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The present report refers to the data setup and nonlinear stability study carried over with the
3-generators system proposed in [1] using the Siemens PTT’s PSS/E software [2]. The main
objectives of this report are to document the data setup and to provide some validation of such
data, comparing (to the extent possible) the results obtained with a time-domain nonlinear
simulation with the eigenvalue analysis shown in [3].

1. Power Flow
The power flow solution is shown in Figure 1, with the one line diagram of the system. The

bus data, including the voltage magnitudes and angles from the power flow solution, are shown
in Table 1.

The transmission line data is shown in Table 2. The data is provided in percent considering
a system MVA base of 100 MVA.

The generator step-up transformers (GSU) are explicitly represented in the case. Table 3
presents the GSU data, on system MVA base (100 MVA).

There are two loads, directly connected to the high-voltage buses 4 and 5. A large load was
added to bus 6 to ensure that the equivalent machine at the infinite bus is a generator (injecting
power into the grid), although this is probably unnecessary and the results would be the same
with the infinite bus absorbing power from the grid. The associated data is given in Table 4.

These loads are represented, in the dynamic simulation, with a combination of constant
power, constant current and constant admittance characteristics for the active power and
reactive power, as shown in Table 4.

The complete PSS/E report with all power flows for this system is given in Table 5.
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Figure 1: Case 1 Power Flow Solution

Table 1: Bus Data and Power Flow Solution
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Bus Bus Voltage Angle
Number Bus Name Base kV type (pu)g ( degg )
1 GENERATOR 1 | 18.0 PV 1.0400 50.57
2 GENERATOR 2 | 18.0 PV 1.0400 50.57
3 GENERATOR 3 | 18.0 PV 1.0200 20.05
4 PLANT HV 1 500.0 PQ 1.0169 45.69
5 PLANT HV 2 500.0 PQ 0.9728 14.87
6 INFINITE BUS | 500.0 swing 1.0000 0.00
Table 2: Transmission Line Data (100 MV A Base)
From To ckt R X Charging
Bus Bus id (%) (%) (%)
4 5 1 0.00 3.6 0.0
5 6 1 0.00 12.0 0.0
Table 3: Generator Step- Up Transformer Data (100 MV A Base)
From To R X MVA tap
Bus Bus (%) (%) Base (pw)
1 4 0 0.641 1560 1
2 4 0 0.641 1560 1
3 5 0 1.12 890 1
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Table 4: Load Data

power flow dynamics

P Q
Bus (MW) | (MVAr) P Q
80%1 | 100% Z

4 1400 100 20% 7
5 2000 100 100% P 100% Z
6 10000 2000 100% P 100% P

Table 5: PSS/E Power Flow Results

PTI INTERACTIVE POWER SYSTEM SIMULATOR--PSS(R)E SUN, NOV 03 2013 16:54
IEEE BENCHMARK SYSTEM RATING $MVA FOR TRANSFORMERS
3 GENERATORS VS. INFINITE BUS SET A % I FOR NON-TRANSFORMER BRANCHES
BUS 1 GENERATOR 1 18.000 CKT MW MVAR MVA % 1.0400PU 50.57 X--- LOSSES ---X
FROM GENERATION 1404.0 434 .4R 1469.7 94 18.720KV MW MVAR
TO 4 PLANT HV 1 500.00 1 1404.0 434.4 1469.7 1.0000LK 0.00 128.01
BUS 2 GENERATOR 2 18.000 CKT MW MVAR MVA % 1.0400PU 50.57 X--- LOSSES ---X
FROM GENERATION 1404.0 434.4R 1469.7 94 18.720KV MW MVAR
TO 4 PLANT HV 1 500.00 1 1404.0 434.4 1469.7 94 1.0000LK 0.00 128.01
BUS 3 GENERATOR 3 18.000 CKT MW MVAR MVA % 1.0200PU 20.05 X--- LOSSES ---X
FROM GENERATION 800.0 466.2H 926.0 104 18.360KV MW MVAR
TO 5 PLANT HV 2 500.00 1 800.0 466.2 926.0 104 1.0000LK 0.00 92.30
BUS 4 PLANT HV 1 500.00 CKT MW MVAR MVA % 1.0169PU 45.69 X--- LOSSES ---X
508.46KV MW MVAR
TO LOAD-PQ 1400.0 100.0 1403.6
TO 1 GENERATOR 1 18.000 1 -1404.0 -306.4 1437.0 1.0000UN 0.00 128.01
TO 2 GENERATOR 2 18.000 1 -1404.0 -306.4 1437.0 92 1.0000UN 0.00 128.01
TO 5 PLANT HV 2 500.00 1 1408.0 512.8 1498.5 0.00 781.69
BUS 5 PLANT HV 2 500.00 CKT MW MVAR MVA % 0.9728PU 14.87 X--- LOSSES ---X
486 .39KV MW MVAR
TO LOAD-PQ 2000.0 100.0 2002.5
TO 3 GENERATOR 3 18.000 1 -800.0 -373.9 883.1 99 1.0000UN 0.00 92.30
TO 4 PLANT HV 1 500.00 1 -1408.0 268.9 1433.4 0.00 781.69
TO 6 INFINITE BUS500.00 1 208.0 5.1 208.1 0.00 54.90
BUS 6 INFINITE BUS500.00 CKT MW MVAR MVA % 1.0000PU 0.00 X--- LOSSES ---X
FROM GENERATION 9792.0 2049.8R10004.3 10 500.00KV MW MVAR
TO LOAD-PQ 10000.0 2000.0 10198.0

TO 5 PLANT HV 2 500.00 1 -208.0 49.8 213.9 0.00 54.90
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2. Dynamic Simulation Models
The models and associated parameters for the dynamic simulation models used in this
PSS/E setup are described in this Section.

2.1 Synchronous Machines

The generator model to represent the salient pole units (generators 1 and 2) is the PSS/E
model GENSAE, shown in the block diagram in Figure 2. This is a 5" order dynamic model
with the saturation function represented as a geometric (exponential) function. The parameters
of the generators 1 and 2 are shown in Table 6.

The PSS/E generator model GENROE, shown in the block diagram in Figure 3, is used to
represent the round rotor unit (generator 3). This is a 6™ order dynamic model with the
saturation function represented as a geometric (exponential) function. This generator data are
given in Table 7.

Details about the implementation of the model are available in the software documentation

[2].

The details associated with the representation of the saturation of the generators should not
dramatically interfere with the results of a small-signal (linearized) analysis of the system
performance. On the other hand, the proper representation of saturation is extremely important
for transient stability and the determination of rated and ceiling conditions (minimum and
maximum generator field current and generator field voltage) for the excitation system.

The calculated rated field current for this salient pole units 1.986 pu (considering 0.80 rated
power factor). The round rotor unit has a rated field current of 2.92 pu considering 0.95 rated
power factor. These calculations comprise the initialization of the generator model at full (rated)
power output, considering their rated power factor. It should be noted that in PSS/E models, due
to the choice of base values for generator field voltage and generator field current, these
variables are numerically the same, in steady state, when expressed in pu.

Table 6: Dynamic Model Data for Salient Pole Units (PSS/E Model GENSAE)

PARAMETERS

Description Symbol Value Unit
Rated apparent power MBASE 1560 MVA
d-axis open circuit transient time constant T4 5.10 S
d-axis open circuit sub-transient time constant | T"g4, 0.060 S
g-axis open circuit sub-transient time constant | T"y, 0.094 S
Inertia H 4.50 MW.s/MVA
Speed damping D 0 pu
d-axis synchronous reactance X4 0.89 pu
g-axis synchronous reactance Xq 0.66 pu
d-axis transient reactance X'y 0.36 pu
sub-transient reactance X"g=X"y 0.29 pu
Leakage reactance X 0.28 pu
Saturation factor at 1.0 pu voltage S(1.0) 0.087 -
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Saturation factor at 1.2 pu voltage

S(1.2)

0.257

Armature resistance

Ra

0.0019

pu

Notes:

Table 7: Dynamic Model Data for Round Rotor Units (PSS/E Model GENROE)

PARAMETERS

Description Symbol Value Unit
Rated apparent power MBASE 890 MVA
d-axis open circuit transient time constant T4 5.30 S
d-axis open circuit sub-transient time constant | T"y, 0.048 S
g-axis open circuit transient time constant T4 0.625 S
g-axis open circuit sub-transient time constant | T"y, 0.066 S
Inertia H 3.859 MW.s/MVA
Speed damping D 0 pu
d-axis synchronous reactance X4 1.72 pu
g-axis synchronous reactance Xq 1.679 pu
d-axis transient reactance X'y 0.488 pu
g-axis transient reactance X'y 0.80 pu
sub-transient reactance X"g=X"y 0.337 pu
Leakage reactance X 0.266 pu
Saturation factor at 1.0 pu voltage S(1.0) 0.13 -
Saturation factor at 1.2 pu voltage S(1.2) 1.067 -
Armature resistance Ra 0 pu




Figure 2: Block Diagram for the PSS/E Model GENSAE
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Figure 3: Block Diagram for the PSS/E Model GENROE
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2.2 Excitation Systems
Following the results presented in [1], the excitation systems are represented by a simple
first order model, represented in PSS/E by the simplified excitation system model SCRX.

The block diagram of the PSS/E model SCRX [2] is shown in Figure 4: Block Diagram for
the PSS/E Model SCRX. The parameters for the model are presented in Table 8.
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Figure 4: Block Diagram for the PSS/E Model SCRX

Table 8: Dynamic Model Data for the Excitation Systems (PSS/E Model SCRX)

PARAMETERS
Description Symbol | Value | Unit
transient gain reduction TA/Tg 1 S
TGR block 2 numerator time constant Tg 1" S
AVR steady state gain Ka 1007 | pu
AVR equivalent time constant Tg 0.05 S
Min. AVR output V Rmin -5 pu
Max. AVR output V Rmax 5 pu
excitation power supply option Cswirch i
negative field capability ro/ti 0 -
Notes:
t

Transient gain reduction is not used, so To=Tp=1

™ Generators 1 and 2 have KA=100, while Generator 3 has K, = 150.

T The parameter “Cgwircn” 1s specific to the PSS/E implementation of this model and
determines if the excitation system is bus-fed (Cswircy=0) or independently fed
(Cswitcu=1). The excitation systems are represented as independently fed.

T The excitation system is represented with negative field current capability.

2.3 Power System Stabilizers

The IEEE Std. 421.5(2005) model PSS1A [4] will be used to represent the power system
stabilizers. The block diagram of the PSS/E model IEEEST [2] is shown in Figure 5. The
parameters for the IEEEST model are presented in Table 9.

The output limits were set to +/— 5%, while the logic to switch off the PSS for voltages
outside a normal operation range has been ignored (parameters Vcy and Vi set to zero).
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Figure 5: Block diagram for the PSS/E model IEEEST

Table 9: Dynamic Model Data for Power System Stabilizers (PSS/E Model IEEEST)

PARAMETERS
Description Symbol | Value Unit

2" order denominator coefficient A 0.641
2" order denominator coefficient A, 0
2" order numerator coefficient A; 0
2" order numerator coefficient A, 0
2" order denominator coefficient As 0.158
2" order denominator coefficient Ag 0
1*' lead-lag numerator time constant T, 0.142 |s
™ lead-lag denominator time constant T, 0.014 S
ond lead-lag numerator time constant T, 0.142 S
ond lead-lag denominator time constant T, 0.014 S
Washout block numerator time constant Ts 3 S
Washout block denominator time constant | T 3 S
PSS gain Ks 35 pu
PSS max. output Lsmax 0.05 pu
PSS min. output Lsmin -0.05 pu
Upper voltage limit for PSS operation Veu 0 pu
Lower voltage limit for PSS operation Veo 0 pu




3. Simulation Results

The results presented in this report correspond to time-domain simulations of different
disturbances. The main objective associated with the selection of these disturbances was to
assess the system damping and the effectiveness of the proposed stabilizers in providing
damping to these oscillations.

The first set of simulations comprise the connection of a 50 MVAr reactor at the point of
interconnection of the generators with the system (bus #5) at t=1.0 second. The reactor is
disconnected 100 ms later, without any changes in the system topology. This is a very small
disturbance, and as such leads to results that correspond to the linear response of the system.
Furthermore, given the location where the disturbance is applied, it tends to excite primarily the
inter-area oscillation, all three generators against the infinite bus.

The second set of simulations correspond to simultaneous changes in voltage reference in
all generator units, applied at t=1.0 second. The applied step changes are as follows:

GENERATOR | STEPIN V.
Gl +3%
G2 —1%
G3 2%

These changes in voltage reference were selected in order to have a relatively small impact
on the inter-area oscillation mode while exciting the intra-plant mode (between generators 1 and
2) and the local mode (generators 1 and 2 oscillating against generator 3).
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3.1 50 MVAr Reactor at Bus 5
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Figure 6: Electrical Power Output, no PSS
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Figure 8: Electrical Power Output, with PSS

20.000

16.000

12.000

8.0000

4.0000

10.000 14.000 18.000
(SECONDS)

6.0000

2.0000

14:54

MAY 31 2014

ACTIVE POWER

SAT,

TIME



14

Dynamic Models

IEEE BENCHMARK SYSTEM

3 GENERATORS VS. INFINITE BUS

50 MVAR REACTOR CONNECTED TO BUS 5
APPLIED AT T=1 S, REMOVED AT T=1.1 S

FILE: PSSE_3GER_BENCHMARK_M5_PSS.OUT

CHNL# 21: [SPD 3 [GENERATOR 3 18.000]1] |
[0.00015 o----------- © ~0.0001 |
| CHNL# 20: [SPD 2 [GENERATOR 2 18.000]1] |
[0.00015 - — — — — ~0.0001 |
| CHNL# 19: [SPD 1[GENERATOR 1 18.000]1] |
[0.00015 ——+= ~0.0001 |

Figure 9: Rotor Speed Deviation, with PSS
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Figure 10: Electrical Power Output, no PSS
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Figure 11: Rotor Speed Deviation, no PSS
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Figure 13: Rotor Speed Deviation, with PSS

PSS/E can build a numerical approximation for the linearized system model. This
approximation is obtained by numerical disturbances applied to the states of the nonlinear
model, so the resulting precision of the numerical approximation is a function of the applied
disturbance.
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The results obtained with this tool might not be as accurate as the results obtained from
linearized models built with analytical linearization techniques, so the results (eigenvalues and
eigenvectors) presented in this section cannot be taken as an absolute (precise) reference. On the
other hand, it would be an interesting exercise to compare these results with those obtained from
analytical methods.

The PSS/E activity ASTR allows the definition of the disturbance to be used, and also the state
variables and input/output variables that will be used in building a (linearized) state equation for
modal analysis, as shown in Figure 14.
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Remove

I Display network convergence monitor

0K Cancel

Figure 14: PSS/E Window for Activity ASTR (Linearized State Equation)
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Once the linearized state equations have been numerically calculated, the auxiliary program
LSYSAN' can be used for the modal analysis.

It should be noted that the PSS/E case without PSS has 22 states, corresponding to 5 states per
GENSAE model and 6 for the GENROE model, plus 2 states per excitation system (SCRX
model).

The program LSYSAN calculated the eigenvalues of a linearized system of order 22, as shown
in Table 10. The redundant state variables (not active due to the selected values for the
parameters in the model, To = Ty = 1 s in the AVR model) are part of the state equations. Each
of these redundant states will result in an eigenvalue equal to -1, as highlighted in Table 10.

Table 10: Eigenvalues Calculated with PSS/E Program LSYSAN

COMPLEX EIGENVALUES:

NO. REAL IMAG DAMP FREQ
1 -4.7953 15.894 0.28885 2.5296
2 -4.7953 -15.894 0.28885 2.5296
3 -6.2653 12.769 0.44049 2.0323
4 -6.2653 -12.769 0.44049 2.0323
5 -0.70133 9.0019 0.77673E-01 1.4327
6 -0.70133 -9.0019 0.77673E-01 1.4327
7 -0.14197 7.6758 0.18493E-01 1.2216
8 -0.14197 -7.6758 0.18493E-01 1.2216
9 -7.4671 4.2989 0.86664 0.68418
10 -7.4671 -4.2989 0.86664 0.68418
11 0.86532E-01 2.5306 -0.34174E-01 0.40276
12 0.86532E-01 -2.5306 -0.34174E-01 0.40276
EIGENVALUES:
NO. REAL TIME CONSTANT
13 -32.391 0.30872E-01
14 -30.426 0.32867E-01
15 -27.427 0.36460E-01
16 -26.125 0.38278E-01
17 -19.698 0.50768E-01
18 -14.274 0.70057E-01
19 -3.4236 0.29209
20 -1.0000 1.0000
21 -1.0000 1.0000
22 -1.0000 1.0000

Table 11 presents the eigenvector associated with mode #5 in Table 10. The components of the
eigenvector associated with the rotor speed deviation of the generators (state K+4 of the model
GENSAE and state K+5 of the model GENROE) are highlighted. It can be seen that this mode
is related with machine 1 oscillating in phase opposition to machines 2 and 3. Moreover, the
relative magnitudes of these eigenvector components indicate that this mode corresponds
(mostly) to the oscillation between machines 1 and 2. The fact that this mode is an oscillation
between machines 1 and 2 becomes obvious when looking at the relative participation factors
for this mode, shown in Table 12.

! Provided as part of the PSS/E installation, for users with the proper license. Consult the software vendor
if you are not sure about your license.
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Table 11: Eigenvector Calculated with PSS/E Program LSYSAN for Mode #5

EIGENVALUE 5: REAL= -0.70133 IMAG= 9.0019
DAMP= 0.77673E-01 FREQ= 1.4327
ROW X--- VECTOR ELEMENT ---X STATE MODEL BUS X-—-——- NAME —-——-— X D
MAGNITUDE PHASE
1 0.19154E-01 -86.924 K GENSAE 1 GENERATOR 1 18.000 1
2 0.77123E-01 -26.089 K+1 GENSAE 1 GENERATOR 1 18.000 1
3 0.20254E-01 -162.79 K+2 GENSAE 1 GENERATOR 1 18.000 1
4 0.47436E-02 90.541 K+3 GENSAE 1 GENERATOR 1 18.000 1
5 0.19806 -3.9137 K+4 GENSAE 1 GENERATOR 1 18.000 1
6 0.19032E-01 92.669 K GENSAE 2 GENERATOR 2 18.000 1
7 0.77128E-01 153.89 K+1 GENSAE 2 GENERATOR 2 18.000 1
8 0.20255E-01 16.802 K+2 GENSAE 2 GENERATOR 2 18.000 1
9 0.47426E-02 -89.453 K+3 GENSAE 2 GENERATOR 2 18.000 1
10 0.19802 176.09 K+4 GENSAE 2 GENERATOR 2 18.000 1
11 0.19600E-03 -95.578 K GENROE 3 GENERATOR 3 18.000 1
12 0.91708E-04 6.7728 K+1 GENROE 3 GENERATOR 3 18.000 1
13 0.14087E-03 -113.89 K+2 GENROE 3 GENERATOR 3 18.000 1
14 0.99082E-04 98.994 K+3 GENROE 3 GENERATOR 3 18.000 1
15 0.61246E-05 -106.60 K+4 GENROE 3 GENERATOR 3 18.000 1
16 0.25556E-03 158.99 K+5 GENROE 3 GENERATOR 3 18.000 1
17 0.0000 0.0000 K SCRX 1 GENERATOR 1 18.000 1
18 1.0000 0.0000 K+1 SCRX 1 GENERATOR 1 18.000 1
19 0.0000 0.0000 K SCRX 2 GENERATOR 2 18.000 1
20 0.99442 179.61 K+1 SCRX 2 GENERATOR 2 18.000 1
21 0.0000 0.0000 K SCRX 3 GENERATOR 3 18.000 1
22 0.91674E-02 -18.847 K+1 SCRX 3 GENERATOR 3 18.000 1

Table 12: Relative Participation Factors Calculated with PSS/E Program LSYSAN for Mode #5

NORMALIZED PARTICIPATION FACTORS FOR MODE 5: -0.70133 9.0019
FACTOR ROW STATE MODEL BUS X-- NAME --X ID
1.00000 4 K+3 GENSAE 1 GENERATOR 1 18.000 1
0.99979 9 K+3 GENSAE 2 GENERATOR 2 18.000 1
0.99921 5 K+4 GENSAE 1 GENERATOR 1 18.000 1
0.99900 10 K+4 GENSAE 2 GENERATOR 2 18.000 1
0.16612 7 K+1 GENSAE 2 GENERATOR 2 18.000 1
0.16609 2 K+1 GENSAE 1 GENERATOR 1 18.000 1
0.06847 1 K GENSAE 1 GENERATOR 1 18.000 1
0.06803 6 K GENSAE 2 GENERATOR 2 18.000 1
0.03446 8 K+2 GENSAE 2 GENERATOR 2 18.000 1
0.03446 3 K+2 GENSAE 1 GENERATOR 1 18.000 1
0.03291 18 K+1 SCRX 1 GENERATOR 1 18.000 1
0.03273 20 K+1 SCRX 2 GENERATOR 2 18.000 1
0.00000 16 K+5 GENROE 3 GENERATOR 3 18.000 1
0.00000 15 K+4 GENROE 3 GENERATOR 3 18.000 1
0.00000 11 K GENROE 3 GENERATOR 3 18.000 1
0.00000 22 K+1 SCRX 3 GENERATOR 3 18.000 1
0.00000 14 K+3 GENROE 3 GENERATOR 3 18.000 1
0.00000 12 K+1 GENROE 3 GENERATOR 3 18.000 1
0.00000 13 K+2 GENROE 3 GENERATOR 3 18.000 1
0.00000 21 K SCRX 3 GENERATOR 3 18.000 1
0.00000 19 K SCRX 2 GENERATOR 2 18.000 1
0.00000 17 K SCRX 1 GENERATOR 1 18.000 1

Table 13 presents the eigenvector associated with mode #7 in Table 10. The components of the
eigenvector associated with the rotor speed deviation of the generators (state K+4 of the model
GENSAE and state K+5 of the model GENROE) are highlighted. It can be seen that this mode
is related with machine 3 oscillating in phase opposition to machines 1 and 2, as clearly shown
by the participation factors in Table 14.
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Table 13: Eigenvector Calculated with PSS/E Program LSYSAN for Mode #7

EIGENVALUE 7: REAL= -0.14197 IMAG= 7.6758
DAMP= 0.18493E-01 FREQ= 1.2216
ROW X--- VECTOR ELEMENT ---X STATE MODEL BUS X-———- NAME —--——--- X ID
MAGNITUDE PHASE
1 0.24416E-01 -85.124 K GENSAE 1 GENERATOR 1 18.000 1
2 0.42759E-02 -81.385 K+1 GENSAE 1 GENERATOR 1 18.000 1
3 0.17873E-01 -113.77 K+2 GENSAE 1 GENERATOR 1 18.000 1
4 0.71755E-03 11.121 K+3 GENSAE 1 GENERATOR 1 18.000 1
5 0.35236E-01 -79.939 K+4 GENSAE 1 GENERATOR 1 18.000 1
6 0.24415E-01 -85.124 K GENSAE 2 GENERATOR 2 18.000 1
7 0.42765E-02 -81.391 K+1 GENSAE 2 GENERATOR 2 18.000 1
8 0.17873E-01 -113.77 K+2 GENSAE 2 GENERATOR 2 18.000 1
9 0.71758E-03 11.119 K+3 GENSAE 2 GENERATOR 2 18.000 1
10 0.35238E-01 -79.940 K+4 GENSAE 2 GENERATOR 2 18.000 1
11 0.95038E-02 9.7872 K GENROE 3 GENERATOR 3 18.000 1
12 0.90293E-02 69.134 K+1 GENROE 3 GENERATOR 3 18.000 1
13 0.25958E-01 -79.775 K+2 GENROE 3 GENERATOR 3 18.000 1
14 0.67084E-01 89.7717 K+3 GENROE 3 GENERATOR 3 18.000 1
15 0.37730E-02 -157.88 K+4 GENROE 3 GENERATOR 3 18.000 1
16 0.18528 111.06 K+5 GENROE 3 GENERATOR 3 18.000 1
17 0.0000 0.0000 K SCRX 1 GENERATOR 1 18.000 1
18 1.0000 0.0000 K+1 SCRX 1 GENERATOR 1 18.000 1
19 0.0000 0.0000 K SCRX 2 GENERATOR 2 18.000 1
20 0.99999 0.13213E-03 K+1 SCRX 2 GENERATOR 2 18.000 1
21 0.0000 0.0000 K SCRX 3 GENERATOR 3 18.000 1
22 0.47152 83.389 K+1 SCRX 3 GENERATOR 3 18.000 1

Table 14: Relative Participation Factors Calculated with PSS/E Program LSYSAN for Mode #7

NORMALIZED PARTICIPATION FACTORS FOR MODE 7: -0.14197 7.6758
FACTOR ROW STATE MODEL BUS X-- NAME --X 1ID
1.00000 15 K+4 GENROE 3 GENERATOR 3 18.000 1
0.99986 16 K+5 GENROE 3 GENERATOR 3 18.000 1
0.08897 14 K+3 GENROE 3 GENERATOR 3 18.000 1
0.07025 9 K+3 GENSAE 2 GENERATOR 2 18.000 1
0.07023 10 K+4 GENSAE 2 GENERATOR 2 18.000 1
0.06996 4 K+3 GENSAE 1 GENERATOR 1 18.000 1
0.06994 5 K+4 GENSAE 1 GENERATOR 1 18.000 1
0.05310 1 K GENSAE 1 GENERATOR 1 18.000 1
0.05290 6 K GENSAE 2 GENERATOR 2 18.000 1
0.02672 12 K+1 GENROE 3 GENERATOR 3 18.000 1
0.02117 11 K GENROE 3 GENERATOR 3 18.000 1
0.01991 18 K+1 SCRX 1 GENERATOR 1 18.000 1
0.01984 20 K+1 SCRX 2 GENERATOR 2 18.000 1
0.01597 8 K+2 GENSAE 2 GENERATOR 2 18.000 1
0.01591 3 K+2 GENSAE 1 GENERATOR 1 18.000 1
0.01464 13 K+2 GENROE 3 GENERATOR 3 18.000 1
0.00933 22 K+1 SCRX 3 GENERATOR 3 18.000 1
0.00348 7 K+1 GENSAE 2 GENERATOR 2 18.000 1
0.00347 2 K+1 GENSAE 1 GENERATOR 1 18.000 1
0.00000 21 K SCRX 3 GENERATOR 3 18.000 1
0.00000 19 K SCRX 2 GENERATOR 2 18.000 1
0.00000 17 K SCRX 1 GENERATOR 1 18.000 1

Table 15 presents the eigenvector associated with mode #9 in Table 10. The components of the
eigenvector associated with the rotor speed deviation of the generators (state K+4 of the model
GENSAE and state K+5 of the model GENROE) are highlighted. It can be seen that this mode
is the inter-area mode, with machines 1, 2 and 3 oscillating against the infinite bus. Considering
the relative magnitudes of these eigenvector components, the inter-area mode is somewhat more
observable in generators 1 and 2. The relative participation factors in Table 16 show that all
three units participate in this oscillation mode, with slightly more observability and
controllability on the units 1 and 2.
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Table 15: Eigenvector Calculated with PSS/E Program LSYSAN for Mode #9

EIGENVALUE 11: REAL= 0.86532E-01 IMAG= 2.5306
DAMP= -0.34174E-01 FREQ= 0.40276
ROW X--- VECTOR ELEMENT ---X STATE MODEL BUS X-—-——- NAME —-——-— X D
MAGNITUDE PHASE
1 0.18365E-01 -35.097 K GENSAE 1 GENERATOR 1 18.000 1
2 0.14974E-02 -51.231 K+1 GENSAE 1 GENERATOR 1 18.000 1
3 0.13507E-01 -44.409 K+2 GENSAE 1 GENERATOR 1 18.000 1
4 0.15289E-02 55.252 K+3 GENSAE 1 GENERATOR 1 18.000 1
5 0.22763 -32.789 K+4 GENSAE 1 GENERATOR 1 18.000 1
6 0.18365E-01 -35.097 K GENSAE 2 GENERATOR 2 18.000 1
7 0.14974E-02 -51.237 K+1 GENSAE 2 GENERATOR 2 18.000 1
8 0.13506E-01 —-44.409 K+2 GENSAE 2 GENERATOR 2 18.000 1
9 0.15289E-02 55.252 K+3 GENSAE 2 GENERATOR 2 18.000 1
10 0.22763 -32.789 K+4 GENSAE 2 GENERATOR 2 18.000 1
11 0.50993E-01 -44.391 K GENROE 3 GENERATOR 3 18.000 1
12 0.40558E-01 101.37 K+1 GENROE 3 GENERATOR 3 18.000 1
13 0.33485E-01 -60.465 K+2 GENROE 3 GENERATOR 3 18.000 1
14 0.36271E-01 101.76 K+3 GENROE 3 GENERATOR 3 18.000 1
15 0.92135E-03 66.407 K+4 GENROE 3 GENERATOR 3 18.000 1
16 0.13717 -21.634 K+5 GENROE 3 GENERATOR 3 18.000 1
17 0.0000 0.0000 K SCRX 1 GENERATOR 1 18.000 1
18 0.25933 37.246 K+1 SCRX 1 GENERATOR 1 18.000 1
19 0.0000 0.0000 K SCRX 2 GENERATOR 2 18.000 1
20 0.25932 37.252 K+1 SCRX 2 GENERATOR 2 18.000 1
21 0.0000 0.0000 K SCRX 3 GENERATOR 3 18.000 1
22 1.0000 0.0000 K+1 SCRX 3 GENERATOR 3 18.000 1

Table 16: Relative Participation Factors Calculated with PSS/E Program LSYSAN for Mode #9

NORMALIZED PARTICIPATION FACTORS FOR MODE 11: 0.86532E-01 2.5306
FACTOR ROW STATE MODEL BUS X-- NAME --X ID
1.00000 5 K+4 GENSAE 1 GENERATOR 1 18.000 1
0.99965 10 K+4 GENSAE 2 GENERATOR 2 18.000 1
0.99787 4 K+3 GENSAE 1 GENERATOR 1 18.000 1
0.99752 9 K+3 GENSAE 2 GENERATOR 2 18.000 1
0.22289 16 K+5 GENROE 3 GENERATOR 3 18.000 1
0.22229 15 K+4 GENROE 3 GENERATOR 3 18.000 1
0.06706 12 K+1 GENROE 3 GENERATOR 3 18.000 1
0.05668 11 K GENROE 3 GENERATOR 3 18.000 1
0.04935 6 K GENSAE 2 GENERATOR 2 18.000 1
0.04856 1 K GENSAE 1 GENERATOR 1 18.000 1
0.01049 22 K+1 SCRX 3 GENERATOR 3 18.000 1
0.00683 20 K+1 SCRX 2 GENERATOR 2 18.000 1
0.00679 14 K+3 GENROE 3 GENERATOR 3 18.000 1
0.00672 18 K+1 SCRX 1 GENERATOR 1 18.000 1
0.00556 3 K+2 GENSAE 1 GENERATOR 1 18.000 1
0.00553 8 K+2 GENSAE 2 GENERATOR 2 18.000 1
0.00371 13 K+2 GENROE 3 GENERATOR 3 18.000 1
0.00120 7 K+1 GENSAE 2 GENERATOR 2 18.000 1
0.00120 2 K+1 GENSAE 1 GENERATOR 1 18.000 1
0.00000 21 K SCRX 3 GENERATOR 3 18.000 1
0.00000 19 K SCRX 2 GENERATOR 2 18.000 1
0.00000 17 K SCRX 1 GENERATOR 1 18.000 1
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