CHAPTER

Load Flow Analysis

2.1 Introduction

The load flow analysis is a very important and fundamental tool in power
system analysis. Its results play the major role during the operational stages
of any system for its control and economic schedule, as well as during the
expansion and design stages. The purpose of any load flow analysis is to
compute precise steady-state voltages and voltage angles of all buses in the
network, the real and reactive power flows into every line and transformer,
under the assumption of known generation and load. The load flow solution also
gives the initial conditions of the system when the transient behaviour of the
system is to be studied. In practice it will be required to carry out numerous
power flow solutions under a variety of conditions.

2.2 Bus Classification

(i) Load bus: A bus where there is only load connected and no
generation exists (both Pg; and Qg are zero) is called a load bus. At
this bus real power (P),) and reactive power (Qp,;) are drawn from
the supply. A load bus is also called a PQ bus, since the real power
and reactive power are known values at this bus. The other two
unknown quantities at a load bus are voltage magnitude (|V}]) and its
phase angle (J,) at the bus. In a power balance equation P, and O,
are treated as negative quantities since generated powers Py, and O,
are assumed positive.

(ii) Voltage controlled bus or generator bus: A voltage controlled
bus is any bus in the system where the voltage magnitude can be
controlled. At each bus to which there is an alternator connected, the
MW generation can be controlled by adjusting the prime mover. In
other words, the phase angle of the rotor ¢ is directly related to the
real power generated by the machine. The voltage magnitude can be
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controlled by adjusting generator excitation. Thus at a generator bus
the real power generation (P;) and the voltage magnitude (|V}) can
be specified. The phase angle (§;) and the reactive power (Q),) are
to be determined. The limits on the value of the reactive power are
also specified. These buses are called PV buses.

(iii) Slack bus: In a power system network as load flows from the
generators to the loads through transmission lines, the power loss
occurs due to the losses in the transmission line conductors. These
losses when included, we get the power balance relations:

N N
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where Pg; and Qg are the total real and reactive power generations,
Pp,; and O, are the total real and reactive power demands and P; and
Q; are the power losses in the transmission network. The values of
Psi, Ogi» Pp; and Oy, are either known or estimated. For this reason,
the slack bus is also known as the reference bus.

B G Specified Quantities to be

quantities determined
Slack or swing or reference bus Vi, & P, 0
Generator or voltage controlled
or PV bus e Q, 0
Load bus or PQ bus P, 0 V|, &

2.3 Load Flow Equation

The relationship between node current and voltage in the linear network can
be described by the following node equation:

1=7YV @2.1)

or I = szVj i=1,23,..n (2.2)
j=1

where /; and V; are the injected current at bus i and voltage at bus j, respectively.
The voltage at a typical bus i of the system in polar coordinates is given by

V= |V £6,= V| (cos & +j sin &) 23)
Y; an element of the admittance matrix, is given by
Y; = |Yi]‘|19ij = |YU| cos 91‘]‘ +j|)’g;| sin Gij = Gij + By 2.4)

where 7 is the total number of nodes in the system.
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The complex power injected by the source into the ith bus of a power system is

S, =P+ jO =VI =123 ..n (2.5)
The complex conjugate of the above equation,
P—jQ =V, i=123,.,n (2.6)
We know that
Ii=) YV,

Equation (2.6) becomes

F-jo =V, YijVj (2.7)
j=1
Hence basically, real power
n
P, =real I:VZ ng (2.8)
j=1
Reactive power,
n
o :_Im!Vi* YijVj:l (2.9)
j=1

The power flow equations can also be written as follows.
Real power,

B =[V| Y |V;I[¥;| cos (8; + 6, - 5,) (2.10)
Reactive power,
0, =—V| Y IV;|I¥]sin (8 +6,~8)) 2.11)

Equations (2.10) and (2.11) comprise the polar form of the load flow
equations or static load flow equations. They are usually expressed in the
following forms as mathematical models of the load flow problem:

APi = Pi,sch - Pi,calc = (PGi - PDi) - Pi,calc (2.12)

AQ;’ = Qi,sch - Qi,calc = (QGi - QDi) - Qi,calc (2~13)

where P, .y, O, s are the specified active and reactive powers at node i based
on the above two simultaneous equations. The load flow problem can be
roughly summarized as: for specified P, g, and O, ., find the voltage vector
|[V] and 6, such that the magnitudes of the power errors AP, and AQ; are less
than the acceptable tolerance.

The functions P; and O, of Egs. (2.10) and (2.11) are nonlinear functions
of the state variables |V and 9§, This static load flow equations are of such
complexity that it is not possible to obtain the exact analytical solution. Hence,

the power flow calculations usually employ iterative techniques.
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2.4 Load Flow Methods

The iterative techniques are:

1.

Gauss—Seidel method

2. Newton—Raphson method

3.

Fast decoupled method

2.5 Gauss-Seidel Method

The load flow problem formulated as a set of nonlinear algebraic equations
can be solved by an iterative algorithm called the Gauss—Seidel method.

2.5.1 Gauss-Seidel Method When PV Buses are Absent

We have chosen the Gauss—Seidel method first because of its simplicity. Now
we shall consider the case when the generator buses or voltage controlled buses
or PV buses are absent. This means we have n — 1 load buses or PQ buses,
the remaining one being the slack bus.

Computational procedure

1.

2.

Form the bus admittance matrix of the network by direct inspection
method, selecting the ground as reference [formation of Y, .

If the slack bus is not specified, select one of the generator buses as
the slack bus. The voltage at the slack bus is assumed as V; = V" + 0.0
[selection of the slack bus].

. Assume initial values of voltages for all buses except the slack bus.

V© =1+ 0.0 (flat start voltage).

Set convergence criterion = g, i.e. if the largest of absolute of the
residues exceeds the convergence criterion the process is repeated,
otherwise it is terminated.

Set iteration count k& = 0.

Bus count i = 1. If i is the slack bus, then there will be an increment
in the bus count.

Solve the voltage equation for bus i as we know that

Jj=1
P—.» n n
) BN AT
Vi j=0 j=1
1| P-jO <
Vi=—|+t—"S- )YV
1 Y;i V; 2’]]
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or

10.

11.

B . i—1 n
1| P-jO ~
=y T - I‘ZYijVj‘ ZYUVj
i i j:l

(! =

1 i i k+1 k
— =Ny =Y v 2.14
A ;I’ ! e

. Calculate the change in bus voltage

AV = (17— () (2.15)

Acceleration of convergence: The process of convergence in the
Gauss—Seidel method is slow as it requires larger number of iterations
to obtain the solution. In this method, convergence can be increased by
using the acceleration factor, denoted by . In power flow studies, o is
generally set about 1.6 and cannot exceed 2 if convergence is to occur.
Therefore,

v = (VY + o AVF (2.16)

i,acc
Calculate the bus voltages, i.e. ¥/*! for all the buses except the slack
bus, where i = 1,2,3, ..., n.
Repeat the iterating process until change in voltage (AV;) for all the
buses are within the specified or within the tolerance.
Finally calculate the power flow and power losses.

Busi Busj

Current and power flows

i —=J

Iy’ =I, +1I,= yU(Vz - V,) + YoV
ng = Vzl; = Viz(yij + yl'o)* - Vl)/;V,*
Jj =i
B ==+ Dy = vV = V) + 3l
Si=Vily = V20y + ) = ViVt
Power loss
Siossij = Sip T Sji

This completes the load flow study. Finally, in Figure 2.1 all the
computational steps are summarized in the detailed flow chart.
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| Read system data |
v

| Form Y, |
v

Select slack bus
Assume slack bus voltage as
V,=V+;0.0
v
Flat start voltage V" = 1 + 0.0 and

Set convergence criterion = €
v
Set iteration count k =0 |

dl Bus count i =1 |

Check slack
bus

| Calculate the voltage |

| Calculate the change in bus voltage |

| Acceleration of convergence |
v

st e

Yes

No

| Calculate |AV, .|

- Calculate power
Setk=k+1 flow and losses _’

Figure 2.1 Flow chart for Gauss—Seidel method when PV buses are absent.

EXAMPLE 2.1 The per unit admittances are indicated at the diagram and
the bus data are given in Table 2.1. Determine the voltages at buses 2 and 3
after the first iteration using the Gauss—Seidel method. Assume o = 1.6.

@ . ©)

—3

- -
4 JTL @—js
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Table 2.1 Bus data
Bus Bus Generation Load Bus
No. type (per unit) (per unit) voltage
P O¢ Py Op 4 0
1 Slack — — 1.02 0
2 PO 0.25 0.15 0.5 0.25 — —
3 PQ 0 0 0.6 0.3 — —

Solution: Form the Y,

Yy=yptys=-3+H4 =7
Y=Yy =-yn=-(3)=,3
Yiz=Y5 = -y =—-(4 = /4
Yo=yy typu=-3+H5=-8
Yys=Y3 = -y =5 =5
Y3 =y3 +y3 =4+ (5 =9

3 4
Ybus =] 3 -8 5
5 -9
At bus 2, P,=Pg — Ppy =025 - 0.5 =-0.25 p.u.
0,=0¢ — Op, = 0.15 - 025 = 0.1 pu.
At bus 3, Py=Pg— Pps=0—0.6=-0.6p.u.

0:=0p3 — Ops =0 —03=-03 pu.

First iteration
Set £k = 0, bus 1 is the slack bus.

Voe=rl=v2=v3= .. =102+,00

Assume a flat start voltage for PQ buses.

V=107 =120

The voltage at bus 2 is

)

(V) = i{ﬂ—m—mm‘)}

(29}

~ 1 [-025+ 0.1
-8 1£0
0.995 —0.03125

—j3><1.0240—j5><140}

AV = (V) = ()" = (0.995 — j0.03125) — (1 + j0.0) = —0.005 — j0.03125
Viae = (7)" + a AV, = (1 + j0.0) + 1.6 x (-0.005 — ;0.03125)

=0.992 —0.0499
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The voltage at bus 3 is
1| B-jO
&{(@f

1 [—0.6+ j0.3

-9 1£0

0.971 — j0.0944

AVy = (V9! — (V5)° = (0.971 — j0.0944) — (1 + j0.0) = —0.029 — j0.0944

Vi = (V)" + @ AV = (1 +j0.0) + 1.6 x (~0.029 — j0.0944)

=0.9536 — j0.1514

(Vy)' = —%M—%ﬂ%f}

— j4x1.02 20— j5x(0.992 — j0.0499)}

The bus voltages at the end of the first iteration are
Vi =1.02+0
¥, =0.992 — j0.0499
V3 =0.9536 — j0.1514
EXAMPLE 2.2 The system data for a load flow solution are given in

Tables 2.2 and 2.3. Determine the voltages at the end of the first iteration
using the Gauss—Seidel method. Take o = 1.6.

Table 2.2 Line admittances

Bus code Admittance
1-2 2 —48.0
1-3 1 -74.0
2-3 0.666 — j2.664
2-4 1 -74.0
34 2 —78.0

Table 2.3 Schedule of active and reactive powers

Bus code Pin p.au. Qin pau. Vin pau. Remarks

1 — — 1.06 Slack
2 0.5 0.2 1 +;0.0 PQ
3 0.4 0.3 1 +;0.0 PQ
4 0.3 0.1 1+;0.0 PQ

Solution:
Y =ynty=Q2-8)+ (1 —-j4 =312
Yo=Y, =-yp=-2-8)=-2+,8
Y=Yy =-y3=-(0-j4H=-1+/4
Yo, =yo1 + ¥o3 T 104 = (2 = j8) + (0.666 — j2.664) + (1 — j4)
=3.666 — j14.664



Load Flow Analysis

81

Yys = Ysy = —vy3 = —(0.666 — j2.664) = —0.666 + j2.664
Yyu=Yyp=-yyu=-(1-j4=-1+/4
Y33 =3 T y3p T y3 = (1 —j4) + (0.666 — j2.664) + (2 — j8)

=3.666 — j14.664
YVig=Yy=-y3u=-2—-j8) =-2+,8
Ypu=yp tyi =0 -4+ 2 -8 =3-/12

3- 12 248 1+ j4 0

| 24)8 3.666— j14.664 —0.666+ j2.664 1+ j4

bus =l 14 4 —0.666+ j2.664 3.666— j14.664 -2+ 8

0 -1+ j4 -2+ ;8 3-j12
At bus 2, Py, =Py — Ppy=0-05=-05 pu
0,=06 —0p=0-02=-02 pu.
At bus 3, Py=Ps —Ppy;=0-04=-04pu
03=06—0p3=0-03=-03 pu.
At bus 4, P,=Pg —Pp,=0-03=-03 p.u.

04=064 — Ops =0-0.1=-0.1p.u.
First iteration
Set £ = 0, bus 1 is slack bus.

ne=nr'=r2=r’=..=106+,0.0
Assume a flat start voltage for PQ buses
V=101 =107 =120
The voltage at bus 2 is

1| B-jO 1 0 0
(Vz)l = _{2—*_)/21[/1 L N
ol (7))
1 0.5+ j0.2
v, = 054702 4 62+ j8)
3.666 — j14.664| 1- 0.0

~1.0(=0.666 + j2.664) — (—1 + j4)I .o}

= 1.01187 — j0.02888

AV} = (7)' = ()° = (1.01187 — j0.02888) — (1 + j0.0)
= 0.01187 — j0.02888

Viwe= ()" + @ AV} = (14 j0.0) +1.6 X (0.01187 — j0.02888)
= 1.01896 — j0.04621
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The voltage at bus 3 is

1 | B—jOs 1 1 0
(7y)'= _|:—*_Y31V1 ER L NS
oors o)

1 04+ j03 .
I — (=14 j4)(1.06
& 3.666—j14.664[ —j /9000

— (~0.666 + j2.664) (1.01187 — j0.02888) — (-2 + j8) (1)}

0.9926 — j0.026
AV = (V) = (V)" = (0.9926 — j0.026) — (1 + j0.0)
=-7.4x 107 —j0.026
Vo= 3)" +a AVS = (1+ j0.0) + 1.6 X (7.4 X 107> — j0.026)
= 0.988 — j0.0416
The voltage at bus 4 is

L | P —jOs 1 1 1
(V)l = _[—* Y —Ypl, =Yl
YooY o)
1 [-03+,0.1 . .
- —(0) (1.06) — (=1 + j4) (1.01187 — j0.02888
Vy 3_].12{ =0 (0) (1.06) — (=1+ j4) ( J )
— (-2 + j8) (0.988 — j0.0416)}
=0.9825 — j0.06
AV} =) = (V)" = (0.9825 — j0.06) — (1 + j0.0)
=-0.0175 — j0.06

V}Lacc = (V)" + o AV} =(1+ j0.0) +1.6 X (=0.0175 — j0.06)
=0.9721 — j0.096
The bus voltages at the end of the first iteration are
V! =1.06 + ;0
V, =1.01896 — j0.04621
Vi =0.988 — j0.0416
Vi =0.9721 — j0.096
EXAMPLE 2.3 Figure 2.2 shows the one line diagram of a simple three
bus system with generation at bus 1. The magnitude of voltage at a bus 1 is
adjusted to 1.05 p.u. The scheduled loads at buses 2 and 3 are as marked in

the diagram. The line impedances are marked in p.u. on a 100 MVA base and
the line charging susceptances are neglected.
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(a) Using the Gauss—Seidel method, determine the phasor values of the
voltages at the load buses 2 and 3 (P-Q buses) accurate to decimal places.
(b) Verify the result with Power World Simulator and PSS/E.

! 0.02 + j0.04 2
L »256.6 MW
: 0.01 +0.03 0.0125 + j0.025
Slack bus J J > 110.2 MVAR
V,=1.0520°

1
138.6 MW 45.2 MVAR
Figure 2.2 One line diagram of a simple three bus system.

Solution: (a) To form the Y,

I I
- _10-,20
2 T 002+ 0.0 /
1 I
Y= = =10-j30
s 0.01+ /0.03
1 1

Yyy = — =16- j32

Zp;  0.0125+ j0.025
Yy = vis + vis = (10 — j20) + (10 — j30) = 20 — /50
Y=Yy ==y =-(10-,20) =10 + ;20
Yi3="Y3 = -y;3=-(10-,30) = -10 + ;30
Yy =ya1 + yp3 = (10 = j20) + (16 — j32) = 26 — 52
Yyy =Y = =y = —(16 —j32) = —16 + /32
Y33=y3 * y3 = (10 —j30) + (16 — j32) = 26 — j62
20— j50 —10+j20 10+ j30
Yo =| —10+j20 26— j52 16+ ;32
_104 /30 —16+ /32 26— j62

256.6
Atbus 2, P2=PG2—PD2=O—W=—2566PU
110.2
= - =0-——=-1.102p.u.
0, = 062 =9 100 p.u
138.6
At bus 3, P3:PG3—PD3=0——=—1386pu
100
45.2
03= 063 = 0p3 =0~-——=-0.452p.u.

100
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First iteration
Set k = 0, bus 1 is the slack bus.

VO=v'=v2=r?=-=1.05+ ;0.0
Assume a flat start voltage for PQ buses

V=107 =120
The voltage at bus 2 is

1 132 _jQZ 1 0 0
! = —{—*—w1 -5yl - i
D S ()
1 [=2.566+ j1.102
v = . FIA02 L0+ j20)1.05 - (<16 + j32)1.0
26— 52| 1- 0.0

=0.9825 —;0.0310
The voltage at bus 3 is

1 | B-jO
(7y)' = Y—{—3(Vo)* S -r) _Y32V21}
33 3

1 1 [—1.386+J0~452 — (=10 + j30) (1.05)

TS 1- /0
— (16 + j32) (0.9825 — j0.0BlO)} = 1.0011 — j0.0353

The bus voltages at the end of the first iteration are
vl =1.05+ 0
V, =0.9825 — j0.0310

Vi =1.0011 —0.0353

(b) Verifty the result using Power World Simulator (PWS): The one
line diagram of a simple bus system is drawn in PWS, which is shown
in Figure 2.3.

194 MW

1 2

400 MW

250 MVAR

150 MVAR 1 o5 p.u.
0.00 deg —2.37 deg

1.04 p.u.
—0.28 deg

200 MW
144 MVAR

Figure 2.3 One line diagram of a simple three bus system (in PWS).
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The first step is the formation of [} ] using the inspection method. The
calculated [Y},,] values are given in Figure 2.4. Since the given problem is a
three bus system, the size of [Y}, ] is 3 X 3 matrix.

XY Bus (Bus Admittance Matrix)

i [ B ol %8 5% | @4 88, | % Records v Geo v Set ~ Columns v B3~ | 8- 8- & B @ f() - B |

: Filter Advanced =~ Bus - - Find... Remove
NumberlName Bus 1 Bus 2 Bus 3
1 1|1 20.00 - j50.00 -10.00 + j20.00 -10.00 + j30.00
2 2|2 -10.00 + j20.00 26.00 - j52.00 -16.00 + j32.00
3 3|3 -10.00 + j30.00 -16.00 + j32.00 26.00 - j62.00

Figure 2.4 Y result.

There are three possible methods for executing load flow studies in Power
World Simulator (PWS).

Gauss-Seidel method

Before executing this method, the number of iterations is to be fixed as 1 in
simulator options ribbon to get the first iteration result. This method is executed
by pressing the icon Gauss—Seidel power flow available in fools ribbon. The
power flows and voltages are given in Figure 2.5 for the 1st iteration.

' B & 8 E ® sBusPowerFlows - Case: book_sample.PWB Status: Paused | Simulator ... - = x
' Case Information l Draw Orelines Tools Options AddOns  Window [
Edit Mode BModel Explorer... Network ~ 5 Difference Flows Case Description... ||Power Flow List... # Bus View...
| ¥ Area/Zone Filters... | Aggregation - Case Summary... | Quick Power Flow List... | I Substation View. ..
@Emummm.. Solution Details - | B#SIMUator OPHOS.... | ¢ o Case Info... | AUX Export Format Desc... \QODmWImbws -
| Mok | Caselnformation I Case Data Views
{E3Bh Ak %4 43| 4 88| Records v Geo ~ Set~ Columns~ M~ | @~ %+ ¥ & i f(x)~ B [Power FlowList |
Bus Flows

BUS 11 138.0 MW Mvar MVA % 1.0500 0.00 11
GENERATOR 1 193.85 149.73R 244.9

TO 2 2 1 167.41 123.50 208.0 0

TO 33 1 26.44 26.23 37.2 0

**** Mismatch **** 193.85 149.73
BUS 2 2 138.0 MW Mvar MVA % 0.9719 -2.37 11

LOAD 1 400.00 250.00 471.7

TO 11 1 -159.56 -107.80 192.6 0

TO 33 1 -223.06 -150.52 269.1 0

***% Mismatch **** -17.39 8.32
BUS 33 138.0 MW Mvar MVA % 1.0400 -0.28 11

GENERATOR 1 200.00 143.83R 246.3

TO 11 1 -26.32 -25.85 36.9 0

TO 2 2 1 232.64 169.68 287.9 0

***% Mismatch **** 193.68 143.83

Figure 2.5 Power flow results and voltages—1st iteration.

Now change the number of iterations as 2 in simulator options ribbon for
getting the results of the second iteration and execute Gauss—Seidel power
flow. The results are shown in Figure 2.6 for iteration 2.
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W = Bus Power Flows - Case: book_sample.PWB Status: Paused | Simulator ... - = x

Case Information | Draw  Onelines Tools Options AddOns  Window @ - = x

BModel Explorer... | Network - < Difference Flows ~ Case Description... || Power Flow List...| #Bus View...
¥ Area/Zone Filters... | Aggregation - Case Summary... Q.lld( Power Flow List... 17 Substation View...
# Limit Monitoring... | Solution Details - | B8Simulator ODUONS... | & o Case Info... | AUX Export Format Desc... \’OpenWlndows'
BBk 8 %8| M M| Records~ Geo~ Set~ Columns~ H- 8- 8- ¢ &~ I 1o~ B [Ponglolest.
BUS 1 1 138.0 MW Mvar MVA % 1.0500 0.00 1 1
GENERATOR 1 208.07 144.78R 253.5
TO 2 2 1 174.39 120.92 212.2 (6]
TO 33 1 33.68 23.87 41.3 6]
***%* Mismatch **** 208.07 144.78
BUS 2 2 138.0 MW Mvar MVA % 0.9717 -2.56 1a
LOAD 1 400.00 250.00 471.7
TO 11 1 -166.22 -104.58 196.4 O
TO 33 1 -226.67 -149.32 271.4 6]
***%* Mismatch **** -7.11 3.90
BUS 33 138.0 MW Mvar MVA % 1.0400 -0.40 11
GENERATOR 1 200.00 145.42R 247.3
TO 11 1 -33.52 -23.40 40.9 6]
TO 2 2 1 236.42 168.83 290.5 [¢]
*+%% Mismatch **** 197.10 145.42

Figure 2.6 Power flow results and voltages—2nd iteration.

Figure 2.6 indicates that there are mismatches in all three bus voltages. So,
the execution should be continued until converged solution is obtained. This
method gives converged results after 8th iterations for this problem. Before
executing the program, the numbers of iterations have to be changed as 10.
This is shown in Figure 2.7.

. Ten ?H B ® s book_sample - Case: book_sample.PWB Status: Paused | Simulator15... - -~
@ Case Information  Draw  Orelines | Tools | Options  AddOrs  Window @ - - x
a (@8] »cormarey s =L
EditMode (3 Time Simulation... | =
B | B OO0 e -~ (=)

1 Single Solution | Simulator
:@ Lﬁj | S Line Loading Replicator... | Other | Edit
| Power Flow Tools

Options... Restore - [1| 4 Fault Analysis - |ITools -[Mode -
Rin

Script Command Execution Dialog: Submode = POWERFLOW a\

Auxiliary File Quick Aux Export Field Names

=t i oort Script: SolvePowerFlow(GAUSSSEIDEL, "bock_sample”);} ]

SolvePowerFlow(GAUSSSEIDEL, "book_sample");

Number: OMaxP: 286.000 atbus 2Max Q: 22.000 atbus
Number: 1MaxP: 17.386atbus 2MaxQ: 8.318atbus
Number: 2MaxP: 7.11datbus 2MaxQ: 3.899atbus
Number: 3MaxP: 3030atbus 2MaxQ: 1.664atbus
Number: 4MaxP: 1.293atbus 2MaxQ: 0.710atbus
Number: SMaxP: 0.552atbus 2MaxQ: 0.303atbus
Number: 6MaxP: 0.236atbus 2MaxQ: 0.129atbus
Number: 7MaxP: 0.101atbus 2MaxQ: 0.055atbus
Number: 8MaxP: 0043atbus 2MaxQ: 0.024 atbus

Finished voltage control loop iteration: 1

~

[SENENENESENE I

]

Figure 2.7 Details of convergence and iterations.

The final solutions are obtained after 8th iterations and it is shown in
Figure 2.8.
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‘0’ \ W% B ¥ 58 E ® sBusPower Flows - Case: book_sample.PWB Status: Paused | Simulator ... - = x
‘ Case Information \ Draw Orelines Tools Options AddOns  Window s =
Edit Mode BModel Explorer... ‘ Network ~ 5 Difference Flows - Case Description... ||Power Flow List... HBus View...
P Area/Zone Filters... | Aggregation ~ Case Summary... \Quick Power Flow List... Substation View...
[Run o] = Limit Monitoring... | Solution Details - | B8Simulator OPtons... | & tom Case Info... | AUX Export Format Desc... | §#Open Windows -
Mode Case Information Case Data Views
B3 B Ak %8 8| #4 8, | Records * Geo > Set~ Columns ~ Hi~ @~ & ¥ &~ I (- B8 lPower Flow List l
BUS 11 138.0 MW Mvar MVA % 1.0500 0.00 11
GENERATOR 1 218.36 140.88R 259.9
TO 2 2 1 179.33 118.75 215.1 0
TO 33 1 39.03 22.13 44.9 0]
***% Mismatch **** 218.36 140.88
BUS 2 2 138.0 MW Mvar MVA % 0.9717 -2.70 13
LOAD 1 400.00 250.00 471.7
TO 11 1 -170.94 -101.96 199.0 0
TO 33 1 -229.02 -148.06 272.7 0
BUS 3 8 138.0 MW Mvar MVA % 1.0400 -0.50 b
GENERATOR 1 200.00 146.17R 247.7
TO 11 1 -38.85 -21.58 44.4 [¢]
TO 2 2 1 238.86 167.75 291..9 (0]
AEEF Mismatch *Fxk 199.98 146.17
Figure 2.8 Converged power flow results and voltages.
PSS/E

The same problem is taken and drawn in PSS/E software and it is given in
Figure 2.9.
1

Slack bus i b
oad bus
179.4 ~171.01 0.972
C 218.41118.7 ~101.9 1400.0 >
22.1 —148.1
1.050
Qe ™
o0|— oo~
oA en|\O
Il eNf—=
3 1.040
Generationbus o | &
= o
S| o
Y

Figure 2.9 One line diagram of a simple three bus system (in PSS/E).

Once the data are entered in the software it can be executed by the above
three power flow methods. Figure 2.10 shows the converged results obtained
by the Gauss—Seidel method. This window is generated from bus based report.

2.5.2 Gauss-Seidel Method When PV Buses are Present

Some of the buses in an n bus power system are P} buses where P and V are
specified but Q and & are unknowns. The calculation strategy of Load flow
solution with PJ buses is different for PQ buses. Let the bus be numbered as
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i=1 slack bus
i=2,3,4,..,n PQ buses
i=n+1,n+2,..,n PV buses

Computational procedure

At the voltage controlled buses, bus voltages are specified and reactive power
limits are also specified, i.e. [V = [Vilspecs Qimin < Qi < Oimax

1.

2.

=

10.

Form the bus admittance matrix of the network by the direct inspection
method, selecting the ground as reference [formation of Y, .

If slack bus is not specified, select one of the generator buses as the
slack bus. The voltage at the slack bus is assumed as V; = V + 0.0
[selection of the slack bus].

Assume initial values of voltages for all buses except the slack bus.

VO =1+ 0.0

For PV buses only angles 5,-(0) have to be assumed.

. Set convergence criterion = &, i.e. if the largest of absolute of the

residues exceeds the convergence criterion the process is repeated,
otherwise it is terminated.

Set iteration count k& = 0.

Bus count i = 1.

Check type of buses

(a) If ith bus is PQ bus, go to step 10.
(b) If ith bus is PV bus, go to the next step.

k
Set |V; |:|V;'|spec
Calculate the reactive power of generator bus using the following
equation

i—

OFt =—im| () D ) =) Y ) (2.17)
Jj=1 Jj=1
(a) If the calculated reactive power is within limits, then this bus can

be treated as PV bus and set Q, = OF*!.
(b) If the calculated reactive power violates the limits, then this bus
can be treated as PQ bus and set if

. k+1
(1) Qi " < Qi,min ’ then Qi = Qi,min
. k+1
(11) Qi i > i,max > then Qi = Qi,max
Solve the voltage equation for bus i as, we know that

P, - jo, = Vi*ZKyVJ
Jj=1
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I1.

= }: jign, j#i
j=1

1| B-jO ~
Vi=—|+—"- )YV
] Y; V; ; gy
L J#i
or
B -1 n
1| P—-jO ~
V::7 IV* - YIJVJ_ZYUVJ
i | i Jj=1 Jj=i+l

Equation (2.14) can be rewritten as

v, )k+1 P(V J)Q Z z](V )k+1 Z Yz/ (V/ )k]

Jj=1 J=i+l

Calculate the change in bus voltage

12. Acceleration of convergence: The process of convergence in the

13.

14.

Gauss—Seidel method is slow as it requires larger number of iterations
to obtain the solution. In this method, convergence can be increased by
using the acceleration factor, denoted by ¢. In power flow studies, « is
generally set about 1.6 and cannot exceed 2 if convergence is to occur.
Therefore

Vk+1 —(I/l)k +aAI/lk+l

1,acc

Calculate the bus voltages, i.e. V/‘Jrl for all the buses except the slack
bus, where i = 1, 2, 3, ..., n

Repeat the iterating process until change in voltage (AV;) for all the
buses are within the specified or within the tolerance.

Finally calculate the power flow and power losses.

Current and power flows

Busi Busj

i—j
Li=1, + Ly = y,(Vi= V) + vV,
* 2 * * *
S = Vily =V Wy + i) = ViV
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J—i
Li=1, + Ly = y,(V; = V) + vV,
* 2 £ * *
Si = Vily =Vi(yy+y0) = VvV
Power loss
Slossij = Sij + Sji
This completes the load flow study. Finally, in Figure 2.11 all the
computational steps are summarized in the detailed flow chart.

Advantages and Disadvantages of Gauss-Seidel Method
Advantages

* The calculations are simple and so there is less programming task to
perform.

* The memory requirement is small.

» Useful for the small systems.

Disadvantages

* Requires a large number of iterations to converge.
* Not suitable for large systems.
» Convergence time increases with the size of the system.

EXAMPLE 2.4 A three-bus power system is shown in Figure 2.12. The
system parameters are given in Table 2.4 and the generation and demand data
in Table 2.5. The voltage at bus 2 is maintained at 1.04 p.u. The maximum
and minimum reactive power limits of the generation at bus 2 are 35 and
0 MVAR respectively. Determine one iteration of the load flow solution using
the Gauss—Seidel iterative method. Assume bus 1 as slack bus and acceleration
factor o = 1.6.

Table 2.4 Bus code and impedance

Bus code Impedance in p.u. Bus code Line charging admittance
v
2
1-2 0.06 +;0.18 1 j0.05
1-3 0.02 + j0.06 2 j0.06
2-3 0.04 +;0.12 3 j0.06

Table 2.5 Scheduled bus voltages, real and reactive powers of generation and demand

Bus Bus voltage Generation Demand

L MW MVAR MW MVAR
1 1.06 + j0.0 — — 0 0
2 1.04 + ;0.0 20 — 0 0
3 0 0 60 25
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| Read system data |

| Form Y, |
A 4

Assume bus voltages V; =1+ ;0.0 for all buses except

slack bus voltage V;= V' + 0.0 and set convergence criterion = €

v

Set iteration count k=0 |
v

>I Bust count i =1 |
Y Yes

> Check slack bus

v

Check PV bus

A

i i
J=1

Calculate O, = —im [V* Y..V]

Check if Qi < Qimin

No

Check if O, > O,
No

]
Replace (V) =V}

spec

v
P.—j0O. i-l n
Ly Calculate the voltage, (Vl.)kﬂi I—[I—kJ*Q' =27 Vj)kﬂ,ZYij( Vj)k]
iy = =
v

. K+l K+l k
Calculate the change in bus voltage, AV, =(V)) - (V)

v

Acceleration of convergence, AV,

k+1
iacc

_ (Vi)k+ (XAVikJrl

A

v
Advance bus count, i = i+1

A

If all buses taken

into account
Yes

Calculate |AV,

ax|

Setk=k+1

No a Yes

Calculate power
flow and losses

Figure 2.11 Flow chart for Gauss—Seidel method when PV buses are present.
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o ©
JTL3

Figure 2.12 Three bus power system.

Solution: To form the Y

Vi Wi . . .
Yo = ;2 + ; = j0.05 + j0.06 = j0.11

Vi V5 . . .
Yoo = ;1 + ;2 = j0.05+ j0.06 = j0.11

Vi " . . .
Y0 = ;1 + ;2 = j0.06 + j0.06 = j0.12

1 1

- =167-5

Y127 70,06+ 7018 /

1 1
yl3:_=—:5_‘]15

z;  0.02+ j0.06

1 1 :
yyy=—=———=25- 15

2y 0.04+ j0.12
Yo =vi0 + via + vz = JO11 + (167 — j5) + (5 — j15) = 6.67 — j19.89
Y=Yy = 1y = —(1.67 — j5) = —1.67 + j5
Yi3=Y5 = —y;3 = —(5 - j15) = -5+ 15
Yar =¥ap + Yoy + Yoz = JO.11 + (1.67 — jS) + (2.5 — j1.5) = 4.17 — j12.39
Yos = Yay = —y3 = —(2.5 — j1.5) = —2.5 + j1.5
Yas =vs0 + a1 + yp = JO.12 + (5 — j15) + (2.5 — j1.5) = 7.5 — j22.38

6.67 — j19.89 -1.67+ j5 =5+ j15
Yo =| —1.67+j5 417 - j12.39 2.5+ ;7.5
=5+ j15 =254+ 75 7.5- ;2238
At bus 2 P,=P P 20 0=02pu
us 2, = - =—-0=02p.u
2 G2 D2 100 p
0,=06 - 0mp=7-0=?pu
60
At bus 3, Pi=P,—P,,=0——=-0.6p.u.
us 3 G3 —Ip3 100 p
25
03= 063 = 0p3 =0—-—=-025p.u.

100
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First iteration
Set k = 0, Bus 1 is slack bus.

W=v==r =-=106+;0.0
7,0 = 1.042£0
Assume a flat start voltage for PQ buses

V=120
Determine the voltage at bus 2.
Given the reactive power limit:

0 MVAR < Qg <35 MVAR or 0 p.u. < Qg < 0.3 pau.
So to find ¥, , first Q) is calculated.

i—1 n
@)= —im| (7 D v, = 7Y )
Jj=1 J=1
05 = —im[(1)) Yoy i + (V) (Yol + Yosl3)]
0y = —im[(1})) (LW + Yoo by + Yasl3)]
Q) = —im [(1.04 — jO) (—1.67 + j5) (1.06 + j0.0) + (4.17 — j12.4)

(1.04 = j0) + (-2.5 +/7.5) (1 + j0.0)]
0} = —im [0.06947 — j0.09984]
0, = 0.09984

The value of Qé is within the limits and so the reactive power limit is
not violated. Therefore bus 2 can be treated as PV bus.

Now to find ¥,

1| B -0 | 0
vi= —| 22 -1, - Y,
: Yzz{ 73)

i 1 0.2 — j0.09984
2 417-j124| 1.04- 0.0

— (=167 + j5) 1.06 — (=2.5+ j7.5) (1.0)}

1.0432.£0.4985°
8y = £ 0.4985°
We get [V;]=[V)|gpec£83 =1.01.£0.4985° =1.0399 + j0.009
The voltage at bus 3 (PQ bus) is
{Ps - JOs
Z9)

(V3)1 = L

- YV, - Y32V21}
Y3


PHI
Comment on Text
AQ: Please check.

Please Change as 0.35 p.u.
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' 1 |:—0.6+]0.25_(5+J_15)(1'06)

Vi =
3 75-2238) 1-0

—(-2.5+ j7.5)(1.0399 + j0.009)}

=0.9499 + j0.0109
AV = (V)" = (V)" = (0.9499 + j0.0109) — (1 + j0.0)
=-0.0501 + j0.0109
P aee = 73)° + 00 AV =(1+ j0.0) +1.6 X (<0.0501 + j0.0109)
=0.91984 — j0.01744
The bus voltages at the end of the first iteration are
7 =106 + 0
v} =1.0399 + j0.009
V] =0.91984 — j0.01744

EXAMPLE 2.5 If the reactive power constraint on generator 2 is 0.2 p.u.
< Qg < 0.5 p.u. in the Example 2.4, then find the bus voltages at the end of
the first iteration. Assume the acceleration factor is 1.6.

Solution: In the previous example we have calculated Q; as

05 =0.09984

This value of reactive power violates the lower limit of Qg ,. Therefore
O, 1s fixed at 0.2 p.u. Hence the bus 2 is considered as a load bus.

Now
20
Atbusz, P2=P(;2—PD2=——0=0.2p.u.
100
0,=06 —0pnp=02-0=0.2p.u.
60
At bus 3, P,=P.,—-Pp=0———=-0.6p.u
3 G3 ~1'p3 100 p
03= 05— 0 —0-2 —_025pu
3 G3 D3 100 29 p.u.
First iteration
Set k = 0, bus 1 is the slack bus.
V0=v=v2=1r2=...=1.06 + j0.0
Assume a flat start voltage for PQ buses
vy =10

Y =10
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The voltage at bus 2 (PQ bus) is
1| pB- ;o
Vi - —{Z—OCQz—YmVI‘ —w;)}
il ()
1 1 02— 0.2
v, = ; )
417 - j12.4| (1- j0.0)
=1.0508 + j0.00713
AV) =Vy)' = (V) = (1.0508 + j0.00713) — (1 + j0.0)
=0.0508 + j0.00713
Ve = 72)" + @ AV = (1+ j0.0) +1.6 % (0.0508 + j0.00713)
=1.08128 + j0.0114
The voltage at bus 3 (PQ bus) is

—(=1.67 + j5)1.06 — (=2.5 + j7.5) (1.0)}

1 | B—jOs 1 1
7y = —| B8y oyl yop
3 ),33 (1/30) 3172 3272
1 0.6+ j0.25 ,
yl - —(5+ j15)(1.06
3 7.5—j22.38[ —jo _Cr/190106

—(-2.5+ j7.5)(1.08128 + j0.01 14)}

0.963 + j0.0117
AVS = (V) = (V)" = (0.963 + j0.0117) — (1 + j0.0)
=-0.037 +,0.0117
Ve = 73)° + a AVy = (14 j0.0) +1.6 X (—0.037 + ;0.0117)
=0.9421 — j0.01872
The bus voltages at the end of the first iteration are
vl =1.06 + 0
V, =1.08128 + j0.0114
V] =0.9421 — j0.01872

2.6 Newton-Raphson Load Flow Method
2.6.1 Introduction

The Newton—Raphson method is a competent algorithm to solve nonlinear
equations. It transforms the procedure of solving nonlinear equations into the
procedure of repeatedly solving linear equations. This sequential linearization
process is the core of the Newton—Raphson method.

fx)=0 (2.18)
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Let us assume that f(x) is continuous and differential at a point x(0), the
initial guess for the sought root. Assume the real solution x is close to x(0),

x =x9 - AXO (2.19)
where Ax©) is a correction value of x¥. The following equation embraces to
O — Ax9) =0 (2.20)

Now expanding the above equation in a Taylor series expansion about

point x© yields:
(0)+2
O A0 — O pre (O An(0) o prre(0)y (AXT)T
S ATy = f(xT) = (X)) AT+ () Y

(0)yn
...+(_1)"f"(x(0))w+...:0
n!

(2.21)
where f/(x?), ..., £"(x?) are the different order partial derivatives of f (x) at
x(0). If the initial guess is sufficiently close to the actual solution, the higher
order terms of the Taylor series expansion could be neglected. Equation (2.21)
becomes

FED) - /) A =0 (2.22)

This is a linear equation in Ax'” and can be easily solved.
Using Ax? to modify x¥, we can get x(
D = 0 _ A0 (2.23)

x" may be close to the actual solution. Then using x" as the new guess
value, we solve the following equation similar to Eq. (2.22)

f(x(l)) —f'(x(l)) AD =0 (2.24)
Thus x'¥ is obtained.
+@ = () A (D (2.25)
Repeat this procedure to establish the correction equation in the kth iteration:
f(x(k)) _ f'(x(k)) AP =0 (2.26)
or
f(x(k)) :f’(x(k)) Ax(k) (227)

The left-hand of the above equation can be considered as the error produced
by the approximate solution x*. When £ (x¥) = 0, Eq. (2.18) is satisfied, so
x® is the solution of the equation.

Now we will extend the Newton’s method to simultaneous nonlinear
equations. Assume the nonlinear equations with variables x|, x,, ... , x,;

S, xy,.000,x,)=0

fz(xl,xz,;..,xn)=0 (2.28)

S G xy,.0,x,)=0



98 Electrical Power Systems: Analysis, Security and Deregulation

Specify the 1n1t1a1 guess values of all variables x;
Ax ) be the correction values to satlsfy the followmg equations:

0
£

Ax(o) Ax(o) .

~ A, x

GO - 8, x

Sl = Ax(”, x

A,
AX(O)

AX(O)

(0) ()

O — Ay =0
(0) — A9y =0

0) _ AX(O)) =0

O, Let Ax(”,

(2.29)

Expanding the above equations via the multivariate Taylor series and neglecting
the higher order terms, we have the following equations:

()
A0, 5.‘”){(%) Ax?
X
i )
LG9, 0, xO) (%j A +
|\ 9x
[ 9r\©
fn(xl(O) ng),' ., y(lﬂ)) [afnj Axl(O)
[\ 9%

Here (df,/dx,)? is the partial derivative of function f;(x,, x,, ...
(0)) Rewrite the above

J

equation in the matrix form.

0 0
A0

0 (0
fz(xl() o

x2,

©) _(0)
f(x ,)C2 H

After solving Axl(o), Ax§°) o

x2 50

_ (%
20 ax
RON (%
=\ dx
(0)
" s
|\ 9x

=

NONNO)

X

independent variable x; at the point (xl(o)

j(o)

2/,

(5
(0) af,
) (&
‘ (0) p) fn
[t

,Ax,go) from the above equation, we get

X = 0

OB

j(o)
J(O)

](0)

A
— A0

— Ax®

af, (0)]
(0)
_z]

0) (0)
(2] (25 s
ox, ax,
96\ po o[22 ) fo |2
ax, : ax, "
0 ()
2 A oo+ 9y A =0
Ix, Ix,
(2.30)
, X,) over

2.31)

(2.32)
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xl(l) , xgl) yeens xf,l) will approach the actual solution more closely. The updated

values are used as the new guess to solve the correction equation (2.31) and to
further correct the variables. In this way the iterative process of the Newton—
Raphson method is formed.

Generally, the correction in the kth iteration can be written as

-
AEW, X, K 9% dx, ox,

(k) (k) (k)
fz(xl(k),xgk),...,x,(,k)) ~ (aﬁj (%) (%) Axék)

ax, dx, dx, ;
CRNGENG ‘ : : *)
f;1(x1 5x2 a-~-7xn ) af (k) af (k) Bf (k) Axn
_(3)61) (3?62) [8xn) i
(2.33)
The above equation can be expressed in the matrix form as
F=JC (2.34)
where,
A, x)
k) (k k
po| 000 (2.35)

K _(k k
fn(xl( ),x§ ),...,xf, ))

is the error vector in the kth iteration.

[ 3f1 (k) afi (k) af] (k)]
G G - (B

I (o (an\®
J=|Jx ox, Jx, (2.36)

5f (k) af (k) 8f (k)
G 5 - (5
is the first derivative matrix and it is called Jacobian matrix.

Ax(M
AxSY

C= (2.37)

ArH

is the correction value vector in the kth iteration.
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We also have the equation similar to Eq. (2.32)
XED = x® _Ax® (2.38)

The state update vector AX® is calculated from Eq. (2.33) by taking the
inverse of the Jacobian matrix. Thus we get

X® =_[J1r'F (2.39)

With Eqs. (2.34) and (2.38) solved alternately in each iteration, X **1 gradually
approaches the actual solution. Convergence can be evaluated by the norm of
the correction value,

IAX®)| < g (2.40)

2.6.2 Load Flow Solution Using Newton-Raphson
Method

For large interconnected power systems among the numerous solution methods
available for load flow analysis, the Newton—Raphson method is considered to
be the most important. Many advantages are attributed to the Newton—Raphson
approach. Its convergence characteristics are relatively powerful compared to the
alternative processes, and very low computing times are achieved when sparse
network equations are solved by the technique of sparsity programmed ordered
elimination. The reliability of the Newton—Raphson method is comparatively
good, since it can solve cases that lead to divergence with the other popular
processes, but the method is by no means reliable. Failure does not occur on
some ill-conditioned problems.

The number of iterations required to obtain a solution is independent of
the system size, but more functional evaluations are required at each iteration.
Since in the load flow problem real power and magnitude of bus voltage are
specified for the PV buses, the load flow equation is formulated in the polar
form.

The load flow equations can be rewritten as follows.

Real power
B0 =V Vil cos (6, +6; - 8) @41)
j=1
Reactive power
O =V I, |sin (6, +86, - 5) (242)

j=1

We have two equations for each load bus, given by Egs. (2.41) and (2.42),
and one equation for each voltage controlled bus, given by Eq. (2.41). Expanding
Egs. (2.41) and (2.42) in Taylor’s series about the initial estimate and neglecting
all higher order terms result in the following set of linear equations.
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on? omb omb - omY]
N 95, N Wl | )
APP Lo : P s A8
| e Lemn amo omn |
AP L) do V| AV,| || A8
n — 2 n n n (2 43)
e I e S)e SO e, S il P LCal | I
: do, a5, |V, v, :
| AQ | : i : : . Eollap®y]
20" 9P 9" 20"
| 96, a5,  dV,| AV, |

In the above equation, bus 1 is assumed to be the slack bus. The Jacobian
matrix gives the linearised relationship between small changes in voltage angle

A8® and voltage magnitude A|V¥)| with the small changes in real and
reactive powers AP,-(k) and AQI»(k) respectively. The elements of the Jacobian
matrix are the partial derivatives of Eqgs. (2.41) and (2.42), calculated at A5,-(k)
and AV

The above equation can be written as

ol ol
= (2.44)
NI AN

For the PV buses, the voltage magnitudes are known. Therefore, if m buses
of the system are voltage controlled equations involving AQ and AV, and the
corresponding columns of the Jacobian matrix are eliminated, then there are
(n — 1) real power constraints and (n — 1 — m) reactive power constraints, and
the order of the complete Jacobian matrix is (2n — 2 — m) X (2n — 2 — m).

Order of Jacobian matrix J; is (n — 1) X (n — 1).

Order of Jacobian matrix J, is (n — 1) X (n — 1 — m).

Order of Jacobian matrix J; is (n — 1 —m) X (n — 1).

Order of Jacobian matrix J, is (n — 1 —m) X (n — 1 — m).
Elements of Jacobian matrix J,

(1) the diagonal elements are

JdP, .
a—a=2|lfi|\Vj||Y;j|s1n(e,.j ~8,+9;) (2.45)
L £
(i1) the off-diagonal elements are
JoF, . 5 +5 L
f—_|K||Vj||Xj|Sln(9y_ ;+0;) J#1 (2.46)

2]

J
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Elements of Jacobian matrix J,

(1) the diagonal elements are

B o7 cost, +2|V 1Y, |cos (8 — &, +5,)

3
(i1) the off-diagonal elements are
JdP, .
8|V| =|V;[|¥;|cos(8; — 6, +6;) VEX

Elements of Jacobian matrix J;

(i) the diagonal elements are

Z|V||V 1Y, | cos (6, — &, + ;)

J#i
(i1) the off—diagonal elements are
20,
- =illVillY,lcos @, =6, +6;)  j#i
d5;

Elements of Jacobian matrix J,

(i) the diagonal elements are

20,
=2V||Y;|sin6; = > |V. sin(6;; —9; + 9
Sy = 2l zy 1% sin (8 = 6+,
(i1) the off-diagonal elements are
20, .
=—|V;||¥;|sin(6;; — S, + O ; KX
S =@, -5 +8)

(2.47)

(2.48)

(2.49)

(2.50)

2.51)

(2.52)

Difference in scheduled to calculated power (power residuals) is given by

AP = p_ _ plf
k] _ k
Qz[ I = Qi,sch _Qi[ ]

The new estimates for the voltage magnitude and angle
641 = 6111+ A
V= + A
Computation procedure
1. Set flat start

(2.53)
(2.54)

(2.55)
(2.56)

* For load buses, set the voltages equal to the slack bus or 1.£0°.
» For generator buses, set the angles equal to the slack bus or 0°.
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. Calculate power mismatch

* For load buses, calculate Pl-[k] (Eq. (2.41)) and Qi[k] (Eq. (2.42))
injections using the known and estimated system voltages.

* For generator buses, calculate P,-[k] (Eq. (2.41)) and AB[k]
(Eq. (2.53)).
. Form the Jacobian matrix

» Use the various equations for the partial derivatives with respect
to the voltage angle and magnitudes (form the Jacobian matrix).

* The elements of Jacobian matrix (J;, J,, J; and J,) calculated
from Egs. (2.45) to (2.52).

. Find the matrix solution

* Inverse the Jacobian matrix and multiply by the mismatch power.
* Compute A and A|V].

. Difference in scheduled to calculated power
Kl k
AR = P g - P
K _ k
AQM = Qi — O

. Find the new estimates for the voltage magnitude and angle
5i[k+1] _ 5i[k] YA 5i[k]
V= )+ A
. Repeat the process until the mismatch (residuals) is less than the
specified accuracy
ARM|< e
a0 |<e
. After solving for bus voltages and angles, power flows and losses on
the network branches are calculated

* Transmission lines and transformers are network branches.

* The direction of positive current flow is defined for a branch
element (demonstrated on a medium length line).

* Power flow is defined for each end of the branch.

* Example: The power leaving bus i and flowing to bus j as shown
below.

Busi Busj
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Current and power flows
i—j
Li=1, + Ly =y;(V; = V) + yuV;
Sy = Vily =V vy + 3i0) =ViygVy
J—i
Li=—I, + Ly = y,(V, = V) + vV,
S - Vj]; = ij (yij + ij)* - V]y;Vl*
Power loss
Stossij = Sy T Sji

This completes the load flow study. Finally, in Figure 2.13 all the computational
steps are summarized in the detailed flow chart.

2.6.3 Advantages and Disadvantages of
Newton-Raphson Method

Advantages
Faster, more reliable and yields accurate results, requires less number of
iterations.

Disadvantages
Program as well as memory is more complex.

EXAMPLE 2.6 Figure 2.14 shows the one line diagram of a simple three-
bus system with generation at bus 1. The magnitude of voltage at bus 1 is
adjusted to 1.05 p.u. The scheduled loads at buses 2 and 3 are given in the
diagram. Line impedances are marked in p.u. on a 100 MVA base and the line
charging susceptances are neglected.

(a) Using the Newton—Raphson method, determine the phasor values of
the voltages at the load buses 2 and 3(PQ buses) accurate to decimal
places.

(b) Verify the result with Power World Simulator.

! 0.02 +,0.04 2
—» 400 MW
0.01 +,0.03 0.0125 +;0.025
Slack bus J J —» 250 MVAR
v, =1.05£0°
| @3
200 MW

Figure 2.14 One line diagram of a simple three-bus system Example 2.6.
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| Read system data |

v
| Form Y, |
v
Initialize magnitude and phase angle of bus voltages |V], § |

v

| Set iteration count k = 0 |
|
v

| Bust count i =1 |
|
v

i=i+1

Kk
Calculate, Pf ], Q,[ !

Is refer PV bus

K k
K] Calculate, AP,.[ = Pn— Pl[ ]
i [kl

[£]
AQ[ = Qisch_ Qi

Calculate, APIW = P:Ch _pP

[k] ¢ [k]

Qi > Qimax @ Qi < Qimin

Qisch:Qimax AQ[k] Q Q[k] Qiscthimin
[k 3 - = OO0 i3 1]
AQ; =0in— O ! isch =i AQ; =00
| p |
Yes ¥
> Isi<n
No
Form Jacobian matrix
o o]
-5 5l
ANJ oo a0 | LAC
do IV
v
S gt
k1] K] [
Vi =W 1AV

[K] k] Calculate power
Check [AP; 7], [AQ; | < £ flow and losses

| Setk=k+1 |

Figure 2.13 Flow chart for Newton—Raphson method.
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Solution:
(a) Form the Y,
1 1

Y27 T 0,02+ j0.04

I 1
- _10-j30
M137 2T 001+ /003 /

Va3 = L=;‘:16—j32
Zy;  0.0125+ ;0.025
Yy =yip + yi3 = (10 —,20) + (10 - j30) = 20 — ;50
Yy =Yy = -y = —(10 —20) = -10 + 20
Yi3=1Y3 = -y = —(10 —30) = 10 + ;30
Y5 =¥o1 + ¥z = (10 —j20) + (16 —j32) = 26 — j52
Yy =Y3 = —yp3 = —(16 - j32) = —16 + 32
Y33 =y3 + y3 = (10 —j30) + (16 - j32) = 26 — j62
[ 20— 50 —10+ 20 —10+ ;30
Yous=|-10+,20 26— ;52 -16+ ;32
|10+ 30 —16+,32 26— j62
[53.85165£-1.9029  22.36068.,2.0344 31.62278.£1.8925
Yius = | 22.3606822.0344  58.137774£-1.1071  35.77709.£2.0344
| 31.62278./1.8925 35.77709£2.0344  67.23095£-1.1737
53.85165£—68.2  22.36068£116.6  31.62278.£108.4
Yiuws = | 22.36068£116.6  58.13777£-63.4  35.77709£116.6
| 31.62278£108.4  35.77709£116.6  67.23095£—67.2
Initialize magnitude and angle of bus voltage
[Vi|=1.05, 6, = 0.0 rad
5@ =1, 6 = 0.0 rad
V5@ =1.04, 8 = 0.0 rad

=10—- /20

In the matrix form

601 [ 01 [60] o] [60] [ o
y {1.05} 22 {1} A 2[1-04}

Scheduled powers are

At bus 2, Pyin=For—Ppy =0———=-4puu.
2,sch G2 D2 100 p
250
Qz,sch = 062-09p, =0- W =-25pu
200
Atbus 3, P3,Sch:PG3_PD3=__ =2pu

100
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The real power at buses 2 and 3 and reactive power at bus 2 are
Py= [V]|V)[| Yy cos(6y — 8+ &) + V5| |Yo] cos 6
+ Vol V3] [ Yo cos(6y3 = 6, + &)
P,= (1) (1.05) (22.36068) cos(116.6 — 0 + 0) + (1)*(58.13777) cos(~63.4)
+ (1) (1.04) (35.77709) cos(116.6 — 0 + 0) = —1.1414
Py= V3] [V)[[Y3] cos (65— &5+ 6y) + |V3l[Val|Y3,] cos (63, — 65 + 8,)
+ |V57| Vs3] cos O3
Py=(1.04) (1.05) (31.62278) cos(108.4 — 0 + 0)
+(1.04) (1) (35.77709) cos (116.6 — 0 + 0) + (1.04)*(67.23095) cos(—67.2)
= 0.5616
0, = |Vl Vil Yy sin(6y = &+ &) — V7|2 sin 6y,
— Vol V5] |Yps| sin(6y3 — 6, + 63)
0,=—(1) (1.05) (22.36068) sin(116.6 — 0 + 0) — (1)*(58.13777) sin(~63.4)
— (1) (1.04) (35.77709) sin(116.6 — 0 + 0) = —2.28
Difference in scheduled to calculated power

AP = Py — PO =—4—(-1.1414) = - 2.8586

2,calc
APV = P — Ploy. =2 —(0.5616) =1.43846
A = 0, o — O = 2.5 (-2.28) =—0.22

2,calc

The Jacobian matrix is given by

on on on)
o |5 % B
ap, || 2B 9B OB s
26, 98, IV,
AQ, AV,
20, 90, J0,
| 06, 96y IV, ]
P, . .
E = Vol [Vi1Yy] sin(6y — 0, + &) + [Vo][V3][Ya5] sin(6y; — 6, + O5)
= (1) (1.05) (22.36068) sin(116.6 — 0 + 0)
+ (1) (1.04) (35.77709) sin(116.6 — 0 + 0) = 54.2634
IR, .
8_53 =—|V;3]|Yy3] sin(6y; — 6, + 05)
= (1) (1.04) (35.77709) sin(116.6 — 0 + 0) = —33.2698
oP,
m = [V|1Yy| cos(6y — 6, + &) + 2|V,|[Yyy| cos 6,

+ |[V3][Ya3] cos(0y; — 6, + 63)
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= (1.05) (22.36068) cos(116.6 — 0 + 0) + 2(1) (58.13777) cos(~63.4)
+ (1.04) (35.77709) cos(116.6 — 0 + 0) = 24.890

oP,
26,

=—|V3[[V)||Y3,] sin(6;, — &5 + 0,)

=—(1.04) (1) (35.77709) sin(116.6 — 0 + 0) = —33.2698

9B
26,

= (1.04) (1.05) (31.62278) sin(108.4 — 0 + 0)
+ (1.04) (1) (35.77709) sin(116.6 — 0 + 0) = 66.0365

oP,
av|

= |V3]|Y35| cos (6, — &5 + 0,)

= V3 [V11Y3] sin(65; — 05 + &) + [V3] V]| Y3,] sin(6;, — &5 + 6,)

= (1.04) (35.77709) cos(116.6 — 0 + 0) = —16.663

90,

26,

= (1) (1.05) (22.36068) cos(116.6 — 0 + 0)
+ (1) (1.04) (35.77709) cos(116.6 — 0 + 0) = —27.1731

99,
95,

90, _
el

=—|Vyl[V3||Ya3] cos(By; — &, + 63)
= (1) (1.04) (35.77709) cos(116.6 — 0 + 0) = 16.663

— |[V3]1Yp3] sin(By3 — 6, + &3)
= _(1.05) (22.36068) sin(116.6 — 0 + 0) — 2(1) (58.13777) sin(~63.4)
~ (1.04) (35.77709) sin(116.6 — 0 + 0) = 49.707

~2.8586
1.43846
~0.22
[ A8 ]
A5
LAV, ]
[ AS© ]
A5
AR
[ AS ]
A8

0
LA, ]

[ 54.2634
-33.2698
| —27.1731

[ 54.2634
-33.2698

| -27.1731

[0.0231
0.0137
 0.0081

[—0.0452
—-0.0077
| —0.0266

IVl [V11Y5y] cos(6y — 0, + ;) + [V|[V3]|Ya3] cos(By3 — 6, + 63)

— [Vil1Y2y] sin(6yy — &, + 6)) — 2|V|| Vx| sin(6y,)

2332698 24.890 ]| A8
66.0365 —16.663|| A5
16663 49.707 || Aly,(©
2332698 24.890 T'[—2.8586
66.0365 —16.663| |1.43846
16.663 49707 | | -0.22
0.0134 —0.00717[-2.8586
0.0219  0.0005 || 1.43846
0.0000 0.0161 || —0.22
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New bus voltages and angles in the first iteration are
SUH = Ik ASH]
1 = 8+ A =0 + (-0.0452) = - 0.0452
S = 81+ A = 0+ (-0.0077) = - 0.0077
) = )+ A
) = |7 4+ APEOY =1+ (~0.0266) = 0.9734

(b) Verify the result using Power World Simulator (PWS): The one line
diagram of a simple bus system is drawn in PWS, which is shown in Figure 2.15.

194MW P

400 MW
250 MVAR

150 MVAR 1 o5 pu.

0.00 deg —2.37 deg

1.04 p.u.

200 MW
144 MVAR

Figure 2.15 One line diagram of a simple three-bus system.

The first step is the formation of [} ] using the inspection method. The
calculated [Y,, ] values are given in Figure 2.16. Since the given problem is
a three-bus system, the size of [Y},] is 3 X 3 matrix.

X ¥ Bus (Bus Admittance Matrix)

] Ea Al 8 %8| 44 88, | % Records v Geo v Set - Columns - Ed- @8~ 8~ ¥ B~ @ f(x) - H|

 Filter Advanced =~ Bus z ~ Find... Remove
Number Name Bus 1 Bus 2 Bus 3
1 1/1 20.00 - j50.00 -10.00 + j20.00 -10.00 + j30.00
2 2|2 -10.00 + j20.00 26.00 - j52.00 -16.00 + j32.00
8 3|3 -10.00 + j30.00 -16.00 + j32.00 26.00 - j62.00

Figure 2.16 Y, result.

Newton—-Raphson method

This method is executed by pressing the icon Newton—Raphson power flow
available in fools ribbon. Before executing this method, the number of iterations
is to be fixed as 1 in simulator options ribbon. The Jacobian values and power
flow results are given in Figure 2.17 and Figure 2.18 for the st iteration.
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CED B AR 8 5% 88 9, | % Records - Geo - Set - Columns v - 42~ 8- ¥ E- Y 0 - BB | Options
: Filter Advanced ~ Bus - ~ Find... Remove

Number| Name Jacobian Equation| Angle | Angle |Volt MagVolt Mag
Bus2 | Bus3 [Bus2 |Bus3

1 2|2 Real Power 51.71 -31.76 21.24 -16.80
2 33 Real Power -33.03 65.71 -15.32 28.99
3 2(2 Reactive Power -28.66 17.47 48.23 -30.53
4 3|3 Voltage Magnitudg 1.00

Figure 2.17 Jacobian values.

[BUS 11 138.0 MW Mvar MVA 8 1.0500 0.00 11
GENERATOR 1 213.54 136.29R 253.3

TO 22 1 177.35 113.36 210.5 0

TO 33 1 36.18 22.94 42.8 o

**** Mismatch **** 213.54 136.29

BUS 22 138.0 MW Mvar MVA % 0.9741 -2.70 11
LOAD 1 400.00 250.00 471.7

TO 11 1 -169.32 -97.28 195.3 o

TO 33 1 -229.08 -139.14 268.0 o

**** Mismatch **** -1.60 -13.58

BUS 33 138.0 MW Mvar MVA % 1.0400 -0.45 11
GENERATOR 1 200.00 135.63R 241.6

TO 11 1 -36.01 -22.44 42.4 o

TO 22 1 238.54 158.07 286.2 o

**** Mismatch **** 197.47 135.62

Figure 2.18 Power flow results and voltages—1st iteration.

The details of convergence are shown in Figure 2.19. The mismatches of
real powers and reactive power for each iteration are also clearly indicated.
This method takes 2 iterations to converge power flows. The converged values
of Jacobian and Power flow results are given in Figure 2.20 and Figure 2.21.

€ Message Log: book_sample.PWB
Starting Solution using Rectangular Newton-Raphson

Number: 0 Max P: 286.000 atbus 2 Max Q: 22.000 at bus
Number: 1MaxP: 2530atbus 3MaxQ: 13578atbus 2
Number: 2MaxP: 0004 atbus 2MaxQ: 0.001atbus 2

Finished voltage control loop iteration: 1

Solution Finished in 0,000 Seconds
Simulation: Successful Power Flow Solution

Figure 2.19 Details of convergence.

8 5% @4 8, | Records - Geo - Set~ Colmns - EH- ¥R~ 82~ ¥ B o - B optons -
{ Filter Advanced = Bus > ~ Find... Remove

Number|Name Jacobian Equation| Angle | Angle |Volt MadVolt Mag
Bus2 | Bus3 |Bus2 |Bus3

1 2|2 Real Power 51.60 -31.69 21.15 -16.73
2 3|3 Real Power -32.93 65.60 -15.35 28.96
3 2|2 Reactive Power -28.55 17.40 47.95 -30.47
4 3|3 Voltage Magnitude 1.00

Figure 2.20 Jacobian values.
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@ R HEMRE ®)s Bus Power Flows - Case: book_sample PWB Status: Blackout | Simulator 15 Evaluation -ax
Casenformaton | Draw  Onelnes  Took  Optons  Addons  Window - @==5
k- Network = Rl ] Case Description... | Power Flow List... Y
I Y ﬁ Aggregation - AX E ’K‘a:ssummavym Quick Power Flow List.. m “al @
@ bz il ot Solution Detalls ~ DM‘EE b | Custom Case Info... | AUX Export Format Desc... i Sl -
Explorer...  Filters...  Monitoring. | Flows - Optens... View... View.. Windows
Mode ______ Caee information = I 1" -] L vews
B3 8 Ak % 73] ¢4 8, | Records - Geo - Set - Colmns - ER- |&2- %~ ¥ 8- ) - EH | Options -
[BUS 11 138.0 MW Mvar MVA % 1.0500 0.00 11
GENERATOR 1 218.42 140.85R 259.9
TO 22 1 179.36 118.73 215.1 (]
TO 33 1 39.06 22.12 44.9 (6]
***¥* Mismatch **** 218.42 140.85
BUS 22 138.0 MW Mvar MVA % 0.9717 -2.70 11
LOAD 1 400.00 250.00 471.7
TO 11 1 -170.%7 -101.95 1959.1 o]
TO 33 1 -229.03 -148.05 272.7 ]
BUS 33 138.0 MW Mvar MVA % 1.0400 -0.50 132
GENERATOR 1 200.00 146.18R 247.7
TO 11 1 -38.87 -21.57 44.5 (]
TO 22 1 238.88 167.75 291.9 o]
****% Mismatch **** 200.00 146.18

Figure 2.21 Converged power flow results and voltages.

PSS/E

The same problem is taken and drawn in PSS/E software and it is given in
Figure 2.22.

1

Slack bus i b
oad bus
179.4 -171.0] 0.972
C 218.41118.7 ~101.9 1400.0 :
22.1 —148.1
1.050
e ™
oO|— o0~
Nl en|\o
Il =
3 1.040
Generationbus o | &
S|
S| e
Y

Figure 2.22 One line diagram of a simple three-bus system.

Once the data are entered in the software it can be executed by the above
three power flow methods. Figure 2.23 shows the converged results obtained
by the Gauss—Seidel method. This window is generated from bus based report.

The Newton—Raphson method is executed and the power flow results are
shown in Figure 2.23.

2.7 Fast Decoupled Load Flow Method

The Fast Decoupled Load Flow (FDLF) method is one of the improved methods,
which was based on the simplification of the Newton—Raphson method and
reported by Stott and Alsac in 1974. This method due to its simplifications
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of calculations, fast convergence and reliable results became the most widely
used method in load flow analysis.

However, FDLF for some cases, where high R/X ratios or heavy loading
(low voltage) at some buses are present, does not converge well. For these
cases, many efforts and developments have been made to overcome these
convergence obstacles. Some of them targeted the convergence of systems
with high R/X ratios, others those with low voltage buses. However, one of the
most recent developments is a Robust Fast Decoupled Load Flow developed
by Wang and Li; it is based on heuristic justification and general voltage
normalization methods and solves both high R/X ratios and low bus voltage
problem simultaneously.

This method exploits the property of the power system wherein real power
flow-voltage angle (P = (V,V,/X,)sind) and reactive power flow-voltage
magnitude are loosely (Q = (V,V,/X) cos S — (VZZ/X )) coupled.

As the FDLF is derived from the Newton—Raphson method, we will
start from the matrix representation of Newton—Raphson and apply some
simplifications and approximations to reach the equations of the FDLF.

The matrix representation of the Newton—Raphson method is:

Mz kol
= (2.57)
AQ| |75 J, Al

Elements of Jacobian matrix J,

(1) the diagonal elements are

JdP, .
5 = 2VlVil%|sin(@; =6, +3)) (2.58)
4 J#i
(i1) the off-diagonal elements are
JdP, . .,
S =YY sin (0, ~8,+8) i (2.59)
J

Elements of Jacobian matrix J,

(1) the diagonal elements are

P
%ﬂmnmoseﬁ+2|Vj||n,|cos<eg—6i+6j> (2.60)
i J#i
(i1) the off-diagonal elements are
P
L=|I/,»||Y,j|cos(0,~j—6,~+5j) J#I (2.61)
vl

Elements of Jacobian matrix J;

(1) the diagonal elements are

20,
£=ZIKIIV,~IIK~]~ICOS(%—6i+6j) (2.62)

J#I
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(i1) the off-diagonal elements are

920 _
98,

J

=—V|V|I¥;|cos(8;, — 8, +8,)  j#i (2.63)

Elements of Jacobian matrix J,

(1) the diagonal elements are

%——Wll Isin®, = |V,[|¥;|sin (6, — 5+ ) (2.64)
]#l
(i1) the off-diagonal elements are
20, .
——V sin(6;; — o, +90; KX 2.65

Now, for typical power system branches:
X/R > 1 and 6, < 20° (2.66)

These two approximations will cause a weak coupling between AP and
AV, and between AQ and Ad, hence J, and J; entries of the initial matrix of
equation (2.57) can be ignored leading to the following decoupled equations:

AP 4, 07 A8

Aol "o gl Ay (2.67)
[AP] = [J;][AS] = [g—g} [Ad] (2.68)
(301 - Laav1=| 3 i (2.69)

Equations (2.68) and (2.69) show that the matrix equations are separated
into two decoupled equations requiring considerably less time to solve compared
to the time required for the solution of Eq. (2.57).

Furthermore, considerable simplifications can be made to eliminate the
need for recalculating J; and J, during iteration.

The elements of Jacobian matrix J, are as follows.

The diagonal elements are

ZL N W1 sin (0, - 8, +8;) — Vi | ¥ |sin (8,)
j=1

=0, ~ V1Y, sin(6)

% — Q- V’B
96

il
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Now, the diagonal elements of J; can be written as

JdP, )

i V. |* B.. 2.70

861 Ql | 1 | 12 ( )
where B; = |Y;| sin @, is the imaginary part of the diagonal elements of the

bus admittance matrix Y.
Further simplifications can be applied to Eq. (2.70), by considering

B; > Q; and |Vi|2 = V]

9P
95,
Also, as under normal operating conditions &, — &; is quite small, therefore
0;— 6+ &= 6;and |V] =
The off-diagonal elements of J, can be written as

=—|V; | B; (2.71)

95 =-|VAV]IY;l sin(8; — 6, + &)

2, ) =
=—|VI1¥,l sin(6y)
dP,
(95 =-|V|B; (2.72)
Similarly, the diagonal elements of J, may be written as
20,
= —|V||Y;[sin6; — > [V,[|¥;]sin(6; —6; +;
g = Ik 2| ¥, sin( )
Multiplying the above equation by |V,-\, we get
20, . N\ .
Vilx === ETA —_|V| |Y;|sin 6 _Z|Vz||V1||Yy| Sln(eij = +6j) = _|Vi|23ii +0;
j=1
Again, since B;; > Q,, O; may be neglected
20,
=i — _|V.| B.. 2.73
8|Vl| | l| 12 ( )
The off-diagonal elements of J, are
99,
——==-{Vi||¥;[sin(6; — &, +6;
= sin )
Again assume 0; — §; + J; = 6,
90, :
8|V| —[V{IY| sin6;
20.
9 _ ~|Vi|B; (2.74)

;|


PHI
Comment on Text
AQ: Please see the change.

It is correct. 
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Applying these assumptions to Egs. (2.68) and (2.69), we get

P s e M

95, =—|V|B; or AS, = —|V|B,;

AP

7 =—BuAg,

Vil

E =—-B'Ad, (2.75)
Vil l '

Similarly,

20, AQ:

—X =_|V|B, —X =_|V|B,

(9|V;| ‘ l| 11 or A|Vl| | l| 11

AQ;
—— =_B. AV,

A|I/l| 14 | l|

AQ

— =-B"AlV] (2.76)
Vil

where, B’ and B” are the imaginary part of the bus admittance matrix Y,
such that B’ contains all buses admittance except those related to the slack bus,
and B” is B’ deprived from all voltage controlled buses related admittances.
Finally, all these approximations and simplifications lead to the following
successive voltage magnitude and voltage angle updating equations.

AS=—[B'T" % (2.77)
AV =—[B"T" A—VQ| (2.78)

FDLF technique is very useful in contingency analysis where numerous
outages are to be simulated or a load flow solution is required for online control.

The algorithm written according to the equations derived in the previous
section is as follows:

Step 1: Create the bus admittance matrix [Y}].
Step 2: Detect all kinds and numbers of buses and setting all bus volt-
ages to an initial value of 1 p.u., all voltage angles to 0, and the
iteration counter ifer to 0.
Step 3: Create the matrices B” and B” according to Egs. (2.75) and (2.76).
Step 4. If max (AP, AQ) < accuracy
AP = B — P
AQ;‘ = Qi,sch - i[k]

then go to Step 6
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else
(1) Calculate J; and J, elements of Egs. (2.71), (2.72), (2.73)
and (2.74).

P, P,

s 2w,

d9; dé;

v, 22—y,

Vi vl

(i1) Calculate the real and reactive powers at each bus, and check
if MVAR of generator buses are within the limits, otherwise
update the voltage magnitude at these buses by +2 %.

If Qi,min < Qi < Qi,max’ calculate E(k)
k _

If Qz[ ] > Qi,max’ Qi,sch - Qi,max
k _

If Qz[ I < Qi,min’ Qi,sch - Qi,min

The PV bus will act as PQ bus.
(ii1) Calculate the power residuals, AP and AQ.

k]l _ k
APM =P — P

K _ k
AQI[ I = Qi,sch - i[ ]
(iv) Calculate the bus voltage and voltage angle updates AV and Ad.

AP
[A5]" = BT — -
Vil
_, AQH
AV, (k) — _ B’ 1 i
[AV;] [B”] NIZ0
(v) Update the voltage magnitude V" and the voltage angle § at

each bus.
k+1] _ s[k k
i+ = ¥ 1 A6l
k+1 k k
] = )+ Al
(vi) Increment of the iteration counter iter = iter + 1
Step 5: If iter £ maximum number of iteration
AR <&
A0 <&

then go to Step 4

else print out ‘Solution did not converge’ and go to Step 6.
Step 6: Print out of the power flow solution, computation and display of

the line flow and losses.

This completes the load flow study. Finally, in Figure 2.24 all the
computational steps are summarized in the detailed flow chart.
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| Read system data |

v
| Form Y, find B and B”
v

Initialize magnitude and phase angle of bus voltages

| Set iteration count k= 0 |

|

| Bus counti=1 |

»|

[k
Calculate, Pl.[ : s Q} !

No
Is refer PV bus

1

[£] [k]
k h k Calculate, AP. =P, , —P;
Calculate, AP, = p"" — p!" o Pl

[£]
¢ AQ; = 0ien—0;
[/f]> [£]
i

k;
Qimax Q[ < Qimin
A 4

Qisch = Qimax AQ[k] Q Q[k] Qisch = Qimin
%] K] S =0...—0, 4] i
AQi = Qisch - Qi ! pseh ! AQ: = Qisch_ Qi

0

v

TAA

b

Yes

> Isi<n

No

Calculate
0
M ol AP
(8] = a7 A
Vi
Wt AQY
[Aav] =-[B"] =i
Vi

v
k+1 k k
5l =5+ Asl
[k+1] [£] [£]
Vi 1=+ AV

Calculate power

[£] [£]
Check |AP; |, |AQ; | < € flow and losses

| Seth=k+1 |

Figure 2.24 Flow chart for FDLF method.
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EXAMPLE 2.7 Figure 2.25 shows the one line diagram of a simple three-
bus system with generation at bus 1. The magnitude of voltage at bus 1 is
adjusted to 1.05 p.u. The scheduled loads at buses 2 and 3 are given in the
diagram. Line impedances are marked as » p.u. on a 100 MVA base and the
line charging susceptances are neglected.

(a) Using the fast decoupled load flow method, determine the phasor
values of the voltages at the load buses 2 and 3(PQ bus) accurate to
decimal places.

(b) Verify the result with Power World Simulator and PSS/E.

! 0.02 +0.04 2
L 400 MW
: 0.01 +/0.03 0.0125 + j0.025
Slack bus J J > 250 MVAR
V,=1.05
200 MW

Figure 2.25 One line diagram of a simple three-bus system.

Solution: (a) Form the Y,

LI 1) S
Y127 70 0.02+ 0.04
1 1
= =10-30
Y137 T 001+ 0.03 /
1 1

- 1632
Y5 T 0.0125+ 0.025 /

Yy =y + yi3 = (10 = j20) + (10 - j30) = 20 — ;50
Yi, =Yy = -y, =—(10 - 20) = -10 + ;20
Yi3=Y3 = —y;3 = —(10 - 30) = 10 + ;30
Yy =ya1 + 3 = (10 = j20) + (16 - j32) = 26 — j52
Yy3 =Y5 = —yp3 = —(16 = j32) = —16 + ;32
Y33 =y31 + y3 = (10 —j30) + (16 - j32) = 26 — j62
20- 750 -10+ ;20 -10+ 30
Yoo =|—10+ 20 26— 52 —16+ ;32
-10+ 730 -16+ /32 26— j62
Bus 1 is slack bus and the corresponding bus susceptance matrix for evaluation
of phase angle A, and Ad; is
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=52 32
B =
32 -62
The inverse of the above matrix is
,—1 | —0.028182 —0.014545
[B] =

—0.014545 —-0.023636
Initialize magnitude and angle of bus voltage
[Vi|=1.05, 6, = 0.0 rad
5@ =1, 6 = 0.0 rad
V5@ =1.04, 6 = 0.0 rad

In the matrix form

591 107 [697 107 [6©7 T 0
o lios] o | L2 F [go|lios]

Scheduled powers are

400
at bus 2, Pz,sch:Pcz_PDzzo_ﬁ:_“P-u-
250
sh — - =0—-——=-25p.u.
QZ,sch O62 = Opa 100 p
200
at bus 3, Py n= Py3 — Pps =100 -0=2pu.

The real power at buses 2 and 3 and reactive power at bus 2 are
Py= Vo] [V)[[Yy| cos(8y— 6+ &) + |V22| |[Y5| cos 0,
+ [Vl [V3][Yas] cos (03— 6, + 63)
P,= (1) (1.05) (22.36068) cos(116.6 — 0 + 0) + (1)*(58.13777) cos(~63.4)
+ (1) (1.04) (35.77709) cos(116.6 — 0 + 0) = —1.1414
Py= V3| [V| Y3 cos (B3 — &5+ &) + V3] [V5]|Y35] cos (s, — &5 + 6,)
+ |V [Y33] cos O
Py=(1.04) (1.05) (31.62278) cos(108.4 — 0 + 0)
+(1.04) (1) (35.77709) cos (116.6 — 0 + 0) + (1.04)*(67.23095) cos (—67.2)
= 0.5616
0y = |Vl V)| Ys| sin(By — 8, + &) — [V[ Y| sin 6y
— Vol V5] |Yos| sin (63 — 6, + 63)
0,= —(1) (1.05) (22.36068) sin(116.6 — 0 + 0) — (1)*(58.13777) sin(—63.4)
— (1) (1.04) (35.77709) sin(116.6 — 0 + 0) = —2.28
Difference in scheduled to calculated power

AP = Py - PO = —4—(—1.1414) = - 2.8586
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APV = P — Ploy =2 —(0.5616) =1.43846
A = 0y iy — O =—2.5—(-2.28)=—0.22

2,calc

The FDLF algorithm given by Eq. (2.77) becomes

) — _prt AR
[AS;] [B’] 1A
_ arf?
& | 172
so | - T o
L¥3 3
V3]
o —2.8586
5 —0.028182 —0.014545] " 10
50 :{—0.014545 —0.023636} 1.43846
1.04
_[-0.028182  —0.0145457[-2.8586
_[—0.014545 —0.023636“ 1.3831 }
_[-0.060483
- [—0.008909}

Since bus 3 is a regulated bus, the corresponding row and column of B’ are
eliminated and we get
B”=[-52]

-1
[B"]'= 5, =~ 0.01923

A0
rr1—1 i
[AV)© =[BT S5
Vil
AO

[AVZ](O): _[B//] 1 QO
V5]

[AV,]© = —(—0.01923)[%} —  0.0042308

The new bus voltages and the angles in the first iteration are
ST = IK1 4 ASTH]
S = 601+ ASIT = 0 + (=0.060483) = — 0.060483
St = 6101 1+ ASLT = 0 + (=0.008909) = — 0.008909
) = M+ Al
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VI = V1) 4+ AP = 1+ (—0.0042308) = 0.99577

(b) Verify the result using Power World Simulator: The one line diagram
of a simple bus system drawn in PWS is shown in Figure 2.26.

194 MW 1 )

400 MW
250 MVAR

150 MVAR | o5 p.u.
0.00 deg

1.04 p.u.
—0.28 deg

—2.37 deg

200 MW
144 MVAR

Figure 2.26 One line diagram of a simple three-bus system.

The first step is the formation of [V} ] using the inspection method. The
calculated (Y, ] values are given in Figure 2.27. Since the given problem is
a three-bus system, the size of [V}, ] is 3 X 3 matrix.

¥ Bus (Bus Admittance Matrix)

(D B Ak 8 5% | 44 88, | * Records v Geo v Set~ Columns v B3~ @8- Wi~ ¥ B @ f() - B |

 Filter Advanced -~ Bus - - Find... Remove
Number Name Bus 1 Bus 2 Bus 3
1 1|1 20.00 - j50.00 -10.00 + j20.00 -10.00 + j30.00
2 2(2 -10.00 + j20.00 26.00 - j52.00 -16.00 + j32.00
3 3[3 -10.00 + j30.00 -16.00 + j32.00 26.00 - j62.00

Figure 2.27 Y, result.

This method is executed by pressing the icon fast decoupled available in
tools ribbon. Before executing this method, the number of iterations is to be
fixed as 1 in simulator options ribbon.

The same problem has been executed by the fast decoupled method.
The converged results are given in Figure 2.28. The converged power flow
results for Gauss—Seidel, Newton—Raphson and fast decoupled are shown
in Figures 2.8, 2.21 and 2.28. The power flow results are the same for all
methods, but the results are converged quickly by Newton—Raphson method,
i.e. by two iterations.
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7 \ 25 E ki ﬁ ﬁ i @ = Bus Power Flows - Case: book_sample.PWB Status: Running (PF) | Simu... - = x

| Cace Information | Draw  Orelines Tools  Optiors  AddOns  Window @ - o x
Edit Mode B Model Explorer... Network - S Diff Flows - | Case Description... Power Flow List... | H#Bus View...
| ¥ AreafZore Filters... | Aggregation - I Case Summary... Quick Power Flow List... 1T Substation View...
R Moce] = LimitMonitoring... | Solution Details | B#SIMUItOr OPUONS... | gt Case Info... | AUX Export Format Desc... | S Open Windows - ‘
| Mode Case Information Case Data | Views
BB 8 % 4 8 Records v Geo~ Set~ Columns ~ EE- | W~ i~ ¥ B+ i f(x) - B | Options ~
Bus Flows

BUS T 1 136.0 MW Mvar MVA % 1.0500 0.00 1 1
GENERATOR 1 218.35 140.91R 259.9

TO 2 2 1 179.35 118.77 215.1 O

TO 33 1 39.00 22.14 44.8 0O

*++% Mismatch **** 218.35 140.91

BUS 2 2 138.0 MW Mvar MVA % 0.9717 -2.70 1 1

LOAD 1 400.00 250.00  471.7

TO 11 1 -170.95 -101.98 199.1 O

TO 33 1 -229.07 -148.08 272.8 O

BUS 33 138.0 MW Mvar MVA % 1.0400 -0.50 1 1
GENERATOR 1 200.00 146.19R 247.7

TO 11 1 -38.82 -21.59 44.4 0

TO 2 2 1 238.92 167.78 291.9 O

*+%% Mismatch ***+* 199.90 146.19

Figure 2.28 Converged power flow results and voltages.

PSS/E

The same problem is taken and drawn in PSS/E software and it is given in
Figure 2.29.

1
Slack bus 2
179.4 1710 0.972 Loadbus
C 218.41118.7 ~101.9 1400.0
140.9R | 39 1 _279.1]250.0 :
22.1 —148.1
1.050 oo o
oO|— oo~
Nl en|\o
T o=
3 1.040
. o| &
Generation bus S| 9
S| o
8|3

Figure 2.29 One line diagram of a simple three-bus system.

Once the data are entered in the software it can be executed by the above
three power flow methods. Figure 2.30 shows the converged results obtained by
the fast decoupled method. This window is generated from bus based report.

The fast decoupled method is executed and the power flow results are
shown in Figure 2.30.
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2.8 Comparison of the Gauss-Seidel,
Newton-Raphson and Fast Decoupled
Methods of Load Flow Study
S.No. Gauss—Seidel Newton—Raphson Fast decoupled

1. Requires a large Requires a less Requires a more number
number of iterations  number of iterations  of iterations than Newton—
to reach convergence. to reach convergence. Raphson method.

2. Computation time per Computation time per Computation time per
iteration is less. iteration is more. iteration is less.

3. It has linear It has quadratic —
convergence convergence
characteristics. characteristics.

4. The number of The number of The number of iterations
iterations required for iterations are does not depend on the
convergence increases independent of the size of the system.
with the size of the size of the system.
system.

5. Less memory required. More memory Less memory required than

required. Newton—Raphson method.
Review Questions
Part-A
1. What is the power flow study or load flow study?
2. What are the scraps of information that are obtained from the load
flow study?
3. What is the need for load flow study?
4. What are the quantities associated with each bus in a system?
5. What are the different types of buses in a power system? Or, how are

e PR

10.
11.
12.
13.
14.

the buses classified and what are its types?

What is the need for slack bus?

Why do we go for iterative methods to solve the load flow problems?
What are the methods mainly used for the solution of load flow study?
What do you mean by a flat voltage start?

Discuss the effect of acceleration factor in load flow study.

When is the generator bus treated as load bus?

What are the advantages and disadvantages of Gauss—Seidel method?
What are the advantages and disadvantages of Newton—Raphson method?

Compare the Gauss—Seidel and the Newton—Raphson methods of load
flow study.
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Part-B

1. The system data for a load flow solution are given in the following
tables. Determine the voltages at the end of first iteration by Gauss—Seidel
method. Take o = 1.6. Verify the result with Power World Simulator.

Bus code R in p.u. X in p.u.

12 0.05 0.15
1-3 0.10 0.30
1-4 0.20 0.40
2-4 0.10 0.30
34 0.05 0.15
Bus code P 0 Vv Remarks
1 — — 1.05 Slack bus
2 0.5 -0.2 — PQ bus
3 -1.0 0.5 — PQ bus
4 0.3 -0.1 — PQ bus

2. The system contains six buses. The bus data, branch data and generator
data are given below. The system data are prepared and the power
flows are solved by Newton—Raphson method using Power World

Simulator.
Bus data
Bus Type Vv o) P, 0, P, 0O Nominal
p-u. degree MW pau. p.u. p.u. voltage
in KV
1 Swing 1.05 0 — —_ = - 230
2 Generator 1.05 — 66368 0 0.0 0.0 230
3 Generator 1.07 — 77473 — 0.0 0.0 230
4 Load 1.00 — 0 0 70 70 230
5 Load 1.00 — 0 0 70 70 230
6 Load 1.00 — 0 0 70 70 230
Line data
From Bus To bus R p.u. Xpau. Bpau. Max. MVA p.u.
1 2 0.20 0.20 0.02 40
1 4 0.05 0.20 0.02 60
1 5 0.08 0.30 0.03 40
2 3 0.05 0.25 0.03 40
2 4 0.05 0.10 0.01 60
2 5 0.10 0.30 0.02 30
2 6 0.07 0.20 0.025 90
3 5 0.12 0.26 0.025 70
3 6 0.02 0.10 0.01 80
4 5 0.20 0.40 0.04 20
5 6 0.10 0.30 0.03 40
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3. A one line diagram of the system is shown in the figure below. The
system contains seven buses. The bus data, branch data and generator
data are given below. The system data are prepared and the power
flows are solved by Newton—Raphson method or fast decoupled method
using Power World Simulator software.

G, [ Circuit breaker G, llSO MW
1
T, T,
2 6
30 MVAR l $
30 MVAR
SOMW| L, 50 MW
4
3
L
30 MVAR 2
Hy 30 MVAR
50 MW >0 MW 50 MW
~» 30 MVAR

Generator ratings

G,: 100 MVA, 13.8 kV, X7 = 0.12, X, = 0.14, X, = 0.05 p.u.
G,: 100 MVA, 13.8 kV, X7 = 0.12, X, = 0.14, X, = 0.05 p.u.
Generator neutrals are solidly grounded.

Transformer ratings

T,: 100 MVA, 13.8 kVA/230 kV Y, X = 0.1 p.u.
T,: 200 MVA, 15 kVA230 kV Y, X = 0.1 p.u.

Generator neutrals are solidly grounded
Transmission line ratings

All lines: 230 kV, Z, = 0.08 + j0.5 Q/km, Z, = 0.2 + j1.5 Q/km,
y;=/3.3 x 10°® s/km

L,=15km, L, =25 km, Ly =40 km, L, = 15 km, Ly = 50 km
Power flow data

Bus 1: Swing bus, V|, = 13.8 kV

Buses 2, 3, 4, 5, and 6: Load buses

Bus 7: Voltage control bus, V; = 15 kV, Py, = 180 MW, —87 MVAR
< Qg7 < +87 MVAR

System base quantities

Spase = 100 MVA, three phase, V},,. = 13.8 kV in the zone of G,





