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Abstract

This study provides a comprehensive small-signal stability assessment of a hydro-
dominated, 7-bus power system as synchronous generation is progressively replaced by
grid-following voltage-source converters (VSCs). While the energy transition for renewable-
based power systems promises lower carbon emissions and greater operational flexibility,
it also challenges old assumptions about grid dynamics, particularly concerning system
inertia, fault-current contributions, and the nature of small-signal oscillatory modes, since
the nowadays conversation turns around a lower inertia system based on renewables, this
study focus con control enhancement and tuning for increasing the stability margins of
each variation made in the simulations, being a main goal to operate withe the widest
range of stability. Building on a validated base case with five large hydro units. We
first stabilized the unstable system by tuning the gain of the Exciter. Then we examined
two replacement scenarios, substituting one and then two synchronous machines with
Grid following VSCs employing the STAMP toolbox to automatically generate linear
state-space and nonlinear EMT models in all the cases. In each scenario, we conducted
eigenvalue-based modal analysis to identify shifts in oscillation frequencies, damping ra-
tios, and modal participation. Our findings reveal that the system also exhibit inter-area
oscillations as seen in the dynamics presented in the participation matrix and modal
analysis. As a result, even a single VSC swap triggers the emergence of six unstable or
lightly damped modes: high frequency resonances were tied to the converter’s filter and
switching dynamics, and low frequency electromechanical swings among the remaining
synchronous machines. Replacing two generators had similar effects, that is, significantly
reduced system’s inertia and modal separation. We then explore control loop tuning op-
tions, demonstrating that aggressive current controller gains have limited impact, whereas
modest increases in the outer power loop time constant 7,, in both scenario effectively
reassign all modes into the left half-plane. Overall, this work highlights the critical role
of inertia, tailored power loop dynamics, and active damping strategies in ensuring sta-
ble, low inertia grids with high converter penetration. These insights provide practical

guidelines for controller design and system planning in renewable energy integration.
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1 Introduction

What would happen if water resources were no longer available for electricity generation?
Today, hydropower is becoming increasingly critical due to climate change, industrial overuse,
and competing demands for sanitation and agriculture. In several countries, hydropower plants
have been partially shut down in times of crisis to prioritize human and environmental needs
over electricity generation.

In the REmap analysis for Central America presented by IRENA[1], the decarbonizing pathway
for the region’s energy sector has target 82% share of renewables by 2030.

Ensuring secure operation during this transition requires robust tools to assess how new
converter-based generation affects system dynamics. In this context, small-signal stability, as
defined by Kundur, P.[2] where it refers to the ability of a power system to maintain synchro-
nism when subjected to small perturbations, such as minor load changes or routine switching
events, becomes an essential lens to evaluate potential risks of oscillations or loss of synchronism

under everyday perturbations.

1.1 Background and Motivation

In regions like South America, where hydroelectricity plays a foundational role in energy plan-
ning, this presents a pressing challenge. Brazil’s energy mix, for example, currently relies on
hydro for approximately 60% of its installed capacity, with renewables representing over 20%
as of 2023 [3]. National road-maps target a 45% share of renewables by 2030. This target
along with a high energy density, the limitation of water resources, long transmission distances
and massive hydro projects existing such as the Itaipu Dam, makes this study fundamental for

future grid planning at transmission level.

Electricity generation, Brazil, 2023

Natural gas Hydro Biofuels Wind Solar PV
5.5% 60.2% 8.1% 13.5% 7.2%

@ Coal o Oil © Natural gas O Nuclear

@ Hydro @ Biofuels © Waste @ Wind

O Solar PV © Other sources

Source: International Energy Agency. Licence: CC BY 4.0

Figure 1: Brazilian Energy Mix 2023.
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A key example is the IEEE Brazilian 7-bus benchmark system, where five large hydro plants
and their network form a canonical testbed for stability studies[4], a simplified system which

captures the general operational dynamics, the topology can be found in Fig.2.
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Figure 2: Topology of simulated grid.

In this system, replacing even a fraction of SG power with VSC or HVDC links or large wind
farms can dramatically alter modal damping and introduce new poorly damped electromechan-
ical and electromagnetic modes.

Brazil has established itself as a regional leader in HVDC transmission, with a robust network
of over five major domestic links, including the Itaipt (1987), Belo Monte (2017), and Madeira
(2013) systems, enabling efficient long-distance power delivery from remote hydropower plants
to key demand centers. While the country actively explores cross-border energy integration,
its existing interconnections with neighboring nations (Argentina, Uruguay, Paraguay, and Bo-
livia) currently rely on AC technology. Brazil’s continued investments in HV infrastructure
and testing underscore its pivotal role in advancing grid modernization and supporting South

America’s energy transition.

1.2 STAMP Tool

The targeted small-signal studies were conducted using the open source STAMP Toolbox, a
MATLAB-based framework designed to automate small-signal stability analysis and generate

electromagnetic transient (EMT) models of power systems, designed by Universitat Politecnica
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de Catalunya and the Research Center CITCEA-UPC.

The use of STAMP tool enables detailed modeling of converter-dominated networks, combining

both frequency-domain and time-domain analysis, constructing linearized models for eigenvalue

analysis and nonlinear models in Simulink for time-domain validation, which is particularly

useful when evaluating medium to large power systems and its dynamic interactions.

Parameters from the Brazilian Network System [4] were loaded into the tool through excel-

based worksheets for its linearization and state space models.

data-processing and model is shown in Fig.3.

Modal Analysis

The STAMP tool logic for
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Figure 3: STAMP Tool Documentation Workflow.

Key features of STAMP include:
e Automated generation of state-space and nonlinear Simulink models,
e A predefined library of linear and nonlinear component models,
e Stability analysis across a wide frequency range, from inter-area to harmonic modes,

e High modularity and extensibility for custom applications.

1.3 Scope and Objectives

This report presents a comprehensive small-signal stability study of the Brazilian network
under progressive replacement of synchronous generation by VSCs. The primary objectives

and the workflow defined are to:

e Stabilize the benchmark system with the existing STAMP tool features;

e Extract critical oscillatory modes via eigenvalue, frequency and damping modal

analysis;
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e Participation Factor Matrix Analysis for better understanding of key interactions

to tune;

e Assess converter control impacts by varying inner loop gains, and outer loop param-

eters;

e Asses stability margin and identify inter-area candidates.

The presented workflow was conducted on the base case, a VSC type Grid Following (GFOL)
replacement, and a Second VSC GFOL addition.
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2 The Brazilian 7-Bus Benchmark System

2.1 Overview of the System

As previously mentioned in chapter 1, the Brazilian 7-bus model is a reduced dynamic equiva-
lent of part of the Brazilian transmission network. This model is widely used for academic and
industrial non linear stability studies and provides a relevant testbed for analyzing interactions
between conventional synchronous machines and power electronic converters. The system un-
der investigation comprises only of Hydro-generation stations with two distinct areas based on

the their voltage levels and primarily operating at 60 Hz frequency [4].
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Figure 4: System’s topology and power plant location.

The network consists of:
e 7 Buses,
e 5 Synchronous Generators,
e 1 Transformer connecting the two areas,

e AC transmission lines connecting the network.

2.2 Model and Network Parameter for the Power Flow

The single-line diagram’s power flow results are displayed in the figure below, with all bus and
load information listed in Tables 1 and 2. Table 3 contains the transmission line parameters,
given in per-unit on a 1,000 MVA system base; each line is modeled as a series RL impedance,

while the lines’ capacitive charging has been converted into equivalent shunt reactors and
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included in Table 4. Transformer parameters, also per-unit on the 1,000 MVA base, appear in
Table 5, and generator data are summarized in Table 6. Each machine’s maximum real power
matches its MVA rating, and its reactive capability is set by a 0.8 power factor. Note that

generator step-up transformers are omitted in this analysis.

Table 1: Bus Data and Power Flow Solution

Bus Name Base kV Type Voltage (pu) Angle (°)
1 FOZ AREIA 500.0 PV 1.0300 24.53
2 S. SANTIAGO 500.0 PV 1.0300 27.22
3 S. SEGREDO 500.0 PV 1.0290 26.60
4 ITAIPU 765.0 PV 1.0390 48.45
5 IVAIPORA 500.0 PQ 0.9984 21.20
6 IVAIPORA 765.0 PQ 0.9895 21.45
7 EQUIVALENT 765.0 Swing 0.9660 0.00

Table 2: Load Data

Bus P (MW) Q (MVAr)

1 2405.0 —467.0
2 692.3 —~184.0
3 688.2 -235.0
4 62.6 24.3
) 845.8 -9.2
6 4.9 79.8
7 2884.0 -196.0

Table 3: Shunt Data

Bus Name Base kV Gy (MW) B (MVAr)
1 FOZ AREIA 500.0 0.0 179.2
2 S. SANTIAGO 500.0 0.0 149.1
3 S. SEGREDO 500.0 0.0 114.2
4 ITAIPU 765.0 0.0 36.8
5 IVAIPORA 500.0 0.0 33.0
6 IVAIPORA 765.0 0.0 2142.0
7 EQUIVALENT 765.0 0.0 42.0

Table 6: Power Flow Generator Data

Bus Vseed (PU) Pgen ((MW)  Qgen (MVAr) Prox (MW)  Quax (MVAr) Quin (MVAr) Myae (MVA)

1 1.030 1658.0 -412.3 1900 1140 -1140 1900
2 1.030 1332.0 -200.3 1400 840 -840 1400
3 1.029 1540.0 ~446.7 1944 1166 -1166 1944
4 1.039 6500.0 1957.9 6633 3980 -3980 6633
7 0.966 -3164.3 952.3 3000 3600 -3600 6000
oty
Yo
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Table 4: Transmission Line Data (1,000 MVA Base)

From Bus To Bus R (pu)

X (pu) B (pw)

1 3 0.0030
1 5 0.0190
2 3 0.0050
2 5 0.0150
4 6  0.0029
6 7 0.0040

0.0380
0.2450
0.0760
0.2250
0.0734
0.0570

0.0
0.0
0.0
0.0
0.0
0.0

Table 5: Transformer Data (1,000 MVA Base)

From Bus To Bus R (pu) X (pu) Tap (pu)

3 6 0.000

0.039

1.000

2.3 Dynamic Modeling and simulation

Dynamic simulation models and their parameters for the base-case were sourced from the

PSS®E setup described in [4].

e Generators: Represented using GENSAE and GENROU models (salient-pole and round-

rotor).

e Exciters: Modeled using ST1 standard excitation systems.

e PSS (Power System Stabilizers): Applied to all generators except the equivalent bus

or interconection with the rest of the system (slack bus as well).

e Loads: Modeled as constant impedance.

This model in its original form does not include any HVDC link or Inverter Based Resources

(IBR) and it has presented records of marginal stability, poor controllability and observability.
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Table 7: Dynamic Model Data for Salient Pole Units (PSS®E Model GENSAE)

Description Symbol Unit 1 (FOZ AREIA) 2 (S. SANTIAGO)
Rated apparent power MBASE MVA 1900 1400
d-axis open-circuit transient time constant T, s 5.0 5.0
d-axis open-circuit sub-transient time constant 7}, s 0.053 0.053
g-axis open-circuit sub-transient time constant Tq’ﬁ, S 0.123 0.123
Inertia H MW-s/MVA 4.5 4.5
Speed damping D pu 0.0 0.0
d-axis synchronous reactance Xa pu 0.85 0.85
g-axis synchronous reactance X, pu 0.7 0.7
d-axis transient reactance X} pu 0.3 0.3
sub-transient reactance (X7 = X') X/ pu 0.2 0.2
Leakage reactance X pu 0.15 0.15
Saturation factor at 1.0 pu voltage S(1.0) — 0.001 0.001
Saturation factor at 1.2 pu voltage S(1.2) — 0.01 0.01
Rated field current Irprated PU 1.66 1.66

Table 8: Dynamic Model Data for Salient Pole Units (PSS®E Model GENSAE) (cont.)

Description Symbol Unit 3 (S. SEGREDO) 4 (ITAIPU) 7 (EQUIVALENT)
Rated apparent power MBASE MVA 1944 6633 6000
d-axis open-circuit transient time T, s 5.0 7.6 8.0
d-axis open-circuit sub-transient time 7T, ] 0.06 0.09 0.09
g-axis open-circuit sub-transient time 7y, S 0.09 0.19 0.20
Inertia H MW-s/MVA 4.5 5.07 5.0
Speed damping D pu 0.0 0.0 0.0
d-axis synchronous reactance X pu 0.88 0.90 1.00
(-axis synchronous reactance Xy pu 0.69 0.68 0.70
d-axis transient reactance X} pu 0.30 0.30 0.30
sub-transient reactance (Xj = X/') X/ pu 0.20 0.24 0.25
Leakage reactance Xy pu 0.15 0.18 0.18
Saturation factor at 1.0 pu voltage S(1.0) — 0.001 0.001 0.001
Saturation factor at 1.2 pu voltage S(1.2) — 0.010 0.010 0.010
Rated field current I¥Drateda DU 1.68 1.70 1.79

2.4 Excitation System Model and Parameters

Every generator uses the same excitation scheme, modeled here by the simplified ST1 exciter
from PSS®E (see Fig.5). The model’s parameter values are listed in Table below. The default

model considers a simplified excitation system shown in the Fig. The choice of the upper and

lower voltage limits (Enax and Epni,) to were considered to be very large so that they remain

inactive and do not influence the small-signal stability outcomes.
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Figure 5: IEEE ST1 Simplified Block diagram

Table 9: Dynamic Model Data for the Simple Excitation System (PSS®E Model SEXS)

Description Symbol Value Unit
TGR block 1 transient gain Ta/Tg 1

TGR block 1 denominator time constant Ty 1 S
Exciter gain K 30 pu
Exciter time constant Ty 0.05 s
Minimum AVR output FErin -4 pu
Maximum AVR output Eoax 5 pu

2.5 Power System Stabilizer Model and Parameters

The benchmark system installed Power Systems Stabilizers (PSS) at all generators except the
equivalent unit at bus 7. Each PSS derives its input from rotor speed deviation and employs a
common structure. The IEEE Std. 421.5-2005 specifies the PSS1A model was implemented by
default, in this work we implement the PSS2A configuration. Fig. 7 shows the PSS2A block

diagram, and Table 10 and Fig.6 lists the associated parameters.

A B C D E E G H | J K L [l M o] P Q R S
number bus Ksl Ks2 Ks3 Twl Tw2 Tw3 Twé T1 T2 T3 T4 TG i T8 T N M
1 1 17.069 0.158 1 2 2 2 0 0.28 0.04 0.28 0.12 o 2 ] 0.1 1 5
2 2 17.069 0.158 1 2 2 2 0 028 0.04 0.28 0.12 0 2 0 0.1 1 5
3 3 17.069 0.158 1 2 2 2 0 028 0.04 028 012 0 2 0 01 1 5
4 4 17.069 0.158 1 2 2 2 0 0.28 0.04 0.28 0.12 o 2 ] 0.1 1 5
5 7 17.069 0.158 1 2 2 2 0 0.28 0.04 0.28 0.12 o 2 ] 0.1 1 5
Figure 6: PSS2A Model parameters
Sy
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Table 10: Dynamic Model Data for Power System Stabilizers (PSS®E Model IEEEST -PSS1A)

Description Symbol Unit Buses 1, 2,3 Bus 4
2nd order denominator coefficient Ay — 0 0
2nd order denominator coefficient Ay — 0 0
2nd order numerator coefficient As — 0 0
2nd order numerator coefficient Ay — 0 0
2nd order denominator coefficient As — 0 0
2nd order denominator coefficient Ag — 0 0
1st lead—lag numerator time constant Ty s 0.30 0.52
1st lead—lag denominator time constant 15 s 0.075  0.065
2nd lead-lag numerator time constant 15 s 0.30 0.52
2nd lead-lag denominator time constant T s 0.075  0.065
Washout block numerator time constant Ts S 3 3
Washout block denominator time constant T S 3 3
PSS gain Ks pu 10 16
PSS maximum output LS ax pu 0.1 0.1
PSS minimum output LSmin pu -0.1 -0.1
Upper voltage limit for PSS operation VCy pu 0 0
Lower voltage limit for PSS operation vV, pu 0 0
AP, AP,
ST, ST, 1 |4a—2Hs| 1451, Y| 2HE 1+ ST, 1+ 5T,

=2 13 STos 2 13 STQ:-> 1+5T, > = i +grju] = Ka 14 sri K 1+ ST, —
H’ghpass ﬁ e owpass ﬁ/tPSrS T Ramp fra(‘rjng ﬁfrer Srabfylzef gﬁ-’n & PhaSE Compensafor "‘;

Ksa RTF '

AP, AP,
ST, STos K 2Hs
1 ;571_) 1+srm_) 1+ 575
Fe Highpass filtesrs
Integrator
Figure 7: PSS 2A Block diagram.
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2.6 Modeling Domains

The modeling is performed in two primary domains:

e Small-signal (state-space) domain: Used for linearization around a steady-state op-
erating point. It facilitates modal analysis through eigenvalue computation, revealing

system damping, frequency, and modal participation.

e EMT domain: A nonlinear time-domain model is built in Simulink for validation and
transient simulation. This enables cross-verification of small-signal results and investiga-

tion of nonlinear phenomena such as saturation or controller limit activation.

2.7 Modeling Approach: STAMP Tool for Small-Signal and EMT
Analysis

The modeling process using STAMP follows a structured pipeline:

2.8 Input Data Preparation

The power system components are defined using five Excel files:
1. CASE.x1sx: General topology, power flow configuration, simulation settings.
2. CASE_data_sg.xlsx: Synchronous generator parameters.
3. CASE_data_vsc.xlsx: VSC control and electrical parameters.
4. CASE data shunt.x1lsx: Shunt and impedance data.

5. CASE_data_ipc.xlsx: Data for interconnecting power converters.

2.9 Power Flow and Initialization

The tool computes the power flow using either direct excel data or built-in solvers like MAT-
POWER. The steady state solution is used to initialize all nonlinear elements (voltage levels,
currents, angles) required for model construction.

Results of converging power flow using the tool are shown below.
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Bus Voltage Generation Load
§ Mag(pu) Ang(deg) F (HW) Q (MWVAr) F(MW) Q0 (MVAr)

1 1.028 24.497  1658.00 -412.30 2405.00 -646.20
2 1.028 27.201 1332.00 -200.30 £92.30 -333.10
3 1.027 26.581 1540.00 -446.7T0 6588.20 -349.20
4 1.041 43.301 €500.00 1857.50 €2.60 =12.50
5 0.99%% 21,156 - - 845.80 -42.20
&€ 0.991 21.402 - - -4.90 -2062.20
T 0.966 0.000% -3165.16 5l6.98 2884.00 -238.00

Total: T864.04 1815.58 7373.00 -3683.40

Figure 8: Power Flow Results in STAMP Tool.

2.10 Linear Model Generation

From the steady state point, each component’s state-space representation is constructed using

built-in libraries. These include:
e Synchronous generators;
e Voltage source converters (VSC) GFOL, GFOR or STATCOM,;
e Shunt elements (capacitors, reactors);
e Transformer and Pl-line models.

These subsystems are then assembled into a global system model using the superposition

property of linear systems[5].

2.11 Modal Analysis

Once the linear system is built, STAMP computes eigenvalues and participation factors to
identify oscillation modes, their frequencies, damping ratios, and involved states. Additionally,
study on the frequency domain interaction between SGs, VSCs and the grid can be performed.
Modal (eigenvalue) analysis provides fundamental insight into a system’s oscillatory behavior

by examining the linearized state space model around an operating point. Each eigenvalue pair

of the form:

A=o0*+jw (1)

maps to a mode whose frequency:
f= 21 (typically < 1 Hz and > 500 Hz) 2)

™
IQ\
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and damping ratio:

—0
(= ——— (typically < 10% for critical modes 3
Vorgar | ) )
quantify its oscillation speed and decay rate.
In converter dominated scenarios, not only do classical electromechanical modes shift, but con-
verter control loops (e.g., PLLs, inner current controllers, P—f droop) and network impedances

interact to yield high frequency modes that can threaten stability if left unaddressed [6].

In conventional power systems, the rotational inertia of large SGs provides a natural damping
against frequency deviations and underpins the classic small signal stability analysis in the
phasor (RMS) domain. Oscillatory modes ranging from local intra-plant swings at 0.7-2 Hz
to inter-area modes around 0.1-0.7 Hz—have long been well understood and mitigated via
power system stabilizers (PSS), governor tuning, and network reinforcement [4]. However,
as synchronous capacity is supplanted by VSCs, the grid’s kinetic energy reserve dwindles
and control induced resonances appear at higher frequencies (10 Hz—several kHz), including

subsynchronous control interactions (SSCI) and harmonic instabilities [7].

2.11.1 Frequency categories

As mentioned previously, three main parameters were used to discriminate modes and identify
critical candidates. Among all the poorly damped modes with ¢ < 10%, low and high fre-
quencies were prioritized, meaning by low frequencies those with w < 1 Hz, which are typically
associated with slow controllers and possible inter-area oscillations, and by high frequencies
those with w > 500 Hz, which are commonly linked to the switching dynamics of the converter.
Nevertheless, the following table introduces the main categories of frequency ranges useful to

identify possible causes of instability and their associated damping components.
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Classification by Frequency Range and Mode Type

Oscillation Type Frequency Range Typical Cause Involved Elements

Slow Control Modes

Intra/Inter-Area Modes

Torsional Modes

Sub-Synchronous
Oscillations (SSO)

Harmonic Modes

< 0.5 (can vary) Governor Action, AVR
Swinging of groups of
generators with or
across regions

Shaft torsional

SSR, SSCI, SSTI

=100 Hz -several kHz Resonance,

converters, filters, PLL

PSS, Generator
excitation systems

Two or more generator
in same area/ other
areas

Turbine-generator
shaft system

Long lines, series
compensation,
converters

Power electronics,
filters, network RLC
path

Figure 9: Classification of Frequency and Modes of Oscillations in Power Systems

2.12 Nonlinear Simulink Model Creation

STAMP generates a full EMT model using pre-configured Simulink blocks from the internal

library (myLibrary.slx).

including:

e Grid-following and grid-forming converter control

e [ilter resonance

e Saturation and controller limits

This model reproduces the nonlinear dynamics of the network,

It enables validation of modal results and analysis of fault conditions or controller responses.

atn"

yiy
YT

ETSEIB




page. 16

3 Results and Discussion on Analysis Using STAMP
Tool for Small-Signal and Modal Analysis

In the base-case scenario, five synchronous generators were modeled along with the other
elements of the network. The system was observed to be unstable and stability efforts was
applied towards tuning the system to obtain a stable system. The workflow is shown in the
Fig.10 below.

WORKFLOW:

Running linearization Frequency and Participation Factor Tunning element and |

and eigenvalues » damping Analysis > Analysis » re-run simulation
Stable or Unstable? Extraction of critical Identify contributing ..,_"
modes states -

Figure 10: Workflow for performing analysis using STAMP Tool.

3.1 Case 1: Synchronous Generation (Base case) System

The base case unstable network provided a benchmark for analyzing the the different scenarios.
In the modal table shown in Fig. 1la it can be easily seen that there is one unstable mode
with all the eigenvalue on the right half plane, excluding the nominal frequencies. Based on

this criteria, a conscience analysis of the data in the Fig.11a can be observed.

(a) Poorly damped Modes

(b) Eigenvalue behavior

Figure 11: Base case dynamics.

From the above, the critical modes is shown in the Fig.12 below.

Mode - Real ~ Imaginary |~ Frequet - Dampin-¥
1 0.195314522 0 0 -100%
13 -0.397541089 4.942051305 0.786552 8% Eigenvalue Behavior 6=ty
14 -0.397541089 -4.94205131 0.786552 8%
51 -7.662950493 376.824746 59.97352 29 §>005
52 .7.662950493 -376.824746 59.97352 2% >ols
61 -9.706702522 376.8215356 59.97301 3%
62 -9.706702522 -376.821536 59.97301 3%
74 -12.74209665 376.9725535 59.99705 3%
75 -12.74209665 -376.972554 59.99705 3%
77 -16.23913093 376.9048339 59.98627 4% =
78 -16.23913093 -376.904834 55.98627 4% i )
87 -27.27893905 376.9890989 59.99968 7% £ -~
88 -27.27893905 -376.989099 59.99968 7% E Unstable
98 -456.8432021 5420.476869 862.6957 8% 2
99 -456.8432021 -5420.47687 862.6957 8% -
100 -456.9243339 4666.505901 742.6975 10%
101 -456.9243339  -4666.5059 742.6975 10% -
110 -1135.986844 20559.44184 3272.137 6% .
111 -1135.986844 -20559.4418 3272.137 6% .
112 -1136.026849 19805.46538 3152.138 6% 06 05 04 03 02 01 0 01 02 03
”3 ']]35 ﬂzﬁﬁlﬂ _lsags IESI 3]52 133 ES[ Real Axis
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Extraction of critical modes table

Conjugate Pairs: /" 21 %1314  198-99 1100-101 A110-111 2112113
Real | 0.1953 | -0.3975 -456.8432 -456.9243 -1135.9868 -1136.0268
Imaginary | 0 | 4.9421 5420.4769 4666.5059 20559.4418 19805.4654
Frequency | 0 | 07866 B862.6957 742.6975 3272.1368 3152.1377
Damping |  -100% | 8% 8% 10% 6% 6%

Figure 12: Critical modes as observed showing only low damped, low, and high frequency
modes

3.1.1 Stabilization Effort of the Base case system

The stability effort to stabilize the system with only one eigenvalue on the right half plane was
further carried out initially by tuning the parameters of the PSS of the Synchronous Generators,
since this would have been thought of as the easier way of stabilizing the system. However,
it was observed that the PSS gains and parameters had minimal effect on the system. As a
result, the stabilization effort was channeled towards turning the gains of the Exciters of each
generator until a range of stability was established. The Fig.17b shows the movement of the
eigenvalue due to the tuning/ iteration of the exciter gain.

Further analysis of the base case scenario was performed taking a more closer look into the
reduced participation factor matrix. Here the participation of each state corresponding to the
element in the system was compared with their mode. The state impact on the mode was also
classified with the a range of 0.3 and up to 1. The color scheme can also be used to easily
visualize the different impact of the states on the modes. As seen in the figure, very thick
dark shade represent the highest participation of 1 in any mode. While lighter shades to white
indicate lesser to no impact of the state on the mode. A summary of the analysis is presented
in the Fig.14 below.

2 K1
z d e 8y | e[ K6
= B N T W Rl ¥
;:o s esmp - i K7
| . iﬁ- o *K10
b3 L]
E] . K15

e K20
®K30

s

-0.8 -05 -04 -03 -02 -01 0 01 02 03
Real Axig

Figure 13: Exciter gain tuning.
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Low damped, inter-area & high-frequency modes

Conjugate Pairs:
Real

Imaginary
Frequency

Damping

HET.igld

MET.d13

NET.ig3
NET.id23

rl

0.1953
0.0000
0.0000

-100%

11314
-0.3975
4.9421
0.7866
8%

0.4aa

0.00

0.00

Q.40

000

1.98-99 »100-101 110111 3112113
-456.8432 -456.9243 -1135.9868 -1136.0268
5420.4769 4666.5059 20559.4418 19805.4654
862.6957 742.6975 3272.1368 3152.1377
8% 6% 6%

10%

0.00

0.00

000
.00

0.00

0.00

.00

0.00
0.01
0.00

0.00

0.00
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0.040
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0.09

0.00

0.00
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0.00

o |

0.040
0.00

0.00
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0.03

0.0
0.0

s |o|ola|lo|le|lo|la|le|elala|elae|lela|le|o|a|o B
P = | P = | P = = N

1
0

A=
=

0.00

0.00

slalas|lale s |s e
S|E|&S|E(E|E(S|E |-

Conjugate Pairs: a1 #1314 3.98-99 »100-101 ».110-111 »112-113
Network 1-3, Network 1-3, SG4, Network SG4, Network
Interactions SG4,5G65  SG1,2,3.4 Load 3 load3 4-6,Load4  4-6,Load4
0 Hz (pure
instability) Electromech > 800 Hz > 700 Hz >3000Hz  =3000Hz
Frequency Range Slow mode anical Grid LC Grid LC Grid LC Grid LC
Exciter / SG4
interaction
Damping component failure PSS SGs Grid LC Grid LC Grid LC Grid LC
Inter-area oscillation No Yes No No No MNo

Figure 14: Analysis of the Participation Factor Matrix for the Unstable base case

3.1.2 Inter-Area Oscillation candidate mode

In order to understand and validate the inter-area modes observed between the Synchronous

Generators, it was important to take a deeper delve into the Right eigenvector analysis. The

corresponding values were extracted as shown in the Fig.15 and a plot of the Generator swing

was carried out in order to observe the directions of their vector. It can be clearly seen from

the Fig that SG4 has a vector direction pointing in the opposite direction as the SGs. This

confirms the existence of low damp, low frequency inter-area oscillations in the base case system

among the SGs.
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A =0+ jw:

b, Area 1: 500V SG2 Row 13, Col 88:-0.00124986982031296 - 0.00207384811336871i ol

b, SG3 Row 13, Col 111:-0.00738253995109487 + 0.00297667998162660i | I

& = Areazi 785V SG4 Row 13, Col 134:-0.00186992175094586 + 0 Ll

b, | " SG1 Row 67, Col 13: 6.87658159170693e-28 - 6.46256487014726e-29i ‘ \
Area1:500V SG2 Row 88, Col 13:-5.34814332487602e-33 + 1.71431555516261¢e-34i L

~ SG3 Row 111, Col 13:-7.48903431948719e-28 + 9.94764783271771e-29i Il
Area 2:765V SG4 Row 134, Col 13:-2.58247862139749e-45 + 2.42531579975053e-53i .|

Figure 15: Right Eigen Vector Analysis

Group 2 (Low-Magnitude Signals)
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460} [ f—

—_—d

210° 330°

240° 300°

0 0.2 04 0.6 08 2708 0 0.2 0.4 0.6 08 1

Figure 16: SG4 Swing against SGs 1 with plot of the Right Eigen Vectors

3.1.3 Base Case — Stabilization Results

From the analysis and iterations of the exciter gains, the most stable gain was obtained at K =
30. At this gain value, the system exhibit minimal and reduced dynamics and the eigenvalue
was observed to be further away from the origin and right half plane, this is shown in the
Fig.17a below.
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Stable System Base Case
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(a) Stable System

K20
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Eigenvalue Behavior i - .
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__ ¢>010
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~

Imaginary Axis
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Real Axis

(b) Initial Unstable System

Figure 17: Base case stabilization.

The participation factor matrix was also analyzed with insights and observation presented on

the table in the Fig.18 below.
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Low damped, inter-area & high-frequency modes

Conjugate Pairs: Ll 11314 3.98-99 A 100-101 110111 x112-113
Real -0.22947 -0.49326 -456.882 -456.934 -1135.98 -1136.02
Imaginary  2.920307 4.99891 5420.463 4666.496 20559.45 19805.5
Frequency ).464781 0.7956 862.6934 742,696  3272.137 3152.14
Damping 8% 10% 8% 10% 6% 6%
0.23
8.3

0.23
0.00

NET.iq23 | 0.00
NET.idl3 0.00
NET.iq25 | 000
NET Lci_‘.‘ |
NET hif?' !
NET.id67 |
Tratol.ic
Irafol.id |
Leoadl.veq |
Load] '-'."(} |
Load2 ;j |
Load2.ve
Load$.ve
Load$ ‘u'i
Load6.ve
Load6.ved

—

001
001

& olololololololelelolelol

1 \‘.lli‘ VO
Lgad? atcl

bu L% i.".‘] |
SG2 ;1-55]‘:. [ 000
SG2.pss2*] | 500
SG1.pss2*l | ) 0t
SGipssl™l [ 0.00
SG3.pesli®2 |
SG3.pss2*1 |
SG3.pss2™2 |

_|
&S
alalklelal lalalels
olololo|lolo

f‘.‘{_TlII-:‘E\

Conjugate Pairs: L4-5 31819 498-99 4100-101 2110111 X 112-113

AlLPSSinArea Load 1-2, Load 1-2, Load 6-7, VLload 5,
Interactions 5G4 1 Network Network Metwork Slack Transformer
High High Very High Very High
Electromechani Frequency Frequency Frequency Frequency
Frequency Range Slow Controller cal Rotor (Cables) (Cables) (Cables) (Cables)
Grid LC Grid LC Grid LC Grid LC
Damping component Governor Action PSS (passive) (passive) (passive) (passive)

Inter-area oscillation No No No No No No

Figure 18: Participation Matrix Analysis of Stable Base case system

3.2 Synchronous Generator Replacement with a Voltage Source

Converter - Grid Following (VSC - GFOL)

The next scenario involves gradual replacement of the Synchronous Generators (SGs) with a
Voltage Source Converter. The aim of this analysis is to study the small signal stability and
dynamics the high inertia based system responds to the integration of IBRs with lower inertia
capacities. The implementation follows a similar approach, first, the parameters of the VSC
was modeled on the excel sheet and the STAMP Tool based on the standardized GFOL. One of
the Synchronous Generator on bus 4 was completely taken out and replaced with an equivalent
sized VSC, this was done in order to maintain the convergence of the power flow results and
also establish a basis for the dynamic simulation since the system is highly non linear, a small
variation of the model parameters are likely to cause a larger deviation in the results obtained.
The Non linear model of the new case is shown in the Fig.19 and the model parameters of the

VSC is also shown in the table presented in Fig.20
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Figure 19: Non-Linear Model Topology of Network with one SG replaced by VSC at bus 4

A B C D E F G H | J K L M N o) P Q R S T
number  bus Rtr Xtr Rc Xc Bac Rac tau_s s pll x_pll tau_p tau_q :au_droop_ k droop_f :au_droop_ik_droop_u tau_md tau_cmdtau_zok
1 2 0.002 0.1 0.005 0.15 0.15 0.0001 0.001 0.707 0.1 1.1 1.1 0.1 0.5 0.5 2 -1 -1 -1

Figure 20: Parameters of the VSC Implemented in excel sheet of STAMP Tool

3.2.1 Analysis on Replacement of one Synchronous Generator with one VSC -
GFOL - Unstable case

After swapping one synchronous generator for a grid-following VSC, the system went unstable
with six eigenvalues moving into the right half-plane. Examining Fig.21 and Fig.22, it can be
seen that the poorly damped, higher frequency modes originated from the VSC’s filters and
switching dynamics, while the low frequency, low damped oscillations arise from the remaining
SGs’ electromechanical interactions. This confirms that adding a VSC without extra damping
can excite both fast converter related resonances and slower generator machine swings. A more
closer look at the dynamics of the can be seen on the Participation Factor Matrix and Modal

analysis in the table of Fig.22
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State M ¥ | Real

[= [imaginar = [Freque * | Dampil-¥| Freque| =

1  1776.07072 3210.361 510.945 -48%

2 1776.07072 -3210.361 510.845 -48%

3 1142.30355 7606.1668 1210.58 -15%

4 1142.30355 -7606.167 1210.56 -15%

5 52.30648 3166.6716 503.551 -2%

=] 52.30648 -3166.672 503.901 -2%
10 -0.24937 2.83391 0.45103 9%
11 -0.245937 -2.83351  0.45103 9%
27 -0.54267 5.39463 0.85858 10%:
28 -0.54267 -5.39463 0.85858 10%
49 -8.09193 376.81791 59.9724 2%
S0 -8.09193 -376.8179 59.9724 2%
55 -12.74053 376.9715 55.99659 3%
G0 -12.74053 -376.9715 59.9969 3%
68 -15.98885 376.89233 55.59843 4%
&5 -15.98885 -376.8523 55.5843 4%
e -27.27014 376.98834 59.9906 7%
79 -27.27014 -376.9883 55.59006 7%
a8 =421.97853 4G678.2535 744.567 5%
89 -421.97853 -4678.254 744 567 9%
S0 -430.49772 5432.2956 864.577 8%
51 =430.45772 -5432.286 864.577 B%
100 -1135.98449 20559.446 3272.14 &%
101 -1135.98449 -20559.45 3272.14 5%
10z -11365.02485 15805.46 3152.14 5%
103 -1136.02485 -19805.46 3152.14 6%

425.631
425.631
1156.83
1196.83|
503.923
503.923|
0.44528|
0.44928]
0.85423
0.85423|
59.9586(
55.9586(
59.9626|
59.9626(
58.89303
55.5303|
59.8424|
59.8424|
741.532
741.532|
861.858|
861.858|
3267.14
3267.14
3146.95|
3146.95|

(a) Poorly damped Modes
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(b) Eigenvalue behavior

Figure 21: Case 1 dynamics.
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Low damped, low and high-frequency modes

Conjugate Pairs: A 1-2 h3-4 .56 »10-11 388-89 A90-91 5100-101 102-103
Real 1776.071 1142.304 52.30648 -0.24937 -421.979 -430.498 -1135.98 -1136.02
Imaginary 3210.361 7606.167 3166.672 2.83391 4678.254 5432.296 20559.45 19805.46
Frequency 510.9448 1210.559 503.9914 0.45103 744.5672 864.5767 3272.137 3152.137
Damping -48% -15% -2% S% 9% 8% 6% 6%

NET.iql13 0.02 0.00 | 024
NET.id13 0.00 0.00

NET.ig23 0.12 0.00 Q.00
NET.id23 0.03 0.01
NET.iq46 0.00 0.00

NET.id46 0.00
Load2 weq
Load3 veq
Load3 ved
Load4.veq
Load4 ved

SG3is_q

S5G3is_d

States

S5G3if d 0.00 0.00 0.00 0.00 0.00 0.01 0.01
SG3.w_pu 0.00 0.00 0.00 Q.00 0.00 0.00 0.00
5G3.e_th 0.00 Q.00 000 000
5G4.is_d 0.00 0.00 0.00 0.00
= 0.00 000 0.00 0.00
0.07 0.05 0.00 0.00
0.02 0.01 0.00 0.00
0.03 0.00 0.00 0.00
0.00 0.03 0.00 0.00
GFOL1 ucap q 0.01 0.01 0.00 0.00
G'FULl_neﬂ.p_d 0.01 0.01 0.00 0.00
GFOL, AC
GFOL, Net, Load AC Net, AC Net, 5G3,AC SG3,AC
Interactions Load2 GFOLcap 2, SG3,5G4 Load Load Net, Load Net, Load
Mid-High
Frequency Range Freq. (VSC) High (VSC) Mid-High Low Mid-High Mid-High High High
Inner or Electroma Electroma
Damping guter 5., Gov. g., Gov.
componentcontroller Filter Filter Gov. action Cable/Line Cable/Line action action
Inter-area
oscillation No No No No No No No No

Figure 22: Participation Factor Matrix and Analysis after adding one VSC (Unstable case)

3.2.2 Stabilization of the network with one VSC - GFOL

Initially, An increase in the current controller gains to attenuate the new oscillations was made,
but negligible improvement was observed in the overall system dynamics. Then attention was
turned towards the outer power loop and modification of its time constant 7,,. By varying 7,,,
the loop response was sufficiently slowed to introduce additional damping without compromis-
ing performance. This straightforward adjustment stabilized all previously unstable modes in
few iterations and it proved to be more effective and simpler to tune than aggressive inner loop

modifications.
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Figure 23: Eigenvalue plot showing the tuning of 7,, after adding one VSC
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Conjugate Pairs:

r1-2 L22-23  L81-82 ).83-84 L88-89 490-91 1100-101 A 102-103

Real -0.17537 -0.54062 -150.062 -181.943 -267.304 -305.591 -1135.98 -1136.02
Imaginary 2.767 5.39446 5785.088 4352.482 4823.042 5288.844 20555.45 19805.46
Frequency 0.44038 0.85856 921.3621 695.0853 767.611 841.7457 3272.137 3152.137
Damping 6% 10% 3% 4% 6% 6% 6% 6%
MNET.iql3 0.00 0.00 I 0.16 I 013 Q.07 0.00 .00
NET.id13 000 0 00 007 014 0 00 0 00
NET.ig23 0.00 0.00 021 0.26 0.14 0.00 0.00
NET-qu 000 000 0.02 003 0.02 000 [ v v ]
WNET.ig46 0.00 0.01 018 0.00 0.00 0.00
NET.id4s 000 000 | o018 1 000 000 000
Loadl.veg 0.00 0.00 0.03 0.01 0.00 0.00
Loadl waod 000 000 003 010 021 000 000
Load2Z.vog 0_00 [vNTs] 025 000 [l v ]
Load2 wvod 000 000 024 0 08 000 0 00
m_vql [ v] [ ] 0.05 021 017 D00 [ Ko 0]
Load3 wod 0 00 000 012 O 24 0 00 0 00
Load4 voqg 000 000 [T [lTi] 000
Load4 . ved 0 00 0 00 0 i 000 0 00
I_.clﬂ.d.ﬁ_vuq D00 D00 [0 OO 0.0 D00 [ X800 ]
Loadé. vead 0 00 0 O 0 00 0 O 0 00 0 00 [y X
SGl.as d 023 003 0 00 0 00 001 0 00 0 00
SGlraf d 0.01 D00 0. 00 0. D0 0.00 0. 00
g SGl.w_pu 007 000 0. 00 000 0.00 0 .00 000
= SGl.e th 0.02 0.00 0.00 0.00 0.00 0.00 0.00
SG2.aas d 0.23 0.01 0.02 0.01 006 0.00 000
SGZ.if d 0.00 0.00 0.00 0.01 0.00 0.00
SGZ.WJ!J. o.o7 0.00 000 000 000D D.00 0. 00
SG2.e_th 0.02 0.00 0.00 0.00 0.00 0.00 0.00
S5G3 exc_x1 D.00 000D 000 000 0.D0D D.00 0. 00
Sﬁs.pﬂl_xl 000 0_00 OO0 Lo ) o_00 000 OO
SG3.pssl_x2 (o n v ] (K] (e s s] O Ol O 0D 0 00 [N v ]
SG35:d ey 018 550 500 o
SG3.is d 018 [NES 0 00 0 D0 0 00
sSG3.Haf d 015 0.0 o.00 OO 000 0.01 .01
SCi3 e th O 0F O 00 O 00 000 0 00 0 00 O 00
SG4.is_d 007 024 | 0.00 000 0.00 0.00 0.00
Sﬂd_if_d O.O7 005 (e o] (¥ ] (WX vv] [0 o ] [ w v ]
GFOL1l.ig g 000 000 0.00 000
GFOL1 _ig_d 0.00 0.00 016 000 000
GFOL1.is q 000 D00 003 012 0.18 D00 (o Mo n]
GFOLI1 ucap 3 0.00 0.00 0.00 000
GFOL1.ucap_« 0.00 0.00 0.0% 0.18 0.00 0.00
SG2, Load
Interactions GFOL GFOL GFOL 6 Network Load 3 Load 4 Load 4
Mid-High
Frequency Range (VSC) High (VSC) High (VSC) Low High High High High
Electroma Electroma
Inneror  Inneror  Inneror gnetic+ gnetic +
Damping outer outer outer Governor Cable/Lin Cable/Lin Gow. Gov.
component controller controller controller action e e action action
Inter-area
oscillation No No No Nao No No No No
Figure 24: Participation Matrix Analysis after adding one VSC (Stable case)
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Stable Case GFOL G=-7 ,,IU r Eigenvalue Behavior
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Figure 25: Case 1 stabilization results.

The plot on Fig.25 shows the stabilized network with the VSC added and the participation of

each states on the modes have been successfully analyzed.

3.3 Analysis on Replacement of 2 SGs with 2 VSCs - GFOL

We then removed two synchronous generators and replaced them with grid following VSCs.
Almost immediately, overall inertia dropped significantly and several previously well damped
electromechanical modes became lightly damped and even unstable. The two VSCs’ current-
and power loop control introduced new high frequency resonances from their filters and switch-
ing behavior, while the remaining generators experienced larger low frequency power swings.
We relied on the tuning method applied in the previous scenario by tuning power loop time
constant 7,,, this yielded a stable system with all the eigenvalues on the left half plane. Tuning
Tpq Detween 1.0 and 1.18 resulted in a stable system. The interaction between states and mode

can be seen in the Fig.27 below.
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Figure 26: Network topology with integration of 2 VSC - GFOL
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The unstable case of the system with 2 VSC - GFOL is shown in Fig.28 It can be observed

that the interactions were mainly between the VSCs and other elements in the network. This

high frequencies were mainly due to the converter switching dynamics. The presence of an

inter-area oscillation can also be seen between SG2 and SG3. This low frequency, low damped

inter-area oscillation have potentials of causing instability in the system especially with high

penetration of IBR where the inertia is relatively lower.

States

Conjugate Pairs: & 1-2 LG6-T L5556 AT0-71 L7475 ALT79-B0 L8384 3 94-85 1. 96-97
Real 11.19 -0.17 -21.37  -115.77 18098  -225.72  -236.00 -1135.98 -1136.02
Imaginary 4846.07 2.67 569878 3201.01 4077.65 578039 6547.93 20559.45 15805.46
Frequency 771.28 0.42 906.59 508.45 648.98 591598 1042.14 3272.14 315214
Damping 0og 6% 0% 405 49 404 434 6% 6%
NET.iq13 0.02 0.00 0.01 0.00 0.00
NET.id13 0.01 0.00 0.02 0.00 .00
NET.ig46 0.00 0.01 0.00
NET.id46 0.00 0,00 0.00
Loadl .veq 0.01 0.00 0.00 0.00 .00
Loadl . vod Q.00 L] 000 Q.00 0,00
Loadz.veq - 0.00 0.22 0.04 0.00 0.00
Load2 ved 0.20 0.00 0.33 0.01 0.00 0.00
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Figure 28: Reduced Participation Factor Matrix and Modal analysis for unstable mode with 2
VSC - GFOL with 7,, = 1.1
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3.3.1 Analysis of the stable system with 2 VSC -GFOL

The Fig.29 below shows a closer view of the stable system with 2 VSC implemented. It can be
observed that all the Eigenvalues are settled in the left half plane.
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Figure 29: Eigenvalue movements (zoomed-in) for stable system with 2 VSC - GFOL for 7,
=1.18
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From the Fig.30 below, it can be observed that the integration of the 2 VSCs increased the dy-
namics of the system. The system contains more of high frequency modes which were caused by
the interactions of the VSC’s controllers and capacitor. This is due to high frequency switching
dynamics which the converters exhibit. Furthermore, the mode 4 and 5 with lower frequency
was mainly an inter-area interaction between the two SG2 and SG3. This low frequency, low
damped oscillation between areas may have tendencies of escalating small disturbance rapidly
through out the entire system. Therefore, mechanism such as PSS, AVR, and POD for miti-

gating this interactions have to be properly tuned in order to damp out the oscillations within

the machines.

GFOL2.ig d |
GFOL2.is q

Conjugate Pairs: X 4-5 1 20-21 259-60 &70-71 A76-77 X79-80 28384 Ax94-95 4 96-97
Real -0.17 -1.60 -34.12 128777 -189.18 -231.69 -242.15 -1135.88 -1136.02
Imaginary 2.67 4851.48 5693.50 3207.93 4070.50 5782.01 6548.42 205589.45 1980546
Frequency 042 77214 906.15 510.56 647.84 920.24 1042.21 3272.14  3152.14
Damping 6% 0% 194 4% 50 6% 6%
NET.igl3 0,00 002 0.01 I
NET.id13 0,00 0.0 002
MNET.igds 0.01 .00 o.00
WET .ida6 0,00 LR ] 000
Loadl . vog 0,00 0.0l O 00
Loadl.ved 0.00 0.00 000
Laoad2 woq Q.00 0.23
Load? wod 0,00 020
Load3 . weg 0,00 0.03 002
Load3 wod 0.00 0.01 0,03
Loadd worg 000 Lo W N ] O_00
Load4 . wod 0,00 .00 000
SG2ds q
B SG2is d
g sG2i6f d
SG2Z w_pua
SG2.c th
SG3as_d
SG3.6f d
GFOL1.ig q

Frequency Range <0.5 Hz
PSS, AVR,
Damping Gov.
componentAction
Inter-area
oscillationYes

GFOL1 GFOL1 GFOLZ2 GFOL2 GFOL2ig GFOL2ig Load4qd Load4gd
3G 2 and 3 currents  currents  and and qd & Load qd & Load voltages & voltages &
field and and Network Network 3qd 3qd AC net4-6 AC net4-6

Interactions currents voltages voltages g-axis d-axis voltages wvoltages [TAIPU ITAIPU

Med-High High High High Switching Switching
frequency frequency frequency frequency frequency frequency Very High Very High

Innerfoute Innerfoute LC LC Innerfoute Inner/oute Cable/line Cables/lin
rloop rloop passive  passive rloop rloop filters e filters
No No No No No No Mo No

Figure 30: Reduced Participation Factor Matrix and Modal analysis for stable mode with 2
VSC - GFOL with 7,, = 1.18
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4 Conclusion and Recommendations

4.1 Conclusion

Throughout this study, we have seen that replacing even a single synchronous machine with a
grid-following converter disrupts the traditional small-signal stability of the hydro-dominated 7-
bus network in two fundamental ways. First, the converter’s lack of physical inertia removes the
kinetic energy that dampens low-frequency swings, causing existing electromechanical modes,
those inter-machine/ inter-area oscillations around 0.2 — 2Hz to become more lightly damped
and, in some cases, unstable. Second, the converter control architecture itself introduces en-
tirely new modes at much higher frequencies, tied to its filter dynamics, switching actions, and
current loop interactions. Our eigenvalue analyses showed six such problematic modes emerge
with a single converter substitution; removing two generators and inserting two converters
amplified both effects, and pushing additional eigenvalues into the right half-plane.

Attempts to remove these instabilities by simply increasing inner-loop current-controller gains
proved largely insufficient: the converter’s internal dynamics and external network interactions
limit the degree to which faster current tracking can add damping. Instead, our work demon-
strated that modest retuning of the outer active power loop specifically, varying the power loop
time constant 7,, successfully reintroduced damping across all critical modes. This adjustment
slows the converter’s power response just enough to emulate inertia and absorb energy from
both low and high frequency oscillations, shifting every unstable or marginal eigenvalue back
into the left half plane.

From a practical standpoint, these results carry three key messages for system operators and
converter manufacturers. First, it is insufficient to simply match nominal power ratings when
integrating converters; control loop design must explicitly target system level stability across
both conventional low frequency modes and converter driven high frequency resonances. Sec-
ond, inertia emulation schemes should not be confined to a fixed P—f droop but must include
adjustable power loop dynamics that can flexibly trade response speed for damping as system
inertia changes. Third, because every converter adds its own suite of resonant modes, planners
should maintain a minimum level of natural inertia or deploy grid forming converters with
inherent stiffness to preserve phase angle separation and prevent coupling of critical modes.
Looking ahead, our study suggests several avenues for further work. Adaptive 7,, tuning algo-
rithms could dynamically optimize damping in real time as generation mixes shift or contingen-
cies occur. Hybrid converter control architectures—capable of seamlessly switching between
grid-forming and grid-following roles—might offer the best of both worlds by injecting inertia
when needed and tracking power set-points otherwise. Finally, coordinated multi-device damp-
ing controllers, possibly implemented in a distributed fashion, could manage interactions among
converters and remaining synchronous machines to enforce global stability objectives. By com-

bining modal analysis tools like STAMP with real-time measurements and adaptive control



page. 33

techniques, future power systems can accommodate high levels of renewable and converter-

based penetration without sacrificing the robust stability we have long relied on.

4.2

Recommendations

To ensure robust stability in low inertia power systems with high penetration of IBR, the

following could be considered:

e Maintaining minimum inertia: Keeping one or two synchronous machines online or

4.3

deploying grid forming converters to preserve kinetic energy and prevent mode collapse.

Adaptive power loop tuning: Automatically adjusting the VSC active power time

constant (7,,) so damping scales with changing generation mixes and system conditions.

Hybrid control architectures: Use converters that can switch between grid forming

and grid following modes, offering both inertia support and precise power tracking.

Distributed damping controllers: Coordinate virtual impedance loops, power oscilla-
tion damping filters, or control signals across devices to suppress low and high frequency

oscillations.

Automated stability monitoring: Leverage tools like STAMP with real time mea-
surements and modal/impedance analysis to detect and address emerging risks before

they threaten system stability.
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