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Announcements

« Homework 3 should be done before the first exam
but need not be turned In

« Start reading Chapter 7 (the term reliability is now
often used instead of security)

* Firstexam is in class on Thursday Oct 1

- Distance learning students do not need to take the exam
during the class period

- Closed book, notes. One 8.5 by 11 inch notesheet and
calculators allowed

- Last’s years exam 1s available in Canvas

o



Circulating Reactive Power

T
Unbalanced transformer taps can cause large amounts

of reactive power to circulating, increasing power
system losses and overloading transformers

1 v 1.00 pu PowerWorld Case:
1.000 tap §

30.5 MW 33.9 MW

17.6 Mvar =amar  BUS3CIrculatingVars

1.056/tap
{ | J

33.7 MW
-30.9 Mvar

1.02 pu

245MW 40 MW
12 Mvar 0 Mvar



LTC Tap Coordination

Changing tap ratios can affect the voltages and var flow
at nearby buses; hence coordinated control is needed
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Total Losses: 25.13 MW C)
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. 0.99 pu

149 0.0 Mvar 96 MW Eerny
. 20 Mvar )

RELLIS69 | 5% RINGE

I RUDDER69 0 Mvar —
g&r 0.998 pu 26 1w
MOZISRER 1Y (o VX o) 1IODTSHED 24 Mua 2
38 MW AGGIE138
0.977 pu RE(ITE18 10 Mvar 0.988 pu
0.98 pu HULLABALOO138 (E ; r,.
2 - “ NARA nu o 59%

AGGIE345

PowerWorld
Case:
Aggieland37
LTC

AlM

®



Auto Detection of Circulating
Reactive or Real Power

A

« Select Tools, Connections, Find Circulating MW or
Mvar Flows to do an automatic determination of the
circulating power in a case

Mvar and MW Flow Cycle Dialog

— O X
i DisT=aE Flow Threshold 0,102 Mvar
Find Cydes (®) Mvar Cydes -
() MW Cydes Maximurn Related Cydes Ijl =
m = % R f&n #% Records~ Geo~ Set~ Columns~ ' HE' H&E' b @' i%?gL fi) - BH Options -
Filter |Advanced = |Branch - = | Find... Remowve Quick Filter =

Flow Cydes Branches in Any Cyde | Buses in Any Cyde

From Mumber | From Mame To Number To Mame Circuit Status Xfrmr Tap Ratio Phase [Deg) | MW From hMwvar From MWA From Lirm WVA

1 43| WEB&D 47 WEB133 1 Closed YES 1.08750 0.00 -176.8 -7a.2 193.3 211

2 47 WEE138 53 KYLE133 1 Closed NO 1.00000 0.00 -18.9 -59.8 62.3 185

3 43 WEB&9 54 KYLEGS 1 Closed NO 1.00000 0.00 -37.6 52.0 6.2 110

4 54 KYLEES 53 KYLE132 1 Closed YES 1.00000 0.00 -105.3 521 117.5 187

£ >
Help j"L Close




Coordinated Reactive Control
T
* A number of different devices may be doing automatic
reactive power control. They must be considered In
some control priority

— One example would be 1) generator reactive power, 2)
switched shunts, 3) LTCs
* You can see the active controls in PowerWorld with
Case Information, Solution Details, Remotely
Regulated Buses

. Remove Quick Filter
Name Area Name PU Valt Set Volt Vaolt Diff AVR Total Mvar Mvar Min Mvar Max Rem Regs Rem Regs [Rem Regs (S5)] Rem Regs [HDR:Bus_Bus| Rem
[[[[[ [FMR) VsCDQ Reg
Gen
Bus 1
1 TEXAS343 1 o0 0.0 0.0
10 HOWDYES 1 00 0.0 0.0 LTC: 10 TO 39
12 TEXAS 1 00 0.0 0.0 LTC: 12 TO 40
13 12M 1 00 Switched Shui
1 0.0 Generator: 14 Switched Shui 14
1 o0 Switched Shui

1.01689
02108

1.01865

0.0 Generator: 20
1.03000 0.0

0.0 Generator: 31

1.01000 0.0 0.0 0.0 Generator: 37

1FFFI FFR 2> FFF R FEFL PP PR R PP A A PR A AR 2 2

‘“DL""‘4‘0"”"b‘“"N‘—“G‘W‘W‘N‘U“m‘b‘““m‘

1.02134



Coordinated Reactive Control

Al
* The challenge with implementing tap control in the
power flow is it Is quite common for at least some of the

taps to reach their limits
- Keeping in mind a large case may have thousands of LTCs!

 |If this control was directly included in the power flow
equations then every time a limit was encountered the
Jacobian would change
— Also taps are discrete variables, so voltages must be a range

« Doing an outer loop control can more directly include
the limit impacts; often time sensitivity values are used

* We’ll return to this once we discuss sparse matrices and
sensitivity calculations 6



Phase-Shifting Transformers
T
* Phase shifters are transformers in which the phase angle

across the transformer can be varied in order to

control real power flow
—- Sometimes they are called phase angle regulars (PAR)
— Quadrature booster (evidently British though I’ve never heard

this term) seristranstormer
« They are constructed
by include a delta- s otz
connected winding =
that introduces a 90° }’é/ \%‘%
phase shift that is added >

to the output voltage

Image: http://en.wikipedia.org/wiki/Quadrature_booster 7
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Phase-Shifter Model

T

* We develop the mathematical model of a phase
shifting transformer as a first step toward our study of
Its simulation

« Let buses k& and m be the terminals of the phase—
shifting transformer, then define the phase shift angle
as O, .

* The latter differs from an off-nominal turns ratio LTC
transformer in that its tap ratio is a complex guantity,
l.e., a complex number, t, . £/ D,

« The phase shift angle is a discrete value, with one
degree a typical increment



Phase-Shifter Model

Vkm

t

ykm
te - j¢km

2

V km
te j¢km

km

[T

E

m

For a phase shifter located on the branch (k, m), the
admittance matrix representation is obtained
analogously to that for the LTC

Note, If there is a phase shift then Y, . Is no longer
symmetric!! In a large case there are almost always
some phase shifters. Y-A transformers also introduce
a phase shift that Is often not modeled

o



Integrated Phase-Shifter Control
T
Phase shifters are usually used to control the real power
flow on a device

Similar to LTCs, phase-shifter control can either be
directly integrated into the power flow equations
(adding an equation for the real power flow equality
constraint, and a variable for the phase shifter value), or
they can be handled in with an outer loop approach

As was the case with LTCs, limit enforcement often
makes the outer loop approach preferred

Coordinated control is needed when there are multiple,
close by phase shifters
10



Two Bus Phase Shifter Example

o

345.00 kV 331.80 kV
1.2 MW 1.2 MW
95.6 Mvar 92.0 Mvar
500 Mw > > > > > > > .—>>
238 Mvar 500%]5”
Phase Shifting Transformer 100%Mvar

498.8 MW 498.8 MW TOp line has

142.3 Mvar 15.0deg 7.8 Mvar

1.00000%tap x=0.2 pu, while
B e the phase shifter

EEEEEEE

EEEEEEEEEEEEE Bl B Al 8 2% | #4 8% | 5 Records - Geo- Set- Columns - BH- |- Wi- ¥ -

£ Trans former Controls -

[H] vSC DC Transmission Lines Filter |Advanced ~ |Bus = ~|Find.. Remave |~ — . .
4 [ Aggregations 1| ymher Bus 2 |

o= 1l il|cenerator Bus |0.00 -13. .04 +j8.

| AFEES_ i i|GeneratorBus |00 500 ]1.04 +38.86

: ;2_ j:‘-_e-_;_-'; = 2l  2iloadBus iB. 0.00 -39.00

.-FE Islands

1 1 .. . : .
Y, =- 02 j0.25((303(—15")+ jsin(-15°)) = j5+(j4)(0.966 — j0.259)

Y,, =1.036 + 8.864

PowerWorld Case: B2PhaseShifter "



Aggieland37 With Phase Shifters
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Values

Large Case Phase Shifter Limits and

Step Size

180+
160
1407
120
100-
80-
60-
407
20

.20
40
.60
80
-100]
-120]
-140-
-160

-180-

Transformer Variables

40

— Tap Min — Tap Max.

60

Step Size

10.5

10

9.5

85

75

6.5

55

45

35

25

15

05

Step Size

A|M

®
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Example of Phase Shifters in Practice

A

* The below report mentions issues associated with
the Ontario-Michigan PARs

Ontario-Michigan Interface

LEC flow is affected by several factors including PARs in multiple locations around Lake Erie (see Figure ). This

report considered data only for PARs on the Ontario-Michigan interface.

4 T Keith

ONT-MI Interface

St Lawronce*

. Ramapo
1 Waldwick / .
9 by i ¢ "t“ - y

7 eFarr gdy’t‘/"

g
% Goethals

Figure 1 ~ PAR Locations Which Impact Lake Erie Circulation Flow

H-OMW | ﬂll\gmimde DLIESUD \EIOW n PEfi-l?)%%{\ﬂ?“}mcmnh‘-dDDMW +-500MW
tanry 15 |
retruary15 | ——
vorc-1 | —
ot | —
e | —
July-15
August-15
September-15 Monthly Average Loop Flow

Il Average Calculated Loop Flow Without Control

October-15
I Average Actual Loop Flow With Control

November-15

December-15

Figure 6 - Monthly Average Loop Flow

https://www.nyiso.com/public/webdocs/markets_operations/committees/bic_miwg/meeting_materials/2017-

02-28/2016%200ntario-Michigan%20Interface%20PAR%20Evaluation%20Final%20Report.pdf

14



Impedance Correction Tables

Al
« With taps the impedance of the transformer changes;
sometimes the changes are relatively minor and

sometimes they are dramatic

— A unity turns ratio phase shifter is a good example with
essentially no impedance when the phase shift is zero

— Often modeled with piecewise linear function with
Impedance correction varying with tap ratio or phase shift

— Next lines give several examples, with format being (phase
shift or tap ratio, impedance correction)
(-60,1), (0,0.01), (60,1)
(-25,2.43),(0,1),(25,2.43)
(0.941,0.5), (1.04,1), (1.15,2.45)

(0.937,1.64), (1,1), (1.1, 1.427) 15



Three-Winding Transformers
T
* Three-winding transformers are very common, with
the third winding called the tertiary
— The tertiary is often a delta winding

* Three-winding transformers have various benefits
— Providing station service

— Place for a capacitor connection

— Reduces third-harmonics

— Allows for three different transmission level voltages

— Better handling of fault current

16



Three-Winding Transformers

Al
Usually modeled in the power flow with a star
equivalent; the internal “star” bus does not really exist

Star bus Is often given a voltage of 1.0 or 999 kV
Impedances calculated using

b
— the wye-delta transform can
— 5. result in negative resistance
ST N ST S (about 900 out of 97,000 in
- - El model)

Per-unit equivalent circuit—practical transformer

The winding impedances are measured between the windings
with one winding shorted and the other open; for example Z,,
IS measured from 1 with winding 2 shorted, 3 open
Image from Power System Analysis and Design, by Glover, Overbye, and Sarma 6™ Edition 7

N
.t




Three-Winding Transformer Example

Three-winding single-phase transformer:
per-unit impedances
The ratings of a single-phase three-winding transformer are
winding 1: 300 MVA, 13.8 kV
winding 2: 300 MVA, 199.2 kV
winding 3: 50 MVA, 19.92 kV

The leakage reactances, from short-circuit tests, are

X, = 0.10 per unit on a 300-M VA, 13.8-kV base
X3 = 0.16 per unit on a 50-MVA, 13.8-kV base

X,; = 0.14 per unit on a 50-MVA, 199.2-kV base

for terminal 1.

SOLUTION

Winding resistances and exciting current are neglected. Calculate the imped-
ances of the per-unit equivalent circuit using a base of 300 MVA and 13.8 kV

Spase = 300 MVA is the same for all three terminals. Also, the specified voltage base
for terminal 1 is Vi, = 13.8 kV. The base voltages for terminals 2 and 3 are then
Viaser = 199.2kV and Vy,s = 19.92 kV, which are the rated voltages of these wind-
ings. From the data given, X, = 0.10 per unit was measured from terminal 1 using
the same base values as those specified for the circuit. However, X;; = 0.16 and
X33 = 0.14 per unit on a 50-M VA base are first converted to the 300-M VA circuit base.

(Continued)

Ly, =21t 2,
Liz=12y+ 2,
Ly3=1Ly+ L,
Hence

A

£,=0.5(Zy+Z,3-Z,5)
£,=0.5(Z )+ Zy5-Z5)
£3=0.5(Z3+Zy3-2,5)

Image from Power System Analysis and Design, by Glover, Overbye, and Sarma 6™ Edition

18



Three-Winding Transformer Example,
cont.
T

FIGURE 3.21

Circuit for
Example 3.9

0.96 per unit

=
e}
|
—_—
=
=)}
o
e
‘ ]
—
I

300 :
Xo3 = (0.14) 50 = 0.84 per unit

Then, from (3.6.8) through (3.6.10),

X, =30.10 + 0.96 — 0.84) = 0.11 per unit
X, =10.10 + 0.84 — 0.96) = —0.01 per unit
X, =1(0.84 + 0.96 — 0.10) = 0.85 per unit

The per-unit equivalent circuit of this three-winding transformer is shown
in Figure 3.21. Note that X, is negative. This illustrates the fact that X, X,, and X;
are not leakage reactances, but instead are equivalent reactances derived from the
leakage reactances. Leakage reactances are always positive.

Note also that the node where the three equivalent circuit reactances are
connected does not correspond to any physical location within the transformer.
Rather, it is simply part of the equivalent circuit representation.

Image from Power System Analysis and Design, by Glover, Overbye, and Sarma 61 Edition
19



When Transformers go Bad

o

20



Switched Shunts and SVCs

Switched capacitors and
sometimes reactors are
widely used at both the
transmission and
distribution levels to
supply or (for reactors) SRR RS
absorb discrete amounts of reactlve power

Static var compensators (SVCs) are also used to
supply continuously varying amounts of reactive
power

In the power flow SVCs are sometimes represented as
PV buses with zero real power

21



Switched Shunt Control
T

The status of switched shunts can be handled in an outer

loop algorithm, similar to what is done for LTCs and

phase shifters

— Because they are discrete they need to regulate a value to a
voltage range

Switches shunts often have multiple levels that need to
be simulated

Switched shunt control also interacts with the LTC and
PV control

The power flow modeling needs to take into account the
control time delays associated with the various devices

22



Switched Shunt System Design
T
« Because switched shunts tend to have a local impact,
there needs to be a coordinated design in their
Implementation at the transmission level

— Shunt capacitors used to raise the voltage, shunt reactors
used to lower the voltage; used with LTCs and gens

« Often In the transmission system they are switched
manually by a system operator

* The size and number of banks depends
— Change in the system voltages caused by bank switching

— The availability of different sizes
— Cost for the associated switchgear and protection system

23



Switched Shunt Sizing
iy

« A goal with switched shunt sizing is to avoid human
Irritation caused by excessive changes in lighting

« |EEE Std 1453-2015 gives guidance on the percentage

of voltage changes as a
function of time; Table 3 | [\
of the standard suggests &, N\

- § \ \ <—BORDERLINE OF IRRITATION
keeplng the VOItage %2 \ \$FBORIDERI!INE ([)FIVISIBILITY OF FLICKERT]
changes below about 3% .S/ | L

- - 0 — A
® We determlne a-r]a-ly'tlC ‘i 2DIPSSPERIE-|053 0 DIQPS PESR M:SUTzEO ¥ D1IPS ?’ER SESCO:\IOD2°

FREQUENCY OF DIPS

methods to calculate this
percentage later in the semester

Image from IEEE Std. 1453-2015, “IEEE Recommended Practice for Measurement and Limits of Voltage Fluctuations24
and Associated Light Flicker on AC Power Systems”



Dynamic Reactive Capability
T
« Switched shunts are often used to maintain adequate
dynamic reactive power from generators and SVCs

 FERC Order 827 (from June 2016, titled “Reactive
Power Requirements for Non-Synchronous
Generation”) states that the power factor of
generators should be between 0.95 leading to 0.95
lagging
— Hence the absolute value of the Mvar output of the
machines should be no more than 31% of the MW output

~ Often a value substantially better for reactive reserves

« Switched shunts are used to keep the generator

power factor within this range .



Area Interchange Control

T
* The purpose of area interchange control is to regulate or
control the interchange of real power between specified
areas of the network
« Under area interchange control, the mutually exclusive
subnetworks, the so-called areas, that make up a power
system need to be explicitly represented
« These areas may be particular subnetworks of a power
grid or may represent various interconnected systems
* The specified net power out of each area is controlled
by the generators within the area
« A power flow may have many more areas than

balancing authority areas
26



Area Interchange Control

T
« The net power interchange for an area is the algebraic
sum of all its tie line real power flows
* We denote the real power flow across the tie line from
bus k to bus m by P,
* We use the convention that P, > O If power leaves
node k and P,,, < 0 otherwise
* Thus the net area interchange S; of area I Is positive
(negative) If area 1 exports (imports)
e Consider the two areas i1 and j that are directly
connected by the single tie line (k, m) with the node k
In area i1 and the node m in area |

27



Net Power Interchange
T
* Then, for the complex power interchange S;, we have a

sum in which P,,, appears with a positive sign; for the
area ] power interchange It appears with a negative sign

--------
................
....
....
tttt

.
......
--------

Area | exports P,., and Area j imports P,
28



Net Power Interchange
T
« Since each tie line flow appears twice in the net

Interchange equations, it follows that if the power
system as a distinct areas, then

3's, = 0
=1

» Consequently, the specification of S; for a collection of
(a-1) areas determines the system interchange; we must
leave the interchange for one area unspecified

— This is usually (but not always) the area with the system slack
bus

29



Modeling Area Interchange
T
Area interchange is usually modeled using an outer
loop control

The net generation imbalance for an area can be
handled using several different approach
— Specify a single area slack bus, and the entire generation

change is picked up by this bus; this may work if the
Interchange difference is small

— Pick up the change at a set of generators in the area using
constant participation factors; each generator gets a share

— Use some sort of economic dispatch algorithm, so how
generation is picked up depends on an assumed cost curve

— Min/max limits need to be enforced
30



Including Impact on Losses

Al
« A change in the generation dispatch can also change
the system losses. These incremental impacts need to

be included Iin an area interchange algorithm

e We’ll discuss the details of these calculations later in
the course when we consider sensitivity analysis

31



Example Large System Areas
L - -/
SIS y

P

A

Each oval
corresponds to a
power flow area
with the size
proportional to the

’ ‘V area’s generation
. L
O™ oS =.\.‘. .
7

= 32




Generator Volt/Reactive Control

T
« Simplest situation is a single generator at a bus
regulating its own terminal

— Either PV, modeled as a voltage magnitude constraint, or as a
PQ with reactive power fixed at a limit value. If PQ the
reactive power limits can vary with the generator MW output

* Next simplest is multiple generators at a bus.
Obviously they need to be regulating the bus to the
same voltage magnitude

- From a power flow solution perspective, it is similar to a
single generator, with limits being the total of the individual
units

— Options for allocation of vars among generators; this can
affect the transient stability results



Generator Voltage Control
h

This example
uses the case

~ ~ ~ ~ ~ ~

System Load: 813.65 MW
System Load Scalar: 1.00@

1.050 pu i
. O O
- K3as System Losses: 11.96 MW roro “

< 7 <z 7 <z i
<< << < << << <<
OAK138

Voltage\Per Unit Magnitude

~1.000 puA 2w WV M
Y LOZSOEtap var \J,/ 15.9 Mvar 18 N:’:lr 1.02 pu “V v PINEGS ™)
- T~y OAK6S 101pu ]_ BUCKEYE69 N <)< e ar (d S C_3 7 B u S
0.950 i i O1pu =4 -
7 A ST B - Y ./ With a voltage
ASH138 & -y <) < 3 271 I:;lvvavr |
P » R contour. Try
5 Mvar 19 MW 7 1.00 pu

& Muar 1.00 pu N cepARgSs

[ 1.00pu Y warwrso & ONGEGS LN LOCUST9 ” - ' RS 050 tap Varyi n g th e

51 MW P 40 Mvar
L 2l < 15 Mvar GBLIY

28.9 Mvar % < pECANGS 12 Mvar ' 99 ;4 e 1.02 pu ‘?. CEDAR69 I
T S %MW * l’ ' Voltage
g y = 0\ MW 13 Mvar .
X | setpoint for

A 0.993 pu 36 Mvar A PEAR138
4 POPLAR69 b OZ;ZQM':; Y y < vy 10000 PLIVE69 , th e g e n e rato r
b 10 Mvar PEARG F |

L, 15MwW - ~

3 MvarLoo » w SPRUCE69 % p - < g @ 91::’;" T ‘ “ b - N at P EAR 69
@ 60 MW & > g P> ig :vwar 7.2 Mvar | & : y '010pu ‘W ZOoNEY

e 1.00 pu £ 1.00 pu X CHERRY69
, 0.0 Mvar \J/ A 00 p 00 p Y \s/
K > v > > > 45 MW 14 MW  BIRCH69
A A PEACH69 1.00 pu 7 4= REDBUD69 0 Mvar 2 Mva 4 > A
1.02 pu 23 MW

( 6M "Bl ofMw 14 MW

20@Mw var 15 Mvar 0 Mvar > <=

3 Mvar

30 Mvar /I\ 1.02 pu

4 .. PEACH138 1.02 pu” LEMON69 388M
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Generator Remote Bus Voltage
Control
-

* Next complication is generators at a single bus
regulating a remote bus; usually this is the high side of
their generator step-up (GSU) transformer

- When multiple generators regulate a single point their exciters
need to have a dual input

— This can be implemented in the power flow for the generators
at bus j regulating the voltage at bus k by changing the bus j
voltage constraint equation to be

|Vk | _Vk,set =0

(however, this does create a zero on the diagonal of the
Jacobian)

- Helps with power system voltage stability 35



Reactive Power Sharing Options

ions

: Power Flow Solution §

Common Options  Advanced Options  Island-Based AGC  DC Options General Storage

Dynamically add/fremove slack buses as topology is changed
[ ] Evaluate Power Flow Solution For Each Island

Define Post Power Flow Solution Actions

Fower Flow (Inner) Loop Options
[ ]pizable Power Flow Optimal Multiplier

[ Jinitialize from Flat Start values
Minimum Per Unit Voltage for

Constant Power Loads 0.000 =
Constant Current Loads | 0,000 =

Pre-Processing
[ ]pizable Angle Smoothing

Contral (Middle) Loop Options
[ ] Disable Treating Continuous 55 as PV Buses

[ ] pizable Balancng of Parallel LTC Taps

[ Model Phaze Shifters as Dizcrete Controls

Disable Transformer Tap Control if Tap Sens.
is the Wrong Sign (Mormally Chedk This)

Min. Sensitivity for LTC Contral

Post-Processing
[ ] pizable Angle Rotatiggocessing

Sharing of generator vars across groups of buses during remote regulation

() llocate across buses using the user-specified remote regulation percentages

(®) Allocate so all generators are at same relative point in their [min .. max] var rangs

() Allocate across buses using the SUM OF user-specified remote regulation percentages

ZEBR. Threshold 0.000200 =

Options for Areas on Economic Dispatch
Indude Loss Penalty Factors in ED

|:| Enforce Convex Cost Curves in ED

A

Different software
packages use
different approaches
for allocating

the reactive power;
PowerWorld has
several options.

36



Reactive Power Sharing

{ 1.01 pu APPLE69
L

ORANGE69
58 MW

40 Mvar 45 MW

12 Mva%(l
PECAN69 .99 pu

 12.8 Mvar

o

N/ 3 Mvar

PALM69

Voltage\Per Unit

-1.000 pu

WILLOW69

LOCUST69

B 050 pu

In this example, case
PSC _37Bus_Varsharing,
the two generators at

CHERRY69
45 MW

14 MW BIRCH69

o L e EIm345 are jointly
[ vt M A o= controlling EIms138
01 pu TULIP138 @ A 0.0H deg vai

W< :
: ™ |1.04 pu
1.0304pu
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Generator Remote Bus Voltage
Control

Al
* The next complication Is to have the generators at
multiple buses doing coordinated voltage control

— Controlled bus may or may not be one of the terminal buses

« There must be an a priori decision about how much
reactive power Is supplied by each bus; example
allocations are a fixed percentage or placing all
generators at the same place in their regulation range

* Implemented by designating one bus as the master; this
bus models the voltage constraint

« All other buses are treated as PQ, with the equation
Including a percent of the total reactive power output of
all the controlling bus generators 38



Remote and Coordinated Var Control
Example

12 Mvarl N ’Q 1.02 pu CEDARG69
PECANG9 0.99 pu g 7|§|MW Y VYV
F 12.8 Mva 5 A @ 56 MW
45 Mvar 13 M
@) o |
oM
Y 4 (D
o Vv PEAR138 aM
<€
[\ 1.0000%tap LIVE69
= L
\8/ PEARG9
AR 4 | TN 15 MW
AN 91fjMw 5 Mvar
K 3 Mvar A < A
1.010@[’“ \n/ 1.01 pu
.3 Mvar - L ( 4
L 1.00 pu CHERRY69 s/
™74
> Y 45 MW 14 MW BIRCH69
1.00 pu REDBUD69 0 Mvar 2 Mval<al iy 4
e b, m )
va var 3 Mvar 4
1.02 p LEMONGS 1'02PY sgimw

0 0oBdeg  5-5Mvar

1.01 pu A LEMON138
/
<

W\\\\

< .
1. 028 pu

Alw
Here the generators
at EIm345 and the
one at Birch69 are
jointly controlling
the voltage at the
Lemon138 bus.

1.03 pu
1.013%pu

Case is PSC_37Bus_Varsharing_MultipleBuses
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Power Flow Topology Processing

T
Commercial power flow software must have
algorithms to determine the number of asynchronous,
Interconnected systems in the model
— These separate systems are known as Islands

— In large system models such as the Eastern Interconnect it is
common to have multiple islands in the base case (one recent
El model had nine islands)

— Islands can also form unexpectedly as a result of
contingencies

— Power can be transferred between islands using dc lines
— Each island must have a slack bus

40



Power Flow Topology Processing
T
* Anytime a status change occurs the power flow must
perform topology processing to determine whether

there are either 1) new islands or 2) islands have
merged

« Determination is needed to determine whether the
island 1s “viable.” That 1s, could it truly function as an
Independent system, or should the buses just be
marked as dead

— A quite common occurrence is when a single load or
generator is isolated; in the case of a load it can be
Immediately killed; generators are more tricky

41



Topology Processing Algorithm

T
 Since topology processing is performed often, it must
be quick (order n In(n))!

« Simple, yet quick topology processing algoritm

— Set all buses as being in their own island (equal to bus
number)

— Set ChangelnlslandStatus true

— While ChangelnlslandStatus Do

Go through all the in-service lines, setting the islands for each of the
buses to be the smaller island number; if the island numbers are
different set ChangelnlslandStatus true

— Determine which islands are viable, assigning a slack bus as
necessary

This algorithm does depend on the depth of the system 42



Example of Island Formation

o

44 MW 42 MW 31 MW 31 MW /ﬁ 80 MW
< « 2N Mvar
1.05pu v 0.99 pu : Power Flow Solution |
Bus 1 Bus 3

Common Options  Advanced Options  Island-Based AGC  DC Options General Storage

62 MW 106@MW 37 MW 110 MW Dynamically addjremave slack buses as topology is changed
40 Mvar Evaluate Power Flow Solution For Each Island

fine Post Power Flow Solution Actions

g Case Hour|y Cost Power Flow (Inner) Loop Options Control (Middle) Loop Options

V 38 MW g > s g 16919 $/h [ pisable Power Flow Optimal Multiplier [ pisable Treating Continuous 55s as PV Buses
61 MW ” A [ mitialize from Flat Start Values [ pisable Balancing of Parallel LTC Taps
1.04 pu v 800/0% Minimum Per Unit Voltage for [CIModel Phase Shifters as Discrete Controls
Bus 2 Top Area Cost ““MVA Constant Power Loads Disable Tramsformer Tap Control if Tap Sens.

8078 $/h

Constant Current Loads = is the Wrong Sign (Normally Check This)

% 40 Mvar

41 MW
1.04 pu

Bus 6
i 200 MW Left Area Cost
0 Mvar 4189 $/h

200AMW AGC ON

1.04 pu

. ThIS optlon allows some islands
Right Are¢
«u t0 not have a power flow solution

Splitting large systems requires a careful consideration of the
flow on the island tie-lines as they are opened
43



Bus Branch versus Node Breaker
T
* Due to a variety of 1ssues during the 1970’s and 1980°s
the real-time operations and planning stages of power
systems adopted different modeling approaches

Real-Time Operations Planning
Use detailed node/breaker model Use simplified bus/branch model
EMS system as a set of integrated PC approach
applications and processes Use of files
Real-time operating system Stand-alone applications

Real-time databases

Entire data sets and software tools developed around
these two distinct power system models

44



Google View of a 345 kV Substation




Example of Using a Disconnect to
Break Load Current




Substation Configurations

AlM
Several different substation breaker/disconnect
configurations are common:

* Single bus: simple but a fault R
any where requires taking out the
entire substation; also doing breaker " =
or disconnect maintenance requires |
taking out the associated line

Source: http://www.skm-eleksys.com/2011/09/substation-bus-schemes.html 47


http://4.bp.blogspot.com/-9g6rjqRAD0I/ToXk6oQSRUI/AAAAAAAAApY/-4th5mJTvDY/s1600/SingleBus.png

Substation Configurations, cont.

AHM
Viain Bus
i

 Main and Transfer Bus:
Now the breakers can be taken
out for maintenance without
taking out a line, but protection
IS more difficult, and a fault
on one line will take out at least two

* Double Bus Breaker: |
Now each line is fully protected - "
when a breaker Is out, so high L L |
reliability, but more costly |

Source: http://www.skm-eleksys.com/2011/09/substation-bus-schemes.html 48


http://3.bp.blogspot.com/-yBG8xB2VDog/ToXlwGl-CbI/AAAAAAAAApc/4v4fTK9Ixbc/s1600/MainandTransferBus.png
http://3.bp.blogspot.com/-9Se44Ew3i_c/ToXmQZRcZzI/AAAAAAAAApg/al1E7kRV1L0/s1600/DoubleBusDoubleBreaker.png

Ring Bus, Breaker and Half

* As the name implies with a ring
bus the breakers form a ring;
number of breakers Is same as
number of devices; any breaker can
be removed for maintenance

 The breaker and half has two buses
and uses three breakers for two .'E .
devices; both breakers and buses TE 'E
L.

can be removed for maintenance

—

Fig G: Breaker and Half

Source: http://www.skm-eleksys.com/2011/09/substation-bus-schemes.html 49



EMS and Planning Models

Alw
EMS Model « Planning Model

— Used for real-time operations - Used for off-line analysis
— Called full topology model - Called consolidated model by

_ Has node-breaker detail PowerWorld
— Has bus/branch detail

0 MW
50 M -18 Mvay — -1380 I\l;lxlvv
. 20 Mvar —————————————————— \\ - var
/, \\
' ‘. II:
I 1
| 1
: 1
PO R R SR N ]
\ . ;
\ P ! :
\ , d !
\\ . // l Il ’l
\I N L // ‘ h
| 1
1 1
1
10 MW
3 Mvar
-40 MW

-10 Mvar

-40 MW
-10 Mvar
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Node-Breaker Consolidation
T
One approach to modeling systems with large numbers
of ZBRs (zero branch reactances, such as from circuit
breakers) is to just assume a small reactance and solve

— This results in lots of buses and branches, resulting in a much
larger problem

— This can cause numerical problems in the solution

The alterative iIs to consolidate the nodes that are
connected by ZBRs into a smaller number of buses

— After solution all nodes have the same voltage; use logic to
determine the device flows

ol



Node-Breaker Example

83 MW
1.05 pu 1.05 pu
1.05 pu 1.05pu 37 MW —0.00pdeg 0.00 Eeg 41 Mvar

3.99 deg g 3.98deg -6 Mvar

1.05 pu
4.03deg 7 . .

[ em|,
1.05 pu

3.97 deg

100 MW
0 Mvar

140 MW
31 Mvar

1.05 pu 1.05 pu
-0.01 deg -0.02 deg

103 MW 18.69 MW
36 Mvar -31 Mvar
1.01 pu
°0.19 deg
0.98 pu
1 ¢ -366deg
120 MW
50 Mvar

Case name 1s FT_11Node. PowerWorld consolidates nodes
(buses) into super buses; available in the Model Explorer:
Solution, Detalils, Superbuses.

o
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Node-Breaker Example

Explore i | X Superbuses X Branches Input X Branches State X Remotely Regulated Buses X Bus Zero-Impedance Branch Group
OPT. o u A AU = L
Fields [==1] ‘)| fog +°_8 M 9&0 Records » Set= Columns - ' E' "gg' T

BH Bus Pairs Ll Filter |Advanced| ¥ |Subnet W v |Find.. Remove Quick Filter =
B Data Maintainers

E’:‘ Injection Groups

B Interfaces Sub Name | Primary Bus

B 1slands

ﬁ Multi-Section Lines

B Mw Transactions Sub2

ﬂ:q Nomograms Subi

HH owners _ 4|5ub3

ﬁ Substations

BB super Are

B Tielin

HH Tielin

B Tielin

HH Transfer Directions MNumber Name

ﬁ Zones
v Solution Details 1 1 120.00 50,00

ﬁ Bus Zero-Impedance Branch Gr

HH Fast Decoupled BP Matrix

HH Fast Decoupled BPP Matrix

@ Mismatches

B outages

ﬁ Post Power Flow Solution Actio

HH Power Flow Jacobian

ﬁ Remotely Regulated Buses W < Y

M S»IIEEEL fo) - B | Options -

Subnets  superbuses

# Open CBs Load Mvar

# Buses ‘ #(Bs

Buses Has Been

‘ Consolidated
0 10-11 NO
01 NO 50.00 120,00
036 NO 82.76 40.82 0.00 100.00
0279 NO 140.00 30.37

Gen MW A‘ Gen Mvar

Load MW Switched
Shunts Mvar

Sub2 1

(]

[

- o
o ro
LR =

en Areas
gen Balancing Aut

Zones Buses Gens Loads Switched Shunts Breakers, Disconnects, etc...  Tie Lines

Sub Mum AdG

I

Area Mame
Shunts Mvar

Nom kv ‘ PU Volt ‘ Valt (kV) ‘Angle[Deg]| Load MW ‘LoadM\rar

Gen MW ‘ Gen Mvar ‘ Switched

Open New Explorer Search Search Now Options =

Note there is ambiguity on how much power is flowing in each
device in the ring bus (assuming each device really has essentially
no impedance)

AlM
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Contingency Analysis
T
Contingency analysis is the process of checking the
Impact of statistically likely contingencies

- Example contingencies include the loss of a generator, the loss
of a transmission line or the loss of all transmission lines in a
common corridor

— Statistically likely contingencies can be quite involved, and
might include automatic or operator actions, such as switching
load

* Reliable power system operation requires that the

system be able to operate with no unacceptable

violations even when these contingencies occur

~ N-1 reliable operation considers the loss of any single element
54



Contingency Analysis
T
Of course this process can be automated with the usual
approach of first defining a contingency set, and then
sequentially applying the contingencies and checking
for violations
— This process can naturally be done in parallel

— Contingency sets can get quite large, especially if one
considers N-2 (outages of two elements) or N-1-1 (initial
outage, followed by adjustment, then second outage

« The assumption is usually most contingencies will not

cause problems, so screening methods can be used to

quickly eliminate many contingencies

— We’ll cover these later
55



Contingency Analysis in PowerWorld

AlM

®

e Automated using the Contingency Analysis tool

EE-®RpHIGE

Contingency Analysis - Case: ECENG615_HW1.PWB Status: Initialized | Simulator 21 Beta

- Case Information ~ Draw  Onelines  Tools  Options Add Ons Window o - Z n
Contingendes Options  Results
D T Bl R %% A ?&n Records * Set* Columns * e, 9 B .;é’EL o)~ EH = Options ~
Label Skip |Category|Processed Solved |Post-CTG|Islanded (Islanded| Global |Transi R Qv Custom [Violat W |Max Min Volt |Max Voit| Max Memo A
AUX Load Gen | Actions [Actions |Actions [Autoplot|Monitor Branch Interface
Violation| %
1 YES YES 0 o 0 3 152.9 0.928
2 YES YES 0 0 0 3 0923
3 YES YES 0 o 0 3 149.7 0.937
4 YES YES 0 L] 0 1 1337
5 YES YES 0 o 0 1 128.6
Al YES YES 0 1] 0 1 100.3
7 YES YES 0 o 0 1 1154
8| YES YES 0 0 0 0
9 YES YES 0 o 0 0
YES YES 0 0 o 0
11 YES YES 0 0 0 [}
12|1 YES YES 0 0 0 0
13 YES YES 0 o 0 0
14 YES YES 0 o 0 0
15 YES YES 0 0 0 0 v
Violations  What Actually Occurred Definition x
Show related contingendies Combined Tables > ‘ Actions
Category Element Value Limit Percent Area Name |Mom kV Assoc. __ 1JOPEN Transformer LEMONGS 69.0 33) TO LE
Assoc
1JBranch Am) CEDAR! 48) -> OLIVEGS ( 20) CKT 1 at OLIVEE .26 56
2|Bus Low Volts LEMONG9 (33) 83
3|Bus Low Volts BIRCHEI (5 81
< >
Status |Intialized [[JRefresh Displays After Each Contingency
Load AutoTnsert  Save Other > Start Run Close ? Help

y file will be lo

this contingency's solution and can be

d for spedal settings. If specified, the Post-Contingency Auxdliary

56



Power System Control and
nsitiviti
Sens es T
* A major issue with power system operation is the
limited capacity of the transmission system
— lines/transformers have limits (usually thermal)

— no direct way of controlling flow down a transmission line
(e.g., there are no valves to close to limit flow)

— open transmission system access associated with industry
restructuring is stressing the system in new ways

* \We need to indirectly control transmission line flow by
changing the generator outputs

« Similar control issues with voltage

S7



Indirect Transmission Line Control

What we would like to determine is how a change
In generation at bus k affects the power flow on a
line from bus 1 to bus j.

The assumption is

? that the change
In generation Is
: absorbed by the

slack bus

o
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Power Flow Simulation - Before

Alw
One way to determine the impact of a generator
change Is to compare a before/after power flow.

For example below is a three bus case with an

overload
131,.9 MW
PP‘-bPP

Two

200.0 MW
71.0 MVR
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Power Flow Simulation - After
T
 Increasing the generation at bus 3 by 95 MW (and
hence decreasing it at bus 1 by a corresponding
amount), results in a 30.3 MW drop in the MW flow on
the line from bus 1 to 2, and a 64.7 MW drop
on the flow from 1 to 3.

Expressed as a
percent,

womw  30.3/95 =32% and
7 100mR 64 7/95=68%

105.0 MW
64.3 MVR

Z for all lines = j0.1
Limit for all lines = 150 MVA

Th ree_ »
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Analytic Calculation of Sensitivities
T
« Calculating control sensitivities by repeat power flow
solutions is tedious and would require many power
flow solutions. An alternative approach is to
analytically calculate these values

The power flow from bus 1 to bus j is

Alv2 O — 0.
RJzM'VJSIn(HI—QJ)z ! "J

J J

AG, — AG; _ AG;
So AR; ~ We just need to get
Xij APGk
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Analytic Sensitivities

From the fast decoupled power flow we know
AO = B'AP(x)

So to get the change in A0 due to a change of

generation at bus k, just set AP(x) equal to

all zeros except a minus one at position K.

0

AP = | -1|« Busk
0

o
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Three Bus Sensitivity Example

For a three bus, three line case with Z;;.. = J0.1

20 10 10 _ _
. -20 10
Yous = J] 10 -20 10 |->B=
10 -20
10 10 -20] - -
Hence for a change of generation at bus 3
A0, [-20 1077°[07 [0.0333
A6 |10 20| |-1| |0.0667
0.0667 -0

Then AP;, 1= 01 0.667 pu
AP;.,,=0333pu AP, ;=0.333 pu

o
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More General Sensitivity Analysis:
Notation

Al
* \We consider a system with n buses and L lines given
by the set given by the set .2 @{¢,,¢,,---, £}

—- Some authors designate the slack as bus zero; an alternative
approach, that is easier to implement in cases with multiple
Islands and hence slacks, is to allow any bus to be the slack,
and just set its associated equations to trivial equations just
stating that the slack bus voltage is constant

« We may denote the k™ transmission line or transformer
In the system, B, , as

£ Q1 i),

[from nodeﬁ ?node ]
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Notation, cont.

Al
We’ll denote the real power flowing on B, from bus I
to bus j as f,

The vector of real power flows on the L lines Is:
f@[f,,f, - ,sz]T
which we simplify tof=[f,, f,,---, f 17

The bus real and reactive power injection vectors are

p@[p,p%-,p"]

T

T

q@Il[q'.q°,-,q"]
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Notation, cont.

* The series admittance of line @ Is g, +]b, and we
define

* We define t

A @

a7 |
1

aT
2

aT

L

o

B @ -diag{b,.b,, -+ b, }

ne LxN Incidence matrix

The component j of a; Is
nonzero whenever line & IS
coincident with node j. Hence
A Is quite sparse, with two
nonzeros per row
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