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Summary

The virtual synchronous machine (VSM) concept has emerged as an approach to provide
flexible distributed control of power electronic converters interfacing distributed energy
resources with the grid. It supports power system operation by providing ancillary ser-
vices, and facilitates a seamless transition between grid-connected and islanded operation.
In this work, previous small-signal modelling and analysis carried out for a VSM imple-
mentation has been adapted and expanded to include a synchronous machine (SM) with
a control scheme similar to those of traditional generation units and to the one used in
the VSM implementation.

A nonlinear state-space analytical model has been developed for a traditional power gen-
eration unit in grid-connected mode (SM system). The model allows the study of the SM
system in similar conditions/context as the grid-connected VSM implementation (VSM
system), and facilitates their comparison. Moreover, it can represent the most relevant
dynamic characteristics of a round or salient-pole rotor SM, including the amortisseur
circuits or the representation of the corresponding damping torque in the swing equa-
tion of a reduced-order version of the model. The developed model has been linearised
analytically, to obtain the respective small-signal model.

The eigenvalue analysis of the modelled systems has indicated that most of the SM system
eigenvalues (modes) are slower or not as well damped as the VSM system ones. Moreover,
most SM system modes have shown to be relatively fixed and determined mainly by non-
tunable parameters. The modelled exciter has presented little capability of increasing the
damping of oscillations, and its integral gain, k; c;;, has demonstrated to be the tunable
parameter that can most easily cause instability in the SM system. The location of the 4
slowest and least damped SM system eigenvalues has shown to be limited by non-tunable
parameters, indicating that the performance or robustness of such system cannot be sig-
nificantly improved. A trade-off has been observed in the placement of the VSM system
critical modes: increasing the virtual inductance, [,,, improves the damping of oscillations,
while making the system response slower. However, parametric sweep analysis has indi-
cated that a good compromise between performance and robustness could be achieved by
decreasing [, and increasing the phase lock loop proportional gain, ky prr.
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Chapter 1

Introduction

1.1 Motivation

Planning, development and operation of electric power systems is expected to face consid-
erable challenges with the proliferation of distributed generation (DG) from intermittent
renewable energy sources (RES), such as photovoltaics and wind [7]. As some traditional
synchronous generators will be replaced by such generation, power electronic converters,
commonly used in these applications to interface the grid, can be expected to have a
more significant impact on large-scale power systems. Under such conditions, the de-
crease of the systems’ physical inertia and its stabilising effects can become a problem [9)].
However, the advantage of generation interfaced by power electronics is its controllability
[38].

Traditional power generation units support power system operation in different ways.
They provide damping of power oscillations through their large rotating inertias, primary
frequency regulation through their governor’s droop characteristic, and local control of
voltage or reactive power flow through their excitation control. These are not intrin-
sic to conventional control of RES power electronics interfaces, which depend on the
synchronisation to a stable grid frequency [7, 13]. However, an emerging approach to
the control of power electronic converters has been the emulation of essential proper-
ties of traditional power generation units, in order to gain the equivalent functionality
[1, 2, 5, 6,9, 11, 14, 15, 16, 19, 26, 29, 31, 35, 37, 40, 41, 42]. In this approach, some
of the proposed control structures have been explicitly conceived to replicate the dy-
namic response of a synchronous machine (SM) . Such schemes can be classified as virtual
synchronous machines (VSMs) [13].

Most VSM control studies have introduced specific implementations. These have mainly
been tested independently, from the control system point of view, by time-domain sim-
ulations and/or laboratory experiments. Detailed modelling and small-signal stability
analysis of a particular VSM implementation were first included in the study presented
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in [11], mainly for the purpose of tuning the power electronic converter control loops. De-
tailed models and small-signal stability analyses of VSM implementations also considering
the primary active power-frequency control and the dynamics of the grid frequency detec-
tion have been presented in [12, 13]. However, the small-signal stability characteristics of
a VSM implementation still need to be compared with those of a traditional generation
unit.

1.2 Scope and Limitations

This work has focused on the comparison of the small-signal stability properties of
a particular VSM implementation with those of a traditional generation unit with a
SM.Component-level considerations e.g., design, sizing, manufacturing, detailed mod-
elling and tuning, have been excluded, and only grid-connected operation has been con-
sidered at first. Fast changes in the grid frequency have been excluded from the modelling
under the assumption that protections prevent them from happening. For simplicity, load
dynamics have not been considered and balanced three-phase conditions have been as-
sumed.

The SM stator windings have been assumed to be distributed sinusoidally along the air-
gap. Magnetic hysteresis and variations of the rotor inductances with rotor position
caused by the stator slots have been neglected. Magnetic saturation effects have also
been neglected, so that all circuits have been assumed to be linearly coupled (linear flux-
current relationships) [24]. Damping of the rotor motion by mechanical losses has been
neglected [30]. The estimation of the damping factor (coefficient) for the swing equation
of the reduced-order SM model and its dependence on the machine loading have been
excluded. For simplicity, the dynamics of the governor, turbine and exciter have been
represented with simple models. The modelling of the exciter has included a simple
model for the automatic voltage regulator (AVR), and the power system stabiliser (PSS)
has been excluded.

In modelling the power electronic conversion, the switching frequency has been assumed
to be high enough for the switching action not to affect the progression of the states
[23]. Thus, the switching effects and any delay due to the implementation of the pulse-
width modulation (PWM) have been neglected, and an ideal average model has been
assumed [13]. Moreover, the PWM has been assumed to be done in the linear range.
Limitations, controlled output saturations and anti-windup functions, required for the
safe operation of the power electronic converter, have been excluded from the modelling
under the assumption that they don’t influence the control scheme dynamics in the normal
operating range [13].

No application-specific constraints have been considered for the direct current (DC) side of
the power electronic converter and, thus, modelling and control of the energy resource(s)
on the DC side has been excluded. Furthermore, the power requested from the AC side
has been assumed to be available at the DC side [13].
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1.3 Research goals

1.3.1 Main goal

To study the small-signal stability characteristics of a traditional power generation unit
with a SM and compare them with those of the reference VSM implementation.

1.3.2 Specific goals

e To create and implement routines and (nonlinear) dynamic models in MATLAB/
Simulink to simulate and analyse the behaviour of the reference VSM implementa-
tion in grid-connected mode (VSM system).

e To develop, following the conventions used in the modelling of the reference VSM
implementation, a nonlinear state-space analytical model of a traditional power
generation unit directly connected to the grid, with a general model of a SM and
currents (instead of fluxes) as state variables, to be used as the reference SM imple-
mentation in grid-connected mode (SM system).

e To create routines and dynamic models in MATLAB/Simulink to simulate and
analyse the behaviour of the SM system.

e To develop, for any set of inputs and parameter values and any operating (lin-
earisation) point, a general small-signal model of the SM system by analytically/
symbolically linearising the corresponding nonlinear state-space model.

e To validate the small-signal models by comparing their dynamic responses to those
of the corresponding (nonlinear) dynamic models.

e To derive, for any set of inputs and parameter values and any operating point,
expressions for the solution of the SM system nonlinear model equations in steady-
state conditions.

e To create and implement functions for calculating the steady-state conditions of the
modelled systems.

e To derive expressions for the partial derivatives of the SM system small-signal model
state matrix with respect to each of the system parameters.

e To develop and implement functions for analysing the small-signal stability charac-
teristics of the modelled systems.

e To analyse and compare the small-signal stability characteristics of the modelled
systems.

1.4 Problem description

Using linear techniques, small-signal analysis gives information about the power system
dynamic characteristics, and helps in its design [24]. The system equations can be linear-
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ised, making the right assumptions, enabling sensitivity information to be calculated and
factors influencing the small-signal stability to be identified [25].

The nonlinear and linearised small-signal models of the reference VSM implementa-
tion have been studied and implemented, and the presented results have been repro-
duced.

A nonlinear state-space model has been developed for a grid-connected, traditional power
generation unit with a SM and currents (instead of fluxes) as state variables, following
the conventions used in the modelling of the reference VSM implementation e.g., the
choice of per unit base values, nomenclature and Park transformation. A general SM
model has been used, which can represent the most relevant dynamic characteristics of a
round or salient-pole rotor SM, including the amortisseur circuits or the representation
of the corresponding damping torque in the swing equation of a reduced-order version of
the model. The developed analytical model has been linearised for any set of parameter
values and any operating (linearisation) point, to obtain the corresponding small-signal
model.

The linearised small-signal models have been validated by comparing their dynamic re-
sponses to those of the nonlinear models and verifying they accurately represent the
investigated systems for small deviations around the linearisation points.

Expressions for the solution of the SM system nonlinear model equations in steady-state
conditions have been derived for any set of inputs, parameter values and operating point.
Functions have been created and implemented to calculate the steady-state conditions of
the modelled systems by numerically solving and evaluating the corresponding expressions
for the solution of the nonlinear equations in steady-state conditions.

To study the small-signal characteristics of the systems, the eigenvalues (modes) of the
linearised small-signal models have been calculated, along with the corresponding eigen-
vectors. Using that information, participation (factors) analysis has been performed to
investigate interactions between system states and modes. To determine which param-
eters strongly influence certain eigenvalues, the sensitivity of the modes to changes in
system parameters has been studied, which has required calculating the partial deriva-
tives of the state matrices with respect to each of the system parameters. The analyses
have focused on the the slowest and least damped eigenvalues.

1.5 Methodology

To reach the set goals, functions and programs have been developed in the MATLAB pro-
gramming language, and models have been created in the Simulink graphical block dia-
gramming tool, within the MATLAB numerical computing integrated environment.

Programs have been developed to simulate and analyse the behaviour of the studied sys-
tems. The time-domain simulations have been carried out in Simulink, while the execution
control, algebraic matrix manipulation and small-signal analysis (by linear techniques)
have been performed in MATLAB.

In order to obtain general expressions for the SM system, the Maple computer algebra
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system has been extensively used to carry out the necessary analytical/symbolic manip-
ulation of the equations. This includes:

developing the nonlinear state-space model,
e deriving expressions for the nonlinear equation system steady-state solution,
e linearising the model,

e differentiating the resulting small-signal model state matrix with respect to the
Ssystem parameters,

e evaluating the generated expressions for verification and debugging purposes, and

e formating them for their implementation in MATLAB functions and for their pre-
sentation in this report.

Using the produced analytical expressions for the SM system, functions have been cre-
ated in MATLAB to calculate, for a given set of system parameters and steady-state
inputs:

e the steady-state conditions,

e the (linearised) small-signal model at the steady-state operating (linearisation) point,
e the eigenvalues and eigenvectors,

e their participation factors and

e their sensitivity to changes in the system parameters.

The implemented and developed models and functions have been used to analyse and
compare the small-signal stability characteristics of the studied systems.

1.6 Report outline

In Chapter 1, Introduction, the thesis work has been introduced. The motivation, scope
and limitations, research goals, problem description and methodology have been pre-
sented.

In Chapter 2, Background, concepts that are relevant to this work are presented, the cur-
rent state of knowledge is reviewed, and the contribution of this work is highlighted.

In Chapter 3, Modelling, the investigated systems are described, and corresponding (non-
linear) mathematical models are presented for each of their elements, as a basis for de-
veloping the (linearised) state-space small-signal models.

In Chapter 4, Simulation results, a base case is defined, and simulation results are pre-
sented and discussed. These include: dynamic responses of the base case systems to
changes in their inputs (from time-step simulations); base case eigenvalues, participation
factors and parametric sensitivities; and eigenvalue traces for system inputs and param-
eters varying around the base case values.



6 Introduction

In Chapter 5, Conclusions and recommendations, concluding remarks and recommenda-
tions for further work are made.



Chapter 2

Background

After decades of experience, traditional power system analysis is well established, with
standard models for each of the relevant components and frequency ranges (time horizons).
Such a well established analysis does not exist yet for systems with a significant influence
from generation interfaced with power electronic converters [32], which are pertinent to
this work. Because of the nature of such systems, the scope of this work lies in between
traditional power system analysis and control of power electronic converters. In this
chapter, concepts relevant to this work are presented, the current state of knowledge is
reviewed and the contribution of this work is highlighted.

An electrical power system is a highly nonlinear high-order multivariable process. It op-
erates in constantly changing conditions, and its dynamic response is affected by a broad
range of devices with different characteristics and response rates. Due to its complexity
and high dimensionality, it is necessary to make simplifying assumptions and to anal-
yse specific problems using suitable degrees of detail in its representation and the right
analytical techniques [25].

2.1 Traditional power systems

In traditional power systems, generation is provided by a rather small number of large
power plants, which are connected to the transmission system. In a traditional power
generation unit, a prime mover (usually a turbine or a combustion engine) converts the
primary source of energy into mechanical energy. The prime mover drives a synchronous
machine (SM), which transforms the mechanical energy into electrical energy. A governor
(speed controller/governor) controls the power output or the speed, based on a given active
power-frequency droop characteristic. An exciter provides the field (excitation) current,
necessary to create the magnetic field inside the SM. An automatic voltage regulator
(AVR) controls the field current and, in consequence, the SM terminal voltage [30].
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The stability of a traditional power system is strongly affected by its controls, which are
highly distributed in a hierarchical configuration. Controllers operate directly on individ-
ual elements like boilers, prime movers, excitation systems, power (electronic) converters
and transformer tap changers. The controllers of closely linked elements are coordinated
by plant controllers. System controllers supervise the plant controllers at system control
centres, and pool-level controllers coordinate the system controllers at pool control centres
[24].

Within the distributed control structure, traditional power generation units support tradi-
tional power system operation in different ways. They participate in the system damping
via their inertia, contribute in the primary frequency regulation by means of their gover-
nor droop characteristics, and take part in the local control of voltage or reactive power
flow through their excitation controls. Such features are not intrinsic to the conventional
control of the renewable energy sources (RES) power electronics interfaces, which depend
on the synchronisation to a stable grid frequency [13].

2.2 Power system stability

Power system stability refers to the capacity of an electric power system to recover op-
erating equilibrium after undergoing a disturbance, with most of the system remaining
intact. The initial operating conditions and the nature of the disturbance influence this
ability [25].

Power systems undergo a great diversity of disturbances. Load variations take place con-
stantly, acting as small disturbances, and power systems have to operate satisfactorily
while adapting to such changing conditions. They must also come through large distur-
bances, such as the loss of a large generator or a short circuit in a transmission line. Such
disturbances can result in structural changes caused by the isolation of faulted elements
or deliberate disconnections to maintain the major part of the system in operation. In-
terconnected power systems can also be deliberately divided into independent systems
called islands [25].

Simplifying assumptions are made to concentrate on the aspects determining the specific
kinds of stability problems. Stability in traditional power systems has been consequently
classified into various categories. This facilitates the identification of essential aspects
that contribute to instability and the development of methods for enhancing stability
24, 25).

2.2.1 Swing equation

The rotational inertia equations are central to power system stability analysis. The equa-
tion of motion of a SM in per unit (pu), given by (2.1), describes the effect of an unbalance
between the pu electromagnetic (air-gap) torque, 7. gas(t), and the pu mechanical input
torque, T, sam(t), in a SM, with ¢ being the time in seconds, d6sy/(t) the (phase) angle
difference (displacement) in electrical radians between the rotor angular position and the
reference (phase) angle in a rotating reference frame (RRF), kq gy the damping factor
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(coefficient) and Tsps the inertia time constant (mechanical starting time) in seconds [24].

2

Torr S g530(0) = T sa1 (1) — Tesnn (t) — husr 05 (1) (2.1)
Tsar corresponds to the time it takes rated torque to accelerate the rotor from standstill
to rated speed, directly related to the combined moment of inertia of the SM and the
prime mover. (2.1) is known as the swing equation, as it describes the the rotor angle
swings during disturbances. The term kd,gM%MSM(t) is usually included to represent
a component of damping torque, proportional the to the rotor angular speed deviation
(difference), %595}\4 (t), not included in the calculation of 7. gar(t) [24].

2.2.2 Rotor angle stability

For SMs to be interconnected, the frequency of their stator voltages and currents has to be
the same, and, since their rotors mechanical angular speed is synchronised to that angular
frequency, the rotors of all interconnected SMs need to be in synchronism. The stability
category concerned with the capacity of the interconnected SMs of a power system to
stay in synchronism after undergoing a disturbance is called rotor angle stability. Such
ability is determined by the capacity of each SM to sustain or regain equilibrium between

Tm75M(t) and TeysM(t) + kd75M%595M(t) [24, 25].

That operating equilibrium is disrupted when the power system undergoes a disturbance,
which causes the acceleration or deceleration of the rotors. When a SM spins more quickly
than another one, its rotor 660gps(t) increases with respect to that of the slower SM. The
increased relative 00g)/(t) transfers part of the output power (load) from the slower SM
to the faster one, as a result of the highly nonlinear active power-angle relationship. The
consequently higher term 7. gps(t) + kdysM%(SGSM(t) reduces the faster rotor %(595]\/[(75)
with respect to the slow one and thus their relative 60gy,(t). However, due to the active
power-angle relationship, an increase in the relative 00g)s(t) past a critical point results
in a decrease in the power transfer, so that the relative d0gy/(t) increases further. If
the kinetic energy from the corresponding %5951\/](15) is subsequently not absorbed by the
power system, instability arises [25].

The change in a SM electromagnetic torque, 7. gar(t) + kdﬁM%(SHSM(t), resulting from
a disturbance can be separated into a synchronising torque component, in phase with
00sp(t), and a damping torque component, in phase with %SQSM(t). The magnitudes
of both components in each SM determine system stability. Oscillatory instability is a
consequence of insufficient damping torque, while non-oscillatory (aperiodic) instability
is caused by a shortage of synchronising torque [25].

2.2.3 Voltage stability

The stability category concerned with the capacity of a power system to keep voltage levels
within their limits at all buses after undergoing a disturbance is called wvoltage stability.
Such ability is determined by the capacity to sustain or regain equilibrium between power
(load) supply and demand. Corresponding instability arises as a gradual voltage drop or
increase in some buses [25].
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Voltage instability occurs often together with rotor angle stability. Omne can result in
the other, and it can be difficult to differentiate them. The distinction has been made
nevertheless in the traditional classification of power system stability with the purpose of
comprehending the factors causing the problems, so that suitable design and operating
methods can be elaborated [24].

2.2.4 Small-signal stability

This work has focused on the particular capacity of power systems to sustain synchronism
and keep voltage levels within their limits at all buses under small perturbations, which
is called small-signal (small-disturbance) stability. In the analysis of such problems, the
system equations can be linearised making the right assumptions e.g., the small magnitude
of all signal deviations from the steady-state operating point. This enables the use of linear
techniques to calculate relevant sensitivity information, which can be used to determine
factors affecting stability [25].

Rotor angle small-signal stability problems can be local or global. Local problems entail
a small section of the power system. These are normally related to rotor angle oscillations
of one power plant against the rest of the power system, which are called local plant mode
oscillations. Global problems entail a group of SMs in one area swinging against another
group in another area, and have widespread effects. The corresponding oscillations, called
inter-area mode oscillations, have complex characteristics, very different from those of
local plant mode oscillations [24, 25].

After a full small-signal (linear) state-space model of the power system is established,
its eigenvalues (modes) can be calculated. These give the damping and frequency of
the oscillatory terms, and the speed of the non-oscillatory ones, in the system (model)
dynamic response. This analytical study enables further examination such as establishing
the relationship between system parameters and stability. Participation (factors) analysis
can then be performed to study interactions between system states and modes [4, 24, 32].
This analysis facilitates the investigation of the sensitivity of the eigenvalues to changes in
system states. Moreover, the study of mode sensitivity to changes in system parameters
contributes to determine which parameters strongly influence certain modes. In such

studies, the influences on slow or poorly damped eigenvalues are of main interest [4, 30,
32].

2.3 Distributed energy resources

Environmental, technological and economic incentives are shifting paradigms in power
systems. Traditional generation units exploiting centralised energy resources are giving
way to smaller, more distributed energy resources (DER). DER include distributed storage
(DS), demand response (DR) loads and distributed generation (DG), and encompass a
wide range of emerging technologies, most of which have power electronics interfaces to
the electrical power system. As opposed to traditional generation units, most DER are
connected to distribution networks [22, 28, 39].
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One of the major differences from traditional generation is that DG interfaced with power
electronics cannot inherently supply the instantaneous power needs because of the absence
of large rotors. Since most DG are inertia-less and respond slowly to control signals, load-
tracking problems occur when operating without the presence of traditional generation.
Thus, a system with groups of such DG designed to operate in that condition needs some
sort of (distributed) energy storage to guarantee initial energy balance [28].

The technical challenges associated with the centralised control of a significant number of
units is a fundamental problem for DER. In such a complex control system, the malfunc-
tion of a control, communication or software component could potentially cause a system
collapse [28].

2.4 Microgrids

To avoid the need of redesign or re-engineering of the power system while enabling co-
ordinated integration and high penetration of DER, system approaches have been taken
to aggregate loads and DER in groups viewed as single controllable subsystems: virtual
power plants (VPPs) [33, 36] or microgrids [28]. As opposed to that in microgrids, ag-
gregation in VPPs can be virtual (software-based). Thus, while a microgrid can operate
both in grid-connected and islanded mode, geographical limits often make the islanding
of a whole VPP impossible [28, 39].

In ensuring the reliability of a microgrid, small-signal stability is of main interest. Small-
signal stability analysis is well established for traditional power systems, but not so for
microgrids based on power converters. For such microgrids, the influence of system pa-
rameters on certain oscillatory modes needs to be determined, specially for the poorly
damped modes. Since the control and inertia time constants of traditional generation
units are much greater than the network ones, the dynamics of the latter are usually
excluded in the traditional power systems small-signal models. Most DER in microgrids
are, however, interfaced with the main network by power converters with smaller time
constants. Network dynamics can therefore influence the stability of such systems, and
need to be included [32]. As a consequence of the relatively small size of the DER in a
microgrid, most of the system dynamics in grid-connected operation are determined by
the grid itself. However, such dynamics in islanded operation are dictated by the DER,
their controls, the loads and the micronetwork itself [4, 32].

Microgrids can provide an electric service with higher power quality and reliability to
the end customers, and dispatchable power and relief or deferral of grid upgrades to the
power system operators [22, 27, 28]. By making use of local measurements only, they
can respond independently to events. This may require, for example, a quick change in
the control of the DG output power as it switches from a dispatched power mode to one
in which it must control the island frequency and follow the load [28]. Although such
operation is inherently feasible with traditional power generation units, it can be more
complicated to realise with power converters designed to operate in large-scale power
systems [13].
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2.5 Virtual synchronous machines

However, an emerging approach to the control of DER power converters has been the
emulation of fundamental characteristics of traditional power generation units in order to
obtain the equivalent functionality. In this approach, different control schemes have been
suggested for providing ancillary services such as emulation of rotating inertia, damping
of oscillations and reactive power (voltage) control [1, 2, 5, 6, 9, 11, 14, 15, 16, 19, 26,
29, 31, 35, 37, 40, 41, 42]. Some of the proposed control structures have been explicitly
conceived to replicate the dynamic response of a SM, and can be consequently classified
as virtual synchronous machines (VSMs). VSMs based on the swing equation have been
shown to be equivalent, under certain conditions, to the active power-frequency droop
control schemes devised originally for uninterruptible power supply (UPS) systems and
microgrids [9, 10], but VSM parameters can be more intuitive [13].

VSMs can help implementing flexible distributed (power) converter control structures,
capable of both grid-connected and islanded operation, and capable of smoothly changing
from one to the other. As opposed to conventional converter control schemes, VSMs can
independently provide transient power sharing and frequency support as primary control
actions, using only local information. These schemes can also track set-points given by
a central controller in a hierarchical structure for optimising grid operation. Another
advantage of VSMs is their conceptual simplicity, thanks to the intuitive interpretation of
their responses by analogy with those of SMs. However, to represent the energy storage
of the emulated rotating inertia, an adequate energy buffer is needed. Hence, the power
converter current ratings and their direct current (DC) side configurations restrict the
amount of virtual inertia that such schemes can provide [13].

Studies reviewing VSM implementations have been presented in [2, 9], including a classifi-
cation framework proposed in [9]. These studies have stressed that some implementations
do not fully capitalise on the VSM concept potential, as they depend on a phase lock
(phase-locked) loop (PLL) for sensing the grid frequency, its derivative and the grid volt-
age phase angle, hence relying on grids with large rotating inertia. Other implementations
use an internal (mathematical) SM model in the control system to directly generate the
voltage references for the pulse-width modulation (PWM) of the signals driving the power
electronic conversion [41]. Such direct open-loop control schemes do not allow, however,
the explicit inclusion of the necessary functions to protect the converters. Such functions
can be easily embedded in cascaded (closed-loop) control structures, in which the inertia
emulation algorithm generates the set-point for a voltage control loop in cascade with a
current control loop [8, 9, 13, 32, 34].

Most VSM control studies have introduced specific implementations. These have mainly
been tested independently, from the control system point of view, by time-domain sim-
ulations and/or laboratory experiments. Detailed modelling and small-signal stability
analysis of a specific implementation were first included in [11], mainly for the purpose
of tuning the power electronic converter control loops. Detailed models and small-signal
stability analyses of VSM implementations also considering the primary active power-
frequency control and the dynamics of the grid frequency sensing have been presented in
[12, 13]. The reference VSM implementation studied in this work has been proposed in
[13], and is explained in Chapter 3.
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In developing the necessary experience to establish reduced-order models for determined
problems, the small-signal stability characteristics of systems with significant influence
from generation interfaced with power electronic converters need to be further studied
[32]. This work has aimed to contribute in that regard by adapting and expanding pre-
vious VSM small-signal modelling and analysis to include a SM with a control scheme
similar to those of traditional generation units and to the one used in the reference VSM
implementation. The comparison of their small-signal stability characteristics can help
to asses the relevance and convenience of the developed and implemented models e.g.,
whether they provide the right degree of detail. Furthermore, applying linear analysis
techniques can help tuning the corresponding controllers to obtain better performance
and higher robustness of the studied systems.






Chapter 3

Modelling

In this chapter, the investigated systems are described, and corresponding (nonlinear)
mathematical models are presented for each of their elements, as a basis for developing
the (linearised) state-space small-signal models.

In a dual modelling approach, the reference virtual synchronous machine (VSM) im-
plementation and a traditional generating unit with a synchronous machine (SM) have
been modelled separately, and are thus introduced in a similar manner. The VSM sys-
tem models are based on the ones presented in [13], while the SM system models have
been developed following the same conventions e.g., the choice of per unit base values,
nomenclature and Park transformation. To facilitate comparison, the SM control outer
loops have been represented by models that are similar to those proposed in [13] for the
VSM.

3.1 Modelling conventions

The modelling of the systems and the implementations of the control systems are based
on per unit (pu) quantities, denoted by lower case letters, with the exception of time, ¢,
expressed in seconds, angles, expressed in electrical radians, cut-off angular frequencies
of the low-pass filters, expressed in electrical radians per second, and some base values,
expressed in their corresponding physical values. The base values are defined from the
apparent power ratings and the rated peak phase-to-neutral voltages. Physical values in
the electrical circuits are represented by upper case letters [13, 24].

The modelling, analysis and control of the systems is implemented in rotating reference
frames (RRFs). The transformations from the stationary reference frame into the RRFs
are based on the amplitude-invariant Park transformation, with the quadrature (q) axis
leading the direct (d) axis by 90°. Balanced three-phase conditions have been assumed, so
no zero sequence components are included. The subindexes d and q denote the d-axis and

15
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Figure 3.1: Ouverview of the investigated system configuration and control structure for the
synchronous machine

g-axis components of a transformed variable, respectively. The magnitude of the current
and voltage vectors is 1 pu at rated conditions [13, 24].

RRF equations are given, where possible, in complex space vector (CSV) notation as in

vsm(t) = ’USM,d(t) —i—jvSM,q(t) . (3.1)

Active and reactive powers can therefore be expressed on complex or scalar form as in
(3.2), where igps(t) denotes the complex conjugate of igas(t) [13].

psm(t) = Re [van (t)isn ()] = vsna(t)isara(t) +vsng(t)isarg(t) (3.2)

gsm(t) =Im [verr(£)isnm (t)] = —vsnr,a(t)isarg(t) + vsnrq(t)isara(t)

3.2 Synchronous machine system

An overview of the investigated system configuration and control structure for the SM is
shown in Figure 3.1.

In developing the mathematical model of the SM, further assumptions have been made.
The stator windings have been assumed to be distributed sinusoidally along the air-
gap. Magnetic hysteresis and variations of the rotor inductances with rotor position
caused by the stator slots have been neglected. Magnetic saturation effects have also
been neglected, so that all circuits have been assumed to be linearly coupled (linear flux-
current relationships) [24]. Damping of the rotor motion by mechanical losses has been
neglected [30].

The circuits used in the modelling of the SM are shown in Figure 3.2. The stator circuits
comprise three-phase armature windings, a, b, ¢, carrying alternating currents (AC), while
the rotor circuits consist of field winding and amortisseur circuits, fd, 1d, 1¢,2q. A direct
current (DC) voltage source, v¢q4(t) is connected to the field winding [24], fd.

The currents in the amortisseur (solid rotor or damper windings) have, for modelling
purposes, been assumed to flow in two sets of closed circuits: one whose flux is in line
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Figure 3.2: Circuits used in the modelling of the synchronous machine

with that of the field winding along the d-axis, 1d, and the other whose flux is at a right
angle, along the g-axis [24], 1¢, 2q.

The rotor (phase) angle, fsa/ (%) , is the angle by which the d-axis leads the magnetic axis
of phase a winding in the direction of rotation. As the rotor rotates with respect to the
stator, Ogpr(t) increases continuously, and its relationship with the rotor angular speed,
ws(t), is given by (3.3), where wy, is the angular speed/frequency base value in electrical
radians per second and t is the time in seconds.

t

Osar(t) = wpbsar(0) + wb/UwSM(t)dt (3.3)

The generator convention has been used for polarities: the direction of a stator winding
current has been assumed to be positive when flowing out of the machine. The direction
of the field and amortisseur currents has been assumed to be positive when flowing into
the machine. By applying the (amplitude-invariant) Park transformation, with 0g,/(¢) as
the transformation angle, the equations associated with the stator circuits are expressed
in the SM RRF: its rotor dg RRF. The equivalent circuits shown in Figure 3.3 can be used
as a visual description of the machine model in the rotor d¢ RRF, featuring the currents
as loop currents. The [,4-base reciprocal pu system is used, so that the base current in
any rotor circuit is defined as that which induces in each phase a pu voltage equal to the
value of l,q [24].

3.2.1 SM voltage equations

The stator voltage equations are given by (3.4) and (3.5), where r, is the pu armature
resistance, vgar(t),isp(t) are the pu armature voltages and currents, and ¥q(t), 14(%)
are the pu armature flux linkages d- and g-axis components, respectively.

vsa,a(t) = wfb*%(t) — g(t)wsnm (t) — raismd(t) (3.4)

vsM,(t) = ;qu@) + Ya(t)wsn (t) — Taisng(t) (3.5)
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The rotor voltage equations are given by (3.6)-(3.9), where 1 ¢4(t), ¢¥14(t), ¥14(t), 12q(t) are
the pu flux linkages, 74,714,714, T2 are the pu resistances and i¢q(t),714(t), i14(t), 924 (%)
are the pu currents of the field and amortisseur circuits, respectively.

vpalt) = wi%qpfd(t) - raiat) (3.6)
0= Ja‘”ld( )+ rigina(t) (3.7)
0= g (1) + riging() (3.8)
0= o dtwgq( )—i—?“quQq(t) (3.9)

3.2.2 SM flux linkage equations

The stator flux linkage equations are given by (3.10) and (3.11), where [; is the pu ar-
mature (unsaturated) leakage inductance, and l,q,l,q are the pu armature d- and g-axis
(unsaturated) mutual inductances, respectively.

Va(t) = — (laa + 1) isn,a(t) + laatsa(t) 4 lagira(t) (3.10)
¢q(t) = - (laq + 1) Z'SM,q(t) + laqilq(t) + laqi?q(t) (3.11)

The rotor flux linkage equations are given by (3.12)-(3.15), where l¢14 is the pu (unsatu-
rated) mutual inductance between the field and d-axis amortisseur circuits, {tfq,l114,l114,
laaq are the pu (unsaturated) self-inductances of the field and the d- and g-axis amortis-
seur circuits (3.16)-(3.19), respectively, and lf4,l14,l14,l24 are the corresponding pu (un-
saturated) leakage inductances.

bpa(t) = lgaiga(t) + lratra(t) — laaisara(t) (3.12)
Y1a(t) = lr1qipa(t) + li1aira(t) — laaisar,a(t) (3.13)
Y1q(t) = lingitg(t) + lagizg(t) — lagisnq(t) (3.14)
V2q(t) = laging(t) + l2ogizg(t) — lagisns,q(t) (3.15)
lira = lp1a+1a (3.16)
li1ga = lp1a + lia (3.17)
lig = lag +lg (3.18)
lazg = lag + l2g (3.19)
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Figure 3.4: Synchronous machine active power control, governor and turbine

3.2.3 SM air-gap torque

The pu electromagnetic (air-gap) torque, 7. sar(t), is given by

Te,s0 (1) = a(t)isnrqg(t) — Ye(t)isara(t) (3.20)

3.2.4 SM equations of motion

The SM pu swing equation is given by (3.21), where dwgas(t) is the pu rotor angular speed
deviation from the pu grid angular frequency (3.22), wy(t), 7 sar(t) is the pu mechanical
input torque (3.23), pm,sar(t) is the pu mechanical input power, Tsps is the inertia time
constant (mechanical starting time) and kg gps is the damping factor (coefficient). As
mentioned in Section 2.2.1, the term kg gardwgsn(t) includes a component of damping
torque not accounted for in the calculation of 7. gas(t) [24]. This allows the modelling of
the damping provided by the amortisseur circuits without explicitly considering them in
the (reduced-order) model. Thus, when the amortisseur circuits are explicitly considered
in the (general) model, the term is excluded e.g., by setting kq g1 = 0.

d _ Tmsm(t)  Tesm(t)  kasmowsm(t) d
aéng(t) = ey Terr Torr ~ EwSM(t) (3.21)
dwsn(t) = wsn(t) — wy(t) (3.22)
Pm SM(t)
- t) = 22N 3.23
rmsu(t) = ZSML (3.23)

Expressions for the rotor (phase) angle difference (displacement), d6g/(t), and Osps(t)
are given by (3.24) and (3.25), respectively.

d

a(SHSM(t) = wb(stM(t) = wwaM(t) — wbwg(t) (3.24)
%QSM(t) = wpwsnm (t) = wpdwsnr(t) + wpwy(t) (3.25)

3.2.5 Active power control, governor and turbine
A block diagram portraying the models of the active power control (APC), (speed) gov-
ernor and turbine is shown in Figure 3.4.

APC is provided by an active power-frequency droop (3.26) that models the steady-state
characteristics of the governor [13], with p}, ¢,,(t) being the APC output signal: the
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pu mechanical input power reference, p%,,(t) the pu (external) active power set-point
(reference), k., sur the active power-frequency droop gain (constant) and wg,,(t) the pu
(external) angular frequency/speed reference (set-point).

Prn,sar(t) = Psar(t) = kusar [wsn () — wany (£))] (3.26)

The dynamic characteristics of the governor and the turbine are modelled together as a
first-order system (3.27), with time constant Ty .

d Prosni(t)  pmsne(t)
—Dm t) = : — : 3.27
dtp 7SM( ) Tgt Tgt ( )

3.2.6 Reactive power control

The applied droop-based reactive power control (RPC) is similar to those commonly
used in microgrid systems [13, 32, 34]. The corresponding block diagram is shown in
Figure 3.5.

The RPC output signal: the pu armature voltage amplitude reference, fig}w(t), is calcu-
lated by (3.28), where 0g,,(t) is the pu (external) voltage amplitude set-point (reference),
kqsnm is the reactive power-voltage droop gain (constant), ¢%,,(t) is the pu (external)
reactive power set-point (reference) and ¢, sar(t) is the pu filtered reactive power mea-
surement. The state-space equation representing the applied first-order low-pass filter is
given by (3.29), where ggar(t) is the pu reactive power measurement (3.30) and wy gps is
the filter cut-off angular frequency.

O (t) = Ogpr(t) + kgsn [q50 () — Gm,sm (1)) (3.28)
d
&Qm,SM@) = —ws sMGm,sM(t) +wrsnmgsn(t) (3.29)
gsm(t) = —vsnra(t)isn,g(t) + vsarg(t)isaralt) (3.30)

3.2.7 Exciter with automatic voltage regulator

A block diagram showing the model of the exciter with an automatic voltage regulator
(AVR) is shown in Figure 3.6.

The AVR is modelled as a proportional-integral (PI) controller. Its reference, 0%%,(t), is
compared with the pu armature voltage amplitude, 0g7(¢), to produce the AVR output
signal: the pu field circuit voltage reference, vj’id(t), given by (3.31), where kj ., and
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Figure 3.6: Synchronous machine exciter with automatic voltage requlator

ki er are the PI controller proportional and integral gains, respectively, and the state
((t) represents the integrator of the PI controller (3.32). Required controller anti-windup
protection, output saturation, limiters or protective circuits are not included in the model,
as they don’t influence the dynamics of the control scheme within the normal operating
range.

U5a(t) = K 0520 (8) = D521 (8)] + s 1) (3:31)
60 = i) — o51(0) (332)

The dynamic characteristics of the exciter are modelled as a first-order system (3.33),
with time constant T, .
d V5q(t)  wpg(t
—upq(t) = f _Yr (t)
dt Tex Tew

(3.33)

3.2.8 Reference frame orientation

In steady state, the SM RRF rotates with the same angular speed as the grid voltage.
Thus, the rotor (phase) angle, 0gas(t), continuously increases, as shown in the vector
diagram in Figure 3.7. The rotor (phase) angle difference (displacement), d0sas(t), rep-
resents the phase difference between the SM RRF and the rotating grid voltage vector,
as shown also in Figure 3.7. Assuming the pu grid voltage amplitude, 94(t), to be known,
the pu grid voltage CSV in the SM RRF, ng(t), is then given by

VM (1) = by (t)e I0sn(®) (3.34)

3.2.9 Nonlinear model

Neglecting the term %wg(t), equations (3.4)-(3.34) have been reduced in Maple to a
state-space model with 12 state variables and 6 input signals, with the state vector,
xsm(t), defined by (3.35), and the input vector, ugs(t), defined by (3.36). Terms such
as Tﬁd(t)iSMg(t) and 1,bq(t)i5M,d(t) in (3.23), pm,SM(t)/WSM(t) in (3.23), USM,d(t)iSM,q(t)
and vgnrg(t)isaa(t) in (3.30) and o,(t)e ~1%%sm(®) in (3.34) make the model nonlinear.
The resulting model equations are given in Appendix A.

xsm(t) = [lisma(t) isng(t) iga(t) i1a(t) i1q(t) dzg(t) -
- wsnr () 00501 () Prm,sni(t) Gmysne (t) C(8) vra®)]”  (3.35)

sy (t) = [0g(8) Phar(t) 05as () an (8) wing(8) wo(t)]" (3.36)
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q-axis

Figure 3.7: Vector diagram defining the SM RRF and voltage CSV orientations

3.2.10 Small-signal model

Classical stability assessment techniques based on eigenvalues are not directly applicable
to the nonlinear state-space model. A linearised small-signal state-space model has there-
fore been derived in Maple, with the form given by (3.37), where the prefix A indicates
small-signal deviations around the steady-state operating point [13, 24], Agas is the
state (system, dynamic) matrix and Bgys(¢) is the input matrix. The resulting analytical
expressions for the matrices are given in Appendix A.

. . d
Axgy(t) = EAXSM(t) = AsyAxgy(t) + BsarAugsas(t) (3.37)

3.3 SM system plus grid equivalent impedance

The SM system model has been modified, at a later stage, to include an equivalent of the
grid impedance, as depicted in Figure 3.8. A capacitance has been added at the PCC
to provide an independent state that allows to couple both state-space subsystems. The
corresponding state-space equations in the SM RRF are given by (3.38) and (3.39), where
cmg 1s the pu coupling capacitance, i, gas(t) is the pu CSV of the currents flowing from
the SM PCC into the grid equivalent, /,,4 is the pu grid equivalent inductance and 7, is
the pu grid equivalent resistance.

d wy . wp . .

g vsm(t) = isar(t) = o su(t) — jurwg(H)vsn (1) (3.38)
Cmg Cmg

d. w w TrmgW ) .

g sn(t) = —vgnr(t) — vy (t) — | “PE 4 Suwpwy (8) | iosar(t)  (3.39)

dt Img Img Img

Equations (3.4)-(3.34),(3.38),(3.39) have been consequently reduced in Maple to a state-
space model with 16 state variables and 6 input signals, with the state vector, xgar4(%),
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Figure 3.8: Overview of the investigated system configuration and control structure for the
synchronous machine plus grid equivalent impedance

defined by (3.40), and the input vector, ugazy(t), defined by (3.41). The resulting model
equations are given in Appendix B.

xsMg(t) = [vsn,a(t) vsnrg(t) Go,50,d(t) io,s0q(t) -+

~isnm,d(t) isng(t) ira(t) i1a(t) t1g(t) doq(t) --- (3.40)
- wenr(t) 6051 (t) Prm,sar (t) Gm,sna(t) C(E) vra(t)]”
Usnrg(t) = [0g(t) wylt) Piar(t) qins(t) whn(t) 950, (1) (3.41)

A linearised small-signal state-space model has also been derived in Maple, with the
form given by (3.42), where the prefix A indicates small-signal deviations around the
steady-state operating point, Agprg is the state (system, dynamic) matrix and Bgarg(t)
is the input matrix. The resulting analytical expressions for the matrices are given in
Appendix B.

. . d
AXSMg(t) = EAXSMg(t) = ASMQAXSMg(t) + BSMgAuSMg(t) (3.42)

3.4 Virtual synchronous machine system

An overview of the investigated system configuration and control structure for the VSM
is depicted in Figure 3.9, in which a voltage source converter (VSC) is connected to a grid
through a LC filter. Positive values for active and reactive power flowing from the VSC
into the grid result from the current directions indicated in Figure 3.9 [13].
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Figure 3.9: Overview of the investigated system configuration and control structure for the
virtual synchronous machine

In modelling the VSC, the switching frequency has been assumed to be high enough
for the switching action not to affect the progression of the states. Thus, the switching
effects and any delay due to the implementation of the pulse-width modulation (PWM)
have been neglected, and an ideal average model has been assumed [13, 23]. The PWM
has been assumed to be done in the linear range. No application-specific constraints have
been considered for the VSC DC side and, thus, modelling and control of the energy
resource(s) on the DC side has been excluded. The AC side has been assumed to be
effectively decoupled from any dynamics in the DC voltage, so that the dynamics on the
AC side can be accurately represented without modelling the DC side. Furthermore,
the power requested from the AC side has been assumed to be available at the DC side
[13].

By applying the (amplitude-invariant) Park transformation, with the VSM virtual internal
voltage phase angle, 0y gar(t), as the transformation angle, the equations are expressed
in the VSM RRF. As opposed to that of the SM RRF, the VSM RRF d-axis is thus
aligned not to the axis of the virtual rotor field winding but to its corresponding virtual
internal voltage, which leads the former by 90°. The VSM RRF is used for both control
and modelling of the system. Thus, the electrical system model is also represented in this
RRF.

As in Section 3.2.7, limitations, PI controller anti-windup protections or output satura-
tions, required for the safe operation of the VSC, have been excluded from the modelling
under the assumption that they don’t influence the control scheme dynamics in the normal
operating range [13].
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Figure 3.10: Virtual synchronous machine swing equation and active power control

3.4.1 [Electrical system equations

According to Figure 3.9, the electrical system in the model comprises a set of filter induc-
tors connected to the VSC and a shunt capacitor bank modelling the LC filter capacitance,
at the point of common coupling (PCC) with (a Thévenin equivalent of) the grid. This
incorporates the dynamic interaction between the VSC control system and the equivalent
grid voltage in the model. Assuming an instantaneous average model of the VSC and
neglecting the term %wg(t), the electrical system state-space equations in the VSM RRF
are given by (3.43)-(3.45) [3, 13, 32], where i, (t) is the pu filter inductors current CSV,
I is the pu filter inductors inductance, v, (t) is the pu VSC output voltage CSV, v,(t)
is the pu PCC (filter capacitors) voltage CSV, 7y is the pu filter inductors equivalent
resistance, ¢y is the pu filter capacitance, i,(t) is the pu CSV of the currents flowing from
the VSM PCC into the grid equivalent, [, is the pu grid equivalent inductance, r4 is the
pu grid equivalent resistance and vg4(t) is the pu grid voltage CSV.

%iw(t) = ;"vaw@) - Zi’vo(t) - [”l”;”’ + jwbwg(t)} oo (1) (3.43)

%Vo(t) = (1) — 2 (t) — jwpwy ()Vo(t) (3.44)
i i

%io(t) = ‘;i: oft) - ‘li:vg(t) - V‘Z’b —|—jwbwg(t)] io(1) (3.45)

3.4.2 Inertia emulation and active power control

The studied VSM implementation is based on the SM swing equation (3.21) representing
its inertia and damping [9, 11, 13]. Block diagrams showing the implementation of the
active power control (APC) and the VSM swing equation are shown in Figure 3.10, on
the left and right, respectively.

The SM pu swing equation (3.21) is linearised with respect to the speed so that the inertia
acceleration is determined by the power balance according to (3.46), where dwygar(t) is
the pu virtual rotor angular speed deviation from the pu grid angular frequency (3.47),
wy(t), wysn(t) is the pu virtual rotor angular speed, p” (¢) is the APC output signal: the
pu virtual mechanical input power, T, is the virtual inertia time constant (mechanical
starting time), p(t) is the pu active power (measurement) (3.48) and k4 is the damping
factor (coefficient) and wprr,(t) is the phase lock (phase-locked) loop (PLL) output signal:
the pu estimated grid angular frequency. The corresponding block diagram is shown
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Figure 3.11: Virtual synchronous machine reactive power control

in the right side of Figure 3.10. As mentioned in Sections 2.2.1 and 3.2.4, the term
kq|wysa(t) — wprr(t)] includes a component of (virtual) damping power not accounted
for in p(t). This allows the emulation of the damping provided by the SM amortisseur
circuits without explicitly considering them in the (reduced-order) model.

%6WVSM(t) _ p;((lt) - pj(—Z) . kq [WVSM(ga_ UJPLL(t)] ~ %WVSM(t) (346)
(5wVSM(t) = ngM(t) — wg(t) (3.47)
P(t) = Vo,d(t)ioa(t) + Voq(t)ioq(t) (3.48)

Expressions for the virtual internal voltage phase (angle) difference, 60y sas(t), and the
virtual internal voltage phase angle, ysas(t), are given by (3.49) and (3.50), respectively.

d

g7 00vsm(t) = wpdwysn (t) = wpwysn (t) — wpwy(t) (3.49)
d

EQVSM(t) = wpwy sy (t) = wpdwysar(t) + wbwg(t) (3.50)

As in Section 3.2.5, APC is provided by an active power-frequency droop (3.51) that
models the the SM speed governor steady-state characteristics [13], with p*(¢) being the
pu (external) active power set-point (reference), k,, the active power-frequency droop gain
(constant) and w*(t) the pu (external) angular frequency/speed reference (set-point). The
corresponding block diagram is shown in the left side of Figure 3.10.

P () = p*(t) — ko lwvsn (t) — W (1)] (3.51)

3.4.3 Reactive power control

As in Section 3.2.6, the applied droop-based RPC is similar to those commonly used
in microgrid systems [13, 32, 34]. The corresponding block diagram is shown in Fig-
ure 3.11.

The RPC output signal: the pu virtual internal voltage amplitude reference, 9" (t), is cal-
culated by (3.52), where 9*(t) is the pu (external) voltage amplitude set-point (reference),
kg is the reactive power-voltage droop gain (constant), ¢*(¢) is the pu (external) reactive
power set-point (reference) and ¢, (t) is the pu filtered reactive power measurement. The
state-space equation representing the applied first-order low-pass filter is given by (3.53),
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Figure 3.12: Vector diagram defining the VSM RRF and voltage CSV orientations

where ¢(t) is the pu reactive power measurement (3.54) and wy is the filter cut-off angular
frequency.

07 (E) = 9 (0) + by °(8) — an(0) (352)
Samlt) = —wpan(t) + ra(t) (353)
q(t) = —vo,d(t)iog(t) + Vo,q(t)iod(t) (3.54)

3.4.4 Refence frame orientations

In steady state, the VSM RRF rotates with the same angular speed as the grid voltage.
Thus, the virtual internal voltage phase angle, 6y g/ (t), continuously increases, as shown
in the vector diagram in Figure 3.12. The virtual internal voltage phase (angle) difference
(displacement), d6y spr(t), represents the phase difference between the VSM RRF d-axis
and the rotating grid voltage vector, as shown also in Figure 3.12. Assuming 04(t) to
be known, the pu grid voltage CSV in the VSM RRF, V;/SM(t), is then given by (3.55)

V;/SM (t) = b, (t)e—jtwvszw (t) (3.55)

While estimating the value of wy(t), necessary to implement the virtual damping effect
in the VSM swing equation, the PLL establishes its own RRF aligned with v,(¢), whose
angles are defined in Figure 3.12 analogously to the ones of the VSM RRF. In order to
model the PLL in its own RRF, v,(t) can be transformed from the VSM RRF, v} M (t),
to the PLL RRF, vPEE (1), by (3.56), where 0 py 1 (t) is the PLL phase (angle) difference
(displacement,).

V(I)JLL (t) = V(‘)/SM (t)e—j[59PLL(t)—59VSM(t)] (3.56)
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Figure 3.13: Virtual synchronous machine phase lock loop

3.4.5 Phase lock loop

The structure of the PLL, used for tracking the value of wgy(t) [13, 20, 21] is shown in
Figure 3.13. The PI controller output: the pu PLL angular speed deviation, dwprr(t), is
given by (3.57), where k, prr, and k; prr, are the PI controller proportional and integral
gains, respectively, vprr 4(t) and vprr 4(t) are the pu low-pass filtered PCC (filter capaci-
tors) voltage CSV d- and g-axis components in the PLL RRF (3.58), vpr1(t), respectively,
wrpprr is the filters cut-off angular frequency and the state eprr(t) represents the PI
controller integrator (3.59). In calculating wprr(t) from the controller output signal,
dwprr(t), the expression defining their relationship (3.60), analogous to the one given for
the swing equation, has been linearised with respect to wg(t).

v t
5prL(t) = kp,prr arctan [L,q()] + ki,pLLSPLL(t) (3.57)
vpLL,d(t)
d
EVPLL(t) = —wrppLrvpLr(t) + wrppLiviFE(t) (3.58)
d VPLLg(t) ]
—e t) = arctan | ——>—~= 3.59
eree(t) L}PLL’d(t) (3.59)
prL(t) = 5prL(t) +wg(t) ~ 5prL(t) +1 (3.60)

Also in accordance with the definitions introduced for the swing equation, expressions
for 60prr(t) and the phase angle, Opr1(t), are given by (3.61) and (3.62), respectively.
As shown in Figure 3.13, 6prr(t) is used as the transformation angle for the (amplitude-
invariant) Park transformation of the measured v, (t¢) into the PLL RRF.

d

a(wPLL(t) = wbéprL(t) ~ wwaLL(t) — Wy (3.61)
d

aHPLL(t) = wpwprr(t) &= wpowprr(t) + wp (3.62)

3.4.6 Virtual impedance and voltage control

The RPC output signal: the pu virtual internal voltage amplitude reference, ’i)"*(t), is
passed through a virtual impedance (VI) before being used as a reference for controlling
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Figure 3.14: Virtual synchronous machine virtual impedance, voltage control and current
control

Vo(t), as shown in Figure 3.9. The VI can be seen as an emulation of a SM synchronous
impedance quasi-stationary characteristics. It affects the dynamic and steady-state char-
acteristics of the VSM, and can be used to modify the system dynamic characteristics.
The VI also reduces the VSM sensitivity to small disturbances in the grid, as the virtual
power flowing through it causes a phase angle displacement between the PCC voltage and
the VSM virtual internal voltage, and makes the VSM control the virtual internal voltage
instead of the the actual PCC voltage. The effect of the pu virtual resistance, r,, and
inductance, [,, on the pu PCC (filter capacitors) voltage CSV reference, v}(t), is shown
in the left side of Figure 3.14, and is given by (3.63) [13, 17, 18].

VE(E) = 07 (t) — [y + ilowvsa (t)] i) (3.63)

The voltage control (VC) consists of RRF PI controllers with decoupling terms [13, 32],
as shown in the middle of Figure 3.14. The VC output signals: the pu VSC current CSV
reference for the VSC, i},(t), is given by (3.64), where kj, and k;, are the PI controllers
proportional and integral gains, respectively, the states &(¢) represent the PI controllers
integrators (3.65) and k. is the current feed-forward gain, used for disabling or enabling

the forward feeding of the measured i,(¢) in the controllers output.

i (t) = kpo [Vo (1) = Vo()] + ki (t) + jerwvsn (H)Vo(t) + kfpio(t)  (3.64)

d *
SE() = Vi) — V() (3.65)

3.4.7 Current control and active damping

The inner loop current control (CC) consists also of RRF PI controllers with decoupling
terms [3, 13, 32], as shown in the right side of Figure 3.14. The CC output signals: the pu
VSC voltage CSV reference for the VSC, v} (t), is given by (3.66), where k,. and k;. are
the PI controller proportional and integral gains, respectively, the states ~(¢) represent the
PI controllers integrators (3.67), k¢, is the voltage feed-forward gain, used for disabling
or enabling the forward feeding of the measured v,(t) in the controllers output and v¥ ,(¢)
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is a pu active damping term included and designed for suppressing LC oscillations in the
filter [3, 13].

Veu(t) = Kpe [icy () = ieo(D)] + Kicy (1)

+jlfWVSM(t)icv(t) + kffvvo(t) - V*AD(t) (3'66)
(D) = i2,(0) ~ i) (3.67)

The active damping algorithm, shown in Figure 3.15, is based on high-pass filtering of the
pu measured v,(t), implemented as the difference between v,(t) and its low-pass filtered
value, ¢(t). The state-space equation representing the applied first-order low-pass filters
is given by (3.68), where wap is the filters cut-off angular frequency. The obtained high-
pass filtered signal is then scaled by the active damping gain (3.69), kap.

%‘P(t) = wADVo(t) —wapep(t) (3.68)

vap(t) = kap [vo(t) — (1)) (3.69)

To implement the VSC control system, the reference v}, () is divided by the pu measured
DC link voltage, vpc(t), to produce the modulation index (ratio) CSV, m(t), as displayed
in the right of Figure 3.14. Neglecting the VSC switching operation and any delay related
to the implementation of the PWM, the instantaneous average value of v.,(t) is given by
(3.70) [13, 23].

m(t) = , Veolt) = m(t)ope(t) = velt) & V5 (1) (3.70)

Ccv

3.4.8 Nonlinear model

Assuming vpc(t) = 1pu, equations (3.43)-(3.70) can be reduced to a model on state-
space form with 19 distinct state variables and 6 input signals [13], with the state vector,
xy sy (t), defined by (3.71), and the input vector, uy gas(t), defined by (3.72). Terms such
as wg(t)iey(t) in (3.43), wge(t)ve(t) in (3.44), wy(t)io(t) in (3.45), arctan [vprr q(t) /vpLL,a(t)]
in (3.57) and (3.59), vo,q(t)i,q(t) and v q(t)ie q(t) in (3.48), v,q(t)ieq(t) and v, (t)ie.q(t)
in (3.54), vg(t)e 0vsm®) in (3.55), vVSM (t)e=390PLL(t) and vIIM (t)eid0vsm(®) in (3.56),
wy sy (t)is(t) in (3.63), wysa(t)ve(t) in (3.64) and wygar(t)icy(t) in (3.66) make the
model nonlinear.
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XVSM(t) = [Uo,d(t) Uo7q(t) Z'cv,d(t) icv,q(t) Vd(t) 7q(t) io,d(t) tee

doq(t) wa(t) ¢q(t) verr,d(t) verre(t) eprn(t) --- (3.71)
s 00y s (t) La(t) &4() am(t) dwysar(t) 60pro(t)]”
uysnr(t) = [p*(t) q*(t) ig(t) 0% (t) w(t) wy(t)]” (3.72)

3.4.9 Small-signal model

Classical stability assessment techniques based on eigenvalues are not directly applicable
to the nonlinear state-space model. As in Section 3.2.10, a linearised small-signal state-
space model can be consequently derived [13], with the form given by (3.73), where the
prefix A denotes small-signal deviations around the steady-state operating point [24],
Avygsas is the state (system, dynamic) matrix and By gps(t) is the input matrix.

. . d
Axygu(t) = &AXVSM(t) = AysyAxysy(t) + BysyAuysa(t) (3.73)



Chapter 4

Simulation results

In this chapter, a base case is defined and simulation results are presented and discussed.
These include: dynamic responses of the base case systems to changes in their inputs
(from time-step simulations); base case eigenvalues, participation factors and parametric
sensitivities; and eigenvalue traces for system inputs and parameters varying around the
base case values.

The dynamic (nonlinear) models of the investigated systems and their corresponding
small-signal (linearised) state-space models have been implemented in MATLAB Simu-
link. For the synchronous machine (SM) and virtual synchronous machine systems, the
corresponding initial conditions have been calculated by numerically solving and evaluat-
ing the expressions derived in Maple for the solution of the nonlinear equations in steady-
state conditions. For the SM system plus grid impedance (SMg system), developed at a
later stage, the corresponding initial conditions have been calculated by time-step simu-
lations. The SimPowerSystems blockset has been used to model the electrical systems,
with controllable voltage source blocks representing the ideal average model of the voltage
source converter (VSC), in the case of the VSM system.

The base case has been defined by taking the parameters and initial inputs from [13]. The
rated (apparent) power, Srated, is 2.749 MVA, and the rated voltage, Viated, i 690 Vimg 1.-1.-
The SM(g) system base case parameters and initial inputs are given in Table 4.1. A salient-
pole SM is represented by the general model (amortisseur circuits are considered, damping
factor, kqsnr, is set to 0) excluding the 2nd g-axis amortisseur circuit (e.g., by setting
its pu resistance, 724, to a high value). The virtual synchronous machine (VSM) system
base case parameters and initial inputs are specified in Table 4.2. Where possible, the SM
base case parameters are equal the corresponding ones of the VSM base case, to facilitate
comparison. Only 5 parameters in the VSM system correspond to the electrical system,
and are thus taken as fixed. As opposed to the VSM system, most of the SM system
parameters are assumed to be fixed, and only 5 parameters are considered tunable.
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Table 4.1: SM(g) system base case parameters (top) and initial inputs (bottom,)

Par. Value Par. Value Par. Value
Srated  2.749 MVA 1114 1.405 pu kp ex 0.023 53
Viated 690 Vims 1,1, Lr1d 1.117pu Kiex 5.028 x 1073

wp 1007 rad /s Tq 4.044 x 1073 pu K s 20

Tsmr 2s lod 1.117 pu wesy  1000rad/s
kd,SM 0 ll 0.054 50pu kq75M 0.2

T2g lag 0.4772 pu Cmg 1 x107° pu

la2g Tfd 8.476 x 104 pu lmg 0.2 pu

T1q 0.028 59 pu lisa 1.363 pu Tmg 0.01pu

li14 1.672 pu Tyt 0.5s

T1d 0.041 00 pu Tes 0.1s
Var. Value Var. Value Var. Value

Py (0)  0.5010 pu wé(0) 1pu wy(0) 1pu
q5,(0) 0pu 0%,,(0) 1pu 0g(0) 1pu

Table 4.2: VSM system base case parameters (top) and initial inputs (bottom)

Par. Value Par. Value Par. Value
Srated 2.749 MVA g 0.01pu Kic 14.25
Viated 690 Vrms,L-L T Opu kffv 1

wp 1007 rad /s 1y 0.2 pu wrpprr  H500rad/s
T, 2s Epy 0.5889 ky pPrL 0.084 43

kq 400 kiv 736.1 kiprr 4.691

Cf 0.074 pu kffc 0 kw 20

Ly 0.08 pu wap H0rad/s Wy 1000 rad/s
ry 2.85x107°pu kap 0.5 kq 0.2

ly 0.2 pu Epe 1.273

Var. Value Var Value Var Value
p*(0) 0.5pu w*(0) 1pu wy(0) 1pu
q*(0) 0pu 0*(0) 1.02pu 04(0) 1pu
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Figure 4.1: SM (left) and VSM (right) pu active and low-pass-filtered reactive power response
to a step change in the active power set-point
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Figure 4.2: SM (left) and VSM (right) (virtual) rotor angular speed and (phase) angle
differences (displacements) response to a step change in the active power set-point

4.1 Dynamic response

In order to validate the small-signal models, their dynamic responses have been verified to
match those of the dynamic (nonlinear) models around the linearisation points. Multiple
numerical time-step numerical simulations have been performed on different steady-state
operating (linearisation) points. Some of the results of a couple simulation cases are shown
in this section. These cases and the presented dynamic responses have been chosen to
reproduce those shown in [13] for the VSM system small-signal model and facilitate their
comparison with those corresponding to the SM(g) system small-signal model.

4.1.1 Change in the loading

Figures 4.1 and 4.2 show some of the dynamic responses of the SM and VSM systems to a
step change in the pu (external) active power set-point (reference), pg,,(t), p*(t). The pu
active power set-point and the pu active and low-pass filtered reactive powers are plotted
in Figure 4.1, while the (virtual) rotor angular speed and the corresponding (phase) angle
differences (displacements) are shown in Figure 4.2. To facilitate comparison, the SM
rotor (phase) angle difference (displacement), d6sas(t), is shifted by 90°.
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As discussed in [13], the excess power input accumulates in the (virtual) inertia, which
leads to an increase of the speed during the first part of the transient, resulting in an
increase in the phase angle differences. Once the electrical power output reaches the
input power, the system steady-state power balance is restored, and the value of the
(virtual) rotor angular speed returns to that of the grid angular frequency. The VSM
system dynamic responses present the same general characteristics as those of the SM
system. However, since the VSM damping factor, kg, can be chosen without considering
any of the physical constraints in a SM, its high value makes the VSM responses more
damped.

4.1.2 Change in the grid frequency

Figures 4.3 and 4.4 show some of the dynamic responses of the SM and VSM systems to
a ramp change in the pu grid angular frequency, wg(t).wy(t) and the pu active powers are
plotted in Figure 4.3, while some of the pu currents are plotted in Figure 4.4.

In response to the change in wy(t), the active power control (APC) increases the active
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Figure 4.5: SMy (left) and VSM (right) dynamic response to a ramp change in the pu grid
voltage amplitude

power output to contribute to the system frequency control. The (virtual) rotor angular
speed follows wy(t), releasing energy from its (virtual) inertia. Again, the high k; makes
the VSM response more damped. As discussed in [13], the VSM system (linearised) small-
signal model cannot represent correctly the dynamic transition to a new operating point
with a wy(t) different from that of the linearisation point. This can be attributed to
the choice of the virtual rotor angular speed deviation, dwysas(t), instead of its angular
speed, wysar(t), as a state variable in the VSM system model. For that reason, there is a
small deviation between the VSM system nonlinear and linearised models while wyg(?) is
changing and shortly after it settles to its new value. The VSM system linearised model is
nevertheless able to represent the corresponding change in the steady-state active power,
thanks to a contribution from the change in w,(¢) through the input matrix (3.73), By.ga.
Since the SM rotor angular speed, wgys(t), has been chosen as state variable in the SM
system model, all SM system dynamic (nonlinear) and small-signal (linearised) model
responses present an excellent match.

4.1.3 Change in the grid voltage amplitude

Figure 4.5 shows some of the dynamic responses of the SMg and VSM systems to a ramp
change in the pu grid voltage amplitude, 04(t). 04(t) and the pu voltage amplitude at the
points of common coupling (PCC), 0ga1(t), 0o(t), are plotted at the top, while the active
and low-pass-filtered reactive powers are plotted at the bottom.

In response to the change in 9,(t), the reactive power control (RPC) increases the reactive
power output to contribute to voltage control. In comparison with the SMg system,
the VSM system presents a greater difference between the PCC voltage and the voltage
amplitude set-point (1.02pu), but also a smaller change (less sensitive response) and a
smaller steady-state error (the set-point values being 0 pu) in the reactive power output.
This effect, comparable to that of increasing the VSM reactive power-voltage droop gain,
can be attributed to the influence of the virtual impedance in the corresponding control
loop.

The good match between the responses of the dynamic (nonlinear) models and the cor-
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responding small-signal (linearised) state-space models indicates that the small-signal
models accurately represent the investigated systems. This confirms the validity of the
small-signal models around the steady-state operating points, and supports their use in
the small-signal stability analysis of the systems by traditional linear techniques.

4.2 FEigenvalue analysis

Having verified the validity of the (linearised) small-signal models around the steady-state
operating points, the stability of the systems has been confirmed for their whole operating
ranges. This has been done by calculating the eigenvalues (modes), \; = o; + jw;,
of their small-signal model state matrices, Agnr, Asng, Avsar, for the given base case
parameters, with their initial inputs varying within the corresponding intervals. The
unit of an eigenvalue imaginary part, w;, is rad/s, while Np/s is commonly used for the
real part [24], ;. Usually, the mentioned units are used but not indicated explicitly, for
convenience of notation.

Traces of SM and VSM (system) modes for varying active power set-points (the rest
of their inputs as in the base cases) are plotted at the top and bottom of Figure 4.6,
respectively. Enlarged views of the lower-frequency SM and VSM mode traces are shown
at the top and bottom of Figure 4.7, respectively. The traces demonstrate that the
systems are stable for the entire range of active power set-points. Moreover, the modes
show little movement, which suggests that the systems have dynamic responses similar to
those of the base case, for the different operating conditions within the operating ranges.
Traces of SM(g) and VSM low-frequency modes for varying tunable parameters (the rest
as in the base cases) are shown in Figures 4.12, 4.13, 4.17 and 4.18.

By combining the corresponding left and right eigenvectors, the respective participation
factors have been calculated to determine the relationship between the eigenvalues and
the states [24]. The eigenvalues parametric sensitivity: their sensitivity to a change in
each of the system parameters, has been computed using the expressions obtained in
Maple for the partial derivatives of the state matrices with respect to each of the system
parameters, together with the corresponding left and right eigenvectors [30].

Using the magnitude of the participation factors, the main participating states have been
identified for each mode. The eigenvalues and their main participating states are listed
in Tables 4.3 and 4.4 for the SM and VSM systems, respectively. For each mode, the
state with the highest participation factor magnitude is listed first. The states with a
participation factor magnitude of at least 10 % of the highest are listed next in descending
order of participation factor magnitude, with a superindex indicating the percentage of
the highest. The critical modes: the slowest and least damped (closest to the origin), are
of main interest for assessing the stability of the systems. The real part of the critical
modes parametric sensitivity is depicted in Figures 4.8 to 4.11 for the SM system, and
Figures 4.14 to 4.16 for the VSM system.
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Figure 4.6: Traces of SM (top) and VSM (bottom) modes for varying active power set-points
(enlarged views of the lower-frequency mode traces in Figure 4.7)

Table 4.3: SM system base case eigenvalues (modes) and their main participating states

Mode Value State  Mode(s)  Value(s) State(s)
Mo 6686 x 107 iy Aga —5.269 3140 dsaras ifg, ign g
Ao —~1000 Gmsm s —38.86 i g0 i
A1 —1.866 Pm.SM Mg —5.245 £ j5.042 z'fd,z'gsﬁd,tv?jﬁ
Mo —5.613 iy Mo —0.1889 Cs iyas s
Mode(s)  Value(s) State(s)

. [96 %] =150 %] %] 129%] -28%] -[14%)]
Xe,7  —1.154 +j20.70 wsnm s 00gyy ish.d> brds tsarg s Pgo “d
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4.2.1 Synchronous machine system

Table 4.3 indicates that A; corresponds to the SM 2nd g-axis amortisseur circuit. Further-
more, its distant location from the imaginary axis is a result of the high value given to the
corresponding pu resistance, ro4, to exclude the circuit from the model, and is therefore
not shown in Figure 4.6. Just as the VSM system, the SM system has an eigenvalue
corresponding to the reactive power measurement low-pass filter at A &~ —1000, which
relates to the filter cut-off angular frequency.

Significant coupling between the SM current states can be appreciated by looking at the
main participating states of modes 3 to 10 in Table 4.3. Moreover, most of the SM
system eigenvalues are slower or not as well damped as the VSM system ones. From
those, A1; relates to the first-order system used to model the dynamic characteristics
of the governor and the turbine, whose time constant, Ty; = 0.5s, is similar to that
of the mode, —1/01; ~ 0.5359s. Figure 4.11 suggests that A;; is mainly influenced by
Ty, and parametric sweep analysis has confirmed that, for a fixed Ty, A1p is relatively
fixed as well, as can be seen in Figure 4.12. A5 and Aj2 correspond to the 1st d- and g¢-
axis amortisseur circuits, respectively, and are determined mainly by the SM parameters
(taken as fixed).

Similarly to As and Aj2, the (complex conjugated) pair A3 4 is determined mainly by the
SM parameters, and has shown to be relatively fixed. This pair represents the direct
current (DC) offset of the armature phase currents, reflected in the SM rotating refer-
ence frame (RRF) as fundamental frequency components of the armature d- and g-axis
currents, i5a,q4,450,9- As opposed to them, the pair Agg, corresponding to the field cir-
cuit, has also shown significant influence from the reactive power-voltage control loop
through the field voltage, v4, making it more prone to move. Furthermore, A\gg are the
critical modes with the highest (most positive) sensitivity to changes in k; ¢,, which has
demonstrated to be the tunning parameter that can most easily cause instability, as can be
observed at the right of Figures 4.8 to 4.11, and in Figure 4.12. Table 4.3 suggests that Ajg
corresponds to the exciter/AVR. Moreover, as depicted in Figure 4.10, the exciter/AVR
tuning parameters, kj ez, ki e, are the main tunable parameters influencing Ajg. As can
be seen in Figure 4.12, its position has shown to be limited by the corresponding integral
time, kp cz/kiex, which has, for the base case, a value of 4.68s.

The pair g 7 relates to the rotor motion (swings), is mainly influenced by the SM param-
eters, as can be observed in Figure 4.8, and, as depicted in Figure 4.12, has shown limited
movement. Furthermore, it is the least damped pair (closest to the origin) and thus dom-
inates the oscillating component of the system dynamic response. This can be observed
at the left of Figures 4.1 and 4.2, more evidently in the response of the rotor angular
speed, wgar(t), in which the oscillation has a period of about 27 /|we 7| ~ 0.3035s and
an amplitude that decays initially with a time constant of about —1/067 ~ 0.8666s. Its
damping ratio, —og,7/,/02 ,+w3, ~ 0.056 > 0.05, indicates a damping that, in practise, is
considered satisfactory for traditional power systems [30]. The unidirectional (aperiodic)
component of the system dynamic response is dominated by the slowest (real) modes:
A0 and Aq1, and has, in the case of the mentioned responses, a time constant of about
—1/0’11 =~ 0.5359s.

The modelled exciter has shown little capability of increasing the damping of oscillations.
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Table 4.4: VSM system base case eigenvalues (modes) and their main participating states
Mode Value  State Mode(s) Value(s) State(s)
)\1 —500.0 VPLL.d )\19 —11.19 Yd
A —1002 qm A23 —1460 =+ j4498 Vo, 10070 1517 g
)\9 —469.6 UPLL,q )\475 —1272 £+ j4329 Vo, l[g{;/,] 1[32%,] S[M%]
A2 —223.5 dwysuy 6,7 —2262 £j225.2 i, 1587 €F7 vERAL @R
)\15 —50.82 (pq )\10711 —19.50 :|:j245.0 E s 1[38%, ﬁ;%
Mg —50.60  pq Msia —6.759 £j26.38  80prr, 605 ch, . B
Ms —1120 v A7 —3.691 80vsnr, 6057

Moreover, since the SM is directly connected to a stiff grid, it can control its reactive
power output to some extent, but has no control over the armature voltage, which is set
by the grid. These restrictions suggest that, in order to make a more relevant comparison
between this system and the VSM system, at least two changes should be considered in
the modelling. A more detailed model of the exciter should be used, including a power
system stabiliser (PSS), which uses auxiliary stabilising signals to provide more damping
of oscillations by controlling the excitation [24]. Furthermore, the network equivalent
impedance should be included in the modelling of the connection between the SM and
the stiff grid. The latter has been implemented in the SMg system, developed at a later
stage.

As opposed to that of the VSM system [13], the SM reactive power-voltage droop gain,
kq sy, can be increased up to at least 20 without causing instability, as depicted in
Figure 4.13 for the SMg system. This means that, by increasing this gain, the SM(g)
system can attain a steady-state reactive power (sharing) error much smaller than that
of the VSM system.

4.2.2 Virtual Synchronous machine system

As opposed to the SM system, most of the VSM system eigenvalues are fast or well
damped, as can be seen in Figure 4.6, Figure 4.7 and Table 4.4. Moreover, the d-axis
participating states have the same influence on the system response as the corresponding
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g-axis ones. This can be easily observed for modes 1, 9, 15, 16, 18 and 19, and their
corresponding main participating state. For this reason and to facilitate reading, each
d-axis state has been represented together with its corresponding g-axis state for the com-
plex conjugated eigenvalues, by making use of the complex space vector (CSV) notation
(3.1).

Modes 2 to 7, corresponding to the three pairs located at the left end of Figure 4.6,
are mainly related to the LCL circuit in the electrical system, as indicated in Table 4.4.
Just as the SM system, the VSM system has an eigenvalue corresponding to the reactive
power measurement low-pass filter at A &~ —1000, which relates to the filter cut-off angular
frequency. Similarly, the two modes related to the phase lock (phase-locked) loop (PLL)
low-pass filters are located at A = —500, and the two modes related to the active damping
low-pass filters are located at A ~ —50, which correspond to the filters cut-off angular
frequencies.

Apparent decoupling stands out between the swing equation states in Aja2, A\17, as op-
posed to those of the SM system. Moreover, significant coupling can be observed be-
tween the PLL and the virtual internal voltage phase (angle) differences (displacements),
00prrL,00v s, in A13,14 and A17. These differences can be attributed to the particular im-
plementation of the swing equation and the alignment of the RRF. Coupling can also be
observed between the electrical system states and those related to the control outer loops
in the other 4 pairs of complex conjugated eigenvalues, on which the electrical system
parameters exert considerable influence.

Among the VSM slowest and least damped modes, A1g and A9 correspond to the current
control and their position has shown to be limited by the corresponding integral time,
kpe/kic, which is, for the base case, equal to the filter inductors time constant, l¢/(wpry) ~
0.0894s. The pair Ag,11 relates mainly to the reactive power-voltage control outer loops,
and, as can be observed by comparing Figures 4.14 to 4.16, is the most sensitive to
changes in the reactive power-voltage droop gain, k;. As shown in [13], increasing k,
moves the pair to the right, towards the imaginary axis, with k;, > 0.892 moving it over
the axis and causing instability. It can be seen from Figure 4.14 that, besides k,, the
main tunable parameters influencing Aip,11 are the voltage control proportional gain, k,,,
and the virtual inductance, [,,.

A13,14, mainly related to the PLL, is the least damped pair (closest to the origin) and



46 Simulation results

thus dominates the oscillating component of the system dynamic response. This can
be observed in the response of the virtual rotor angular speed, wygas(t), at the right
of Figure 4.2, in which the (significantly damped) oscillation has a period of about
27 /|wiz 14| &~ 0.2382s. It can be seen in Figure 4.15 that [, and the PLL proportional
gain, k, pr1, are the main tunable parameters influencing 13,14, and that increasing these
parameters moves the pair to the left, increasing its damping. Figure 4.17 shows that in-
creasing ky prr, also moves Aig 11 to the left, and reduces the magnitude of the imaginary
part of A\i3 14 until the pair enters the real axis, splitting into two purely real modes, at
around k, prr, =~ 0.3763. Furthermore, its negligible influence on modes 17 to 19 indicates
that such variation can increase the damping of oscillations and the system robustness
against parameter variations, without reducing the speed of its response.

The unidirectional component of the system dynamic response is dominated by the slowest
(real) mode: Aj7, and has a time constant of —1/017 &~ 0.2709 s, which can be seen in the
responses at the right of Figures 4.1 and 4.2. It can be seen in Figure 4.16 that A7 is most
sensitive to changes in [,, in the opposite direction of Ajp 11 and Ai314. As depicted in
Figure 4.18, this implies a trade-off in the placement of the dominant modes: increasing
l, improves the damping of oscillations and the robustness to changes in kg, as it moves
A3,14 (and Aqp11) to the left, while making the system response slower, as it moves A7
to the right. As mentioned in [12] and shown in Figure 4.16, the other parameters have a
much smaller influence on A17, which makes it unlikely to cause instability in the system,
and thus not as critical as Ajp,11 or A13,14, for instance. Nevertheless, it can be concluded,
from Figures 4.17 and 4.18, that a good compromise between speed/performance and
robustness/damping of oscillations could be achieved by decreasing I, and increasing
k, prL, for the base case at least.



Chapter 5

Conclusions and recommendations

5.1 Conclusions

Simulation and analysis of the reference virtual synchronous machine (VSM) implemen-
tation in grid-connected mode (VSM system) has been enabled by the corresponding
routines and dynamic models created and implemented in the MATLAB programming
language and the Simulink graphical block diagramming tool, respectively, within the
MATLAB numerical computing integrated environment.

The respective script created in Maple has considerably facilitated the development of
the nonlinear state-space analytical model of a traditional power generation unit with a
synchronous machine (SM) in grid-connected mode (SM system). The model allows the
study of the SM system in similar conditions/context as the VSM system, and facilitates
their comparison. Moreover, it can represent the most relevant dynamic characteristics of
a round or salient-pole rotor SM, including the amortisseur circuits or the representation
of the corresponding damping torque in the swing equation of a reduced-order version
of the model. Furthermore, it has been the basis for developing the respective small-
signal model. The corresponding routines and dynamic models created in MATLAB and
Simulink, respectively, have enabled the simulation and analysis of the SM system.

The SM system small-signal model, developed for any set of inputs and parameter values
and any operating (linearisation) point, has enabled the use of linear techniques in the
study of the system small-signal stability characteristics. The created Maple script has
simplified the development process by allowing the linearisation of the respective nonlinear
state-space model analytically /symbolically in an automated manner.

The defined base case and presented dynamic response cases have enabled the reproduc-
tion of the the results shown in [13] for the VSM system small-signal model, and have
facilitated the comparison of the studied systems. Multiple numerical time-step numeri-
cal simulations, performed on different steady-state operating (linearisation) points, have
allowed the comparison of the small-signal model dynamic responses with those of the

47



48 Conclusions and recommendations

dynamic (nonlinear) models around the linearisation points. The good match between the
responses of the dynamic (nonlinear) models and the corresponding small-signal (linear-
ised) state-space models indicates that the small-signal models accurately represent the
investigated systems. This confirms the validity of the small-signal models around the
steady-state operating points, and supports their use in the small-signal stability analysis
of the systems by traditional linear techniques.

The VSM system dynamic responses to changes in angular frequency or active power
present the same general characteristics as those of the SM system. However, since the
VSM damping factor, kg, can be chosen without considering any of the physical constraints
in a SM, its high value makes the VSM responses more damped. Despite of all the
SM system dynamic (nonlinear) and small-signal (linearised) model dynamic responses
presenting an excellent match, the VSM system (linearised) small-signal model cannot
represent correctly the dynamic transition to a new operating point with a grid frequency,
wg(t), different from that of the linearisation point. This can be attributed to the choice
of the virtual rotor angular speed deviation, dwygas(t), instead of its angular speed,
wysm(t), as a state variable in the VSM system model. The VSM system linearised model
is nevertheless able to represent the respective change in the steady-state active power,
thanks a contribution from the change in wy(t) through the input matrix, By gas.

The corresponding script created in Maple has enabled the derivation of expressions for
the solution of the SM system nonlinear model equations in steady state. The respective
functions developed and implemented in MATLAB for numerically solving and evaluating
the expressions have allowed a quick calculation of the linearisation point (initial/steady-
state conditions) for any given set of inputs and parameter values. Having an efficient,
automated way of computing the steady-state solution has proved important for exploiting
the full potential of the small-signal stability analysis by means of linear techniques.
However, the need to derive analytical expressions for the steady-state solution of each
particular system makes this approach inefficient for the small-signal stability analysis of
increasingly bigger, more complex, interconnected systems, as opposed to the numerical
methods established for load-flow analysis in traditional power systems.

Obtaining the analytical expressions for the partial derivatives of the SM system small-
signal model state matrix with respect to each of the system parameters has enabled the
calculation of its parametric sensitivity for any set of parameter values and any operating
(linearisation) point. The created Maple script has simplified the process by allowing the
analytical /symbolical partial differentiation to be done in an automated manner.

A good command of a computer algebra system like Maple has been essential not only
for carrying out the necessary analytical/symbolic manipulation of the equations, but
also for evaluating the generated expressions for verification and debugging purposes, and
formating them for their implementation in MATLAB functions and for their presentation
in this report.

The calculation, for any set of parameter values and any operating (linearisation) point, of
the eigenvectors and eigenvalues, and their participation factors and sensitivity to changes
in the system parameters has been enabled by the corresponding functions created and
implemented in MATLAB. These have constituted the main tool for analysing and com-
paring the small-signal characteristics of the modelled systems. By iteratively computing



5.1 Conclusions 49

the modes of the respective (small-signal model) state matrices, the stability of the sys-
tems has been confirmed for the given base case parameters, with their initial inputs
varying within the corresponding intervals. In doing so, the eigenvalues have shown little
movement, which suggests that the systems have dynamic responses similar to the base
case ones, for the different operating conditions within the operating ranges.

Most of the SM system eigenvalues are slower or not as well damped as the VSM system
ones. Moreover, most SM system modes have shown to be relatively fixed and determined
mainly by non-tunable system parameters. Among them, the least damped pair, related
to the rotor motion (swings), has a damping that, in practise, is considered satisfactory
for traditional power systems. As opposed to them, the (complex conjugated eigenvalue)
pair corresponding to the SM field circuit has shown significant influence from the reactive
power-voltage control loop through the field voltage, vf4, making it more prone to move.
Furthermore, the pair constitutes the two critical modes with the highest (most positive)
sensitivity to changes in the exciter integral gain, k; .., which has demonstrated to be
the tunning parameter that can most easily cause instability in the SM system. The
modelled exciter has shown little capability of increasing the damping of oscillations, and
the location of the 4 slowest and least damped eigenvalues has shown to be limited by the
non-tunable system parameters, indicating that the SM system performance (dynamic
response) or robustness cannot be significantly improved.

Apparent decoupling stands out between the VSM system swing equation states, as op-
posed to those of the SM system. Moreover, significant coupling has been observed be-
tween the VSM phase lock (phase-locked) loop (PLL) and virtual internal voltage phase
(angle) differences (displacement), d0prr, 00y sar. These differences can be attributed to
the particular implementation of the swing equation and the alignment of the correspond-
ing rotating reference frame (RRF). A trade-off has been observed in the placement of
the VSM system critical modes: increasing the VSM virtual inductance, [,,, improves the
damping of oscillations and the robustness to changes in the parameters, while making the
system response slower. However, parametric sweep analysis has indicated that a good
compromise between speed/performance and robustness/damping of oscillations could be
achieved by decreasing [, and increasing the VSM PLL proportional gain, k, prr,, for the
base case at least.

The inclusion of the grid equivalent impedance in the SM system modelling (SMg system),
carried out at a later stage, has enabled a more relevant comparison of the studied systems,
particularly with regards to the reactive power-voltage control. In comparison with the
SMg system, the VSM system presents a greater difference between the voltage at the
point of common coupling (PCC) and the voltage amplitude set-point. Furthermore, it
also exhibits a less sensitive response of the reactive power output to a change in the grid
voltage amplitude and a smaller steady-state reactive power error. This effect, comparable
to that of increasing the VSM reactive power-voltage droop gain, can be attributed to
the influence of the virtual impedance in the corresponding control loop. However, as
opposed to that of the VSM system, the SM reactive power-voltage droop gain, kg snr,
can be increased up to a much greater value without causing instability. This means
that, by increasing this gain, the SM(g) system can attain a steady-state reactive power
(sharing) error much smaller than that of the VSM system.

In developing the necessary experience to establish reduced-order models for systems with
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significant influence from generation interfaced with power electronic converters, this work
has contributed by adapting and expanding previous VSM small-signal modelling and
analysis to include a SM with a control scheme similar to those of traditional generation
units and to the one used in the reference VSM implementation.

5.2 Recommendations for further work

Using a more detailed model of the exciter in the SM system, that includes a power system
stabiliser (PSS) would contribute to make a more relevant comparison of the studied
systems. Moreover, changing the orientation/alignment of the SM RRF or the VSM RRF
to coincide with the other would facilitate the analysis, comparison and manipulation of
the corresponding angle differences. This would imply shifting the SM RRF 90° forward,
or shifting the VSM RRF 90° backward.

Iterative methods, similar to those established for load-flow analysis in traditional power
systems, could be devised or implemented to numerically determine the steady-state so-
lution of the nonlinear equations derived for systems like the studied ones. This would
avoid the need to solve the nonlinear equations analytically/symbolically or run time-
step simulations iteratively, in analysing the small-signal stability of each new system
configuration for varying parameters, inputs and operating points.

Further expansion and interconnection of the developed and implemented models, and
further comparison of their small-signal characteristics needs to be done in different con-
ditions, in order to assess their relevance and convenience e.g., whether they provide the
right degree of detail. In doing so, the functions provided in MATLAB and Maple for de-
termining the equivalent system representation of interconnected linear models/systems
can facilitate the manipulation of the small-signal models already developed for the stud-
ied systems. Load dynamics should be included in the eventual modelling and analysis of
the systems in islanded operation.
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Appendix A

Synchronous machine system
mathematical models

A.1 Nonlinear model

Neglecting the term %wg(t), equations (3.4)-(3.34) have been reduced in Maple to the
nonlinear state-space model given by (A.1)-(A.12).
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A.2 Small-signal model

By linearisation of the nonlinear model (A.1)-(A.12), the small-signal state-space model
has been derived in Maple, with the form given by (A.13), where xgps(t) is state vector
(A.14), ugp(t) is the input vector (A.15), Agys is the state (system, dynamic) matrix,
Bgas(t) is the input matrix (A.21) and the prefix A indicates small-signal deviations
around the steady-state operating point [13, 24], ¢ = 0. For convenience of notation,
Ay is expressed through 4 sub-matrices (A.17)-(A.20), according to (A.16).

. .d
AXSM<t) = aAXSM(t) = ASMAXSM(t) + BSMAHSM(t) (A.13)

xsm(t) = lisma(t) isng(t) ipa(t) i1a(t) i1g(t) izg(t) -

- wsnr(t) 30501 (t) Pm,saa(t) qmsnr(t) C(8) vpa(®)]” (A.14)

usn(t) = [0g(t) piar(t) Dsar(t) qiar(t) wing(t) we(t)]” (A.15)
A).(SM,I(t) AXSM,I (t)
AXSM’Q (t) - AXSM’Q (t)
~ |Asmy Asme Asus Asua
Axgr3(t) Axgu3(t)
A)'(SMA(t)_ AXSMA(t)_

+ BsymAusu(t) (A.16)
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A.2 Small-signal model
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A.2 Small-signal model
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A.2 Small-signal model
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Appendix B

SM system plus grid equivalent
impedance mathematical models

B.1 Nonlinear model

Neglecting the term wy(t), equations (3.4)-(3.34),(3.38),(3.39), have been reduced in
Maple to the nonlinear state-space model given by (B.1)-(B.16).

d Wp . wp .
T VSM, a(t) = wywy (D) vsnr g (t) — —=io sar.a(t) + ——isar.a(t) (B.1)
Crmg Crmg
d Wy . Wy .
aUSM’q(t) = —wag(t)USM,d(t) — 72075]\/[,(1(25) + 725M7q(t) (B.Q)
Cmg Cmg
d . w ) TmgWh . Wp .
Jiosaa(t) = 7 vsaralt) +wwg (Diosa(t) = =7 io.saralt) = 70y(t) cos [0 (1)
mg mg mg
(B.3)
d . w . TmgW, Wp . .
qplosaa(t) = 051 g(t) = g (t)io,sar.alt) = =7 io,s01.q(t) + 77-0y(8) sin [065ar (1)
mg mg mg

(B.4)
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d . wp(litalfra — Up1d® wpra (lialra — Lp1a?)
—ismd(t) = Unalssa =l )USM,d + (nalse =1y )ZSM,d(t)
dt lsnra lsna
wy(lag + 1) (Linal fpa — Lr1a® l, lig —1
 wi(lag l)g tdlyfa — lfid )WSM(t)iSM,q(t) L@ deCl[( 11d fld)ifd(t)
SM,d SM,d
logra(L1d — 1 Lo (il 14 — Lr1a?
_ W d?“ldl( pa = lpga); a nalssa — e )wSM(t)z'lq(t)
SM,d SM,d
lag(Linalria — Lra® loa(lirg — 1
L a 1121 frd —lria )wSM(t)izq(t) Wy d(llld fld)vfd(t)
SM,d SM,d
(B.5)
d . li1glazg — lag®)wp laa + 1) (l1gl22g — lag?)wb )
—isMq(t) = —( olz20 ~ lag') vsM,q(t) — ( J(lisqlz20 = loo”) wsnm(t)isaalt)
dt lSM,q lSM,q
ra(l11gl224 — lag”)wp . laa(l11gl22q — lag?)wh .
_ ( qvizq q ) ZSM,q(t) ( q q q ) WSM(t)'Lfd(t)
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(B.6)
d Loa(l1d — 1 logra(li1g — 1 ,
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_l’_

%MSM(t) = wpwsm (1) — wpwg(t) (B.12)
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d kw. sy 1 1 ke, sy
- ) = — -« ) — — £) 4+ —pka (¢ SM 5 (#) (B3
dtpm,SM( ) T, wsm(t) Tgtpm’SM( ) + TgtpSM( ) + T, wspr(t)  ( )
d . .
&qm,SM(t) = —wrsmUsM,d(t)ismq(t) + wrsmvsn,g()isma(t) — wrsmgm,sm(t) (B.14)
d

&C(t) = _\/”%M,d(t) + U%M,q(t) — kg, sM@m,sm (1) + kg snmqsn () + 050 () (B.15)

d kp, kp.eakiq.snt
qurat) = - JZE \/ Vanra(t) T vdar () — = e;@i G50 (1) (B.16)
ki exr 1 kp exkq SM % kp eT Ax
+ = t) — veg(t) + — ’ t) + -7 t

) = gvalt) + PG 1)+ 25 (1)

B.2 Small-signal model

By linearisation of the nonlinear model (B.1)-(B.16), the small-signal state-space model
has been derived in Maple, with the form given by (B.17), where xgps4(t) is state vector
(B.18), ugarg(t) is the input vector (B.19), Agasg is the state (system, dynamic) matrix,
Bsarg(t) is the input matrix (B.21) and the prefix A indicates small-signal deviations
around the steady-state operating point, ¢ = 0. For convenience of notation, Agsg is
expressed through 4 sub-matrices (B.22)-(B.25), according to (B.20).

. . d
AXSMg(t) = aAXSMg(t) = ASMgAXSMg(t) + BSMgAuSMg(t) (B.17)

xsm(t) = [vsaa(t) vsarg(t) iosar,a(t) io,sarq(t) -
- isard(t) isarg(t) ira(t) d1a(t) i1q(t) d2q(t) --- (B.18)

- wsn(t) 30501 (t) Prm,sna () qm,sni(t) C(8) vpal(t)])”

usarg(t) = [9g(t) wy(t) Poas(t) aias(t) whar (1) 9as (8)]" (B.19)



B.2 Small-signal model 69

A).(SMgJ(t) AXSMg,l(t)
Axgngo(t)| Axgyrg2(t)
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Axgnga(t) Axgng3(t)
| AXgnrga(t) | Axgnrga(t)]
+ BsmgAusag(t) (B.20)
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W05 O | i 501,a(0) | 0 0 0 | 0
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0 0 0 0 0 0
Bsng = (B.21)
0 0 0 0 0 0
0 0 0 0 0 0
0 Kasm 0 0 0 |0
Tsn
0 —Wwp 0 0 0 0
0 0 Tyt 0 |Resu| g
gt Tyt
0 0 0 0 0 0
0 0 0 | kesr | O |1
0 0 0 kp,eakq,sm 0 k%ﬁ
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B.2 Small-signal model
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