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Abstract

This paper describes a sparse (4n X 4n) formulation for the solution of power flow problem, comprising 2n current injection equations
written in rectangular coordinates plus the set of control equations. This formulation has the same convergence characteristics of the
conventional Newton power flow problem, expressed in terms of power mismatches written in polar coordinates and can be reduced to a
(2n X 2n) formulation plus the control equations. It is best suited to the incorporation of flexible AC transmission system devices and controls
of any kind. Complex user-defined control functions, involving the participation of several regulating devices, can be directly introduced as
power flow control data. The results presented validate the proposed method.
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1. Introduction

The power flow problem deals with solving the set of
non-linear algebraic equations which represent the net-
work under steady state conditions. Over the last years,
many algorithms have been developed regarding voltage
stability tools [1-3], more advanced solution techniques
[4] and the representation of both the more realistic
modeling of power system components [5] and the recent
technology devices [6,7].

In Ref. [5] is presented a static model for synchronous
generators with voltage dependent reactive power limits due
to the maximum stator current, maximum and minimum
rotor current as well as maximum rotor angle limiters. This
generator model is included in an ordinary power flow
program.

In Ref. [6] is discussed the modeling of flexible AC
transmission system (FACTS) devices for power flow
studies and the role of that modeling in the study of
FACTS devices for power flow control. Three generic types
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of FACTS devices are suggested and the integration of those
devices into power flow studies is illustrated.

Generalized nodal admittance models are presented in
Ref. [7] for series compensators, phase shifters interphase
power controllers and unified power flow controllers,
regarding to the insertion in a Newton—Raphson power
flow program.

In Ref. [8] is presented a new procedure for the solution
of power flow problem, by using the current injection
equations written in rectangular coordinates. From this
formulation it is possible to obtain the same convergence
characteristics of the conventional power flow expressed in
terms of power mismatches and written in polar coordinates.
The set of controls and devices studied in Ref. [8] includes
the representation of the voltage dependent load, load tap
changing transformer and phase shifter transformer.

In Ref. [9] the static var compensator (SVC) is
represented by adding a fictitious PV bus to the system
with a fixed voltage equal to the SVC reference voltage.
This fictitious bus is connected to the physical SVC-bus
through a slope reactance.

The objective of this paper is to incorporate other control
devices, by using the augmented formulation presented in
Ref. [8]. The set of control devices studied includes the
representation of P (only active power specified) and PQV
(load bus in which the voltage is remotely controlled) buses,
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Nomenclature
n number of buses
h iteration counter

AP, +jAQ, complex power mismatch at bus k
Pg,, +]Qg,, generated complex power at bus k
P, +]0L, complex load at bus k

P, +j0; net complex injected power at bus k
PS¢ 405 calculated complex power at bus k
V,, +iVy,,  complex voltage at bus k

O, Vi voltage angle and magnitude at bus k
Gy +jBy; (k,j)th element of bus admittance matrix
A6, AV voltage angle and magnitude corrections
it % series impedance of line (k—j)

ayg transformer tap from bus k to bus j

Vi series admittance of line (k—j)

O load angle associated to the bus k

X, quadrature-axis synchronous reactance

static var compensators, thyristor controlled series compen-
sation (TCSC) and reactive limits at a generation bus. User-
defined control functions involving the participation of
a combination of these devices can be incorporated into the
power flow model.

2. The augmented formulation

The augmented formulation uses current injection
equations expressed in terms of rectangular coordinates
of voltage buses, for both PQ and PV buses [8]. The
calculation of real and imaginary current mismatches is
straightforward for PQ buses, because of real and
reactive power mismatches are known. For PV buses the
reactive power mismatch is unknown and it is treated in
this formulation as a dependent variable. Then an
additional equation is introduced in order to set the
over-determination of the system of equations as
follows:

Vi=V; +V, (1)
By linearizing Eq. (1) yields:

v, v,
AV, = LAV, +
Vi

LA 2
V. Vin, @)

Thus, for each PV bus there are three equations and
variables AV, , AV, and AQy.

The voltage angle at a bus k can be expressed by:

1 Vi,

0, =1tg —+ 3
=18 v, (3)
Whose linearized form is:
v, Vi
AG, = V_,éAmG - V,fk AV, @

The mathematical model is then written in the following
matrix form [8]:

(U Y’ B Av,,
= &)
Agy C 0 Apg
The Y matrix blocks have the following structure:
" Bl G/ B m G m
sz=[ " ,’j"] Y:m=[ n ]
Gi B Gin  —Bim
By = By — a; (6)
G = G — by (7N
Gix = Gy — ¢ 3
Biy = =By — dy )

The parameters ay, by, ¢, and d; are presented in Appendix
A of Ref. [8].
The matrices B and C have a block-diagonal structure

B, G
B, G,

B, G,
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where:
- Vm,- Vri - Vm,» Vr,»
(2 [
Bl — 1 l Cl — 1 1
- Vr1 Vm,- Vr,v Vm,
G Vi
A0V=[A01 AVl A02 AV2 AH,, A‘/n]t
App=[AP, AQ, AP, AQ, -+ AP, AQ,T
AV,,=[AV, AV, AV, AV, - AV, AV, |
The voltage buses updates are given by:
Ay =cPavy) (10)
The new solution is given by:
VD =y 4 AV® (11)
0" =0" 1 A0 (12)

As shown in Ref. [8], the step 1 of the solution algorithm for
(4nxX4n) augmented formulation is equivalent to (2nX2n)
formulation plus control equations.

3. Remote voltage control and secondary voltage
control models

A generation bus (P bus) can be used to control the
voltage at a remote bus (PQV bus) by assuming the voltage
at the P bus as the unknown and specifying the voltage at the
PQV bus. In this case, the voltage constraint equation
related to the PQV bus must be included into the Jacobian
matrix.

On the other hand, if various P buses (say NP) are
assumed to control a single PQV bus voltage, then (NP — 1)
additional equations are required to yield a unique solution,
where each equation describes the MVAr participation
factors among the P buses, as follows

O, — %Qg, =0 (13)
where i and j denote P buses, k = 1,2,...,(NP — 1)

O, = Qi+ 01, 14
Thus, Eq. (13) is linearized as shown below:

AQl = AQ(i) - akAQ(j) (15)
where:

AQ =0, + 01, — (O — 05" (16)

The augmented system of equations is then modified to
incorporate Eq. (16). In addition, the voltage constraint

equation for the PQV bus must be introduced

0 Y B AV,
= = (17)
Ay
C D App
LAQ'] L 4 L i
where:
D,
D,
D:
D

For all PQ, PV and PQV buses:

D, = [0]
For remote voltage control (only one P bus i) one has:
— Vm[ Vri
[z V_lz S N |
C = D; =
Vi, Vi, U TR S
4 Vi

For secondary voltage control (NP — 1 P buses j) one has

Vi V.
— U, VTR )
Cj: ‘G ‘/j Dj: .o 1 o —a e
0 0 ,

where [ denotes PQV bus and the non-zero values in matrix
D; occur in the columns i and j.

3.1. Illustration example

3.1.1. Remote voltage control by a single reactive source
In Fig. 1 suppose the voltage at bus 2 is remotely
controlled by reactive power at bus 4, and bus 3 is assumed
to be a PQ bus type. Bus 1 is the slack bus. The linear system
of equations related to the solution algorithm step 1,

o

Fig. 1. Four-bus test system.
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presented in Ref. [8], is given by Eq. (18).

[ 0 B / / _Vnh Vh
By Gy V2 V2 By; Gy 0 0
2 2
0 1% \%
Gy, By = 2 Gy By 0 0
0 vi v
0 0 1 0 0 0 0 0
AP 0 0 0 1 0 0 0 0
M| By Gy 0 0 By Gy —m M
) 2 33 33 V2 V2
0
Gy —By O 0 Gl Bl Vi, ZVn
| O3 2 33 D33 V2 V2
o |= 3 3
0 0 0 0 0 0 1 0
AP,
0 0 0 0 0 0 0 1
AQ
1 |Bo G 0 0
0
0 Gy =By 0 0
AP, 0 0 0 0
Vi, Y 0
L od Lv, v,

3.1.2. Remote voltage control by multiple reactive sources

Now, assume the reactive power sources at buses 3 and 4
are supposed to control the voltage at bus 2. In this case, the
participation factor, which establishes the relationship
between the reactive power sources must be specified,
leading to:

By, Gy 0
Gy —By 0
0 0 0
0 0 0
-V,
By, Gl T
v
-V,
Gl By
Vi
0 0 1
0 0 0

1%

T4

Vi

-V

my

Vi

AV,

AV,,
AP,

AQ,

AV,

3

AV,

m3

AQ;

AV,

Ty

AV,

my

| AQ,

(18)

The linear system of equations related to the solution
algorithm step 1, presented in Ref. [8], is given by Eq. (21),

where:

AQY = -0, + a0,

Oc,,, = a1¥9a,, (19)
[ 0 ] ™ / Vin, Vs,
By Gxn 2 By Gp 0 0 By Gy 0
2 2
0 /I /! —V,, sz
Gn By V2 V2 Gy =By 0 0 Gy —By O
3 2
0 0 1 0 0 0 0 0 0 0 0
A0, 0o 0 0 1 0o 0o ©0 0 0 0 0
By G 0 0 By Gy —m Y
0 2 Gn 3 On = V2
-V -V
0 Gy, —B 0 0 Gj B - "3
_ 32 32 33 33 V2 V32
AP; 0 0 0 0 0 0 1 0
Vi, Vi,
0 —= —= 0 0 0 0 0 0
V2 V2
0 Bn G 0 0 By Gh —om
n Gn 44 Gy 3
Vi
0 -V
Gyp By O 0 Gi Bl V2r4
4
AP,
4 0 0 0 0 0 0 1
(207l Lo o0 o o o o o 1 0 0 o0

AV,

| AQ, |

n
AV,,
AP,

AQ,

AV,

3

AV,

m

AQ;

AV,

T4

AV,

my

(20)

21
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min

max min v

Sk
QSVC QSVC

Fig. 2. Voltage X reactive power characteristic.

4. The static var compensator model

The steady state voltage X reactive power character-
istics for an SVC is shown in Fig. 2. The linear control
range lies within the limits determined by the maximum
susceptance of the reactor and the total susceptance
determined by the capacitor banks in service and the filter
capacitance [10,11].

Within the linear control range the SVC is equivalent to
a voltage source in series with a slope reactance X, as
follows

Ve = Vo + X, I, (22)

where k denotes the bus at which the SVC is installed.
From Fig. 2

Vi = Vo + g, (23)
where:
o Vo - Ve o

max __ min
QG(k) QG(k)

min __ yymax
ymin _ yn

max min (25)
QG(k) N QGM)

Ty =

For Qg > Qa‘x‘ the SVC behaves as a capacitor and the
corresponding reactive power is given by:

ot

(Vllc'mn)Z k (26)

g, =

For Qg, < Qmln the SVC behaves as a reactor and the
corresponding reactive power is given by:

ogr
(v,szff Ve @

g, =

Egs. (23), (26) and (27) are linearized and the voltages
are expressed in rectangular coordinates. Thus, Eq. (23)
leads to

V \%

AV = —2AV, + LAV, + 1 AQ, (28)
Vi k Vi k

where:

AV = Vo + (O, + Q) — (29)

Eq. (26) leads to

max Qmax

G
AQjmax =2 (le‘;’)z WAV +2 (le(r:))Z Vi AV, — AQy
(30)
where:
max anx
AQ™ = =0, +0— (le(:)z k (€2))
k
Eq. (27) leads to
- lein Qgin
AQ;‘ =2 (Vlina()l:))Z Tk Tk + 2 (Vma(:))Z mGAmG - AQk
(32)
where:
/ min le:; 2
AQ™ =0, + Ok — ()2 Vi (33)
k

The implementation procedure is similar to that used for
the PV bus. Instead of using the voltage constraint
equation, either one of Egs. (28), (30) and (32) is used
depending on the SVC operating point.

4.1. lllustration example

In Fig. 3, suppose a SVC connected at bus 3 to control the
voltage at bus 2, say V,". The linear system of equations

o—f—f+-o

I

Fig. 3. Topology for incorporation of SVC.
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related to the solution algorithm step 1, presented in Ref. [8],
is given by:

AP,

AQ,

AV)

L 0

By Gy
Gy By,
0 0
0 0
By, Gy
Gy —Bxy
0 0
Vr2 sz
Va W,
By Gy
Gy —By
0 0
0 0

v,
vz By; Gn
~Vo,

V2 Gy —Bny
0 0

1 0

0 By G
0 Gi By
0 0

r 0

0

0

0

0

If the SVC is operating as a capacitor, then the linear system
of equations becomes

AP,

AQ,
0
0

AP,

A Q’zmax

/
BZZ

Z
G22

0 0 By Gy 0 0 AV,
Avmz
0 0 Gy —By 0 0
0 0 0o 0 0 AP,
0 0 0 0 0 AO,
Voo Vi,
Vi V3 AV,
Ve Vg AV
2 2 m
oo ’ (34)
! 0 AP,
0 0
AQs
-V, V
By, Gy o o
Vf VZ AV’4
—v. -V,
Gi Bl e | AV,
V2 % ¢
0 1 0 AP,
Vi Voo o
v, V, dLAQ, |
0 0 By Gy O 0 AV,
AV,
0 0 Gy —By O 0 ?
AP,
0 0 0 0 0 0
0 0 0 0 0 0 AQ,
Vo Vi
v AV,
Vo TV AV
i v ‘ (35)
1 0 AP,
0 0 AQ;
-V, Vv
By Gl - 2
vi Vi AV,
-v 1%
G/I B// Ty my
44 By V2 V2 AV,
0 0 1 0 AP,
Vo Vo 0
Vo Wy JdLAQ, |
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where:

max
0c,,

(Vlgnin)Z

fi=2 (36)

5. Thyristor controlled series compensation model

The TCSC has both electromechanical stability and
power flow control duties. In the latter case, it is used to
regulate the power flow through a specified line. The TCSC
control model studied here is referred to in the literature as
constant line power control. Assume the TCSC is connected
between buses k and j to control the active power flow Py;
through changes in the line reactance x. Thus, the
linearized equation of P;; needs be introduced into the
Jacobian matrix, as follows

0 Y B ET[AV,
Ay cC 0 0 App (37)
APk/ Dt Qt F Axk]
where
p_|... 2Pa 0Py 0By #Py Y
= v, aV,, av, 9V,
B AL, AL, 9AL,  dAL '
= axkj axk/ axkj axkj
p= 2Py
axk,
with

(')Almk 2rk]xk]
= [—ay; cos(@y)Vy, + ay sin(@) V),
axkj (rkj k])2 J J J g7 T

2 2
1— Thi — X

2
+ai;V, —
G Y my 2 232

(rkj —I—xkj)

[ay; sin(@g) V.,

+ayj cos(ey)V, — a,%jV,.k] (33)

oAl

e —

0 (r,%j + x,%j)2

Zrijkj

[—ay; cos(@)V,, — ay; sin(e)V,,

22
+apV,1— —kj 5 Ly sin(@) V.,

(g +x2)
— a3 cOS(@1) Vi, +a;;V,, 1 (39)

0AL, _ 2r ijkj

ox - (}" )2 [ akj COS(QDkJ)Vnu SiIl((,ij) Vrk + ij]
ki & T Xk
r,%j - x,%j .
- m[_akj SIn(@y) Vi, +agcos(ep)V,, — Vr,]
kit kj
(40)
aAI 2rkj i
axk (}’ )2 [ak] Sln(@kj)vmk jCOS(Qij)Vrk +Vr/]
J kj
re— X ,
- (}’—)2[ aijOS(QDk]')mG - ak, sm(gokj)V,k + le]
kj k]
(4D

BAij . 2rijkjakj

0y (r,%j —}-x,%j)2

[COS((ij)(Vrk Vr,- + mG ij) - SiIl(Qij)

X
X (Vi V=V, V)1 = 2y k’)zlk,wiwik)]

@ k/+ kj

2_ 2
akj(rkj _xkj)

(”I%j +x%j)2 [cos()(Vin, Vi, = Vi Vi)

i@V, V- Vi, Vi )] 42)

The line reactance value for the next iteration is given
by:

xglﬂ) xk]) —i—Ax(h) (43)
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5.1. Illustration example

In Fig. 4, suppose a TCSC connected between buses 3
and 4 to control the active power flow Py, at say, P3,.
The linear system of equations related to the solution
algorithm step 1, presented in Ref. [8], is given by Eq.
(44) where:

APy, = PJ, — P§° (45)

6. Reactive limits at a generation bus model

The model commonly used for power flow studies
considers fixed reactive power limits for a synchronous
generator. This is an approximation since the reactive power
limits depend on the active power dispatch and the generator

1 Slack 2 PV

3 PQ 4
Fig. 4. Topology for TCSC control.

PQ

[ T B - Vm Vr
0 By Gh V2 . 722
2 2
0 -V, -V,
Gyn By —* 2
Vi v
AP, o 0o 1 0
Ve Vi
0 0 0
Vo, W,
0 / / B Vrnx Vrz
0 Il i -V, —V
B 3 3
33 33 V2 v2
AP3 = 3 3
0 0 1
AQ; 0 0 0
0 By Gy 0 0 By Gy 0
0
Gy —Byp 0 0 Gy3 —By 0
AP,
4 0 0 0 0 0 0 0
AQ, 0 0 0 0 0 0 0
| APy | L v, v,
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1AV,
By, Gy 0 0 :
AV,
Gy By O 0
0 0 0 0 AP,
0 0 0 0 AQ,
AL, || av,
By Gy 0 - . 3
dx34
aAL, || AV,
Gy —By 0 0 - ?34'
AP, (44)
0 0 0 0 0 h
o 0 0 0 0 Qs
-V \% aAl
B G, my Yo my
“ #oovzov2 oxss || AV.,
-V -V, dAl,
GI/ B// Ty my _ ry
44 44 V2 V2 e AV,
0 0 10 0 AP,
0 S 0 AQ,
a Vr4 il Vm4 6x34 dL AX34 -

operating voltage. A realistic representation of the generator
limits requires the determination of the capability diagram
for the synchronous generator [5].

In Ref. [5] is represented the maximum and minimum
limits for the reactive power generation taking into account
the maximum stator current, the rotor current limiter and
underexcitation limiter. Both salient pole and round rotor
generators can be represented.

The proposal of this paper is to model the generation bus
into a power flow program considering that the limits
obtained for the reactive power generation are voltage
dependent due to all the equipment limits modeled in
Ref. [5]. When the reactive power generation of a machine
connected at a bus k is within the range defined by the
maximum and minimum limits, the following equation is
introduced into the power flow program:

Vi = Viom (46)
On the other hand, if the reactive power generation is
outside the limits, the following equation is introduced:
96, = Qiim (47)
where Qj;, is the maximum or minimum reactive power
generation limits which is violated in a given iteration.
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This value for a generation bus k is determined from
the reactive power limits imposed by stator, rotor and
underexcitation, given by Eqs. (48)—(50), respectively [5]:

G = gy = P (48)
_ V2 V]% ( EmaX)Z
= —+ e (49)
9 k)
min __ PG(k) _ V_]? (50)
exc max
tg ( 8k ) xq(k)

Eqgs. (46) and (47) are linearized and the voltages
are expressed in rectangular coordinates. Thus, Eq. (46)
leads to:

Vv Vv
AV, =Vyom — Vi = #Av,k + ‘;”k AV, (51)
k k
Eq. (47) leads to:
AQi =0, + Ok — Qiim = —AQ; (52)
07 [ —Va V.,
By Gy V2 s V2 By;  Gn 0
3 3
0 I // =V —Viny
Gy By V2 vz Gy By 0
AP, : >
0 0 1 0 0 0 0
AQ, 0 0 0 10 0 0
_Vm1
0 By Gy 0 0 By Gy v
3
_Vh
0 _ Gy, —Bjyp 0 0 Ggls Bgs V32>
AP, 0 0 0 0 0 0 1
AQ; 0 0 0 0 0 0 0
By Gy 0 0
0
0 Gy —By 0 0
AP, 0 0 0 0
0 0 0 0
N2

The implementation procedure is similar to that used for the
conventional PV bus. Instead of using the voltage constraint
equation either one of Eqs. (51) and (52) is used depending on
the synchronous machine operating point.

6.1. Illustration example

In Fig. 1, suppose the reactive power generation limits
are considered for the synchronous machine connected at
bus 4, by assuming that the bus 3 is PQ type. The linear
system of equations related to the solution algorithm step 1,
presented in Ref. [8], is given by Eq. (53).

509

If the reactive power generation at bus 4 violates either
the maximum or minimum limits, the linear system of
equations related to the solution algorithm step 1, presented
in Ref. [8], is given by Eq. (54).

7. Computational aspects

The proposed formulation, by using the current injection
method written in rectangular coordinates, has the same
convergence characteristics of the conventional power flow
expressed in terms of power mismatches and written in polar
coordinates. This formulation has the advantage of present-
ing a highly sparse structure (augmented Jacobian) suitable
to the incorporation of FACTS devices and control of any
kind [8]. Itis also very important to notice that in the absence
of control devices this formulation can be reduced to a (2n X
2n) formulation as presented in Ref. [12]. As shown in
Ref. [12], the saving cpu time for the current injection
method is about 20% when compared to the conventional
power flow formulation.

Tr AV, -
By Gy 0 0 "
AV,,
Gy  —By 0 0
0 0 0 0
0 0 0 0 AQ,
AV,
AV,
(53)
v v AQs
Bl G/ my Ty
44 44 VZ V42, AV,A
=V, =V,
G B! ry my
44 44 V2 V2 AV,
0 0 1 0 AP,
Ve V, 0 0
V4 V4 JdL AQ4 -

The main advantage of this formulation lies on the
calculation of the matrix Y”, because its off-diagonal
elements are exactly the terms of admittance matrix bus
and the diagonal elements are calculated using non-
transcendental functions, even if load models other than
constant power are included.

8. Results

The proposed power flow control models were validated
through tests with the IEEE-118 buses and the Brazilian
South—Southeastern system. These systems have 118 buses
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and 186 circuits, and 1768 buses and 2527 circuits,
respectively.

8.1. IEEE-118 buses system

In order to validate the secondary voltage control model,
the generators at buses 74 and 76 were set to control the
voltage at the bus 75, in such a way that Qg = 2.333Q0g,,, -
The power flow solution was achieved in three iterations
with power mismatch less than 1.0 X 10~ p.u. The results
of this simulation are shown in Table 1.

[ 0] [ o T Ve g 0
2 2 V2 V2 23 23
0
- Vm - Vm
ng B’Z’Z v2 = —VZ 2 ng _323 0
AP, 2 2
0 0 1 0 0 0 0
AQ, 0 0 0 1 0 0 0
/ u - qu
0 By Gy 0 0 By Gy —
V3
0 —v,
=| G —Bxn 0 0 G B V2 :
AP, }
0 0 0 0 0 0 1
AQs 0 0 0 0 0 0 0
0 By Gy 0 0
0 Go —Bp 0 0
APy 0o 0 0 0
| AQZ i | 0 0 0 0

A SVC was included at the bus 93 in order to control the
voltage at the bus 102. This SVC was modeled by the
reference voltage (V;) equal to 1.00 p.u. and reactance slope
equal to 2%. Two kind of simulations were made, in the first
one, the maximum and minimum reactive generation
(0g™, Qr(r;'i") were set to be, respectively, 40.0 and
—40.0 MVAr, and in the second simulation, the limits of
the reactive generation were set to be 50 and —50 MVAr.
Table 2 illustrates the results of these simulations, in both
cases the convergence was obtained in two iterations with
power mismatch less than 1.0 X 10~° p.u. Note that with

Table 1
Power flow solution, IEEE-118: two P buses controlling one PQV bus

P buses PQV bus

Number Generation Generation Number Voltage Specified
(MVAr) (%) magnitude  voltage

74 43.54 30 75 1.000 1.000

76 101.59 70 75 1.000 1.000

reactive generation limits equal to 40.0 MVAr the SVC
operates as a capacitor.

For validating the TCSC model, a TCSC was placed
between the buses 50 and 57 with the objective of
controlling the active power flow between these buses.
Table 3 shows the results of three different situations,
without TCSC (base case), and with TCSC controlling the
power flow between the buses 50 and 57 in 40.0 and
50.0 MW. In all simulations the initial reactance was 9.66%
(equal to the base case). The convergence without TCSC
was obtained in two iterations and with TCSC was achieved

AV, T
By Gy 0 0
AV,,,2
Gy —By 0 0
0 0 0 0
0 0 0 0 AQ,
2 AV"@
2 3
ms
Vv AV (54)
A
Bu G —o ¢
V2 Vi AV
T4
V -V,
G B s my
44 44 V;% V‘% AVWM
0 0 1 0 AP,
0 0 0 -1 1L A,

in four iterations with power mismatch less than
1.0 X 1072 p.u. in all simulations.

8.2. Brazilian South—Southeastern system

It was considered a set of twelve P buses controlling
eleven PQV buses, in order to validate the remote voltage
control and secondary voltage control models. Each PQV bus
has its voltage magnitude controlled by a unique P bus,
except for the 483 bus that was controlled by 403 and 404
buses, in such a way that Qg ,, = 1.50Qg,,, . The power flow
solution obtained in five iterations and with power mismatch
less than 1.0 X 10~® p.u. is shown in Tables 4 and 5.

A TCSC was placed between buses 958 and 2750 with
the objective of controlling the active power flow between
these buses in 32.29 MW. For this control the initial line
reactance was the same of the base case and the
convergence characteristics was achieved in five iterations
when the absolute value of the difference between the
specified and calculated active power flow was less than
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Table 2
Power flow solution, IEEE-118: SVC
SVC bus PQV Bus
Num. Slope (%) Limits (MVAr) Generation (MVAr) Operation range Num. Calculated voltage Reference voltage (V)
93 2.0 40.0 40.50 Capacitive 102 0.9916 1.000
93 2.0 50.0 41.97 Linear 102 0.9916 1.000
Table 3
Power flow solution, IEEE-118: TCSC
Case Bus Reactance (%) Active power flow
To From Initial Final Compensation MW Specified MW
No TCSC 50 57 9.660 9.660 - 35.882 -
With TCSC 50 57 9.660 9.541 0.119 40.000 40.0
With TCSC 50 57 9.660 2.503 7.157 50.000 50.0

1.0 X 107 p.u. The results from the solution of the power
flow, with TCSC and with no TCSC are shown in Table 6.

It was included a SVC at bus 856 for controlling the
voltage magnitude at bus 1060, to validate the proposed
model for the static voltage compensator. This SVC was
modeled by the reference voltage (V;)) equal to 1.00 p.u., and
the maximum and minimum reactive generation (Qg™, Qgi")

equal to 0.75 and —0.75 p.u., respectively. Two different
situations were simulated corresponding to the slope
reactance (r) equal to 2% (simulation I) and 5% (simulation
II). The results related to these simulations are shown in
Table 7, where the convergence characteristics were achieved
in five iterations, with the active and reactive power mismatch
less than 1.0 X 10”7 p.u. in both simulations.

Table 4

Power flow solution, Brazilian South—Southeastern system: P and PQV buses

P buses PQV buses

Number Generation Number Voltage magnitude Specified voltage
(MVAr)

28 49.775 190 1.020 1.020

42 —70.351 211 1.000 1.000

44 98.504 178 1.010 1.010

45 —5.7751 151 1.000 1.000

48 —1296.6 86 1.010 1.010

55 —24.524 215 1.000 1.000

389 —60.063 386 1.010 1.010

400 130.41 481 0.977 0.977

401 —60.603 480 0.995 0.995

1500 —8.2745 1526 1.020 1.020

Table 5

Power flow solution, Brazilian South—Southeastern system: two P buses controlling one PQV bus

P buses PQV bus

Number Generation (MVAr) Generation (%) Number Voltage magnitude Specified voltage

403 69.011 40 483 0.9780 0.9780

404 103.52 60 483 0.9780 0.9780
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Table 6
Power flow solution, Brazilian South—Southeastern system: TCSC

Case Bus Reactance (%) Active power flow
To From Initial Final Compensation MW Specified MW
No TCSC 958 2750 6.120 6.120 - 26911 -
With TCSC 958 2750 6.120 0.877 5.243 32.290 32.290
Table 7
Power flow solution, Brazilian South—Southeastern system: SVC
SVC bus PQV bus
Number Slope (%) Generation (MVAr) Number Calculated voltage Reference voltage (Vy)
856 2.0 46.200 1060 0.99076 0.997
856 5.0 19.819 1060 0.99009 0.997
Table 8

Power flow solution, Brazilian South—Southeastern system: reactive limits at a generation bus

PV bus Reactive generation (MVAr) Voltage magnitude (p.u.)

Reactive power Proposed Conventional No reactive Proposed Conventional No reactive
load (MVAr) formulation formulation power limits formulation formulation power limits
—20.0 —17,674 —17,300 —39,642 1,0304 1,0377 1,0100
—10.0 —-17,519 —17,300 —29,642 1,0213 1,0287 1,0100
00.0 —17,362 —17,300 — 19,642 1,0122 1,0195 1,0100

10.0 —9,6423 —9,6423 —9,6423 1,0100 1,0100 1,0100

20.0 0,3577 0,3577 0,3577 1,0100 1,0100 1,0100
30.0 10,358 17,300 1,0100 0,9909 1,0100
40.0 17,275 17,300 20,358 1,0071 0,9809 1,0100

50.0 17,107 17,300 30,358 0,9973 0,9707 1,0100
60.0 16,936 17,300 40,358 0,9873 0,9603 1,0100

The objective of these last simulations was to compare
the results obtained by using the conventional procedure for
the PV bus with those obtained by considering the proposed
formulation in which the reactive power limits are voltage
dependent. For this purpose the generator connected at bus
2052 is studied. The nominal values adopted for the power
factor and the voltage at this generator bus are 0.85 and
1.010 p.u., respectively. The active power generation is
adopted equal to zero, while the apparent power generation
is 0.165 p.u. The value of x, was set to 2% and the resistance
set to zero. The maximum continuous stator and rotor
currents were set 5 and 10% above respective nominal value
and the maximum load angle was set to 80°. In the
conventional procedure the minimum and maximum
reactive power limits for the 2052 bus were fixed with the
values set to — 17.3 and 4+ 17.3 MVAr.

The results for several values of the reactive power load
for each formulation plus the simulations with no reactive
power limits are shown in Table 8. These results shown that

the proposed formulation presents violated voltages closer
of the specified for the problem than the conventional
formulation. The convergence characteristics in the both
formulation were achieved in six or seven iterations with
absolute power flow mismatch less than 1.0 X 10~/ p.u.

9. Conclusions

The augmented formulation is equivalent to the conven-
tional Newton—Raphson power flow regarding convergence
characteristics, but allows an easier incorporation of control
device models and power flow controls of any kind. This
formulation also directly incorporates more realistic model-
ing of power system components, such as, static var
compensators, TCSC and voltage control through multiple
reactive sources.

The studies performed so far indicate the proposed
formulation may become a valuable tool for solving present
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day power flow problems, where the proper consideration of
controls is becoming a key issue.
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