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Read Chapter 3
Homework 1 is due today
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37 Bus System

Alw
» 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”




¥ Models in Use

Transient Stability Case and Model
Summary Displays

¥ Generators 2 Load Characteristics 2 Load Summary

Right click on a line

AlM

®

FI7) By AF %5 5% 44 #8  Records~ Set~ Columns~ - (4B~ WE- - 0 - B O
Filter |Advanced = |TSModelSummaryObject - = | Find... Remove Quic and Select “ShO‘NZ
Model Class Object Type Active and l‘ Active Count Inactive Count | Fully Supported . o
Online Count D 1 f
1|Machine Model GEMSAL 1 1| O YES la Og Or more
2|Machine Model GEMROU 9 0 YES - -
3 |Exciter IEEET1 10 1D 0 YES f I ' l t
4|Governaor TGOV 10 10 0 YES I n Or a‘ Ion *
F¥ ainid Ly UIvEY [Py Ml TEanaicrie JLawiney |3y Il JLTUuUIT 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 0.00 50,00 GEMROU IEEET1 TGOV Mormal 1.50000 0.0
2 16 CENTURY&S 2 100,00 120,00 GEMROU IEEET1 TGOV Mormal 3.60000 0.0
3 20 FISH&9 2 91.75 130.00 GENROU IEEET1 TGOV Mormal 3.90000 0.0
4 28 AGGIE34S 1 500,00 600,00 GENROU IEEET1 TGOV Mormal 3600000 0.0
5 31 SLACK345 1 270.20 600,00 GENROU IEEET1 TGOV Mormal 3600000 0.0
B 37 SPIRITES 1 20.00 G0.00 GEMSAL IEEET1 TGOV Mormal 2. 70000 0.0
7 44 RELLIS&S 1 60,00 80,00 GEMROU IEEET1 TGOV Mormal 2.40000 0.0
8 43 WEB&9 1 12,30 20,00 GENROU IEEET1 TGOV Mormal 2.40000 0.0
9 53 KYLE133 1 250.00 300.00 GENROU ﬂE' EET1 we| TGOV Mormal 9.00000 0.0
10 54 KYLERS 1 20,00 100,00 GENROU IEEET1 TGOV Mormal 3.00000 0.0




37 Bus Case Solution

100

— RotorAngle_Gen RUDDERG9 #1 — Rotor Angle_Gen CENTURY69 #2
v — Rotor Angle_Gen FISHGB9 #2 v — Rotor Angle_Gen AGGIE345 #1
v — Rotor Angle_Gen SLACK345 #1 v — Rotor Angle_Gen SPIRIT69 #1

v — Rotor Angle_Gen RELLIS69 #1 v — Rotor Angle_Gen WEBG9 #1
v v

L[v [v

Graph
shows the
rotor angles
following

a line fault

A



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
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 sl ESiaie o 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 |  Atuimit | 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



Physical Structure

Power System Components

Mechanical System

Supply Pressure
control control
Fuel Furnace
Source and Boiler

Speed
control

Turbine

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

Electrical System

\oltage Network
Control control
Generator Network

Load
control

Loads

o



Dynamic Models
In the Physical Structure

Mechanical System

Speed
control

Turbine

Supply Pressure

control control

Fuel Furnace

Source ’ and Boiler
Governor

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

Electrical System

Stabilizer

Line Load
Exciter Relay Relay
\oltage Network Load
Control control control
Generator Network Loads
Machine Load
Char.

A



Generator Models

Generators can
have several

classes of models

assigned to them
— Machine Models
— Exciter

— Governors

— Stabilizers

Others also avalilable

Transient 3

— @

Transient
Stability.

Case Info = ||| Frce n

I‘_'h Case

Transient Stability Case Summary

Transient Stability.

Show Transient Contour Toolbar

Informaticn

Transient Stability Generator Summary

Models Supported Status
Load Transient Stability Data
Save Transient Stability Data

Clear All Transient Stability Data

A

Exciters. ..
Governors...
Machine Models._..

Stabilizers...

Other Generator Models...

DC Line Models...

Load Characteristic Models

Load Relays

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




Generator Models

A

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



Machine Models

A

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

10



Synchronous Machine Modeling

T

« 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

11



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

12



Two Main Types of Synchronous
Machines

o

* 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

13



DgO Reference Frame

Alw

 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 (15t was Fortescue’s sym. components)

e Convention used here is the g-axis leads the d-axis
(which is the IEEE standard)

14



Synchronous Machine Stator

A

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

JF‘ .
s

[~ . -
— A= - —

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

15



Synchronous Machine Rotors

o

* Rotors are essentially electromagnets

Two pole (P) Six pole salient
round rotor rotor

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

16



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

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

Stator Rotor Shaft
. dA, i aal: do 2
_ Viy =leqley +—— shaft _ £
V, =101 + ~ fd = Vd T'td dt " Pa)
. dﬂ,l 2 do
] d Viqg = hal -I——d ‘J__:Tm _Te_cho
dt
da VA +—(MﬂLq
. 1g — "19"'1
V. =i f +—= R
dt d
Voo = lpgl +_;z'2q
2( 20" 24 dt

18



DgO Transformations

dgo

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.
And there is NO quiz
at the end!!

Al

19



Sin

—| COS

E eshaft

E eshaft

DgO Transformations

sin

COS

1
2

with the inverse,

. P
sin — 6@
2 shaft

sin

sin

P

2
P
2

27

Hshaft T A

3
27

—0 + —
shaft 3

P
2
P
2

eshaft

1
2

COS

COS

COS

27
3

P

Hshaft A

N[ TN

_) sin

27T
Hshaft ?j COS

—Oshaft +

P
—60
2 shaft

27

3
27

3

Note that the

transformation
depends on the

shaft angle.

o

20



Transformed System

o

Stator Rotor Shatft
: d A dé 2
. dA Vey = Feqley +—— shaft _ &
- d A4 2 dw
dA Vig = lighy +—= 2% T+ 71 _
Vg = Kig + 0 +_dtq AT gy ) P dt Tm=Te=Tro
dA Vig = FAd +%
Vo = rsio + dto 1q "ot dt
dﬁzq

21



Electrical & Mechanical

Relationships
: AT
Electrical system: iR+C;—f (voltage)
da P is the
Vi=i’R+i— (power) number of
| dt poles (e.g.,
Mechanical system: 2,4,6); Tfw
N IS the friction
0 _ - - and windage
J ( Pj ~ =T,—-T,—Ts, (torque) —

2
2 da) 2 2 2
J| = ol ——ol, ——ol ower
(Pj dt P p@le =5 @Tw  (powen)

22



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

23



Energy Conversion

o

pbst
elect
Pin Prans
elect 5 elect
dw,
dt
Electrical Coupling
System Field

2\, d
1 (5) vt

Mechanical
System .

Look at the instantaneous power:

. . . 3 . 3 . .
Valg + Vplp + Vele = 5vdld +§vq|q +3Vlg

24



Change to Conservation of Power

A}
Hn  =Vala +Vplp +Vcle +Vidlfd +Vighd + Vighg
elect
-2 2 -2 -2 -2 -2 - 2
Host =Ts ('a +tly +lc )+ falfd + Mdhd + gl T 2gl2g
elect
CdA, . dy dA. . dgg . dAgy
Rrans =la o +ip— > +ic—~ +ifg — — +hg
olect dt dt dt dt dt
L dfllq L d/12q We are using
19 4¢ 720 gt v = dA/dt here

25



With the Transformed Variables

o

3 . 3 . : : .
Fn =_-Vqly +§vq|q + 3Vl +Vigl g + Vg hg

elect

3 .2 3 .2 Y. Y. Y.
H%t:_%H+§%M+3@o+me+ﬁwm
elect

- 2 Vi

26



With the Transformed Variables

Al
3 P d6shatt 3. dg 3 P dGshait
P = — Aql A1
trans ==, 5 g Mald Told g T g

elect
3. diq dA dflfd . dA
+ 2y 4 3y 0 ] —“la
2'd gy T gy T g T Ty

dy dA,
+ '1q dtq + Izq dtq

27



Change in Coupling Field Energy

Al%
% _|T 2 |d@ ~—dAy; = 1dA, Firsttermon
g | ¢ p | gt Tlla dt T dt  rightis what is
going on
—dA. 194fd dyy Mmechanically,
e | — | —+ | hyq| h
C | gt fd | g d| gt other terms are

what is going
on electrically

dt

S |
dt L2

This requires the lossless coupling field assumption

28



Change in Coupling Field Energy
T

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

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

an %4_ an dﬂafd N an dﬂ“ld

04, | dt | OAy | dt | OAy | dt

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

29



Equate the Coefficients

W; AW,

2
= = | etc.
P 06 T 04,

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:.

o

30



Equate the Coefficients

KM
oW :éE(id'q —iqid )+Te

O eshaft

Ws 3. AW 3 oW

=—lg Iy =3l
ohg 29 oa, 2V aa °

— = y = | , —:l’ —:l
g Oy O Ohg Y Oy

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

31



Coupling Field Energy
T
« 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, 3Oy _ e

204y OAy

 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

32



Define Unscaled Variables

o

P dA .

5 é EQShaft _O)St dtfd — —I’fdlfd +Vfd
o, IS the rated dhg _ —lghg + Vg
synchronous speed at
o plays an important role! dﬂiq

da dt
d—d:—rsld ‘|‘C()/Iq +Vd dﬂ'Z _
01, dt |
T rlq—a)ﬂ/d +Vq d5: o
d4, I, +V
= 2 d
dt S0 0 ‘JEd_C:: ( J( jﬂ,dq lld) Tfa)

33



Synchronous Machine Equations

In Per Unit T
AlM
1 dl//d ()] 1 dl)”fd
—— = =Rslg +—wy +Vy =—Regleq +V
o, dt ST, 0. dt fd! fd TV fd
1 dyq @ 1 d
—— =Rl ——wy +V 1d — R 1y +V
o, dt 7 o, ] o, dt 1d '1d T Vid
1 dy, d
— 770 _R | +V 1 Q¥
o, dt R o, dt __qullq +V1q
d
L V2 R, 124V,
d5 C()S dt
— =@ — @
dt
2H dw

Units of H are
seconds

34



Sinusoidal Steady-State

V, = V2V, cos(wgt + 6y5)

Vi, = V2V cos(a)st + 6Oy —

Ve = V2V Cos| st + Bys +
|, = /2l cos(wst + G )

Iy :ﬁlscos(a)sueis —
. :ﬁlscos(a)sneis +

A

Here we consider the
application to balanced,
sinusoidal conditions

35



Simplifying Using &
T

: P The conclusion is
e Deflne sA-6, .-t
= o “shaft 7% if we know &, then

we can easily relate
* Hence v, =V.sin(s—6,) the phase to the dg
values!
Vg =Vs€0s(5 —6ys)
lq = I5cos(5 - Gis)
* These algebraic
equations can be

written as complex
equations

. i(6—7xl2 10
v, +qu)ej( )=VSe Vs

)ej(5—7z/2) | ejeis

Id+jlq s

36



Summary So Far

o

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 dg0
coordinate system

37



Assuming a Linear Magnetic Circuit

If the flux linkages are assumed to be a linear
function of the currents then we can write

Lss (eshaft )

Lsr (gshaft )

Lrs (eshaft )

er (eshaft )

The rotor

self-

Inductance
matrix

L, IS

Independent
of 9shaft

o

38



Conversion to dgO for Angle
Independence

quo Lssquo quo Lsr
-1
Lrsquo er

o

39



Conversion to dgO for Angle
Independence

o

md

/Id:(Lgs-l-Lmd)id"‘Lsfdifd"'l-sldild L 3(l—A‘H-B)’

Ayg = > Lstala + Ligalta + Laadha 3
3 Lmq:E(LA_LB)
Mg = > Lsigla + Ligalta + Ladadha
_ _ _ For a round rotor
Aq = ( Lfs + I-mq) Iq + leq'lq + Lqu'Zq machine I—B IS small

3 _ _ and hence L4 IS
ﬂiq = E leq'q + qulqllq + L1q2q|2q close to Lmq. For a
3 salient pole machine
Aoq = > Lsoqlg + Ligaghg + Logaqglzg L4 IS substantially
larger
Ao = Lysl

40



Convert to Normalized at f = @,

T
« Convert to per unit, and assume frequency of .

* Then define new per unit reactance variables

X _ a)s Lﬁs X _ a)s I—md _ a)S Lmq
s 7 , md 7 1 mg 7
BDQ BDQ BDQ
L 4 GNP ;L i414 Lt
fd = J 1d J fdid ~—
ZBFD ZBlD ZBFD led
M X D Lagag ;L1429 Lsiq
19 ’ 2q — ) 1929 —
ZBlQ ZBZQ ZBlQ Lqu

Xﬁfd = de - de’ de = de - de
Xélq :qu_xmq’ X(Zq :XZq_X
Xg=X,+X 4 Xq=X€S+qu

mq

41



Key Simulation Parameters
T
* The key parameters that occur in most models can

then be defined as

1 X 2 These values
Xg =X+ ————=Xq =" will be used in
+ fd all the
Xma X synchronous
1 X r%q machine models
Xg =X+ =X, —
q I q
X1 " X1 =
mg g In a salient rotor machine
T Xfd T, - X1 Xing is small so X, = X',
R oGRy, also X, Is small so
T'yo Is small

42



Key Simulation Parameters

o

* And the subtransient parameters

) 1 These values
Xa =Rt~ 1 71 will be used in the
+ + - :
Xy Xug Xoug subtransient machine
. models. It is common
Xg=Xp+ 1 1 1 to assume X", = X",
+ +

= T =
wsRld 1 + 1 qo a)sRZq 1 + 1

43



Example Xd/Xqg Ratios for a

WECC Case

= = P 98] I L (o) =l

Xd/Xq Ratio

I
500

I
1000

I
1500

|
2000

o

44



Example X'g/Xg Ratios for a

WECC Case
Xap/Xq

1.2

1
0.8
0o —Xqp/Xq
0.4 ,‘_/
0.2 Ir_.

0 I I I |

0 500 1000 1500 2000

About 75% are Clearly Salient Pole Machines!

A

45



Internal Variables
T
* Define the following variables, which are quite

Important in subsequent models
Hence E'q and E'd are

E' A de W scaled flux linkages
g = . fd and Efd is the scaled
field voltage
m
ELA—w
d = 1
qu q
X
E., A—Mdy
fd = Rfd fd

46



Dynamic Model Development
T
* In developing the dynamic model not all of the

currents and fluxes are independent

— In this formulation only seven out of fourteen are

Independent

« Approach is to eliminate the rotor currents,

retaining the terminal currents (14, 1,, I,) for

matching the network boundary conditions

47



Rotor Currents

o

 Use new variables to solve for the rotor currents
(Xg_xfs) ' (Xc’j_xg)

; E. + , %
(Xd_xés) ; (Xd_xés) 1

|y = . Eq+(Xg = Xa)(1g—ha) |

g =—Xglg +

Xm

XI_x”
Iy =—39—9 Ty +( X5 =X, )y —E!
1d (Xé—xgs)z[ 1d ( d Es)d q:|

48



Rotor Currents

A

X o)., (e D)
- Ed +(Xq_xés)l//2q

mg
X, —X

- (qu_ x:)z o+ (Xg =X ) 1g + |

Yo = Xﬁs(_lo)

49



Final Complete Model
T

These first three equations
define what are known

=RI,——y,;+V, as the stator transients; we
@s will shortly approximate
them as algebraic constraints
0
, ’ XI _X” ’ '
L= E, —(Xg—X{)| 14 —(X’d > d)z(l/lld +(X§—Xs)lg —Ef) |+ Ege
i d — Ns
XI _X”
’ ’ q q ’ ’
Ey +(Xq—Xg)| lg—— (w2 + (X4 = X5 ) 1g + E§)
(Xg—Xs) _
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Final Complete Model

Ty S8~y + By~ (Xg = X,

dy , , TFW is the friction

quTzq_‘ 2q‘Ed‘(Xq‘xfs)'q and windage
do component
GF:w—ws

ZG)—H(Z—i)—TM (Wdlq_l//qld)_TFW

" (X('j’_xfs) ' (x(,j_xfs)
Wy =—Xglg +-— E,+-— 1
: e ( d_Xﬁs) ; (Xd_xés) 1
(Xa—=Xs)_, (Xq—Xq)

Wy =—Xlg—7— Ey +7— W

! e (Xq_xzs) ; (Xq_xés) 5

Wo =—Xslg

o

ol



Single-Machine Steady-State

0=Rly +yq+Vy (0 = )

0=Ryly—py +V,

0=R,I, +V,

0=—E] —(Xg = X})lg +Eqq
0=—y1q +Eq—(Xg = Xys) 1

0=—Egj+(xq—x(;)|q

O:_WZq - E4 _(X(’q _st)lq

0=w-w,

0=T, _(l//dlq —l//qld)_TFw

o

Wa = Eé - Xglg
W, =—X(;|q —Eé
Vo =—Xlg

The key variable
we need to
determine the
Initial conditions
Is actually 5, which
doesn't appear
explicitly in these
equations!
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Field Current
T

The field current, Iy, is defined in steady-state as
Iy =Ew 1 X

However, what is usually used in transient stability
simulations for the field current is the product

| fd de
So the value of X, IS not needed
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Single-Machine Steady-State
T

* Previous derivation was done assuming a linear
magnetic circuit

« We'll consider the nonlinear magnetic circuit later but
will first do the steady-state condition (3.6)

 In steady-state the speed Is constant (equal to ®,), IS
constant, and all the derivatives are zero

 [Initial values are determined from the terminal
conditions: voltage magnitude, voltage angle, real and
reactive power injection
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Determining 6 without Saturation

T

* In order to get the initial values for the variables we
need to determine o

« We'll eventually consider two approaches: the simple
one when there Is no saturation, and then later a
general approach for models with saturation

* To derive the simple approach we have

Vg = Rglq +Ej + X1,
Vy =Ryl +E; — Xj 14
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Determining 6 without Saturation

Since j = e(7/2)

E=| (Xq—Xg)lq+Eq [
In terms of the terminal values

~

E =V, + (R + 1Xg) s
TheangleonE =6 E

o
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