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MODULE 5: Power Flow Problems and Solutions.

Overview

In general, a power system is very complicate physically, and power flow problems can
not be solved as a linear system. Its solution is not easy to solve mathematically, and is only
possible by numerical iterations. Although there are a number of methods to solve power flow
problems, Newton-Raphson method is presented in this module.

Basic Settings

Although power systems are designed and operated in a three-phase form, because of the
important feature of the three-phase system — symmetry, a per phase analysis is usually
performed. Moreover, one-line (single-line) diagrams are used for power system representations.
The IEEE 25-bus test system is shown in Figure 5-1, and is represented as a one-line diagram.

BUS220  ___oemmmee

- BUS 230 \
B

BUS 160

230 KV BUS 250

Phase Shifter

Synchronous
Condenser

BUS 140

AREA 3

BUS 240

Fig. 5-1. IEEE 25-bus test system.
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Commonly, instead of a “node” in circuit analysis, a “bus” is used for power flow
problems. There are three types of buses in power systems:

(1) Load buses —

(2) Generator buses —

(3) Slack/swing bus —

Loads, including active and reactive powers, are connected to
load buses and are known. However, their voltage magnitudes
and phase angles are unknown.

Generators are connected to generator buses and the active
power generated and voltage magnitude are predetermined at
each generator bus. If the reactive power required for holding
the specified voltage is within its limits, such a voltage will be
maintained. Otherwise, the reactive power generation will be
set at the limit and the voltage magnitude becomes a variable.
Generator buses are also called voltage-controlled buses.

With single area system, the slack/swing bus has a generator
connected, and the scheduled voltage magnitude and phase
angle are fixed for the power flow calculation. Usually a larger
unit is used for slack/swing bus since such a unit has variable
active power and reactive power outputs to pick up some extra
losses when needed. If the system has multiple areas, a slack
bus is needed for each area while only one swing bus exists for
the entire system. The active power and reactive power at
slack/swing bus are to be determined.

To summarize the known and unknown parameters at three types of buses, Table 5-1 can be

used.

Table 5-1. Typical known and unknown parameters at three types of buses:

Vv o) P Q
Slack/swing buses Known Known Unknown Unknown
Generator buses Known Unknown Known Unknown
Load buses Unknown Unknown Known Known

In general situations, any bus can have a number of generators, transmission lines and loads
connected, as shown in Figure 5-2. By Kirchhoff’s current law (KCL), the currents at bus i have

the following relationship:

lgi =1+

One can take the conjugate of the currents on both sides and multiple the voltage at bus i on both
sides, then, the relationship on complex power can be obtained, namely,

Power Systems — Basic Concepts and Applications - Part 1

Sg; is the total three-phase complex power generated at bus i,

S,; is the total load complex power at bus i,
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and
S, is the total complex power flowing out of bus i.

Transmission
Lines

Generators

bus i

v Loads

Fig. 5-2. One-line diagram at bus i.

Then, one may separate the real and imaginary parts of the generated complex power. Two set of
equations, one for active power and one for reactive power, can be obtained as follows

Psi =Py +Pri,
and

Qgi = Qi + Q-

As tabulated in Table 5-1, the load active power and reactive power are usually known. The
generator active power is known while the reactive power production is related to its scheduled
voltage. Therefore, the main concern is on the complex power, or current, flowing out of the bus
i. There are two main approaches to solve power flow problems. The first one is the impedance
approach, since

V1=[2I[k1,
while the second one is the admittance approach,
[F1=[YIIVI,
where
[I;] is an nx1 current vector (n is the total number of buses in the system) with a
general entry of I, (the current injection at bus i),
[\7] isan nx1 voltage vector with a general entry of
V, =V,06,,
and
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[\7] is an nxn matrix and is called the bus admittance matrix with a general entry as
follows

Vi =YYy =95 + by

Since the admittance approach will be discussed in this module, the fundamentals of the bus
admittance matrix are presented next.

Bus Admittance Matrix

To learn more about the bus admittance matrix, the equation above with [\7] can be re-
written as follows

0, B Vi Y Vin 0V B
Sz O %21 Y22 Yon Voo
00 0O: : .ot
S O o _ _ O

nd Y Yn2 0 Y n ]

The bus admittance matrix has the following properties:
(1) Itis symmetric.
(2) y;;, the self-admittance (diagonal element), is equal to the sum of the admittances of
all the components connected to the ith bus.
(3) ¥j;, the ijth element (off-diagonal element), is equal to the negative of the admittance

of the all components connected between buses i and j. It is worth mentioning that if
more than one component is connected in parallel between the two buses, the
equivalent admittance of the components should be first obtained before determining

the entry in [\7].

The bus admittance matrix building algorithm:
y;i =sum of all admittances connected to bus i.

Y;j = - admittance connected between buses i and j where i # j.
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Example 5-1: A 3-bus system as shown in Figure 5-3, find the bus admittance matrix. The line
impedances given as Z, = j0.6, Z, = j0.2 and j0.25pu.

bus 1 _ bus 2
Za
/YY)
A A
I

bus 3
Fig. 5-3. Three bus system for building bus admittance matrix.
Solution:
First of all, convert all impedances to admittances, therefore,

Y, = 1 j1.67

Za
Y, =2 =5

Zb
Y, = R

ZC

For the diagonal elements,
Vi =Y, +Y, =—j1.67+(- j5)=-}6.67
Yy =Y, +Y, =—j167 +(-j4)=-j5.67
Vas = Yy + Y, =—j5+ (= j4)=-]9
For the off-diagonal elements,
Y12 = _(Va)z ~(~J1.67)=j1.67 =Y,
Vi3 = _(Vb): ~(~15)=15=Y4
Va3 = _(Vc): ~(-j4)=j4=Vx
Therefore, the bus admittance matrix for the simple system can be obtained as follows

o O Y 713% El'j6-67 j1.67 5 B
M=9. V. vs--Diter -jser jaf
a1 Y2 YH B 15 4 -9
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Example 5-2: A 3-bus system, as shown in Figure 5-4, find the bus admittance matrix. The
three transmission lines are assumed to be identical with the following line parameters: Z = j0.1,

and A j0.01.
2
bus 1 bus 2

bus 3

Fig. 5-4. Three bus system for building bus admittance matrix.

Solution:
Recall the transmission line model, the impedance Z is the series component, and the

admittance % is the shunt component at each end. To construct the bus admittance, a

diagram including all series and shunt components, as shown in Figure 5-5, can be helpful.
As mentioned earlier, one may want to combine the parallel elements before building the bus
admittance matrix. Therefore the two shunt elements at each bus can be equivalent into one
element with an admittance of j0.02. Also, the series impedance needs to be converted into
admittance.

bus 1 bus 2

bus 3

Fig. 5-5. Modified 3-bus system with all series and shunt elements represented.
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Therefore, the bus admittance matrix for the simple system can be obtained as follows

[3j20+j0.02  -(-j10) -(-j10) O @j19.98  j10 j10 O
V]=5 -¢j0) -jeo+jooz  -(jro) S=Bjo -jaogs  jio [
g -(-j10) -(-j10)  -j20+jo.02g [ ji0 j10  -j19.985

¢

When add/remove (switch on/off) a line to/from an existing system with its bus
admittance matrix obtained, it would be troublesome if one needs to construct the whole thing

over again. To add (switch on) an element, y, , terminated at buses i and j, four entries in [f(]
will be affected, namely, y;, ¥;, ¥; and ¥;;. The new values of the four entries can be
calculated as follows

Yiinew = Yiiold T Y
yjj,new = yjj,old +yk’
Yiinew = Yijold ~ Yk

Yiinew = Yiiold ~ Yk -

To remove (switch off) an element, simple add (-y,), instead of add y,, with the same

procedure as adding an element. The above discussion should be applied when the transmission
line model with only series component is assumed.

Example 5-3: For the same three bus system as given in Example 5-1, if the line between buses
1 and 2 is out for maintenance, what is the new bus admittance matrix?
Solution:

The bus admittance matrix with all elements in service was obtained, and

[+ 6.67 j1.67 150
Vol -Ois7 o7 43
Yol = D11.67 j5.67 j4 0
B 5 j4  -I%H
With the line out for maintenance, an can apply the procedure introduced for adding a line
but with a (-y, ), namely,

yll,new = yll,old + (’ Y ) = —j6.67 + j1.67 = —j5

Power Systems — Basic Concepts and Applications - Part 1 Module 5 - Page 8
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yzz,new = 722,old + (' )_/k ) = —j5.67 + j1.67 = —j4

Yi2new = Yiz.0ld ~ (' Y ) =J1.67-j1.67=0= Y21 new

Therefore, the new bus admittance matrix with the line between buses 1 and 2 out for
maintenance can be obtained as

Fj5 0 50
[Ynew] = E 0 - j4 j4 E
HiS 14 -J95
If one constructs the bus admittance with only elements Z, and Z., the same bus admittance
matrix could be obtained. .

Example 5-4: The bus admittance matrix of a power system changed from [f(] to [f(new] after

the occurrence of a line switching.
(1) Which line (between which two buses) does the switching occur?
(2) Is the line switching a line outage or a reclosure?
(3) What is the line impedance value?

20 -5 0 -6 -4( 0 -5 0 -6 -4(
0 0 0 0
g5 40 -10 0 0 55 60 -10 0 -207
V]=-i0o -10 50 -15 0 O[V,|=-j00 -10 50 -15 0 0O
56 0 -15 40 -147 36 0 -15 40 -147
H4 0 0 -14 20f 44 -20 0 -14 40§

Solution:
(1) By comparing the two bus admittance matrices, one can find that only four entries are
different from each other, namely, V,,, V=5, V,s and y-,. Therefore, the switching

occurs on the line between buses 2 and 5.
(2) Assume it is a line reclosure (adding a new element). Y22 new = Y220 + (Y/k), therefore,

Y« =Yoonew ~Ya22,01d = —J60 - (‘ 140) =-j20

Since the line admittance is negative, the assumption of a line reclosure is correct. If the
admittance obtained under this assumption, then, a line opening would be the right

answer.
(3) Since the line impedance, the line impedance can be obtained by inversion of the line
admittance.
z=1-"1 _jo0s
Y« —1J20

Power Systems — Basic Concepts and Applications - Part 1 Module 5 - Page 9
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After the discussion on how to construct the bus admittance matrix for a given system, the next
section will focus on how to set up equations for solving power flow problems.

Newton-Raphson Method and the Jacobian Matrix

In general, a nonlinear algebraic equation set may not be able to solve with a direct way.
It may be only possible to be solved some numerical method. That is, it may be possible to
arrange the equations so that the unknowns can be equated to a finite number of functional
operations on known values. Solving the power flow problems require to use iterative
techniques. The main idea in such methods is that it is possible to write a program to compute
the next estimates from the current estimates. There are two methods commonly used: the
Gauss-Seidel method and the Newton-Raphson method. However, only the Newton-Raphson
method is discussed in this module.

As mentioned earlier, the main concern of solving power flow problems is on the

complex power, or current, flowing out of the bus i. The complex transmitted power at bus i can
be expressed as

Sy =P +iQq; = Vil

The current can be expressed as
n
I =Yy:V,, fori=123,--,n,
i 12:1 ijVvj
where
Vi =VYiilYij
and
V; =Vv;09;.
Then, one can re-write the complex transmitted power at bus i
J— n .
St = ZViVjYijD(5i -9; _yij): Pri + Q1.
J=1
Therefore,
n
Pri = Zvivjyij C05(5i =9, —Yj )
1=l
and

n
Qi = Zvivjyij Sin(5i =9, _yij)'
=1

A general system Jacobian Matrix has the following form:
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OoPO PP [

_9H BV
M‘é%%m Ea\é%

HhsH BvH

One can divide the Jacobian matrix into four quadrants, namely,

(1) Quadrant I, %5

Since Pg; and P; do not vary with the phase angles and the magnitudes of the bus
voltages, the following equation can be obtained
oP; 0

5, =£[‘ Pg; + Py +Pr;] =

OPri
35,

For the diagonal elements, k =i, the above equation can be expressed as

P _ & i
6_5: - _,Zlvivjyij sm(di =9 —V; )
j#i

For the off-diagonal elements, k # i, it can be expressed as

oP. ] .
— =ViViYi S'n(5i -0 _Vik)v izk.
09,

(2) Quadrant 11, g_\ljg

For the diagonal elements, k =1,

oP, " .
— = Vjyjcosy; + Zvjyij S'n(5i =9, _yij)'
aVi J=1

For the off-diagonal elements, k # 1,

OP. .
ﬁ = V,y; c0s(8; =8, — vy ), i k.

(3) Quadrant 11I, g%g

Similarly, since Qg; and Q,; do not vary with the phase angle and the magnitude of the
bus voltages, the following equation can be obtained

Power Systems — Basic Concepts and Applications - Part 1 Module 5 - Page 11
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follows

Then, the new estimates for next iteration can be obtained

9Q;
35,

0
za[‘Qei +Qy; +QTi] =

PDH Course E105

For the diagonal elements, k =1,

9Q; _
3,

J#i

For the off-diagonal elements, k # 1,

Qi
95,

(4) Quadrant 1V,

Q0
FvH

n
Zlvivjyij cos(5i -0 —Vj )
&

For the diagonal elements, k =1,

9Q;
oV,

For the off-diagonal elements, k #1i,

=V,yy sin(8, -6, —vi ), i £ k.

9Q+;
25,

=-ViViYi C05(5i - O _yik)’ iZk.

- . n
- =-Vygsinyg + Zvjyij C03(5i =9 —Vj )
Bl

www.PDHonline.org

Starting with the initial estimates, V? and &7, the first iteration can be expresses as

9Q;
oV,
0P,
0,
5?0 P
0 o0 5
@53 O O :1
O: O Oy
0,0 2P
[N, O_ 100,
o™ [
%Vl |:| B&
aAviO P9
0. 0 MQ,
0.0 s
RAvyg O

P,
25,
oP,
25,
oP,
90,
aQ,
90,
0,
90,
9Qq
25,

P, oP, oP, oP, O
35, oV, aV, oV, o

6P2 6P2 6P2 6P2 O EPlOD
% M % hpg g
oP, oP, 0P, op, 0 B L
35, Vv, 9V, oV, O Py O
0Q, 0Q, 0Q, 0Q, 0 ol
66n 0V1 6V2 6Vn |:| ng
0Q, 0Q, 0Q, 0Q,0 0. O
05, OV, OV  Vog gor
a: : : 0 n
Q, 9Q, aQ, Q. o

35, oV, Vv, av, B

Power Systems — Basic Concepts and Applications - Part 1
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Pig BE PG
®:0 920 920
O: 0 0O:0 0: 0
0,0 0,0 0,0
[(On O_ Pn O, (A0, O

10 Qo0 ol
NN
Vo0 V,0 AV, O
0.0 0.00. 0O
000 00- 0
V8 B/ E BRVIE

For the mth iteration,
@Ag m—l]D
>l
QA\“]m—l]E

5im — 5im—1 +A5im_11

3

%(%z ol
|—3| e
(I

and

Vim — Vim—l +Avim—l-

One needs to continue the iterative process until some predetermined tolerances been reached,
ie, AS™ " <107 and AV <107°.

Example 5-5: A 3-bus system, as shown in Figure 5-6, has two generators and one load. The
parameters and models for the transmission lines are assumed to be the same as given in
Example 5-2. If bus 1 is chosen as the swing bus with 1.0 pu voltage and zero degree. The
scheduled voltage at bus 2 is 1.05 pu. Find d,, 05, V3, Pg;, Qg and Qg, .

Power Systems — Basic Concepts and Applications - Part 1 Module 5 - Page 13
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P, =0.6661

V, =100° — - V, =1.05

7 S 3 =2.8653+ J1.2244
Fig. 5-6. 3-bus system with two generators and one load.
Solution:

Since the series resistance of the transmission lines is neglected, the bus admittance matrix
obtained in Example 5-2 can be re-written as

[319.98 10 10 O 0Oby by, b0

|- U _ U

M=i010 -1008 10 S=jfb, by, byo
The active transmitted power can be simplified as

n n .
Py = Jz:lvivjyij 003(6i -9; —yij): ,Zzlvivjbij sm(di —5j)

The bus 1 is the swing bus, therefore, there is no need to find J; and V; (both are given).
The active transmitted power at bus 2 and bus 3 are needed and can be obtained as

Pr, = V,Viby,sin(3, — 3, )+ V,V,b,, sin(3, = 8, )+ V,V,b 3 sin(3, - 3;)
=10.5sin(3, )+10.5sin(5, - 5;)

Prs = V3Vyba sin(8; = 8,)+ V,V,ba, sin(0; — 3, ) + VVaba, sin(d; - 3, )
=10V, sin(3,)+10.5V,sin(3, - 5,)

Similarly, the reactive transmitted power can be simplified as

Power Systems — Basic Concepts and Applications - Part 1 Module 5 - Page 14
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n . n
)=l J=1

Because the voltage magnitude at bus 2 is known already, the equation involving Q, can be

eliminated. The reactive transmitted power at bus 3 can be obtained as follows
Qs = _[V3V1b31 c05(B5 — 8y ) + V3V, b, €05(35 — 8, )+ V;Vahg c0s(05 — 5 )]

—[10cos(3, ) +10.5V; cos(d, — 3, ) —19.98V2]

The system Jacobian Matrix can be expressed as
[(bP, oP, 0P, 0

25, 05, N,p
[J]:Dapza oP; 9P

5, 95, 0V, g

Qs 0Q; 0Q;p
@52 653 aV3 a
where
aPZ aPTZ
—< =—_2=10.5c0s(d, )+10.5V, cos(d, — I ),
35, 03, (.) s00s(0 =6s)
0P, = P, =-10.5V, 003(52 —53),
00, 3
P, _ Pr, =10.5sin(5, - 3;),
oV, oV,
6& = aP_T3 =-10.5V, cos(cS3 - 62),
a9, 9
Py _ Py,
73 =10cos(d, )+10.5V, cos(d., -9, ),
35, 03, ;) scos(és =2)
9Py _ 0P =10sin(3, ) +10.5sin(3, - 3, ),
& = Q13 =-10.5V, sin(c‘53 —62),
a9, )
an aQT3 i i
73— =10V, sin(d, )+10.5V,sin(d, - J, ),
23, 95, 3 ( 3) 3 ( 3 2)
and
0Q; _ 0Q+3
=<3 - 7=T38 - _10cos(d,)+10.5¢c0s(d, -, )-39.96V,| .
o0V; 0V, [ ( 3) ( ’ 2) 3]

Power Systems — Basic Concepts and Applications - Part 1
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With all the above equations, one should be able to start the iterative process. To start, one
needs to select the initial estimates, for instance, a “flat start” meaning all voltage angles to
be zero and all voltage magnitudes to be one.

1% iteration:
A flat start is selected, 69 =0, 85 =0 and Vj =1. With the initial estimates, the system
Jacobian matrix with numerical values can be obtained

021 -105 0 O

=315 205 oL

H O 0 19.46H
The inverse of the system Jacobian matrix
[10.064 0.0328 0 O

" =tb0328 00656 0 [

H 0 0  0.0514H

The equations for the active power and reactive power

Pi ==Pg; + P +Py

Qi = Qg +Qu; +Qq;
The active and reactive power at buses 2 and 3 for the iteration

P; ==Pg, +0+ Py, =-0.6661+0 = —0.6661
P; =—0+P_; +Py; = 2.8653+0 = 2.8653

Q3 =-0+Q; + Q% =1.2244-0.52 = 0.7044

Therefore,
EM;E EP%E [0.064 0.0328 0 [130.66610 [F0.0513radd] [-2.9393° [
05 =" cpi o= 100328 0.0656 0 2.8653 B= I-0.166rad D= D-0.51110 B
HV;H H:H B O 0  0.0514FH0.7044 § H-0.0362puf [ 0.0362puf

The new estimates for next iteration
32 =89 + A3 =0+ (-2.9393°) = -2.9393°
o1 =8) +Ad; =0+(-9.5111°) = -9.5111°

V3 =VJ + AV} =1+(-0.0362) = 0.9638pu

2" jteration:

Power Systems — Basic Concepts and Applications - Part 1 Module 5 - Page 16
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(1205396 -10.0534 12017
b?]=2 10053 195589 -2.85417
§1.1583 -2.7508 182199
[0.0651 0.0336 0.0010
2|t 0
b2]™ = .0336 0.0696 0.0087

0
[.0009 0.0084 0.0561H

P = —Pg, +0+P7, =-0.6661+0.6198 = -0.0463
P? =—0+P 5 +P{; = 2.8653-2.7508 = 0.1145

Q5 =-0+Q; +Q%; =1.2244-0.9993 = 0.2251

www.PDHonline.org

[AS;0  [0.0651 0.0336 0.001 [1+0.04630 [1—0.00106rad 0 [ —0.0606° ]

0, 50 T a0
52 0=-0.0336 0.0696 0.00870.1145 =

0.0 _

0.008372rad 0= 0

o |:|
0.4797 0

HWV;H  [.0009 00084 0.0561FH0.2251 § [-0.01355pu § F-0.01355puf

The new estimates for next iteration
522 = 5; +A522 =-2.9393°-0.0606° = 2.9999°
52 =83 +A6Z =-9.5111° - 0.4797° = -9.9908°

VZ =V} +AVZ =0.9638 + (- 0.01355) = 0.95025pu

3" jteration:

(1205396 -10.0534 12017
b?]=2 10053 195580 -2.85417
§1.1583 -2.7508 182199

[0.0651 0.0336 0.001 0O

b?]™ = fo.0336 0.0696 0.0087"

F9.0009 0.0084 0.0561F
P7 = ~Pg, +0+P7, =-0.6661+0.6198 = -0.0463
P? =—0+P 5 +P{; = 2.8653-2.7508 = 0.1145

Q5 =—-0+Q; +Q%; =1.2244-0.9993 = 0.2251

Power Systems — Basic Concepts and Applications - Part 1
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[AS20  [0.0651 0.0336 0.001 [1+0.046300 [—0.00106rad ] [ —0.0606° [

O o0 T el h ° D
2 = %).0336 0.0696 0.0087770.1145 5= =-0.008372rad 7= 5 ~0.4797° -

HV;H  [9.0009 00084 0.0561FH0.2251 § [H-0.01355pu § F0.01355puf]
The new estimates for next iteration

52 =83 + A2 =-2.9393° - 0.0606° = 2.9999°
52 =83 +A6Z =-9.5111° - 0.4797° = -9.9908°
VZ =Vj +AV2Z = 0.9638 + (- 0.01355) = 0.95025pu

If one performs one more iteration, the following may be obtained,

53 =2.9997°
53 =-9.9993°
V2 =0.95pu

Since these values are very close to the values from the previous iteration, one may stop the
iterative process. Therefore,

0, =2.9997°
05 =—9.9993°
V; =0.95pu

To find Pg;, Qg and Qg,, one needs to use the final values obtained on voltage angles and
magnitudes.

Pe1 =Py + Py =0+Pp =V V,by, Sin(‘ 52)"‘ ViVsby; Sin(‘ 53) =2.199
Qc1=Qu+Qn =0+Qq = _[V1V1b11 +V,V,b,, Cos(_ 52)"‘ ViVsby; COS(‘ 53) =0.1387

Qg =Q, +Q1, =0+Qq, = _[V2V1b21 C03(52 - 51)+ V,V, by, +V, Vb, C03(52 _53)]
=-1.6395

There is another important parameter for transmission planners to know, namely, the line
flows. After the bus voltage magnitudes and phase angles are obtained, one can calculate the
line flows, both active and reactive power, to see the loading conditions of the transmission lines.
To do that, one may recall the transmission line model between buses i and j, as shown in Figure
5-7. The complex transmitted power flowing from bus i to bus j measured at bus i can be
calculated as
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Fig. 5-7. Transmission line model between buses i and j.

Example 5-6: A 3-bus system, as shown in Figure 5-8, has two generators and one loads. The
transmissions are represented with only their series impedance as labeled in the figure. Find the

5,, 03, V,, Ps1, Qgyr Qgs and line flows S, and S,, .

S, =4+j2.5 £

V, =1.0500°

Z,, =0.02+ j0.04pu

Z,; =0.01%j0.03pu Z,3 =0.012570.025pu

Fig. 5-8. 3-bus system for Example 5-6.

Solution:
Before constructing the bus admittance, one should first obtain the line admittances.
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The line admittance between buses 1 and 2:

23

The bus admittance matrix can be obtained as follows:
020-j50 -10+j20 -10+j300 [53.8501-68.2° 22.36(1116.6° 31.62(1108.4° [
NME 10420 26-j52 -16+j320= 122.360116.6° 58.140-634° 35.780116.6°
B10+j30 -16+j32 26-j62 § [E31.6200108.4° 35.7800116.6° 67.230 —67.2°H

1% iteration:
With a flat start, 69 =0, 82 =0 and VJ =1, as the initial estimates, the system Jacobian
matrix with numerical values can be obtained

[154.265505 —33.272552 24.891259
b1 =D 33272552 66.086202  ~16.6616537
27174141 16661653  49.706749 F

The inverse of the system Jacobian matrix
[0.0231228 0.0134357 -0.00707540

o™ = 0136827 0.0220128 0.0004983 5
F9.0080546 0 0.0160846 H
Then,
émagg [0.0231228 0.0134357 —0.0070754[112.8585725 0 [3-0.0459671rad[]
10 il 0_0_ 0
;= %).0136827 0.0219128  0.0004933 7-1.38214027= ~0.008935rad
H\WV;H - [9.0080546 0 0.0160846 HH 0.220622 H H-0.0265732pu

Convert the radians to degrees, one can obtained the new estimates for next iteration
53 =39 +Ad} =0+(-2.63°)=-2.63°
31 =3J +Ad; =0+ (-0.512°) = -0.512°
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V; =V +AV; =1+(-0.0265732) = 0.9734267pu
If one performs one more iteration, the followings may be obtained
02 =8} + AS? = -2.63° —0.066° = —2.696°
52 =83+ Ad2 = -0.512° +0.0132° = —0.4988°
VZ =Vj + AVZ = 0.9734267 +(-0.0017467) = 0.97168pu
One may use these values to calculate Pg;, Qg;, Qgs and line flows S;, and S,,.
Pey = Py + Py =0+2.1905591 = 2.1905591pu
Qcy =Qy +Qqy =0+1.410112 =1.410112pu
Qes = Qs + Qs =0+1.4391429 =1.4391429pu

- o DV,-V,0 11.05-0.971680 - 2.696° 1
=Vil, =Vt 1.05000°
S =Vile =VigS 0 = = )H 0.0447213063.4° [
=1.794232 + j1.1862256
W, -V, 0 [0.9716801(- 2.696°)-1.051]
S,1 =V, =V, 52 0.9716801 - 2.696°
2a= ez T H = )H 0.04472130634° H

= -1.7112613 - 11.0166383

Please notice that a negative line flow indicates the transmitted power is flowing into the
bus while a positive line flow indicates the transmitted power is flowing out of the bus as defined
in Figure 5-2. For instance, the active power flow is flowing from bus 1 to bus 2. At its sending
end (bus 1), the active power is 1.794232pu while only 1.7112613pu of active power is received
at the receiving end (bus 2). The difference between these two numbers is the active power loss
of the line between buses 1 and 2.
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