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LOAD FLOW STUDIES

3.1 REVIEW OF NUMERICAL SOLUTION OF EQUATIONS

The numerical analysis involving the solution of algebraic simultaneous equations forms
the basis for solution of the performance equations in computer aided electrical power
system analyses, such as during linear graph analysis, load flow analysis (nonlinear
equations), transient stability studies (differential equations), etc. Hence, it is necessary to
review the general forms of the various solution methods with respect to all forms of
equations, as under:

1. Solution Linear equations:

* Direct methods:

- Cramer" s (Determinant) Method,

- Gauss Elimination Method (only for smaller systems), - LU
Factorization (more preferred method), etc. Q/

* Jterative methods:
- Gauss Method

) ’(,
- Gauss-Siedel Method (for diagonally}bwf Sézyggs% &
3. Solution of Nonlinear equat@ <
Iterative methods only: N
- Gauss-Siedel Method (for smaller sysp@
- Newton-Raphson Method (if correcti or variables are small)

4. Solution of differential equations:
Iterative methods only:
- Euler and Modified Euler method,
- RK IV-order method,
- Milne® s predictor-corrector method, etc.

It is to be observed that the nonlinear and differential equations can be solved only by the
iterative methods. The iterative methods are characterized by the various performance
features as under:

_ Selection of initial solution/ estimates

_ Determination of fresh/ new estimates during each iteration

_ Selection of number of iterations as per tolerance limit

_ Time per iteration and total time of solution as per the solution method

selected _ Convergence and divergence criteria of the iterative solution _

Choice of the Acceleration factor of convergence, etc.



A comparison of the above solution methods is as under:

In general, the direct methods yield exact or accurate solutions. However, they are suited
for only the smaller systems, since otherwise, in large systems, the possible round-off
errors make the solution process inaccurate. The iterative methods are more useful when
the diagonal elements of the coefficient matrix are large in comparison with the off
diagonal elements. The round-off errors in these methods are corrected at the successive
steps of the iterative process.The Newton-Raphson method is very much useful for
solution of non —linear equations, if all the values of the corrections for the unknowns are
very small in magnitude and the initial values of unknowns are selected to be reasonably
closer to the exact solution.

3.2 LOAD FLOW STUDIES

Introduction: Load flow studies are ynpdstant in pla and designing future
expansion of power systems. The study gi tel %ions of the voltages at all

cady sfat
the buses, for a particular load conditiQu. Diffcre tegglgt;ate solutions can be obtained,
for different operating conditions, to Wni%é ign“and operation of the power
system. Generally, load flow studies ar imit%to the transmission system, which
involves bulk power transmission. The load uses is assumed to be known. Load
flow studies throw light on some of the i nt aspects of the system operation, such
as: violation of voltage magnitudes at_t uses, overloading of lines, overloading of
generators, stability margin reductio@dicaféd by power angle differences between
buses linked by a line, effect of contingéncies like line voltages, emergency shutdown of
generators, etc. Load flow studies are required for deciding the economic operation of the
power system. They are also required in transient stability studies. Hence, load flow
studies play a vital role in power system studies. Thus the load flow problem consists of
finding the power flows (real and reactive) and voltages of a network for given bus
conditions. At each bus, there are four quantities of interest to be known for further
analysis: the real and reactive power, the voltage magnitude and its phase angle. Because
of the nonlinearity of the algebraic equations, describing the given power system, their
solutions are obviously, based on the iterative methods only. The constraints placed on
the load flow solutions could be:
_ The Kirchhoff" s relations holding good,
_ Capability limits of reactive power sources,
_ Tap-setting range of tap-changing transformers,
_ Specified power interchange between interconnected systems,
_ Selection of initial values, acceleration factor, convergence limit, etc.



3.3 Classification of buses for LFA: Different types of buses are present based on
the specified and unspecified variables at a given bus as presented in the table below:

Table 1. Classification of buses for LFA

s ol Specificd | Unspecified
: Bus Ty pes ik P Remarks
Nk Variahles variahles
| Slack VI & Pe. O |V]. &: are assumed it nol
Swing Bus ! ik specified as 1.0 and 0°
Crenerator fenerator is present at the
2 _ v @ |
Machine! PV Bus G- | l Qg. 6 achine hus

3 | Load! PO Bus \q&
type
4 Vollagme P Q A is the % lap change
Controlied Bus G tap-changing transform

Importance of swing bus: The slack or g- bﬁs is usually a PV-bus with the largest
capacity generator of the given systei?nnected to it. The generator at the swing bus
supplies the power difference between the “specified power into the system at the other
buses” and the “total system output plus losses”. Thus swing bus is needed to supply the
additional real and reactive power to meet the losses. Both the magnitude and phase angle
of voltage are specified at the swing bus, or otherwise, they are assumed to be equal to 1.0
p-u. and 00 , as per flat-start procedure of iterative solutions. The real and reactive powers
at the swing bus are found by the computer routine as part of the load flow solution
process. It is to be noted that the source at the swing bus is a perfect one, called the swing
machine, or slack machine. It is voltage regulated, i.e., the magnitude of voltage fixed.
The phase angle is the system reference phase and hence is fixed. The generator at the
swing bus has a torque angle and excitation which vary or swing as the demand changes.
This variation is such as to produce fixed voltage.

Importance of YBUS based LFA:

The majority of load flow programs employ methods using the bus admittance matrix, as
this method is found to be more economical. The bus admittance matrix plays a very
important role in load flow analysis. It is a complex, square and symmetric matrix and

’(/ About 50% buses are of PO

ik
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hence only n(n+1)/2 elements of YBUS need to be stored for a n-bus system. Further, in
the YBUS matrix, Yij = 0, if an incident element is not present in the system connecting
the buses ,,i" and ,j“ . since in a large power system, each bus is connected only to a
fewer buses through an incident element, (about 6-8), the coefficient matrix, YBUS of
such systems would be highly sparse, i.e., it will have many zero valued elements in it.
This is defined by the sparsity of the matrix, as under:

P ntage sparsity of Tota] no, of zero valued elements o Ygos
ercentage sparsity of a

. . Lh
e T B Py = . S
amven IMakrx « !|-I'| orider: T':'I|H| no. of entries of TH.II'-T.

5 = (L x 100 %

The percentage sparsity of Ygys, in practice, could be as high as 80-90%, especially for very
large, practical power systems. This sparsity feature of YBUS is extensively used in
reducing the load flow calculations and in minimizing the memory required to store the
coefficient matrices. This is due to the fact that only the non-zero elements YBUS can be
stored during the computer based implementation of the mes, by adopting the
suitable optimal storage schemes. While Y&/ /S 1§,thus high tse, it s inverse, ZBUS,
the bus impedance matrix is not so. It FULL patkixMynl€ss the optimal bus ordering
schemes are followed before proceedin } ﬂo& ysis.

3.4 THE LOAD FLOW PROBLEM Q}% )

N

Here, the analysis is restricted to a ba ,Srﬁj[hree—phase power system, so that the
analysis can be carried out on a single basis. The per unit quantities are used for all
quantities. The first step in the analysis”is the formulation of suitable equations for the
power flows in the system. The power system is a large interconnected system, where
various buses are connected by transmission lines. At any bus, complex power is injected
into the bus by the generators and complex power is drawn by the loads. Of course at any
bus, either one of them may not be present. The power is transported from one bus to
other via the transmission lines. At any bus i, the complex power Si (injected), shown in
figure 1, 1s defined as

(1)



Si= Sai — Sy (2)

PrtjQ; PeitiQai

Fig.1 power flows at a bus-i

where Si = net complex power injected into bus i, SGi = complex power injected by the
generator at bus i, and SDi = complex pqweiNdrawn by th at bus i. According to
conservation of complex power, at any b 1. the, comp wer injected into the bus
must be equal to the sum of complex power fi %the bus via the transmission
Deve
P

lines. Hence,

Si= Sij"i=1,2, .. n Qf:{
(3) & N

where Sij is the sum over all lines co%( to the bus and 7 is the number of buses in

the system (excluding the ground). Th current injected at the bus-i is defined as

Li=IGi-IDi"i=1,2,........... n (4) where
IGi is the current injected by the generator at the bus and IDi is the current drawn by the
load (demand) at that bus. In the bus frame of reference

IBUS = YBUS VBUS
®)



where

lpis = | . is the vector of currents injected al the buses,

I,

Ynus is the bus admittance matrix. and

v,

Vv,

Vgus= | . | isthe vector of complex bus vollages.

v,

Equation (5) can be considered as

I,- = )Z-'}':’Vl xl 7 S %Q’

The complex power S; is given by

Si - Vi I: @c“) &

v ($nv)
\ J=1 /
Let VAWV|Z6, =V ]|(os 8, + jsin J,)

6,=0-5,

(6)

(7)



F"r = ‘:‘g + er.-‘.‘
Hence from {7} we get.

S = Z V| |'I.fJ lcos &, + jsin Jﬁj G, - _.r'H,r] (R)
i

separating real and imaginary parts in (8) we obtain,

P = l|1f’, |T-*'| (G, cosd, + B,sind, | (9
inl

- i V||V, G, sing, — B,cosd,) (101
Yt

An alternate form of P, and ©Q, can be obtained by representing Yy, also in polar form
s Y= |:r; Z8. (11

Apain, we get from (7),

5= Vi|£d, }’J| o - (12
iel
The real parl of (12) gives P,
(P \
>V
= |'.f;| i |F| |'|r'|| cos— (8, — &8 + ) o
f=1
k :i IL"rll |V.'||k.h'| cos{é), — g + 'f;.l ) Vi=l 2. 1, (13)
=l
Similarlv, Q, is imaginary part of (12) and is given by
0. - V| l|rj| V| sin— (8, =& +4) or
£y n (14)

0 ==Y V|V, |[t|sin®, - 6+8) wi=1
=1



Equations (9)-(10) and (13)-(14) are the ,,power flow equations” or the ,load flow
equations” in two alternative forms, corresponding to the n-bus system, where each bus-i
is characterized by four variables, Pi, Qi, |Vi|, and di. Thus a total of 4n variables are
involved in these equations. The load flow equations can be solved for any 2n unknowns,
if the other 2n variables are specified. This establishes the need for classification of buses
of the system for load flow analysis into: PV bus, PQ bus, etc.

3.4 DATA FOR LOAD FLOW

Irrespective of the method used for the solution, the data required is common for any load
flow. All data is normally in pu. The bus admittance matrix is formulated from these data.
The various data required are as under:

System data: It includes: number of buses-n, number of PV buses, number of loads,
number of transmission lines, number of transformers, number of shunt elements, the
slack bus number, voltage magnitude of slack bus (angle is generally taken as (o),
tolerance limit, base MV A, and maximum permissible number of iterations.

Generator bus data: For every PV bus i, the data required includes the bus number,
active power generation PGi, the specified voltage magnitude {6p; V , , minimum reactive
power limit Qi,min, and maximum reactiv o wenlimit Qi

Load data: For all loads the data requirc 2 ud&égé& thé bus number, active power
demand PDi, and the reactive power dema QDic:7 A

N
Transmission line data: For every transmi !‘Ql};lne connected between buses i and k the
data includes the starting bus number i,ing\bus number k,.resistance of the line,
reactance of the line and the half line d@ing admittance.

Transformer data:

For every transformer connected between buses i and k the data to be given includes: the
starting bus number 7, ending bus number £, resistance of the transformer, reactance of the
transformer, and the off nominal turns-ratio a.

Shunt element data: The data needed for the shunt element includes the bus number
where element is connected, and the shunt admittance (Gsh + j Bsh).

GAUSS - SEIDEL (GS) METHOD

The GS method is an iterative algorithm for solving non linear algebraic equations. An
initial solution vector is assumed, chosen from past experiences, statistical data or from
practical considerations. At every subsequent iteration, the solution is updated till
convergence is reached. The GS method applied to power flow problem is as discussed
below.



Case (a): Systems with PQ buses only:

Initially assume all buses to be PQ type buses, except the slack bus. This means that (n—1)
complex bus voltages have to be determined. For ease of programming, the slack bus is
generally numbered as bus-1. PV buses are numbered in sequence and PQ buses are
ordered next in sequence. This makes programming easier, compared to random ordering
of buses. Consider the expression for the complex power at bus-i, given from (7), as:

S=Vil Y ¥, ¥

el i y
I - L !
i

This can be writlen as

":r} V.
) i <
i J=1 \
S0 tha, \/ bié\el
Bl ¥y W Q? YS Vv,

i |. N ”

_ &
F_ & o Y
; - RNE
Rearranging the erms, we gel, 'Q "
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3T -
el

Equation (17) is an implicit equation since the unknown variable, appears on both sides of
the equation. Hence, it needs to be solved by an iterative technique. Starting from an
initial estimate of all bus voltages, in the RHS of (17) the most recent values of the bus
voltages is substituted. One iteration of the method involves computation of all the bus
voltages. In Gauss—Seidel method, the value of the updated voltages are used in the
computation of subsequent voltages in the same iteration, thus speeding up convergence.
Iterations are carried out till the magnitudes of all bus voltages do not change by more
than the tolerance value. Thus the algorithm for GS method is as under:

3.5 Algorithm for GS method

{16}

(17)



—

. Prepare data for the given system as required.

2. Formulate the bus admittance matrix YBUS. This is generally done by the rule of
inspection.

3. Assume initial voltages for all buses, 2,3,...n. In practical power systems, the
magnitude of the bus voltages is close to 1.0 p.u. Hence, the complex bus voltages at
all (n-1) buses

(except slack bus) are taken to be 1.00°. This is normally refered as the flat start solution.

4. Update the voltages. In any (k +1)st iteration, from (17) the voltages are given by

y l [, = . )v = r ri) ' - y 7 k) .
Vil et S Sy veh_ Sy Ve | vis23.n  (18)
/: ( ,l“(,') ,..| J '.fl J

Here note that when computation is carried out for bus-i, updated values are already
available for buses 2,3....(1-1) in the current (k+1)st iteration. Hence these values are
used. For buses (i+1).....n, values from previous, kth iteration are used.

s > géé/ 2:3,. (19)

|j|.-'u-. |Ir"r & +11 FI-“-I

Where,e is the tolerance value. Generally it 1 mary to use a value of 0.0001 pu.
Compute slack bus power after voltages h nverged using (15) [assuming bus 1 is
slack bus]. >

2

S;=P,—jQ, =V (20)

7. Compute all line flows.
8. The complex power loss in the line is given by Sik + Ski. The total loss in the system is
calculated by summing the loss over all the lines.

Case (b): Systems with PV buses also present:
At PV buses, the magnitude of voltage and not the reactive power is specified. Hence it is
needed to first make an estimate of Qi to be used in (18). From (15) we have



’

Qi=—Im <V, Z}’,}. V.|

<1
Where Im stands for the imaginary parl. At any (k+/ )" iteration, at the PV bus-i,
; it ’
Q'Ll h s 1"] {'v‘;’th l‘ Z):‘: ‘,r‘:u I 3 (V," \ '< Z)'n ‘,";“ :
f=1 J=i

The steps for i™ PV bus are as follows:

—

.Compute Q™" using (21)
2. Caleulate V; using (18) with Q, = Q%"

. Since

'
e

V.

has to be modificd and set to the specified value l\"i,,,| . Therefore,

‘fl:\ I . ‘;: ét,iu 1]
o ¢

The vollage computation [or PQ) b ‘

Case (c): Systems with PV buses with po neration limits specified:

In the previous algorithm if the Q limit at t Volt%controlled bus is violated during any
iteration, i.e (k +1) i Q computed using (2 Qgi 1er>less than Qi, min or greater than
Qi,max, it means that the voltage cannot } @in\ed at the specified value due to lack

of reactive power support. This bus is t ated as a PQ bus in the (k+1)st iteration and
the voltage is calculated with the valu i set as follows:

I Qn< Qi.min It Qi> Qi.max
Th'&‘ll (—\)l = (:):.mm. Then Ql = (;)I.lll;l.\.

If in the subsequent iteration, if Qi falls within the limits, then the bus can be switched
back to PV status.

Acceleration of convergence

It is found that in GS method of load flow, the number of iterations increase with increase
in the size of the system. The number of iterations required can be reduced if the
correction in voltage at each bus is accelerated, by multiplying with a constant a, called
the acceleration factor. In the (k+1)st iteration we can let

(21)

is specitied at the PV bus. the magnitude ol V, obtained in step 2



‘y’(f\ ”"afcelerafe d' — \".li' + Q “/‘ t+1) _ ‘/'51 ) ) (24)

where (is a real number. When =, the value of (k +1) is the computed value. If 1<<2s
then the value computed is extrapolated. Generally _ is taken between 1.2 to 1.6, for

GS load flow procedure. At PQ buses (pure load buses) if the voltage magnitude violates
the limit, it simply means that the specified reactive power demand cannot be supplied,
with the voltage maintained within acceptable limits.

3.6 Examples on GS load flow analysis:

Example-1: Obtain the voltage at bus 2 for the simple svstem shown in Fig 2, using
the Gauss—Seidel method, if V; = 1 20 pu.

SG1 1l s=}]1.0
) )
) LEJ

Qé; us+f1

zumu
Solution:

llere the capacitor at bus 2, injects @aum power of 1.0 pu, ‘The complex power

injection at bus 2 is ’Q

S1= 10— (054 ) 1.0y=—100L5 pu,
Vi=1z0"
, | =42 J2
Yaus=| 1o i |
'_.||I"' _JI"‘_l
L[ -g,
i
1""2 I: '''' : I-h| 1':|
:L_,l-: II

Since Vo is specified i 15 a constant through all the lerations, Let the imtial vollagze a

bus 2, V' = 1 +j0.0 =120 pu



AR '. {'”‘5 —(ijIA()")J

-2 120"

= 1.0 - j0.25 = 1.030776 £ - 14.036"

y —0.5 |
yr=_1 0> _____(j2x1.20°)
- 2] L030776£14.036 |
=0.94118-j0.23529 =0.970145 2 -14.03¢"
~0.5
ot _ —(j2x120°)
- j210.970145.£14.036
= (.9375 - 0.249999 =0.970261 £-14.931"
| s 2
Vi = l TN . & ,)
— j210.970261214.9 ‘IX
933612 - j 0.248963 = n‘7 Z-14931°
. s X
yi=t 4 (j2x120")
* T - j2] 0966237212 Ju

=0.933335-j0.25 =0.966237 £-14.995"

Since the difference in the voltage magnitudes is less than 10-6 pu, the iterations can be
stopped. To compute line flow



y o V= V, 120" - 0.966237 £ —14.995"
B j0.5

=0.517472 £-14.931"
S, =V,I,=1£0"%0.517472 £ 14.931°
= 0.5+ 0.133329 pu

_V, =V, 0966237 £ —14.995° —1.£0"
- j0.5

E;;

=0.517472 £ -194.93"
Sy =V.1,,=—05+j0.0pu

The total loss in the line is given by S12 010133 %\ Obviously, it is observed

that there is no real power loss, since the line has



Example-2:
For the power system shown in fig. below, with the data as given in tables below, obtain
the bus voltages at the end of first iteration, by applying GS method.

G

Power System of Example 2

Line data of example 2

B¢

SB

AR B I el

i

(e

Bus data of example 2

BusNo. | Fo | Qe | Po | Qo Vael | 5
(pu) | (pu) | (pu) | (pu) (pu)

| - - - - 1.02 | 0O°
2 - - 0.60 | 0.30 - -
3 1.0 - - - 1.04 | -
4 - - 0.40 | 0.10 - -
5 - - 0.60 | 0.20 = =




Solution: In this example, we have,
e Bus | isslack bus, Bus 2,4, 5 are PQ buses, and Bus 3 is PV bus
* The lines do not have hall line charging admillances

P> +jQ>=Pea + Qg2 — (Pp2 + jQp2) == 0.6 — j0.3



P34+ Qs =

Similarly Ps+ jQq4 =- 0,4 - jO.1,

\'hu) =

Pgs + jQas— (Pps + iQups) = 1.0+ iQu;
P+ jQs=-06-j0.2

The Yy formed by the aule of inspection is given by:

315685 | -0.58823 | 0.0+10.0 | 030215 | -1.17647

8.62744 | 4]2.35204 1 1.56862 | +j4.70588

058823 | 235203 | -1.17647 | -0.58823 | O.0+j0.0

+§2.35204 | -j9.41176 | +j4.70588 | +]2.35204

00400 | -1.17647 | 2.35294 | 00400 | -1.17647
+j4.70588 | -j9.41176 +j4. 70588

0.30215 | -0.58823 | (.0=j0.0 | 098038 | O.04j0.0

+ 136862 | +]2.35204 392156

L1767 | 00400 | 117647 | 00400 | 235294

+j4.70588 +i4. 70588 1941176

The voltages at all PQ buses are assumed to be equal to 1+j0.0 pu. The

voltage is taken (o be V' = 1LO2+§0.0 in all iterations.

A [R-iQ

Ve

l--—ﬂ()+ N3
T Y, | 10— 00

slack bus

—{(~1.17647 + j4.70588)x I. um&& o-sxz -;2.35294)x|.040“}]

= (98140 / =3.06605"

= (1.9799

0575

Bus 315 a PV bus. Hence, we must Ginsfealeulate Q4 This can be done as under:

Qi= V|V, (G, sind,,

+ ]v‘ "(G,.sind,, - B, cosd,)

We note that 6,

Sy =

B, cosd, |+

V| [V (G, siné,

=V, V|G, sind,

+ [V, V| (Goesindy — Bygcosdi)

=07 8:=-3.0665%

11 =830 = 835 = 0" (63 = & -

O ).

5;l=0°'. 0'4=0°

B, cosd,, )

B, cosd,)

and ds=10r
= 3.0665"

Q= LO4 1102 (0.04)0.0) + 09814 [=1.17647 x sini3.0665%) — 470588
XCos{ 30665114 L.O4]=9.41 176 xcos(0°) 4+ 1.0 (0.0 + j0.0]41.0{—4.70588xcos(0”1}]

V! L %_y V=¥, VI_Y V" -¥, Vn:

3
£

= .04 [—4.6735 + 978822 - 470388] = 04

25204 pu.



1 L0 j0.425204
T ¥, L04- 00

I 17647 - j470588)x (0.981402 30665

~ {[— 117647 + j4.T05588)= tif[}“}}]
= LO3509 23077 = 10541 + jO.05660 pu,
Since 1t 18 a PV bus, the voltage magnitude is adjusted to specified valoe and V) is

compuied as: ¥, = 1.04 £3.077"pu

¥ii p

|
?4-'5

0 = ji —{f

L0~ j0.0

V)= [ e T T '-—':‘]
[ ~0.39215 + 156862 ) 1.0220° |

(58823 4+ j2.35204 ) =i
- L)

%1402 =3, é;@;}]
52 i34 v
S o= odbnn Ay 'S{lqdwfn— 012149

= e B
(Y8038 - jA92156

P — 0,
1"}5': 1 'F FLE ]r,n 1‘_,:"_ . 1;|_@ A"F 'L,.'|

¥

55 | 1"}'5 0

ks
= B | T —{[—].I?I’:& j4.70588] 5 1.02.07 }
Yo | 10- j0.O '

117647 + ja70588) % 104250777}

(.994618 £ —1.56°= 1.994249 — j0.027

Thus at end of 1™ fleration, we have,

Vi=1L0220%pu Vi = 098140 £-3.006" pu

Vi= L4 £ 3.077" pu Va= 00357152 7.303" pu
and Vo= 01994614 2 —1.56" pu



Example-3:

Obtain the load flow solution at the end of first iteration of the system with data as given
below. The solution is to be obtained for the following cases

1) All buses except bus 1 are PQ Buses

(ii))  Bus 2 is a PV bus whose voltage magnitude is specified as 1.04 pu

(iii))  Bus 2 is PV bus, with voltage magnitude specified as 1.04 and 0.25_Q2_1.0 pu.

Table: Line data of @ 'nc?pk' 3

O X

SB | EB |
@n 1 (pu)
o5 | 0.15

0.10 | 0.30
0.15 | 0.45
0.10 | 0.30
0.05 | 0.15

LV O S
PP SR LSV RN (6

Table: Bus data of example 3

Bus No. P, Qi Vi
(pu) (pu)
1 = = 1.04 207
2 0.5 - 0.2 -
3 - 1.0 0.5 -
4 0.3 0.1




Solution: Note that the data is directly in terms of injected powers at the buses, The

bues admittance matrix is formed by inspection as under:

30§20 | 204560 | - 1L.0O+]3.0 ()

—204 6.0 | 3600 —j11.0 | 0666 + 2.0 | — 1.0+ j3.0

—10 4 30 | 0666 + §2.0 | 3666 —j11.0 | 2.0+ j6.0
i) 1.0 +j3.0 20460 | 30 9.0

¥ BLUE =

Casedi): All buses exeept bus 1 are PO Buses

Assume all initial voltases 1o ha 100 .{[]"' IE.
s P

r t F:- — .‘l‘:.:'.;'.l - il r & T
1'f:I - 1‘-_. = T.r';". = ‘EI FI. b F:.'- 1";' = ]'_'-1 i".;n

& - -




_ 1 05503 pown e i
. [1.0— o {(-2.0+ j6.0)x(1.0420° )}

—{~0.666 + j2.0)x (1.0£0° )} = {~1.0 + j3.0)x(1.020° ]
= 1.02014 £ 2.605°

l PB = jQ} a '
V)= - [ o -Y, V' -Y,V, =Y, Vj'J

1 [-1.0- j0.5 | n
=5 1 —{=1.0+ j3.0)% (1.04£0.0
Vo | 1.0- 0.0 ! B3.0)%( 3

- 0,666+ j2.0)x (1.0201422.605°)} - {(- 2.0+ j6.0)x (1.0.20 )}

= 1.03108Z 4.831°
V,'_ | IVR;‘J'Q.t_ \&‘d ‘I
- il [().3-.1‘)-1_ -'Q}&’N”X“ 0201422.605° )}

Yu v:‘
Y, | 1.0- j0.0

2.0+ j6.0)x(1.031082 -4.831")}|
= 1.02467 £ -051"

Hence
V! =1.04 20"pu V, = 1.02014 £ 2.605" pu

V! = 1.03108 £-4.831" pu V! = 1.02467 £ —0.51° pu



Caselii): Bus 2 is a PV bus whose voltage magnitude is specified as 1.04 pu
We first compute Q.
Q:= |V, ||V,| (G, sind,, - B, cosd,, )+ V,|(G,,sind,, - B,, cosd,, )

+ V, (G, sind,, — Bycos 8, )+ V| (Goosin Sy, — By, cosd,, )|

=1.04 [1.04 {-6.0} + 1.04 {1 L.O}+1.0[- 2.0} + 1.0 [-3.0}= 0.208 pu.

V! = }’l '""? ;3;?8 ~ =20+ jo.0)x(1.0420° )}

—{~0.666 + j2.0)x (1.020° )} - {-1.0 + j3.0)x(1.020" )}
= 1.051288 + j0.033883
The voltage magnitude is adjusigd to 1.04, Hemee V. = 1.04 2 1.846°

- . ‘
-1.0- j0.5
V! = I 1.0 j?.- 3 {(—I.H + j3 S&o 00
| 5 1.0 £0 )
.
{( 0.666 - j2. le (1 ()44{%@#&2 r»} {(— 2.0+ j6.0)x (l 0.4()")}]
= 1.035587 £ - 4.951° pu
1 0.3+ 0.1 ) : =
v! = —1=1.0+ j3.0)x(1.04.£1.846°

{20+ j6.0)x(1.0355872  4.9519)}]
=(.9985 2 0.178°
Hence at end of 1% iteration we have:
V= 1.04 20"pu V=104 £1.846" pu

V. =1.035587 £—4.951" pu V) =0.9985 £-0.178" pu



Case (iii):Bus 2 is PV bus, with voltage magnitude specified as 1.04 & 0.25Q,<1 pu.
If 0.25 < Q; < 1.0 pu then the computed value of Q; = 0.208 is less than the lower
limit. Hence, Q7 1s set equal (0 0.25 pu. Terations are carried oul with this value of Q..
The voltage magnitude at bus 2 can no longer be maintained at 1.04. Hence, there is
no necessity 1o adjust for the voltage magnitude, Proceeding as before we obtain at
the end of first iteration,

vV, =104 JH"'pu V; = 1.05645 / I.R-J»‘)“]?u

Vi = 1038346 £—4.933" pu V) = 1081446 £ 4.896" pu
Limitations of GS load flow analysis

GS method is very useful for very small systems. It is easily adoptable, it can be

generalized and it is very efficient for systems having less number of buses. However, GS

LFA fails to converge in systems with one or more of the featurgs as under:

* Systems having large number of radial liggs @

* Systems with short and long lines terminating on'she agi’gﬁ

* Systems having negative values of tragsicr adi tﬁ% e
&

GS method successfully converges in the)%b, cevof the above problems. However,
convergence also depends on various oth: of\factors such as: selection of slack bus,
initial solution, acceleration factor, t e 1i~rflit, level of accuracy of results needed,
type and quality of computer/ software used, etc.

* Systems with heavily loaded lines, etc.
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NEWTON -RAPHSON METHOD

Newton-Raphson (NR) method is used to solve a sysiem of nonlinear algebraic
equations of the form [ x} =0, Consider a set of # non-linear algebraic equations given
by

S (% Xgene X, ] =0 I=E2..n (25)

Lets,, n, x”, be the initial guess of unknown variables  and

Av Ax" . Ax,” be the respective corrections. Therefore,

Ll +A " x +AG" xS = A ") =0 F=1905n (26)

The above equation can be expanded using Taylor's senes to give

F b o e I I Ax,’ l-lf—-l.-&\: g IFE -f»'j%i-];h";l

\dh )
= 2
v @].-......n (27)
<

+ Higher order terms = 0

P a .'ll a 0 Y ar o ‘
Whem.l ,f' | [ .f’ T e | . Ta%.\lives of f; with respect
| dx, | | o ¢
&

[0 X, Xpenneect, TESPECHively, evaluated at (x, . x (..Q..x"" 1. 11 the higher order terms
‘\

are neglecied, then (27) can be writlen in ny m as
N
: 3

p 0 o P
EANEA Ly
£97 Lax, | | : AN WL
oL PR IR PR % <l D
2 () (] .. (] [
A 41!', ) \ lll'_, J \ th‘n J
- ) ) L ) : =) (28)
o | . ’ . . A- 0O
Vs 'f., i ldf o, |
F) . ' : A\ a.“, s
.
In vector form (28) can be writlen as
f"a+Jl':3X"=ﬂ
Or F'l=—1"AX"
Or AX"=—J"1'F" (29)

And X=Xy AXY (30)



Here, the matrix [J] is called the Jacobian matrix. The vector of unknown variables is
updated using (30). The process is continued till the difference between two successive
iterations is less than the tolerance value.



NR method for load flow solution in polar coordinates
In application of the NR method, we have to first bring the equations to be solved, 1o

the form f,ix,.x,..x, ) =0, where x.x,..x, are the unknown variables to be
determined. Let us assume that the power system has n, PV buses and »n, PQ buses.
In polar coordinates the unknown variables (o be determined are:

(Da. . the angle of the complex bus voltage at bus i, at all the PV and PQ buses. This
gives us n) +n, unknown variables lo be delermined.

(ii)|V,|. the voltage magnitude of bus ¢, at all the PQ buses. This gives us n, unknown
viriables (o be determined.

Therefore, the total number of unknown variables to be computed is:#, +2n,, for
which we need n, + 2n, consistent equations to be sulvcd The equations are given
by,

AP, =P —P, ;=0 %QI (31)

AQ:' = Qv’_',u -Qv,.d =0 (32)

Where Pw, — Specified active \dl"bug i
\
Q. .. = Specified m@m power at bus i
P, = Calculated value of active power using voltage estimates.

Q. ... — Calculated value of reactive power using voltage estimates
AP = Active power residue
AQ = Reactive power residue
The real power is specified at all the PV and PQ buses, Hence (31) is 1o be solved at
all PV and PQ buses leading to n, = n, equations. Similarly the reactive power is

specified at all the PQ buses. Ilence, (32) is to be solved at all PQ buses Jeading to »,

equations.



We thus have n, +2n, equations to be solved for », +2»n, unknowns. (31) and (32)
arc of the form F(x) = 0. Thus NR method can be applied to solve them. Equations

(31 and (32) can be wrilten in the form ol (30 as;

AP [4, 7,] Aé _
= (33)
AQ Jy J,] AV

Where J,. 7,00, are the negated partial derivatives of AP and AQ with respect
to corresponding @ and V. The negated partial derivative of AP | is same as the partial

derivative of Pea, since Py is a constant. The various computations involved are

discussed in detail next.

Computation of P, and Q_,:

The real and reactive powers can be computed from the load [Tow equations as:

Porw=FP= i|v,||v‘ |(Gu cosd, = B, sing, ) Qj
[ 2 |
: \ 2
—~ Gn IV. E { ZIV'IV‘. (Gg Cla~ L.‘:_, t L): l % e (34)
k-l hs
L <

Qa=Q = ilvu IVA I(Gn sind, - B, C&%%\ v
0

=-B,V " +pr(o -8, cos 8, ) (35)

Awl
L2

The powers are computed at any (r = 17 iteration by using the voltages available from

previous iteration. The clements of the Jacobian are tound using the above equations

aANT

Elements of J,

%Ef— = i|V,||V‘ {G, (- sind, )+ B, cosd, |
‘ el
bal

= -Q.’ h Bul‘/olz

ar
2o,

=V VG € sind 0 11 B, (cosd 0 1)



Elements of Ja

] w .
’f Z| Vo fiti, cosdy + B sind, )= B =G|y
v

el __h

g :-n lr-li
A4,

|7, cosd, = B, s d, |
Flenw: nls af J

l.r|_ + B, sind, = £ 4|V, i

]I"’ |

ar
EA
Elemenis of Jy

P

e

.mf.,'!:l V, | =|"".-2|F1 |[E;1 E ol

i,

1-|—|'r" |'i |f[.- cosd, + 8, sind, |

2y ___|||r"g +"~ |i,-’[L [iG, sind, — B, cosd, =0 -'r|

J:-.

ot A
AQ (ML)

The elements are summarited helow:

-

i), - P-——g —By|

Al y 4
(i) H, = - ] =, [, —bye, =V, |V |G, sind; — 8, cosdy )
1

k

AP
iy =]

alv |

Vi =& v, v[

tiv) vy = |'|-" |_& & +h f =Y il-’ i, cosd, = B sind |

"-'Ffl

"=E= i
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ALGORITHM FOR NR METHOD
IN POLAR COORDINATES

I. Formulate the Yaus

2. Assume initial voltages as follows:

V,=V,, £0° (atall PV buses)
V. =120° (al all PQ buses)
3 AU(r+ 1) tteration, caleutate £ at all the PV and PQ buses and '™ at all the

PQ buses, using voltages from previous iteration, V."', The formulae 10 be used are

Pow = B = GV + 3 VIV.|(Gi o8, = By sind, )
ot
Qe =0i= —BNV[ + D V|Vl sin

Awi

4. Calculate the power mismatches (potve éoae
., ‘\
AR =B =P " @ BV and p@w \
' ) = Q,__;p —Quﬂ (a' PQ hi@

5. Calculate the Jacobian [ J“'| using V""" and its elements spread over H, N. M. 1.

sub- matrices using the relations derived as in (36).

6. Compute

Aot s
I‘\ ]ll:'| |J. ll ‘TAP
’A W
M .

7. Update the variables as follows:
S =8 + A8 (at all buses)
W'Ih . IH"-AVI"'

8. Goto step 3 and iterate till the power mismatches are within acceptable tolerance.



DECOUPLED LOAD FLOW

In the NR method. the inverse of the Jacobian has to be computed at every iteration.
When solving large interconnected power systems, alternative solution methods are
possible, taking into account certain observations made of practical systems, These

are,

e Change in voltage magnitude |V‘| al o bus primarily alfects the How ol reactive

power Q in the lines and leaves the meal power P unchanged. This observation
90,
v,

of the sub-matrix [NV]. which contains terms that are partial derivatives of real

: dP . .
is much larger than ', . Hence, in the Jicobian, the elements

implies that = |
it

power with respect to voltage magnitudes can be made RQ,

r&:&egts the real power flow P
cnohﬁmg&l This observation implies

P 0, "
that 7 1s much farger than .5, Hen the Jacobian the elements of the sub-
40, do, O

, ¥ - s | :
matrix [M]. which contains lcm’@'zu are partial derivatives of reuctive power

wilh respect o voltage phase angles can be made zero,

These observations reduce the NRLF linearised form of equation to

; - Ad |
sl Mo 0] Av| (37)
AQ 0 L W;

From (37) it is obvious that the voltage angle corrections Ad are obtained using real
power restdues AP and the voltage magnitude corrections ]AV| are obtained from
reactive power residues AQ. This equation can be solved through two alternate

stralegies as under:






Strategy-1
(i} Calculate AP AQ " aml J'™

Ad"! - -
(iiy  Compute | * "'I -[J"'}" Ap,,..J
L

(iii) Update & and |V .

11V) Go 1o step (i and iteraie Gl convergence is reached.

Strategy-2
(i} Compute APV and Sub-matnix H . From (37) lind Ad"' = IH "'r'AP"'
(it) Update & using 8" = 8" = A5,

(i) Use 877 o caleulate AQ™ and £

.-f\l\x"l (2] a0
lt-'i"l =\ A

(v)Update. |V =) +|AV'"

(iv) Compute

<
Q&
(vi) Go to step (1) and iterate tll convergence™rs 1 gy ¢
N\
&
: N\

In the first strategy. the variables are sol "L@I%ﬂﬂlmuu\l}'. [n the second strategy the
iteration is conducted by first solvln& Ad and using updated values of &
calculate AIV . Hence. the second strategy results a faster convergence, compared to

the first stratepy.
FAST DECOUPLED LOAD FLOW

If the ccefficient matrices are constant, the need to vpdate the Jacobian at every
iteration is eliminated. This has resulted in development of fast decoupled load Flow
(FDLF). Here. certamn assumptions are made based on the observations of practical

power .\_Yh'l‘.‘lll\' as umler:

o B, »»Gy (Since the X/

p raio of ransmission lines is high in well designed

syslems)



¢ The voltage angle difference (6, -6 ,} between two buses in the system is very
small. This means cos (c), -d, )= 1and <in(_<)',. -0, J=0.0

¢ 0 == B;,IV, 2

With these assumptions the elements of the Jacobian become

H, =L, -—|V,|]V~. B, (i k)

Hy =l = -V

The matrix (37) reduces to

[aP]-[v|v |B; Jas]
B, [ivl— (38)

Where B, and B, arc negative ofue S cccpmncc??fspmtive elements of the

lagl=[v.|v,

bus admittance matrix, In (38) i wWagi e ' HS by [V,| and assume |V, =1,
Q 4

we gel, '

AP ]

i

(AQ] AV

s[5 AV (39)

V| "1V ]

Equations (39) constitite the Fast Decoupled load tlow equations. Further
simplification is possible by:
e Omitting effect of phase shifting transformers
e Setting ol nominal tums ratio of transtormers o 1.0
* In forming B . omilting the effect of shunt reactors and capacitors which
mainly alfect reactive power

e lgnoring series resistance ol lines in forming the Y.



With these assumptions we obtain a loss-less network, In the FDOLF method, the
MHELINICS S [.{1!’] and [H"] ate constants and need to be inverted only once at the

beoinning of the ierations.
REPRESENTATION OF TAT CHANGING TRANSFORMERS

Consider a tap changing tansformer represented by its admittance connected in series

with an ideal autotransformer as shown Ca= terms ratio of fransfonmer)

| n:l

Fig. 2. Equivalent cir@uit oRa tap s;@g{mnsfm'nmr
o 4

BQQ,,‘\ . '@

Fig. 2 a-Eguivalent ciccoit of Fig 2 alwoy e,

By equating the bus currents in both the mutually equivalent circuits as above, it can
be shown that the T equivalent circuit paramelers are given by the expressions as
Lenider:

(i) Fixed tap setting transformers (on no Lo

A=Ypgla

B=1/ailfu-1) ¥y

o= 1-Ta) Yy



(i) Tap changing under load (TCUL) transformers (on load)
A=Ypq

B=(lla Iil/a+ | - Eq/Ep) Ypq

C=(1-1/a) (Ep/Eq) Ypyg

Thus, here, in the case of TCUL transtormers, the shunt admittance values are

observed 10 be a tunction of the bus vollages,

COMPARISON OF LOAD FLOW METHODS

The companson ol the methods should ake into account the computing time required
for preparation of data in proper format and data processing. programming ease.
storage requirements. computation ume per iteration, number of iterations, ease and
ume required for modifying network data when operating conditions change. etc.

Since all the methods presented are n tl

bus frame of q;’reme in admittance form,

the data preparation is sume For all th& o ids .md | S admitance matrix can be

formed using a simple algorithm, by 1he 1L ﬁ cuon Due to simplicity of the

equations, Gauss-Seidel method is e i I(x\prnq:rlm Prograrnming of NR
method is more involved and becomes n n{nplu.al;d il the buses are randomly

numbered. It is casier to program. if \( buses arc ordered in sequence and PQ

3 N
buses are also ordered in scqucuch >

The storage requirements are more 1or the NR miethod, since the Jacobian clements
have to be stored. The memory is Turther increased for NR methed using rectangular
coordinates, The storage requirement can be drastically reduced by using sparse
matrix technigues. since both the admittance matrix and the Jacobian are sparse
matrices, The time taken for a single iteration depends on the number of arithmetic
and logical operations required 1o be performaed in a full teration. The Gauss =Seidel
method requires the fewest number of operations to complete iteration. In the NR
method. the computation o1 the Jacobian is necessary in every iteration. Further. the
mnverse of the Jacobian also has to be computed. Hence. the time per iteration 1s larger
than in the GS method and is roughly about 7 times that of the GS method, in large

svstems, as depicted graphically in figure below, Computation time can be reduced if



the Jacobiun is updated once in two or three flerations. In FDLF method. the Jacobian
is constant and needs to be computed only once. In both ME and FDLF methods, the

lime per iteration increases directly as the number ol buses.

Time nnits

&
al
4] NR_~~
_a
_._.-I"
f-"f;
5 el
— o
o
_4—'_'_'_'_.-
I L I
0 40 ‘~ 120 buses
Figure 4. Time por lrovaty i%nd NE methods
»>
4
The number of iterations is delermine - l]p converszence Characteristic of he

RN
convergence characlerishic as compared 1o

method The GS method exhibils a |
the NR method which has o qua i.:-f@l?'u.':.:rg-’.:nr:-r.-- Henee, the GS method meguires
more number of iterations to get a fonverged solution as compared to the NR method.
In the G5 method. the number of iterations increases directly as the size of the system
increnses, In conttast, the nwmber ol ilerations is relatively constant in NR and FDLE
methods. Thev require aboul 5-% ilerations for convergence in large syvslems, A
significant increase an rale of convergence can be obtained i the GS method GF an
acceleration factor is vsed. All these variations are shown graphically in figure below,
The number of iterations also depends on the required accuracy of the solution
Gemerally, a voltage tolerance of O puis ased 1o oblain acceptable accuracy and
the real power mismatch and reactive power mismatch can be taken as 0.001 pu. Due
o these reasons. the NR method is faster and more reliable for large systems. The
copvergence of DL method is geomeiric and its speed is nearly 4-5 times that of
ME mcthod.



Time units

A
6L
40| GS
20
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~ »g'
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i<
i
O

Figure 5, Tn@ﬁlﬁe of Iteration in
GS and NR methods



No. of iterations
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1200
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*‘Jﬂ- ¥
o
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] |
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> x@

Figure 6. Influence {@vwh:rulum lactor
N\
on Inq@\g& methods

In this chapter, the load flow problem, also called as the power flow problem, has been
considered in detail. The load flow solution gives the complex voltages at all the buses
and the complex power flows in the lines. Though, algorithms are available using the
impedance form of the equations, the sparsity of the bus admittance matrix and the ease
of building the bus admittance matrix, have made algorithms using the admittance form
of equations more popular. The most popular methods are the Gauss-Seidel method, the
Newton-Raphson method and the Fast Decoupled Load Flow method. These methods
have been discussed in detail with illustrative examples. In smaller systems, the ease of
programming and the memory requirements, make GS method attractive. However, the
computation time increases with increase in the size of the system. Hence, in large
systems NR and FDLF methods are more popular. There is a trade off between various
requirements like speed, storage, reliability, computation time, convergence
characteristics etc. No single method has all the desirable features. However, NR method
is most popular because of its versatility, reliability and accuracy.

FINAL WORD



UNIT-3&4

1. Using generalized algorithm expressions for each case of analysis,
explain the load flow studies procedure, as per the G-S method for
power system having PQ and PV buses, with reactive power
generations constraints.

2. Derive the expression in polar form for the typical diagonal
elements of the sub matrices of the Jacobian in NR method of load
flow analysis.

3. Compare NR and GS method for load flow analysis procedure in
respect of the following i) Time per iteration ii) total solution time
iii) acceleration factor iv)number of iterations

4. Explain briefly fast decoupled load flow solution method for solving
the non linear load flow equations.

5. Draw the flow chart of NR #uctived for Ioa&@ analysis.

6. Explain the representation of ir, s@{ggr with fixed tap changing
during the load flow studies o

7. What are the assumptions %{%a in‘fast decoupled load flow
method? Explain the aIgoritIﬂQ} iefly, through a flow chart.

8. Explain the NR load ﬂg&@efgb&d? Explain the algorithm briefly,
through a flow chart. "N\

9. What is load flow analysis? What is the data required to conduct
load flow analysis? Explain how buses are classified to carry out
load flow analysis in power system. What is the significance of slack
bus.

10.The following is the system data for a load flow analysis. The line
data are shown and also real and reactive powers data is given.
Determine the voltage at the end of first iteration using GS
method. Take a=1.6
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Module-3

ECONOMIC OPEARATION OF POWER SYSTEM

5.1 INTRODUCTION

One of the earliest applications of on-line centralized control was to provide a central
facility, to operate economically, several generating plants supplying the loads of the
system. Modern integrated systems have different types of generating plants, such as coal
fired thermal plants, hydel plants, nuclear plants, oil and natural gas units etc. The capital
investment, operation and maintenance costs are different for different types of plants. The
operation economics can again be subdivided into two parts.

1) Problem of economic dispatch, which deals with determining the power output of
each plant to meet the specified load, such that the overall fuel cost is minimized.
i1) Problem of optimal power flow, which deals with minimum — loss delivery, where

in the power flow, is optimized to minimize losses in the system. In this chapter we
consider the problem of economic dispatch.

During operation of the plant, a generator may be in one of the following states: 1)

Base supply without regulation: the output is a constant.

ii) Base supply with regulation: out*  Dower is re%l based on system load. iii)

Automatic non-economic regulation: ¢ Hev ggm s around a base setting as area
control error changes. iv) Automati onofmig régulation: output level is adjusted, with
the area load and area control error, Wiiiljerfrac economic setting.

i@fs:)q contribution to the economic operation,
even though its output is changed fo ent reasons. The factors influencing the cost of
generation are the generator effjei ,,fuel cost and transmission losses. The most
efficient generator may not give ™inimum cost, since it may be located in a place where
fuel cost is high. Further, if the plant is located far from the load centers, transmission
losses may be high and running the plant may become uneconomical. The economic
dispatch problem basically determines the generation of different plants to minimize total
operating cost.

Regardless of the units operating stat

Modern generating plants like nuclear plants, geo-thermal plants etc, may require capital
investment of millions of rupees. The economic dispatch is however determined in terms
of fuel cost per unit power generated and does not include capital investment,
maintenance, depreciation, start-up and shut down costs etc.
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5.2 PERFORMANCE CURVES

INPUT-OUTPUT CURVE

This is the fundamental curve for a thermal plant and is a plot of the input in British
thermal units (Btu) per hour versus the power output of the plant in MW as shown in Figl.

Biu / hr (Input)

— (output) MW
Fig 1: |l'\"~. - m]tput@rﬂ:-

HEAT RATE CURVE &
The heat rate is the ratio of fuel inpitJn Btu t y output in KWh. It is the slope of the

input — output curve at any point. The rec] 1 of ‘heat — rate is called fuel —efficiency.
The heat rate curve is a plot of heat rat&/éws output in MW. A typical plot is shown in

e
£
E
£
o
-
o
L]
=
.
{output) MW

Fig .2 Heat rate curve.
INCREMENTAL FUEL RATE CURVE

Department of EEE, ATME College of Engineering, Mysuru



The incremental fuel rate is equal to a small change in input divided by the corresponding
change in output.

Alnpui
AQuipui

Incremental fuel rate =

The unit is again Btu / KWh. A plot of incremental fuel rate versus the output is shown in
Fig 3

A

lncremental fuel rate

Ir T}l%
Fig 3: IIILM[%%\ rate curve

Py
Incremental cost curve & N
N

The incremental cost is the produ;@:rmﬁental fuel rate and fuel cost (Rs/Btuor $/
Btu). The curve in shown in Fig. 4.%he unit of the incremental fuel cost is Rs / MWh or $

/MWh.
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>

approximate linsar cost

actual cost

Fis / Mwhr ——

>

(output) MW —
Fig 4: Incremental cost curve

In general, the fuel cost Fi for a plant, is approximated as a quadratic function of the
generated output PGi.

Fi=ai+biPg +ciPs Rs/h

The incremental fuel cost is given by &,

2

oo=bi+26 P R
LI
&‘Zz

The incremental fuel cost is a m Qof..how costly it will be produce an increment of
power. The incremental productidg ‘cost, is made up of incremental fuel cost plus the
incremental cost of labour, water, maintenance etc. which can be taken to be some
percentage of the incremental fuel cost, instead of resorting to a rigorous mathematical
model. The cost curve can be approximated by a linear curve. While there is negligible
operating cost for a hydel plant, there is a limitation on the power output possible. In any
plant, all units normally operate between PGmin, the minimum loading limit, below which
it 1s technically infeasible to operate a unit and PGmax, which is the maximum output
limit.

3.3 ECONOMIC GENERATION SCHEDULING NEGLECTING LOSSES AND
GENERATOR LIMITS

The simplest case of economic dispatch is the case when transmission losses are neglected.
The model does not consider the system configuration or line impedances. Since losses are
neglected, the total generation is equal to the total demand PD. Consider a system with ng
number of generating plants supplying the total demand PD. If Fi is the cost of plant i in
Rs/h, the mathematical formulation of the problem of economic scheduling can be stated
as follows:
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Minimize Fr=YSF

Such tha 2P =P

where Fr = total cost
Pgi = generation ol plant 1.
Pp = total demand.

This is a constrained optimization problem, which can be solved by Lagrange™ s method

LAGRANGE METHOD FOR SOLUTION OF ECONOMIC SCHEDULE
The problem is restated below:

Minimize F- = %’7
Siich that g&&
< r_!

The angmented cosl Ium%&g{ﬂ'ﬂ: n by
. -
LY TE€=Fp+ Y B, —D Py
i—|

=0

(Jl

The tinimiien 15 Ghtaned whe

—E'L——u wod OE =
= F S o)A
el £ | o 3 0
| Jf‘e » ) F::,'.-
S ES )
i:-.'..-:.. o) Pl’l T E f-ll' - ke 0

The second equation is simply the original constraint of the problem. The cost of a plant
Fi depends only on its own output PGi, hence
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OF, OF _ dF

oP, OP, dP,

Using the above,

We can write

b| + j{:| Pr.'i — ;}h i_—.- l ------- Ilf

The above equation is called the co-ordination equation. Simply stated, for economic
generation scheduling to meet a particular load demand, when transmission losses are
neglected and generation limits are not imposed, all plants must operate at equal
incremental production costs, subject to the constraint that the total generation be equal to
the demand. From we have
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We know in a loss less system

Substituting (8.16) we gel

An analytical solution of 4 is obtained from (8.17) as

\> &;’\,& ‘335
%& 0\\ | - 5 |
&QX A0

Qo
»Q\

It can be seen that 1 is dependent on the demand and the coefficients of the cost function.

Example 1.
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The fuel costs of two units are given by
Fi=15+20Pg +0.1 Pe™ Rwh

Fa=1.9+30Pg:+ 0.0 P’ Ryh
Pai, Pea are in MW Find the oplimal schedule peglecting fosses, when the depsiml s
200 MW,

Solution:

P/
—_— 02y s/ MWhH
dp,, =

dF,
ar,

NL02IF., Rs/MWh

Py =y + 0, =200 MW
For economic schedstle
l.'!: -'ff‘;
AP, dF.,

M 442 Py =30+ 0.2 (200 - Pey)

Selving we get, Po = 125 MW
Poy=T5 MW

Example 2
The fuel cost in $¢ h for two 800 MW pihgis pgiven % & ‘
Fy =400 + 6.0 Py + 0,004 Pg,”
Fa= 5004 b P 4 ¢ P &Q’ 20
where Py, Poo are in MW 0 N
ta1 The incremental cost of puw@& 58{;' MWh when toal demand 15 S5OMW.
Determine opramal eencration sehedule reglecting lnsses.
by The incrersenial cost of power is SIOSMWH when towd depsnd 15 1300 MW,
Determine optimal schedule neglecting losses.

(e From Capand ooy find the coeflicients by and ca.

Solution:
a) ” Ay L 3060
. 2, Dxning

=250 MW

P, =P, - P, = 350250 =300 MW

Department of EEE, ATME College of Engineering, Mysuru



» e
Py =2= 1070 500 Mw
20, 2x0.004

P =P, — P, =1300—500= 800 MW

C) P =
= 2
; s 8.0—b,
From (a) 300 = :
¥
Ll
. 100 = ],
From (b) )= ——
20
Solving we get by=06.8
¢ = 0.002
5.4 ECONOMIC SCHEDULE TN C1,UDIN N GENERATOR(NEGLECTING
LOSSES) .
b&n value dependent on the rating of the

The power output of any generator hass maxi
generator. It also has a minimum limit %y\stable boiler operation. The economic
dispatch problem now is to schedule on to minimize cost, subject to the equality

constraint. 0 N

ZPGe'zpﬂ

=l
and the inequality constraint

¥ » ) Limin
Pai jmimy = Py = Pt'.-.-:m-.u'-:,l 3 Gl IRt Ny

The procedure followed is same as before i.e. the plants are operated with equal
incremental fuel costs, till their limits are not violated. As soon as a plant reaches the limit
(maximum or minimum) its output is fixed at that point and is maintained a constant. The
other plants are operated at equal incremental costs.

Example 3
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Incremental fuel costs in $ / MWh for two units are given below:

iF, .
— L~ 0,018, +2.0 $/MWh
“rPG|

K o 0012P, 41657 MWh

iG>

The limits on the plants are Py, = 20 MW, P = 125 MW, Obtain the optimal schedule
il the load varies frrom 50 - 250 MW,

Solution:
The incremental fuel costs of the two plants are evaluated at their lower limits and upper

limits of generation.
Al_Pgiminn=20 MW,
ar,

i)™ —;_’" 0.01x 20420 = 228/ MWh
“4im
Momin) — 9, =0.012x 20+ 1.6 = 1.84 S/ MWh
N difg2
AL Pg g =125 Mw I <

Ay =001 X 125 +2.0=3_

<
.l\% . Qv

Now at light loads unit 1 has a higher i rgﬂan’tai cost and hence will operate at its lower
limit of 20 MW. Initially, additio load>is taken up by unit 2, till such time its
incremental fuel cost becomes eq@o 2:2$ / MWh at PG2 = 50 MW. Beyond this, the
two units are operated with equal ificremental fuel costs. The contribution of each unit to
meet the demand is obtained by assuming different values of I; When 1 = 3.1 $ / MWh,
unit 2 operates at its upper limit. Further loads are taken up by unit 1. The computations
are show in Table

Mrmy = 012X 125 4 1.6 = 3.
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Tauble Mant eatpul and outpul of the two unils

ol dF, CPlant & Pu) Pos Plant Qutput
“.Pm ; o - $/MWh MW MW BV
SMW FATWD

. 1.t .96 2T 30 el
2.2 2 22 " S Tl
24 2.4 24 40 6.y L1 %
16 L i 2.6 N 833 143.3
2R 2R 2R B 106D I &0
3.0 RAE 3.0 1 1167 2107
KR KA Al [ 110 125% 235

For a particular value of 1, PG1 and PG2 are calculated using (8.16). Fig 8.5 Shows plot of
each unit output versus the total plant output.

Figd%: =xampliz S5 4
140

129 Q/ _
\ 9 g
109 + & " 2 i

F1 P2 M

80 0 X .
p S
--“k.'. .
653 .
/ *'.'
40 ¥
- 51

-+ . - +-— P2
20 + 1 1

S0 100 150 200 230

sutput MW

For any particular load, the schedule for each unit for economic dispatch can be obtained.
Example 4.

In example 3, what is the saving in fuel cost for the economic schedule compared to the
case where the load is shared equally. The load is 180 MW.
Solution:
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From Table it is seen that for a load of 180 MW, the economic schedule is PG1 = 80 MW
and PG2 = 100 MW. When load is shared equally PGl = PG2 = 90 MW. Hence, the
generation of unit 1 increases from 80 MW to 90 MW and that of unit 2 decreases from
100 MW to 90 MW, when the load is shared equally. There is an increase in cost of unit 1
since PG1 increases and decrease in cost of unit 2 since PG2 decreases.

AP,

Increase in cost of unit |

*( dF,
J. dPy

RO

= [(0.01P,, + 2.0MP;, - 2855/h

bl

9l v
s dl, P
Decrease in cost of unit 2 = | P Al
ot “Faa )
<90
= |(0.0128,, +1.6)dP,;, =-2745%/h
I:n
Total increase m cost il load is shared equally =28.5-27.4=1.15/h

Hence the saving in fuel cost i<¥

h {\;;{Qﬁnatcd economic schedule is used.
De> o

3.5 ECONOMIC DISPATCH INCLU,@G 'RANSMISSION LOSSES
AN

When transmission distances are 1 Q‘nq,ﬁansmission losses are a significant part of the
generation and have to be considé&n the generation schedule for economic operation.
The mathematical formulation is now stated as
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Minimize F.=3F,

Such That ZPG.- =P+ P,

where Py is the total loss.
The Lagrange function is now written as

f n,
 pa

£=F, A:ZP‘.. Pu PI I—O

The minimum point is obtained when

gt = oF, —Z'fl— oh l.|=()' i=1....0
db,  OF | dPg ) ‘ L
&

Y i > P —P,+F =0  (Same as the constraint)
A =

JF, iF,
Singce Lt (S.EWnbewrinen as
G &%
X
) G O
S
’w\
dfy | 1=0F,
I;-}"Jl_ll'
The term +Pi$ called the penalty factor of plant §, L, The coordination
] L
;‘]Pi'ni

equations neluding losses are given by

i
A= ;FI Lot
H

The minimum operation cost is obtained when the product of the incremental fuel cost and

the penalty factor of all units is the same, when losses are considered. A rigorous general
expression for the loss PL is given by
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I)L = 2-m -‘-;:x l'(jm B:ml l)Un T 2-:n l,bn Bnu + Buu

where Bmn, Bno , Boo called loss — coefficients , depend on the load composition. The
assumption here is that the load varies linearly between maximum and minimum values. A
simpler expression is

P[.: Em E-n Pl_‘rm an Ff'm

The expression assumes that all load currents vary together as a constant complex fraction
of the total load current. Experiences with large systems has shown that the loss of
accuracy is not significant if this approximation is used. An average set of loss coefficients
may be used over the complete daily cycle in the coordination of incremental production
costs and incremental transmission losses. In general, Bmn = Bnm and can be expanded
for a two plant system as

Py = By Poi + 2 Bya Poi Pz + Bas Paa®

<
N2
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Example 5

A generator is supplying a load. An incremental change in load of 4 MW requires
generation to be increased by 6 MW. The incremental cost at the plant bus is Rs 30 /MWh.

What is the incremental cost at the receiving end?

Solution:
1F
it S Ty
¥
d; il
af
an
s APy = MW
,/_ G -\‘- . " |_oad
|
Al = BMW AP = AMW

Fig : One line diagram of example 3

APL = AP APp =

'

A at receiving end is givep b

dfy, (Aly _ 30x2 = 45 ¥s L20Wh ©
dF, AR, 4 &, Ny <
.'me 1— L"LFL |

a=

v= 435 Rs/ MWh

L=
o | ka
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Example 6

In a system with two plants, the incremental Tuel costs are given by

iF

“ 1 Z001P, +20 Rs/ MWh
de

Ay o 0.015P.. +22.5 Rs/ MWh
(IP" N

L

The system is running under optimal schedule with Pgy = Pgz =

dF, op,
I —==0.2, find the plant penalty factors and—

P, dbg,
Solutionn:

For economic schedule.

IF
St L, =A4: 1., = - i
ol JF

TF'or plant 2_ Pgy = 100 MW

S (0.01S=<100 4 22.5

3%
Solving, A =30Rs /M Q/ “
I; = ! =1.25 0 ».\\

el o
2

L, —A > (0.01x100+20) Ly = 30

Ly,=1.42%

- 1
T ' AP,
C}F.L_!I
=Y
g L o seayemia SN
o chf o P,

a5
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Example 7

A two bus system is shown in Fig. 8.8 17 100 MW is transmitted from plant 1 1o the load,
a loss of 10 MW 1s mcurred, System incremental cost is Rs 30/ MWh. Find Pgy, P, and

power received by load ir

IE _ 0mp, +160 Rs I MWh
dFy,
AEy _004P,, +20.0 Rs/ MWh
l’l)(-,} )
— " <« P,
Load
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5.6 DERIVATION OF TRANSMISSION LOSS FORMULA

An accurate method of obtaining general loss coefficients has been presented by Kron. The
method is elaborate and a simpler approach is possible by making the following
assumptions:

(i) All load currents have same phase angle with respect to a common reference (ii)

The ratio X / R is the same for all the network branches.

Consider the simple case of two generating plants connected to an arbitrary number of
loads through a transmission network as shown in Fig a

Fig Two plants connected to o number of loads through a ransmission nebwaork

Let’s assume that the tolal load is supplied by only generator | as shown in Fig 8.9, Let

the current throwgh a branch K in the network be Ty, We define
Iy
¥ Kl
Ny =
!F-
It is & bz noted that Iy = 1y in this case. Similarly with only plant 2 supplving the load

current Ip, as shown in Fig 5.4, we deline
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Mur and Nga are called current disiibunon factors and thesr valuzs depend on the
impeilianees of the lines and the network connection, They are independent of [, When
Both generators are supplying the load, then by prnciple of supeposition

Ik = My ot + Mgz loa
where g, Inx are the currents supplied by plants | and 2 respectively, to meet the

demand Iy Becavse of the assumptions made, Ly and Ip bave same phase angle, as do

Iin and Ipe Theretore, the curient distribunon Taciors are real rather than complex. Leat
Lo =T 20, and I, =|I|<o,.

where o, and o, ame phase angles o L aml b with respect o g common elennce. We

con write

|f¢|: £ ["""':.-ulfr.-ul"-"-“‘“'-’u + N e, g IV | Fa|sine, + 8 | siner, |

-

. o kosta, st ]t N, J_.:|'[|:|:|1a:3.:5': b sin® o, |

2w “|rm

'|:| |f,__| |-:"'-

coser, N T cosa, + N T, |r.1'|1 ::I'I."'-’h_.lﬂ',‘._. !-i'illﬂ'_.]

'r-t:'.'! "4 ENJ:I '."'-J. 1 !IL;[I-:.':EED"E‘T: -|::|"_.,]

r P
Muw |Im|—,__# ||r|d|f”. o
3V, cosg «5 ¥, oo,
alpts o pz%nl plant 2: ¥, Vs ane the

ling o line bas voltages of the planss and o

where Py, Pgo are three phase real PK -

factor angles.

T N
where the summation s faken over p@iNWnehes of the metwork and Ry is the branch
N
resistancs, Substituting we aet Q e
f Lo o AR P cosler
i 5 . l"".n- f a_p = lhll.:"l”ﬂ:'“ﬁ
|'i.-r |.l|_ll:|3-;;|: | v J'l-"r cosg cosd, T

P .
.h"—1 'l -._R-
Vo[ e, I ; it

P = Py By + 2Py Py By, = Ty By,

———— > N Ry
1-"'||' oo Ful i T

w b H,=
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L(\\.(Gl a,

B, = ) N NiaR
' IV Cos g, Cos g, z’ kil
Bn-\ =+Z NA'\:R’;

V.| (cose, Y3
The loss — coefficients are called the B — coefticients and have unit MW .

For & general system with o plants the transmission loss is expressed as

2

F (53] x 2 F G . :

*(cosp, ) 5 V,|2 (coso, ¥ F

FonPi, LO\{G -0, )
NN Ry
Z, |v IV |m<¢)"m<¢) Z s,

o

In a compact form

A= ZZP«@B»J’@

nlegl

t-os(crr o )Q/z
| ® NeeN x.,Rz
- c% . F

% cmhc load cycle by computing them at

B — Coellicients can be treated

average operaling conditions, withou et loss of accuracy.

\
Example 8 0 .

?
Calculate the loss cocfricicmstu and MW ' on a base of SOMVA for the network of

Fig below, Comesponding data is given below.

I,=1.2-70.4pu Z,=0.02 4 70.08 pu
Iy =0.4-j0.2 pu 75 =008 + j 0.32 pu
le=08-70.1 pu Ze =002 4 JO.08 pu
Li=08-j02pu Zy=003+j0.12pu
L=12-j03pu Z:=003+;0.12pu
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| 2
.'f::i I ‘ s J h L i ."/;2
'\__F/‘I —s — - L
= L 1y L =
1: 1.'.
il l Iy e 1 I

l Lakad 1 l favad 2

Fiz : Example 2
Safuthien:
Total load current
o= lg+ le=20-j05=2061 £-14.03%4
Iy = lg=0H- 02 = 08290 £-14.03" 4

i:m.— i: LA —1d =dLb

I L

11{@& ribution is shown in Fig a.

i B Kﬂ 1[r\ E*— G —
T 'Q'O \K ls =10

i | 4041 e | 4061

I penerator 1, supplies the load then 1=

/)

Lavacd 1 Faovaid 2
T T

Fig a: Generator | supplying the total load

/ /
Ny = 2= L0 Ny =2 =06; Noy =0 Ny =04 N, =06

Similarly the current distribution when only generator 2 supplies the lead is shown in Fig
b,
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1Y i) 4 |

Gl | (G2
ST Fer B =
04 1 I s
I
d | 4040, ¢ |dosn,

1 Luad 1 l Load 2

Fig b Genecator 2 suppiving the fotal load

Nz =0; Npa = -4 Nz = L0 Nya = hdi Nz = 0.6
From Fig 8.1, V)= Ve + 2l

LA L2 = Oy 02+ §0L0R)
LG 78" = 1056 + | RS po.

Vo= ""'.r\-'l - ih En B g J|' I.‘

1O 07 (04 025008 [ 035 108 01002 + §0.08)
= (928 — | 008 = 93 210" pu,

2

Current Phase aogeles ‘

o =angle of =l = tan

&

X y 2\
e, =angle of I,(=T_}=tan '| -u_t:l .Q%)J“ N
L 4.8, | IS
cosler, o, )= 098 K; N h
Dower Tuctor ungles 0 ’)\
4 =478 118 43—23.21".cu:.-:.*,@f." '

gy =743 =3 10" = 403" cos g, = 0,098

N, R . . .
2N Ry _ L0002 06 08 1 047 02 067w

N

IV, *{cosd, I (Loa )y ju.oa0f

= (LAGTY pu
| :

= {1677 '_E] ~ 0 F54 107 MW
3

f_.'mlu‘.-_l—ﬁ.,'_:' T:"-' N .ﬁ:
b L LT ]

Bia = V| V- leose, Keos o, b
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“Troe)o u;]:;ﬂgug}{u 42) [ 0,42 0,62 0,08 + 0,4 0.4 20,03 + 0,630,65 0,03]

= - 0.003E9 pu
— 00078 x 107 MW

1

L Nia Ry
By==t—i
# IVE|-{EU.‘=-|;-?;]

= (L4 7008 4+ 1.07 0,02 + 0.4 2 0.03 + 0.6 x0.03
(0.03) (s )

= 0.056pu = 0112 107 MW Q/

%Q/

7

O
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POWER SYSTEM CONTROL

INTRODUCTION:

The preceding chapters were devoted to problems associated with the selection of

a normal operating state for the power system and optimum scheduling of generation.
The present chapter deals with the continuous control of active and reactive power in
order to keep the system in steady state. The power system being dynamic, the demand
continuously deviates from its normal value. This leads to a small change in the state of
the system. The automatic control should act in a closed loop manner, to detect these
changes and initiate actions to eliminate the deviations. Briefly stated, the control strategy
should be designed to deliver power to an interconnected system economicaly and

reliably, while maintaining the voltage and frequency within the permissible limits.

Changes in real power mainly affect the system frequency and changesin reactive
power mainly depend on changes in voltage magnitude and.are relatively less sensitive to

changes in frequency. Thus, rea and %-ctie powers @ controlled separately. The

Automatic Load Frequency Contrﬂ. s e real power and the Automatic

The two controls, aong with the generat rime mover are shown in Fig.1. Unlike

Voltage Regulator (AVR) regulates the & |tude and hence the reactive power.
the AVR, ALFC is not a single Ioo ast primary loop responds to the frequency
changes and regul ates the steam ( flow viathe speed governor and control valvesto
match the active power output with that of the load. The time period here is a few

seconds. The frequency is controlled via control of the active power.

A slower secondary loop maintains fine frequency adjustment to maintain proper
active power exchange with other interconnected networks via tie-lines. This loop does
not respond to fast load changes but instead focuses on changes, which lead to frequency

drifting over several minutes.



Inlet
steam/
Wwater

Frequency
sensor

ﬂPG’ ﬂQ{,

Voltage
s€nsor

5@ FC and AVR

Since the AVR loop is much faster than the ALFC loop, the AVR dynamics settle
down before they affect the ALFC control loop. Hence, cross-coupling between the
controls can be neglected. With the growth of large interconnected systems, ALFC has
gained importance in recent times. This chapter presents an introduction to power system

controls.

AUTOMATIC LOAD FREQUENCY CONTROL:
The functions of the ALFC are to maintain steady frequency, control tie-line

power exchange and divide the load between the generators. The tie-line power deviation
is given by AP;e and the change in frequency Af, is measured by A9, the change in the

rotor angle &. The error signals Af and APy are amplified, mixed and transformed to a



real power signal, which controls the valve position to generate a command signal AP,,.
AP, is sent to the prime mover to initiate change in its torque. The prime mover changes
the generator output by AP¢ , so as to bring Af and AP;e within acceptable limits. The
next step in the analysisisto build the mathematical model for the ALFC.

Generator Modd:

We can apply the swing equation to a small perturbation to obtain the linearized

equation.
2H d?Ad
W = AP, — AP,

Expressing speed deviation in pu, can be written as

dAw
—=— AP, — AP
dt  2H (&Pm o

Taking the Laplace Transform of we get

1
AW(S) =——— (APp(S) — AP ()& > Q/
2Hs %

L oad Modd:
The details of load modellng ar |ﬁ chapter 11. In general, the loads are
composite. Resistive loads such as ng and heating loads are independent of

frequency. However, in case of elé&p} motors the power is dependent on frequency. We
can arrive at acomposite frequency dependent load characteristic given by
APe = AP + DA®

where AP_ = non frequency sensitive load change

D = Load damping constant

DAw = frequency sensitive load change

The damping constant is expressed as percent change in load for one percent
change in frequency. A value of D = 1.2 means a change in frequency by 1% causes the
load to change by 1.2%.



Turbine Moddl:

The prime mover for the generator is the turbine, which is mostly a steam turbine

or ahydro turbine. In the simplified model, the turbine can be represented by afirst order,
single time constant transfer function given by

AP, (s 1
Gr (S): AR, 8 B 1+t.s

where APy = Change in valve output
t + =turbinetime constant

t + variesfrom 0.2 — 2 secs. The exact value of t 1, depends on the type of turbine.

Governor Modd:

If the electrical load on the generator suddenly increases, the output electrical
power exceeds the input mechanical power. The difference is supplied by the kinetic
energy stored in the system. The reduction in the kinetic energy causes the turbine speed

and frequency to fall. The turbine govey or ts to thi e in speed, and adjusts the

turbine input valve/gate to change m cag@ﬁ( output to match the increased
power demand and bring the frequ ts %&y state value. Such a governor which
brings back the frequency to its nominal s.caled as isochronous governor. The

essential elements of a conventional g@hﬂr gystem areshown in Fig

N E_ fl Ower ‘Q To governor-

c.onllml led
( valves
\1 ‘TqJ }Rdl\& i S T

___I\——r’l e ‘—-_._h__(lij__xxx
Speed changer ! ‘ 11 To close

T To open

Hydraulic

@ ! amplifier
; ‘5 {ﬁiﬂn()r i FJ # ’

Fig Conventional gover nor

The mgjor parts are



(i) Speed Governor: This consists of centrifugal flyballs driven directly or
through gears by the turbine shaft, to provide upward and downward
vertical movements proportional to the change in speed.

(i) Linkage mechanism: This transforms the flyball movement to the turbine
valve through a hydraulic amplifier and provides a feed back from turbine
valve movement.

(i)  Hydraulic amplifiers: These transform the governor movements into
high power forces via several stages of hydraulic amplifiers to build
mechanical forces large enough to operate the steam valves or water gates.

(iv)  Speed changer: This consists of a servomotor which is used to schedule
the load at nominal frequency. By adjusting its set point, a desired load
dispatch can be schedul ed.

An isochronous governor works satisfactorily only when a generator is supplying

an isolated load, or when only one generator is required t@pond to changein load in
a multi generator system. For propm\ . sharin&m@ween a number of generators

connected to the system, the goveiiors arc 1 permit the speed to drop as the
load is increased. This provides M —;&ﬁﬂ characteristic a droop as shown in
Fig. The speed regulation R is given by t@pe of'the speed — output characteristic.

&%

Governor % speed regulation is defined as

Wi = Wg
wW

(o]

%R=( jxlOO

where wy. = No-load speed
wr. = Full load speed
wo = Nominal speed
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Let the initial frequency be f, and the o%f@ of the two generators be Py and Py
respectively. If now the load increase

governors increase the output unii

ap, = A0
R
ap,= A0
R,
AR _R
AP, R

The output is shared in the inverse ratio of their speed regulation. The output of the speed

governor is APy, which is the difference between the set power AP and the power %N

OWer ou put

which is given by the governor speed characteristic.

n.amount AP, the units slow down and the
ommon operating frequency f1 is reached. The
amount of load picked up by each generator to meet the increased demand AP depends
on the value of the regulation.



AW

Aw(S)

APy(S) = APres (S) —

The hydraulic amplifier transforms the command into valve/gate position APy,.

Assuming atime constant t 4 for the governor,

APy(s) = AR, (9)

1+tgs

Complete AL FC block diagram:

APref(.*,;) T Mg{.&') o ] |

= T ‘T%%

3.

>

.

2Hs+D
Gen + load

i
!_T.
X
Droop

Fig Block diagram of complete governor system

The Figure shows the complete load frequency control for an isolated generator

supplying a load. Since we are interested in the change in speed for change in load, we

AW(S)
- APL (S)

can obtain the transfer function

mode!.

from Fig below which is a reduced order



Reduced block diagram

The closed loop transfer function is obtained from Fig

1)
Aw(s) (2H° » Q/Q/

~AP(9) 1 )[
1+(2Hs+ DJLRZ& #79) (&O%T S
(L+t ,9) (L+t ,Q“Qf

p3

) (2Hs+D) (1+t @@ T.,S)\+ ;

We can write
Aw(s) =[] AR(S) T(s)
If we consider a step change AP in the load,

AP,

APL(S) =

The steady state frequency deviation Awg is given by the limit of Aw as t— . This can
be obtained by application of the final value thereon

AYAE ,I['r_n) o Dw = IS'T) 0 SAW(S)

li -AP,
=100 5[0




Now s 0 T(s) = 1
D+—
R
1
A(,O$= ([APL)
D+ —
R
If there are no frequency sensitive loads, D = 0; in which case
— _APL
AW = 1
R

The steady state speed deviation thus, depends on the governor speed regulation.
If severa generators are connected to the system, the composite frequency — power
characteristics depends on the combined effect of the droops of al the generator speed
governors. If we consider n generators with a composite load damping coefficient D, the

steady state speed deviation after a load change AP, is given by

Ao = -AP, L
D+(1+1+.....R\/'
where 1 - i+i+ .
Re R R X
The stiffness of the system, B is gi\;@
--AR 1

B = — +D MW/Hz
R

AW

B is also called the frequency bias factor and is indicative of the change in
frequency which would occur for a change in the load.

(* The pu speed deviation Aw is same as pu frequency deviation Af)

Example 1: A system consists of 4 identical 250 MV A generators feeding a load of 510
MW. The inertia constant H of each unit is 2.5 on the machine base. The total load varies
by 1.4% for a 1% change in frequency. If thereisadrop in load of 10MW, determine the
system block diagram expressing H and D on a base of 1000MVA. Give expression for
the speed deviation, assuming there is no speed governor.

Solution:

-10 -



250
1000

Load after drop of 10 MW =510 [ 10 =500 MW
D for load on base of 1000 MVA isgiven by

D=14x S00
1000

H for 4 units on 1000MV A base=4 x 2.5 x =25

=0.7%

[note that a change of load of 1.4% on base 500 MW corresponds to 0.7% on base of
1000MVA]

The standard first order transfer function form is given by % In the reduced
+

order model, the feedback loop is zero, since no governor is modeled. Substituting the

values, and expressing in standard form we get

The gain = 1.428 and time constant = 7.14 secs.
APL=510MW=_—10=[\'L. Q/
1000 &
001 &y
AP = 22 pu ” Y-
° 8

From block diagram Q; ©

§
s =)

_ (omj( 1.428 ]_ 0.01428 0.10196

s J\147.14s) s 1+7.14s

_0.01428 B 0.01428
S s+0.14

Taking inverse laplace transform
Aw(t) =0.01428 (111 e '
The pu speed deviation as function of timeis shown in Fig below.

-11 -



0,015 T T T T T T T T

0.01F 1

speed deviation (pu)

0.005 [ / &

0 f I 1 | _\ | | & | I
0 5 10 15 ® > 30 40 45 50
3608) &
The steady state speed deviatie! i3 .014% . i frequency is 50 Hz, steady state
frequency deviation = 50 x 0.01428 = 0.71@ he f}equency deviation is positive since
adecrease in load leads to increase fr )

sent. ,Q

Example 2.
An isolated generator and its control have following parameters

~.\

Generator inertia constant = 5sec

Governor time constant tq = 0.25sec

Turbine time constant tr = 0.6sec

Governor speed regulation = 0.05 pu

D=08

The turbine rated output is 200 MW at 50 Hz. The load suddenly increases by
50 MW. Find the steady state frequency deviation. Plot the frequency deviation as a
function of time.

Solution:

-12 -



Thetransfer function is given by

AW(S)

(1+0.25s) (1+ 0.6s)
_APL (S)

10s+ 0.8)(1+ 0.25s) (1 + 0.6 —
(10s+ 0.8) (1 + s)(1+ s)+0.05

:T(s):

_ 0.15s® + 0.85s + 1
1.5s% + 8.62s? + 10.68s + 20.8

50
AP, = 2 =0.25pu
"7 200 P

Ao = _APLl = _0'251 =[] 0.01202 pu.
D+= 08+—

R 0.05
Steady state frequency deviation Afss=1[1 0.01202 x 50 = [1 0.601 Hz.

The frequency decreases since the load has increased. The time response to a step

deviation of 0.25 is shown Fig
o \/ %
i

I
\ Nk
\ &
-0.005|- | Q N -
1
\
\
|
oy | TG
W | # .4
- -001f | -
_O i / \
& | / \ e
'5 1 i et — .
[ | / e S
- \ J e
= \ R
2 |
= = \ /
2 -0.015 \ /
g |
\ ,r'l
\ /
X, _.’.
/S
-0.02 Nt -
_0 025 ] 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

time (secs)

Freguency deviation for step response for example 2
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CONCEPT OF AUTOMATIC GENERATION CONTROL (AGCQ):
With the primary ALFC, it was seen that a change in the system load resultsin a

steady state frequency deviation, depending on the regulation and frequency sensitivity
(asindicated by D) of the load. All the connected generator units of the system contribute
to the overall change in generation, irrespective of the location of the load change. Thus,
restoration to nominal system frequency requires additional control action which changes
the load reference set point to match the variations in the system load. This control
scheme is called the Automatic Generation Control (AGC). The main objectives of the
AGC are to regulate the system frequency and maintain the scheduled power inter
changes, between the interconnected areas, viathe tie-lines. A secondary objective of the
AGC isto distribute the required change in generation among the various units to obtain
least operating costs. During large transient disturbances and emergencies, AGC is

bypassed and other emergency controls act.

AGC inasinglearea:
In a single area system sinc g@ schedule to be maintained, the

function of AGC isonly to bring the [eg) neminal value. Thisis achieved by

introducing an integral controller to chang ad reference setti ng so as to change the
speed set point. Theintegral controller tbe steady state speed deviation to zero.
The gain K, of the int ntroller needs to be adjusted for satisfactory

response in terms of over shoot, setting time etc.

The closed loop transfer function with integral controller isgiven by

_ Aw(s) s(1+t,s) (L+t,9)
o= = p 9~ s
“AR(S) s(2Hs+ D) (L +t,9)(A+1,9) + K, =
Example 4:

In example 2, an integral controller with gain K| = 6 is added .Obtain the dynamic
responsg, if al other conditions are same.
Solution:

From the transfer function

Aw(s) 0.15s® + 0.85s° + s
~AP (s) 1.5s* +8.62s® +10.68s* + 20.8s + 6

-14 -



The changein P., AP_ = 0.25 pu.

The response of the above function for a step change of 0.25 pu is plotted using
Matlab. The responseis shown if Fig below.

Frequency deviation (pu)

| b&
| f
Ha / C:
!
15 "|| |

> 4 |

(=]
o

t (secs)

Fig: Dynamic response of example 4

It can be seen that the steady state frequency deviation is now zero. However, the
overshoot and setting time are more.

AGC in multi area systems:

In inter connected systems, a group of generators are closely coupled internally

and swing in phase. Such a group is called coherent group. The ALFC loop can be
represented for the whole area, referred to as control area.

Consider two areas interconnected by lossless tie-line of reactance Xie, With a

power flow Py, from area 1 to area 2 as shown in Fig. a. Let the generators be represented

- 15 -



by a single equivaent generator for area 1 and area 2. The generators are modeled simply
as constant voltage sources behind reactance as shown in Fig. b. We first consider only

primary ALFC loop as shown in Fig. C.
Area | Py
l |
I~ 0000 1
X Area 2

tie

Figa: Two area system

Fig 12.19b: Electrical equivalent

-16 -



I

AP (5)
Y i) [ sall Ap. () ) 1 Aw,(s)
B Ifi)'——" Governor Tur;nnc L = 2)— —¥i I ST D, -
'ﬂPrct‘l(S) N 1 BE

. . AP, () (l{ o l )
e ___4{::fi?jir}_' +’\%/ 3, s+ D,

N AP, o(s)
Figc: Twoar &n‘with primary ALFC

H is the equivalent inertia const@@f eath area. The turbines are represented by the
effective speed droop R and load damping constant D.

Under steady state the power transferred over thetie-lineis given by

. |Ey||E,| sind,,
2=,
X12
where X1 = X1 + Xye + X2 and 812 = 81 — 5. For a small deviation AP, of the tie line

power flow, we can write

AP]_Q = aplz

Adlz = Ps A512

12d120

-17 -



where R,

= Ps is the slope of the power angle curve evaluated at the initia
121d120

operating point (3120 = 310 [ 920) and is the synchronizing power coefficient..

P,
od

P5=

1214120
AP, = Ps (A3, [1AS))
A positive APy, occurs when Ad; > Ad, and indicates a flow of real power from
area 1 to area 2. This has the effect of increasing load on area 1 and decreasing load on
area 2. Hence AP;; has negative sign for area 1 and positive sign for area2 in Fig c.
Consider a change in load AP\, in area 1. The steady state frequency deviation Af
is same for both the areas. Hence
Af = Afy = Afs.
For area 1,
APm [AF >NAP 1 = AfD

For area 2, ,%
y AP %
0

The change in mechanical powers dep g@reﬁpectlve regulations.

Substituting we get
1
Af(— + Dlj =-AP;,- AP
R

% + D, = B4, the frequency bias factor for area 1.

Af By =-AP1,— AP,
Similarly

Af By = APy,

Solving for Af we get

-18 -



-APR,

Af =
b, +b,
APy, = —AR,b, Thus
b, + b,

an increase of load in area 1 reduces frequency in both areas. Similarly for a change in

load AP > inarea?,

ar= AR

b, + b,
and AP, =0APy = Ll'zbl
b, + b,

Example 5
A two area system connected by a tie-line has following parameters on

1000 MV A bass;

R, =45% D;=0.6; H,=4.5; Q/
H=5

R,=6%;  D,=085 <
éﬁé&y of 50 Hz. The synchronizing

The units are running in Rarallel &
power coefficient is 1.9 pu at thW)p angle. A load change of 150 MW

occurs in area 1. Determine the new st exfrequency and the change in tie-line

power flow. Q .
Solution: ‘Q

150
AP = —= =0.15pu.
“ 7 1000 P

\&'

Steady state frequency deviation is

ar= AP
b, + b,

B = £ D, = L L 06=2082
R 045

B2= 1. DZ:L + 0.85=17.516
R, 0.06

= —0.15 =[] 0.0037 pu

22.822 +17.516

Steady state frequency = 50 (7 (0.0037 x 50) = 49.815 Hz.
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AP, = Af B, =11 0.0037 x 17.516 = [10.0648 pu =[] 64.8 MW.
Since APy, is negative, it impliesthat 64.8 MW flows from area 2 to area 1.
Change in mechanica powersis given by

BPyy= A= [‘0'0037j = 0.082 pu =82 MW
R 0.045

AP = —Af 0 [MJ: 0.0617 pu = 61.7 MW
R, 0.06

Change in load in aea 1 due to frequency sensitive loads is
AfD; = (110.0037) (0.6) = [ 0.0022 pu = [I 22MW. Similarly for area 2
AfD, = (11 0.0037) (0.85) = [0 0.0031 pu=[1 3.1MW. Total change in load is [1 5.3 M.
The power flow of 64.8 MW from area 2 to area 1 is contributed by an increase in
generation of area 2 by 61.7 MW and reduction in load of area2 by 3.1 MW.

Tie-line bias control:

if the areaQ'}ge’qui pped only with primary
control of the ALFC, a change in | in or ar&%n Is with change in generation in
both areas, change in tie-line powersand ge in the frequency. Hence, a

$

From discussion it can be seergihat,

supplementary control is necessary to mai n@ .

e Frequency at the nominal v N

e Maintain net interchan er with other areas at the scheduled values

e Let each areaabsorb its own load

Hence, the supplementary control should act only for the areas where there is a
change in load. To achieve this, the control signal should be made up of the tie-line flow
deviation plus a signal proportional to the frequency deviation. A suitable proportional
weight for the frequency deviation is the frequency — response characteristic . This is the
reason why [ is also called the frequency bias factor. This control signal is called the area
control error (ACE). In atwo area system

ACE; = AP, + B Af; B1=f1

ACE; = AP, + B, Af; B.=2

The ACE represents the required change in area generation and its unit is MW.
ACEs are used as control signals to activate changes in the reference set points. Under
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steady state AP1pand Af will be zero. The block diagram with the supplementary control
is shown below. It is applied to selected unitsin each area.

@<
L
e AP (s)
+<;>—> = —; 1 > : 3 3 b Ao
SPACE] s |+ (15| |1+ tns[aPN/ | 2H;s + D,

Governor I Tyrbine 1

Fig: Block diagram with supplementary control

The operation of the ACE can be explained as follows. Consider an increase in load of
area 1, which leads to a decrease in system frequency. The primary ALFC loop limits the

frequency deviation to

af= —ARu
b, +b,

The tie-line power has a deviation AP, = B,Af. The slower acting supplementary
control, starts responding now.

-21 -



(bl + bZ)

ACE; = AP, +B;Af=
1 12 1 (b1+b2)

(_APLl): LAP

~AR,)
d ACE,=[1AP B Af=(—L1—b b,)=0
an 2 12+ B2 (bl N bz)( > T 2)

Thus only supplementary control of area 1 responds to AP,; and the generation

changed so that ACE; becomes zero.

Example 6:
Two areas are connected via an inter tie. The load at 50Hz, is 15,000 MW in area

land 35,000 MW in area 2. Area 1 isimporting 1500 MW from area 2. The load damping
constant in each area is D = 1.0 and the regulation R = 6% for all units. Area 1 has a
spinning reserve of 800 MW spread over 4000 MW of generation capacity and area 2 has
a spinning reserve of 1000 MW spread over 10,000 MW generation. Determine the

steady state frequency, generation and load of each area angktje-line power for

(3) Lossof 1000 MW in area 1%ith ho su Izv@y:\ry control

(b) Loss of 1000 MW iR ¢ L, Avi E@ ementary controls provided on
generators with r&eerve\/o & S

B1 =250 MW/0.1 Hz and B, = 409{@1142

O

N

Solution: ,(‘»\,
(a) Assume alossless system
Areal: Load = 15,000 MW

Power import from area 2 = 1,500 MW

Generation = 15,000 — 1500 = 13,500 MW

Reserve = 800 MW

Total generation capacity = 13,500 + 800 = 14,300 MW
Load = 35,000 MW

Export to areal = 1,500 MW

Generation = 35,000 + 1,500 = 36,500 MW

Reserve = 1000 MW

Total generation capacity = 36,500 + 1000 = 37,500 MW

>
3
N
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Regulation of 6% on a generation capacity of 14,300 MW (including reserve)

corresponds to
_ 0.06 x50
17 14300
i:i 14300 = 4,766.67 MW/Hz
R 006 50
Similarly
11, 3P0 _ 15500 MwWiHZ
R, 006 50
i=i 1 =17,266.6 MW/Hz.
Ra R R

Load damping D = 1.0, which means a 1% change in load occurs for a 1% change
in frequency. D; is computed for area 1 on a total load of 14000 MW, considering the
loss of 1000 MW.

D, = 1 x 14000 @_2 o
100

Similarly D, is calculatedW of g&) MW since there is no change in

load of area 2.
Dy=1x 200, @ =700 sz \

100 ‘Q’
Dey = D1 + D2 = 980 MW/HZ

The change in system frequency is given by

Af = —AR —(-1000) =0.0548 Hz.
1 17,266.6 + 980
Ry + Dq

Load changes due to load damping are,
APp; = Dy Af =280 x 0.0548 = 15.344 MW
APp, = D, Af = 700 x 0.0548 = 38.36 MW
Changein generations are

APGl—%f—[ 4766.6 < 0.0548 =[] 261.2 MW
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AP, = —AF 112500 x 0.0548 = [1 685 MW
R,
We recal cul ate powers as follows
Area l: New load = 15,000 1 1,000.00 + 15.344 = 14,015.344 MW
New generation = 13,500 — 261.2 = 13,238.8 MW
Deficit = 14,015.34 [1 13,238.8 =776 MW
New load = 35,000 + 38.36 = 35,038.36 MW
New generation = 36,500 — 685 = 35,815 MW
Excess= 35,815 (] 35,038.36 =776 MW
Thustie-line power is 776 MW and flows from area 2 to area 1.
Steady state frequency = 50 + 0.0548 = 50.0548 Hz
(b) With supplementary control and 3; = 250 MW/0.1 Hz and 3, = 400 MW/0.1 Hz
Generating capacity with supplementary control in area 1 is 4000 MW
(on reserve) and in area 2 it is 1000 MW. These supplem%ry controls will keep ACE;

and ACE; at zero. ) ) > Q/
ACE; = By Af + AP, = 0 ggfy |

ACE; = By Af + AP = By M;@Ob‘ oS
This means AP, =0 and Af =0

Thus the load and generation N are reduced by 1000 MW. There is no
steady state deviation of tie-line p@r flow and frequency. The generation and load of

>
$
N

area 2 also do not change.

-24 -



2 Symmetrical Three-Phase Faults D Darshan

2.1 Whatis a fault?

Any undesired / unwanted condition is known as a fault.

2.1.1 Reasons for fault occurrence?
e Lightning strokes / thunderstorms / switching surges
e Tree falling
e Kites
¢ Birds can cause faults
e Aircraft / vehicle
e Earthquake
e Wind /ice / rain
e Deterioration of insulation / ageing
e Monkey / reptiles / snakes

Sr.No. Causes % of Total
1 Lightning 12
2 Wind / mechanical consideration 20
3 Appliance failure Q‘; 20
4 Switching to a fault * Q/ 20
5 Misc. (Trees, birds, el‘".,\/ b% 28
Sr.No. Equipment % o % of Total
1 O.H. lines &Q/ . 50
2 Wind / mechanical cons ation 20
3 Appliance failure AQ' ¢ 20
4 Switching to a fault 20
5 Misc. (Trees, birds, etc.) 28

2.1.2 Type of faults

Symmetrical Faults Unsymmetrical Faults
e LLL e LG
e LLLG e LL
e LLG

e LL and 3 Ground

Sr.No. Faults % of Total
1 LG 70
2 LL 15
3 LLG 10
4 LL or LG 2-3
5 LLLG 2-3
6 LLL 2-3

Prof. Vicky Doshi, EE Department Electrical Power System - 11 (2160908) 1



2 Symmetrical Three-Phase Faults ‘T Darshan

2.2 Introduction

Symmetrical faults are caused in power system accidentally through insulation failure of
equipment or flashover of lines initiated by lighting stroke or through accidental faulty
operation.

Disconnecting the faulty part of the system by means of circuit breakers operated by
protective relaying is necessary to protect against flow of heavy short circuit current. For
proper choice of circuit breakers, we should study this chapter.

Most of the system faults are not three phase faults but faults involving one line to ground
or occasionally two lines to ground. Though the symmetrical faults are rare, the fault
leads to most severe fault current.

The synchronous generator during short circuit has a characteristic time-varying
behavior. In the event of a short circuit, the flux per pole undergoes dynamic change with
associated transients in damper and field windings.

2.3 Transients on a transmission line

Certain simplifying assumptions are made

1. The line fed from a constant voltage source.

2. Short circuit takes place when the linesunloaded.

3. Line capacitance is negligible and & n&canbe Qﬁsented by a lumped RL series

circuit %
As shown in fig. 2.1 short circuit is\ass! ed t eplace at t=0. The parameter «

controls the instant on the voltage wave @ short circuit occurs. It is known form
circuit theory that current after short cm% i composed of two parts i.e.

: 0 .’.R\ L

V:\/EVsin(a)t+a)@

Figure 2.1 Short Circuit Model of Line
i=I_+1,

i, = steady state current

sm(a)t +a— 0)

| |
Z=R* + 0*I> /O=tan” (“;LJ

I, = transient current

Prof. Vicky Doshi, EE Department Electrical Power System - 11 (2160908) 2



2 Symmetrical Three-Phase Faults D Darshan

gineering & Technology

(it is such that i(0)=i (0)+i,(0)=0being an inductive circuit; it decays corresponding

to the time constant L

»)

e Aplotofi,i,andi=i_+1i, is shownin fig. 2.2.

J2v

~sin(6-a)

—

(7] |4
A .
m m
—>lal—
>t

WY

Maximu Q}
I~
~ o Moment m&
Curren >
~

Figure 2.2 Waveform of Short Circuit Current on a Transmission Line
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2 Symmetrical Three-Phase Faults ‘T Darshan

i, =i, (o)e’(%)t
=—ﬁV51n(a 6’) )

Thus, short circuit current is given by

{| {| sm(& a) A

= symmetrical SC current + DC-offset current

i= sm(a)t+a 6?)

e In power system terminology, the sinusoidal steady state current is called the
symmetrical short circuit current and the unidirectional transient component is called
the DC-offset current, which causes the total short circuit to be unsymmetrical till the
transient decays

e The maximum momentary current, i corresponds to first peak. If the decay of

transient in short time is neglected, .

Imm"

e This has the maximum possible value for & =0°, short circuit occurring when the voltage
wave is going through zero.

i (max possible)=——
-
= twice the maximum of symmetrical SC current (doubling effect)
e For the selection of circuit breakers, momentary short circuit current is taken
corresponding to its maximum possible value (a safe choice)
e It means that when the current is interrupted, the DC offset i, has not yet died out and so
the computing the value of DC offset at the time of interruption (this would be highly

complex in a small network), the symmetrical short circuit current alone is calculated.
This figure is then increased by multiplying factor to take in account of the DC offset.

2.4 Short circuit of a synchronous machine (On NO Load)
e Under steady state short circuit condition, the armature reaction of a synchronous
generator produces a demagnetizing flux.
e Interms of a circuit, this effect is modelled as a reactance X, in series with the induced

emf.
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2 Symmetrical Three-Phase Faults D Darshan

e This reactance when combined with the leakage reactance X,of the machine is called
synchronous reactance X, (direct axis synchronous reactance in case of salient pole

machines) as shown in fig. 2.3.

E @ Synchronous
9 Reactance

Figure 2.3 Steady State Short Circuit Model of a Synchronous Machine

e Consider now the sudden short circuit (3¢ ) of a synchronous machine initially operating

under open circuit conditions.
e The circuit breaker must, of course interrupt the current much before steady conditions

e Immediately upon short cirr‘.‘ eMC offs %yrents appear in all the three phases,
each with different magnitude since i ﬁn the voltage wave at which short circuit
occurs is different for eac}‘l\pW' c;%(, o

- XA

are reached.

e
£ Q) :

A Direct axis transient
reactance

(a) X

pe
E d
g @ Direct axis

subtransient reactance

(b)

Figure 2.4 Approximate Circuit Model During (a) Subtransient Period of Short Circuit (b) Transient Period of Short Circuit
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e Immediately in the event of a short circuit, the symmetrical short circuit current is
limited only by leakage reactance of machine.

e Since the air gap flux cannot change instantaneously, to counter the demagnetization of
the armature circuit current, current appears in field winding as well as in the damper
winding in a direction to help the main flux.

e The current decays in accordance with the winding time constants. The time constant of
damper winding which has low leakage inductance is much less than that of field
winding with high leakage inductance.

e The machine reactance, thus changes from parallel combination of X , X, and X,

during the initial period (fig. 2.4 (b)) of short circuit to X, and X, in parallel in the
middle period (fig. 2.4 (a)) of the short circuit and finally to X, in steady state.
1

X;:X1+
1 1 1
X, Xf X,
1
d 1+1 1
—+

X;«§ :7 Y Q}Q/
NG ‘b%'
,éZ/

N

X

d

2.5 Short circuit of a loaded synchronous machine
e Fig. 2.5 shows the circuit model of a synchronous generator operating under steady

conditions supplying a load current I° to the bus at a terminal voltage of V°. E is the

induced emf under loaded condition and X, is the direct axis synchronous reactance of

the machine.

° g

Figure 2.5 Circuit Model of a Loaded Synchronous Machine
Prof. Vicky Doshi, EE Department Electrical Power System - 11 (2160908) 6
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When short circuit occurs at the terminals of this machine, the circuit model to be used
for computing short circuit current is shown in the fig. 2.6 for subtransient current and
transient current.

(@) (b)
Figure 2.6 Circuit Model for Computing (a) Subtransient Current (b) Transient Current

I° =1, = Load current of the bus before fault

V° = Teminal voltage
Induce emfunderloa conditon

= Vo'f,‘

behind subt 1ent reactance

& T
|

1ent reactance

\{%JXIO

’ﬁyv‘)ﬂx r
O

Synchronous motors have/igteérnal’ “emfs and reactances similar to that of a generator
except that the current direction is reversed. During short circuit conditions, these can be
replaced by similar circuit models except that the voltage behind subtransient/transient
reactance is given by

E =V°—jXI°

E =V°—jX,I°
In case of short circuit of an interconnected system, the synchronous machines
(generators and motors) are replaced by their corresponding circuit models having

voltage behind subtransient (transient) reactance in series with subtransient (transient)
reactance. The rest of the network being passive remains unchanged.

2.6 Short circuit current by Thevenin Theorem

An alternate method of computing short circuit current is through the application of
thevenin theorem.

Consider a synchronous generator feeding a synchronous motor over a line. Fig. 2.7 (a)
shows the circuit model of the system under conditions of steady load. Fault
computations are to be made for a fault at F, at the motor terminals.
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gineering & Technology

e As a result the circuit model is replaced by the one shown in fig. 2.7 (b), wherein the
synchronous machines are represented by their subtransient reactances (or transient
reactances if transient currents are of interest) in series with voltages behind
subtransient reactances. This change does not disturb the prefault current I° and prefault
voltage V° (at F).

r X F r X F
XdH de X;g X dm
Ve Ve
+ + + +
E B E ' Eg Em
(a) G (b) G

Figure 2.7 Circuit Model under (a) Steady State (b) Subtransient State

e Asseen from FG the thevenin equivalent circuit of fig. is drawn.

< <

I
g

Figure 2.8 (a) Computation of SC by Thevenin Equivalent Circuit (b) Thevenin Equivalent System Feeding Fault Impedance

e Consider now a fault a F through an impedance Z’. Fig. 2.8 (b) shows the thevenin
equivalent of the system feeding the fault impedance.

X, :(X;g +X)||X;,'m

1
XTH = 1 1
- +—
(ng +X) X,
) X, (X;g +X)
X, XX,
r v
jXpy +Z7
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Current caused by fault current in generator circuit

¥
Al j=——dn |/

Xyt X+X,,

Current caused by fault current in generator circuit

X, +X
Al =——% ~ [/
Xyt X+ X,
Postfault currents and voltages are obtalned as follows by superposition:
" _ 70

I,=1"+AI,

I =—I°+AI (in the direction of Al )
Postfault voltage

VI =V (=Xl )

=V’ +AV
So, the prefault current flowing out of the fault point Fis always zero, the postfault current
out of Fis independent of load for a given prefault voltage at F.
Steps for solving short circuit current by thevenin theorem approach

1. Obtain the steady state solutiomusing load ﬂo rmulate the circuit model.

2. Replace reactance of sync}“‘ 1s\achi Q;helr transient or subtransient values.
3. SCall emf sources and fix 2 val ‘ia

4. Compute the required cwﬂ%%%venm s and superposition theorem.

Assumptions
1. All prefault voltage equal to 1
2. Load current neglected as 1®very‘1ess as compared to SC current.

2.7 Selection of circuit breakers

Two of the circuit breaker ratings which require the computation of SC current are: rated
momentary current and rated symmetrical interrupting current.

Symmetrical SC current is obtained by using subtransient reactances for synchronous
machines. Momentary current (rms) is then calculated by multiplying the symmetrical
current by a factor of 1.6 to account the presence of DC-offset current.

The DC-offset value to be added to obtain the current to be interrupted is accounted for
by multiplying the symmetrical SC current by a factor as tabulated below:

Table 2.1 Circuit Breaker Multiplying Factor

Sr. No. | Circuit breaker speed | Multiplying factor
1. 8 cycles or slower 1.0
2. 5 cycles 1.1
3. 3 cycles 1.2
4, 2 cycles 1.4

The current that a circuit breaker can interruptis inversely proportional to the operating
voltage over a certain range, i.e.
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rated voltage

Amperes at operating voltage = amperes at rated voltage x :
operating voltage

e Of course, operating voltage cannot exceed the maximum design value. Also, no matter
how low the voltage is, the rated interrupting current cannot exceed the rated maximum
interrupting current.

e Itis therefore logical as well as convenient to express the circuit breaker rating in terms
of SC MVA that can be interrupted, defined as

Rated interrupting MVA (three phase) capacity = \/_ 3x

| Ime Ime

rated interrupting current
Where |V, |isinkV and |I,,,| is in kA

e Thus, instead of computing the SC current to be interrupted, we compute three-phase SC
MVA to be interrupted, where

SC MVA (three phase) = \/5 x prefault line voltage in kV x SC current in kA
SC MVA (three phase) = [V x |1l x(MVA)__ (ifin P.U)

prefault

e Obviously, the rated MVA interrupting capacity of a circuit breaker is to be more that (or
equal to) the SC MVA required to be interrupted.

 Forthe selection of a circuit breaker fog paxticular 10 ywe must find the maximum
possible SC MVA to be interrupt N Iy’ p% pe and location of fault and

generating capacity (also synchro\v or connected to the system. A three
phase fault though rare is generally th e ives the highest SC MVA and a circuit

breaker must be capable of interrupting it. N

e Inalarge system various possible locati ust be tried out to obtain the highest SC MVA,
requires repeated SC computationEQ '

2.8 Algorithm for SC studies
e Consider an n bus system shown schematically in fig. 2.9 operating at steady load.
Consider r as faulted bus.

Figure 2.9 n-bus System under Steady Load

e The first step towards short circuit computation is to obtain the prefault voltages at all
buses and currents in all lines through load flow studies.
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e Step-1 To find out prefault voltages at all buses.

VO _ 2

BUS —

e Step-2 Bus no. ris to be faulted through fault impedance Z’
V/,e =Vg, +AV (change)
e Step-3 Form Thevenin’s equivalent circuit. Short circuit all emf sources and replace all
reactances by their respective reactances transient / sub-transient as shown in fig. 2.10

z Xt’il X’dZ
)
\ i %(. o
N (55; i
Figure 2.10 Network of S r Gemputing Post Fault Voltages

e Step-4 Compute the value of AQ N

‘Q oAV = ZBUS]f

Where,
Zyy Ly,
Z,.=|: . : |=busimpedance matrix of the passive Thevenin network

an h .Znn

0
0

J' = | =I |=bus current injection vector

0

e Step-5 Find the post fault voltage for the rth bus
AV. =-Z I
v/ =V +av,
v/ =v'-z,I
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Ve=z'I+z I

0
[ —
(2 +2,)
e Step-6 Find the post fault voltage for any ith bus
AV, =-Z 1
VI =V AV,
v/ =V -2z,

0_po_ V—r0 ..f:V—rO
Vb Z”(Zf+zrr) ['I (Zf+er)J

e Step-7 Find the post fault current in lines
f—y (v/ —v!
I’j B Y;( C )

2.9 z, formation by step by step method

Notation: i, j - old buses; r - reference bus; k - new bus.

i) Type-1 Modification: - Branch Z,is ad% Detween ne nd reference bus
ii) Type-2 Modification: - Branch Z, is aﬁ@ us and old bus
iii) Type-3 Modification: - Branch Z,is addcd] etw d.bus to reference bus

iv) Type-4 Modification: - Branch Z,is add n two old buses
e Type-1 Modification: - Adding a branc tw

shown in fig 2.11. '
I)L

een new bus k and reference bus r as

Passive
Linear
n-bus

network
k Zb
r

Figure 2.11 Type-1 Modification

V=21,
Z,=2,,=0;i=12,.,n
Zkk =Zb

Z y,¢(0ld)

Z ys(new)=
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e Type-2 Modification: - Adding a branch Z, between old bus j and new bus k as shown in

fig. 2.12.
1 o—
I_l Passive
1_ 'W Linear
) o jZ n-bus
k ’Ik > | network
r £
Figure 2.12 Type-2 Modification
V=2, +V,
=Z 0 +Z 0+ Z ], 4t Zy (L1 )+t 2,
Rearranging,

Ve=Z L+ 2,0+t 2,0+t Z, 1 +(2,+ 2, ),

Z,
. g
Z s (1€ | :
Z
| "

\f Z,+2Z,

j2 jn
e Type-3 Modification: - Adding a b&Zb between old bus j and reference bus r as shown

D
in fig. 2.13. This case follov:@@onnecting bus k to the reference bus r, i.e., by setting
V., =0.

Passive
Linear
n-bus

network

Figure 2.13 Type-3 Modification

Eliminate I, in the set of equations contained in the matrix,

_]/1_ le _Il -
A Z y,6(0ld) Z,, I,
v, Z, |1,

_0_ i Zjl ij Zjn ij'"Zb__Ik_
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0=Z 1, +Z,l,+..+Z,1,+(Z,+Z,)I,
1

I = _m(zﬂl1 +Zl, 4t Z, 1)

Now,
Vi=Z,1,+Z, 1, +..+Z 1 +Z,]I,

1 1 1
V":[Z“_Z,ﬁzb (ZU.Zjl):lll+[Zi2—Z”+Z (Zi].ij):|Iz+...+l:Zm—Z — (ZUZ]."):II”

Jj b yi) b

In matrix form,

Z,,
— 1 ZZJ'

ZBUS(new)—ZBUS(old)—ij+Zb 2 [z, z, - z,]
z,

Type-4 Modification: - Adding a branch Z, between old bus i and old bus j in fig. 2.14.

Figure @%ﬁe-% Maodification
V=21 +Z,], ﬁQzﬁ (L+1)+Z,(1,~1) 4t 2,1,

Similar equations follow for other buses. The voltages of the buses i and j are, however,
constrained by the equation

V=21 +V,

2oL+ Z ol 4t Z (L4 1)+ 2 (1,1, )+t 2,1, =

20+ 2,0+ 2ol + et Z, (14 1)+ Z, (1 =1 )+ 4 2,
Rearranging,

0=(2, ~Z ), +t(Z, 2, )1, +(2, - Z ), + (2, ~ Z ), +(2,+ Z,+ 2, - Z,— Z )],
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In matrix form,

2 [ (2,-2,) __11_
/A Z ys(old) (ZZi _ZZj) I,
v, (z,-2,) I
10 _(Zl.l—zﬂ) (z,-2,) - (2,-2,) Zb+zh.+zﬁ—zzy.__1f_

Eliminate /, on lines similar to what was done in type-2 modification, it follows that

Zli le
Z, -7,
ZBUS(new)zzBUS(old)—Z 7 jz — 2': 2 [(zﬂ—zﬂ) (Ziz—Z,-z) (zm—zjn)]
ii Ji b ij .
_Zni_an_

<

\ <
Qi .

‘QO

Y
N
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