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Overview
Al
e The power flow, probably the most common power system analysis tool, IS

used to determine the bus voltages, which in turn are used to get all the
power flows.

* In its standard form (positive sequence, ac) the power flow involves solving
sets of nonlinear equations; as such, these equations often have multiple
solutions, or may have no solution

- If solutions exist, almost always one is the desired solution that corresponds to how
the grid would actually operate; it will be referred to as the “operable solution” (OprS)

- Any other solutions will be referred to as an “alternative solutions” (AltSs)

* The focus of this presentation of this presentation is on these alternative
solutions, including how to detect them and avoid them.

* These slides are available at overbye.engr.tamu.edu/presentations/ 1



Aside: Texas A&M SGC Electric Power Short
Courses for Fall 2025

e Building on its success from prior semesters, the Texas A&M Smart
Grid Center (SGC) will be offering at least three more short courses
In Fall 2025 at our control lab/training facility in Bryan TX; more
Information Is at epg.engr.tamu.edu/short- -CoUrses- maln/

- Primer on the Planning and Operation
of Large-Scale Electric Grids
(September 9 to 11)

- Fundamental of Electric Transmission
Planning (October 7 to 9) =

- Introduction to Artificial Intelligence
In Power Systems (November 4 to 6)




Presentation Abstract

Al|M
* The presentation covers alternative power flow solutions (AltSs). T
 While AltSs are thought to be rare, they do occur, and can substantially
change a solution. However, there can be many AltSs, and some might not
Impact the solution in the area of interest.
- While usually good, this also means the presence of the AltS can be easily missed.

« Avoiding AltS involves a combination of
- Utilizing available options to modify the power flow solution (Newton-Raphson here)

- Avoiding, as much as possible, large power flow changes; several smaller changes
might be a better approach

- When new buses are manually added setting their initial angles close to the existing
angle value

- Effectively managing the explicitly modeled wye-delta phase shifts



AltSs In Practice

AJ#

Image shows planning study
voltage contour (with red low)
that had 65 energized 115,138,
or 230 KV buses with voltages
below 0.90 pu.

The lowest 138 kV voltage was 0.836 pu; lowest 34.5 kV was 0.621 pu; case contained

42,766 buses; once a power flow solves to an alternative solution, it tends to stay there
fore subsequent changes! 4



Power Flow versus Load Flow
AlM
e The power flow Is one of the most widely used power system analysis tools

- The terms “power flow” and “load flow” are used synonymously; | prefer the term
power flow since the power “flows”, not the load

- But both are commonly used, and have been commonly used in the power industry for
at least 60 years
e The classic paper in this area is by W.F. Tinney and C.E. Hart, “Power Flow
Solution by Newton’s Method,” IEEE Power App System, Nov 1967

- The power flow usage iIs not new, with a 1956 paper by Ward and Hale titled “Digital
Computer Solution of Power-Flow Problems”

- In that 1956 paper there are a number of “load flow” references; a nice history of the
power flow is given in an insert by F. Alvarado and R. Thomas in T.J. Overbye, J.D.
Weber, “Visualizing the Electric Grid,” IEEE Spectrum, Feb 2001



Modeling Cautions
A

« "All models are wrong but some are useful,”" George Box, Empirical Model-
Building and Response Surfaces, (1987, p. 424)

- Models are an approximation to reality, not reality, so they always have some degree
of approximation

- Box went on to say that the practical question is how wrong to they have to be to not
be useful

e A good part of engineering iIs deciding what is the appropriate level of
modeling, and knowing under what conditions the model will fall.

« Of course, engineering often involves using widely accepted modeling and
analysis approaches for common problems.

 Models “failing” is particularly germane when talking about power flow
AltSs.



Linear versus Nonlinear Systems

- TR
A function H is linear if Linear systems have a
H(oupy + oppy) = aH(py) + a,H(py) single solution.
That Is The dc power flow,
1)  the output is proportional to the input common in power
2)  the principle of superposition holds METLE EMEIET

_ Involves solving a set
Linear Example: y = H(x) = A X of linear equations.

y=A (X +X,) = A X, + AX, Hence It has the nice
. o D property of always
Nonlinear Example: y = H(x) = c X have a single
Y = C(X;+X,)? # (cX,)? + (C X,)? solution.



Linear Power System Elements
A

* Resistors, inductors, capacitors, independent voltage and current sources
are linear circuit elements

V=RI, V=joLI,V=1/(jwC) I
e Such systems may be analyzed by superposition




Mixed Linear and Nonlinear Models

e Constant power loads and generator injections are nonlinear and hence
systems with these elements can not be analyzed by superposition

Ri

Nonlinear problems can be
very difficult to solve, and

Vg usually require an iterative
approach

Non lineay



Multiple Solution DC Circuit Example

e The dc system shown below has two solutions
If the load was zero

——W——
LT 150 L Assumed the power, then there are
Qv= V{,‘_wj 18 wattboxisa 544 fo solutions: 1)
| resistive load. o500 circuit, and 2) short
circuit.

The equation we're solving IS

2
2R, g =( 9 volts j Rionq =18 watts

1Q+RLoad
One solution is R, ,,y =2Q  I'he maximum
load 15 20.25 W.

Other solution Is R ;4 = 0.5Q .



Power Flow: Solving the Power Balance Equations
A

* The power flow involves solving the nonlinear power balance equations at
every bus in a system (except for the slack bus)

n n
- *, * Qi .
Si = R+1Qi=Vi2 ViV = 2 V[V e™ (Gik = 1Bi)  These equations are
k=1 k=1 .
formulated with the

n .
= > ViV (coséy + jsinGy )(Gy — jBy) voltages I frelel
k=1 notation; they can also be
Resolving into the real and imaginary parts formulated with the
, voltages in rectangular
P = D Mi|M|(Gi cos by + By sinéy ) = Pgj — Py, notation (V; = ¢; +]f;). Of
k=1 course, they give the

n _ same solution.
Qi = D2 MiV(|(Gysin6y — By, cosby) = Qg — Qp;
k=1

11



Slack (or Reference) Bus
Al

* We can not arbitrarily specify S at all buses because total generation must
equal total load + total losses.

 We also need an angle reference bus.

e To solve these problems we define one bus as the "slack™ bus. This bus
has a fixed voltage magnitude and angle, and a varying real/reactive power
Injection.

* There is no slack bus in a real system; the frequency changes locally when
the power supplied does not match the power consumed.

12



Newton-Raphson Algorithm
Al

* Most common technique for solving the power flow problem is to use the
Newton-Raphson (N-R) algorithm. Key idea behind Newton-Raphson is

to use sequential linearization with
General form of problem: Find an x such that f(X) = O
e For ascalar function the sequential iteration Is

1. Make an initial guess for £, x(¥
2. Set the iteration counter v to zero, and iteratively solve for a new

estimate of %, X"V until f(x*!) is below a tolerance
: -1
D) — ) | df () f (xM)

dx
: _ 13




Newton-Raphson (N-R) to Solve x2-2=0

* The solution values are where the function is equal to zero; here there are
two: square root of 2 and minus square root of 2.

» The initial guesses that result in convergence of the N-R to a particular
solution are known as the solutions region of attraction (ROA).

90T At each iteration the N-R
method uses a linear
approximation to determine
S0 the next value for x.

| | 00 | |
-4.00 -2.00 0. V 2.00 4.00

f(x)

14



Power Flow Variables

A|M
Assume the slack bus is the first bus (with a fixed voltage angle/magnitude). I

We then need to determine the voltage angle/magnitude at the other buses.

0, - P,(X)—Pg, +Ppy |
X = 9n f(X) _ I:)n (X) o I:)Gn + I:)Dn
N 2‘ Q,(X) = Qg2 +Qp>

_‘Vn‘_ _Qn(x)_QGn "'QDn_

15



Newton-Raphson 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

X(v+1)

\V —
End While

‘>5 Do

X(V) ] (X(V))—lf (X(V))
v+1

Commercial NR algorithms
have many additional
complications, including those
associated with managing the
voltages and reactive powers,
and managing the area real
power interchanges.

16



Two Bus Newton-Raphson Example
Al
e For the two bus power system shown below, use the Newton-Raphson

power flow to determine the voltage magnitude and angle at bus two.
Assume that bus one is the slack and Sg,,. = 100 MVA.

LineZ=0.1j
One 1.000 pu Two 1.000 pu
n
@ OMR NZgrgved
O, - — j10 j10 |
X = ‘V ‘ Ybus — - -
Vol - J10  —j10

17



Two Bus Example, cont’d

Al

General power balance equations The rectangular form
n n
Pi = Z Vi Vk (Gik COS Qik + Bik S|n Qik) — PGi - PDi P; = Z[ i (ejGij - ijij} + I:i (ijij + IEjBij) } (B-1)
k=1 j=1
n n
i i = fj (&jGjj - fiBij) - € (jGi; + ¢Byy) ) (B-2)
Qi = 2 ViM(Gysin6y — By cosby) = Qg — Qp; ? El[ LA i R
k=1

Bus two power balance equations

V,|V;|(-10cos6,) +V, [ (10) +1.0=0

18



Two Bus Solved Values
AlMm

* The power flow then determines the Bus 2 values (voltage magnitude and
angle). Once these are known we can calculate all the other system values,

such as the line flows and the generator reactive power.

200.0 MW -200.0 MW
1683MVR  Linez=0.1j -100.0 MVR

One { 1.000 pu TwWo ; 0.855 pu -13.522 Deg
200.0 MW i 200 MW
168.3 MVR 100 MVR

19



Alternative Power Flow Solutions
A

 |f the load Is assumed to be truly constant power, then the power flow
equations actually have two solutions!

200.0 MW\
~100.0 Mvar
Bus 1
0.261 nu
(slack bus) ~49.91 Dea
2008 MWV
100 Mvar

This second solution does not represent an actual operable solution, but it does satisfy the
power flow equations. This solution is denoted here as an alternative solution (AltS);
these solutions are also sometimes called low voltage solutions since some voltages in
AltSs are often (but not always!) low.
20



PV Curves (Nose Curves) and Parameter Space

PV and QV curves (sometimes known as “Nose Curves”) plot the

variation of the solution voltages as a set of parameters are varied (e.g.,

real power for a PV curve, reactive power for a QV curve).
The left image shows a standard PV curve, whereas the right image shows

a QV curve example where an AltS occurs at a rela

gHigh voltage sblutioné

—

o
o

-
IS

Per unit voltage magnitude
o o
N »
I [

o

i Low voltage solutions

100

o

200 300 400 500
Real power load (MW)

600

tively high voltage.

Q-V curve

Solution
*  High-Voltage Solution
Low-Voltage Solution

Al
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V mag [pu]

Two Bus Region of Attraction
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The region of attraction (ROA, also called domain of attraction) for the NR
algorithm is the set of voltage guesses that converge to a particular solution.

Image shows the ROA for different initial guesses of Bus 2 angle (x-axis)
and magnltude (y-axis), W|th negative iterations for AltS convergence.

V angle [deg]

20

-20

Iterations

Orange region initial guesses
converge to the OprS, while the
purple region guesses converges to
an AltS, here with a much lower
voltage.

Note that initial guesses with one per
unit voltage can result in convergence
to the AltS.

22



V mag [pul

The ROA Depends on the Solution Algorithm

 The ROA does depend on the algorithm, with the left image showing the
ROA for the polar NR, and the right image the ROA for the rectangular
NR using the optimal multiplier approach [a] to prevent divergence.

20
1.4 1.4
15
1.2 1.2
10
1.0 — 1.0
5 wn =
g o
0.8 = 208
0 B :
0.6 g =
5 S 06
0.4 -10 0.4
0.2 -15 0.2
150 -100 - ~20 150 -100 -

V angle [deg] V angle [deg]

[a] S. Iwamoto and Y. Tamura, "A Load Flow Calculation Method for IlI-Conditioned Power Systems," IEEE Trans. Power App. & Syst. vol. PAS-100, no.

4, pp. 1736-1743, April 1981,

Images source: K. Zhgun, S. Kunkolienkar, F. Safdarian, T.J. Overbye, J. Weber, “Improving Power Flow Convergence By Leveraging Region
of Attraction Visualization,” 2025 North American Power Symposium (NAPS), Hartford, CT, October 2025.

Iterations

23



The ROA Might Be Relatively Small
A
* The below left image shows the OprS voltage contour for a 42-bus system,
and the right image the ROA for an initial voltage guess at Bus 34

(Rose138) with all other voltages set to their OprS values; note that flat start
voltage (1£0°) is not in the ROA for the OprsS.

1.4

1.2

-10
—_ 1.
= 0 L5
2
0.8 _
g 0
> 0.6 -5
0.4 -10
0.2 -15
-20

—150 —-100 -50 0 50 100 150
V angle [deg]

Image source: K. Zhgun, S. Kunkolienkar, F. Safdarian, T.J. Overbye, J. Weber, “Improving Power Flow Convergence By Leveraging Region
of Attraction Visualization,” 2025 North American Power Symposium (NAPS), Hartford, CT, October 2025. 24

Iterations



ROAs Showing Values for Multiple Buses
A

e The dimension of the ROA is two times the number of non-slack buses;
hence only a low dimension projection (e.g. 2D) is possible to show.

« Common projections are 1) voltage magnitude and angle at one bus, 2)
voltage magnitudes at two buses, or 3) voltage angles at two buses.

1.4
AltS3
1.2
.
- 649.8 MW nw1ilo ©
- @ AltS2 2
— ~
1.000 pu a 0.8 <
0.00 Deg = =
o =)
0.6 &
- 0.935 pu £ AltS1 3
-21.12 Deg > 0.4
3508w ’
Thanks to TAMU graduate student Sanjana Kunkolienkar for the 5’0 B e a= s e e S 1 .
? a . . . . on-converge

right image, which required more than 2 million power flow solutions V mag [pu] Bus 2
to produce! 25



ROAs Showing Values for Multiple Buses: Angles
Al
* This example shows the ROA for phase shifter terminal bus angles (flat

start for all others), with four solutions found. Here the full flat start
solution (zero degrees at Buses 32 and 33) is not in the ROA for the OprS.

—-40 -20 0 20 40 i Non-converged
V angle [deg] Bus 32

e
220
e - ey AT Myar
e L 40
. s o SUACKI38 AltS3
L1 pun e PINELZS
i N ] o~ v 2o 103 pu
' 7 2 . 1.02 pu ,
x 15.9 Mvar u s oo o N
) A m
= = = 101 L) KEVEGD o 17 MW 3 v
L s :
- " . n 20
. L ! gy 21 MW 1.00 pu WILLOWED : i}
: . 7 Tl L
= “} | - AltS2 &
o ¥ 100 pu P . 7 X lz‘
s 3 : B o
e . T W
| 45 o g b >
i o 4 0
™ i ) ¥ i — c
: P ; S <
! 127 56 MW 5
) = 1 n PLUML IR Rl 2
r A 14 M A o E
iy - : PEAR1EA 14 MW, > 5
0.9 e
1= i e AltS1 »
- iy < OLIVESS 102 pu
] 00 1 . = RETa Y] “2 c 20
L1 5, _
b 1s ©
y : 1 SH L
“ A
[ mw S >
e 1 '
' o CHERRYED h
0. LI n. 14 BIRCHGS '
1 H L e » )
4
| I . OprS
v = . 1 40
1 LEMONGS V0P g TRV TTE T
J LPLs =
' L MON L e )
L
& )
<

Again thanks to TAMU graduate student Sanjana Kunkolienkar for the
right image, which here required 1 million power flow solutions! 20



History of Alternative Power Flow Solutions
Al

« The power flow having alternative solutions is first mentioned in Power
System Computational Conf. (PSCC) papers in 1972 and 1975, though
there are earlier papers in Russian. :

- [a] V.I. Idelchik, V.I. Tarasov, “Experimental
Investigations of Existence, Non-Unigueness and
Convergence of Solution of Power Flow Problem
Equations in Power Systems”, 4th PSCC,
Grenoble, FR, 1972.

- [b] A. Klos, A. Kerner, “The Non-Uniqueness of
Load-Flow Solution,” Proc. 5" PSCC, Cambridge,
UK, 1975.

Fig 1 Example of the load-flow solutions in
3 - busbars network

Image source: [b] o/ noteask data p.u. /base gomer 100 s

ase voltage 400 kV/
b/,c/,d/,8/ load-flow molutions 27



Fractal NR Power Flow ROAS

e Starting In the late 1980’s, papers describing the fractal nature of t
started to appear; my work was motivated by the book Chaos Ma

New Science by James Gleick (1987).

Both images from [a]

..
g

ik
i

ge Magnitude
e

Lol -
E 8 BB

-

Bus 2 Uolta

-

3 Bus System - Bus 3 Load = 0.9 Bus 2 Load
® 10000
] 4———— Direction of increasing load
S | d
C o /
£ a0 ®
& o0
:&m ®\/
gum
M Q3000
" 0200 /'
3
D 100 \
Cem wie Gaw LA oA 65m nm LA G0 m\n Lm
Bus 2 Uoltage Magnitude

Figure 3

[a] C. L. DeMarco and T. J. Overbye, "Low Voltage Power flow Solutions and Their Role in Exit Time Based Security Measures for Voltage Collapse”, Proc of the 27th

e ROAS
<ing of a

Regions of Attraction for Case vith Nonzero [nitial Angle Buesses

i “'—'/.

4— Conwerguce to solution 3 Entmlnsﬂlllml Lervergence 10 solution |
mmloniu.imi

L

000 ILHIII lm um aw nm u‘mmum l-ﬂ m

Bus 3 Voltage Hagnitude

.-

Figure 5. 2r -by-2n  grid of initial con-
ditions in angle coded by the color of

Figure 8

Conference on Decision and Control (CDC), Austin, TX, Dec. 1988.

[b] J.S. Thorp, S.A. Nagavi, “Load Flow Fractals,” Proc. 28" Conference on Decision and Control (CDC), Tampa, FL, Dec. 1989.
[c] J.S. Thorp, S.A. Nagavi, “Load Flow Fractals Draw Clues to Erratic Behavior,”

the load-flow solutions in Table 2

IEEE Computer Applications Power, Jan. 1997, pp. 59-62 (published in color)



How Many Alternative Solutions Exist?

The short answer Is “lots or “it depends on system
loading.” In an unloaded system with n+1 buses, a
separate AltS could exist for every combination of
buses since zero power at each bus can be achieved by
either zero current (open circuit) or zero voltage

(short circuit); so potentially 2".

- As the system loading increases,
the AltSs coalesce, until
eventually just a single
AltS exists (along with the OprS)

Images from: T.J. Overbye and R.P. Klump, “Effective
calculation of power system low voltage solutions,” IEEE
Transactions on Power Systems, Vol. 11, pp. 75-82,
February 1996.

Bus 2 Voltage Magnitude

4 0.6 0.
Bus 1 Voltage Magnitude

Figu

re 2: Maximum Load Participation at Bus 1

BUS l J04 BUS 2
€ >
300 MW . . 300 MW
0  Mvar 10.1 jo.1 0 Mvar

Bus 3

(slack) 5

Bus 2 Voltage Magnitude

1
=— Direction of increasing load A
os ez,

N
)

{

C 1

. 0.6 0.
Bus 1 Voltage Magnitude

Figu

re 3; Maximum Load Participation at Bus 2

Figure 1: Three Bus System

Voltage

Solution A | Solution B | Solution C

Solution D

V) 0.9487 0.2677 0.7477 0.3162
0, -18.43° -77.52° -26.95° -71.56°
Vv, 0.9487 0.7471 0.2677 0.3162
0, -18.43° -26.95° -77.52° -71.56°

Table 1: Three Bus Base Case Solutions

Bus 2 Voltage Magnitude

1
-«——— Direction of increasing load A
0.8 |- /
1 BK

D

D i

C

<

0.4 0.6 0.8
Bus 1 Voltage Magnitude

Figure 4: Varyving Load Participation
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Power Flow Solutions and Stability

* Power flow Is a static analysis tool, so the concept of stability does not
apply. However, If standard power system dynamics are assumed, the
stability of a solution can be determined specified.

e Because with the standard dynamics the OprS Is stable, the term stable
equilibrium point (SEP) is often used synonymously with the OprS, and
unstable equilibrium points (UEPs) with the AltSs.

e Using the approach of [a], the UEPs are assigned a type based on the
number of positive eigenvalues in the Jacobian of the power flow
equations; a type-one UEP would have a single positive eigenvalue.

[a] H. Chiang and J. S. Thorp, "The Closest Unstable Equilibrium Point Method for Power System Dynamic Security Assessment,” IEEE Trans.
Circuits and Systems, pp. 1187-1200, Vol. CAS-36, no. 9, Sep. 1989.

30



Application of AltSs

T

* |Inalmost all situations the desire is to converge to the OprS; hence the goalﬁ
of power flow algorithms and initial value selection are to ensure the NR

starting point is within the OprS’s ROA.

e Some exceptions existed, such as when determining power system voltage

stability using energy methods. There the
goal is to find to find at least a subset of
the type-one AltSs.

- An AltS, combined with the OprsS, is used to
determine an energy measure for the associated
solution, giving a measure of the voltage stability
In a portion of the system.

T. J. Overbye, C. L. DeMarco, "Improved techniques for power system voltage stability assessment

Energy Measure

5
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1
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1.0 1.5

=+ Bus 21 solution
Bus 43 solution

Bus 44 solution
Bus 54 solution
-= — — - Bus 95 solution

-~
-y
-,

2.'0 ) 2'.5
Load Constant (k)

using energy methods," in IEEE Transactions on Power Systems, vol. 6, no. 4, pp. 1446-1452, Nov. 1991

Figure 4-2
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Bus Angle Variation

* |na large grid there can be substantial
variation in the bus angles. This means
that the flat start guess for a bus (1.£0°)
may not be in the ROA If starting from
a converged solution.

e As an example, the image on the right
contours the angle variation across
a synthetic 23,600 bus grid [a].

- Here the reference bus is in Mississippi with
an angle of -30 degrees.

Image source: K. Zhgun, S. Kunkolienkar, F. Safdarian, T.J. Overbye, J. Weber,
“Improving Power Flow Convergence By Leveraging Region of Attraction
Visualization,” 2025 North American Power Symposium (NAPS), Hartford, CT,
October 2025. Case can be downloaded from electricgrids.engr.tamu.edu.

Voltage\Angle (degrees)

.-: T j.__
e Sla
A

7
7\\
R --150.90 deg

g
-

s
-0.00 deg

I’_.-;'- AT ril 2 e
AR g R y
.\/—k\\

Figure 7: 23,600-Bus Electric Grid Voltage Angle Contour
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Example: AltS for the 23,600 Bus Case

Number of Iterations

15

10

-10

-15

-20
-180 -120 -60 0 60 120 180

Al
With AItS prevention options in the power flow disabled, AltSs can be
easily obtained for this case, with flat start cases at individual buses only
converging to the OprS 38% of the time. The right graph shows the

convergence behavior at one bus (180977 in Michigan with an OprS angle

Lf\\fff Graph is a 1D ROA
representation

n fr——— =

Bus 180977 Voltage Angle (Degrees)

e 0 SV ' 33



Detecting AltSs
Al
« Since AltSs are often characterized by low voltages, sorting or contouring
the bus voltages can provide a quick check; however, this can miss some.

 Fairly fast, more comprehensive algorithms exist for identifying AltSs, with
a description of one algorithm given in [a]. The gist of the algorithm is to
Identify locations In the power system in which the dV,/dQ; values are
negative (with Q; assumed positive for power injected into the bus) except
for locations that have negative reactance branches

- Negative reactance branches occur with series capacitors and for some branches in
three winding transformer equivalent circuits

- The dV,/dQ; values can be calculated with order In(n) computation using sparse vector
methods; hence all buses can be checked in order n In(n) (similar to a sort)

[a] K. Zhgun, F. Safdarian, J. Griffin, T.J. Overbye, “ldentifying Problematic AC Power Flow Alternative Solutions in Large Power Systems”, 2023
North American Power Symposium, October 2023. 34



Detecting AltS in PowerWorld Simulator

Al|M
This algorithm is implemented in Simulator, and Is available by selecting
Tools, Sensitivities, Flows and Voltage Sensitivities to show the
Sensitivities Dialog, selecting the Self Sensitivity page, and clicking
Calculate Sensitivities.

- Calculating the values for all 23,600 buses takes about 8 seconds

‘ Single Meter, Multiple Transfers  Single Transfer, Multiple Meters  Self Sensitivity  Multiple Meters, Single Control Change  Multiple Meters, Multiple Control Change
The Bus Sensitivities results assume an injection of power at the bus in the Resuits Summary 23643 Slack Buses (shown for information)
respective row of the results with the power absorbed at the slack bus. The Number of Buses Grand Gulf 5 (210625); in Area MS (11)
results give the sensitivity of voltage at the respective bus due to the power Minimum dv/dP Value
injection.

e Maximum dV/dP Value
() caladate dv/dP Values Note: Sensitivities are only calculated for the 3 ; A 5
= '! . buses shown in the list below, Fiter the stto ~ "Inmum dVAQ Volue -0.00322
Calculate dv/dQ Values narrow the number calculated. Maximum dV/dQ Value 0.58502
Calculate Sensitivities Alternative Solution Buses 1
Bus Sensitivities

| E T Byl 8 2% 44 '?}&n 7 Records ~ Geo~ Set~ Columns~ - g Uh. S BN '\H‘é;g:‘ i)~ EH  Options ~

W=

| [L)Only show the primary bus for each superbus

Number [Sub NumfSub Name Area Num Area Name Negative Has closed gen,| Likely Alternative W

reactance lines |load or shunts Solution (First

Name ‘ Nom kV

dv/dp ‘ dv/da

PU Volt ‘
|

Neighbors)
il | 180977 7 0.00000000 -0.00162257 NO YES YES
2 110003 0.00000000 0.00027782 NO YES NO
3 200757 0.00000000 0.00105829 NO YES NO
4 110005 0.00000000 0.00216457 NO NO NO
5 110006 0.00000000 0.00016920 NO NO NO
6 110007 0.00000000 0.00047101 NO YES NO
7 150055 49 0.00000000 0.00028815 NO YES NO
8 110009 0.00000000 0.00209924 NO NO NO
| 9 110010 0.00000000 0.00035794 NO NO NO
| 10 110011 0.00000000 0.00034278 NO YES NO
3 11 110012 3 0.00000000 0.00173089 NO YES NO
12 110013 3R 0.00000000 0.00172900 NO NO NO
13 110014 3 ROSEDALE 0.00000000 0.00030249 NO NO NO 35
14 110015 4 ROSEDALE 0.00000000 0.00062967 NO YES NO




Avoiding AltSs
Al

e As noted at the beginning, avoiding AltS involves a combination of
- Utilizing available options to modify the power flow solution (Newton-Raphson
here)
- Avoiding, as much as possible, large power flow changes

- When new buses are manually added, setting their initial angles close to the existing
angle values

- Effectively managing the explicitly modeled wye-delta phase shifts, denoted as
phase shift groups
e Using the previously mentioned detection techniques can be helpful in
keeping AltSs from persisting.

- Once a power flow has solved to an AltS it is unlikely to resolve to the OprS without

Intervention
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V mag [pul

Impact of the NR Formulation on the Convergence
T
* As noted earlier the NR algorithm can be applied using either the polar or
rectangular formulation of the power balance equations, and this does
change the convergence behavior and the ROA,; with the rectangular
formulation the optimal multiplier can also be used [a].

Two-bus ROA with Polar NR Two-bus ROA with Rectangular Polar NR with Opt Mult.
20
1.4 . 14 15
12 . 1.2 i’
1.0 s .§.1.o 5
0.8 . 4% E,o.s 0 %
0.6 . g Eo.e I
0.4 -10 0.4 -10
0.2 —15 0.2 -15
—20 — — — -20
-150 -100 - Vangle [deg] 150 100 Vangle [deg]

[a] S. lwamoto and Y. Tamura, "A Load Flow Calculation Method for Ill-Conditioned Power Systems,” IEEE Trans. Power App. & Syst. vol. PAS-100, no. 4, pp.
1736-1743, April 1981. 37



Some PowerWorld Simulator Solution Options
A

e Simulator has a number of options to prevent power flow divergence or
AltS convergence, available at Options, Solution Options.

- Usually the default values are best ===

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

Dynamically add/remove slack buses as topology is changed

 One commonly used option is to add voltage e e e e

Control (Middle) Loop Options
Define Post Power Flow Solution Actions

d e p e n d e n Ce to th e CO n Stant p Owe r an d CO n Stant e —— () Disable Treating Continuous SSs as PV B

2 (" Disable Balancing of Parallel LTC Taps
|__| Disable Power Flow Optimal Multiplier

[[JModel Phase Shifters as Discrete Controls

r r n I h I r () Initialize from Flat Start Values
Disable Transformer Tap Control if Tap Se

Minimum Per Unit Voltage for
Modified Constant Power Curve Constant Power Loads  0.700 = W WS g S ety £ T

VO Ita e d ro S " S I n Ce 1.2 Min. Sensitivity for LTC Control 0.0100
y Constant CurrentLoads ~ 0.500 =
Var Limit Backoff Volt Tolerance  0,000050
h I 1 Pre-Processing Post-Processing
t e O a g O eS to (") Disable Angle Smoothing (") Disable Angle Rotation Processing
Sharing of generator vars across groups of buses during remote regulation

Zero at zero VO|tS,
circuit condition Is ﬂ

0 0.2 0.4 0.6 0.8 1 1.2

an AItS . Normalized Power

© Allocate across buses using the user-specified remote regulation percentages
(0 Allocate so all generators are at same relative point in their [min .. max] var range

Bus Voltage
(=]
(2]

() Allocate across buses using the SUM OF user-spedified remote regulation percentages
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Solution Options, cont.

AlM

* A newer option set Is to do pre-processing on selected voltage guesses when
there are large initial mismatches, likely due to some inconsistent initial
voltage angle guesses. e ot T TR

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

e These options can be very useful in

Define Post Power Flow Solution Actions

Control (Middle) Loop Options
(] Disable Treating Continuous SSs as PV Buses

Power Flow (Inner) Loop Options [T Disable Balancing of Parallel LTC Taps

certain situations but are still being o e

Disable Transformer Tap Control if Tap Sens.
Minimum Per Unit Voltage for
77 = is the Wrong Sign (Normally Check This)

evaluated to make sure they “do no harm.

Constant CurrentLoads ~ 0.500
Var Limit Backoff Volt Tolerance  0,000050

Pre-Processing Post-Processing

» The flat start procedure has recently been e o

© Allocate across buses using the user-spedified remote regulation percentages

- - - - &
m () Allocate so all generators are at same relative point in their [min .. max] var range
I p rove O e e r e a. W I e eX p I C I y (©) Allocate across buses using the SUM OF user-specified remote requlation percentages

Options for Handling Large Initial Mismatches

ZBR Threshold 0.000200 % "
- ZBR multiplier at low nom kV 100
F§LF DC Converter Equation Compatibility Options ZBR multiplier at hight nom kv 0

|_J Use Approximate DC Converter Power Factor Equations (not recommend&d])
— W 50.0 =
|_J Use PSLF treatment of Fixed Tap in DC Converters (not recommended) Rxtmed kv Bon ¢ =z
- - Assumed high nom kv 500.0 %
Options for Areas on Economic Dispatch it it 0=

-—

. Indude Loss Penalty Factors in ED b =2
") Enforce Convex Cost Curves in ED Branch Limit Scalar 005
Mismatch Improvement Factor 305

code automatically calculating
phase shift groups.

w
(o]



Phase Shift Groups

A
* |In three-phase power systems it is very common to have two winding
transformers that employ wye-connected windings on one side and delta-
connected windings on the other, or to have three winding transformers
with a combination of wye and delta windings.

- Such connections introduce phases shifts with multiples of 30°

* |nastandard (positive sequence) power flow these phase shifts to not need
to be modeled; however, increasingly they are being modeled by explicitly
adding multiple of 30° phase shifts to the transformers.

— This results in corresponding phase shifts in the solution angles

* To help keep track of these phase shifts, PowerWorld has introduced a
new data type known as Phase Shift Groups (PSGS).
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Phase Shift Groups (PSGs), cont.

A PSG is defined as the set of boundary transformers that are modeled as
having a specific phase shift, and the lower voltage, radial subnetwork
buses affected by this phase shift.

- A simple, and quite common example, is single generator connected to the
transmission system through a generator step-up transformer (GSU) that is
grounded-wye on the high side, and delta on the low side

- Another simple example is a radial load modeled with a step-down transformer

- However, PSGs can contain larger subnetworks with many buses and several
boundary transformers (e.g., a 34.5 kV network)

A PSG can contain another PSG, having an even lower voltage.

Transformers can only be part of the boundary for a single PSG, but buses

can be in multiple PSGs. .



Simple PSG Example
A
e The below oneline shows an example in which a load is served through a
138/34.5 kV transformer (connected delta-grounded wye) in which the
lower voltage lags the transmission system by 30 degrees.

- This i1s modeled in the power flow by including a 30 degree phase shift with
transformer going between Bus 2 and Bus 3.

- This phase shift does not need to be modeled, and has no impact on the power flow
solution other than shifting the Bus 3 voltage angle; however, commonly they are

modeled _ 138 kV Transmission System

e Here the PSG has a

_ Bus 1 1.00 pu Bus 2 0.939 pu

single boundary trans- DI DiEg W~ -9.20 Deg
) 150.0 MW Bus 3 34.5 kV

former and a single bus 73.5 Mvar 1508MW 0.929 oo

(i.e., Bus 3). 40yMvar ~ -41.17 Deg
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Phase Shift Groups Dialog

e PSGs are only calculated and shown in the Run Mode.
e To view all the PSGs In a case select Tools, Connections, Find Phase Shift

Groups to display the Phase Shift Groups Dialog.
- The below example is from a recent 27,000 bus WECC case with the bus numbers

sequentially renumbered to obscure the actual system components.

Phase Shift Groups Count: 512
Total Transformers Count: _521

Total Buses in Groups : 667

Only Check Multiple of 30 Degree Shifts

Likely Invalid Count: 0

Setup Phase Shift Groups Using Transformer Vector Groups

Check for Likely Invalid Groups In Update ‘ Update Phase Shift Groups | Update Time (Sec.) . 0.006

Set All Group Phase Shifts to Zero (Except Not Likely Invalid)

Find Group with Bus Number

Find Bus Number in Group
Bus Number

Find Group with Boundary Bus Number

- The PSG calculation is quite fast, taking about 6 ms for the WECC.

Ej | Bk % % A éﬁ, Records ~ Set~ Columns~ B~ o~ . B ‘;%EL g~ B | options »
Phase Shift Groups Buses  Transformers
ID Number Transformer | Bus Count W| Phase Shift High Side Highest Transformer ID| Minimum Bus | Maximum Bus Likely Invalid | Vector Group Gen MW # of Loads Load MW | # of Switched | Shunt Mvar
Count (Degrees) Nominal kV Nominal kV  |First Number Number Three-Winder Shunts (switched)
Group

1 599 1 ) -30 161.00 69.00 26984 TO 270« 27035 27059 No NO 0 0.00 12 11.20 0 0.00
2 223 1 7 -30 240.00 34,50 16238 TO 164 16457 16933 No NO YNJO 2 39.00 0 0.00 3 -9.02
3 7 1 5 -30 138.00 34,50 15450 TO 165« 16395 16786 No NO 3 58.57 0 0.00 0 0.00
4 432 1 5 -30 69.00 14.40 26067 TO 168t 16595 25995 No NO 0 0.00 1 23.30 0 0.00
5 66 1 5 -30 138.00 34.50 15450 TO 161( 16106 16901 No NO 3 56.47 0 0.00 0 0.00
6 49 2 4 -30 138.00 13.80 15347 TO 166« 16647 24050 No NO 1 28.00 2 4727 0 0.00
z 149 1 4 138.00 34,50 15836 TO 165: 16522 16907 No NO 3 4,96 1 27.26 0 0.00
8 595 2 4 -30 161.00 34,50 26968 TO 240: 26965 26970 Mixed NO Mixed 2 53.93 0 0.00 1 -21.22
9 94 1 4 -30 138.00 25.00 15583 TO 1547 15474 15617 No NO 2 12,10 0 0.00 0 0.00
10 208 1 4 -30 138.00 25.00 16140 TO 165¢ 16413 16921 No NO 4 16.95 1 1741 0 0.00
1" 480 1 4 -30 69.00 14,40 26067 TO 165¢ 16594 25997 No NO 0 0.00 2 40.77 0 0.00
12 233 1 3 -30 138.00 34,50 16321 TO 260« 26004 26042 No NO 1 15.60 0 0.00 0 0.00
13 479 1 3 -30 69.00 14.40 26067 TO 164¢ 16466 25998 No NO 0 0.00 B | 23.30 0 0.00

®
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PSG Applications
Al

« Since these phase shifts do not affect the power flow solution, PSGs will
likely initially be use for informational purposes.

- ldentifying the lower voltage radial subnetworks

e As transformer vector groups become more common, their phase shifts can
now be easily added (or removed) from a case.

« Knowing the PSGs can helping in setting initial bus angles, avoiding AltSs.
e PSGs can help when comparing bus phase angles across a network.

e PSGs are needed when the power flow Is used for initializing harmonic
analysis (e.g., with the new GICHarm functionality).

 PSGs can also help with flat start solutions since the initial bus angles can
be uniformly adjusted to account for these phase shifts.
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Summary and Current Work
Al
« By its nature the power flow usually has multiple solutions, with typically
only the operable solution (OprS) desired.

e Avoiding the alterative solutions (AltSs) involves a combination of
- Utilizing available options to modify the power flow solution (Newton-Raphson here)

- Avoiding, as much as possible, large power flow changes; several smaller changes
might be a better approach

- When new buses are manually added setting their initial angles close to the existing
angle value

- Effectively managing the explicitly modeled wye-delta phase shifts

» Research is ongoing to improve the NR convergence behavior to increase
the region of attraction for the OprS, and to restore an AltS to its OprS.
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Thank You! Questions?

Various papers on this topic are available at overbye.engr.tamu.edu/publications/
For additional questions or comments email overbye@tamu.edu
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