EE3123 Introduction to

Electric Power Systems

Power Flow Analysis

Prof. CQ Jiang

Many thanks to Prof. Michael Tse
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Successful power system operation under normal
balanced three-phase steady-state conditions requires the
following:

1. Generation supplies the demand (load) plus losses.
2. Bus voltage magnitudes remain close to rated values.

3. Generators operate within specified real and reactive
power limits.

4. Transmission lines and transformers are not overloaded.

The power flow (sometimes also called the load flow) is the
basic tool for investigating these requirements. The power
flow determines the voltage magnitude and angle at each
bus in a power system under balanced three-phase steady-
state conditions.

It also computes real and reactive power flows for all
equipment interconnecting the buses, as well as equipment
losses.

Conventional nodal or loop analysis is not suitable for power
flow studies because the input data for loads are normally
given in terms of power, not impedance.

Also, generators are considered to be power sources, not
voltage or current sources. The power flow problem is
therefore formulated as a set of nonlinear algebraic
equations suitable for computer solution.



Power station

Substation

Powerline

Copper Development
o

cu Association In:
Copper Alliance

¥ e

G Transmission

Transmission line

Transformer

Home Commercial facility

Aims of power flow analysis

Power Flow Analysis is to find the power
distribution and delivery in a network

* To analyze load distribution

* To identify overloading points

 To facilitate planning of power generation
e To predict failure paths and fault impacts



Bus

Node 1 transmission link Node 2

* A “Bus is defined as th.e senerator X7 load
connecting node of various R +iX
. . V/8 LT IAL
components including a
generator, a load and Common node

transmission line.

Electrical circuit

* A generator supplies power to (complete with return path)
the bus while a load absorbs

power from the bus. -
A busis considered as a node in Bus 1 Bus 2
a power network and thus the
voltage is specified at each bus. P, Q
V,o

JX7
one-line diagram
(neglect return path and ground node)




* Three types of bus in power systems:

Load bus, generator bus and slack bus.

* Load bus (PQ bus) — Buses not having a generator

: * Real and reactive powers (P and Q) are specified
Basics for

* Bus voltage magnitude and phase angle (V and ¢)
will be calculated

p Owe r -ﬂ OW * Power supplied to the power system is positive
. * Power consumed from the system is negative.
analysis

e Generator bus (PV bus)

* Voltage and real power supplied are specified

Classification of Buses * Bus phase angle will be calculated during iteration
U’ {4 U * Reactive power will be calculated after the case’s
; solution is found

LOAD BUS Generator Bus Slack Bus




e Slack bus (swing bus) — Special generator bus

: i the reference bus for the power system.
Basics for erving s

* Voltage is fixed — both magnitude and

power flow phase.

* The bus supplies whatever real or reactive

dnd ‘yS |S power is necessary to balance the power
flow in the system.




—
V <\
* Voltage on a load bus (PQ bus) changes as
the load varies — P and Q are fixed, while V

(magnitude and angle) varies with load
conditions.

* Generators (@ PV buses) operate normally
with P and V being maintained constant.

 Slack bus generator varies P and Q to
balance complex power —V and angle
reference are fixed.




Power flow analysis

The analysis in normal steady-state operation is called a power flow study (load flow study)
and it aims at determining the Voltages (magnitudes and phases), Currents and Real and
Reactive Power Flows in a power system under specified generation and load conditions.

Minimal set of variables: V, §, P, Q

(other variables can be found from this set)

We know two variables of each bus (any 2 of V, 6, P, Q).
We find the other unknown variables.




Assumptions

Analysis

Generation supply = load demand + system losses.
Voltage magnitudes of buses remain close to rated values.
Generators operate within specified real and reactive power limits.

Transformers and transmission lines are not overloaded.

To represent the power system by a one-line diagram

To determine the impedance in terms of information in the
one-line diagram

To formulate network equations and power flow equation

To solve these equations.



Admittance
matrix:
4-node
example

Electrical circuit with 4 nodes
and one reference node.

1

V1

Z13

Admittance is defined as

1

Z

Z is the impedance, measured in ohms

il 2 = z 4
[ |
22 z 24
+ + +
V2_ V3— V4 \
0

10



Admittance
matrix: 4-node
example

To perform nodal
analysis, we convert to
current source driving.

But we can also interpret
the current source as
current injected into the
node. So, /, >0 if power
is supplied to node n.

Y13
I
1 Y12 2 Y23 3 v 4
— - -_l
11 (‘DY‘ 12(1)¥2 13 (T v 14 (‘D vé
: ! {

11



Admittance matrix: 4-node example

Consider bus 3:

|3 :V3Y3 + (V3 _V1)Y31 + (Vs _Vz )Y32 + (Vs _V4)Y34

N m+#£3 m#£3
Bus 3 | S— d
VA Y. =sum of all admittances
vl connected to bus 3
V2 shunt

admittance 13 — V3Y33 — g VmY3m
to bus m+£3



Admittance matrix: 4-node example

Y13

1

Y12
1 %\1 12

———
3

_ Repeat for all buses (just the usual NODAL ANALYSIS):
2

Y23 3 4

KX

0w

NOTE: Yiur = Yim

admittance connecting
nodes m and k

Y1 =Y+ Y2+ Yi3
Yoo = Y5 4+ Yo; + Yos
Y33 = Y34+ Y31 + Y30 4+ Y3y

Yigu =Yy + Yy

OR Yie =Yi+ > Yo

m#*k

I Yii. —Yi2 —Yi3 0
Io | | —=Ya1  Yas —Ya3 0
Is | | -Y31 —Y3 Y33 —Yiy
L | 0 0 -V Yy




Admittance matrix:

general case

Each node is a bus.

Bus g
Vq
VI’
Busr

Y

r

shunt
admittance
to bus

Busp

B L=ViYe+ ) Yim) = > Vil
m#k m#k

Admittance between
Admittance bus k and bus m
connected to bus k

14



Admittance matrix: general case

]1 Y11 v _Yln ] Vl

In —inl t Ynn Vn

Y. = sum of all admittances connecting to node k

Y, = Y =sum of all admittances connecting node k and node n



Admittance matrix: Y, .

The system matrix can be formed

I = YoV

where Y, . is the bus admittance matrix of order n x n;
V is the bus voltage vector;
| is the source current vector.

Bus voltages can also be solved as
L —1
V=Y -1

The bus voltages and currents can be used to calculate power flow.



Complex power

P =|V|-|Ilcos(6; — 6,)

V =V/Z0, Q = |V|-|I]sin(6; — 6;)
I =1/0-
1 6’2 Complex pow.er IS
T T T T T T S=P+ 350

S = [VI.II|Z(6; — 6y) = VI
S =VrI*



Power flow equations

The complex power at bus k:
Sk = Vil = Py + jQx

Sk = Vi z’”’: YoV | =Vie 3 Y Vi
L m=1 i

With the complex admittance, Y, . is represented by

where G, and B, are the real and imaginary parts of the admittance matrix
elementY, ,



Power flow equations

We can rewrite the complex power as Sy = Vi /0y Z (Gink + 7Bmk)" (Vin £00m)*

m=1

— Z Vkvml(ek — em)(Gmk — ]Bmk)

m=1

Using Euler relation, we have

Sy = Z ViV (cos(0r — Om) + 5 sin(0x — 0:0)) (G ok — jBumk)

P = Z Vka(ka COS(@k — Gm) + Bi, sin(@k — Qm))

Qk = Z Vka(ka Sin(é’k — Qm) — Bk‘m COS(@]C — Qm))



Solving the power flow equations

Suppose we have 100 buses.
We have 200 equations.

For each bus, if we know 2 variables, we have only 2 unknowns.

We have 200 equations, with 200 unknowns to solve.

P, = Z Vka(ka COS(Qk — Qm) + B, sin(é’k — Om))
m=1

Qk = Z Vka(ka sin(@k — Qm) — Bkm COS(H]C — Om))
m=1



Solving the power flow equations

We have 2n equations to solve for 2n unknowns.
- unknowns : V,, 8,, P,, Q,, etc.

The equations are nonlinear, containing products and sine/cosine of unknowns!
Need numerical methods:

* Gauss-Seidel method
 Newton-Raphson method

P, = Z Vka(ka COS(Qk — Qm) + B, sin(é’k — Om))
m=1

Qk = Z Vka(ka sin(@k — Qm) — Bkm COS(H]C — Om))
m=1



What is Gauss-Seidel method

1 Consider the following set of linear algebraic equations in matrix format:

An An o Ay A M1 Fm———————— ,

| |

Aw An o An || x ! |

-21 22 - 2N -2 _ }fz :> ; AX =y

. . . . I 1

: . : : L |
LAy Ayv o Apyd Lxy )y

where x and y are N vectors and Aiis an N x N square matrix. The components of X, y, and A may
be real or complex. Given A andy, the objective is to solve for x.

[ Iterative solutions: Gauss-Seidel

A general iterative solution to up equation proceeds as follows.
First select an initial guess x(0). Then use

x(i +1) = g[x(i)] i=0,1,2, ...
where X(i) is the ith guess and g is an N vector of functions that specify the iteration method.

Continue this procedure until the following stopping condition is satisfied, as
Xl + 1) — x ()

xk(l)

where X«(i) is the kth component of X(/) and € is a specified tolerance level.

< g forallk=1,2,.... N




What is Gauss-Seidel method

Ay A, e Ay X
A, A, e Agy X7
LAy Av 0 Ay Ly

—yN—

:> Vi = AuaXy + Apxy + o AR o Ay @

I
I
1 X = A—[h — (Apx; + + App—1X-1 T Agpr1 X T + Apvxy) ]
I kk :
: | k—1 !
B I
: A Vi — EAM‘ 2 Ay I
I kk n=1 n=k+1 |

where x and y are N vectors and Aiis an N x N square matrix. The components of X, y, and A may
be real or complex. Given A andy, the objective is to solve for x.

1 The Gauss-Seidel method is given by

|
|: EAMIYH(I + 1) o 2 A/\HYH(Z):|
Akk n=k+1

[ Give an initial value to x, and then use Gauss-Seidel to calculate x(i+1)

by iterations until fulfill

x (i + 1)

— x(7)

xk(i)

<eg forallk=1,2,.... N

23



What is Gauss-Seidel method

d Example  Solve

EnnilMEY

J Gauss-Seidel method: iterative solution to linear algebraic equations

kk

1 k—1
xl\(l + 1) - A_|: EAAMYM(I + 1 2 A/\n n 2:):|

n=k+1
ﬂ Starting with x:(0) =x:(0) =0, the solution is given in
_ 1 _ 1 _ the following table:
k=1 x(i+1)=5—[n = Ap] = 756 — 55,(0)]
& \ Gauss-Seidel

k=2 x(i+1)=

—A,x, i+ 1)]= —[’4 — 2x,(i + 1)] :> l 0 , )

Using this equation for x,(7 + 1), x,(i + 1) also can be written as

4 5 6

x(/) 0  0.60000 0.50000

0.48765 0.48752 0.48750
0.22497 0.22500 0.22500

| 5 x\1) 0 0.20000 0.22222
oli+1) =5 { i \Lm]]

24



What is Newton-Raphson method

1 A set of nonlinear algebraic equations in matrix format is given by

- /i(X)]
JA(x)

______________________

y == Eoz}r—f(x)i

______________________

f(x) =

]

where y and x are N vectors and f(x) is an N vector of functions. Given y and f(x), the objective is to solve for x.

Adding Dx to both sides, where D is a square N x N invertible matrix.

____________________________________

Dx =Dx +y — f(x) =) x =x + D'y — f(x)] =) x(i+1)=x()+ Dy - fIx®]}

One method for specifying D, called Newton-Raphson, is based on the following Taylor series expansion
of f(x) about an operating point Xo.

y=f(x0)-l—£ (X — Xx,) - ) X=X0+|:£

-1
y y } [y — f(x,)] Neglecting higher
X | x=x, X|x=x

order terms

25



What is Newton-Raphson method

 The Newton-Raphson method replaces x, by the old value x(i) and x by the new value x(i +1)

o of o
ax, Ox, Xy
of of o
T R L e
X | y—x(y : : :
o ot o
_axl dX, ‘?XN_ x=x(7)

The N x N matrix J(/), whose elements are the partial derivatives, is called the Jacobian matrix.



What is Newton-Raphson method

d Example: Newton-Raphson method - solution to nonlinear algebraic equations

Solve

[xl + xz} _

XX,

o] 0]

Use the Newton-Raphson method starting with the above x(0) and continue until it is satisfied with e=104.

Using Jacobian matrix with fi=(x:+ x:) and f>= xuwx

J(i) ' =

Cdh | 9]
ax; | dx,
of, | 9

| (’?).\'1 (9-\'2 ]

[-\'l(f + l)}
N+ 1)

[

¥, (1)
\o(d)

-1

x=x(i)

NE

1] 1

|

() | x,(0)

I

X

1(5) —1
\,(7) ]
(i) — x,(7)

_1_ () | —1
RN

x1(1) = xa(0)

IS = x,(0) = xy(0)
50 = xy(i)x2(i)

|

27



What is Newton-Raphson method

d Example: Newton-Raphson method - solution to nonlinear algebraic equations

Solve

X, + X, 15 4
2 — 0) =
B R PR

Use the Newton-Raphson method starting with the above x(0) and continue until it is satisfied with e=104.

Successive calculations of these equations are shown in the following table.

Writing the preceding as two separate equations, Newton-Raphson

X, (i + 1) = x,0) + (LS — x(0) — \2(3)] —.[50 — x;(0)x(7)] i 0 1 ) : 4
xq(0) — x5(0)
— 0O = xi() = %0)] + [50 = x1()x,()] x () 4 520000 499130 499998  5.00000

X0+ 1) = x,(i) + X, (1) 9 9.80000  10.00870 10.00002  10.00000

x1(0) = x,(0)

Newton-Raphson converges in four iterations for this example.

28



Practical Example

520 MW

Bus 3: generator

800 mva and load (inductive as QL3 = -0.4)

BUS INPUT DATA

degrees

Bus 1: swing bus Bus 5: load Bus 4: load T2
1 5 4 800 MVA
= T a5 Line 3 345/15 KV
O—O— 3617 e el 3 =
‘ 3¢ [V 50 mi U3¢ U
400 MVA A =L = “‘D"l A
15 kV \L‘lr' B52 B42 -.{.:Y F l
400 MVA
15/345 kV ~ _| 345KV 40 Mvar 80 MW
345 kV | 2 w| 200 mi
100 mi |= i
B21 [%j B22
Bus 2: load 2 Bus Type
(inductive 280 Mvar, laoo MW .
b 9 = 1 Swing
ecause Q2 = ) e
—2.8 pu) 3 Constant
voltage
Spase = 100 MVA, V, .. =15 kV at buses 1, 3 4 Load

and V,_... =345kV at buses 2, 4,5 5 Load

base

oo

29



Solving the power flow equations

Bus 1: swing bus Bus 5: load Bus 4: load T2
1 5 4 800 MVA
B1 | ¥ BE Line 3 - 345/15 kV s 520 MW  Bus 3: generator
O___D 3 E ' 345 kV =1 3 E g O and load (inductive as QL3 = —0.4)
| 3¢ L= 50 mi I
400 MVA —] h __.D_l A 800 MVA
15 kV = %-l- B52 B4?2 __l_:Y | l 156 kV Shunt cap to bus for
400 MVA ) pf enhancement
15/345 kV o~ _| 345KV 40 Mvar 80 MW /
345 kv | @ | 200 mi - LINE I3(AT»‘\ Maximum
100 mi |5 = ’ ’ G’ /BN MVA
821 822 Bus-to-Bus per unit per unit per unit per unit per unit
2-4 0.0090 0.100 0 172 12.0

. 2-5 0.0045 0.050 0 ' 0.88 | 12.0

Bus 2: load 4-5 0.00225 0.025 0 \ 044 12.0

(inductive 280 Mvar, 800 MW A

because Q2 = TRANSFORMER DATA  Maximum  Maximum

—2.8 pu) R X G, B, MVA TAP Setting

Bus-to-Bus perunit perunit perunit perunit per unit per unit
1-5 0.00150  0.02 0 0 6.0 o
3-4 0.00075  0.01 0 0 10.0 —

30



Practical Example

Bus 1: swing bus Bus 5: load Bus 4: load T2
- 5 800 MVA
345/15 kV
B1 | 3 & B51 é&*éeki’)/ B41 B3 LMW
O {] 3¢ (] s g_ﬂ O Bus 3: generator
‘ 800 Mmva and load (inductive as QL3 = -0.4)
400 MVA AYy =1 = ya
15 kV —  B52 B42 = 15 kV
400 MVA
15/345 kV ~ _ 345 kV 40 Mvar 80 MW
345 kV | 2 ©| 200 mi
100 mi | = 3 THE PFA PROBLEM: UNKNOWNS TO BE FOUND
B21 [;j B22 Bus Input Data Unknowns
1 V,=10,8,=0 P.. Gy
Bus 2: load 2 2 P,=Ps, —Py=—8 V,, 8,
(inductive 280 Mvar 800 MW Q,=0Qz— 0,=-28
_ 3 V3 = 1.05 03, 84
because Q2 = P, = Py, — Py = 4.4
_2.8 pU) P4=0, 0.4=0 V4,84

P5=0,0.5=0 V5,55

31



Practical Example

Ybus Yo1 = Yo3 =
(all in pu)
You = ! = ! — —0.89276 + j9.91964
2T Roy+ jXos  0.009+ 501 J o
Yos = ! — ! — —1.78552 + j19.83932
> 7 Ros + iX2s  0.0045 +50.05 J 2
1 1 B B
Yoo = ‘ 4 ' J D24 n J D25
Ros + 7X204  Ras + jXos 2 92
1 1 j1.72  j0.88
= —— + —— T —
Roy 4+ 3X24  Raos + 7Xo5 2 2
— 2.67828 — j28.459 — 1.78552 + j19.83932 etc.

Then, computer program with numerical methods is used to solve for the unknowns.



Simple example: 2-bus system

'Di 7 Qi
—
Po ’ Qo
source load or sink
v; = V340 v, = V, /0

Unknowns are PZ', Qi; PO, Qo

We need to set up 4 equations.
First we find all current (only one here) using I =Y, V.

This is trivial for this example: I = (V.= V,)/jX .
Then, we have the power flow equations as

S; =V, I”
So =V, I™

PFA solution
S; = V;}/O sin d + j VYZZ — V;}/O oS 5_
So = V;}/o sin(d) + j _V;}/o cos(d) — VYOZ
7
Qi = —V;z,/o cos 0 + VYZQ
P, = V;XO sin o
Q, = V;z,/o COos 0 — V702

33




That’s easy! But if the unknowns are @, 9, P,, Q),

4 equations, 4 unknowns _ .
Approximate solution:

P-—Vivosin@
Z X If 6 is small, we may write sin 6 = §, cos 6 = 1.
—%VOC@+V—; A% P.X
X X PZ% : 05 = 0= -
_%VOSiH@ X V.V,
ViV = V)

X
ViV VZ R
CRE s o
P, =F;

We need to solve for the unknowns. V (V' _V )
(0] 1 (0]
QO ~ X




SIMPLIFIED approach: DC power flow analysis

Assumption 1: P, = Z VieVin (B sin(0 — 01m))
The resistance in all connecting m=1
lines is much less than the o
reactance on the transmission Qr = Z VieVin(—Brm cos(0k — 0m))
lines, i.e., G, = 0, then we have m=1
P = m B m - VUm
Assumption 2: b mz_l VieVin (Biem (0 — Om))
The angle difference between bus n N
voltages is very small. /Qk — Z Vi Vi (—Bkm) Qi = b+ Y lbyl(|Vil
=1,k
m=1
: : 0
InQ,, V,(V,~V,) is retained = Q, = 0. n
Tn P, = V]g =01 — Qk))) + Z Vka<Bkm(9k —
Assumption 3: S =Ltk
Bus voltage is nearly 1 pu, i.e., n \\
voltages are similar in magnitude. = Z (Brm (0 — 01))

Focus on real power because P >> Q. m=1,m=k 1pu



SIMPLIFIED approach:
DC power flow analysis

Linear equations.

Solvable without using -
numerical methods.
P, = E (Brm (0x — 0m))
m=1,m#k

Because the equation is a linear equation with a form similar to that found in solving dc
resistive circuits, this technique is referred to as the dc power flow. However, in contrast to the
previous power flow algorithms, the dc power flow only gives an approximate solution with the
degree of approximation system dependent. Nevertheless, with the advent of power system
restructuring, the dc power flow has become a commonly used analysis technique.



Example

P,=2pu
P,=2pu g2~ <P
bus 1 _ bus 2
Y, =-)10
. Pe=1pu .
Y, =10 Y,;;=—j10 Yo3=—J10
Y.,=—J10
bus 4 4 bus 3
Pa= Lpu P, =4 pu

Solve this network using DC PFA without using numerical solution.

Assume the shunt admittance at all buses is zero, i.e., only line admittances are counted.



Example

n

P, = Z (Bem (0 — 01n))

m=1,m+*#k

Write down the power equation for each bus:
P1 = B12(01 — 02) + B13(01 — 03) + B14(01 — 04)
= (B12 + Bi3 + B14)01 — B30y — By303 — B4,
Py = —B2101 + (B21 + Bas + Bay )02 — Ba3flz — Bayb,
P3 = —B3101 — B3y + (B31 + B3z + Bsg)03 — B3sb,
Py = —By4101 — Bys0s — By303 + (Ba1 + Bz + Ba3)04

38



Solution

Py

P

Py —
_P4_ L

[ 2] [ 30
1|  |-10
—4| 7 [=10
1 |—10

Choose 8, = 0 as reference to reduce order.

0, | [ 20
65| = [—10
04| 0

—10
30
—10

0
—10
20

Ybus
—Bi2 —Bi3 —B14 | 01 |
Ba1 + Bas + By —Bo3 —Boy _ 0>
— B3 Bs1 + B3z + B3y — B3y 03
—Byo —By3 By + Baa + Bas | 04
—10] 0, 4 N
0 6 Using Pem = Brm(0k — 01)
—10 05 we get the power flow on each line as
20 - 94 P12 o 812(91 — 92) = (0.25 pP-u.

—1 r

[—0.025]
—0.15

P13 = 313(91 — 93) = 1.5 p-u.
P14y = B14(601 — 64) = 0.25 p.u.
P23 = B23(92 — 93) = 1.25 p-u.

—1.25 p.u.

—0.025)

P34 = Bs4(63 — 64)

)

39



General Procedure of DC PFA

DC power flow equation : [P] = [B][f]
Power flows through branches are represented as

. [Por| = ([0] x [A])[6]

[P]: n-dim vector of bus active power injections for buses 1, ..., n

[B]: n x n admittance matrix with R =0

[4]: n-dim vector of bus voltage angles for buses 1, ..., n

[P, ]: n-dim vector of branch flows (M is the number of branches)

[b]: M x M matrix (b,, is equal to the susceptance of line k and non-diagonal elements are zero)
[A]: M x n bus-branch incidence matrix

N\

describe the connection of buses



Example

Same 4-bus network:

bus 1 branch 2
branch 1 l branch 5
—
bus 4 EE branch 4
SOLUTION [Py, ] = ([b] x [A])[6

1

-

o O O O

(-
o <@

o O O

H | I
O O 5 O O

o5 O OO0

bus 2

lbranch 3

bus 3

o O O O

p—t
-

INCIDENCE MATRIX A
Br:

Bus: 1
1

1

A= 10
0

1

0 0
—1 0
1 -1
0 -1
0 —1

2

3 4

o B W DN -

0.25]
0.25
1.25
1.25

1.5

pu



Practical power flow diagram of power system

o Q"‘ SLACK3245
s - I

p—— ] 5 ]

L2 l 218 MW

54 Mvar

1.02 pu RAY345

A, L
(3590 229%
102pu_J o ivoas SLACK138 ‘2.
=r 1.01p - RAV13S ==
! {179%:; oA 1.03 pu
TIM138 S : s
By 13 Mvar
4 f 16.0 Mvar 18 MW
25 o 2 J'T"' 5 Mvar . 2 37 MW o
| ’ TIM69 10T PAIE9 _r 2% 13 Mvar
| 2 N %
23 MW \t L fee— T | 1.01 pu = GROSS69
{ 6 Mvar e b
N ’ B 1.01 pu WOLEN69
| MORO138 31%) HISKY69 ess H 7 Mvar I T
SN i = - ‘.
i @ Total System Losses: 11.51 MW —=f=i—4+smvar p =
5 Mvar 19 MW » 1.00 pu 5 27"
v S 1% PETE69 DEMAR69 (
1:00pu HANNAHE9 y 58 MW {3498
51 MW 40 Mvar 45 MW - N .
S [E 5 var '_% 12 Mva%- (299% y, boBes
29.0 Mva = N
-I—| F 14.3fMvar Uruces -99 pu 140EMW e
1000 -l—i& 12.8 Mvar L) 56 MW
als 0 : g 45 Mvar 13 M LYNN138
. 53% e/ o var e
X 4 e —I-I—\ ®
s ; Noee/
s 58 MW = 19 14 MW
0.997 pu 26 Mva 'l'—\ 5% 1.00 pi BLT138 Nl 4 Mvar
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