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Announcements

* Read Chapter 6
 Homework 2 is due on Sept 27
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Decoupled Power Flow

T
« 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 1s a much weaker coupling between real power and
voltage angle, and reactive power and voltage angle
* Key reference is B. Stott, “Decoupled Newton Load
Flow,” IEEE Trans. Power. App and Syst., Sept/Oct.
1972, pp. 1955-1959




Decoupled Power Flow Formulation

o

General form of the power flow problem

oPY P )

00 oV | AeY | [ap(x™) fxO)
_ — =T(X
QY QW |[aVv ] [aQ(x™).

E LY
wnere

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

i u (X(V)) + Ppn — Fon i



Decoupling Approximation

P (V) aQ(V)
Usually the off-diagonal matrices, — and —
oV 00
are small. Therefore we approximate them as zero:
_@(V) 0 )l ) ) ) )
| 28 AL B AP(X(V)) —f(X(V))
@(V) _AM(V)_ _AQ(X(V))_
i oV
Then the problem can be decoupled
- -1 - -1
@P(V) aQ (V)
AV = | AP AV =] T 1 AQ(:x ™)
E (x*7) AV s Q(x*")
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Off-diagonal Jacobian Terms

Justification for Jacobian approximations:

1. Usuallyr <« X, therefore ‘Gij‘<<‘Bij‘

2. Usually 6; is small so sing; ~0

Therefore
oP |
8\/Ij = V;/(Gjcosg; +Bysing;) ~ 0
gg-i = —Mi[Vj(Gjcosd; +Bysing;) = 0
j

By assuming %2 the elements are zero, we only have to do
12 the computations
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Decoupled N-R Region of Convergence
T

B The high

i solution ROC

| Is actually
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Fast Decoupled Power Flow

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

« This means the Jacobian need only be built/inverted
once per power flow solution

« This approach is known as the fast decoupled power
flow (FDPF)



Fast Decoupled Power Flow, cont.

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

The FDPF is widely used, though usually only when we
only need an approximate solution

Key fast decoupled power flow reference is B. Stott, O.
Alsac, “Fast Decoupled Load Flow,” IEEE Trans.
Power App. and Syst., May 1974, pp. 859-869

- Ongun Alsac is NAE Class of 2018 (with Prof. Singh!)

Modified versions also exist, such as D. Jajicic and A.
Bose, “A Modification to the Fast Decoupled Power
Flow for Networks with High R/X Ratios, “IEEE
Transactions on Power Sys., May 1988, pp. 743-746 10



FDPF Approximations

Alm
The FDPF makes the following approximations: T

3. sing;; =0  cosg; =1

To seenthe Impact on the real power equations recall
Pi = kZlvin (Gj cos &y + By sin6hy ) = Fgi — P
Which can also be written as
Fei — Poi
V.

_ Nn
i _ >V, (Gj, cosby + By sinby) =
Vi &

11



FDPF Approximations

Al

« With the approximations for the diagonal term we

get

_ n
it ~ Bix =B
06, k=1
€
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

12



FPDF Approximations
T

 For the reactive power equations we also scale by V.

Qi = 2 MM|(Gysinby — By coséy ) = Qg —Qp;
=

. n L .
i 2 Vi (Gy sin6y — By cos ) = i ~ Qo
Vi & Vi

I
 For the Jacobian off-diagonals we get

Q

oV, = —By costy = —By

13



FDPF Approximations
T

« And for the reactive power Jacobian diagonal we get

0Q; 4
8—\/; ~ _ZBii_kZ::lBik:_Bii

Kl

« 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”
14



FDPF Approximations
T

* Itis also common to flip the sign on the mismatch
equation, by changing it from (summation —
Injection) to (injection — summation)

- Other modifications on the B matrix have been presented
In the literature (such as in the Bose paper)

e Hence we have

AvV[Y =B

15



FDPF Three Bus Example

Use the FDPF to solve the following three bus system

One

@

Line Z = j0.07
Two
N

200 MW

_ _ _ _ N 100 MVR
Line Z = j0.05 LineZ = j0.1
Three 1.000 pu

i 200 MW _
100 MVR -34.3 14.3
Yo =j| 143 -24.3
20 10

o

20 |
10

-30
16




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 =

17



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

18



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

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

20



DC Power Flow
iy
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 21



DC Power Flow References
T
* Idon’tthink a classic dc power flow paper exists; a
nice formulation is given in our book Power
Generation and Control book by Wood and
Wollenberg

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 Hawaii Int. Conf. System
Sciences, 2004, compares the accuracy of the approach

22



DC Power Flow Example

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

30 010
g_| 0 —100 100
|10 100 —150

200 0 40

[ —0.3263
0.0091
5=-B'P=
—0.0349
| —0.0720 |

20

0

40
~110 |

radians =

degrees

Example from Power System Analysis and Design, by
Glover, Overbye, Sarma

AT

23



DC Power Flow in PowerWorld

AlM

®

PowerWorld allows for easy switching between the

dc and ac power flows

19% <€
Zg%
1.00 pu PINE345
A .

Total Load: 999 MW

Total Losses: 0.00 MW

Load Scalar:1.00f
W( s

1.00 pu 38 MW
0 Mvar
2 0.0 Mvar 21 MW

7% Jf.» e PINEG9

A 19 MW

OAK69 BUCKEYE69 % © Mvar

26 MW 27% 1.00 pu APPLE69 N
. OLIED 2 s’ PALME9
ASH138 p_ Zy 24 MW

MAPLE69 o -—» 0 Mvar

!
Tatw 6% f=—| (— 0.0 Mvar
omMvar T 22 MW 1.00 pu

o &y CRANGES LOCUST69 <
FEDED WALNUT69 66 MW A |
59 MW 0 Mvar
42 MW £
o e 0.0 Mvar — 0 Mvar. R 185 1.00pu
— o.ofmvar var PECAN69 100 pu : P
: 1.00 pu 1
- |=—{ 0.0 Mvar f 0 Mvar
‘.-)>—>—-+ Fin =
0 Mv:

» [ 18%
v/l 7 67 MW, o 1 -ooo%pu
1.000 pu S s ]_K 0% <, PEAR138
1.00 pu MAPLEG9 o

POPLAR69 (30% 25 MW nd A
iy 0 Mvar 1.00 pu ’

18 MW 3 13%
0 Mvar ) SPRUCE69 o
1.00 pu 49%
42 MW

0 Mvar 0.0 Mvar
CHERRY69
50 MW 42 Mw
0 Mvar 0 Mvar.

ot P
1.00 pu LEMON69
TULIP138 0.9812%tap & 5?Af’°

1.00 pu LEMON138

T REDBUD69

A
35%
PEACH138
1.00 pu

30%

OLIVE69

i_._{% 0.0 Mvar

A—P Hll‘l MW
0 Mvar

BIRCH69

1.00 pu

WILLOW69

PLUM138

TULIP69

oMW

ELM138

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
INn a manner similar to transmission lines.

* However it is 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 is complex

25



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

t1
Ik

—

the tap iIson =

the side of bus k

_ «— |
: Vkm — gkm + kam = mI

4

26



Transformer Nodal Equations

* From the network representation

o

27



Transformer Nodal Equations

Al
* \We may rewrite these two equations as
T, | Yem  Yim [[Ex| 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

28



The n-Equivalent Circuit for a
Transformer Branch

Vkm

K t

29



Variable Tap Voltage Control
T

« A transformer with a variable tap, 1.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
30



Variable Tap Voltage Control
T

 An LTC is a discrete 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
31



Ameren Champaign (IL) Test

FaC|I|ty Voltge Regulators T
These are connected
on the low side of a
69/12.4 kV
transformer; each
phase can be

regulated separately

i “
Wt &
S - ok
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|
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Variable Tap Voltage Control
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

« |ftis fixed then there is no change in the number of
equations

« |ftisvariable, 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 is varied outside of the NR

solution

- The outer loop is used in PowerWorld because of limit issues
33



Five Bus PowerWorld Example

T-LRHNER @8- Case: BS Voltage.pwb Status: Running (PF) | Simulator 21 Beta
Case Information Draw Onelines Tools Options Add Ons ‘Window
85% Metwe - c ower Flow Li k3 = 7
BT E ? L= Network b= & Case Description... | Power Flow List... LLE3 i |:_|
== Aggregation ~ AX Case Summary... Quick Power Flow List... =il 3 D
Run Mode Model  AreaiZone 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 -
Rea ||| 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 (
E 3 33 -2.26 + j12.08 453 - j23.80 -2.26 +j12.08
E 4 4|Four -2.70 + j16.22 -2.26 + J12.08 407 - 38.29 -0.00 + j10.00
H 5 5| Five -0.00 + j10.00 0.00 -j10.00
e 99TMW
Open Search Search Now Options ~
22%14“‘
100

1.040 pu 0fMvar

.1.IUU i

—1.000 pu Bus 4 v
B .. 1.000008tap

Bus 5 1.006 pu

40w
ZD%Mvar

36.5 Mvar

| solution Animation Runring [ac | Viewing Present

PowerWorld Case: B5 \oltage

AJM
With an impedance
of J0.1 pu between
buses 4 and 5, the
y node primitive
with t=1.0 1s

~j10  j10

jl10 —j10

If t=1.1 then i1t is

~j10  j9.09
j9.09 —j8.26
34



Circulating Reactive Power

Al
Unbalanced transformer taps can cause large amounts
of reactive power to circulating, increasing power

system losses and overloading transformers

I I 64 MW
‘ 16 Mvar

l“l

1 1.00 pu
30.5 MW 33.9 MW
-17.6 Mvar 33.3 Mvar
1.000 tap ‘ 1.0564tap
A vy

33.7 MW
-30.9 Mvar

1.02 pu

245MW 40 MW
12 Mvar 0 Mvar

35



LTC Tap Coordination

AlM

®

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
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