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Announcements

?

« Homework #6: book problems 6.9, 6.12, 6.18, 6.25, 6.38, due Thursday,
Mar 5, 2026




The Power Flow Problem

What we know:
-~ Generator real power
— Generator voltage magnitude
- Load real and reactive power

 What we don't know:
- Bus voltage angles
-~ Non-generator bus voltage magnitude
-~ Generator reactive power
— Current injections of generators or loads

* Note that the problem is formulated with
power values, not current, so we cannot

use the Y-bus equations directly
 Power flow problem is non-linear
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Power Flow Problem Variables

AlM
 These two equations must be satisfied for all buses in the system @
« Total of 2n equations

« Parameters g and b are known from the Y-bus

« Each bus has four variables:

n
- Bus voltage magnitude V; P, = z [VillVi| (gix cos 85 + by, sin 0;;,) = Pg; — Pp;
- Bus voltage angle 6; k=1

— Bus real power injection P; Q; = EW 1Vie| (gix sin Oy — by cos 0;) = Qgi — Qpi
- Bus reactive power injection Q; k=1

« So in general, we need to pre-specify 2 additional variables at each bus
before we can solve




Power Flow Bus Types

T
Each bus has one of three basic types, and for each one there are two known ®
variables and two unknown variables:

 Load (PQ) bus
- Assume P/Q are fixed at most buses in the system
- Known: P and Q, Unknown: V and 6

« Slack bus

— Only one in the whole system

- Usually assigned to a large generator bus

- Known: V and 6, Unknown: P and Q

- Provides angle reference (6 = 0) and picks up the slack P

 Generator (PV) bus
— Other generators (5-10% of buses in a large system)
- Assume generator is controlling power output and voltage
- Known: V and P, Unknown: 8 and Q




Newton-Raphson Power Flow Procedure
AlM
Same procedure we have been using for N-R solutions so far @
1. Build the Y-bus matrix

Write the list the variables and power balance equations

Make the power flow Jacobian

Make an initial guess of x

While ||f(x™)|| >
xW*tD = x® —jx@)~1f(x¥)

v=v+1

o kDb




Two Bus Solved Values
T
* Once the voltage angle and magnitude at bus 2 are known we can calculate ®

all the other system values, such as the line flows and the generator
reactive power output

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

200.0 MW
168.3 MVR

200 MW
100 MVR

One { 1.000 pu Two i 0.855 pu -13.522 Deg




Low Voltage Solution!

 This case actually has two solutions! This show? tt)he r2egionI of convergence for Fjiﬁerent in@tia
The second "low voltage" is found S e (x-axis) and magnitude (y-axis)
by using a low initial guess.

Setv = 0, guess x(0) = [025]

200.0 MW -200.0 MW
83L.7MR Linez=01j _ -100.0MWR
Two 0.261 pu -49.914 Deg
200.0 MW 200 MW
831.7 MVR 100 MVR

B

Red region converges to the high voltage solution, while the
yellow region converges to the low voltage solution




Generator Reactive Power Limits

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 power flow, once a solution is obtained, check to make 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 vars

[
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Power Flow Example #2
AlM
 Bus 1 contains a large generating unit operating at V=1.0 pu ®
 Bus 2 has a load consuming 200 MW and 100 MVR
 Bus 3 has a generator that is set to produce 30 MW and control its terminal

voltage to 1.0 pu

« Want to solve for all bus voltages and line flows

g» o> c"»m»:o'lg»

& 1

1.000 pu Two
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Power Flow Example #2

n
P = Z|Vi||Vk| (9ik cos 0y + by sin 0;,) = Pg; — Pp;
k=1

n
Qi = Z [VillVi | (gik sin 8y — by cos 0) = Qgi — Qpi
k=1




Power Flow Example #2

n
l:)i Z|V||Vk|(glk Coselk-l_blk Slnelk) _PGl PD'
k=1

Qi = ) VillVil (g sin 0 — by €05 64) = Qi — O
k=1
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Power Flow Example #2
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Power Flow Example #2
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Power Flow Example #2
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Power Flow Example #2, Solution

« First, figure out bus types, knowns, Bus TIoe Known  Unknown
and unknowns 1 Slack 6.V P Q

e Build Y-bus 2 PQ P, Q 0,V

« |dentify variables and equations 3 PV P,V 0,Q

(unknown 6, V and known P, Q)
—20j 10j  10j |

Y-bus=| 10 —20j 10j
10j  10j —20j

_92_ _Pz(x)-
x =103]; f(x) =|P3(x)
_VZ_ _Qz(x)_
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Power Flow Example #2, Solution

Bus Type Known Unknown
1 Slack 0,V P, Q
2 PQ P, Q 0,V
3 PV P,V 8, Q
—20j 10j  10j 6, P,(x)
Y-bus=| 10j —20j 10j [;x =|6s|; F(x) = |Ps(x)
10/ 10/ —20j 2 Q,(x)

n
P = ZIVi”Vkl (9gik cos 0y + by sin 0;y,) = Pg; — Pp;
=1

n
Q = Z [VillVi| (gik sin 8y, — by cos 0;) = Qgi — Qp;
k=1

Al

Write out power balance equations to get f(x):
Pz(X) = V2V1b12 Sin(92 - 81) + V22 (bzz Sin 0) + V2V3b23 Sin(92 - 93) =
10V, sin 8, + 10V, sin(8, — 653)
P3(X) == V3V1b12 Sin(93 - 91) + V3V2b23 Sin(93 - 92) + V32 (b33 Sin 0) ==
10 Sin 03 + 1OV2 Sin(93 - 92)
Q2 (x) = VoV (—byq c0s(8; — 61)) + V5 (—by; cos 0) + V,V3(—by3 cos(63 —
02)) == _10V2COS 92 + ZOVZZ - 10V2COS(93 - 92)
1OV2 Sin 02 + 10V2 Sin(92 - 93) + PDZ

f(X) = 10 Sin 03 + 10V2 Sin(93 - 92) - PG3

_10V2COS 92 + ZOVZZ - 10V2COS(03 - 02) + QDZ
And the Jacobian from all the partial derivatives

J(x) =
10V, cos 6, + 10V, cos O3, —10V, cos 0,5 10sin 8, — 10 sin 0,5
—10V, cos 0,3 10 cos 85 + 10V, cos 05, 10V, sin 6,5
10sin 8, + 10 sin 6,3 10 sin(63,) —10cos 6, + 40V, — 10 cos O3,




Power Flow Example #2, Solution

0>

x=|03]; f(x) =|Ps(x) = Py2 | =

Py(x) + Py

1OV2 Sin 02 + 10V2 Sin(92 - 93) + sz
10sin 83 + 10V, sin(6; — 6,) — Py,

v Q2(x) + Qqz] |—10V,cos 0, + 20VZ — 10V, cos(83 — 0;) + Qqs
10V2 CoS 92 + 10V2 COoS 932 _10V2 COoS 923 10 sin 92 — 10 sin 923
J(x) = —10V, cos 0,3 10 cos 85 + 10V, cos 03, 10V, sin 8,5
10 sin 92 + 10 sin 923 10 Sin(932) —10 cos 92 + 4‘0V2 — 10 cos 932
Iteration 1
0 2 20 0 —0.1233
x© = of; f(x@) =]-03];J(x@) = [-10 0; x® =x© —yx©)=1£(x(@) = | ~0.0467
1 1 0 20 0.95
Iteration 2
'—0.1233 0.1037 ] 189 —9.47 —0.46 —0.1298
x® =[-0.0467]; f(xP) = -0.03887; J(x) = |-9.47 195 —0.73|; x@ =x® —Jx®)~1f(xDV) = |-0.04814
| 0.95 0.1501 | |-2.00 0.766 18.11 0.9411
Iteration 3
[ —0.1298 0.0147 ] (18.71 —9.38 —0.48 —0.1304
x@ =[-0.04814|; f(xP) = |-0.0138; /() = |-9.38  19.37 —0.767|; x® = x@ —Jx@)"1f(x?) = |-0.04771
| 0.9411 0.00122] |-2.11 0.815 17.76 0.9409
0.000259
f(x®) = [-0.000250
—0.000086

|
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The N-R Power Flow: 5-Bus Example

19

Al

T2
800 MVA
T1
1 5 Line 3 4  345/15kV 3 520 MVA
| % g 345 kV % g )
@ | % g 50 mi % g Q
400 MVA 800 MVA
AN AN -
15 kV h ﬁ( 15kV
400 MVA 345 kY <0\1) v; 345 kV 40 Mvar 80 MW
15/345 kV 100 mi E E 200 mi
2

280 Mvar % l 800 MW

Single-line diagram




\% o I:)G QG IDL QL QGmax QGm|n
Bus Type per | degrees | per | per | per | per per per
unit unit | unit | unit | unit unit unit
Table 1. 1 Swing 1.0 0 — | — 0 |0 — —
Bus input ™51 sad _ _ 0| 0|80 |28 — | —
data
3 Constant 1.05 — 52| — | 0.8 |04 4.0 -2.8
voltage
4 Load — — — —
) Load — — — —
Maximum
R’ X G’ B’ MVA
Table 2. Bus-to- perunit | perunit | perunit | per unit per unit
Line input data Bus
2-4 0.0090 0.100 0 1.72 12.0
2-5 0.0045 0.050 0 0.88 12.0
4-5 0.00225 0.025 0 0.44 12.0

The N-R Power Flow: 5-Bus Example

20
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The N-R Power Flow: 5-Bus Example

Maximum
R X G, B, Maximum TAP
per per per per MVA Setting
Table 3. Bus-to- unit unit unit | unit per unit per unit
Transformer Bus
input data 1-5 | 0.00150 | 0.02 0| o 6.0 —
3-4 0.00075 0.01 0 0 10.0 —
Bus Input Data Unknowns
1 V,=1.0,06,=0 P Q
2 P,=Pg,-P,=-8 V,, &
Table 4. Input data Q,=Q4,-Q,=-2.8
and unknowns 3 V3=1.05 Qs, &
P;=Pgs-P3=4.4
4 +=0,Q=0 V,, 6,
5 5=0,Q;=0 Vs, 05

21
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Time to Close the Hood: Let the Computer Do
the Math! (Ybus Shown)

B =8 -
S

@ nlaialtialo
o i

Switch to Free-Floating Windows

7|

Edit Mode
]
ﬁ Refresh Displavs

Case: Examplet_9.pwh Status: Initialized | Simulator 13

Case Information Drraw Cnelines Tools Opkions add Ons Window
c L o] al (w]

About, ..
Poweriworld Website

Arrange Windows - @ Conkents

",%,L{E' Load Auxiliary

Auxiliary File Formak

Export Case Object Fields... =

HH Three-winding Transfor
HH Transformer Contrals
Aggregations

E@ Areas

.;E’_:'_, Injection Groups

HE Irterfaces

£ 1slands

BH rulki-Section Lines
BH rwy Transactions
df_, Mormograrms

,:Eﬁ Cners

HR substations

c@ Super Areas

HH T?el?nes between Areas "I Search

Search Mow  Options =

a : ) '
Run Mode Windpc-?-:s ~ Ribbon Setkings - Toggle Full Screen Set Help File.... Check For Updates Load Display File. .. Export Display Object Fields -~
Mode Windo Help Auxiliary Files
el Explorer: YBus - Ol =]
n | ¥ Bus (Bus Admittance Matri
Explore | Options E % Ak 458 00 | ?&D f'i': Records * Geo * Set ~ Columns ~ B - “ﬁ"ﬁv "&Ev ? % - i%ﬂ Bl | options ~
ﬂ DC Transmission Lines || Number | Name | Bus 1 | Bus 2 | Bus 3 | Bus < | Bus 5 |
Genesratars - -
B Impedance Correction 1 1 1 One 3.73 - 49.72 I I -3.73 + j49.72
HH Line shunts 2 2 Two 2.68 - j28.46 -089 + 992 -1.79 + j19.84
;ié‘.. Loads 3 3 Three 7.6 - 19944 -7.46 + j99.44
Mismatches - : - -
- + i -f. + B . - . -3. + i
BS, Multi-Terminal DC 4 <4 Four 0.89 + j9.92 F.46 + 99,44 11.92 - j147.96 -3.57 + jI30.68
HH switched Shunks 5 5 Five -3.73 + 4972 -1.79 + j19.84 -2.57 + j39.68 9.09 - jl108.58

p!

1.000 pu

o

Two

Run Mode Solution Animation Stopped

|.C\.C | Wiewing Currenkt Case |

AIM

®



Ybus Details

Elements of Y, connected to bus 2
Y21 =Y3=0
—1 ~1

Ypy = = = —0.89276 + j9.91964 t
24 = R+ jXs,  0.009 + 0.1 / per um

~1 ~1
Yys = = = —1.78552 + j19.83932 t
25 = R+ jXis  0.0045 + j0.05 / per

2T Ryt iXp RastiXps 0 22
1.72  0.88
= (0.89276 — j9.91964) + (1.78552 — j19.83932) + j —— +j ——

= 2.67828 — j28.4590 = 28.5847 2 — 84.624° per unit

23

?



Here Are the Initial Bus Mismatches

@) BB BEEMS -
)

L:J Model Explorer: Mismatches

[Explore a

Fields |Explore | Options

Case: TD_2008_FiveBusExample PWE Status: Initialized | Simulator 13 - =

Case Information T Cnelines Tools Cptions Add Ons Sindow
T (e E ? Metwark ~ Case Description... | Power Flow List... frz B
fggregation ~ Case SUmmary, .. Guick Power Flow List, .. 1l R
Run Made Model ArealZone . i Simulator Bus Subskation Cpen
Explorer. .. Filkers. .. Filters, Expressions, etc = Optians. .. Custom Case Info... | AU Export Format Desc. .. Vigw, . View, .. windaws ~
Mode Case Infarmation Case Data Wigs

E %‘4 ‘s | ok ] f'Lf Records * Geo v Set v Columns = ' ".'PE' %E' ? @' i H | options =

|
AECD L RELD

dﬂ DiZ Transmission Lines ﬂ

,:[5 Generators

dﬂ Impedance Correction 1

H Line shunts

42 Loads

slac

] mMismatches
R Multi-Terminal DC

HH switched Shunts
HH Three-winding Transfor
HH Transformer Controls
= [ Aaggregations
dﬂ Areas =

Murnber | Marne | Area Mame | Type | IMismnateh W | Mismnateh Mywar | IMisrnatch My W

1 2 Two 1 P -300.00 -150.00 13,94

2 4 Four ——]ra 37.29 605.20 606.35

& 3 Three 1 Py 400.85 0.00 400,85

4 5 Five 1 PG 0.00 66.00 66.00

5 1 One 1 Slack, 0.00 0.00 0.00
Search Search Mow  Options =

1.050 pu
0.000 Deg

1.000 pu Two
0.000 Deg

800 MW

The mismatch of the Myar power Flow equation

24

AIM

®



And the Initial

Power Flow Jacobian

= 5D e e
@Jmmmmmm

Case Infarmation Craut

|Ex|3|0re

Fields |Explare | Options
HE Loads ;l

£ Mismatches
HE Mulki-Terminal DiC
HH switched Shunts
Bl Three-winding Transfar
£ Transformer Controls
= [ Aaggregations
:@ Areas
,;[‘:"_, Injection Groups
HE Interfaces
HH Islands
HH Mulki-Section Lines
C@ MW Transactions
& Momaograms
:@ owners
HH substations
B super dreas
HH Tielines between Areas
B Tielines between Zones
HH Transfer Directions
:@ Zones

= [ Solution Details

Case: Example6_9.pwh Status: Initialized | Simulator 13

Onelines Tools Opkions Add Cns Windows
(L] (1] LA W

ta D lo] -
T i E Metwark ~ Case Description... | Power Flow Lisk... 2rz B
fAggregakion ~ Case SUMmary., .. Guick Power Flow List, .. L1l EEA
Run Made Model ArealZone . i Simulakar Bus Substation Cpen
Explorer. .. Filkers. .. Filters, Expressions, etc = Optians. .. Custom Case Info... | AU Expork Format Desc. .. View, .. View, .. Windaws *
Mode Case Infarmation Case Data Wigws

{.) Model Explorer: Power Flow Jacobian

Bh Ak %8 5% | ¢4 89,

Records v Gen v Setv Columns - Bz~ R+ W8~ 5 BH- UV HH | options -

=0l x|

Search Search Mow  Options =

Mumber Mame Jacobian Equation &ngle Bus 2 Angle Bus 3 Angle Bus 4 Angle Bus 5 & | “olt Mag Bus 2 Wolt Man ||
-
1 2| Twio Real Power 29.76 -9.92 -19.84 2.68 -
2 3|Three Real Power 29,44 -39,44 L
3 4 |Four Real Powser -2.92 -99.44 149,04 -39,65 -0.59
4 5 |Five Real Power -19.84 -39.68 109,24 -1,79
5 2| Two Reactive power -2.68 0.89 1.79 27.16 "
& 3| Thres voltage Magnitude
7 4 (Four Reactive power 0.59 746 -11.92 37 -9,92
g 5 |Five Reactive power 1.79 3.57 -2.09 -19.54

L N 4 -

wll %% PN

Jacobian Equation

25
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And the Hand Calculation Details!

AP,(0) = P, — Pp(x) = P, — V(0){Y21V1 cos[ 52(0) — 61(0) — O24]
+Y52V; cos| — 0;2] + Ya3V3 cos[ 02(0) — 63(0) — 623]
+Y24V, cos[ 62(0) — 64(0) — O24]
+Y,5V5 cos[ 62(0) — 05(0) — 025}
— —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 — (—2.89 x 10™*) = —7.99972 per unit

J124(0) = V5(0)Y54V4(0) sin[ 6,(0) — 64(0) — 6024]
= (1.0)(9.95972)(1.0) sin| — 95.143°]
= —9.91964 per unit
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Five Bus Power System Solved

One Five
395 MW @

114Mvar } )Q)

1.000 pu 0.974 pu
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Five Bus System with Capacitor

0.834 bu Two
-22.41 Dea
1
0.0 Mvar /‘\ 800 MW
280 Mvar

A capacitor has been added at bus 2 to fix its low voltage




29
ontingency Analysis
A|M

X) i v 7 Case: DesignCasel_2015_Start.pwb Status: Paused | Simulator 20 ®

Jraw Onelines Tools Options Add Ons Window

L
Contingency
e -
DAK345 ¢ ) , . "
" o analysis provides
0AK138 - = [®) contingency Analysis - o I ES y p
- 15 Mva:L 15.9 Mvar 21 MW Contingencies QOptions Resuits .
- - - ™ dan automatic way o
g OAKES | o0 o A T BUCKEYEG9 > | gn Ak %8 5% | #h 2% | Records~ set~ Columns~ [Hy- @A WAL ¥ BH- W - v
M —p—A ) 1.01 pu APPLEE9 = Label Skip |Category|Processed Solved |Post-CTG|Islanded |Islanded ~ N
=/ pPALM AUX Load Gen
ALl
=g MAPLES? il DOCA7CEDARTIBCI| NG YES  YES none
Total Losses: 12.11 MW 2L : VS YES  none . .. .
e S = statistically likel
9 Mva 41 9 O YES YES r e
=g oRANcEes LOCUSTES 4 5|1 1 N YES YES pone
WALNUTE9 66 MW 2 s r -
a 59 MW 46 Mvar o L 2 BlL_ ( YES YES none 0 =
e ’ contlngenC|es n
28.9 Mv;
PECANE9 .00 pu < > L]
ba—{{— 14.4FMvar
1.00 p 180FMW
12.7 Mvar
i P — - = iy Violations  \What Actually Occurred Definition X -
H— 0 ey Show related contingendes Combined Tables > th I S eXa l I l p | e th e
oy 67 MW, -
000 pu 42 Mva iy § 1.00 pi Category Element 1JOPEN Transformer CEDAI
1.00 pu MAPLEG9 . ' " .
st
25 Mw ) A 1]Branch Amp _|PEARGY [ 54) -> CEDARGY [ 48) CKT 1 at CEDARt Contln enC Set IS
8 Mvar o
1.01 p
- SPRUCEES | . -
it e all the single line
42 MW <
43.-“ I—)}lQ Mvar 43..’_
0.99 pu q
& K >| < > dana transiormer
PEACHG.B REDBUD69
. " 10gMwW 16 My | Status |F|ru:-hed with 1 violations. 0 custom monitor violations, 0 unsolveab [(Jrefresh Displays After Each Contingency
= T o outages
PEACH138 1.01 Load Auto Insert Save Other > | Start Run Close ? Help
1.00 pu TULIP138

¥

= e 7 Y.
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Power Flow Application - PJM Control Center
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