ‘(iii) at rectifier and inverter: transformer

e DC power

-
. { ¥
' . \ 58
L , i
Read lillne,"bm;, -rectifier, invei'ter, '
and DC line data ‘
[ : \
Form bus admittange matrix
L - Calculate : . e /"\
: (1) DC voltages at rectifler and inverter ends L A
(ii) DC power at rectifiei' end ‘ . ’
" -~
Initialize bus voltages, rectifier"s delay| . -
angle, and inverter's extinction angle
’ C . T v / N
Calculate ’ ' p . o )
(1) active and reactive powers at load buses
{1i) ', active powers and voltage magnitudes for

voltage—cont.rolled buses

tap ratio, reactive power consumed,

L

a4 Calculate .
mismatch hetween scheduled and calculated' : I 1 4

(1)

"(i1)

.. - N = N .
. ' - : ) ’ .
- - " *

active and rea&.i.ve powers, and voltaqe . )
magnitudes e ' i
DC power mismatch at rectifier and inverter Co

. Convergénce-
reached 2

{

‘Calculate T : ' - .
{i) . line power -flows Y
{i1)  rectifier and *g:ﬁts
' inverter’ power: .
factor .

[P

Lttt e o A i e A 3 4L e
,



No ] .

convergence

test for 1/2 iteration
S

Calculate elements of Jacobian'matrix

‘Solve
(1)
(ii)
(1ii)

equations to obtain
voltage corrections .
rectifier's,delay angle correctidn o .

inverter 's,extinction angle correction-

'Yes

Indication
of
onvergenc

7

Calculate second order}cofrectiqn factors ' o

BN

Tt

[Y 3L ) g .
Modify.mismatch values ;nd/or Jacobian elements

kaﬁ'

Y

ﬂ*_,

(1)
(1)
(114)

Solve equations to obtain new ‘ -

voltage corrections
ractifier's delay angle correction ° N £
‘inverter's extinction angle correction

(1)
(i)
(iid)

Compute 4 .

| . - v“‘“ N '
‘new, bus voltages o
new rectifier's delay angle

néw inverter's extinc;jﬂn angle

v

°
o .

" Figure 4. 1 Flow Chart for Neutonbnnphson and hlpha-uodified Quasi Secohd

order Newton—Rnpheon uethods

L
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quasieeécond order Neﬁton—naphsoh program can be obi:ained by applying only
1 - . ¥, '

. . 1 )
=minor modifications to the Newton-Raphson program., Appendix F contains

the complete listing of the program, The compliter variable names and.

their dimensions are give}x in Appendix E.

4.4 Computational Experience v:i.}the Newton—-Rapshon Method

S |
4.4.1 General

In tRis seotion, the results of .extensi\ie testing of: the proposed * -
. g : * - : . N .
first order alqorithms will be. d:lscussed. The systems& tested are those

-

described in Section 4 2 :

L} First- with a flat start (i.e. :Lnitia.l guesses for voltages = 1.0 +j0 o p.u )
- L] IS
* and a tolerance of 0.0001 p u. for all AC and DC. veriahles, each test sgsterm
- b
required thzee iterations to converge. 'l'he initial gueeses for the rectifier
¥

] delay angle and inverter extinction angle are 8° and as°,. respectiv'ely. The
‘range for ;:'_lela_y angle in ;hese loagl flows is from 7‘-’ to 18° and that for ’

extinction angle is from 12° to 20°. Fiqures 4.2, 4.5, 4.8, and 4.11 show
the convergence characteristics y:lth‘fle't start for test systems A, B, c,

and D, respectively. The actual eelutione are' contBined in,‘Appendix-' G.*

I ‘»

e ' ' ' o - *

4.4.2° Effect of AInit:I.al Conditions on the Newi:onﬂuphson Method
As mentiqned earliexi'; i:he' ’program' requires initial gﬁessee fer ',syst':en.i
volt';age levell and convertex (tecti‘f_ier-and inveri;er) angles beffre ;
.-:I.gzera;:ions' begix;. A numbar e: lead fl.aw cases were ‘run ;ith-differenj:
eombilnef:lons of 1nitiai g'neeees .fef,voltage le\;eie a'hd égn&ex{er engles. :
It is fgound t.hat the 1n:l.1:1e1 voltege guesaee ‘have s:l.qnificent impece ’
on the convergence pettern o! the program. .m diff{::nt vo!tage levela
" Q.0 _/___0" er’d 1.0 Q_O___) as inttial ‘quesses are tried and it is observed -
tha.t;. in all cases, ﬂat atert 1e hy fax the best. ‘ Lo

- ®
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- It has been stated in Section 4.4.1 -that with a flat start :

. {i.e. 1.0 + 30.0) on voltage levels and with delay and extinction angles °

initially sei: at 8° and 15°, respectively, ali test systems converged

[ e P

.in three iterations for a tolerance of 0.0001 p.u. When the starting

voltage level was changed to 1.0 /30° (i.e. 0.866 +30.5) wi}th all other

>

- conditions remaining the same as before, the test systems A (5-Bus), . ) '

: B (8-Bus), and C (14-Bus) took one more iteration to converge whereas
'Y . & . . .
" the test system D-(57-Bus) .took .three more iterations ‘to cdnverge.

v

—— . e — -

Figures 4.3, 4.6, 4.9, and 4.12 when compared with Eiigu'res 4.2, 4.5, 4.8 .

and 4.11, respectively, present the_difference. in com'rergence‘pat'terns of
non-flat start and flat start computations. S .

. . R : P . ’ ‘s ' . F. »-",
N o Changin'g the starting delay and extinction angles to 7° and 12° (from

L ASSNUREPUE

"

8" and 15° reapectively) and with flat start diq not”c‘hange the number ' ?

of 1terations (three) for convergence for test systems A, B, and C whxle .

it_ took four, J.tera_tions (from three) fo}' test system D. The largesj:

mismatches in test systems, A, B, C, and D are plottéd a(;ainst the nuxrlber

of 1tzerations in Piic_jﬁres 4.4, 4 7. 4 10, and 4.13, respectively. This
3 ——
- shows that for systems with only a. few bugesg, the init:.a]. guess for delay
and ‘extinction angles 15 not that critical. _ - ‘
. D .- ' - .- 1

. ' ) S R R
4.4.3 Effect of DC Link Resistance on the Newton-Raphson ' Method
. . ¢ Y ' . . N . . -
N S , ’ ' Due‘,to the urfa.vailability Qf a ‘suitable resistance for’ the'DC link, J o

il .

each test system was-examined with the following DC resistance values:

_ _ ii) One-s:.xth of . othe resistance of replaced AC line in p.u. ' 'I'hé .
,‘“ T ‘\ " - reason for utilizing this app.roach is explained in Section 4. 1 .
ML : (11) ' The same resista.nce as COnsidered by {14]. This value is St .,
0.00334.p.u. - ‘ - T .o | o
. ' - : I
’ Ty s : ' , N . ' . 1

- ——————
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(1ii) Twice the resistance considered by [14]. Hence 0 00668 p.u.

K\\ Thus the performance of the proposed method u.s tested for a wide range

of DC link resmt,ance values. It is interesting to note that, for all

these DC resistances,™each test systém converged in three iteratit_mé

for a tolerance of 0.0001 p.u. This shows that the convergence of the,

proposed method is .not'altered 'hy a change in t::he DC link resistance.

? .
4. 5 Computational Exper:.ence with the Alpha-Modified antl—Second Qrder

—
™ -

Newton—Rapheon Method . . cp

!

- The cOmputatlonal results of the applicat:.on of alpha-modlfxed quas:. o

secqnd order Newton-Raphson (u-M 0.5.0,N.R.) method to the solut;on of

n '

P‘/DC load f£low problem are discussed ‘in this section. From the thg__ory'

presented in Chapter !, ‘it can be _concluded that even though any value
- e, S

of alpha can .be used, its selection would be crucial to the convergence
', of the Imethod. In order to set«, up ‘the "alpha-modified quasi second oxder
7 . - :

load flow equations a i:ortio'n_\of. the seéen;i o‘rd_e,:_-' cc?_'rreetijd_n‘ factors 1s .
subtracted from the,pus 'mi_smatches of tl'le- firs_t;, order and ; pertion is
addecl' to the Jacebie‘helﬂem'qts ef ‘tb_% first ord‘erf Theee bortiens"are
-r‘egula_tec.l 2?y the magnitude of a.llphal eelected. Load flow computations for .
each test systera_ were performed' wittl elpha 'ralues,z:angiz;g frcm 0.0 to 2.3

ol

“ in® increments of O ‘1‘ The tolerance considered dn all cases was.0.0001 p.u.

'rhe number of iterat1ons required for convergem:e for test systems

A, B, C.. and D are shown in Figures 4. 14 4. 15 4.].6, and 4 17, respectively.

It .ts noted from Figure 4.14 that the’ test system A, converged in«a ma.nimum

o, RAS o

of 2.5 iterations for a number of alpha values. " The 1argeat mismatches

_for one such alpha value ia plotted in’ Figure 4.18,

Ty o ° . } . f,

r




taar -

Lt

“was 3.5.

T}'{}t'est; sys‘ttem_B convérged for all the a.lpha.valuee considered.

..,‘ p

-

As shown in Figure 4.15, the number cf,"iterations to c'ohverdence varied

from 2 to 5.

more iterations to meet the ‘same tolerance.

"

Figure 4.16. .

during iterat#bns for the test system C./‘

The test'. system D converged for all alpha value:; except for when

alpha was greater than 1. 0.

- of iterations ('2) vas required. ’

“

-

pattern of ‘the test system D.

The maxi.mum mismatches with a-=M.Q.S.0.N.R/ method for each of the ‘ RN

test syst_ems are contained in Appe_ndix H.

N _—At'«"a:_.‘
"

iiem

i

" It is -also cbserved that higher alpha values resulted in

The convérgence characteristics

o

-

The minimum number of iterations requ’ired

Figure 4 21 ‘{1lustrates the converqence_

those alpha values for which the convergence was, reached the same number

~+¥f this test system for alpha equals 0.0 "Is shown in Figure 4.19.
The test-system C converged. qniy for two alpha values as shown in
{Lr convergence

'Figux‘:e__d.20 gi\}es the variation in’ the largest -mismatches: .

T It :Ls worth notmq :Ln Figure 4.17 that for:
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