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INTRODUCTION:- System frequency is one quantity whose maintenance at a constant value

ensures proper operation of induction & synchronous motors. Frequency is a basic quantity
that can be measured & applied to the control of active power in the system. The main
objective of power system operation & control is to maintain continuous supply of power with
an acceptable quality to all customers in the system. A power generating system has the
responsibility to ensure that adequate power is delivered to the load, both reliably and
economically. The issues such as, reactive power and active power control, angle stability and
voltage stability, inter-area power transfer, power quality, automatic generation and
frequency control for multi-machine system, reliability evaluation operation in competitive
environment, are important factors in operation and control

POWER IN A SINGLE PHASE AC CIRCUITS:- From the basic concepts we know that power is
defined in power system engineering as the rate of change of energy with respect to time.
Also power observed by a load at any instant is the product of the instantaneous voltage drop
across the load and the instantaneous current into the load, i.e,

Van = Vm coswt, and ian= Imcos(wt-0)
Where Vanand ian are the instantaneous voltage and current respectively
The instantaneous power is given by p= Van ian
= p= Vmlm coswt cos(wt-0).......cceeevvveeernnns (1.2)

0 is the angle of lead or lag between voltage and current and is positive for lagging current
negative for leading current .

From trigonometry we know that 2 cos A cos B= cos (A+B)+cos (A-B)
We know that pP= Vmlm cos wt cos (wt-0)
Vil
p = ——[cos(2wt — 6) + cos 6]
Vinlm : :
p= [cos 2wt cos B + sin 2wt sin O + cos 0]
Vinlm . .
p= [cosB(1 + cos 2wt) + sin 2wtsin O] ... ... ...... (1.2)
or
p = |V|[|I|[cos B(1 + cos 2wt) + sin 2wtsin O] ... ... ... ... (1.3)
where |V| is the RMS value of the voltage and |1| is the RMS value of current respectively.

The equation 1.3 consists of two terms i.e. Real Power & Reactive Power
|
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The real power P can be either positive value or zero value depending upon the value of 6
whereas the second term i.e. reactive power Q can be alternatively positive or negative
with an average value of zero. During certain part of cycle, energy is supplied by the source
to the inductance and stored in the magnetic field whereas during the remaining part of the
cycle, energy is returned to the source.

Reactive power does not contribute anything as far as work done or energy transferred
from source to the device is concerned. Yet it contributes to the loading of the equipment.
Reactive power only helps in the transmission of real power and reactive power
requirements are likely to be different at different times of the day and in different seasons.
Reactive power requirements have to be met to keep the system voltages at proper levels.

Since Q= |V||l] sin® and P=|V]||I| cos©

# P2+ Q% = (VI cos )2 + (IV|II|sin6)2 = |V||1|
P

N

A positive value is assigned to Q drawn by an inductive load and a negative sign to Q drawn

and cos 8 =

by a capacitive load.

Capacitor supplies the Q required by the inductive load. An adjustable capacitor in parallel
with an inductive load can be adjusted so that leading current to the capacitor is exactly equal
in magnitude to the component of current in the inductive load which lags the voltage by 90°.
Hence resultant current is in phase with voltage though the inductive circuit requires the
reactive power but net Q is zero. Hence capacitor is considered as generator of reactive
power.

COMPLEX POWER:- If the voltage across and the current into a certain load or part of a circuit
are expressed by

V=|V|za and I = |I|£pB
Respectively, thus the complex power S is given by
S=VI*=|V|el®x|I|e™ /B = |V||I|e/@ B = |V||I|2a — B
S = |VIlI|cos(a — B) + jIVIlI|sin(a — B) = P +jQ

Q is positive when phase angle a-B is positive i.e. a>f means that current is lagging the
voltage. Similarly when Q is negative, a<p means that voltage is lagging the current.
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POWER TRIANGLE:- As we know that the power triangle for inductive type of load is given as

P

If a number of parallel loads are connected, then total power is the sum of average power of individual
loads. If inductive load is there, then Q will be vertically upwards as it is positive, whereas for capacitive
type of load, Q will be vertically downwards. The complete power triangle for two loads i.e. inductive
and capacitive connected in parallel is shown below.
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STRUCTURE OF POWER SYSTEM:- Usually electrical energy is generated by hydro, thermal or nuclear
power plants. Usually generating stations are located very far away from load centres & hence a power
supply network is of utmost importance.

The power supply network is divided into

1. Transmission System
e  Primary Transmission
e Secondary Transmission
2. Distribution System
e Primary Distribution
e Secondary Distribution

Power must be fed to consumer at a voltage within variation of 6% by distributor whereas there can
be voltage variation of 10% to 15% in transmission system.

The Generating stations, transmission lines, distribution system & load form the main components of
power system.

Each transmission system of an area or state is known as Grid & grids are interconnected through tie-
lines with different regional grids & regional grids are interconnected forming National Grid.
. _________________________________________________________________________________________________________________________________________________________|
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In India, voltage generation level is at 11KV & this needs to be stepped up to very higher value in order
to avoid power losses during transmission. Hence generated voltage is stepped up by transformer
near generating stations to 66KV, 110KV, 132KV, 220/230KV, 400KV, 765KV etc. This high value of
transmitted voltage is stepped down at receiving sub-stations at 66KV, 33KV or 11KV at the outskirts
of area. The secondary transmission starts at this sub-station & at next receiving station voltage is
further stepped down to 33KV, 11KV or 3.3KV. The heavy load consumers can be fed from this point.
From this Sub-station primary distribution starts & power is fed through feeders which terminate in
distribution sub-station

These distribution sub-stations are located near the localities of which power to be supplied. In these
distribution sub-stations, step down transformers of Delta-Star type are used which reduces the
voltage to 400V. The secondary distribution starts from here and distributors lines are laid along roads
and service lines are tapped to the consumers.

Usually 3-phase lines are used in order to have economic operation & reduce losses. Thus transmission
lines & feeders are 3-phase 3 wire circuits & distributors are 3-phase 4-wire circuits because neutral
wire is necessary for supplying single phase load of domestic & commercial consumers.

Central Generator
Station
11/132KV Stepiip

Transformer
Primary
Transmission

INOINAANAAINAANA, Step-Down

132/11kV /\NV\A/V\/$A!\A/V\/V\ Transformer

[ ] Receiving
Station (RS)

Secondary
Transmission

AAOAANAAAAAAAAAN
33/3.3 kV Step-Down

vavvvlv\/\/vvv\z\ Transformer

Sub Station (S8S) | ]

Primary 3.3kV

Distribution L. A
ANIANAANNAAAA Distribution
ANAAAAANAAAAAAA - Transformer

Secondary
Distribution 440/230V

RN

Consumer’s Connection

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL
ABIT CUTTACK




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]
6™ ELECTRICAL 2020-2021 [MODULE-I]

PER UNIT SYSTEM:- Power system generally is large sized and number of sections are there
which are interconnected with each other by the help of transformers and other protective
instruments. Each section has different ratings and also their equipment. In order to have
easier calculations to find out the system parameters the per-unit system is utilized which
utilizes the common base method to solve or represent the quantities. Hence the per-unit
system or p.u value of a quantity is the ratio of the actual value of that quantity to an arbitrarily
selected base value of that quantity.

Actual value of that quantity

Per —unit Value of a quantity = Base value of that quantity

Advantages of per-unit system:-

i Per-unit data representation vyields important information about relative
magnitude

ii. Per-unit value of impedance of a transformer remains same, whether it is referred
to primary or secondary

iii. System parameters fall in relatively narrow numerical ranges & hence erroneous
data is easily identified.

iv. It is easier for the manufacturers to assume the per-unit value of the impedances
rather than the numerical values.

V. Per-unit system is useful in computer simulation of machine system for their
transient and dynamic analysis.

For a single phase system, let subscript B denote the base value.
ThUS ’ PB; QBI (VA)B = VBIB

& RB, XB, ZB = VB/ |B

- Base Imped Tn = Vo Vs
S pase mpe ance, Lg = IB = (VA)B
Vg Vg
_ (1000)"(1000)
(VBIB) " 1
1000/ * 1000

Expressing Vgin KV and VAg in KVA, we get
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KV5x1000 KV
(KVA)g ~ (MVA)g

~ Base Impedance, Zg =

ZinQ  (Zin Q)x(MVA)g
/7 KVZ

s Z(p.u) =

When several devices are interconnected, KVAg is same for all the system. To transform
the per unit impedance from one set of base values to a new set of base values following
relation is used.

(VA)g,o1d
P,Q VA)p.u.new =®Q VA)p'u'OIde
(V)B,old
(V)p.u.new = (V)p'u'()ldxm
p.u impedance referred to new base
(KVgo1a * (KVA)gnew

= (L)pu.oldX X
pu.old (KV)pnew.  (KVA)Bow

PER UNIT IMPEDANCE OF A 2-WINDING TRANSFORMER:- Let us consider the equivalent
circuit of a two winding transformer with all impedances referred to primary(L.V) side

Zo1 LV HY

Actual Value of Impedance (in Q)  (Zo; in Q)x(MVA)g
Zg B KVZ,

Zo1(p.u) =

Where Zo:1 is the total impedance referred to primary side

Similarly consider the transformer with its impedances referred to secondary side

Ny\? KVgy\?
Zoy = Zp1X (ﬁ) = Zp1X (KVBl)

Impedance of transformer in p.u from secondary side
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Actual Value of Impedance (in Q) (Zy, in Q)x(MVA)g
ZOZ (p U) = ZB = KVZ
B2

Where Zo; is the total impedance referred to secondary side

Substituting the value of Zp; in the above equation

KVBZ>2 (MVA)g _ (MVA)g
X

Z u) =7 = ~ /5
02(p-u) 01X (KVBI KV§2 01X KV§1

It can be concluded that p.u impedance is same whether it is viewed from primary or
secondary side.

SINGLE LINE DIAGRAM OR ONE LINE DIAGRAM:- A power system consists of a number of and
different types of equipment and each equipment is represented by a specific symbol. Also
all the power system operate on 3-phases and since each phase is similar to other, hence a
simplified representation is required showing only one phase and this diagram is known as
“Single Line Diagram” or One Line Diagram or OLD. A single line diagram of a simple power

system is shown below.

IMPEDANCE & REACTANCE DIAGRAM: - The impedance diagram for use under balanced
operating conditions is drawn from OLD. In the impedance diagram, generators are
represented as voltage sources with series resistance and reactance, transformers are
represented as ideal transformer with appropriate transformer impedances. Transmission
line is represented by circuits depending on their lengths. Loads are represented by resistance
and inductance in series and motor load by their equivalent circuits. If resistance components
of impedances are neglected then it reduces to reactance diagram. The impedance diagram
for above OLD is given below

Generator @ '

—— j——— Transformer __,, Tranz':;ss-on S Transformer —_——
Ta T2
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Problem:- A 3-phase load draws 200KW at a p.f of 0.707 lagging from a 440V line .In parallel
with this load is a 3-phase capacitor bank which draws 50KVAR. Find the total current and
resultant power factor.

Solution:- Given data:- P1= 200KW, 1= cos™(0.707)= 45° lagging; V= 440V, S, = 50KVA
Thus, Q1= P; tan 61 = 200xtan 45°%= 200 KVAR

Also, S1= P1 +jQa= 200+j200

and S;= P, +jQ2= 0-j50 (Since Capacitive load in parallel, reactive power is negative)
Hence, total apparent power,

S =51 +S; = (200+j200)+(0-j50)= (200+j150)= 250236.86° KVA

S*  250x10002 — 36.86°
~ Total Current,] = — =

= 328.042 — 36.86°A Ans
A V3x440.200°

Resultant power factor= cos 36.86°= 0.8 lagging Ans.

Problem:- A single phase inductive load draws 8.2MW at 0.75 power factor lagging. Draw the
power triangle & determine the reactive power of a capacitor to be connected in parallel with
the load to raise the power factor to 0.85

Solution:- Qs is the reactive power of inductive load & Q; is the reactive power of capacitive
load

Thus Qr = Qi- Q2

Given that P1 = 8.2MW, cos ¢1 = 0.75

Permissible Load to be supplied at 0.75 p.f = 8.2/0.75= 10.933 MVA
Load supplied at 0.75 p.f = 8.2MW=P;

Load supplied at 0.85 p.f = 10.933x0.85 MW= 9.29 MW= Py

P2 = Pr- P1=9.29-8.2=1.09 MW

Thus, Q1= S1 sin ¢1= 10.933 sin (cos™ 0.75) = 7.23 MVAR

Also, Qg= Pr tan ¢r=9.29 tan (cos™* 0.85)= 5.76 MVAR

Reactive power of capacitor to be connected in parallel

Q:=Q1—-Qr=7.23-5.76 =1.47 MVAR Ans.
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Problem:- A30MVA, 11KV generator has a reactance of 0.2 p.u referred to its ratings as bases.
Determine the per unit reactance when referred to base KVA of 50000KVA and base KV of
33KV

Solution:- Old base KVA= KVAg o14= 30, 000KVA
Old base KV=KVs, oig= 11KV

Zp.u,0ld= 0.2 p.u

New base KVA= KVAg, new= 50, 000KVA

New base KV=KVg, new= 33KV

Thus, new p.u impedance is given as

(KV)B,old ? - (KVA)B,new
Z 7 (KVA)g o1

(Z)p.u.new = (2) p.uoldX

( )B,new
112 50000
(Z)p.unew = 0. ZXQ X20000 = 0.037 p.u Ans.

Problem:- Draw the per unit reactance diagram for the power system shown below. Neglect
resistance and use a base of 100MVA, 220KV in 50Q line. The ratings of the generator, motor
and transformers are:

G:- 40 MVA, 25KV, X"=20%
M:- 50MVA, 11KV, X"=30%
Ta:- A0MVA, 33/220KV(Y-Y), X= 15%
T2:- 30MVA, 11/220KV (A-Y), X=15%

g@_ mE: ’“"féDSE ©

of o

Solution:- Base MVA, MVAg, new= 100MVA
Base KV, KVg, new= 220KV
Reactance of Generator, G:-

Xp.u, 0ld= 0.2 p.u, MVAg, 61a=40MVA, MVAg, new= 100MVA,

KVs, olg= 25KV,

KVg, new= 33KV = Base KV in generator circuit = Base KV in Line x Turns Ratio of T1
=220 x (33/220)= 33KV

25) 100

& Xp.u,new = 0.2x <_ 40

j0.287
33 =) p-u
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Reactance of Transformer, T1:-

Xp.u, old= 0.15 p.u, MVAg, 0di=40MVA, MVAg, new= 100MVA,

KVB, ola= 33KV,

KVs, new= Base KV on LT side of Ty

= Base KV on HTx (LT voltage rating/HT voltage rating)= 220x(33/220)= 33KV
33 100

2
g Xp.u,new = 0.15x (—) XE

33 =j0.375p.u

Reactance of Transmission Line:-

Per unit reactance of transmission line= Actual Reactance/Base Reactance
KVgnew~ 2202
MVAg new 100
p.u reactance of transmission line = 50/484 = j0.1033 p.u
Reactance of Transformer, T:-

= 484()

Base Reactance =

Xp.u, old= 0.15 p.u, MVAg, 6qg=30MVA, MVAg, new= 100MVA,

KVs, olg= 11KV,

KV, new= Base KV on LT side of T,

= Base KV on HTx (LT voltage rating/HT voltage rating)= 220x(11/220)= 11KV

11\* 100 .
. Xp.u,new = 0.15x (H) Xﬁ = ]05 p-u
Reactance of Motor, M:-
Xp.u, old= 0.3 p.U, MVAg, 01d=50MVA, MVAg, new= 100MVA,
KVg, olg= 11KV,
KVB, new= 11KV
. 11\* 100
. Xp.u,new = 0.3x (H) XE =j0.6 p.u
j0287pu  j0375pu  j0.1033pu  j05pu j08pu
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Problem:- Draw the per unit reactance diagram taking generator rating as base . The ratings
of the generator, motor and transformers are:

G:- 90 MVA, 11KV, X4"=25%

Mi:- 50MVA, 10KV, X4"=20%

Ma:- 40MVA, 10KV, X4"=20%

T1:- 3-phase transformer, 100MVA, 10/132KV, X= 6%

T2:- 3 single phase units each rated at 30MVA, 66/10KV, X= 5%
X of line =100Q

Ty T2
@ g & Line é

U B <
Solution:- Base MVA, MVAg, new= 90MVA

Base KV, KVg, new= 11KV
Reactance of Generator, G:-

{3—@
Y o n TS

Xp.u, old= 0.25 p.u, MVAg, 01¢=90MVA, MVAg, new= SOMVA,
KVg, ola= 11KV,
KVg, new= 11KV (Generator rating is taken as base)

Reactance of Transformer, T1:-

Xp.u, old= 0.06 p.u, MVAg 01¢=100MVA, MVAg, new= 90MVA,
KV, ola= 10KV,
KV, new= Base KV on LT side of T1=11KV (Generator rating is taken as base)

_ 10y* 90
. Xp.u,new = 0.06x (H) XM =j0.0446 p.u

Reactance of Transmission Line:-

Base Voltage for Line= Base Voltage on Generator x Transformer 1 ratio
=11x(132/10)= 145.2KV

Per unit reactance of transmission line= Actual Reactance/Base Reactance
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KVgnew-  145.22

MVAg new 90
P.U reactance of transmission line = j100/234.26=j0.427 p.u
Reactance of Transformer, T,:-

Base Reactance = = 234.

Transformation ratio of T,= (V3x 66):10= 114.32:10

Xp.u, old= 0.05 p.u, MVAg, 0d=3x30=90MVA, MVAg, new= 90MVA,
KVs, olg= 10KV,
KVs, new= Base KV on LT side of T

261

[MODULE-]]

= Base KV on HTx (LT voltage rating/HT voltage rating)= 145.2x(10/114.32)= 12.7KV

10\* 90 .
 Xpunew = 005 (555) x50 = 0.031p.

Reactance of Motor, M1:-

Xp.u, old= 0.2 p.u, MVAg, 01g=50MVA, MVAg, new= 90MVA,
KV, ol¢= 10KV,

KV, new= 12.7KV

10 )2 90

" Xp.u,new = 0.2x (m X%

Reactance of Motor, M5:-

Xo.0, 0d= 0.2 .U, MVAg oig=30MVA, MVAs, new= 9OMVA,
KVg, ola= 10KV,
KVB, new— 12.7KV

u

=j0.223 p.u

10 \* 90
“ Xpunew = 0.2 (—) x— =j0.279 p.u

12.7/ 40

Reactance Diagram is shown below for above system

J-25 j0446  j0.427 j0.031

j.223

& j279
4
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A large interconnected AC power system (network) consists of numerous power stations,
transmission lines, transformers, shunt reactors and/or capacitors and distribution networks,
through which lines are supplied. To assess the steady state behaviour of such as large
interconnected system, network models are required for computer based analysis. This
network model for computer based analysis takes on the form of Bus Admittance Matrix.

Advantages of using Y-Bus:-

1. Simplicity in data preparation
Ease in forming the Y-Bus & can be also easily modified for any network
change(addition or deletion of line)

3. Y-Bus is highly sparse & facilitates minimum computer storage as well as reduces
computer operation time.

Methods of Forming Y-Bus:-

1. Nodal Method:- Let us consider a simple power system with branch admittances as
shown below

Applying KCL to independent nodes 1 through 4, results in

L= yioVi + V12 (Vi = Vo) + yis(Vi = V3) v e (D)
I = yooVo + y12 (Vo = Vi) + yo3(Vy = V3) e e (10)
0= yu3(V3 = V,) + y13(V3 = V) + y32 (V3 = V) e cor s e eev e (D)
0=y3.(Vu = V3) eee cts ves e e (i)

Rearranging the above equations, we get

11 == (le + y12 + y13)V1 - y12V2 - yl3V3 (U)
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12 = —y12V1 + (y20 + YVi2 + y23)V2 - y23V3 (vl)
0=—y13Vi —y23Vo + (y13 + Y23 + ¥34)Vz = ¥34Vs o cev v v oo (D)
0 = _y34V3 + Y34V4_ (vlll)

Let Vi1 = Y10 + Y1z + Y135 Yoz = V20 T Y12 + V235 Ya3 = Vi3 + V23 + V345 Yau = V3s
Yio =Y = —=y12; Yiz =V31 = —y13; Yoz = Yau = —ya3; Y34 = V43 = —y3s
Hence it can be written as

Yii Yo Yi3 0 [V
I, Yor Yoo Yo3 O [[V5
0 Y31 Yz Yzz Yauf[Vs
0 0 0 Y Yllv,

Or
[Isus] = [YBus][VBus]

Hence it is proved that diagonal elements of a Ysus matrix equals sum of admittances
connected to that bus & off-diagonal element equals the negative of admittances.

*Note:-

» Capital ‘Y’ denotes the elements of Y-Bus Matrix; whereas small ‘y’ denotes the
branch admittances.

» Y11, Y22, Y33, Yaa -> Denotes the diagonal element of Y-Bus matrix

> Rest elements are “off-diagonal elements”

*Note:- In the above Y-Bus matrix, it is seen that those buses which do not have connection
between them, has ‘0’ values in the Y-Bus matrix and thus the Y-Bus matrix is highly sparse.
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Problem:- A 3-bus system is shown in figure below. Each line has a series impedance of
(0.05+j0.15) p.u while the shunt admittance is neglected. Find Y-Bus Matrix

Bus —1 Bus — 2

&) — ]

Bus —3
Solution:- Given that z1,= 223 = z31 = (0.05+j0.15) p.u
Thus, y12= Y23 = y31 = 1/(0.05+j0.15) p.u= (2-j6) p.u
Yii Y2 Yi3
[Yous] = |Ya1 Y22 Y23
Y3; Y3 Y33

Y11= y12+ y31= (2-j6)+ (2-j6)= 4-j12 p.u;

Y22= y12+ Y23= (2-j6)+ (2-j6)= 4-j12 p.u;

Y33= Y23+ y31= (2-j6)+ (2-j6)= 4-j12 p.u;

Y12= Y21= -y12= -2+j6; Y13= Y31= -y31= -2+6; Y23= Y3= -y23= -2+j6
4—-j12 -2+ij6 —-2+j6
—2+j6 4—jl12 -2+j6
—-2+4+j6 —-2+j6 4—j12

o [Ypus] =

2. Coefficient Matrix Method(Building Block):- Let us consider a simple network having
branch admittance as yjj and in which |; & I; currents are injected at two nodes ‘i’, and

‘-

i’. lijis the branch current
I L Y
i \ if
‘o e
I
yl;
K 4

@
0 reference node
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Applying KCL at node i and j respectively, we have

In matrix form, we can write as
I 1
[Ij] B [—1] Ly
Let drop across yijbe Vi= Vi- Vj, hence in matrix form
Vi
-1y
Iy,
We know that y;Vi= i, substituting values, we get
V.
Ly =y;[1 —1] V]L]

Pre-multiplying both sides by [_11] ,we get

[1]IU Yij 1] [V]
[nls 1]
=15,

or [I] = [Y][V]

*Y-matrix is the Y-Bus matrix which is formed by the coefficient matrix i.e [_11 _11]

**The coefficient matrix acts as building block for obtaining Y-Bus

Problem:- For the 3-bus system shown in figure below, develop the bus admittance matrix
using the principle of Y-Bus development using coefficient matrix.
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Solution:- Developing individual building blocks for each branch, we have

2 1 2 3 3 1 1 3
1

i[—ll _ﬂ Y21 ;g[_i _ﬂ Y23 ;i[—l _ﬂ Y31 ;10 1] yi0 53[0 11 w30

Combining these elements, we obtain Y-Bus as

Yii Y2 Yi3
[YBuS] = (Y21 Y2 Yp3
Y31 Y3z Ys3
Yio T Y21 + Y31 —Y21 —¥31
o [Yeus] = —Y21 Y21t Y23 —Y23
—V31 —Y23 Y30 T Y31+ Y23

Note:- Individual blocks are used to combine the elements of the concerned notations with
respective polarities
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LECTURE:- 6

Problem:- For the 3-bus system shown in figure below, develop the bus admittance matrix
using the principle of Y-Bus development using coefficient matrix. Also write the nodal
admittance matrix equation relating bus voltages & currents.

Ii=_1 ..05 Z 0°p.u. G Y, V=009 £-30° p.u.
X;=j0.85p.u. X,,=j0.85 p.u.
X;=j0.2 p.u. X;=j0.2 pu.

Q)

Solution:- Here number of branches are 5 with 3 nodes.
Branch impedances are

Branch 1->2 = j0.2 p.u
Branch 1->3 = j0.2 p.u
Branch 2->3 = j0.2 p.u
Branch 2->0 = (j0.2+j0.85) p.u=j1.05 p.u= Branch 1->0

Branch admittances are

Branch 1->2 = 1/j0.2=-j5 p.u
Branch1->3 = 1/j0.2=-j5 p.u
Branch 2->3 = 1/j0.2=-j5 p.u
Branch2->0 = 1/j1.05 p.u=-j 0.95 p.u= Branch 1->0

For Generator at bus 1:-

Branch Voltage 1.0520°

= =14-90°A
Branch Impedance 1.05£90°

Branch Current =
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For Motor at bus 2:-

Branch Voltage  0.94-30°
Branch Impedance  1.05£90°

Branch Current = =0.8572—120°A

Redrawing the above circuit, we have

=

. L——lk
Mz
\5\‘5 \5215
[ D . [__J‘ﬁzo
= @) \S\o £+
LL%NT @) 0 .
: ' 957 Lo A
©
The individual building blocks for each branches are
1 2 1 3 2 3 1 2

;[—11 _ﬂ Y12 ;é[_}_ _i] Y13 ;g[_i _ﬂ Va3 ;1[0 1] Y10 ;2[ 1] Y20

Combining these elements, we obtain Y-Bus as

Yll Y12 Y13
[YBuS] = (Y21 Yy Y3
Y31 Y32 Y33
Yio T Y12 t Y13 —V12 —V13
o [Ypus] = —Y12 Y12 T Y23 + Y20 —Y23
—V13 —Y23 Y13 T Y23
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~j10.952 i5 i5
or, [Yeus] =| 5 ~j10.952 j5
i5 i5 ~j10

The nodal equation is given as  [I]=[Y][V]

12-90° 110952 j5 j5 1.0520°
=> 08574 120° —j10.952  j5 []0.92—30°| Answer
j5 —j10 0

3. Singular Transformation Matrix:- The basic requisite in this method is primitive

network . A network is said to be primitive when the network elements are not inter-
connected with other part of the whole network.

For this method we require a graph of the network which should be oriented in nature. From
the oriented graph node incidence matrix is drawn of dimension B x N where ‘B’ is the number
of branches & ‘N’ is the number of nodes. The branch orientations are recorded in the matrix
as

Aj = +1-> when current in the branch/element ‘i’ is directed away from node j’
Aj = -1-> when current in the branch/element ‘i’ is directed towards from node ‘j’
Aj; = 0-> when current in the branch/element ‘i’ is not connected to node ‘j’

From Node incidence matrix we find the Reduced Incidence Matrix A’, such that

[Y-Bus]= [AT][y][A]
Where [y] is the primitive admittance matrix

Problem:- In a portion of a power system network shown below, two branches 1-2 and 2-3
are mutually coupled through Zm = j0.2 p.u. Find the bus admittance matrix using singular
transformation.

@ _—r—. _/..\‘,\,;/0\.3 p.u @

=
o
|
o
S
2
B
=
0/
[TYN

Jx3,=/j0.3 p.u
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Solution:- For the above network, let us first draw an oriented graph as shown below

0 ®

@

Bus 2 is taken as from node, since for both branches dot is present at bus 2

Reduced Incidence Matrix is given by

Primitive Impedance matrix is given by

_ [j0.3 jo2
1= [jo2 o3

Primitive Admittance matrix is given by

=t = [0 2

[Y-Bus]= [AT][y][A]
[—16 1 0 ]
—16 1 -1

[12 —14 12
j4  j2  —jé

Answer

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL

ABIT CUTTACK 21




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]

o™ ELECTRICAL 2020-2021 [MODULE-I]
LECTURE:-7

Modification of Y-Bus for Branch Addition/Deletion:- For account of addition or deletion of
any branch in a power system network, Y-Bus modification is necessary. Generally in basic
two rules are applied for any branch addition or deletion i.e.

For Account of Addition: - If any branch having admittance, ys is to be added to the network
thenitis added to the diagonal elements of Y-Bus matrix and subtracted from the off-diagonal
elements.

For Account of Deletion: - If any branch having admittance, yp is to be removed from the
network then -y;, is added to the diagonal elements of Y-Bus matrix and subtracted from the
off-diagonal elements.
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POWER FLOW STUDIES:- In a power system the flow of active & reactive power is called power

flow or load flow. The voltages of buses and their phase angles are affected by the power flow
and vice versa.

Power flow studies provides a systematic mathematical approach for determination of
various bus voltages, their phase angles, active and reactive power flow through different
branches, generators and loads under steady state conditions.

Power flow study is carried out to

= Study short circuit conditions for any interconnected system
= Plan the operation of power system under existing conditions
= Improve and future expansion of power system

Power flow problem is formulated assuming the power system network to be linear, bilateral
and balanced and having lumped parameters.

Load flow or power flow studies also helps in determination of the best location as well as
optimal capacity of proposed generating stations, substations and new lines.

The starting point for a power flow problem is a single line diagram of the power system from
which the input data for computer solutions can be obtained. Input data consists of bus data,
transmission line data and transformer data.

Properties of Power flow Solutions:-

a) Simplicity of the Program
b) Flexibility of the Program
c¢) Low Computer Storage

d) Reliability of Solution

e) High Computational Speed

STATIC LOAD FLOW EQUATION (SLFE):-

Let us consider it bus of any network where

Pi is the active power injected into bus ‘i’

Qi is the reactive power injected into bus ‘i’

Viis the voltage at bus ‘i’ w.r.t ground

6iis the phase angle of the voltage at bus ‘I’

liis the current injected into bus ‘i’

Voltage at bus ‘i’ is represented in polar & rectangular form as
Vi = |V;le/% = |V;|(cos &; + jsin &;)

Complex power injected by the source into the bus ‘i’ is given by
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Sl* = Pl —le = Vl*ll S B 1,2,3 ...... N

Current injected into any bus i is given as
Hence it can be written as

Where ‘N’ is the total number of buses

The above equation can be re-written as

N N
PO = Vil = Vi ) Yoo = ) WViYoulhl £ + 8, = 5

=1 n=1

Expanding the above equation and equating real and reactive power terms, we get

N
Pi= ) ViVl cOS(8in + 8, — 51
n=1

N
Qi == ) Vi¥unli sin(0yn + 8, = 8)
n=1

The above two equations form the “ Power Flow Equations” or “Static Load Flow Equations”
and provide calculated values for the net real power P; and reactive power Q; entering into
bus ‘i’.
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LECTURE:- 8

POWER BALANCE EQUATION:-

Let Py, denote the scheduled power generated at bus ‘V
& Py, denote the scheduled power demand of the load at bus ‘/
Similarly, Ps.,, denote net scheduled power being injected into network at bus ‘i’
Also, AP; = Real power mismatch between Ps¢p,, and Peyy,
AP; = Pscp;, — P
= (Pgi - Pdi) - l:)Cali

Similarly,

AQ; = Qschi - Qcali
= (Qgi - Qdi) - Qcali

Note:- If Pscp, = Pear,, & Qsch; = Qcaly, then mismatches are zero, & we get power balance

equations

CLASSIFICATION OF BUSES:-

In general, a power system each bus is associated with 4 quantitiesi.e. P, Q, |V|, and &. In a
power flow solution, two quantities are specified and two are obtained from the solution of
the equations. Depending upon which quantities are specified, buses are classified as

1) Load Bus or PQ Bus: - Here both P, & Q. are zero because of non-generator bus and
Py, & Qq, are known from previous historical data. A load bus V" is called PQ bus
because in this Psp, = =Py, and Qgen, = —Qq, are known and AP; & AQ; can be

defined. These quantities are used in Load Flow Equation to obtain & and |Vi|

2) Generator Bus or PV Bus: - This bus is also known as Voltage Controlled Bus. Any bus
of the system at which voltage magnitude is kept constant by injection of reactive
power is said to be voltage controlled. At each bus ‘i’ Py, & |Vi| are specified and Q; &

6i are unknown quantities.

3) Slack Bus or Swing Bus or Reference Bus:- In a power system, losses remain unknown
for PV & PQ buses until Load flow solution is complete thus total injected power
cannot be specified at each single bus. Hence one generator bus is made to take
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additional real & reactive power to supply transmission losses. These type of buses
are known as Slack Bus at which |Vi]| is specified with 6;=0.

* If Slack bus is not specified, PV bus with maximum P is taken as reference bus.

GAUSS-SEIDAL METHOD:- Gauss Seidal Method is an iterative algorithm for solving a set of
non-linear algebraic equations. For the solution of these equations, iterative techniques are
used in which we progressively compute more accurate estimates of the unknown until
results converge to a desired degree of accuracy in a finite number of iterations.

Advantages of GS Method:-
a) Simplicity of the technique
b) Small Computer Memory Requirement
c) Less Computational Time per Iteration

Disadvantages of GS Method:-
a) Slow Rate of Convergence, hence large number of iterations
b) Increase of number of iterations directly with the increase in the number of buses
c) Effect on convergence due to choice of slack bus

R/

+» Duetothese disadvantages, GS method is used only for systems with small number of buses.

We know from previous discussion that, Current injected into any bus i is given as

N
= > Yy

n=1

L= YaVi+ ) Yoy
n=1
l+n

N
=> V-=£—iz YoV,
L lel m"n

Also from the previous discussion, we know that
Vil =P —jQ;
P —jO;
v’
Substituting the value of [; in the above equation of Vl, we have

v, = JQL z v
liTL

With the help of above equation and applying the following procedures of given algorithm,

=> Ii:

we can develop the solution of GS Method.
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Algorithm for Gauss- Seidal Method:-

1) Assume a flat voltage profile for all nodal voltages except slack bus. Let Slack bus
voltage be a+j0. Assume a suitable value of convergence criterion €

2) Set iteration count as K=0

3) Set bus counti=1

4) Check for the slack bus. If it is not slack bus, then go to next step

5) Check which bus is PQ bus and which bus is PV bus. For PV bus, go to next statement
or for PQ bus go to statement 8

6) Replace the magnitude of PV bus by the specified value, keeping the phase angle same
as in that iteration. Calculate magnitude of Q and if Q lies within upper and lower

limits, calculate P‘;—]Ql for that bus.
i

Note:- If there are more than one PV bus in the system, the voltage magnitude of that
bus only is replaced by its specified value, while other PV buses voltage magnitude will
be corresponding to that in the iteration.

7) In case of magnitude of Q violating the limits, the magnitude of Q at that bus will be
corresponding to limit which is violated and magnitude of voltage will be that in the
iteration (not specified value).

8) Calculate the bus voltage V<1

—JQ
V'K+ 1 —_— z Y. V.
L ll VK mn
l;tn

9) Find the difference AV;* = VX1 — VK
10) Advance the bus count by 1 and check for all buses being taken into account

using

11) Find the largest of the absolute value of the change in voltage. If it is less than g, go to
next step; otherwise go to step 5
12) Calculate injected powers and line flows

*Acceleration Factor: - Convergence in Gauss-Seidal Method is speeded up by acceleration
factor denoted by a and the accelerated value of voltage for ith bus will be

Viere = V& + a(v* — v
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Flowchart of Gauss-Seidal Method:-

Start

Iﬂaad in system data and formulate nodal admittance matrixJ

[Assume bus voltages V, = 1 + ] 0.0 for B‘Hbuses exceptp =s where V,=a + 0-2]

N
| Set iteration count K = o]

( Compute A, for all load buses and By forallbusesforp=1,2,..,n,p=sandq=1,2,..,n,9+p ]

|_Set convergence criterion |AV ., 1= & |

> j' Set bus count p = 1j
. Yes

lfeplace temporarily IV, 1 by IV I ..
v

Calculate the phase angle of voitage i.e., cos 8, and sin 8, and
evaluate adjusted vottage e, = IV, cos 8, and f, = IV lgpe: SiN 5y

t phase angle as in this iteraﬂoﬂ

7
[Calculate reactive power Q, = f(e, T,)|

d [ Replace V| by r-IVplw‘]

—3
P,—iQ,
Voo

Evalute A, =

12
Solve voltage equation

Z p—1 n
A
K+ 1 __ P K+1__ &
Vo "\‘,TR'”‘E , Bpq Vq Z:Bqu
P y q=1 qa=p+ 1

4

[calcutate av," = v, " —v,|

<
{ Reptace Vo by v, |

Xz __
[Ad\mnceBus countp =p + 1} <t

> all msm
e

[Evaluate 1AV, _"1.e., largest of the absolute voitage diffarence SR _ ¥
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Problem: - The following is the system data for a load flow solution:

The line admittances:

BUS CODE ADMITTANCE
1-2 2-i8.0
1-3 1-j4.0
2-3 0.666-j2.664
2-4 1-j4.0
3-4 2-i8.0

The schedule of active & reactive powers:

BUS CODE P Q \" Remarks
1 - - 1.06 Slack
2 0.5 0.2 1+j0.0 PQ
3 0.4 0.3 1+j0.0 PQ
4 0.3 0.1 1+j0.0 PQ

Determine the voltages at the end of first iteration using Gauss-Seidal Method. Take a =1.6
Solution:-

> Set iteration count as k=0

» Set bus count i=1

» Check if bus 1 is Slack Bus

» Read the data and form the Y-bus Matrix

The admittance matrix will be as given below

3—j12.0 —2+ 8.0 —1+ j4.0 0
v _|72+/B0 3.666-j14.664 —0.666+2.664 —1+ 4.0
Bus = |1 4 j4.0 —0.666 +j2.664 3.666 —j14.664 —2 + 8.0
0 —1+ j4.0 —2+ 8.0 3 —j12.0
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The powers for load buses are to be taken as negative and that for generator buses as positive

For i=2 & using the formula

K+1 ]Ql
I/i u VK* Z Yl‘)’l
i#n

We have
—jQ>
Vi = Yzz VO* — Yoy VP — Va3 V3 — Y24V4Ol
Vi = ! [_0'5 /0.2 1.06(—=2 + j8) — 1(—0.666 + j2.664) — 1(—1 + j4
2 T3666— 146641 1-j00 J ' Je 1+/9)

Vi =1.01187 — j0.02888
Accelerated value can be found by

VK+1 — VK + a(vK+1 ViK)

1,acc

Viee = 1.01899 — j0.046208  Ans.

Similarly
1 |Ps—j
Vi =o— l3—0{Q3 — Y3y VP — Y5oV3 — Y34V4Ol
Ya3| Vg
1 —0.4+j0.3

vi=

—1.06(—1 + j4.0) — (1.01899
3.666 — j14.664| 1— 0.0 (=1 +j40) = (

—j0.046208)(—0.666 + j2.664) — 1(—2 + j8) ]

Vi =0.994119 — j0.029248

Accelerated value can be found by

VK+1 — VK + a(vK+1 ViK)

1,acc

Vi,.. = 0.99059 — j0.0467968  Ans.
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Similarly

V]_ 1 P4-_jQ4-

4 = E V4°* = YaoV3 — YasVs

- 1 =03 +j0.1
* 7 3—j120 1-j0.0

— (1.01899 — j0.046208)(—1 + j4.0) — (0.99059 — j0.0467968)(—2 + j8)

Vi =0.9716032 — j0.064684

Accelerated value can be found by

VK+1 — ViK + O((ViK+1 _ \/lK)

i, acc

Vi = 0954565 — j0.1034944  Ans.
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Problem:- The load flow data for a 3 bus system is given in table below. The voltage magnitude
at bus 2 is to be maintained at 1.04 p.u. Reactive Power limitis 0.0 < Q, < 0.3. Taking bus 1
as the slack bus, determine the voltages of the various buses at the end of first iteration
starting with a flat voltage profile for all buses except slack bus using G-S method with a =
1.6

Impedance Table

BUS CODE | IMPEDANCE | BUS CODE LINE CHARGING ADMITTANCE
1-2 0.06+j0.18 1 j0.05
1-3 0.02+j0.06 2 j0.06
2-3 0.04+j0.12 3 j0.05

Active & Reactive Power Schedule

MVAR(p.u) MVAR(p.u)
1 1.06+j0.0 0.0 0.0 0.0 0.0
2 1.0+4j0.0 0.2 0.0 0.0 0.0
3 1.0+j0.0 0.0 0.0 0.6 0.25
Solution:-
P Set iteration count as k=0
P Set bus count i=1
» Check if bus 1 is Slack Bus
P Read the data and form the Y-bus Matrix
The admittance matrix will be as given below
6.667 —j19.89 —1.667 + j5 -5+ /15
Ygus = | —1.667 +j5 4167 —j12.4 —-2.5+4j7.5
—-5+j15 —-25+j75 7.5-—j22.39

I —————————————————————————————————
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We have to now find Q, with bus 2 voltage as 1.04

We know from SLFE that

For i=2 we have

3
Py = Q= Vil = V5 ) Youlhy
n=1

For i=2 we have

3
P, = Qo =Vily = Vi ) Yk
n=1

Expanding, P, — jQy = V5 [Y21V1+Y2,V2+Y53V3]
~ Qg = —Im{V3 [V, V142, Vo +Y53 V3]

= —Im[(1.04 — j0){(—1.667 + j5)(1.06) + (4.167 — j12.4)(1.04)
+ (=25 +j7.5)(1 + jO)}]

= —[m[0.0693264 — j0.09984]

- Q, = 0.09984

Since Q, lies within the limits therefore bus voltage V, will be || spec & phase angle as in

this iteration

For i=2 & using the formula

We have

NCRL LT [

2 = E v PR Y21V10 - Y23V3()l

- 1 0.2 — j0.09984
274167 —j12.41 1.04 — 0.0
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V3 = 1.0430596 + j0.009105

Accelerated value can be found by

VK+1 — \/iK + a(ViK+1 _ ViK)

i, acc
V}aee = 1.04489536 + j0.014568

For the above expression, 6= 0.79

. V3 =11.04]20.79° = 1.03990114 + j0.01434

Similarly

Vl 1 P3_jQ3

3 = @ Vs PR Y31V10 - Yszvzll

1 —0.6 + j0.25
vi=
75—,22391 1—,0.0

+j0.01434) (2.5 + j7.5)]

—1.06(=5 +j15) — (1.03990114

= 1.03985007 —;0.017489

Accelerated value can be found by

VK+1 — ViK + a(ViK+1 _ ViK)

i,acc
Ve = 1.063760112 — j0.0279824
*Now, considering the case when calculated value of reactive power violates the limit
Let us consider that Reactive power constraint for the previous problem is
0.0<Q,=<0.05

Now we can see that the calculated value of Q; i.e. 0.09984 violates the upper limit of the
constraint. Hence Q5=0.05 instead of 0.09984. Bus 2 voltage will be 1+j0 in this iteration.

1 0.2 — j0.05
Vzl =
4167 —j12.41 1.0 — 0.0

—1.06(=1.667 + j5) — 1(=2.5 + j7.5)]

=1.0399136+j0.0107822

Vi.. = 1.06386176 + j0.01725152
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Similarly
1 [P, —jQ
Vg = Yas 3T]*3 — Y3 VP - Ysszll
) 1 —0.6 +j0.25 _
v — 1.06(=5 + j15) — (1.06386176

~75-;2239] 1-,0.0
+j0.01725152)(—2.5 +j7.5)]

= 1.0478736 — j0.0165257

Accelerated value can be found by

VK+1 — ViK + O((ViK+1 _ ViK)

i, acc

Vi ee = 1.07659776 — j0.02644112
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NEWTON-RAPHSON METHOD FOR THE LOAD FLOW STUDY:- Newton-Raphson method is the
most widely used method for solving non-linear algebraic equations.

Newton-Raphson method is an iterative method which approximates the set of non-linear
simultaneous equations to a set of linear simultaneous equations using Taylor series
expansion and the terms are limited to first approximation.

Advantages:-
1. More accuracy & convergence surety
2. About 3 iterations are required as compared to more than 25 by G-S method
3. Number of iterations are independent of system size
4. Method is insensitive to factors like slack bus selection, regulating transformers etc.

Disadvantages:-
1) Solution technique is difficult
2) Computation time per iteration is large
3) Computer memory requirement is large

By Taylor Series, we know that

o

f@) =) anz 2"

n=0

o 1
f@) =) —fMa0) (2 = 7)"
n=0

= Flzo) + 1 f (a0 (2 = 20 4 3 2 (20) (2 = 20)? + [ (z) 2~ 20)" + By(2)
*Note:- f1(zy), f2(2p)..... denotes the order of partial derivative
and Rn(z) is residue for higher order expansion
Let x; and x, be the two variables where x9, xJ are the initial estimates of the two variables
Assuming initial values of unknowns as x?, x2,xJ, ... ....x% and Ax?,AxJ,Ax2, ........Ax?

be the corrections.
|
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Hence it can be written as
=>Ax) = x; —x¥; Ax) = x, — x?
Considering C; = f;(xq,x,) & C; = f,(x1, x,) we can write as

Ci = fi(x? + Ax?,x? + AxD)

Cy = fox) + AxD , x3 + AxD)

By Taylor Series expansion we can write as

d
Cp = fi(x? + AxD , x3 + Ax9) = f(x7, x3) + (x1 - 951)i + _(xz - xz) fl
_ _ fl 0 afl . . .
=> C; = f1(x),x9) + Ax) Axy; —+ -+ (from earlier discussion)
dx, X1 dx,
ofi df1
=> C; — fi(x{,x3) = Ax? . % AxSa_xz-I-
ofi f
=> C; — C{ = Ax? Axy ——
1~ (1 o % + 2 3%,
df1 df1
=> ACY = Axy o— . +Axp =+
Similarly, it can be also written as
af, af,
=> AC) = Ax) —=+ AxJ—=
=> AC? = ", X5 o, +

Both the above equations can be written in matrix form as

AC? |6x1 axz | Ax?
ACZ afZ afz sz
6x1

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL

ABIT CUTTACK 37




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]

o™ ELECTRICAL 2020-2021 [MODULE-I]
In generalized form, it can be written as
Ofi 0h A
AC? ax, 0x, = 0x, Ax?
lacs| |08 05 9h|[ml
| =|ox, ox, 6xn| _
lAC,?J a}fn afn C a}fn le,‘{J
0x, 0x, = 0x,

In Abbreviated form it can be written as B=JC; Where B is the Mismatch matrix; Jis the
Jacobian Matrix; Cis the Correction Matrix

In order to find out the values of C, we can write C=J1B

For power system, mismatch matrix represents the difference between the specified values
and calculated values for real power and reactive power for all buses (excluding slack bus).

Jacobian matrix gives the linearized relationship between small changes in voltage & phase
angle. Elements of Jacobian matrix are partial derivatives of

Po= ) Vill¥anl V] cOS(O1 + 6 — 87)

n=1
= > Wl Yl Vol sin (@i + 6, — 87)
n=1
Hence we can write as
0P, 0P, oP, dP, 0P, 9P, ]
95, 88, 098, oV, av, ~ oV,
P, 0P oP, 0P, 0P oP
APK] |2 = .. = = 2 2 ash
A AR T A A A+
_ op, 9P,  Odp, 9B, oP,  ap|| |
APX| 138, @5, © 98, ov, av, oV, ||AsK
AQY| 19Q2 00, 0Q, 09Q, 0Q, 9Q2 |[AVF
rQK| |98, a8, 98, av, av, © o, ||avk
0Qs 003 00; 0Q; 00s 905
95, 88, 098, AV, ov, ~ o,
—AQrIf— . . .o . . . .o . _AVnK_
00, 90x 00, 00 Qs 30n
95, @5, =~ @85, ov, oVs " V|
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For PV buses, voltage magnitudes are known. If M buses are PV buses, M equations including
AQand A|V| and corresponding columns of J matrix are eliminated. Hence J is of the order of
(2N-2-M)x(2N-2-M). There are N-1 real power constraints & N-1-M reactive power
constraints.

The new estimates for bus voltages are

5141 = 51 + A6

IV = [V + AV
The process is continued until APik and AQ{‘ are less than specified accuracy.

Algorithm of NR Method:-

Read the bus data

Set iteration count k=0

Form Y-Bus Matrix in Polar form

Set i=1

Check if Bus 1 is Slack Bus. If Bus 1 is slack bus, set i=2

Find number of constraints for real & reactive powers

Evaluate real & reactive power calculated values by substituting the bus data.
Evaluate Jacobian Elements & thus Jacobian Matrix

Find the Mismatch Matrix

10. Evaluate the Correction Matrix by using formula B=JC

O 00NV A WDNRE

11. Evaluate the new estimates for next iteration
12. Calculate Line flows
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Problem:- The figure below shows the one line diagram of a simple 3-bus power system with
generators at buses 1 & 3. The scheduled generation & load are shown. Line Impedances are
marked in p.u on a 100MVA base & line charging susceptances are neglected. Obtain the
power flow solution by the N-R method after the end of first iteration.

1 2
0.02 + 570.04
—— 400
: j MW
. 1 250
0.01 + 50.03 0.0125 + 70.025 Movar
Slack Bus 3 | , '
Vi = 1.05Z0° T
|
200 | Va3 |= 1.04
MW

Solution:-

» Read the bus data and form the Y-Bus matrix
Line Impedances are converted to admittances i.e.
y12 = 10-j20 p.u; y13 = 10-j30 p.u; y23 = 16-j32 p.u
The admittance matrix will be as given below

20—j50 —10+,20 —10+ 30
—104j20 26—j52 —16+,32
—10+,30 —16+32 26—j62

Ypus =

In polar form

53.851654 — 1.19029  22.3606822.0344 31.62278,1.8925
Ypus = | 22.36068242.0344 58.13777+4 —1.1071  35.77709£2.0344
31.62278,1.8925 35.7770942.0344  67.230952 — 1.1737

Real Power Constraints are N-1i.e. 3-1=2 (Where N is number of buses)
Reactive Power Constraints are N-1-M i.e. 3-1-1=1 (Where N is number of buses, M is PV bus)
We know from SLFE

N
Po= ) WVillYinllVal c5(Bin + 8 — 61)

n=1
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N

Qi = = D WVillYinllVal sin(Bin + 8 = 6
n=1
Thus in order to find the calculated values of real & reactive power

P, = |V,||Vy||Y21] cos(B,1 — 8, + 64)
+ [V V31 1Y22| cos(8y; — 8, + 63) + [V, |[V3]|Ya3]| cos(6,3 — 8, + 63)

P; = |V5]|Vy||Y31] cos(B31 — 83 + 65)
+ |V3]|V3 1132 cos(83, — 83 + 6,) + [V5||V3]|Y33]| cos(B33 — 83 + 63)

Q2 = —|V5||V1|[Yz4 | sin (851 — 6, + 61)
— Vol IVa|1Ya2| sin (825 — 6, + 63) — Vo] |[V3]|Ya3] sin (623 — &, + 63)

Substituting all the values of admittances, voltages & phase angles, we get the calculated
values of real and reactive powers

P, cq1 = 1.0x1.05x22.36068 cos(2.0344 — 0 + 0) + 1.0x1.0x58.13777 cos(—1.1071 —
0+ 0) +1.0x1.04x35.77709 cos(2.0344 -0+ 0) = —1.14p.u

Py et = 1.04%1.05x31.62278 cos(1.8925 — 0 + 0) + 1.04x1.0x35.77709 cos(2.0344 —
0 + 0) + 1.04x1.04x67.23095 cos(—1.1737 — 0 + 0) = 0.5616 p.u

Q2 car = —1.0x1.05x22.36068 sin(2.0344 — 0 + 0) — 1.0x1.0x58.13777 sin(—1.1071 —
0+ 0) —1.0x1.04x35.77709 sin (2.0344 — 0+ 0) = —2.28 p.u

The scheduled values of real & reactive powers for each buses except slack bus is found out
by

—(400 + j250) ) , o
= —4.0—j2.5p.u (Negative polarity is for load bus)

Ssch —

2 100
Thus P5" = —4.0p.u & Q5" = —2.5p.u

Similarly,

200

p§ch = 100~ 2.0 p.u (positive polarity is for Generator Bus)

Hence Mismatch values are found out by
APY = P5" — P, .01 = —4.0— (—1.14) = —2.8600
AP) = P$" — Py .0y = 2.0—(0.5616) = 1.4384

AQY = Q5" — Qy et = —2.5—(—2.28) = —0.2200
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—2.8600
In matrix form, the mismatch matrix can be written as B = [ 1.4384 ]
—0.2200

The Jacobian elements are found out by taking partial derivatives of real & reactive power
constraints

dP ) )
= [Vo V1 []Y21] sin (8,1 — 65 + 81) + [V, ||V5]|Ya3] sin (6,3 — 6, + 63)

a9,
daP
a—aj = —[V,|IV3|Yz3] sin (6,3 — 8, + 685)
opP
alel = |V1|Yz1] cos (821 — 85 + &1) + 2|V, ||Y22] cos(8y2) + |V3][Yz3] cos (825 — 6, + 83)
0P; .
6_62 = —|V5]|V,||Y32] sin (B3, — 83 + &)
dP.
5. = ValIVslYau | sin (831 — 85 + 81) + [Vl IVs Vs sin (852 — 8 + 62)
3
d0P;
A = |V3]|Y32] cos (83, — 85 + 85)
aQ
6_62 = [V2[[V1|Y21] cos (821 — 8, + 61) + V2| [V3][Yz3] cos (8,5 — 6, + 83)
2
aQ
6_6; = —|V5]|V;||Yz3] cos (B3 — 6, + 33)
d
6|§2| = —|V1|1Y21] sin (821 — 6, + 61) — 2|V;||Y22| sin(B2) — [V5]|Y23] sin (8,5 — 65 + 63)
2

Substituting all the values of admittances, voltages & phase angles, we get the Jacobian values
of real and reactive powers
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_aPZ aPZ aPZ ]
35, 35, [V
54.28000 —33.28000 24.86000
P, P, oP
J= 35, 5, [V =|—-33.28000 66.04000 —16.64000
2 3 2 —27.14000 16.64000 49.72000
0Q; 0Q; 00,

95, 0865 0|V

By using the formula B=JC we find Correction matrix

A& 54.28000 —33.28000 24.86000 1 '[—2.8600 —0.045263
AS8Y | =[-33.28000 66.04000 —16.64000 1.4384 | =[-0.007718
AIVY| —27.14000 16.64000  49.72000 —0.2200 —0.026548

The new estimates for bus voltages are
5} =62 + A82 =0 —0.045263 = —0.045263 p.u

51 =869+ A8% = 0 — 0.007718 = —0.007718 p.u

V= V2| + |AVY| = 1 — 0.026548 = 0.97345 p.u
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FLOWCHART OF NEWTON-RAPHSON METHOD:-

Read LF data

1 Advance iteration count

r=r+1

i

Compute

and form Ygys f efr*1) =g+ Aefn
Y T N =£0+ AFD Stop
A

Assume bus voltages ";
Vii=1,-ni=s Determine J~1
Y .compute Ae{") and C.Olénrpute and
Set iteration count A print line flows,
r=0 A power loss,
TS ; voltages,
Assemble eto.

Jacobian J y

L Set bus counti=1

Are all
max A within

tolerance
?

No

Yes Yes

No i
Determine max
Calculate bus current change in power
li=c¢{0 +jdn max AP",AQ"
and AlV'?

Advance bus
count j>j + 1

Is
ilast node

A

-<

Compute |
ﬂV/ r|2 =|V,'SChd ‘2_“/'_r12

Compute Comput

(n _. NG| pre
20 = Q. af 20" = Q@
2 — 3 —
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FAST DECOUPLED POWER FLOW SOLUTION:- From the earlier solution of power flow studies
using Newton-Raphson Method, it is written as

aol =17 3:lLaw,

Since changes in real power i.e. AP are less sensitive to the changes in voltage magnitude

(A|V]) and changes in reactive power i.e. AQ are less sensitive to the changes in phase angle
of voltages (Ad) ; hence above equation can be reduced to

[AQ 0 ]4] [AIVI

-[5

& 40 = J,AlV] = |5 alv)

|6|V|
The fast decoupled method is based upon some of the assumptions i.e.

13. [Vi|* = |V

14. Difference of the phase angle §,, — §; is very small
15. [Vol =

16. Q; < BylVil?

From the earlier discussion in N-R method, the diagonal element of J; i.e. partial derivatives
of real power w.r.t phase angle can be written as

Zwuymuwsmwmw - 8)

n#i
It can be also written as

_SL - lei”Yin”an sin(By, + 8, — &) — [Vi|?|Yyl sin 6;;
i A

P,
a8;
Where B;; = |Y;;| sin 8;; is the imaginary part of diagonal elements of bus admittance matrix

— [Vi|?|Yy| sin 0; = —Q; — |V;|*By;

Now from our assumption number 1 & 4
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P
95, —|Vi| By

Similarly off-diagonal elements of J1 is written as

i

= _|Vl||Yln||Vn| sin(0, + 6, — 6i)

ad,
From our assumption number 2 & 3 it can be written as
d0P;
n

The diagonal element of J4 is

N
a0Q; _ .
3y, = ~2IVill¥al sin 0y - E |Yin|[Via] SIN(83, + 8, — 8)
L

Multiplying both sides with |V;|, we have

n#+i

N
00, : :
31y Vil = ~2Vl?1Yalsin By = ) IVill¥oulla sinBos + 8, = 8)
¢ n#i
aQi 2 : N ; 2 ;
VA Vil = =2|Vi[*|Yy] sin 6 — (ZWi”YinHVH sin(0;, + 6, — 6;) — [Vi|*|Yy| sin 6;)
l n=1
N
a0, . 2 .
A Vil = = ) VillYal Vol sin(6in + 8, — 6;) — [Vi|*|Y;] sin 6
' n=1

00;

A Vil = Qi — [Vi|?|Yy| sin 6 = —|V;|By; { From assumption 4}
l

Similarly the off diagonal element of J4 is given as

d0Q; .
0|Vrz| = _|Vi||Yin|31n(9in + 6n - 61’)

Multiplying both sides by |V},| we get

i

or, Vol = =VillYin V| sin(8y, + 6, — 6;)
A
Using the assumption number 2 & 3, we get
aQ; .
V| = =IVil|Yin |1Vl sin 6, = =|V;1|Bin| V] = —IV;| By
0|Vl

Hence Jacobian elements become

=> AP = J,A§ = —|V;|B'AS
|
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AP
=> — = —B'A§
Vil
Also,
=> AQ = LA|V| = —|V;|B"A|V|
AQ
=> — = —B"A|V
Vi vl

Where B’ and B” are imaginary part of Y-Bus matrix. B’ is of the order of N-1 and B” is of the
order of N-1-M

Thus we get the correction values as

AS = [B’]‘lAP
14
&
-1 AQ
AlV| = —|B —
vi=-[87 1
Advantages:-

a) It requires less computation time per iteration
b)  Power flow solution is obtained very rapidly

Disadvantages:-

a. ltrequires more number of iterations than N-R method
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Problem:- Obtain the power flow solution by FDLF method for the numerical as discussed in
N-R method

1 2
0.02 + j0.04
———— 400
: MW
0.01 + 50.03 0.0125 + j0.025 |—+—> 250
. Mvar
Slack Bus 3 I I
Vi = 1.0520° 4
|
200 | Va |= 1.04
MW

Solution:-

Read the bus data and form the Y-Bus matrix

Line Impedances are converted to admittances i.e.
y12 = 10-j20 p.u; y13 = 10-j30 p.u; y23 = 16-j32 p.u
The admittance matrix will be as given below

20 —j50 —10+,20 —10+ ;30
—10 4,20 26—j52 —16+j32
—10+j30 —16+32 26— j62

Ypus =

In polar form

53.851654 — 1.19029  22.3606822.0344 31.62278,1.8925
Ypus = | 22.3606842.0344 58.13777+4 —1.1071  35.77709£2.0344
31.62278,1.8925 35.7770942.0344  67.230952 — 1.1737

Real Power Constraints are N-1 i.e. 3-1=2 (Where N is number of buses)
Reactive Power Constraints are N-1-M i.e. 3-1-1=1 (Where N is number of buses, M is PV bus)

We know from SLFE

N
Pr= ) WVill¥inl V] cOS(Oin + B, — 87)

n=1

N
Qi == D WVllYunl Vo sinBr + 6, — 87)

n=1
Thus in order to find the calculated values of real & reactive power
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P, = |V,||V1]1Y21] cos(8,1 — 62 + 81)
+ V2V l|Y22| cos(8,2 — 82 + 63) + V2| [V3]|Ya3] cos(8,5 — 6, + 63)

Py = |V3]||Vy||Y31] cos(831 — 63 + 61)
+ V3|1V, ||Y32| cos(B3, — 83 + 63) + |V3||V3]|Y33] cos(B33 — 83 + 3)

Qz = — V5|V 1Y21] sin (6,1 — 6, + 61)
— V2|1V, |Ya2| sin (B2, — 85 + 82) — |V, |[V3]Ya3] sin (6,3 — 6, + 83)

Substituting all the values of admittances, voltages & phase angles, we get the calculated
values of real and reactive powers

Py car = 1.0x1.05x22.36068 cos(2.0344 — 0 + 0) + 1.0x1.0x58.13777 cos(—1.1071 —
0+ 0) +1.0x1.04x35.77709 cos(2.0344 — 0+ 0) = —1.14p.u

Py et = 1.04%1.05x31.62278 cos(1.8925 — 0 + 0) + 1.04x1.0x35.77709 cos(2.0344 —
0 + 0) + 1.04x1.04x67.23095 cos(—1.1737 — 0 + 0) = 0.5616 p.u

Q3 cat = —1.0x1.05x22.36068 sin(2.0344 — 0 + 0) — 1.0x1.0x58.13777 sin(—1.1071 —
0+ 0) —1.0x1.04x35.77709 sin (2.0344 — 0+ 0) = —2.28 p.u

The scheduled values of real & reactive powers for each buses except slack bus is found out
by

—(400 + j250)

Ssch = 100 = —4.0 —j2.5p.u (Negative polarity is for load bus)

Thus Ps" = —4.0p.u & Q5" = —2.5p.u

Similarly,
200

sch __

3 T 700 2.0p.u (positive polarity is for Generator Bus)

Hence Mismatch values are found out by
AP) = P§" — P, .0y = —4.0— (—1.14) = —2.8600

AP = P§" — Py 0y = 2.0— (0.5616) = 1.4384
AQY = Q5" — Qg = —2.5—(—2.28) = —0.2200

—2.8600
In matrix form, the mismatch matrix can be writtenas B = | 1.4384

—0.2200
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Now we find the B’ matrix by eliminating 1%t row & column and considering only imaginary
terms in the remaining part of Y-Bus

-52 32

“y]=[32 —62

-1 _ [—0.028182 —0.014545
—0.014545 —0.023636

We know that

—2.86
. |as2 =__[—Oﬂ28182 -—0014545] [—0060483
" |As9 —0.014545 —0.023636 14384 —0.008909

Similarly it is also known that bus 3 is PV bus and

=18

Hence B”=[-52] (Excluding the PV bus row and column from B’)

[022

S AR = [ = —0.0042308

The new estimates for bus voltages are
8} =69 +A52 =0 —0.060483 = —0.060483 p.u
83 =69+ A82 =0—0.008989 = —0.008989 p.u

V= V2| + |AVY| = 1 — 0.0042308 = 0.995769 p.u
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REGULATING TRANSFORMERS:-

» These are also known as Booster Transformers which are used to change the voltage
magnitude & phase angle at a certain part in the system by a small amount.

It consists of an exciting transformer & a series transformer

It controls real & reactive power flow along a transmission line

Real power can be controlled by means of shifting phase angle of the voltage
Reactive power can be controlled by means of changing the magnitude of voltage

vvyyvyy

Voltage Magnitude Control

The figure below shows the connection of a regulating transformer for phase ‘a’ of a 3-phase
system for voltage magnitude control. Other phases have same arrangement. The secondary
of exciting transformer is tapped and voltage obtained is added to primary of series

transformer.
> Vo,
+U 0 00 © %
- 1
\IQ‘O =" | SSenes exorsd \/Q')
2 ?(g
Toxaitcio tg—‘ro‘vﬁ-m. -
— G =] &
Q

The voltage on the secondary of series transformer is added to input voltage to give output
voltage V,, = V., + AV,

Since the voltages are in phase, hence it is called in-phase boosters. The output voltage can
be adjusted by changing the taps of exciting transformer.

By changing the switch ‘S’ from position 1 to 2, the polarity of voltage across series is reversed,
such that output voltage is less than input voltage.

Phase Angle Control

The figure below shows the arrangement for phase angle control. It uses the principle that if
injected voltage is out of phase with input voltage, the resultant voltage will have a phase
shift w.r.t input voltage
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The series transformer of phase ‘@’ is supplied from the secondary of exciting transformer in

line ‘bc’.
Ny
N,
—= i
4 D \
AN f— —N— — — — Vao
N
W 2
AN /
\\ L//
N Vo

The injected voltage AV}, is in quadrature with voltage V,,, thus V,, = V,,, + AV},

The amount of phase shift can be adjusted by changing exciting taps. Output voltage can be
made to lead or lag input voltage by changing position of S

Advantages:-

a) Main transformers are free from tappings

b) It can be used at any intermediate point in the system

c) Regulating transformer and tap changing gears can be taken out of service for
maintenance without affecting the system.
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Introduction:-

¢+ Economic operation is very important for a power system to return a profit from the
capital invested

¢+ Purpose of economic operation of power system is to reduce the operating cost of
generation to minimum

¢ By Economic Load Scheduling, it means that to determine the generations of different
power plants such that the total operating cost is minimum and at the same time, total
demand and losses at any instant is met by the total generation.

Generation Mix:- Demand curve of a certain day is shown below. From the curve of total
system demand, it is seen that from midnight to 6A.M, load demand is minimum. Hence it
can be chosen as base load which is carried by generators which runs at 100% capacity on
24hours basis.

\\Emo&Ar »

3
Al

Y t T T 7 7 "
Gast  11Pw ‘8™ 2w bR 2Pw WM Tiwe

The MW is maintained constant at a specific level. In the rest hours, from the curve it can be
seen that demand is gradually changing i.e. increase or decrease & hence to meet that
demand , controlled generation is carried out by intermediate units in which generator runs
most of the time but not necessarily fully loaded.

From the total system demand curve it can be also seen that the total demand shoots up in
between 12:00 Noon to 06:00 P.M which is carried out by peaking unit to supply the peak
load. Peaking units are kept online only for a few hours everyday and hence gas turbine driven
generators or hydropower generators are generally preferred. These peaking units becomes
more expensive due to the gas turbine generators and it is advisable to meet the increased
demand by the intermediate units/base units due to the reason that peaking units remains
idle for rest of the day.
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Spinning reserve are kept for the unforeseen emergencies. These are the generating
capacities connected to the bus and ready to take load. These generators are kept on no-load
i.e. floating conditions so that they can be operated during emergency conditions. The power
plants which are connected through tie-lines makes an agreement for the exchange of power
during emergencies by the help of spinning reserves.

Method of Loading the Generators

“A Unit within a plant consists of a boiler, turbine and generator”

The different methods of loading are
¢+ Base load to Capacity:- In this method, the different units are successively loaded to
capacity in the order of their efficiencies. All, but most efficient unit are operated at
minimum loads until the most efficient one is loaded to capacity.

+» Base load to Most Efficient Load:- In this method, various units are successively loaded
to their most efficient loads in the ascending order of their heat rates.

+* Loading Proportional to Capacity:- In this method, the units are loaded in proportion
to their capacities

+» Loading Proportional to Most Efficient Load:- In this method, the units are loaded in

proportion to their most efficient loads.

Cost Analysis of Power Plants:-

The generating cost per unit of energy depends upon the cost covering the purchase,
installation & erection of equipment, cost of fuel, labour, repair etc.

The generation cost is classified into:-

a) Fixed Cost:- The annual fixed cost consists of the interest on total investment,

all types of taxes, insurance charges, salaries of high officials, management &
clerical staff.
The total investment or capital cost of a plant includes the preliminary cost,
cost of land and other real estate, cost of design & planning, cost of building &
equipment, cost of transportation, erection and installation of equipment and
overheads etc.

b) Operating or Running Cost:- The operating cost of a plant means the expenses
which vary with the extent of operation or amount of energy generated. This
cost is due to annual cost of fuel, lubricating oil, water, maintenance and repair
cost of equipment & wages and salaries of operational and maintenance staff
& salaries of supervisory staff engaged on the running of the plant. The
operating cost is approx. proportional to units generated.

|
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Distribution of Load between Units in a Plant

For computing economic load division between units, operating costs is expressed in terms

of output.
Input is expressed in KJ/hr and output is expressed in MW

The input output curve for a steam plant is shown below

FUEL INPUT IN kJ/HOUR —»

—— POWER OUTPUT IN MW —»

Heat rate is the ratio of the input to the output

Heat Rate — Input = KJ
eatRate = output " KWh

Incremental Cost of a machine at any given output is the rate of change of input w.r.t output
i.e. ratio of small change in input to a small change in output is known as incremental cost of

the machine. It is equal to slope of input-output curve.

In input-output curve, if input is expressed in KJ/hr and output in MW, then incremental fuel
rate is expressed in KJ/MWh and if the input is in Rs/hr, then incremental fuel cost is

expressed in Rs/MWh
Incremental Fuel Cost is referred to as the cost which is faced by the unit or plant in increasing

its generation by 1 MW
The fuel input curve is modelled as a quadratic equation i.e.
F=a+pP+yP?

Where F is the fuel input in Kcal/hr, P is the output in MW and a, B, y are fuel coefficients

Similarly in terms of cost equation can be written as
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C = a+ bP + cP?

Where Cis the fuel input in Rs/Kcal, P is the output in MW and a, b, c are cost coefficients

Economic Load Dispatch Neglecting Losses:-

The economic dispatch problem is defined as

N
Mln FT = Z F‘)’l
n=1
Subject to
N
PD = Z Pn
n=1

Where F; is the total fuel input to the system, E, is the fuel input to nth unit, Py is the total

load demand and B, is the generation of nth unit

By using Lagrangian Multiplier, the auxillary function is written as

N
F=FT+A<PD_ZPTL>

n=1
Where A is the Lagrangian Multiplier.

Differentiating F w.r.t P, and equating to zero

aF—aH+wm 1) =0
0P, 0P, B

=a_Pn_/‘l=O

SinceFr =F,+F,+--+F,

_0F _0F,
" oP, 0P,

Thus the condition for Economic dispatch neglecting losses is that the incremental fuel cost
of all units within a plant should be same.
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Problem:- A power system consisting of two generators of capacity 210MW each supplies a
total load of 310MW at a certain time. The respective incremental fuel cost of generator 1
and generator 2 are

dc,

= 0.125P; + 18.9
dP, 1t

And

dCZ—OlBlP +12
ap, 2

Where powers P1 & P, are in MW and costs C is in Rs/hr. Determine

1) The most economical division of load between generators
2) Saving in Rs/day thereby obtained compared to equal load sharing between the
machines

Solution:-
1) Total load, P=P1+ P2 =310MW.....cceoeveerrrrreernen. (i)

For most economical load division

dc, _dc,
dp, dp,

=> 0.125P; + 189 = 0.131P, + 12
=> 0.125P; — 0.131P, = —6.9 ... ... .... (ii)
Solving equation (i) and (ii), we get P1=131.68 MW and P,=178.32 MW Ans,

2) Integrating the given equations we can obtain C1 & C;

5 2
PZ +18.9P,

C, = f (0.125P, + 18.9)dP, =

0.131
C, = J (0.131P, +12)dP, = ——P} + 12P,

We have known from earlier solution that for economic loading,
P1=131.68 MW and P;=178.32 MW

Substituting the above values in equations of C; & C; and get C=C1 + C,
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0.125 0.131
C=——Pf +189P; +

P2 + 12P,

= 3572.47 + 4222.61 = 7795.08 Rs/hr
For equal load division, we have P1 = P, = 155MW

0.125 0.131
C=——Pf +189P; +

Pf + 12P,

= 4431.06 + 3433.64 = 7864.7 Rs/hr
Thus, saving on account of economic division= 7864.7-7795.08= 69.62 Rs/h

Saving in Rs/day= 69.62x24= Rs 1670.88/day Ans.

Problem:- The incremental fuel costs for the two generating units 1 & 2 of a power plant are
given by the following equations:

dcl—ooesp +25
ap, 1

And
dc,

—2 = 0.08P, + 20
dp, 2+

Where powers P1 & P; are in MW and costs C is in Rs/hr. Determine

1) The most economical division of load between generators when the total load
supplied by the power plants is 160MW
2) The loss in fuel cost per hour if the load 160MW is equally shared by both units

Solution:-
1) Totalload, P=P1+ P2 =160MW.......c.cceceruerererrernns (i)

For most economical load division

dc, _dc,
dp, dp,

=> 0.065P, + 25 = 0.08P, + 20
=> 0.065P; — 0.08P, = —5 .. ... ... (ii)

Solving equation (i) and (ii), we get P1=53.79 MW and P,=106.21 MW Ans.
|
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2) Integrating the given equations we can obtain C1 & C;

0.065

0.08
C, = f (0.08P; + 20)dP; = —— P} + 20P,

We have known from earlier solution that for economic loading,
P1=53.79 MW and P,=106.21 MW

Substituting the above values in equations of C1 & C; and get C=C1 + C,

0.065 0.08

= 1438.78 + 2575.42 = 4014.2 Rs/hr
For equal load division, we have P1 = P, = 80MW

0.065 0.08

= 2208 4+ 1856 = 4064 Rs/hr
Thus, saving on account of economic division= 4064-4014.2= 49.8 Rs/h
Saving in Rs/day= 49.8x24= Rs 1195.2/day Ans.

Problem:- The incremental fuel cost in Rs/MWh for a plant consisting of two units are given

by
dé, _ 0.8P, + 160
ap, 1t

And
dc; _ 0.9P, + 120
ap, T *?

Assume that both units operating at all times that the total load demand varies from 50MW
to 250MW, and that maximum and minimum loads on each unit are to be 125MW & 20MW
respectively. Find the incremental fuel cost of the plant and the allocation of load between
units for the minimum cost of various total loads. Also determine the saving in fuel cost in
Rs/h for economic distribution of a total load of 225MW between the two units of the plant
as compared with equal distribution of the same total load.
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Solution:- For lower loads, IC; of unit 1 is higher and hence it is loaded to minimum value i.e.
Pi= 20 MW. Total minimum load being 50MW when Pi1= 20 MW & P;= 30 MW with
IC1=176Rs/MWh and IC,=147Rs/MWh

As the load is increased from 50MW, load on unit 2 will be incremented until its IC reaches a
value of 176Rs/MWh.

Plant IC P1 (MW) P, (MW) Pr=P1+ P, (MW) Remarks
138 20 20 40 Not Feasible
147 20 30 50 Feasible
176 20 62.2 82.2 Feasible
180 25 66.6 91.6 Feasible
190 37.5 77.7 115.2 Feasible
200 50 88.8 138.8 Feasible
210 62.5 100 162.5 Feasible
220 75 111.1 186.1 Feasible
230 87.5 122.2 209.7 Feasible

232.5 90.62 125 215.62 Feasible
240 100 125 225 Feasible
250 112.5 125 237.5 Feasible
260 125 125 250 Feasible

From the load table, a total load of 225MW is shared as P; = 100 MW & P, = 125 MW

Substituting the above values in equations of C;1 & C; and get C=C1 + C,

For equal load division, we have P1 =P, =112.5MW

08 09
C = 7P1 + 160P1 +7Pz + 120P2

= 20000 + 22031.25 = 42031.25 Rs/hr

08 0.9
~C = TPI + 160P1 + TPZ + 120P2

= 23062.5 + 19195.3 = 42257.8 Rs/hr

Thus, Saving in fuel cost on account of economic division=42257.8-42031.25= 226.55 Rs/h

I —————————————————————————————————
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DISTRIBUTION OF LOAD BETWEEN PLANTS IN A REGION:- Let us consider two identical plant
with identical incremental cost of which plant B has a local load

According to economic criteria, the total load must be shared equally by the plants but plant
A has to supply additional transmission losses due to which the concept of penalty factor
comes into picture.

In this section, we need to find how the load is shared between plants considering the losses.

The economic dispatch problem is defined as

N
Min Fy = Z E,
n=1

Subject to

N
PD+PL:ZPTL
n=1

Where F; is the total fuel input to the system, E, is the fuel input to nth plant, Pp is the total

load demand and B, is the generation of nth plant, P; is the total system transmission loss

By using Lagrangian Multiplier, the auxillary function is written as

N
F=FT+/1(PD+PL_ZPTL>

n=1

Where A is the Lagrangian Multiplier.

Differentiating F w.r.t P, and equating to zero

or aFT+/1(0+aPL 1) =0
P, 0P, oP, B
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oF;
=>A= Lgp
1- a—p:)
JdF; ]
=>A1=1L, T (Incremental cost of Received Power)
Where
1
L, = 3P is known as Penalty Factor
L

It implies that minimum fuel cost is obtained when Incremental Fuel Cost of each plant

multiplied by Penalty factor is same for all the plants.

. . . 0P . ..
The partial derivative 9%L is referred to as Incremental Transmission Loss (ITL)

n

Fy
_ 0B,
A=

1 — 4
(1-5p)
The above equation is known as Exact Co-ordination Equation

Problem:- Determine the incremental cost of received power and the penalty factor of the
plant shown in the fig. below. The incremental cost of production is

A o1p, 130 S
ar, ~ YT Mwh
‘Pl = 10MW P, =2MW R
Solution:- We know that
L= 1
"= oh
dp,
Or,
L 1 1.25
1= > = 1.
1-15
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J0F;
0B, __ Rs
A= E = 1.25x(0.1P1 + 3) =5 MWh Ans.
db,
Problem:- A system consists of two generating units with fuel cost of
2 Rs
F1=005P1+20P1+2, T
Rs

F, = 0.075P% + 22.5P, + 1.8, "

The system operates on economical dispatch with 100MW of power generation by each plant.
The ITL of plant 2 is 0.2. Find the penalty factor of plant 1

Solution:- Since F; = 0.05P% +20P,+2 and F, =0.075P%+22.5P, +1.8

A _o1p +20
ap, ~ 1
s _ o15p +225
ap, 2 '
dF,
(Incremental Fuel cost)2 = —
dp,
=0.15x100+22.5=37.5
Incremental cost of Received Power
dF;
oP, 37.5 Rs
A= L = = 46.875 ——
(1- aP, 1-0.2 MWh
dP,
dF;
(Incremental Fuel cost)1 = —
dpP;

=0.1x100+20= 30

caryy, =90 o JUFO: 30 4
“ ( )1_6P1_ 1 7 46875
Thus, Penalty Factor of 1 is given as
1 1
= 1.5625 Ans.

L = =
171 —-UrL), 1-036
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Problem:- Assume that the fuel input in B.T.U/hr for units 1 & 2 is given by
F; =(0.024P% + 8P, + 80 )x10° & F, = (0.04P5 + 6P, + 120)x10°

The maximum and minimum loads on the units are 100MW and 10MW respectively.
Determine the minimum cost of generation where the following load is supplying. The cost
of fuel is Rs 2 per million B.T.U

™ ”
\So +
A
‘—0% \qu—
ng
(Mw)

sk

Yo Ghm LoNoon G VZam

Solution:- From the given equations of fuel input, the incremental fuel cost can be found as

dF, ]
—L = (8+0.024x2P,)x10
dP;

s _ (6 + 0.04x2P,)x108
ap, .04x2P,)x

For economic load division

dF, _dF,
dp, dP,

= 8+ 0.024x2P; = 6 + 0.04x2P,

= 0.048P, — 0.08P, = —2.........(0)

Case 1:- When load is 50MW i.e. P; + P, = 50 ... ... (i)

Solving equation (i) and (ii), we have P; = 15.625MW & P, = 34.375MW
|
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= Fy = (0.024x15.625% + 8x15.625 + 80 )x10° = 210.868 million B.T.U/hr

&Fy = (0.04x34. 375% + 6x34.375 + 120 )x106 = 373.5 million B.T.U/hr
Case 2:- When load is 150MW i.e. P, + P, = 150 ... ... (iii)
Solving equation (i) and (iii), we have P, = 78.126 MW & P, = 71.874MW

= F, = (0.024x78.1262 + 8x78.126 + 80 )xlO6 = 851.496 million B.T.U/hr

& F, = (0.04x71.874% + 6x71.874 + 120 )x10° = 757.87million B.T.U/hr
Minimum cost of generation=(210.868+373.5+851.496+757.87)x2x12= Rs 52649.61 Ans.

Problem:- A power system is supplied by three plants, all of which are operating on
economic dispatch. At the bus of plant 1, the incremental cost is 105/MWh, at plant 2 it is
9 $/MWh and at plant 3 it is 11$/MWh. Which plant has the highest penalty factor and
which one has the lowest penalty factor? Find the penalty factor for plant 1 if the cost per
hour to increase the total delivered load by 1MW is $12.

Solution:-

According to Economic load dispatch criteria, Incremental cost of received power of all the
plants should be same

dc, dc, dC,

cA=—xl, =—2xl, =2
ap," T ap, 2 T dp,

Ly

= 10L, = 9L, = 11L,
Let A = k, from the above equation we have
L, =0.1;L, = 0.11;L; = 0.09

Hence it can be written that L, > L; > L; . Plant 2 has highest Penalty factor & plant 3
lowest.

Also for Incremental cost of Received Power, A= 12 S/MWh

Lo A
S
dP;
Or,
L—12—12 A
1=75= 1L ns.
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Transmission line Equation:- Let us consider two generating plants connected to an arbitrary

number of loads through a transmission network. One line within the network is designated
as branch p

Let total load current be I, supplied by plant 1 & current in line p be I,

X i
== P @_\__ _
N P e = j:}I”

§°“> < ‘D>

=

& >

@:J“

i i
Let M, =2 &M, =2
1 ID 2 ID

Where M,, & M,,, are called Current distribution factors. Current distribution factors depend
upon the impedances of the lines & their interconnection and are independent of the current
Ip

From the figure (c) it can be seen that both generators 1 & 2 are supplying current and thus
applying principle of superposition we get

Ip = MP1IG1 + MPZIGZ
Let us assume that

» All load currents have same phase angle w.r.t reference
» Ratio X/R is same for all network branches

Hence I,,, & I, have the same phase angle & also I;,, & I, such that M, & M, are real.
Let IGl = |161|LO-1 &IGZ = IIGZILO-Z
oL, =My |, |40y + My, |1, | L0,
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~ L, = Mp1|161| CoS 0y +jMp1|I(;1| sinoy + Mp2|IGz| C0S 0, +jMp2|IGZ| sin o,

p

Rearranging the real & imaginary terms, we have
L, = (My, |Ig,| cos oy + My, |15, | cos 03) + j(My, |, | sinoy + My, |16, | sin a,)
Also, [I,|? = (My, |1, | cos a1 + My, |15, | cos 62)% + (Mp, |16, | sinoy + My, |I¢, | sin 0,)?

Now,
P; 3 PG2

l. | =—m—m—m—m— & lI.|=—2
& V3|V | cos @, .| V3|V, | cos @,

Where P; & P;, are the 3-phase real power output of plant 1 & 2; [V;| & |V;]| are bus voltage
magnitudes of plant 1 & 2

Substituting the value of |Ic;1| & |IGZ| in the above equation of |Ip|2, we have

|, |? = (Mp1|1(;1| coso; + Mp2|162| cosa;)? + (Mp1|161| sinog; + Mp2|IGZ| sin g;)?

Pg G
1 coso; + M, 2 oS 03)?

=(M, — -
1 COS(p1 2 COS(pZ
( SRl V3|,

sinoy + M, sin 0;)?

Gl 2
+ M, ———— e
. ‘/§|V1| COS @4 i ‘/§|V2| COS @2

=M, 2 PGlZ cos?a, + M, 2 PGZZ cos’o
P 3|V;12 cos @42 ! P2 3|V,|? cos @,2 2

Pg, Pg

+2M, M 12
PPz 31V, ||V, | cos ¢4 cos @,
P2 P2
+M, 2—  sin%c,+M, 1—2
P 3|V1|2C05(P125m 7 P2 3|V5|? cos @, ?

Pg, Pg
+2M, M Lz
b1 p23|V1||V2|C05<P1COS(P2

COS 07 COS 0,

sin?o,

sin g7 sin 0,

Rearranging the above equations

P; 2 p. 2
=M. 2 G 2 2 2 G 2 5
=M, AL clos o2 (cos®oy + sin“oy) + My, 3|V2|2—C2M(p22(cos g, + sin‘ay,)
Pg, Pg
+2M, M LG -
R TATTATT
P ? P2
=M, L S— M, 2 G
t 3|V1]? cos ¢, 2 2 3|V;|? cos @,?
P; P
+2M, M, GG cos(oy — 03)

23|V11|V3] cos ¢4 cos @,
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If Rp is the resistance of branch p, the total transmission loss is given by
2
P, = Z 3 |Ip| Ry
p

Substituting the value of |I,, |2

P’ 6, Pe
.-.p=—1ZM 2R +2 172 — ZMMR
L T cosr2 24 R 2T, Teos oy cos g, (1 7 72) 2, MMy
P *
+—ZZM ’R
[Val? cos g% £ 02 7
:> PL = PGlzBll + ZPGlszBlz + PGZZBZZ
Where

1
B =—E M, *R
11 [V|? cos @2 p1 P
p

1
B =—E M, *R
7 V2]? cos @2 e
b

1
By, = cos(oy — ZM M. R
12 |V1||V2|COS<p1COS(p2 (01— 02) P17 P2°'p
P

The terms Bi11, B2z, B12 are known as loss coefficients or B-Coefficients. Unit of B-coefficients
are in MW

For general case of k plants

Where

1
Bon = - ZM M, R
" |Vm||Vn|COSgDmcosgonCOS(am on) Pm " Pn P
14
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Problem:- Two generators are coupled through a tie line as shown in the figure below. Load
is at bus of generator 2. It is known that a transfer of 100MW from generator 1 over the tie-
line means a transmission loss of 10MW

The incremental cost are

dCl—OOZP +16
ap, 1

dcz—004p +20
ap,  ?

Find the optimum schedule, total generation and total load if A= Rs 25/MWh

=

1 2
Solution:- We know that
P, = P;*By; + 2P,P;,By, + P;*By,
But in this case, B22= B12 =0 (Since Generator 2 is not suffering any loss)
=> P, =P,’By,
Also, it is given that P. =10 MW for P;= 100MW
Thus from the above equation of loss, B11 = 10/10000= 0.001 MW1,

Hence we can write that P, = 0.001P;2

P,
P, = 2x0.001P; = 0.002P;
Penalty F L,= !
enalty rFactor, L, = L %
oP,
L - 1 1
1= 0P, 1—0.002P;

ap,

Incremental Cost of Received Power is given as
|
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1=1 dc,
= 1xd—P1
=> 25 = (0.02P; + 16)xT002P1
Solving the above equation, P; = 128.57MW
Also, 2 = Lx L2
So, = Zxd_Pz
L= oP, 1—-0 1

P,
=> 25 = (0.04P, + 20)x1
Solving the above equation, P, = 125MW
Total Generation, Pr=P1+ P,=128.57+125= 253.57 MW Ans.
We know that, P, = P,*B;; = 128.57%2x0.001 = 16.53MW

Thus, Total Load= Total Generation- Total Loss =253.57-16.53= 237.04 MW Ans.
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SYSTEM CONSTRAINTS:-

Broadly two types of constraints are there i.e.

a) Equality Constraints
b) Inequality Constraints
a) Equality Constraints:- The equality constraints are the basic load flow equations given
by the static load flow equations

N
Pi= ) ViVl cOS(8in + 8, — 51

n=1

N
Qi == )" Vi¥unli sin(0yn + 8, = 8)
n=1

b) Inequality Constraints:-
i Generator Constraints:- The KVA loading on a generator is given by

’Pi2+Qi2 and it should not exceed a specified value. The

maximum real power generation is limited by thermal
consideration and minimum power generation is limited by flame
instability of a boiler. The generator powers cannot be outside the
rangei.e.
Pi,min = Pi = Pi,max
Similarly the maximum reactive power generation is limited
because of overheating of the rotor and minimum is limited
because of stability limit of the machine. The generator reactive
power cannot be outside the range i.e.
Qi,min < Qi < Qi,max
ii. Voltage Constraints:- Voltage magnitudes & phase angles at various
nodes should vary within certain limits. Voltage magnitude should
remain within limits else equipment connected to the system will
not operate satisfactorily or additional use of voltage regulating
device will make it uneconomical.
|Vi,min| < |Vi| < |Vi,max|
6i,min < 61’ < 6i,max
iii. Reserve Spare Capacity Constraints:- These constraints are required
to meet forced outages or unexpected loads on the system.
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iv. Transformer Tap Settings:- The minimum tap setting of an auto-
transformer could be set zero and maximum can be 1.0.

V. Transmission line Constraints:- The flow of active & reactive power
through the transmission line circuit is limited by thermal capability
of the circuit.

UNIT COMMITMENT:- The total load in any power system varies from instant to instant.

During certain time of the day, the load is at peak value and during certain time it is lower, at
certain times, it is intermediate value.

The load division between the generation units in operation is determined by equal
incremental cost principle. In order to use the system effectively & economically for 24 hours,
Unit commitment procedure is used, to avoid the units running for 24 hours in spite of load
variation.

To commit a unit means to bring the boiler to the required temperature, bring the turbine
and generator to the synchronous speed & synchronize it with the bus bar, so that it can
deliver power. A lot of saving in fuel cost can be made by switching OFF some of the units
when they are not required.

Let us use Brute force Technique to understand this concept

Unit 1: 150 < P, < 600MW

Unit 2: 100 < P, < 400MW

Unit 3: 50 < P; < 200MW
Let load vary from 1200MW to 500MW.Find the shut down rule

LOAD UNIT 1 UNIT 2 UNIT 3
1200 ON ON ON
1150 ON ON ON
1100 ON ON ON
1050 ON ON ON
1000 ON ON OFF
950 ON ON OFF
900 ON ON OFF
850 ON ON OFF
800 ON ON OFF
750 ON ON OFF
700 ON ON OFF
650 ON ON OFF
600 ON OFF OFF
550 ON OFF OFF
500 ON OFF OFF
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From the above tabulation it can be seen that Unit 1 operates as base load plant and runs for
24 hours , Unit 2 runs as Intermediate unit and Unit 3 runs as peaking unit.

Unit commitment deals with specifying the generating unit which should be committed for a
given demand. The problem of deciding which unit to commit for a certain load is based on
many constraints.

1. Spinning Reserve:- Some system capacity has to be kept as spinning reserve to meet an
unexpected increase in demand and to ensure the power supply in the event of any unit
suffering an forced outage.

Spinning Reserve is defined as the total number of generation available from all units
synchronized on a system minus the total load & losses supplied.

2. Minimum Up Time:- When a device is put in operation, it cannot be turned OFF
immediately as heavy cost is incurred in committing a unit.

3. Minimum Down Time:- When a unit is de-committed, it cannot be turned ON immediately.
4. Crew Constraints:- A plant always has more than one units to be started or repaired. There
may not be enough personnel to attend the starting /repair of all the units simultaneously.
5. Transition Cost:- Restoring a unit to the system involves extra expenditure. During
shutdown of an unit, it is expensive to keep the turbine shaft rotating at slow speed to prevent
the unequal temperature distribution in turbine casing which also involves energy
consumption. All these cost are termed as transition cost.

6. Hydro Constraints:- Most systems have some hydro-electric units also, whose operation
depends upon availability of water. Irrigation requirements also determine the operation of
hydro plants.

7. Nuclear Constraints:- If a nuclear power plant, is part of the system, another constraint is
added i.e. nuclear constraint. A nuclear power plant has to be operated as a base load plant
only.

8. Must Run Units:- One or two units may be must run units for consideration of voltage
support & system stability.

9. Fuel Supply Constraints:- Some plants may require some special fuel which may not be
available and the plants cannot be run due to deficient fuel supply.
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COMPARISON BETWEEN UNIT COMMITMENT & ECONOMIC LOAD DISPATCH:-

Economic Load Dispatch Unit Commitment
a) It assumes that there are ‘m’ no. of a) It assumes that ‘m’ no. of units are
units already connected to system available and a forecast demand will
be served
b) Its purpose is to find minimum b) Its purpose is to find optimum
operating policy for ‘m’ no. of unit combination of units which would
provide minimum operating cost
c) Unit commitment is not involved in c) Economic load dispatch is a subset of
Economic Load Dispatch Unit commitment
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LECTURE: - 22
Solution of Unit Commitment Problem:-

The solution for a Unit Commitment Problem can be derived by many approaches such as
a) Priority List Scheme
b) Dynamic Programming
c) Lagrange Relation

Dynamic Programming has many advantages for the solution of Unit Commitment over the
other methods. The chief advantage is the reduction in the dimensionality of the problem.

In DP approach we assume that

i A state consists of an array of units with specified units operating & rest off-line

ii. The Start-Up cost of a unit is independent of the time it has been offline

iii. There are no costs for shutting down a unit

iv. There is a strict priority order and in each interval a specified minimum amount
of capacity must be operating

A feasible state is one in which the committed units can supply the required loads and that
meets the minimum amount of capacity each period. State(K,l) is the I™ combination in hour
K

The recursive algorithm to compute the minimum cost in hour k with combination | is

Fcost(K: I) = H{lﬁ}n[ Pcost(K' I) + Scost(K - 1: L; K: I) + l:‘cost(K - 1: L)]

Where
Feost (K, I) = Least Cost to arrive at state (K, I)
P.ost (K, I) = Production Cost for state (K, 1)
Scost(K— 1,L; K, I) = Transition Cost from State(K — 1, L)to State(K, I)
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The flowchart for Solution of Unit Commitment Problem using Dynamic Programming
Method is shown below

START

{

K=1

v 1

FCOST (K, 1) = MIN [PCOST (K, I) + SCOST (K - 1, L: K, 1]
{L} )

DO FOR
= —— X = ALL STATES | IN =
\ PERIOD K

(

{L}= "“N" FEASIBLE STATES IN
INTERVAL K -1

[ L
FCOST (K, 1) = MIN [PCOST (K, I} + !

{L}
N SCOST(K-1,L: K, 1) + FCOST (K- 1, L}] |

| O FOR ALL X =
L STATES I IN PERIOD K
SAVE N LOWEST

COST STRATEGIES

1

NO
/K =M, LAST HOUR ?

> 1YES V

-

TRACE OPTIMAL SCHEDULE

f

STOP
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Start-Up Cost:-

¢ A thermal unit is never connected to the grid until the steam attains certain
temperature & pressure for better efficiency of the plant.
The fuel input from cold state to the state when it is connected to the grid is known
as Start-Up cost

o
A5

3

S

It is not fixed as it depends upon the initial state of the unit
If the unit is in cold condition, start-up cost is Cold Start Up Cost

¢

o
A5

*
°e

If the unit is shut down recently & still close to operating temperature & pressure, it

is known as Banking Start Up cost

t
Start Up cost cold start=F (1 — e_E) xF + Ff

Where F.= Cold start up cost in million B.T.U

F=Total Cost , F; = Fixed Cost for maintainence, wages, water supply,

a = Thermal time constant of unit

t=time in hours for which the unit was cooled

Start Up cost during Banking=FyxtxF + F¢
Where F;= Cost of maintaining operating temperature & pressure
F=Total Cost
F; = Fixed Cost for maintainence, wages, water supply

a = Thermal time constant of unit
t=time in hours for which the unit was cooled

LOAD DISPATCH CENTRE:-

% Large Power system comprise several power stations, load centres, inter-connected

to form a single grid.
Operations of such grid can be controlled from a Load Dispatch Centre or Load Control

K/
°e

Centre.

R/
°

Central LDC is linked with various load dispatching stations covering different regions.

R/
°

LDC handles no. of changes, demand supply irregularities daily.

K/
°e

It gives safe and secure grid operation.

K/
X4

)

It is located in state capital.

K/
X4

)

It is further connected to 3/4 sub LDC’s which in turn are connected to major
substations and generating stations
The functional assignments for economic power system operation are as follows:
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a) National Load Dispatch Centre:- It decides generation allocation to various regions &
also decides exchange between regions on overall economy & energy reserves/policy

b) Regional Load Dispatch Centre:- It decides generation allocation to various generating
stations within the region on the basis of equal incremental criterion considering
losses.

c) State Load Dispatch Centre:- At state level minute to minute operation of a power
system is Coordinated from a LDC which is at the receiving end or load side.

The load dispatch centre has a central microprocessor which performs following function
* Calculate the estimated load on the network for next one hour ahead

L)

>

7
*

Display it

D)

7
X4

D)

Calculate Economic loading for that load & allocate for next 1 hour

7
X4

D)

These predictions are telemetered by Telemetry & Tele-control Channel to Power
Station Control Room

+* Load dispatch centre instructs power stations to control the output to control system
frequency without considering economic loading

The other functions of Load Dispatch Centre are:

X/
X4

L)

System security and islanding facility
Black start preparedness

X/
X4

L)

X3

AS

Energy distribution and load pattern study

>

K/
*

Communication and SCADA management

D)

Event analysis and preventive measures

X/ X/
L X X4

Coordination with neighbour grids

X/
X4

L)

Public relations and consumer interaction
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DEMAND SIDE MANAGEMENT:-

e Basically Demand Side Management is a mechanism to influence Customer’s
CAPABILITY & WILLINGNESS to reduce Electricity Consumption

¢ Demand Side Management is a utility program aiming to fine tune consumer’s energy
consumption pattern, according to the utility’s energy production & distribution
capacity

e Demand Side Management program consist of the planning, implementation and
monitoring activities of electric utility that are designed to encourage consumers to
modify their level and pattern of electricity usage.

e Demand Side Management relies on a combination of using high efficiency equipment
and efficient use of electricity through good operating practice

e Demand Side Management is the implementation of policies and measures which
serve to control, influence and generally reduce electricity demand.

e DSM aims to improve final electricity using systems, reduce consumption, while
preserving the same level of service and comfort.

Objectives of Demand Side Management:-
1. Reliability & Stability

% DSM provides enhanced reliability to the energy system by reducing overall demand
through energy efficiency and by reducing peak demand through dispatch able
programs

It also reduces transmission & distribution costs relative to a supply side resource.
DSM increases diversity of energy sources

X/
X4

L)

K/
X4

D)

2. Low cost & Affordability

% The cost of DSM is technology specific and varies relative to other supply side
resources.

¢ Dispatch able DSM programs can be called when their cost is lower than alternative
market purchases

¢ Cost effective resource planning can ensure that DSM is only procured upto the point
where it is cheaper than supply alternatives.

¢ DSM can also help low income customers reduce their energy costs.
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BENEFITS OF DSM

CUSTOMER BENEFITS

UTILITY BENEFITS

SOCIETAL BENEFITS

SATISFY ELECTRICITY DEMANDS

LOWER COST OF SERVICE

REDUCE ENVIRONMENTAL
DEGRADATION

REDUCE/STABILIZE COSTS OR
ELECTRICITY BILL

IMPROVE OPERATING
EFFICIENCY, FLEXIBILITY

CONSERVE RESOURCES

MAINTAIN/IMPROVE LIFESTYLE
AND PRODUCTIVITY

IMPROVE CUSTOMER SERVICE

PROTECT GLOBAL
ENVIRONMENT

STRATEGIES OF DSM:

a) Peak Clipping:- Peak clipping is reduction in load during peak period to get the
load profile as desired by the utility. This voltage reduction on the part of
consumers is directly controlled by the utility and is usually enforced at peak
time i.e. when usage of electric appliances by consumers is at its maximum.
The shape of load profile through the peak clipping technique is shown in
figure

b) Valley Filling:- For low load period, it is cheaper to raise the demand during
that period when generator is just running for very low power demand and
cannot afford the start-up cost

¢) Load Shifting:- It moves peak loads to off peak time periods without necessarily
changing overall consumption. Load shifting combines the benefits of peak
clipping and valley filling by moving existing loads from on peak hours to off
peak hours as in figure. This technique best suits utilities and customers when
incremental cost of electricity is less than the average cost of electricity.

a) Peak Clipping d) Flexible Load Shape

_—
E | E LA
1 £l 7 3FN
---- . ~"‘~-\
Hour of Day - - Hour of Day

b) Valley Filling e) Strategic Growth

- -
2 =
E R, —m—— o o Demand Side e > B
2 Management =2
N [ 3 -
Hour of Day Hour of Day
-~ -

¢) Load Shifting

) Conservation

Demand

Hour of Day Hour of Day
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d) Strategic Conservation means that utilities companies would utilize energy
saving devices in order to reduce the consumption of electricity. This strategy
is long term based strategy and does not have any immediate effect.

e) Flexible Load Shape means that the electricity supplying companies focusses
on those types of consumers which are flexible in their energy consumption
behaviour. By utilizing these consumers for DSM, they can serve both during
the high load and low load as desired by utilities companies.

The following strategy may be adopted to design and implement DSM program:

++ Identify the sectors and end-users as the potential targets

%+ Visualize the needs of the targeted sectors

++» Develop the customized program

Conduct analysis for cost-effectiveness

Prepare an implementation plan to market/promote the program
Implement programs

R/ R/
R X X4

X/
°

DSM in INDIA

» India currently faces a peak capacity shortage of about 13% and approximately 10%
of the total energy demand is left un-served.

» Chronic power shortages have resulted in voltage reduction, involuntary load
shedding and installation of captive generation. -

» The increased electricity end-use efficiency and Demand Side Management (DSM) can
mitigate power shortages and drastically reduce capital needs for power capacity
expansion.

» DSM can be achieved through energy efficiency, which is reduction of kilowatt-hours
(kWh) of energy consumption or demand load management, which is a reduction of
kilowatt (kW) of power demand or displacement of demand to off-peak times.

» For practical purposes DSM could cover all sorts of activities which will help a utility

in:
a) Reducing peak demand

b) Shift demand from peak to off-peak period

c) End-use energy efficiency to reduce overall demand of electricity.
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AUTOMATIC GENERATION CONTROL

v" Automatic Generation Control(AGC) is performed by the team work of RLDC & Power
station Control Room
v" The RLDC receives real time data (second to second) of

- Power generation in each power plant
- Tie-line power flow(MW) through each tie-line
- System Frequency

This data is received through transmission channels between the generating stations, major
sub-stations & RLDC

RLDC evaluates the data, determines the action & sends instructions to each generating units
as to how much generation they should increase or decrease

The operator in Generating Station Control Room receives these instructions and takes
appropriate action to change turbine governor setting so as to raise or low the input to
turbines and thereby output of the generating units and generating station

Raise/lower Raise/lower
| request request ‘
‘. Control \ *
— logic > Telemetry [—=—->= Telemetry - C?omiz.o'
P master remote L

# station station
P
Governor e
~ |prime mover
et s et .

At control center At generating plant
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< AGC refers to closed loop control system having 3 major objectives
a) To hold the system frequency within targeted limits i.e. nearly 50Hz

b) To maintain correct value of net power interchange between adjacent systems through the
lines

c¢) To maintain generation of each plant within the area at economical value

Frequency is a basic quantity that can be measured and applied to the control of active power in the
system

There are two basic control mechanism used to achieve:

a) Reactive Power Balance i.e. Acceptable Voltage Profile
b) Real Power Balance i.e. Acceptable Frequency Value

The former control mechanism is called AVR(Automatic Voltage Regulator) and later mechanism is
called Automatic Load Frequency Control(ALFC)

To permit Parallel operation of generating units, governors must have drooping characteristics as
shown below

Frequency or »+
speed (pu)

€V NTR
od--==

Af=f-f,

R=Af/AP O |-----

!

R, S TSNS

I

I

'

I

'

AP -~ |
! '
I '
1 1
! |
I I
1 1

.

0 1.0 " Power
output (pu)

v

When load on a generator or a group of generator increases, the rotors slow down resulting
in reduction in frequency

The governors adjust the input so as to bring the frequency to original level

This control of frequency by the action of governors is called Primary Control

The action of governor is automatic

A drop in speed due to increased load causes governor action so as to admit more steam into
turbine and increase the electrical output.

vyVvyvyy

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL

ABIT CUTTACK 83




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]

o™ ELECTRICAL 2020-2021 [MODULE-III]
LECTURE:- 25

AUTOMATIC LOAD FREQUENCY CONTROL (ALFC)
The ALFC of a power system mainly consists of the following parts

a) Speed Governor

b) Linkage Mechanism

¢) Hydraulic Valve Actuator
d) Turbine Generator

e) Speed Changer

The Basic Schematic diagram of an ALFC is shown below

Ovlovem

?\5\9‘:\\3% =

o Soudsyees

Operation of ALFC

v" When the load increases, raise signal is given by speed changer by moving it downwards.

v" As the linkage point A moves downwards, reference power setting is changed and point C
moves upward along with point D

v" As point D moves upward by Axp, high pressure oil enters the hydraulic amplifier due to
opening of pilot valve
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v" Due to high pressure oil, main piston is pushed downwards and hence steam enters after
opening of the control valve to the turbine.

Very high pressure or forces are needed to position the main valve in the hydraulic amplifier
downwards or upwards and thus high pressure oil is needed.

Speed Governing System:-

> Speed Governing Mechanism acts to translate the speed changes resulting from load variation
into speed control

> A flyball type of speed governor is there which senses the change in speed or frequency

» With increase in speed, flyball moves outwards & point B in linkage mechanism moves
downwards & vice versa

> When the steam reaches the turbine shaft, the speed governor acts due to the increase in
speed, the flyball opens or moves outwards and linkage point B moves downwards with an
increase in speed.

» The governor mainly has two inputs:-
4 AP,..s for change in reference power setting
v' Af-change in speed/frequency of generator as measured by Axg

An increase in AF; results from increase in AP,..r and decreases due to increase in Af
1
APy = APprop — EAf

Taking the Laplace Transform, we get

1
APg(S) = APref(S) - EAf(S)
Where ‘R’ is the per unit speed regulation or slope of droop characteristicsi.e.

R il in Hz/MW
= Innfz
Pg/Pg, base

Hydraulic Valve Actuator:-

Hydraulic Valve Actuator allows oil under pressure to float to either side of the main piston whose
motion changes the control valve opening.

The input position Ax), of the valve actuator increases as a result of increase in AF; command but

decreases due to increase in AP, command
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For a small change in Axp, oil flow is proportional to position Axj, of the pilot valve

« Axp = AP, — AP,

AP-U = KH f AxD
Taking Laplace Transform of above equations, we have

~ Axp(s) = AFy(s) — AR,(s)
Ky
AP, = - Axp(s)
Substituting value of Axp (s) in the above equation

Ky
AR,(s) = ? [APg(S) - APV(S)]

= AR,(5) |1+ %] = %APg(s)

Kn
AP,(s) — 1 1
= Gy(s) = —3— = =
AR, (s) T * 14 K 1+Ki 1+Tys
S H

Substituting the value of AP, (s) in the above expression, we have

1
AP,(s) = GH(S)[APref(S) - EAf(s)]
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Turbine Generator Response:- Change in steam flow causes change in power developed by
turbine.

Hence it can be said that

x AxE = APU _APT

APT = KT f AxE
Taking Laplace Transform of above equations, we have

x5 (5) = AR,(5) = AP (5)
Kr
APT = ?A.XE(S)
Substituting value of Axy(s) in the above equation

Kr
APr(s) = —[AR(s) — APr(s)]

= AP, (s) [1 + %] - %AP,,(S)

Kr
APT(s)zG(S)z s _ 1 1
AP,(s) T 14+ Kr 1+Ki 14 Trs
S T

Substituting the value of AP, (s) in the above expression, we have

1
APr(s) = Gr()AR,(s) = Gr ()G (S)[APrep (s) — £ A (S)]

BLOCK DIAGRAM OF PRIMARY ALFC:-

l Af(s)

| | |
' % 1 1 APD - APG
AP et ! - !APg aP,, AP, ! AP, — AP
—> |+ N\ +—> G, — G — = j=—i
= w = WF
1 1 1 '
- \ - |
Governor Hydraulics Turbine generator
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STATIC RESPONSE OF THE SPEED GOVERNOR:-

From the previous discussion, we know that

1
APg(s) = APref(S) - EAf(S)

Also,

Gr(s) = & Gy (s)

1+ Tys T 1+ Tys

For static performance we put the limit s->0 as the loop is open

o 1im Gy (s) = =1
i Gu(9) = 1575

o 1im Gp(s) = =1
M Gr($) = T

We also know that

APr(s) = Gr(s)AP,(s)

1
APr(s) = Gr(s)AR,(s) = Gr ()G (S)[APres (s) — £ Af(S)]

1
= APr(s) = Gr(s)AR(s) = [APres(s) — 5 Af(5)]

1
“APrg = APy — ﬁAfO

Where ‘0’ represents constant input signals
Case-A:- When generator is synchronized to a system of very large size or infinite system.

In this case, change in frequency is independent of any change in power output of individual
generator

~Afo=0
Hence for any change in turbine power output, reference power setting is changed
~APro = APreso
Case-B:- When generator is synchronized to a system of finite size
In this case, change in frequency is dependent of any change in power output of individual generator
“APpeso =0
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Hence for any change in turbine power output, reference power setting is not changed

1
ZAPpy=—=A
T,0 R fo
Case-C:- When load as well as reference power setting changes, then

In this case, as the load increases and frequency drops, the reference setting changes to keep the
turbine output unchanged

o APT,O = 0

1
APref,o = EAfO

Percent 110
of rated
frequency 108 Speed changer set to give rated
frequency at 100 percent of rated
106~ output
104
102
20 40 80 100\\\\
S~ Percent of
98- ' rated output
96 Speed changer set to give rated
frequency at 50 percent of rated
94 output
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Problem:- A 100MW generator is operating onto an infinite network. How would you make this
generator increase its turbine power by 5SMW?

Solution:- Since the generator is operating onto an infinite network
oo Afo = 0
“ APpo = APpeg

Hence turbine power increases by 5MW, simply by giving a raise signal of 5MW to the speed changer
motor

Problem:- Consider a generator having 100MW capacity and has a regulation parameter R of 4%. By
how much will the turbine power increase if the frequency drops by 0.1Hz with the reference
unchanged?

Solution:- Given that, Regulation = 4%

4
= mxSO = 2Hz
Since generator has 100MW capacity, then
2 0.02Hz
100 MW

Hence for a frequency drop of 0.1Hzi.e. Af, = —0.1Hz
1
oo APT,O - —EAfO == SMW

Hence turbine power increases by SMW if frequency drops by 0.1Hz

CLOSING THE ALFC LOOP:

For closing the ALFC loop (as the loop is open), a mathematical link between the turbine power &
frequency change is required.

Originally the system runs in its normal state with power balance i.e.
Pg = PJ + Losses

This condition is accompanied by initial normal frequency as f° and kinetic energy of rotating turbine
as W,?l-n

If the new loads are added, then the new Iload demand increases by

APp and hence generator increases its generation to AP; to match new load i.e. AP;=APp
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This causes a power imbalance in the area i.e. AP — AP; or APr — APp, or surplus power; which is
absorbed by increasing the Kinetic Energy of the turbine at a rate ofi—vtv & by frequency dependent

“old load”

Since the K.E is proportional to square of speed, hence it is also proportional to square of frequency

Wi f
Wol.n — (_0)2
kin
fO+Af, Af Z 20f
SO e
Neglecting higher order terms, we get
Wiin _ {1 ﬂ}
ngin fo
Wiin = W2 11 281
= kin — YWkin +—5 fO

Taking derivative of above equation w.r.t time to express the rate of change of K.E

dein _ 2Wkoin dAf
dat  f9 dt

Old load has a frequency dependency i.e. P, £ Ddf; where D is the damping constant and dPy, is
the old load change & df is the change in frequency

_ 0P MW

“9f "z
To achieve the power balance equation, increase in turbine power is required which is equal to sum
of old load change, and rate of change of kinetic energy of turbine

AWy
APy — AP, = DOf + d’;‘”’

Or,

ZWI?in ﬂ

Dividing both sides by rated power of generator i.e. P.

2I/Vkln dAf
= APy — APp = DAf + ——— B f0 T inp.u

2H dAf
= AP; — APp = DAf + — T
|
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Where
H 2 Wl?in
P
Taking Laplace Transform of previous equation
2H 2H
= 8P () ~ APp(s) = DAF(S) + 75 SO (<) = A/ () [D + Fs]
APy (s) — APy (s) 1/D
= Af(s) = = [APr(s) — APp(s)]
[D + ﬁs 1+ Z—Hs
f° f°D
AF(5) = 2 [APy(5) — AP ()
= = —
f(s 1 +Tps[ T\S p(s)]
= Af(s) = Gp(s)[APr(s) — APp(s)]
Where Kp=1/D in Hz/p.u MW
_2H
T, = W in sec
BLOCK DIAGRAM (CLOSED) OF PRIMARY ALFC
Secondary ALFC loop
Primary ALFC ioop
j 4 47(s)
APD(S)
4Pz (s) l G,ls)
~ K
P 44518

1 +$Tp —

Power system
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Problems:- Determine the primary ALFC loop parameter for a control area having the following data:
Total Area Rated Capacity (B-)= 2000MW
Normal Operating Load (Pp)= 1000MW
Inertia Constant, H=>5 sec
Regulation, R= 2 Hz/p.u MW ( for all area generators)
Assume that load frequency dependency is linear and 1% change in frequency corresponds to 1%
change in load

Solution:- The parameters for primary ALFC loop are K, D & T,

We know that
daPp _ 1000x0.01 B 20MW

~ df  50x0.01  Hz
- 20 0.01
2000 - PYg
Also we know that,
K,=1/D=1/0.01= 100Hz/p.u MW
Also,
2H
Tp = fOD
T 2x5 20
= = =
P T 50x0.01 - ¢

Static Response of Primary ALFC Loop

The primary ALFC loop has one output Af (s) and two inputs AP,..(s) and APp (s). From the block
diagram studied in previous section, we know that

Af(s) = Gy(s)[APr(s) — APp(s)]
1
= Af(s) = Gp()Gr($)Gu(S)[APrep(s) — L Af(S)] — AP (s)}

For Static Response, reference power setting remains constant i.e. APref(s)=0

Thus, the above equation becomes

1
= Af(s) = Gp(SH— 5 Af (5)Gr(s)G (s) — APp(s)}
1

= _EAf(S)GT(S)GH(S)Gp(S) - APD(S)Gp(S)

Rearranging the above equation
= () [1+ 1 6r ()6 ()6, = ~4Po ()6, (5)
—APp(s)Gy(s)
[1+ 2 Gr(6)6u($)Gy(5)]

From mathematical point of view, let us assume that Ky = K7y = 1 & Ty, Ty KT,

= Af(s) =

Thus, the above equation becomes
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K

—APp(s) Tg},s

li]

R1+T,s

For a step load change in the demand i.e. APp=M & its laplace transform is APy (s)=M /s
Substituting the expression of APp(s)=M /s in the equation below, we get

= Af(s) =
|1+

K
—APp(s) Tl'i‘ps

= Af(s) =
141 K
R1+ Tps
M _Kp
s1+ Tps
SAMs)=— 77—

1 _%p
[1 tRTT Tps]
Using the final value theorem, we obtain static frequency drop as

MK,
Afy =limsAf(s) = —
s—0 1 + _p
R
-M -M

Mo=p TR 5
Where 8 = D + 1/R is known as Area Frequency Response Characteristics (AFRC) .Its unit is in p.u
MW/Hz
*Note:- Steady State Condition is reached when the increased output from generators matches the
load and speed level at a slightly lower new value

Problem:- A control area has a total rated capacity of 10, 000MW. The regulation R for all the units
in the area is 2Hz/p.u MW. A 1% change in the frequency causes 1% change in load. If the system is
operating at half of the rated capacity and the load increases by 2%, find the static frequency drop

Solution:- Given: R= 2 Hz/p.u MW

We know that
daPp _ 0.5x10000x0.01 B 100MW

af  50x0.01 Hz

Damping Constant, D =

_ 100 _ oo
~T0000 - PYHZ

Also: AFRC, 8 =D + 1/R =0.01+1/2=0.51 p.u MW/Hz
Change in load,

2 100
APy =M = —x5000 = 100MW = —— = 0.01 p.u MW

100 10000
) -M 0.01
Static Frequency drop, Afy = 7 =051 —0.01961 Hz
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Dynamic Response of Single Area ALFC Loop
Dynamic Response gives the change in frequency as a function of time for a step change in load.
It is found by taking inverse Laplace transform of equation given below

_M_K
s 1+ Tps
AM(s) = ——————
L
R1+ Tps
Af —K,RM
« Af(s) = R+K,
RTy,s [s + RT, ]
By applying the partial fraction method of solving the above equation, we get
[ ]
AF(S) —K,RM |1 1
Y =R+ Kp |s R+K,
s+
RT,

Taking the Laplace Inverse of equation above, we get

1- e_(%)t]

~K,RM

Af(t) =

R +K,
—<R+Kp)t
=Afy[1—e ‘RTp ]
Where
_ —KyRM
Mo=% Kp

is the static frequency drop

The diagram below shows the dynamic response of the single area ALFC

Af(0), Het
‘ —
1 2 3 4 51¢ts
L L l l -
Response if time constants 7, and 7 are
—0.01 neglected (This response is purely exponential) |1/, = —0.0235 Hz
-0.02 i
—0.031 Response if T, and T, are not neglected (nonreheat
turbine assumed)
Tr=03s
Ty=80ms
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% The approx. response is obtained if T and T are neglected. The exact response is obtained
if Ty and Tr are not neglected

«+ Reduction of R increases the static loop gain & reduces the static frequency error

Physical Interpretation of Result:-

R/

%+ Let us consider that there is a sudden increase in demand of consumer by some MW

0,

«» This cannot be supplied by just switching on the power supply

**» The sudden change in the demand is met by three inherent properties in the power system

a) Borrowed Kinetic Energy from the rotating machines of the system i.e. initially the increase
in load is supplied from the stored energy of the synchronous generators as a result the speed
of the machine goes down and the system frequency decreases

b) Released Customer load i.e. the reduction in the effective ‘old’ load. Since the frequency of
the system decreases, the speed of the various motors decreases and hence the effective ‘old
load’ decreases. Thus allowing the already available generation to partly meet the load
demand

c) Increased Generation: - The reduction in system frequency actuates the speed governing

system of the generating units which then increases the input to the prime movers causing

increased generation which subsequently arrests a further drop in frequency. The units

behave coherently, maintaining thereby equal frequency deviations among them.

Problem:- A Control area has a rated capacity of 20, 000MW. The regulation R for all units in the area
is 2.5Hz/p.u MW. A 1 % change in load causes a frequency change of 1%. If the system is operating at
full load and the load increases by 100MW, find the static frequency change (a) if the speed governor
loop is closed (b) if the speed governor loop is open. Also find the contributions made by frequency
drop and increased generation to meet the increase in load

Solution:-
Given: R= 2.5 Hz/p.u MW

We know that

dPp _ 0.01x20000 _ 400MW
af  50x0.01  Hz

Damping Constant, D =

Also: AFRC, B = D + 1/R = 0.02+1/2.5= 0.42 p.u MW/Hz

For an Increase in Ioad,
APp =M = 100MW = 1 = 0.005p.u MW

a) Static Frequency Drop for loop closed

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL

ABIT CUTTACK 96




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]

6™ ELECTRICAL 2020-2021 [MODULE-III]

af =M _ 0005 ooii9n
fo=—3"="%az =% z

b) Static Frequency Drop for loop open i.e. R is infinite

—-M _ 0.005

Afo=—7=

ﬁ _W = —0.25Hz

Also, For finding the Contributions made by drop in frequency, we need to consider closed loop.
Now since D= 400MW/Hz

We know that 0P, = Ddf = 400x — 0.0119 = —4.76 MW
Hence it can be seen that 4.76MW of load is released by old load

Also, For finding the Contributions made by increased generation

1 1
# APy = == Afy = —5=x — 00119 = 0.00476 p.u MW

= 0.00476x20000 = 95.2MW
Hence the contribution made by increase in generation is 95.2MW

Both the components add upto 100MW which is total increase in load
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Problem:- A sub grid has total rated capacity 3000MW. It encounters a load increase of 40MW when
the normal operating load is 2000MW. Assume inertia constant (H) to be 5 sec and regulation of the
generators in the system as 3Hz/p.u MW. Find

a) ALFC loop Parameters

b) Static Frequency Drop

c) Dynamic Response of the ALFC loop
Assume load frequency dependency to be linear

Solution:-
a) The parameters for primary ALFC loop are K;,, D & T,

We know that

[ _ Pp _ 2000x0.01 _ 40MW

~9f _ 50x001 _ Hz
40 MW
=~ 3000 " 0.0133 p.uﬁ
Also we know that,
Kp=1/D= 1/0.0133= 75Hz/p.u MW
Also,
_ 2H
b fOD
2x5
= T» = 50500133~ 1°5¢¢

b) Static Frequency Drop
We know that, AFRC,8 =D + 1/R =0.0133+1/3=0.3466 p.u MW/Hz
For an Increase in load,

40
APp =M =40MW = ——=0.0133p.u MW

3000
No_TM_ 00133
fo=—75" = "03a66 " z

c¢) Dynamic Response of ALFC loop

Af () = Afo

1- e_(%)t]

= —0.0384 [1 —~ e‘(%)t]
=—0.0384[1—e"1733] Ans.
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Secondary ALFC Loop:- The primary ALFC loop yields a frequency drop between zero and full load of
the generator. For better accuracy, secondary ALFC loop is added for
 Following a load change, the frequency error should return to zero(Static Frequency Error). The
controller which achieves this is known as Isochronous Controller or Network Regulator
% To minimize the dynamic frequency error
«* To achieve sufficient degree of stability for ALFC loop
Some Important Terms
v" ACE (Area Control Error):- Deviation between desired & actual system frequency, combined
with deviation from scheduled net interchange forms ACE
v" Net Power Interchange:- It is the algebraic difference between area generation and area load
(plus losses)

A PI( Proportional — Integral ) Controller is used which yields an output C
1 t
C = pxACE + —f ACE dt
T. J,
For a single area system ACE £ Af

1 t
o C = —pxAf — T—f Af dt
0

r

Negative polarity is chosen for increase in load

The time constant of controller or regulator is
50 < T, < 200 sec
v The proportional component of C governs the dynamic response
v' The Integral Component eliminates the static frequency error

The proportional component is often set to zero as the dynamic response cannot become zero

1 t t
oo C(: APref) = - T—f Af dt = _kin Af dt
rJo0 0

¢ k;, controls the rate of integration and speed response of the loop

®

«» Secondary Loop performs slow reset adjustments of the frequency by changing the reference
command AP,..¢

Hence above equation in laplace domain can be written as
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_ kin
APres = ==2*Af(s)

BLOCK DIAGRAM OF SECONDARY ALFC LOOP

Secondary ALFC loop

A

Primary ALFC loop

fAf(s)

4 1 4Fpls)
f-_—';—'”l*jpref( _’7(5‘) : G,:(s)
= =5 (Z)— 9%~ 6r —x B P

L
= a1 1 +s7, | —
1=} e —| -

JITAS])

Power system

SYSTEM INTERCONNECTION:-

During early years small local generating stations supplied power to respective local loads. Each
generating station needed enough installed capacity to feed the local peak loads. The main task of
interconnecting transmission system is to transfer adequate power from one AC system to the other
AC system during normal conditions and also during emergency condition and maintain system
security. Interconnection has significant influence on load frequency control, short circuit levels,
power system security and stability, power system protection and control, energy management,
financial accounting etc. It is the most widely used process in the power system network throughout
the world. It is of two types

a) Integrated System:- In the integrated system, the total system operates as if a single entity.
All the operations like accounting, loading, maintenance, laying down standards are controlled
by central office.

b) Un-Integrated System:- In the un-integrated system, there is no central office & identity of
each system is not hampered as the total load is made by individual utility.
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Need for Interconnection:-

a) Reliable Operation: - In the interconnected system, the operating members can have a bi-
lateral contract for the conditions occurring during the forced outages.

A single system can suffer extensive transient power savings due to load changes. For
example: if the capacity of a single system is 1000MW and a 200MW load change occurs, then
this change in load may affect the stability of the system due to 20% change in the frequency
& hence system may go in complete blackout state.

However if this system would be a part of bigger system say 50,000MW, then a 200MW load
change would mean only 0.4% change in frequency which is negligible.

b) Installed Capacity Savings:- If a system would not be a part of inter-connected system, then
it has to face the gradual load changes during peak & off time throughout the day.

But if the system is part of inter-connected system, then some of the utilities can be made to
operate during the peak time or intermediate periods with rest off-line

c) Decrease in Spinning Reserve:- If the systems are inter-connected then during the emergency
conditions, other system can provide the power supply, thus decreasing the requirement of
spinning reserve.

d) Better Utilization of Hydro Power:- During Rainy Season, the hydro stations are loaded fully
and thermal stations lightly. The flow rate of rivers and water reservoirs fluctuates with rains.
Wastage of water during rainy season can be avoided by interconnection between hydro and
thermal plants. During summer, the hydro power can be minimized and thermal power
enhanced. Interconnection enables useful hydro-thermal coordination

e) Reduction in Operating Costs & better Efficiency:- Different plants have different operating
costs efficiencies. By interconnections, economic loading can be achieved and overall
efficiencies enhanced. Energy can thereby be supplied to consumers at lowest cost.

f) Improved Quality of Voltage & Frequency:- By interconnection, the frequency can be easily
held within targeted limits by appropriate generation control and interchange. Isolated
systems have higher frequency fluctuations with change in load cycle. With more
interconnections, the system becomes stronger and influence of load fluctuations is reduced.

g) Higher System Security :- System security is defined as the ability of the power system to
continue to supply power through alternative transmission path in the event of a fault in a
line or a generating unit. Interconnections contribute to higher system security. In isolated
power system, a fault in a generating station results in black out in the local region.

In interconnected system the power is imported from adjacent area so as to continue to
supply power to the consumers. Thus the security is increased.
|
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Limitations of Inter-connection

a) Interconnection assumes that some areas have surplus generation/installed capacity/spinning
reserves

b) Cascade tripping may occur

c) Largeinterconnections require more investments for load control centres & automatic control
d) Technical Problem of larger interconnected system regarding planning, operations & control
e) Large interconnection require more automation

Block Diagram Representation of Tie-Line

Let us consider two areas interconnected with each other by the help of tie-line of reactance ‘X’ as
shown in the figure below

Dreo | ’ “b\mz

A AVA N  Welag

X

Let P;, be the power transfer through the tie-line from area 1 to area 2

VillVa|
o Py = 1|T|251n(51 —0,)

Let AP;, is the small change in the power transfer through the tie-line

6P12
~ AP, =—=—A6
12 a8
Where,
0Py,  [Vl|Vs]
aéz = %cos(& —-6,)
0P12
AP, = ——A6
12 EES
ang
APlZ = TCOS(S:L - 62) (A61 - A62)
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o APlZ = T(A61 - A62)

Where,
_ 0P [Vl . - . ; ;
=35 = Tcos(é‘l — 8,) is the synchronizing coefficient of Tie — Line
Also,
- onf = ds
w = 2nf = dt
= 2nfdt=do
61 t
N f 2m(Af)dt

t t
0 0
But we know that
t t
0 0
Taking the Laplace Transform of above equation, we have

2nT
= AP;,(s) = 5 [Af1(s) — Af,(s)]

From the relation derived, we can get the block diagram of Tie-Line as shown below

Q&-S\%)
o,
C}? AN \z —_%,
B NS A?‘LQD
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Mechanical Analog of Two-Area System

Before going for two area system analysis, it is important to study the mechanical analogy of two area

system

Analog of area 1 Analog of area 2

Relatively soft “tie-spring”

analog of weak tie-line

RN NN \ N
v+ 4v,

Let us consider the above figure in which two trains are connected by a soft tie spring with the whole

arrangement moving at constant velocity vo

Suddenly load change occurs in any one of the train and hence the velocity of engine-1 changes by

Av; and engine 2 changes by Av,

This whole scenario can be made analogous to the electrical two area system where the engine
represent the areas interconnected by tie-line

The analogy between mechanical and electrical system is
vo-> f0

Avy - Afy

Av, - Af,

Tie Spring Power -> Tie line Power
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Tie-line Bias Control

The persistent static frequency error is intolerable. Also persistent static frequency error in tie-line
power flow would mean that one area have to support the other on a steady state basis

2

< Itis based upon the principle that all operating pool members must contribute their share to
frequency control in addition to taking care of their own net interchange

< For a two area system at steady state, both Af and AP;, must be zero. To achieve this

objective ACE for each area consist of a linear combination of frequency and tie line error
ACE; = APy, + B{Afy
ACE, 2 AP, + B,Af,
Where B; & B, are frequency bias parameters

The speed changer command will take the form of

t
APyos, = —Kin, f ACE, dt
0

t
APTefz = _Kinzf ACEZ dt
0

t
= APrefl = _Kinlf (AP12 +B1Af1)dt
0

t
= APrefz = _Kinzf (APZI + BzAfz)dt
0
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Static Response of Two area System

Let us consider two areas i.e. area 1 and 2 interconnected by the help of tie-line

It is known from the single area system that

Af(s) = Gy(s)[APr(s) — APp(s)]

For area 1 & area 2 at steady state condition

Afi(s) = Afy(s) = Af
For static performance analysis, s-> 0 and speed changer setting is kept constant

Forareal

Af(s) = [APr,(s) — APy () — AP;(5)]Gp, (S) woe v v oo (D)

Similarly, for area 2
Af(s) = [APr, (s) — APy, () — AP,1(5)]Gp, (5) .. ... (il @)
= [APr,(s) — APy, (s) + APy5(5)]Gp, (5) ... ... (il b)
Also, APy, (s) = Gr,(s)Gpy, (s) [Aprefl (s) — RilAfl(s)] e (i)

From equation (i)

A
GIZ((SS)) = AP, (s) — APp, () — AP;,(s)
A f(s)(; + sT,) = AP; (s) — APy (s) — APy, (s)
P

1

For static performance analysis, s-> 0 and speed changer setting is kept constant

A_fo = __1Af0 - AP01,0 — APy
Kp, Ry

-1
DiAfy = R_lAfo - Apnl,o —APy50

DlAfO = R_lAf() - M1 - AP12'0 PR (lv)

Similarly for 2" area

DZAfO = R_ZAfo - Mz + APlZ,O (v)
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Rearranging the above equations, we have

1
(D1 + R_l)AfO =—M; — APy,

= .BZAfO - _MZ + APlZ,O ......... (Vll)
Adding equation (vi) and (vii), we get

B1lfo + B2Afo = =My — APy 0 — My + APy

—-(M; + M
L ap, = Z0t M)
B1 + B2
Substituting the value of Afy in (vi)
M, — .M
oap. _ BiMa— M)

12,0 B+ B2
From the above two expression, some conclusions can be drawn
Let both the areas are identical suchthat Dy =D, =D; Ry =R, =R; 1, =, =8
Let us consider that a step change in load occurs only in area 1

Hence from the above expressions M, = 0 & expression becomes
_M1
2p

Thus it can be inferred that static frequency error drops by 50% of the error as in single area system
due to interconnection

ﬁAf():

Similarly

_Ml

AP12,0 = 2

Hence it can also be inferred that for a step load change in load in area 1, half of the load change is
supplied by area 2
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Problem:- A 5000MW area 1 is connected to 10,000MW of area 2. The parameter based on its own
capacity is R= 2 Hz/p.u MW, D= 0.01 p.u MW/Hz. Area 2 experiences a load increase of 100MW. Find

Afy and change in tie-line power

Solution:- Choosing a common base of 10,000MW

R ) Base Value ) 10,000 Hz
! Actual Value 5000 p.u MW
R ) Base Value ) 10,000 Hz
= X— = 2X =
2 Actual Value 10000 p.u MW
D — 001 Actual Value 0.01 5,000 0.005 p.u MW
=00lx——— =0.0lx———=0. N TH
! Base Value 10000 Hz
D. = 001 Actual Value 0.01 10000 0.01 p.u MW
=0.0lx ——— = 0.01x =001 ————
2 Base Value 10000 Hz

3 —D+1—0005+1—0255 did
~ B =Dy R,V 2= 0 p.uHZ

1 1 MW
“fy=D;,+—=001+=-=051p.u—

R, 2 Hz
M, =290 ootpumMw o M, =0
2= Joo00 P ' 1=
—(M, + M
o, - O+ M)
p1+ B2
0 oo1307m
T 02554051 d
M, — B M
e ap,,, = M = BaMy
B1+p-
_ 0255201 _ o
T0255+051 L ovpH

= 0.0033x10000 = 33.33MW

Hence for a load increase of 100MW in area 2; 33.33MW is supplied from area 1
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Problem:- Two control areas of 1500 & 2000MW capacities are interconnected by a tie-line. The speed
regulation of the two areas respectively are 3 & 1.5 Hz/p.u MW. Consider that a 2% change in load
occurs for a 2% change in frequency in each area. Find the steady state change in the frequency and
the tie-line power for 20MW change in load occurring in both areas

Solution:- Choosing a common base of 2,000MW

R =3 Base Value 3 2,000 Hz
=3X————— = 3% =
! Actual Value 1500 p.u MW
Base Value 2,000 Hz
R, =15x————— = 15x = 1.
Actual Value 2000 p.u MW

9Py, 1500 0.02 Mw
1 = = X = 30— = —
af 50 ~0.02 Hz ~ 2000

=0.015p.uMW /Hz

_9Ppy_2000 002 MW _ 40 _ oo
2=5F =50 %002 *°Hz = 2000 - 0P uMW/Hz

: —D+1—0015+1—0265 did
~ B =Dy R,V 2= 0 p.uHZ

By = Dy +— = 002+ — = 0.687 p.u W
“Po= Dot =002+ 35 =0687pu"p

20
My = 20MW = - = 0.01 p.u MW = M,

) _—(My + M)
F A=

_-Oo1toony o
~0.265+0687 d

B1M; — B, My
BB

= —0.0044335p.u MW

& APIZ,O =

= —0.0044335x2000 = —8.8655MW

Hence for a load increase of 20MW in both areas; 8.8655MW is supplied from area 2 to 1 as it has
higher capacity
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Dynamic Response of Two Area System:-

In the dynamic response of two area system, the characteristics equation is of the 7t order
or more and hence solution is very complex.

Thus for easier calculation, some of the assumptions are made
a) Two areas are similar & of equal capacity
b) Time Constant for hydraulic valve and turbine are negligible i.e. Ty & T are zero
c) System damping is neglected i.e. load does not varies with frequency i.e.D=0 which
means that dP, £ DJf does not holds good
d) Integral control is neglected

Forareal
1
Kp D_1 fO fO
Gy, = I = = = ..SinceD =0
11+ T, 2H  fOD, +2sH 2sH
Pt 14+ SfOD
1
For area 2
1
K, D, f° f°
Gp = = = ..SinceD =0
2 1+ sT, 2H fODz + 2sH 2sH
P2 14+ SfOD
2
Forareal
fO
—Gp, (AP, (5) _ ~Z5H APp, (s)
Afl(s) = 1 1 fO
1 + Gpl(s) 1 +R 5SH
For area 2

S
Afy(s) = —Gp, (i)APDz (S) T 2sH APp, (s)

145G, (s) 1+ L
R, “r2 R, 2sH

With reference to the block diagram of tie-line

2nT
AP, (s) = S [Afi(s) — Af2(s)]

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL

ABIT CUTTACK 110




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]
6™ ELECTRICAL 2020-2021 [MODULE-III]

f° f°
_2nT _ZS_HAPDl(S) _ZS_HAPDZ(S)
s 1 f0 1 fO
1+ 25A 1+ 7 2sH

Since the two areas are similari.e. Ry = R, = R

0 0
2nT —sz—HAPz)l(S) 551 APp, (s)
s 1 fO 1 f0
1+ R7sm 1+ 7w

_2nT f° AP, (s) — APy, (s)

s “2sH 1+l fo
R 2sH

nTf°|APp,(s) — APp (s)
s?H 1 fo
| 1+ g7sm

nTfO [APp,(s) — APp (s))]
H | s?+2as + w?

Where,

0 2nf°T
= ! & w?= f
2RH H

Also, we can write that

Wy =+ w?—a?

When a disturbance occurs, the system will oscillate at damped angular frequency w,

2nfOT 0
:wo=j[ AU A

Conclusion:-
v' The value of a governs the degree of damping which depends upon f°, H & R

The value of f° & H are constant
A high value of R results in low value of @ and hence weak damping and vice versa

AN

If Ris infinite i.e. speed governor loop is open, it results in very low value of a and the
system has un-damped oscillations of angular frequency w,
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Dynamic Response of Two area system

\ 2 < “ = = S i B e
\ ¥ Y= ' !
i -—
o .
- G
AN —~
-~
i S .
b \L
RV SN P ) VRIS K G
Qo ") K =,
" i o iV
&?\'z_ 7 ?
A—”AM’ 1 Pz‘ =
TN, T Sy —_—
’_\‘T\ = N~ =

BLOCK DIAGRAM OF TWO AREA SYSTEM:- The figure below shows the block diagram of a two area
system with implementation of tie-line bias control and block diagram of tie-line.

' '—/]f'l (S)
J ,
) —
(b 1
l B1 l '_1
LTJ AP y4(s) lAP,_”(s) T

R ) S . e W - cd{ Ko,
g —— _l*' LS T o ol 1 + s7,, T 1(s)

_"T Apref.. 1 - l
/ﬂP12(S)
JPﬂ(s)T: ACE; = APy, + B,41, T
: AP 4 5(s) ey
4—__.
e - % 2772
| =5
AP
.. LaP 1500
| —7 |
T ACE, = AP, + By Af ! ~
JP21(3)l| ACE; = 21 2472 :
+,L I 4.P, f. 2 lAPZ‘l(S)
iy I - N :
63) S d LI —= - G :CZ)_ LTPN = G
\"'T/ LS ~ _ —l’— 1+ 5T,
- APTZ (s) TA Ppo (s) l
| B, | 3
2 R
LTJ 2
| L
<4—
Af,(s)
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Economic Dispatch Controller:-

For economic dispatch w.r.t all generators must operate at equal incremental cost. Primary ALFC loop
makes coarse adjustment of frequency whenever load demand changes. Depending upon turbine
type, primary loop respond in 2 — 20 sec.

Secondary ALFC loop makes fine adjustment of frequency to reduce static frequency drop to zero &
this resetting occurs after the primary ALFC job is over. The response time of integral controller is
about 1 min.

Economic dispatch can be thought of as an additional tertiary loop control & economic dispatch
solution is executed in digital computer in energy control centre which is connected to different power
plants through communication channel

Every 5 mins, the computer is provided with the MW setting in power plants & these settings are
compared with optimal setting as decided by optimal dispatch equations.
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Generation & Absorption of Reactive Power

It is known fact that voltage is mainly controlled by reactive power flow and thus for voltage
control, the flow of reactive power through the transmission line should be controlled.

Reactive power does not contribute anything as far as work done or energy transferred from
source to the device is concerned. Yet it contributes to the loading of the equipment. Reactive
power only helps in the transmission of real power and reactive power requirements are likely
to be different at different times of the day and in different seasons. Reactive power
requirements have to be met to keep the system voltages at proper levels.

v/ Reactive power compensation improves power factor, stabilizes and maintains the
voltage. Series compensation is suitable for transmission line while shunt
compensation is used at distribution sub-station and at the load.

v For lower capacities, synchronous condenser may be employed which gives smooth
control of reactive power, while for larger capacities, static capacitors are employed.

v" Shunt reactors are required to compensate for charging reactive power under light
load conditions.

v' Reactive power is necessary as most of the loads such as Induction motors, arc
furnaces, welding machines etc require reactive power

Disadvantages of Absorption of Reactive Power:-

a) Effect onload:- The more the reactive power is consumed, there is reduction in output
and some equipment draw excessive amount of current causing more I2R loss and
heating of the equipment, thus causing damage.

b) Effect on Lines:-The more the absorption of reactive power, the power factor becomes
poor & thus for the same power to be transmitted over the line, line carries more
current and thus cross sectional area needs to be increased & increasing capital cost.

c) Effect on Generators:- With low power factor, KVA as well as KW capacities are
lowered and power supplied by exciter is increased as well as generator copper losses
are increased, so their efficiency is decreased.

d) Effect on Grid:- Due to poor p.f loads, voltage will be far behind the acceptable value,
and to boost up load bus voltage additional reactive power will be supplied by
generators. Due to overload, generators may trip

Advantages of Generation of Reactive Power:-

a. Overall cost per unit is lower
b. Voltage regulation of the line is improved

c. Reduction in power cuts, due to reduced demand
|
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d. User gets reduction in KVA demand charges, avoidance of penal rate for low p.f and
rebate for higher p.f

e. KW capacity of prime movers/generators/transformers/lines are increased

f. Additional load can be met without additional rating of equipment due to reduction
in current drawn.

Generation of Reactive Power:-

i Synchronous Condenser:- A synchronous generator operating in over-excited
condition on no-load is known as synchronous condenser. It can be operated
either over excited mode to compensate for reactive power lost during heavy load
condition or under-excited condition during light load periods to absorb reactive
power generated by the capacitance of transmission line.

ii. Extra High Voltage Lines:- 400KV, 220KV EHV lines are a potential source of high
voltage/leading VAR. In off-peak hours, EHV lines are some-time switched off to
avert high voltage. Thus in peak demand hours, all the EHV circuits should be in
service to provide VAR support in the grid.

iii. Reactors: - Shunt reactors are a means of decreasing the excessive capacitance
effects associated with the switching on and off of long lines. Shunt reactors are
connected at both end of the line and at 400KV sub-stations according to need
shunt type bus reactor is provided. Shunt reactors help to distribute the voltage
along the line, decrease the active power losses and the internal over voltage &
also enhances system stability under transient fault.

iv. Series Capacitor: - Series capacitor is connected in series with the line. A series
capacitor compensates for the drop or part of, across the inductive reactance of
the feeder. Series capacitors reduce voltage drop in radial feeders and improves
power transfer in tie-feeders.

Series capacitors are suited particularly to radial circuits where lamp flicker is
encountered due to rapid and repetitive load fluctuations.

V. Shunt Capacitors: - They are installed in parallel with inductive load. They are
generally distributed as various load points in the distribution system. The reactive
power supplied by it varies as square of voltage supplied.

vi. Static VAR Compensators: - If fixed capacitors are employed, on heavy load
conditions, reactive power compensation may not be achieved fully, while under
light load conditions voltage may shoot up. By employing automatic switched
capacitors, reactive power compensation can be achieved according to changing
load. When SVC are used, KVA demand reduces and p.f & voltage are maintained
almost constant. SVC is a parallel combination of Thyristor Controlled VAR
absorption components (Reactors) and VAR generation components (Capacitor
Banks).
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vii. Phase Advancers:- Phase Advancers improves power factor of an Induction Motor.
A PA is an AC excite connected in rotor circuit of an IM, which provides the
magnetizing AT at slip frequency. In IM, the rotor frequency is much less than that
of the stator so it is desirable to supply the magnetizing AT from the rotor at slip
frequency rather than from stator.

Absorption of Reactive Power

i. Synchronous Generators: Synchronous generators can be used to generate or

absorb reactive power. An over-excited machine, that is, one with greater than
nominal excitation, generates reactive power whilst an under-excited machine
absorbs it. Synchronous generators are the main source of supply to the power
system of both positive and negative VArs.
Reactive power generation (lagging power factor operation) is limited by the
maximum excitation voltage allowable before the rotor currents lead to
overheating. The ability to absorb reactive power is determined by the short-
circuit ratio (1/synchronous reactance) as the distance between the power axis
and the theoretical stability-limit line

ii. Overhead Lines & Transformers:- When fully loaded, overhead lines absorb
reactive power. With a current / amperes flowing in a line of reactance per phase
X(V) the VArs absorbed are 12X per phase. On light loads the shunt capacitances of
longer lines may become dominant and high voltage overhead lines then become
VAr generators.

Transformers & Induction Motors always absorb reactive power.
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AUTOMATIC VOLTAGE REGULATORS

Introduction:- Voltage control & Reactive power flow control of various Network buses is
carried out simultaneously from load substations, distribution substations, transmission
substations and generating substations by means of
a) OLTCs
b) SVS
c) Shunt Capacitors
d) AVRs
Bus voltages & Reactive power supply in generating stations are controlled by AVR. AVRs does
not control active power MW, speed and frequency. AVRs performs steady and transient
stability functions, limiting functions and protective functions
¢ AVR:- The regulator that couples the output variables of a synchronous machine to
the input of the exciter through a feedback and feed forward control elements for
controlling the synchronous machine output variables
+* AVR influences the power angle between the revolving stator flux & revolving rotor
flux both locked up at synchronous speed
.

+» Excitation system has a strong interface with the generator protection, generator
control and power system stability

Functions of an AVR and Excitation system

v Regulation of Terminal Voltage automatically

v To facilitate reactive power load sharing with other generators in parallel

v" To regulate the voltage & load angle under abnormal conditions and transient
disturbing conditions such as faults, power swings, sudden switching of large loads
etc.

v" To damp swing and electromagnetic oscillations in load angle

v' To ensure protection of generator & excitation system by giving tripping command
under abnormal conditions
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a) Brushless Excitation System:- Slip rings and brushes create a few problems when they

are used to supply dc power to the field windings of a synchronous machine. They
increase the amount of maintenance required on the machine, since the brushes must
be checked for wear & tear.

Along with this, the brush voltage drop can be the cause of significant power losses on
machines with larger field currents.

On larger sized machines, brushless exciters are used to supply the dc field current to
the machine. A brushless exciter is a small ac generator with its field circuit mounted
on the stator & its armature circuit mounted on the rotor shaft. The three-phase
output of the exciter generator is rectified to direct current by a three phase rectifier
circuit also mounted on the shaft of the generator and is then fed into the main dc
field circuit. By controlling the small dc field current of the exciter generator (located
on the stator) it is possible to adjust the field current on the main machine without
slip rings and brushes. The arrangement is shown in the figure below.

Three-phase
input (low current)

: Exciter : Three-phase : Synchronous
! 1 rectifier 1 machine
I 1 |
] . ] o IF 1 . .
: Exciter armature | — Main Field
1 1
! I ]
1 I
\ W——Lll |
. 1 l
51 ] 1
S! VGAAALS : !
= | 1 I
I I 1
1 l 1
1 —\AMJ———f'l |
I | T
i 1 1
1 1 1
——— e ot i o . i i
1 1 1
l Exciter : T'hree-phase
I R field 1 output
1 1 1
1 1 I
I ] 1 1 .
1 : 1
T 1
=1 1 1
=N 1 1 —
el : 1
I i
1 : : Main armature
I
I I |
| I 1
| 1 |
i | ]
i 1 l
| 1 1

Since no mechanical contacts ever occur between the rotor & stator, a brushless
exciter requires much less maintenance than slip rings and brushes.
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b) Brushless Excitation System with Pilot Exciter:- In order to make the excitation of a

generator completely independent of any external power sources, a small pilot exciter
is often included. A pilot exciter is a small ac generator with permanent magnets
mounted on the rotor shaft and a three-phase winding on the stator. It produces the
power for the field circuit of the exciter, which in turn controls the field circuit of the
main machine.

If a pilot exciter is included on the generator shaft, then no external electric power is
required to run the generator.

| - I I ‘
: Pilot exciter : | Exciter | | Synchronous
I ! ! ! b penerator
| | | | |
1 . . | | | |
1 Pilot exciter | | | |
I field : : Exciler armature : = Main ficld
L | | I i
5 I | [ |
ol | | | I
= : Permanent : : : Three- :
I | magnets I | +—| phase |
! ! I I rectifier | |
! ! I I I
| | | (- |
| | | | [
! | | I I
! | | I T
. L I I I
————————————————————————————————— I———————--——'——————————.——
! | _lr | i Three-phase e
I | !
i | - : : output \
| I | I I \
I 1 \ I I _\'
| | A | |
I | Three- | | |
I I I
[ T pha§e RF | : P
Sl | rectifier | ,
3| : ! l
T l o
| I I I
I ” - - :
,  Pilot exciter : Exciter | | Main armature
| armature | field | "
| | i |
| | | |
! | | 1
I I I |
! 1 I i
[ I | i
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AVR Loop

AVR works on the principle of detection of errors. The output voltage of an AC generator
obtained through a potential transformer and then it is rectified, filtered and compared with
a reference. The difference between the actual voltage and the reference voltage is known as
the error voltage. This error voltage is amplified by an amplifier and then supplied to the main
exciter or pilot exciter. Exciter output control leads to the controls of the main alternator

terminal voltage.

Comparator Amplifier Exciter Rectifier Synchronous
. \ Freon I generator
LY
+ a8
'v,ref e _K-OU\ —
- - “hp— b
' _+ 1G] ! > Tva — T 0
o TR S B v .
{ ] e $— T —0
[ [
| [P | N
l ._‘Ir f—l}-l ! . ’
o L__L_J:_n Rotating components =
Stability compensators V| Reclifier and filter pT
<._
T

L~ 00000,

Exciter Modelling: Assume that for some reason, the terminal voltage |V| would decrease.

1]
1

Due to this, error voltage ‘e’ increases. This causes an increase in vg, i, Uy & i¢. Direct axis
generator flux increases due to boost in field current, thus raising E(internal generator EMF)

& terminal voltage V
Not considering the stability compensator, we have

AlV|res = AlV] = e oo e (i)

And

Where K, is the amplifier gain

Taking Laplace Transform of the above equations, we have

AlV|rer(s) — AlV|(s) = Ae(s) ......... (iii)
Avg(s) = KyAe(s) v e v o (1)
|
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Or we can write

_Avg(s)
A Ae(s) -4

where G4 is the amplifier transfer function

In reality, the amplifier will have a delay that can be represented by a time constant T, and
its transfer function will then be of the form

_ AUR(S) _ KA
A -_ Ae(s) -_— 1 + STA IR

()
If R, and L, represent the resistance and inductance of the exciter field we have
: d . .
Avp = R,Ai, + L, E(Ale) AN €2))

Measured across the main field the exciter produces K; armature volts per ampere of field
current i,

Avy = KAl .. ... (VD)
Taking Laplace Transformation of above two equations
Avg(s) = RpAiy(S) + SL AL (S) ... ... (Viii)
Avs(s) = KjAig(s) ... ... (ix)
Solving the above equations

Avg(s)

A - g R
vr (s) 'R, + sL,

(x)

Avs(s) _ K;
Avg(s) R.+sL,

Avs(s) _ K;/R,
Avp(s) 1+ sL./R,

_ Avs(s) _ K,
¢ Avg(s) 1+sT,”

e (x)

WhereK, = K;/R, and T,=L,/R,

The fig. below shows the block diagram of exciter modelling
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Comparator Amplifier Exciter

—_—

ﬂv!ref K AVR K Avy
A ! e ===
[ +5sT, [+ sT, T

K,

K st

e Re

A Le

T, = R,
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Generator Modelling

For closing the above loop, a link needs to be established between A|V|(s) & Avg(s)
The relation between these two quantities depend on generator loading

Applying KVL to the field winding, we have
. d. .. iy
Avf = RfAlf + Lff E (Alf) ......... (X'll)

We know that the RMS value of this emf equals

W wLegi
5| = 2Pre _ @lraly

V2 V2

Using the previous relationship, putting the value of Aiy in (xii)

V2 d
Av, = ——[RAE + L — (AE)] ... ..... (xiii
Vf waa[ fAE + Lss dt( )] (xiii)

Taking the Laplace transform of (xiii)

Avg(s) = w£ [RFAE(s) + sLyfAE(S)]

Lra
waa
AE(s) AlVI(s) kg V2Re  Kp
Ave(s)  Ave(s)  V2(Ry + sLyy) 1+3Lﬂ 1+ 5Ty,
f
Where, Ky = 3’;[2 and Ty, = Les/Ry
f
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Comparator Amplifier Exciter field Generator field
— N\ — N ——
AlV] Ae Av
| o, = K R K, Jv K, |4V
1+ 5T, 1+ 87, 1+ 57Ty,

AV o de AV

HT )Y —{ o

(b)
Y

"4
Al 'ref G(s) ._/”Vl

G(s) + 1

(c)

The open loop transfer function G(s) equals

K
(A +sTHA +sT,)(1 +sTy,)

G(s) =

Where the open loop gain K is defined as

K 2 K,K,Kp
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Droop Control & Power Sharing:-

» Operation of Generators in Parallel with Large Power Systems

a) When a Synchronous generator is connected to a large power system, any small
changes in the generator loading, will not cause adverse effect on power grid.

b) An infinite bus is a power system so large that its voltage & frequency do not vary
regardless of how much real & reactive power is drawn from or supplied to it.

Infinite bus Loads

TP 2 1 . BB

7]
—

Generator

¢) When a generator is connected in parallel with another generator or a large system,
the frequency and terminal voltage of all the machines must be same

The output conductors of these machines are tied together. Thus real power vs. frequency
and reactive power vs. voltage characteristics can be plotted back to back with a common axis
and known as House Diagram as shown below

S
fnl \

e e i ———

Pisivwiies X W Piufbus Ps Ps, KW
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» Operation of Generators in Parallel with other generator of same size

The system is shown below for a generator connected to another in parallel of same size.

Loads'
J I

—

Generator | |

N_d

Generator 2

(a)

In this system, the basic constraint is that the sum of the real and reactive powers supplied
by the two generators must equal the P and Q demanded by the load.

The power frequency diagram for such a system is shown in fig. below

Pioag = PGy + Pga

When the governor set point of G; is increased, the power frequency curve of generator 2
shifts upwards as shown in the figure below. The total power supplied to the load must not
change. At the original frequency f1, the power supplied by both generators will now be larger
than the load demand, hence system cannot continue to operate at the same frequency and
hence frequency f; is the only one frequency at which sum of powers of the two generators
is equal to total load demand.

At this frequency, G, supplies more power than before, and G; supplies less power than
before.
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Generator 1 fe Generator 2

kW Pg, G kw

Similarly, if the field current of Generator 2 is increased,
a) System terminal voltage is increased

b) The reactive power Q supplied by that generator is increased, while the reactive
power supplied by the other generator is decreased

Generator 1 Ve Vp Generator 2

|
|
|
|
|
!
kVAR Qa1 Q& Qe 06 kVAR
Qlot

Qo

*How can the power sharing of the power system be adjusted independently of the system
frequency and vice versa?”

Answer is

» Increase the governor set points of one generator and simultaneously decrease the
governor set points of other generator
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Shifting Power sharing without affecting system frequency

. 12

3 > 2
Generator 1 Generato

(a)

fiHz

I
: \ fncw :
I JSora |
| ]
| I
| |
| 1

kW P, Py kW
(b)

Shifting reactive power without affecting terminal voltage

Vr
Generator | Generator 2

V= constant

—_—

|

| |
| |
| I
| |
1 |
I |
1 |

kVAR 9, Qi o O kVAR
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Shifting terminal voltage without affecting reactive power sharing

v,

Generator | Generator 2

kKVAR Q, Q- k\_/AR
(ad)

Problem:- Two generators of rating 180MW and 300MW are operated with a droop
characteristics of 6% from no-load to full load. Determine the load shared by each generator,
if a load of 240MW is connected across the parallel combination of those generators.

Solution:- Let us consider the figure below, which shows the alternators running in parallel.
‘Ob’ represents rated speed of 100% such that ‘Ob’=50Hz and ‘ab’= 180MW and
‘bc’=300MW;’OA’= 106% is the no-load speed of machine A and B respectively

Let xyz represents the load of 240MW such that ‘Oy=f" is the new frequency

From similar triangle method, in triangle abA and xyA we have

xy _ab

yA  bA
= _ab A
XY =317

But, yA =0A—-0y =106 — f & bA=6
Similarly for triangle cbA and zyA
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yz _ bc
yA  bA
= = be A
yZ - bAy
Also,
xy + yz = 240 = Total Load
180 300
= [(106 - f)x (?)] + [(106 - f)x (T)] = 240
= [(106 — f)x30] + [(106 — f)x50] = 240
= f =103% = 1.03x50 = 51.5Hz
Load on Machine A= (106-103)x30=90MW =XY.......c.ceceverrerreereerernen. Ans.
Load on Machine B= (106-103)x50=150MW=yz........ccccoeererrerrerueunns Ans.
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POWER SYSTEM STABILITY:-

Maintenance of synchronism or equilibrium after a disturbance are of major importance to
the electrical utilities. The present trend is towards interconnection of the power system
resulting into increased lengths & increased reactance of the system, & this presents an acute
problem of maintenance of stability of the system. So how to define “Stability?”

Power System Stability refers to the ability of the power system and the synchronous machine
to remain in synchronism. This applies to the AC system. The tendency to loose synchronism
is called unstable condition. The loss in synchronism results in wild fluctuation of current &
voltage within the transmission network.

The synchronous stability is divided into these types for the purpose of analysis

a) Steady State Stability refers to the ability of a system or its part to respond to small

gradual change in load at a given point of the system without losing synchronism.
Steady State Stability limit is the maximum possible power that can be transferred at
a given point of the system without loss of synchronism with very gradual increase in
load.

b) Transient Stability refers to the ability of a system or its part to respond to sudden

changes in load at a given point of the system without losing synchronism. Sudden
large disturbance includes application of faults, clearing of faults, sudden load changes
and inadvertent tripping of lines and generators.
Transient Stability Limit is the maximum possible power that can be transferred at a
given point of system without loss of synchronism with sudden or large disturbance in
the system

c) Dynamic Stability is the ability of the power system to remain in synchronism after

the initial swing (transient period) until the system has settled down to the new steady

state equilibrium condition. When sufficient time has elapsed after a disturbance, the
|
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governors of the prime movers will react to increase or reduce energy input to re-

establish a balance between energy input and existing electrical load. It occurs in
about 1-1.5 seconds after the disturbance.

Rotor Dynamics & Swing Equation

» The equation giving the relative motion of the rotor (load angle 6) w.r.t the stator field
as a function of time is called the swing equation

In case of a generator, the input is mechanical torque (Tsn) and output is an electromagnetic
torque (Te). In case of a motor, the output is mechanical torque (Tsn) and input is an
electromagnetic torque (Te).

The difference between input & output torques will cause acceleration or retardation of the
rotor depending on whether the input torque is greater than output torque.

For a generator, Ty = Tgp, — Tp v vev v . ()
If T, > T,, then it causes acceleration of the rotor

& if Ty, < T,, then it causes deceleration of the rotor

£

R
Te | ) Tm
X | b
P | Generator | P s ’_,_,_“—l‘— Motar
LA PE S _
Tm wg
)

ty Ts

(a (b)
Multiplying both sides of (i) by w
=> wTl, = Ty — WT, ... ... ..... (ii)
=> F, =Psp — P,
Also,
T, =]«
Where
dze )
a= 72 (Angular Acceleratlon)

Where ‘@' is the angular position of rotor with reference to stationary axis

and ‘6’ is the angular position of rotor with reference to synchronously rotating axis

~0 =06+ wst
_ L6 _d%
T dt?  dt?
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Rotor
e Field
& o Stator
*-.f___e W Field
~ - - R.
-~
Reference
axis

From (ii), we have

d?s
w dez =P —F
d*s

=> MW = Psp — P, ......... ... Swing Equation

Where ‘M=Jw’ is the angular momentum

Since we know that

1 1
Kinetic Energy = E]a)2 = EMa) = GH

M= GH
“M= s
GH d*5 ) )
=> E Il Pgp — P, ..........Swing Equation
H d*s . L
=> E gz = Psn— P, .........Swing Equation inp.u
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Problems:- A 3-phase, 60Hz, 500MVA, 13.8KV, 4-pole steam turbine generating unit has an H

constant of 5 p.u-s. Determine (i) gy (i) Wmsyn (iii) K.E in joules stored in rotating masses

at synchronous speed (iv) Mechanical Angular acceleration «,, and electrical angular
acceleration a if unit is operating at synchronous speed with an acceleration power of
500MW

Solution:- Rating of the machine, G= 500MVA
Inertia Constant, H=5 p.u-sec
Acceleration power P,= 500MW, P=4, f= 60Hz

We know that,

2Ny  2nx120f 2mx120x60 rad .
Wmsyn = 0 - 6P - eoxd - 60 mech.a... e e Ans. (i0)
Similarly
W xP rad
Wsyn = % = 120w electg... e e . Ans. (1)

Stored Kinetic Energy, K.E= GH= 5x500 = 2500 MJ  Ans.(iii)

GH 2500 M]sec
=—= =0.2315——
nf  180x60 deg(elect)
P, 500 2160 deg(elect)
“TM T 02315 sec?
a 2160 deg )
m = = = 1080 mech. — ... ... ... ... . Ans. (iv)
Pair of poles 2 sec
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Problem:- A 50Hz, 4-pole turbo-generator rated 20MVA, 13.2KV has H= 9 MW-sec/MVA.
Determine

(i)  K.E stored at synchronous speed
(ii)  Acceleration if the input less the rotational losses are 25000 HP and the electric power
developed is 15MW
(iii)  If the acceleration computed for the generator is constant for the period of 15 cycles,
determine the change in torque angle(8) in that period & speed at the end of 15 cycles.
Assume that the generator is synchronized with large system & has no accelerating torque
before the 15 cycle period begins.

Solution:- Rating of the machine, G= 20MVA
Inertia Constant, H= 9 MJ/MVA
Stored Kinetic Energy, K.E= GH=20x9 = 180 MJ Ans.{(i)

_GH 180 0.02 M]sec
T nf  180x50 deg(elect)
25000x0.7355
Py =P — B = = o — 15 = 33875 MW

P, 3.3875 169.375deg(elect)
a=—= =

M 002 sec?
a 169.375 deg 60
Ay = = = 84.6875 mech. — = 84.6875x —
Pair of poles 2 sec 360

= 14.11458 rpm/s
For 50Hz system, 15 cycles = 15/50 = 0.3 sec

d?6
dt?

> ﬂ d26=ﬂ a(dt)>
> fd6=aftdt

1
= 6= Eat2+60

v oa=
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1 1
AS = —at? = =x169.375x0.3% = 7.621875 deg. elect

2 2

Speed at the end of 15 cycles
= NS + at
= 1500 + (14.11458x0.3) = 1504.234375 rpm

Swing Equation of Two Coherent Machines:-

The swing equation of two machines on a common system base are

H, d25, .

EW = Psp1 — Por(po ) v e oo (D)
&

H, d?6 .

n_]zfﬁ = Pyyp — Por(p. ) ... ... (i0)

Since machine swing together (in unison), hence §;=6,=6
Adding the above two equations, we get

Heq d?6
nf dt?

=Py, —P.(p.u) ... .. (iii)

WherePsh =PSh1+PSh2;Pe =Pel+PeZ;Heq =H1+H2

Above equation (iii) represents swing equation of two machines operating coherently &
acting as one

_ Hl,m/cGl,m/c + HZ,m/CGZ,m/C

eq
Gsys Gsys

Swing Equation of Two Non-Coherent Machines:-

The swing equation of two machines on a common system base are

H, d?6;
af iz Pspy — Per(p-u)
H, d28,
of At Pspz — Pey(p.u)

Rewriting the above equations, we have
|
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1 d261 Pshl Pel

afae - w, m oW

1 d?5, Pgy Pe

ﬁdtz = HZ —H—Z(U)

Subtracting equation (v) from (iv)

d*6, d*s, (Pshl_PshZ)_<Pe1 Pez)
H, H,

nf[dtz_ dt? H, H,

d2(61 - 62) HZPshl H1Psh2 _ HZPel - H1Pe2
nf|  dt? H,H, H,H,

Multlplylng to both sides, we have

HlHZ x— d2(61 - 62) — HZPshl - H1Psh2 _ HZPel - H1Pe2
H+H, =nf dt? H,+H, H,+H,

H d?6
=>E gz~ Pn—Fe

Where

H,H, _ H3Pspy — H1Pspy p = HjPey — H1 P,

H = T 17 - ) -
H,+H,’ " H,+H, e H,+H,

,6:61_62
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Power Angle Curve:-

Let us consider a synchronous machine having a direct axis synchronous reactance X.

Where, E = |E |44 is the voltage behind direct axis synchronous reactance of generator
And V= || £0 terminal voltage of generator

EZé Infinite
v Z0 bus

The complex power output of generator is

S=Vvr

_ Wi0 [E|28 — |V]|20]
| jXa

— V120 [|E|26 — |V]£0]
| X,290

= |V|£0 [EL((? —90) — ML —90]"
Xa Xa

= V|20 [@4(90 — %) —M490]
Xq Xq
|EN|V] 45
=—-=2(90—-6) ———290
X4 ( ) Xq
= Mcos(90 —0)+j E1lV] sin(90 — §) — Hcos 90 — '@sin90
X, I X, X, X,

lE[IV] N{ENV] V2
=——-c05(90 — ) +j sin(90 — §) — —
Xa Xa
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_ lE”Vlsin(S +i lE”VlcosS— 145
Xa ) Xaq Xa

The real power output of the generator is

|EIIV] :
P, = Re(s) = Sind = Pyg, Siné
Xa
Where
L, _lEW]
max — Xd

Real power output depends on |E|, |V|, X; and power angle §
The reactive power output of the generator is

|E||V] 145
=Im(s) =———cosd — ——
Qe = 1m(s) == o
The below fig. shows the steady state real power variation with power angle & curve is known
as Power Angle Curve

Let us assume that the generator is working under steady state conditions and power angle
increases by a small amount A§

dP
~ Increase in power output, AP = 5 (A8) = B.(A))

Where

_dP _EIIV|

r =5 X, 0sd
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The above quantity is known as Synchronizing Power Coefficient (P.)

As long as 0 < § < 90° condition is satisfied, an increase in power angle results in increase
in power output. Generator is stable in this condition, as power is taken kinetically from
rotor and generator slows down.

As § = 90° generator becomes unstable and thus for successful operation = 90° . In actual
practice § ~ 30°

If generator is connected to infinite bus through a transmission line then

Xqisreplaced by X = X; + X,

Infinite

b vV £0
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Steady State Stability:-

Let us consider a system be operating with steady state power transfer of P,, = Py, with load
angle of §, . For a small increment AP, in the electric power with input from prime mover
remaining fixed at Pg;, causing torque angle to change to 6, + AS

Xd Xf
+
6/ EsS '”SS'Ste V 20
aP,

By swing equation we know that

d?s
MW = Psp — P,
d?AS
=> MF = Psh - (PeO + APe) = —APe
=> MdzA(S + (ape) AS =0
B ez \as/s,
Let
B d
P=0

=>

Mp? + (%) AS =0
96/ 5,

N =

N

M

=~ Frequency of natural oscillations, p = tj >
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d . . . . . .
Fe positive, roots are purely imaginary & conjugate with system behavior as

00 6‘0
oscillatory about §,. Due to the line resistance & damper windings, oscillations decay and

hence system is stable as long as

(ape> >0

26 /s,

If (%)5 is negative, roots are real & one positive, other negative of equal magnitude. During
0

disturbance, torque angle increases without bound & synchronism is soon lost. The system is
unstable for

(aPe) <0
96 /s,

Problem:- A synchronous generator of reactance 1.2 p.u is connected to an infinite bus
bar(|V|= 1.0 p.u) through transformers and a line of total reactance of 0.6 p.u. The
generator no —load voltage is 1.2 p.u and its inertia constant is H= 4AMW-sec/MVA. The
resistance & machine damping may be assumed negligible. The system frequency is 50Hz.
Calculate the frequency of natural oscillations if the generator is loaded to (i) 50% and (ii)
80% of its maximum power limit.

Solution:- (i) For 50% loading

e

sin§, = =0.5
max
= 60 = 300
oPF, 1.2x1 MW (p.u)
. = = 30=0.577—
96 |5,=30° 1.8 €os elect(rad)
4 sec?
M(p.u) =

ﬁ ~ x50 elect(rad)

From the characteristics equation, we know that

N =

(%),
"

Frequency of natural oscillations, p = +j{

1
10.577x50m)2 )
I [—4 ] = +j4.76
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o rad 4.76
hus, Frequency of natural oscillations = 476 — = —— = 0.758 Hz
sec 2m
(ii) For 80% loading
ndo=—*=0.8
sin§, = =0.
0 Pmax
= §, = 53.1°
dP, 1.2x1 MW (p.u
L= = cos53.1 = 0.4L
06 |5,=30° 1.8 elect(rad)
4 sec?

M(p.u) = nf _ mx50 elect(rad)

From the characteristics equation, we know that

o9

(%) T

Frequency of natural oscillations, p = +j{

1
10.4x50m72 )
ip:i][ ; ] = 1j3.96
rad 3.96
Thus, Frequency of natural oscillations = 3.96E =5 = 0.63 Hz
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Problem:- Find the steady state power limit of a system consisting of a generator equivalent
reactance 0.5 p.u connected to an infinite bus through a series reactance of 1.0 p.u. The
terminal voltage of the generator is held at 1.2 p.u and the voltage of the infinite bus is 1.0
p.u

Xc\.'—ﬁ‘g?*\rx % B iy

0T ———

p

E%‘ ES—“\'?'L-“ G) E‘t:‘\ P

Solution:- Taking voltage at infinite bus as reference
Ve = 1.020°
— 0
E, =1.246
Current is given as

Eg—V, 1.2£6°—-1.020°
X j1

1.226° — 1.020°

= Er = E; +jlXg = 1.246° +j0.5x i

= 1.826° — 0.5
= (1.8cos0° — 0.5) + j1.8sinH°
Steady State limit is reached when E has an angle of 6=90 i.e real part is zero
= 1.8c0s0°—0.5=0
.0 =73.87°
Substituting the value of 8 = 73.87° in E; = 1.2£6°, we have
E;, =1.2273.87° = 0.3333 +j1.153

0.3333 +1.153 — 1.0£0°

I = = 1.153 i0.6667
i1 *J
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~ Ef = Eg +jlX4 = 0.3333 + j1.153 + j0.5(1.153 + j0.6667) = j1.73 = 1.73£90°

B[Vl 1.73x1
mae T X, +X  05+1

= 1.153p.u

If generator emf is fixed at 1.2 p.u

Bl 1221
M T Xy +X O 05+1

=08p.u

It can be seen that by fixing the generator EMF to a certain value, the Maximum power

transfer is less as compared to value achieved by varying generator EMF

Problem:- Find the steady state power limit of a system consisting of a generator equivalent
reactance 1.0 p.u connected to an infinite bus through a series reactance of 0.6 p.u. The
terminal voltage of the generator is held at 1.0 p.u and the voltage of the infinite bus is 1.0

p.u

1.0 pu 0.6 pu

NMANNYN

INFINITE
BUS

‘—Et

I
Q>
9
<+ Eg=1.0pu
=1.0pu
AAHTTTRRERTEREES

Solution:- Taking voltage at infinite bus as reference

V, = 1.020°
E, = 1.026°

Current is given as

Eq—V, 1.0£6°—1.0£0°
JjX j0.6

1.0£6° — 1.020°
j0.6

= Er = E; +jlX; = 1.0260° + j1x

= 2.6667260° — 1.6667
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= (2.6667 cos8° — 1.6667) + j2.6667 sin 6°

Steady State limit is reached when E has an angle of 6=90 i.e real part is zero
= 2.6667 cos 8° — 1.6667 = 0
-0 =51.32°
Substituting the value of 8 = 51.32° in E; = 1.0£6°, we have
E; = 1.0£51.32° = 0.625 + j0.7806

0.625 + j0.7806 — 1.0.20° ,
I= 06 = 1.3 +0.625

w Ep = E; +jlX4 = 0.625 + j0.7806 + j1(1.3 + j0.625) = j2.0806 = 2.0806290°

_|Ef|Ive] _ 2.0806x1 13
max =% Ux T 16 o OPH

Methods to Improve Steady State Stability:-

a) Reducing Transfer Reactance

b) Increasing either or both |E| or |V|

c¢) Two Parallel Lines (for transmission lines of high reactance)

d) Series capacitor in lines to get better voltage regulation & to raise the stability limit by
decreasing the line reactance
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LECTURE:- 46

Transient Stability:- The dynamics of single synchronous machine connected to infinite bus-

bar is governed by swing equation i.e.
d2s
Mﬁ = Psh - Pe

++» For small disturbance, equation is linearized for steady state stability with criterion of

(aPe> 50
96 /s,

%+ For large disturbance, numerical solution of swing equation is obtained and gives a
plot of 6 vs. t called swing curve

If & starts to decrease after reaching maximum value, it is assumed that system is stable and
oscillation of 6 around the equilibrium point will decay and finally die out

SWING CURVE

If 6 continues to increase indefinitely with time & machine losses synchronism and system is
unstable. If the system is stable, 6(t) performs oscillations whose amplitude decreases
because of damping

The system is stable if at some time

as _
dt

And is unstable, ifz—f > 0 for a sufficiently long time

From the swing equation

H d*s

T =Py =P (D)

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL

ABIT CUTTACK 147




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]
6™ ELECTRICAL 2020-2021 [MODULE-1V]

Multiplying numerator and denominator by 2

2H d?§
= ﬁﬁzpsh_pe =k
2H d*6 y
T Py ()
S

We know that
d (d(S)Z _ ,d6d%
de[\dt) |~ dt dt?
o . . as
Multiplying both sides of (ii), by ot

2H d*6 d§ dé

T o drdt tdt
H d (d6)2 __ds
wsdt|\dt/) | “dt

Multiplying both sides by dt & integrating both sides

o TEO R
= — E— =
wgJs, \dt P
For stabilityz—f =0

5
= | P,dé=0
8o
» Condition of stability can be stated as:- The system is stable if the area under
accelerating power and load angle curve reduces to zero at some value of §

» In other words, accelerating power under P, -6 curve must equal the
negative(decelerating) area and hence the name “Equal-Area Criterion” of stability
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EQUAL AREA CRITERION

a) Sudden Change in Mechanical Input

The figure below shows the transient model of a single machine tied to infinite bus bar

= ‘ T
[ = \ 2l X X s
SO ) ,
> O—T— 46666“———{\/ :
.. Vel L0
Under steady operating condition
P.o = P, =|Ef|th|sin6 =P, Sind
sho el Xd +X 0 max 0
L\Lc_
Nz
TR ST
0 |
Sho ™| |
’ | | | !
! = ' | I N
oo S\ %4 =~ >

Let the mechanical input to the rotor be suddenly increased to Psh1. Now since Psh1>Peo, hence
rotor accelerates and rotor speed increases along with load angle. The rotor angle should
increase to 61 with operating point ‘b’, but due to the large moment of inertia of rotor, it
continues to increase beyond ‘b’ upto point ‘c’ at 6. As the load angle increases beyond ‘b’,
the Pshi<Pe and decelerating area starts and the stored kinetic energy during acceleration
period is given up. Hence the system oscillates about the new steady state point 61 and decays
after some oscillations due to damping.

Pgpy = P, = Bpgx Sin gy
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For system to be stable, §, should be such that

AZ = Al
Where
&2
Ay = (Pe _Pshl) dé
81
61
A = (Pspy — Pe) d6
8o

As Pgn1 is increased, a limiting condition is reached when A; equals area above Psp1 line and 62
reaches the value such that

8y =gy =M — 6, =m —sin~t Psn1
max
Yo T
Yoy oS REN
:
R [
© By %, 5, 2 _}E}

Any further increase in Psh1 means A; become less than A1 and hence due to excess Kinetic
energy decelerating power changes over to accelerating power & system becomes unstable

*Note:- Condition of 6=90° is meant for use in steady state stability only & does not apply to
transient case.
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LECTURE:- 47

Effect of Clearing Time:- Let the system of figure be operating with mechanical input P at
steady angle &o

If a 3-phase fault occurs at the point P of the outgoing radial line, the electrical output of the
generator instantly reduces to zero i.e. Pe=0 and operating point drops to ‘b’ as shown below.

w38 -
= -
L]

ITT7777

The acceleration area A; begins to increase and so does the rotor angle while state point
moves along ‘bc’.

fe.

Reownt = — — =

?q,\,-, ]\\t\X\\

At time tc (corresponding angle 6¢) the faulty line is cleared by opening the circuit breaker.

The 6c and tc are known as clearing angle and clearing time respectively. The system becomes
healthy & transmits

P, = Ppgy Sind

The decelerating area starts along ‘de’ as electrical power output is greater than mechanical

power input. For stability criteria, 81 should be such that A;=A1. The system finally settles to
point ‘a’ after certain oscillations.

If the clearing of faulty line is delayed, A1 increases & hence load angle 61 increases till Smax.
For clearing time larger than that, system becomes unstable i.e. Ay<A;
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The maximum allowable value of clearing time and angle for the system to remain stable

are known as Critical Clearing Time & Angle

Y

-~

oy f— —— —

NN
§

?;» _ NN \\}\K\\
R\

%0 g Cr R%W;\Qx %
O Smax =T — 60 FETRFTTI (1)
& Py, = Ppax Sindg ... .o . (ii)

Smax
A, = f (Ppaxsind — Pg,) d&
8

cr

= (Pmax(C038cr - COSSmax) - Psh(smax - 8cr))
8Cr
also, A; = (Psh = 0) dd = (Psn(Scr — 80))
8o
For system to be stable, A, = A;
= (Pmax(cos8cr — €0881max) — Psn(8max — 6cr)) = (Pon(8cr — 80))
= PmaxCOstcr - PmaxCOSSmax - Pshzsmax + Psh8cr = sh6cr - Psh80
= Pmaxcos{scr - Pmaxcos{smax - Pshsmax = _Psh80

= PrppaxC0sd¢r = l)sh(ésmax - 80) + PraxCOSOmax

l)sh
= €c0S0cp = ——

max

(6max — 69) + €OSOax - - - (iii)

Using (i), (ii) and (iii)
= 8 = cos [(m — 28,) sin 8, — cos §;]
During the fault period, P, = 0
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% mf
ey Psh

Integrating twice

mf 5
8=ﬁ sht +80

mf )
= ‘Scr = ﬁpshtcr + 80

= 2H(8cr — 80)
°rcr T[fPSh
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LECTURE:- 48

Problem:- A generator having H=6 MJ/MVA is delivering power of 1.0 p.u to an infinite bus
through a purely reactive network when the occurrence of a fault reduces the generator
output power to zero. The maximum power that could be delivered is 2.5 p.u. When the fault
is cleared the original network conditions again exist. Determine the critical clearing angle
and critical clearing time

Solution:- During pre-fault conditions
P = Ppaxsind,
= 1.0 = 2.5 sind,
8o = 23.58% or 0.4115 rad

During fault condition, Po;; = 0

During post fault condition

= 8 = cos I[(m — 28,) sin 8, — cos §;]
= cos I[(m — 0.823) sin 23.58° — cos 23.58°]

= cos~1(0.9275 — 0.9165) = 1.560 rad

2H(‘Scr - 80)

Also, t.. = P
S

= 0.2704 sec

_ 2x6x(1.56 — 0.4115)
B mx60x1.0
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Sudden Loss of one of Parallel Lines:- Let us consider a single machine tied to infinite bus

through two parallel lines

v X, S FEANP
SV oy
’ @ W £S5
Xy

Let us consider that one of the lines is suddenly switched off with the system operating at
steady load

Power angle curve before switching off

P = MsinS = Py Sind
T Xa +X4lIX, m
Power angle curve immediately on switching off of line 2

_ |Ed|V]

ell mSiDS = PmII sind
1

The system operates initially with a steady power transfer P.= Psy at a load angle of &g on

curve |
: ﬁ\\)Q__
/\?@—\ (ot Woea \
\DeA 0 >
P '

?.s.h S / /\
el Qe,\\ U‘DE’*?'O“‘E)
de &
: ; e

O B\ES %{’ Qg'z,u e &

Immediately on switching off line 2, the point shifts to curve Il (b), accelerating area starts
followed by decelerating area for 6>61.

For system to be stable, A, = A; and finally system operates at ‘c’. For limiting condition
82 =Smaxz'r[_ésl
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LECTURE:- 49

Sudden Short Circuit on one of the Parallel lines

a) Short circuit at one end of line

Let us assume that a short circuit occurs near the generator end of line 2

A X‘-
=UPAN ) T SSs—— —
N LN
v N/ _
sb XL '_‘I' 1
—7 ] — \'"”’u;:h‘“"-
' AWAon

Before the occurrence of a fault, power angle curve is given by

| E¢l[V]

= ——————sind = P,y sind
AT sin 1 Sin

Upon occurrence of a 3-phase fault, generator gets isolated and during the fault
Per =0

The rotor therefore accelerates and load angle increases. If the fault is not cleared in time,
synchronism will be lost. At time tc, the CB at two ends open and faulty line is disconnected

with power flow being restored via line 1 only

_ |Ed|V]

elll — XCITSH]S = PmIII sind
1

Then rotor decelerates and for stability condition we know that A, = A; before 6 reaches
Omax. For stability, clearing time must be less than a certain value for system to be stable.

Ve 4
> ?971 (?"?.&ou‘-k; 1 \'\nq,,)
Ax_
N A —
B W e (Pt e
// S
ol e L Se %, (ow = Y
Cox
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b) Short Circuit away from ends

When fault occurs in the middle of a line, there is some power flow during the fault though
considerably reduced. Stable system operation is shown in figure below

?‘L’L( \)'( Naowe /(.L \{r;e);)

Q&m Q‘?D-b‘@rqu w 4 \\'rg)

P,
|
Vg (ving \n
N
[ ‘
o %o % [ %‘z_ Qt’"?mx = /qb
For system to be stable, A, = A,
P,
Spmax = T — sin‘l(;h)
maxIII

Smax
A, = f (Pras1Sind — Poy) d5
o)

cr

= (PmaxIII(COS(Scr - COSSmaX) - Psh(Smax - 8cr))

8Cr
also, Ay = f (Psh — Paxiisingd) d6 = (Ps (8¢r — 80) + Praxir(cosder — c0s8,))
1)

0

Since, A, = A,

=> (PmaxIII(COS(Scr - COSSmaX) - l:)sh(Smax - 8cr))
= (Psh(scr - 60) + l:)maxll(cosscr - COSSO))

Psh(smax - 80) - PmaxIICOSSO + PmaxIIICOSSmax

= 0S8 =
lDmaXIII - 1:’maxII

*Note:- The angles in the above equation are in radians
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Problem:- A synchronous generator feeds 1.0 p.u power to an infinite bus via double circuit
transmission line. A fault occurs on one line which reduces the maximum power transfer to
0.5 p.u whereas before the fault this power was 2.0 p.u and after clearance of the fault 1.5
p.u. By the use of equal area criterion, determine critical clearing angle

Given data: Priaxr = 2.0 p.u(Maximum power transfer before Fault)
Praxinr = 1.5 p.u(Maximum power transfer after fault)
Praxir = 0.5 p.u(Maximum power transfer during fault)

Pe =PSh = 10pu

— P | Pe — P— 2 —
6y =sin" | ——| =sin 50 0.5236 rad

maxl

P 1.0
Omax =T — sin™! (l) =m—sin™?! (—) = 2412 rad

maxlIII 1.5

Psh (Smax - 60) - PmaxIIC0560 + Pmaxlllcosgmax

We know that, cosé., =
P maxIlI = TmaxII

_ 1.0(2.412 — 0.5236) — 0.5cos 0.5236 + 1.5 cos2.412
B 1.5—-10.5

= 0.3372

180
8. = c0s710.3372 = 1.227 rad = 1'227XT =70.3° Ans.

Problem:- A synchronous generator at 50Hz is on load of 1.0p.u connected to an infinite bus.
Resistance is neglected. The maximum possible power transfer under healthy condition
(steady state stability) is 1.8p.u. During fault, the maximum possible power transfer at steady
state is 0.4 p.u. During post fault condition, after fault clearing, the limit of power transfer is
1.3 p.u. Determine the critical clearing angle

Given data: Phaxa = 1.8 p.u(Maximum power transfer before Fault)
Phaxin = 1.3 p. u(Maximum power transfer after fault)
Phaxit = 0.4 p.u(Maximum power transfer during fault)
P, =Py, =1.0p.u
8o = sin™?! (i) =sin™?! <2> = 33.8°
Prmaxt 1.8
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Py, 1.0
8 .. =T —si —1( > )= —sin™1! (—) = 129.72°
max — TL— SIn P T — sin 13

l:)sh(smax - 80) - l:)maxIICOSéSO + l:)maxIIICOSSmax

We know that, cosé.. =

Prmaxitit — Pmaxi

_1.0(129.72° - 33.8°) — 0.4c0s33.8° + 1.3 c0s129.72°
N 1.3-0.4

8cr = 55.42° Ans.
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LECTURE:- 50

Problem:- A synchronous motor is receiving 35% of the power that it is capable of receiving
from an infinite bus. If the load on the motor is doubled, determine the maximum value of
load angle during the swinging of the motor around its new equilibrium.

Proas
o
N
0.7 [Pmax B
<
. o
i
§ 0.35 [Pmax
1A
]
Y
i
i
& § &, 80° 180°

— LOAD ANGLE, § IN ELECTRICAL DEGREES —

Solution:- Initial Operating load, Py, = 0.35P,,4x

Operating load angle corresponding to this load,

P
5 = sin"!— = 5in=10.35 = 0.3576 rad

max

Increased load on the bus
P; = 2x0.35P,,,4x = 0.7P0x

Operating load angle corresponding to this new load

P
5, = sin"!—— = sin~10.7 = 0.7754 rad

max

Let the maximum value of load angle during the swinging of the rotor is §,,

For system to be stable, A, = A,

61 5m
= (0.7Ppax — PnaxSind) dé = (PpaxSind — 0.7Pqx) A6
60 61

= 8, = 1.2567 rad Ans.
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Problem:- An alternator is connected to an infinite bus. It delivers 1.0 p.u current at 0.8 pf
lagging at V=1.0 p.u. The reactance is 1.2 p.u. Determine the active power output and steady
state power limit. Keeping the active power fixed if the excitation is reduced, find the critical
excitation corresponding to operation at stability

Solution:- Current, 1=1.0 p.u

Power factor, cos 6= 0.8 lagging

Current delivered, I=1(0.8-j0.6), X; = 1.2 p.u

Receiving end voltage, V = 1.020 =1 + 0

Sending end voltage, E= V+jlX;=1+j(0.8-j0.6)x1.2=1.72+j0.96=1.97229.17 p.u
Power output= VI cos 8= 1.0x1x0.8=0.8 p.u Ans.

Steady State power limit,

|E1|V|
Prnox =———=1.64p.u
Xa

For fixed active power output

Generated EMF

_ Power OutputxX, 0.8x1.2
a Vxsin90 © 1.0x1

=0.96p.u

Problem:- A 100MVA alternator operates on full load at a frequency of 50Hz. The load is
suddenly reduced to 50MW. Due to time lag in governor system, the steam valve begins to
close after 0.4 sec. Determine the change in frequency that occurs in this time. Given: H=5
KWs/KVA of generator capacity

Solution:- The rating of the machine, G= 100MVA

Inertia Constant, H=5 MJ/MVA

K.E stored in the rotating parts of the generator and turbine at synchronous speed,
= GxH= 100x5= 500MJ

Excess power input to the generator shaft before the steam valve begins to close
|
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=100 - 50= 50MW

Excess energy transferred to rotating parts in 0.4 sec
=50x0.4=20 MJ

Since Kinetic Energy, K.E is proportional to square of speed

Thus, K.E is proportional to square of frequency

So frequency at the end of 0.4 sec

Total energy stored in 0.4 sec

— fx 1/2
=1 (Energy stored at synchronous Speed)

oo, [500+20
— 2% 7500 2

Change in frequency= f,-f;= 51-50= 1 Hz............ Ans.
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LECTURE:- 51
Factors Affecting Transient Stability:
From the swing equation, i.e.
d?s _
M ol P,
d?6 P,
or, — =—
dt2 M

It can be observed that for given accelerating power, the angular acceleration is inversely
proportional to angular momentum or it can be also said that angular acceleration is inversely
proportional to moment of inertia of the rotor. Thus, it can be said that higher the moment
of inertia of rotor, lesser will be acceleration or the change in load angle will be slow. This
slow change in load angle allows a longer time for the Circuit Breaker to operate and thus it
can be said that transient stability can be improved by using machine of large moment of
inertia. But due to cost & weight factor, this inference is not applicable.

In modern trends, the rotor weight is light enough keeping into mind the cooling process but
this light weight of rotor is undesirable keeping into mind the stability factor as any
disturbance can pull the machine out of synchronism within less time. Hence other methods
of improving the transient stability are used i.e.

a) Increasing System Voltage:- Transient stability can be improved by raising system

voltage as we know that

o _lEVI
max Xd

If we increase the system voltage, it means from the above relation that the maximum
power transfer capability can be improved thus allowing to increase the margin of
power transfer capability & machine is allowed to rotate through large angle before it
reaches critical clearing angle which means greater critical clearing time & stability
probability is maintained.

b) Reduction in Transfer Reactance:- Transient Stability can also be improved by
reducing transfer reactance by using more parallel lines. This reduction in transfer
reactance improves the power transfer capability & thus allowing to increase the
margin of power transfer capability & machine is allowed to rotate through large angle
before it reaches critical clearing angle which means greater critical clearing time &
stability probability is maintained. The use of bundled conductor lines also helps in
reducing line reactance & improving stability.

PREPARED BY ER. CHANDAN MANDAL, DEPT OF ELECTRICAL

ABIT CUTTACK 163




[POWER SYSTEM OPERATION & CONTROL]
[SUBJECT CODE: - REL6CO001]

o™ ELECTRICAL 2020-2021 [MODULE-1V]
c) Using High Speed Circuit Breaker:- This is the best method to improve the transient

stability. The quicker a breaker operates, the faster the fault is removed from the
system and better is the tendency of the system to remain normal.

d) Automatic Reclosing:- Rapid Switching and isolation of faulty line is quite helpful in
improving stability. The modern circuit breaker technology has made it possible for
line clearing to be done as fast as in 2 cycles. On occurrence of a fault, the faulted line
is de-energized to suppress the arc in the fault and then CB recloses after some delay.
Automatic Reclosing increases the decelerating area and thus improves stability.

e) Turbine Fast Valving:- One reason for power system instability is the excess energy
supplied by the turbine during the disturbance period. Fast valving is a means of
reducing turbine mechanical input power when a unit is under acceleration due to
transmission system fault. This can be achieved by load impedance relays,
acceleration transducers etc. During a fast valving operation, the intercepter valves
are rapidly shut and immediately reopened.

f) Quick Acting AVR:-The satisfactory operation of alternator is dependent upon the
source of excitation and on AVR (Automatic Voltage Regulators). The power output of
a generator is proportional to internal voltage E. During fault conditions, the terminal
voltage V falls and thus a quick acting AVR causes increase in E so that V remains
constant.
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