Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

LVRT Operation Enhancement of Single-Stage Photovoltaic Power Plants
An Analytical Approach
Nasiri, Mojtaba; Arzani, Ali; Guerrero, Josep M.

Published in:
IEEE Transactions on Smart Grid

DOl (link to publication from Publisher):
10.1109/TSG.2021.3108391

Publication date:
2021

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Nasiri, M., Arzani, A., & Guerrero, J. M. (2021). LVRT Operation Enhancement of Single-Stage Photovoltaic
Power Plants: An Analytical Approach. IEEE Transactions on Smart Grid, 12(6), 5020-5029.
https://doi.org/10.1109/TSG.2021.3108391

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 30, 2024


https://doi.org/10.1109/TSG.2021.3108391
https://vbn.aau.dk/en/publications/1ff6f8f7-0215-4e1f-8765-40ee9b132644
https://doi.org/10.1109/TSG.2021.3108391

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2021.3108391, IEEE

Transactions on Smart Grid

LVRT Operation Enhancement of Single-Stage
Photovoltaic Power Plants: An Analytical Approach

Mojtaba Nasiri, Ali Arzani, Member, IEEE, and Josep M. Guerrero, Fellow, IEEE

Abstract—The impact of grid-connected PV power plants
(GCPPP) operation on the grid entails mandatory provision
and conformable execution of futuristic grid-codes (GC) by
GCPPP stakeholders. While standard GC-compliant reactive
power injection occurs in the advent of voltage drops at the point
of common coupling (PCC), weather-dependent active power
delivery should also coincide. Hence, it is essential to derive
the PV inverter current reference set-points meticulously and
confine its current range. This paper proposes a novel control
strategy for realization of enhanced LVRT operation in three-
phase single-stage GCPPPs. The control scheme encompasses the
following features: (a) PCC negative-sequence current reference
set-points determination from its positive-sequence counterpart;
as well as the analytical determination of PCC voltage sequence
components, (b) GC-compliant reactive power injection, without
causing second-order harmonic oscillations in the delivered active
power to the grid during asymmetrical PCC faults, (c) utilization
of a current limiter for immaculate regulation of the PV array
output power. Simulation results reflect on the developed control
scheme’s effectiveness in significantly improving GCPPP LVRT
operation for a wide range of operating conditions.

Index Terms—Current limiter, grid-code, grid-connected pho-
tovoltaic power plant, low voltage ride-through

NOMENCLATURE
Abbreviations
GC grid-code
GCPPP grid-connected photovoltaic power plant
InC incremental conductance
LVRT low voltage ride-through
MAF moving average filters
MPP maximum power point
MPPT maximum power point tracking
PI proportional-integral
PCC point of common coupling
PLL phase-locked loop
PV photovoltaics
PV-VSC PV inverter
PWM pulsewidth modulation
SRF dg-synchronous reference frame
STC standard testing conditions
VSC voltage source converter
VUF unbalanced voltage factor
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Subscripts

lim limit

max maximum

pU per-unit

dg direct & quadrature components in SRF
c2 cosine term

52 sine term

f filter and grid

0 average

Superscripts

+ positive- and negative-sequence
nom nominal

ref reference

Variables and Symbols

A ideality factor

Ny number of series panels

N, number of parallel panels

R series resistance of the panel [(2]
Ry, shunt resistance of the panel [(2]

Ve array terminal voltage [V]

L1 PV array output current [A]

Lo dc-current flowing into DC terminal of
VSC [A]

Clae dc-link capacitance [F']

Pyria injected active power to the grid [W]

€dqf» Vdgf GSC and PCC voltages in SRF [V]

dgf injected current into the grid in SRF [A]

wy grid voltage angular frequency [%]

Ry, Ly grid filter resistance [{2] and inductance [H]

m unbalanced voltage factor

D.U. per-unit

Py power at MPP [W]

Vinp voltage at MPP [V]

Trnp current at MPP [A]

Voe open circuit voltage [V']

I short circuit current [A]

«; temperature coefficient of I,

Qy temperature coefficient of V.

Ppy PV array output power [W]

I, VSC nominal current [A]

Q@ ratio between injected reactive current and
VSC nominal output current

v adjustment coefficient for g¢-axis reference
current set-point

¢ coefficient, i:i;flim relative t0 Iiax
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I. INTRODUCTION

Nowadays, standard grid-codes (GC) mandate grid-
connected photovoltaic power plants (GCPPP) to perform
grid-supporting functionalities in response to grid-faults and
dependent on the fault type and severity at point of common
coupling (PCC). Despite progressions in fully complying with
the GCs, utilities, and GCPPP stakeholders are still facing
multiple open challenges that impose adverse implications on
GCPPP and grid operations. In addition to maintaining grid-
connectivity and reactive current injection by the PV plant,
the two significant challenges are (a) active power injection
at PCC during a fault and post-fault clearance, (b) strategies to
deal with oscillatory dc-link voltage waveforms with twice the
grid frequency, that occur during asymmetrical grid-faults [1]].

Grid-integration of a three-phase PV system takes place
through either one or two power-processing stages [2[], [3].
In a single-stage PV system, a three-phase dc-ac converter
(PV-VSC) connects the PV array to the grid, while simul-
taneously keeping track of the maximum power point, i.e.,
MPPT by regulating the voltage across its dc-link capacitor
(Fig. 1). In the event of a voltage drop at PCC, unlike a two-
stage structure, the single-stage GCPPP does not encounter
excessive voltage increase across its dc-link capacitor. In fact,
as the dc-link voltage rises, the voltage across the PV array and
its forming PV panels increases, forcing the operating point
to automatically move to a new equilibrium and thus produce
a lower amount of power [4]. Nevertheless, determination of
a new operating point is always a challenge with single-stage
GCPPPs. On the other hand, the PV array operation can be
disrupted during asymmetrical faults. This is due to voltage
oscillations with twice the grid frequency originating across
the dc-link capacitor of a single-stage GCPPP. Generally, any
form of disturbance in the grid can directly lead to undesirable
implications on the performance of the PV array. In summary,
the main challenges associated with operating single-stage
GCPPP during voltage drops at PCC are as follows:

e PV array operating point moving further away from the
MPP and post-fault clearance PV active power decrease,
thus increasing the probability of instability in GCPPP
operation. It is noteworthy that, GC recommends active
power injection into PCC (subject to availability) during
a voltage drop. However, a reduction in PV active power
output is perceivable in circumstances where solar irradiance
decreases [J]].

¢ GC execution in injecting reactive current into PCC, while
allocating the rest of the PV-VSC current capacity for active
current injection (PV array production capacity) during
various symmetrical and asymmetrical fault types.

PV Arra ]L,L' I1,.

PV Inverter

= | LF Hrtet D)

dc-link

Fig. 1. Single-line diagram of a three-phase single-stage GCPPP
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« Oscillations originating with two-times the grid frequency
across the dc-link and PV array output during asymmetrical
grid-side faults.

« Incapability of some of the PV-VSC controllers in handling
negative-sequence effects appearing on the AC-side of the
GCPPP during asymmetrical faults. This can lead to over-
current in some phases or harmonics presence in the deliv-
ered current due to lack of effective current limiters during
asymmetrical faults.

Hence, studies have been carried out in the past to resolve
the issues mentioned earlier; some of which are briefly de-
scribed in this section. Authors in [[6] discuss controlling the
positive-sequence current during asymmetrical faults. While
simple and easy to operate, this type of control demonstrates
a poor performance during asymmetrical voltage drops. This is
due to a lack of control over the negative-sequence current. A
controller is designed in [7] to ensure peak current limitation;
however, with the drawback of current harmonics injection.
Deployment of constant current limiters and lack of attention
to the negative-sequence component during asymmetrical grid
faults cause current harmonics. In [8]], two limitations have
been investigated supporting the grid voltage, i.e., current
amplitude limit and the grid impedance limit. However, there is
no discussion on the amount of PV array active power injection
and the necessary limitations for it. In [9], several target
functions are conceived, simultaneously. In this reference,
three conditions have been considered: sole active power
injection, simultaneous active and reactive power injection,
and sole reactive power injection. One of the shortcomings of
this research is the determination of the g-axis current limiter
values (which is responsible for injecting reactive current into
the PCC), which causes oscillations in the active output power.
These oscillations may have adverse implications on the dc-
link capacitor and PV array active power production.

In retrospect to PV array active power output generation
and control, authors in [4] control the DC-DC converter
duty-cycle to adjust the dc-link voltage. In some articles,
such as [10], an inverter has been designed that not only
reduces switching losses but also increases the converter’s
ability to inject reactive power into the grid to improve grid
stability as well as LVRT. In this system, the PV array active
power output is determined by regulating the dc-link voltage.
However, there is a lack of research in linking the grid-
side voltage drop condition to the determination of the PV
array operating point. In [11], the moving average filters
(MAF) technique has been developed to eliminate second-
order harmonic oscillations during asymmetrical faults at PCC.
This enhances active power and grid-side current waveforms.
The main problem with this technique is the determination of
dg-axes current reference set-points for the PV-VSC current
controller during PCC fault events. This becomes much more
complicated and cumbersome in the case of asymmetrical
faults. In [12], an active power limitation scheme as well as
a method for reactive power reference set-point calculation is
proposed for the grid-side converter of a PMSG-based wind
turbine. This is operational under different fault types and can
be similarly integrated into the single-stage GCPPP’s control
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system with proper adjustments being applied. The salient
features of this paper are as follows:

« An analytical approach for the determination of negative-
sequence current amplitude that is required for grid-injection
in order to avoid second-order harmonic oscillations in the
injected active power into the grid at all operating modes
and solely by having the d-axis positive-sequence current
reference set-point. Ultilizing current reference set-points
resolves the issue in [9]].

o Classification of the operating modes and regulation of the
active power output of the PV array, taking into account
the voltage drop condition at PCC. In fact, by modifying
the PV array MPPT controller and also regulating the d-
axis positive-sequence current per the GC reactive current
injection requirements, maximum active power delivery to
the grid is attained.

« Intact execution of GC-compliant reactive current delivery
during voltage drops at PCC. This has been accomplished
by the analytical determination of PV-VSC reactive current
reference set-points for various types of faults.

« Implementation of a dual current controller for injecting
negative-sequence current. Furthermore, the proposition and
utilization of current limiters for over-current prevention.

II. SINGLE-STAGE PV POWER PLANT GRID INTEGRATION

Ilustrated with Fig. 1, a single-stage GCPPP is composed
of several components. A series-parallel combination of PV
panels forming the plant’s PV array, that produces variable
DC power at its output terminals. The power conditioning unit
comprises of the PV-VSC and its associated dc-link capacitor.
Depending on system requirements, the PV-VSC delivers GC-
compliant active and/or reactive current to the network after
passing through a passive filter and a transformer. It also
performs MPPT through proper regulation of the dc-link
voltage. The governing equations of the single-stage GCPPP
are presented for the PV-VSC as in (1)-(2) [13].

1, dVit)
§Cd67 — PPV(t) - Pgmd(t) (l)
+ _ R -+ L dl;q iwel . E +
edq - deq + f dt +]0Jf fqu + ’qu (2)

_ L dig . . _
edq = Rfldq + Lf dtq - waLdeq + qu

In the studies of this paper, the TOPSUN PV module
has been utilized, with its specifications presented in the
appendix. The GCPPP developed for this research is rated
at 1.5MW,,, 480V, at standard testing conditions (STC) of
(1000W/m?2,25°C) [13]. This entails a dc-link voltage over
800V that is achieved by connecting 17 PV modules in series.
Each module corresponds to an MPP voltage and current of
(49.78V,8.04A). To generate 1.5M W, the PV array consists
of 3740 modules leading to 220 PV strings in parallel to
conform to the output current requirements of the GCPPP, i.e.,
1768.8A at STC. Concerning the MPPT method, the common
incremental conductance (InC) method has been incorporated.
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The grid-side active and reactive powers are generally
expressed as follows, taking into account voltage and current
negative-sequence components [[14]], [15]]

Pyria(t) = Py + Pea cos(2wyt) + Pso SiI%(wat) 3)
ng-d(t) =Qo+ Qo COS(2Lth) + Qs2 SIH(QWft)
where
_ 3 ot + ot - - -
Po=3x (Udfzdf T Vaplas T Vaplas T Uqf%f) )
3 ot ot - - -
Qo =3 X (“qf’df T Varlqr T Vgslap “df’qf)
_ 3, - + - — —
Peg = 5 \vgpiar + 05500 + Vaplar + V5005 )
_ 3, -+ + - + -
Py =3 Vaplar — Varlar — Varlar T Varliar

III. CONTROL CIRCUIT DESIGN & PV-VSC PROPOSED
LVRT SCHEME

In this section, controller design objectives and its analytical
formulation are presented.

A. Control Objectives

The major novelty of this research leading to LVRT opera-
tion enhancement of GCPPPs during voltage drops originates
from the concurrent implementation of the control objectives.
These objectives are:

a) Implementation of GC-compliant positive-sequence reac-
tive current injection, taking into account the absence of
active power oscillations in all operation modes during
asymmetrical faults.

b) Confinement of all phase currents amplitude delivered to
the network. This is achieved for all fault types, i.e.,
symmetrical and asymmetrical; and even for deep voltage
drops.

¢) PV array maximum active power injection in accordance
with the GC requirement and converter current capacity.

d) Preventing P,,;q and V. second-order harmonic oscilla-
tions during asymmetrical faults through implementation
of dual current control and determination of current lim-
iters set-points compatible with asymmetrical faults.

B. Reactive Current Reference Set-Point (i;'fref)

Calculating the reactive current reference (i;fref) according

to the GC, plays a crucial role in achieving the intended control
objectives during symmetrical and asymmetrical voltage drops.
In the Danish GC for reactive current injection, a GCPPP is
required to inject positive-sequence current according to the
following expression [[16].

it 0 Vp—pu = 0.9
a=—= 2504, +225  05<wvy . <09
max 1 Vdp—pu < 05

However, due to the presence of a negative-sequence voltage
during asymmetrical faults, oscillations with twice the grid
frequency occur in the active and reactive power delivered
to the network [L7]. On the other hand, the presence
of a negative-sequence voltage affects P, and )y values. In
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fact, with a dual current controller being utilized, negative-
sequence current becomes present according to (@). Hence,
considering the negative-sequence in determining the positive-
sequence active- and reactive-current reference set-points plays
an integral role in the amount and quality of the deliverable
power to the network. To account for this phenomenon in
analytical formulations, a factor called the unbalanced voltage
factor (VUF') is defined [18]], as shown in this article with m.

Vdas

m=VUF =

(7

+
’ Ydqf

+ | [z 12 - 2 )
where ‘quf = /vy tug ,‘vdqf‘ = vy v . In
contrary to [9]], in this paper the effect of m in determining
i(‘}'fref during asymmetrical faults has been considered. As a

result, i;rfref is defined from [6], as follows

i = —yalmax (8)
The ~ value that is the adjustment coefficient for the g-axis
reference current set-point depends on m and the extent of the
voltage drop, and is calculated in the following subsection.

C. Active Current Reference Set-Point and Current Limitation
Scheme (i;}ref)

One must consider two points when determining the refer-
ence set-point and d-axis positive-sequence current limiter: (a)
the range of the phases’ injected current at PCC is limited, and
(b) reactive current injection in accordance with (§). Hence,
the following control objective must be achieved

maX{I(mIbaIc} S Imax (9)

subject to (8). On the other hand, (O) can be rewritten as
follows in the SRE

+ (10)

i70f| < Imax

; +2 42 |._ —2 2
where ‘zj{qf‘ =iy i quf‘ =\ig +ig
Since the positive-sequence vector of the PCC voltage is
aligned with the d-axis in the SRF, voltage’s positive-

sequence vector projected on the g-axis v;f:O. Thus, () is
rewritten as follows

-+
Ydqf

m:‘i (1)

By definition, (12) holds and substituting them in (TI) fol-
lowed by a power of two, yields (T3).

R ]

my = j , My = qj (12)
o [l

m? =mj +m; (13)

The PV-VSC controller must also generate a negative-
sequence current to overcome the second-order oscillations of
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the active power. Therefore, the ratio of the negative current
to the positive-sequence amplitude should be equal to m.

_ ‘quf
-+
i
Now, according to (I0) and (T4), one can derive (13)), and
from squaring the two sides of the resulting expression and

incorporating (8) yields (T6).

(14)

(L) |idys | < Tae (15)
P74 yra2ll, < Tmax (16)
df max — (1 + m)2

By simplifying and subtracting from (I6) as well as placing
igf 1w 10 place ig;, a high limit of positive d-axis sequence
current is obtained

1—92a2(1+ m)2

-t
Laf _lim — Tmax = C-[max )
@ (14 m)?
Where ( is ijf_hm relative to I,,x, and the y value is
1 1>a(l+m)
= P 18
v { 7a(1i_m) 1< a(l+m) (18)

To examine the limitations in the calculation of i;f“’f and the
value of iz{ffhm in pu., Figs. 2(a, b) are depicted. As shown in

Fig. 2¢, according to (8) the ijfref

m. This decrease in ’i:}'f‘ is due to the ability to inject dg-axes
negative-sequence currents. Because if the total capacity of the

decreases with increasing

converter is allocated to ’i;f’ injection, according to @ the
components P.o=P;5=0 will not be (explanations will be pro-
vided in Section III.D). It should be noted that in asymmetrical
faults, the utility must either accept the injection of a positive
g-axis sequence current with full capacity or inject the active
power without second-order harmonic oscillations. Therefore,
it seems that in PV systems whose converter is equipped with
a negative-sequence injection controller, it is better to apply a
i;fref‘ restriction to inject a negative-sequence current so that
oth active-power delivered and V. become without second-
order harmonic oscillations. This eliminates ripples across the
PV array operating point, preventing dc-link capacitor from
becoming damaged. Fig. 2c shows how ~ varies with respect

to m and vjf . As can be seen, in the case of deep asymmetric

0.5

0.5
m

m 0
o (c)

1 .
@ Vol v

005 .
Y IV

Fig. 2. (a) i:fref based on (m, v(}Lf), (b) (gyidtulim) based on (m, vjf),
and (c) «y based on (m, vjl})
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voltages, the v value will be less than 1. Fig. 2b shows the
value of i, ;. and ¢ with respect to m and v;f‘. At voltage
drops of more than 50%, regardless of whether the voltage
drop is symmetrical or asymmetrical, the value of Z':Eunm
must be zero. During asymmetrical voltage drops, its value
in voltage drops below 50% is also zero, reckoning that the
whole VSC capacity is allocated to reactive current injection.

D. Negative-Sequence Currents Reference Set-points (i;q}ef)

As mentioned earlier, to preclude second-order harmonic
oscillations from active power and Vy. waveforms during
asymmetrical faults, a dual-current control strategy, is rec-
ommended. Its control target is to reach P.o=Ps=0. There-
fore, using (@), (3) and considering P.o=P,2=0, the dg-axes
currents’ negative sequence component can be obtained as a
function of positive sequence currents

1 [ g (VgpVar — Vapvdy)
VI | ittty |
af Vs L igp(=vgpvg — Varvgy)

| [ i (—vgpog = vgrvg) ]
i = (20)
af 42 +2 , _ -
var Tugr |+ z;f(—vqfv;f +Udfv;}) |
Possessing i;}ref, i;'fref values and substituting in (19)

and (20), the negative-sequence currents’ reference set-points
. + _ . .
can be obtained. If v, =0, then (T9) and (20) are simplified to

.— ref . f - f
ig™ = — (mdz;l;fe + qu;f”) Q1)
.— ref __ -+ ref -+ ref
lyp = Mdlyy Mgl 22)
In the above expressions, values of i;rfref and i;}ref are

obtained from and Fig. 3d, respectively.

Figs. 3 and 4 show the block diagram of the PV-VSC
controller and its operational flowchart, respectively. The
calculation procedures for i',™" and ijj}_hm is displayed in
Figs. 3(a — ¢). The three fundamental subdivisions of the
control circuit is depicted in Fig. 3d. In the first subdivision,
the MPPT controller has been improved to keep constant V%
to its pre-fault value when i, > i, . . By doing this, after
the constraint i;}ref > i;}fhm has been removed, the PV array
will be capable of performing MPPT in a faster manner. In
the second subdivision, a comparison takes place between V.
and V¢! and then its difference fed into a PI controller to
construct the d-axis reference current. When i:f“"f > ij{f_hm,
the d-axis reference current will become equal to i:{f_hm.
Under this circumstance, the PI controller is equipped with
an anti-windup system to increase the post-fault clearance [4]].
Eventually, in the final subdivision, the dg-axes negative-
sequence reference set-points are calculated using i;"fmf and
i;}mf values. The significant point to perceive in Fig. 3¢ is
that, when i:l}ref > i;}fﬁm and the reference current set-point
becomes equal to Z‘:gunm’ the PV array operating point will
change (Section IIL.LE). Fig. 3e illustrates the positive- and
negative-sequence current controllers and the final phase of
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generating the switching pulses for the PV-VSC high-power
semiconductor valves.

One can extract Py using @), @I), 22), and with the
assumption of the positive- and negative-sequence current
components accurately tracking their corresponding current
reference set-points

3 4+ [+ — — 3 4o+ 2

Py = 2 Vds (de + maig + quqf> = SVarlay (1 —m ) (23)
According to the above expression, during asymmetrical faults,
the P, value decreases by the amount of m? compared to
symmetrical faults. The rationale for this is the injection of
negative-sequence currents for the execution of the control
objective, i.e. P.o=P,s0=0. The active-power limit injected at
PCC can also be calculated from the following expression

3 4.
Potim = 50igr i (1= %) (24)

E. DC-Link Voltage Reference Set-Point Calculation

As described earlier for Fig. 3¢, in the event of a PCC
voltage drop, two cases may occur for the d-axis positive-
sequence current reference set-point:

(@) g™ < gy i s 0) i >

In case (a), the PV array continues tracking the MPP, since
there is the VSC capability and capacity of current and active-
power injection at PCC, for this case. Thus, the standard
procedure is carried out for determining the PV power MPP.

In case (b), i;}rd generated at the PI compensator output
(Fig. 3c¢) is greater than the calculated current limit from (17).
Hence, the MPPT controller is disabled and the new operating
point of the PV array is determined using iz}_lim. According
to Fig. 5, the PV array current moves from I, to Iy rr that
corresponds to i;}_hm. In this case, V. changes according to
the new operating point Vv rr, and the generation capacity
will go down to Pry rr. It should be noted that this change
will always be to the right of the MPP; Since moving to the left
of the curve to reduce generation capacity requires increasing
PV current, that is not feasible. This brings numerous advan-
tages such as ensuring PV array output current reduction, as
well as ensuring power injection into the PCC by maintaining
Vi to a voltage higher than the PV-VSC dc-side requirement.
This is because in a single-stage GCPPP, unlike the two-stage
structure, there is no dc-dc converter for V. regulation.

IV. RESULTS & DISCUSSIONS

In this section, several simulations are performed in MAT-
LAB/Simulink to evaluate the developed control system’s per-
formance for the GCPPP and the effectuality of the proposed
LVRT operation strategy under specific operating conditions.
The main specifications of the system are given in the Ap-
pendix. The time-domain simulations and analyses are framed
under two scenarios: (a) symmetrical voltage drops, (b) asym-
metrical voltage drops. To have a comprehensive evaluation,
several solar irradiance and voltage drop perturbations have
been applied in each scenario. The solar irradiance varies
according to Fig. 6a, where its set to 400W/m? during
3 <t < 7 and 1000W/m? at other times. To facillitate the
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Fig. 3. Block diagram of the PV-VSC control structure comprising (a) PCC voltage/current sequence separations, (b) calculation of VUF and the limiters’

coefficients, (¢) calculation of reference set-points and positive sequence current limiter boundaries, (d) determination of (¢ :l;ref) dg-axes negative-sequence

components, (e) determination of voltages reference set-points for the generation of PV-VSC switching pulses, and (f) closed-loop current controllers for
positive and negative sequences

assessment, the operating points time-frames are identical for (Fig. 6b). The corresponding voltage magnitudes during A,B
both scenarios and identified as and C,D, reaches 0.15pu. and 0.65pu., respectively. Con-
sidering the voltage drop symmetry, its negative sequence
component is zero and v;} is equivalent to the peak value
of the PCC phase voltages. While coefficients o, v, ¢ are
a function of voltage and type of fault on the grid-side; the
voltage drops are similar during A,B and C,D. This leads
to the coefficients carrying the same values during these two
time intervals. Due to voltage drop symmetry, y=1 in all the
A. Scenario 1: Symmetrical Voltage Drop aformentioned time intervals. Given the depth of the voltage

Two sequences of four-seconds long symmetrical voltage firPP fiuring 'A',B, the total PV‘YSC capacity  is deyoted to
drops are applied at PCC, i.e., at t=1s and t=5s, respectively ~injecting positive-sequence reactive current; conveying 7=0.

0<t<1 & 9<t<1l)—O0O
1<t<3+—A
3<t<5+—B
h<t<7+—C
7T<t<9+—D
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Fig. 5. PV array equilibrium operating point changes to reconcile the proposed
LVRT operation strategy (a) Vz. — 4.1 curve, (b) Vi, — Ppy curve

Table I in the Appendix presents entire values of the parame-
ters, currents, voltages, and resulting powers of all simulation
studies. This helps to avoid mentioning each of corresponding
values throughout the text. Hence, the simulations’ waveforms
will be discussed and analyzed in this section, exclusively.

Fig. 7a presents g:f‘, igs> and iy waveforms. As can
be seen during A,B the entire capacity of the PV-VSC is
allocated to current injection. In the C' time interval, iji}_hm
is greater than the current produced by the PV array. Thus,
the array continues to generate its maximum power. In the D
time interval, i;} must be confined by the current limiter due
to the increase in solar irradiance. Fig. 7b shows the PV-VSC
current injection into PCC. It can be observed that maximum
current injection is well-confined at all time intervals.

Fig. 8a shows the V. waveform. It can be perceived from
z;}mf > i('i'}_lim during A,B and D, that V. is regulated
according to the current limits, hence the voltage across the PV
array increases. During time interval C', the PV array voltage
is set based on the MPP. Figs. 8(b, ¢) show the waveforms of
the active PV power generated and injected into the network
as well as the reactive power.

In order to better investigate the process of active power reg-
ulation and PV array current generation at different operating
conditions, i.e., grid voltage drops and PV solar irradiances,

12 3 4 Tme T 8 9 10 1
(c)
Fig. 6. Characteristics of (a) solar irradiance, (b) PCC voltage and vi} , and

© a7, ¢
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Flg 7. Characteristics of (a) dg-axes positive-sequence current amplitudes,
it df —lim (b) PCC current waveforms in the proposed method
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Fig. 9. PV array operating point alterations (a) V. — I 4.1 curve, (b) Vg, —
Ppy curve

Figs. 9(a, b) are presented. These figures depict the PV array
operating point’s moving trajectory, which changes based on
the specified permissible active current. In the event of a deep
voltage drop, the operating point moves down from point O
to point A. Instead, if solar irradiance across the GCPPP
varies at the same time the deep voltage drop occurs at PCC,
the new equilibrium operating point will become point B.
Subsequently, the PCC voltage increases to 0.65pu. In this
case the PV array is allowed to operate at MPP, i.e., the C
time interval, due to the rise in PV-VSC current capacity.
Then, solar irradiance increases to 1000W/ m2, enforcing a
new operating point, i.e., D, as the current reference set-point
equals z‘jl}_lim again. Eventually, with the fault clearance, the
PV array operating point returns back to point O.

B. Scenario 2: Asymmetrical Voltage Drop

A two-phase to ground asymmetrical voltage drop is applied
to PCC voltage phases bc (Fig. 10a). The PCC voltage
positive- and negative-sequence components are shown in
Fig. 10b. According to Fig. 10c, ¥=0.604 during A, B. This

Time (s) 8 10

Fig. 10. Characteristics of (a) PCC voltage, (b) PCC voltage sequence
components, and (¢) m, o, v, ¢
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Fig. 11. Characteristics of (a) i:i'}, i}}_lim (b) i;q £ i;’f and (¢) PCC current

causes i " to become less than Ihax and the remaining PV-

VSC capacity utilized for negative-sequence current injection
to prevent active power oscillations.
Fig. 11a depicts i;} and i&?_hm

oy . .+
exhibits ‘z of

waveforms, while Fig. 110

‘ and axes’ negative-sequence waveforms. Due
to negative-sequence current injection mandate during A, B,
i;f < Imax. Fig. 11c demonstrates current injection at PCC.
As can be seen, all the phases’ peak current is less than [;,,x
at all time intervals.

Fig. 12a depicts the PV-VSC current space-vector trajectory,
measured at PCC from ¢=0.2s to t=11s, while Fig. 120 enables
improved visualization of this. The current in all intervals
is less than the PV-VSC maximum current of I,,,.=3.1kA,
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Fig. 12. Trajectory of PV-VSC current space-vector at its different operating
points, demonstrating (a) transient conditions, (b) steady-state conditions
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which confirms both the current limiter proper performance
and the determined reference set-points of dg-axes positive-
and negative-sequence currents.

According to Figs. 13(a,b), despite an asymmetrical grid
fault, second-order harmonic oscillations are no longer visible
in Vg, Ppy, and Pg,.;q. This is due to incorporation of a dual
current controller and proposed current limiters. On the other
hand, the power produced is lower than Py_j;;, in all time in-
tervals. Fig. 13c shows reactive power injection at PCC, which
encompasses oscillations twice the grid frequency, inevitablely
originating from fulfilling PV-VSC control objectives.

V. CONCLUSIONS

This paper proposes a novel control scheme for GCPPP
LVRT operation enhancement, spanning the full range of
operating modes. The results reflect on GCPPP resiliency
during PCC faults, as well as its delay-free post-fault normal
operation continuation, delivering active-power to the grid.
A salient feature of this scheme discloses under deep and
asymmetrical voltage drops at PCC, i.e., eliminating the
second-order harmonic oscillations in the PV-VSC injected

active power into the network; that is attained as a result
of injecting a negative-sequence reactive current component,
besides regulatory GC-compliant positive-sequence reactive
current injection. Last but not least, the proposed method
replicates seamless functionality when alterations in irradiance
and thus PV active power output occur during PCC faults.

APPENDIX

PV module parameters at STC:

Vinpp=49.78V, Ip,pp=8.04A, Pp,pp=400W, V,.=60V,
Is1,=8.56 A, N =96, ;=0.043/°C, a,=—0.367/°C,
Rs,=389.99), R,=0.332, A=1.02

DC-link and PCC located parameters of the plant:
DC-Link: C3.=23mF, V=850V, fewpy_vsc=0kHz
PCC: V=480V, f=50Hz, R¢=3mf), L=0.1mH

Table I:
The entire values of the parameters, currents, voltages, and
resulting powers of the simulation studies in this paper.
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