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"The strong is not the one who overcomes the people by
his strength, but the strong is the one who controls himself

while in anger." [Bukhari:6114]

"Make things easy for the people, and do not make it
difficult for them, and make them calm (with glad tidings)
and do not repulse (them)."” [Bukhari:6125]
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ABSTRACT

Autonomous microgrids are known to lack appropriate inertia and damping for grid stabilization.
Due to this, a virtual synchronous machine (VISMA) has been introduced to provide necessary
ancillary services through the control of power converters. In a multi-VISMA (n-VISMA)
microgrid, relative rotor angle stability of the power system is dependent on the active power
balance after a small perturbation. Using relevant analytical models is an essential issue for
microgrid stability analysis. In this PhD dissertation, a comprehensive small-signal stability
analysis to study the inherent electromechanical oscillations in the virtual rotors is presented. The
subsystems of the microgrid consisting of VISMAs, network, loads and the outer power controller
were all modelled in Synchronously-rotating Reference Frame. The small-signal model was tested
on IEEE-9 bus system with VISMA replacing the electromechanical synchronous machines on the
network. To validate the developed numerical analytics, dynamic responses of the small-signal
model are compared with those of the nonlinear system dynamics and the results reveal that the
developed linearized small-signal model is sufficient to accurately characterize behaviour of the
VISMA microgrid when operated in autonomous mode. Eigenvalues analysis and parameter
sensitivities of the critical modes were investigated. Oscillatory participations of the VISMAs and

steady state stability limit of the microgrid have also been investigated.

However, before starting the stability analysis of the multiconverter based power system with
VISMA control, it is necessary to obtain the steady-state operating points (SSOPs) of all dynamic
nodes in the network. Modified traditional iterative schemes using the concept of droop bus
technique in an islanded microgrid are not feasible for load flow analysis of VISMA microgrid
incorporating non-control dynamics. This dissertation thus proposes a closed-form steady-state,
fundamental-frequency models for autonomous/islanded VISMA microgrid using the concept of
virtual swing bus. In this technique, the virtual internal buses of all VISMAs in the network are
governed by the swing equation. The voltage at all buses is variable except the virtual buses in
which the pole wheel voltages are prespecified. The algorithm was extended by a droop control
localized to each VISMA. The suitability of the proposed algorithm to obtain SSOPs of VISMA
was tested on IEEE-9 bus system with VISMA replacing electromechanical synchronous machines
and also on a 2-VISMA low voltage distribution system. To validate the applicability of the

proposed algorithm and prove its accuracy, the case study systems were also modeled in the

i
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SIMULINK environment for detailed time domain analysis. The algorithm was found to be
computationally effective for a load flow analysis of the VISMA microgrid. The results also reveal

that the addition of external droop control improves the frequency stability of the system.
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Kurzfassung

Es ist bekannt, dass einem autonomen Mikronetz eine angemessene Tragheit und Ddmpfung zur
Netzstabilisierung fehlt. Aus diesem Grund wurde die virtuelle Synchronmaschine (VISMA)
eingefiihrt, um die erforderlichen Hilfsdienste durch die Steuerung von Stromrichtern
bereitzustellen. In einem Multi-VISMA  (n-VISMA) -Mikronetz hingt die relative
Rotorwinkelstabilitdt des Stromnetzes von der Wirkleistungsbilanz nach einer kleinen Stérung ab.
Die Verwendung relevanter analytischer Modelle ist fiir die Stabilitdtsanalyse von Mikronetzen
unerlésslich. In dieser Dissertation wird eine umfassende Kleinsignal-Stabilititsanalyse zur
Untersuchung der inhédrenten elektromechanischen Schwingungen in den virtuellen Rotoren
vorgestellt. Die Teilsysteme des Mikronetzes, bestehend aus den VISMAs, dem Netz, den Lasten
und dem dufleren Leistungsregler, wurden alle in einem synchron rotierenden Referenzrahmen
modelliert. Das Kleinsignalmodell wurde auf einem IEEE-9-Bussystem getestet, wobei VISMA
die elektromechanischen Synchronmaschinen im Netz ersetzten. Zur Validierung der entwickelten
numerischen Analyse werden die dynamischen Reaktionen des Kleinsignalmodells mit denen der
nichtlinearen Systemdynamik verglichen. Die Ergebnisse zeigen, dass das entwickelte linearisierte
Kleinsignalmodell ausreicht, um das Verhalten des VISMA-Mikronetzes beim Betrieb im
autonomen Modus genau zu charakterisieren. Die Eigenwertanalyse wund die
Parameterempfindlichkeiten der kritischen Modi wurden untersucht. Die Oszillationsbeteiligung
der VISMAs und die Stabilititsgrenze des Mikronetzes im eingeschwungenen Zustand wurden
ebenfalls untersucht. Bevor jedoch die Stabilititsanalyse des auf einem Multi-Umrichter
basierenden Stromnetzes mit VISMA-Steuerung beginnt, miissen die stationdren Betriebspunkte
(SSOPs) aller dynamischen Knoten im Netz ermittelt werden. Modifizierte herkommliche iterative
Verfahren, die das Konzept der Pufferbus-Technik in einem Insel-Mikronetz verwenden, sind fiir
die Lastflussanalyse eines VISMA-Mikronetzes mit ungeregelter Dynamik nicht praktikabel. In
dieser Dissertation wird daher ein stationédres Grundfrequenzmodell in geschlossener Form fiir ein
autonomes/inselnahes VISMA-Mikronetz vorgeschlagen, das das Konzept des virtuellen
Pendelbusses verwendet. Bei dieser Technik werden die virtuellen internen Busse aller VISMAs
im Netz durch die Swing-Gleichung geregelt. Die Spannung an allen Bussen ist variabel, mit
Ausnahme der virtuellen Busse, bei denen die Polradspannungen vorgegeben sind. Der
Algorithmus wurde um eine Pufferregelung erweitert, die fiir jede VISMA lokalisiert ist. Die

Eignung des vorgeschlagenen Algorithmus zur Ermittlung der SSOPs von VISMA wurde an einem

il
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IEEE-9-Bus-System mit VISMA als Ersatz fiir elektromechanische Synchronmaschinen sowie an
einem 2-VISMA-Niederspannungsverteilungssystem getestet. Um die Anwendbarkeit des
vorgeschlagenen Algorithmus zu validieren und seine Genauigkeit zu beweisen, wurden die
Fallstudiensysteme auch in der SIMULINK-Umgebung fiir eine detaillierte Zeitbereichsanalyse
modelliert. Der Algorithmus erwies sich als rechnerisch effizient fiir eine Lastflussanalyse des
VISMA-Mikronetzes. Die Ergebnisse zeigen auch, dass die Hinzufiigung einer externen

Pufferregelung die Frequenzstabilitdt des Systems verbessert.

Ubersetzt mit DeepL.com (kostenlose Version).
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1 Introduction

1.1 Background of the study

Energiewende is a political statement initiated by the German national government with the
objective of reducing the problems caused by the traditional energy systems in the area of
ecological, social and health challenges. For many decades renewable energy (RE) has been seen
as the preferred alternative to energy independence by every nation of the world [1]. Energiewende
enhances the nation’s economy by fully internalising the possible expenditure on the external costs.
The ongoing war between Russia and Ukraine has further consolidated on the need to reduce
energy imports, the effects on the German economy would have been much more devastating if

not the massive progress that has been achieved in renewable energy integration.

According to [2], renewable energy productive capacity grew by 17 GW in 2023 to an aggregate
of just below 170 GW. This implies a year-on-year growth of 12% which is largely dominated by
both solar and wind. These two sources are in the forefront of replacing the conventional
synchronous generation. Germany’s growth in solar capacity in 2023 amounted to 14.1 GW, nearly
double that in the year 2022. This was exclusively due to personalized ground-mounted and
commercially installed rooftop solar capacity. Bavaria had the highest number of solar capacity
in 2023, with 3.5 GW. At the end of 2023, installed solar capacity in Germany totalled 81.7 GW.
This shows that 19 GW of fresh productive capacity will be required each year from now on if the
goal of reaching 215 GW is to be met by the year 2030, please see Fig. 1.1 for the projection of
solar power generation in Germany. In the wind energy technology, growth in onshore wind
capacity in 2023 was 2.9 GW higher than in the previous year. Figure 1.2 comprises new capacity
put into operation minus the capacity taken out of operation. Installed onshore wind capacity
totalled 60.9 GW at the end of 2023. The target for 2030 is 115 GW of installed capacity. Germany
will need 7.7 GW of new capacity each year to meet this target. Figure 1.2 illustrates the projection

of wind energy installation (both for onshore and offshore).

The share of RE generation has risen from 24.7% to 54.9% of the net electricity generation between
year 2013 and the year 2023, representing a significance boost and total commitment of German

government in achieving self-sustenance in the energy sector.
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Figure 1.1. Solar power generation capacity in Germany [3]

120.000 115.000
.

80.000 /

Total intalled capacity in the current year
mm Installed capacity in the outgone year
—» Projection

40.000

62151

Total outputs of onshore wind turbines (MW)

0

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Year

Figure 1.2. Onshore wind power generation capacity in Germany [3]
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Figure 1.3. Offshore wind power generation capacity in Germany [3]

Fig. 1.4 illustrates the share of renewable energies in total net electricity generation between 1990
and 2023, the fell in the year 2021 was as a result of weather situation. It is evident from Figures
1.1-1.4 that renewable generation will continue to rise exponentially while it is expected that the
fossil-fuel type will continue to be depleted year in year out. Before the introduction of RE into
power grids, electromechanical synchronous machine (ESM) rules the domain of electrical power
generation devices, they are characterized with the ability to provide excellent inertia and damping
responses which guarantee stability of the grid frequency and regulate the power imbalance in the
system [4, 5]. Due to the progressive development in renewable energy integration into the grid
and the strong determination to have 100% inverter based generation (IBG) in the near future, there
have been remarkable achievements in the control algorithm development for the interface power

converters, the famous of which is the droop control [6].

Droop controls are decentralized control schemes and are suitable for both grid and isolated
operations [7]. In the grid connected inverter, they are implemented to regulate the exchange of
active and reactive power with the utility, in order to keep the grid voltage amplitude and frequency
within a normal range. In the autonomous mode, the droop control-based inverters can provide
voltage support and share load power according to their power ratings. . They do not require

communication control lines, they are reliable and highly responsive, and are very suitable in both

3
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grid and isolated operations [7]. Despite the wide acceptability of droop control, it suffers from
inertia issues and thus cannot ensure system frequency stability during disturbances. Inadequate
reactive power sharing, sensitivity to faults and poor voltage regulations are other issues associated

with droop control microgrids [8-10].
60
50
40 ."I. L
30 o0

20 -
oe®?

Renewable share (%)

10 S
o e®®
¢9 00800 00®

0
1990 1995 2000 2005 2010 2015 2020 2025

Year

Figure 1.4. Share of renewable energies in total net electricity generation [11]

An electrical power system with zero inertia is unstable, experiences power quality issues, and is
vulnerable to blackouts [12]. If there is a change in load demand, then the system frequency also
tends to change. The frequency fluctuations can be mitigated by the presence of sufficient rotating
masses on the grid, which act like a shock absorber. Therefore, the increasing penetration level of
distributed energy resources (DER) will have enormous effects on the dynamic response and power
system stability [13]. Examples of the most recent power system instability scenarios are those of
South Australian Black out which occurred on the 28™ of September, 2016 [14] and that of the
European continental power failure that occurred on the 8" of January, 2021 [15]. Heterogeneous

frequency traces seen as a result of the European continental power failure are shown in Fig. 1.5.

In order to provide ancillary services needed by the distributed generators (DGs) for a stable
operation of power systems, Virtual Synchronous Machines (VISMA) technology, also called
Virtual Synchronous Generator (VSG) [16] has been proposed in the literature as a suitable idea

for controlling inverters by mimicking the behaviour of conventional ESM [17]. Generally,

4
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VISMA have the capability to reproduce the static and dynamic properties of ESM on a power
electronic interface converter faster. VISMA is a special controlled inverter that is able to integrate
different forms of RE sources into the grid, this is shown by the elementary structure shown in Fig.
1.6.

The synchronous power grid of Continental Europe was split into
two separated grid regions on January 8", 2021
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Figure 1.5. Frequency traces of the European synchronized continental power network failure [15]

Some of the important features of VISMA are i) ability to initiate inertia response to resist change
in grid frequency ii) ability to effectively damp out rotor oscillations during disturbances, thereby
improving transient stability iii) ability to independently and bidirectionally control the active and
reactive power at the grid. The fundamental concept of VISMA technology is the simulation of an
ESM on the basis of an inverter in combination with an energy storage unit and a microcomputing
unit for determining the electrical, magnetic and mechanical machine parameters using a

mathematical representation of synchronous generator in real time.
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1.2 Power system stability category

The evolution of smart grids over the past two decades has posed several technical challenges to
the power system operations. New instability scenarios now appear in the power system, and

according to reports, the most prevalent are the low-frequency oscillations that occur due

Electric Power
System Stability

Rotor Angle Frequency \oltage
Stability Stability Stability
Small-Disturbance Transient Small-Disturbance Large-Disturbance
Angle Stability Stability Voltage Stability Voltage Stability
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Figure 1.7. Classifications of power system stability [19]

to weak grid. Depending on the network configuration, circumstances surrounding the system
operation, nature of disturbances and time lapse of fault, varieties of instabilities may evolve.
Power system stability is basically categorized into rotor angle stability, frequency stability and
voltage stability, [16, 20-24], and it is schematically represented in Fig. 1.7. A detailed explanation

of each category and sub-category of power system stability is provided in Ref. [19].

1.3 Motivation and research objectives

Due to the deep structural transformation of the global energy sector from the well-known
centralized generation to now decarbonized, digitalized and decentralized power systems, it is
necessary that power equilibrium is maintained between generation and load if the grid frequency
is to be kept within the acceptable stability margins. When the grid voltage is affected by a
perturbation, such as imbalances, transients, or harmonics, which is normal in power grids,
conventional grid inverters find it difficult to remain appropriately synchronized with the grid
voltage [25]. Power mismatches can lead to uncontrolled power flows which may result in severe
fluctuations in frequency and voltage amplitude, thereby negatively impacting grid stability [8, 10].
Grid stability is a paramount issue in power system operations, it has a crucial role to ensuring a
safe, reliable and optimal operation of high order multivariable modern power system whose
dynamic response is dictated by several components with distinctive properties. To allow seamless
deployment of inverter-based generation and meet stringent demand of the power system operators
(PSO), the overall performance of the electrical power system needs to be enhanced by providing
solutions to dynamic stability and control challenges. The deployment of novel technologies and
controls has led to several questions being asked regarding the microgrid responses to perturbations
[13, 26]. In a multi-VISMA (n-VISMA) microgrid, the ability to re-establish balance between the
opposing forces is ensured by the rotor angle stability of each VISMA. Rotor angle stability is the
ability of the VISMA to remain in synchronism with the network after being subjected to
disturbance caused by torque imbalances in the system. Stable synchronized operation of VISMA
rotor angles is thus a critical stability problem for a secured microgrid. According to Fig. 1.7, angle
stability is categorized into a small-disturbance and large disturbance stability. Stability analysis in

traditional power grids is long-established using the classical models of ESM, speed-governors and

7
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the excitation systems of different orders designed to solve a specific kind of problem. In the modern
inverter-based power grid with high level of distributed energy resources, there is no specific
analytical standard because of different control strategies/synthesis which are continuously
evolving. Different VSGs require different computational models to understand the interactions

between different units in the microgrid system.

This dissertation aims to consider a special case of n-VISMA microgrid in autonomous operation
with a specific focus on small-disturbance rotor angle stability. If the rotor oscillation as a result of
a perturbation is not resolved in due time, it can lead to severe damage of the power plant [27]. For
traditional power systems, synchronization dominated by rotor motions occurs in a physical sense.
However, in the VISMA based microgrid, synchronization between VISMAs corresponds to their
virtual rotor vectors and it is necessary that the transient induced in the network following a small
perturbation is damped out such that their kinetic energy is dissipated within a relatively short
period. All the VISMAs in the network must at the same time regain their identical speed. In a

network of n-VISMA, a synchronous state is described in equation (1.1) [28].
81 =0 e =8 = W (1.1)

Where 4, is the load angle and wy, is the synchronous speed.

1.4 Research contribution

Since 2007, different topologies of VSG controls have been proposed [29] and many are still
continuously evolving. Due to these different control strategies, small-signal stability analysis
techniques also differ. After extensive review of literature, it was found that most of the stability
analysis scenarios of VSG control converters are based on a single machine grid-connected system
or sometimes on multimachine model under mixed configurations involving both synchronous
generators and inverted systems [30, 31]. Studies of general multi-VSG systems with 100% power
electronic devices are rare. In addition, not much work has been done on the stability analysis
(either small-signal or large signal) of VISMA model from IEE TU-Clausthal, Germany, and the
most recent work by [32, 33] was carried out at system level. The traditional VISMA model
presented in [29] does not incorporate outer power controllers, the active and reactive power

regulations were respectively achieved by setting the model parameters virtual torque and virtual
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excitation as it was similarly done in [34]. Also, most of the stability analytical model of VSG

control schemes are cumbersome and computationally intensive like that developed by [35] for a

single machine which may not be easily realizable for multimachine analysis. Those models that

are simpler are not suitable for operation in autonomous mode. The contributions of this thesis are

summarized as follows:

1.

1.5

Full flexibility of operation is achieved by adding a two-loop power controller localized to
each VISMA on the grid. The automatic voltage regulator (AVR) in closed loop form
ensures that the adjusted pole wheel voltage based on system operating conditions (E;o) is
kept equal to the VISMA voltage set-point (E,). The control structure makes it possible to
set the respective ancillary services in a desired manner as shown in Fig. 6.1. In the multi-
VISMA microgrid presented, each VISMA unit is designed to have an independent control
so that fundamental, active and reactive powers can be shared based on individualized static
droop coefficients.

New approach into small-signal synchronous stability of multi-VISMA microgrid system in
the absence of an infinitely swing bus.

A novel closed-form steady-state, fundamental-frequency model for an
autonomous/islanded VISMA microgrid using the concept of virtual swing bus was
developed to obtain the stationary operating points of all the dynamic nodes in the system.
This proposed concept employs the use of constant amplitude of virtual excitation and
virtual torque localized to each VISMA unlike the droop bus approach that uses active and
reactive power coefficients as major constant control parameters.

Eigenvalues and parametric sensitivities stability analysis of multi-VISMA system.

Thesis outline
This dissertation is structured as follows:

Chapter 1 presents the general background on the study, motivation and objectives of the

research and major contributions of the study. Chapter 2 provides a review about different kinds of

grid inertia control system available in literature. A more comprehensive analytical detail regarding

the sub-units of abc simplified VISMA control technology invented by TU-Clausthal, Germany is

also presented. Per-unitization of analytical variables is also highlighted. In Chapter 3, relevant

9
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mathematical tools necessary for the stability analysis of modern power systems are presented with
special focus on selective modal analysis, transition matrix and linearized small-signal model.
Chapter 4 discusses a closed-form steady-state, fundamental-frequency model for
islanded/autonomous VISMA microgrid using the concept of virtual swing bus. In Chapter 5,
linearized small-signal rotor angle stability of uncontrolled multi-VISMAs in autonomous
operation is presented while Chapter 6 investigates rotor angle stability of multi-virtual
synchronous machines with an outer active power loop controller (PLC). A summary of the key

findings and suggested recommendations follows in Chapter 7.
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2 VISMA and other Variants of Virtual Inertia Control Technologies
2.1 Introduction

The responsive nature of a power electronic interface converter to grid disturbances is dependent
on its control configurations. The control scheme is responsible for monitoring and balancing of
the generated power, output voltage, frequency with their corresponding set points [36].
Conventionally, two major classes of controls have been proposed for the grid connected converter
and these are; grid following (GFL) and grid forming converters (GFM). GFL converters
synchronize with the grid by means of phase locked loop (PLL), which always tracks the grid
voltage and its angle to inject or absorb active or reactive power from the grid [37]. GFL are
characterized with a highly responsive current control loop and as such they are treated as
controlled current source inverter [38]. GFM behave in a similar version like conventional
synchronous machines and are often called voltage-controlled source inverters. GFL do not have
the capability to provide instantaneous grid support services, such as inertia, voltage regulation,
and frequency response, especially during disturbances [37]. This chapter is devoted to providing
details of different kinds of grid inertia control systems that are prominent in literature as illustrated
in Fig. 2.1. A more detailed analytical model necessary for the stability of VISMA control
technology proposed by TU-Clausthal, Germany is further presented. Per-unitization of analytical

variables is also presented.

2.2 Per-unitization

To simplify analysis and facilitate comparison among the inverters on the microgrid in relation to
the loads and transmission lines, the entire system investigation is carried out in per unit. The base
values are generally real numbers and angles are represented in their normal standard units of rad
or degree [39], [40]. In the per-unitization of system variables, it is necessary that a single base
power Spqse, 1s selected for the complete system not minding whether some sections of the power
systems are magnetically coupled through transformers or not. The base quantities are defined as

follows:

Rated voltage (line-line, RMS) = U, (KV)
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Figure 2.1. Virtual Inertia Control Topologies, modified from reference [41]
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Base damping coefficient K, = % (Nm/(rad/sec))
b

. . . . D [ in SI i N d
Damping coefficient in per unit = Ky, = amping in SI units of (Nm/(rad/sec))

Kap

The quantity H normalized to the VA base of that particular machine is defined as

. . . stored kinetic enegy at rated synchronous speed (MW.s) or Joule
Virtual inertia; Hyqen = g [39]
Sp(MW)
However, this inertia has to be revised for use when dealing with system studies by transforming

from the individual machine VA base to the system VA base. This is computed as follows [42]:

_ SBamach
Hsys - much( S sec
B3sys

Where Hppaen,sys = individual machine inertia on the system base
SBamach = Three phase VA base of the particular machine

Sgasys = Three phase VA base of the entire system

Static droop factors m,, and m,, are calculated in per-unit values as follows:
Sp

Mppu = My W_b

Sp

m =m,—
q,pu q

Up

2.3 VISMA models

VISMA is a specially controlled inverter that can serve as a grid connection element for various
electrical direct current sources. It enables the inverter to mimic the behaviour of an
electromechanical synchronous machine (ESM) on the grid. The objective is to maintain the
electrical power quality despite increasing number of decentralized energy producers. The
properties of a VISMA are essentially dependent on the machine model implemented in it, which
simulates the operating behaviour of a synchronous machine in real time at a given voltage and
then specifies the reference value of the impressed multiphase alternating current for the inverter
control [18]. The maiden VISMA [17] was modelled using two axis d-q coordinate system of the
ESM. This model has the disadvantages of requiring high computing efforts for the real time
solution of differential equation which increases efforts for implementation and programming. The

optimization of all machine parameters is a time-consuming task due to the non-linear coupling of
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the equations. This time behaviour characteristics impacts on the overall operating dynamics of the
VISMA. The simplified models named SVI-VISMA and SIV-VISMA were modelled in abc
stationary coordinate system [20]. The two simplified models have the following generic
advantages; fewer parameters and easier adjustment of the parameters, less computational effort,
robustness against asymmetrical mains voltages, direct coupling with the measured mains voltage
signals without additional filtering, and weaker coupling between active and reactive power setting
[18]. However, the major difference between SVI-VISMA and SIV-VISMA is that the former is a
voltage-current model while the latter is a current-voltage model. SIV-VISMA is an inverse model
of SVI-VISMA which often requires the need to use a differentiator and could lead to an instability
(the use of differentiator makes the model vulnerable to amplifying noises and harmonics). Though
a low pass filter (LPF) has been recommended to serve as an interface between the grid
measurement and the machine model, it does have undesirable consequences on the general
dynamic behaviour of the system including the bandwidth of the controller [43]. The schematic
representations of SVI-VISMA and SIV-VISMA are combined in Fig. 2.2, these two VISMA
models are deployable to operate in either grid connected or autonomous mode and they can ensure
active and reactive power sharing in a similar fashion as droop controlled microgrid [21]. Based
on this model, vy, is the reference voltage generated from grid current iy, while iy, is the

VISMA output current generated from grid voltage vg),.

Figure 2.2. Simplified VISMA configuration based on current—voltage (voltage—current) model of

Power converter
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2.3.1 Voltage-Current VISMA Modelling

Between the two simplified VISMA configurations from IEE TU-Clausthal, the Voltage—Current
abc VISMA (SVI-VISMA) model has been considered for stability analysis in this dissertation,
this is because of its simplicity in implementation, strong robustness, low parameter dependency,
an inherent overcurrent protection, and fast responses that enhance the dynamic performance of
the grid converters [44, 45]. The major problem associated with the hysteresis control is the
fluctuating nature of frequency with loads which leads to high switching losses, and unwarranted
complexities in the design of the output filter. For better utilization of the power converter
throughout the entire operating range, the solution is to allow the tolerance band to be variable i.e.
tolerance band is adjusted via a control loop so that the average switching frequency remains
constant [46]. A three-phase schematic representation of VISMA connected to a point of common
coupling (PCC) is depicted in Fig. 2.3. The reference inverter current i, and the actual inverter

current iy, are compared and

the switching pulses are produced according to the error. The structure of VISMA machine model

in Fig. 2.3 is represented by the control shown in Fig. 4.2. The switching logic is expressed as

follows:
+ Grid converter
S'JE}S‘JH?& Filter pec
DC intermediate ~=—= —J$ inductor "
sources ' -
s/ “o‘ b"\ /BN b
° * u
S R N g e -~ T :
T _J J J == Filter
capaclmr
S, S, S, I

2 a
o .
« . <
:

// T i VISMA
Switching pulses <« machine model
Hysteresis

current controller

Figure 2.3. Three phase circuit representation of VISMA controlled inverter
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Where S, 41 is the switching signal for the six switches, +1 means upper insulated gate bipolar
transistor (IGBT) is ON, -1 means lower IGBT is ON, and is is the hysteresis tolerance band.

Normally i, is made to track the i, by forcing the i, to stay within the hysteresis band.

2.3.1.1 Derivation of the equivalent circuit

If the load star point N of a grid connected system is to be connected to the intermediate point 0
between the two DC sources shown in Fig. 2.3, then the three phase controllers would behave like
single-phase two-point controllers. But, because of the open star point, they influence each other
because each phase voltage depends on all three switch positions and therefore every switching
action affects all three bridge branches [46]. To derive the equivalent circuit, only a single two-
point controller may be necessary and for simplicity, only phase ‘a’ has been considered for

analysis as shown in Fig. 2.4. If the setpoint current

+ Grid converter

%
Cdd

o ——

— (8P
’ Uy =
2 >i iﬂ
/
7/ i
Switching pulses e

Figure 2.4. Single-phase phase current control with two-point controller function.
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iy and the instantaneous voltage at the PCC are assumed to be sinusoidal then the following

equations are valid:
iy = i5.sin(w;t) (2.2)
epce = Tpee-sin(wyt + @) (2.3)

The instantaneous output phase voltage of the converter on the left side of the filter inductance Lg,

in terms of modulation function m when S, is closed with the circuit is given by:
Uag,0 = Uge,pM = Upf,a + Upce (2~4)

Where m = M.sin(w;t + ¢y,), and M, is the modulation index, u, s, = Voltage drop across the

filter inductance and u,,.. is the voltage at the PCC.

The results of the SIMULINK simulation of Fig. 2.3 is shown in Fig. 2.5. The idea is to demonstrate
the switching process of the phase current control. The 1 & 2 vertical lines in Fig. 2.5 (a) represent
the horizontal zoomed points depicted in Fig. 2.5 (b) for only phase ‘a’ scenario. If the actual
current i, exceeds the upper limit of the tolerance band is the lower switch is closed, while the
upper switch is opened. The inductor Ly, is then discharged and the current drops accordingly.
Only when the lower limit of the tolerance band is reached is the lower switch opened again and
the upper switch closed. In this case the choke is charged and the current increases again. The two
switches therefore always work in push-pull [41]. With constant inductance, the speed at which the
current decreases or increases depends on the current voltage difference between the DC voltages
Udc,ps Uacn and the counter voltage, among other things. In the enlarged section (Fig. 2.5 b), the
duration of the discharge t; is shorter than that of the charge t, because the voltage difference Au
is greater when discharging than when charging. The sum of t; and t, then represents the switching
period Ty,,. Its reciprocal value is referred to as the instantaneous switching frequency f,, . Fig. 2.5
(c) illustrates the switching pulses of the three phase legs of the inverter shown in Fig. 2.3. Each 2-
point controller produces a pulse train and each pulse train controls two switches in the same phase.
The black, blue and the orange colour pulses of Fig. 2.5 (c) depicts the switching scenario at phase

leg ‘@’ (S5 & Sg), phase leg ‘b’ (S3 & S,), and phase leg ‘¢’ (S
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Figure 2.5. Simulation of hysteresis current controller (a) Phase current curve, actual and reference
(b) Zoomed actual phase current curve (c¢) Switching pulses for the three phase legs

& S;). The ON and OFF states of the upper and lower switches of each phase leg are
complementary in nature. From the voltage expression in (2.4), the equivalent circuit illustrated in
Fig. 2.6 can be drawn when the inverter is in islanded/autonomous mode.

]Jﬁr ja
U g
Lf.a Hpc‘c’
"
A0 ——
p— Cfa
A J A J

Figure 2.6. Per phase equivalent of VISMA inverter in autonomous mode with half-bridge

2.3.1.2 2-point controller with grid filter

Due to the control method deployed for SVI-VISMA, it is called a current source model. When
this VISMA inverter is in the grid connected mode, connection of capacitor at its terminal is not
necessary because it is already recognized as a current source model. If the inverter is in
autonomous mode, then SVI-VISMA wouldn’t have the capability to provide grid forming function
(i.e. behaves as a real electromechanical synchronous machine), because zero current flows through
the filter inductor and as such proper operation of the phase current controller is not guaranteed.
Therefore, sufficiently large capacitors (> 20% of the rated inverter power) must be connected to
the output of VISMA inverter as depicted in Fig. 2.3. The current controller can keep the
19
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fundamental oscillation (wave) of the output current exactly at the setpoint (Figure 2.5 a) so that
iy = iy [47]. The equivalent circuit diagram in Fig. 2.7 is obtained by replacing the current control

loop with a controllable current source [29]. Thus, only filter capacitance remains and of which its

dynamic response

Current source VISMA

PCC

i(.!
Cfg ::luc U
A
Figure 2.7. Single-phase current control with a two-position controller [29]
y Y VvV v i PCC
ech »  VISMA machine | 4 %
¢»—>  model I, Uy
> i
Cﬁ, = Cp== C.=—=
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Figure 2.8. Equivalent circuit of the converter with VISMA model, modified based on reference
[48]

has negligible effect on the steady state stability. If the fundamental output voltage of the grid
inverter is examined more closely, the corresponding circuit of the converter with VISMA model
can be drawn as illustrated in Figure 2.8 where filter inductance Ly, is eliminated due to the

sufficiently fast hysteresis current controller (rise time < 1 ms) [48].

2.3.1.3 abc reference frame model of VISMA

The modelling of VISMA can be sub-divided into the electrical and mechanical part, the
former is modelled by the stator voltage of the ESM while the latter is modelled by the
rotor dynamic equation. The two sub-models are coupled through a swing equation, which
takes mechanical and electrical power into consideration, and eliminates simulating the
complete electromagnetic relationship of stator and rotor [4, 49]. In the previous analysis,
the converter with two-position controller for phase current control is replaced by an ideal
current source. This segment demonstrates modelling of VISMA in abc coordinate system

and is schematically represented by

L,, R, i
Y ——————0
l .
ka Lma Cfa -T- Ha
Y
O
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Figure 2.9. Per phase equivalent circuit of the synchronous generator with power source (phase a)

equivalent circuit of ESM in generator mode with an alternating current source i, = i3
as shown in Figure 2.9. From Fig. 2.9, L,,, is the main inductance, L,, is leakage
inductance and Ry, is the winding resistance. With the help of Ohm's law, the equivalent
circuit diagram of the synchronous generator with current source can be converted into the
equivalent circuit diagram with voltage source (Figure 2.10). In the VISMA system, the
equivalent circuit diagram of the synchronous generator is connected to the converter as
the virtual part with converter ij into a voltage source e, with the virtual stator inductance

corresponds to the real part of the synchronous machine part according to Fig. 2.8.

L R

sa sa I

O g O

virtual <—|—> real

Figure 2.10. Per phase equivalent-circuit of ESM (phase a)

The inductance of the stator winding, Lg, and the per phase voltage, e, is defined in equation (2.5)

as follows:

22
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{Lsa = Lmg + Loa 2.5)
dikg .

€q = ;’; “Ling

The machine electrical equation is defined as

T 7+ ari | i :

E i =RSiI i+LSi?+U ti L= 1,2,...77., (26)

whereE* i i*i, and ﬁ*ti, n respectively define VISMA virtual internal node voltage vector, virtual
stator current space vector, stator terminal voltage space vector and number of VISMAs in the

network. The variables in (2.6) are detailed as follows:

2% % —x
_ €q R lai _ Ugi
2% % =%
E*i =|ép]; I*i = |lpi and U*ti = |Up;i| - (27)
2% % —%
€c Lei Ui

Here, €7, €,; and &; are per-phase pole wheel voltages

%
Lair

Tp; and Tj; are per-phase stator reference currents, and
Ugi, Up; and u,; are per-phase grid voltage or VISMA terminal voltages. The per-phase internal
bus reference voltage is determined based on (2.8) as follows:

43

— * 3
€a; = Epg - sing;

E*; ={8&,, = Epo;.sin(6; — ) (2.8)
€, =Epo;sin(6; + 2
Ej,i> is the amplitude of the pole wheel voltage and 6;, is the virtual rotational angle of the rotor.

The resistance Rg; and inductance Lg; matrices for the virtual stator are given by (2.9):

Lsi 0 0 Tsi 0 0

Ly = [ 0 Ly 0 } and Ry =0 7y 0] (2.9)
0 0 Lsi 0 0 Tsi
23
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Where rg; and Lg; are the per-phase resistance and per phase inductance respectively. Voltage
controller of the VISMA is represented using stator voltage equation and is expressed in Laplace

domain form from (2.6) as follows:
[E*i(s) - ﬁti(s)]?vi(s) = i*i (2.10)

Where 7,,i(s) and I* ; respectively defines the virtual admittance matrix and reference current of

i™ VISMA. ¥,;(s) is further defined as follows:

0 0
Tgi+SLg;
— 1
Y@= 0 —5= 0 (2.11)
1
l 0 0 rsi+sLsiJ

The output active power P,,;, and output reactive power Q,,:, of the VISMA-converters are

calculated using (2.12) - (2.13) which yields

Pyyur = Ugiq + uplp + uci,  and (2.12)
Qout = \/% [iaCup —uo) +ip(ue —ug) +ic(ug — up)] (2.13)
where

Ug, Up, U, are per-phase output voltage of the inverter, and

iq, ip, i are per-phase output current of the inverter.

2.3.1.4 Two axis model of VISMA

In late 1920's R. H. Park formulated a coordinate transformation which in effect replaces time
dependent variables of the stator circuit of ESM with fictitious variables of the rotor windings. Park
revolutionizes machine theory by creating a transformation matrix that removes all time-varying
inductances from the voltage equations of ESM which arises as a result of relative motion between

rotor winding and stator winding [50]. Stator windings in abc frame (i.e., currents or voltages) can

24
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be equivalently expressed in d-q frame, such that the situation similar to the primitive machine is
obtained, a representation of this is depicted in Figure 2.11 below. The d-q axis model offers a
better and less complicated analytical approach to modeling machines in comparison to space
vector format that designates machines in terms of complex variables. Phases a, b and c are
respectively displaced by 120° from one another while g-axis and d-axis are at quadrature to each
other. Thus, resolving the phase variables pg, pp, p. into the d and q axes gives the following two

degrees of freedom matrix

Dd cos @ cos(@—z?n) cos(H—%n) Pa
i a

sinf sin (8 - 2?71') sin (9 - 43—”) f)l:

(2.14)

Phase b
d-axis
q-axis 5
0
—_— P Phase a
A
Phase ¢

Figure 2.11. 3 — ¢ machine and d-q equivalent

But this transformation yields two degrees of freedom. Therefore, to make it a square matrix
(three degrees of freedom), we can use the concept of symmetrical component analysis such that
Po = Pa+ Pp + Pc (2.15)

Po 1s called zero component. Therefore, we can write (2.14) as

25
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cos 6 cos 2—”) cos
3
] sin 8 sm %ﬂ) sm [ (2.16)

A constant 2 /3 is usually multiplied to account for the peak mmf of a rotating magnetic field 3z =

gsm cos(wt — ¢). So that in general we have:

cosf cos (9 - 2?7'[) cos (9 - 4?")
:Zd _z2| ] om . o Pa
q[=3[sin6 sin (9 3 ) sin (6 3 ) Pp 2.17)

Po 1 1 1 (4

2

From equation (2.17), let transformation matrix, k be defined as

cosf cos (9 - z?n) cos (9 - 4?”)

k= é sinf@ sin (9 - 2?”) sin (9 - 4?”) (2.18)
L ! 1
2 2 2

The inverse of (2.18) is given by

cos 6 sin @ 1
k= |eos(0-F) sin(0-5) 1), (2.19)

cos (9 —%ﬂ) sin (0 —4?”) 1

The pu virtual rotor speed w,.(t) is given as

6= [, w,(dt) + 6,(0) (2.20)

where 6, defines the angular displacement measured with respect to the d-axis in the rotor reference
frame. 6, represents the initial value of the angle of rotation at time t = 0. Now, applying
Kirchhoff’s voltage law (KVL) to the per-phase stator equivalent circuit of Fig. 2.10 in the natural

variables yields the following

26
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es = ighs + pAs + ug (2.21)
where

As = Lgis and pA; is the rate of change of flux linkages. (2.21) is written in three phase form as

given as
€abcs = labesTs T PAabes + Uapes and (2.22)
€dqos = keapes - (2.23)
Multiplying (2.22) through by k yields
keapes = kigpesTs + kDAapes + kuapes (2.24)
€aqos = keapcs = KTsiapes + kP Agbes + Ugdos - (2.25)
However,
labes = k™ Migaos ~ and (2.26)
€abes = kK eqqos (2.27)
* €agos = keapes = K1sk ™ igaos + kp[k ™ Aqdos| + Uqdos (2.28)
but also,
kk™1=1
such that (2.29)
Caqos = keapcs = Tslgaos t+ kp[k_llqdos] + Ugdos - (2.30)
Expanding (2.28) using product rule yields
€aqos = Keapes = Tsigaos + kp[k ™ Aqa0s + p[}-qdns] + Ugdos (2.31)
and thus
—siné cos 6 0
pht= S ST 4B A | sin (0-%) cos(0-F) 0|y, @3
—sin (9 - 4?71) cos (9 - 4?”) 0
For 8 = 0, we obtain after simplifying
0 1 0
kplk™'] = w, [—1 0 O] (2.33)
0 0 O

and therefore
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kp[k_l]lqdos = Wr 1 0 O] [Adsl = Wydgs — erqs + 025 (2.34)

Equation (2.31) can now be re-written as follows:
€dqos = keapes = kiqdos t erdqos + p}-qdos + Ugdos (2.35)

Equation (2.34) shows that w can assume + and in expanded form we have:

eqs = lgsTs + PAas — Wr)qu + Ugs (2.36)
eqs = lgsTs + PAgs + Wrdgs + ugs (2.37)
€os = losTs + Phos (2.38)

Under balanced conditions, i,; = 0 as it produces no resultant flux linkage. All other zero
sequence components are also zero, so that (2.38) becomes insignificant in the further analysis
[51]. One important fact about equations (2.36) and (2.37) is that the voltage and current variables
are no longer sinusoidal signals but rather direct current signals. They could serve as the reference
signal to a system, this explains why they are often used in the design of control systems with most
applications involving PI controllers [52]. The d-q coordinate voltage expressions in (2.36) and

(2.37) for it" VISMA are written in terms of virtual stator inductances as follows:
— digi ;
€ai — Uai = Tsilai + Lo — " — wrls * igi (2.39)

dlql

€qi — Uqi = Ts; “lqi + L —- at

+ w,Lg - ig; (2.40)

Where, e4qi, Uaqi, iaqi are the pole wheel voltages, VISMA terminal voltages, and VISMA output
current in d-q coordinate for it* VISMA. 7y;, Lg;, are phase resistance, phase inductance and the
w,; is the pu rotor speed respectively for i** VISMA. Under balanced conditions, the nonlinear
per-unit equation of the electromagnetic power P,; developed in the virtual airgap of VISMA
should be the same as the instantaneous active power output of the converter initially defined in
(2.12). Transforming from machine variables to d-q coordinate system yields the following

expression [53]:

Py = eqilg; + eqilg (2.41)
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Due to the multidimensionality and complexities of the stability issues, it is of interest to make
simplifying assumptions by adopting a suitable system representation and a detailed analytical
methods [19]. In the ESM, the fundamental flux in the field-winding is in the path of the direct axis
of the rotor and it developed an electromotive force (EMF) that lags this main-flux by 90°. Thus,
the generated virtual voltage E is principally on the path of rotor quadrature-axis, this however
means that e; = 0[42, 54, 55]. In order to simplify the model of the VISMA further, the following
assumptions are made (i) neglecting stator transients [56], (ii) neglecting transient saliency i.e.
Xqi = Xq; = x; [39] (iii) virtual stator is assumed purely inductive so that ry; = 0. (2.37) - (2.39)

therefore reduces to:

Ug; = X;° iqi (242)
eqi — uqi =X idi (243)
Pei = eqiiqi (244)

According to [56, 57], stator and network transients, governor model can be neglected without loss
of generality when dealing with small-signal stability analysis of multiconverter based power
systems. This research focuses on the steady state stability (SSS) after small disturbances rather
than the transient analysis. Due to the high complexity and dimensionality of the foreseeable multi-
VISMA system towards achieving 100% renewable power systems and because of the research
motive of reducing the entire power system to direct interactions between virtual nodes of the
VISMA, it is thus assumed the transients associated with the transmission line and virtual stator
decay very fast so that VISMA microgrid is represented as positive sequence network. Since the
rotor-angle is directly related to the active power control, the effect of voltage control in the rotor
angle stability analysis will be ignored. To consolidate more on simplicity of (2.42) - (2.44) to
neglecting the transients in the dynamics, it was reported in [58] that the steady state stability
behaviour of any dynamical system is solely influenced by its stationary characteristics and not in

any way affected by dynamic-parameters like passive damping, system-inertia, time-constant etc.

The simplified voltage equation of VISMA given in (2.42) - (2.43) is arranged in matrix form as

follows:

o I e | o L .
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Mechanical characteristics

Swing equation describes the rotor dynamics of VISMA and it is central to obtaining the
stationary operating points of all the dynamic nodes in the microgrid. Any imbalances on the
opposing torque acting on the virtual-rotor will lead to the acceleration or deceleration of the rotor
depending on whether load is reduced or added to the network. Aside from using swing equation
for power balancing in the network, VISMA also uses it to mimic inertia response of ESM. The
complete equation of motion for the virtual mechanical part of the VISMA in per unit [39, 53, 59]

is described by the following equations:

Awyi Pei
2H; =32 = Myneeni = = Di(wry = wy) (2.46)
das;
{F = Wb(Wri - Ws) (2.47)
Gi = Wst + 61'
Where:

H = Equivalent moment of inertia of rotating mass in sec.

Mpecn, = Virtual shaft torque input to VISMA in pu

P, = Virtual electrical power output

D = Virtual damping torque constant in pu

w, = Angular frequency in mechanical rad/sec.

6 = Rotor mechanical angular position in rad

wg = Angular synchronous speed in pu

wj, = base rotor electrical speed in electrical radians per seconds rad/sec.

6 = Rotor angular position measured with respect to synchronous axis in rad

2.4 Prominent VSG control topologies
2.4.1 OSAKA model

This model was invented by the research group of Ise laboratory in OSAKA University,
Japan in 2011 [24, 30, 60]. The control scheme of this topology significantly depends on the swing
equation of conventional ESM and utilizes a voltage-mode control, where both the real and reactive

power at the grid are respectively regulated by modulating the phase-angle 8 and amplitude of the
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voltage source converter E,, [61]. The dynamic equations of the topology in Fig. 2.12 are described
by (2.48) - (2.50) [62].

dwy

Pin = Pour = Jwr at +D(wr — Wg) (2.48)
mp

Pin = Po = = 77— (Wr = wo) (2.49)

Qref - QO = _mq(Vout - EO) (250)

Py, Py, Py are set values of active power, Virtual shaft-power, output active-power respectively

Qo) Qrefs Qour are set values of reactive-power, reference value for reactive power control and

output reactive-power respectively
wg, Wo, Output voltage angular-frequency, set value of angular-frequency
Vout, Eg converter output voltage, nominal voltage

T4,J, D Time constant of governor delay, virtual inertia, virtual damping factor

. — — Lr Zline
Distributed| | Energy J%‘I:"I
Generator Storage .

— — 1G BUS

E:p:.,“,”
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Figure 2.12. OSAKA control topology [31, 63]
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The Governor Model block described by equation (2.49) is required to maintain a frequency
stability, which is achieved by establishing a linear relationship between the grid frequency and the
active power output from the converter. On the other hand, Q-Droop block is primarily required to
provide voltage stability by creating a linear relationship between reactive power and the voltage
described by (2.50). Ty, is included to help mimic the delayed characteristics of a real governor of
ESM. The predefined powers P, and Q, are decided by the VSG rating and the power system
operators (PSO) requirements [64].

2.4.2 Synchronverter

This VSG control scheme was proposed in 2009. It is an inverter that is designed for three phase
grid connected system to mimic the behavior of conventional synchronous machines. The initial
model name was static synchronous generator (SSG) [65] before being later changed to
synchronverter [22]. The complex nonlinear dynamic equation of synchronverter is similar to that
of ESM only that the power exchanged with the prime mover is replaced with power exchange
with the dc bus. Also, it is modelled with the characteristic of cylindrical rotor type of having
transient saliency (i.e. Xq; = Xq; = X;) neglected. The saturation effect in the iron core, eddy
current losses and damper winding effects are also ignored in the model. The unpleasant hazards
associated with ESM such as hunting (oscillations around the synchronous frequency) and
instability issue as a result of loss of excitation are also possible during synchronverter operation.
The basic block diagram representation of (synchronverter power unit) is depicted in Fig. 2.13
while the control structure is illustrated in Fig. 2.14. The basic equations used in Synchronverter

scheme are given as follows:

J ddlt = [T = To = Dp(Wrep —wy)] @2.51)
T, = Myis(i, $Tho) (2.52)
E = w,M;i(i,STh) (2.53)
e = ESo (2.54)
P =wT, (2.55)
Q = —E.(i, cos0) (2.56)
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Where J, T, T, and Dy, defines the virtual inertia, virtual-shaft torque, virtual electromagnetic
torque, and virtual damping torque constant respectively. if, is the excitation current and My, is the
optimum value of mutual inductance. Other variables E, Pgt, Qset, P, @ are respectively defined as
amplitude of the excitation voltage, active reference power, reactive reference power, the
instantaneous active power, the instantaneous reactive power. , is the virtual rotor mechanical

angular speed.

oy
) ‘{ ﬂ{ ﬂ{
Circuit
L, Ry . oVa Lg J Rg Breaker
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Figure 2.13. Power part of synchronverter [65]
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Formulas

Q | ofe,0 1 [ e

Qu ¥~ [1] MﬂffT T i

Figure 2.14. Synchronverter control scheme [65]

Expression for STh and ¢os0 are given in (2.57) — (2.58):
sinf

ano = |sn(0-%) (2.57)
sin (9 + 2?”)

cos6

2T

D50 = [COS C _?)l (2.58)
lcos (9 + Z?H)J
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2.4.3 Cascaded Virtual Synchronous Machine (CYVSM)

CVSM is a voltage controlled model which was proposed in 2013 [21]. This control scheme
is based on power-frequency characteristics. It is made up of inertia mimicking unit, reactive droop
unit, cascaded current and voltage controller units, and modulation unit. The inertia emulation and
system damping are achieved with the help of swing equation. This control scheme doesn’t require
phase locked loop for grid synchronisation, though it does need it for oscillation damping. It is

made up of two cascaded voltage and current controllers as illustrated in Fig. 2.15.

Figure 2.15. CVSM control scheme [21]

Reactive Power Droop SRF Voltage Controller /o, SRF Current Controller V:a Modulation

The voltage controllers use the voltage difference between reference voltage from the reactive
droop controller v, 4, and the measured grid voltage v,,44 to output a reference current iz 4, which
is also similarly compared with the measured grid current i, 44 by the current controller to output
a converter reference voltage v;. 4, which yield m,, after modulation. The vital dynamics equations

are given in (2.59) — (2.62). Parameter definitions not given above are obtainable in Ref. [21].

To Sk = Prop — Ky(wr — wy) — P (2.59)
(V540 = Vouaa) (Kpo +2) F v qaCrwr + Kepilogg = ioaq (2.60)
(it.aq — icaq) (Kpe + %) F i qalwr + KrriVoaq = Ver.aq (2.61)
% - (2.62)
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244 VSYNC

VSYNC control scheme developed as a current source model was proposed in 2009 [66].
VSYNC idea is to control the grid frequency through distributed energy storage systems rather
than the DGs, as illustrated in Fig. 2.16 a. The major components of VSYNC are the power
processor, the energy storage unit (e.g. supercapacitor, battery, flywheel) and the control unit.
Power between the grid and the energy storage device is controlled to mimic both the rotational
inertia response and the power-frequency droop response of ESM so as to counteract any frequency
deviations in the grid. The structure of PLL adopted by VSYNC is obtainable in [29]. The inertia
emulation is achieved through PLL having a characteristic identical to that of ESM. The dynamics
describing this VSG control scheme is given by (2.63) — (2.65) [66, 67].

dw
Pysg = kSOC(SOC Socref) Kinertia—— it kdamp(w Wref) (2.63)
" 2ug
ta = [S(u +u2)] Pysg 2.64)
e 2u,
ta = [S(u fuZ)] vsG (2.65)

Equation (2.65) defines the real power generated to or by the VSYNC, and is schematically
represented by Fig. 2.16 b. The 1%¢, 2™¢, and 37 terms of (2.65) respectively indicate the

Electric Power Grid Va S eer Proceaae

I
VSG Controller LI - A

e ~

da “

socC
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Main VSG Control
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/
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Figure 2.16. VSYNC (a) complete configuration model (b) Main VSG control block [67]

frequency droop characteristic, linearized inertia emulation and the energy storage (SOC)

maintenance. iz and ij are reference currents.

2.4.5 Kawasaki Heavy Industry (KHI) Control Model

KHI is a current controlled scheme proposed in 2012 with the grid converter designed to operate
as a voltage outputting model [68, 69] . The control of the grid converter is based on a VSG model
of algebraic type. In this control scheme, a delightful operation under all kinds of load (in particular,
unbalanced and nonlinear loads) is achieved by employing a current feedback loop that generates
a current reference through a phasor diagram of ESM. The KHI scheme uses the conventional
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model of a governor and AVR to correct the deviations in grid frequency and grid voltage
respectively [70-72]. The control structure of KHI model in Laplace domain is depicted in Fig.
2.17.

P, 1
o H
- m 1+ st

P Virtual
Admittance
AVR Governor iy
Model Model i N v
‘ + dq /| Vape
Q, 1 [ g b
q q abc
—0 K, — PI
- Trse TH T
Q i Bp

Figure 2.17. KHI control scheme [29]

The output current expression of the virtual machine represented by the phasor is given by

ig _ Eq—vqg
[l.;] =1, g vq] , (2.66)
where:

Y

n, X .
e Mg N v ] ed IR I
From the phasor diagram in Fig. 2.17, the reference generated currents (iz and i;) are compared
with inverter output current (i and ig) which is also equivalent to the virtual armature current of
the VSG control scheme. An appropriate current controller is then necessary to generate the right
control commands, though in this control scheme PI controllers are used to generate reference
voltages for the PWM controls. The virtual reactance x,, is a fixed value independent of system
frequency, i.e. x,, # wL,,. The phase angle between the virtual generated EMF E*and the grid line

voltage, V. is defined by J and valuated through the governor and the PLL frequency wp;;. The
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other model parameters w,w", Y,,,V* are respectively defined as virtual angular rotor speed,

reference angular speed, virtual admittance, voltage reference.

2.4.6 Synchronous Power Controller (SPC)

SPC was proposed in 2013 as a current source model with a voltage-control characteristic of the
grid connected inverter [43]. It permits the operation of a grid inverter in a similar way as the ESM
but with an improvement on the weak behaviour of ESM. The general structure of the control
algorithm shown in Fig. 2.18 is similar to that of voltage-current simplified VISMA model invented
by IEE, TU-Clausthal, the major differences in their features are the manner in which internal
virtual voltage is generated and as well as their electromechanical principle. SPC uses a second
order optimized model with an over-damped response that helps to reduce the oscillations in the
system [41, 73], whereas VISMA model relies on the traditional swing equation. In SPC control
scheme, the inertia, damping and droop characteristics can be independently configured without
interfering with each other. The swing equation in SPC is modified and appropriately designed
without subverting the damping characteristics of the converter [74]. Also, both control models
generate current reference ir. by utilizing the electrical behaviour of ESM. This is an emulation
of the output impedance of the ESM and thus plays an important role during load sharing [75].
Both control schemes avoid the need for extra filtering which plays a vital role in improving the
dynamic performance of the controller by enhancing its bandwidth. The involving equation

dynamics are given in (2.67) — (2.69) [76]:

. ©-Vy()
brep(s) = 2> 2.67)
kig
E= (Qset -Q) (kpq + T) + Vg(s) (2.68)
cosf
2T
veo = [cos (0 =5 (2.69)

cos (9 + 2?71)
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Where E, irer, Vg, Qsers @, 0, kpg kig, R, L, are respectively defined as internal voltage
amplitude, reference current, grid voltage, set reactive power, measured reactive power, rotor
angle, proportional gain, integral gain, virtual resistance, virtual inductance. Three topologies of
SPC emulating controller that have been investigated are; SPC-synchronous generator (SPC-SG),
SPC-proportional controller (SPC—PI) and SPC- Configurable Natural Droop Controller (SPC—
CND). They are majorly differentiated by the form of PLC transfer functions and are defined as
follows [77]:

1

G §)=———
PLC,SG( ) ws(Js+D)
— Kn
Gprepi(s) = Ky +— (2.70)
Kps+K;
G s) =
PLC,CND( ) S+Kg
Electro mechanical
block
¥
P ;
P + + CUC Voltage | ¢ 1 ref
— Gy o ()= controlled | Current Lo
- PLC N + controller
oscillator R+ sl To inverter
Vg Virtual admittance Ti
block

Figure 2.18. Synchronous power controller [75]

2.4.7 Inducverters

The idea of controlling VSC using the dynamics of induction machines was proposed in [78],
inverters using this control technique are thus called Inducverters. According to the author,
Inducverters introduces an easier and a more dependable control technique that is operable under
unsymmetrical load and distorted grid circumstances. This control scheme is thus employable for

multimachine operations in modern grids with an enhanced dynamic performance. The two major
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components of this scheme are the current synchronizing and the main controller units. Current
synchronizing block is responsible for generating the reference frequency w,.f and phase angle 8
using the local information (as shown in Fig. 2.19). The core controller unit generates the reference
currents iy rer and igrr which are processed through PI controller. The combination of the
resulting current iy, and the adaptive virtual impedance is thus used to realize the voltage
reference ey, which is lastly used to generate PWM control signal [75]. In addition to improving
the inertia response, Inducverters also have the capability to closely track grid frequency w, and
also supply a constant amount of power to the grid which is one of the major issues of an inverter

dominated power grid. The equation dynamics of Inducverters is given in (2.71) — (2.74) [78].

. k;

laref = (Pset = Pins) (kp + ?) 2.71)

. k;

lgref = (@set — Qins) (kp + ?) (2.72)

J Gt =Te =T, = Dw, 2.73)
de

Ws =0 = Wr + Wgip +Wo (2.74)

Where wgyp, Ty, Wy, J, kp, k; respectively define virtual slip speed, load torque, synchronous frame
speed, synthetic inertia, proportional gain, integral gain. Other parameters take the usual meaning

as defined in other models.

Grid

Inverter
P
. 1
—=0 e Virual | I
0 Ig.rer| da/abe Impedance PWM [—
f.—_
Q 9
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Figure 2.19. Inducverters [71]

2.4.8 Summary of the inertia control topologies

The key features of inertia control topologies have been discussed in the last section with their
respective dynamic equations. In this section, the weaknesses of the topologies are highlighted as
shown in Table 2.1 with the corresponding advances/improvements that have been exploited in the

literature for each control scheme.
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3 Stability Analysis Tools in Modern Power System
3.1 Introduction

When stability analysis is to be carried out on a power grid, it is desirable to be pragmatic while
developing an extensive power system model so that the relevant dynamics can be correctly
captured and simulated under a desired simulation completion time. In the stability analysis of a
multimachine power system with a significant level of distributed energy, different computational
tools have been developed to study the interactions between different units of the microgrid system.
The analytical approach used may be determined by the control architectures of the grid converters
and also by the form of network disturbances. Some of these techniques are; model reduction
technique, coherency and aggregation (CA) technique [126]. The CA technique is based on the
inherent characteristics, such as network admittances, generator inertias, and loads to obtain a
reduced model in the form of non-linear power systems [127]. The model reduction technique
simplifies the power system representation while still maintaining system dynamic responses. This
method has recently being employed in [128] and [129]. In this chapter, relevant mathematical
tools for stability analysis are presented with a special focus on selective modal analysis, transition

matrix and linearized small-signal model.

3.2 Small-signal linearized model of dynamic power system

Small-signal investigation of power system is predicated on obtaining a linearized dynamic model
and this offers systematic means of not only providing stability assessment (e.g. via eigenvalue
analysis) of the system but also introduces an effective way of obtaining controller parameters.
Small-signal models are generally represented in state-space form where all the dynamics of every
component are captured. Small-signal models are usually developed using a state-space
representation of the network, where generic models for the different power system components are
commonly available. Based on the state space model, standard control engineering tools are then
applied to carry out stability assessment. With this increase in inverter-based power grid, it is
critically more necessary to develop small-signal model as they are even more vulnerable to
instabilities. Unfortunately, converter control schemes are often secured with intellectual properties

(IP) personalized by the manufacturers, thus making the state space tasking [130]. The general
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mathematical expression that governs the internal dynamics of the associated components of the
microgrid including the VISMAs, the control dynamics, loads etc. is defined by the nt" first order

nonlinear differential algebraic equation (DAE) and " outputs as follows [131, 132]:

X = fi(xn, X o X3 Ug, Uy, U £), Vi = Gi(Xq, X2, X3, e X5 Ug, Up, U, - Ups E) (3.1)

Where g; denotes the set of algebraic functions, f; represents set of nonlinear differential functions
characterizing the system, x; is a state variable, u; defines the input state variable, and ¢ is the time.
The element X; defines the time-derivatives of the state variables [27] and is represented in a

simplified form as
xo=fow (32)

where x =[X1 X2.. Xp]Tu=[u1 Up.. uy]T,

Linearization of a dynamical system is a linear estimation of a non-linear system around given
stationary points, the approximation in microgrid is effective only if the deviation in characteristics
to the nominal operating mode after grid disturbances is negligibly small [53, 133]. Fig. 3.1 is an
illustrative example of linearization. If we assume that point B is within the linearized region then
the behaviour of the system at point A in the figure is approximated as that at point B. If x;, uq

defines the stationary operating point, then (3.2) is now defined as:

%o = f(xo,up) =0 (3.3)

Before proceeding with the linearization of the nonlinear power system dynamics in state-space
representation, it is necessary that the stationary operating points are first evaluated. The steady-
state is obtained by solving the dynamic equations for x = 0 (i.e. (3.3)). The stationary operating
points of the system variables are realized by providing the necessary reference signals and x,, u,.
If slight perturbation is introduced in the system which may be through the change in input
variables or change in state variables then, RHS in (3.2) is linearized by applying Taylor series

expansion as follows [134]:
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or o’s

; a
i = fOow) = fOo ) + 5| G—x) + 22| u—u) + 2| e xo)? +
aZ
s, = up)? 4 (3.4)
(x of (x
e i
A ’
i B
~f(x) —1
. :
s f (x“) b s : — Ox
n_ Y
£ .
= H H
o " .
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. L}
' '
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. .
' '
A A - X
0 Xy X
Input
Figure 3.1. Illustrative example of linearization in dynamical systems [135]
f the higher order 2 and above is to be neglected and assuming that
= =
T ox x=%o B = dulx=xo 35
n we have:
Ax = A(x — x,) + B(u —u,) (3.6)

Let the variable variations be defined as; §x = Ax = x —x, orx = x, + Ax and Su = Au =
u —u, or u = u, + Au. In the linear approximation, the behaviour of n-VISMA microgrid around

a stationary point is detailed by the following set of differential equations:

Ak = AAx + BAu 3.7)
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The elements in matrices A and B depend on the initial steady state operating condition. Elements
of A are partial derivatives of functions f; with respect to the state variables x; while elements of

B matrix are partial derivatives of f; with respect to u; and are defined as follows [27]:

%h .. Oh %h .. O
0xq Oxn ou, ouy
A=|: =~ B=|: -~ (3.8)
Un . n n ., Un
0xy 9l gim= nxn Ouq Ourdl gim= rxr

A is called the system matrix and its eigenvalues at stationary condition (x,, u,) can be used to
characterize the stability of the dynamical microgrid. Let A; = g; + jw; be a complex conjugate
solution that satisfies (3.7), then the frequency of oscillation of the corresponding i*" mode is

defined as [136]:

fi=2 Hz (3.9)

21

The damping ratio (;) is given as [27, 131]:

§i=——— (3.10)

The power system is considered to be poorly damped when its §; < 5%.

3.3 Modal analysis in virtual rotor angle small-signal analysis

Rotor angle stability entails the study of electromechanical vibrations that occur in the virtual rotor
due to grid disturbances [137]. The oscillations may be as a result of feeble electrical ties between
the VISMAs, or between VISMAs and the connected loads due to a long transmission length
(amounting to massive reactance), or on the grounds of uncoordinated highly responsive controllers
[27]. To study the magnitude of the rotor swinging as a result of grid disturbances modal analysis
is adopted. Oscillatory modal analysis is the most modern and widely used technique in power
system stability investigation [138]. Modal analysis is a frequency domain approach that is
particularly useful for characterizing the small signal stability of a linearized power system model
around its steady state operating point. It makes it possible to quickly identify groups that exhibit
similar behaviours and to clearly define each group's responsibility. Many details about these
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oscillations may be found in the stability studies of a power system around its equilibrium point
prior to any disturbances, including the number of inter-area modes the system has, their frequency,
and their damping. In addition, it aids in the improvement of modes that are adversely or
insufficiently damped [139]. The technique entails decomposition of grid oscillations into separate
components [138]. Modal analysis involves evaluating the eigen properties of the Jacobian matrix
to investigate the static stability of the microgrid dynamic. Eigenvalue analysis simplifies the static
stability of the microgrid by representing the disturbances’ responses as a linear combination of
uncoupled aperiodic and oscillatory responses [54]. The nature of the rotor swing is determined by

modes of the system matrix. Laplace transform of (3.7) yields:

_ Adj(sI-4)
- det(sI-A)

AX(s) = (sI — A)~1[AX(0) + BAu(s)] [AX(0) + BAu(s)] 3.11)

The poles of X(s) are the roots of the equation i.e.

det(sI—A) =0 (3.12)

The values of Laplace function s that satisfy (3.12) are the eigenvalues of the Jacobian matrix
A. Thus, the following criteria are used to characterize the microgrid's stability [40], [136]:

i.  The microgrid is stable if ALL the eigenvalues of system matrix A are NEGATIVE

ii. The power system is UNSTABLE if at least one real part is POSITIVE

iii. If at least one o of the eigenvalue is ZERO, then the system is CRITICALLY STABLE and
no conclusion can be made

iv. The farther the negative real part from the ORIGIN, the faster the oscillatory responses
decays to ZERO.

The above points i — iv, are illustrated by the complex plane in Fig. 3.2.
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Re
Figure 3.2. Mode type description on the complex plane [27]
Since s = A, then we can write:
det(A—AIL,) =0 (3.13)

Where I,, € R™*" is called the identity matrix, and (3.13) is termed the characteristic equation of

the Jacobian matrix. For any 4;, there exists a non-zero right eigenvector @; satisfying

Equation (3.14) shows that eigenvectors are not unique as they can be rescaled by multiplying or

dividing their elements by a nonzero number. From (3.14), we can write:
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Ady = P11y
Ay = b

Equation (3.15) can further be expanded as follows:

4 0 0
0 A .
Alps b2 Gl=[d b - a|) 2T V| =a=diag@),
0 0 - 2,
Or, AP = dA (3.16)
b1
where; @ = [P ¢y - ], P = ¢:2i , where ¢; is a column vector
¢m‘

@, is a square matrix and if its elements are linearly independent then matrix @ is non-singular and

its inverse, (@~ 1) exist.
Pre-multiplying (3.16) by @~ and then right multiply the resulting expression by @1 yield;
YAD = A 3.17)

where ¥ = @1, is termed the left eigenvector which is a row vector and is defined as:

v=1¥1 ¥ ~ Wl =[p " o . i=a Yo - Pl

If all the eigenvalues assume unequal values ie.A; # A, .. # 4, , then the corresponding

eigenvectors are linearly independent. If 1 and @ are normalized, then

Po=1 (3.18)

3.4 Time domain analysis via state transition matrix

Electrical power systems are generally complex and highly non-linear. The static stability of the

non-linear system is entirely dependent on the nature, size of the inputs and the initial operating
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condition. By linearizing the nonlinear model around an equilibrium point, it is possible to use the
linear dynamics to analyse stability of nonlinear systems within a given linear region. In contrast
to nonlinear stability analysis, linear dynamic system is fully independent of the input and as such
the state of a stable system having absolutely no input is surely expected to relapse to the origin
[40]. Solution to a heterogenous state equation in (3.7) if the initial time is t, instead of 0 starting

point is expressed as follows:
Ax(t) = A=t Ax(0) + f; eAtDBAU(T) dT (3.19)

If a free motion dynamic (null input) is considered then (3.7) reduces to
Ax = AAx (3.20)

Solution of (3.20) is given by Ax(t) = eA*Ax(0). e’ is called matrix exponential or state
transition matrix and is of dimension n X n while Ax(0) defines the initial condition. In a complex
power system, evaluating et may take a long time or may even cause the program to hang if not
well structured. Also, in (3.20), each first order differential equation is a linear combination of all
the state variables in the system. Due to this cross coupling of state variables, it is difficult to
identify those parameters that greatly influence the dynamic performance of a particular state

variable. It is thus necessary to decouple these state variables.

If Ax = @z is a linear transformation equation, then

A% = AAz 321)

Ax(t) = PettpAx(0) (3.22)
x1(t) Ax14(t) et 0 ... 0

where Ax(8) = 2], ax(0) = [A20(D) | ea = | 0 elft PO (3.23)
() Bxno(8) 0 0 . et

x;(t) and x;(t) respectively defines the time response and the initial state of the i*" state variable.
If the eigenvalues are distinct i.e. 1; # A, # - A,,, then e”? is represented as in (3.23). However,
if there is multiplicity in a particular eigenvalue i.e. A; = 11,15, A5, 15, A3, A4 ... A, then e will

have other terms like te?2t, t2e#2! in addition to the normal e?1t, ef2t, e2st edst eint [140].
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To illustrate a numerical time domain analysis using eigenvalues and eigenvectors, the IEEE-9 bus
VISMA microgrid with extended virtual buses shown in Fig. 3.3 has been considered for analysis.

In this example case, all initial conditions are assumed equal to 1, definitely Ax;(t) # 0.

1
|

g e e e OB FIN 218

18/230KV 13.8/230KV

Myechz VISMA 1 VISMA Minecns
E, MODEL 2 MODEL 3 |« E3

9

8 ]—— — 9
LOAD C
LOAD A LOAD B
ll”('l l@ P
o

Mpech1 VISMA
E, MODEL 1

Figure 3.3. VISMA model with external power loop control

16.5/230 KV

In Fig. 3.4 (a), zero equal damping is demonstrated for all VISMAs on the microgrid. This results
in undamped (sustained) oscillations in both frequency and the virtual rotors. Though, it is much
expected that the behaviour in both frequency and rotor must be similar due to their mathematical
relationship, the result reveals that studying grid stability using rotor characteristics is much better
due to the magnified oscillations they exhibit rather than using the frequency. In Fig. 3.4 (b), equal
damping case of 4 was used for all the three VISMAs and this results in underdamped
characteristics in both frequency and relative rotor angles. System behaviours in Fig. 3.4 (a and b)
show that when damping is large, the perturbations in the system are damped faster. Increasing
damping to damped out oscillations may also have a limitation, as its adjustment must always be
considered in line with the particular inertia of the machine to avoid synchronizing time problem.
This scenario is demonstrated in Fig. 3.4 (c and d), it is shown that, the time taken for the VISMAs
to synchronize after perturbation increases when large damping values are used. This problem is

majorly caused
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Figure 3.4. Time domain analysis with eigenvalues and eigenvectors for (a) D; = 0 (b) D; = 4 (c)
homogenous and increased heterogenous damping cases (d) demonstrating reduced effect of D3
from 250 to 50

by an over increased ratio of damping to inertia i.e. % (where i = 1,2,3..n). VISMA 3 is having

the largest damping to inertia ratio of 41.53 compared to VISMA1 with 3.172 and VISMA 2 with
15.625. Let’s say Dj is reduced to 50 from 250 so that its new ratio now becomes 8.31, then re-
running the program yields the result in Fig. 3.4 (d) which clearly shows that synchronizing time

will improve after grid disturbances.

3.5 Eigenvalue sensitivity for controller design

For a set of initial system conditions, it is often of interest to know how power system dynamics
will react to change in some key system parameters or a particular disturbance scenario. During
power system designs, some parameters are typically assumed with no proper idea on how the
system is going to be impacted. Controller design in a complex modern power grid is one of these
challenging tasks that need to be carefully undertaken if microgrid stability is to be ascertained
under all disturbance conditions. Since power systems are generally nonlinear, controller designs
could be achieved through a linearized model of nonlinear model by adopting some special
techniques. Such techniques take care of relevant dynamics and details. However, in order to obtain
controller parameters for optimal operation of the microgrid, first-order eigenvalue sensitivity have
become a universally accepted tool. Couple of reasons justify its popularity: practicability, user-
friendliness, simplistic nature etc [141]. To derive the sensitivity of the eigenvalues to the system
parameters we may assume that the eigenvalues and eigenvectors vary continuously with respect
to the elements of the system matrix A, so that perturbation equation is formulated for (3.14) [53,
142]. Taking the partial derivative of (3.14) with respect to system parameter Sy ; (i.e. parameter 8

in k" row and j** column) using chain rule, we obtain the following [53]:

24 aw; o ad;

oAk L oak;  oag; bt Tloay;

(3.24)

Collecting like terms and pre-multiplying each term of (3.14) with left eigenvector ¥, yields:

04
0A;

®; + P[4 — 2022 = g, (3.25)

0Ar;  0Ay;
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It is quite well established that [A — A;I] = 0 and using (3.20) in addition yield the following from
(3.27);

X
04y;

0A
=Visa, @i (3.26)

However, if all elements of ;A—A = 0 except the element in k™ row and j®* column, then (3.26)
kj

becomes;
N
6Ak, = kal" ¢U (327)

It is possible that the system matrix element Ay; in (3.28) is a function of system component
parameter 8 i.e Ayj = f(B) or more likely that elements of matrix A are functions of same
parameter 3, then the eigenvalue sensitivity is obtained by taking the partial derivatives of the
function in each row and column accordingly. However, based on the pointing direction of the
parameter sensitivity and its value size, it can be determined whether the controller parameter so
initially selected is suitable to achieve proper regulation or not [141]. System responses can thus

be improved if need be.
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4  Steady State Operating Points of Autonomous Microgrid
4.1 Introduction

Before starting the stability analysis of a multi-virtual synchronous machine (n-VISMA) power
system, it is necessary to obtain the steady state operating points (SSOP) of all dynamic nodes in
the network. The modified traditional iterative schemes using the concept of droop bus technique
in an autonomous/islanded microgrid (IM) are not feasible for load flow analysis of VISMA
microgrids incorporating no control dynamics. This chapter discusses a closed-form steady-state,
fundamental-frequency model for an autonomous VISMA microgrid using the concept of a virtual

swing bus.

4.2 State of the art load flow algorithms

The introduction of VISMA and droop control schemes in IBG brings along some technical and
analytical challenges in the formulation of power flow solutions for the microgrid. Load flow study
plays a significant role during system scheduling, network extension, and optimal operation of the
microgrid [143]. It is useful in obtaining the stationary operating points at all buses in the
multimachine power system [142]. However, the conventional means of iterative solutions like
Gauss-Siedel and Newton-Raphson are not suitable for load-flow analysis of an autonomous
microgrid because of the absence of slack bus. The line reactances is not constant but vary with the
system frequency [144, 145]. A quiet number of analytical models have been developed to study
the power flow characteristics of an autonomous microgrid. Load flow analysis in autonomous
microgrid was formulated in [146, 147] using the traditional iterative method. The authors failed
to consider the operational behaviour of IM with decentralized droop control but rather considered
the DG bus with maximum capacity as the swing bus and the other buses as either PV or PQ buses.
This assumption is not practicable as the DG units are generally of micro sources and do not have
the capability to act as an infinite bus to keep-hold the system frequency and its local voltage
constant. An improved backward/forward sweep (BFS) approach was proposed in [148]. This
method has a high computational efficiency and good solution accuracy but it is only suitable for
radial distribution and weakly meshed systems with singular power source and could be subjected

to convergence issues when used in multisource microgrid [149]. Ref. [149] also considers a slack

68

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



Dieses Dokument unterliegt der Lizenz Open Access CC BY 4.0

node and other nodes as PQ nodes which is an invalid assumption in an autonomous microgrid. As
mentioned in [150], their application is limited to grid connected systems and cannot be directly

applied to DG with droop characteristics.

_______ PCC T T
| iPUhQ(ir

Y

Mmech“ ep

-

Mg

(a) (b)

Figure 4.1. Steady state operating points models for islanded microgrid (a) Existing droop bus
technique [143, 145, 149-151] (b) Proposed virtual swing bus model

Droop bus technique was introduced (see fig. 4.1 (a)) in addition to the conventional PV and PQ
buses [143, 145, 149-151] for a load flow solution of an IM considering the droop characteristics
of the DGs. In [149], a generalized 3-¢ power flow algorithm for IM using globally convergent
Newton trust method was suggested. This algorithm solves sets of non-linear equations and
demands the evaluation of the ‘Hessian matrix’ in addition to the state matrix and this makes the
computation very complex. This method in [149] is exquisitely sensitive to the initial
configuration of the problem variables [152]. An improved modified Newton-Raphson (IMNR)
method for load flow was suggested in [151], it extended the conventional Newton—Raphson
method to the autonomous case with complex loads. A number of models have also been
developed from the angle of evolutionary-based methods which are unconstrained with the initial-
values of the problem variables. Elrayyah et al., suggested a power flow technique for a droop
based islanded microgrid using the concept of particle swarm optimization (PSO) to select the
voltage droop parameters that optimize reactive power sharing among the DGs for all loading
conditions [153]. Though the model of Elrayyah is effective and allows for stability testing of the
microgrid, it does fail to calculate active power sharing among the DGs. Guaranteed convergence
PSO with Gaussian mutation was proposed in [152]. However, the effectiveness of metaheuristic

techniques depends on the selection of parameters. A Homotopy-based method to provide solution
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to load flow of droop controlled IM is presented in [154].

The droop bus models discussed in the last paragraph are only valid for DGs that solely
incorporate droop control schemes and cannot provide complete steady state operating points of
SVI-VISMA model especially when in its natural state. SVI-VISMA in its natural state does not
implement a governor and hence does not actuate a primary frequency control but nevertheless,
an external droop controller can be added. SVI-VISMA has an inherent droop characteristic and,
thus possess the capability to maintain network synchronization without externally added droop

control.

In this research, a novel virtual bus technique based on the principle of swing equation to obtain
the SSOP of all dynamic nodes in autonomous VISMA microgrid is considered (see fig. 4.1 b).
This proposed concept employs the use of constant amplitude of virtual excitation and virtual
torque localized to each VISMA unlike the droop bus approach that uses active and reactive power

coefficients as major constant control parameters.

The proposed load flow technique for VISMA microgrid further considers the following
conditions:

1. The steady operating points of buses are independent of the characteristics of the interface
power electronic converter, distributed energy resources and network filter.

2. There is no slack bus, so any bus on islanded (SVI-VISMA) microgrid system could serve
as a reference bus. The voltage at all buses are variables except the virtual buses in which
the pole wheel voltages are prespecified. The system frequency is global and also a variable.

3. All SVI-VISMA buses are governed by swing equation. Either the terminal bus or the
internal bus could act as the ‘virtual swing bus’. Note that the designated virtual swing bus
here does not have the capability to maintain system frequency. If the internal bus is taken
as the virtual swing bus, then the active and reactive power at the terminal bus is determined
by considering the active and reactive losses in the virtual stator.

4. VISMA internal bus cannot be classified as slack, PV, or PQ buses since the parameters are
not pre-specified, though the pole wheel voltage is known but the active power P, Q and

pole-wheel angle on the bus is not known but to be determined via iterative scheme.

The obtained load flow solution is thus useful in the steady stability analysis of VISMA. The usual

question about whether IBG can effectively replace the traditional generation scheme is also
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answered in this dissertation. The effectiveness of the proposed algorithm is validated by

comparing the results obtained with that obtained from time domain analysis using SIMULINK.

4.3 Microgrid System Modelling

4.3.1 VISMA system

A schematic of VISMA system without excitation control and governor dynamics is shown
in Fig. 4.2. The system consists of a DC voltage intermediate circuit to which either an energy
storage device or a combination with one or more DC voltage generators is connected, a self-
commutated, fast-switching, three-phase inverter, a phase current regulator, a process computer on
which a model to simulate the synchronous machine runs, an LC output filter and the current and
voltage transducer for measuring the network-side operating parameters. The virtual bus is

designated with red line in Fig. 4.2.

Q1| e

N v
Calculation of | —— z
+ actual power | —T— Cf load
Lape
Current + . P
controller J_‘ «— lane € -_

Figure 4.2. Block diagram representation of VISMA
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4.3.2 Static Load Modelling

In large scale power system stability studies loads are typically aggregated at bulk supply
substations. In rotor-angle stability studies a static representation of loads is commonly employed.
A static load model describes the behaviour of loads at any point in time as algebraic functions of
system frequency and load bus voltage at that instant. The active power P and reactive power Q
delivered to the load are represented independently by the following frequency dependent load

model [40, 155]:

N
P = Proi (3) (14 Kppdw) @.1)

AB
Qui = Quoi (§) (1 + Kqpow) (42)

Where Aw is the angular frequency deviation (w — w,), P, ; and Qy,; are the active and reactive
power at initial steady state operating points, U, is the nominal voltage, K, and K are frequency
sensitivity parameters and respectively ranges between 0 to 3.0 and -2.0 to O respectively [149].

The exponent values for different categories of loads are given in Table 4.1.

Table 4.1. Load types and exponent values [143]

Load type (L7) a B

Constant Power (KP) 0.00 0.00
Constant current (KC) 1.00 1.00
Constant Impedance (KI) 2.00 2.00
Residential load (RL) 0.92 4.04
Commercial load (CL) 1.51 3.40
Industrial load (IL) 0.18 6.00
Typical load (TL) 0.92 1.00
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4.3.3 Network Modelling

In an autonomous microgrid, Ypys is the network admittance matrix and is not constant because the
system frequency is also not fixed. Therefore, for a system with N buses (virtual buses inclusive),

Ypus 1s defined as follows:

(Yll(w) o Yy (W))
Yoo =| ¢ ; (4.3)
Yvi(w) - Yyn(w)

4.3.4 Power injected at the virtual buses

It is desired in this section to establish the inherent relationship between active power, P;
at the virtual bus and load angle, § and the reactive power, Q; to internal generated voltage, E.
This relationship can be utilized to achieve load sharing between VISMA inverters only with the

help of local measurements at their point of common coupling.

Figure 4.3. Per phase equivalent circuit of VISMA stator

The complex power delivered to the internal bus i of VISMA shown in fig. 4.3 is given as [156,
157]:
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S¢i =P +jQ¢; = Eji] i=12....n 4.4)

Where n, is the number of internal nodes. P ; and Qg ; are obtained as follows [60]:

Ef Uei Ej
Pg; = Z—i]_cos @ — ;,j Cos((pi + 5ij) 4.5)

+6,) (4.6)

_f
Qi =1

Where §;; = §; — §;, is the power angle difference between the virtual bus and its corresponding
terminal bus, if is the conjugate of the stator current from VISMA i, while Z;; and ¢; are magnitude
and the phase of the virtual stator impedance respectively. From phasor impedance diagram, we
can establish that cos@; = R;j /Z;; and sing; = X;; /Z;; [158], equations (4.5 & 4.6) are
transformed to (4.7 & 4.8) as follows:

E; .
PG,i W [ ij (E Ut,i C056ij) - Ut,i smdij] (47)
Qg = RZ +x2 [ R;jUys;sind;; + X (E Ug; cos5U)] 4.8)

Equations (4.7 & 4.8) are also reduced to (4.9 & 4.10) as follows;

Xij-Pg,i—Rij-Qq,i

Ut,i Sil’lé‘ij = I
i

4.9

RijPg,i*+Xij.Qq,

El - Ut,i COS(Sl']' = E,

(4.10)

Independent control of P; and Qg is possible if we assume the virtual stator is purely inductive, so
that R;; =~ 0. If §;; is small, then we can assume that sind;; = §;; and cos§;; = 1 so that, (4.9) and

(4.10) becomes:

Ui E;
Pgi =—r— 6
“ 4.11)
E} Uk @.
Qi=_————"—

Xd,ij Xd,ij
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Where x4, is the virtual reactance. It is clear from (4.11) that active power injected into VISMA
bus is dependent on the power angle while reactive power is dependent on the voltage amplitude
difference. Since the stator is purely inductive (as an assumption), it implies that there is no active
power drop between the internal bus and the terminal of the VISMA but there exists reactive loss.
P i and Qg ¢; injected at the terminal bus can be proved in similar way and in that case the complex

power injected at the VISMA terminal bus 2 of fig. 4.3 becomes:

Se.ti = Poti Qg = Upi i} (4.12)
Ue; Ei
P = ;d y bij
) 4.13)
U E;  E? (
QG,ti = e

Xaij  Xdij

From the solution of (4.11) and (4.13), the reactive loss in the virtual stator can be derived as [142,

158]:

Quoss,stator = Qai + Qoei = (E? — 2Uy; Eicos8yj + UZ) [xq (4.14)

Alternatively,

Q1oss,stator can be evaluated by considering the voltage phasor relationship between the internal
virtual bus and the corresponding terminal bus of a particular VISMA i, as shown in Fig. 4.4. The

voltage drop in the virtual stator is thus obtained by applying cosine rule given in (4.15).
Vdrop,stator = Ei2 + Utz,i - 2Ut,i EiCOS6ij (4~15)

So that,

Qloss,stator -

2
Vdrup,statnr — Eiz_zut,i EiC056ij+Ut2,i (416)

Xd,ij Xd,ij
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Vdrop.smtor

Figure 4.4. Virtual voltage drop estimation using cosine law

4.4 Problem formulation

Generally, DGs are modelled as PV or PQ buses in a grid connected system but it is
impossible in IM to operate all DGs in PQ or PV mode because of the absence of slack bus. In an
IM, DGs are modelled in three modes, i.e. PV, PQ, and droop [143, 149, 151, 159]. There is one
exception, though, in that not every DG bus can be represented as a droop bus. VISMA can function
without the addition of external droop since it possesses an innate natural droop feature. The
formulation of the proposed algorithm involves two steps, first solving the load flow like the
conventional Gauss- Siedel. The system frequency is initialized as 1.0 pu, and is recalculated in
each step of the iteration. The voltage at all buses is also initialized to 1.0 pu. It is worth nothing
that an arbitrary reference bus is selected with zero reference angle. The voltage U; at bus i can be

determined by using the following iterative voltage equation [160, 161].

Zk+1 _ 1 |Pi—jQi i-137 77k+1 N 2 Tk
Ut = }7_”[ (lﬁik)*l =X Y U = i Yy U ] 4.17)

For PV buses, net injected reactive power is evaluated based on the iterative voltages [7}”1 and

using the following expression:

= —im {(UF) (B4 Y, U4 + B0V, UF)} (4.18)
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Where l_fl-’“rl is the new value of iterated voltage at bus i, 171" and l—];-k are the magnitudes of voltages
at buses i, and j respectively, }_’)ij is the admittance between buses i, and j, P; and Q; are the
scheduled active and reactive power at bus i and ?ﬁ is the self-admittance at bus i. For PV buses,
Q is determined from (4.18) while the angle is determined from complex voltage in (4.17). For
VISMA internal bus, bus voltage is pre-specified as an amplitude of the pole wheel voltage e, in
this case the pole wheel angle is determined by keeping the iterative angle in (4.17) and discarding
the iterative voltage. The VISMA internal buses are variable frequency dependent, so P and Q

injections are obtained iteratively using the following expressions:

P& = BlaxSl (4.19)
EP-E;U¥
ki1 _ ] (4.20)

Xd,i

Figure 4.5 depicts functional flow chart for the proposed algorithm. If there are m VISMAs in the
network of system frequency, w then the total number of variable vectors X to be determined is
given by:

X=[PM" @M)HT W' ™" "HT w] 421
Network frequency is global and an important parameter that is required in each step of the iteration

until program convergence is achieved. At steady state, there is no acceleration of the virtual rotor,

so from (2.7) and the active expression in (4.11), the rotor angles are obtained as follows:

Minech, u,iWk_Di(Wk_Ws, )
5ikj+1 =( h.p pk 14 ) (4‘22)

max,i

The total active power generated at steady state is thus;

Piotar = Zﬁl PG,pu,i = [Mmech,pu,i Wpu — Kd,pu,i(Wr,pu - W*)] (4~23)

For N bus systems, the total active (P,ss) and reactive (Q),ss) losses are calculated as follows [150,

162]:
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Pioss = XV IV R{ Y (U7 U; + U} U}

T2

1NN * * (4.24)
Quoss = =5 X1 2} 1{ Yy (U7 U; + U Uy)}

Initialization: U = 1 < 0° pu, network frequency
w = 1pu. Set acceleration values & desired
tolerance

Calculate ¥y,

Power limit
exceeded?

Set to limit
Bus voltages

Calculate torque angle ‘

¥y
| Calculate network losses |

v

Calculate updated frequency, wh*1 |

.
| AX = | X"+ — X¥| & set X*+1 = Xk |

Figure 4.5. Functional flow chart for Virtual swing bus algorithm

The total active power (Pota)) and reactive power (Qgorqr) injected by the VISMAS at the virtual
buses are defined as follows [39, 150]

Protar = Proaa t Ploss
4.25
{Qtotal = Quoaa + Quoss ( )
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where Py,,4 = Total active power load demand and Q,,,4 = Total reactive power load demand

The classical model sometimes refers to the one in which damping is ignored (i.e., D; = 0), but
here the damping effect is considered explicitly, as it can have non-negligible effect on the stability
of steady-state power grid operation and can potentially be used as tunable parameter for
optimizing the stability and most valuably updating the system frequency [163]. In electrical power
system, frequency is a global variable, and hence all VISMAs in the network are expected to inject
active power at same angular frequency. By eliminating, Py in (4.25) and (4.23), the following

iterative expression can be derived.

Z?:H Wkaech,pu,i - Pl’f)-;}i"'Pl’g's-sl
Wk = 4 m '( ) (4.26)
YitiDi

4.4.1 Model extension with externally added droop controller

Equation (4.11) reveals that angle § can be controlled by regulating P;, and VISMA virtual bus
voltage E is controlled by regulating Q. Control of the w dynamically controls the power angle
and, thus, the active power flow. By adjusting P; and Q; independently, frequency and amplitude
of the grid voltage are determined. Equation (4.13) forms the basis for the following conventional

droop equation [27, 164]:
W= Wspu = _Kpi(Pr:li - Pmo,i) (4.27)

Eq —E = —Kgi(Qei — Qo) (4.28)

where P, and By, (or Pg) are the set and adjusted operating points of the virtual mechanical power
input to the VISMA. E, Q,;, my and mg are the controlled virtual bus voltage, reactive power

set point, active and reactive droop coefficients, respectively.

Considering the steady operation of VISMA, (4.27) and (2.46) are combined to obtain the

following iterative expression for rotor angle of the VISMAs:
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1
Mmech,pu,iwk_(K—pi"'Di)(Wk_Ws,pu)

ij,droop — pk

max,i

k+1

(4.29)

Frequency update and virtual excitation voltage with external droop addition in the form of iterative

scheme are obtained as follows:

W(’ic:olop —w pX Wkaech,pul,i‘(Pl’fzJ&}:ﬁPz’gsl) (430)
ZTi’,;l(F"'Di)
i
Eft = E; —mgi(Qfi — Qo) 4.31)

If my,; = 0 in (4.29) and (4.30), then (4.22) and (4.26) are respectively obtained. Also, if mg; = 0
in (4.31), then E; = E. These substitutions mean that the VISMA microgrid model without power
and excitation control dynamics is easily obtainable from that with external droop extension. The
load flow solution is completed when the difference between the new estimate and the previous

estimates falls within an acceptable limit.

4.5 Validation of The Proposed Algorithm

To validate the applicability of the proposed algorithm and prove its accuracy, two case systems
have been considered. These systems were also modelled in SIMULINK environment for detailed
time domain analysis. In order to effectively analyse VISMA operations on these networks,
additional virtual buses are introduced. These buses are equivalent to the internal nodes of the
conventional ESM on the network. With respect to inverters, right amount of active power at the
PCC necessary for frequency stability depends on the composition of loads on the network, and as
such constant power load (CPL) and constant impedance load (CZL) have been considered for the

analysis.

Case study 1. The first system is IEEE-9 bus standard network designed to operate as an island
microgrid. For the purpose of the analysis, the buses are labelled as shown in Fig. 3.3., i.e. each

bus number is shifted up by 3 when compared with the standard IEEE-9 bus system. The virtual
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buses of VISMA 1, VISMA 2 and VISMA 3 are numbered as 1, 2 and 3 respectively. The
parameters for the VISMAs in Fig. 3.3 are given in Table 4.2 while the line and load bus parameters
are obtainable from [42]. The validation here is in two categories. In the first category, the
algorithm is used with constant excitation and constant torque. Table 4.3 shows the performance
of the proposed algorithm with that of the time domain simulation, and the generic standard grid
tied method obtained in Ref. [42] for a CPL at all load buses. Table 4.4 is the load flow results
when all the load buses are of CZL. The average valued error of the voltage magnitude and phase
angle of the proposed algorithm with respect to the time domain method are respectively 0.00083%
and 0.005% for CPL and 0.0% and 0.00083% for CZL. These results demonstrate an excellent
performance of the proposed load flow algorithm for islanded mode operation of microgrids based
on virtual swing bus. The steady state frequency obtained by the proposed algorithm is shown in
the respective table of results. Table 4.5 shows the values of active and reactive power generated

by the VISMAs.

Table 4.2. VISMA parameters for IEEE-9 bus system

Description Symbol VISMA1 VISMA2 VISMA 3
Shunt capacitance,x 1075, pu Cr 3.1740 3.1740 3.1740
Virtual inductance,X 1074, pu Lg 1.6128 3.1778 4.8091
Virtual inertia (sec) H 23.64 6.40 3.01
Virtual damping (p.u) D 700 700 700
Amplitude of pole wheel ép 1.0566 1.0502 1.0170
voltage (p.u)
Virtual torque input, (p.u) Mech 0.716 1.630 0.850
Rated frequency v 60 Hz
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Table 4.3. Voltage and angle profile of IEEE-9 bus VISMA microgrid with CPL and no external

droop control

Bus Bus Original IEEE Virtual swing bus Simulink
No.  Descrip (Grid tied) algorithm
tion Voltage Angle,8 Voltage Angle,8 Voltage Angle, &
V (pu) (rad) V (p-w) (rad) V (p-w) (rad)

1 Virtual - - 1.0566  0.0396  1.0566 0.0397
, buses - - 1.0502  0.3443  1.0502 0.3444
3 - - 1.0170 02298  1.0170 0.2299
4 Termin 1.0400  0.0000 1.0400  0.0000  1.0400 0.0000
s albuses 0050 00620 10251 0.1620  1.0251 0.1620
6 1.0250  0.0814  1.0250  0.0814  1.0250 0.0814
7 Load  1.0260 -0.0387 10258 -0.0387 1.0258  -0.0387
g PUSSS (9956 00696 0.9957 -0.0696  0.9956 -0.0696
9 1.0127  -0.0644 1.0127 -0.0644 1.0127  -0.0643
10 1.0258  0.0649  1.0258  0.0649  1.0258 0.0650
11 1.0159  0.0127  1.0159 00127  1.0159 0.0127
12 1.0324  0.0343  1.0324 00343  1.0324 0.0344

Frequency 0.999999584

Table 4.4. Voltage and angle profile of IEEE-9 bus VISMA microgrid With CZL and no external
droop control

Bus Bus Virtual swing bus SIMULINK
No. Description algorithm
Voltage, V. Angle, 5 Voltage, V Angle, §
(p-w) (rad) (p-w) (rad)

1 Virtual buses 1.0566 0.0403 1.0566 0.0403
2 1.0502 0.3459 1.0502 0.3459
3 1.0170 0.2315 1.0170 0.2315
4 Terminal buses 1.0395 0.0000 1.0395 0.0000
5 1.0239 0.1620 1.0239 0.1620
6 1.0235 0.0808 1.0235 0.0808
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7 Load buses 1.0248 -0.0394 1.0248 -0.0393

8 0.9949 -0.0698 0.9949 -0.0698

9 1.0107 -0.0665 1.0107 -0.0665

10 1.0242 0.0640 1.0242 0.0640

11 1.0136 0.0104 1.0136 0.0104

12 1.0306 0.0330 1.0306 0.0330
Frequency 0.999983475

Table 4.5. Power generated by the VISMA in IEEE-9 bus VISMA microgrid for constant
excitation and constant torque

Load Power Sources
Type injected at VISMA1 VISMA2 VISMA 3
virtual buses

CZL  Active 0.7276 1.6415 0.8616
power, P
Reactive 0.3124 0.3821 0.0283
power, Q

CPL  Active 0.7161 1.6301 0.8501
power, P
Reactive 0.3030 0.3693 0.0181
power, O

In the second category, the algorithm is used with an added external droop control. Equal values
of static droop coefficients have been used for all VISMAs i.e m;, = 0.03 and m, = 0.02. Table
4.6 and Table 4.7 respectively illustrate the performance of the algorithm for CPL and CZL in
comparison with the time domain values. The average valued error of the voltage magnitude and
phase angle of the proposed algorithm with respect to the time domain method are respectively
0.0033% and 0.00083% for CPL and 0.0% and 0.0025% for CZL. These results reveal a good
performance of the proposed algorithm for an islanded microgrid. The active and reactive power

generated by VISMAs are presented in Table 4.8. The total
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Table 4.6. Voltage and angle for IEEE-9 bus VISMA microgrid with CPL and external droop

Bus Bus Virtual swing bus SIMULINK
No. Description algorithm
Voltage, V. Angle, 8 Voltage, V. Angle, §
(p-w) (rad) (p-w) (rad)
1 Virtual buses 1.0504 0.0401 1.0504 0.0401
2 1.0427 0.3497 1.0428 0.3497
3 1.0162 0.2315 1.0162 0.2315
4 Terminal buses 1.0333 0.0000 1.0333 0.0000
5 1.0173 0.1645 1.0174 0.1644
6 1.0204 0.0822 1.0204 0.0822
7 Load buses 1.0186 -0.0392 1.0186 -0.0392
8 0.9878 -0.0706 0.9879 -0.0706
9 1.0056 -0.0652 1.0056 -0.0652
10 1.0181 0.0660 1.0182 0.0660
11 1.0088 0.0129 1.0088 0.0129
12 1.0265 0.0346 1.0265 0.0346
Frequency 0.999999802
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Table 4.7. Voltage and angle for IEEE-9 bus VISMA microgrid with CZL and external droop

Bus Bus Virtual swing bus SIMULINK
No. Description algorithm
Voltage, V. Angle, § Voltage, V. Angle, §
(p.w) (rad) (p.w) (rad)
Virtual buses 1.0505 0.0401 1.0505 0.0402

—_

2 1.0428 0.3486 1.0428 0.3483
3 1.0162 0.2299 1.0162 0.2299
4 Terminal buses 1.0337 0.0000 1.0337 0.0000
5 1.0175 0.1634 1.0175 0.1632
6 1.0203 0.0806 1.0203 0.0805
7 Load buses 1.0193 -0.0392 1.0194 -0.0392
8 0.9894 -0.0694 0.9894 -0.0695
9 1.0057 -0.0663 1.0057 -0.0664
10 1.0184 0.0649 1.0185 0.0648
11 1.0085 0.0109 1.0086 0.0108
12 1.0264 0.0330 1.0264 0.0329
Frequency 0.999999438

Table 4.8. Power generated by the VISMAs in IEEE-9 bus VISMA microgrid with droop control
extension.

Load Power Sources

Type injected VISMA1 VISMA2 VISMA 3

CPL P,pu 0.7164 1.6304 0.8504
Q,pu  0.3101 0.3727 0.0402

CZL P,pu 0.7165 1.6305 0.8505
Q,pu  0.3050 0.3716 0.0408

power generated by the VISMAs and the total load demand and losses of the system for both
categories of case study 1 are shown in Table 4.9. According to Table 4.9, when the frequency
deviation is same among units, that VISMA with a high capacity can produce more power to
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microgrid [152]. Tables 4.8 and 4.9 highlight the importance of relationships between frequency

deviation and active power sharing among VISMAs.

Table 4.9. Total terminal power generated, demands and losses for IEEE-9 bus VISMA microgrid

Control Load Pdg ng Pload Qload Ploss Qloss Total
mode type losses
No CPL 3.1963 0.6904 3.1500 1.1500 0.0464 0.4596 0.4619
Z’r‘;‘:’fgal CZL 32307 1.5989 3.1839 1.1609 0.0467 0.4380 0.4405
External CPL 3.1971 1.5768 3.1500 1.1500 0.0471 0.4268 0.4294
23‘2121(’1 CZL 3.1975 1.5804 3.1511 1.1489 0.0464 0.4315 0.4340

Figure 4.6 demonstrates show that, frequency stability of the system improves when local droop

control is added external to each VISMA. Figure 4.7 illustrates the voltage profile for both

categories of system case study. CPL_droop and CZL droop respectively define constant power

load and constant impedance load when external droop control is added to natural VISMA.

1

0.999995

0.99999

0.999985

Frequency, pu

0.99998

0.999975

B Natural VISMA with no droop extension
B Natural VISMA with droop extension

CPL

Load type

CZL

Figure 4.6. System frequency for IEEE-9 bus VISMA microgrid for different load type

Figure 4.7 is the schematic voltage profile representation at the VISMA for different load type and

control. The plot show that voltages at the system buses are negatively impacted (based on the
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chosen static droops) when external droop control is added. The level of impact may however be

reduced by using lower size of droop coefficients [165].

1.08

1.06 —o—CPL CZL CPL_droop CZIL. droop

1.04 \ /«.

1.02

0.98

Voltage profile (pu)

0.96

0.94

Figure 4.7. Voltage profile for different load type and control

Fig. 4.8 — Fig. 4.11 are nonlinear dynamic simulations of IEEE-9 bus VISMA microgrid for
constant power load case. The idea here is to schematically validate some of the steady state
numerical values obtained in the tables. Fig. 4.8 demonstrates the synchronization of the three
VISMASs on the grid at a unified system frequency of approximately 1. Numerical results shown
in Table 4.5 for active and reactive power at the virtual buses 1-3 under constant power load with
no external PLC added are illustrated in Fig. 4.9 and Fig. 4.10. Though, the bone of contention is
the steady state. operating point, but the transient behaviour of the VISMAs are also shown. Rotor
angle simulation of IEEE-9 bus VISMA microgrid with CPL having no external droop control for

buses 1-3 shown in Table 4.3 are demonstrated in Fig. 4.11
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Figure 4.9. Active power at the virtual buses
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Figure 4.11. Rotor angle stationary operating points

Case study 2. The second system is a low voltage (LV) distribution system (Fig. 4.12). The base
power and base line voltage are respectively 1000W and 220 — V;;. The parameters for the
VISMASs and the lines are as given in Table 4.9. Proportionate equal static droop coefficients used
are given in Table 4.9. To simplify the analysis, only CZL type was considered at the load bus.
Table 4.11 gives the voltage and angle profile in each bus.
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Figure 4.12. Two VISMA low voltage model [48]

Values of the generated power as well as the power demands and losses of system are presented in
Table 4.12 for the algorithm with and without external droop control. The steady state frequency
obtained by the proposed algorithm without control is 0.9999 p.u and with control is 0.999953 p.u
which also consolidate on the capability of external droop to enhancing system frequency stability.
The average valued error of the voltage magnitude and phase angle of the proposed algorithm with
respect to the time domain method are given in Table 4.13 and also schematically represented in
Fig. 4.13. According to Table 4.13, the average valued error in IEEE-9 bus system is quite less
compared to those obtained in LV system. This is simply because IEEE-9 bus system is highly
inductive as compared to LV system with low X/R ratio. When X/R is high, both the active power

and reactive power are efficiently decoupled.
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Symbol Value Symbol Value Description
Lgy 5mH Ls, 5 mH real
Cry 5 uF C, 5 uF real
Lgq 3.5 mH Ls, 2.5mH virtual
A 0.1 kg - m? J» 0.6 kg - m? virtual
D, 5 kg-m?/s D, 5 kg-m?/s virtual
Z (0.3+0.5) 0 Zp (0.2+03)Q real
fo 60 Hz Z10ad (10 +5.5) Q real

ép1i-L 220V ép2,1-1 220V virtual

Miech1 6.6 Nm Mechz 2.34 Nm virtual

Mp1 9.4x10-5rad/s/W Mpy 9.4x10-5rad/s/W real
Mgy 0.0013V/VAR Mgz 0.0013V /VAR real

** All parameters are converted to p.u for analysis

Table 4.11. Voltage profile 2-VISMA LV system

Bus Bus No external droop External droop
No  Descripti  Virtual swing Simulink Virtual swing Simulink
on bus Algorithm bus Algorithm
V,pu 6,rad V,pu §,rad V,pu §,rad V,pu §,rad
1 Internal 1.0000 0.0706  1.0000 0.0704 0.9946 0.0708 0.9947 0.0706
b
2 e 10000 -0.0049 1.0000 -0.0054 09909 -0.0047 0.9909 0.0052
3 Load 0.9833  0.0000 0.9831 0.0000 0.9765 0.0000 0.9764 0.0000
b
4 uses 0.9740 -0.0238 0.9738 -0.0239 0.9661 -0.0233 0.9660 -0.0234
5 09612 -0.0239 0.9610 -0.0239 0.9539 -0.0237 0.9537 -0.0236
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Table 4.12. Power generated, load demand and system losses

t(;::)r:r()l Sources P Q Pdg ng Pioaa Qoad IPass Ohass
VISMA VISMA 1 2.5476 0.7025 3.4893 2.0477 3.4332 1.8883 0.0561 0.1595

only VISMA 2 09417 1.3452
VISMA VISMA 1 25211 0.7505 3.4363 2.0167 3.3810 1.8596 0.0553 0.1572

+ VISMA 2 09152 1.2661
external

droop

Table 4.13. Average valued error of the proposed algorithm with respect to time domain values

System case Control Load V,pu 6, rad
configuration types
IEEE-9 bus Without PLC CPL 0.00083% 0.00500%
CZL 0.00000% 0.00083%
With PLC CPL 0.00330% 0.00083%
CZL 0.00250% 0.01000%
LV system Without PLC CZL 0.01200% 0.01600%
With PLC CZL 0.01000% 0.01800%

o.01800% (% Voltage error % Angle error g
0.01600%

0.01400%
0.01200%
m Natural droop controller

m Natural + Artificial droop controller

0.01000%
0.00800%

% Error

0.00600%
0.00400%

0.00200% -I
= [

0

|EEE-9 [AY) IEEE-9 Lv
bus system bus system

Figure 4.13. Comparative percentage error between LV & HV systems

5. Small-Signal Rotor Angle Stability of n-VISMA Microgrid
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5.1 Introduction

Due to the progressive integration of DGs in the power system, the deployment of novel
technologies and controls has led to several questions being asked regarding the system responses
to perturbations. The variability and uncertainty in DGs operations have brought a number of
technical challenges to power system operations and impose enormous effects on power system
stability and dynamic responses of the microgrid [13, 26]. Electrical power systems are generally
known to be ever prone to rotor angle oscillations which may occur as a result of generation
dispatch changes, load variations, weak electrical connections between the inverter-based power
sources, between power source inverter and load due to long distances (large reactance), and due
to uncoordinated control units. Because of the complex nature of the power systems the
disturbances in a region may affect other power sources within the same local region or other
external areas. Since the inverter-based sources are not as rugged as the ESM, the system
oscillations must be killed in due time before causing unrepairable damage to the power systems.
In a multi-VISMA (n-VISMA) microgrid, relative rotor angle stability of the power system is
dependent on the active power balance after a small perturbation. Using relevant analytical models
are essential issues for microgrid stability analysis. This section provides a comprehensive small-
signal stability analysis to study the inherent electromechanical oscillations in the virtual rotors of
an interconnected VISMA system. The subsystems of the microgrid consisting of VISMA,
network, load and the outer power control are all modelled in Synchronously-rotating Reference

Frame (SRF).

5.2 State of the art of small-signal models in microgrids

A microgrid can be operated either in grid connected mode or in isolated mode. When in grid (stiff)
connected mode, most of the system-level dynamics are dictated by the main grid due to the
relatively small size of micro sources. In isolated mode, the system dynamics are dictated by micro
sources themselves, their power regulation control and, to an unusual degree, by the network itself.
One of the important concerns in the reliable operation of a microgrid is small-signal stability [ 146,
166, 167].

Power system stability plays a vital role in ensuring safe, reliable and optimal operation of a high

order multivariable modern power system whose dynamic response is induced by several devices
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with distinctive properties. Depending on the network configuration, circumstances surrounding
the system operation and the nature of disturbances, varieties of instabilities may evolve. Power
system stability is basically categorized into rotor angle stability, frequency stability and voltage
stability [19]. In a n-VISMA microgrid, the ability to reestablish balance between the opposing
forces is determined by the rotor angle stability of each VISMA. Rotor angle stability is the ability
of the VISMA to remain in synchronism with the network after being subjected to disturbance
caused by torque imbalances in the system. If the rotor oscillations resulting from the imbalances
are not resolved in due time, they can lead to severe damages to the power plant [27]. As one of
the critical stability problems for secured microgrid systems, angle stability can be categorized into
a small-disturbance and large disturbance angle stability [23, 24]. In the stability analysis of
multimachine power system with high level of distributed energy, different computational tools

have been developed to study the interactions between different units in the microgrid system.

Extensive studies have been conducted on the stability of VSGs in a single inverter-based power
grid that is controlled by either the GFL or GFM converters. Frequency stability analysis of a grid
connected inverter is proposed in [168]. The authors divided the synchronization procedures into
grid-synchronization and self-synchronization to assess the low-frequency nonlinear characteristic
and instability scenario. This model has the limitation of heavily depending on slack bus and thus
may be difficult to implement for a multimachine microgrid. In Refs. [169, 170], the dynamic
characteristic of a single power converter connected to a stiff grid was studied by developing a
small-signal model of a conventional droop control, root trajectory technique was then used to
investigate stability condition of the system. However, the control strategy used lacks capability to
provide necessary ancillary services during system disturbances because of incapability to solve
inertia issues and thus limit the rate of change of frequency (ROCOF). In Ref. [66], VSG is used
to enhance the rotor angle stability of a small grid system and results reveal that the presence of
VSG improves the damping, but the magnitude of the rotor angle excursion due to perturbation is
unchanged. In [171], a demand response method has been proposed to improve small-signal
stability of a power system through adjustment of operating points using modal analysis for grid
operations. The procedural techniques are well highlighted but detailed analytical methods are not
examined. A tuning method of the cascaded virtual synchronous machine (CVSM) using the
eigenvalue sensitivity matrix of the linearized model is presented in [34]. A linearized state space

model of CVSM for a single machine operating in islanded mode is presented in [35] to evaluate
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small disturbance stability by eigenvalue analysis. The analytical model for D’Arco et. al. on
CVSM model is cumbersome for a single machine and may not be easily realizable for
multimachine analysis. Jia Lu et al. carried out small signal stability analysis on OSAKA model of
VSG control by comparing its dynamic characteristics with that of droop control [31]. A small-
signal stability analysis of a PV generation connected to a weak grid is investigated in [172] using
eigenvalue technique under different power grid strength and control parameters. Stability analysis
of a synchronverter-dominated microgrid based on bifurcation theory is presented in [173]. Small
signal stability analysis and different control strategy for active support control of interface
converter is presented in [174]. A small signal stability analysis based on n Light Gradient Boosting
Machine (LightGBM) optimization model to predict the minimum damping ratio required by the

grid dynamic stability is presented in [175].

In the practical sense, the number of DGs on the grid are enormous and it is thus imperative to
consider stability analysis of multi DGs systems. Qiang et. al. suggested a NL approach to
attenuating disturbance in the excitation control of multi machine power system based on recursive
technique without the need to carry out linearization [176]. Karady and Mansour proposed two
algorithms for stability improvement of the power system. The first algorithm employs tracking of
the relative rotor angles to determine which generator in the network is to be tripped when
disturbance occurs while the second algorithm compares the active power output of each generator
before and after disturbance to determine the most appropriate generator tripping for transient
stability [177]. [178] carried out small signal stability analysis on a part of Western Electricity
Coordinating Council system (WECC) to investigate the impact of reduced inertia on
electromechanical modes of oscillation of different level of multi-DGs on the system dynamic
stability. It was reported that when the penetration level is more than 30%, the damping ratio of the
critical mode is largely impacted below the threshold limit. System level small signal analysis is
carried out and as such the individualized impact of each of the DG parameters on the system
dynamics have not been considered. In Ref. [179], modelling and stability analysis method of VSG
controlled Modular Multilevel Converters (MMC) using the concept of linearized small signal
average valued model was proposed. According to Xu et al. [180], this model implementation is
only effective if the capacitors are sufficiently large to uphold relatively constant voltage across
each MMC submodule. In addition, MMC averaged models are not able to reliably simulate the

transients under dc fault conditions. In Refs. [32, 33], the stability performance between islanded
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microgrid with single VISMA of large capacity and that with multiple VISMAs with smaller sizes
was investigated. It was reported that the multi-VISMA microgrid suppresses frequency oscillation
better than the single VISMA counterpart. However, the small signal model employed for the
microgrid stability analysis is oversimplified and hides a lot of details, it may not be easily extended
for oscillatory modal analysis which is the most modern method currently used to analyse power
system stability [138]. A small-signal model of a multi-energy system integrated with wind and
photovoltaic (PV) is presented in [136]. The damping characteristics of the interconnected power
system are analysed using eigenvalue technique under different operating conditions. The authors
indicated that systems with RE system show the best recovery ability and small-signal response
and are thus able to adjust system frequency faster. The stability analysis by these authors are also
at system level and has not taken system dynamics and control parameters into consideration. In
the autonomous operation of microgrid, the control architecture adopted is essential for smooth
operation of the system. Centralized control schemes such as master slave [181] are based on the
availability of a communication infrastructure which is said to be expensive and unreliable as there
are extensively large numbers of micro sources to be controlled in the network. A decentralized
control scheme solves this problem by adopting local droop control for each micro-source. Droop
control is widely used in inverter-based autonomous microgrids to regulate the power flow
according to the local information with no need of communication.

Since 2017, different topologies of VSG control have been proposed [29] and many are still
continuously evolving. Due to this different control strategies, small signal stability analysis
techniques also differ. In addition, most of the stability analysis on the VSG control models has
mostly been considered on a single machine or a mixed power plant, as in [30, 31]. However, in
regards to the VISMA model from IEE Germany, very little work has been done on its stability
analysis; the most recent work by [32, 33] is carried out at system level. In this dissertation, a small-
signal rotor angle stability analysis of a multi-virtual synchronous machine operating in
autonomous mode is presented. The approach here is to obtain a novel linearized state space model
for n-VISMA microgrid and then evaluate eigenvalue sensitivity with respect to virtual inertia and
virtual damping. The sensitivities of the eigenvalues are used to identify the parameters with the
strongest influence on the critical modes. The sensitivities of the eigenvalues indicate the
magnitude and direction of the eigenvalue shift when such parameter is changed. The concept of

participation factor (PF) is also employed to identify which of the VISMA is stabilizing the network
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the most and which is contributing to the microgrid oscillations based on the specified network
parameters. Transients and steady state dynamics of the microgrid are also studied. The operational
limits of the investigated microgrid are also studied. In the stability analysis of the investigated
microgrid, the power sources are assumed to be 100% VISMAs in anticipation of future power
systems with no traditional generation systems. However, the stability analysis is carried out on a
VISMA microgrid with two configurations i.e. VISMAs with total reliance on the inherent droop
characteristics of ESM (discussed in this chapter) and VISMA with an externally added

decentralized power loop controller (discussed in chapter 6)

5.3 n-VISMA system representation

VISMAs interact with one another through the transmission network and the connected loads as
shown in Fig. 5.1. In Fig. 5.1, let i = 1,2, ...n corresponds to the internal buses of the VISMAs,
i=n+1,n+2 ... 2n corresponds to the terminal buses of the VISMAs and i =2n+

1, ..........m be the load buses. All loads are modelled as constant impedances [54].

I, 3
2n+10—
I, 3
2n+2 @— A
Ll
: Zuz
v
ILn
" 3
! |ZLln
En I
|
|
|
Network: |
Transmission line, I I
B = n-VISMA representation _L transformere.t.c. | Load™= |

Figure 5.1. n-VISMA with constant impedance loads
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5.4 State space modelling of n-VISMA microgrid
5.4.1 Modelling of the network

The VISMAs described by (2.46) - (2.47) interact with one another through the electrical network
(transmission network and the distribution of loads), which determines the electrical output power
of each machine. In a small-signal model, the dynamics of the line inductances and capacitances,
referred to as the electrical transients, are presumed to have a rapid decay and are ignored [57,
166]. Thus, the electric output power P; provided by the VISMAs can be determined from an

algebraic voltage-current relationship involving the network admittance matrix Y, as [57]:
1=V, U (5.2)

U is the vector of bus voltage, 1 is the current injections at the buses, and the positive direction of

T means the current is flowing from a bus into the network and ¥, is the bus admittance matrix.

Equation (5.2) is broken down for generation and load buses as follows
- 2l -l vl 53
Ll W Y|z, " vallo, ‘

fa and l_ia are vectors of current and voltage injection at the VISMA terminal bus. fL and ﬁL are

vectors of current and voltage injection at the load buses and are defined as follows:

Uy
176 = qu = nvector of VISMA terminal bus voltage (n X 1) 5.4
[Ugn
(U1
I7L = Uf‘z = nvector of load bus voltage (n; x 1) (5.5)
Upn,]
[fo1]
I = 19:2 = n vector of VISMA output current (n X 1) (5.6)
11,
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[fua]

> I
I, = l LZ j = n, vector of load bus current (n, X 1) (5.7)

I,
N = n + n; = Total number of terminal nodes [163]
The admittance matrix in (5.3) then has the following dimensions:
Yyg=nXxXn
Yp=nxn,
Yig=n,xn
Yig =n, Xny

5.4.2 Modelling of the load

The stability analysis is simplified if the entire power system is reduced to only coupling between
the VISMAs in the network and this is possible if all loads are modelled as constant impedances.
With this type of load, all the buses other than the VISMA internal buses can be eliminated by
network reduction [182]. Consider the constant load connected to bus k in fig 5.2. In order to
determine the load admittance Yj, at a particular bus k, the power consumption Pjj + JQpx
(positive values meaning consuming) and the magnitude of voltage at that bus are necessary.
Because of the orientation of I}, and Uy, negative is usually placed in front of the load admittance

—
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matrix Y;, [142]. Each load is converted into a constant admittance to ground at its bus using the

equation (5.7)

Figure 5.2. Constant impedance load

Sk = Unilfye = Py +J Qe (5.7

Where Py, Qx, Upx and Yy, are the active power, reactive power, voltage, and load admittance at
bus £k respectively. Because of the orientation of I} and Uy, negative is usually placed in front of
load admittance matrix Yy, [142].

The current injection I, at bus k is thus given by;

I = _ Pret/Quk
Lk =

or
ULk
— _ (Puct]Que\* _ _ Pue—JQuk \ ULk _ _ (_Puk_ _ ;_Quk
e = ( ULk ) Tk U (lzlLkl2 o |2) Lk (5-8)
Similarly,
Ie = —YuUpe = =(Grr + JBLidUp (5.9

In matrix notations, the load components in the network can be expressed as

Y, 0 0 0
2 _ |0 VvV, 0 0
I, = 0 0 Y, 0 U, (5.10)
0 0 O
From (5.8) and (5.9), it can be deduced that G} = IU ——and By, = Il?LkIZ
Lk

In order to combine load and network model, we substitute (5.9) in (5.3) so that;

7 Y, Y, U

gk ] — };qy Ygl] [l_{(;k] or (5.11)
Y1 Upk g Tl U,
Iak] [ Yo ] Usk 5.12
o] =[5 1t b, (5-12)
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If there exists a local constant impedance load on the generator terminal bus, then (5.12) is modified

as follows:
[z 2l =
0 Yig  YullUy “ ULk

Where ¥, = Y, + Yy and ¥y = Yy + Y

Equation (5.13) reveals that CZL at a particular bus £ only exist as an addition in the main diagonal
of Yp,s when the current injection at the load buses is set to zero. If we define n and n;, as the
number of VISMA terminal nodes and load nodes respectively, then the dimension of Yp,s is
(n+ny) x (n + n;) while that of partitioned admittance matrix ¥}, is (2n +n;) X (2n+n;)
[183]. By applying Kron’s reduction technique [184], a model reduced to the VISMA terminal bus

is obtained as follows:

ka = [Ygg - Ygz(Yzz)_lyzg] ﬁ(;k = Yreduce ﬁGk (5.14)

Yreduce: = 1 X n matrix and is the reduced admittance matrix. The network reduction technique
developed by Kron is an analytical model that is valid when the loads are exclusively designated
as constant impedances. If the loads are of other load types, then the characteristics of the load
buses must be preserved. Network reduction is applicable solely to the buses in the network with

zero current injection [182, 185].

On the choice of load type for stability analysis, any load type is possible according to Ref. [57].
However, the choice of load type is determined by the nature of application and requirement. It
was reported in [57] that a constant impedance load model is much more commonly used in
disturbance simulation and stability analysis of power systems. Adopting varied load models will
affect the analysis results. A composite load consisting of a constant impedance load, a constant
power load, and a constant current load often described by the ZIP polynomial load model or a
dynamic load like an induction motor is also possible. They are, however, much more realistic,
according to some literature, but the focus on reducing the complex VISMA microgrid to direct

interactions between VISMA virtual nodes will be difficult [163].
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5.4.3 d-q to x-y coordinate model of VISMA microgrid

In a transmission network involving interconnectivity of different VISMAs system, change of
variables is often necessary. VISMAs are represented in d-q coordinate system while the network
is in DQ (x-y) coordinate system, as such for compatibility and easy analysis, harmonisation of the
coordinate systems is sacrosanct. The subsystem of the microgrid consisting of the VISMAs,
network, power controller and load were thus unified at x-y reference frame. This common
reference frame is often called synchronously rotating reference frame (SRF) which is also called

DQ coordinate [53, 54, 56]. Schematic of reference frame transformation is shown in figure 5.3.

Figure 5.3. Reference frame transformation

For each VISMA, the transformation in the new x-y variable is achieved using the following

equation [56, 142]:

fd] _ [sin(&) —cos(6)] fx]

fal 7 lcos(8)  sin(6) [fy (5.15)

So that for each VISMA, the transformation in the new variable is achieved using the following
equation [56, 142]:

L'di] _ [sin §; —cos 6i] [ixi]

cos 51' sin 6i iyi (516)

Lgi
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Equation (5.15) is used in equation (2.45) so that the equations for current and voltage in the x-y

coordinate system are then derived as follows:

Ui _ 0 Xi| [txi cos §;

uyi] B [—Xi 0] [lyl] [ sin §; (5.17)
le X; uxz _ [eqicos 6;

lyl] [ uyi] [eqi sin 51’ ) (5.18)

Similarly, the reduced network admittance matrix in (5.14) has an equivalent x-y coordinate form

given by (5.19).
Iny = YNGUny (5.19)

Where Iy, and Ug,,, are respectively the x-y coordinate current and voltage of each VISMA. Y yg

is the x-y coordinate network admittance matrix, (5.19) can further be expressed as:

Ioxy = (Gex + jBex) (Usx + jUsy) (5.20)

Or in matrix form as:

IGx] _ [Gex _Bax] [st] (5.21)

1 Gy B Gx GGx UG}’

If there are n-VISMA in the network, then (5.21) is written in an expanded form as follows:

Ix1 Giy —Bi1 Gz —Biy 0 Gy —Biy Ux1

{iyll [311 G11 Bi, Gy =+ Bin Gin ] uyll

lx2 Ga1 —Ba1 Gaz —Ba  Gapn —Ban Uz

|iy2| =|B2z1 Ga1 By Gaz  Ban G = u?,z (5.22)
lian Gnl _Bnl Gn2 _an Gnn _Bnn Uxn

iyn nx1 B Gnl B, GnZ = Bpg Gnn 2nx2n Uyn nx1

In the d-q coordinate system, the electrical power output can be calculated using equation (2.41).
But, in the x-y coordinate system, the power developed in the virtual airgap is calculated by
substituting ig; from (5.16) into (2.44), and this yield:

103

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



Dieses Dokument unterliegt der Lizenz Open Access CC BY 4.0

P, = eqi(ixi cos &; + iy; sin 6i) (5.23)

Fig. 5.4. illustrates the schematic diagram of the stages involved in the variable transformation for

achieving stability analysis of the VISMA microgrid.

E Electrical
pO——F subsystem

—>

. Park’
f)e ¢ Trasfgl;'m:nion
mech——3p| Mechanical [77 7>

subsystem

M

Figure 5.4. Stages of the entire system model

5.5 Small-signal linearized model of n-VISMA microgrid in x-y coordinate system

Intermittent and uncertain renewable power sources have a significant impact on the small-signal
characteristics of the transmission network. However, there is a growing concern that supply
fluctuations may cause transmission networks to operate closer to their stability boundaries [186].
Small-signal stability analysis thus becomes highly essential, and this is achieved by deriving the
linear model of the nonlinear system [178]. Small signal analysis using linear technique provides
useful information about the inherent dynamic characteristic of power systems and helps in its
design [131]. The system performance may then be analysed by such methods like root-locus plots,
frequency domain analysis (Nyquist criteria), and Routh’s criterion. But for multivariable linear
systems, state space model is often used. Stability characteristics may be determined by evaluating
the eigenvalues of the system matrix [42]. Then, the linearized state-space model of VISMA
microgrid to assess small-signal stability by eigenvalue analysis is derived based on the following

sub-sections.

5.5.1 Linearized model of VISMA

If the virtual excitation is assumed constant (i.e. neglecting the impact of excitation system and

voltage control), then e; is treated as a constant variable in (5.23). The active power injected at
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the VISMA virtual bus described by (5.23) is highly non-linear because of the transcendental

functions. For a small disturbance, the transcendental functions are linearized by the relations [42]:
Assuming y = sin(6;), then y + Ay = sin(8; + AJ;), and by neglecting the higher order terms we
have Ay = A§; cos(6;). Similarly, if y = sin(8;), then Ay = —A§; sin(8;)

The linearized model of (5.15) yield;

Afd]_[sin(d) —cos(8) [Afx] +[cos(6) sin(6)”fx] AS (5.24)

Afql ™ lcos(8)  sin(8) [1Afy —sin(8) cos(6)

Linearization of (5.23) is critical to obtaining the system matrix and is derived in matrix form as

follows:
Ai; i
AP,; = ([eqi cos(8;) eq;sin(8;)] [Ai;] + eq; * [—sin(8;) cos(8;)] [i;i])ASl (5.25)

Where, iyy; = [ixi iyi]" is the real and imaginary component of the current injected at the i**
terminal of the i*® VISMA, and Uyy; = [Uxi Uy;]7 is the real and imaginary components of the
voltage at the terminal bus of the i*"* VISMA. The voltage and current components are in the
synchronously-rotating network frame of reference, and are each in per-unit on their respective
network base quantities. The linearized voltage and current injection at the i® terminal of it

VISMA bus in the x-y coordinates system is obtained in compact form as follows:

Aly] _ AU,a ey cos(Si)] 1[ sin(8;) ]

Aiyi] B ES [ 5% Lsings) it — cos(8;) Aeqi (5.26)
xi

AU [ HALM] [—sin(&i)]

Auyi Xi Alyl COS(&-) As; (5.27)

Auxyi = XgiAixyi + M;AS; (5.28)

Where:

Aly Au;a 0 —-x;] . [-sin(6) B

For n-VISMA in the network, (28) is reformulated as;

AU,y = X ALy, + MpAS (5.29)
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Where:
AU,y = [Buyys Auyy, - Auyyn]" | 2n x 1 matrix
ALy = [Alxys  Aiyy, - Aiyyn]", 2n x 1 matrix
AS = [AS; A8, -+ A8,]T,n X 1 matrix

The matrices X4 und Mp are composed of sub-matrices X ; and M; in diagonal elements:

Xy =diag(Xg1 Xgz - Xgn); Mp=diag(My M, - Mpy)

5.5.2 State space modelling of the network and load
linearizing (5.19) yield:
AIny = YNgAUny (530)

Where Yyg = 2n X 2n matrix. Substituting (5.29) in (5.30) to eliminate the vector of VISMA

terminal voltages yields:

A!xy = (I - YNt;Xg)_lyN[;MA(S = YENMAS (531)

Yen = (I —YyeXg) Yy is called effective network admittance matrix, and it is of same
dimension as Yyg, I is an identity matrix of 2n X 2n dimension. For n-VISMA, (5.23) is

reformulated as follows:

AP, = [L.ALy + diag(M1,,)]|A8 (5.32)
Where:
Ly = [ixy1 Ixyz = ixya]” = Vector of VISMA output currents in DQ coordinate

L; = eq;.[cos(8;) sin(6))]
The matrix L is composed of sub-matrices L; in diagonal elements:

L =diag(Ly L, - Ly)
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The vector of VISMA output currents in X — y synchronous coordinate when the entire network is

reduced to direct interactions between the internal virtual nodes is given by;

!xy = yENEq,xy (5.33)
Where

cos(6;)
Eq,xy = [€qxy1  €qxy2 €qxyn] and €qxyi = €qi- [Sin(S:)

Substituting (5.31) and (5.33) in (5.32) for n-VISMA yields:
AP, = [L.Yen.M + diag(M"YgyEy 1y )|AS, = H,AS, (5.34)
Where Hy, = [L.Ygy.M + diag(M"YgyE, y)] and AS, = AS

H,, is the System Jacobi or Laplacian matrix and is of dimension n X n matrix, AF,, and A6, are
of dimensionn X 1. L.Ygy.M and diag(MTYENEH_xy) are of n X n matrix. In the preserved state
space model of the VISMA microgrid shown in Fig. 5.5, the physical structure of the transmission
network connecting the load nodes to the power sources is fully represented by Yy, this comes
with complexity associated with larger set of equations as a result of increased number of nodes

and it thus makes stability analysis cumbersome.
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Figure 5.5. Complete small-signal model of n-VISMA microgrid

However, to achieve network reduced model, loads are represented as constant impedances, and
this enables coupling (transmission lines and loads) between generators to be reduced to a single
term that depends only on state variables of the VISMAs. Thus, the interaction between the internal

nodes of the n-VISMA after the elimination of the load and lines is illustrated in Fig. 5.6.
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Figure 5.6. Internal nodes interactions in the n-VISMA microgrid

The linearized expression of active power injection by n-VISMA in (5.34) can also be of the form:

AP, AS

APel Hll H12 Hl,n A61
2 Pl s L2 (5.35)
: H H :

APen n,1 n2 Hn,n Aan

Equation (5.35) shows that the change in electrical power in any VISMA as a result of small
disturbance is a function of change in the rotor angle of all VISMA across the network. The two
major components of / matrix are defined as follows:
e H;;: The diagonal elements of H matrix describe the total individual synchronizing torque
contribution of each VISMA to the network.
e H;;: Off diagonal elements of A matrix describe the interactive synchronizing torque

between VISMAS in the network.

In power system stability, it is unconventional to consider each rotor angle as a state variable since
the loss of synchronism does not translate to all rotor angles increasing simultaneously, instead of
having all the angles moving, it is essential to select a reference VISMA, and then examine other

individual VISMA rotor angles relative to the reference VISMA [54]. This helps to access whether
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the rotor angles remain relatively bounded or not. If the virtual rotor angle of nt* VISMA is

assumed as the common reference, then (5.34) is written in the relative angle form as follows:
APey—q = Hp 46,4 (5.36)

Where H,_; is an n X (n — 1) matrix dimension and A§,,_, is the vector of relative rotor angles
between the common reference VISMA n, and any i node of other VISMA in the interconnected
system. The stability of a linear dynamic system is completely not dependent on the input and
initial operating condition [131]. For free motion dynamics, the swing equation defined (2.46) —

(2.47) is linearized as two first order differential equations in per unit as follows [27]:

dAw,; APy D
T (5.37)
dAs; .
Tar — Woher

Where Aw,; is the pu speed deviation, T,; = 2H; (mechanical time constant) and A is the linear

operator. The interaction between the internal nodes of the n-VISMA is illustrated in Fig. 5.6.
Considering (5.36) and (5.37), the linearized state space-model representing microgrid dynamics

is formulated as:
Ax = Ax (5.38)

Where x is the system state variables and is defined as;

.
x=[A8, A8, - A8, LAw Aw e Aw, lAw, ] (5.39)

(n=1).n | n=l |
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0 0 0
0 0 0
0 0 0
_H, _H, Lt
A= T, T, T,
i _Hy 21
7, 7, I,
e (n-1)2 B H(nfl),(nfl)
I 1 T
_H, H, H

w, 0 0
0 w, 0
0 0 w,
_b 0 0
al
o -2 0
T
0 0 _ anl
,,,,,,,,,,,,,,,,,, Loy,
0 0 0

(5.40)

Evaluation of the eigen properties of system matrix 4 provides vital information concerning the

stability characteristics of the dynamic system. A is a Jacobian matrix whose elements are given

by the partial derivatives estimated at the equilibrium point about which the small disturbance is

being analysed.
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5.6 Stability Analysis of n-VISMA Model in Autonomous Mode

5.6.1 Validation of the proposed model

The validation of the proposed small-signal analytical model designed to operate in autonomous
mode is implemented on the standard IEEE-9 bus system. In order to effectively analyze VISMA
operation on this network, additional virtual buses are introduced. These buses are equivalent to
the internal nodes of the conventional ESM on the network. The physical buses are labelled as
shown in Fig. 3.3., i.e. each bus number is shifted up by 3 when compared with the standard IEEE-
9 bus system. The virtual buses of VISMA 1, VISMA 2 and VISMA 3 are numbered as 1, 2 and 3
respectively. The parameters for the VISMAs in Fig. 3.3 are given in Table 5.1 while the line and
load bus parameters are obtainable in [42]. On the validity of the proposed numerical analytics, the
dynamic responses of the small-signal model are compared with those of the NL system dynamics
built in SIMULINK environment according to Fig. 4.4. The fact that the hysteresis current
controller operates at a specific tolerance band, the switching frequency of the converter is not
stable but varies within a frequency band, thereby introducing harmonics with different frequency
terms in the output currents [20]. Thus, to avoid this problem and at the same time simplify the

analysis, current controlled source inverter (CCSI) is used to model three-phase inverters.
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Table 5.1. Parameters for IEEE-9 bus VISMA microgrid

Description Symbol VISMA1 VISMA2 VISMA3
Shunt capacitance,x 107>, pu Cr 3.1740 3.1740 3.1740
Virtual inductance,X 10™%, pu Ly 1.6128 3.1778 4.8091
Virtual inertia (sec) H 23.64 6.40 3.01
Virtual damping (p.u) D 150 200 250
Static droop coefficients, pu my 0.13 0.01 0.04
Active power PI controller K; le™5 1e75 1e75
integral gain K, 0.01 0.01 0.01
Active power PI controller

proportional gain

Pole wheel voltage (p.u) E, 1.0566 1.0502 1.0170
Virtual torque input, (p.u) Po 0.716 1.630 0.85.5
Rated frequency v 60 Hz

Fig. 5.7 depicts the grid frequency dynamics of the two models under comparison. At t = 3 sec,
there was a step increase in the virtual mechanical input to VISMA 2 from 1.63 pu to 1.8 pu while
the mechanical inputs to other VISMAs remain unchanged. Before the disturbance, the small-signal
model and NL model are well merged. A set of other results comparing the NL simulations and the
linearized small signal are depicted in Fig. 5.8 to Fig. 5.10. The power output dynamic responses
of the two models are shown in Fig. 5.8. Considering spaces, only the D and Q components of
VISMAZ2 output currents for both categories of models have been shown in Fig. 5.9. Similarly, Fig.
5.10 represents the dynamic responses of rotor angles of the three VISMAs. It is clear from all the
illustrations that the linearized small-signal (LS) model presented in previous section is sufficient

for rotor angle stability study and analysis.
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Figure 5.7. Comparing step response in frequency (pu) for both NL and LS models due to step
change in input torque
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Figure 5.8. Comparing step response in output power (pu) for both NL and LS models due to step
change in input torque
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Figure 5.10. Comparing step response in rotor angle (pu) for both NL and LS models due to step
change in input torque

5.6.2 System Eigenvalues Analysis

It has been demonstrated earlier that the developed LS model is sufficient to reliably characterize
the behaviour of the dynamic VISMA microgrid when operated in autonomous mode. Eigenvalue

analysis, which is a frequency domain approach, is a very powerful tool for characterizing small
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signal stability of a power system and is employed here to investigate the dynamic stability
condition of the VISMA microgrid around the stationary operating points, according to Lyapunov
stability criterion. To investigate the effect of damping on the pole movement in the PZ map, three
different cases of damping representations have been considered for the relative angle stability, as
shown in Fig. 5.11. Table of eigenvalues for a case of different values of damping is given in Table
5.2. At D = 0 for all the three VISMAs on the network, all of the system poles lie on the imaginary
axis of the PZ-map. With this, the microgrid experiences undamped oscillations. At D = 30 for all
VISMA, all the modes are complex with negative real parts and the power system experiences an
underdamped oscillation. The transient response of the underdamped systems consists of two parts,
namely an exponentially decaying amplitude actuated by the real part of the system pole and a
sinusoidal waveform provided by the imaginary part of the system pole. At, D; = 150,D, =
200 and D3 = 250, there exist two pairs of complex conjugate oscillatory modes with negative
real part and one negative real value as shown in Table 5.2, which is the damping case for the

investigated system.

Table 5. 2. System Eigenvalues

Damping Mode Eigenvalues Frequency (Hz) Damping ratio
Case 1 D=0 Mode 1 -0.0000 £13.3592; 2.1262 0.0000
D;=0 Mode2  -0.0000+8.6882i 1.3828 0.0000
D;=0 Mode 3 0.0000 - -
Case 2 D; =30 Mode 1 -2.2284 +13.1154i 2.1168 0.1680
D; =30 Mode 2  -1.0354 + 8.5814i 1.3751 0.1200
D; =30 Mode 3 -1.4340 0.0000 1.0000
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Case 3 D; =150 Mode 1 -37.5676 0.0000 1.0000
D, =200 Mode2 -8.4487 + 4.7816i 0.7610 0.8703
D; =250 Mode3 -2.9305+ 5.2265i 0.8318 0.4891
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Figure 5.11. Impact of damping on system pole locations

5.6.3 Parameter sensitivities and Participation factor in small signal stability analysis of n-

VISMA Microgrid

The basis of eigenvalue analysis lies on the premise that with the penetration of distributed power
sources, the effective inertia of the system will be reduced. As such, it is imperative to understand
how small-signal stability behaviour will change with the change in system inertia and system
damping. Analysis of the dynamic stability by temporary changing of the system control
parameters and evaluation of corresponding system eigenvalues is tedious for a multimachine
power system. Instead, selective modal analysis is carried out where the poles with fast decaying
transients are insignificant [35, 127]. In that case, the sensitivity of the dominant poles with respect
to the system parameters are prioritized and examined so as to uncover the extent to which each

parameter impacts on the system modes and more so to identify measures that might ensure
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satisfactory performance and stability of the microgrid. The parameter sensitivity of the system
poles is defined as the derivative of the eigenvalues with respect to the system parameters [106].
Considering n-VISMA microgrid with k tunable parameters, the relative sensitivity a,, ; of the
parameter 5y ; with respect to the eigenvalue n is defined in (5.41), where ¥,, and @,, are the left
and right eigenvectors associated to the eigenvalue A, [35, 53].

din _
AP

dA
an,k - lpnﬁkl_d)n (5~41)

Sensitivity is a good indication of parameter to a mode. The real side of the sensitivities has a direct
relationship with the derivatives of the eigenvalue location along the real axis with respect to each
parameter ;. A positive sensitivity value associated with a particular mode means an increase in
that parameter will shift the complementary eigenvalue further to the right thereby increasing the
system instability. In the same manner, the imaginary side of the sensitivity is related to the
derivative of the pole location along the imaginary axis [35]. Knowing that the stability of a
dynamical system is often indicated by the real part of the system poles, only the real side of the
sensitivity matrix has been studied. A specific damping case D; = 150, D, = 200 and D; = 250
for the three VISMAs on the network has been considered for parameter sensitivity and PF analysis.
Figure 5.12 illustrates parameter sensitivity of the slowest pole (having the largest time constant)
which also double as the most poorly damped poles in the system. From this figure, nearly all the
tunable parameters of the VISMAs considered have significant influence on the system stability
with the least impact coming from Dz. The dynamic response of the microgrid can however be

improved by reducing Ty, or D, or D3, or increasing Dy or Ty, or Ty3.
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Figure 5.12. Parameter sensitivity of the Dominant system pole

The contribution of this pole to the transient response may be significant but is not a severe pole as
to put the microgrid in a precarious state. Similarly, the oscillatory mode studied in Fig. 5.13 is
heavily impacted by T,,, Ty3 and lightly affected by D,. Decreasing parameter T,,, or increasing
D, or T,3 would move the pole further away to the left of the imaginary axis and thereby improving

the dynamic response of the microgrid.
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Figure 5.13. Parameter sensitivity of the fastest oscillatory mode

However, this pole is not so severe as to induce instability in the system. Since these parameters
cannot change during the natural healthy operation, they are also unlikely cause system instability.
To enhance the operational performance of the microgrid especially for the poles that are close to
the imaginary axis, parameter sensitivities play a crucial role in the tuning of the system, which is
achieved either by manual adjustment or autoregulation scheme [21, 34].

PF is a measure of the sensitivity of a particular mode to the diagonal elements of the system matrix

and is equal to a, ,, when k = j in (5.41) [53, 142]. PF plays a vital role in power system stability

analysis, according to [54], it can be used to identify the specific device that is mainly responsible

for the system instability and thus helps to establish the necessity for power system stabilizer in the

system. PF can be positive, zero, or negative. In regards to the rotor angle stability, a positive PF

related to a specific VISMA implies that the VISMA in question is having a contributory effect on
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the swinging of the rotor, while a negative PF implies that the VISMA is dampening the rotor
swinging. If PF for VISMAs are negative, then introducing a PSS would increase the oscillations

in the system [187].
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Figure 5.14. Modal effect on relative rotor swinging participations

Fig. 5.14 shows the modal participations on the relative rotor swinging. Here, VISMA 3 is assumed
to be the common reference so that magnitude of the rotor swinging in VISMA 1 and VISMA 2 is
measured with respect to VISMA 3 i.e. Ad;3 and Ad,3. According to the Figure 5.14, mode 1 does
not contribute to the rotor swinging, it rather dampens the oscillations in the system. Mode 2 has a
significance impact on the swinging of VISMA rotor 2 while the same mode has a positive impact
in damping the oscillations of VISMA rotor 1. Similarly, Mode 3 significantly influences the
swinging of VISMA rotor 1 while correspondingly dampening the oscillations of VISMA rotor 2.
Now, it is desired to remove the need for machine relativity so as to be able to study the behaviour
of each rotors to parameter changes. It is seen from Fig. 5.14 that VISMA 1 is majorly impacted
by the dominant mode 3, its participation in the system oscillation can be improved by increasing
D, as suggested earlier but care should be taken such that it does not have a negative ripple effect
on increasing the oscillatory participations of other VISMAs to the specified mode. Fig. 5.15

illustrates the effect of increasing D; on the oscillatory participations of the virtual rotors in the
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network. Obviously, while the participation level of VISMA1 and VISMA 3 are reducing, that of
VISMA 2 is increasing. The virtual rotor performance in the microgrid stability can however be
improved if increase in D, is accompanied by corresponding decrease in D,. As shown in Fig. 5.15,

the yellow line show that the effective participation of rotors in the system oscillations drops.

—0—VISMA 1 VISMA 2 VISMA 3 Effective parcipations

0,7

0,4 o\._._.ﬂ\
0,3 —_—0
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o
N
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Figure 5.15. Effect of damping on the oscillatory participations of virtual rotors
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6. Rotor Angle Stability and Parametric Sensitivity of n-VISMA With Outer Power Loop

Controller

6.1 Introduction

The natural VISMA model presented in chapter 5 does not incorporate outer power controllers, the
active and reactive power regulations were respectively achieved by setting the model parameters
virtual torque and virtual excitation. The fundamental assumptions in classical stability analysis
that the effect of mechanical torque for small-signal study is negligible often lead to an incorrect
result. This chapter presents a comprehensive small-signal rotor angle stability analysis of a multi-
virtual synchronous machine to demonstrate the impact of external power loop controllers on the
electromechanical dynamics of VISMA microgrid. The presented work addresses an interesting
phenomenon that may occur when a PLC is installed to support frequency stability. This control
structure makes it possible to set the respective ancillary services in a targeted manner as shown in
Fig. 6.1. In the multi-VISMA microgrid presented, each VISMA unit is designed to have an
independent localized control so that fundamental active and reactive powers can be shared based
on individualized static droop coefficients. The approach here is to obtain a generalized state space
model for n-VISMA microgrid and then analyse the inherent electromechanical oscillations in the

virtual rotors around an equilibrium point.
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Figure 6.1. VISMA model with control.

In this representation, external power loop controller is added to allow for full flexibility of
operation of the microgrid, this also allowed for proper power sharing among the participating

power sources.

6.2 Modelling of Outer Power Controller

When disturbances occur, rotor angle is deviated from the balance position and this must be

corrected by rapid automatic adjustment of the virtual mechanical power. Similarly, the automatic

voltage regulation (AVRs) helps to provide the primary voltage control by appropriate adjustment

of reactive power, Q [186] which ensures that pole wheel voltage is kept equal to the VISMA

voltage set-point, i.e. Ep, = Eq. Qy, is the reactive power injected at the virtual bus which is

compared with reactive power reference Q* generated from the reactive droop control. Control
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loop for Q is only provided here for the benefit of the readers but is not included in the analysis
since excitation is assumed constant. In an n-VISMA microgrid, static droop coefficients
(mp and mq) are used to actuate power sharing among the DGs. In this control model, each
VISMA is equipped with one AVR and one governor model. The power reference P;" is obtained

based on the conventional droop and is given by:
Wy =W, = _mpi(Pi* - Pmo,i) (6.1)

Where P,,,, is the set point of the virtual mechanical power input to the VISMA. The PI controller
ensures that the power actually fed in the steady state corresponds to the setpoints without any
deviation. The adjusted virtual mechanical power input reference to the VISMA is defined by (6.2)

as follows:
Pri = (Pf = Pey) (Kp,z + KT) + P (6.2)

Where K, ;, K;; respectively defines proportional and integral controller gains of the active power

controller.

Let

ayi *

=P P (6.3)
so that;

Pri = Kpi(Pf = Poi) + Kiyy + P} (6.4)

The dynamic behavior of n-VISMA system can be established by modelling the acceleration of each VISMA as the
difference between the controlled mechanical input power P}, and actual electrical output power P,;, which is

governed by the following swing equation [27, 57, 163];

das;

.dWrizp*  do
Lat

Ldt mi

2H

as;
i—Pei =D and a wp (Wri — W) (6.5)

By linearizing and manipulating (6.2) — (6.5), and also putting relative rotor angles into

consideration, the following equations are derived:

ady; _ _awi _
o= T T BPencs (6.6)
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dAw;

1 Kpi+1
o [Ki_i Ay - (;—p + Dl-) Aw; — (Kp; + 1)Ape,n_1] (6.7)

The linearized state space model representing n-VISMA microgrid when external active power

controller dynamics is included is formulated as:

4, A, A4y A, A
A, Ay Ay Ay Ay
dx
E: =A=|4y 4, A3 A, A |x (6.8)

N
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N
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A
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The elements of A matrix are defined in the appendix while x is the system state variables and is

defined as;

x:[Aé],,

.
AS, o+ A8, AW Aw, e AwlAw, Ay Ay, - Ay, A7,]

d

(6.9)

Evaluation of the eigen properties of system matrix A provides vital information concerning the
stability characteristics of the dynamic system. The interaction between the internal nodes of the

n-VISMA with decentralized control is illustrated in Fig. 6.2.
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Figure 6.2. Internal node interactions between n-VISMA with decentralized PLC controller

6.3 Comparative System Eigenvalues Analysis between VISMA with and without active PL.C

The small-signal model is further used here to investigate the dynamic stability condition of the
VISMA microgrid incorporating an externally added decentralized control. The effect of damping
on the system response is investigated by considering three different damping representation in a
way similar to that obtained in chapter 5. Table 6.1 shows the system eigenvalues for VISMA with
an externally controlled power loop. A negative real eigenvalue corresponds to an aperiodic
response while the complex mode which often appears as complex conjugate represents an

oscillatory mode.
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Table 6.1. System Eigenvalues

Damping Mode Eigenvalues Frequency Damping
(Hz) ratio
Case 1 D=0 Mode 1 -2.3355 +13.0976i 2.0846 0.1756
D=0 Mode2 -2.5145 + 7.7479i 1.2331 0.3087
D, =0 Mode 3 -2.5492 0.0000 1.0000
Case 2 D; =30 Mode 1 -4.6329 +12.5477i 1.9970 0.3464
D; =30 Mode2 -3.0112 + 6.8476i 1.0898 0.4025
D; =30 Mode 3 -4.9228 0.0000 1.0000
Case 3 D; =150 Mode 1 -42.1582 0.0000 1.0000
D, =200 Mode2 -19.1160 0.0000 1.0000
D; =250 Mode3 -2.6152+ 5.0781 0.8082 0.4579
Mode 4 -6.0706 0.0000 1.0000
2.5 5 VISMA with PLC
E —8=—D1=-D2=-D3=0
~2.0 1 . —e—D1-D2-D3-30
E : : DI = 150 D2 = 200 D3 = 250
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31'5 1 ‘A seshse DI=D2=-D3=0
= el o, <ehss DI=D2=D3=30
bro{ N D1 = 150 D2 = 200 D3 = 250
g e
s TS
E 0.5 1 :
C
0-0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Mode damping ratio ({ )

Figure 6.3. Impact of damping on system pole locations.

The stability condition is defined by the area bounded by each plot against the { axis. The smaller
the area under the plot, the better is the system stability.
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The plot of oscillatory frequency (f) versus damping ratio ({) of the system modes for each
damping case is shown in Fig. 6.3 for both VISMA with outer loop power controller and that
without external power controller. The region of attraction changes with the operating condition of
the power system. From Fig. 6.3, it is obvious that VISMA with outer loop power controller is
more stable compared to VISMA without outer loop controller for all the three damping cases
considered. Taking damping case 1 (see Table 6.1) as an example for both control configurations,
the f — ¢ plot for VISMA with outer loop controller is completely along the oscillatory frequency
axis, this means that the system will experience a sustained oscillation. For a similar case of
VISMA with outer loop power controller, mode damping ratio exists and thus the system
experiences underdamped characteristics and it is said to be stable. This example case is also
validated by time domain simulation shown in Fig. 6.4. Under perturbed, stable conditions the
instantaneous system frequency varies about the synchronously rotating speed reference w, =
1 pu rad/sec of the system. As shown in Figure 6.4, the low frequency oscillations about the
stationary point is more when VISMA is used without PLC (Fig. 6.4 a) than when it was used with
PLC (Fig. 6.4 b).
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Figure 6.4. Impact of power loop controller on frequency stability (a) VISMA without PLC (b)
VISMA with PLC.
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6.4 Parameter sensitivities and participation factor in small signal stability analysis of n-
VISMA Microgrid

Knowing that the stability of a dynamical system is often indicated by the real part of the system
poles, only the real side of the sensitivity matrix has been studied. A specific damping case-3

(shown in the upper part of Fig. 6.5) has been considered for parameter sensitivity and PF analysis.

6
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Figure 6. 5. Parameter sensitivity of the Dominant system pole (Case 3).
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Fig. 6.5 illustrate sensitivities of case-3, mode-3. The mode is heavily impacted by kyy, kps, kix
and lightly impacted by k;3, ki3, Ta1, D1, Taz and kyq. The dynamic response of the microgrid can
however be improved by reducing T,; or increasing either of other stated parameters. The
contribution of this pole to the transient response may be significant but is not severe as to induce

instability in the system.

0,6

o
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o
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o
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o
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Figure 6.6. Degree of relative participation in rotor swinging due to the dominant mode.

Fig. 6.6 show the relative participation of VISMA1 and VISMA2 rotor angles with respect to
VISMA3. Obviously, the swinging of the virtual rotor of VISMA 1 is highly heavy when compared
with that of VISMA 2 rotor, thus, adjusting the local control parameters of VISMA 1 will play a
significance role in improving the stability of the microgrid. Although, there are more heavily
impacting parameters on the microgrid stability as shown in Fig. 6.5, I have rather decided to
consider D; and T,; to demonstrate the effect of their opposing actions on the microgrid dynamic
performance. Fig. 6.7 (a) and Fig. 6.8 (a) respectively show the plot of inertia and Damping for
VISMA 1 on the dominant mode while Fig. 6.7 (b) and Fig. 6.8 (b) demonstrate the eigenvalue
movement on the PZ map. Due to the effect of reduced inertia on the general microgrid stability, it
would be preferable to keep the machine inertia constant and increased its damping, since the
resultant effect is to increase damping to inertia ratio. Increasing D, /T, pushes the oscillatory mode
away from the origin.
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Figure 6.7. Effect of reduced inertia on the dominant mode (a) Inertia Vs real (Eigenvalue) (b)
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Figure 6.8. Effect of increased damping on the oscillatory mode (a) Damping Vs real (Eigenvalue)

(b) eigenvalue trajectory

6.5 Stability Limit

This is often used to define the maximum power that can be transmitted on the microgrid, under
specified operating conditions in the steady state, without loss of synchronism. In order to study
the steady stability of the investigated VISMA microgrid, disturbance is introduced in the form of
linear increase/decrease in virtual torque input. VISMA 2 and VISMA 3 were made to operate in

generator mode (i.e. positive slope) while VISMA1 was employed as a motor with negative input
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torque (i.e. negative slope). Ref. [188] reported that the disturbance should be slow and steady, as
a result, the slow change in torque is accompanied by a slow adjustment of the rotor angles of the
VISMAs without oscillation and thus VISMA is still able to keep the island frequency constant
despite increasing governor set point. As shown in in Fig 6.9, instability sets in when VISMA is
no longer able to balance the sum of the active power generated with the scheduled load power.
Fig. 6.9 a and Fig 6.9 b respectively show the behaviour of active power and reactive power at the
virtual buses, the three VISMAS loses synchronism at a different time. The results consolidate

synthetic inertia to microgrid as the VISMA with the least synthetic inertia loses synchronism first

(see Table 6.2).
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Fig. 6.9 c and 6.9 d respectively depict the corresponding behaviour of the relative rotor angle of

the VISMASs and the voltage at the virtual buses.
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Figure 6.9. Stability limit (a) output power at virtual buses (b) reactive power at virtual buses (c)
relative rotor angle (d) voltage at bus 6.
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Table 6.2. Maximum operating points of the VISMAs

Power Operational ~ Steady state ~ Maximum  Time of losing  Inertia

source Mode active power  power limit  synchronism (sec)
(pu) (pw) (sec)

VISMA 1 Motor 0.716 -2.021 50.343 23.64

VISMA 2 Generator 1.630 2.759 47.206 6.40

VISMA 3 Generator 0.850 1.432 45.049 3.01

** VISMA 3 acting as a dynamic load is varied from 0.716 to 2.5 pu
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7. Conclusion and Outlook

7.1 Conclusion

The paradigm shifts in energy generation from the well-known synchronous machine to now
inverter-based has been on the rise, this scenario helps to reduce energy import and enhances the
nation’s economy by fully internalising the possible expenditure on the external costs. In this work,
the dynamic rotor angle stability of the simplified abc model type multi-VISMA model in
autonomous mode of operation has been examined both with and without external power loop
control. Since the rotor angle is directly related to the active power control, the effect of automatic
voltage regulator (AVR) has been ignored in the stability analysis. Two categories of abc VISMA
model exist; Voltage-Current VISMA model and Current-Voltage VISMA model. In this research
work, only the former has been considered for analysis because of its less vulnerability to
disturbance amplification when compared to the later. The stability analysis was preceded by an
evaluation of stationary operating points of all dynamic nodes in the system using a new concept
of virtual swing bus. The proposed concept employs the use of constant amplitude of virtual
excitation and virtual torque localized to each VISMA for load flow formulation. The effectiveness
of the proposed algorithm was tested on IEEE-9 bus 100%-VISMA microgrid (i.e. microgrid where
all traditional synchronous machines are replaced with VISMA system) and a two VISMA low
voltage system for both VISMA with inherent characteristic and VISMA with artificial droop
control extension. Investigation reveals that the average absolute errors are quite higher for low
voltage system compared to high voltage (i.e. [IEEE-9 bus VISMA) system. The increased error in
the low voltage (LV) system can be attributed to the resistive characteristic present in the network
that tends to creates a coupling between the active and reactive power on the grid. Further findings
from the algorithm investigation reveal that steady state operating points are independent of the
virtual inertia but are rather dependent on the system damping. The frequency stability on the
network also improves when local droop control is added externally to each VISMA system.
Generally, the proposed method is simple to implement and computationally very effective but the
effectiveness is wholesomely dependent on the level of coupling between the active and reactive
power on the grid. This approach can thus be of immense benefit during planning and operation of
100% dominated VISMA microgrid. In the investigation of the rotor angle stability of 100%

dominated VISMA microgrid to small disturbances, small-signal approach has been adopted. A
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linearized small-signal state-space model of the entire power system consisting of the basic VISMA
control of the power electronic interface converter, network, and load have been formulated in
Synchronously-rotating Reference Frame (SRF). Results reveal that the developed linearized
small-signal model is sufficient to reliably characterize the behaviour of dynamic 100% VISMA
microgrid when operated in autonomous mode. The small-signal model was further extended to
investigate the dynamic stability condition of the VISMA microgrid incorporating an externally
added decentralized control. Eigenvalues analysis for both control configurations reveals that
system modes moved further away from the imaginary axis when outer power loop controller is
added to the natural VISMA for all the three damping cases considered. At all-zero damping case
for example, negative real part exists in the system modes (stable system) of the externally
controlled VISMA as against uncontrolled VISMA where all modes are oscillatory (unstable
system). Further analysis shows that under perturbed, stable conditions, the instantaneous system
frequency varies about the synchronously rotating speed reference w, = 1 pu of the system (i.e.
around 5%) for uncontrolled VISMA configuration. But for VISMA with artificial control (i.e.
PLC), the low frequency oscillations about the stationary point disappears due to the active
damping characteristics introduced by the PLC. In the numerical time domain analysis using the
concept of system matrix diagonalization by eigenvalues and eigenvectors, it was revealed that
arbitrary increase in damping of VISMA to damp out oscillations has a limitation. The adjustment
Dj

of damping should always be considered concurrently with the inertia of the same VISMA. If —

(where i = 1,2,3..) is too large for a particular VISMA i, then, time taken for the VISMAs to
synchronize after perturbation may be elongated which is not too palatable for system stability.
The need for system inertia in the modern power grid was consolidated upon by the steady state
stability limit study, where it was demonstrated that VISMA with the least synthetic inertia loses
synchronism with the grid first. This action means that VISMA with higher inertia will tend to
resist motion caused by power imbalance in the system. On the assessment of stability margin
expressed in terms of load power increase from an operating point to the maximum power transfer
(onset of instability), results show that IEEE-9 bus with 100% VISMA system has the ability to
withstand at least 68% load increase before loss of synchronism. This operating point assessment
however demonstrate that there is feasibility of operating multi-source power grids with 100%

VISMA control and with such an assured small-signal stability.
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7.2 Outlook

The followings are recommendations for future work on stability analysis of VISMA dominated

microgrid;

1.

Since small-signal stability problems are likely to be aggravated when the power system
is 100% dominated by power electronics interfaced distributed energy sources, the
problems of inertia are expected to be more pronounced, and as such multi-faceted
approaches to enhance damping in a short period of time are required. One suggested
approach to improve the small-signal stability is the appropriate tuning of the power
system stabilizers.

Control implementation that enhances fault ride through capability of VISMA and
transient stability analysis most especially during faults is highly recommended for
investigation.

Development of control strategies that allows self-synchronized operation of VISMA
to completely eliminate the nonlinear effects of PLL is recommended.

The virtual swing bus algorithm could be improved upon to reduce the errors associated
with low voltage system. The possible idea is to formulate the mathematical model such
that the resistance of the virtual stator impedance is retained instead of assuming that
the virtual stator is purely inductive.

The use of Vehicle to grid (V2G) is one of the newest strategic way to control grid
frequency (both primary and secondary frequency control) especially during peak
period. This research aims to combine the technology of both VISMA control and
electric vehicles (EVs) technologies to achieving dynamic stability, grid resiliency and

energy efficiency of the power system.
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