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ABSTRACT This paper focuses on enhancing the resilience of Power Park Modules (PPMs), connected
to the grid via power electronic units, under asymmetrical voltage sag conditions. We particularly address
three interconnected constraints crucial for Low-Voltage Ride-Through (LVRT) capability of PPMs: grid
voltage support, overcurrent protection, and the DC-link voltage quality. Existing literature often overlooks
the holistic consideration of these factors, prompting this study to introduce and compare three flexible
LVRT strategies compliant with recent German grid codes. The proposed strategies use distinct approaches
to reinforce the LVRT capability of the PPMs. Strategy A employs static gain factors to control positive-
and negative-sequence reactive current (PSRC and NSRC) and the negative sequence of the active current
(NSAC). Strategy B aims to enhance the DC-link voltage quality by eliminating real power oscillations
through the flexible choice of NSAC and gain factors controlling PSRC and NSRC. Strategy C enhances
DC-bus voltage quality by eliminating NSAC and employing flexible equal gain factors for PSRC and
NSRC, mitigating both real and imaginary power oscillations. Testing on an inverter-based PPM, involving
400 kW PV module and 200 A, storage system, reveals the superior performance of strategy C. Additional
tests evaluate Strategy C’s performance with var/voltage regulation equipment (On-Load-Tap-Changing
transformer), demonstrating stable and promising performance. Through the introduced approaches, the
authors believe that this research work is useful for developing future grid codes and improving the safety

and reliability of grid-connected power systems.

INDEX TERMS Asymmetrical voltage sag, current limitation, DC-link voltage, fast fault current injection
(FFCI), grid codes, low-voltage-ride-through (LVRT), renewable energy source (RES), RfG NC, power park

module (PPM), power systems, voltage support.

NOMENCLATURE
ACRONYMS ESS Energy Storage System.
RES Renewable Energy Source. PCC Point of Common Coupling.

VSI  Voltage Source Inverter.
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RfGNC Requirements for Generators Network Code.
The associate editor coordinating the review of this manuscript and PGS Power Generating System.
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SPGM Synchronous Power Generating Module.

OPPM Offshore Power Park Module.

LVRT Low-Voltage-Ride-Through.

FFCI Fast Fault Current Injection.

PSAC Positive-Sequence Active Current.

NSAC Negative-Sequence Active Current.

PSRC Positive-Sequence Reactive Current.

NSRC Negative-Sequence Reactive Current.

RPO Real Power Oscillations.

PO Imaginary Power Oscillations.

VSS Voltage-Support Strategy.

FOPS Flexible Oscillating-Power Strategy.

VUF Voltage Unbalance Factor.

MPPT Maximum Power Point Tracking.

MRF-PLL Multiple Reference Frame Phase-Locked
Loop.

OLTC On-Load-Tap-Changing.

VARIABLES AND PARAMETERS

y Voltage vector across the connection point
i.e., secondary terminals of transformer7].

i Three-phase injected current vector.

et e Positive- and negative-sequence grid voltage

vectors across the secondary terminals of
transformer 75.
u; Voltage vector across the inverter’s terminals.

i; - Positive- and negative-sequence active cur-
rent vectors.

i;;, iy Positive- and negative-sequence reactive cur-
rent vectors.

v, I Instantaneous voltage and current.

V,1 Voltage and current amplitudes.

AIf, Al Required increments of positive- and
negative-sequence reactive current.

kT k™ Gain factors of the positive- and negative-

sequence reactive current.
kp Gain factor applied to control the NSAC.

ET,E- Amplitudes of eTand ™.

Ry, L Equivalent grid resistance and inductance.

Vde Voltage across the DC-bus.

Cuyc DC-bus capacitance.

P, QO Active and reactive powers.

Dq Instantaneous real and imaginary powers.

1) Grid velocity.

o+, 0~ Instantaneous phase-angles of positive- and
negative-sequence grid voltage.

0 Phase-shift between the positive and negative
sequences of the grid voltage.

8 Phase-angle of the vector equivalent to (vt +
vo).

Rg, Ry, Series and shunt resistances in the single-
diode model of a PV cell.

Iy Photocurrent through a PV cell.

I Diode saturation-current.

Apar Nominal capacity of the battery.

Chpgt Batter’s extracted charge.
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Pin  Minimum charging power of the battery.
ir Current through an inductor of a DC-DC

converter.

E,.  Battery’s open-circuit voltage at full
charge

C,L Capacitor and Inductor of a DC-DC
converter.

d Duty-cycle of a DC-DC converter’s
gate-signal.

SUPERSCRIPTS
+,-,0 Positive, negative, and zero sequences.
ref Reference signal.
SUBSCRIPTS
a, b, c Variables expressed in the abc reference frame.
n Nominal amplitude.
0 Pre-fault amplitude.
1 Orthogonal (voltage).
max Maximum amplitude.
P, q Active and reactive (current).
~ Oscillating term.
c,s Cosine and sine oscillating terms.
dc Signal defined across the DC-bus.
D,Q Direct and Quadrature components.
pv Related to photovoltaic control system.
cell Related to a PV cell.
bat Related to the storage system.

I. INTRODUCTION

Global warming continues to bring about remarkable changes
in weather patterns from one year to the next. It is unequivocal
that the major source of this warming is the emission of gases
produced from the extensive utilization of fossil fuels [1].
According to the road map, recently issued by the Interna-
tional Energy Agency (IEA), the energy sector is responsible
for about 50% of total gas emissions worldwide [1]. Hence,
there is a compelling need for a rapid energy transition plan
that necessitates a shift from fossil-fuel-dependent energy
production to clean and sustainable alternatives. According
to projections by the International Renewable Energy Agency
(IRENA), the share of Renewable Energy Sources (RESs)
in the global primary energy supply is expected to surge
from 15% in 2015 to a remarkable 75% by the year 2050
[2]. The global energy transition program has set a target of
achieving carbon dioxide (CO) emissions neutrality in the
energy sector by the second half of this century, specifically
by 2050 [1]. This ambitious objective has garnered support
from various countries. For example, major CO-producing
countries such as China (30%), the USA (15%), the European
Union (EU) (10%), and India (7%) in 2019, have drawn up
long-term strategies with more stringent emission reduction
goals [3]. The EU, for instance, has outlined plans to curtail
energy-related greenhouse gas emissions by 40 to 60% by
the year 2030, ultimately reaching net-zero emissions by
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2050. To realize these aspirations, the EU intends to boost
its reliance on RESs by approximately 40% by 2030 [3].

RESs hold a pivotal role in both isolated and grid-
connected applications. In remote or off-grid regions, they
stand as the primary generators of electricity. In grid-
connected scenarios, their integration objectives revolve
around enhancing the flexibility and reliability of the grid
by optimizing production and demand management. Never-
theless, the synergy between RESs and the grid encounters
substantial challenges, particularly when confronted with
fault conditions. Moreover, the grid is perpetually susceptible
to disturbances and faults, with short circuits representing the
most severe grid faults, leading to voltage sags [4], [5]. These
circumstances have the potential to impact grid stability and
power quality [6], [7], [8]. Consequently, they affect the per-
formance of connected equipment, notably power inverters,
which play a crucial role in managing power flow between
RESs and the grid. Conversely, the quality of the power
injected into the grid from RESs can also perturb the grid,
especially with high RES’s penetration.

A grid voltage sag becomes evident when there is a drop
in the voltage magnitude observed by the inverter at the
Point of Common Coupling (PCC). This decrease can occur
uniformly across all three phases, resulting in a symmetrical
voltage sag, or it can be uneven across the phases, leading
to an asymmetrical, namely unbalanced, three-phase voltage
sag. It is important to highlight that asymmetrical voltage
sags are the most frequently encountered scenarios. Further-
more, they cause a grid voltage imbalance giving rise to
low-frequency ripple in the real and imaginary powers. The
ripple in the real power also referred to as Real power Oscil-
lations (RPO) can impact the DC-bus voltage, potentially
leading to instability and the disconnection of the inverter.
As for the Imaginary power Oscillations (IPO), they can
induce unwanted fluctuations in the grid voltage amplitude.
Apart from voltage sags, short-circuit faults can also generate
transient overcurrent that may surpass the maximum thresh-
old supported by semiconductor devices, ultimately resulting
in inverter failure [5]. Moreover, if the voltage at the point of
connection is not promptly restored, protective under-voltage
breakers will be enabled to disconnect the inverter from
the grid [9]. Initially, the early grid codes, formulated by
transmission-system operators for grid-connected sources,
restricted Power Generation Systems (PGSs) from varying
reactive power and often denied interconnection in numer-
ous scenarios [10]. However, as the penetration of RESs
has risen significantly, grid disconnections might lead to a
critical reduction in active-power supply from RESs, trigger-
ing grid instability concerns. Modern grid codes have thus
introduced stringent technical regulations for grid-connected
PGSs under grid voltage sag conditions, often referred to
as Fault-Ride-Through (FRT) requirements, with a specific
focus on Low-Voltage-Ride-Through (LVRT) capability.

Under these regulations, inverters are required to maintain
their connection to the grid during specific fault scenarios
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and contribute to the rapid restoration of the grid voltage.
Initially, these grid codes primarily required the injection
of the Positive-Sequence Reactive Current (PSRC) to sup-
port the positive-sequence grid voltage [11]. However, this
strategy did not address the elimination of negative sequence
components and, in some cases, could lead to overvoltage
in non-faulty phases. Subsequent versions of the codes now
require the injection of both positive and negative sequences
of reactive current [12], [13], [14], [15], [16], [17]. The
inclusion of the negative sequence aims to help decrease the
amplitude of negative-sequence grid voltage.

These codes have also permitted curtailment of active
power to prioritize reactive power. In addition, they have
established limits on the amplitudes of reactive current
sequences to ensure they do not surpass the maximum current
supported by the inverter. It is, however, worth noting that
the transmission system operators have not yet established
specific requirements for active current components.

In recent years, researchers have been actively engaged
in the refinement of the control strategies to enhance the
performance of grid-connected PGSs when confronted with
voltage sag conditions. This enhancement primarily involves
the injection of active and reactive currents, encompass-
ing both positive and negative sequences. In this regard,
various flexible control strategies have been proposed for
grid-connected inverters operating under different voltage sag
scenarios [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28]. Hamouda et al. introduce a unity power factor con-
trol strategy aimed at supporting the grid voltage through the
injection of reactive current, albeit the injection of a negative
sequence is not addressed [18]. Wang et.al. propose a Flexi-
ble Oscillating-Power Strategy (FOPS), enabling the flexible
control of both real and imaginary powers’ oscillations [19].
However, this approach overlooks the crucial concept of volt-
age support, which is a vital criterion. Moreover, it does not
consider the current limitation constraints. In [20], the pro-
posed study introduces a current limitation algorithm tailored
to Austria’s national grid codes, requiring the injection of
positive- and negative-sequence reactive current to support
the grid voltage. Although this algorithm is assessed using a
realistic simulation model, it uses an ideal DC-bus voltage.
In addition, it only focuses on the current limitation during
dynamic voltage support and omits the remaining LVRT
requirements. Celik et.al. develop a control strategy geared
toward maximizing power delivery from a grid-connected
distributed generation system during grid voltage sag situa-
tions [21]. The authors also propose a sequence extractor to
swiftly extract symmetrical components. The primary objec-
tive of this strategy is the optimization of a FOPS to achieve
a versatile control of both real and imaginary powers oscil-
lations. However, they omit considerations related to reactive
power injection and voltage support capability.

Several research works address the analysis and con-
trol of the DC-link voltage and harmonic reduction.
In [22], the authors propose a control scheme for
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reference-current-generator-based power control, effectively
eliminating oscillations on both DC and AC sides. The
approach, featuring closed-loop control for active power,
stands out by successfully suppressing DC-link voltage oscil-
lations, reducing the need for a large DC-side capacitor, and
enhancing the overall stability and safety of grid-connected
primary energy resources compared to existing strategies.
In [23], Celik introduces a Lyapunov-based control algorithm
for three-phase shunt active power filters, enhancing har-
monic compensation in Electrical Vehicle (EV) applications
and on the grid. The proposed approach effectively mit-
igates harmonics under diverse nonlinear loads and grid
disturbances, offering several improvements such as THD
compliance, Lyapunov-estimator-based signal extraction,
dynamic performance optimization, and filter elimination.
In [24], the authors propose a sliding-mode-based adaptive-
linear-neuron proportional-resonant (ADALINE-PR) control
method for Vienna rectifier used as battery charger in EV.
The approach ensures robust DC-link voltage regulation,
real-time adaptation of source current errors, and simplified
derivation of reference current signals, resulting in superior
dynamic and steady-state performance with reduced har-
monics and ripples compared to existing studies. Note that
all strategies, discussed in this paragraph, omit the voltage-
support concept.

In the quest to enhance the voltage-support capability
of inverter-based energy sources, several Voltage Support
Strategies (VSSs) have been proposed in the literature. In [25]
Camacho et.al. introduce a suite of control strategies, each
tailored to specific voltage-support objectives while consid-
ering overcurrent protection. These strategies primarily aim
to maximize the positive-sequence voltage, minimize the
negative-sequence voltage, and reduce the voltage imbalance.
When armed with an accurate grid parameter estimation,
these strategies have the potential to optimize the voltage-
support capability. However, they do not delve into the
consequences of generated power oscillations and their effect
on the DC-link voltage. In [26], the authors develop a control
strategy with the goal of maximizing voltage support capa-
bility, constraining injected current, and eliminating RPO.
However, this work omits the evaluation of the DC-link
voltage quality. In [27], the proposed strategy generates cur-
rent references aimed at optimizing the inverter’s voltage
support capability while considering grid parameters and
overcurrent protection. This approach also provides flexibil-
ity in prioritizing active or reactive power injection. However,
authors do not explore the impact of the generated cur-
rents on power oscillations. In [28], the authors put forth
a multi-objective control strategy aimed at maximizing the
positive-sequence voltage while imposing current limitation.
This work investigates the influence of RPO on the DC-bus
voltage performance and addresses RPO control. However,
it does not address the minimization of negative-sequence
voltage or the control of IPO. Note that the aforemen-
tioned optimized VSSs rely on grid parameters (resistance
and conductance), implying their need for accurate real-time
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estimators. Moreover, the potential effects of these proposed
strategies on the DC-bus voltage quality remain unexplored.

Numerous research studies have undertaken a compre-
hensive review of existing control strategies in the context
of unbalanced voltage sag conditions. In [29], the authors
conduct a comparative analysis of FOPSs and VSSs across
various grid profiles. They also introduce a current limitation
technique designed to shield the inverter from overcurrent
issues. The performance of these reviewed strategies is eval-
uated based on their ability to mitigate power oscillations and
enhance the voltage support capability. The findings indicate
that both FOPSs and VSSs exhibit the potential to support the
grid during voltage sag conditions, even though this aspect
has not been thoroughly explored in the literature regarding
FOPSs. Additionally, it is observed that VSSs can optimize
the voltage support performance. However, these strategies
have not addressed the power oscillations’ impact on the
performance of the DC-link voltage.

In [30], Silva et.al. conduct a review of power control
strategies applicable to inverter-based wind energy systems
connected to the grid under voltage sag conditions. The
authors present detailed expressions describing the resulting
power oscillations and the behavior of the DC-bus voltage.
Results underscore the significance of limiting RPO. How-
ever, the evaluation of voltage support capabilities for the
reviewed strategies is not addressed. In [31], the authors
explore power control strategies specifically for PV sys-
tems operating under unbalanced voltage sag conditions.
They compare three primary strategies in terms of dynamic
response and the ripple in DC-link voltage. Furthermore, they
assess the performance of these strategies on the PV side,
considering aspects such as Maximum Power Point Tracking
(MPPT) efficiency and thermal stress in the capacitors of the
DC-bus and PV array. The results show that the strategy based
on the control of RPO provides the best quality of the DC-bus
voltage. A comparative review of the LVRT performance of
PV systems to overcome related challenges is also detailed
in [32]. It demonstrates that each strategy can partially meet
LVRT requirements and highlights the complexity of achiev-
ing this objective without addressing all pertinent challenges.

Overall, previous research papers that focus on optimizing
voltage support tend to treat the DC-bus as an ideal and
stable voltage source. Conversely, studies concentrating on
the robustness of the DC-bus often overlook aspects related
to LVRT and voltage support performance.

In light of the above, this paper introduces three LVRT
strategies designed for grid-connected inverters operating
under asymmetrical voltage sags conditions. These strategies
combine the advantages of both FOPSs and VSSs to address
all essential conditions required for LVRT compliance. More
importantly, the proposed strategies differ from conventional
literature approaches that rely on power references. Instead,
they directly generate current’s references by conforming to
the Fast Fault Current Injection (FFCI) requirements speci-
fied by grid codes. Additionally, these references depend on
the maximum current capacity of the inverter fed from various
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DC sources typically associated with RESs and Energy Stor-
age Systems (ESSs).

The main novelty of this work is the design of flexible
LVRT control strategies addressing simultaneously the three
LVRT-related issues: the voltage-support capability, the pro-
tection of the inverter against overcurrent, and the DC-link
voltage quality. The proposed strategies rely on different for-
mulations of the appropriate current references considering
the grid codes requirements and the flexible mitigation of real
and imaginary powers oscillations. To the best of our knowl-
edge, the voltage-support capability of the converter along
with enhancing the DC-link voltage quality and limiting the
overcurrent is first addressed in this paper.

The paper is organized as follows: Section II discusses the
contemporary European grid codes relevant to inverter-based
Power Park Modules (PPMs) facing voltage sag scenarios.
In Section III, we delve into the essential prerequisites for
meeting LVRT criteria. Section IV explains in detail the
proposed flexible control strategies. Section V describes the
power system elements, used to test the proposed strategies,
and the associated control architectures. The outcomes stem-
ming from distinct case studies are presented and analyzed in
Section VI. Finally, Section VII encapsulates the concluding
remarks and findings of this paper.

II. BRIEF REVIEW OF RECENT GRID CODES UNDER
VOLTAGE SAG CONDITION

The European standard EN 50160 characterizes a voltage
sag as a situation where the RMS voltage at the PCC falls
below 90% of its nominal value for a duration ranging from
10 milliseconds to 1 minute. The voltage sag is considered
resolved once all three phases have recovered, meaning their
amplitudes return to the dip-end threshold of 0.9 p.u. [33].
Most critical voltage sags are due to symmetrical or asym-
metrical short circuits occurring in the Medium Voltage (MV)
grid or larger. The severity of the voltage sag at the PCC
basically depends on the grid impedance, the fault type, and
the transformer’s connection.

In 2016, the European Commission introduced Regulation
(EU 2016/631), which outlined grid connection requirements
known as the Requirements for Generators Network Code
(RfG NC) [16]. These requirements consider various factors
under voltage sag conditions, including the type of voltage
sag (symmetrical or asymmetrical), the voltage level at the
PCC, and the category of the PGS. PGSs are classified
into three main types: Synchronous Power Generating Mod-
ules (SPGMs), Power Park Modules (PPMs) and Offshore
Power Park Modules (OPPMs). SPGMs are generators that
are synchronously connected to the grid. PPMs encompass
asynchronously connected generators and power electronic
interfaced units, such as PV plants and EVs [17]. OPPMs
are PPMs with an offshore connection point. Moreover,
each PGS type is in turn subdivided into four distinct cate-
gories depending on its capacity power limits and the voltage
level at the PCC as reported in Table 1 [16], [17], [35], [36],
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TABLE 1. Classification of PGSs upon the capacity power limits according
to RfG NC.

PGS category  Capacity power limits Connection voltage

A 0.8 MW to 1 MW LV/MV under 110 kV
B 1 MW to 50 MW MYV under 110 kV

C 50 MW to 75 MW MV/HV under 110 kV
D above 75 MW HV above 110 kV

(371, [381, [39], [401, [41], [42], [43], [44], [45], [46], [47],
[48], [49].

The RfG NC has established common requirements for
fault and post-fault operation, focusing on two key aspects:
LVRT capability and FFCI. LVRT capability entails that PGS
must remain connected to the grid during and after fault clear-
ance for a specified duration, which depends on the depth
of the voltage sag. Regarding FFCI, PGSs are required to
inject the appropriate reactive current to support the grid [16],
[17], [36], [37]. However, this requirement is only imposed
to PGSs connected to the MV grid or larger. It is worth
mentioning that the RfG NC sets out general requirements
for grid-connected PGSs, and individual EU countries are
responsible for establishing their own grid codes while ensur-
ing compliance with the RfG NC.

Given the focus of this paper on power-electronic-
interfaced units, the following section provides a detailed
overview of the LVRT and FFCI requirements specifically
applicable to PPMs.

A. LVRT REQUIREMENTS FOR PPMs

The concept of LVRT outlines the specific conditions under
which PPMs must maintain their connection to the grid dur-
ing and after a fault event. The requirements governing LVRT
are defined by the RfG NC and are represented graphically
by the voltage-against-time curve depicted in FIGURE 1.
In accordance with the RfG NC guidelines, the PPM is strictly
prohibited from disconnecting from the grid if the voltage
profile remains above the curve illustrated in FIGURE 1 [16].
More precisely, the profile of FIGURE 1 is divided into three
regions. In region 1, the PPM should never be disconnected
from the grid. In zone 2, the PPM may disconnect even before
the full voltage recovery. Finally, in zone 3, the PPM may
remain connected or disconnect upon the decision of the
transmission system operator.

The parameters introduced in FIGURE 1 have the follow-

ing meanings:

o U, This represents the voltage level across the PCC
at the onset of the fault. During a fault, this voltage may
decrease significantly, possibly down to 0.15 p.u. or even
reach O p.u.

o Ugleqr is the voltage level at the PCC after the fault
clearance.

o Icleaqr 18 the tolerated time interval before the fault clear-
ance at the Ugqr level. Typically, this interval ranges
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FIGURE 1. Voltage-against-time profile describing the general LVRT
requirements as specified by RfG NC.

from 0.14 to 0.15 seconds, but in certain cases, it may
be extended to 0.25 seconds if it aligns with safety and
system operation requirements.

o frecls trec2, trec3: These are specific time points in the
LVRT scenario. After the fault clearance, the voltage
should recover linearly from Uy, to an initial recovery
level called U,.q at time trec1. Between toc; and tec2,
the voltage may stay at the level U,..1. Then it should
increase again from U, to the final recovery level
Uecr at time tyec3.

The specific limit values for these voltage levels and their
corresponding times are determined by the national grid
codes of individual EU countries. As an example, Table 2
provides LVRT requirements for PPMs connected to the MV
grid, as defined by European standard EN5049-2 and German
grid codes VDE-AR-N 4110. These features mostly cover
PPMs connected to a grid below 110kV [15], [40], [41], [42].
For PPMs connected to high voltage (HV) grids, typically
above 110 kV, more stringent requirements are imposed,
often tolerating U, to reach O p.u.

B. FAST FAULT CURRENT INJECTION REQUIREMENT

The RfG NC requires the injection of an appropriate amount
of reactive current to contribute to the fast recovery of the grid
voltage and avoid disconnecting the PPM from the grid. Since
most grid faults are asymmetrical, the injection of a reactive
current with both positive and negative sequences is required
to enhance the voltage-support capability [11], [16]. Indeed,
the injection of the PSRC boosts the positive sequence of
the voltage, while injecting the Negative-Sequence Reac-
tive Current (NSRC) mitigates the negative sequence of the
voltage, which reduces the voltage imbalance and the sag
severity.

FIGURE 2 provides the required reactive current profile
as defined by German grid codes for MV and HV [40], [41].
Note that several countries have also adopted this require-
ment such as Spain, Luxembourg, and Austria [38], [39],
[43], [47]. The required increments in the PSRC and NSRC
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Al Al (p.u.) 1
0,8

0,6

-0,3 -0, -0, , 0,2 0,3 0,4 0,5
AV*, AV (p.u.)

Voltage drop or increase, respectively

Representation in related quantities:
AV*: voltage change in the positive sequence
AV~ voltage change in the negative sequence
Alq*: current variation in the positive sequence
4l;": current variation in the negative sequence

FIGURE 2. Reactive current injection requirements according to recent
German and European grid codes for MV and HV grid-connected PPMs.

(Al ;1" and Al ) are outlined as follows:

Vo—VT

+ gt _ gt —t

Al =1 —15=k 7. I, (1)
N A )

Mé:Q—JW=kRZh 2

I;B and I;O are the amplitudes of the pre-fault positive- and
negative-sequence reactive current, respectively. [ ; and [-
are their counterparts during the post-fault operation. I, is the
nominal amplitude of the injected current. Vy and V,, are the
pre-fault and the nominal amplitudes of the voltage across the
connection point of the PPM to the grid. V* and V™~ are the
amplitudes of the post-fault positive- and negative-sequence
voltage across the connection point. Additionally, k™ and k~
represent positive and negative gain factors; their extreme
values are bounded as follows:

2<kt<6 3)

IIl. FORMULATION OF CURRENT COMPONENTS
REQUIREMENTS FOR ENHANCED

LVRT PERFORMANCE

Consider the power system configuration depicted in
FIGURE 3, which illustrates a typical structure of a PPM.
This system consists of a PV connected to an ESS through
a common DC-bus [51], [53]. The active power flow is per-
formed from the DC-bus to an AC LV-bus via a VSI. The
LV-bus is thereafter connected to the PCC through a step-up
transformer 7. The PCC is, in turn, connected to an IEEE-
9-bus via a second step-up transformer 7> and a transmission
line. The occurrence of a short circuit fault in the transmission
line gives rise to the following three critical issues:

- A voltage sag occurring at the PCC, which could
potentially trigger the under-voltage protection system,
leading to the disconnection of the VSI. In situations
involving high power generation, this event might even
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TABLE 2. LVRT Characteristics for MV connected PPMs.

Grid code (MV) Uret (p-u.) Uctear (p-u.) Ureer (p-u.) Uz (p-u.) Letear (8) Lrect (8) frec2 (8) frece3 (S)
. EN 50549-2 [37] 0.05t00.15 U, to 0.15 Utlear 0.85 0.14 t0 0.25 {igleze trec 1.5t03
Symmetrical
fault
VDE-AR-N
4110:2018-11 [40] 0.15 0.15 0.15 0.85 0.15 0.15 0.15 3
. LN £ () 0.05 0.05 0.05 0.85 0.14 t0 0.25 {iteze (gt 2to3
Asymmetrical (371
fault VDE-AR-N
4110:2018-11 [40] 0.15 0.15t00.75 0.75 0.85 0.22 0.22t03 3 5
Bus2 Bus 7 Bus 8 Bus 9 Bus 3
18 kV 230kV  230kV 230 kV 13.8 kV DC-bus
900 V Boost gates
sigEals
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FIGURE 3. Inverter-Based PPM Connected to IEEE-9-bus.

induce a grid collapse due to an abrupt decrease of the
available power.

- Important transient currents are provided and lead to
excessive heating of the power components within the
VSI and, in severe cases, potentially resulting in VSI
failure.

- In case of asymmetrical grid voltage sags, signifi-
cant oscillations are created in the instantaneous real
and imaginary powers. The RPO subsequently gener-
ate undesired ripple in the DC-bus voltage and have
the potential to destabilize the VSI. Additionally, IPO
lead to undesirable fluctuations in the voltage amplitude
across the connection point of the PPM, which may,
in turn, propagate back and worsen the DC-bus voltage.

To adhere to the grid code requirements and prevent dis-

connection from the grid, it is imperative to address the
following three constraints:

(1) Prioritizing grid voltage support to swiftly attain the
recovery threshold voltage (0.9 V,) and avert grid
instability.

(2) Implementing current limitation measures to protect
the inverter’s semiconductors against overcurrent.

(3) Ensuring the quality of the DC-link voltage to
strengthen the DC-bus stability.
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This paper puts a particular emphasis on the constraint
related to DC-bus voltage quality. In many previous research
attempts, this aspect was often overlooked for the sake of
simplicity, with the DC-bus being treated as an ideal voltage
source, which does not accurately reflect real operational
scenarios [25], [26], [27]. To properly address this problem
with several constraints, the symmetrical components method
is used [19], [55]. This technique decomposes the unbal-
anced voltage across the connection point of the PPM and
the injected currents into three balanced sequences: positive
sequence (v and in), negative sequence (v~ and i~ ), and
Zero sequence (v0 and io).

y =yt 4

i=it i+

“
&)

Note that in the case of a three-wire system, if the fault
occurs upstream of the transformer 73, i.e., in the transmis-
sion line, the zero sequence of the voltage at the PCC is
inherently removed by T>. On the other hand, the positive and
negative sequences of the line current can be decomposed into
two orthogonal and decoupled quantities namely active and
reactive currents as depicted in FIGURE 4. Considering this,
the active current is responsible for the active power, while
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the reactive power is related to the reactive current.
it =it il =\ 6)
_ J— _2
I = Ip + Iq (7)

iI‘," and i, are the positive- and negative-sequence active
current aligned with v+ and v~, respectively. i;; and i, are
the positive- and negative-sequence reactive currents aligned
with the orthogonal positive- and negative-sequence voltage
across the connection point namely vI and v, respectively.
1;, I;, I, and I~ are the amplitudes of i;r, iy, iy, andig,
respectively. I and I~ are the amplitudes of the positive- and
negative-sequence grid current, respectively. Consequently,
it is essential to accurately determine the four sequences
of the line currents (I[j , I; . Iy, and 1) to achieve the
LVRT capability. This needs a simultaneous consideration of
constraints related to the voltage support performance, over-

current mitigation, and the robustness of the DC-link voltage.

=1, +lq

A. OPTIMIZED SUPPORT OF THE GRID VOLTAGE

The expressions of the positive- and negative-sequence volt-
age across the connection point of the PPM are given as
follows:

+ + -+ di;

v =e'" 4+ Rglp =+ Lg? (8)
i

vo=e +Rg, +L, I 9)

Here e’ and e~ are the positive- and negative-sequence
grid voltage across the secondary terminal of transformer
T>, respectively. R, and L, denote the equivalent resistance
and inductance of the grid seen from the point of connection
i.e., the secondary side of transformer T7.

The voltage at the point of connection is clearly influenced
by the transmission line impedance and the injected currents.
The ideal voltage support scenario is performed by increasing
the magnitude of v+ to the nominal grid voltage amplitude
and decreasing the amplitude of v~ to zero. In view of this,
the phase-angle between il‘f and v should be set to zero. The
same conditions can be applied to i;; and vlr. As the derivative

term (diy / dr) is negative, i;” and v | should also be in phase.

In contrast, i, and v~ should have opposite directions to
produce a negative product term that decreases the amplitude
of v~. The previously discussed conditions can be expressed
analytically using the mathematical formulation given in (10),
where V* and V™ represent the amplitudes of v and v~
respectively.

I+

i ve 0 00y
i 0 £ 0 0 v
7| = L "ol a0
| o o & o'
4 0o o o |t

=
Note that since i, is in opposite direction tov™, the inverter
should be able to absorb the NSAC. To enable this operating
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FIGURE 4. Decomposition of active and reactive currents into positive
and negative sequences.

scenario, a path for the energy circulation into the DC-bus
should be added. This can be achieved using a battery-based
ESS or a controlled chopper with an energy dissipative
resistor. This setup helps prevent overvoltage across the
DC-bus [25].

Substituting now the condition of (10) into (8) and (9)
yields:

VI = ET + RIS + Lyol | (11)
VT =E =Ry, — Lol (12)

Here ET and E~ denote the amplitudes of e™ and e,
respectively. These equations reveal that achieving an opti-
mized voltage support depends not only on the injected grid
current components, but also on accurate estimation of the
grid parameters [25], [26]. Indeed, the active current is more
effective with a resistive grid. When it comes to an inductive
grid, the impact of the reactive current is more important.

The optimal voltage support scenario aims to increase
V7T to the recovery threshold value while eliminating V.
As discussed above, achieving this optimization needs to
make appropriate choices regarding the current components.
However, it is important to note that this optimization may
lead to overcurrent and significant power oscillations.

B. PROTECTION OF THE INVERTER AGAINST
OVERCURRENT

To avoid the overheating of power semiconductors and the
inverter’s damage, the injected current amplitude should
never exceed the maximum allowed value (/,,,4,) regardless
the voltage support approach and the sag severity. Therefore,
we shall consider the relationships between different current
components and the total current. Additionally, it is important
to recognize that the amplitude of the current is not uniform
in the three phases. Given that i, and v~ have opposite
directions, we can determine the maximum amplitude of the
three-phase active current, Iyqy as follows.

Lmax = I + 1" = 2L 1y cosOpin (13)
. 2 2
c0SOyin = min { cosf, cos | 6 — ? ,cos | O + ?
(14)
o= 1ty
VAV, + VALV
0 =wn ' 2222 (15)
VpVp —VoVo
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v;)r and vg are the DQ components of the positive-sequence
voltage across the secondary terminals of transformer Ty. vy,
and vy are the DQ components of the negative sequence.

On the other hand, the maximum amplitude of the
three-phase reactive current is computed as follows:

Tmas = VI 4+ 1 4 201 08 Oy (16)
2 2
coSO gy = max | cost, cos | 6 — KR ,cos |6 + EY
(17)

To protect the inverter’s semiconductors against overcur-
rent while maximizing its voltage support capability, the
optimal scenario consists in injecting a maximum amplitude
of the total three-phase current that matches the maximum
current allowed by the inverter’s semiconductors (/4. ). Con-
sequently, the correlation between the maximum current
amplitude /,,;, and the maximum amplitudes of active and
reactive currents, Iyuqx and Igpuqy, can be derived from (6)
and (7) as follows:

Imax = Igmax + Ic?max (18)

As for the grid codes requirements, they recommend
limiting the amplitudes of reactive current positive- and
negative-sequence, 1 ;’ and [, respectively, to the nominal
value I, to protect the power system against overcurrent. They
also specify a tolerated range of values for the gain factors k™
and k™ that control the amount of reactive current references.
These values are commonly set from 2 to 6 as required by
German grid codes.

To evaluate the current limitation effectiveness using this
approach, the required boosts of reactive current, Al ;1" and
Al 7 defined in (1)-(2), are both set to I,. Considering this,
we determine the variation of k* and Kk~ versus V* and V—,
respectively as illustrated in FIGURE 5. This figure shows
that the values of the gain factors within the range from
2 to 6 do not always guarantee a limitation of PSRC and
NSRC amplitudes 7,7 and /. Indeed, k" should remain
within the region bounded by the axis of VT and the curve
kT = f(VT). Similarly, k~ should remain within the region
bounded by the axis of V™ and the curve k=~ = (V7). To
properly address this issue, the strategies introduced in this
paper will incorporate the current limitation constraint into
the formulation of the gain factor’s analytical expressions.
This key point will be addressed and discussed in detail in
section I'V.

C. CONTROL OF OSCILLATING POWERS

In case of asymmetrical voltage sags, the real power,
denoted p, is decomposed into a DC component usually
referred to as active power (P) and an oscillating AC com-

ponent (p):
P=vif +v7i, (19)

— yti— A +:— —t+
p=vii, tviy +vii, +viig (20)
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FIGURE 5. Range of gain factors k* (a) and k—(b) to limit the amplitudes
of reactive current sequences to its nominal value.

Only the positive and negative sequences of the active
current, iI‘," and ip_ , contribute to the active power (P). On the
other hand, both sequences of the active and the reactive
currents (ip+ iy i;r, and i) interact with their reverse coun-
terparts of the grid voltage (v, v, v, and VI), as shown
in (20), giving rise to undesirable RPO. Substituting (10)
into (19) and (20), yields the expressions of the active
power and the oscillating component as elaborated in (21)
and (22), respectively. The analytical development is detailed
in Appendix A.

3
_2(yti+ _v-7-
p= 2(v IF-v Ip) Q1)
3 3
= —+ _ vyt = _ vt o
p—E(V I —v Ip)cosa+§(v -V Iq)sm(S
Be Bs
(22)
§=2wt+0T +6° (23)

6+ and 6~ are instantaneous phase-angles of positive-
and negative-sequence grid voltage. w is the grid velocity.
Likewise, the imaginary power referred to us g, consists of
DC component representing the reactive power (Q) and an
oscillating component () computed as given in (24) and (25),
respectively:
Q=viil+vii; 24)
g=vii, +viif +vii +viil (25)
The positive- and negative-sequence reactive current, i;l"
and iq_, impact the reactive power Q, while the interaction
between the two sequences of the active and reactive currents
with their reverse counterparts of the grid voltage, as shown
in (25), produces undesirable ripples in the waveforms of the
imaginary power.
Substituting (10) into (24) and (25), we obtain the expres-

sions of reactive power and the oscillating component as
given in (26) and (27) (See Appendix A for details).

o=>2(vif+v) 26)

3 3
i=3 (Vo5 + VL ) sins+ 5 (V717 + V) coss

qs dc
(27
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The following remarks may be raised:

- Considering (19), the choice of i, in opposite direction
to v~ contributes to curtailing the active power, being
highly encouraged by recent grid codes.

- p and g are two oscillating components at twice the grid
frequency and consisting each of two terms. Moreover,
the oscillating quantities p. and g depend on the active
currents, while p; and g. are related to the reactive
currents.

1) CONTROL OF REAL POWER OSCILLATIONS
The RPO caused by active currents (p.) can be eliminated by
setting the NSAC i, to the following expression:
I+
iy =——-v" (28)
v+
This condition is perfectly aligned with the voltage support
concept discussed in the previous subsection A, which entails
the inverter absorbing the NSAC. Similarly, the RPO caused
by reactive currents (ps) can be removed by imposing the
following NSRC i :
N
iy = Fv N (29)
This implies that i, should be in phase with v_, , being
quite consistent with the voltage support requirements. Con-
sequently, the optimized voltage support capability can be

achieved with zero oscillations in the real power.

2) CONTROL OF IMAGINARY POWER OSCILLATIONS
The IPO caused by the reactive currents (g.) could be nulli-
fied by pushing i, to be in opposite phase to v such that:
.
i, = _WV N (30)
On the other hand, the removal of the second oscillating
term (gs), caused by the active current, could be achieved by
imposing i, to be in phase with v~ such that:
I+
i=-Ly
P T y+
Note that the derived relationships in (30) and (31) that
cancel out the IPO are not consistent with the voltage support
concept requiring i, and v, to be in phase, and i, to be in
opposite phase to v~

N (3D

D. QUALITY OF THE DC-LINK VOLTAGE

The quality of the DC-link voltage serves as a critical factor
in ensuring its resilience against transient ripples that occur
during and after asymmetrical voltage sags, thus contributing
to strengthening the inverter’s stability. The amplitude of the
ripple in the DC-bus voltage, namely Vy,, basically relies on
four factors including the amplitude of RPO (f’), the DC com-
ponent of the DC-link voltage (V,.), the DC-bus capacitance
(C4c), and the grid velocity (w ) [28], [31].

P

Ve = ——— 32
dc oVieCoe (32)
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P is computed using (33):

P [P 4P

= %\/(v—l,;* —VH Y + (VI - VL) (33)

Here i’c and 133 denote the magnitudes of the two oscil-
lating terms of the real power p. and p;, respectively. The
magnitude of RPO is clearly affected by the amplitudes of
the positive- and negative-sequence voltage, V* and V~,
respectively. These sequences are also interconnected with
the IPO, as discussed in subsection C. Consequently, it can
be inferred that the DC-bus voltage ripple is directly linked to
the RPO, though it also exhibits an indirect correlation with
the IPO.

IV. PROPOSED FLEXIBLE MULTI-OBJECTIVE LVRT
STRATEGIES

In view of the above discussion, the formulation of an effec-
tive control strategy to meet LVRT requirements needs to
take into consideration the following limitations of the power
system:

- Perfect voltage support cannot be achieved without
respecting the inverter capacity limits, as this is crucial
to protect power semiconductors against overcurrent.

- LVRT strategies are only applied when the voltage-
against-time profile illustrated in FIGURE 1 remains
within region 1, which requires maximum voltage sup-
port performance.

- The simultaneous achievement of a perfect voltage
support with elimination of power oscillations is an
important challenge. Indeed, eliminating RPO is pos-
sible without compromising the voltage support perfor-
mance. However, eliminating IPO requires the injection
of NSAC, which increases the amplitude of the negative-
sequence voltage, and reduces the voltage support
effectiveness.

- The ripple in the DC-link voltage is influenced by RPO,
which theoretically can be eliminated. However, eradi-
cating RPO tends to maximize IPO. This, in turn, results
in increased AC voltage fluctuations, deteriorating the
power quality and the DC-bus voltage stability.

To properly address these complex challenges, this section
introduces three novel LVRT strategies. To execute efficient
LVRT operations while adhering to the aforementioned con-
straints, it is mandatory to determine the appropriate current
references generated once the voltage sag is detected.

The following detection method is commonly used [51]:
Define the voltage unbalance factor (VUF) as the ratio
between the amplitude of the negative-sequence voltage, V™,
and that of the positive sequence, V.

V-
VUF = vF (34)

If V* falls below 0.9 p-u., and the VUF exceeds the
predefined limit of 0.02, this implies the occurrence of an
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asymmetrical voltage sag. If the VUF remains below 0.02,
it means that the voltage sag is symmetrical [51].

Most existing strategies in the literature typically derive
current references indirectly through the determination of
power references. In contrast, the strategies presented in this
paper take a different approach by directly determining the
current references. They are rooted in recent German FFCI
requirements, which outline the general form of reactive cur-
rent references [36], [37]. Given that the pre-fault amplitudes
of the reactive current sequences, I and [ 40 are set to zero,
the expressions of the PSRC and NSRC references are given
as follows.

Vo—VT

I =kt ————1, (35)
Va
-
L =k —1I, (36)
Va

The appropriate selection of the gain factors is of amount
importance to fulfill the LVRT requirements. Considering
this, the following strategies are proposed.

A. STRATEGY A

This strategy uses static gain factors to determine the PSRC
and NSRC references. It is aligned with the approaches
found in some existing strategies presented in refer-
ence [20], or those utilized by some EU countries, such as
Denmark [44]. As previously discussed in section III-B, the
imposed range of the gain factors does not always ensure
a complete protection of the inverter against overcurrent.
Nevertheless, this strategy is introduced in this paper for the
sake of evaluation and comparative analysis.

1) CURRENT REFERENCES

The expressions given in (35) and (36) are adopted to com-

pute the references for the PSRC and NSRC. As for the NSAC

reference, it is derived from (10) and (28) as follows.

_ Vo oL

I =k, vl 0<k, <1 (37)
The introduced gain k, allows a flexible control of the

term p, caused by the active current components in the RPO.

constrained within the range [—1,1]. In contrast, as demon-
strated in the previous section, our approach mentioned that
the NSAC should not be injected; rather, it should be absorbed
by the storage system. This choice serves three main objec-
tives: optimizing voltage support capability, reducing RPO,
and accommodating active power curtailment in compli-
ance with recent grid codes. Additionally, the value of k),
should not exceed 1 to limit IPO. In fact, when k, equals 0,
the NSAC is eliminated, while k, equals 1 removes the
term pe.

2) CURRENT LIMITATION

Since the gain factors associated to the PSRC and NSRC
remain fixed, the restriction on current amplitude cannot
be applied directly to the corresponding current references.
Nevertheless, PSRC and NSRC references should be limited
to the nominal current /,,. The maximum amplitude of the
whole reactive current can be determined by substituting (35)
and (36) into (16), which yields as in (38), shown at the
bottom of the page.

Furthermore, it is important to ensure that the total active
current does not exceed the rated value I,. To express this
restriction formally, we can represent (13) in terms of /,,
by substituting /, 9 from (37) into (13) and replacing Lymax
by I,,. This ylelds the following expression of the maximum
allowed NSAC reference, denoted as I[,_,,,r;fc:

I—rEf — kPV In (39)
pmax 5 5
\/V+ + (kpV~)" = 2k, VTV~ cOS Opin

The generated reference for the NSAC should therefore be
bounded by the limit set by Ipyck.

3) RESULTING POWERS
The expression of the injected active power can be derived by
substituting (37) into (21), which yields:
3 I+ref
2 vt

By substituting (35) and (36) into (26), we obtain the
following expression of the injected reactive power:

(v+2 — kv~ ) (40)

Similar ex;.)resswr'ls have been proposed 1r.1 the hterature. [19]. 0=>" ( P V_ _ gt V+ k+V+Vo) (41)
However, in previous approaches, the gain k, was typically 2V,
I,
Ignax = 7o (6+ (Vo — V) + (k=V=)? 4 2k+k= V= (Vo — V) cOS Oy (38)

n
= 3v™ +ref - +\yt+
n

— k*Vp) I, sin 5] (42)

g= %VT [an“ef (14 ky)sind + (k= —kT) VT +k*Vy) I, cos 5] (43)
n
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Furthermore, by replacing (35)-(37) in (22) and (27),
we deduce the expressions of the RPO and IPO as in (42)
and (43), shown at the bottom of the previous page.

The voltage ripple across the DC-bus can be determined as
in (44) by substituting (35), (36), and (37) into (32) and (33).

As can be seen from (44), the DC-bus voltage ripple could
be limited when £, is set to 1. However, with fixed values of
kT and k~, the most adopted approach is to use equal values
for both gain factors.

To offer a better control of the gain factors, and optimize
the current limitation performance, two flexible LVRT strate-
gies are proposed in the two following subsections.

B. STRATEGY B

Strategy B aims to ensure the robustness of the DC-link volt-
age by primarily eliminating RPO. As previously elucidated
in the preceding section III, the NSAC can be absorbed by the
storage system rather than being injected into the grid. This
approach serves several purposes: 1) enhancing the voltage
support capability, 2) eradicating RPO and ripples in the DC-
link voltage, and 3) enabling active power curtailment in
alignment with modern grid codes requirements.

1) CURRENT REFERENCES
To remove the term p. caused by active current in the RPO,
the reference for the NSAC is derived from (28) as follows.
V-
—ref _ ¥ gtref
1,7 = VT 1, (45)

The condition for gain factors, k* and k™, that effectively
eliminates the term pg caused by the reactive current in the
RPO, is determined by substituting (35) and (36) into (22)
and nullifying the term p;, which yields:

_ Vo
k™ =k" (W - 1) (46)

The determination of the value of k* is contingent upon the
current limitation constraint, as elaborated in the subsequent
subsection.

2) CURRENT LIMITATION
The maximum current amplitude in the three phases is
constrained to I,,,. However, the active current maximum
amplitude, Ipmax, as defined in (13), might surpass Ipgy.
Therefore, it should be limited to the rated value I, through
limiting NSAC reference Ipfref to a maximum value I;,,fflé.
Substituting I[;r " in (45) into (13) and replacing Iymax by I,
the resulting expression of Ip;ff;]; is obtained as follows:
Ld = ———— Y (47)
VA V=7 2 2VHV = cos Opin

Furthermore, the maximum magnitude of the reactive cur-
rent is ascertained by inserting (35) and (36) into (16),
while considering (46):

(Vo — VH)VVH + V=" 4 2V+V—cos oy

Tomax = kT
gmax VnV+ n

(48)

To maintain the total current amplitude within the limit
of Iy, the gain factor k* is subsequently determined by
substituting (18) into (48), which yields:

Va vt \/ Ir%mx - I]gmax
L (Vo—VH)V vV 4+ V= 4+ 2VHV = cosOmar
(49)
Note that the obtained value of k¥ should be confined
within the range from 2 to 6 to comply with the FFCI require-

ments, as long as the amplitude of the reactive current remains
below the rated value I,,.

kt =

3) RESULTING POWERS

The expression of the resulting active power can be derived
by substituting (45) into (21), which yields:
3 I; ref 12 2
P=31 (v -v7) (50)

This expression illustrates that the choice of the NSAC ref-
erence can effectively reduce the total injected active power,
enabling active power curtailment.

Now, by substituting (35) and (36) into (26) and consider-
ing (46), we obtain the following expression of the injected
reactive power.

+
0=> - (o-vH (v +vT) 6D

The reactive power is completely eliminated when the volt-
age reaches its pre-fault value namely V(. With the proposed
choice of the gain factors and NSAC reference, the RPO
expressed in (22) is nullified, and the resulting voltage-ripple
across the DC-link is also eliminated. Substituting (35), (36),
and (45) into (27) and considering (46), leads to the following
expression of IPO.

§= 3V7 [vnzljref sing — k™ (Vo — V) I, cos 3] (52)

n

C. STRATEGY C

It is worth mentioning that Strategy B maximizes I[PO, poten-
tially leading to significant fluctuations in the AC voltage.
These fluctuations can impact the amplitudes of the volt-
age sequences and the current references. This gives rise to

~ 3
Vie = ————
a 20V Cae
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2

§\/(Vn1;ref (1- k,,))2 + (V= +kt) — kT Vo) 1) (44)
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unwanted ripples in the real power waveform, which may in
turn affect the DC-bus voltage and result in system instabil-
ity. To address this concern, strategy C will be focusing on
limiting both real and imaginary powers oscillations.

1) CURRENT REFERENCES

To restrict both real and imaginary powers, the reference of
the NSAC is set to zero. Moreover, we will use equal values
of the gain factors k™ and k™:

L =0 (53)

kT =k~ (54)

2) CURRENT LIMITATION
Since I;mf is set to zero, the maximum amplitude of the
active current Iy, becomes equal to the PSAC reference
1,7 generated by the DC-bus voltage compensator. This
reference value should not exceed /,,. The maximum ampli-
tude of the total reactive current is determined as in (55) after
substituting (35) and (36) into (16), taking into account (54).
The restriction on current amplitude can be implemented
by capping /I muax according to (18). The expression of the gain
factors k~ and kT in (56), that satisfies the above condition,
is elaborated by substituting (18) into (55) and substituting
Tymax by I

3) RESULTING POWERS
The expression of the resulting active power is derived by
eliminating /,” in (21), which yields:
3
_ T gtrefy+
P = 21[, Ty (57)
Substituting (35) and (36) into (26), while taking into
account (54), yields the following expression of the injected
reactive power:
3 .1
0=kt (V*2 —vH 4 V+V0) (58)
2V,
Substituting (35) and (36) into (27) while considering (53)
and (54), the expressions of RPO and IPO are obtained as

3V
p=3v- [v,,Ip+ cos 8 + kT (2VF = Vo)l sin 3] (59)
n
3V
g = Ve [V,,Ip siné + k" VI, cos 8] (60)
n

Oscillations in both real and imaginary powers are lim-
ited, which will help reduce fluctuations in the AC and
DC voltages. However, since the oscillations are not com-
pletely removed, the voltage ripple across the DC-bus still
exists. Substituting (35) and (36) into (32) while consider-
ing (33), (53) and (54), yields:

2
- \/(anj’ef) + (k1 2V = V)
Vie = = — 61
“=3, 0VaeCue ©D)

V. SIMULATION TESTBENCH

A 600 kVA PPM is considered in this study as already
depicted in FIGURE 3. The PPM consists of 400 kW PV field
and a 200 A battery connected to a common 900 V DC-bus
through DC-DC converters enabling a flexible management
of the power extracted from the DC sources [52], [53]. A sec-
ond conversion stage i.e., a two-level VSI is used to dispatch
the power from the DC-bus to a 380 V AC LV-bus. The 25 kV
PCC s connected to a 230 kV IEEE-9-bus through the step-up
transformer 75 and a 5 km transmission line. The parameters
of the IEEE-9-bus are detailed in Appendix B.

A. DC SOURCES FEEDING THE DC-BUS

The PV energy system consists of two sets of 72 PV strings
connected in parallel and feeding two DC-DC boost con-
verters. Each string is composed of nine series connected
modules. The single-diode model depicted in FIGURE 6 is
used to represent each PV cell [56], [57]. Considering this,
the cell’s current varies as a function of the voltage across its
terminals as given in equation (62) [58], [59].

Ryicen + Veell
-H-— 62
) Ron (62)

. 4(Rsicel tVeell)
leell = Iph — (e KT

iceil and veeyp are the current generated by and the voltage
across one PV cell. I, represents the photocurrent. Ry and
Ry, are the series and shunt resistors, respectively. I is the
saturation current of one diode Dp,. g, 7, K and T are the
electron charge, the ideality-factor of the diode, the Boltz-
mann constant, and the operating temperature, respectively.

On the other hand, FIGURE 7 depicts a simplified power
circuit of one DC-DC boost converter fed by 72 PV strings
and the MPPT-based control block diagram [58], [59], [60],
[61], [62]. The corresponding average state-space model is

+\/(V0 — V)2V 2V (Vo — V) coS Oya

Lymax = 7 I, (55)
v, Ry — 11

kt=k—=-=Lx 5 e P (56)
In (Vo= V)" 4+ V= 4+2V— (Vo — V) coS Opar
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FIGURE 7. Power circuit and control diagram of one DC-DC boost
converter connected to 72 PV strings and feeding the DC-bus.

given in (63) [58], [59].

4, ! + ! (dpy — 1)

—Upy = 7 Vpy T 77— \dpy — 1) Vdc

I T L (63)
_ —_ 3 + —

i’ T e,

Cpy and L, are the capacitance and inductance used in the
boost converter. iz, is the current through the inductor L,
vpy and iy, are the voltage across and current generated by
the PV array, respectively. vq4. is the DC-bus voltage assumed
to be constant and perfectly regulated by the grid-connected
converter. dp, is the duty cycle of the PWM signal feeding
the transistor’s gate. Considering this, the MPPT technique
employs the incremental conductance (IC) algorithm along
with an Integral (I) compensator and a pulse width modula-
tion (PWM) module to generate the appropriate gate signal
for the boost converter’s power transistor [61], [62].

As for the energy storage system, we used two packs of
lead-acid batteries connected each to a bidirectional DC-DC
buck-boost converter as depicted in FIGURE 8 [63]. v, is

. Lbaz S;
g U~ B am
+ =

o

——— Vhat T~ Char J S; deTzT/
|

ref _
T = Iy

ref_
‘ Ta™= Tparn

(a)

Pl l'dbz[
1M PWM S, gate
compensator
>~ S, gate

Lyt (b)

FIGURE 9. (a) Flowchart of the battery charge discharge reference current
(b) simplified block diagram of the buck-boost controller.

the battery terminal voltage. Cp,r and Ly, are the capacitance
and inductance of the buck-boost converter, respectively. iy pq;
is the current through the inductor Lp,,. S1 and S, are two
power semiconductors, capable to conduct a bidirectional
current. ip,, is the battery’s current. The corresponding aver-
age state-space model is described by (64) [64], [65].

d 1 1 0 do)
—1 = —Vpgr — — (1 — Vde
dr Lbat Lhat bat me bat ) Vdc
Voar (1) = Eoe — Kpat (——29 ) _ Ryuipur(t)
Abat(lbat = 07 T)
(64)

E, is the battery’s open-circuit voltage at full charge. Kpq;
is a constant specific to the battery, Apq; is the nominal capac-
ity, Rpqr is the internal resistance, and Chyy, is the extracted
charge. dp,; is the duty cycle corresponding to the ‘on’ state
over a pulse period of the power switch S;. Therefore, the
duty cycle corresponding to the ‘on’ state of Sy is (1 — dpyr)-

' di}‘)r -+ -+ 1 + 1 +
A T rr e Tt T
dit 1
o 4 4+ 14+ 1+
E = LlQ a)lD—l—LuiQ LVQ
dip, R _ - 1 _ 1 _
o = —zzD — iy + ZM’D — ZVD (65)
dip  R._ _ 1 _ 1 _
A T rle T T e v
dvge ide 3 + _ 4 — . — o —
dr = C—dé—m (VD+VD+VQ+VQ) (lD+lD+lQ+lQ)
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FIGURE 10. Power circuit of the grid-connected inverter and the corresponding controller established in dual synchronous reference frame.

The approach used to determine the appropriate reference
charge- and discharge-current of the battery, namely 7 ;ZJ: ,
is depicted in the flowchart of FIGURE 9.a.

SoC is the battery’s state of charge, Py, is the active power
delivered by the PV system, P,,;, is the minimum charging
power of the battery and I, , is the nominal battery’s cur-
rent. If the available PV power (Pp,) surpasses Py, and the
battery’s SoC is under the threshold set to 80%, then I brg; is set

to —Ipar.» implying the battery is being charged at its nominal

53004

current. Once the SoC exceeds 80%, the battery charging
process is halted, implying that /, ;ZJ; is set to zero.
Conversely, if Py, is less than P,;,, and the battery’s SoC is
greater than 30%, I ;Z{ is set to Ipqr , implying that the battery
contributes to the power injection into the grid. Consequently,
the SoC will decrease. Once it reaches the 30% threshold
value, I,:Z’; is set to zero and the battery is no longer con-
tributing to the grid support. Afterwards, a PI compensator

along with a PWM module are used to control the buck-boost
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converter and generate the target reference current as depicted
in the flowchart of FIGURE 9b.

B. GRID-CONNECTED VSI

The power circuit of the grid-connected VSI is depicted
in FIGURE 10. The corresponding dynamic model, estab-
lished in a dual reference frame synchronized with
the positive- and negative-sequence grid voltage, is as
in (65), shown at the bottom of the page 14, [9], [68],
[671. (i, ig, ip,ip) are the DQ components of the
positive- and negative-sequence grid current expressed in
the dual synchronous reference frame [66], [67]. (v;’)', vg,
Vp, vé) are the DQ components of the positive- and
negative-sequence voltage across the secondary terminals of
transformer 77. The DQ components are obtained from the
measured signals in the abc reference frame using two Park
transformations and four low-pass filters as shown in the
bottom part of the block diagram of FIGURE 10 [66], [67].

A Multiple-Reference-Frame-Phase-Locked Loop
(MRF-PLL) is also implemented to estimate the instanta-
neous phase-angles of positive- and negative- sequence grid
voltages, namely #1 and 6, being mandatory to perform
the two Park transformations [66]. ul'.z, ”i+Q’ u;p, and ”i_Q are
the DQ components of the positive- and negative-sequence
voltage across the inverter’s terminals. R and L are the grid
filter resistance and inductance, respectively.

On the other hand, different voltage and current control
loops are implemented to control the VSI as depicted in
the upper part of the block diagram of FIGURE 10. First,
a PI compensator-based outer loop is implemented to regulate
the DC-bus voltage. The control-law generated by the DC
voltage compensator is used by the proposed LVRT control
strategy to determine the appropriate DQ components of the
positive- and negative-sequence current references, namely
1 ; ref , Ig ref Ay " and IQ_ ref , respectively. Finally, we used
a dual PI-based current controller implemented in a dual
synchronous reference frame to enable the grid currents,
iZ;, ig, ip,and ié, to follow their target references [68]. The
derived control-laws for the inverter, ug, ug, up,, and ué,
are transformed to the abc reference frame and applied at the
input of a PWM modulator to generate the transistors’ gates
signals.

VI. NUMERICAL TEST CASES

To evaluate the proposed LVRT strategies, we con-
ducted numerical simulations using the Matlab/Simulink
software. The system parameters are summarized in
Table 3.

In this section, we will evaluate and compare the perfor-
mance of the proposed strategies in different fault scenarios.
Among the obtained results, the following are particularly
noteworthy:

1) The amplitudes of the injected currents I, 1., IF
and / P
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TABLE 3. Power system and controllers’ parameters.

Parameter symbol Value
Sample frequency fe 10 kHz
Grid fundamental frequency ® 1207 rd/s
Output filter resistance R 0.0167 Q
Output filter inductance L 0.25 mH
Inverter-rated current (amplitude) In 900 A
inverter fault current Lax 1.2 p.u.
Short-circuit ~ current/ maximum  Jnar-se 2.5pu./
duration 40 ms
DC-bus voltage Ve 900V
DC-bus capacitance Cae 40 mF
Battery’s nominal current I 200 A
Battery’s voltage Viar 450V
Battery’s nominal capacity Apar 1 kAh
PV source power Ppy 400 kW
Dual PI current proportional gain Kp pi 0.7
controller integral gain Ki pi 10
DC-bus proportional gain Ky dc 25pu
PI Controller integral gain Ki_de 100 p.u.
Buck-boost PI  proportional gain K bar 09 p.u.
controller integral gain Ki bar 10 p.u.

2) The waveforms of the injected three-phase currents,
serving for the assessment of the current limitation strategy.

3) Instantaneous real and imaginary powers which illus-
trate the impact of the proposed strategies on power
oscillations.

4) The DC-link voltage providing insight into the assess-
ment of robustness requirements.

5) The positive- and the negative-sequence voltage at
various locations such as the connection point of the
inverter (LV AC side), the PCC, and bus 6. These voltage
sequences are useful to evaluate the performance of voltage
support.

A. RESULTS
1) TEST CASE I: BG FAULT ACROSS BUS 8
In this scenario, a ground fault (bg fault) occurred in bus 8§,
leading to a voltage sag that had an impact on the amplitude
of phase b voltage across bus 6, which drops to 0.36 p.u.
The fault is then propagated to the PCC via Transformer 75,
resulting in a voltage sag in phases a and b, causing a drop
in their amplitudes to 0.674 p.u. and 0.597 p.u., respectively.
Consequently, different values of the VUF were recorded
at various locations. For instance, it is about 0.33 across
bus 8, 0.23 across bus 6 and 0.28 at the PCC. In addition to
the location, these values are contingent on the presence of
transformers and the currents amplitudes in each bus.
FIGURE 11 illustrates the waveforms of the powers gener-
ated by the PV system and the battery. Notably, the negative
power values associated with the battery denote a charging
process that occurs before, during, and after the fault event.
It is due to the SoC being below 80%. Conversely, the PV
source consistently supplies its nominal power. The outcomes
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reveal that the produced powers exhibit minimal transient
fluctuations, with the PV source experiencing less than a
1.5% deviation, while the battery shows a 9% fluctuation.

First, the results obtained using Strategy A, with reactive
current gain factors set to 6 and the NSAC set to zero (k, =0),
are depicted in FIGURE 12. These results highlight that the
approach based on using static reactive current gain factors
can potentially lead to DC-Bus instability, even when the cur-
rent amplitude is limited. This phenomenon can be attributed
to the fact that the voltage profile undergoes changes while
the gain factors k™ and k™~ controlling the reactive currents
remain fixed, resulting in currents and powers oscillations.

The increase of RPO leads in turn to the degradation of the
DC-bus voltage quality experiencing an important transient
ripple. This example underscores the crucial importance of
having flexibility in choosing gain factors to achieve stable
performance. Similar results are obtained for different values
of k,. As for LVRT capability, it can be achieved, in this case
study, for k™ and k~ inferior to 6.

Secondly, FIGURE 13 displays the results obtained using
Strategy B. It demonstrates that the current limitation capabil-
ity and DC-bus stability experience both a better performance
compared to Strategy A. The current amplitude is indeed
maintained between 0.96 p.u. and 1.2 p.u. Only one transient
peak of about 1.24 p.u. and surpassing the allowable limit has
occurred in only one cycle. This operation scenario can be
tolerated and has no impact on the safety of the inverter’s
semiconductors, regarding the parameters listed in Table 3.
As for the power oscillations, it was theoretically anticipated
that RPO would be eliminated using this strategy. However,
the results reveal significant oscillations in the waveforms
of both real and imaginary powers resulting in an oscillating
DC-link voltage. The latter experienced two transient peaks
of about 1.064 p.u. and 0.94 p.u. at the onset of the fault and a
voltage ripple during the transient regime with an amplitude
inferior to 2.5%.

The obtained performance of the RPO and DC-link volt-
age can be attributed to two factors. First, this strategy
increases IPO. These oscillations give rise to fluctuations in
AC voltage, impacting the amplitudes of voltage sequences
and current references, and resulting in RPO. The latter gives
rise to unwanted ripple in the DC-link voltage. Second, the
current references generated by the control strategy are con-
strained by the gain factors values being limited from 2 to 6,
to satisfy FFCI requirements. This operation range restricts
the control of power oscillations and the maximization of
current injection with respect to the inverter capacity. This
fact can be demonstrated by the saturation of the gain factors
values as illustrated in FIGURE 15.a. Note that despite the
oscillatory waveform, the DC-bus voltage exhibited a robust
behavior, maintaining its amplitude within the range 0.95 p.u.
to 1.03 p.u. Therefore, the LVRT requirement is favorably
met, enabling the grid voltage support.

On the other hand, the imbalance factor at the AC-side
of the inverter was reduced to 0.187. However, effective
voltage support at the PCC was hindered by both the voltage
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drop induced by the transformers and the relatively low
amount of injected current/power compared to the required
amount. Indeed, the IEEE-9-bus power generators produce
short-circuit powers ranging from 128 MVA to 247.5 MVA,
while the simulated PPM generates a 600 kVA short-circuit
power. To enhance the voltage support capability, we shall
therefore increase the total power injected into the PCC.

Finally, FIGURE 14 shows the results obtained with
Strategy C. Notable observations include the full capacity
operation of the inverter, which improves the voltage sup-
port effectiveness, as evidenced by a VUF of 0.12 at the
point of connection of the inverter. Robust behavior of the
DC-bus voltage is also confirmed. Nevertheless, oscillations
are observed in the waveforms of voltage sequences, instan-
taneous powers, and consequently, the DC-link voltage. The
enhanced performance using this strategy is due to the gain
factors flexibility showing less saturated values compared to
strategy B as illustrated in FIGURE 15.b.

The DC-bus voltage exhibited oscillations with amplitudes
ranging from 0.96 p.u. to 1.03 p.u. Only one transient peak of
1.04 p.u. occurred at the fault’s initiation. The fluctuations
of this voltage during the transient regime remain within
the range 3% to 3.5%. These issues can be addressed more
effectively using advanced non-linear DC-bus voltage and
line current controllers.

The summarized results of the proposed strategies B and C
under this test case are provided in Table 4.

2) TEST CASE Il: BCG FAULT ACROSS BUS 8

In the event of a bcg fault occurring in bus 8, bus 6 experiences
an unbalanced voltage sag leading to a decrease in the voltage
amplitudes to 0.87 p.u., 0.31 p.u., and 0.34 p.u. in phases
a, b and c, respectively. At the PCC, the voltage amplitudes
of phases a, b, and c are 0.6 p.u., 0.28 p.u., and 0.678 p.u.,
respectively.

With Strategy A, the results indicate that LVRT capability
is only achieved when k™ and k™ are both inferior to 3 and
kp set to zero. For kj, set to 1, the entire range from 2 to 6 fails
to guarantee compliance with LVRT requirements.

400
300
g —Pw
< 200 Pbat
®
D
a
= 100
(=8
a
0
w
-100 . . . . . . . )

08 0.85 09 0.95 1 1.05 11 1.15 1.2
time (s)

FIGURE 11. Power produced from the PV field and the battery.
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FIGURE 13. Simulation results with Strategy B under a voltage sag caused by a bg fault across the bus 8 for k* and k~ between 2 and 6.

TABLE 4. Performance evaluation of proposed strategies for test case I.

TABLE 5. Performance evaluation of proposed strategies for test case II.

Strategy B Strategy C Strategy B Strategy C
Transient peaks: ~ 0.94, 1.064 pu.  0.961, 1.041 p.u. - . 0911, 1.056
DC-bus p p p DC-bus Transient peaks: - 0.953,1.037 p.u.
voltage Fluctuations <2.5% <3.5% voltage Fluctuations <2.5% <%
Current ) GUTTCNT
Transient peak 1.24p.. 1.28 p.u. Transient peak 1.45p.u. 1.45p.u.
LVRT Medium High LVRT Low Medium
Faulty bus 0.33 0.33 Faulty bus - 1
VUF VUF ,
Inverter side 0.187 0.12 Inverter side - 027

A summary of the performances obtained with Strategies
B and C is provided in Table 5. FIGURE 16 shows the results
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obtained using Strategy B. It is observed that the power oscil-
lations are limited, leading to a stable DC-link voltage, at the
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FIGURE 16. Simulation results with Strategy B under a voltage sag caused by a bcg fault across the bus 8 for k* and k~ between 2 and 6.

onset of the fault. However, when the grid voltage recovers,
we can see important transient oscillations in the DC-bus volt-
age. The reported amplitudes of this waveform are 0.911 p.u.
and 1.056 p.u. Furthermore, the current limitation objective
is not achieved. Specifically, the phase ¢ current amplitude is
equal to 1.35 p.u., exceeding the maximum allowable value.

53008

The current limitation technique should ideally restrict
this value, but the imposed range of gain factors hinders
the fulfillment of this requirement. This fact is proved by
the saturated value of the gain factor k= as illustrated by
FIGURE 18.a., which limits the strategy objectives achieve-
ment in terms of power oscillations and current limitation.
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It is worth noting that with gain factors limited within the
range 0.5 to 4, results using Strategy B demonstrated better
LVRT capability.

The obtained results using Strategy C are displayed in
FIGURE 17 showcasing improved performance compared to
Strategy B. Specifically, there is a lower transient deviation in
the DC-bus voltage, remaining under 7%. The voltage fluctu-
ations, with a maximum of 2%, fall within the allowed limit
of 5%. The maximum amplitude of the injected current devi-
ates between 1.2 p.u. and 1.35 p.u., occasionally exceeding
Lnax- Note that the inverter can support a short-circuit current
beyond I, if its duration does not exceed 40 ms. This
issue arises due to the FFCI requirements, which mandate a
minimum gain factor of 2 if the reactive current component
is under /,,, while the value of k~ required by the current
limitation technique occasionally falls below this threshold
in this scenario. This fact explains the saturated value of
the gain factor as depicted in FIGURE 18.b. Consequently,
during this time period, the injected current exceeds the
allowable limit. The voltage support is optimized through
the sustained full-capacity operation, primarily impacting the
negative-sequence voltage, and reducing the VUF to 0.27.
This contrasts with the VUF values at the PCC, bus 6, and
bus 8, which are obtained as 0.46, 0.535, and 1, respectively.
Nonetheless, for a more effective voltage support capability,
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a higher current output, i.e. a higher rate of power production
from the PPM, would be beneficial.

3) TEST CASE lll: BG FAULT ACROSS BUS 6

When a bg fault occurs in bus 6, it leads to a 4% increase
in the voltage amplitudes of the remaining two phases. The
transformer 7, alters the fault type, resulting in an uneven
impact on the voltage at the PCC. Specifically, phases a and ¢
experience a voltage drop of 0.1 p.u., while the voltage across
phase b decreases to 0.358 p.u.

The voltage at the point of connection of the inverter is also
affected asymmetrically by the fault, and the observed behav-
ior depends on the control strategy employed by the inverter.
The LVRT capability using Strategy A is only achieved when
the gain factor is below 3. The voltage support performance is
impacted by the fact that it is not always possible to maximize
the injected current.

Table 6 summarizes the performance of strategies B and C.
Moreover, FIGURE 19 displays the results obtained using
Strategy B. Unfortunately, RPO is not eliminated due to the
influence of IPO on AC voltage fluctuations.

The DC-link voltage exhibits an oscillating transient
behavior at the onset of the fault with peaks equal to 0.91 and
1.09 p.u., respectively. In addition, a transient peak equal
to 0.93 p.u. occurred at the recovery of the grid voltage.
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FIGURE 19. Simulation results with Strategy B under a voltage sag caused by a bg fault across the bus 6 for k* and k1~ between 2 and 6.
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As for the maximum current amplitude, it shows an oscillat-
ing behavior with an amplitude ranged from 1.2 to 1.3 p.u.

Similarl
rated to

critical LVRT performance and a risk of disconnection of the

inverter
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FIGURE 21. Gain factors variation under a bg fault across the bus 6: (a) using strategy C ( k*=k~), (b) using strategy b (k* k™).

The results, obtained with Strategy C, are illustrated in
FIGURE 20. The current waveforms demonstrate the injec-
tion of the maximum allowed amplitude in two phases
(a and c). This reduces the VUF to 0.23. Additionally, Strat-
egy C yields better-quality of the injected power and DC-link
voltage compared to Strategy B. The reported transient peak

y to the previous results, the gain factor k™ is satu-
2 as depicted in FIGURE 21.a. These results lead to

from the grid.
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TABLE 6. Performance evaluation of proposed strategies for test case III.

Strategy B Strategy C

DC-bus Transient peaks:  0.91, 0.93, 1.09 p.u. 0.97,1.04 p.u.
VoM pjcmations  <2.5% <3.5%

Amplitude 1.2-1.3 p.u. 1.2-1.26 p.u.
Current

Transient peak 1.5 p.u. -1.3 pu.
LVRT Low Medium

Faulty bus 0.32 0.32
VUF Inverter side 0.25 0.23

values are equal to 0.97 p.u. and 1.04 p.u., respectively;
their fluctuation amplitude is inferior to 3.5%. The current
waveforms show a maximum amplitude of 1.2 to 1.3 p.u. The
gain factors are varying according to FIGURE 21.b.

In this test case, Strategy C performs better in terms of
LVRT capability than both Strategies A and B. However,
it is crucial to remind that the maximum available current
amplitude limits the voltage support effectiveness.

4) ENHANCING PERFORMANCE: VOLTAGE REGULATION
EQUIPMENT INTEGRATION WITH LVRT-BASED PPM

In this section, we modified the structure of the proposed test
bench with the integration of a voltage regulation equipment,
aiming to assess the synergistic effects when coupled with
strategy C. The incorporation of a voltage regulator intro-
duces an additional layer of control. By combining LVRT
strategy and voltage regulation, we aim to uncover potential
enhancements in the system stability, resilience, and overall
operational efficiency.

It is worth mentioning that the proposed LVRT strategies,
implemented on the grid-connected inverter to contribute to
the grid voltage support, are in no way a replacement of
the voltage regulation equipment, such as tap changers and
capacitor banks.

Such equipment is strategically placed across feeders to
maintain voltage within the tolerated range [69], [70], [71],
[72]1, [73], [74]. This is crucial for ensuring stable voltage
delivery to end-users, a requirement increasingly essential in
smart grids [69]

In the preceding simulation tests, we employed tradi-
tional power converters and transformers devoid of voltage
regulation equipment. This approach allows us to con-
trast the results with existing LVRT and voltage support
strategies, typically excluding var/voltage regulation equip-
ment [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28]. While var/voltage regulators could reduce the pro-
duced voltage drop, our aim, following the structure outlined
in [50], was to generate various voltage sag types across
the PCC using the IEEE-9-bus model, representing the
grid. This approach simplifies the production of different
sag types, particularly challenging near the PCC. To fur-
ther enhance grid stability and performance, we explore
the combined use of LVRT strategies and an On-Load-
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Bus 6 PCC

230 kV 25 kV LV

380V

T, T PPM
OLTC
MYV Loa transformer

(@)

Bus 6 PCC
230 kV

46 MV A SPGS

MYV Load OLTC
transformer

(b)

FIGURE 22. Combination of LVRT strategy and voltage regulation
equipment.

Tap-Changing (OLTC) transformer, chosen for its ability
to regulate voltage by adjusting the tap position of the
transformer [72].

To assess this combination, we suggest replacing trans-
former Ty, connecting the PPM to the PCC, with an OLTC
transformer as depicted in FIGURE 22.a. Simulation results,
employing strategy C during an important fault across the
bus 6 (bg fault), are shown in FIGURE 23. The outcomes
reveal stable performance for both PPM and the grid, with
reduced AC voltage fluctuation and maintained current and
DC-link voltage quality. Positive-sequence voltage increases
across the PCC and the bus 6 similarly to results with-
out voltage regulation (FIGURE 20). However, mitigating
negative-sequence voltage has proved to be slightly less effec-
tive with the OLTC transformer. This fact is due to the lack
of ability to separately regulate the positive- and negative-
sequence voltage.

Additionally, separate control of the transformer’s wind-
ings during unbalanced voltage sag may degrade system
performance.

Considering that the capacity of the inverter, in terms of
maximum current supported by semi-conductors, limits the
voltage support performance, we propose a second solution
for a better effectiveness. This involves introducing a second
power source connected to the grid through an OLTC trans-
former, as illustrated in FIGURE 22.b. The power system
is a 47 MVA synchronous power generating system (SPGS)
with a 12 kV nominal voltage.

The obtained results, illustrated in FIGURE 24, show an
improved voltage support capability and LVRT performance.
Indeed, compared to the outcomes depicted in FIGURE 20
and FIGURE 23, the negative sequence of the voltage across
the PCC has favorably decreased and the positive sequence
has increased across all buses: the LV side, the PCC, and
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FIGURE 24. Simulation results with Strategy C under test case 11l after adding a SPGS linked to the PCC through an OLTC transformer.

bus 6. Additionally, DC-link stability and current quality are
maintained.

Notice that simulations using the SPGS without an OLTC
transformer revealed significant undervoltage across various
levels during overload scenarios. This emphasizes the cru-
cial role of var/voltage regulation equipment in maintaining
voltage levels under frequent power loss conditions [73],
[74], [75]. However, the effectiveness of var/voltage regu-
lation equipment decreases under short-duration unbalanced
voltage sags, requiring therefore additional solutions such as
LVRT strategies. Different placements of OLTC transformers
were explored, approving challenges in number and loca-
tion [73], [74]. Literature suggests optimal placement near
sensitive feeders suffering from voltage disturbances caused
by power losses [70], [74].

In summary, LVRT strategies and var/voltage regula-
tors complement each other for a robust power grid,
addressing steady-state stability and transient disturbances.
While var/volt regulation mitigates voltage variations, LVRT
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strategies focus on fast voltage sag events. Future research
should explore the coordination between the two approaches
for optimal performance.

B. DISCUSSIONS
The simulation outcomes highlighted the following chal-
lenges related to asymmetrical voltage sags:

1) The DC-bus voltage is affected by both RPO and IPO,
making it crucial to address both.

2) The impact of NSAC on negative-sequence voltage is
relatively minor compared to NSRC due to the grid
predominantly inductive nature. However, the injection
of NSAC tends to raise the negative-sequence volt-
age amplitude. Therefore, we recommend avoiding the
injection of NSAC into the grid to enhance the DC-bus
voltage quality and the voltage support performance.

3) Using static gain factors for reactive current references
cannot provide optimal results due to the dynamic
profile of the voltage sag, making it challenging to
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select an appropriate static value. Therefore, the gain
factors should be continuously updated throughout the
whole fault and post-fault period to synchronize with the
dynamic characteristics of the LVRT profile.

4) Imposing a range for gain factors, as mandated by FFCI,
ensures a minimum effective injection of reactive cur-
rent but could lead to overcurrent or affect the DC-bus
voltage quality.

5) Effective voltage support hinges on the ratio of the
injected power to base power. Higher injected power lev-
els can significantly impact the PCC voltage, especially
in mitigating voltage imbalance during deep voltage
sags.

6) During transient responses, DC-link voltage and injected
current amplitudes may exceed limits. These peaks
can be reduced, and response times improved using
advanced non-linear controllers. Control techniques
avoiding the use of PWM modulator are also expected
to provide a better dynamic response.

7) The synergy between LVRT strategy and var/voltage
regulation equipment can enhance the resilience of the
power system. However, it needs further investigation.

It can therefore be deduced that the flexible control of gain
factors varying dynamically in terms of the instantaneous
faulty voltage profile, surpasses the performance achieved
with static values. This flexibility empowers the inverter to
operate at its full capacity, enhancing its ability to provide a
robust voltage support. This approach underscores the align-
ment of strategies B and C with the dynamic aspects of
LVRT, showcasing their responsiveness to evolving condi-
tions. Table 7 summarizes the obtained performances of the
three proposed LVRT strategies under the test cases. The
results affirm that Strategy C consistently ensures best LVRT
performance in all scenarios, exhibiting superior stability
compared to Strategies A and B.

Besides, Table 8 summarizes a comparative analysis of
the proposed approach with existing control strategies for
grid-connected inverters operating under asymmetrical volt-
age sags. The strategies developed in [19], [20], [21], [22],
[23], [24] focus on the DC-bus voltage quality. However, they
omit the concept of voltage support, which is a fundamental
constraint in the LVRT requirements to avoid the discon-
nection from the grid. In [25], [26], [27], [28], the authors
focus on the voltage support capability while considering
only the overcurrent limitation, ignoring the DC-link voltage
performance. In [28], though the reference of the RPO is set
to zero, the DC-link voltage suffers from an important low-
frequency ripple.

Compared to the existing research literature, the proposed
work addresses simultaneously three LVRT constraints: the
voltage support capability, overcurrent limitation, and the
DC-link voltage quality. Indeed, through a flexible mitiga-
tion of RPO and IPO, the quality of the DC-link voltage is
enhanced during the fault and post-fault operation. More-
over, current research addressing unbalanced grid voltage sag
conditions frequently relies on power converters that incorpo-
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TABLE 7. Resumed LVRT performance for proposed strategies.

Strategy A B C

Case
DC-bus stability yes fork* <5 M H
1 Current limitation yes H H
LVRT yes fork* <5 M H
DC-bus stability yes fork™ < 4 L H
II  Current limitation yes fork* =2 P M
LVRT yes fork* =2 L M
DC-bus stability yes fork* <3 M H
Il  Current limitation yes fork* <3 M M
LVRT yes fork* <3 L M

Performance: P: Poor, L: Low, M: Medium, H: High

TABLE 8. Resumed comparison study for the novelty of the proposed
strategies.

Strategy DC bus Oyer.cur‘rent Voltage-

performance limitation support
[20] no yes no
[21] no yes no
[22] yes yes no
[23] yes yes no
[24] yes yes no
[25] no yes yes
[26] no yes yes
[27] no yes yes
[28] no yes yes
Proposal yes yes yes

rate LVRT or voltage support strategies without considering
var/voltage regulation equipment. This equipment plays a
crucial role in modern grid systems. They regulate voltage
levels and manage reactive power, ensuring steady-state grid
stability facing disturbances such as undervoltage resulting
from power losses. Significantly, in their proposal, [75] intro-
duced an LVRT strategy coupled with a STATCOM to uphold
voltage levels during unbalanced voltage sag conditions.
Unfortunately, the authors failed to consider symmetrical
components decomposition, resulting in distorted currents
that have the potential to reduce power quality and inhibit
DC-link voltage performance.

VII. CONCLUSION

In this paper, we addressed three primary objectives: first,
identifying the appropriate current references for inverter-
based generators to meet Low-Voltage-Ride-Through
(LVRT) requirements; second, evaluating recent correspond-
ing grid codes, and finally, offering recommendations for the
development of future grid codes.

This work’s primary innovation lies in concurrently tack-
ling the voltage support capability, overcurrent protection,
and enhancing the DC-link voltage performance. To achieve
these goals, we addressed two additional constraints, related
to the control of both real- and imaginary-power oscillations.
Moreover, this study implies a concerted effort to integrate
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grid code specifications, encompassing grid voltage support,
through fast positive- and negative-sequence fault-current
injection, and LVRT capability.

Additionally, this paper examines the performance of the
PPM with LVRT strategy in conjunction with var/voltage
regulation equipment, demonstrating promising results. Nev-
ertheless, further investigation is needed to optimize the
synergy and enhance the operation and performance of the
power system.

Our key findings shed light on critical aspects of LVRT per-
formance. We observed that effective LVRT capability during
asymmetrical voltage sags requires flexible management of
the gain factors controlling the current references. Addition-
ally, among the proposed strategies, Strategy C, limiting both
real- and imaginary-power oscillations, demonstrated supe-
rior and robust LVRT performance compared to Strategy A,
based on static gain factors to develop current references, and
Strategy B, focusing on nullifying the RPO.

Furthermore, although current grid codes may not cur-
rently stipulate specific requirements for eliminating the
negative-sequence active current (NSAC), our research indi-
cates that doing so can significantly enhance LVRT perfor-
mance. This enhancement manifests in optimized voltage
support, reduced power oscillations, and a robust DC-link
voltage performance.

These findings offer crucial insights for future grid codes.
In this context we propose two key adjustments: first, perform
a fine-tuning of the fault-current gain factors’ boundary to
prioritize limiting the maximum amplitude of the injected

Taking into account the phase shifts where vi lags v* by
90° and v leads v~ by 90°, we can compute the orthogonal
voltage components using (69):

]

[0

-1
Equation (70) summarizes the expressions of the obtained
—V7sin (a)t + 9_)

vectors:
v+ = v_ =
L |: ]’ L [—V‘cos(wt—{—@‘)]
(70)

Substituting (68) and (70) into (66) and (67), and perform-
ing vector products, yields:

1
0

+,—
vy

(69)

Vtsin (wr +67)
—V*cos (a)t + 9"')

vyt =y v =VTVcos 201 + 61 4 67) (71)
v vl = vty = VIV sin 2w +60T +67)  (72)
APPENDIX B

This appendix provides a comprehensive overview of the
parameters associated with the IEEE-9-bus used in this
paper [50]. The IEEE-9-bus configuration includes three
generators, transmission lines, and loads, all referenced to
a base power of 100 MVA. The generators are situated at
buses 1, 2, and 3, and their specifications are summarized in
tables 9—11.

TABLE 9. Parameters of the IEEE-9-bus generators.

current. Second, we recommend discouraging the injec- Bus VkV] Sstorcicui P[MW] | O[MVAR]
. o L [MVA]
tion of the NSAC. These modifications could significantly 1 165 2475 150 50
contribute to the development of more robust grid codes, 2 18 192 163 50
enhancing the reliability and stability of power systems and 3 13.8 128 85 8
promoting a secure transition towards sustainable energy.
TABLE 10. Parameters of the IEEE-9-bus transmission lines.
APPENDIX A Ii
This appendix provides a detailed exposition of the formu- e Length | resistance | inductance |capacitance
: lation From | To -} QK H/K F/k
las (21), (22), (26) and (27) governing the oscillations in real Bus | Bus | [Kml | [(Vkm] [H/km] [F/km]
and imaginary powers. By substituting (10) into (20) and (25), 4 5 100 0.0529 1.192e-3 8.82¢-9
the explicit expressions of RPO and IPO can be derived as in 4 6 100 0.08993 1.29¢-3 7.922¢-9
(66) and (67), shown at the bottom of the page. 5 7 100 0.16928 2.259¢-3 15.34e-9
The voltage vectors expressed in the («, B) frame are: 6 9 100 020631 23803 17.950-9
+ [Vteos(wt+6%)] _ [ Vcos(wt+67) 7 g | 100 0.044965 | 1.0le-3 7.471e-9
" E | vitsin (et +01) |7 T =V sin (wr +67) 8 |9 [100 [0062951 | 1414c3 | 1047c-9
(68)
3 vyt vt
~ 2 -+ _yt+y- -+ _yty- L
p—2|:(V I —v IP)V+V7+(V Ir-v Iq)v_v+i| (66)
3 vy vivt
~_ 2 -7+ +7- L -7+ +7—) LV
q—2|:(V I +v IP)V+V7+(V Ir+v Iq)v_v+i| (67)
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TABLE 11. Parameters of the IEEE-9-bus loads.

Bus VkV] P [MW] 0 [MVAR]

5 230 100 40

230 102 10

230 100 30
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