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Announcements

A]¥

Read Chapter 5; look at Appendix A

Homework 2 Is due today; Homework 3 is due on September 21

— Good writing is a key engineering skill! There are many books to help. I like, The
Handbook of Technical Writing by Alred, Brusaw and Oliu (now in the 12t Edition)

* First exam is on Tuesday October 3 during class (except for the distance

education students)

* Energy and Power Group seminar speaker on Friday is Maryam
Kazerooni1 giving a talk titled, “Application of Machine Learning in

Energy Trading.” It 1s at 11:30 to 12:20 p.m. in Zach 244.

« Maryam will also be giving a special tutorial on Friday from 2 to 4 p.m.
titled, “An Introduction to Power Trading with a Focus on US Markets.”
The location will be announced soon. 1



In the News: ERCOT Frequency on 9/6/23
T

« ERCOT entered emergency operations as a result of this frequency decline; |
there was also a sudden drop of 1300 MW in wind power

ERCOT Grid-Wide Frequency Event. One Hour Window,
Beginning 7pm CDT, Wednesday, Sept. 06, 2023
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Image Source: Dr. Mack Grady, Baylor University 2



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 Electrical System

|
:
I Stabilizer
E 1 Load
i Exciter Relay Relay
|
Supply Pressure Speed i \oltage Network Load
control control control I Control control control
|
Fuel Furnace . ;
: Turbine Generator Network Loads
Source and Boiler
Machine Load
Char.
Governor

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

* (enerators can - [ |
have several i - || oty |
classes of models )

B mati » Excit
-
aSS I g n ed to th e m Transient Stability Case Summary Governors
Transient Stability Generator Summary Machine Models. .

- Models Supported Status Stabilizers...
- M aCh I ne M Ode I S » Other Generator Models...

Load Transient Stability Data

Save Transient Stability Data [ DC Line Models....

- EXC i te r ; ear All Transient Stability Data Load Characteristic Models
~ Governors o
— Stabilizers

e Others also available

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

LCFBI1

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

V' =Voltage at Terminal Bus

dt

a = Denvateof Voltage

V .. =Compensated Voltage

comp

stabilizar

Network
norton * ' source 'Pefe: ? Qefe: » l/; Ang"l’e
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Machine F—> Exciter [[€—
Model  fe——
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@ (speed) @ (speed)
A 4
Py | Governor . : Stabilizer
Wind Turbine [
> : h S—
Pitch Control

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)
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Machine Models
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P _=Electrical Power
Q... = Electrical Reactive Power
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@(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)
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Synchronous Machine Modeling

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
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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



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 symmetrical components)

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

11



Synchronous Machine Stator

Generator stator
showing completed
windings for a
757-MVA,
3600-RPM, 60-Hz
synchronous
generator
(Courtesy of
General Electric.)
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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 isused ——
to control the
fleld current

A
> e

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

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]¥
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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

19



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

20



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

21



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
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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
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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.

27



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

28



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 (

32



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

33



Assuming a Linear Magnetic Circuit

A

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

Lss (Qshaft )

Lsr (eshaft )

Lrs (gshaft )

er (Hshaft )

The rotor self-
Inductance matrix
L, IS independent of 6 .«

34



Conversion to dgO for Angle Independence

quo Lssquo

L, quo

35



Conversion to dgO for Angle Independence

Ag = ( Ly + Ling ) Iy + Letgl g + Lerghig

Ag = > Letalg + Ligralta + Larghd
3 . . .
Mg = > Lagly + Lgialsa + Ligadhg
Aq = (Lss + Ling ) Ig + Lsighq + Lsagig

3 . . .
Mg = > L1glg + Lagighq + Lagaglzq

3 . . .
Apq = > Ls2glg + Lagaghq + Log2ql2g

ﬂ“o — Lésio

3

L, ZE(LA+LB),
3
- :E(LA_LB)

For a round rotor machine Lg is small
and hence L4 Is close to L. Fora
salient pole machine L, IS
substantially larger. Note L, and Lg
are defined in book 3.95.
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Convert to Normalized at f = o,

« Convert to per unit, and assume frequency of o,

* Then define new per unit reactance variables

X _ a)s Lﬁs X _ 6{)5 I—md _ 0)5 Lmq
s 7 ’ md 7 1 mg 7
BDQ BDQ BDQ
_ gL 44 X =9 L g1 _ L 414 Lgq
fd_Z ’ 1d_Z ’ fdld_Z L
BFD B1D BFD —s1d
X @ qulq _ @ L2q2q X @ L1q2q LSlq
S T SV LR 2
B1Q B2Q B1Q —s2q
Xzfd = de - de’ de = de - de
Xflq :qu_xmq’ X£2q :XZq_xmq

XKi =X+ Xpgr Xg=X+ X

A]¥
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Key Simulation Parameters
T

* The key parameters that occur in most models can then be defined as

N 1 VS Xrﬁd These values will be used In
d— st L1 ST X all the synchronous machine
Xog X models
2
1 X
Xg=Xps+— — =Xy i
N X1 In a salient rotor machine X, is small
Xmg  Xug S0 Xy = X’ also Xy is small so
X T'yo IS small
T, de | _I_, ]_q

38



Key Simulation Parameters

A]¥

* And the subtransient parameters

" o__ 1
Xd =X+ 1 1 These values will be used in the
+ + ' .
Xog  Xpg Xog subtransient machine models. It
1 Is common to assume X" = X",
qu xﬁlq XZZq
/
1 1 1 1
Td” — Xfld + y T” — ng +
" Ry 1 1 Ry, 11
de Xfld qu Xglq
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Example Xd/Xq Ratios and X'g/Xqg Ratios for a
WECC Case

A]¥

o ot M 98] i 9] )] ~

Xd/Xq Ratio Xqp/Xq

1.2

1

0.8

0.6

_) 0.4
— "_/
e 0.2

'

—Xqp/Xq

T T T 1 0 T T T 1
0 500 1000 1500 2000 0 500 1000 1500 2000

About 75% are Clearly
Salient Pole Machines!



Internal Variables

T
« Define the following variables, which are quite important in subsequent
models

X Hence E', and E', are scaled flux
EI A d g d
g2 % . Y £ linkages (with E'; associated with
fd the field flux linkage and E', the damper
Xm winding). E, Is the scaled field voltage.
Ed A X qu
19
X
md
Efq A WV fd
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Dynamic Model Development

A]Mm
* 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
(lg: 1g» 1o) for matching the network boundary conditions
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Rotor Currents

T
e Use new variables to solve for the rotor currents
o (XE=X) L, (XE-XE) R _(XS—XKS)E,+(X(;—xg)W
Wd = Xdld +(X(’j _ng)Eq—l_(Xé _ng)l)”].d q qg°q (X(’:I_ng) d (X(’q—X(s) 2q
1 / / . 1 ’ /
ltg = X |:Eq +(Xg = Xg)(1g — g )} lig = X mg [_Ed +(XQ_XQ)(IQ_IZQ)]
m
XI _X” , ’ XI _X” ’ ’
. (Xéd— ng)z [%d XXl _Eq} BN (Xéq— ij)z [W2q+(xq_X€S)lq+Ed]
l//ozxes(_lo)
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Final Complete Model
A]Mm

o, dt : These first three equations define what are known as
1 dy - the stator transients; we will shortly approximate
L=RI, ——y,+7V, them as algebraic constraints
@, df @,
1 d .
Yo _RI, +Vo
@, df |
dE’ X' X"
Tao——=—Ef —(Xg = X§)| 1g ——L—"95 (g +(X§ = X )1y —Ef ) [+ Egg
! dE’ ! / X’ o X” ! !
Too— b =B+ (Xq=Xg )| lg == o (wag +(X§ = X5 )1g + Ef )
t - (Xe—Xe) _
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Final Complete Model, cont.

" d / , er
@ 'gtld =V By = (Xa = Xis) Ty yy =—X{1 d+Ex?
d
" dWZq ’ ’ "
qu dt - 2q_Ed_(Xq st)lq —X”I _(Xq
ds (Xg-
EZG)—C{)S
oH d Wo = Xﬁslo
0,
=T |, —w, | T
o, dt M (l//d g~ ¥Yq d) FW

Ty IS the friction and
windage component

) ' (X(’JI_XK )
)5 (g —X)
53) r (Xé—Xa)
E
gs) d+(Xé—X€S)WZq
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Single-Machine Steady-State

0=Rly +yq+Vy (0 = )
0=Rglq—wy+V,

0=R,+V,

0=-E —(Xg—=Xg) g +Eg
0=—y1q +Eq—(Xg = Xys)1¢

0=—E(;+(xq—x(;)|q

O:_WZq - E4 _(X(’q _st)lq

0=w-w,

0=T, _(l//dlq —l//qld)_TFw

Wa = Eé - Xglg
W, =—X(':;|q —Eé
Vo =—Xslg

The key variable
we need to
determine the
Initial conditions

Is actually &, which
doesn't appear
explicitly in these
equations!
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Field Current

The field current, Iy, is defined in steady-state as
Iy =B / Xig

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

Idemd

So the value of X4 Is not needed

A]¥
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Single-Machine Steady-State
A]Mm
* 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 w,), o 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

A]¥

* In order to get the initial values for the variables we need to determine 6

« 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 = Ryl +E§ + X(

Vg = —Rglq +Ef — X4l
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Determining 6 without Saturation

Since j = e(7/2)

£ =[(xq - X414 +Ea]ej5

 |nterms of the terminal values

=\ T ng & Tus
E =V +(Rs+ JX )5 L e
~ ~ -+
TheangleonE =0 E ~
Vs
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