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Need for system planning and operational studies %.AREg

Planning and operation of power system - Operational planning
covers the whole period ranging from the incremental stage of
system development

The system operation engineers at various points like area, space,
regional & national load dispatch of power

Power system planning and operational analysis covers the
maintenance of generation, transmission and distribution facilities

Monitoring

- Implementation
Planning |—> of plans

v

Comparing plans
with result

v

Corrective
action
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Planning and operation of power system A

Planning and operation of power system the following analysis are
very important
(a). Load flow analysis
(b). Short circuit analysis
(c). Transient analysis
Load flow analysis
Electrical power system operate - Steady state mode

Basic calculation required to determine the characteristics of this

state is called as Load flow




Power flow studies - To determine the voltage current active

and reactive power flows in given power system
A number of operating condition can be analyzed including
contingencies. That operating conditions are
(a). Loss of generator
(b).Loss of a transmission line

(c).Loss of transformer (or) Load

(d). Equipment over load (or) unacceptable voltage levels




Basic components of a power system

up
1M kV /220 kV

Step down transformer

220kV /33 kV
= Step down transformer

Substation W 33KV /6.6 KV
Primary distribution . TO large bulk loads like

Feader factories, industnes

Distribution 120000000000, Distribution transformer
substaton NG 6.6 kV / 400 V or 230 V

—ra

consumens




Component # 1. Synchronous Generators:

The synchronous generators used in generating stations are
revolving field type owing to its inherent advantages.

The synchronous generators, based on the type of prime movers to
which they are mechanically coupled, may be classified as:

(i) Hydro-generators

(ii) Turbo-generators, and

(iii) Diesel engine driven generators.

Power Transformers:
Power transformers are used for stepping-up the voltage for

transmission at generating stations and for stepping-down voltage
for further distribution at main step-down transformer substati
Usually naturally cooled, oil immersed, known as ON
winding, three-phase transformers, ar




Component # 2. Switchgear:

Everyone is familiar with low voltage switches and rewirable fuses.
A switch is used for opening and closing of an electric circuit while a
fuse is used for over-current protection. Every electric circuit needs
a switching device and protective device. Switching and protective
devices have been developed in different forms. Switchgear is a
general term covering a wide range of equipment concerned with
switching and protection.

Circuit Breakers:

Circuit breakers are mechanical devices designed to close or open
contact members, thus closing or opening of an electrical circuit
under normal or abnormal conditions.t.




isolators:

Since isolators (or isolating switches) are employed only for isolating
circuit when the current has already been interrupted, they are simple
pieces of equipment. They ensure that the current is not switched into
the circuit until everything is in order.

Earthing Switch:

Earthing switch is connected between the line conductor and earth.
Normally it is open and it is closed to discharge the voltage trapped on
the isolated or disconnected line. When the line is disconnected from
the supply end, there is some voltage on the line to which the
capacitance between the line and earth is charged.




Component # 3. Bus-Bars:

Bus-bar (or bus in short) term is used for a main bar or conductor
carrying an electric current to which many connections may be
made.

Component # 4. Lightning Arresters:

The lightning arrester is a surge diverter and is used for the
protection of power system against the high voltage surges.
It is connected between the line and earth and so diverts the
incoming high voltage wave to the earth.




Single line diagram

In practice, electric power systems are very complex and their size

is unwieldy. It is very difficult to represent all the components of the
system on a single frame. The complexities could be in terms of
various types of protective devices, machines (transformers,
generators, motors, etc.), their connections (star, delta, etc.), etc.
Hence, for the purpose of power system analysis, a simple single
phase equivalent circuit is developed called, the one line diagram
(OLD) or the single line diagram (SLD). An SLD is thus, the concise
form of representing a given power system. It is to be noted that
a given SLD will contain only such data that are relevant to the
system analysis/study under consideration. For example, the
details of protective devices need not be shown for load flow
analysis nor it is necessary to show the details of shunt values for
stability studies.




Symbols used for SLD
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SINGLE LINE DIAGRAM :

It gives diagrammatic & easy identification of power system
network.

Components are represented in the form of symbols & they are
interconnected in a straight line.

Ty T

Single Line Representation of a Typical Power System




Impedance diagram

The impedance diagram on single-phase basis for use under balanced
conditions can be easily drawn from the SLD. The following
assumptions are made in obtaining the impedance diagrams.
Assumptions:

1. The single phase transformer equivalents are shown as ideals with
2. impedances on appropriate side (LV/HV),

2. The magnetizing reactances of transformers are negligible,

3. The generators are represented as constant voltage sources with
series resistance or reactance,

4. The transmission lines are approximated by their equivalent —
Models,

5. The loads are assumed to be passive and are represented by a
series branch of resistance or reactance and

6. Since the balanced conditions are assumed, the neut
impedances do not appear in the impeda




Reactance Diagram:

With some more additional and simplifying assumptions,

the impedance diagram can be simplified further to obtain the
corresponding reactance diagram. The following are the
assumptions made.

Additional assumptions:

The resistance is often omitted during the fault analysis. This
causes a very negligible error since, resistances are negligible
Loads are Omitted

Transmission line capacitances are ineffective &

Magnetizing currents of transformers are neglected.




Per-unit system

*Voltages different level has to transformed to single voltage
level in Per-Unit (P.U) form.

*In PS, impedance, current, voltage & power are expressed
in P.U values.

*P.U systems are ideal for the computerized analysis &
simulation of complex PS problems.

* Generally, manufacturers are preferring equipment
impedance values in P.U rating.




For a single-phase system, the following formulas relate the various quantities.

i
Base current, A = base VA _ _ base MVAX10

basevoltage, V base voltage, kV x1000

base MVA x 1000
base voltage, kV

(1.1)

base voltage, V base voltage, kVx1000
base current, A base current, A

Base impedance, Q = (1.2)

Substituting eq. (1.1) in the above

(base voltage, kV)* x 1000
Q-

base MVAx1000 Thus

Base impedance,




Base impedance, Q =

base MVA

(base voltage, kV)*

Power factor being a dimensionless quantity Base power, MW = base MVA

actual impedance, Q

Per -unit impeda = _

er -unit iImpedance base impedance, O (1.4)
Per-unit impedance = actual impedance x Base MVA (1.5)

(Base voltage .k VF
2
Base impedance, Q = (base voltage, kV) (1.3)
base MVA
Per-unit impedance = actual impedance X Base MVA (1.5)

(Base voltage .k V)



For three phase system, when base voltage is specified it is line to line base

voltage and the specified MVA is three phase MVA. Now let us consider a three

phase system. Let Base voltage, kV and Base MVA be specified. Then single-

phase base voltage, kV = Base voltage, kV 13 and
single-phase base MVA=Base MVA / 3. Substituting these in eq. (1.3)

[Base voltage. kV/ /3]  (Basevoltagek V)

Base impedance, Q = (1.6)
Base MVA I3 Base MVA
It is to be noted that eq.(1.6) is much similar to eq.(1.3). Thus
Per -unit impedance = actual_lmpedance
baseimpedance
= actual impedance X Base MVA (1.7)

(Base voltage,k V)



2
(base voltage, kV) (1.6)

Base impedance, Q =
base MVA

Base MVA
(Base voltage, k V)

Per-unit impedance = actual impedance X (1.7)

EXAMPLE 1.4

A three phase 500 MVA, 22 kV generator has winding reactance of 1.065 Q. Find

its per-unit reactance.

Solution

2
22 =0.968 Q ; Per-unit reactance = 1'062 =1.1002

Base impedance =

Using eq.(1.7), per —unit reactance =1.065 x ZZE =1.1002




Base MVVA

Per-unit impedance = actual impedance X

1.7
(Base voltage,k V) (1.7

Per-unit quantities on a different base

Sometimes, knowing the per-unit impedance of a component based on a
particular base values, we need to find the per-unit value of that component
based on some other base values. From eq.(1.7) It is to be noted that the per-unit
impedance is directly proportional to base MVA and inversely proportional to
(base kV)2. Therefore, to change from per-unit impedance on a given base to per-

unit impedance on a new base, the following equation applies:

base MVA __, base kV, ., .2
X

Per-unit Z,ew = per-unit Zg;
new = P given pase MVA base kV._.

(1.8)

given



base MVA ., _ basekV . ,
X

Per-unit Z.y = per-unit Zgyen (1.8)

base MVA base kV_,

given

EXAMPLE 1.5

The reactance of a generator is given as 0.25 per-unit based on the generator’s of
18 kV, 500 MVA. Find its per-unit reactance on a base of 20 kV, 100 MVA.

Solution

New per-unit reactance = 0.25 x 100 X (%)2 =0.0405

500




EXAMPLE 1.6

A single phase 9.6 kVA, 500 V / 1.5 kV transformer has an impedance of 1.302 Q
with respect to primary side. Find its per-unit impedance with respect to primary
and secondary sides.

Solution

With respect to Primary

0.0096

Per-unit impedance =1.302 x 5)? 0.05

With respect to Secondary

Impedance = 1.302 x {%}2 =11.718 Q

0.0096 _

Per-unit impedance =11.718 x 0.05

5)2




Advantages of per-unit calculation

1.

2.

Manufacturers usually specify the impedance of a piece of apparatus in
percent or per-unit on the base of the name plate rating.

The per-unit impedances of machines of same type and widely different
rating usually lie within narrow range although the ohmic values differ
much.

For a transformer, when impedance in ohm is specified, it must be clearly
mentioned whether it is with respect to primary or secondary. The per-unit
impedance of the transformer, once expressed on proper base, is the same
referred to either side.

The way in which the three-phase transformers are connected does not
affect the per-unit impedances although the transformer connection does
determine the relation between the voltage bases on the two sides of the

transformer.



SHORT TRANSMISSION LINE

Circuit diagram R s X

Ir
+

) Vs VI Load
Wiz — sending end woltage Vr — recelvingend woltage 1 — load current
R — Loopresistance (0) ¥ — Loopinductance (02)

Vs=Vr+ ZIr . (1)

Is=IR = (2)




Generalized Circuit Constant of a TL %.ARE§

Transmission
Line

Ve =AV. + BI. (3)
l.=Cl. + DI; " (4)

A=1; B=Z ;C=0; D=1




MEDIUM TRANSMISSION LINE

»When the length of the line is about 80km to 250km (50-150
miles) and the line voltage is moderately high between 20kV to

100kV.
» Due to sufficient length and line voltage, capacitance (C) is

considered.
| Z=R+jX | _ =
P AT 0" AstEer B
A o b
L = = 2
| = T, — o v 0
o R ek | o vz -
0 w
D=(0(ZZ +~ 10

Nominal network of medium transmission line







LONG TRANSMISSION LINE

When the length of the line is more than 250km and line voltage
is very high which is more than100kV.

The line constants (R,L,C,G) are uniformly distributed over the
whole length of the line.

Resistance (R) and inductance (X) are serial elements of
transmission line.

Capacitance (C) and conductance (G) are shunt elements of
transmission line. It caused the power losses and corona effects.




LONG TRANSMISSION LINE CKT

Vs- sending end voltage V- receving end voltage s~ sending end current B = Z{; ginhdl
Ir- receiving end current  lc- capacitance current R- loop Capacitance (Q) sinhdl

X~ loop Inductance ()~ C- capacitance (F) G - loop conductance O = 7
'

D) = coshd




Primitive networks

Epp 4 Ep |p
ipg¥
o v
. (ipﬂ"'qu
Jea
b
Vpg = Ep - E Pq
7 P P q
o]
* . J
Ipg Ipq
Eq q M Eq q

Representation of a primitive network element (a)
Impedance form (b) Admittance form




The complete behaviour of the network can be obtained from
the knowledge of the behaviour of the individual elements
which make the network, along with the incidence matrices.

An element in an electrical network is completely characterized
by the relationship between the current through the element
and the voltage across it.

General representation of a network element: In general, a
network element may contain active or passive components.
Figure 2 represents the alternative impedance and admittance
forms of representation of a general network component



The network performance can be represented by using either the
impedance or the admittance form of representation. With respect
to the element, p-q, let,

Vpq = voltage across the element p-q.

€pq = source voltage in series with the element p-

q. ipq= current through the element p-q,

Jpg= source current in shunt with the element p-
q. Zpg™ self impedance of the element p-q and
Ypq™ self admittance of the element p-q.
Performance equation: Each element p-q has two variables, vpq and

ipq. The performance of the given element p-q can be expressed by
the performance equations as under:

Vpg T €pg = Zpglpg (in its impedance form)

Ipg + Jpg = YpgVieg (in its admittance form) (6)
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FORMATION OF YBUS AND ZBUS s

Rule of Inspection
Consider the 3-node admittance network as shown in figure5.

Using the basic branch relation: | = (YV), for all the elemental

currents and applying Kirchhoff’s Current
Law principle at the nodal points, we get the relations as under:

Atnode 1: I} =Y V] + Y3 (V-V3) + Yg (V1= V2)
Atnode 2: Ip =YV2 + Y5 (V2-V3) + Y6 (V2 - V1)
Atnode 3: 0=Y3(V3-V) +Y4V3+Y5(V3-Vs) (12)

AANNN
@® STV
. R4 s .
T, q? %Y:\/V\g;:l\/ %7& C}’L)h.

Fig. 3 Example System for finding Ygyus




These are the performance equations of the given network in
admittance form and they can be represented in matrix form as:

I | = |(Y1+Y3+Yg)-Ys -Y3 Vi
L = Yo  (Y2tYs5+Yg) -Ys V2
0 = -Y3 -Y's5 (Y3 +Y4+Y5) V3 (13)

In cases where, the bus impedance matrix is also required, it cannot
be formed by direct inspection of the given system diagram.
However, the bus admittance matrix determined by the rule of
inspection following the steps explained above, can be inverted to

obtain the bus impedance matrix, since the two matrices are inter-
invertible.
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SINGULAR TRANSFORMATIONS ;e

The primitive network matrices are the most basic matrices and
depend purely on the impedance or admittance of the individual
elements. However, they do not contain any information about the
behaviour of the interconnected network variables. Hence, it is
necessary to transform the primitive matrices into more meaningful
matrices which can relate variables of the interconnected network.

Bus admittance matrix, YBUS and Bus impedance matrix, ZBUS
In the bus frame of reference, the performance of the
interconnected network is described by n independent nodal
equations, where n is the total number of buses (n+1 nodes are
present, out of which one of them is designated as the refere
node). For example a 5-bus system will have 5 exte
ground/ ref. bus).




The performance equation relating the bus voltages to bus current
injections in bus frame of reference in admittance form is given by

Isus = YBus EBus (17)

Where Egyus = vector of bus voltages measured with respect to reference bus

Ieus = Vector of currents injected into the bus

Ygus = bus admittance matrix

The performance equation of the primitive network in admittance
form is given by

1+)=[ylv




Pre-multiplying by Al (transpose of A). we obtain

AlisAli=A' v (18)
However. as per equation (4).
A'i=0,
A'j =Igus (19)
Thus from (18) we have.  Ipus=A'[y] v (20)

However. from (5). we have

v =A EBus

And hence substituting in (20) we get.

t
Isus = A [v] A Epus (21)
Comparing (21) with (17) we obtain.

Yaus=A'[y] A (22)




UNIT-II
POWER FLOW ANALYSIS




Importance of load flow analysis

» Load flow analysis is the backbone of PSA.

> It is required for Planning, Operation, Economic Scheduling &
Exchange of power b/w utilities . Expansion of system & also in
design stage.

» Steady-state analysis, of an interconnected PS during normal
operating conditions.

Compute steady-state voltage & voltage angle b/w all buses in n/w.

Real & Reactive power flow in every Tr. line and transformers under
the assumption of known values of generation & load.




Types of bus Known or specified quantities |  Unknown quantities or
quantities to be determined
Slack or Swing or Reference V. PO
bus
Generator or Voltage control EX 0,0
or PV bus
Load or PQ bus P.Q V.o




Load Bus (or) PQ Bus

Bus where only load is connected & no generator exists in this
load bus .i.e.,(PG & QG =0)
Real power demand (PD) & Reactive power demand (QD) are
drawn for supply.
PD , QD are known values.
|V| , 6 are unknown quantities.
In Power balance eqn,
PD , QD - Negative Quantities
PG, QG Positive Quantities

Pi+] Qi = (Pai- Pbi) + J (Qai-Qnbi)
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Generator bus (or) Voltage control Bus (or) PV Bu*

Bus Voltage magnitude can be controlled in this bus.

At each bus where alternators are connected, MW generation can
be controlled by adjusting the prime mover.

Real power (PG) & Voltage Magnitude (|V|) is known quantities.

Phase angle (6) & Reactive power (QD) to be find.
For good voltage profile , AVR can be used.




Slack Bus (or) Swing Bus (or) Reference Bus

In PS, load flows from the generator to load via Tr.Lines.
I2R loss occurs due to losses in Tr. Line Conductors
Power balance relations:

N N N N
P.=X Pci-X Pbi Q=X Qai-X Qbi
=1 =1 i=1 i=1

P.,, Q. are power losses in Tr. n/w

Pai, Qgi Generators Power, Pbi, Qpi Demand Power
Known values are |V|, 6
Unknown values are P & Q




Solution for Load flow problems

*Gauss- Seidel Load Flow Method
*Newton- Raphson Load Flow Method

*Fast-Decouple Load Flow Method

In above mentioned load flow methods, voltage

solution is assume & the iteration process can be proceeded

until the reach of convergence.




Gauss-Seldel Algorithm

Form Y bus matrix

Assume, Vk = Vigpee) L 0° at all generator buses.
Assume . Vk=1 0% = 140 atall load buses.

[teration count setting (iter=1)

Let bus number 1=1

If ‘1" refer to generator bus go to step no.7.or else go to step 8
a.if 1" refers to the slack bus go to step 9, or else go to step

7(b).

e e

N ow ke

7.b. Compute Qi using,
N
Qi =-Tm [ £ Vi* Y Vj]
=1

Qai= Qical + Qui



Contd...

Check for Q limit violation.

If Qi(min) < QGi < Qi(max), then Qitpecy = Qi

If Qi(min) < QaGi, then Qi(spec) = Qi(min) - Qu

If Qitmax) = QGi, then Qi(spec) = Qi(max) - Qu
If Q yijmi: 15 violated , then treat this bus as P-Q bus till

convergence 1s obtained

8. Compute Vi1 using the equation,

' j-1 n
ViteW = 1 | Pi(spec)-Qifspec) — = Yij Vi®W - ¥ Yi WViold
Yij | Viold#® i=1 i=j+1

9. If ‘1”15 less than number of buses, increment1 by 1 and go to

step 6.



Contd...

10. Compare two successive iteration values for Vi
If Vinew - Viold < tolerance , go to step 12

11. Update new voltages as
Vitew = Vjold 4+ o (’Vinew & \Tiold)
\,’iold = \/jhew

12. Compute relevant quantities

i N
Slack bus power, S1=Pi—j Qi = V*I = Vi* |X Yij Vj
=1
Line flow, Sij= Pij + Qij
= Vi [ Vi* - Vj*] Yijj serie* + [Vi]? Yij*

Proess = Pij + Piji
Quross = Qij + Qji

13. Stop the execution.




5.7.6. FLOW CHART FOR GAUSS-SEIDEL METHOD INCLUDING PV BUS AD.

Read line data, tolerance (¢), «
Bus Data

Qmin. Omax fori=2 . .
Q;
| V.| for .

Pijfori=2... N

M
- N
M

fori=M+ 1
1,

- e

ompute Y bus matnx

| Iniiahize bus voltages

1

]

3
| Set iteration count iter = 1
T

3

[

Bus No. = 1
1

L3

—

i=i+1

]

No

ces
i refer to

generator
bus?

Yes

]

I VW = \V(spec) < B
ST

Q cal
i

—imv. B vVl

F=1
Qa. = @ +au

[

QG: > Q1 mans /c..e;,o\

Q timit

Q, (max)
Q; (max) — Qus

Q; (spec)

I Qi (specy = Q5 l

Q; (min)
Q; (min)— QL

-

Calculate all line flows, total line losses, reactive
power generated at P-V buses. slack bus power

Pnnt the results




Advantage of Gauss Seidel Method

i. Calculation are simple.
li. Programming task is lesser.

lii. Used for small size system.

Disadvantage of Gauss Seidel Method

i. Not suitable for larger systems
ii. Required more no.of. iterations to reach convergence.

ili. Convergence time increases with size of the system.



Newton-Raphson Algorithm

1. Form Y-bus matrix
2. Assume flat start for starting voltage solution
6i°® = 0, fori=1,2,..N for all buses except slack bus
|Vi°| = 1.0, for i=M+1,M+2,....N (for all PQ bus.
|Vi|] = |Vi]| (Spec), for all PV buses and Slack bus.
3. For load bus, calculate Pi @ and Qi <!
4. For PV buses, check Q-limit violation .
If Qi(min) < Qi @ < Qi(max), the bus acts as P-V bus.
If Qi > Qi(max), Qi(spec)=Qi(min)
If Qi €@ < Qj(min), Qi(spec) = Qi(min), the P-V bus will act as
P-Q bus.
5. Compute mismatch vector using,
APi=P -pP.@  AQ =

i(spec)




Contd....

6. Compute A Pi(max) = max |A P1. 1=1.2,... N(except Slack bus)
AQ; (max) = max |AQ;, =M+1....N

7. Compute Jacobian matrix using,
abi V] . dPi

00 a|V]
J =
201 IV]. éQi
A o[V |
8. Obtain static correction vector u sing
a & 'ﬁ' T ' l P T
= [J]!
AV AQ
LVl




9. Update state vector using.

V new  — V01d+AV
= V°1d+[AV/|V°1d|]
= Vold4 [+ {AV/[Vold]}]
5 =0°d+Ad

10. This procedure 1s continued until,

AP1|<e and |AQ; | <e, otherwise go to step 3.




DWWV CHART

Read line data. Bus data.
olerance for AP and A O

+
l Tompute Y bus I
=

l Initialize voltag= state vector X~ l
E 3

I Set iteration count, iter = 1 l
1

b 4
l Bus No '=1_]
L

-
I F=i - 1 ]

CTalculate P, and Qj
cal
T — = IV IIY IV, lcos(®,;, ~&5, —5;)
S-
cal ~N
;7 ;= IVAIIY i, IV, Isn(®, +3; —5,;)
F="
7 refer to Loz,
-V bus
Lc Iculate AP, = & ot ] Taiculate AP, and A O,
alculate ;g = 3 = -
i 7 (spec<) i pre— e
car o= - o. aa,=q, y— Ch3
Qi > Qs cmaxy Theck . Fa L=ty _—
: e i
; a
Qj (specy = Qi tmax> . 210(»«) : ol frmie) <
Ao, = Qy (apecy — OF | coi=as (.,,c,—oa] 5 s ispecs .
E 1 1
Yes Is
—
No
P
Form 3 = ==
<
L =S5 |

Cailculate A3 and AV

AS Yo (33— [AP
AN aca
T

Upd te s voltage
VS = D o AV, BT =59 . As

3

. slack bus power,

generated at

L Ber=—ne-~3 | v buses




Advantage of Newton — Raphson Method

i. suitable for large size system.

ii. It is faster, reliable &the results are accurate.

iii. No.of. Iteration are less to reach convergence & also
iterations are independent of the no.of.buses.

Disadvantage of Newton — Raphson Method

i. Programming logic is complex than GS Method
ii. Required more memory.

iii. No.of.calculation per iteration are higher than GS method




Decoupled Power Flow Formulation A

General form of the power flow problem

PV P @)
00 o[v| | a0Y | [ APx™M)

| AW (v) v |~ oy |~ 1)
Q™ QM |[AV™V] | AQ(x™).

08 OV
WNEre

_Pz (X(V)) + Py, — oo

AP(x)) =




Decoupling Approximation

| | p QW
Usually the off-diagonal matrices, —— and —
oV 00

are small. Therefore we approximate them as zero:

o)

- O _ _
AL AP(x)

QY| aAv© | | aQe®).
i V|

Then the problem can be decoupled

oPY)
50

AQY) = —




Off-diagonal Jacobian Terms

Justification for Jacobian approximations:

1. Usuallyr O x, therefore \Gij‘D ‘Bij‘

2. Usually g;; 1s small so sing; ~0
Therefore

OP;

oV

Qi

00

— ‘VI ‘(Glj COS@ij + Blj Sin 9”) ~ O

R

= —Mi[V; (G cosd; + By sin )



Fast Decoupled Power Flow

®By continuing with our Jacobian approximations we can
actually obtain a reasonable approximation that is independent
of the voltage magnitudes/angles.

®This means the Jacobian need only be built/inverted once.
®This approach is known as the fast decoupled power flow
(FDPF)

®FDPF uses the same mismatch equations as standard power
flow so it should have same solution

® The FDPF is widely used, particularly when we only nee

approximate solution




FDPF Approximations

The FDPF makes the following approximations:

1. G'J :O
2. VI‘ — 1
3. sing;=0 cos@; =1
Then
(V) (V)
AW =gt APXT) iy gt AQKXT)

Vi
Where B is just the imaginary part of the Y, . =G + |B,

except the slack bus row/column are omitted




FDPF Three Bus Example

Use the FDPF to solve the following three bus system

Line Z = j0.07

One Two

Line Z = jO.05 LineZ = jO.1

Three 1.000 pu

3 e
100 MVR

Ybus — J

200 MW
100 MVR

-34.3 143
143 -




FDPF Three Bus Example, cont’d o

~343 143 20
. —243 10
Yoo =j| 143 -243 10 | > B =
10 -30
20 10 -30

- {—0.0477 —0.0159}

~ | -0.0159 -0.0389
Iteratively solve, starting with an initial voltage guess

0,19 [0 {vz}”’: H
0] "lo v, 1

‘+ ~0.0477 -0.01597[2
~0.0159 —0.0389 N




v, P 1 [-0.0477 -0.0159][1] _[0.9364
V| [1] [-0.0159 -0.0389 /1] |0.9455

- P-.
(G;, cosé, + By, sin6; )+ €l
‘Vi‘ IéNk‘ « K . ‘V,‘

0,7 _[-01272] [-00477 -0.01591[0.151] [-0.1361
0, ~0.1091 " | -0.0159 —0.0389]0.107 | | -0.1156
VLY [0.924
V] (0936

Actual solution: 0 = {

—0.1384
—0.1171

 [0.9224
- 10.9338




“DC” Power Flow

®The “DC” power flow makes the most severe approximations:
completely ignore reactive power, assume all the voltages are
always 1.0 per unit, ignore line conductance

®This makes the power flow a linear set of equations, which can

be solved directly




DC Power Flow Example

EXAMPLE 6.17

Determine the dc power flow solution for the five bus from Example 6.9.

SOLUTION With bus 1 as the system slack, the B matrix and P vector for

this system are

—30
0
B =
10
| 20
d——B'P=

0
—100
100
0

[ —0.3263
0.0091
—0.0349
| —0.0720 |

10
100
—150
40

20
0
40
~110 |

radians =

degrees




360 MW

0 Mvar

One @ Five Four @ Three

1.000 pu 1.000 pu 1.000 pu % 80 MW
0.000 Deg -4.125 Deg -1.997 Deg 0 Mvar
1.000 pu
0.524 Deg

1.000 pu
-18.695 Deg

Two

800 MW
0 Mvar




UNIT-1II
SHORT CIRCUIT ANALAYSIS




BALANCED FAULT

Analysis types

power flow - evaluate normal operating conditions
fault analysis - evaluate abnormal operating conditions
Fault types:

balanced faults

three-phase

unbalanced faults

single-line to ground and double-line to ground
line-to-line faults

Results used for:

Specifying ratings for circuit breakers and fuses
protective relay settings

specifying the impedance of transformers and generators




Introduction for Symmetrical Fault analysis A

A fault current that occurs in any normal circuit will tends to
change the circuit to abnormal state.

*For example, a short circuit is a fault in which high current
bypasses the normal load.

*An open-circuit fault occurs if a circuit is interrupted by some

failure.




Fault usually occurs in a power system due to

*Insulation failure of equipment.

*Flashover of lines initiated by a lighting stoke.

Permanent damage of conductors and tower or accidental faulty
operation.

*Wires blowing together in the wind.

*Animals or plants coming in contact with the wires

Salt spray or pollution on insulators.




Short-Circuit

“Whenever a fault occurs on a network such that a large current flows
in one or more phases, a short circuit is said to have occurred”.
Causes of short-circuit

(i) Internal effects are caused by breakdown of equipment or
transmission lines, from weakening of insulation in a generator,
transformer etc. Such troubles may be due to ageing of insulation,

inadequate design or improper installation.

(ii) External effects causing short circuit include insulation failure due

to lightning surges, overloading of equipment causin

heating; mechanical damage by public



Lightning
>lLightning is a sudden electro static discharge
between two clouds during stormm.

> When lightning strike transmission line then a
very high voltage generated with in itc.

— == : : 3) Induced Current vall
/Tl) When lightning damage Electronics

-

' strikes , strong 1 Equipment.
e Magnetic Field will ~ :

be produced.
~ I [

—

e —

2} Suwong Magnetic Held will

produce induced Current.

35 § e s e




Effects of short-circuit

When a short-circuit occurs, the current in the system increases to
an abnormally high value while the system voltage decreases to a
low value.

Short-circuit causes excessive heating which may result in fire or
explosion.

Sometimes short-circuit takes the form of an arc and causes
considerable damage to the system.

Low voltage created by the fault has a very harmful effect on the
service rendered by the power system. If the voltage remains low
for even a few seconds, the consumers’ motors may be shut do
and generators on the power system may become un




Types of fault

> Series fault (or) open circuit
i. One open conductor fault
ii. Two open conductor fault
»Shunt fault (or) short-circuit fault
Symmetrical fault (or) balanced fault
----Three-Phase fault
Unsymmetrical fault (or) Unbalanced fault

i. Line-to-ground (L-G) fault

ii. Line-to-line (L-L) fault

iii. Double line-to-groun



Symmetrical fault

S b s W peEviced

(v} -.-:nl':.,f!(-_ T roer sienl pcrand PRSP ——
L Peea L, .

_W“W‘ﬁ ﬂ“ﬁ“ﬂ )

J\"u__‘u |

T Il ]

Fig: 8.1 Spmmetricad short cAirown® currenf i spnchronces generaior




Application of Thevenin’s Theorem:

» Fault current evaluation.
»Bus Voltage & Line current during the fault can be

determined.
» Post fault voltage & current can be obtained using pre-fault

voltages & current.




Thévenin’s Method

» The fault is simulated by switching a fault impedance at
the faulted bus

» The change in the network voltages is equivalent to

adding the prefault bus voltage with all other sources
short curcuited

Q. Q9 ¢
N

kAlAJ

1%@%1

3

)
C
2 - 0.4
:>_
p) ]

j04 08 *

< A

j0.4
3 ——




o 3-phase fault with Z,=;0.16 on bus 3







ol 1.0
[l=—3—=— ———=—j2.0
Z,+Z, j0.34+;0.16




Thévenin’s Method

» For more accurate solutions

+ use the pre-fault bus voltages which can be obtained from the
results of a power flow solution

+ Include loads - to preserve linearity, convert loads to constant
Impedance model

+ Thevenin's theorem allows the changes in the bus voltages to be
obtained

+ bus voltages are obtained by superposition of the pre-fault
voltages and the changes in the bus voltages

+ current in each branch can be solved



Short Circuit Capacity (SCC)

» Measures the electrical strength of the bus
» Stated in MVA

» Determines the dimension of bus bars and the
Interrupting capacity of circuit breakers

o Definition: |
SCC = \/g V;Ef}f] ];Ef ]

+ In per unit:
re—f
IjEf] _ Vk[p ]
ka
S
SCC=—=-



e Find the SCC for bus #3

Z,, = j0.34
S, =100 MVA
scC, = Sewe JOMVA _ o9 N iva

z.,| 034
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Fault Analysis Using Impedance Matrix *

-

2, 2

7 \2
U por W

o Network reduction by Thevenin’s method is not efficient
+ difficult to apply to large networks

o Matrix algebra formation

+ seek a matrix where the diagonal elements represent the source
Impedance for the buses

+ consider the following system

m operating under j i "
balanced conditions |
m each generator @ |

represented by a

constant emf behind —J,Si S"—J. X
Z
L

LA
N

a proper reactance
(X, X/ orX,”)

m lines represented by
their equivalent © model




» Using superpositioning, the fault voltages
are calculated from the prefault voltages
by adding the change in bus voltages
due to the fault

f r[pre—f
‘Flgm]r — ‘ EE:lis ) + A‘Fbus
« The change in bus voltages
can be calculated from the
network matrix

bus

I, =Y, V

AV

bus —

bus

I =Y, AV

bus bus

I [Fault] —

bus

0

. [;[{Pault]

-




Fault Analysis Using Impedance Matrix A

0 Y 0 Ve 0 Vi a*'Vl
_IE] =N Vi " Ve 7 Vi AV,
| 0 B _ynl U ynk T .ym':_ _&Vn_
AV, =Y, T;

Zbux — YE:-_;

AV, =7, T




_ [F]
AV 15120 " Zwe " Zm —1;
_‘&Vn B _Zr.'l T ‘Zﬂk Tt Zrm_ | 0 B
[f] _ w7lpre—1]
Vbrm T bus + ‘&Vbus
[f] _ «7[pre—f] [f]
VEJHS — Vbug + Z.Ems Ib:w
[ pre—1£]
]JiE—f] — P:E
Lty



Symmetrical Components

» Allow unbalanced three-phase phasor quantities to be

replaced by the sum of three separate but balanced
symmetrical components

+ applicable to current and voltages
+ permits modeling of unbalanced systems and networks

 Representative symmetrical components

IbE

Ibl IcZ
abc sequence acb sequence zero sequence
pnositive seauence naaative sadlianca



« Positive sequence phasors

[,=|I,[£(6+0°) =1,
I, =1 ,|£(6+240°)=a’1

al
I,=|I|£(6+120°)=al,

o« Operator « identities
a =1£120°=-0.5+ j0.866

a® =1/240°=-0.5— j0.866
a’=1-0° =1+ jO

l+a+a” =0




 Negative sequence phasors
I,=|I,|£(6+0°)=1,

I, =\ |£(5§+120°)=al,
I, =|I,|£(5+240°)=a’1 ,

e Zero sequence phasors
I,=I |£5+0°)=1,
I,=\I |£(5+0°)=1T
I,=||£5+0°)=1,




» Relating unbalanced phasors to symmetrical components

]n :]aﬂ +]n1 +]a2
Iy =1,+1, +1,

]c‘ = ]c‘(] +]c?1 +]c‘2

o |n matrix notation

p—

:]aﬂ +]n1 +]a2
2
=1 +a’l +al_,

. 2
=1 ,+al +al,

al

al

a?



o [A] is known as the symmetrical components

transformation matrix

Iabc‘ = A I012

» Solving for the symmetrical components leads to

1012 =A" Iabc‘
| |
4 1,
A =—|1 a a
3] ,
4 d

—

1
.

A

1
a

2
d

-




« In component form, the calculation for symmetrical
components are

]a{]:%(]a +]b _I_]c')
]rﬂ:%(]a +a]b+a2 ]c)
=1(I +a* I, +al )

/

a?




o Similar expressions exist for voltages
Ve =AVy,
Vo, = A” Vb

 The apparent power may also be expressed in terms of
symmetrical components

Sr?u?) = an:;;'c I:bc
Sw = (AVOIZ )T (Almz ):k
SS¢> = V&ZATA*IZIZ ATA =3

Ssqf; — 3V0T121212 =3 Vaoljo +3 anljl +3 I/;zljz



Sequence Impedances

o The impedance offered to the flow of a sequence current
creating sequence voltages

+ positive, negative, and zero sequence impedances
o Augmented network models

+ wye-connected balanced loads

+ transmission line

+ 3-phase transformers

¢ generators



Single Line to Ground Fault




=
-
qu
LL
©
c
-
@)
| -
O
@)
)
(D)
=
—

Double

| | |
Vrﬂ_ V_C Tl-lﬂ T_-_-.“TJ




I +1.+1,=0
I, =Al,,
I,=1,+1

=] +a’l +al +I ,+al +a’l,
27 +a* (I, +1,)+val(l, +1,)
=21, +(.::1r_2 +alfal +Ia2)

(ﬂz +c:r)= —1

[,=21,-(1,+1I,)

e



Line-to-Line Fault

L, 1 L1 1 0 Network Diagram
[ |= g I a a || I fault location
I, _1 a’ ﬂ___f'Jé_ in network
Ia[} — 0 Ial f
|
Iﬂ1=%(a—al)fb ¢
. |
&z:%@j—ﬂh; |
[, =—1I, Positive Negative

Sequence  Sequence




Line-to-Line Fault

V=V, =a”—a) (5" -7 )=0
Ve =V, -2,

V== I =Z, I
(@*=a)ly,-(z+ 22 ]=0
ve—(Z +Z2) 1" =0

yai_ Vipres

i+ Z?

I




Line-to-Line Fault

c:"“
I
(-
)

(%]
9
3




« Single Line to Ground Fault

—
— & ANV

Fault Analysis with Fault Impedances

1/

v

al _ yal _ ya2
Ik _Iﬁ: _Ik o

|
:
!
.

Z£+Z;:+Z§+3Zf 3Z,

fault location
m network

Positive
Sequence

Negative
Sequence

Sequence



e Double Line to Ground Fault
— & NS — Y

fault location
|:;| Zf i network 3 Zf

' L I 4 / fﬂﬂ _fau?

Positive  Negative Zero
R Sequence Sequenee




« Double Line to Ground Fault

I'/:';I'l
Zi+\20+32,)-2; (20 +32,+ Z})
}-;:2 - _ Vkal _erifgl

'

I;:ﬂ - _ Vkal —Z;f;l

al
I, =

Z+3Z,




o Line to Line Fault fault location 7

in network
- & NAN—YVY
Zf wl T TIHZ
—
. Positive Negative
T ;

— Sequence  Sequence




e« Line to Line Fault fault location

n network
L

f

. — AAN W\J _I_I S
. 1 Positive Negative

— Sequence  Sequence
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Fault Analysis using Z-Bus Matrix *

x Q
. \2
o,
W For W

. Single Line to Ground Fault e Double Line to Ground Fault

Val al
[ =" =1 = fopre ] "= Vi
2% +2- 7, + 7, C Tz + (2% 432, ) 2L (20 +32Z, + ZL,)
. Line to Line Fault g _ VLI
‘ ' zy
I['=-I" = Vi pral _ g1 ral
22, +Z, 100 =D~ Lucs

2%, +3Z,




« Bus voltages during fault
V;_aﬂ -0 —Z;I;ﬂ
V;_al _ V;'a _Z;r[ffl
o =0~ Z2I
« Line currents during fault
790 — (p;aﬂ B Vjau )/Z_;

)

74— (pvial B Vjﬂl )/Z;

i

792 — (V;_az —If}ﬂz)/z;-

i




UNIT-IV
CONTINGENCY ANALYSIS




Operating states of a power system  —

m
1)
[
o
7

Normal state

Restart
r\ eventive contral

Restorative » Alertstate
Restorative control]
state
I Resynchronization l I Corrective qontrol
- Emergency control

» Emergency

state

Extremis state

Operating states




Normal state:

A system is said to be in normal if both load and operating
constraints are satisfied .It is one in which the total demand
on the system is met by satisfying all the operating constraints.

Alert state:

@ A normal state of the system said to be in alert state if one
or

more of the postulated contingency states, consists of the
constraint limits violated.




Restorative state:

@ From this state, the system may be brought back either to
alert state or secure state .The latter is a slow process.

@ Hence, in certain cases, first the system is brought back to alert
state and then to the secure state .

@ This is done using restorative control action.
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Need for voltage regulation in power system A

The transmission line and the distribution line need voltage control at
various stages to maintain the voltage at the last consumers premises
within permissible limits.

Variations in supply voltage are determent in various aspects.
Below normal voltage substantially reduced the light output from
the incandescent lamps, above normal voltage reduces the life of the
lamps.

Motor operated at below normal voltage draw abnormal high
currents and may overheat , even when carrying no more than the
rated horse power load.

If the voltage of the system deviates from the nominal value, the
performance of the device suffers and its life expectance drop.




Need for frequency regulation in power system

In any power system, if the frequency changes there won’t be
required receiving end voltage. if we connected tow systems in
parallel, it will spoil the system.

Most of the AC motor runs at a speed that is directly related
to the frequency.

The overall operation of a power system can be much better
controlled if the frequency error is kept within strict limit.

A large number of electrical driven clocks are used they all
driven by synchronous motor and the accuracy of these clocks is
a function not only of a frequency error ,but actually of the
integral of this error.

When tow system working at different frequencies are to be
tied together to make same frequency . frequency converti
station or links are required.




What is power system security?

Power system security may be looked upon as the probability of
the system’s operating point remaining within acceptable
ranges, given the probabilities of changes in the system
(contingencies) and its environment.
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Major components of security assessment A

Y
7

System monitoring
The prerequisite for security assessment of a power system is the
knowledge of the system states. Monitoring the system is therefore
the first step. | Measurement devices dispersed throughout the system
help in getting a picture of the current operating state. The
measurements can be in the form of power injections, power flows,
voltage, current, status of circuit breakers, switches, transformer taps,
generator output etc., which are telemetered to the control centre. |
Usually a state estimator is used in the control centre to process these
telemetered data and compute the best estimates of the system
states. | Remote control of the circuit breakers, disconnector switches,
transformer taps etc. is generally possible. The entire measureme
and control system is commonly known as supervisory
data acquisition (SCADA) system




Contingency analysis

Once the current operating state is known, the next task is the
contingency analysis. Results of contingency analysis allow the
system to be operated defensively. Major components of contingency
analysis are: | Contingency definition | Contingency selection |
Contingency evaluation.

Contingency definition involves preparing a list of probable
contingencies. | Contingency selection process consists of selecting
the set of most probable contingencies in preferred; they need to be
evaluated in terms of potential risk to the system.

Usually, fast power flow solution techniques such as DC power flow
are used to quickly evaluate the risks associated with each
contingency.




On-line security assessment

In earlier days, security assessment in a power system was
mainly offline in nature. Predefined set of rules or nomographs
were used to assist the operators in the decision-making process.
| However, due to the highly interconnected nature of modern
power systems, and deregulated energy market scenarios,
operating conditions and even the topology of a power system
changes frequently. Off-line techniques for security assessment
are therefore no- longer reliable in modern power systems. | On-
line security assessment techniques use near-real-time
measurements from different locations in a power system, and
continuously update the security assessment of the system.




DC power flow

Active power flow between buses / and j is given by,

ViV .
X,“j SIH(G; — 9_‘;) (1)

P; =

Assuming V; = V; =1 p.u., and sin(#; — 6;) = (6; — 6;) , (since
(0; — 0;) is usually very small),

(95/‘;}9}) (2)

Pﬁﬁ

Power injection at bus i therefore is given by,

pi=dopy =3 O ®)




Hence,

Now,

AP; =

AP; B 1

0; <
Jj=1

opP; 1

%, x;

OP;
06

Aby + ...+

TN,

OP,

Aby

Iterative equations for power flow then become:

Or,

AP,

Bi1 Bz
Bn1  Bnz

AP = [B][A6]

Bin

Bnn

(7)

8)




Linear sensitivity factors

Analyzing in details a large number of contingencies is a difficult
task.

| An easy (approximate) way to quickly compute any possible
violation of operating limits is the one of linear sensitivity factors.

| Two such sensitivity factors for checking line flow violations are
generation shift factors and line outage distribution factors.




Generation shift factors

They calculate the effect of change in generation on the line flows,

as shown below:

Afy
aji

~ AP, ®)

where a;; is the linearized generation shift factor for the /th line for
a change in output of ith generator; Af; is the MW change in

power flow in the /th line; AP; is the change in generation at the
ith bus.




It is assumed here that the change in generation at the ith bus is
picked up by the reference bus. The new values of power flows in
each line can be found from:

Wi 08 4 anAPr W =0,2) 0L (10)

where f,°’d is the power flow in the /th line before the ith generator
went out. Assuming P to be the output of the ith generator
before fault, above equation can be expressed as,

FPew okl _ o, pod: Wl =19, Li[r AP= —PP]. (1)




*Once the new values of flows are computed for all the lines,
they are compared with corresponding line flow limits.
Operators are ‘alarmed’ in case of any limit violations.

* In a practical power system, due to governor actions, the loss
of generation at the bus i may be compensated by their
generators throughout the system.

*A frequently used method is to assume that the loss of
generation is distributed among participating generators in
proportion to their maximum MW rating.




Therefore, the proportion of generation pickup by the jth generator

is given by,

Wi = = (12)

where P"# is the maximum MW rating of the kth generator; Ng

Is the number of participating generators; j; is the proportionality
factor for pickup on generating unit j when unit / fails.
The new line flows are then given by,

fre = £ 1 a2 AP; — Z (aiijiAP;) (13)




Line outage distribution factor

Line outage distribution factors are used to quickly check line
overloading as a result of outage of any transmission line, and are

defined as follows: N
/
d.-'k — fkn_;d (14)

where dj is the line outage distribution factor for line | after an
outage of line k; Af; is the change in MW flow in line / due to the
outage of line k; ff"d is the flow in line k before its outage.

The new value of line flow is given by,

ﬂnew — ﬂafd 4+ d."kfkﬂfd (15)




Algorithm for contingency analysis

Obtain existing system information
from State Estimation

'

Prepare the list of contingencies

c=1 L = No.of lines
T £ = No.of selected
L] contingencies
I=1
-]
il |

Compare the new line flows
™ for generator or line cutages




CONTINGENCY ANALYSIS

/Z MATRIX METHOD

»Methods include inverting Y bus matrix and injecting a
fictitious current into the bus

» Converting the MVA loads to impedance loads using

2

Z = ‘ Vr

load i —

S.

i

»Injecting a unit current, into the bus p which has to be removed




~ 1, can be calculated using the equation

f =VF-F§'
noz

linepq

» An adjustment parameter, d. has to be used

<
- e P,
e

2y

»Due to the injection /, = d, the new current in other elements

I :d(ZEP _Z,rp)
Pg 7

Iine ij

where 17 1s not equal to mn




A .=1-1. for all ij

» Calculating the current flow pattern in the modified network.
in which line pg has been removed, requires only that we inject
current / ,=d, as betore, into the moditfied network.

» The voltages are

— —_ — — — — —

i Pt

vl 1z, Z,

WNF
o
WNE

IN 1p

l

Ny
Ny
.::,. i
7

:;q.i' :

| Z31

N2



POST CONTINGENCY EQUILLIBRIUM s,

Methods to compute the equilibrium condition immediately

following a disturbance to an electric power system
- Analysis by Integration

’ Analysis by Simultaneous
[teration

> Analysis by partitioned 1teration




UNIT-V
State Estimation




State Estimation Functions

Topology processor:

Creates one-line diagram of the system using the detailed circuit
breaker status information.

Observability analysis:

Checks to make sure that state estimation can be performed with the
available set of measurements.

State estimation:

Estimates the system state based on the available measurements.
Bad data processing:

Checks for bad measurements. If detected, identifies and eliminates
bad data.

Parameter and structural error processing:

Estimates unknown network parameters, checks for errors in circui
breaker status.
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State Estimation and Related Functions A

Assumed or Monitored



Communication Infrastructure

o T
PLANNING ENERGY MANAGEMENT
and SYSTEM (EMS) Control Center
ANALYSIS |  Local Area FUNCTIONS
FUNCTIONS|  Network T

| Communications
¢ Network

SCADA Front End
Local Area

T T T T Metwork
RTU RTU IED IED RTU

| 3 # 3 %

Monitored Devces Substation




Energy Management System Applications

Measurements

:

State Estimation

'

l— Secunty Monitoring

l

Topology Processor

Load Forecasting

Y

m
o
<
o
»

IARE

=
o
S
<

External Equivalents

STOF l

F

Emergency
Control Contingency Analysis
Restorative - ¢
Control Ondine Power Flow ==
@ Y
M
Security Constrained OF
Preventive Action




Problem Statement

E1
+ [2] : Measurements
P-Q injections
P-Q flows
\/ magnitude, | magnitude

+ [x]: States
V, 8, Taps (parameters)

B3

- EXAMPLE:

« [2]=[P12; P13; P23; P1; P2; P3; V1; Q12; Q13; Q23; Q1; Q2; Q3 ]
m = 13 (no. of measurements)

« [X]=[V1;V2;V3; 82; 83 ]
n =5 (no. of states)
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Bus/branch and bus/breaker Models A

Bus/Breaker Bus/Branch

Topology
Processor
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Bus/branch and bus/breaker Models A

Bus/branch Bus/Breaker

: 3 f 8

B3

ﬁi+




Measurement Model

[zl = [h([x])] + [€]

State Estimator

I

Z; : true measurement

e, : measurement error
e= e, t+ e
systematic random




0.35

Assumptions

* ei""‘"N(O, cl"'-iz)
 Holds true If:
e.=0,e,~N(0,072)

« Ife,#0, then E(e;,) # 0,
l.e. SE will be biased !
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Maximum Likelihood Estimator (MLE) *

Consider the random variables Xy, X, ..., X,, with a p.d.f of f(X'| 6), where
8 is unknown.

The joint p.d.f of a set of random observations
X = lr X1y Xz0 0na xn}
will be expressed as:

L(X[8)=1(X;[6) (x;]0)...7(x, | 8)

This joint p.d.f is referred to as the Likelihood Function.

The value of 8, which will maximize the function fn( x | 8) will be called the
Maximum Likelihood Estimator (MLE) of 6.




Normal (Gaussian) Density Function, f(z)

-y — 1 1 (Z-HN2
f(—)— JEEXP{_E T) }
Likelihood Function, f_(z)

fm(:) :fm(:l)fm(zz)"'fm(:m)

Log-Likelihood Function, L

L=log f,()=" log (=)
=1

I
=13 (H) —Zlog27 - logo,

1=1 1=1




Weighted Least Squares (WLS) Estimator

Given the set of observations z,, z,, ..., z, MLE will be the solution to the
following: Maximize f, ()
OR

m
Minimize Z(—E*:‘*]Z
i=1
Defining a new variable “r", measurement residual:

C . 2
Minimize le Wer; W. = JLF
Subjecttoz. =h.(x)+r, i=1..m H; = E(z;) = h;(x)

The solution of the above optimization problem is called the
weighted least squares (WLS) estimator for X.




Linear case:

m
... 2
Minimize E W.r.
=1

Subject to Ez] =|H]|-[x]+][r]
Solution is given by:
GO [H][V]
G]=[H"]-["]-[H
W.==2 W =diag{W_}

&
|

L
—




Measurement Model

Given a set of measurements, [zZ]
and the correct network topology/parameters:
[z] = [h (XD ] + [e]
N

Measurements: True System States: Measurement
Errors:

Known | Unknown !

They are measured Can be measured Unknown |

Contain errors or estimated Can not be directly
measured
or computed

Following the state estimation, the estimated
state will be denoted by [x ]:

z]=[h(x])]+Ir]
_ | AN

Measurements: Estimated System Measurement
They are measured States Residuals:
Contain errors Computed




Network Observability

Fully observable network:

A power system is said to be fully observable if voltage
phasors at all system buses can be uniquely estimated
using the available measurements.

L =H- -0
sl —» P12 P21 +— & I )
1 2 41 Hy, H,, )
) HEI HEH El
I3 |=| Hyy :
; : - 6'”_
B3 Sm Hml S HJ‘HH
3 | “m | |
State Vector =[8, 6;] é:[G_l]-[HT]*[W]-[ZP]

™~

Singular Matrix |

m=n = NECESSARY BUT “NOT” SUFFICIENT Cannot be inverted

EXAMPLE: m=2, n=2, UNOBSERVABLE SYSTEM



Network Observability

Unobservable branch:

e |If the system is found not to be observable, it will imply
that there are unobservable branches whose power flows
can not be determined.

Observable island:

e Unobservable branches connect observable islands of
an unobservable system. State of each observable island
can be estimated using any one of the buses in that island
as the reference bus.
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Bad Data Detection

Consider X, X,, ... X\, @ set of N independent random variables where:

X, ~N(0,1)

Then, a new random variable Y will have a ¥ ? distribution with N degrees of
freedom, i.e.:




Now, consider the function

fx)- ZR‘I ; —Z( <) i(ff f
and assuming:

N N,

f(x) will have a ¥ * distribution with at most (m-n) degrees of freedom.

In a power system, since at least h measurements will have to satisfy the

power balance equations, at most (m-n) of the measurement errors will be
linearly independent.




Chi* Probability Density Function

0.04
Chi-squares Distribution: o
o 0.0ar
PriX=x,}= j 2 )-du °F e
X, “‘ém_
. gua-
Choose X; such that:
a.o2r AREA = 0.05
PI{X:_:"I]:} = :UUS .otk

% 10 18 20 25 30 33 40 4 o
Test: %

If the measured X = X, , then with 0.95 probability, bad data will be
suspected.

e s



Detection Algorithm

Solve the WLS estimation problem and compute the objective function:

bid)
. —h; -
J(x)= E: (z; a?(if))
i=1 '

Look up the value corresponding to p (e.g. 95 %) probability and (m-n)
degrees of freedom, from the Chi-squares distribution table.

Let this value be Z(zm—ﬂ),p Here: p=Pr{J(x)= Z{gm_,,}}p}
Test if
2
J(x) = Z(m—n).p

If yes, then bad data are detected.

Else, the measurements are not suspected to contain bad data.




2 000

Properties of Measurement Residuals A

Linear measurement model: ﬁ.{' = (H TR _lH )_1 H TR_IAz
AZ=HAx=KA;, K=HH'R'H)'H'R'

K is called the hat matrix. Now, the measurement residuals can be
expressed as follows:

r=Az-AZ

=(I-K)Az
=(I-K)(HAx +e)

= (I — K)e [Note that KH=H]
= Se

where S is called the residual sensitivity matrix.




2 000

Distribution of Measurement Residuals A

The residual covariance matrix Q) can be written as:
T T T
Elrr' [=Q=8 -Ele-e" |- §
T
=SR-S =85'R
Hence, the normalized value of the residual for measurement i will be given by:

I \/Qira! i ‘\/Rifsﬁ




Classification of Measurements

Measurements can be classified as critical and redundant(or non-
critical) with the following properties:

¢ A critical measurement is the one whose elimination from the
measurement set will result in an unobservable system.

e The row/column of S corresponding to a critical measurement will be
zero.

¢ The residuals of critical measurements will always be zero, and
therefore errors in critical measurements can not be detected.

It can be shown that if there is a single bad data in the measurement
set (provided that it is not a critical measurement) the largest
normalized residual will correspond to bad datum.
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Bad Data Identification / Elimination A

Two commonly used approaches:

1. Post-processing of measurement residuals — Largest normalized
residuals

2. Modifying measurement weights during iterative solution of WLS
estimation
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Largest Normalized Residual Test A

Steps of the largest normalized residual test for identification of single and non-
interacting multiple bad data:

Compute the elements of the measurement residual vector :
Compute the normalized residuals

Find k such that F;.v is the largest among all r;-ﬁ d=1...m.

ammma
i

|f ?'E > ¢, then the k-th measurement will be suspected as bad data.

Else, stop, no bad data will be suspected. Here, c is a chosen identification
threshold, e.g. 3.0.

Eliminate the k-th measurement from the measurement set and go to step 1.




Use of Synchrophasor Measurements A

« Given enough phasor measurements, state estimation problem will
become LINEAR, thus can be solved directly without iterations

Conventional Measurements
Z=h(X)+e

AX =(H'RTH)'RAZ Iterative
Phasor Measurements

/=H X+e

X=(H'R'H)'R'Z Non-iterative




Placing PMUs:
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Exploiting zero injections
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Use of Synchrophasor Measurements

+ Given at least one phasor measurement, there will be no need to use a
reference bus in the problem formulation

+ Given unlimited number of available channels per PMU, it is sufficient to
place PMUs at roughly 1/3™ of the system buses to make the entire system
observable just by PMUs.

Number of PMUSs

Systems No. of zero _
y injections | lgnoring zero
Injections
14-bus 1 4
S7-bus 15 17

118-bus 10 32




Merging Observable Islands with PMUs A

B12 B13

B10 A
B6 511 m—c
D 1564 -




Performance Metrics

+ State Estimation Solution

« Accuracy:

Variance of State = inverse of the gain matrix, [G]
=E[(x=x) (x=x7)]

« Convergence:

Condition Number = Ratio of the largest to smallest eigenvalue

Large condition number implies an ill-conditioned problem.




+ Measurement Quality

« Performance Index (\WWLS objective function):

Weighted sum of squares of residuals. Has a Chi-Squares
distribution. Large numbers imply presence of bad data in the
measurement set.

« Largest Absolute Normalized Residual:

If larger than 3.0, the measurement corresponding to the largest
absolute value will be suspected of gross errors.

« Sample variance (Based on historical data):

Measurement weights are based on sample error variances
calculated according to historical data and estimation results. They
reflect the quality of individual measurements.



