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Announcements

* Read Chapter 3
 Homework 2 is due on Thursday Sept 13.
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An Interesting Video of an Uncleared Fault

A]Mm
* The below video shows an event from September 2, 2022 in the Netherlands
(Flevoland province) in which a transmission line fault was not cleared.

Note the sag and smoke (steam?) coming from the line

* https://nos.nl/video/2443017-explosies-en-rokende-kabels-bij-
verdeelstation-in-dronten
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Adding a Generator Exciter

» The purpose of the generator excitation system (exciter) is to adjust the
generator field current to maintain a constant terminal voltage.

« PowerWorld Simulator includes many different types of exciter models.
One simple exciter is the IEEET1. To add this exciter to the generator at
bus 4 go to the generator dialog, “Stability” tab, “Exciters” page. Click
Insert and then select IEEET1 from the list. Use the default values.

« Exciters will be covered in the first part of Chapter 4



IEEET1 EXxciter

* Once you have inserted the IEEET1 exciter you can view its block

diagram by clicking on the “Show Diagram™ button. This opens a

PDF file in Adobe Reader to the page with that block diagram. The
block diagram for this exciter is also shown below.

Exciter IEEET1

IEEE Type 1 Excitation Sysiem Model The Input to the exciter, E_,Is
Tror usually the terminal

voltage. The output, E.p, IS
= the machine field voltage.




Voltage Response with Exciter
T
* Re-do the run. The terminal time response of the terminal voltage Is

shown below. Notice that now with the exciter it returns to its pre-fault

voltage. joe
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Case Name: Example 13 4 GenROU IEEET1




Defining Plots

» Because time plots are commonly used to show transient stability results,
PowerWorld Simulator makes it easy to define commonly used plots.
— Plot definitions are saved with the case, and can be set to automatically display at
the end of a transient stability run.
« To define some plots on the Transient Stability Analysis form select
the Plots page. Initially we’ll setup a plot to show the bus voltage.

— Use the Plot Designer to choose a Device Type (Bus), Field, (Vpu), and an Object
(Bus 4). Then click the Add button. Next click on the Plot Series tab (far right) to
customize the plot’s appearance; set Color to black and Thickness to 2.



Plots Page

Device
Type

Field

Plot Designer tab

Defining Plots

AlM

Plot Series tab @

Run Transient Stability

Select Step

Transient Stability Analysis
Simulation Status  Finished at 10.000

Plots

- Simulation
+)-- Options

- Result Storage

-Plots

-Plot Designer

+- Plot Definition Grids
+- Results

1) Transient Limit Monitog
- States/Manual

Process Contingencies
@ One Contingency at a time,
) Multiple Contingencies

For Contingency: lMy Transient Contingency -

Plot Designer | plot Definition Grids

Device Type lBus

Angle, Mo Shift
Frequency
Gen Mvar Total

Load Mvar Total
Load M Total
W (pu}

Choose Chjects
(=] sort by ) Name

@ Mumber

Select All Clear Al

[ show only objects available in results

(1) Select the Device Type

{2} Select a set of fields and a set of objects

(3) Click the Add == button

FPlots, Subplots, Axis Groups

Generate Selected Plots

= [ Bus_V {pu)
(\h V {pu) _Bus'4

[addPiot | [ Deleteplot |

l Collapse all H Expand All ]

| Flot I Chart I Horizontal Axis
Vertical Axis | Plot Series
Mote: The plot series represents OME actual line on a chart
Object plotted Bus'4
Field plotted v {pu)

Plot Series Visible

Colaor - ?ﬂge

Plot Series Type  |Line Series -

Line Attributes

Style Solid -

Thickness B =
Stairs Mo ~
Symbaol Every 0=

Point Attributes

w

w

[ Save Plot Definitions to Auxiliary File

)

Save All Settings T

I Load All Settings From I

Customize the

+«— plotline

Object; note multiple objects and/or fields can be simultaneously selected.



Adding Multiple Axes
K
* Once the plot Is designed, save the case and rerun the simulation. The
plot should now automatically appear.

* In order to compare the time behavior of various fields an important
feature Is the ability to show different values using different y-axes on
the same plot.

« To add a new Vertical Axis to the plot, close the plot, go back to the Plots page,
select the Vertical Axis tab (immediately to the left of the Plot Series tab). Then click
Add Axis Group. Next, change the Device Type to Generator, the Field to Rotor
Angle, and choose the Bus 4 generator as the Object. Click the Add button.
Customize as desired. There are now two axis groups.



A Two Axes Plot

The resultant plot is shown below. To copy the plot to the windows
clipboard, or to save the plot, right click towards the bottom of the plot.
You can re-do the plot without re-running the simulation by clicking on
“Generate Selected Plots” button.

/\ »(v\/vvvv»v Many plot options

are available

j This case Is saved as
/\/ \/V\/\/VWMN Example 13 4 WithPlot
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Setting the Angle Reference
K
 Infinite buses do not exist, and should not usually be used except for
small, academic cases.

~ An infinite bus has a fixed frequency (e.g. 60 Hz), providing a convenient
reference frame for the display of bus angles.

« Without an infinite bus the overall system frequency is allowed to

deviate from the base frequency

— With a varying frequency we need to define a reference frame

- PowerWorld Simulator provides several reference frames with the default being average of bus
frequency.

- Go to the Options, Power System Model page. Change Infinite Bus Model to No Infinite Buses;
Under Options, Result Options, set the Angle Reference to Average of Generator Angles.

10



Setting Models for the Bus 2 Gen
K
« Without an infinite bus we need to set up models for the generator at
bus 2. Use the same procedure of adding a GENROU machine and an
IEEET1 exciter.

— Accept all the defaults, except set the H field for the GENROU model to 30 to
simulate a large machine.

~ Go to the Plot Designer, click on PlotVertAxisGroup2 and use the “Add” button to
show the rotor angle for Generator 2. Note that the object may be grayed out but you
can still add it to the plot.

~ Without an infinite bus the case is no longer stable with a 0.34 second fault; on the
main Simulation page change the event time for the opening on the lines to be 1.10
seconds (you can directly overwrite the seconds field on the display).

- Case Is saved as Example_13 4 NolnfiniteBus

11



No Infinite Bus Case Results

A]¥

11§

o] 105 Plot shows the rotor angles
o | for the generators

351

21 oo /N | atbuses 2 and 4, along with

251

o) o the voltage at bus 1. Notice

0.8

o] ors: the two generators are
swinging against each other.
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v
v

V (pu)_Bus Bus 1 v
Rotor Angle_Gen Bus 2 #1

Rotor Angle_Gen Bus 4 #1
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Impact of Angle Reference on Results

A]¥

. To see the impact of the reference frame on the angles results, go to
the “Options”, “Power System Model” page. Under “Options, Result
ptions”, set the Angle Reference to “Synchronous Reference Frame.”

O
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This shows the more expected
results, but it 1s not “more correct.”
Both are equally correct

e
0

||7— Vpu_Bus Bus 1 [v = Rotor Angle_Gen Bus 4 #1|v R
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WSCC Nine Bus, Three Machine Case

As a next step in complexity we consider the WSCC (now WECC) nine

bus case, three machine case.

— This case Is described in several locations including EPRI Report EL-484 (1977),
the Anderson/Fouad book (1977). Here we use the case as presented as Example

7.1 In the Sauer/Pai text except the generators are modeled using the subtransient
GENROU model, and data is in per unit on generator MVA base (see next slide).

- The Sauer/Pai book contains a derivation of the system models, and a fully
worked initial solution for this case.

Case Name: WSCC_9Bus
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Generator MVA Base

« Like most transient stability programs, generator transient stability data
In PowerWorld Simulator is entered in per unit using the generator

MV A base.

« The generator MV A base can be modified in the Edit Mode (upper left
portion of the ribbon), using the Generator Information Dialog. You
will see the MVVA Base in the Run Mode but not be able to modify it.

/

Generator Information for Present

Bus Number |E w = | Fing By Number
w | ind By Mame
Find ...

. els
Genera tor MVA Base| 250.00

Status
) COpen
(®) Closed

Energized

Fara Y

Fuel Type | Unknown
Unit Type UM (Unknown)

15



WSCC Case One-line
AlMm

Bus 2 Bus 7 Bus 8 Bus 9 Bus 3
1MW | oipu 1026pu T L e | romp rosp  SMW
BUS5 = 0.996 pu 100MW  Bus6 — 1.013pu
35 Mvar
125 MW
50 Mvar v
Bus 4 - 1026 pu wme  The initial contingency is to trip
" the generator at bus 3. Select
Bust 1.040 pu Run Transient Stability

‘ to get the results.
:
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Automatic Generator Tripping

Sometimes unseen errors may lurk in a simulation!
K I VAN [ e S

50] Run Transient Stability For Contingency: |My Transient Contingency b
5] Select Step Options
i Sinulation MNote: Changes made to option entries are saved immediately and will be applied during the next transient stability run.
40] oy — -
T Result Storage General | Pawer System Model | Result Options | Generic Limit Monitors
35 ‘ Pl:ots Synchronous Generator Limit Monitors
30 i i~Plot Designer
- Plot Definition Grids V| Only Apply to Generators Without Relays
25 +- Results
+- Transient Limit Monitars Manitor Type Action to Take Pickup Value Pickup Time
20] : —— = =
+ Sta.tes_.TlanLlal Contral Absalute Angle Deviation | Ignare - 180.0 5 Deg 0.000 = Seconds
- Validation
15 e — ] - - Fy
i SMIB Eigenvalues Cwver Frequency Trip - 6120 5 Hz 2,000 = Seconds
10 - -
Under Frequency Trip - 58.20 = Hz 2,000 == Seconds
5]
0-] Breaker Delay Time (Cycles) 0.0=
-5
T T T T T T T T T T T T Maximum Allowable Angle Difference (degrees) 1080.0 =
o 05 1 15 2 25 3 35 4 45 5 55 6 - e e =
— Rotor Angle_Gen Bus 2#1 = Rotor Angle_Gen Bus 3#1 == Rotor Angle_Gen Bus1l #1' HITEES Conﬁngencies
v r~ < '@ One Contingency at a time

Multiple Contingendes

Save All Settings To | | Load All Settings From i'L Close

Because this case has no governors and no infinite bus, the bus frequency keeps
rising throughout the simulation, even though the rotor angles are stable. Users may
set the generators to automatically trip in “Options”™, “Generic Limit Monitors™.
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Generator Governors
K
« Governors are used to control the generator power outputs, helping the
maintain a desired frequency

« Covered In sections 4.4 and 4.5

« As was the case with machine models and exciters, governors can be
entered using the Generator Dialog.

« Add TGOV1 models for all three generators using the default values.

Viax
I

P_. ~ i 1 1+5T, N P._.
+ \"')_ R 1+5T) 1+5T; )

'\'I."

MR

{9

. J b, |
‘J
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Additional WSCC Case Changes
T

* Use the “Add Plot” button on the plot designer to insert new plots to show
1) the generator speeds, and 2) the generator mechanical input power.

« Change contingency to be the opening of the bus 3 generator at time t=1
second. There 1s no “fault” to be cleared in this example, the only event 1s
opening the generator. Run case for 20 seconds.

« Case Name: WSCC_9Bus_WithGovernors
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Generator Angles on Different Reference Frames

00000

— Rotor Angle_Gen Bus 2#1 = Rotor Angle_Gen Bus 3#1 = RotorAngle_Gen Buslﬁll - Rotor Angle_Gen Bus 2#1 = Rotor Angle_Gen Bus 3#1 == RotorAngle_Gen Busl#ll
v v va v I =~

Average of Generator Angles Synchronous Reference Frame
Reference Frame

Both are equally “correct”, but it 1s much easier to see the rotor angle
variation when using the average of generator angles reference frame

20



Plot Designer with New Plots

Transient Stability Analysis

Simulation Status  Not Initialized

AlM

[ Run Transient Stability ] Pause Abort Restore Reference | For Contingency: [My Transient Contingency v]
Select Step Flots

» - Simulation -

. .Optians Plot Designer | plot Definition Grids

» -Rlesult Storage Device Type ’Generator v] [ Generate Selected Plots ] [Close Plots]

» | Plots

-Results from RAM

- Transient Limit Monitors
-States/Manual Control
-Validation

. SMIB Eigenvalues

Chooze Fields

Accel Mw

Field Current
Field voltage (pu)
Mech Input

Mvar Terminal
M Terminal
Rotor Angle
Rotor Angle, Mo Shift
Speed

Stabilizer Vs
Term, PU

VOEL

VUEL

> [ Inputs of Exciter

» 1 Trmuite nf Grveernar

Choose Objects

L E R N N N NN NN NN N ]

2 (Bus 2) %1 [18.00 kv]
3 (Bus 3) #1 [13.80k]

m

-

[+)sortby (7 Name @ Mumber

1(Busi) #1 [16.50

[

Show,Save Selected Plot Data ]

Plots, Subplots, Axiz Groups

Plot |'I'|ﬂe Blodk I Chart I Horizontal Axis I Vertical Axis I Plot Series List

4 [ Gen_Rotor Angle
{W¥ Rotor Angle _ Gen Bus 2 #1
(W Rotor Angle _ Gen Bus 3 #1
{W¥ Rotor Angle _ Gen Bus1 #1
4 [ Generator_Speed
W Speed _ Gen Bus 2 #1
(W Speed _Gen Bus 3 #1
W Speed _ Gen Bus1 #1
4 [ Generator_PMech
W Mech Input _ Gen Bus 2 #1
W Mech Input _ Gen Bus 3 #1
W Mech Input _ Gen Bus1 #1
4 [ Add new plots here
ﬂuﬁn Add objects/field combinations here

PlotName Gen_Rotor Angle

[ Rename Plot ] [ Add Plot ] [Delete Plot]

When to show the plot
@ Completion of a run

() On execution of @ run
() Manually show plots

Tile Subplots Mode

@) Left-Right, then Down
Top-Bottom, then Right
Mone (user-specified)

Auto-Save an Image File of the Plot

When [Never -

Metafile (* EMF)
300
00
Mote: Files are saved to the directory
specified in the Results Storage, Hard

Drive Options. Filename is always
"ContingencyMame_Plothame.jpg™

Note that when new plots are added using “Add Plot”, new Folders
appear in the plot list. This will result in separate plots for each group



Gen 3 Open Contingency Results
A

60

,""_ ——
190
50.95 e
180 /
59.9 /
170 4
59.85 160
5981 ~150
59.75 140 -
59.7 <130 /’
59.65 © 120
o /
N 506 %110 /
<5955 0 100 /
kS / = /
& s95 g %0 /
Q.59.45 / -g 80
59.4 c 7
/ [SE)
59.35 / %
so5 | =
59.25
59.2 \ 30
‘ \ 7 20
59.15 l\l 10
\
59.1 V\M o
59.05 Voo 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Time (Seconds)
Time (Seconds)
|[v = Mech Input_Gen Bus 2 #1 [¥v == Mech Input_Gen Bus 3 #1
| |[v = Speed_Gen Bus 2 #1 [v =—— Speed_Gen Bus 3 #1 [¥v = Speed_Gen Bus1 #1 I [v = Mech Input_Gen Bus1 #1

The left figure shows the generator speed, while the right figure shows the
generator mechanical power inputs for the loss of generator 3. This is a severe
contingency since more than 25% of the system generation is lost, resulting in a
frequency dip of almost one Hz. Notice frequency does not return to 60 Hz.
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2007 CWLP Dallman Accident
K

* In 2007 there was an explosion at the Springfield, IL City Water Light

Power (CWLP) 86 MW Dallman 1 generator. The explosion was

eventually determined to be caused by a sticky valve that prevented the

cutoff of steam into the turbine when the generator went off line. So the

generator turbine continued to accelerate up to over 6000 rpm (3600

normal).

— High speed caused parts of the generator to shoot out

- Hydrogen escaped from the cooling system, and eventually escaped causing the
explosion
- Repairs took about 18 months, costing more than $52 million

23



Dallman After the Accident

A]¥
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Outside of Dallman

AlM

®

CWLP retired

Dallman 1 and 2 at the
end of 2020. Dallman 4
IS their newer coal unit,
coming online in 2009.

It 1sa 200 MW unit, with
recent DOE funding
looking doing CO2
capture at the location.

-
’
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37 Bus System

Next we consider a slightly larger, ten generator, 37

bus system. To view this system open case

AGL37_TS. The system one-line is shown below.
Aggleland Power and Light

To see summary

listings of the transient stability
models In this case

select Stability Case Info from the
ribbon, and then either TS Generator
Summary or TS Case Summary

26



Transient Stability Case and Model Summary

Displays

¥ Modelsin Use X Generators

+.0 .00

X Load Characteristics

X Load Summary

SORT

D T B Ak 8 M #%  Records ~ Set~ Columns - Eg- ‘G- i0. By 1 fix) - H o
Filter |Advanced ~ |TsModelsummaryObject - - | Find... Remove Quic
Fodel Class Object Type Active and A&| Active Count Inactive Count |Fully Supported
Online Count
1|Machine Model GEMSAL 1 1] D YES
2[Machine Model GEMROU 9 G 0 YES
3| Exciter |IEEET1 10 10 0 YES
4| Governar Tz 10 10 0 YES
CW aiid gy WU VED MWy M TTarisiciie JLAOIrLy (v aj i JuUlicuulc TURITU Y FIULTaanny ey

X Generator Model Use

X Model Summary X Generators

X Load Characteristics

X Load Summary

LRl

Right click on a line and select
Show Dialog for more
Information.

m i % '*1 '_'.;.'3 ;':'_3 ﬁ f&n Records = Geo = 5Set~ Columns - * H.E* H&E* b %* E%E filx) = @ Options =
Filter |Advanced = |Generator - = | Find... Remove Ouick Filter =
MNumber of Bus Mame of Bus D Status Gen MW VA Base Machine Exciter Governaor Stabilizer |Other Model| Gowvernor H [system |TS Rcom
Response base] [system E
Limits

1 14 RUDDERGS 1 Closed 0.00 50,00 GENROU IEEET1 TGOV Mormal 1.50000 0.0
2 16 CEMTURYGES 2 Closed 100.00 120,00 GENROU IEEETA TGOV Mormal 3.60000 0.0
3 20 FISH&S 2 Closed 91.75 130,00 GENROU IEEET1 TGOV Mormal 3.90000 0.0
4 28 AGGIE34S 1 Closed 500.00 600.00 GEMROU IEEETA TGOV Mormal 36.00000 0.0
5 31 SLACK345 1 Closed 270.20 &00.00 GEMROU IEEET1 TGOV Maormal 36.00000 0.0
& 37 SPIRITES 1 Closed 20.00 30,00 GEMSAL IEEET1 TGOV Mormal 270000 0.00
7 44 RELLISES 1 Closed &0.00 20,00 GENROU IEEET1 TGOV Maormal 240000 0.0
3 43 WEBGS 1 Closed 12.30 20.00 GENROU IEEET1 TGOV Mormal 2.40000 0.0
9 53 K¥LE133 1 Closed 250.00 300.00 GEMROU ﬁE' EET1 we | TGOV Marmal 9.00000 0.0
10 54 KYLEGS 1 Closed 20.00 100.00 GENROU IEEET1 TGOV Mormal 3.00000 0.0

A]¥
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37 Bus Case Solution

A]¥

100-
90
80

70

60

50]

40

30

20-

Graph shows all the
generator rotor angles
following a fault on a
transmission line

L R B R R S S R L R B R R |
6 7 8 9 10

— Rotor Angle_Gen RUDDER69#1 = Rotor Angle Gen CENTURY69 #2
¥ — Rotor Angle_Gen FISH69 #2 ¥ — Rotor Angle_Gen AGGIE345#1
¥ — RotorAngle_Gen SLACK345#1 ¥ — Rotor Angle_Gen SPIRIT69 #1
¥ — RotorAngle_Gen RELLIS69#1 ¥ — Rotor Angle_Gen WEB69 #1
v v
oV v
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Stepping Through a Solution

AlM

®

« Simulator provides functionality to make It easy to see what Is occurring
during a solution. This functionality Is accessed on the States/Manual
Control page

Transient Stability Analysis = [m] X

Transfer results to Power Flow to

Run Transient Stability

view using standard PowerWorld

R

For Contingency: | Find | Sprite9 ~

Options SR EEIE Transfer Present State to Power Flow | [] Allow Saving of State in Power —
_:’:‘;‘t storage Run Until Spedified Time = Run Until Time Flow I Save Case in PWX Farmat d - I d I -
-Results from RAM Do Specified Number of Timestep(s) l:l | Mumber of Timesteps to Do Store Power Flow State in *,pwpfs File I S p a.ys an O n e = I n eS
Transient Limit Monitors
v - States/Manual Control All States  State Limit Violations Gengrators Buses  Transient Stability YBus GIC GMatrix  Two Bus Equivalents Detailed Performance Results
; :Li:ﬁt Volatons B ) B A %8 o Records ~ Set = Columns - B~ - 8- & b~ B Options -
Generators Model Class | Model Typll | Object Name | At Limit | State Ignored | State Name Value | Derivative | Deltax ki ~
\Buses 1[Cen Synch. Ma] GENROU 14 (RUDDER69) NO Angle 04928 0.0000000  0.0000000
i Transient Stability YBus 2|Gen Synch. Ma GENROU 14 (RUDDERSS) NO Speed w 00000  0.0000000  0.0000000
GIC GMatrix 3| Gen Synch. Ma GENROU 14 (RUDDER69) NO Eqp 1.0341 0.0000000  0.0000000
T Bus Equivalents 4|Gen Synch. Ma GENROU 14 (RUDDERSS) NO PsiDp 1012 00000000  0.0000000
! Detaled Performance Rest 5|Gen Synch, Ma GENROU 14 (RUDDERES) NO PsiQpp 00000  0.0000000  0.0000000
-Let 6|Gen Synch. Ma GENROU 14 (RUDDER69) NO Edp 00000  0.0000000  0.0000000
Validation 7|Gen Synch. Ma GENROU 16 (CENTURYES NO Angle 00904  0.0000000  0.0000000 -
SMIB Eigenvalues 8| Gen Synch. Ma GENROU 16 (CENTURYS9 NO Speed w 00000  0.0000000  0.0000000
~Modal Analysis 5| Gen Synch. Ma GENROU 16 (CENTURY69 NO Eqp 11715 0.0000000  0.0000000 e e e al e res u S
- Dynamic Smulator Cptions 10| Gen Synch. Ma GENROU 16 (CENTURYE9 NO PsiDp 10582 0.0000000  0.0000000
11|Gen Synch. Ma GENROU 16 (CENTURY&9 NO PsiQpp 02683 0.0000000  0.0000000
12|Gen Synch. Ma GEHROU 16 (CENTURYES NO Edp 00596  0.0000000  0.0000000 0
13|Gen Synch. Ma GENROU 20 (FISHES) £2 NO Angle 01704 0.0000000  0.0000000 at th e P au Se d I I m e
14|Gen Synch. Ma GENROU 20 (FISHES) #2 NO Speed w 00000  0.0000000  0.0000000
15|Gen Synch. Ma GENROU 20 (FISHES) £2 NO Eqp 1.1631 0.0000000  0.0000000
16|Gen Synch. Ma GENROU 20 (FISHES) #2 NO PsiDp 1.0666  0.0000000  0.0000000
17| Gen Synch. Ma GENROU 20 (FISH69) £2 NO PsiCpp 02342 00000000  0.0000000
18|Gen Synch. Ma GENROU 20 (FISHES) £2 NO Edp 00520  0.0000000  0.0000000
19| Gen Synch. Ma GENROU 28 (AGGIE34S) ¢ NO Angle 02368 00000000  0.0000000
< N 20|Gen Synch. Ma GENROU 28 (AGGIE345) ¢ NO Speed w 00000  0.0000000  0.0000000
21|Gen Synch. Ma GENROU 28 (AGGIE34S) ¢ NO Eqp 1.0440  0.0000000  0.0000000
Process Contingendies 22| Gen Synch. Ma GENROU 28 (AGGIE345) ¢ NO PsiDp 09892  0.0000000  0.0000000
(®) One Contingency at a time 23|Gen Synch, Ma GENROU 28 (AGGIE34S) ¢ NO PsiQpp 03250  0.0000000  0.0000000
(CMultiple Contingendies 24| Gen Synch. Ma GENROU 28 (AGGIE345) 4 NO Edp 00722 0.0000000  0.0000000 v
Save All Settings To Load All Settings From Show Transiiht Contour Toolbar Auto Insert... Critical Clearing Time Calculator... Help Close

Run a Specified Number of Timesteps or Run Until a Specified Time, then Pause. 29



Physical Structure Power System Components

Mechanical System

Supply Pressure
control control
Fuel Furnace

Speed
control

Turbine

Source ’ and Boiler

Electrical System

\oltage Network
Control control
Network

Load
control

Generator

Loads

P. Sauer and M. Pai, Power System Dynamics and Stability, Stipes Publishing, 2006.
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Dynamic Models in the Physical Structure

Mechanical System

Speed
control

Turbine

Supply Pressure

control control

Fuel Furnace

Source ' and Boiler
Governor

Electrical System

Load
Relay

Load
control

Loads

Stabilizer :
Line
Exciter Relay
\oltage Network
Control control
Generator Network
Machine

Load
Char.

P. Sauer and M. Pai, Power System Dynamics and Stability, Stipes Publishing, 2006.

A]¥
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Generator Models

 (Generators can 4

have several

classes of models
assigned to them
— Machine Models
— Exciter

— Governors

— Stabilizers

e Others also available

— Excitation limiters, voltage compensation, turbine load controllers, and generator

relay model

R
Stability Topology
ase Info | Processing |
Iﬂ nsient Stability..
St ent Conto I
lj C mation
t Stability
t Stability G I

Models Supported Status
Load Transient Stability Data
Save Transient Stability Data

Clear All Transient Stability Data

Exciters...

Governars

Machine Models. .
Stabilizers...

Other Generator Models...
DC Line Madels...

Load Characteristic Madels

Load Relays

A]¥
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Generator Models

Network

norign ?

Jource

P

elec?

0._...V. Angle

Machine p———>

LCFBI1

Model  fe——

Exciter [¢—

7Y Ey 7 )
'Pmeca'l P, elec? 'Pe!ec i Pacce." ! I,z’smﬁmmr
o (speed) @ (speed)
A 4
Py | Governor wind Tunime | Stabilizer
> <
Pitch Control

P _=Electrical Power
Q... = Electrical Reactive Power

V' =Voltage at Terminal Bus

dt

a = Denvateof Voltage

V .. =Compensated Voltage

comp

stabilizar

P_ . =Mechanical Power

i

@

P__, = Acceleratmg Power
= Output of Stabilizer

y v
dt

Frequency

@(speed) = Rotor Speed (often it's deviation from nominal speed)

V . =Exciter Control Setpoint (determined during initialization)

re

P_. =Govemor Control Setpoint (determined during initialization)

A]¥
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Machine Models

IJ‘T:)?‘FG".‘ ? Z_'FC'UVCQT

Network

LCFBI1

"Pefe: ’Qm’e: * I/; Ang"’e

o~ ,
. Dome . ref
Machine —> Exciter [€—
Model  |e—L |
A Ey A
'Pmeca'l P elec? 'Pe!ec : Pacce." i I,z’smﬁmmr
@ (speed) @ (speed)
v
P . . \ iy
= | (Governot . : Stabilizer
Wind Turbine &
Pitch Control

P _=Electrical Power
Q... = Electrical Reactive Power

V' =Voltage at Terminal Bus

dt

a = Denvateof Voltage

V .. =Compensated Voltage

comp

stabilizar

P_ . =Mechanical Power

i

@

P__, = Acceleratmg Power
= Output of Stabilizer

y v
dt

Frequency

@(speed) = Rotor Speed (often it's deviation from nominal speed)

V . =Exciter Control Setpoint (determined during initialization)

re

P_. =Govemor Control Setpoint (determined during initialization)

A]¥
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Synchronous Machine Modeling

A]Mm
Electric machines are used to convert mechanical energy into
electrical energy (generators) and from electrical energy into
mechanical energy (motors)
—- Many devices can operate Iin either mode, but are usually customized for one
or the other

Vast majority of electricity Is generated using synchronous
generators and some Is consumed using synchronous motors, so
we'll start there

There is much literature on subject, and sometimes it is overly
confusing with the use of different conventions and nomenclature
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Synchronous Machine Modeling

3¢ bal. windings (a,b,c) — stator

Field winding (fd) on rotor

g-axis

Damper 1n “d” axis
—aais (1d) on rotor

(Y

Two dampers 1n “q” axis
(1q, 29) on rotor
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Two Main Types of Synchronous Machines

* Round Rotor
— Air-gap is constant, used with higher speed machines

« Salient Rotor (often called Salient Pole)
— Alr-gap varies circumferentially
- Used with many pole, slower machines such as hydro
— Narrowest part of gap in the d-axis and the widest along the g-axis

A]¥
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DgO Reference Frame

A
 Stator Is stationary, rotor Is rotating at synchronous speed
* Rotor values need to be transformed to fixed reference frame for analysis

* Done using Park's transformation into what is known as the dq0 reference
frame (direct, quadrature, zero)

— Parks’ 1929 paper voted 2"4 most important power paper of 20" century at the 2000

NAPS Meeting
(15t was Fortescue’s sym. components)

« Convention used here Is the g-axis leads the d-axis (which is the IEEE
standard)
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Synchronous Machine Stator

Generator stator
showing completed
windings for a
757-MVA,
3600-RPM, 60-Hz
synchronous
generator
(Courtesy of
General Electric.)

A]¥

Image Source:
Glover/Overbye/Sarma Book,
Sixth Edition, Beginning of
Chapter 8 Photo
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Synchronous Machine Rotors

* Rotors are essentially electromagnets

Two pole (P) round rotor

Images Source: Dr. Gleb Tcheslavski, ee.lamar.edu/gleb/teaching.htm

Six pole salient rotor

A]¥
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Synchronous Machine Rotor

High pole
salient
rotor

Shaft ——

Part of exciter,
which is used
to control the

fleld current

Image Source: Dr. Gleb Tcheslavski, ee.lamar.edu/gleb/teaching.htm

AlM

®
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Fundamental Laws

* Kirchhoff’s Voltage Law, Ohm’s Law, Faraday’s Law,
Newton’s Second Law

Stator

. A
Vg =l +—2
a a's dt

. dﬂb
Vi, = Il +——
b b's dt
V. =1r +dic
C C'S dt

Rotor
Vig = Il + djtfd
Vig = hg Mg +dd%
Vig = hgliq + dd%
Voq = laql2q +%

Shaft

d‘gshaft 220)

dt P
2 dw

Jo—=Th-Te =Ty,

P dt

The rotor has the field winding and
up to three damper windings
(added to provide damping)

A]¥
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DgO Transformations

A

V4 V, In the next few slides we’ll quickly

: through how th
ATygeo| Vo or i A go through how these

v basic equations are transformedinto

V, V. the standard machine models; the

-7 - point is to show the physical basis for
the models.
Va Vg
-1

Wb | = dgo Vq

_VC _ _Vo _
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DgO Transformations

P

sin Eeshaﬂ sin

P 27T . (P 27
> —Oghatt — 3 j sin 5 — Oqhat +?j
T Ag cos P p cos P 2z cos P P, 2z Note that the transformation
dao = 3| 7 o el 2 shaft 3 p shaft ™3 depends on the shaft angle.
1 1 1
2 2 2

with the inverse,

P P
S'nz‘gshaft Coszeshaft 1
1 . (P 27 P 27
Tggo =1 SIN 2‘93haft_3 COS 2‘9shaft_3 1
sin P@ +2ﬂ COS P@ +27[
I 2 shaft 3 2 shaft 3
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Transformed System

Stator

Vg =Fly —odq +

Vq = rslq

V, =L +d/1°
0 S0 dt

+ oAy +——
d

Rotor
Vig =gl +dj—tfd
Vig = fghg +%
Vig = fighg + %
d A,

We are now in the dqO space

Shaft

d‘9shaft _ 2

dt P

2 do
J P dt =T =Te—Tso

A]¥

45



Electrical & Mechanical Relationships

Electrical system: v=iR+ dd—f (voltage)

. .o .dA P is the number of
Vi=1I R+|E (power) poles (e.q., 2.4,6): T
IS the friction and
Mechanical system: windage torque

J ( éj dd(to =T, -T,-Tg, (torque)

2
2 do 2 2 2
J| — ol ——ol, ——ol ower
(Pj gt PP T p@leTp @ (POWen
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Torgue Derivation
A]Mm
« Torque is derived by looking at the overall energy balance in the system

* Three systems: electrical, mechanical and the coupling magnetic field
~ Electrical system losses are in the form of resistance
— Mechanical system losses are in the form of friction

« Coupling field is assumed to be lossless, hence we can track how energy
moves between the electrical and mechanical systems
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Energy Conversion

To

om

0]

elect
e "
2
i v
dt
Electrical Coupling
System Field

2 d
Y (5) JoH

Mechanical
System .

The coupling field stores and discharges energy but has no losses

Look at the instantaneous power:

. . . 3 . 3 . :
Vgalg + Vplp + Vele = in g +§vq|q +3Vglg
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Change to Conservation of Power

Rn  =Vala +Vplp + Velg +Vidlfd +Vidhd +Vighg
elect

-2 2 2 -2 -2 -2 -2
Rost =Ts ('a Ty +lc )+ F'fglfd + Ndhd + gl T M2qgl2qg
elect
. dﬂb i i d//tfd : dﬂ]_d

I:)trans:ia +'b—+'c—+'fd—+'1d—
elact dt dt dt dt dt

d/llq d/IZq We are using v = dA/dt
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With the Transformed Variables

3 . 3 . . . . . .
Plrll = Evdld +§Vqlq —I—3VOIO —|—Vfdlfd +V1d|1d —I—qul1q —I—V2qI2q
elect
P _3 5 3 ri? 2 2 -2 2
I?St ——I‘SId +Erslq + I‘SIO +lefOI +r1d|1d -+ rlqllq +I’2qI20I
elect
p 3P0 35 O 3Pl )5 3; 04
mas 22 dt Y 2% dt 22 dt Y 29 dt
dA d dA
i, — dAy iy q +ip, 29
dt dt dt dt

+3I,

dA

0

dt
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Change in Coupling Field Energy

A
%: T E d_‘9+ i %Jr i % First term on right is what Is
dt °P | dt 2] dt b | gt going on mechanically, other
” terms are what Is going on
—1dA: T fd [ 1dAg electrically
el T g Tl g
g Vg I2q 29
dt dt

This requires the lossless coupling field assumption

ol



Change in Coupling Field Energy

For independent states &, 4,, Ay, A Atgr Arar A1gr Aog

oW, Wy [ do [Wi | da, [V | dgy
dt | 00 | dt |64, | dt | oA | dt

an %4_ an dﬂafd N an dﬂ“ld

0d. | dt | OAy | dt | OAy | dt

oWy |dag [ OW; | diygg
+|— |+ —
Olyg | dt | ddpg | it

A]¥



Equate the Coefficients

e ~ Iy = t
P 00 0, et

There are eight such “reciprocity conditions for this model.

These are key conditions — i.e. the first one gives an expression for
the torque in terms of the coupling field energy.

A]¥
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Equate the Coefficients

oW :§E(zd'q —/Iqid)+Te

0 Qshaft

GWf an B 3 ] an B 3'

3.
= —1 ) __|1
ohg 29 oa, 2V aa  °

NN —i S S S
Ohtg 0 Okg U Okg N Ok

These are key conditions — i.e. the first one gives an expression for
the torque in terms of the coupling field energy.
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Coupling Field Energy
K
« The coupling field energy Is calculated using a path independent
Integration

— For integral to be path independent, the partial derivatives of all integrands with
respect to the other states must be equal

' Ol
For example, 3 Ay _ N
200, Ol

 Since Integration is path independent, choose a convenient path
— Start with a de-energized system so variables are zero
— Integrate shaft position while other variables are zero
— Integrate sources in sequence with shaft at final value
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Define Unscaled Variables

P difd i
oA E‘gshaft — gt dc ~Talid TVt
o, IS the rated ddﬂ =—Tghg +Vig
synchronous speed t
o plays an important role! d A, .
—4 = iy + @ + V4 d Ay _
dt ——— = —Tyglyq + Vo
dA at
q _ -
T—_rslq_a)ﬂ/d +Vq d_5_w_a)
d4, I, +V " |
— " lslo T Vo 2d 3\(P i '
dt JEd—?sz+(EJ(Ej(idlq—/’tqld)—wa

A]¥
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Synchronous Machine Equations in Per Unit

d
=W Ry 4+ 2y 4y 1 Wi _
T slg SWq d o dt =—Rglg +Vig
1 dyq @ 1d
— ORI -y, 4V Vid _
o, dt slq a)SWd q o, dt =—Ryg l1g +Vig
1 dy,
— Yo _R | +V 1 dy,
w, d % ° t=—Ryglig Vi
S o, dt 1 k
1 dy,
o =—Roql 2+ Vg
do @s
dt
2H dw .
=Ty ~(Walg—wqla )~ Tew Units of H are seconds
S

The wvariables are In
the A variables in per

unit (see book 3.50 to
3.52)

A
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Sinusoidal Steady-State

V, = V2V, cos(wgt + Oy )

[ 3\
27T
V, =~/ 2V cos a)St+6?VS+3
\
|, = /2l cos(wst + G )
[
l, = /2l cos a)st+¢9is—2”
\ 3
)
l. =~/2l5cos a)st+6’is+2”

3 )

Here we consider the
application to balanced,
sinusoidal conditions

A]¥
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Simplifying Using 6

i
» Define P S———
O A —Oyait — Ot The conclusion is if we know §,
— 2 then we can easily relate the
Vg =Vssin(6 —6ys) phase to the dq values!

 Hence
Vg = Vs €0S(5 —6ys)

Id = Issin(5—9is)
lq = 15c08(5 —6is)

equations can be
written as complex

* These algebraic (v
equations (
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Summary So Far

A]Mm
« The model as developed so far has been derived using the following
assumptions

— The stator has three coils in a balanced configuration, spaced 120 electrical degrees
apart

— Rotor has four coils in a balanced configuration located 90 electrical degrees apart

— Relationship between the flux linkages and currents must reflect a conservative
coupling field

— The relationships between the flux linkages and currents must be independent of
0., When expressed in the dgO coordinate system
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