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Announcements

T

 Homework 2 is due on Thursday September 23
e Read Chapter 5

e The EPG dinner will again take place this semester,
hosted by Dr. Begovic and his wife on Saturday
September 25th from 5 to 7:30pm. This is for all EPG
Faculty, Staff and Students including families (and
anyone in 667 is eligible). The meal will be catered.
However you must RSVP by today at
https.//forms.gle/XyN3hc6Md1Mi3YUv9



https://forms.gle/XyN3hc6Md1Mi3YUv9

Kersting Example 4.1

For this example the full Z matrix is

[0.4013 + j1.4133
0.0953 + j0.8515
0.0953+ j0.7266

0.0953+ j0.7524

0.0953 + j0.8515
0.4013+ j1.4133
0.0953 + j0.7802
0.0953 + j0.7865

0.0953 + j0.7266
0.0953 + j0.7802
0.4013+ j1.4133
0.0953+ j0.7674

T

0.0953 + j0.7524~
0.0953 + j0.7865
0.0953 + j0.7674
0.6873+ j1.5465

- Partition the matrix and solve Z,=|Z,-Z,Z,Z. |
The result in Q/mile Is

- 0.4576 +1.0780 0.1560+ j0.5017 0.1535+ j0.3849 |
Z_ =10.1560+ J0.5017 0.4666 + j1.0482 0.1580+ j0.4236
1 0.1535+ J0.3849 0.1580+ j0.4236 0.4615+ J1.0651




Kersting Example 4.1, cont.

AJ#
« Then to convert to the sequence matrix

1 1 1]
A =11 a° «a| witha=1,120°

1 a o

Then

[ 0.7735+ j1.9536 0.0256 + j0.0115 —0.321+ j0.0159 |
Z, = A7 IOA =| —0.0321+ j0.0159 0.3061+ j0.6270 —0.0723- j0.0060
| 0.0256+ j0.0115 0.0723-j0.0059 0.3061+ j0.6270

The diagonal elements are the sequence values, with the positive
and negative sequence values equal, and the zero sequence about
three times their value. The non-zero off-diagonals indicates that
there Is mutual coupling between the phases.
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Substation




Symmetric Line Spacing — 69 kV




Bundled Conductor Pictures

The AEP Wyoming-Jackson Ferry 765 kV line
uses 6-bundle conductors. Conductors in a
bundle are at the same voltage!

Photo Source: BPA and American Electric Power




Returning to the Simulation: Generator

Angles on Different Reference Frame

~
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L — Rotor Angle_Gen Bus 2#1 = Rotor Angle_Gen Bus 3#1 == Rotor Angle_Gen Busl#ll — Rotor Angle Gen Bus 2 #1
7 v v v

Average of Generator Angles

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

Synchronous Reference
Reference Frame Frame

AJ¥



Plot Designer with New Plots with the
WSCC Nine Bus Case

A|M

@

Transient Stability Analysis

Simulation Status  Not Initialized

[ Run Transient Stability J Pause Abort Restore Reference | For Contingency: IMy Transient Contingency vJ
Select Step Flots

> - Simulation -

. .Optians Plot Designer | plot Definition Grids

» -Rlesult Storage Device Type IGenerator vJ I Generate Selected Plots I ICIose Plotsl

» | Plots

-Results from RAM

- Transient Limit Monitors
-States/Manual Control
-Validation

. SMIB Eigenvalues

Chooze Fields

> [ Inputs of Exciter

» 1 Trmuite nf Grveernar

Choose Objects
(=] sort by () Name

-

Show Filer

@) Mumber

1 (Bus1) #1 [16.50
2 (Bus 2) %1 [18.00 kv]
3 (Bus 3) #1 [13.80k]

I

Show,Save Selected Plot Data I

W Mech Input _ Gen Bus1 #1
4 [ Add new plots here
ﬂuﬁn Add objects/field combinations here

Top-Bottom, then Right
Mone (user-specified)

& Accel MW N e
& Fisld Current Add == || Plots, Subplots, Axis Groups Plat |T|ﬂe Blodk I Chart I Horizontal Axis I Vertical Axis I Plot Series List
# Field voltage (pu) 4 [ Gen_Rotor Angle PlotName  Gen_Rotor Angle
# Mech Input {W¥ Rotor Angle _ Gen Bus 2 #1
& Mvar Terminal c ﬂuﬁ- Rotor Angle _ Gen Bus 3 #1 [ Rename Plot ] I Add Plot J IDeIete PIotJ
& MW Terminal {W¥ Rotor Angle _ Gen Bus1 #1
# Rotor Angle 4 [ Generator_Speed When to show the plot Auto-Save an Image File of the Plot
- E @ Completion of a run
# Rotor Angle, No Shift (W Speed _ Gen Bus 2 #1 ® Completion when  [never =
# Speed W\' Speed _Gen Bus 3 #1 ") On execution of a run
@ Stabilizer Vs (W Speed _Gen Bus1 #1 “ Manually show plots Metafile (*.EMF)
& Term. PU 4 [ Generator_PMech
@ VOEL [V Mech Input _ Gen Bus 2 #1 Tile Subplots Mode 800
& VUEL W Mech Input _ Gen Bus 3 #1 2) Left-Right, then Down

a0

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

8



Gen 3 Open Contingency Results
T
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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.



Load Modeling

HiY

» The load model used in transient stability can have a
significant impact on the results

By default PowerWorld uses constant impedance models
but makes it very easy to add more complex loads.

» The default (global) models are specified on the Options,
Power System Model page.

General | Power System Model | Result Options | Generic Limit Monitors | User Defined Models | Distributed Computing | tab_TI

These models

Power System Values Load Modeling

Mominal System Frequency (Hz) 60.0 Default Load Mode! d I
@ Constant Impedance are Use O n y
System MVA Base — ZIP Model from Power Flow Model
Metwork Equations Solution Options Constant Curren t Wh e n n O Oth e r
Solution Tolerance (MVA] 0, 10000 Constant Current P, Impedance Q

Maxirmum [terations 25 = Minimum Per Unit Voltages for m O d e I S are
Constant Power Models 0,700

Constant Current Models 0,500 Change | S peC I fl ed .

Force Metwork Equation Update 0,00 =

| Use Voltage Extrapolation
Inner Loop Mismatch Scalar 10 =

10



Load Modeling

HiY

* More detailed models are added by selecting Case
Information, Model Explorer, Transient Stability,
Load Characteristics Models.

» Models can be specified for the entire case (system), or
Individual areas, zones, owners, buses or loads.

- To insert a load model click right click and select insert
to display the Load Characteristic Information dialog.

Right click
here to get
local menu and
select insert.

11



Dynamic Load Models

Al
Loads can either be static or dynamic, with dynamic
models often used to represent induction motors

Some load models include a mixture of different types
of loads; one example is the CLOD model represents a
mixture of static and dynamic models

LLoads models/changed in PowerWorld using the Load
Characteristic Information Dialog

Next slide shows voltage results for static versus
dynamic load models

Case Name: WSCC 9Bus_L.oad

12



WSCC Case Without/With Complex
Load Models T

« Below graphs compare the voltage response following
a fault with a static impedance load (left) and the
CLOD maodel, which includes induction motors (right)

1.1]

1
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0.6 0.6
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— VpuBusBus2 — VpuBusBus3 — VpuBusBus4 — Vpu BusBus5 — VpuBusBus2 — Vpu_ s3  — Vpul s4  — Vpu
v V pu_Bus Bus 6 v_— V pu_Bus Bus 7 V— V pu_Bus Bus 8 V_— V pu_Bus Bus 9 v V pu_Bus Bus 6 Iv— V pu_Bus Bus 7 r V/ pu_Bus Bus Br— V pu_Bus Bus 9
¥ — vpuBusBusl ¥ v v vV _— VpuBusBusl ¥ v
v v
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Under-Voltage Motor Tripping
HIY
* In the PowerWorld CLOD model, under-voltage motor
tripping may be set by the following parameters
- VI = voltage at which trip will occur (default = 0.75 pu)

- Ti (cycles) = length of time voltage needs to be below Vi
before trip will occur (default = 60 cycles, or 1 second)

 In this example change the tripping values to 0.8 pu and
30 cycles and you will see the motors tripping out on
buses 5, 6, and 8 (the load buses) — this Is especially
visible on the bus voltages plot. These trips allow the
clearing time to be a bit longer than would otherwise be
the case.

« Set VI =0 In this model to turn off motor tripping. y



37 Bus System

Al
» 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

4 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”

15




Transient Stability Case and Model
Summary Displays

X Modelsin Use X Generators 2 Load Characteristics X Load Summary
Bl T Vol #  Records ~ Set+ Columns - [Be- i~ W BH- WY f- B o
Filter |Advanced = |TSModelSummaryObject - = | Find... Remove Quic
Model Class Object Type Active and &| Acdive Count Inactive Count | Fully Supported
Online Count

1|Machine Model GEMSAL 1 1 l DJYES

2|Machine Model GEMROLU g9 0 YES

3 |Exciter IEEET1 10 1D 0 YES

4|Governaor TGOV 10 10 0 YES

Right click on a line

and select “Show
Dialog” for more
Information.

A|M

@

F¥ ainid Ly UIvEY [Py Ml TEanaicrie JLawiney |3y il JulICuuIT TR FIULTIINY ey anuc
¥ Generator Model Use 30 Model Summary X Generators * Load Characteristics % Load Summary
m = % '>| +_.;.'E ;E'_E ﬂ ?&D Records ~ Geo * Set~ Columns - * HE. H"HE v %' EEEEL i) = @ Options -
Filter | Advanced = |Generator - = | Find... Remowve Quick Filter =
Number of Bus MName of Bus 1D Status Gen MW MWA Base Machine Exciter Governor Stabilizer |Other Model| Governor H (system [TS Rcom
Response base] [system E
Limits
1 14 RUDDERES 1 GEMROU IEEET1 TGOV Mormal 1.50000 0.0
2 16 CENTURYED 2 GEMROU IEEET1 TGOV MNormal 0 0
3 20 FISHED 2 GEMROU IEEET1 TGOWV1 Mormal 0 C
4 28 AGGIE345 1 GEMROU IEEET1 TGOV Mormal 0 0
5 31 SLACK34S 1 GEMROU IEEET1 TGOV MNormal 0 0
B 37 SPIRITES 1 GEMSAL IEEET1 TGOWV1 Mormal 0 C
7 44 RELLISE9 1 GEMROU IEEET1 TGOV Mormal 0 0
8 438 WEBE9 1 GEMROU IEEET1 TGOV MNormal 0 0
9 53 KYLE1382 1 GEMROU ﬂE' EET1 s | TGOV Mormal 0 C
10 54 KYLEES 1 GEMROU IEEET1 TGOV Mormal 0 0.0(

16



37 Bus Case Solution

AP

100

Graph
shows the
rotor angles
following

a line fault

— Rotor Angle_Gen RUDDERG69 #1

2

a4

IV — Rotor Angle_Gen FISHB9 #2 IV — RotorAngle_Gen AGGIE345#1
IV — RotorAngle_Gen SLACK345#1 ¥ — Rotor Angle_Gen SPIRIT69 #1
IV — RotorAngle_Gen RELLIS69 #1 |¥ — Rotor Angle_Gen WEBG9 #1
v
v

Rotor Angle_Gen CENTURY69 #2

17



Stepping Through a Solution

A|M

@

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
Simulation Status [Initalized
Run Transient Stability Abo For Contingency: | Find | Sprits3 ~
Select Step States/Manual Contral
-Simulation
-Options Reset to Start Time Transfer Present State to Power Flow il ESiaieia Do
-Result Storage o
Plots < Run Until Specified Time 0.000000 (3 Run Until Time e Reference Power Flo Save Case in PWX Format
Results from RAM Do Speciied Number of Tmestep(s) | | 1]%] Number of Timesteps to Do Store Power Flow State in = pwpfs Flle
- Transient Limit Monitors
b -StatesManual Control All States  State Limit Violations ~ Gen rs Buses Transient Stability YBus GIC GMatrix Two Bus Equivalents Detailed Performance Results
i Al States — P WAL RS, @ sanT
fo & Records - Set~ Columns ~ =ik - AR (i g Options ~
State Limit Violations =] g b b % ieco -a A7 - B on
Generatars Model Class | Modelffipe | ObjectName |  Atimit | state Ignored | state Name value | Dervatve | Dettaxki ~
- Buses 1[Gen Synch. M| GENR 14 [RUDDERGS) NO Angle 04528 0.0000000  0.0000000
- Transient Stability YBus 2| Gen Synch. Ma GENJOU 14 RUDDER§9) NO Speed w 0.0000  0.0000000  0.0000000
- GIC GMatrix 3 14 {RUDDER§9) NO Eqp 1.0341 0.0000000  D.0000000
- ] 4 14 [RUDDERE9) NO PsiDp 10192 00000000  0.0000000
;‘\:“‘: E“L::alﬁm N 5 14 (RUDDERE9) NO Psiopp 0.0000  0.0000000 00000000
;- Detaled Performance Resy 3 14 (RUDDERGS) NO Edp 0.0000 0.0000000 0.0000000
Validation 7 16 (CENTURYES NO Angle 0.0904  0.0000000  0.0000000
8 16 (CENTURY63 HO Speed w 0.0000  0.0000000  0.0000000
g 16 {CENTURYES NO Egp 14715 0.0000000  D.0000000
.. Dynamic Simulator Options 10 16 (CENTURYES NO PsiDp 10582 0.0000000  0.0000000
11 16 (CENTURYES NO PsiOpp 0.2683 0.0000000  0.0000000
12 GENROU 16 (CENTURYES NO Edp 0.0596  0.0000000  0.0000000
13 Synch. Ma GENROU 20 [FISHES) #2 NO Angle 01704 00000000  0.0000000
1a]fen Synch. Ma GENROU 20 {FISHEg) #2 NO Speed w 0 0.0000000  0.0000000
1gGen Synch. Ma GENROU 20 [FISHES) #2 HO Eqp 1.1 0.0000000  D.0000000
Gen Synch. Ma GENROU 20 {FISHBg) #2 NO PsiDp 1.0666 0.0000000
17|Gen Synch. Ma GENROU 20 {FISHEg) #2 NO PsiQpp 0.2342 0.0000000
18|Gen Synch. Ma GENROU 20 [FISHEg) #2 NO Edp 0.0520 0.0000000
13| Gen Synch. Ma GENROU 28 [AGGIE34S5 NO Angle 02368 0.0000000
P 5 20| Gen Synch. Ma GENROU 28 [AGGIE3AS NO Speed w 0.0000  0.0000000
21| Gen Synch. Ma GENROU 28 (AGGIE345 NO Eqp 10440 0.0000000
Process Contingendies 22|Gen Synch. Ma GENROU 25 [AGGIE345 HO FsiDp 09892  0.0000000  0.0000000
@) One Contingency at a time 23| Gen Synch. Ma GENROU 28 (AGGIE345 NO PsiOpp 03250 0.0000000  0.0000000
(O Multiple Contingencies 24| Gen Synch. Ma GENROU 28 [AGGIE345] # NO Edp 0.0722 _ 0.0000000  0.0000000
Save All Settings To Load All Settings From Show Transient Contour Toolbar Auto Insert... Critical Clearing Time Calculator... Help Close

/

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

Transfer results
to Power Flow
to view using
standard
PowerWorld
displays and
one-lines

See detailed results
at the Paused Time

18



Physical Structure
Power System Components

AP

Mechanical System Electrical System

Supply Pressure Speed \oltage Network Load
control control control Control control control
Fuel Furnace

. Turbine Generator Network Loads
Source ’ and Boiler ’ ’ ’

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

19



Dynamic Models
In the Physical Structure

AP

Mechanical System Electrical System

|
1
1
I Stabilizer
! Line Load
|
I Exciter Relay Relay
|
|
Supply Pressure Speed I \oltage Network Load
control control control : Control control control
|
Fuel Furnace ) '
. Turbine Generator Network |_oads
Source and Boiler
Machine Load
Char.
Governor

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

20



Generator Models

Generators can
have several

classes of models

assigned to them
— Machine Models
— Exciter

— Governors

— Stabilizers

23 @ =

Others also avalilable

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

i || ™ Fraressing |

Models 5

Load Tra

ent Stability.

ow Transient Contour Toolbar
Informaticn
Transient Stability Case Summary

Transient Stability Generator Summary

upported Status

nsient Stability Data

Save Transient Stability Data

Clear All Transient Stability Data

AP

Exciters. ..
Governors
Machine Models._..

Stabilizers...

Other Generator Models...

DC Line Models...

Load Characteristic Models

Load Relays

21



Generator Models

AP

Network
M
norton * " source Pefe: ? Qefe: ? I{ Ang fe

. Vc o . Vre_;l"

Machine - >  Exciter [€—
Model [
A Ey A
Pmec.l'l elec? Pe!ec i P‘ﬂc‘ce'r : stabilizer
@ (speed) @ (speed)
A 4
Py | Governor wind Tenime | Stabilizer
«—
LCFBI > Pitch Control

P, =Electrical Power
Q... = Electrical R eactive Power
V = Voltage at Terminal Bus

dﬁ = Dernivate of Voltage
t

V. =Compensated Voltage

comp

If

P, =Mechanical Power

Mg

[

stabilizar

P__, = Acceleratmg Power
= Qutput of Stabilizer

y. v
dt

Frequency

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

V . =Exciter Control Setpoint (determined during initialization)

rg

P . =Govemor Control Setpoint (determined during initialization)

rg
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Machine Models

LCFB1

Network
‘fmrran"- Zmur:gT ‘P&?fﬁ?f ’Qefe: t] Ii Angfe

| . ¢ v; Qe . Vref

Machine . > Exciter |[¢—
Model  |e—f——

A Ey A

Pmec.l'l Pm'e.:- ] Pg'?e': i Pa“e'r : stabilizer
@ (speed) @ (speed)
A 4
Py | Governor wind Tutine | Stabilizer
> R
Pitch Control

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

V =Voltage at Terminal Bus

i

dﬁ = Denvate of Voltage

V. =Compensated Voltage

comp

stabilizar

P_ . =Mechanical Power

Mg

&

=i
dt

Frequency

@(speed) = Rotor Speed (often it's deviation from nominal speed)
P___, = Acceleratmg Power
= Output of Stabilizer

V . =Exciter Control Setpoint (determined during initialization)

rg

P . =Governor Control Setpoint (determined during initialization)

rg
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Synchronous Machine Modeling

HiY

« Electric machines are used to convert mechanical
energy into electrical energy (generators) and from
electrical energy into mechanical energy (motors)
—- Many devices can operate in 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

24



Synchronous Machine Modeling

Al
3¢ bal. windings (a,b,c) — stator
Field winding (fd) on rotor

g-axis

Damper 1n “d” axis

~aais  (1d) on rotor

¢ %

Two dampers 1n “q” axis
(1q, 2g) on rotor

25



Two Main Types of Synchronous
Machines

T

* 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

26



DgO Reference Frame

Al
 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 dqO reference frame (direct, quadrature, zero)

— Parks’ 1929 paper voted 2" most important power paper of

20t 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)

27



Synchronous Machine Stator

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

-

Image Source: Glover/Overbye/Sarma Book, Sixth Edition, Beginning of Chapter 8 Photo 28



Synchronous Machine Rotors

T

* Rotors are essentially electromagnets

Two pole (P) Six pole salient
round rotor rotor

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

High pole
salient
rotor

Shaft —>

Part of exciter,
which Is used
to control the
field current

s

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




Fundamental Laws

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

Stator Rotor Shaft
: dﬁ*a Ver =1leal _|__dlfd deshaft _ 2
Va — Iars -+ dt fd fd* fd dt T—Ea)
. d 4 2 do
. d Vi = ol + —2 Jo—— =TT - T,
V, =il + —dﬂtb td T AdEd T gy P dt f
da Voo =i [+ dAq The rotor winds are the
V, =il +—C S T field winding and then
| _ dA,,  three damper windings
Voq =laal2q 1~ (added to provide

damping)

Sl



DgO Transformations

dqo

or LA

In the next few slides
we’ll quickly go
through how these
basic equations are
transformed into the
standard machine
models. The point

IS to show the physical
basis for the models.

Alp
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quo

AZ
3

. P
sIn Eeshaft

COS

DO Transformations

sin

COS

E eshaft

1
2

with the inverse,

quo =

sin

Sin

. P
sin—46&
2 shaft

P 27

2 3

P 27T

79 +
2 shaft 3

*Qshaft A

P
2
P
2

Hshaft

27T
—0 — | CO0S
shaft 3 j

1

2

COS

COS

COS

27[) . (P
SIN

3 2

P

2

P
—60
2 shaft

P 27T

2‘93haft - ?

P 27

79 4+ —
2 shaft 3

27
—0 -
shaft + 3 j
27
—6
shaft + 3 j
1
2
Note that the
transformation
1 depends on the
1
shaft angle.
1
1

T
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Transformed System

Stator Rotor
. dA Vi = Feql +d/1—fOI
Vg = Iig — @4 +d—tOI fd =TT gt
. d Ay
dA Vig = Gyl +—2
Vq = I’Siq + C()ld + d_tq 1d 1d'1d dt
. dA Vig = Il +dﬁ
V, =L, + d_to AT g
A4y

We are now In the dqO space

d eshaft

Shatft

2

—w
dt P
2 do

J—— :Tm _Te _Tfa)

P dt

T
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Electrical & Mechanical Relationships

Al
Electrical system:  _ iR+dd_:1 (voltage)
di Pis the
Vi=i’R+i— (power) number of
| dt poles (e.g.,
Mechanical system: 2,4,6); Tfw
>\ d IS the friction
0 - L and windage
J ( Pj e T,—T.—Tg, (torque) —

2
2 do 2 2 2
J| = ol ——ol, ——ol ower
(Pj dt P p T —p @l (POWED)

35



Torgue Derivation

Al
* 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

36



Energy Conversion

To

om

W

AP

elect
§8 Poas
2
i aw,
dt
Electrical Coupling
System Field

2\%, d
1 (5) o>

Mechanical
System .

The coupling field stores and discharges energy but has no losses

Look at the instantaneous power:

. . . .3 . .
Valg + Vplp + Vele = gvdld + 5vqlq + 3Vglg

37



Change to Conservation of Power

AJi
Rn  =Vala +Vplp + Vel +Viglfd +Vidhd + Vighq
elect
2 2 2 -2 -2 -2 -2
Rost =Ts ('a Ty Tlc )+ F'fdlfd +MNdhd +Nglg T 2gl2qg
elect
CdA, . dA, . dA. difg . dAiq
Prans =g — 2 +iy— 2 +ic—C +ifg —— +hg o
wans =@ gt " gt Cdt 9 dr 4 dt
dﬁlq d/12q We are using

the g Tlg v = daJdt

38



With the Transformed Variables

AP

3 . 3 . : : :
Fn = _-Vqly +§vq|q +3Vglg +Viglfd +V1dhg

elect

3 .2 3 .2 .2 .2 .9
Host =5 fsld + 5 Kslg +3M5lg + I'iglfd + Ndlid
elect

-2 - 2
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With the Transformed Variables
AJM
3 P dOnaft 3. dly 3P d6Bshaft
Rrans ==, Ald +,ld dtOl 0o gt dl
elect
dA dA ditg . da
q 0 Y4d
+—1 + 3l —2 +1 +
20 g "0 g Tfd g T g
dig . diyg
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Change in Coupling Field Energy

T
dWy T 2 |d@ [~ dA; = 1dA Firstterm on
“dt 'ep gt "l'al g T gt rightis whatis

going on
_ d/lc _ dﬁfd : d/lld mechanically,
Hle | t|lfg| 5. T 1hd| .  otherterms are
at at at what is going
4 /llq — ﬂZq on electrically
+ '1q S — |2q =1
dt dt

This requires the lossless coupling field assumption
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Change in Coupling Field Energy
T
For independent states &, 4,, Ay, A Atgr Arar A1gr Aog
oWy _[oW; | do Wy | dz, [Wr | dz
dt 00 | dt | o4, | dt | 04, | dt

oWt 1da, | OWq dﬁfd+an dA1q

—* 4+
04, | dt |OAy | dt | OAy | dt

Wy |diyq [OWy | dig
= | — + =
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Equate the Coefficients

W; . AW,

etc.

Te E Ia
P 00 oA,

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:.

T
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Equate the Coefficients

AlM
oW zﬁﬁ(zd'q —zqid)ne

00shaft

oW: 3. oW, 3 oW

=—lyq , l,, =3I
ohg 29 oa, 2V oa  °
oWy oW: oW: oW:
~, —Mdy 5 Thdy o Thgy STl
OA+g OAy4 aﬂlq 5/120'
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
HiY
« 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
For example, 3 0y _ Ol

204y Oy
 Since Iintegration iIs 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

o é Eeshaft B

o IS the rated

synchronous speed
o plays an important role!

d,

dt
d 4,
dt S
dA,
dt

—Il, — oAy +V

=—Il, +V,

dA :
s = ~Ttgltg +Vid
dt
d Ay .
—=—hqhqg +V
dt 1d "1d 1d
di
q -
—— =—l4hyq TV
dt 19"1q 19
dA,
g
——— ==l +V
dt 29'2q 2(
d5_ o

T

2 3o s
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Synchronous Machine Equations

In Per Unit
1 dyy 1 dygy
———=Rslg +—yy +Vy =Ryl +V
o, dt s q 0. dt fd!fd T Vid
1 dyyq @ 1 d
——L=Rly——wy +V 1d — Ryl +V
o, dt >4 » a o, dt 1d '1d T Vad
1 dy,
el R.I_+V 1 dyyg
o, dt >0 0 o, dt :_qullq +V1q
1 dy,
. L= —Ry, 124V,
d5 C()S t
— =W — O
dt Units of H are
2H dw

a)_SE:TM —<Wd|q —‘//qld)—TFW

seconds

The yvariables are in the A variables in per unit (see book 3.50 to 3.52)

T
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SINnusol

I, =2l cos(a)st + 6O —

lc = ﬁls cos(a)st + O +

dal Steady-State
Al

Here we consider the
application to balanced,
sinusoidal conditions
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Simplifying Using &

P

Define 54 ~ Ounat ~ 4t

Hence v  =Vgsin(6—6,)
Vg =Vs €0S(5 —bys)
lq = Iscos(5 - Gis)
These algebraic
equations can be \
written as complex
equations

Vd + qu

|d+j|

T

The conclusion is
If we know o, then
we can easily relate
the phase to the dg
values!

S

.q)ej(é—ﬂ/2):| - 1%;s

S
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Summary So Far

Al
« 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 6. When expressed in the dgq0 coordinate

system

50



