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Abstract — This paper describes, in a tutorial manner, TCSC
control aspects illustrated through simulation results on a small
power system benchmark model. The analysis and design of the
TCSC controls, to schedule line power and damp system
oscillations, are based on modal analysis, and time and frequency
response techniques. Root-locus plots are also utilized. The impact
of badly located zeros on the system transient response is assessed
and possible solutions are proposed. The data used for the power
system model is provided so that others may duplicate or expand
the results presented here.
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1. INTRODUCTION

The potential benefits of Flexible AC Transmission
Systems (FACTS) are now widely recognized by the power
system engineering community [1,2]. Two Thyristor
Controlled Series Compensation devices (TCSC), the first
of anew generation of FACTS controllers [3,4], are aready
commissioned along with a Thyristor Switched Series
Capacitor (TSSC), dl in North America [5]. There are two
other TCSCs to be commissioned in early 1999 in South
America [6]. The short-term need to assess the impact of
FACTS technology has led to R&D efforts on modeling,
methodol ogies and software for static and dynamic analyses,
and control strategies. Dynamic studies must contemplate
both low and high frequency phenomena, calling for the use
of different computer tools.

This paper deals with small-signal electromechanical
stability, focusing attention on TCSC control aspects. A
tutorial exercise on TCSC oscillation damping control and
line power scheduling strategies is presented using a small
power system benchmark model. A control structure is
proposed for the practical implementation of the “constant
angle” strategy. This strategy was devised in [8] to alow the
rerouting of incremental power transfers in interconnected
power systems. Eigenvalue, frequency and step response
results are provided. Root-loci of power system transfer
function poles are included. The impact of badly located
zeros on the system transient response is assessed and
shown to be minimized by proper choice of the TCSC
stabilizing signal. Non-linear time domain simulations were
not considered here. However, for a complete control study,
it is prudent to use non-linear time domain simulations
(including device limits) to verify the small-signal results.
Full data on the example power system utilized are provided
in the Appendix so the results may be reproduced or
expanded upon by others.
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2. TCSC CONTROLS AND POWER SYSTEM
MODEL DESCRIPTION

The example system model (see Fig. 1 and Appendix)
comprises a salient-pole synchronous generator connected
to an infinite bus through a step-up transformer followed by
two transmission circuits. The three operating points
considered correspond to generation levels of 500 and
1000 MW and include one line outage case.
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Fig. 1. Small Power System with TCSC.

The generator has a5™ order model with data described in
the Appendix. The automatic voltage regulator is
represented by a first-order transfer function, also given in
the Appendix. The TCSC deviceislocated in line 2-4.

2.1 TCSC Model and Control System Diagram

Fig. 2 shows the control system diagram of a TCSC
connected to a transmission line, considering the dynamics
of the entire power system model. The blocks PI(s) and
STAB(s) dencte the transfer functions of the TCSC line
scheduling controller and stabilizing signal, respectively.
The blocks F1(s) and Fx(s) relate the TCSC output (variable
line series susceptance, B,.,) to the controlled system
variable (Xeont) and the variable used as the input to the
stabilizer, (Xinp). Functions Fi(s) and Fx(s) have the same
order as the number of system state variables. The symbol
Xref denotes the TCSC reference or setpoint, whose value in
steady-state is equal to Xcont.

The TCSC model consists of incremental current
injections into the power system network at buses 2 and 4,
which are assumed to be the device terminals. The initial
value for its susceptance (82_40) is the line2-4 series
susceptance, which is directly modeled into the power flow
equations. The incremental series susceptance (DB,.4) is
determined, at any instant, by the output of the TCSC
device. The TCSC stabilizer output is likewise modeled as a
variable series susceptance (DBgap).
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Fig 2. TCSC Control System Diagram.

Note: The symbol X, (e.g., Xref O Xinp) iS used here to denote
a generic system variable and does not necessarily refer to
line reactance.

A more detailed block diagram of the TCSC Proportional-
Integral (Pl) controller and stabilizer is given in Fig. 3. The
Pl control action is quite slow in practice, since the line
power scheduling is meant to be done over a period of about
20s. The parameters for the Pl controller are givenin Fig. 3.
The parameters of the TCSC stabilizer differ according to
its input variable, as shown in the following pages and
figures of this paper. The TCSC stabilizer depicted in Fig. 3
has a block diagram similar to those used by generator
exciter based power system stabilizers. The PI controller is
meant for steady-state control, where the TCSC stabilizer is
meant to provide rapid control, particularly for transient
events.

The TCSC thyristor firing and other delays are usualy
represented by a single lag of 15ms, but were not modeled
because they do not significantly impact the
electromechanical stability phenomena[3,7].

2.2 TCSC Line Power Scheduling Strategies

Two strategies for scheduling the power flow of line 2-4
through the TCSC device were modeled by changing the
Dxcont Signal depicted in Figs. 2 and 3. One strategy keeps
the power flow in line2-4 a a specified value
(DXcont = DPy4) and will here be referred to as “ constant line
power” strategy. The other strategy is to make line 2-4
absorb any changes in generated power
(DXcont = DPo4 + DPyy). The latter is known as the “ constant-
angle” strategy [8] since it keeps the steady-state flows in
parallel fixed impedance paths at constant level.
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Fig 3. TCSC Controls.

The “constant angle” control structure proposed in this
paper would require the telecommunication of the signal

DP21, in the case it were remote, but this approach would
dill lead to a reliable and inexpensive practical
implementation due to the slow dynamics of the line power
scheduling process.

The “constant angle” control strategy can be synthesized
through use of local signals only [8]. The approach is to
develop angle difference across the system by synthesizing
voltages behind reactances in both directions away from the
TCSC based on local voltage and line current. This is
illustrated in Fig. 4(a). However, care must be taken when
developing the synthesizing parameters [9]. Another
approach receiving recent attention is to directly measure
phase-angle using synchronized phasor measurement units
asillustrated in Fig. 4(b) [10].
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Phasor Measurements.

3. POWER SCHEDULING RESULTS FOR A
500 MW TRANSFER

Table | displays the system eigenvalues for three different
cases. Case A corresponds to the system with the TCSC
operating at constant reactance mode. Note that in this
operating mode, the TCSC controls depicted in Fig. 3 do not
exist. Case B considers the presence of the TCSC at line 2-4
regulating its own power flow (“constant line power”
control). Case C refers to the TCSC controls designed to
make line 2-4 absorb al of the increased power flow in
linel-2 (“constant angle” control). This strategy is
implemented in Case C by defining the variable
DXcont = DP24 + DP,;. The TCSC does not have the damping
control loop (TCSC stabilizer) in cases B and C.

Note from Table | that the electromechanical mode has
approximately the same frequency (w » 6.2 rad/s) and
damping in al cases, showing that the slowly acting line
power scheduling control of the TCSC does not adversely
impact the generator synchronizing and damping torques.



Tablel. Eigenvalue Resultsfor Cases A, B and C
(Generation Level of 500 MW)

A TCSC at Constant B | TCSC with Constant
Reactance Mode Line Power Controller
-24.634 -24.636
-3.940 £ j6.901 -3.934 +6.894
-6.505 -6.507
-0.362 £ j6.219 -0.389 + j6.203
-0.120

C TCSC with Constant
Angle Controller
-24.633
-3.946 + j6.907
-6.503
-0.334 +£6.235
-0.120

Step response results of the linearized system help to
evaluate the performance of the two line power scheduling
alternatives. The applied disturbance is a 1% step in the
mechanical power of the synchronous generator (DPpmec).
The only exception is Fig. 12, whose plots relate to a step
disturbance applied to the reference (x¢) of the TCSC line
power scheduling controller. The monitored variables are
the active power flow deviations in the lines of the system
(DP12, DP53, DP,4 and DP43).

Figs. 5, 6 and 7 show the step responses for Cases A, B,
and C, whose eigenvalues were displayed in Tablel. The
eigenvalues associated with  the electromechanical
oscillation, which are dominant in these responses, are also
shown in the captions of these figures. Fig. 5 refers to Case
A and shows that, in the absence of a TCSC device, the
generated power step change DP;, is equally shared between
the two circuits of the transmission corridor because the
impedances of the two circuits are the same, as summarized
in the Appendix. Case B results (Fig. 6) show the power
flow in line 2-4 returning to its scheduled pre-disturbance
value through TCSC action. The increased power transfer
eventually flows solely through the parallel path (line 2-3).

Case C results (Fig. 7) show the compensated line 2-4
absorbing all of the increased active power generation. The
power flow in the paralel path (line 2-3) is seen to settle
down at the predisturbance value. Note that the
electromechanical oscillations near 1 Hz (6.2 rad/s) die out
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Fig 5. Case A — System with TCSC at Constant Reactance
Mode (dominant mode| =-0.362 £ j6.219).
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Fig6. Case B — TCSC with “Constant Line Power”
Controller (dominant mode | =-0.389 + j6.203).
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Fig7. Case C — TCSC with “Constant Angle’ Controller
(dominant mode| =-0.334 £ j6.235).

after about 10s. The response of the TCSC line power
scheduling controller (Figs. 6 and 7) is slow and monotonic,
being determined mostly by the real eigenvaluel =-0.12.

The TCSC device was here seen to be very effective for
line power scheduling, without causing adverse effects to
power system oscillation damping. The next section
describes the TCSC ability in providing additional damping
to system oscillations through use of supplementary signals.

A controllable device must perform satisfactorily under
all system conditions. TCSC controls, for example, must in
practice be designed to aso avoid potentia control
problems associated with line outage conditions, as
described in Section 5.

4. OSCILLATION DAMPING CONTROL
THROUGH TCSC STABILIZER ACTION

4.1 Damping Control [12]

Cases D, E and F refer to a system condition with a power
transfer of 1000 MW, which is a transfer level where
damping has long become a critical issue. The TCSC line
power scheduling controls and parameters are the same as
Case B, discussed in Section 3 (Constant Line Power
Strategy). The electromechanica mode (I =+0.473
+j5.993) is seen to be unstable for Case D, due to the
higher power transfer (Tablel1).



Tablell. Eigenvaluesfor Cases D, E and F
(Generation Level of 1000 MW)

TCSC with
“Constant Line Power” Controller
D | without Stabilizer E TCSC with STAB;
(derived from Dw)
-24.392 -24.150
-4.619+(6.819 -9.459
-7.146 -4.140 +j5.383
+0.473 £(5.993 -6.612
-0.228 -1.136 +6.117
-0.366
-0.219

F TCSC with STAB,
(derived from DPyq)

-24.415
-4.885 + [6.362
-7.067
-0.593 +6.110
-2.167 + j1.507
-0.326
-0.229

Stabilization could be effected by adding a power system
stabilizer to the generator excitation system, but here only
the TCSC controls will be considered. An additional signal
to the TCSC device will therefore be designed to stabilize
the system.

TCSC stabilizer design is here based on Nyquist plots of
a chosen Open Loop Transfer Function (OLTF),
considering the control diagram of Fig. 2. The OLTF used
for the design of stabilizer STAB(S) is shown below:

Xinp (S) F> (s)
Baan(s) 1+ FR(s) xPI(s)

Closed loop stahility for the open-loop unstable system
(I =+0.473 + j5.993) is obtained by ensuring a counter-
clockwise encirclement of the -1 point by the Nyquist plot
of the OLTF after feedback compensation. The reader is
referred to [11,13] for more information regarding the
frequency response design methods of this paper.

Generator speed was initially chosen as the TCSC
stabilizer input (Xinp =W). The Nyquist plot in Fig. 8(a)
shows the rotor speed signal needs high amplification but
minimum phase advance. This result is in agreement with
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Fig 8(a). Nyquist Plot of OLTF Dw(s)/DBgq(S) used for
TCSC Stabilizer Design (dominant mode | =
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Fig 9. TCSC Stabilizer in Case E (STAB(9)).

current practice: using a proportional gain provides pure
damping torque when the device input is speed or frequency
and its output affects real power [8,9]. The feedback
stabilizer function STAB4(s) is designed to provide
adequate gain and phase compensation to the rotor speed
signal, as shown in Fig. 8(b), so as to achieve good closed
loop performance.

The effectiveness of the stabilizer STAB1(s) (Fig. 9) is
verified from the eigenvalue results of Table Il (Case E) and
the step response plots of Fig. 10. The root locus plot for the
electromechanical eigenvalue, asthe TCSC stabilizer gain is
varied, is pictured in Fig. 11. The minimum TCSC gain that
turns the system stable is about 450, and no instability
occurs for higher values of gain. The root locus results are
in agreement with the gain margin information contained in
the Nyquist plot of Fig. 8(b).

The system response (Case E) following a step
disturbance in X is shown in Fig. 12. The TCSC controller
correctly made line2-4 to pick up more power at a very
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Fig 10. Case E — 1000 MW Transfer, TCSC Constant Line
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smooth rate, while line 2-3 had its power reduced
accordingly. The active power deviations in line 1-2 are
seen to return to zero after aminor transient.

The plotsin Fig. 12 clearly show the benefits of designing
a slowly acting TCSC line power scheduling controller: it
causes very little impact on the electromechanical transients.
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Fig 11. Root Locus for Variable Gain in STAB(s). Case E
conditions are met for again value of 1500.
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Fig. 12. Case E — Step Disturbance in the TCSC Line
Power Order (Dxe) (dominant model =-0.219).

4.2 Impact of Transfer Function Zeros on Transient
Response

Badly located zeros can impair system stabilization, as
described in [11,13]. They may also cause excessively high
peaks in the transient response, despite the adequate
damping of the system dominant poles. The latter effect can
be seen in the example of this section (Case F).

The use of generator speed as the TCSC stabilizer input,
is assumed to require signal telecommunication. To reduce
cost and improve reliability, a local signa is always
preferred. Assuming the TCSC to be located close to bus 2,
implies that P»1 is a local signal, whose adequacy as the
alternate stabilizer input is now assessed.

The analysis of Fig.13(a) shows that the stabilizer
derived for DP,; (STAB,(S)) must provide considerable
amplification and phase compensation: a lag of 85° is
required at the center frequency of 6 rad/s. Fig. 13(b) shows
the Nyquist diagram of the properly compensated system,
which now has good phase and gain margins.
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Fig 13(a). Nyquist Plot of OLTF DPy(S)/DBgan(S) used for
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Fig 13(b). Nyquist Plot of the OLTF (DP,(S)/DBgan(9)) *
STAB(s) (dominant model = +.473 +j5.993).

As many readers may not be accustomed to Nyquist plots,
the determination of gain margins, in association with Fig.
13(b), is briefly described here. Note that the OLTF
(P21(9)/Bgan(s) ) - STAB(s) islinear with respect to the gain
in STAB,(s). The Nyquist plot varies linearly with the gain
of STAB(s), and Fig. 13(b) was obtained for a gain of 100.
For closed loop stability, the Nyquist plot must involve the
-1 point in the counter-clockwise direction. Note that when
the gain is reduced to 45, the system is on the verge of
instability as the plot crosses the -1 point at a frequency of
6 rad/s. Note that the system again will be on the verge of
instability for a gain of 2000, since the plot crosses the -1
point at a frequency of 1 rad/s. The Nyquist plot provides,
therefore, information on the system conditional stability:
(45<K1csc<2000). The same information is provided by the
root locus plot in Fig. 16, where the critical gains and
complex pole frequencies are displayed.

The eigenvalue and step response results for the Case F,
with the TCSC stabilizer STABy(s) derived from line 2-4
transit power were obtained (see Table Il and Figs. 14 and
15).
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Fig. 14. TCSC Stabilizer in Case F (STAB(S)).
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Fig 16. Root Locus Plot for Case F.

Fig. 15 shows there are excessively high peaks in the
transient responses of P,3 and P,4. These high peaks are
associated with the presence of zeros close to the origin for
both the transfer functions Paa/Pmec (Z;1,2 = 0.07 + j0.14) and
Po4/Prmec (Z = 0.09). Note that the transfer function Poy/Prec,
which disregarding the minor resistive losses in the branch
1-2 is equa to the other two, does not present zeros close to
the origin (Z, =-0.23 and Z, = -0.33) and consequently has
adequate transient response.

Transfer functions Paz/Prec and Pos/Prec do NOt have zeros
close to the origin when the TCSC stabilizer signa is
derived from rotor speed (Z;,=-0.37+j0.033). This
desirable characteristic ranks rotor speed as a better signal
than line transit power for TCSC damping control. An
inferred signal that closely approximates the generator rotor
speed can be synthesized from local signals only (voltage at
bus 2 and current in line 1-2), as described in Section 2 and
illustrated in Fig. 4. Assuming that the impedance of line
1-2 and the generator quadrature reactance are invariant or
known at al times, the value for the internal generator
guadrature voltage can be adequately inferred. The angle of
this complex voltage (qEqg), When processed by a derivative
block, becomes equivalent to the generator rotor speed. The
Bode diagrams for the transfer functions w/Bgs, and the
derivative of qEq/Bgap are compared in Fig. 17, and seen to
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Fig17. Frequency Responses for Actual and Inferred
Rotor Speed.

be very similar. The inferred machine internal voltage is
computed from the following expression:

Eqa = Vo +i(X12+Xq) 412

Note that, as illustrated with the explanation on Nyquist
plots previously in this section, that Bode techniques are
often considered more practical for the anaysis of large
systems but Nyquist plots are more illustrative from the
pedagogical point of view.

5. AVOIDING POTENTIAL PROBLEMSWITH
TCSC CONTROLS DURING LINE OUTAGES

Case G, H and | refer to a 500 MW transfer during
an outage of line2-3. CaseG refers to the system
with the TCSC at constant reactance mode, which yields a
highly oscillatory condition (I =-.044 £ |5). In Case H the
TCSC has the constant line power controller and the
stabilizer STAB4(s), as given in Fig. 9. Note that a zero
eigenvalue appears in CaseH (see Table Il1) indicating a
complete lack of synchronizing torque at steady-state. This
serious problem arises because the TCSC PI controller acts
S0 as to eventually maintain constant power flow in line 2-4
irrespective of steady-state angle deviations at its terminals.

Tablelll. Eigenvalues for CasesH and |
Transfer of 500 MW Under Line Outage Condition

TCSC with Stabilizer STAB4(s)
H With Constant Line | Without Line Power
Power Controller Controller
-24.910 -24.896
-10.441 -10.449
-2.834+j7.623 -2.832+j7.590
-5.919 -5.917
-2.216 +j3.393 -2.186 +j3.505
-0.356 -0.356
0.000
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It did not appear in Case B because line 2-3 was in-service
and provided a free parallel path for synchronizing power
exchanges between the generator and the infinite bus.

The linear step response results for Case H are displayed
in Fig. 18, showing some serious control problems. The
final value of the power change DP;, is equal to DPy, the
applied step disturbance to the generator mechanical power.
The reference to the TCSC controller was left unchanged
(Dxr = 0), and therefore a constant error is continuously
seen by the PI controller. The susceptance DB,4 will then
decrease indefinitely, together with line current (until the
TCSC limits are reached in the non-linear model). Fig. 18
shows that active power deviations DPs3; decrease while
DP,, settles at the same value as DP;,. The drift associated
with the zero eigenvalue would be avoided, if the same step
disturbance were applied to both Py and X inputs, but
thisis not a practical alternative.

The “constant line power” and “constant angle” strategies
are meant to be applied to transmission systems having two
or more paralel paths. The uncontrollable condition (I = 0)
observed in Case H eigensolution and time response results
implies the system would remain drifting between the
maximum and minimum output limits of the TCSC device.
A specia protection scheme would, therefore, be needed to
inhibit the TCSC line power scheduling controls during
some critical system contingencies. The TCSC damping
function must however be left operational during such
contingencies to keep the system damping at a satisfactory
level.

Case | corresponds to the same line outage condition, but
with the PI controller disconnected while maintaining the
TCSC stahilizer loop operational. The eigenvalue results are
also listed in Tablelll, showing the zero eigenvalue has
disappeared.

The STAB,(9) transfer function was designed for another
system condition (Case E) and has excessive gain for this
case, yielding very large damping and a significant drop in
frequency of the electromechanical mode (I = -2.186
+ j3.505). The step response results for Case | are shown in
Fig. 19.
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Fig19. Case | — TCSC Having Only Stahilizing Action
During Line Outage Condition (dominant mode
| =-2.186 +j3.505).

6. CONCLUSIONS

This paper presented, in atutorial manner, the application
of a TCSC for line power scheduling using both a constant
power strategy and a constant angle strategy, and for
damping electromechanical oscillations. A small benchmark
power system model was used, with data provided so that
others can reproduce or expand upon the results presented
here. Several practical aspects of control design were
illustrated including the potential problems of the TCSC
control when parallel lines are outaged, and the impact of
badly located zeros on the TCSC control. The results show
the leverage of TCSC for power scheduling and for damping
oscillations.

The results of this paper are clear examples of the benefits
gained from the complementary use of modal anaysis,
frequency response and step response tools. The designed
TCSC control and protection logic was seen to be robust,
for the three operating conditions investigated, which
included one line outage. Non-linear simulations confirmed
this, but were not included in this paper due to space
limitations.
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APPENDIX

A.1l Example System Data

Frequency: 60 Hz
System and Generator Base: 1000 MV A for al cases.

Branch Datafor All Cases

Branch Impedance (%)

From To R X
1 2 0.7 10.
2 3 6.3 90.
2 4 21 30.
4 3 4.2 60.

Note that line 2-3 is out-of-service in Cases G, H and |
and that line 2-4 includes the combination of the line
reactance and the TCSC reactance.

Bus Data for 500 MW Transfer
VI q Pgen Qgen
Bus pu degrees MW Mvar
1 1.000 159 500. 34.0
2 0.994 13.0
3 1.000 0.0 -490.2 104.2
4 0.980 8.6
Bus Data for 1000 MW Transfer
VI q Pgen Qgen
Bus pu degrees MW Mvar
1 1.000 32.8 1000. 218.7
2 0.976 27.0
3 1.000 0.0 -959.1 357.6
4 0.938 17.9
Bus Data for 500 MW Transfer Under
Line Outage Condition
VI q Pgen Qgen
Bus pu degrees MW Mvar
1 1.000 29.6 500. 94.6
2 0.988 26.7
3 1.000 0.0 -481.6 164.3
4 0.947 17.8
Generator Data
H=5.00 X'q¢=0.30 T'go=7.50
Xg=1.00 X"q=0.25 T"4o = 0.09
Xq=0.70 X"q=0.25 T'q=0.20

Reactances are given in per unit; time constants and
inertiain seconds.

A.2 Generator Model

The fifth-order model for the synchronous generator is
described by the standard equations, with generator
saturation effects ignored for the analysis presented in this
paper. The remaining system data is given along the text of
this paper.

The generator excitation control, for al cases, has the
following first order transfer function.
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