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Announcements

RSVP to Alex at zandra23@ece.tamu.edu for the
TAMU ECE Energy and Power Group (EPG)
picnic. It starts at 5pm on September 27, 2019

Read Chapter 6 from the book

— They formulate the power flow using the polar form for
the Y, elements

Homework 1 is due today
Homework 2 is due on Thursday September 26

o



FDPF Three Bus Example

One

@

Al
Use the FDPF to solve the following three bus system
Line Z = j0.07
Two
[
200 MW
. . _ | NV 100 mvr
Line Z = j0.05 LineZ = j0.1
Three 1.000 pu
i 200 MW — -
100 MVR -34.3 143 20
Yos = j| 143 -243 10

20 10 =30



FDPF Three Bus Example, cont’d
Al

~343 143 20
| —24.3 10
Yoo =j| 143 243 10 | > B =
10 -30
20 10 -30

—0.0477 —-0.0159
—0.0159 -0.0389
Iteratively solve, starting with an initial voltage guess

'(92‘(0) _ ‘O‘ |:V2:|(0) _ |:1:|
05 0] Vi, 1

0
0,7 _[0],[-0.0477 -0.0159][2] [-0.1272
6] 0] |-0.0159 -0.0389](2| |-0.1091

B!l =




FDPF Three Bus Example, cont’d

A]M
v, 1 [-0.0477 ~0.01597[1] _[0.9364
Vi,| — |1] |-0.0159 -0.0389 1| [0.9455
. Nn o -
API\§X ): ka(Gik COS@ik + Bik sSin Hik)_i_ PDI PGI
i k=1 i

6, _[-01272) [-0.0477 -0.0159][0.151] [-0.1361
6;| |-0.1091] |-0.0159 -0.0389]0.107 | |-0.1156
v, 1% [0.924
_Ns ~ 10.936

Actual solution: 0 = {

—0.1384 v_ 0.9224
-0.1171 10,9338



FDPF Region of Convergence




FDPF Cautions
T
« The FDPF works well as long as the previous
approximations hold for the entire system

« With the movement towards modeling larger systems,
with more of the lower voltage portions of the system
represented (for which r/x ratios are higher) it Is quite
common for the FDPF to get stuck because small
portions of the system are ill-behaved

* The FDPF is commonly used to provide an initial
guess of the solution or for contingency analysis



DC Power Flow
T
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—_Blp P sign convention Is

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 NPF 7



DC Power Flow References
KM
* Idon’tthink a classic dc power flow paper exists; a
nice formulation is given in our book Power

Generation and Control book by Wood, Wollenberg
and Sheble

e The August 2009 paper in IEEE Transactions on Power
Systems, “DC Power Flow Revisited” (by Stott, Jardim
and Alsac) provides good coverage

* T.J. Overbye, X. Cheng, and Y. Sun, “A comparison of
the AC and DC power flow models for LMP
Calculations,” in Proc. 37th Hawali Int. Conf. System
Sciences, 2004, compares the accuracy of the approach

8



DC Power Flow Example

AT

EXAMPLE 6.17

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

SOLUTION With bus I as the system slack, the B matrix and P vector for
this system are

[ —30 0 10 20 —8.07
0 —100 100 0 .
B — p_ 4.4
10 100 —150 40 0
20 0 40 —110 0]
[ —0.3263 [ —18.707
0.0091 0.5214
0= -B'P= 0.0349 radians = 5000 degrees
| —0.0720 | | —4.125 ]

Example from Power System Analysis and Design, by Glover, Overbye, Sarma, 6! Edition 9



DC Power Flow in PowerWorld

4
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A

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

Aggleland Power and nght

Total Load 1421.0 MW T 862 MW
room_l_remsses  TOtal LOsses: 0.00 MW 0 0 wackezs @
A 1. H
<< ; . @.I« ‘9 pu
S>>
TEXAS138 503'::’\:!r - 0° o i
1.08758tap T 0.0Mvar Tyt 1.00 pu HOWDY/ B
1.00 pu TEXAS69 4 00 by BATT69 GéA Al 287.2 MW 0 Mva
»3;0 3071«:4‘” 3?::% 1.00 pu NORTHGATE69 M:‘% 1M7:A
3 "/ 1.00 pu BONFIRE69
Y
1%

1.00 pu

93 MW, ®
LI SPIRITE9 omek < T

0.0 Mvar 26 MW 5
QLG 1.00 pu MSC69 Gy

70 MW 59 MW RING69
RUDDER69 0 Mvar

*
oM
A A i A e Mar Y 10fMW 22w o
455 MWV - o 0 Mvar s
Yoo RELLIS138 2 1.00 pu REEDG9 100 PU AGGIE1G 8] [QUAGGIE345
1.00 pu HULLABALOO138 Wdea o

To use the

dc approach

In PowerWorld
select Tools,
Solve, DC
Power Flow

Notice there
are no
losses



Modeling Transformers with Off-
Nominal Taps and Phase Shifts T

e |f transformers have a turns ratio that matches the ratio
of the per unit voltages than transformers are modeled
IN @ manner similar to transmission lines.

* However it iIs common for transformers to have a
variable tap ratio; this 1s known as an “off-nominal” tap
ratio
— The off-nominal tap is t, initially we’ll consider it a real

number
- We’ll cover phase shifters shortly in which t 1s complex

11



Transformer Representation

o

The one—line diagram of a branch with a variable tap

transformer |

k m

The network representation of a branch with off—
nominal turns ratio transformer Is

tl
Ik

—

thetap ison =

the side of bus k

_ «— |
: Vkm — gkm + kam = mI

4

12



Transformer Nodal Equations

* From the network representation

o

13



Transformer Nodal Equations

Al
* \We may rewrite these two equations as
T, | Yem Yim [[Ec] Yo is still symmetric
t? t here (though this will
- change with phase
— ykm — _ ]
| T Yem ||E_| Shifters)

This approach was first presented in F.L. Alvarado,
“Formation of Y-Node using the Primitive Y-Node

Concept,” IEEE Trans. Power App. and Syst.,
December 1982

14



The n-Equivalent Circuit for a
Transformer Branch

Vkm

K t

15



Variable Tap Voltage Control

T
« A transformer with a variable tap, I.e., the variable t is
not constant, may be used to control the voltage at
either the bus on the side of the tap or at the bus on the
side away from the tap
« This constitutes an example of single criterion control
since we adjust a single control variable (i.e., the
transformer tap t) to achieve a specified criterion: the
maintenance of a constant voltage at a designated bus
Names for this type of control are on-load tap changer
(LTC) transformer or tap changing under load (TCUL)
Usually on low side; there may also be taps on high

side that can be adjusted when it Is de-energized
16



Variable Tap Voltage Control
T
 An LTC is adiscrete control, often with 32 incremental
steps of 0.625% each, giving an automatic range of £
10%

[t follows from the z—equivalent model for the
transformer that the transfer admittance between the
buses of the transformer branch and the contribution to
the self admittance at the bus away from the tap
explicitly depend on t

* However, the tap changes in discrete steps; there is also
a built in time delay in how fast they respond

« Voltage regulators are devices with a unity nominal

ratio, and then a similar tap range
17



Ameren Champaign (IL) Test

F 1 V It R lators
acC ty O age egu m
~\-.‘.;'. -
O e __‘* & These are connected
'H"" ’ / ' Wil /»
‘ i ase s on the low side of a
": ‘\l;ﬁl{ il 09/12.4 kV
: transformer; each
phase can be

regulated separately

5,

4 = 1'

&l
o it

18



Variable Tap Voltage Control in the

Power Flow
ower Flo T

LTCs (or voltage regulators) can be directly included
In the power flow equations by modifying the
Y, s entries; that is by scaling the terms by 1, 1/t or 1/t?

as appropriate
If t is fixed then there is no change in the number of

equations

If t Is variable, such as to enforce a voltage equality,
then it can be included either by adding an additional
equation and variable (t) directly, or by doing an “outer
loop” calculation 1n which t 1s varied outside of the NR

solution

— The outer loop is used in PowerWorld because of limit issues
19



Five Bus PowerWorld Example

B Rl 5 - Case: B5_Voltage.pwb Status: Running (PF) | Simulator 21 Beta
Case Information | Draw  Onelines  Tools  Options  AddOns  Window
85% Metwe - c ower Flow Li k3 = 7
BT E ? L= Network b= & Case Description... | Power Flow List... LLE3 i Dﬁﬁ
== Aggregation ~ AX Case Summary... Quick Power Flow List... =il 1 i
Run Mode Model  Area/Zone Limit Difference  Data  Simulator ., Bus Oneline  Data Open
Explorer..  Filters..  Monitoring,.,  >olution Details - Case -  Check Options,, Custom Caselnfo.. ' AUXExport Format Desc.. | yjew,, Viewer.. View  Windows -
Mode Case Information Case Data Views

Model Explorer: YBus - o IEH

Explore o VBUS 1s 1

v T B Ak tl %8| @R 98, T Records - Geow Set- Columns- EH- G- WS- ¥ EH- U - BB | options -
Ria ||| Filter |Advanced| v [Bus v v | Find.. Remove Quick Filter -

v Ny

Number Name Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 |
3
3 1 11 3.40 - j18.11 113 + j6.04 -2.26 + J12.08
3 2 22 113 + .04 3.83 - j22.25 -2.70 + j16.22 (
-2.26 + 124 53 - j23. -2.26 + 12
E 3 33 2.26 + j12.08 453 - j23.80 2.26 +12.08
E 4 4|Four -2.70 + j16.22 -2.26 + J12.08 407 - 38.29 -0.00 + j10.00
ive -0.00 + j10. .00 - 10
H 5 5/Fi 0.00 + j10.00 0.00 -j10.00
e 99TMW
Open Search Search Now Options ~
22%14“‘

100Mw

OEMvar

1.040 pu

.1.IUU i

—1.000 pu

B .. 1.000008tap

Bus 5 1.006 pu

40w
ZD%Mvar

36.5 Mvar

[ac | Viewing Present

| solution Animation Runring

PowerWorld Case: B5 Voltage

AlM

With an impedance

of j0.1 pu

between

buses 4 and 5, the
y node primitive

with t=1.0
—j10
j10

IS
j10
—j10

If t=1.1 then i1t is

~j10
j9.09

j9.09

—j8.26

20



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

21



LTC Tap Coordination

Changing tap ratios can affect the voltages and var flow
at nearby buses; hence coordinated control is needed

TOtal Load 1420.7 MW 1.02 pu _
Total Losses: 25.13 MW C)

1.01 pu

HOWDY138
i
250 7 Yr-\k
0.96 pu 53 MW ' )
21 Mvar ) >
1.02 pu oyl HOWDY69 4

27 MW

29 MW
:I: —l— 0.0 Mvar 8 Mvar
4 Mvar

| BATT69 59%

1.00 pu
51% %}g 3 1.00 pu

1.03 pu

37 Mw

14 Mvar

3%
10"45 B 12MANGS

0.98 pu BONFIREGS

0 Lot 229 34 MW
N i ; 0 Mvar
.
20w 137 CENTURY&9 L
8 Mvar 31 MW 0.0 Mvar £
13 Mvar WEB138 e

0.958 pu

GIGEME9 o 0-98 pu

MAROONGS REVEILLEGS
82 MW
27 Mvar

ﬁ P 0.0 Mvar
0.0 Mv:

100 MW

30 Mvar
FISHES

¥ [ _|E 0.0 Mvar

17%

YELLGS 269

PLUM138

=y 1.0375Etap 49 MW
59 MW iy 17 Mvar
1.000 pu
17 Hva )-6.% o 'WEB69
.97 pu 1.01 pu

. £8%
25 MW . A - Ib% 61 MW
10 Mvar 4 ) simw
Loopn : : < B t—es
. 0.99 pu

149 0.0 Mvar 96 MW Eerny
. 20 Mvar )

RELLIS69 | 5% RINGE

I RUDDER69 0 Mvar i
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 4 . N.QRA nu . s

AGGIE345

PowerWorld
Case:
Aggieland37
LTC

22
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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

23



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

37
0.0 Generator: 44 L 4
0.0 TG 0 47
0.0 Generator: 53 53 24

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!

 |f 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 25



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) Seriestransformer |
« They are constructed
by include a delta- o1z
connected winding =
that introduces a 90° }’é/ \%‘%
phase shift that Is added S

to the output voltage Stunt gapforme

Image: http://en.wikipedia.org/wiki/Quadrature_booster 26


//upload.wikimedia.org/wikipedia/commons/d/d1/Qb-3ph.svg

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 @,

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

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

27



Phase-Shifter Model

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

1 Vkm Vkm —

| k t 2 N te 1Pkm = k

T B Ykm o E
m i te _j¢km km i m

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

28



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
29



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 o 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(COS(_1SO)+ jsin(-15°)) = j5+(j4)(0.966 — j0.259)

Y,, =1.036 + 8.864

PowerWorld Case: B2PhaseShifter 20



Aggieland37 With Phase Shifters

Total Load 1420.7 MW A

TEXAS345 TOta| LOSSGS: 25.08 MW L. L. SLACK138 %é:ﬁ’

1.01 pu
HOWDY138
"
2 : =
o
0.96 pu ﬁ\/" 1.01 pu 7
29 MW
0.0 Mvar gy 1.02 pu HOWDY69 A 100 MW Vv
60% < 27w 3 71% 30 Mvar
e 4 Mvar
1.00 pu NORTHGATE69 » 3
200 14 Mvar P 4% 16%)\
o %
12MAN69 0.98 pu BONFIRE69
WHITE138
x Y
78%
= 0. N oo
WEB138 s Y
GIGEM69 i 0-98 Pu
MAROONG9 93 MW 53%
My REVEILLESS 3} el L < By 1.0875Htap 49 MW \
59 MW » 17 Mvar
27 Mvar 1.000 pu;
17 Mva 37% \ WEB69
TREE69 3.97 pu A 1.01 pu
0.0 Mvar 2 @ 100 MW Y
b
0.0 Mvar 2:;% —' F o 30 Mvar
0.0 Mvar

A
58%.

1

@ FISH69
W KYLE138

0.963 pu

A
64%

1.006 pu
1.01 pu

A
49%

i

YELL69 26% s
R
25 MW SR
10 Mvar
1.00 pu
i o 58 MW ‘
14% 0.0 Mvar 96 MW o, BUSHES 17mvar 0.0 Mvar ¢ —\ 7%

L7 20 Mvar:
RELLIS69 % Sy
|

59 MW RING69

RUDDER69 0 Mvar 6 Mvar
Vz\/ & 0.998 pu
[Al . o 22 MW .
@ 1.0213fkap V1Y e o 1.02138tap 24 MvaV o Mvar a
0.977 pu RELLIS138 B8 MW 0.988 pu REEDGO 098 PU ACCLESSS
0.98 pu HULLABALOO138 (ﬂdeg £

1

0.986 pu REED138

A
35%.

PowerWorld Case: Aggieland37_PhaseShifter

AlM

®
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Values

Large Case Phase Shifter Limits

and Step Size

180+
1601
1404
120
100

801

60
40

o N}
S o o
padaaa lag gl g1y

Transformer Variables

— Tap Min — Tap Max.

Step Size

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.

ONT-MI Interface

St Lawronce*

Ramapo

Waldwick: ] =
I Py ™ p
7 eFarr gdy’t‘/"

g
% Goethals

Figure 1 ~ PAR Locations Which Impact Lake Erie Circulation Flow

Mmitude of Looﬂ Flow in Either Direction
H-OMW +-200MW +-300MW H-400MW +-500MW

January-15

February-15

March-15

April-15
May-15

Jung-15

&
=
=

July-15

August-15

Monthly Average Loop Flow

Il Average Calculated Loop Flow Without Control
I Average Actual Loop Flow With Control

September-15

October-15

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 33



