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Abstract

Fast outer-loop voltage controllers are commonly implemented in energy parks to regulate voltage and reactive power at the point
of connection (POC). Operating similarly to plant-level Power Plant Controllers (PPC), these are often utilised in synchronous
condenser installations, hybrid generation plants, and renewable energy projects. This paper presents the performance outcomes
of a recent Australian project examining the coordinated tuning of synchronous condenser excitation systems, fast outer-loop
voltage regulators, and conventional Power System Stabilisers (PSS). Driven by grid codes that demand rapid voltage and reactive
power response at the POC, the study evaluates the practical implications and stability risks introduced by aggressive control
strategies. Specifically, fast outer-loop voltage controllers impose challenging bandwidth requirements on automatic voltage
regulators (AVRs), which can compromise small-signal stability and reduce the damping provided by conventionally tuned PSS.
A particular focus is the adverse interaction arising when fast outer-loop voltage regulators introduce biases at the AVR summing
junction, typically shared by the PSS signal. This configuration alters behaviour and phase compensation requirements, reducing
damping effectiveness or causing unintended oscillations. To quantify these interactions, RMS-based simulations employing
Fourier-based sinusoidal injections at the POC were conducted. Frequency-domain assessments illustrated through Bode plots
clearly reveal resonances and identify critical frequencies where outer-loop control negatively impacts damping performance.
Eigenvalue analyses complement these results, validating the observations.

Conventional PSS must be carefully tuned when operating alongside aggressive outer-loop controllers, particularly if assessed
against rapid voltage response criteria measured at the POC. Instead, it is recommended that voltage response and settling
time criteria be evaluated directly at machine terminals. Time-domain simulations and eigenvalue analyses demonstrate superior
stability and voltage regulation performance from deliberately slower outer-loop controllers.

Practical guidelines for coordinated tuning strategies, slower outer-loop controllers, and appropriately tuned PSS are pro-
vided. These recommendations enhance overall system stability, improve damping, and optimise voltage performance in grids
dominated by variable renewable energy sources.

the AVR/PSS path, and adverse bias at the AVR summing
junction. This paper investigates the coordinated tuning of the
outer-loop and a conventional IEEE PSS2C on a SC in a two-
park system using DIgSILENT PowerFactory, incorporating

1 Introduction

The increasing share of inverter-based resources in the Aus-
tralian National Electricity Market (NEM) has renewed interest

in the application of synchronous condensers (SCs). Although
PSSs are less commonly applied to SCs than to generators, our
results show that - when coordinated with a fast POC controller
- a conventional PSS can materially improve damping in weak
grids.

A recent project experience in a weak distribution network
with multiple machines revealed oscillations near 0.7 Hz. All
machines employed fast outer-loop voltage controllers at the
point of connection (POC) to comply with National Electricity
Rules (NER) objectives that are often interpreted as requiring
<5 s settling for a 5% voltage change measured at the POC. We
contend that this criterion is better applied at machine termi-
nals for AVR performance, while the outer-loop’s role should
primarily be to regulate POC voltage and reactive power flow
to a set-point using droop and dead-band within defined limits.
In weak grids, enforcing fast POC dynamics across long cor-
ridors can introduce phase lag, bandwidth competition with

frequency-domain identification, small-signal screening, and
time-domain validation.

The findings are directly relevant to planners of renewable
energy zones (REZs) who are considering SCs as system-
strength mitigation measures. The coordinated approach
demonstrated here — measuring PVr with the outer-loop in its
intended state, adopting a conservative outer-loop bandwidth,
and targeting PSS phase lead — provides a practical pathway to
achieve both voltage regulation and damping objectives.

1.1 Project context and constraints

Our involvement began after the AVR design and the fast
POC outer-loop controllers were already in place. Oscillations
were reported during operation. For commercial and practical
reasons, we could not alter the AVR or the plant-level con-
troller; our sole lever was to implement and tune a conventional



IEEE PSS2C on the synchronous condenser. The objective was
therefore: improve small-signal damping with a PSS, without
degrading voltage regulation objectives already targeted by the
fast POC loop.

Table 1 Intervention scope
What we inherited

What we changed (PSS-only)

Implemented IEEE PSS2C on
Park A SC; tuned lead-lag to
PVr with outer-loop in service;
selected K, by root-locus; vali-
dated with steps, forced oscilla-
tion test, and 0.01-10 Hz sweep

Fast POC voltage control
meeting <5 s settling at the
POC; AVRs already com-
missioned

2 Case study system and operating conditions
2.1 Overview

A representative system is modelled in PowerFactory. Each
park comprises SCs — 46.15 and 44 MVA for Parks A and B —
both equipped with a brushless digital AVR. Each park imple-
ments a fast outer-loop voltage controller at its POC to regulate
voltage and reactive power using a droop characteristic and
dead-band, targeting <5 s settling at the POC. The POC outer-
loop PI gains are K,=76, K,=55 for Park A and K,=74,
K,=52 for Park B. The SC inertia constants are H=3.5 s (A)
and H=2.6 s (B).
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Fig. 1: Single-line diagram of the study system.

Both parks connect to a common point of coupling (PCC) at the
66 kV voltage level via separate 100 km lines. At the PCC there
is a 25 MW load and a 50 MW grid-following PV plant. The
short-circuit strength is low (SCR = 3). The grid is represented
by a stiff external network (effectively infinite inertia) at the
PCC. A finite inertia sensitivity is reported in Table 6.

2.2 Controllers and measurement locations

The fast outer-loops act on POC voltage references, while the
inner AVR loops regulate terminal voltage at each SC. As
mentioned in the abstract, enforcing a 5 s settling time at the
POC (rather than at machine terminals) can drive unnecessarily
aggressive outer-loop tuning. We have chosen an IEEE PSS2C-
type stabiliser [5], as it is commercially available across most
OEM-supplied AVRs.

3  Tuning philosophy

This section discusses the methodology, challenges, and limi-
tations encountered in tuning the PSS.

3.1 Relevant definitions

Rotor angle and voltage stability [1]: Rotor angle stability
concerns keeping synchronous machines in step under small
disturbances, with dominant electro-mechanical modes typi-
cally in the 0.7-2 Hz (local) and 0.1-0.8 Hz (inter-area) bands.
Voltage stability concerns maintaining acceptable bus volt-
ages and depends on reactive power balance. A PSS primarily
improves rotor angle damping by modulating excitation near
these mode frequencies, while outer-loop voltage regulation —
through its bandwidth and set-point action — can also affect
both rotor angle and voltage stability margins.

Definition of PVr: The PVr transfer function, or PVr charac-
teristic, for a given generator is defined as the transfer function
from the AVR voltage reference input to the generator’s elec-
trical torque output, with the shaft dynamics of all generators
in the system disabled [1]. Disabling the shaft dynamics iso-
lates the electrical dynamics of the exciter-generator-network
system from the electro-mechanical swing mode, enabling a
clear measurement of the magnitude and phase response. In
practice, the PVr frequency response is obtained by injecting
a small-signal perturbation at the AVR reference and measur-
ing the corresponding change in torque, while the mechanical
speed state is held constant.

Root-locus method for determining optimal PSS gain: The
root-locus method is used to see how the closed-loop poles
of a system move in the complex plane as a feedback gain is
varied. By varying the PSS gain, we can see how the domi-
nant modes shift, and determine a gain that moves the poorly
damped modes far enough into the left half-plane to meet a
target damping ratio, without pushing other modes towards
instability or making the AVR-PSS loop too aggressive. In
practice, the optimal gain is a trade-off between damping
improvement, avoiding unwanted mode interactions, and keep-
ing within limits to prevent saturation or noise amplification

[1].

PSS inputs: The PSS uses a synthesised speed signal derived
from electrical measurements (power-based) [2], and active
power from a MW transducer which adds ~10 ms delay.



The delay is included in the phase/gain calculations (Sec. 3,
Table 2).

3.2 Tuning approach adopted

The generating system model was initially configured without
the outer-loop voltage controller in service. Under these condi-
tions, the AVR and PSS formed a control structure that could
be treated as a single-input single-output (SISO) system for
tuning purposes.

The tuning process commenced by establishing the frequency
response of each generating unit in PowerFactory. This was
achieved by measuring the PVr transfer function from the
AVR summing junction to generator electrical torque, AT,
with the PSS disabled. The inertia constant(s) H were set to
infinite to remove the synchronous machine’s (and external
grid) electro-mechanical dynamics from the simulation, ensur-
ing that only the exciter and generator electrical characteristics
were observed.

The same frequency response measurement was then repeated
at the electrical power PSS input, injecting a signal that was
phase-shifted by —90° to align with the difference between
electrical power and rotor speed deviation. This allows for
comparison between the uncompensated PVr response and
the compensated response including the designed PSS lead-lag
network.

Lead-lag parameters were selected to compensate for the
phase 1a§‘of the uncompensated system, such that the phase
of % was as close as possible to 0° at the target
mode frequency, while also maintaining near-zero phase across
the wider electro-mechanical oscillation range (approximately
0.2-3 Hz).

The PSS gain, K, was then determined using the root-locus
method, whereby the gain was increased and the resulting
shifts in the local mode eigenvalues were monitored to iden-
tify the optimal setting that provided adequate damping without
introducing instability in other modes.

3.2.1 Considerations:

Frequency bandwidth considerations: The IEEE tutorial on
PSS application [2] recommends that PSS designs provide
adequate phase compensation and gain over the frequency
range associated with electro-mechanical oscillations of inter-
est. For most synchronous machines, this range spans approxi-
mately 0.1-3 Hz, covering both local (0.7-2 Hz) and inter-area
(0.1-0.8 Hz) modes.

The PSS influence rolls off outside this band to avoid undesired
response to system resonances and to prevent interaction with
torsional shaft modes, typically above 10 Hz. Within the design
band, the PSS torque contribution is maintained in phase with
speed deviation to maximise damping effectiveness.

Local mode: A local mode refers to an electro-mechanical
oscillation predominantly involving the generator under study
and the immediate network to which it is connected, with
minimal participation from remote generators. These modes

Table2 Lead-lag parameters, achievable phase lead, and gain
with 1 ms controller cycle and 10 ms MW transducer delay

f (Hz) Targetp (°) T1(s) T2 (s) Delay(°) Net¢ (°) Gain (pu)
0.1 30 2757 0919 —0.38 29.62 1.732
0.1 45 3842 0.659 —0.38 44.62 2414
0.1 60 5940 0426 —0.38 59.62 3.732
1.0 30 0276 0.092  —3.78 26.22 1.732
1.0 45 0.384 0.066 —3.78 41.22 2414
1.0 60 0.592  0.041 —3.78 56.22 3.732
3.0 30 0.092 0.031 -11.34 18.66 1.732
3.0 45 0.128 0.022 —11.34 33.66 2414
3.0 60 0.198 0.014 —11.34 48.66 3.732

typically occur in the range of 0.7-2 Hz and are influenced
by the generator’s interaction with nearby network impedance,
making them a key target for PSS tuning to ensure adequate
damping.

Computational limitations: In practical digital AVR/PSS
implementations, the microprocessor execution rate and sig-
nal transducer limit the maximum usable phase compensation
from a lead-lag stage. For this project, the assumed hardware
comprises a controller with a cycle time of 1 ms (equivalent to
a 1 kHz sampling rate) and an MW transducer with a 10 ms
response time. The combined effect is modelled as a pure
time delay of 10.5 ms, introducing additional phase lag that
increases with frequency.

The IEEE PSS2C model provides a maximum of four lead-
lag stages. Each stage can be tuned to provide a desired phase
lead at a given frequency by appropriate selection of 77 and
T,. Table 2 shows the achievable phase lead and associated
gain for single stages tuned to provide 30°, 45°, and 60° lead
at selected frequencies in the 0.1-3 Hz range, both before and
after accounting for the implementation delay. At higher fre-
quencies, the delay becomes more significant (e.g. 11.3° lag at
3 Hz), reducing the net phase margin available for damp-
ing. The gain figures illustrate the amplification applied to the
stabilising signal at the tuning frequency, which must be con-
sidered in the overall gain setting to avoid excessive noise,
amplification and/or resonance.

3.3 Impact of the outer-loop on the tuning approach

Conventional PSS tuning treats the AVR-machine-network
path as a SISO plant from speed deviation to electrical torque
or power, with the PSS providing phase-lead to counter the
plant’s lag over the 0.1-3 Hz electro-mechanical band (see,
e.g., [1, 2, 4]). This assumes the AVR reference is not being
actively re-biased by other fast loops.

In practice, a fast POC outer-loop introduces a second con-
trol path that adjusts the AVR reference based on POC volt-
age/reactive power errors. The resulting multi-input multi-
output (MIMO) structure means the effective plant seen by the
PSS is altered: (i) loop gain and phase change across the PSS
band; (ii) active/reactive/terminal voltage responses become
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Fig. 2: Single lead-lag stage characteristics: gain (left axis) and
phase (right axis) for target phase leads of 30°, 45°, and 60° at
0.1, 1.0, and 3.0 Hz. Solid lines show the ideal phase; dashed
lines include a 1 ms controller cycle time and a 10 ms MW
transducer delay.

cross-coupled; and (iii) the apparent PVr transfer function
can exhibit low-frequency phase lead when the outer-loop
bandwidth encroaches on the electro-mechanical range.
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(a) AVR-machine path used for baseline PSS tuning (SISO).
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(b) With PSS phase lead compensation acting on the AVR
reference.

Fig. 3: Block-diagram perspective of the tuning problem. In
the presence of a fast outer-loop (not shown here), the AVR
summing junction is additionally biased, making the effective
plant MIMO.

Practical guidance: Maintain bandwidth hierarchy (outer-
loop slower than AVR/PSS), include dead-band at the POC,
and base the phase lead fitting on measured PVr with the
outer-loop in its intended service state. When phase lead from
the outer-loop is evident below ~0.5 Hz, expect difficulty
in matching a single cascaded lead-lag across 0.1-3 Hz and
prioritise the local-mode region (e.g., 0.6—-1.2 Hz).

Effect of the outer-loop on PVr response: Figure 7 compares
the - frequency response for the uncompensated system with
the outer-loop disabled and enabled (note the wrapping of the
phase angle waveform). In both cases, the PSS is out of service,
a Fourier source is injected at the AVR summing junction, and
the synchronous machine inertia is set to infinity so that only
the electrical dynamics of the exciter—generator—network are
observed. With the outer-loop enabled, a clear low frequency
phase lead appears, whereas in the AVR-only case the PVr is
mostly phase lagging across the electro-mechanical band [3].
As a result, the plant is no longer purely lag-dominated in the
0.1-3 Hz range, meaning conventional PSS lead-lag settings
need to be adjusted to suit the changed dynamics.

Enabling the outer-loop advances the PVr phase by +71.40°
at 0.1 Hz and +18.07° at 0.7 Hz (Table 3), consistent with the
observed low-frequency phase lead and the departure from a
purely phase lag-dominated plant.

Table3 PVr phase with outer-loop enabled/disabled and
resulting phase lead

f (Hz) Phase (OL on) (°) Phase (OL off) (°) Lead A¢ (°)

0.1 71.34 -0.06 71.40
0.7 5.168 -12.90 18.07

Outer loop considerations: In addition to changing the steady-
state gain and phase, the outer-loop controller’s bandwidth has
a significant impact on the PSS tuning environment. In most
practical setups, the outer-loop is deliberately kept slow (e.g.,
multi-step or ramp adjustments over tens of seconds) so it can
maintain voltage profiles and share reactive power reserves
without exciting oscillatory modes [3]. If the outer-loop is
made too fast, it can add significant dynamics in the 0.1-3 Hz
range where the PSS operates, which can either help or harm
damping depending on how it interacts with the AVR. For
stability and predictable tuning, the outer-loop should remain
slower than the AVR inner loop.

Using a linearised model, the open-loop Bode and Nyquist
plots in Figure 4 show the AVR path has adequate margin (PM
~ 52°, GM ~ +22 dB, BW =~ 1.64 Hz) and is closed-loop
stable, whereas the as-built outer-loop controller is unsta-
ble: negative margins (PM ~ —60°, GM ~ -20.6 dB, BW ~
16.2 Hz) and a clockwise encirclement of (—1,0), implying
right-half-plane closed-loop poles. This evidences an outer-
loop tuned too fast; it should be set decisively slower than the
AVR (e.g., < 0.3 Hz), with a dead-band, and the PSS tuned
with this slower outer-loop in service.
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Fig. 4: Open-loop diagnostics. AVR (left) vs outer-loop (right);
bottom row shows | S|, |T'| and Nyquist (zoom).

4 Results
4.1 Scope and cases

Unless noted, simulations use fast POC outer-loops at both
parks (SCR ~ 3). We compare: (i) Baseline-outer-loop only,
and (ii) With PSS-same outer-loops, PSS2C on Park A. Sensi-
tivities include stiff vs finite upstream inertia, a 0.7 Hz forced
test, and a 0.01-10 Hz POC sweep.

4.2 Step response without PSS

A simultaneous F5% step and return was applied to the outer-
loop voltage reference at the POC of both parks. Figure 5 shows
the resulting POC signals (voltage, active and reactive power)
together with terminal quantities for Park A, Park B, and the PV
plant. The response confirms that the fast outer-loops achieve
the 5 s settling objective at the POC; however, oscillations are
excited.

Key observations:

+ POC voltage: Settles within 5 s following both steps, but
exhibits clear ringing at roughly 0.7-0.8 Hz before settling
(consistent with the least-damped mode at 0.7338 Hz with
4.0% damping).

+ Terminal voltages: The voltage at each SC terminal swings

more than the POC voltage. Because the outer-loop is tuned
to meet a 5 s POC target, the machines and lines absorb the
correction and show larger oscillations.
Active power: Park A and Park B oscillate coherently near
0.7 Hz. Park A’s swing is larger (about 2-3x Park B), con-
sistent with its higher participation in Mode 1. Because both
machines move largely against the grid, the net POC active
power deviates only slightly (partly offset by the PV step).

+ Reactive power: Pronounced oscillatory exchange (£2-
3 Mvar) under low-SCR.

« PV plant: The PV traces follow the POC voltage but are
not the dominant contributor to the oscillatory behaviour
relative to the SCs in this test.

Implications: The step test validates that the outer-loop tun-
ing meets the NSP’s settling requirement at the POC, but it
also excites a poorly damped oscillatory mode. This aligns with
the small-signal screening in Section 4.4, where Mode 1 at
0.7338 Hz (4.0% damping) was identified as critical. Given the
participation concentration on the Park A SC, the next step is to
tune a PSS (PSS2C) on the 46 MVA unit in Park A and reassess
the combined outer-loop/PSS interaction.
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Fig. 5: Simultaneous F5% POC voltage reference step and
return at both plants with the outer-loops enabled. No PSS is
active.

4.3 AVR-only step response (outer-loop disabled)

To test whether the 5 s settling criterion can be met without a
fast plant-level loop, the POC outer-loops at both parks were
disabled and the machine AVRs were detuned (slower), with
no PSS in service. A simultaneous F5% step and return was
applied at both AVRs and is shown in Figure 6.

Observations:

+ POC/terminal voltage: Settles within 5 s with smaller
overshoot and less sustained oscillation than the fast outer-
loop case.

+ Active/reactive power: Lower oscillation amplitude and
faster decay are observed; no plant-level controller compe-
tition around the 0.7-0.8 Hz band.

Implication: This demonstrates that meeting a 5 s voltage cri-
terion can be achieved with appropriately tuned AVRs, without
resorting to a very fast POC outer-loop that excites electro-
mechanical modes. It supports the recommendation to assess
AVR performance at machine terminals and to keep the plant-
level loop slower and supervisory, focused on steady POC
voltage/reactive power targets.
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Fig. 6: AVR-only case (outer-loops disabled, no PSS): simulta-
neous F5% AVR reference step and return at both parks. Both
AVRs meet the 5 s settling target with visibly reduced ringing
compared to the fast outer-loop case in Fig. 5.

Table 4 Eigenvalue summary (no PSS enabled)

Mode Real (1/s) Imag (rad/s) f (Hz) ( (%)
1 -0.1824 4.6104 0.7338 4.0
2 -1.1653 6.6715 1.0618 17.2
3 -3.4349 45145 0.7185 60.6
4 -11.2294 9.6046 1.5286 76.0

4.4 Small-signal screening without PSS

4.4.1 Eigenvalue summary: A linearised small-signal model
was obtained at the study operating point with no PSS enabled.
The dominant electro-mechanical modes are summarised in
Table 4. Mode 1 at 0.7338 Hz exhibits the lowest damp-
ing ratio (4.0%), indicating marginal damping in the base
case. Modes 2—4 are better damped (17-76%) and are not the
immediate focus for corrective action.

4.4.2 Mode shape and participation: Participation analysis for
Mode 1 shows the largest contribution from the Park A SC,
with the speed state dominant. Park B participates to a lesser
extent, and rotor angle states have comparatively small mag-
nitude for both units. Table 5 reports normalised magnitudes
(largest state scaled to 1.00).

Table5 Mode 1 - dominant state participation (normalised
magnitudes)

State Park A Park B
Speed 1.000 0.413
Angle (¢) 0.015  0.006

4.4.3 Sensitivity to inertia model: To test robustness against
the external grid representation, the stiff source was replaced
by a finite inertia synchronous equivalent. Table 6 compares
the dominant modes without PSS for the two cases. The least

damped local mode improves from 4.0% to 5.4% damping
and shifts slightly in frequency (0.7338 Hz to 0.7362 Hz),
while other modes are modestly affected. This indicates minor
upstream participation once inertia is introduced, but the
0.73 Hz mode remains the limiting case and still requires
action.

Table 6 External grid model sensitivity (no PSS): stiff vs finite
inertia

Mode Stiff Finite A

fHz) ¢(%) [fHz) ((%) (pp)
1 0.7338 40 07362 54 +14
2 1.0618 17.2 10186 224 +52
3 0.7185 60.6 0.7164 60.5 -0.1
4 1.5286 76.0 15170 764 +0.4

Note: For Mode 1, the damping ratio increases by 1.4%, with
the real part moving from —0.1824 to —0.2504 s='. The
improvement is consistent with introducing finite inertia, but
is not sufficient to eliminate the need for a PSS.

4.4.4 Implications for controller placement: Given that
Mode 1 is the least damped and is dominated by the Park A
SC (speed state), Park A is the most effective location to apply
damping control. Accordingly, a PSS will be tuned on the
46 MVA SC in Park A first. Park B can be reassessed after the
Park A PSS is commissioned; if inter-area behaviour remains,
a coordinated design can be considered.

4.5 PSS tuning and identification

The tuning process for Park A follows the methodology in
Section 3:

1. Obtain PVr(jw) with the PSS disabled and inertia disabled
(H — o0) by injecting at the AVR summing junction and
measuring AT,. Repeat twice: (i) outer-loop off and (ii)
outer-loop on, and obtain an average of the two measured
responses to get a robust target.

2. Fit the inverse of the PSS lead-lag network to the average
uncompensated phase responses obtained in Step 1. The
inverse of the four lead-lag stages available in the PSS2C
are defined as (washout and gain excluded for this phase
fit):

4
H 14+ Tagis
G — ag,?
(S) 1 + 71lead,is

=1
Adjust {Ticad s, Tiag.: } SO that the phase response is within a
design window (e.g. £30°) across the bandwidth of interest
(0.1-3 Hz), with extra weight near 0.7-0.8 Hz.

3. With the fitted lead-lag stages in place (PSS enabled, inertia
disabled), recompute the PVr of the compensated plant and
verify the phase stays within the design window (e.g. +30°)
over 0.1-3 Hz.



4. Re-enable inertia and select the stabiliser gain K, (and
washout 7;,) by root-locus on the linearised model to
achieve the target damping of the local mode (e.g. >
10-15%) without harming other modes.

5. Validate in time domain with the outer-loop in service
(steps/faults). If bandwidth competition is observed, slow
the outer-loop and/or introduce dead-band.
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Fig. 7: Uncompensated and compensated PVr phase character-
istic of the SC for the cases with the outer-loop enabled (blue)
and disabled (red).
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Fig. 8: Lead-lag phase fit to inv{PVr}, where PVr is the
(uncompensated) average of the two curves in Fig. 7. The fit
is targeted over the 0.2—5 Hz band to align the PSS torque with
rotor-speed deviation.

Discussion. Figure 7 shows that enabling the fast outer-loop
introduces a low frequency phase lead relative to the AVR-
only case. This alters the plant from the usual lag-dominated
behaviour assumed in conventional tuning, particularly below
~0.5 Hz.

Figure 8 fits the inverse of the PSS2C lead-lag network to
the averaged uncompensated PVr (i.e., inv{PVr}), aiming

Table 7 Fitted lead-lag time constants
Stage Numerator 7' (s) Denominator 7" (s)

1 T, = 0.193 T, = 0.010
2 Ty = 0.225 T, = 0.010
3 T, = 0.189 Ty, = 1.000
4 Ty = 0.062 T, = 0.010

to keep the net phase near 0° across the 0.1-3 Hz electro-
mechanical band. The fit is acceptable at mid frequencies but
reveals excursions at the very low end where the outer-loop
phase lead is most substantial.

The implemented lead-lag parameters in Table 7 provide
approximately 30° phase advance at 0.5 Hz, about 85° at
1.0 Hz, and roughly 156° at 3.0 Hz, offering sufficient compen-
sation to align the stabilising torque with speed deviation over
the target band. Note that these are the lead-lag only character-
istics (no washout or overall gain); final tuning must consider
gain, washout, and any dead-bands so the combined AVR-PSS
loop remains well-damped without exciting higher frequency
dynamics or noise.

4.6 Root-locus gain sweep for K,

A root-locus was performed on the dominant local mode (the
~ 0.7 Hz electro-mechanical mode) by linearising the study
case with the outer-loops in service and sweeping the PSS gain
K,; from 0 to 100 in steps of 1. Figure 9 shows the locus of
that mode in the complex plane.

Root Locus - Local Mode

Jossessnssenseeesetdi(

Q selected ks1=30.0
Adequately Damped

X Start

% Finish

4 *

w

Imag Part (rad/s)

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Real Part (Nepers/s)

Fig. 9: Root-locus of the dominant local mode as K; is swept
from 0— 100. The cross (right) marks K, =0 (baseline, ( ~4%
at f~0.734 Hz); the star marks the end of the sweep. Colour
indicates increasing K; .

Observations: The pole moves left as K, increases, giv-
ing a steady rise in damping. The imaginary part decreases
slightly (frequency shifts down from ~ 0.73 Hz toward ~
0.65-0.70 Hz). Based on the locus and step/fault checks,



K,,=30 provides a good compromise: damping rises from ~
4% (no PSS) to ~ 11.5% with only a small frequency shift and
without exciting higher-frequency dynamics. This matches the
improvements seen in the forced-oscillation and sweep tests.
Table 8 tabulates the eigenvalues at the adopted setting (K, =
30). A loop-gain sensitivity check around this operating point
indicates at least 3 dB gain margin - i.e., the closed loop
remains stable for an ~1.414 X increase in effective loop gain
- while providing the targeted improvement in damping of the
local mode.

Table 8 Eigenvalue summary with PSS enabled

Mode Real (1/s) Imag (rad/s) Freq (Hz) Damping (%)
1 —0.5085 4.3885 0.6984 11.5
2 —1.1533 6.7260 1.0705 16.9
3 —3.3859 4.6155 0.7346 59.1
4 —8.4331 1.8850 0.3000 97.6
5 —11.2912 9.7083 1.5451 75.8
6 —12.3848 2.8053 0.4465 97.5
7 —57.9285 13.2802 2.1136 97.5
8 —78.7760 16.0836 2.5598 98.0

4.7 Step response with PSS

The validated PSS on Park A SC uses 7}, = 3 s and K; = 30,
together with the lead-lag time constants in Table 7. As in Sec-
tion 4.2, a simultaneous F5% POC voltage step and return was
applied at both parks. Relative to the without PSS case in Fig. 5,
the with PSS response in Fig. 10 shows visibly reduced ringing
in terminal voltages and active power while still meeting the
5 s POC settling objective.

POC Voltage POC Active Power POC Reactive Power

Terminal Voltage

it

Fig. 10: Simultaneous F5% POC voltage reference step and
return at both plants with the PSS enabled on the Park A SC
(compare to Fig. 5, where the PSS is disabled).

Consistent with the time-domain improvement, the least-
damped electro-mechanical mode improves from 4.0% at
0.7338 Hz (no PSS) to 11.5% at 0.6984 Hz (with PSS), see
Table 8.

POC Voltage
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Fig. 11: Forced 0.7 Hz POC voltage perturbation: measured
active power and voltage at the SC connection points, with and
without PSS on Park A.

4.8 Forced voltage oscillation test

A sinusoidal voltage perturbation at 0.7 Hz was injected at the
POC. Voltages and active power were monitored at the SC con-
nection points for both parks, with and without the PSS enabled
on the Park A unit (settings: K; = 30, T, = 3 s).

4.8.1 Results and metrics:

Active power (MW): With reference to Figure 11, with-
out PSS (solid lines) the measured active power at the
SC connection oscillated between +1.066 and —1.034 MW,
i.e. a peak—to—peak swing of AP, = 2.100 MW (half-range
amplitude A; = 1.0560 MW). With PSS (dashed lines), it
oscillated between +0.8015 and —0.7681 MW, ie. AP, =
1.5696 MW (A, = 0.7848 MW). This is an absolute reduction
of 0.5304 MW in peak—to—peak swing and a relative reduction
of
AP — AP,
AP, B

2.100 — 1.5696
2.100

= 25.3%.

Voltage (pu): Without PSS, the POC voltage varied between
1.067 and 1.055 pu, i.e. AV, = 0.012 pu (amplitude 0.006 pu).
With PSS, the voltage varied between 1.076 and 1.046 pu, i.e.
AV, = 0.030 pu (amplitude 0.015 pu). Thus the peak—to—peak
voltage ripple increases by 0.018 pu, which is a 150% increase
relative to the baseline:

AV, — AV,
AVy

0.030 — 0.012
= =1 .
0.012 50%

4.8.2 Consistency with eigenvalue analysis: The observed
behaviour is consistent with the small-signal results in Table 8.
With the PSS enabled, the least-damped local mode improves
from 4.0% at 0.7338 Hz to 11.5% at 0.6984 Hz, and the
measured active power swing at 0.7 Hz reduces by 25.3%.



Table 9 Forced 0.7 Hz POC injection:

POC active power

Metric No PSS With PSS  Change
Max (MW) +1.066 +0.8015 —0.2645
Min (MW) —1.034 —0.7681 +0.2659
Peak—to—peak (MW) 2.100 1.5696  —0.5304
Half-range amp. (MW)  1.050 0.7848  —0.2652
Reduction (%) — 25.3%

Table 10 Forced 0.7 Hz POC injection: POC voltage

Metric No PSS With PSS Change
Max (pu) 1.067 1.076 +0.009
Min (pu) 1.055 1.046 —0.009
Peak—to—peak (pu) 0.012 0.030 +0.018
Half-range amp. (pu)  0.006 0.015 +0.009
Increase (%) — 150%

Interpreting the 25% reduction: With the PSS enabled, the
0.7 Hz active-power oscillation falls by 25.3%. That reduction
is smaller than the raw change in damping ratio because the
forced frequency (0.7 Hz) is offset from the without PSS modal
peak (0.7338 Hz) and close to the with PSS peak (0.6984 Hz),
and because the measured point is the net PCC MW (PV +
both SCs + load), which includes partial cancellation. Even
so, the direction and magnitude agree with the eigenvalue
improvement.

In general, changes in damping ratio don’t have to correlate
exactly to changes in disturbance sensitivity. This is because
the eigenvalue analysis only shows the poles of the system (i.e.
the internal system dynamics) but doesn’t show the zeros of the
system, and the external/input-output behaviour of the system
depends on both the poles and zeros.

Voltage regulation: The larger POC voltage ripple with the
PSS reflects the stabiliser modulating excitation at the mode
frequency; in a weak grid these terminal voltage perturba-
tions appear at the POC and the fast POC regulator can partly
reinforce them. The eigenvalues and the reduced 0.7 Hz MW
oscillation confirm damping improved.

What this means in practice: With the PSS, we increased
damping and reduced active power swings at the mode of con-
cern while preserving settling times. The observed increase in
POC voltage ripple is a side-effect of stabilising torque modu-
lation in a weak grid when a fast POC loop is present; it is not
evidence of poorer electro-mechanical damping.

4.9 POC frequency-sweep identification

A small-signal perturbation (Fourier source) from 0.01 to
10 Hz was applied at the POC voltage source. The measured
output was the net active power flow in the external-grid branch
at the PCC (i.e., the aggregate response of PV, load, and both
SCs). The test was repeated with the Park A PSS disabled and

Magnitude

Phase Angle

01 1 Hz 10

——PSSON  —— PSS Of

Fig. 12: POC frequency-sweep (0.01-10 Hz): magnitude and
phase of the transfer from POC voltage injection to net active
power at the PCC, with PSS off vs on. Lower magnitude indi-
cates improved damping of the electro-mechanical mode.

enabled, and the resulting P(t) traces were transformed to the
frequency domain. The results are shown in Figure 12.

Observations: The magnitude plot shows a distinct reduction
of the 0.7 Hz resonant peak when the PSS is enabled, consistent
with added damping of the local mode identified in the small-
signal study. The phase characteristics remain broadly similar
outside the electro-mechanical band, as expected for a stabiliser
targeted at 0.3—1.5 Hz. Because the measured point aggregates
PV, load and both SCs, the improvement at 0.7 Hz reflects a
system-level benefit rather than a local variable only.

Consistency: These frequency-domain results align with: (i)
the forced 0.7 Hz test, where the active-power oscillation
reduced by 25.3% with the PSS enabled, and (ii) the eigen-
value shift of the least-damped mode from 4.0% at 0.7338 Hz
to 11.5% at 0.6984 Hz. Together, they confirm that the tuned
PSS provides effective damping in the presence of a fast POC
outer-loop, while the outer-loop primarily shapes the voltage
behaviour at the POC.

5 Discussion and practical guidance

Results confirm that enforcing 5 s settling at the POC drives
aggressive outer-loop behaviour that competes with conven-
tional PSS action around 0.3—1.2 Hz in a low-inertia, low-SCR
network. When both loops are active and fast, bandwidth
competition and bias injection at the AVR summing junction
degrade damping or lead to instability. Slowing the outer-
loop (and introducing a dead-band) restores hierarchy, allowing
the AVR-PSS path to provide damping while the outer-loop
maintains regional voltage targets.

For REZ studies where SCs are proposed as system-strength
mitigations:



+ Assess AVR performance and settling at machine terminals;
use the outer-loop primarily to regulate POC voltage/reac-
tive power set-points with droop and a dead-band.

+ Keep the outer-loop dynamics slower than the AVR/PSS
path (0.3-1.2 Hz) to avoid bandwidth competition and bias
injection at the AVR summing junction.

» Require PVr measurements with the outer-loop in service
during model validation so PSS phase lead is fitted to the
plant as it will operate.

* In low-SCR cases (e.g., SCR = 3) and long lines, prefer
slower outer-loop targets and include dead-bands to prevent
sustained hunting.

+ Ensure plant-level PPCs at nearby inverter-based resources
do not occupy the same frequency band as the AVR/PSS
path.

« Set reasonable acceptance criteria for (i) modal damping,
(ii) POC voltage performance, and (iii) controller interac-
tion.

6 Conclusion

Fast POC voltage control can compete with the AVR/PSS
path in weak grids. Measuring the plant with the outer-loop
in service, fitting a targeted PSS phase lead, and keeping the
outer-loop slower with a dead-band yield a practical coordina-
tion that improves damping while meeting voltage regulation
objectives. Although PSSs are not routinely applied to SCs, this
study shows they can be effective when tuned in the presence
of a fast voltage controller.
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