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ABSTRACT

The dynamic security assessment of power systems is a critical activity to ensure a safe energy delivery to
consumers and the study of transient stability is a fundamental part of this process. The power systems are
experiencing a growth of large-scale renewable energy plants connected to the system, which in turn are
connected to the grid by power converters that are not capable of contributing to the system inertial stabilization
and, therefore, could compromise its transient stability. One way to mitigate this problem is to make these plants
contribute to the system stabilization by adopting specific control strategies, such as the virtual synchronous
generator (VSG), for their interface power converters. In this paper, a quantitative evaluation of the transient
stability support of a VSG is proposed in large-scale applications. For this purpose, the stability assessment of
a single-machine infinite-bus (SMIB) system with the VSG is done using transient stability metrics such as the
critical clearing time (CCT) and the transient stability index (TSI). In addition, the same analysis is made for a
conventional synchronous machine (SM) and the results are compared and discussed. Furthermore, the VSG
parameters adaptability is presented as an alternative to optimizing the system stability.

Keywords: Transient stability. Critical clearing time. Power systems. Virtual Synchronous generator.

RESUMO

A avaliacdo da estabilidade de sistemas elétricos é uma ativiaade fundamental para garantir uma entrega de
energia segura para os consumidores, tendo o estudo aa estabilidade transiente do sisterna como uma etapa
fundamental. Os sistemas elétricos experimentam uma expansao na geracao de energia renovavel em plantas
de grande porte que, por sua vez, sdo conectadas a rede por melo de conversores de poténcia. No entanto,
€Sses conversores ndo possuem a capacidade natural de contribuir para a estabilizacao inercial do sistema e
podem comprometer sua estabilidade. Uma forma de mitigar tal problema é fazer com que esses conversores
contribuam para a estabiligade adotando estratégias de controle como o gerador sincrono virtual (VSG). Neste
artigo, uma avaliagao quantitativa da contribuicao para a estabiliaade transiente do VSG é proposta. Para
/sso, a andlise da estabilidade transiente de um sistema gerador-barra infinita (SMIB) com o VSG é realizada
utilizando meétricas de estabilidade como o tempo critico de falta (CCT) e o indice de estabilidade transiente
(751). Aléem disso, a mesma andlise é realizada para uma maquina sincrona e os resuftados em ambos 0S casos
580 comparados e discutidos. Por fim, a adaptabilidade dos paréametros do VSG é apresentada para otimizar
a estabiligade do sistema.

Palavras-chave: Estabilidade transiente. Tempo critico de falta. Sistemas elétricos de poténcia. Gerador
sincrono virtual.
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AC Alternate Current
AVR Automatic Voltage Regulator
CCT Critical Clearing Time
DAE Differential and Algebraic Equations
DC Direct Current
DG Distributed Generator
EAC Equal Area Criterion
EEAC Extended Equal Area Criterion
LS-PV Large Scale Photovoltaic
LS-PWM  Level-Shifted Pulse-Width Modulation
NPC Neutral Point Clamped
PCC Point of Common Coupling

PD Phase Disposition

Nomenclature

PEBS Potential Energy Boundary Surface
PSAT Power System Analysis Toolbox

PV Photovoltaic Source

RES Renewable Energy Sources
SEP Stable Equilibrium Point

SM Synchronous Machine
SMIB Single Machine Infinite Bus

TEF Transient Energy Function

TSI Transient Stability Index

UEP Unstable Equilibrium Point

VSI Voltage Source Inverter

VSG Virtual Synchronous Machine
WTG Wind Turbine Generator

1 Introduction

As the power systems evolved in size and
complexity new forms of instability emerged bringing
up the need for a constant update for the engineers that
work in the system planning and operation. Nowadays,
the power system stability follows a standard
classification based on the system variable affected by
the instability (frequency, voltage, and rotor angle), the
size of the disturbance considered and the time span
to determine the instability of the system. The rotor
angle stability for large disturbances, also known as
transient stability, is concerned with the ability of the
system to maintain its generating units in synchronism
after being subjected to a severe disturbance such as
a fault or a critical line contingency. The time frame in
which transient stability occurs is generally of a few
seconds following the disturbance (KUNDUR, 1994;
KUNDUR et al., 2004). As a result, studying ways to
prevent or mend the problems that appear with this
type of instability must be accounted for before the
system becomes operational.

Moreover, the growth of renewable energy
sources (RES) connected to the system, many of them
with static power converters as an interface brings up
some of these instability problems that render the
utilization and development of these energy sources
a challenge to be dealt with. These RES, mainly solar
photovaltaic (PV) and wind-turbine-generator (WTG)
systems are commonly added to the grid in two possible
forms: dispersed in the low voltage distribution system
through small-scale distributed generators (DG), or in
large-scale generating units (LS-RES) connected to the
main transmission and sub-transmission system.

Due to the exponential growth in the use of WTG
for power generation over the last decade, many

were the efforts to evaluate the impacts that different
WTG sizes and technologies have on the system
stability, especially transient stability (GAUTAM;
VITTAL;, HARBOUR, 2009; CHOWDHURY et al,,
2013; SHI et al, 2014). However, stability in the
presence of non-rotational LS-RES, like PV, still is
a topic in development. Some of the LS-PV (large-
scale photovoltaic) projects that are in development
or operational are: Topaz solar farm (550 MW) and
Desert Sunlight Solar Farm (550 MW) in California,
Yanchi Solar PV Station (1000 MW) in China, among
other existing projects (PVRESOURCES, 2020).

This type of power plant does not have any native
rotational inertia and as a result, it does not participate
directly in the voltage and frequency stabilization of
AC systems. The system interface is done by power
converters aiming to inject the maximum generated
power instantaneously. Therefore, the system is
subjected to the solar irradiation and temperature
intermittency that add uncertainty in the system
operation, which could lead to voltage and frequency
fluctuations. In Shah et al. (2015) and Ding et al. (2016),
the challenges that need to be addressed for a stable
and secure implementation of LS-PV in the system
are highlighted. The transient instability is cited as
one of the main concerns for the future of LS-PV. In
Cabrera-Tobar et al. (2016), national grid-codes from
various countries are presented and is noted that
some countries are already following requirements
for Fault-Ride-Through in LS-PV. Additionally, some
efforts have been made towards studying the impacts
of LS-PV. In Tan and Kirschen (2007), Eftekharnejad
et al. (2013), Bueno, Hernandez and Ruiz-Rodriguez
(2016), the authors show that LS-PV added to the grid
could have both benefits and downsides depending
on a number of variables such as disturbance type,
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the control strategy used by the interface converters,
fault location, PV penetration levels and the system
topology in the study.

In the meantime, the last decade saw a new
approach for the control strategy applied to these
non-rotational RES interface converters. The idea
was to make these converters mimic a synchronous
machine (SM) dynamic behavior by embedding a
proper machine model in the control scheme. Thus,
the converter could aid in the system stabilization due
to its virtual inertia characteristic (BECK; HESSE, 2007;
DRIESEN; VISSCHER, 2008). This proposal received
different names in the literature (ENCARNACAO et al,,
2018), however, in this paper we’ll be referring to it as
a virtual synchronous generator (VSG).

Moreover, despite the VSG-based control using a
SM model in its implementation, it is not restricted by
real machines’ constructive parameters. Parameters
such as the reactance, armature resistance, and
notably the machine’s inertia constant are not fixed and
could be adjusted for better system response. These
could even be tuned in real-time during operation
when the VSG is being subjected to disturbances in
the system. Some papers suggest an adaptive control
for just the inertia constant when others state that a
coordinated control between both inertia constant and
damping coefficient is most suitable (TORRES et al.,
2014; ALIPOOR; MIURA; ISE, 2015; LI et al., 2017).
However, the use of adaptive controls for the VSG
parameters on the literature always focused in the
frequency stability of small-scale DGs. Also, the VSG
stability assessment for large-disturbance scenarios
is not common in the literature and only found with
qualitative analysis of voltage, frequency, and power
curves with time without using specific metrics for
transient stability analysis.

In this paper, a novel quantitative approach to
large-scale VSG support for transient stability in power
systems is proposed by employing two metrics used
in power system transient stability assessment, the
critical clearing time (CCT), and the transient stability
index (TSI). Using such metrics in a single-machine
infinite-bus (SMIB) system, the paper performs a
quantitative analysis between the dynamic behavior
of a VSG added to the system and a conventional
SM undergoing different fault scenarios. The VSG
parameters adaptability is also evaluated by means
of the stability metrics chosen and proved to be a
promising alternative for future large-scale applications.
This novel approach to visualize the VSG impact
on transient stability in power systems opens the
possibility for a new form of adaptive control for VSG
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parameters in which the metrics (CCT and TSI) could
be used as objective functions to optimize stability.
The structure of this paper is as follows. Section 2
presents a theoretical approach to the problem. Section
3 presents the proposed VSG-based control topology.
Section 4 presents a discussion about the results
obtained and, finally, Section 5 presents the conclusions.

2 Transient Stability analysis

The power system can be mathematically
represented by a set of differential and algebraic
equations (DAE) that model the behavior of the different
devices connected to it and the power flow. A common
way to study the stability of a system is by analytically
solving this DAE set through numerical integration
using a time-domain approach. However, for large
power systems with multiple generators, this approach
can be complex and demand a high computational
effort. On the other hand, direct methods of stability
analysis handle the prablem without explicitly solving
the differential equations of the system. The foundation
for the method is Lyapunov’s second method, in which
the transient energy function is commonly adopted as a
valid Lyapunov function. This methad is also known as
the transient energy function (TEF) method and was, in
the last few decades, widely used for transient stability
analysis of multimachine systems (KUNDUR, 1994;
SAUER; PAI; CHOW, 2017). For a better understanding
of the method’s principle, Figure 1 is shown.

Figure 1 illustrates a ball rolling on the inner surface
of a bowl. The ball is subjected to a kinetic energy
injection, and because of that, it develops an exit
movement from its initial stable equilibrium point (SEP).

Figure 1 — Visual description of the
direct method for stability analysis.

LEP

SEP

Source: authors.
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If the ball is not capable of converting all its excess
kinetic energy before reaching the rim of the bowl, it
will no longer return to a SEP inside the bowl and the
system is deemed unstable. On the contrary, the ball
will return to a new SEP and the system is considered
stable. The analogy with power systems transient
stability is made by considering the ball as one
generator that gains kinetic (V€s) and potential
(VL) energy by the acceleration imposed during a
fault in the system.

The rim of the bowl is related to the potential
energy boundary surface (PEBS) and is created by a
set of unstable equilibrium points (UEP) of the system
defined by the potential energy in each one. After the
fault clearance, the post-fault system must be capable
of absorbing the excess kinetic energy so that the
system can operate in a new SEP. In this paper, the
TEF method for a SMIB system is shown in the next
sections with the introduction of the TSI and CCT as
transient stability metrics.

2.1 The energy function for SMIB systems

The classical representation of a SMIB system is
shown in Figure 2, where is the generator internal
voltage, is the generator transient reactance, is the
transformer impedance, is the total impedance of the
transmission line, is the fault resistance to ground and
is the infinite bus voltage. The motion equations in p.u.
for the synchronous generator are defined in Equations
1and 2. The electrical power output of the machine ()
is defined by Equation 3.

Figure 2 — SMIB test system.

2Hda)_

w_odt_Pm_Pe (1)
d5_ 5
ac ¢ @

P, =Csin§d —Dcosé (3)

In Equations 1-3, is the inertia constant, is the
rotor speed, is the system synchronous speed, is
the rotor angle, is the mechanical input power, and
are variables depending on the induced voltage,
resistances and reactance of the machine.

Associating Equations 1 and 2 and substituting
Equation 3 on the resulting equation gives the second-
order swing equation for the SM as shown in Equation 4.

ﬁﬁ:P —Csind —Dcosé (4)
wedtz ™

The transient energy equation is obtained from
manipulating Equation 4 and is shown in Equation
5. Details of the derivation of TEF for SMIB and
multimachine systems can be found in (FOUAD;
VITTAL, 1988; SAUER; PAIl; CHOW, 2017). The TEF
can be split into different energy terms that can be
interpreted as follows:

. 2Hwyw?

— change in rotor kinetic energy;
* P,(6 — &) —change in rotor position energy;

« C(cosé — cos &) — change in magnetic stored
energy;

. f;sDcos&dG — change in dissipated energy.

Neglecting the system transfer conductances the

7 TEF assumes the form in Equation 6, where is the
L|T maximum post-fault power between the infinite bus
E z. 7 | N\ Ep and the generator. It must be noted that the TEF is
=1 lways defined for the post-disturbance system.
0 7, Z : _ .
|—| = & The reference angle in Equation 6 refers to the
JX 4 SEP, and for the SMIB system, it can be calculated by
Ryuuis Equation 7, where is the maximum pre-fault power
between the infinite bus and the generator.
Source: authors.
2Hwyw? s
V(w,6) = — = B, (8 —8;) — C(cos 8§ — cosd,) + f D cos 8dé6 (5)
2Hwyw?
Viw,8§) =—TJ—— P (8 — 85) — Pepgye(cos 8 — cos &) (6)

2
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P
6, = sin! (7"1)
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The Equation 8 shows the calculation for a SMIB
system, where is the generator internal voltage,
E, is the infinite bus voltage and X is the sum of all
reactances between the two buses (imaginary parts of

Zwv Ly Z, @nd the generator transient reactance ).

r
pemax _ E'Ey
pre—fauit X7

The closest UEP provides a good assessment
of the system stability, in which the potential energy
reaches its maximum value while being zero for the
SEP. In the fault clearance moment, however, the
transient energy is composed of kinetic and potential
parts, as described by

Vd'(wcl- Scf,) = V}gii + V,fé- 9)

where V,E};is the kinetic energy given by the first
term of Equation 6 and is the potential energy given
by the sum of the potential energy terms in the same
equation. Both energy parts are calculated in the fault
clearing moment defined by the rotor speed and angle,
w_,and &, The system is considered stable if the
energy calculated for the UEP conditions is greater
than the energy calculated for the fault clearing
moment. Equation 10 defines the region of stability for
the direct method based on the TEF.

Vﬂ(wcb 6.:{) = V.Fﬁi‘ + foé' < VPE(Su] (10)

2.2 Transient stability index (TSI) calculation

Using the transient stability definition presented
in the last section, a metric for stability assessment
is formulated. The TSI (Transient Stability Index)
indicates if the system is stable or unstable and the
system able to absorb kinetic energy beyond needed,
in other words, it also indicates the level of stability
in the system. The TSI is calculated by Equation 11
(CHOWDHURY et al,, 2013).

VPE(é‘u] —ve (Wer, 8¢1)

TSI =
VeE(s,)

X 100%

(1)
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VPE(S, ) is the potential energy for the UEP and
is calculated by the sum of potential energy terms in
Equation 6 for a rotor angle relative to the UEP, which
is calculated by Equation 12 for a SMIB system.

(12)

If the TSIis a positive value the system is deemed
stable, otherwise it is considered unstable. The index
value indicates the system’s ability to further absorb
energy in a stable case or the extra energy that needed
to be absorbed for the system to become stable in an
unstable scenario.

2.3 Equal area criterion and the critical
clearing time (CCT)

The Equal Area Criterion (EAC) (GRAINGER;
STEVENSON, 1994) is a graphical-analytical method
used for transient stability assessment for SMIB
systems, two interconnected machine systems and
also multimachine systems by aggregating the multiple
machines into a two equivalent machine system,
the case for which the method was called Extended
Equal-Area Criterion (EEAC) (XUE; VAN CUSTEM,;
RIBBENS-PAVELLA, 1989). The method is based on
the analysis of the power-angle curves for the pre-fault
and post-fault systems shown in Figure 3.

Figure 3 — Equal-area criterion.

Source: authors.

The areas A and A, are calculated by the
integral of the power-angle curve of the system
given appropriate superior and inferior limits. The
equivalence between EAC and TEF methods can
be easily proved and is detailed in (KUNDUR, 1994;
SAUER; PAI; CHOW, 2017). Area A, represents the
kinetic energy injected in the system during the fault
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occurrence while A, is related to the system capability
of absorbing this excess energy. This equivalence
is defined in Equations 13 and 14. The critical angle
defining the transient stability limit is calculated by
making A, equal to A, and manipulating the equation
properly, the result is shown in Equation 15 .

2
A = VF - M (13)
2
Ay = Vpp(8) — Vee(8a) (14)
8.y = cos [(m — 28,) sin 8§y — cos &) (15)

The maximum time the system can stay faulted
before the machine rotor angle accelerates to the
critical value is calculated as in Equation 16. To find
this Critical Clearing Time (CCT) the critical angle found
in Equation 15 is used as a parameter in the integration
of the swing equation in Equation 4.

[, ’M )
wsFm

The CCT is usually considered an excellent
indicator of the system transient stability and to rank
different types of contingency. The EAC and the TEF
method presented in this section are only valid for first
swing stability. For post first swing stability, a small-
signal analysis must be performed.

3 VSG-based control

The concept of a VSG-based control is to provide
the power converter operation an inertial behavior.
Hence, the implementation principle of a VSG-based
contral is based directly on the application in the
converter control of the mechanical swing equations
of a SM, Equations 1 and 2. In addition to the swing
equations, voltage output and active power/frequency
regulators are needed to properly synchronize the
converter with the grid. A classic VSG implementation
is illustrated in Figure 4.

Figure 4 — Typical VSG implementation
topology including AVR and Governor.

b |
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=S s AVR
dg AL S

Source: adapted from Encarnacao et al. (2018).

The voltage and frequency regulators are identified
respectively as Automatic Voltage Regulator (AVR) and
Governor. A number of VSG control algorithms have
been developed each with different characteristics such
as machine model order applied, additional voltage,
and frequency controls adopted and output reference
of the control. An extended review of VSG-based
controls can be found in Encarnacao et al. (2018).

For the purposes of this paper, the implemented
VSG will follow the topology presented in Figure 4.
In the diagram shown in Figure 4, l,abc and v, are
measured in the point of common coupling (PCC) with
the grid. The output reference PI (Proportional Integral)
control adjusts the terminal voltage of the converter to
match with the virtual generator armature voltage. In
the next sections, the SM model used to implement
the VSG in this paper will be addressed along with the
additional controls and the power converter topology
used for large-scale applications.

3.1 Machine model adopted in the VSG

To replicate the dynamic behavior of a SM, a
high-order model is used to attain a greater response
accuracy. The model implemented in Figure 4 is
represented by Equations 1 and 2 with the addition of
a set of equations representing the flux behavior in the
SM windings. The chosen model uses four additional
differential equations for this purpose besides the two
equations of motion. Therefore, this model is often
named a 6" order model (MACHOWSKI; BIALEK;
BUMBY, 2008). The four equations that complete the
model are given in Equations 17-20. Equations 21 and
22 are used to calculate the output armature voltages of
the SM while Equation 23 calculates the output electrical
power to serve as input in the swing Equation 1.
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TiaoEgy = Epg — Eg + 1a(Xq — X4) (17)
TgoEq = —Eq — Ig(Xq — X{) (18)
doEy = Eq —Ef + 1,(X5 — X}) (19)
TaoEy = Ey — Ef + I,(X5 — X§ (20)
Via = Eg — Xé'lq — IgR; (21)

Vig = Eb + X}{14 — 1R (22)

P, = EJI, + Ejly + (X — XDlal, (23)

where X, and Xq are the synchronous reactances,
X', and X'q are the transient reactances, X", and X"q
are the subtransient reactances, T", and T'q0 are the
open-circuit transient time constants, T', and T"qa
are the open-circuit subtransient time constants, the
voltages represented by the letter E are the transient
and subtransient machine voltages, P, is the air-gap
power of the SM, R is the armature resistance, I,
and Iq are the armature currents, V, and Vq are the
armature voltages. The suffixes d and q indicate the
direct and quadrature axis respectively.

3.2 Additional voltage and frequency
controls

The additional control loops shown in previous
sections for the VSG are responsible for maintaining
the machine synchronism with the grid and also
controlling its output active and reactive power. This
is accomplished by controlling the inputs of mechanical
power and excitation field voltage in the virtual machine
madel. In this paper, the Governor used is based on a
proportional droop control defined by Equation 24.

Py = PRef + D‘pfﬂ(l - w) (24)

where is the generator’s mechanical power input,
is the desired output power for the machine, is the
system nominal frequency in Hz, is the droop gain,
and is the rotor speed from the machine model. The
AVR used is shown in Figure 5.
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Figure 5 — AVR model used.
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Source: adapted from Institute of Electrical and Electronics Engineers
(2016).

The AVR is based on the DC1A excitation system
defined by 421.5-2016 standard (INSTITUTE OF
ELECTRICAL AND ELECTRONICS ENGINEERS, 2016).
In order to simplify the model used, the limits of over
and under excitation are neglected along with the
exciter saturation effects. As a result, the system is
comprised of a voltage regulator loop, a stabilization
feedback loop, and the simplified model.

3.3 Power converter topology

In medium and high-voltage applications, the
classic two-level voltage source inverter (VSI) is not an
optimal and viable choice. For high voltage and power
levels, the multilevel VSI converters are more suitable
due to its reduced voltage stress in the semiconductor
switches and higher efficiency with lower harmonic
distortion on the PCC by using an adequate modulation
technique (RODRIGUEZ et al., 2010). Thus, a 5-level
neutral-point-clamped (NPC) converter is chosen to
implement the power part of the VSG. Also, a phase
disposition (PD) modulation technique is used. A
single-phase representation of the SMIB system with
the converter topology adopted is shown in Fig ure 6.
A LCL-filter (LISERRE; BLAABJERG; HANSEN, 2005)
was designed to filter the harmonics produced in the
5-level NPC converter switching.
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Figure 6 — SMIB system with the 5-level NPC converter connected.

Vee/d == %
'y PCC
Zir
Vee/d == %
1 Infinite-bus
ry
Vcc(_) Zi11 I I Zir2 I @
R
Vee/d == N
Vee/4d ==

gate signals

VSG
control

Source: authors.

4 Case study and simulation results

A SMIB system like the one in Figure 2 was
simulated adopting the parameters presented in Table
1. This SMIB system was simulated for two different
configurations. In the first configuration a traditional
SM was connected at the machine bus, while in the
second configuration, the VSG defined in Section 3
was connected. For each situation, six simulation
scenarios were performed. The scenarios are defined
by the distance of the fault from the generators and
the level of power dispatched from the machines. The
first three simulation scenarios are done with the fault

Table 1 — LCL-filter and SMIB system
simulation parameters.

at the generator bus using a 0.2 p.u. impedance to
the infinite bus and by changing the generator load .
P, .Inscenarios 4-6 the load change is also performed
between scenarios but with an impedance between the
generator bus and the fault. The CCTs obtained from
each scenario in both situations are then compared
and the results discussed. The LCL-filter parameters
are also shown in Table 1.

In order to prove the equivalence between VSG
and SM, the machine parameters used are the same
in both configurations and are depicted in Table 2. The
AVR and Governor parameters detailed in Table 3 are
also the same in both systems.

Table 2 — Machine parameters used in VSG and SM.

Parameter Value
Parameter Value Armature resistance (R) 0.002 p.u.
SM and VSG power base (Sg) 100 MVA d-axis reactance (X)) 0.92 p.u.
SM and VSG voltage base (Vg) 18 kV d-axis trans. reactance (X" 0.3 p.u.
Transformer voltage ratio 18/230 d-axis subtrans. reactance (X") 0.22 p.u.
Transformer power (S) 100 MVA g-axis reactance (Xq) 0.504 p.u.
Transformer impedance (Z,) 0.009 +j0.1 p.u. q-axis trans. reactance (qu) 0.201 p.u.
Line impedance (Z,) 0.0+j0.4p.u. g-axis subtrans. reactance (X") 0.132 p.u.
Faultresistance (Rp,,) le-Sp.u. d-axis trans. open-circuit time cte. (T", ) 525
LCL grid side impedance (Z, ) 0.0+j0.017 p.u. g-axis subtrans. open-circuit time cte. (T ) 0.85s
LCL converter side impedance (Z, ) 0.0+j0.111 p.u. d-axis subtrans. open-circuit time cte. (T", ) 0.029 s
LCL capacitance impedance (Z) 0.0-j20.0p.u. g-axis subtrans. open-circuit time cte. (T ) 0.034s
LCL damping resistance (R)) 0.179 p.u. Source: authors.

Source: authors.
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Table 3 — AVR and Governor parameters.

Parameter Value
Frequency droop gain (Dp) 2.0
Nominal grid frequency (fp) 60.0 Hz
Voltage reference (VRE][) 1.0 p.u.
Voltage regulator gain (K,) 100.0 p.u.
Voltage regulator time constant (T,) 0.001s
Feedback loop gain (K}) 0.001 p.u.
Feedback loop time constant (T,) 0.1s
Exciter gain (KE) 1.0 p.u.
Exciter time constant (T) 0.1s

Ne 53

Figure 7 — TSI calculation flowchart.

Source: authors.

4.1 Simulation steps

The simulations were carried out in two different
softwares. The PSCAD was used to simulate both
SM and VSG and compare their transient responses.
To validate the analytical CCT calculated, the Power
System Analysis Toolbox (PSAT) for MATLAB was
used. During the first seconds of PSCAD simulation,
the VSG is synchronized to the grid and maintained
in steady-state by the AVR and Governor controls. In
all scenarios, a three-phase fault is applied at 7.5 s. At
this moment, the AVR and Governor control actions
are suppressed and the field excitation voltage Efd
and mechanical power input P_are made constant
and equal to their steady-state values before the fault
occurrence.

As a result, only the machine modelling and its
inertia are considered for the system CCT definition.
The theoretical CCT is calculated from Equations 15
and 16 using the value of &, calculated using the
information in Tables 1, 2, and 4. In the scenarios where
the TSlis calculated, the process begins by calculating
the system SEP defined by &, and UEP defined by &,
using Equations 7, 8, and 12. After this step, the energy
at the UEP is calculated using Equation 6 by the sum
of the potential terms. The Peggyy, value is obtained as
the maximum first-swing output power recorded from
the system post-fault response in the simulation.

The VSG and SM rotor angle and speed are
recorded in the simulation fault clearance time instant.
The transient energy is calculated using complete
Equation 6. The TSl is calculated by Equation 11 using
the energy in the UEP and the energy obtained in the
fault extinction moment. The flowchart shown in Figure
7 is used to demonstrate the TSI calculation sequence.
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4.2 Simulation results and discussion

The CCT obtained from the different simulations and
the calculated theoretical values are presented in Table
4. From the CCT values in Table 4, it can be seen that the
VSG system remains stable for very similar fault duration
times to that of the traditional SM system. The A(%)
column in Table 4 shows the percentage differences
found between the CCT obtained from the VSG and SM
PSCAD simulations, calculated using Equation (25). It can
be seen that the maximum difference from all scenarios
is around 5.785%, which shows the good proximity in the
transient stability of both systems.
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The swing curves and kinetic energy from
scenarios 2 and 4 are shown in Figures 8 and 9,
respectively, for different values of t . The graphs in
Figure 8 (a) and (b) show similar behavior for both
systems in scenario 2 with @ more damped post-fault
oscillatory response for the VSG, especially the result
observed in the kinetic energy.

CCT(VSG) — CCT(SM)
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The VSG post-fault kinetic energy also shows
an oscillation frequency slightly higher than the SM
response. This result is also observed in the curves
for scenario 4 in Figure 9 (a) and (b). In this case,
the damping is less noticeable in the kinetic energy
oscillations and the frequency does not show the same
divergence levels. Additionally, both scenarios show
a small difference in the rotor angle at the start of the
faulted period for the VSG and SM systems.

A(%) = X 100% (25)
(%) CCT(SM)
Table 4 — Simulated scenarios and CCT values obtained.
CCT (s)
P Z Z A (%)
Scn. Ref LT1 L1z Calculated PSAT SM VSG
(p.u.) (p.u.) (p.u. (VSG/SM)
1 1.0 0.0 jo.2 0.176 0.178 0.181 0.189 4.419
2 0.8 0.0 j0.2 0.229 0.217 0.242 0.256 5.785
3 0.5 0.0 j0.2 0.354 0.345 0.392 0.392 0.000
4 1.0 j0.2 j0.2 0.123 0.121 0.123 0.125 1.626
5 0.8 j0.2 j0.2 0.182 0.168 0.183 0.188 2.732
6 0.5 j0.2 j0.2 0317 0.321 0329 0327 -0.607
Source: authors.
Figure 8 — System swing curves (a) and kinetic energy (b) for scenario 2.
(a) (b)
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Source: authors.
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Figure 9 — System swing curves (a) and
kinetic energy (b) for scenario 4.
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Source: authors.

At the moment of fault clearance, the two systems
reach similar values of rotor angle and kinetic energy,
and as a result, this makes the system display the
similarity in CCT observed in Table 4 and the similar
behavior in TSI that is illustrated in Figure 10.

Figure 10 (a) and (b) show a TSI comparison
between VSG and SM for scenarios 1 and 5 for
a variation of t, using steps of 10 ms. By choosing
different scenarios, the comparison between SM and
VSG can be done for different generator loading and
line impedance configurations. Observing the graphs,
a resemblance between the TSI curve from the VSG
system and the SM system can be seen with a small
visible vertical offset between them.

This result reveals that the VSG-based control is
equivalent to the SM no just at CCT, but it displays a
transient energy margin that is close to the SM for
different values of fault duration. Therefore, the VSG
distances itself from the UEP with similar energy levels
to that of a SM.

Figure 11 (a) and (b) portray the trajectory of both
systems in the phase plane (w,d). The graphs were
plotted from simulations in scenario 6 by varying the
from 250 ms to 450 ms with steps of 25 ms. Despite
the little divergences observed in some of the results in
Figures 8-10, it can be seen in Figure 11 graphs (a) and
(b) that both VSG and SM developed correspondent
trajectories in the phase plane for the various clearing
times simulated, which in turn corroborates the results
obtained via CCT analysis.

Figure 10 — Comparative TSI curves. (a) Scenario 1. (b) Scenario 5.
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Source: authors.
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Figure 11 — Phase plane faulted and post-fault trajectory curves. (a) SM. (b) VSG.
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This outcome evidenced by Figures 8-11 and by
Table 4 proves the electrodynamic equivalence of the
VSG-based power converter with a traditional SM,
which in turn shows that a VSG is capable of supporting
the system transient stabilization.

To evaluate the potential of an adaptive control for
the VSG, a simulation scenario was developed in which
is kept constant and the VSG system is simulated for
different inertia constant values. In Figure 12, graph
(a) shows a curve for TSI on scenario 6 for H varying
from 1 to 7 p.u., while graph (b) shows the swing
curves for the same circumstances. In both graphs,
the fault clearing time is kept constant at 200 ms. All
VSG parameters were the same as indicated in Table
2 except for the inertia constant.

The results presented in both graphs show that
varying one of the VSG parameters can alter the
system stability margin. It can be seen that the TSI
increases with the increment in H while the swing
curves experience lower excursions in the rotor angle
peak value in time. This parameter change, especially
the inertia constant, must respect the converter DC-link
energy capabilities.

Figure 12 — Adaptive inertia control
curves: (a) TSI curve. (b) Swing curves.

(a)

100 . .
§ 80 _
% 60
3
£ 40
£ 20t
g 0 S
7 TSI Stability Limit
£ -20r
2
g —40r
E 604
-80
1 2 3 4 5 7
Inertia Constant H (p.u.)
(b)
30 : : : —H=11
—H=2
2,5t —H=3]]
—H=4
g 20 —H=5|]
b H=6
L 15
2 H=7
<o p
=]
3 M4
g 05 Y RN
AN
0,0r
-0, . . . . .
;,0 75 8,0 8,5 9,0 9,5 10,0
Time (s)

Source: authors.

JOAO PESSOA, 2020

177



178

revista

DIVULGACAO CIENTIFICA E TECNOLOGICA DO IFPB |

The sizing of the energy storage device used for
this type of application must consider the adaptive
parameter control. The results indicate a real possibility
to change the VSG contribution for transient stability
during its operation by adopting adequate adaptive
control for the inertia constant. It can be seen
from Figure 12 graph (a) that for an initial system
configuration (H = 1), the system is in the unstable
region (TSI =-60%). Thus, a proper adaptive control
could alter the VSG parameters by changing the virtual
inertia constant (H = 2), for example, in order to lead
the system to a stable region (TSI = 40%).

Furthermore, this proposal studied opens the
possibility for a quantitative approach to implement
a real-time system stability margin adaptive control.
For example, it can be seen from Figure 12 graph
(a) that the stability margin could be tuned between
40% and 80% by adjusting the virtual inertia constant
(H=2to 5). However, a saturation in the TSI curve is
observed for higher values of virtual inertia (H > 5).
Hence, an adaptive control should be designed to
maintain the system in optimal values of energy
margin, between the stability limits and the saturation
boundary.

5 Conclusions

This paper evaluated the contribution for transient
stability of a LS-RES power converters control
based on the virtual synchronous machine outline.
A methodology for implementing this control was
presented and validated through simulation results
using transient stability metrics, the TSI, and the CCT.

The TEF method for transient stability assessment
was described and the results for the TSI values
encountered show great proximity between the VSG
and the traditional SM energy margin. The dynamic
response of the VSG-based control offered a high
similarity with the response of a traditional SM, which
can also be observed by the CCT values found in the
simulations. Despite some divergences in the post-fault
oscillatory responses, the trajectory curves proved the
equivalence of the systems when analyzed via phase-
plane. The combined results reveal the ability of the
VSG to support the power system stabilization in the
occurrence of large-disturbances.

The parameters adaptability of the VSG-based
control was analyzed and proved to be a promising
alternative to enhance the transient response of this
type of power converters control for large-scale non-
rotational generating units.
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To further develop the issue discussed in this
paper, adaptive controls could be proposed to improve
the transient stability of VSG converters by changing
parameters such as the inertia constant H and the
electrical model parameters.
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