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Abstract

This paper presents a comparative assessment of interaction analysis methods applied
to a multi-variant offshore power system model. Complementary analytical techniques—
eigenvalue analysis, frequency–response characteristics, RGA, DRGA, and GDRG—are
used to quantify interactions across electromechanical and electromagnetic frequency
ranges. The main novelty of this study is a modified DRGA approach that incorporates a
hybrid FIR/IIR digital filtering stage, significantly improving the accuracy of interaction
evaluations. The results show that no single method provides complete data and that
the enhanced DRGA and GDRG techniques are essential for interaction analysis. The
proposed framework offers practical guidelines for analyzing and coordinating control
loops in offshore grids.

Keywords: offshore power systems; interaction analysis; RGA; DRGA; GDRG; wind farms;
tidal current energy; power system stability

1. Introduction
The growing demand for renewable energy and limited availability of land-based

resources have increased the importance of offshore power systems. The use of offshore
areas is also essential for achieving climate and decarbonization targets [1]. Recent tech-
nological progress has significantly expanded the potential of offshore grids, combining
the increasing capacity of wind turbines with the development of new technologies for
harnessing energy from ocean waves and sea currents [2]. The development of the wind
generation sector and its impact on power system operation, as demonstrated in [3], further
emphasize the challenges and opportunities linked to integrating large-scale renewable
sources. According to [4,5], around 8 GW of new offshore wind capacity was added in
2024, bringing the total installed capacity to 83 GW by the end of the year. Although this
represents continued steady growth, it was actually lower than the record 10.8 GW added
in 2023 [6]. Most new wind power installations in 2024 were onshore (109 GW of the total
117 GW added), while the offshore sector continued to scale up steadily [7]. Predictions
indicate that annual offshore wind installations will rise from around 8 GW in 2024 to about
34 GW by 2030, representing an increasing share of global wind deployment [8]. According
to forecasts by [9,10], total installed offshore wind capacity is expected to reach 258 GW
by 2030. However, analyses by [11] highlight that, to achieve the 1.5 ◦C target, as much as
494 GW of offshore wind would be required globally by 2030, rising to more than 2400 GW
by 2050. These figures demonstrate both the rapid growth and the scale of the challenge
facing the offshore sector.
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The European Union (EU) aims for climate neutrality by 2050, which requires signifi-
cant investments in renewable energy sources, particularly those located in offshore areas,
as well as the development of grid infrastructure. The EU targets 100 GW of offshore wind
by 2030 and 300 GW by 2050, supported by initiatives such as offshore hybrid projects
and meshed offshore grids. Achieving these objectives requires not only technological
innovation but also stable and reliable integration of offshore resources with onshore
power systems.

The continued development of the power system will result in a growing number of
control systems, which may cause undesirable interactions affecting system stability and
reliability [5]. The use of renewable energy sources, where individual generating units
are equipped with controllers or operate under centralized control (e.g., in the case of
wind farms), highlights the need to determine appropriate control signals and analyze
interactions between different control systems. A technical challenge arises from the
growing penetration of power electronic converters in offshore systems. Offshore wind
turbines, wave energy converters, and tidal or marine current units are typically connected
through converter-based interfaces, which provide operational flexibility but may also
introduce negative interactions.

Despite the use of advanced controller design and parameter tuning methods, interac-
tions between controllers cannot be completely avoided [12]. To address the problem of
interactions, various methods for their detection and analysis are being developed. These
methods make it possible to identify the sources and causes of interactions and can also be
useful for modifying the control structure. Control systems can be designed using either
centralized or decentralized approaches. Decentralized control systems are still used in
most applications, mainly due to their simpler implementation, operation, and tuning. The
main stages in the operation of decentralized controllers can be divided into the following
steps [13]:

• Determination of control objectives and system models;
• Selection of control structure;
• Interaction analysis;
• Controller design;
• Simulations, experimental validation, and implementation.

The selection of the control structure is an important issue, as it has a significant impact
on the proper operation of the system. This process can be divided into two main steps:

• Selection of input and output signals;
• Selection of the control configuration, including the input–output pairing problem.

The main objective in selecting an appropriate control structure is to achieve the
desired control objectives while minimizing interactions between control loops.

The presence of multiple control systems can result in oscillations, reduced damping,
or even instability when these units are integrated into large-scale offshore grids [5]. Con-
sequently, understanding the interaction phenomena among different offshore generation
technologies, as well as between offshore systems and onshore grids, is essential for the
design of reliable future power systems.

The main objective of this paper is to demonstrate how different interaction analysis
methods can complement each other within a proposed offshore grid test model. The
paper further illustrates the application of several complementary methods—the sensitivity
analysis based on eigenvalues and participation factors, frequency response characteristics
and interaction measures such as relative gain array (RGA), dynamic relative gain array
(DRGA), and generalized dynamic relative gain (GDRG). By integrating these techniques,
the study provides a comprehensive framework for identifying, quantifying, and compar-
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ing interactions between system components under various operating conditions, offering
a better understanding of system dynamics and control coordination.

This study aims to contribute to the field of interaction analysis in power systems. It
presents a comprehensive overview and application of analytical (non-simulation-based)
interaction analysis methods, highlighting their individual usefulness, mutual complemen-
tarity, and the way they can be used to achieve a more complete assessment of system
interactions. Furthermore, the DRGA method has been improved by introducing an
additional digital filtering stage, which enhances the accuracy of the obtained results.
Finally, the developed analytical framework has been applied to a test model of an off-
shore power system to evaluate its performance and demonstrate the applicability of the
proposed approach.

The remainder of this paper is organized as follows. Section 2 presents the background
and related work on offshore grids and interaction phenomena in power systems. Section 3
outlines the main characteristics of offshore power systems, while Section 4 introduces the
modelling approach. Section 5 defines the concept and objectives of interaction analysis
and describes the methods considered in this study. Section 6 presents and discusses the
results of the interaction analysis. Finally, the paper is concluded with a summary.

2. Background and Related Work
From the control theory point of view, the power system can be regarded as a multiple-

input, multiple-output (MIMO) system. A single control input may negatively affect other
output signals, which is why the selection of input–output pairs should be performed in a
way that minimizes negative interactions and ensures overall system stability [14]. Such
interactions may arise not only between controllers but also among individual components
of the power system. In the context of long-term power system development, this issue
becomes even more relevant [15]. Many studies—including those in Europe indicate that
offshore renewable energy technologies, especially offshore wind, will play a central role
in achieving very high or even 100% renewable energy penetration by 2050. Long-term
planning models consistently show that offshore capacity is critical for meeting decarboni-
sation targets, reducing land-use constraints, and achieving system adequacy in low-carbon
scenarios [16]. However, these studies typically rely on simplified representations of off-
shore generation and do not capture the detailed dynamic interactions between offshore
controllers, grid-forming units, and transmission systems. As a result, the operability and
dynamic stability of the future energy mix largely dependent on offshore infrastructure
remain insufficiently explored.

Traditional power-system stability tools provide valuable insights into individual
modes of oscillation or component behaviour but often fail to fully characterize the in-
teractions between multiple control loops. For example, interactions between power
system stabilizers (PSS) and flexible AC transmission systems (FACTSs) have long been
recognized [17], where the controller of one device may influence another and reduce
system damping [5]. In high-voltage direct-current (HVDC) transmission, rectifier control
loops may interact with turbine–generator units [18], impacting voltage and transient
stability [19]. Similar challenges arise in large offshore wind farms, where numerous
converter-interfaced turbines can interact through the grid and exhibit low-frequency
oscillations [20].

Doubly fed induction generators (DFIGs) are sensitive to sub-synchronous control
interactions (SSCIs), a form of sub-synchronous resonance (SSR) [21,22]. SSCIs may occur
between DFIG-based wind farms and series-compensated AC networks [23,24]. Wind
farms based on permanent-magnet synchronous generators (PMSGs) exhibit related issues,
particularly when reactive-power compensation devices are present [23,25]. Furthermore,
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PMSG-based turbines may interact with HVDC systems—both line-commutated (LCC) and
voltage-source (VSC) types—through sub-synchronous oscillations and coupled control
loops [26,27].

To assess these interaction phenomena, a variety of analytical tools have been de-
veloped. The RGA remains one of the earliest and most frequently used methods [28],
offering a static measure of input-output coupling at a given frequency. Its limitations
have motivated the development of frequency-dependent extensions such as the DRGA
and GDRG [29,30], which broaden the analysis to include frequency ranges relevant for
electromechanical and control-driven oscillations. Alternative methods focus on impedance-
based modelling, particularly in converter-dominated grids and HVDC systems. The au-
thors in [31] proposed a dynamic modelling framework for multi-terminal HVDC systems,
enabling impedance-based interaction analysis and stability assessment. Their results high-
light the importance of interaction studies in offshore power systems. In [32], the authors
outlined a method for analyzing harmonic interactions in wind farms. Sub-synchronous
interactions in power systems with high wind penetration were investigated in [33], demon-
strating the crucial role of controller tuning in preventing stability issues. A comprehensive
review of offshore wind farm stability analysis methods was presented in [34], emphasizing
the need to combine time- and frequency-domain approaches.

Previous studies have extensively examined the stability of offshore wind farms,
addressing small-signal dynamics, frequency response behaviour, and interactions with
HVDC transmission systems. Research has also investigated tidal and wave energy con-
verters, as well as hybrid offshore configurations. However, most existing works focus
on single-technology systems or specific aspects of integration. What remains largely
unexplored is the dynamic interaction behaviour of multi-technology offshore systems,
especially those expected to operate in future energy mixes dominated by converter-based
generation and offshore infrastructure.

To address this research gap, the present study investigates interaction phenomena
in offshore power systems comprising offshore wind farms, marine-current energy farms,
synchronous-generator units, and offshore loads. Emphasis is placed on comparative eval-
uation of control-loop interactions and their influence on angular stability. The assessment
combines several complementary techniques—RGA, DRGA, GDRG, eigenvalue analysis
and frequency–response analysis. In doing so, the study contributes to a deeper understand-
ing of future offshore grids and supports the operability of long-term renewable-energy
scenarios in which offshore technologies are expected to play a critical role.

3. Offshore Power Systems
Offshore power systems represent an increasingly important component of modern

and future electricity networks, driven by the rapid expansion of offshore wind energy and
tidal and marine current technologies. These systems are no longer envisioned as isolated
generation assets, but rather as integrated elements of broader onshore–offshore energy
architectures. Their role is particularly significant in long-term scenarios, where offshore
renewable resources are expected to provide a substantial share of the electricity required
to meet 2050 decarbonisation targets.

Large-scale modelling efforts—such as [35] indicate that offshore wind must become a
central pillar of future power systems to enable deep emissions reductions while maintain-
ing reliability and affordability.

Global analyses further highlight that offshore renewable deployment is particu-
larly critical in regions with limited land availability or high population density, such as
Japan [36] and parts of Western Europe, where large-scale onshore wind and solar installa-
tions face geographical or environmental constraints [37]. In Latin America—where studies
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for Mexico [38] and Ecuador have explored least-cost 2050 transition pathways—offshore
wind is identified as an important option for diversifying renewable supply and enhanc-
ing seasonal balancing [39]. Similarly, long-term planning assessments for South Africa
and other coastal regions of Africa show that offshore resources can complement solar
dominated [40].

Although offshore systems operate predominantly at sea, their development is closely
linked to the evolution of onshore infrastructures. Recent studies show that hydropower
reservoirs, coastal lagoons and artificial basins are increasingly being used not only for
conventional hydro generation but also as platforms for floating photovoltaic (FPV) systems
and hybrid wind–hydro–solar installation. The European Joint Research Centre has shown
that installing FPV systems on water reservoirs can significantly increase overall renewable
energy generation [41]. Likewise, comprehensive reviews indicate that reservoirs and
coastal basins are well suited for hosting FPV installations in combination with wind
generation, as their production profiles complement seasonal variations in wind output [42].

Due to the environmental conditions prevailing in offshore areas, transmission systems
integrated into offshore power grids are based on submarine AC or direct current (DC)
cable lines. In the early stages of offshore grid development, these systems primarily
consisted of radial connections between offshore wind farms (OWF) and the onshore
grid (Figure 1a) or were designed to connect two onshore power systems. The further
development of offshore transmission networks is expected to increase the potential of
existing infrastructure, leading to grids with more complex topologies. This concept
assumes the construction of offshore hub stations that will serve both as connection points
for distributed offshore wind farms and as nodes for export cables routed toward land
(Figure 1b).

(a)  (b) 

   

Figure 1. Typical stages in the development of offshore grids. EPS—equivalent power system,
ONS—onshore substation, OFS—offshore substation, IL—industrial load, OWF—offshore wind farm.
(a) radial offshore grid topology; (b) offshore hub substation topology with centralized export to
onshore grid.

In Europe, such offshore power grids offer new possibilities for cross-border power
exchange and system integration [43]. The increasing complexity of offshore transmission
network topologies is accompanied by higher uncertainty related to system components
parameters, and the variability of power generation or consumption, all of which impose
additional challenges for system operation [44].

The integration of industrial loads (IL) is becoming an important element of future
offshore grids. The North Sea region already demonstrates practical examples involving
several large oil and gas platforms [45,46]. Beyond oil and gas electrification, offshore
hydrogen production projects [47,48] show how renewable offshore power can directly
feed such installations. At a broader scale, offshore energy islands are designed as hybrid
hubs connecting wind farms with potential industrial facilities [49,50]. These initiatives
signal a shift from generation-only offshore systems toward integrated energy-industry
ecosystems supported by meshed grid architectures [51].
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An important consideration in the design of offshore power systems is the technology
used for transmission—AC or DC cable lines. Most existing offshore wind farms are
located relatively close to shore; therefore, AC cable connections are typically employed, as
there is no technical or economic justification for using DC connections in such cases. The
fundamental difference between overhead lines and cable lines lies in their parameters—
capacitance and inductance. The capacitance of a cable line can be several times higher
than overhead line [52]. Consequently, for cable lines, the issue of capacitive current, also
referred to as charging current, becomes particularly important. For a given line length, it
may reach the cable’s thermal limit, thereby preventing the transmission of active power
and, in practice, rendering the AC cable incapable of power transfer [53]. To mitigate the
adverse effects of reactive power in AC cable lines, compensation devices are used. These
can be installed in various configurations: at one end, at both ends, at both ends of a section,
or at intermediate nodes along the cable.

If an offshore wind farm is located beyond the practical transmission range of AC
lines, or if its rated power is particularly high, a HVDC link becomes a more suitable
solution. For DC transmission, there is no defined length limitation [53]. HVDC technology
is considered cost-effective for offshore cable connections longer than about 50–100 km [54].
This configuration requires converter stations at both ends of the transmission line, which
may employ different converter topologies: LCC, VSC, capacitor-commutated converters
(CCC) or current source converters (CSC) [55]. Among these technologies, VSC systems are
most commonly used in offshore applications, primarily due to their ability to operate with
a passive grid—i.e., in the absence of local voltage sources. The main drawbacks of this
converter topology are its higher cost and limited bandwidth.

The development of offshore power systems—and particularly the simultaneous use
of both transmission technologies, high voltage alternating current (HVAC) and HVDC,
within one or more networks—has led to the concept of hybrid grids. This approach offers
significant opportunities to reduce the loading of AC lines, improve the utilization of
existing infrastructure, and lower overall costs [56]. A complete transition to direct current
transmission technologies is unlikely from a technical perspective. Therefore, research
on hybrid grids focuses on combining the advantages of both transmission technologies
to increase transfer capacity, interconnect systems operating at different frequencies, and
improve the efficiency of long-distance power transmission [57].

4. Offshore Test System Modelling
4.1. Mathematical Background

The objective of the study is to evaluate and compare interaction analysis methods
rather than to assess the performance of a particular real-world installation. Since the
analyzed phenomena arise from general system characteristics rather than site-specific
details, the proposed model ensures that the conclusions regarding methods remain valid
for practical offshore systems. The behaviour of dynamic systems such as power system
can be described using a set of first-order nonlinear equations, given in (1) [58]:

.
xi = fi(x1, x2, . . . , xn; u1, u2, . . . , ur; t) i = 1, 2, . . . , n (1)

where n denotes the order of the system, and r denotes the number of inputs. Equation (1)
can also be expressed in a vector-matrix form shown in (2):

.
x = f(x, u, t) (2)

With the state, input and function vectors defined in (3):
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x =


x1

x2
...

xn

 u =


u1

u2
...

ur

 f =


f1

f2
...
fn

 (3)

The column vector x is referred to as the state vector, and its elements are state variables.
The column vector u is referred to as the input vector, representing external signals that
affect the operation of the system. Time is denoted by t and the time derivative of state
vector x is denoted as

.
x. If state variables are not functions of time, the system is considered

as stationary. Two types of dynamic models are used to analyze interactions that affect the
stability of the power system: nonlinear and linear.

A nonlinear model can be expressed using differential-algebraic Equations (4)
and (5) [46]:

.
x = f(x, u) (4)

y = g(x, u) (5)

where f(x, u) and g(x, u) are vectors of nonlinear functions and y is the vector of out-
put signals.

A linear model, commonly used in the analysis of interactions between control loops
and subsystems, can be derived by linearizing Equations (4) and (5) around an operating
point. This model can be expressed in (6) and (7):

∆
.
x = A∆x + B∆u (6)

∆y = C∆x + D∆u (7)

where ∆x—state vector of dimension n, ∆y—output vector of dimension m, ∆u—input
vector of dimension r, A—system (state) matrix of size n × n, B—control matrix of size
n × r, C—output matrix of size m × n, D—transmission matrix of size m × r.

4.2. Properties of the Test System

For the purpose of this study, an offshore power system model illustrated in Figure 2
was proposed.

Figure 2. Schematic diagram of the offshore power system test model.

The test system model was designed as a universal model representing typical config-
urations and technologies of offshore power systems. Although it is not a direct representa-
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tion of a specific industrial installation, the model incorporates elements commonly found
in real engineering practice.

The developed test model includes 110 kV and 33 kV submarine cables. The individual
components of the system are interconnected through six electrical nodes. The 110 kV
transmission line connects the onshore grid (node A1) with the offshore substation (node
B1). A Static Var Compensator (SVC) and a local static load (OM1) are connected at node
B1. The offshore substation includes transformer T0, with a voltage ratio of 110/33 kV,
and its low-voltage side is connected to node B2. From this substation, three 33 kV lines
(L31, L32, and L33) connect the offshore substation with other elements of the system.
The offshore wind farms and the marine farm were aggregated to simplify the analysis
and are represented by equivalent models—in this case, by DFIG and PMSG generator
models, respectively. The developed test model of the offshore power system consists of
the following components:

• onshore equivalent power system operating at 110 kV (EPS),
• 110 kV transmission line (line L1),
• 110/33 kV transformer (transformer T0),
• 33 kV transmission lines (lines L31, L32, and L33),
• 33/0.69 kV transformers (transformers T11, T21, and T22),
• 33/6.6 kV transformer (transformer T32),
• 33/10.5 kV transformer (transformer T33),
• static loads (OM1, OM2, OM3, and OM4),
• Static Var Compensator (SVC),
• offshore wind farm (WF1) rated at 50 MW,
• offshore wind farm (WF2) rated at 50 MW,
• marine current farm (MCF1) rated at 10 MW,
• gas turbine power plant (SG1) with a synchronous generator rated at 37.24 MW,
• large dynamic load represented by a Variable Speed Drive (VSD1) with an induction

motor, rated at 9.5 MW.

4.3. Development of the Test Model

A linear model of the test system was developed in three variants (Variants I, II,
and III), as shown in Figure 2. Variant I includes a synchronous generator (SG1) and an
industrial load (VSD1). Variant II contains all the components of Variant I, extended by
an offshore wind farm (WF2) and a marine current farm (MCF1). Variant III represents
the complete configuration, incorporating all elements from Variants I and II, and further
expanded by an additional offshore wind farm (WF1).

For the purpose of preliminary analysis, steady-state operating conditions were estab-
lished using load-flow calculations for each variant. In studies involving load variation,
four load levels were defined: 25%, 50%, 75%, and 100% of the nominal values. In each
variant, load variation was applied only to elements: the synchronous generator (SG1) and
the industrial load represented by the VSD1.

In the context of the analyzed phenomena, two frequency ranges were considered: the
electromechanical oscillation range (approximately 0.2–2.5 Hz) and the range of oscillations
near the fundamental frequency (approximately 47–53 Hz). For the purpose of this study,
the analysis focused on signals associated with the SVC and the synchronous generator.
Therefore, the control structures of both elements are presented (Figures 3 and 4), together
with the description of the signals used in the interaction studies. The voltage phase angle
of the synchronous generator qsg1, is defined in (8), while the active power of the generator,
Psg1 is defined by (9):
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qsg1 = arg
(

Ud(sg1)

)
= arctanUd(sg1)/Uq(sg1) (8)

Psg1 = Uq(sg1) Iq(sg1) + Ud(sg1) Id(sg1) (9)

where Uq(sg1), Ud(sg1)—q- and d-axis components of the input voltage of the synchronous
generator, Iq(sg1), Is(sg1)—q- and d-axis components of the current of the synchronous gen-
erator. The gain ksg1 and the time constant Tsg1 represent the parameters of the regulator’s
preamplifier. The parameter K1(sg1) denotes the gain, while T1(sg1), T2(sg1), T3(sg1), and
T4(sg1) are the time constants of the control loop of the PSS.

Figure 3. Block diagram of the excitation voltage regulator.

Figure 4. Block diagram of the static var compensator (SVC) controller.

The parameters ksvc1 and ksvc2 represent the loop gains, while Tsvc1 and Tsvc2 are the
corresponding time constants of the SVC controller. The parameter k1 denotes the gain,
and T1, T2, T3, and T4 are the time constants of the control loop of the PSS.

5. Interactions in Offshore Power Systems
5.1. Characteristic of Interactions in Offshore Power System

Interactions can be described as the mutual influence of elements of the power sys-
tem. In terms of slow-changing phenomena occurring in the power system, the types of
interactions related to the influence of control systems presented in Table 1 can be specified.
Interaction analysis in power systems provides insight into the dynamic relationships
among individual control loops, subsystems, or system components. If not properly identi-
fied and mitigated, these interactions can lead to oscillations, reduced damping, degraded
control performance, or even system instability.

Table 1. Characteristic frequencies for different types of interactions.

Type of Interaction Frequency

Steady-state interactions 0 Hz

Electromechanical oscillation interactions 0–3/5 Hz

Control system coupling interactions 2–15

Sub-synchronous resonance interactions 2–50/60 Hz

Harmonic interactions, high-frequency resonance effects, and
electromagnetic transient interactions >15 Hz
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Control can be implemented in either an open-loop or a closed-loop system. In an
open-loop configuration, the control device does not receive feedback about the output
signals but only information about the control objective and, possibly, external disturbances
acting on the system. Such control is only feasible when the output signals can be accurately
predicted based on the control input. In a closed-loop system, control signals are determined
according to the measured output variables that define the control objective. This type
of control depends on the system’s response and operates continuously until the desired
objective is achieved.

Interaction analysis techniques can generally be classified as linear or nonlinear. The
linear group includes sensitivity-based methods, such as eigenvalue and participation
factor analysis [29,58,59], as well as interaction-matrix-based methods, including the RGA,
DRGA, and GDRG [28–61]. In addition to these approaches, other methods have also been
proposed in the literature that extend interaction beyond static measures such as the RGA
or GDRG.

The Modal Decomposition Method [62–65], also known as Damping Torque Analysis,
enables the evaluation of how individual controllers contribute to system oscillations. By
transforming the system equations into a modal form, the method identifies the damping
and synchronizing torque components associated with specific eigenvalues. It provides
quantitative indicators—such as the Maximum Damping Influence—to evaluate how
local control signals and controllers affect oscillatory modes and overall system stability.
Although computationally more demanding, this approach offers deeper insight into modal
interactions and is widely used to determine optimal controller placement and to design
power system stabilizers and FACTS devices.

The Residue Method [29,63,64,66,67] focuses on analyzing the sensitivity of eigenval-
ues to variations in controller gains. It employs eigenvectors to evaluate how changes in
controller parameters affect specific oscillatory modes. This approach enables the identifi-
cation of controllers that have the greatest influence on system damping and interactions,
and it is widely applied for tuning and optimal placement of control devices in large-scale
power systems.

Methods based on Gramians [68,69] use controllability and observability Gramians of
subsystems to measure the strength of input–output interactions. These methods show how
system states can be controlled and observed. Calculated measures such as the Participation
Matrix and the Hankel Interaction Index Array allow a systematic evaluation of coupling
between system variables. They also help with the selection of optimal input–output
pairings and the localization of control, similar to RGA-based approaches.

As a linear power system model was adopted for this study, linear interaction analysis
methods—including the sensitivity method, the analysis of the transfer function, RGA,
DRGA, and GDRG—are discussed in detail.

5.2. Sensitivity Method

Basic information about transient behaviour in a power system can be obtained
from the eigenvalues of the state matrix A, which are found by solving the characteristic
Equation (10) [58]:

det[A − λI] = 0 (10)

where λ denotes the eigenvalue of the state matrix A, and I is the identity matrix.
By solving Equation (10), the system eigenvalues λi are obtained. Real eigenvalues

correspond to non-oscillatory modes, whereas a pair of complex eigenvalues represents an
oscillatory modes. For oscillatory eigenvalues of the form λ = σ ∓ jω, a positive real part σ

corresponds to a growing function over time, while a negative value indicates a decaying
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function. The damping ratio and oscillation frequency associated with such a mode are
calculated using (11) and (12) [58]:

ξ =
−σ√

σ2 + ω2
(11)

fosc =
ω

2π
(12)

Each eigenvalue (j = 1, 2, . . . , n where n is the dimension of the state matrix) can be
associated with a right and left eigenvector defined by (13) and (14) [70]:

Awj = λjwjAw (13)

vT
j A = vT

j λj (14)

where wj denotes the right eigenvector and vj denotes the left eigenvector corresponding
to the eigenvalue λj.

Sensitivity analysis makes it possible to determine which variations in system parame-
ters cause shifts in the eigenvalues, particularly toward the imaginary axis. It also indicates
which state variables have the greatest influence on a given eigenvalue λj. The sensitivity
of eigenvalue λj to parameter p is given by (15):

∂λj

∂p
=

∂

∂p

(
vT

j Awj

)
= vT

j
∂A
∂p

wj (15)

The degree to which the i-th state variable contributes to the j-th eigenvalue can be
assessed using the participation factor defined in (16):

cji = vjiwij (16)

5.3. Method of Magnitude Analysis of the Transfer Function G(s)

Based on linearized model given by (6) and (7), the matrix transfer function can be
written as (17) [70]:

G(s) = C(sI − A)−1B + D (17)

The elements of the matrix transfer function represent individual transfer functions
that describe the relationships between specific input and output signals. In general form,
the relationship between input and output signals can be expressed as (18):

Y(s) =


Y1(s)
Y2(s)

. . .
Ym(s)

 =


G11(s)
G12(s)

...
Gm1(s)

G21(s)
G22(s)

...
Gm1(s)

. . .

. . .

. . .

G1r(s)
G2r(s)

...
Gmr(s)




U1(s)
U2(s)

...
Ur(s)

 (18)

where Y(s)—m-dimensional vector of Laplace transforms of output signals, U(s)—r-
dimensional vector of Laplace transforms of input signals (disturbances or control actions).

The transfer function between the j-th input and the i-th output is defined in (19):

Gij(s) =
∆Yi(s)
∆Uj(s)

at ∆Uk(s) for k ̸= j (19)

where the matrix G(s) has dimensions m × r, ∆Yi(s) is the Laplace transform of the output
signal at the i-th node, and ∆U j(s) is the Laplace transform of the input signal at the j-th
node. Transfer characteristics derived from (17)–(19) are used to assess whether the selected
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controller input signals show a response within the considered frequency ranges and to
what extent—for instance, through variations in amplitude or phase.

5.4. Relative Gain Array (RGA)

The RGA method is one of the simplest and most widely used techniques for analyzing
control interactions in multivariable systems [28,29,65,71]. Originally introduced as a
measure of control interaction [62], the method was later extended to the frequency domain.
For a multivariable system, the RGA is defined as a matrix of relative gains, where each
element represents the relationship between an input uj and an output yi in both open- and
closed-loop conditions.

One of the most important properties of the RGA is that it depends solely on the system
model, and not on the controller itself [62–64,66,67]. The RGA elements are calculated
directly from the system transfer functions, without the need to compute eigenvalues. The
relative gain between input uj and output yi is obtained from (20):

RGAij =

 ∂yi
∂uj

∣∣∣∣∣
ul=0, l ̸=j

 ∂yi
∂uj

∣∣∣∣∣
yl=0, l ̸=j

−1

=
gij(0)
ĝij(0)

(20)

where gij(0) denotes the gain between uj and yi when only the control signal uj is applied
to the system, while ĝij(0) represents the gain between uj and yi under ideal control
conditions, in which all other output variables yi(l = 1, . . . , k; l ̸= i) are maintained at their
setpoint values. Therefore, for the output yi and the input uj, the element RGAij defines the
effect of control on the gain between ui and yj. Using the transfer function matrix defined
in (17), the RGA matrix is obtained from (21):

RGA[G(0)] = [G(0)]⊗ [G(0)]T (21)

where ⊗ denotes element-by-element multiplication, and the matrix transfer function is
given by Equation (17).

Based on the RGA matrix, several interaction properties can be identified [65]:

• RGAij = 1—no interaction between control loops; the pairing of input–output signals
should follow the diagonal elements of the RGA matrix, i.e., yi − ui,

• RGAij = 0—no interaction between control loops; the pairing of input–output signals
should be off-diagonal, i.e., yi − uj with i ̸= j,

• RGAij > 1—the gain increases when the control loops are closed, indicating the
presence of interactions. The highest level of interaction occurs for large values
of RGAij,

• 0 < RGAij < 1—the gain decreases when the control loops are closed; interactions
increase as RGAij approaches unity,

• RGAij < 0—the control loops are closed, and negative values of RGAij indicate strong
interaction; the larger the absolute value of RGAij, the stronger the coupling between
control loops.

The RGA method is straightforward to implement and provides valuable data about
potential control loop interactions. In addition to evaluating the degree of interaction, it can
be used to identify suitable control input signals, determine optimal controller locations
and detect oscillatory modes.

The coefficients RGAij indicate how the open-loop gain gij(0) changes when other
control loops are closed. Recommended signal pairing rules are as follows:

• select signal pairs for which the RGA value is close to unity,
• avoid signal pairs with negative RGA values,
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• avoid signal pairs for which the RGA values are significantly greater than one.

5.5. Dynamic Relative Gain Array (DRGA)

An important extension of the RGA method is the Dynamic Relative Gain Array
(DRGA), which allows the analysis of input–output interactions over an arbitrary frequency
range. The DRGA is defined in (22) [30]:

∧(G(jω)) = G(jω)◦
(

G(jω)−1
)T

(22)

When analyzing a system, it is recommended to apply the DRGA to evaluate ∧(G)

within the desired frequency range. The interpretation of system properties for the DRGA
follows the same principles as for the RGA method.

5.6. Generalized Dynamic Relative Gain (GDRG)

The method that considers both the dynamics of the power system and the control
system is the GDRG method [65,72]. The GDRG values are defined in (23):

GDRGii =
gii(s)
hi

ii(s)
(23)

where gii(s) is the (i, i) element of the open-loop transfer matrix G(s), while hi
ii(s) is the

(i, i) element of the closed-loop transfer matrix Hi(s) for the open-loop ui − yi, defined
in (24):

Hi(s) =
[
I − G(s)Gi

C(s)
]−1

G(s) =
[

hi
ij

]
(24)

where Gi
C(s) denotes a diagonal matrix of controller transfer functions, in which Gi

Ci(s) = 0
and G(s) represents the system transfer function matrix. As a measure of interaction within
the control system, the GDRG index is calculated using (25):

NGDRG(jω) = ∑k
i=1|GDRGii(jω)− 1| (25)

where k denotes the number of individual controllers in an extended control system. From
relationship (25), it can be concluded that a value of NGDRG(jω) = 0 indicates the absence
of interactions between control loops at a given frequency ω = 2π f [59].

In contrast to the RGA method, the GDRG can be applied to systems incorporating
any type of controllers and is suitable for analyzing dynamic interactions among multifunc-
tional controllers.

6. Interaction Analysis
The analysis was performed on the test system presented in Figure 2 and described

in Section 4. The study considered variations in the loading of dynamic components: the
synchronous generator (SG1) and the industrial load (VSD1), as well as changes in the study
scenarios. In the next subsections, the results obtained using each selected method: eigenvalue
analysis, amplitude–phase characteristics, RGA, DRGA and GDRG are presented.

6.1. Eigenvalue Analysis

As part of the preliminary studies, a small-signal analysis was performed. For the
linear test system model, the state matrix A was derived, from which the eigenvalues,
oscillation frequencies, and damping ratios were obtained. The participation factor analysis
allows the identification of interactions—that is, the determination of the state variables
influencing a given eigenvalue.
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An example of participation factor analysis for Variant I, corresponding to selected
eigenvalue λ21 = −9.945 + j310.929, is shown in Figure 5. The results indicate that the
synchronous generator (SG1) makes the dominant contribution to this mode. The number
in parentheses next to each participation value represent the number of the differential
equations. The obtained results clearly indicate that, in this eigenvalue, the largest contri-
bution comes from the synchronous generator (SG1). The numbers in parentheses next to
each participation value correspond to the indices of the individual differential equations
within the model of each system element.

 

Figure 5. An example distribution of participation factors for eigenvalue λ21 in Variant I.

Table 2 presents the results for the frequency range associated with electromechanical
oscillations under varying load conditions, while Table 3 corresponds to the range of
electromagnetic oscillations.

Table 2. Results of eigenvalue analysis for changes in load for electromechanical oscillations.

Element Eigenvalue Frequency [Hz] Damping [-] Load

Synchronous
Generator
(Variant I)

−0.236 ± 5.263 0.838 0.045 25%
−0.186 ± 5.360 0.853 0.035 50%
−0.123 ± 5.507 0.877 0.022 75%
−0.060 ± 5.674 0.903 0.010 100%

Synchronous
Generator
(Variant II)

−0.238 ± 5.279 0.840 0.045 25%
−0.189 ± 5.374 0.855 0.035 50%
−0.128 ± 5.517 0.878 0.023 75%
−0.065 ± 5.681 0.904 0.011 100%

Synchronous
Generator

(Variant III)

−0.241 ± 5.281 0.840 0.046 25%
−0.193 ± 5.375 0.856 0.036 50%
−0.131 ± 5.518 0.878 0.024 75%
−0.069 ± 5.680 0.904 0.012 100%

Table 3. Results of eigenvalue analysis for changes in load for electromagnetic oscillations.

Element Eigenvalue Frequency [Hz] Damping [-] Load

Synchronous
Generator
(Variant I)

−17.533 ± 317.279 50.496 0.055 25%
−17.539 ± 317.281 50.497 0.055 50%
−17.542 ± 317.283 50.497 0.055 75%
−17.546 ± 317.284 50.497 0.055 100%

Synchronous
Generator
(Variant II)

−17.480 ± 317.403 50.516 0.055 25%
−17.486 ± 317.406 50.517 0.055 50%
−17.490 ± 317.408 50.517 0.055 75%
−17.493 ± 317.408 50.517 0.055 100%

Synchronous
Generator

(Variant III)

−17.363 ± 317.548 50.539 0.055 25%
−17.369 ± 317.551 50.540 0.055 50%
−17.373 ± 317.552 50.540 0.055 75%
−17.376 ± 317.553 50.540 0.055 100%
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6.2. Amplitude–Phase Characteristics Analysis

The amplitude–phase characteristics were developed for two input–output pairs
(Table 4) within two frequency ranges: the electromechanical oscillation range (approxi-
mately 0.2–2.5 Hz) and the range of oscillations near the fundamental frequency (approxi-
mately 47–53 Hz). The analysis was carried out under varying load conditions.

Table 4. List of input–output pairs for amplitude–phase characteristic analysis.

Input–Output Description

Upss(sg1) − Psg1
➢ input signal of the PSS of the synchronous generator
➢ synchronous generator active power

Upss(sg1) − qsg1
➢ input signal of the PSS of the synchronous generator
➢ signal of the synchronous generator voltage components

For the purpose of quantifying the interactions, three measures were defined: the
maximum amplitude within the considered frequency ranges (26), the corresponding
frequency at which this maximum occurs (27), and the associated phase value (28).

A1 = Amax f or f = [0 ÷ 3 Hz] A2 = Amax f or f = [40 ÷ 60 Hz] (26)

f1 = f (A1) f2 = f (A2) (27)

φ1 = φ(A1) φ2 = φ(A2) (28)

Tables 5 and 6 present the results for Variant I, II, and III for the measures defined by
Equations (26)–(28). Figures 6 and 7 present the amplitude plots and Figures 8 and 9 the
phase plots for pair Upss(sg1) − Psg1 and Upss(sg1) − qsg1 for Variant I.

  

Figure 6. Amplitude plots for the pair Upss(sg1) − Psg1 in the frequency range of 0–3 Hz and 47–53 Hz
(Variant I)—load variation.

  

Figure 7. Amplitude plots for the pair Upss(sg1) − qsg1 in the frequency range of 0–3 Hz and 47–53 Hz
(Variant I)—load variation.
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Table 5. Selected values from the amplitude–phase plots for the pair Upss(sg1) − Psg1.

Variant
0.5–3 Hz 47–53 Hz

Load
A1 [abs] f1 [Hz] φ1 [◦] A2 [abs] f2 [Hz] φ2 [◦]

I

9.089 0.839 79.963 0.042 49.510 −232.629 25%
20.956 0.854 80.275 0.070 40.000 −172.030 50%
43.768 0.877 81.081 0.102 40.000 −171.347 75%

109.918 0.903 82.016 0.135 40.000 −170.730 100%

II

3.690 0.837 80.848 0.039 49.474 −238.269 25%
20.220 0.856 80.476 0.071 40.000 −171.986 50%
41.485 0.878 81.239 0.102 40.000 −171.306 75%
99.347 0.904 82.131 0.135 40.000 −170.690 100%

III

8.713 0.841 80.236 0.044 49.447 −231.277 25%
19.821 0.856 80.515 0.071 40.000 −171.967 50%
40.307 0.878 81.271 0.102 40.000 −171.287 75%
94.162 0.904 82.155 0.135 40.000 −170.671 100%

  

Figure 8. Phase plots for the pair Upss(sg1) − Psg1 in the frequency range of 0–3 Hz and 47–53 Hz
(Variant I)—load variation.

  

Figure 9. Phase plots for the pair Upss(sg1) − qsg1 in the frequency range of 0–3 Hz and 47–53 Hz
(Variant I)—load variation.

Table 6. Selected values from the amplitude–phase characteristics for the pair Upss(sg1) − qsg1.

Variant
0.5–3 Hz 47–53 Hz

Load
A1 [abs] f1 [Hz] φ1 [◦] A2 [abs] f2 [Hz] φ2 [◦]

I

0.281 0.839 1614.300 0.003 47.971 1256.201 25%
0.898 0.854 1614.800 0.002 53.288 806.580 50%
1.722 0.877 1615.800 0.002 53.287 795.829 75%
3.459 0.903 1616.900 0.002 53.286 789.977 100%
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Table 6. Cont.

Variant
0.5–3 Hz 47–53 Hz

Load
A1 [abs] f1 [Hz] φ1 [◦] A2 [abs] f2 [Hz] φ2 [◦]

II

0.019 0.838 1614.900 0.003 47.972 1261.570 25%
0.726 0.856 1614.900 0.003 47.972 1242.520 50%
1.401 0.878 1615.800 0.003 47.972 1233.770 75%
2.695 0.904 1616.900 0.003 47.972 1228.440 100%

III

0.157 0.841 1614.400 0.003 47.972 1253.180 25%
0.612 0.856 1614.800 0.003 47.972 1241.920 50%
1.189 0.878 1615.700 0.003 47.972 1233.430 75%
2.221 0.904 1616.700 0.003 47.972 1228.270 100%

6.3. Relative Gain Array (RGA) Analysis

In the RGA analysis of the test system, the RGA matrix was obtained using Equation (21).
When two signal pairs are considered, the resulting matrix has dimensions of 2 × 2. The
results are illustrated by the variation in the values in the two columns of the first row
of the RGA matrix, namely RGA(1,1) and RGA(1,2). The analysis was performed for the
signals listed in Table 7 under varying load conditions, with the corresponding RGA results
presented in Table 8.

Table 7. List of input–output pairs for RGA analysis.

Signals Description

Input: Upss
Upss(sg1)

➢ input signal of the SVC controller
➢ input signal of the synchronous generator controller

Output: Psg1
qsg1

➢ synchronous generator active power
➢ signal of the synchronous generator voltage components

Table 8. Results of interaction analysis using the RGA method for the pair Psg1 − qsg1.

Variant I II III

Load 25% 50% 75% 100% 25% 50% 75% 100% 25% 50% 75% 100%

RGA (1,1) 0.0002 0.0003 0.0004 0.0004 0.0001 0.0003 0.0004 0.0004 0.0002 0.0003 0.0004 0.0004

RGA (1,2) 0.9998 0.9997 0.9996 0.9996 0.9999 0.9997 0.9997 0.9996 0.9999 0.9997 0.9996 0.9996

6.4. Dynamic Relative Gain Array (DRGA) Analysis

The Dynamic Relative Gain Array (DRGA) characteristics were obtained within two
frequency ranges: the electromechanical oscillation range (approximately 0.2–2.5 Hz)
and the range of oscillations near the fundamental frequency (approximately 47–53 Hz).
The resulting DRGA characteristics, particularly at higher frequencies, were found to be
significantly distorted. In this study, the DRGA method was enhanced by introducing an
additional digital filtering stage. For this purpose, a hybrid filtering approach was applied,
combining Finite Impulse Response (FIR) and Infinite Impulse Response (IIR) filters. The
filtering process, illustrated in Figure 10, modifies the input signal by multiplying its
transform with the transfer function of the combined filter, as expressed in (29) [73]:

Y(z) =
b(1) + b(2)z−1 + · · ·+ b(nb + 1)z−nb

1 + a(2)z−1 + · · ·+ a(na + 1)z−na
X(z) (29)
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where b, a are the coefficients of the polynomials, X(z) is the transform of the input signal
x, Y(z) is the transform of the output signal y, na is the order of the feedback filter, and nb

is the order of the feedforward filter.

Figure 10. Block diagram of the digital filtering process for DRGA.

The proposed filtering stage effectively reduces high-frequency distortions and im-
proves the accuracy of the DRGA-based interaction assessment without altering the essen-
tial dynamic characteristics of the system. A comparison of the characteristic before and
after applying the proposed digital filtering process is presented in Figure 11.

(a)  (b) 

   

Figure 11. Example of a DRGA characteristic after filtering (a) pre-filtered DRGA results, (b) post-
filtered DRGA Results.

The analysis was performed for the same signals as in RGA method. The results for
Variant I are presented in Figure 12, Variant II in Figure 13 and Variant III in Figure 14.

   

Figure 12. Results of DRGA values for the pair Psg1 − qsg1 (Variant I).

For Variant I (Figure 12), the test system exhibits electromechanical resonance around
1 Hz and an electromagnetic resonance near 50 Hz. In the case of Variant II (Figure 13),
the amplitudes of the resonant peaks at both frequencies are reduced compared to Variant
I. For Variant III (Figure 14), the characteristic resonance peaks observed in the previous
variants are largely suppressed and the high-frequency response becomes more dispersed.
Although the 25% loading case exhibits a slightly higher local peak below 50 Hz, this be-
haviour is consistent with the reduced inherent damping of the lightly loaded synchronous
generator. Overall, the expanded power system structure can lead reduced sensitivity to
dynamic interactions.
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Figure 13. Results of DRGA values for the pair Psg1 − qsg1 (Variant II).

   

Figure 14. Results of DRGA values for the pair Psg1 − qsg1 (Variant III).

6.5. Generalized Dynamic Relative Gain (GDRG) Analysis

The RGA method is simple to apply; however, it does not consider the controller
structure and is therefore typically used in the early phase of interaction studies. Further
analyses following the RGA assessment should consider the structure and parameters
of the applied controllers. In the case of the GDRG method, the analyzed components
were the power system stabilizer controllers within the SVC and synchronous generator
systems. The signal pairs were selected based on the DRGA analysis, where interactions
within the range of electromechanical oscillations were observed. Accordingly, the input
signals to the control systems of the power system stabilizer within the SVC and the
synchronous generator were Psg1 − qsg1. The results of the GDRG coefficient for frequency
both frequencies are presented in Figure 15 for Variant I, Figure 16 for Variant II, and
Figure 17 for Variant III.

   

Figure 15. Results of GDRG values for the pair Psg1 − qsg1—Variant I.
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Figure 16. Results of GDRG values for the pair Psg1 − qsg1—Variant II.

   

Figure 17. Results of GDRG values for the pair Psg1 − qsg1—Variant III.

6.6. Interaction Analysis Discussion

The proposed test model was evaluated under varying loading conditions (25–100%)
of selected elements and across three configuration variants. The analysis employed several
complementary methods, including sensitivity analysis, amplitude–phase plots, the RGA,
DRGA, and GDRG methods. Table 9 presents the comparison for different interaction
analysis methods used in this study.

The first analysis consisted in performing a sensitivity study using eigenvalue analysis.
In the case of electromechanical oscillations, it can be observed that loading the synchronous
generator causes changes in both the oscillation frequency and the damping ratio. The
frequencies in this range increase with loading, while the damping decreases. These
results were confirmed for all variants of the power system configuration. The change
in the load of dynamic system components resulted in variations in the frequency and
damping associated with high-power consumption, whereas it had no significant effect on
the eigenvalues related to the synchronous generator.

The next method applied to the interaction analysis was the frequency response
(amplitude–phase) characteristic. It can be observed that for the selected analyzed signals,
with a change in load and within the range of electromechanical oscillations, a significant
increase in amplitude and a frequency shift occurred. Moreover, the change in load had
no noticeable impact on the range of electromagnetic oscillations. The amplitude of the
base system in the range of electromechanical oscillations was 3.459 at a frequency of
0.903 Hz (Variant I), 2.695 at 0.904 Hz (Variant II), and 2.221 at 0.904 Hz (Variant III). For
the electromechanical oscillations, no significant amplitude changes were observed when
varying the system configuration for the analyzed factors.
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Table 9. Comparison of different interaction analysis methods.

Method Advantages Disadvantages

Eigenvalues

Relatively easy to implement in a simulation
tool (built-in function), assuming that the
linearized model is available. This method
allows for accurate analysis of the test model.

A large number of output data for highly
complex models; lack of information
identifying specific eigenvalues.

Participation Factors

Essential when analyzing eigenvalues,
providing complementary information
without which the study would be difficult
to perform.

More difficult to implement—in the
considered simulation tool there is no
built-in function available.

Frequency Response
Characteristics

Useful for signal analysis, providing
relatively extensive information over any
frequency range. Enables preliminary signal
verification before applying other methods.

Fairly laborious implementation—requires
manual selection of input–output pairs.
Relatively long computation time.

RGA

Useful in preliminary analysis of signals
selected for the control system; easy to
implement and computationally simple. Not
sufficient as a standalone interaction
analysis method.

Limited matrix size (recommended 2 × 2),
does not include the controller model, and
analyses only a single frequency point.

DRGA
Any frequency range can be analyzed;
provides more information compared
to RGA.

Difficult to implement; longer
computation time.

Subsequently, the interaction analyses were performed using the RGA method and
its extension, the DRGA. For the selected signal pair, the change in load did not cause
any change in the RGA values, and the obtained results did not indicate the presence
of interactions. The same conclusions were observed regardless of the power system
configuration variant.

In the case of DRGA, for Variant I (Figure 12) the test system exhibits electromechanical
resonance around 1 Hz and electromagnetic resonance near 50 Hz. The DRGA values
within the electromechanical range tend to increase with loading, indicating stronger inter-
actions at higher load levels. For Variant II (Figure 13), the amplitudes of the resonant peaks
at both frequencies are reduced compared to Variant I, which shows that the additional
network elements provide effective damping. Although the overall trend of increasing
DRGA values with load remains visible, the absolute amplitudes in both the electrome-
chanical and electromagnetic ranges are lower. More significant differences appear in the
electromagnetic oscillation range. Compared with Variant I, Variant II exhibits additional
frequency components introduced by the expanded network structure. The DRGA values
in this range still point to the presence of interactions, but their amplitudes are smaller and
less pronounced. For Variant III (Figure 14), the characteristic resonance peaks observed in
the previous variants are largely suppressed, and the high-frequency response becomes
more dispersed. Although the 25% loading case exhibits a slightly higher local peak be-
low 50 Hz, this behaviour is consistent with the reduced inherent damping of the lightly
loaded synchronous. In both the electromechanical and electromagnetic frequency ranges,
Variant III shows a further reduction in DRGA values, accompanied by frequency shifts.
Overall, the expanded power system structure leads to significantly reduced sensitivity to
dynamic interactions.

In the case of GDRG, for Variant I (Figure 15) the results show clear resonance values
in both analyzed frequency ranges. In the electromechanical range (0–3 Hz), the GDRG
values remain close to 2, with a noticeable peak around 0.9 Hz that can reflects the response
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of the synchronous generator. In the electromagnetic range (40–60 Hz), peaks occur around
50 Hz, indicating a strong high-frequency interaction typical for the Variant I with fewer
system elements. For Variant II (Figure 16), the overall GDRG levels in both frequency
ranges are lower than in Variant I. The peak around 0.9 Hz is still present but less distinct.
In the electromagnetic range, the dominant resonance near 50 Hz becomes substantially
weaker. There are also additional small oscillatory components introduced by the expanded
network structure. These results suggest that incorporating more components leads to a
wider distribution of values and reduces GDRG magnitude. For Variant III (Figure 17),
the characteristic peaks observed in the earlier variants are largely suppressed. In the
low-frequency range, the GDRG values remain close to 2 with minimal variation. In the
high-frequency range, the response no longer features a single dominant peak; instead, it
becomes more irregular and dispersed, with several small fluctuations. Overall, Variant III
demonstrates the more complex interaction characteristics.

7. Summary
This study presents an interaction analysis of an offshore power system comprising

both renewable and conventional energy sources, as well as industrial loads (static loads
and a variable-speed drive). An analysis of the related work shows that there has been a
gap in research on interactions in offshore power systems. Additionally, a literature review
revealed a lack of dedicated software for performing interaction analyses. Therefore, the
authors of this paper developed their own models and developed a suitable simulation
tool to perform interaction analyses.

For the purpose of interaction analysis, a linearized model of the offshore power
system was developed, and several linear interaction analysis methods were implemented,
including the sensitivity method, transfer function analysis, RGA, DRGA, and GDRG.
The developed model and applied methods allow the investigation of interactions within
the ranges of electromechanical oscillations and sub-synchronous resonance phenomena.
The results presented in this paper demonstrate that the use of a single interaction anal-
ysis method does not provide a complete understanding of the phenomena occurring in
the system.

The findings from the interaction analyses conducted using the selected methods can
be summarized as follows:

1. The transfer function analysis method and the RGA are suitable for studying the
properties of controller input signals but do not account for the influence of controller
design. Therefore, these methods are most appropriate during the preliminary stage
of analysis.

2. To obtain a more comprehensive assessment, it is necessary to apply methods such as
the DRGA and GDRG, which consider the dynamic characteristics of the designed
controllers. Due to the specific nature of offshore power systems, the direct implemen-
tation of interaction analysis methods may face difficulties. This has been illustrated
in the paper using the example of the DRGA method.

3. Direct application of the DRGA led to highly distorted characteristics that prevented
proper interaction assessment. To address this, a modified version of the DRGA
was proposed, incorporating an additional filtering stage combining Finite Impulse
Response (FIR) and Infinite Impulse Response (IIR) filters. The proposed modification
effectively reduced distortions and enabled reliable interaction analysis and system
property evaluation.

4. The results showed that interactions in offshore power systems are influenced by
factors such as system configuration and operating point. Therefore, multivariant in-
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teraction analyses are required to properly evaluate system behaviour under different
operating conditions.

Another important contribution of this study is the comparative summary of the
advantages and limitations of various interaction analysis methods. The presented compar-
ison may serve as a practical reference for researchers investigating control interactions in
power systems.

Future research on interaction analysis in offshore power systems should focus on
developing a systematic methodology for interaction studies, testing a wider spectrum of
factors affecting different types of interactions, and optimizing control system parameters
with respect to control-loop interactions. It also seems appropriate to extend research to
analyses employing non-linear interaction methods.
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Poland, 8–10 June 2005.

66. Fan, L.; Feliachi, A.; Schoder, K. Selection and Design of a TCSC Control Signal in Damping Power System Inter-Area Oscillations
for Multiple Operating Conditions. Electr. Power Syst. Res. 2002, 62, 127–137. [CrossRef]

67. Martins, N.; Lima, L.T.G. Determination of Suitable Locations for Power System Stabilizers and Static Var Compensators for
Damping Electromechanical Oscillations in Large Scale Power Systems. IEEE Trans. Power Syst. 1990, 5, 1455–1469. [CrossRef]

68. Wittenmark, B.; Salgado, M.E. Hankel-Norm Based Interaction Measure for Input-Output Pairing. IFAC Proc. 2002, 35, 429–434.
[CrossRef]

69. Halvarsson, B. Interaction Analysis in Multivariable Control Systems: Applications to Bioreactors for Nitrogen Removal; Uppsala
University: Uppsala, Sweden, 2010.

70. Robak, S. Nowa Metoda Hierarchicznego Sterowania Generatorów Synchronicznych Poprawiająca Stabilność Systemu Elektroenergetycznego;
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