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Sources of Technical Information

Al
* There are many sources of technical information, with many students most
familiar with textbooks and courses

« Journals, conferences, reports, presentations (e.g., webinars), patents,
standards and software are extremely useful additional sources

* Inrough order of the newest of the information (from oldest to newest)
~ Books including textbooks; often lectures (depending on the instructor); reports
— Journals, Conferences; both can have peer review; software, patents
—- Webinars, and industry periodicals

« Many are publications are available open access. However, the challenge is
ultimately someone needs to cover the publication expenses.

« TAMU IEEE Xplore access at ieeexplore.ieee.org/Xplore/home.jsp



My Research Publications

https://overbye.engr.tamu.edu/publications/

* The paper | presented at TPEC on
Feb 11, 2025 provided results
from a survey looking to identify
the top papers of the last 50 years

» Google scholar provides
Information on how often particular
papers are referenced by other
papers
— It is a useful, but certainly not

perfect metric

My more recent publications are linked on my website at

Survey of High Impact Electric Power System
Papers, 1975-2024

Thomas J. Overbye. Kate Davis
Dept. of Electrical & Comp. Eng.
Texas A&M University
College Station. TX USA
overbyve@tamu.edu, katedavis@tamu.edu

Abstract—This paper discusses results of an informal survey
intended to identify the most impactful electric power system
papers from 1975 to 2024 written in English. The survey was
shared primarily over email to a large number of electric power
engineers asking them to identify up to three papers that they
consider among the most impactful papers of the last 50 years.
A total of 144 valid responses were received. identifying 101
unique publications. Of those publications. 18 received multiple
votes. The paper receiving the most votes are in the areas of
electricity markets. optimal power flow. synthetic electric grids,
voltage phasor measurements. electric grid stability. and
associated with the open-source power system analysis
program. This paper is a follow-up to a 2000 paper identifying
the top papers of the 20™ century.

Index Terms—electric power systems, high impact papers, power
engineering literature, 50 years

I. INTRODUCTION

After more than 160 years of commercial use. electricity
has transformed human society. As noted in [1]. the majority of
the top 20 engineering achievements of the 20th century would
not have been possible without electricity. As a result. the top
ranked achievement in [1] is the development of large-scale
interconnected electric grids that made electricity ubiquitously
available to many. This widespread electrification required the
collective efforts of millions, and the ingenuity and hard work of
thousands of engineers in many different disciplines. Certainly
crucial to this is electric power systems engineering. which is
focused on the design and operation of the large-scale electric
grids that supply most of the world’s electricity. While electric
power systems engineering was important in the 20th century.
it’s importance has only accelerated in the 21st century. as the
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public. This public dissemination of knowledge helps to advance
the field, and certainly one of the most impactful and lasting
means of documenting and communicating progress is through
technical journal and conference papers. To facilitate the further
propagation of knowledge. we believe it is useful to identify the
most impactful of these papers. This was done in 2000 using a
survey approach [2] looking at determining the highest impact
publications in power engineering from the 20th century (1900
to 1999). The purpose of this paper is to update and extend this
prior work to include the first quarter of the 21st century.

In the original paper [2] a total of 39 publications were
identified. including journal and conference articles. books and
reports. Of the top eight all but one were journal or conference
articles, and all were written before 1975. The top paper in [2] is
“Method of Symmetrical Co-Ordinates Applied to the Solution
of Polyphase Networks™ from 1918 by Fortecue [3]. The second
paper is “Two Reaction Theory of Synchronous Machines™ from
1929 by Park [4] presenting what would become known as
Park’s Transformation. while the third is “Digital Computer
Solutions of Power Flow Problems™ by Ward and Hale from
1956 [5]. The latest publication in the top eight is “Fast
Decoupled Load Flow™ by Stott and Alsac from 1974 [6]. All of
the publications in [2] were written in English. Note that the
terms “power flow”™ and “load flow” have been used
synonymously since at least the 1950’s.

Since none of the top papers in [2] were written after 1974,
we decided to ask the power system community to identify the
most important papers from 1975 to 2024, or the last 50 years.
‘We employed a survey process that largely mirrors the one used
in [2]. That is, we issued a wide and open call to our colleagues
in the electric power system community. asking them to identify
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N-R Power Flow Solution

The power flow Is solved using the same procedure
discussed with the general Newton-Raphson:

Setv = 0; make an initial guess of x, x*
While f (x™)

‘>8 Do

) oy (V) _ J(X(V))—lf (X(V))
Vv = Vv+1
End While



PV Buses
i
 Since the voltage magnitude at PV buses is fixed there is no need
to explicitly include these voltages in x or write the reactive power
balance equations

— the reactive power output of the generator varies to maintain the fixed
terminal voltage (within limits)

— optionally these variations/equations can be included by just writing the
explicit voltage constraint for the generator bus

|Vi | o Vi setpoint =0



Three Bus PV Case Example

For this three bus case we have

0, P(X)—Pso+Poy
X = | 6 f(x) = | P(X)—Pgz+Pp3 |=0
_‘Vz‘ - Q,(X)+Qp»

LineZ = 0.1j

D g Db > g D g > g > g
0.941 pu
One 1.000 pu Two -7.469 Deg
170.0 MW @ T 200 MW
_ _ 100 MVR
LineZ = 0.1j

68.2 MVR Line Z = 0.1j7
[> »

Ll Ll

Three A 1.000 pu

30dMw
63 MVR



Generator Reactive Power Limits

A
* The reactive power output of generators varies to maintain the terminal
voltage; on a real generator this is done by the exciter

« To maintain higher voltages requires more reactive power

« Generators have reactive power limits, which are dependent upon the
generator's MW output

« These limits must be considered during the power flow solution.

* During the power flow once a solution is obtained there Is a check to make
sure the generator reactive power output is within its limits



Generator Reactive Limits, cont'd
i
* During the power flow once a solution is obtained there Is a check to make
sure the generator reactive power output is within its limits
 |If the reactive power is outside of the limits, fix Q at the max or min value,
and resolve treating the generator as a PQ bus

— this is know as "type-switching"
— also need to check if a PQ generator can again regulate

* Rule of thumb: to raise system voltage we need to supply more reactive
power



The N-R Power Flow: 5-bus Example

T2
800 MVA
L Line 3 4 345/15 kV 3 520 MVA
| 3¢ | 345 kv | 3¢ |
| ¢ | 50 mi | <%
400 MVA A ' ' Y 800 MVA
15 kV AT ngs 15 kV
400 MVA BA5KV [ gus iy 40 Mvar 80 MW
15/345 kV 100 mi = =] 200 mi
2

280 Mvar % l 800 MW

This five-bus grid i1s Example 6.9 from the book



The N-R Power Flow: 5-bus Example

Table 1.
Bus input data

Table 2.

Line input data

\Y o I:)G QG I:)L QL QGmax QGmin
Bus Type per | degrees | per | per | per | per per per
unit unit | unit | unit | unit unit unit
1 Swing 1.0 0 — | — 0O |0 — —
2 Load — — 0 0 8.0 |28 — —
3 Constant 1.05 — 52 | — 0.8 [04 4.0 -2.8
voltage
4 Load — — 0 0 0 0 — —
5 Load — — 0 0 — —
Maximum | this example 8,
R’ X G’ B’ MVA -
| | | | | as opposed to 6, Is
Bus-to- perunit | perunit | perunit | per unit per unit S
Bus used to indicate
2-4 0.0090 0.100 0 1.72 12.0 the bus angle
2-5 0.0045 0.050 0 0.88 12.0
4-5 0.00225 0.025 0 0.44 12.0 9




The N-R Power Flow: 5-bus Example

Table 3.
Transformer
Input data

Table 4.
Input data

and
unknowns

Maximum
R X G, B, Maximum TAP
per per per per MVA Setting
Bus-to- unit unit unit | unit per unit per unit
Bus
1-5 0.00150 0.02 0 0 6.0 —
3-4 0.00075 0.01 0 o) 10.0 —
Bus Input Data Unknowns
1 V,=10,6,=0 P, Q;
Q2= Qg2rQ,=-2.8
3 V;=1.05 Qs, 05
4 P,=0,Q,=0 V,, o,
5 P;=0,Q;=0 Ve, &

In this example 9,
as opposed to 6, Is
used to indicate
the bus angle

10



Bus Admittance Matrix

AJ#

 To see the Ybus, select Case Information, Solution Detalils, Ybus

YBus

ZORT

D % ulis +...E: ;'33 ﬂ ﬁu 7 Records~ Geo~ Set~ Columns~ ' E' ”E,:-E' \ 4 @' e ) - @ Options ~

Filter |Advanced - |Bus - - | Find... Remove Quick Filter =
Number Name Bus 1 Bus 2 Bus 3 Bus 4 Bus 5
1 1|0One 3.73 - |49.72 -3.73 + j49.72
2 2| Two 2.68 - )28.46 -0.89 +j9.92 -1.79 + j19.84
3 3|Three 7.46 - 199.44 -7.46 + ]99.44
4 4|Four -0.89 + j9.92 -7.46 + )99.44 11.92 - j)147.96 -3.57 + )39.68
5 5|Five -3.73 + j49.72 -1.79 + j19.84 -3.57 + j39.68 9.09 - j108.58

PowerWorld Case Name:
GOS_FiveBus

11



Ybus Calculation Detalls
Elements of Y, connected to bus 2
Y1 =Yy =0

1 -1
R,,+jX,, 0.009+ j0.1

Y,, = =—0.89276+ j9.91964 per unit

Y, = — _1_ — = _1_ = —1.78552+ j19.83932 per unit
R,: + X 0.0045+ j0.05
25 25
1 1 B, .B
Y2 ]t 2

= - — —|—l —
Ros+ 1K Ros+ X5 = 2 2
172 .0.88

= (0.89276 — [9.91964) + (1.78552 — [19.83082 ) + ] = =+ ] =~

=2.67828— j28.4590 = 28.584 7/ —84.624° per unit

12



Initial Bus Mismatches

—_ wEd LH
Po vesomEon-
File Case Information Draw Onelines Tools Options Add Ons

[@) Gos_FiveBus_Start

Window

One Five
395 MW na A

Case: GOS_FiveBus_Start.PWB Status: Initialized | Simulator 23

Four

0 Mvar WA

1.000 pu 1.000 pu A

A
0.000 Deg 0.000 Deg
MVA MVA
Model Explorer: Mismatches = ] X
X Mismatches X Ypus
F2 ) B ok %8 5% 44 # *F Records~ Geo~ Set~ Columns~ [F- o~ 8. ¥ BH- @V f~ E oOptions~
Filter |Advanced - |Bus - |Find... Remove Quick Filter ~
Number Name Area Name Type | Mismatch MW | Mismatch Mvar ‘M|smalch Mv: ¥
1 2 Two 1 PQ -800.00 -150.00 813.94
2 4 Four 1 PQ 37.29 605.20 606.35
3 3 Three 1 PQ (Gens at Var Limit 400.85 -0.00 400.85
4 5 Five 1 PQ 0.00 66.00 66.00
5 1 One 1 Slack CY E— 0.00

Search Search Now Options -

b LOU "Ivdal

1.000 pu
0.000 Deg

PowerWorld Case Name:

Three

P>

1.050 pu
0.000 Deg

520 MW
562 Mvar

80 MW
40 Mvar

GOS FiveBus Start

13



Initial Power Flow Jacobian

l YRR EIAE R~ Case: GOS_FiveBus_Start.PWB Status: Initialized | Simulator 23
File Case Information Draw Onelines Tools Options Add Ons Window
GOS_FiveBus_Start

Model Explorer: Power Flow Jacobian

X Power Flow Jacobian X Mismatches X Ybus

3. === I | e 28 T Records~ Geo~ Set~ Columns~ [Hd- o~ WA~ ¥ B~ U fo- E  oOptions -
L |
Filter |Advanced ~ |Bus - = | Find... Remove Quick Filter =

Jacobian Matrix Statistics
‘ Note: The ac power flow Jacobian is stored using 2 by 2 matrix blocks. The statistics are for the number of these blocks, = Factorization Path Statistics

Suare Matisze |5 | Number ofonzeras Percent Nonzers avesgetengh | | teshsuiev. |
TotalEements | 25 | Mumberoffls | 0 | PeentFls | 0 | longestlength [ |

Factorization Time (Milliseconds) Forward/Backward Time (Millieconds) 0.000 Calculate Factorization Path Statistics
Update Statistics By Factoring Jacobian Restore Unfactored, Original Jacobian
MNumber MName Jacobian Equation Angle Bus 1 Angle Bus 2 | Angle Bus 3 Angle Bus 4 Angle Bus 5 Volt Mag Bus 1 Volt Mag Bus 2 Volt Mag Bus 3 Volt
1 1/0One Real Power 1.00
2 2(Two Real Power 29.76 9,92 -19.84 2.68
3 3(Three Real Power 104.41 -104.41 8.20
4 4|Four Real Power -9.92 -104.41 154.01 -39.68 -0.89 -7.46
5 5|Five Real Power -19.84 -39.68 109.24 -1.79
6 1|One Slack 1.00
7 2|Two Reactive Power -2.68 0.89 1.79 27.16
8 3|Three Reactive Power (Gens at -7.83 7.83 109.38
9 4|Four Reactive Power 0.89 7.83 -12.29 3.57 -9.92 -59.44
10 5|Five Reactive Power 1.79 3.57 9.09 -19.84
<

— — ]4



Hand Calculation Detalils

APz (O) — Pz — Pz (X) — Pz _Vz (O){Y21V1 COS[52 (O) - 51 (O) - ‘921]
+Y22V2 COS[_sz] +Y23V3 COS[52 (O) o 53 (O) o ‘923]
+ Y24V4 C03[52 (O) o 54 (O) o 924]
+Y25V5 COS[52 (O) o 55 (O) o ‘925]}
= —8.0—1.0{28.5847(1.0) cos(84.624°)

+9.95972(1.0) cos(—95.143°)
+19.9159(1.0) cos(—95.143°)}

=-8.0—(-2.89x10™") =—7.99972 per unit

J 124 (O) — Vz (O)Y24V4 (O) Sin[ 52 (O) - 54 (O) - 924]
— (1.0)(9.95972)(1.0) sin[ —95.143°]
=-9.91964 per unit

15



Five Bus Power System Solved

AJ#

A
One 69% Five Four 5§% Three
395 MW ds < << < A . 520 MW
114 Mvar > §> %) A 337 Mvar
1.000 pu 0.974 pu > A 1.019 pu E ; 80 MW
0.000 Deg -4.548 Deg 49% 27% -2.834 Deg 40 Mvar
MVA MVA 1.050 pu
-0.597 Deg
0.834 pu Two
-22.406 Deg
800 MW
280 Mvar

16



Additional Power Flow

Next slides cover some more advanced power flow topics that need to
be considered in many commercial power flow studies

An important consideration in the power flow Is the assumed time scale
of the response, and the assumed model of operator actions

— Planning power flow studies usually assume automatic modeling of operator
actions and a longer time frame of response (controls have time to reach steady-

state)
For example, who is actually doing the volt/var control

— Inreal-time applications operator actions are usually not automated and controls
may be more limited in time

17



Quasi-Newton Power Flow Methods
AJM
* First we consider some modified versions of the Newton power flow (NPF)
* Since most of the computation in the NPF i1s associated with building and
factoring the Jacobian matrix, J, the focus 1s on trying to reduce this
computation
* In a pure NPF J 1s build and factored each iteration
* Over the years pretty much every variation of the NPF has been tried; here
we just touch on the most common

* Whether a method is effective can be application dependent
- For example, in contingency analysis we are usually just resolving a solved case with
an often small perturbation

18



Quasi-Newton Power Flow Methods
Al
* The simplest modification of the NPF results when J is kept constant for

a number of iterations, say K iterations
— Sometimes known as the Dishonest Newton

« The approach balances increased speed per iteration, with potentially
more Iterations to perform

« There is also an increased possibility for divergence

 Since the mismatch equations are not modified, if it converges it should
converge to the same solution as the NPF

* These methods are not commonly used, except in very short duration,
sequential power flows with small mismatches

19



Dishonest N-R Example
A

v _ v | L ()2 _
X = X0 [ZX(O) } ()" -2) We pay a price in increased
Iterations, but with decreased
Guess x =1, Iteratively solving we get computation per iteration; that

price is too high in this

v X (honest) X (dishonest) example and in the power flow
0 1 1 in general so it is not used.

1 1.5 1.5

2 1.41667 1.375

3 1.41422 1.429

4 1.41422 1.408

20



Decoupled Power Flow

Rather than not updating the Jacobian, the decoupled power flow takes
advantage of characteristics of the power grid in order to decouple the
real and reactive power balance equations

— There is a strong coupling between real power and voltage angle, and reactive
power and voltage magnitude

— There is a much weaker coupling between real power and voltage magnitude, and
reactive power and voltage angle

21



Decoupled Power Flow Formulation

General form of the power flow problem

AL
00 o[V || aeY | [ AP(x")

_ " » ” — ” =f(X(V))
oQ™ Q™ I[[AVIT ] [AQ(X™)_

00 OV
wnere

P, (x")+ Po2 = Fs2
AP(xM) = '

i I:)n (X(V)) T I:)Dn - I:)Gn N



Decoupling Approximation

Usually the off-diagonal matrices, — and

P (V)

oV

@ (V)
00

are small. Therefore we approximate them as zero:

[ Ap (V)
oP 0
00
: QW
oV

AO(V)

AV

Then the problem can be decoupled

P

AW = | T
00

-1

AP(xV)) A[V|Y) = -

i (v)
AP(Xx*") _ £ (xW)
AQ(x™) |

PO

2201 aex)

23



Off-diagonal Jacobian Terms

AJ#

Justification for Jacobian approximations:

1. Usually r << x, therefore ‘Gij‘<< ‘Bij‘ By assuming half the

2. Usually @; is small so sing; ~0 elements are zero, we
only have to do half the

Thergfore computations
P .

oV

@ I -

8§-I — _Ni H\/J ‘(Glj COS HIJ + Blj SN 9” ) ~ O

J

24



Fast Decoupled Power Flow, cont.

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

— This means the Jacobian need only be built/inverted once per power flow solution
« This approach is known as the fast decoupled power flow (FDPF)

* FDPF uses the same mismatch equations as standard power flow (just
scaled) so it should have same solution

« The FDPF had been widely used, though usually only for an approximate
solution; it is less commonly used now

25



FDPF Approximations

The FDPF makes the following approximations:
1.

2.
3.

Gjj =0
Vi‘ =1
sing; =0 cosg; =1

To see the impact on the real power equations recall
n
P = 2 ViV (G cosby + By sinGy) = Ps; — Py,

Which can also be written as

_ n
R YV, (G, cos6 + By sin Gy ) =
\ k=1

Fei — Poi
V.

26



FDPF Approximations

With the approximations for the diagonal term we get

OP. L
hll P B. ——B.
89i I<Z::1 Ik I
k=i
The for the off-diagonal terms (k = 1) with G=0 and V=1
oR

00, = —Bj cosfy =By

Hence the Jacobian for the real equations can be approximated as —B

27



FPDF Approximations

 For the reactive power equations we also scale by V.

Qi = D MiVk|(Gysinéy — By cosby) = Qg — Qp;
k=1

- n N .
i 2 Vi (Gyy sin6y — By cos ) = i ~ Qo
Vi & \

For the Jacobian off-diagonals we get

0Q,
oV,

= —By cosfy =~ —By

28



FDPF Approximations
« And for the reactive power Jacobian diagonal we get

0Q; 4
6—\/: ~ _ZBii_kZ::lBik:_Bii

K=l
« As derived the real and reactive equations have a constant Jacobian
equal to -B
— Usually modifications are made to omit from the real power matrix elements

that affect reactive flow (like shunts) and from the reactive power matrix
elements that affect real power flow, like phase shifters

— We’ll call the real power matrix B’ and the reactive B”

29



DC Power Flow

AJp
* 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
0=—B 1P P signconvention is that

generation Is positive

* The term dc power flow actually dates from the time of the old network
analyzers (going back into the 1930°s)

— Not to be confused with the inclusion of HVDC lines in the standard Newton power
flow

DC power flow is widely used in electric power market analysis 20



Book 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 10
~100 100
100 —150
0 40
T 03263
0.0091
~0.0349
| —0.0720

20
0
40

~110 |

radians =

31



DC Power Flow in PowerWorld

i

« PowerWorld allows for easy switching between the dc and ac power flows
(case Aggieland37)

Agg|eland Power and nght To use the dc approach
) in PowerWorld select

Tools, Solve, DC Power
Flow

Total Load 1421.0 MW
Total Losses: 0.00 MW

1.00 pu, TEXAS345

:
Wi

TEXAS138 53 MW
0 Mvar

L7
. A
e A
1 u H
3
e
29 MW
1.08758tap T 0.0 Mvar ‘T 1.00 pu HOWD
.
TEXAS69 4 g0 pu BATT69 609 27
.
39% 1.00 pu NORTHGATE69 )
0 o
7%

VVVVVVV
1.00 pu

100 MW

287.2 MW (s

1.00 pu

e 37 MW
3% 0 Mva

WHITE138 115.0 MW & el v
35 CENTURY69 B s -
0 Mvar 31 MW =
| g <@ SOEMW S roomg N e i Notice there are no losses
GIGEM69 :
1.00 pu A
s MAROONSQ REVE“_LEﬁg 903 m\:{r 729 es% 1 0625Etap 49 MW \
» o Mvar l— 0 M
ws 69
y B _|F 0.0 Mvar TREE6S é 100 MW 100pu 1N/
g 0O0Mvar 1P » —| E %MW
" s — ol 0.0 Mvar ﬁ F1SHGS)
f <—@ 2 o 5yMW 7
Zeoojvy A SPIRITE9 omas& ] "“\ 23 Kviewss (5% \
/ A FUIED 22% “x 26 P Y
YELL69 26% 3sMW A * < . —| F \
VY _ 0 Mvar é 1.00 pu P i 0:0|Mvay
v D 1 a W s
25 MW 5 E - - - V P\ > D >61 MW
0 Mvar 0 Mval
, L " . 1103Mw B Y )
B 58 M
5, 0.0 Mvar 96 MW 0.0 Mvar %
ULALL 1.00 pu MSC69 Gy

70 MW 59 MW RING69

& >—>> S
4 oo RELLIS69 .00 pu RUDDER69 0 Mvar 0 Mvar.
A et AN omar TN 105MwW 22w o
O RELLIS138 2 1.00 pu REEDG69 100 Pu AGGIE138 | AGGIE345
1.00 pu HULLABALOO138 (ﬂdea o,

H

(4,
:EIE
3=
s

S
i
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Additional Power Flow Modeling Topics

Al
* Over the years power flow algorithms have grown increasingly
complicated, with this complication driven by a desire to better replicate
the complexity of the actual power grid

* The next several slides cover some of these topics, with more details
covered later in the semester (like modeling renewable generation)

* I cover more on solving large grids once we’ve covered the Chapter 7
material

33



Transformer Taps and Impedance Correction
Tables

A
« 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)

34



Switched Shunt Control

« 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

35



Switched Shunt System Design
i

* 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

36



Switched Shunt Sizing

AJ#

A goal with switched shunt sizing Is to avoid human Tharaiaiaina

Irritation caused by excessive changes in lighting version of this
IEEE Std 1453-2015 gives guidance on the percentage ~Standard, 1453-2022
of voltage changes as a :
function of time; Table 3 5
of the standard suggests ]
keeping the voltage s 11N
changes below about 3% t \<\|||||| RN
We determine analytic LN V\\\\\ /
methods to calculate this gt 4 L LLL | [t ﬁ -
percentage later in the semester PrOIOR  reqUNCroFDbe. oo

Image from IEEE Std. 1453-2015, “IEEE Recommended Practice for Measurement and Limits of Voltage Fluctuations 37

and Associated Light Flicker on AC Power Systems”



Dynamic Reactive Capability

Al
« 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

38



Area Interchange Control
i

* 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
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Area Interchange Control

* 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 I:)km

» 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 I exports (imports)

« Consider the two areas 1 and j that are directly connected by the
single tie line (k, m) with the node k in area 1 and the node m in
area |
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Net Power Interchange
i
* Then, for the complex power interchange S;, we have a sum in which
P, appears with a positive sign; for the area j power interchange It
appears with a negative sign

--------
..................
““““““
““““

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

Area | exports P,., and Area j imports P,
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Net Power Interchange

Al
« 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
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Modeling Area Interchange

AJ#

« 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
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Generator Volt/Reactive Control

« 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
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Generator Voltage Control

Al
This example uses the
case PSC_37Bus with
a voltage contour. Try

varying the voltage
setpoint for the

System Load: 813.65 MW
System Load Scalar: 1.00/

1.050 pu
- K345 System Losses: 11.96 MW
b, < < — <

1A, ~N
OAK138
—1.000 pu 33 MW
13Mvar |\ 459 Mvar 18 MW

Voltage\Per Unit Magnitude

P/}

M. 1.02508kap

- Ty~ OAK69 1o1pu 4 ]_ BUCKEYE69
0.950 pu (B 101pu 4

~ A 3
I_ Y
LEREEL & MAPLE69

12’ MW

o PINEGO

17 MW
3 Mvar

1.01 pu

5 Mvar 19 MW

[ & o= LB generator at PEARG9
1.00 pu Y wanures . 58 MW . N7 1.05 Jlﬁtap

N 51 MW e 40 Mvar Ay——>>——

l, 2l 2 15 Mvar N7, CEDAR69
C ez 28.9 Mvar —) < PECANGS
-l—| 14.2 Mvar
1.00 pu  12.7 Mvar 7 s6Mw
b N
> > 13 Mvar
/<
v 58 MW &
A 0.993 pu 36 Mvar
0.99 pu 7 MAPLE69
Y POPLARG9Y b 33 MW v privess
y 10 Mvar 1.01 pu F
L, 15 MW >
3 Mvar ~ ‘w SPRUCE69 Y/
1.00 pu A - Y. ( ( 4 N
: g g 36 MW 1.01 pu
60 MW 3 D> 10 Mvar 7.2 Mvar | A
N 12 Mvar\ W
[ oomvar |, A 1.00 pu L 1.00 pu 7 CHERRY69 -,
> ” > > > 45 MW 14 MW  BIRCH69
rodl A T 1.00pu = REDBUD69 0 Mvar A+ PR
( o 263n::‘:’r g2 Mw ofuw 14 MW 3
20gMW ‘ ‘ 15 Mvar 0 Mvar > b <@=)
30 Mvar ﬁ? e/ /I\ Slivay Ao

1 .. PEACH138 1.02 pu’Ay—4- LEMON69 3sfjm
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Generator Remote Bus Voltage Control

A
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 |
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
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Reactive Power Sharing Options

- AJ#

[P o Salir | Different software packages use
Common Options  Advanced Options  Island-Based AGC  DC Options General Storage -
different approaches for
Define Post Power Flow Solution Actions al I O Cat i n g th e reaCt i Ve powe r ;
Fower Flow (Inner) Loop Options Contral (Middle) Loop Options P Owe rWO r I d h aS Seve ral O pti O n S o

[ ]pizable Power Flow Optimal Multiplier [ ] Disable Treating Continuous 55 as PV Buses

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

[ Jinitialize from Flat Start values [ ] pizable Balancng of Parallel LTC Taps
Minimum Per Unit Voltage for [ Model Phaze Shifters as Dizcrete Controls
Constant Power Loads = Disable Transformer Tap Control if Tap Sens
Constant Current Loads = is the Wrong Sign (Mormally Chedk This)

Min. Sensitivity for LTC Control Fin—l =

Pre-Processing Post-Processing

[ ]pizable Angle Smoothing [ ] pisable Angle Rotation Prog Cigm

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
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Reactive Power Sharing

N/ 3 Mvar

PALM69

Voltage\Per Unit

-1.000 pu

{ 1.01 pu APPLE69
L

ORANGE69

58 MW
40 Mvar

WILLOW69

LOCUST69

45 MW
12 Mv;
PECAN69

B 050 pu

In this example, case
PSC 37Bus_Varsharing,
the two generators at

CHERRY69
45 MW

14 MW BIRCH69

Elm345 are jointly
“, controlling EIms138
PRI, PRI
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Generator Remote Bus Voltage Control

A
« The next complication iIs 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
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