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Announcements

AHM
 Homework Assignment #3 is online — do not need to turn in but please @
complete before the first exam.

« Exam 1 in class Thursday, October 9t
 Review the slides and Power\World examples




Recall, Stability

« Definition:
Starting with a certain power system operating condition,
and subjecting the system to some disturbance,
will the system regain an equilibrium point
with all important variables within an acceptable range?

* Notice that with this definition, instability can be affected in multiple ways

- If you subject the system to a sufficiently large disturbance, you will eventually cause an
unstable response

- Alternatively, if you operate the system in sufficiently stressed conditions, even a very
small disturbance could cause an unstable response

- Design of various control systems are crucial to help increase stability

- The definition of what variables are important and what is an acceptable range also
matters
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Recall, How Do We Analyze Stability?

« Generally, the first step is some type of modeling, which usually results in a
set of DAEs that describes the system

- We also need to know the operating point, the disturbance(s) of interests, and desired
system performance metrics

 From here there are two main categories of stability analysis techniques

- Analytical Stability Methods. These look at the equations themselves, break them
down, and attempt to make mathematical claims about their stability properties. For a
linear system (or linearized non-linear system), this could involve eigenvalue analysis.
For nonlinear systems, energy functions is an example of an approach. Sometimes a
frequency sweep with phase-margin and gain-margin is used. We will talk about several
of these approaches later in the semester.

- Time-Domain Numerical Methods. We use numerical integration methods (as last
class) to simulate disturbance responses in time. We then need to analyze the numerical
results to determine the system’s stability properties. This is the focus of today’s lecture.
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Recall, Time-Domain Stability Analysis Steps

1. Assemble a system model as a DAE set
2. Use Power Flow and equilibrium analysis to find initial conditions
3. Perform time integration using a numerical method

4. When a disturbance event occur, there will be discrete changes to the
equations. Often there will be several events, such as fault
apply/clear/open.

5. Assess the time-domain results to answer questions about system stability.
For example: Did the system return to an equilibrium? How quickly did it
reach equilibrium? Is the equilibrium within acceptable range? Did anything
exceed acceptable bounds during the transient period? What frequencies of
oscillation are present? What is the damping of oscillations?

[



Transient Stability, History
iy
« Dyrkacz, Young, Maginniss, “A Digital Transient Stability Program Including @

the Effects of Regular, Exciter and Governor Response,” Proc. AIEE, Part
3, February 1961, pp. 1245-1254.
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Multi-Machine System Stability

Multi-machine system stability
simulation is structured as a set of
differential-algebraic equations
x=f(xy)
0=yg(xy)
Differential equations f generally
model the behavior of the machines
(and some other devices)

Algebraic equations g generally
model the network constraints

This differs from EMT-type studies,
where line delays decouple the
machines.
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Figure 7.2: Interconnection of synchronous machine dynamic circuit and the
rest of the network




Approach to Network/Algebraic Constraints
T
« We discussed before how the network constraints are modeled with ®
YaugV = Iy

* Note that the Yaug contains not only network admittances but also
admittances associated with generators and loads (hence the “aug”)

 How is this different from power flow?
- In power flow, we do not include generator and load admittances in Y
- In power flow, the core equations are summing up powers (P and Q) not currents
- But the power balance equations are derived from the current balance equations

- Since transient stability models less commonly have power-oriented constraints, they
tend to use current balance for the network constraints.




General DAE System Solutions

 To solve DAE problems of the form
x=f(xy)
0=g(y)

There are a number of different approaches.

« We'll consider two broad categories of methods

- Simultaneous-Implicit Methods. In these methods, an implicit numerical integration
technique is used (such as trapezoidal) and applied to the DAE set, and then the f-g
system is solved as one simultaneous implicit set at each time point.

- Partitioned-Explicit Methods. In these methods, an explicit numerical integration
technique is used (such as 2" order Runge-Kutta), and the algorithm alternates between
implicitly solving for y using g and explicitly using f to find the derivatives needed for the
explicit method. (This is the approach used by PowerWorld and many commercial tools
today.)

[
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Trapezoidal Simultaneous Implicit Approach

1. Apply the trapezoidal method to get the following equations for t + At

At
x(t +46) = x(0) = = (F(x(®), y©) + f(x(¢ + 20, y(t + 4D)))
0 = g(x(t+ At), y(t + At))
2. Use Newton’s method at each time step to solve this nonlinear algebraic system.
x1(t + Ab) _ lxi(t + At)] N
y e+ AD)| |yt + Ab)
Where the residual, updated each iteration, is

—x'(t + At) + x(t) + % (f(x(t),y(t)) +f (xi(t +A8),y'(t + At)))-

_ g(xt(t + At), yi(t + At)) |
And the Jacobian J, updated each iteration, is the matrix of partial derivatives of r.
3. At each time step, you need to iterate until r is below some tolerance e.

Newton update step: [

T =
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Return to Two-Machine Example

Al

* The smallest multi-machine system is the two-bus, two-classical-machine

system with the following equations we have derived before

6 = wiwyg

. 1 Pml Epl .

Wi = — V..sind; — Vi: cos
1= om0, (w1+1 X (Vir 1 1i 1)

0, = wyws

d)z == < P2 - Eez (VZT sin 52 - Vzi COS 52))

© 2Hy \wp+l X)),

0=gV, + (i, _ b) Vii — gVar + bVy; + Epy sin 8, —
Xd1 Xa1

1 1
0= ngi + (b - X_’) Vir — gVZi o bVZr _ Epl cos 51 X
di

di

0= —ngr + bVli + gVZT + (XL, — b) VZi + EpZ sin 62 XL,

dz az

1 1
0 = —gVsi = Vi + gVai + (b =57 ) Var = Epa €058, 51~
daz

g

Differential
equations f

Algebraic
equations g

Note: g + jb = P

Differential
variables x 5
2

Algebraic Vi
variables y Vor

The following is an equivalent form of the algebraic
equations, similar to the Yaug approach:

oy L - _ Ep1261
(g +jb) Xl (g +Jjb) [Vll |
. . 1 7 | Ep,28

- + b + b - .7 Vz pZ 2
(g+jb) (9 +/jb) =7 i
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Simultaneous Implicit Approach to Two-Machine

Example, Residuals and Jacobian m

« There will be 8 residual equations and they will follow the pattern
. At . . ]
It + B0+ x(0) + (f(x(t), y(®) + f (x(t +28), y' (¢ + At)))

] g(xi(t + At), yH(t + At))
 For example, the first residual equation will be

T =

. At .
r, = =64t + At) + 6,(t) + - (w1 (Dws + Wi (t + At)w)

 And the Jacobian is the matrix of partial derivatives, with the first row all

zeros except the first two entries.
ary 01y At

. = —1; . = Wg
06; (t + At) dwi(t +At) 2




Two-Bus, Two-Machine Initial Jacobian

For conceptual purposes — there are a few different assumptions in this

matrix
_ 5
0, ~1
Aw, —0.0076
o, 0
Aw, 0
I, —3.90
I, -1.73
I, 0
I,, 0

Aw,
3.77
—1

S S & & & S

52

Aw,
0
0

Vo VQ]

0 0
—0.0029 0.0065
0 0
0 0

0 7.879
—7.879 0

0 —4.545
4.545 0

D
0
0

0
0.0008
0
4.545
0
-9.545

0
0.0039
—4.545

0

9.545

0
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Result Comparison

The below graph compares the angle for the generator at bus 1 using
At=0.02 between RK2 and the Implicit Trapezoidal; also Implicit with

At=0.06
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Partitioned-Explicit Approach with RK2

1. Explicitly use f to find the derivatives for k,, = At f(x(t), y(t))
2. Need to solve g implicitly to find the term y(t) + k,
in0 = g(x(t) + ki y() + klg)
3. Now use f again to find the derivatives for k,r = At f(x(t) + kyf, y(6) + k1)
1
4. New value of x(t + At) = x(t) ++ (kif + ko)

5. Now implicitly solve g to find y(t + At)
0= g(x(t + At), y(t + At))

More steps, but especially if g is linear you do not need a Jacobian or iterative
approach.




Partitioned-Explicit Approach with Two-Machine
Example

Use the 4 differential and 4 algebraic equations above
Parameters: H;, = 3,X, =0.1,H, =5,X;, = 0.1,X = 0.22,R = 0.07
- Note that g + jb = 1.3133 — j4.1276
Initial conditions: V., =1 V;; =0 V., =0.9929 V,, =0.1189
w; =w, =0 6 =-0.04725 §, =0.169821
E,, = 1.0197 E,, =0989 P,;=-048 P, =0.50

Let's choose At = 0.02 seconds

For the fault, a “solid” fault can be represented with a very large admittance
such that the voltage at the bus becomes essentially zero. In this case, let's
add Y4y = —j1000 to the first entry of the Y-bus
v = [1.3133 —j1014.1276 —1.3133 + j4.1276
aug —1.3133 + j4.1276  1.3133 —j14.1276

16
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Partitioned-Explicit Approach with Two-Machine
Example, Solution at t=0.02

Usually a time step begins by solving the differential equations. However, in
the case of an event, such as the solid fault at the terminal of bus 1, the

Ep1464
JXa1
Epz46;

JX a2

network equations need to be first solved v,,7 = 7 — [0-0128 + 0-00061']

> =
0.6988 + 0.0547

w1 Wg

W) Wg 0

. 211{1 (ai’fl — 21 (V4 sin8; — V;; cos 61)> —0%78
1. Applying f we get «,; = 0.02 =0.02[ "
—0.0135

1 P. Epo .
mz. B2 (V,, sin &, — V,; cos &,)
2H2 0)2+1 Xdz

2. Now solve g implicitly (Yaug equations) using x + k; . Since § didn't
change in step 1, the voltages (y) won’t change here
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Partitioned-Explicit Approach with Two-Machine

Example, Solution at t=0.02, cont. m
3. Now we use f again for k, ¢ = @
W1 Wg
1 [ Pm1 Epa - . —5.8811]
o <w1+1 X (Vi sin 6; — Vy; cos 61)> 0792
0.02 = 0.02 '
' W2 Wg ' —1.0179
1 (P Epzg, s —0.0133]
213 <w2+1 XL (V5 sin 8, — V,; cos 52))_
(—0.04725] [ 0 ] [-5.8811 - —0.1061
_ 0 002 —0.078 | , |-0.0792| | _| —0.0015
4 x(E+80 =1 169821 |t o | |=10179]| 7| 0.1596
0 —0.01351] 1—0.0133. —0.000268.

5. Solve voltages once agaln and get V; = 0.0128 + j0; V, = 0.6993 + j0.0474
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Note on Angle Reference

AlM

 Initial angles are given from power flow, which is based on the slack bus’s @
angle

« Notice both our angles are changing fairly rapidly, but that is because this is
measured with respect to a synchronous reference frame

« Alternatively, other reference frames can be used:

- Choose a reference generator, or
- Present angles relative to the system average

« The solution is not affected by this choice




Two-Machine, GENROU Example

« Let's use the same case as
before, except with both
generators modeled using
GENROUSs

— For simplicity we'll make both
generators identical except set
H1=3, H2=6; other values are
Xd=2.1, Xg=0.5, X'd=0.2, X'g=0.5,
X"g=X"d=0.18, XI=0.15, T'do =
7.0, T'qo=0.75, T"do=0.035,
T"qo0=0.05; no saturation

— We have covered initialization
before.
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State Vector X for the 2-Machine GENROU Case

x(0) =

Aw,

ql

Wial

Wiaz
WZqZ

'
d2

- 0.5273
0.0
1.1948
1.1554
0.2446

W% -LerEDHRE OFE -~

Case Information

Edit Mode | & Abort

Run Mode % Script

Mode Log

Primal LP ﬁ
_'g Log

Drraw Onelines Taols Options Add Ons Window

® S, 38 8 0 3

AIM

®

Transient Stability Analysis - Case: B2_GENROU_2(

Simulation Status |Iniﬁalized

Run Transient Stability Pause
Select Step
- Simulation
- Options
-Result Storage
Plots
-Results from RAM
- Transient Limit Monitors
w  StatesManual Control
L. All States
-State Limit Violations
Generators
Buses
Transient Stability YBus
GIC GMatrix
i+ Two Bus Equivalents
‘... Detalled Performance Rest
-Validation
i SMIB Eigerwvalues
-Modal Analysis
Dynamic Simulator Options

StatesManual Control

Reset to Start Time

0.000000 (== Run Untl Time

Do Spedfied Mumber of Timestep(s) I:I = Mumber of Timesteps to Do

Run Until Specified Time

SCOPF,.. OPF Case  OPF Options [ Transient Stability GIC.., Scheduled Topology

Info -~ and Results... Stability... Case Info - Actions... Processing

Optimal Power Flow [OPF) PV and GV Curves [FVOW) ATC Transient Stability (T5) GIC Schedule Topology Proces:
Abaort Restore Reference | For Contingency: | Find | My Transient Contingency ~

Transfer Present State to Power Flow Sawe Case in P\

All States  State Limit Violations Generators Buses  Transient Stability YBus  GIC GMatrix  Two Bus Equivalents  Detailed Performance Results

m = % ‘>|l<' ‘_'.53 ;'3_3 f&n Records = Set = Columns = Y “.EY '{%j‘,ﬁv T &EY i%ﬂ fix) = @ Options -

Model Class | Model Type | Object Name | At Limit |State Ignored | State Name | Value Derivative | Delta XK1
1[Gzn synch. iz] GENROU 1 (Bus 1) =1 ND Angle 0.5272  0.0000000  0.0000000
2|Gen Synch. Ma GENROU 1 (Bus 1) =1 NO speed w 00000 00000000  0.0000000
3| Gen Synch. Ma GENROU 1 (Bus 1) £1 NO Eqp 11943 00000000  0.0000000
2| Gen Syneh. Ma GENROU 1 (Bus 1) £1 NO PsiDp 11554 00000000  0.0000000
5|Gen Synch. Ma GENROU 1 (Bus 1) =1 ND PsiQpp 0.2446 00000000  0.0000000
5| Gen Synch. Ma GENROU 1 (Bus 1) =1 NO Edp 00000 0.0000000  0.0000000
7| Gen Synch. Ma GENROU 2 (Bus 2 =1 NO Angle 05392 00000000 0.0000000
8| Gen Synch. Ma GENROU 2 (Bus 2} #1 NO Speed w 00000 00000000  0.0000000
3| Gen Synch. Ma GENROU 2 (Bus 2} £1 NO Eqp 05044 00000000  0.000D000

10/ Gen Synch. Ma GENROU 2 (Bus 2} =1 NO PsiDp 0,892 00000000  0.0000000
11|Gen Synch. Ma GENROU 2 (Bus 2) =1 NO PsiCpp 03534 00000000  0.0000000
12| Gen Synch. Ma GENROU 2 (Bus 2] #1 NO Edp 00000 00000000  0.0000000




Results — Unstable
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Adding EXST1 Exciter

 Let's add an EXST1 exciter to this case, with the following block diagram.

* Use the following parameters that simplify some of the blocks T=0,
T.=T5=0, K~0, K,=100, T,=0.1

 Now there is only one differential equation per generator

dE 1
fd
e = 7, KaOrer = IVeD) = Era)
Vier Vs
E, Viax Vo Viax Kl
1 @ ¥ + | 1+5T, @ K, ® /_ E
1+sT, ) - Verg 1+5T, 1+5T, _/ »Lm
— V]M]N

VTVM 'Kc IIFD

@ SK¢

1+5T;




State Vector with Exciters

* 14 functional differential states; others are ignored or do not impact

AIM

All States | State Limit Violations | Generators | Buses | Transient Stability YBus | GIC GMatrix | Two Bus Equivalents
m % ')H"' 'f.;.'H ;':'_3 e | Records ~ Set - Columns - * H.E* H&E* b 4 % ~ EEEEL fix) - @
Model Class | Model Type Cbject Mame At Limit | State Ignored | State Mame | Value | [

1|Gen Synch. Mac GENROU 1 (Bus 1) #1 MO Angle 0.5273
2|Gen Synch, Mac GENROU 1 (Bus 1) #1 MO Speed w 0.0000
3|Gen Synch, Mac GENR.OU 1 (Bus 1) #1 MO Eqp 1. 1948
4|Gen Synch, Mac GENROLU 1 (Bus 1) #1 MO PsiDp 1.1554
5|Gen Synch, Mac GENR.OU 1 (Bus 1) #1 MO PsiQpp 0.2446
6|Gen Synch, Mac GENROLU 1(Bus 1) #1 |  [R]w Edp 0.0000
7|Gen Exciter EXST1 1 (Bus 1) #1 MO EField before lim 2.6904
8|Gen Exciter EXST1 1 (Bus 1) #1 YES Sensed Vt 1.0946
3 |Gen Exciter EXST1 1 (Bus 1) #1 YES VLL 0.0269
10 |Gen Exciter EXST1 1 (Bus 1) #1 MO VF 0.0000
11|Gen Synch., Mac GEMR.OU 2 (Bus 2) #1 MO Angle -0.5392
12 (Gen Synch. Mac GENR.OU 2 (Bus 2) #1 MO Speed w 0.0000
13|Gen Synch., Mac GEMR.OU 2 (Bus 2) #1 MO Eqp 0.9044
14|Gen Synch., Mac GEMR.OU 2 (Bus 2) #1 MO PsiDp 0.8928
15|Gen Synch., Mac GEMR.OU 2 (Bus 2) #1 MO PsiQpp -0.3594
16 (Gen Synch. Mac GEMR.OU 2 (Bus 2) #1 MO Edp 0.0000
17 [Gen Exciter EXST1 2 (Bus 2) #1 MO EField before lim 1.3941
18 [Gen Exciter EXST1 2 (Bus 2) #1 YES Sensed Vt 1.0000
19 |zen Exciter EX5T1 2 (Bus 2) #1 YES WVLL 0.0134
20 |zen Excter EXST1 2 (Bus 2) #1 MO VF 0.0000




Results with Exciters

« Now the case is stable

[v Rotor Angle_Gen Bus 1 #1 [v

Rotor Angle_Gen Bus 2 #1 I
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