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Abstract: In recent years, the frequency of forced oscillation events due to control system malfunctions
or improper parameter settings has increased. Tuning the parameters of exciters and governor models
is crucial for maintaining power system stability. Traditional simulation studies typically involve
small transient disturbances or step changes to find optimal parameter sets, but existing optimization
algorithms often fall short in fine-tuning for forced oscillations. Identifying the sensitive parameters
within these control models is essential for ensuring stability during large, sustained disturbances.
This study focuses on identifying these critical exciter and governor model parameters by analyzing
their influence on sustained forced oscillations. Using Kundur’s two-area system, we analyze
common exciter models such as SCRX, ESST1A, and AC7B, along with governor models like GAST,
HYGOV, and GGOV1, utilizing PSS®E software version 34. Sustained forced oscillations are injected
at generator-1 of area-1, with individual parameter changes dynamically simulated. By considering a
local oscillation frequency of 1.4 Hz and an inter-area oscillation mode of 0.25 Hz, we analyze the
impact of each parameter change on the magnitude and frequency of forced oscillations as well as on
active and reactive power outputs. This novel approach highlights the most influential parameters of
each tested model—such as exciter, governor, and turbine gains, as well as time constant parameters—
on the impact of forced oscillations. Based on our findings, the sensitive parameters of each tested
model are ranked. These would provide valuable insights for industry operators to fine-tune control
settings during oscillation events, ultimately enhancing system stability.

Keywords: exciter; governor; forced oscillation; SCRX; ESST1A; AC7B; GAST; GGOV1; HYGOV

1. Introduction

The physical power system is divided into mechanical and electrical subsystems,
as shown in Figure 1 [1]. The mechanical subsystem includes handling the fuel source,
furnace, boiler, and turbine to generate and control steam flow. Using the fuel source,
the furnace and boiler produce high-pressure steam, which the turbine converts into
mechanical energy to drive the synchronous generator. The generator then converts this
energy into electrical power. The governor control system regulates the generator’s speed
using droop speed control, adjusting the fuel supply based on grid frequency. An exciter, a
type of DC generator, controls the field voltage (Efd) and current (Ifd) by supplying DC
current to the generator’s field winding to maintain a constant system voltage [2]. Exciters
typically include an excitation power unit, excitation regulator, automatic voltage regulator
(AVR), and power system stabilizer (PSS). The excitation power unit provides current to
the generator rotor, while the excitation regulator adjusts the output. The AVR and PSS
enhance system stability during disturbances [2].

For a generator exciter, certain parameters like limits, exciter time constant, voltage
sensing time constant, and saturation value are fixed by the manufacturer. However,
voltage regulator gains, time constants, reactive compensation, and limit level values are
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tunable by the operator. Similarly, in the governor control system, parameters like water
starting time, no-load gate, full load gate, turbine power fractions, maximum power, dead
band, and turbine damping are fixed in the design, while droop, time constant, gains, and
rate limits are tunable by the plant operator [3].
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Before commissioning a new unit into the grid, power system planning and operational
studies analyze the grid’s stability and reliability with the changes. These studies use
detailed models of synchronous machines and their control systems to simulate real-world
performance [3]. Sometimes, hardware-in-the-loop simulations are used to model and
pre-tune synchronous generator controls [4]. During commissioning, extensive testing,
including off-line, open-circuit, and online tests, tunes the governor and exciter parameters
to ensure optimal performance and stability. Once set, these parameters maintain stable
operation under various conditions, minimizing the need for frequent adjustments. Real-
time manual adjustments to governor or exciter parameters are rare, typically occurring
only in response to system disturbances or significant operational changes, with re-tuning
performed during scheduled maintenance. However, specific oscillation events like low-
frequency forced oscillations in nuclear or steam power plants require immediate attention
for modal analysis and parameter fine-tuning.

Forced oscillations in power systems are typically triggered by external periodic
disturbances from cyclic loads, equipment malfunctions, inadequate control design or
parameter settings, mechanical oscillations of a generator under unusual conditions, or
adverse interactions within the power system [5,6]. Growing forced oscillations within
the low-frequency oscillations (LFO) or ultra-low-frequency oscillations (ULFO) range are
increasingly serious and can damage equipment, restrict the ability to transfer power, and
degrade the power quality. Additionally, resonance of a forced oscillation with weakly
damped local or inter-area system modes can also result in high-magnitude oscillations. [7].
There have been numerous forced oscillation events that lasted for minutes to hours that
have occurred around the world [8]. On 11 January 2019, the U.S. Eastern Interconnection
experienced a forced oscillation event as a result of a defective input to a generator’s
steam turbine controller. The forced oscillation occurred for 18 min at a frequency of 0.25
Hz [9]. Bonneville Power Administration (BPA) reports several sustained oscillations due
to interactions between the PSS and under-excitation limiter (UEL) of a hydropower plant.
Also in 2016, active power erratic behavior was noticed due to problems with the interaction
between a plant controller and the governor of a generating unit [10]. Several oscillation
events across the U.S. summarizing generator equipment failures and the improper setting
of system components like the governor, PSS, exciter, etc. rather than inaccurate modeling
are discussed in [11,12]. Detecting and identifying the source of forced oscillations within
the sub-control level of a generator remains an unsolved problem. However, analyzing
oscillation trends and adjusting sub-control system parameters are crucial to restoring
system stability in a short timeframe.
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In the literature, several studies focus on tuning the AVR and PSS of the excitation
system, using online tuning algorithms to adjust gain and time constant parameters to
maintain system stability in real time [13–20]. However, the obtained parameters are
acceptable for steady-state and small transient disturbance events and sometimes require
an engineer’s judgement for a few cases such as the wrong value of AVR gain, incorrect
values of the PSS, bad turbine-governor data, wrong generator inertia and time constants,
etc. [21]. These optimization algorithms are not suitable for tuning parameters during
sustained forced oscillation events. Also, the level of accuracy of the algorithms depends
on the field measurement transducers, which might not be available in all locations or
may have inaccuracies. The authors of [22] studied the influence of excitation system PID
control parameters of the power system using 5% step response dynamic characteristics.
This study’s results showed the parameters’ impact on the transient response of the power
system. In [23], the fault analysis was performed to find the root causes of the rectifier bridge
filter and the excitation system’s 24 V power supply failure causing two downtime accidents.
These failures require a deep investigation of component analysis. But few oscillation
events, which appear due to dynamic control model parameter inconsistencies in nuclear
or steam plants, need immediate oscillation event re-creation and model parameters’ re-
tuning. However, in the literature, less attention was drawn towards the exciter parameters’
tuning during large, forced oscillation events.

Similarly, most studies focus on tuning the PID parameters of a few governor models.
Recent works [24–28] summarize the latest optimal algorithms for PID controllers for a
hydro-turbine-based governor control. The importance of hydro power plant controller
settings for suppressing frequency oscillations in the Turkish power system is highlighted
in [29]. In [30], the authors discuss optimal techniques for tuning diesel governor parame-
ters in hybrid renewable power systems using an exhaustive search approach. However, the
tuning governor parameters described in [29,30] are for islanded mode operations. In [31],
low-frequency oscillation events related to governor control are presented, including a
special case scenario that analyzes how governor control parameters influence the damping
characteristics of inter-area oscillations and introduce a special ultra-low-frequency model
into the power system. A few case studies in [32–34] examined the impact of hydro-turbine
and governor parameters on power systems with low- and ultra-low- frequency oscillations,
focusing on isolated grid and single machine infinite bus system analyses. The work in [35]
discusses the impact of governor and hydraulic model parameters on grid stability through
eigenvalue analysis but does not address the influence of model parameters during fault
and low-frequency oscillation scenarios.

The literature shows a scarcity of research on the impact of exciter and governor
parameters on persistent forced oscillations. Few historical low-frequency oscillation
events related to governor control have been studied, but there is limited focus on exciter
parameters and their relation to oscillations. Moreover, the literature focuses on optimizing
a few parameters of the control system all at a time for a new steady-state and/or small
transient disturbance. The novelty of this paper lies in bridging this gap by analyzing how
changes in tuning for each single governor and exciter parameter will affect the persisting
forced oscillations on the system. The findings will equip power plant operators and
planning engineers with the knowledge to adjust control system parameters effectively.

The major contributions of this paper are summarized as follows. It (1) considers the
influence of tuning each excitor and governor model parameter one at a time on the forced
oscillations for an oscillation frequency in the 0.25 Hz and 1.4 Hz modes using a PSS/E
dynamic simulation, (2) identifies and ranks the most sensitive model parameters of the
SCRX, ESST1A, and AC7B excitors models, (3) obtains and ranks the sensitive parameters
of HYGOV, GAST, and GGOV1 models, and (4) examines the time domain and frequency
domain analysis of the model parameters.

The rest of the paper is organized as follows: the process of forced oscillation injection
and oscillation frequency modes are specified in Section 2; chosen exciter models, their
standard parameters, and their tested range are described in Section 3 and Appendix A;
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selected governor models and their parameters are specified in Section 4 and Appendix B;
the simulation results of sensitive excitor and governor model parameters are discussed in
Section 5; and the conclusions of the study are drawn in Section 6.

2. Methodology

This study was conducted on Kundur’s two-area multi-machine system using PSS/E
dynamic simulation tools. The system’s schematic diagram and default synchronous
machine models are shown in Figure 2 and Table 1, respectively.
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Table 1. Default models of Kundur’s system.

Generator No. Machine Exciter Governor PSS

Gen-1, Gen-2, Gen-3, Gen-4 GENROE ESST1A TGOV1 IEEEST

The literature indicates that forced oscillation events associated with the governor
control system typically occur at frequencies ranging from 0.1 to 0.38 Hz, with most at
0.25 Hz involving inter-area oscillations. Forced oscillation events caused by the exciter,
AVR, and PSS generally range between 1 to 1.8 Hz, with most at 1.4 Hz involving local
oscillations. To address both inter-area and local oscillation frequencies, this study selected
oscillation frequencies of 0.25 Hz and 1.4 Hz. In this study, the forced oscillations were
injected at the Gen-1 of Kundur’s system using a sinusoidal signal with a fixed frequency
introduced to the governor model’s reference setpoint (GREF) or the exciter model’s voltage
reference setpoint (VREF) [2] as defined by:

∆P(t) = A ∗ sin(2πft) (1)

where ‘f’ is the selected frequency of the forced oscillation (0.25 Hz or 1.4 Hz), ‘A’ is the
sinusoidal wave amplitude, and ‘P(t)’ is the active power added to the governor reference
setpoint. There were 10 MW peak-to-peak active power oscillations injected into the gover-
nor models and 10 MVAR peak-to-peak reactive power oscillations injected into the exciter
models starting from 2 s. The forced oscillation disturbance magnitude and frequency were
maintained constant. At 2 s, each tunable exciter or governor parameter was individually
changed in the dynamic simulation to study its impact on forced oscillations. The impact
on the frequency, voltage response, exciter/governor output, and active/reactive power
output responses of Gen-1 were recorded as outputs. For the exciter models, analyses on
the frequency, voltage, and reactive power changes were performed to study the influence
of exciter parameter change. Similarly, for the governor model, frequency and active power
responses were analyzed to study the influence of governor parameters. The sensitive
parameters of the tested models were identified and ranked accordingly. In this study, fast
Fourier transform (FFT) was used to analyze and to identify the parameter change influence
on the dominant frequency as well as the magnitude. The frequency data were sampled
at a frequency of 120 Hz. For both the oscillation modes, the changes in the oscillation
magnitude were plotted with respect to the parameter changes. The key parameter values
that changed the oscillation frequency were specified.
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3. Exciter Models

Traditionally, low-frequency oscillations in power systems are thought to be primarily
connected to the high gain and quick reactions of excitation systems [34]. The use of
the appropriate excitation system model and parameters in the power system stability
calculation has a significant impact on the calculation results. Excitation system parameters
including the excitation time constant, the excitation system static gain, the PID time
constant, the open circuit time constant of the generator excitation windings, and so on may
affect the output during disturbance simulations of a generator [22]. As a result, it is critical
to the plant operator to investigate the influence of important excitation system parameters
on generator transient characteristics. To provide a foundation for the identification,
verification, and optimization of generator excitation parameters in real time, each of the
model’s selected exciter parameters were tested in this study.

A simple excitation control system called SCRX, a modified IEEE ST1A static excitation
system, and an AC7B exciter model were selected to study their impact on the forced
oscillations. The selected model block diagram, its associated parameters, and their tested
parameters are specified in the following subsections. The ESST1A exciter of generator
Gen-1 was replaced with the selected exciter model with the parameters specified in the
respective tables. To study the parameters’ impact, forced oscillations of magnitude 10
MVAR peak to peak with a frequency of 0.25 Hz and 1.4 Hz were injected into the VREF
of a selected exciter model. At 2 s, each of the individual exciter model parameters was
varied within the specified range of the respective model (see table in Appendix A).

3.1. SCRX Exciter

The SCRX is a basic excitation system model that represents the generic properties
of many different excitation systems. The block diagram of the SCRX excitation system is
shown in Figure 3 [36]. The standard values of the model and the parameters tested range
are given in Table A1 in Appendix A.
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Figure 3. Block diagram of SCRX exciter model [36].

The voltage regulator reference voltage setpoint is denoted by VREF. The input voltage
(Vs)to the SCRX is obtained by adding three signals: the PSS signal (i.e., VOTHSG signal), the
under-excitation input limit (VUEL), and the VOEL signal (which is the difference between
the reference voltage setpoint and the generator terminal voltage). EC is the compensated
terminal voltage. The tunable parameters in the SCRX exciter include the lead–lag block
parameters TA and TB, exciter gain K, and time constant TE parameters. The EFDMIN and
EFDMAX parameters represent the minimum and maximum field voltage outputs. These
parameters are tuned based on the steady-state and transient characteristics of the power
system, which were studied in this model. CSWITCH parameter distinguishes between
systems (bus fed) in which the ac supply is proportional to the generator terminal bus
voltage and systems (solid fed) in which the supply is independent of the generator terminal
voltage. More details of the SCRX excitation system can be found in [37].
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3.2. ESST1A Exciter

The ESST1A exciter is a modified IEEE ST1A static excitation system without an over-
excitation limiter (VOEL) and under-excitation limiter (VUEL). The block diagram of ESST1A
is shown below in Figure 4. The standard values of the model and the parameters tested
range are given in Table A2 in Appendix A.
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Model ESST1A, a potential source-controlled rectifier-excitation system, is meant to
simulate systems in which excitation power is provided from the generator terminals (or
the unit’s auxiliary bus) via a transformer and is regulated by a controlled rectifier. The
maximum exciter voltage available from such systems is proportional to the voltage at
the generator terminals [37]. Most of the ESST1A models employ fully controlled bridges.
The inherent exciter time constants in this sort of system are quite modest; hence, exciter
stabilization is typically not necessary. On the other hand, it may be beneficial to lower the
transient gain of such devices for various reasons. The model given is adaptable enough
to reflect transient gain reduction applied either in the forward path via time constants,
TB and TC (in which case KF would generally be set to zero), or in the feedback path via
an appropriate choice of rate feedback parameters, KF and TF [38]. The second lead–lag
block’s time constants, TC1 and TB1, indicate a representation of transient gain increase, in
which case TC1 would be larger than TB1. KA and TA reflect the voltage regulator gain and
exciter time constants [37].

The internal limiter following the summing junction can be ignored in many cases,
but the field voltage limits, which are functions of both terminal voltage (except when
the exciter is supplied from an auxiliary bus, which is not supplied from the generator
terminals) and generator field current, must be modeled. It is feasible to describe the field
voltage limitations as linear functions of the generator field current. Furthermore, for
most transformer-fed systems, KC is fairly small, allowing the term to be ignored in many
studies. The ESST1A model simulates a field current limiter to safeguard the generator
rotor and exciter from damage that might occasionally occur because of these systems’
extremely high forcing capabilities. KLR and an ILR start setting serve as the limit’s gain
indicators [38].

3.3. AC7B Exciter

The AC7B exciter is applied to ac/dc rotating exciters. To create the required dc fields,
this excitation system combines a stationary or rotating rectifier with an ac alternator. The
AC7B model is the result of advancements to previous ac excitation systems, which simply
replaced the controls while preserving the ac alternator and diode rectifier bridge. Some
of the characteristics of this excitation system are a quick exciter current limit (VFEMAX) to
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protect the ac alternator’s field, a high bandwidth inner loop regulating generator field
voltage or exciter current (VA, KF1, KF2), and the PID generator voltage regulator (VR). If
the VR lacks a derivative term, a separate rate feedback loop (KF3, TF) is used to stabilize
it [38]. The block diagram and the parameters of the AC7B excitation system are shown
in Figure 5 [36]. The notations, standard values, and the tested range of the AC7B model
parameters are given in Table A3 in Appendix A.
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As shown in Figure 5, EC is the compensated generator terminal voltage filtered
through a filter block with a filter time constant denoted as TR. The AC7B exciter consists of
a regulator designed with PID control with proportional (KPR), integral (KIR), and derivative
(KDR) gains. The voltage regulator has proportional and integral gains represented as KPA,
KIA, respectively. The brushless exciter is represented by TE, KE, SE, KC, and KD parameters.
The limits of VE are used to represent the effects of a feedback limiter operation. This
excitation system model includes the power source for the controlled rectifier. The user
can set the logic switch to determine if the rectifier’s power source is from terminal voltage
(position “A”) or independent of it (position “B”). More details about this model can be
found in [38].

4. Parameters’ Testing of Governor Models

The turbine-governor modeling is critical for transient rotor angle stability, frequency
control, and, to a lesser extent, small-signal stability. A crucial component of the turbine-
governor dynamics is fast-valving, which is the governor’s quick response in the first
couple of seconds after a grid disturbance. This control is distinguished by the quick
closing of the intercept valves on a steam turbine in response to a nearby fault to reduce
mechanical power on the generator shaft and, hence, limit shaft acceleration and the risk
of rotor angle instability. Any such controls that will abruptly influence the mechanical
output of the turbine as a result of a nearby grid fault must be modeled for transient
stability studies [39]. An example is the installation of acceleration controls on gas turbines,
which may be activated in some situations during a nearby catastrophic grid failure.
However, acceleration controls are not available on all gas turbines. Also, where droop
is implemented via electrical power feedback and the use of a proportional integral (PI)
or proportional integral derivative (PID) controller in the turbine-governor controls can
influence transient stability and should be modeled accordingly [39]. In the frequency
range of electromechanical modes of rotor oscillation, the turbine governor may have a
little negative dampening impact for small-signal stability concerns.

In this work, a simple gas turbine-governor model called GAST, a hydro-turbine-based
HYGOV governor model, and a most used GGOV1 governor model were selected to study
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their influence on forced oscillations. Each model block diagram, its associated parameters,
and their tested parameters range are provided in the following subsections. The TGOV1
model of generator Gen-1 was replaced with the selected governor model with standard
parameters. There were 10 MW peak-to-peak active power oscillations injected at the PREF
of the selected governor models. Each governor model parameters were changed one at a
time to test their impact on the forced oscillations after 2 s. The parameters’ change and
their influence on the forced oscillations are discussed in the results section.

4.1. GAST Governor

This is the simplest basic illustration of a gas turbine. It assumes a simple droop
control, a constant load limit (turbine rating), and three-time constants, one for the fuel
valve response (T1), one for the turbine response (T2), and one for the load limit response
(T3). This model entirely disregards all aspects of a heavy-duty gas turbine’s mechanics [17].
Figure 6 depicts the GAST gas turbine block diagram referred from PowerWorld [40].
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In the GAST model, the permanent droop is denoted by R. AT denotes the ambient
temperature load limit, and VMIN and VMAX are the minimum and maximum turbine
power set limits. Dturb denotes the turbine damping factor. During commissioning of
the unit, the speed governor parameters are obtained from gas injection setpoint change
tests and load rejection tests, with damping factors and time constants tuned from load
rejection; operational limits and permanent droop parameters are usually defined from
steady-state tests [41]. In this work, the tunable parameters such as R, T1, T2, T3, KT, Dturb,
VMAX, and VMIN parameters were examined within the tested range specified in Table A4
in Appendix B.

4.2. HYGOV Governor

HYGOV is a basic non-linear hydroelectric-plant governor with a simple hydraulic
representation of the penstock, unconstrained head, and tail race and no surge tank. Figure 7
shows the block diagram of the HYGOV governor model. The speed deviation from
nominal to the actual speed (∆f) and the gate position (GV) in per unit are the inputs to the
model, and Pmech is the output parameter. R and r are called the permanent and temporary
droop parameters specified in per unit. The time constants of filter time constant (Tf),
governor time constant (Tr), servo time constant (Tg), and water starting time constant (Tw)
are the important parameters [42]. Velm is the velocity limit, which is reciprocal to the time
taken for the wicket gates to move from fully open to fully closed. H represents the per
unit head. The qNL represents the no-load power flow rate required to maintain the rated
speed while off-line. AT is the turbine gain that tunes the turbine flow. Dturb is the turbine
damping factor. These are the tunable parameters that can influence the performance of the
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HYGOV during transient studies. Each of the individual parameters were tested to find
the influence on the forced oscillations.
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4.3. GGOV1 Governor

The GGOV1 model can be used to depict a wide range of prime movers that are
controlled by PID governors and are often used in conjunction with a combustion turbine.
Figure 8 shows the block diagram of the GGOV1 model. The notations of the model
parameters, standard values, and the tested parameter range of the model are given in
Table A6 in Appendix B.
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Control blocks are also included in the model to simulate valve position and actuation,
fuel system dynamics, a load limiter for exhaust temperature controls, a load controller for
plant-level or outer loop controls, an acceleration limiter, and a governor deadband. More
details about the modeling of the GGOV1 governor can be found in [43].

5. Results and Discussion

This section discusses the sensitive parameters of the selected exciter and governor
models based on the influence of each parameter change on forced oscillations. For both
the local oscillation frequency of 1.4 Hz and inter-area frequency of 0.25 Hz, the deviation
of the forced oscillation magnitude, frequency response, change in active/reactive power
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magnitude from the fixed frequency, and magnitude were used to rank the sensitive
parameters. The analysis of individual parameter influence on the active power magnitude
in governors and the reactive power characteristics in the exciter helped to understand
and find the dominant parameters to see how each of these can alter the sustained forced
oscillations. The parameters of the models were tested over a wide range to see if they have
an impact on the forced oscillations and may cause instability in the system response or
not. The specific results of each model are discussed in the respective subsections below.

5.1. SCRX Exciter

According to each parameter change, the impact on the forced oscillations’ frequency,
magnitude, reactive power output, the SCRX model parameters, and their respective ranks
are shown in Table 2 below. Among the exciter models, the exciter gain was the most
important parameter. The SCRX exciter gain (K) was changed from 10 to 1000 value, and
the corresponding frequency and voltage responses are shown in Figure 9. The very low
value of K = 10 caused instability in the system response. The value of K = 100 had around
10 MVAR of forced oscillation magnitude. Increasing the K value from 100 to 1000 in steps
of 100 increased the oscillation magnitude of 10 MVAR to 21.436 MVAR and 86.422 MVAR
for the 0.25 Hz and 1.4 Hz modes, respectively. Similarly, the gain reduction ratio (TA/TB)
changed from 0.05 to 1.0 in steps of 0.1. The frequency and voltage responses of Gen-1 for
the TA/TB change are shown in Figure 10.

Table 2. Sensitive parameters of SCRX exciter with respect to reactive power change.

SCRX Parameters
Tested Parameters’

Range
Reactive Power Output (MVAR)

Rank
0.25 Hz 1.4 Hz

K—Exciter Gain
K—100 10.012 10.043

1
K—1000 21.436 86.422

TA/TB—Gain
reduction ratio

TA/TB—0.1 10.044 10.051
2

TA/TB—1.0 20.986 74.193

TE—Time constant
TE—0.0 10.011 10.026

3
TE—1.0 0.601 0.859

TB—Time constant
TB—1.0 15.697 9.962

4
TB—50.0 7.484 9.912
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The increase in the TA/TB parameter value from 0.1 to 1.0 increased the oscillation
magnitude to 20.986 MVAR and 74.193 MVAR for the 0.25 Hz and 1.4 Hz modes, respec-
tively. In contrast, the time constants TE and TB values increased, reducing the oscillation
magnitude for both oscillation modes, as shown in Table 2. The FFT analyses of the SCRX
model parameters are shown in Figure 11. The increase in the K and TA/TB values in-
creased the oscillation magnitude linearly for the 1.4 Hz local oscillation mode, and, for
the low-frequency 0.25 Hz mode, a very small oscillation magnitude change was observed.
The exciter time constant TE significantly affected the system’s dynamic response. At lower
K values (K = 10, 50), the system’s sensitivity to TE ≥ 7 was higher, resulting in a noticeable
change in the oscillation frequency to 0.11719 Hz.
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5.2. ESST1A Exciter

The ESST1A exciter model plays a critical role in maintaining the stability of power
systems by regulating voltage. To understand how changes in the ESST1A parameters
influence forced oscillations, we conducted a comprehensive analysis by varying key
parameters and measuring the resulting reactive power output (MVAR) at oscillation
frequencies of 0.25 Hz and 1.4 Hz.

Our study focused on several parameters, including the voltage regulator gain (KA),
regulator time constant (TA), voltage regulator time constant (TC), filter time constant (TR),
and voltage regulator time constants (TB and TB1). The results, summarized in Table 3,
indicated that changes in these parameters significantly impact the oscillation magnitudes
and frequencies.

Table 3. Sensitive parameters of ESST1A exciter with respect to reactive power change.

ESST1A Parameters Tested Parameters’ Range
Reactive Power Output (MVAR)

Rank
0.25 Hz 1.4 Hz

KA—Voltage regulator gain
KA—50 0.32 0.5811

1
KA—1000 20.012 117.101

TA—Regulator time constant
TA—0 10.022 10.041

2
TA—0.1 to 1 TA ≥ 0.4 induced growing oscillations with a

frequency of 1.298 Hz

TC—Voltage regulator time
constant

TC—0 19.99 29.104

3
TC—1 to 10 Changed oscillation frequency to 13.33 Hz if

TC > 6

TR—Filter time constant
TR—0 10.027 10.071

4
TR—1 24.316 24.154

TB1—Voltage regulator time
constant

TB1—0 26.918 117.118
5

TB—20 19.96 2.791

TB—Voltage regulator time
constant

TB—0 19.98 115.796
6

TB—20 17.554 45.229

ILR—Current limiter reference ILR ≤ 2 System Unstable

KA —Voltage regulator gain KA ≤ 40 System Unstable

KF —Excitation control system
stabilizer gain KF ≥ 0.1 System Unstable

KC—Rectifier loading factor KC ≥ 0.6 System Unstable

VAMAX —Maximum voltage
regulator output limit VAMAX ≤ 2 System Unstable

VAMIN—Minimum voltage
regulator output limit VAMIN ≥ 0.2 System Unstable

VRMAX—Maximum voltage
regulator output limit VRMAX ≤ 2 System Unstable

VRMIN—Minimum voltage
regulator output limit VRMIN ≥ 0.2 System Unstable

VIMAX—Maximum voltage
regulator input limit VIMAX ≤ 0 System Unstable

VIMIN—Minimum voltage
regulator input limit VIMIN ≥ 0.2 System Unstable
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The voltage regulator gain (KA) parameter was changed from 10 to 1000 in steps of 100.
The low value of K = 50 had around a 0.5 MVAR forced oscillation magnitude. As shown in
Table 3, increasing the exciter gain value from 50 to 1000 increased the oscillation magnitude
to 20.012 MVAR and 117.101 MVAR for the 0.25 Hz and 1.4 Hz modes, respectively. The
FFT response of KA for the 1.4 Hz oscillation mode is shown in Figure 12. The low values of
KA from 50 to 400 showed a linear increase and, from 500 to 1000, the oscillation magnitude
remained constant. Tuning extremely low values of KA ≤ 50 caused instability in the
system. The regulator time constant (TA) value was changed from 0 to 1 in steps of 0.1.
As shown in Figure 13, for TA values below 0.3 and above 0.5, the system appeared more
stable with lower oscillation magnitudes. The middle range of TA (0.3 to 0.5) led to higher
oscillation magnitudes specifically for the 1.4 Hz mode, indicating potential instability with
an oscillation frequency of 1.298 Hz in both modes.
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Similarly, the rise in the voltage regulator time constant (TC) parameter value increased
the oscillation magnitude to 110.137 MVAR. For both oscillation modes, the increase in
TC > 8 caused the change in oscillation frequency to 13.33 Hz. Likewise, the filter time
constant (TR) increased the forced oscillation magnitude from 10 MVAR to 24 MVAR with
a TR value increase from 0 to 1. In contrast, the increase in voltage regulator time constants
TB and TB1 values reduced the oscillation magnitude. As shown in Figure 13, the time
constants TA, TC, TR, TB, TC1, and TB1 had a large influence on the system stability for the
1.4 Hz mode. The ESST1A parameters KLR, TF, and TC1 showed no impact on the forced
oscillations. The low values of the parameters ILR ≤ 2, KA ≤ 40, VAMAX ≤ 2, VRMAX ≤ 2,
VIMAX ≤ 0, and VREF ≤ 0.6 can make the system became unstable. The higher values of
these parameters KF ≥ 0.1, KC ≥ 0.6, VAMIN ≥ 0.2, VRMIN ≥ 0.2, and VIMIN ≥ 0.2 can also
make the system become unstable. KA, TC, TR, TB1, and TB were the sensitive parameters
of the ESST1A exciter model.
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5.3. AC7B Exciter

The sensitive parameters of the AC7B exciter model were identified based on the
impact of the parameter change response on forced reactive power oscillations and were
ranked, as shown in Table 4, as follows.

Table 4. AC7B exciter sensitive parameters and their associated ranks.

AC7B Parameters Tested Parameters’ Range
Reactive Power Output (MVAR)

Rank
0.25 Hz 1.4 Hz

KPA—Voltage regulator proportional gain
KPA—0 to 5 174.382 172.583

1
KPA—10 to 50 10 10

KE—Exciter constant related to self-excited field

KE—0 to 0.2 67.716 75.955

2KE—0.4–1.4 2.51 5.68

KE ≥ 1.6 System Unstable

KP—Potential circuit gain coefficient
KP—0 to 5.0 10 10

3
KP—10 to 50 10 22.006

KPR—Regulator proportional gain
KPR—0.0 28.671 0.992

4
KPR—50.0 10 18.709

TR—Regulator input filter time constant
TR—0.0 10 10

5
TR—1.0 41.776 10

VAMIN—Regulator output minimum limit
VAMIN ≤ −10.0 22.032 23.884

6
VAMIN—0 to 40 10 10
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Table 4. Cont.

AC7B Parameters Tested Parameters’ Range
Reactive Power Output (MVAR)

Rank
0.25 Hz 1.4 Hz

KF1—Excitation control system stabilizer gain

KF1—0 to 0.5 10 10
7

KF1—1.0 6.181 3.721

KF1 ≥ 1.5 System Unstable

KF2—Excitation control system stabilizer gain

KF2—0 10 10
8

KF2—0.5 to 1.0 10 5.072

KF2 ≥ 2.5 System Unstable

KIR—Regulator integral gain
KIR—0 to 5.0 6.9658 8.0614

9
KIR—10 to 50 10 10

KF3—Excitation control system stabilizer gain KF3 ≥ 1.5 System Unstable

TE—Exciter time constant (>0) TE ≤ 0.3 Distorted Oscillations

VAMAX—Maximum voltage regulator output
limit VAMAX ≤ 0 System Unstable

VRMAX—Maximum voltage regulator output
limit VRMAX ≤ 2 System Unstable

VFEMAX—Exciter field current limit reference VFEMAX ≤ 2 System Unstable

The voltage regulator gain (KPA) parameter was changed from 0 to 50 in steps of 5.0,
as shown in Figure 14. The low values of KPA of 0 to 5 had around a 174 MVAR forced
oscillation magnitude. Increasing the KPA value from 10 to 50 maintained the oscillation
magnitude to 10 MVAR for both oscillation frequency modes. For both the oscillation
modes, the oscillation magnitude of the KPA, KPR, KE, and TR parameters from the FFT
analysis is shown in Figure 15.
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Similarly, the rise in the excitor constant (KE) parameter value from 0 to 1.4 decreased
the oscillation magnitude to 2.51 MVAR and 5.68 MVAR for the 0.25 Hz and 1.4 Hz modes,
respectively, as shown in Figure 15. In contrast, the increased values of the potential
circuit gain coefficient (KP), regulator proportional gain (KPR), and filter time constant
(TR) increased the forced oscillation magnitude, as shown in Figure 15. The excitation
control stabilizer gain KF1 oscillation magnitude response from the FFT analysis is shown
in Figure 16. The KF1, KF2, and KF3 values between 0.5 to 1.0 had a stable response. The
higher values of the parameters KE ≥ 1.6, KF1 ≥ 1.5, KF2 ≥ 2.5, and KF3 ≥ 1.5 can cause the
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system to become unstable. The lower values of VAMAX ≤ 0, VRMAX ≤ 2, and VFEMAX ≤ 2
can also make the system unstable. The AC7B exciter parameters Kc, KIR, KDR, KIA, KL,
TDR, TF3, VEMIN, VPSS, E1, E2, S(E1), S(E2), VR, and VA did not show any influence on the
forced oscillations. The regulator gains KPA, KPR, KIR, KE, KP, and TR and the excitation
control system stabilizer gains KF1 and KF2 were the sensitive parameters of the AC7B
exciter model.
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5.4. GAST Governor

The sensitivity of the GAST governor parameters was analyzed based on their influ-
ence on the forced oscillation magnitude, oscillation frequency, and active power oscilla-
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tions of Gen-1. A forced oscillation magnitude of 10 MW peak to peak was applied at the
GAST governor’s PREF input to assess these effects. The sensitive parameters of the GAST
governor and their associated ranks are given in Table 5, as follows.

Table 5. GAST governor sensitive parameters and their associated ranks.

GAST
Parameters

Tested Parameters Range
Active Power Output (MW)

Rank
0.25 Hz 1.4 Hz

R—Speed droop
R—0.0 Distorted oscillations

1
R—0.1–1.0 13.339 10.089

T1—Governor mechanism
time constant

T1—0.0 16.917 10.091
2

T1—0.2 to 2.0 15.427 9.063

T2—Turbine power time constant
T2—0.1 16.934 11.12

3
T2—2.1 13.038 10.026

VMAX—Maximum turbine power
VMAX—0.0 19.8871 22.8798

4
VMAX—1 to 5 34.511 Damped oscillations

VMIN—Minimum turbine power
VMIN = −4 to 1 34.791 Damped oscillations

5
VMIN ≥ 2 Distorted oscillations Distorted oscillations

The speed droop (R) parameter was changed from 0 to 1. The low value of R = 0 had
distorted oscillations with an oscillation frequency of 2.695 Hz for both oscillation frequency
modes. As shown in Figure 17, increasing the speed droop value from 0.1 to 1 produced an
oscillation magnitude of around 13.33 MW and 10.08 MW for the 0.25 Hz and 1.4 Hz modes,
respectively. Likewise, the increase in time constants T1 and T2 values had a very small
impact on the forced oscillation magnitude. However, the T2 = 0 made the system become
unstable. Its value should always be greater than 0, i.e., T2 ≥ 0.1. The minimum turbine
power VMIN ≥ 2 made the system unstable. The graphs presented in Figure 18 show the
FFT response of the GAST model parameters R, T1, T2, and T3 changes. Each graph depicts
the oscillation magnitude for two different oscillation frequencies, 0.25 Hz and 1.4 Hz, as
the respective parameters were varied. Notably, the 0.25 Hz oscillations tended to exhibit
higher magnitudes compared to the 1.4 Hz oscillations across all parameter changes.
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The GAST parameters R, T1, T2, VMAX, and VMIN were the sensitive parameters of
the model. The speed droop R = 0 and minimum turbine power VMIN ≥ 2 had distorted
oscillations. The turbine damping factor (Dturb), temperature limiter gain (KT), and the
exhaust temperature time constant (T3) of the GAST governor model did not show any
influence on the forced oscillations.

5.5. HYGOV Governor

The sensitivity of the HYGOV governor parameters was analyzed based on their
influence on the forced oscillation magnitude, oscillation frequency, and active power
oscillations of Gen-1. The sensitive parameters of the HYGOV governor model were
identified and ranked, as shown in Table 6, as follows.

Table 6. HYGOV governor model sensitive parameters and their associated ranks.

HYGOV Parameters Tested Parameters’ Range
Active Power Output (MW)

Rank
0.25 Hz 1.4 Hz

AT—Turbine gain
AT—−1 to 0; ≥1.5 System unstable; 390.33

1
AT—0 to 1 Damped oscillations

r—Temporary droop

r—0.0 105.33 108.41

2r—0.2 25.47 9.8

r—2.0 2.9 5.709

TG—Servo time constant

TG—0.1 11.188 21.832

3TG—0.5 8.896 6.57

TG—5.0 1.33 0.728

TW—Water time constant

TW—0.0 8.046 5.674

4TW—1.0 10.067 10.03

TW—10.0 14.332 10.185
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Table 6. Cont.

HYGOV Parameters Tested Parameters’ Range
Active Power Output (MW)

Rank
0.25 Hz 1.4 Hz

TR—Governor time constant
TR—0 131.774 10.007

5
TR—5 to 50 10.097 10.012

R—Permanent droop
R—0 to 0.2 10.05 10.13

6
R—0.3 to 1.0 Damped oscillations 10.05

QNL—No power flow
QNL—0 to 0.4 10.101 10.13

7
QNL—0.45 to 0.5 10.066 Damped oscillations

GMAX—Maximum gate limit GMAX ≤ 0 System unstable

GMIN—Maximum gate limit GMIN ≥ 2 System unstable

The turbine gain (AT) was the most sensitive parameter of the HYGOV model. The
AT values, AT < 0 and AT ≥ 1.5, made the system unstable and had around 390 MW
oscillations. AT values between 0 to 1 showed damped oscillations for both oscillation
modes, as shown in Figure 19. The temporary droop (r) parameter was changed from 0
to 2, and the corresponding frequency and voltage responses are shown in Figure 20. The
low value of r = 0 had high 105 MW oscillations for both frequency modes. Increasing the
temporary droop value from 0.2 to 2 reduced the oscillation magnitude to 2.9 MW and
5.709 MW for the 0.25 Hz and 1.4 Hz modes, respectively.
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Figure 21 presents the effect of varying four different parameters of the HYGOV
model on the oscillation magnitude for two different oscillation frequencies (0.25 Hz and
1.4 Hz). Each subplot illustrates the oscillation magnitude in response to changes in specific
parameters: R, temporary droop (r), TG, and Tw. The speed droop R and TG showed a
significant increase in the oscillation magnitude as their values increased. Conversely,
the temporary droop (r) parameter significantly reduced the oscillation magnitude with
increasing values. The water inertia time constant (Tw) had a comparatively minor effect
on the oscillation magnitude.
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The higher values of permanent droop and no power flow had damped oscillations.
The minimum and maximum gate limit values, GMIN ≥ 2 and GMAX ≤ 0, made the system
unstable. The turbine gain was the most sensitive parameter, and AT < 0 and AT > 1.5
can make the system unstable. The permanent droop (R), temporary droop (r), servo time
constant (TG), and water time constant (TW) were the sensitive parameters of the HYGOV
model and had a more pronounced effect on the 0.25 Hz oscillation mode. Changing the
maximum and minimum gate limits below or above these values of GMAX ≤ 0 and GMIN
≥ 2 can make the system become unstable.

5.6. GGOV1 Governor

The analysis focused on the sensitivity of various GGOV1 model parameters; specif-
ically, their impacts on the reactive power output (MW) at two oscillation modes are
discussed in this section. The parameters were ranked based on their influence on the
system stability and oscillation magnitude, as summarized in Table 7.
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Table 7. GGOV1 governor-sensitive parameters and their associated ranks.

GGOV1 Parameters Tested Parameters’ Range
Reactive Power Output (MW)

Rank
0.25 Hz 1.4 Hz

Kturb—Turbine gain

Kturb—0 Distorted oscillations—316.572

1

Kturb—1 6.923 9.523

Kturb—2 10.876 14.739

Kturb—3 158.147 127.572

Kturb ≥ 4 System unstable

R—Permanent droop

R—0 Oscillations damped

2
R—0.1 11.104 9.333

R—0.2 12.704 14.837

R—0.3 to 1.0 116.042 157.059

TC—Turbine lead time constant

TC—0 10 10

3TC—0.5 18.539 45.086

TC ≥ 1 System unstable

WFNL—No-load fuel flow

WFNL—0.0 12.56 11.762

4
WFNL—0.4 6.292 8.89

WFNL—0.6 to 0.8 Oscillations damped

WFNL—1.0 System unstable—316.819

TACT—Actuator time constant

TACT—0.0 9.997 48.295

5TACT—0.5 10.11 10.08

TACT—5.0 1.607 0.88

TB—Turbine lag time constant
TB—0.1 10.21 10.324

6
TB—5.0 1.363 0.384

KPgov—Governor proportional gain
KPgov—0 1.171 0.321

7
KPgov—40.0 25.448 12.572

KIgov—Governor integral gain
KIgov—0 9.292 7.542

8
KIgov—1 to 10 10.098 10.195

KA—Acceleration limiter gain
KA—0 10.183 10.253

9
KA—20 to 50 10.012 12.57

KIMW—Power controller (reset) gain KIMW—1 to 10 Distorted oscillations

VMAX—Maximum valve position limit VMAX ≤ 0 System unstable

VMIN—Minimum valve position limit VMIN ≥ 1.2 System unstable

The turbine gain (Kturb) was the most sensitive parameter of the GGOV1 model. The
Kturb change response from 0 to 4 in steps of 1 is shown in Figure 22. The Kturb < 0
and Kturb ≥ 4 made the system unstable and had around 316 MW of oscillations. The
Kturb values increasing from 1 to 3 increased the oscillation magnitude for both oscillation
frequency modes. The permanent droop (R) parameter was changed from 0 to 1. The
low value of R = 0 had damped oscillations for both frequency modes. Increasing the R
value from 0.1 to 1 increased the oscillation magnitude to 116.04 MW and 157.059 MW
for the 0.25 Hz and 1.4 Hz modes, respectively. The FFT response of R and actuator
time constant (TACT) parameters are shown in Figure 23. The high values of TACT and
turbine lag time constant (TB) parameters also impacted the forced oscillation magnitude.
In contrast, the increase in the governor proportional gain (KPgov) value increased the
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oscillation magnitude. Likewise, the high values of the turbine lead time constant (TC ≥ 1)
and no-load fuel flow (WFNL ≥ 1) can cause the system to become unstable.
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The higher values of the parameters VMIN ≥1.2, Kturb ≥ 4, WFNL ≥ 1.0, and TC ≥ 1
made the system unstable. The permanent droop R > 0.1, KIgov, TDgov, Tpelec, and LDREF = 0
delayed the system’s response. The turbine gain (Kturb), permanent droop (R), turbine lead
and lag time constants (TC and TB), actuator time constant (TACT), and no-load fuel flow
(WFNL) were the sensitive parameters of the GGOV1 governor model.

6. Conclusions

This study utilized Kundur’s two-area system in PSS/E to investigate the impact
of exciter and governor parameters on forced oscillations, presenting a comprehensive
analysis that highlights the novelty of our approach. By examining widely used exciter
models such as SCRX, ESST1A, and AC7B, alongside governor models like HYGOV, GAST,
and GGOV1, we systematically injected forced oscillations and altered model parameters to
assess their influence on frequency, voltage response, and oscillation magnitudes at 0.25 Hz
and 1.4 Hz. This dual-frequency analysis encompasses both inter-area and local oscillation
modes, providing a thorough understanding of parameter sensitivity.

The following key findings identify and rank the sensitive parameters of each model
according to their impact on forced oscillations:
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• SCRX Model: Parameters K, TA/TB, TE, and TB are the sensitive parameters of
the SCRX exciter model. The oscillation magnitude for the 1.4 Hz mode increases
linearly with K and TA/TB values, while the 0.25 Hz mode remains largely unaf-
fected. The exciter time constant TE significantly influences the oscillation frequency
at lower values.

• ESST1A Model: Parameters KA, TC, TR, TB1, and TB are highly sensitive, crucial for
dynamic response and system stability. These parameters help to control forced oscil-
lations. The parameters KLR, TF, and TC1 show no impact on the forced oscillations.

• AC7B Model: Sensitive parameters of this model include regulator proportional gains
KPA, KPR, KIR, KE, KP, TR, KF1, and KF2. Other parameters, such as Kc, KIR, KDR, KIA,
KL, TDR, TF3, VEMIN, E1, E2, S(E1), S(E2), VR, and VA, do not show any influence on
the forced oscillations’ stability.

• GAST Model: The speed droop parameter R significantly affects oscillation mag-
nitudes and system stability. Parameters T1, T2, VMAX, and VMIN also influence
oscillation characteristics.

• HYGOV Model: Sensitive parameters of this model include permanent droop R,
temporary droop r, servo time constant TG, and water time constant TW, especially
impacting the 0.25 Hz oscillation mode.

• GGOV1 Model: The most sensitive parameters are turbine gain Kturb, permanent
droop R, turbine lead and lag time constants TC and TB, actuator time constant TACT,
and no-load fuel flow WFNL. The other parameters, R > 0.1, KIgov, TDgov, and Tpelec,
delayed the response of the system.

The ranking and identification of these sensitive parameters provides a novel approach
to understanding and mitigating forced oscillations in power systems. This research offers
practical insights for plant operators, enabling them to fine-tune control settings and
improve system stability, thereby contributing to more resilient and reliable power system
operations.
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Appendix A

The parameters of the tested SCRX, ESST1A, and AC7B exciter models, their standard
values according to the NERC, PowerWorld, and PSSE documentation, and their tested
parameter ranges for these models are specified in this section.

Table A1. Parameters of SCRX exciter model [36].

Name Description Parameters of Gen-1 SCRX
Exciter Parameter Range Tested

TA/TB Gain reduction ratio 0.1 0.05 < TA/TB < 1.0

TB Time constant (s) 10.01 1 < TB < 50

K Exciter gain 100 10 < K < 1000
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Table A1. Cont.

Name Description Parameters of Gen-1 SCRX
Exciter Parameter Range Tested

TE Time constant (s) 0.01 0 ≤ TE < 1

EMAX Maximum field voltage output (pu) 5 2 < EMAX < 10

EMIN Minimum field voltage output (pu) −4 −5 < EMIN ≤ 0

CSWITCH
Voltage source switch

Bus fed = 0, Solid fed = 1 0 CSWITCH = 0 or 1

rc/rfd Ratio of the crowbar resistance to the field
winding resistance 0 0 ≤ rc/rfd ≤ 10

VREF Voltage regulator reference voltage (pu) - 0 < VREF < 2.0

VS Output voltage of a PSS (pu) - Off and ON

VUEL Under-excitation limiter

VOEL Over-excitation limiter

IFD Synchronous machine field current (pu)

Table A2. Parameters of ESST1A exciter model [36].

Name Description Parameters of Gen-1 ESST1A
Exciter Parameter Range Tested

TR Filter time constant (s) 0.0167 0 < TR < 1

VIMAX Maximum voltage regulator input limit 0.092 0 < VIMAX < 2

VIMIN Minimum voltage regulator input limit −0.083 −1 < VIMIN < 1

TC Voltage regulator time constant (s) 1.2 0 < TC < 10

TB Voltage regulator time constant (s) 2.5 0 < TB < 20

TC1 Voltage regulator time constant (s) 0 0 < TC1 < 10

TB1 Voltage regulator time constant (s) 0 0 < TB1 < 20

KA Voltage regulator gain 600 10 < KA ≤ 1000

TA Voltage regulator time constant (s) 0 0 ≤ TA < 1

VAMAX Maximum voltage regulator output limit 4.14 0 < VAMAX < 10

VAMIN Minimum voltage regulator output limit −3.71 −10 < VAMIN < 0

VRMAX Maximum voltage regulator output limit 4.14 0 < VRMAX < 10

VRMIN Minimum voltage regulator output limit −3.71 −10 < VRMIN < 0

KC
Rectifier loading factor proportional to

commutating reactance (pu) 0.041 0 < KC < 0.6

KF Excitation control system stabilizer gains (pu) 0 0 < KF < 1

TF
Excitation control system stabilizer time constant

(TF > 0) (s) 1 0.1 < TF < 2.1

KLR Exciter output current limiter gain (pu) 18 0 < KLR < 50

ILR Exciter output current limiter reference (pu) 3.953 0 < ILR < 10
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Table A3. Parameters of AC7B exciter model [36].

Name Description Parameters of Gen-1 AC7B
Exciter Parameter Range Tested

TR Regulator input filter time constant (s) 0.0167 0.0 < TR< 1

KPR Regulator proportional gain (pu) 22.5 0 < KPR < 50

KIR Regulator integral gain (pu) 22.5 0 < KIR < 50

KDR Regulator derivative gain (pu) 0 0 < KDR < 40

TDR Regulator derivative block lag time constant (s) 0 0 < TDR < 1

VRMAX Regulator output maximum limit (pu) 4.52 0 < VRMAX < 10

VRMIN Regulator output minimum limit (pu) 0 −5 < VRMIN < 5

KPA Voltage regulator proportional gain (pu) 25 0 < KPA ≤ 50

KIA Voltage regulator integral gain (pu) 50 0 < KIA ≤ 100

VAMAX Regulator output maximum limit (pu) 31 0 < VAMAX < 50

VAMIN Regulator output minimum limit (pu) −31 −10 < VAMIN < 40

KP Potential circuit gain coefficient (multiplier) (pu) 0 0 < KP < 50

KL
Exciter field voltage lower limit parameter

(multiplier) (pu) 999 0 < KL < 20

KF1 Excitation control system stabilizer gain (pu) 0 0 ≤ KF1 < 5

KF2 Excitation control system stabilizer gain (pu) 1 0 < KF2 ≤ 5

KF3 Excitation control system stabilizer gain (pu) 0 0 < KF3 ≤ 5

TF3
Excitation control system stabilizer time constant

(>0) (s) 1 0.1 < TF3 ≤ 2.1

KC
Rectifier loading factor proportional to

commutating reactance (pu) 0 0 < KC ≤ 1

KD
Demagnetizing factor, a function of AC exciter

reactances (pu) 0.5 0 < KD ≤ 2

KE Exciter constant related to self-excited field (pu) 0.5 0 < KE ≤ 2

TE
Exciter time constant (>0) integration rate

associated with exciter control (s) 0.33 0.1 < TE ≤ 2.1

VFEMAX Exciter field current limit reference (> 0) (pu) 999 0 < VFEMAX < 10

VEMIN Minimum exciter voltage output (pu) 0 −5 < VEMIN < 5

E1

Exciter alternator output voltages back of
commutating reactance at which saturation is

defined (pu)
3.51 0 < E1 ≤ 10

S(E1)
Exciter saturation function value at the

corresponding exciter voltage, E1, back of
commutating reactance (pu)

0.01 0 < S(E1) ≤ 2

E2

Exciter alternator output voltages back of
commutating reactance at which saturation is

defined (pu)
4.68 0 < E2 ≤ 10

S(E2)
Exciter saturation function value at the

corresponding exciter voltage, E2, back of
commutating reactance (pu)

0.05 0 < S(E2) ≤ 2

Appendix B

Similarly, the parameters of the tested HYGOV, GAST, and GGOV1 governor models,
their standard values according to the NERC, PowerWorld, and PSSE documentation, and
their tested parameter ranges for these models are specified in this section.
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Table A4. Parameters of GAST governor model [38].

Name Description Parameters of Gen-1—GAST
Governor Parameter Range Tested

R Speed droop 0.05 0 < R < 1

T1 (>0) Governor mechanism time constant (s) 0.1 0 < T1 < 2

T2 (>0) Turbine power time constant (s) 1.0 0.1 < T2 < 2.1

T3 (>0) Turbine exhaust temperature time constant (s) 5.0 0 < T3 < 10

AT Ambient temperature load limit 999.0 0 < AT < 10

KT Temperature limiter gain 0.0 0 < KT < 10

VMAX Maximum turbine power 1.0 0 < VMAX < 5

VMIN Minimum turbine power −0.05 −4 < VMIN < 2

Dturb Turbine damping factor 0.1 0 < Dturb < 5

Table A5. Parameters of HYGOV governor model [38].

Name Description Parameters of Gen-1 HYGOV
Governor Parameter Range Tested

R Permanent droop (R < r) 0.07 0 < R ≤ 1

r Temporary droop 0.56 0 < r ≤ 2

TR (>0) Governor time constant (s) 9.0 0 < TR ≤ 50

TF (>0) Filter time constant (s) 0.4 0 < TF ≤ 0.5

TG (>0) Servo time constant (s) 0.33 0.1 < TG ≤ 5

±VELM Gate velocity limit 0.07 0 < VELM ≤ 1

GMAX
Maximum gate limit

(GMIN < GMAX) 1.0 0 < GMAX ≤ 10

GMIN Minimum gate limit 0.0 −5 ≤ GMIN < 5

TW (>0) Water time constant 1.0 0 < TW < 10

AT Turbine gain 1.25 −1 < AT < 4

Dturb Turbine damping 1.0 0 ≤ Dturb < 10

qNL No power flow 0.07 0 ≤ qNL < 0.5

Table A6. Parameters of GGOV1 governor model [38].

Name Description Parameters of Gen-1 GGOV1
Governor Tested Parameter Range

R Permanent droop (pu) 0.04 0 < R ≤ 1

Tpelec Electrical power transducer time constant (s) 1.0 0 < Tpelec ≤ 10

MAXERR Maximum value for a speed error signal 0.05

MINERR Minimum value for a speed error signal −0.05

KPgov Governor proportional gain 10 0 < KPgov ≤ 40

KIgov Governor integral gain 2 0 < KIgov ≤ 10

KDgov Governor derivative gain 0 0 < KDgov ≤ 10

TDgov Governor derivative controller time constant (s) 1 0 < TDgov ≤ 5

VMAX Maximum valve position limit 1 0 < VMAX ≤ 10

VMIN Minimum valve position limit 0.15 −2 ≤ VMIN < 2
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Table A6. Cont.

Name Description Parameters of Gen-1 GGOV1
Governor Tested Parameter Range

Tact Actuator time constant (s) 0.5 0 < Tact ≤ 5

Kturb Turbine gain 1.5 0 < Kturb ≤ 5

Wfnl No-load fuel flow (pu) 0.2 0 < Wfnl ≤ 1

TB Turbine lag time constant (s) 0.1 0.1 < TB ≤ 5

TC Turbine lead time constant (s) 0 0 < TC ≤ 2.5

Teng Transport lag time constant for diesel engine (s) 0 0 < Teng ≤ 5

Tfload Load limiter time constant (s) 3 0 < Tfload ≤ 10

Kpload Load limiter proportional gain for PI controller 2 0 < Kpload ≤ 10

KIload Load limiter integral gain for PI controller 0.67 0 < KIload ≤ 10

Ldref Load limiter reference value (pu) 1 0 < Ldref ≤ 10

Dm Mechanical damping coefficient (pu) 0 0 < Dm ≤ 10

Ropen Maximum valve opening rate (pu/s) 0.1

Rclose Maximum valve closing rate (pu/s) −0.1

KImw Power controller (reset) gain 0 0 < KImw ≤ 10

ASET Acceleration limiter setpoint (pu/s) 0.01 0 < ASET ≤ 10

KA Acceleration limiter gain 10 0 < KA ≤ 50

TA Acceleration limiter time constant (s) 0.1 0 < TA ≤ 10

Trate Turbine rating (MW) 800.0

db Speed governor deadband 0.0 0 < db ≤ 1

Tsa Temperature detection lead time constant (s) 4.0 0 < Tsa ≤ 10

Tsb Temperature detection lag time constant (s) 5.0 0 < Tsb ≤ 10

Rup Maximum rate of load limit increase 99

Rdown Maximum rate of load limit decrease −99
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