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Abstract. Addressing the insufficient negative sequence
dynamic reactive current support and power doubling
oscillations present in conventional low-voltage ride
through control mechanisms for photovoltaic inverters, this
study designs a g-axis command for both positive and
negative sequence currents in accordance with recent
regulatory requirements for photovoltaic grid integration
technologies. The d-axis commands for positive and nega-
tive sequence currents are computed to effectively attenu-
ate second harmonic fluctuations in active power output.
The proposed approach establishes equilibrium between
inverter current carrying capacity and oscillation mitiga-
tion, thereby concurrently enhancing dynamic reactive
current support for both sequence components while di-
minishing power doubling fluctuations. The short-circuit
current characteristics of photovoltaic installations are
examined utilizing this enhanced low-voltage ride through
control methodology. Comparative analysis between the
suggested approach and current low-voltage ride through
control techniques was conducted via simulation models,
confirming both the efficiency of the proposed method and
the accuracy of analytical expressions for short-circuit
current.
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1. Introduction

With the large-scale development of renewable ener-
gy, photovoltaic electricity generation capacity has experi-
enced rapid expansion. IEEE and IEC regulations explicit-
ly require photovoltaic installations to maintain low volt-
age ride through functionality during grid disturbances,
thereby averting disconnection at connection points when
grid voltage precipitously drops and preventing subsequent
disruptions to network operational stability [1], [2].
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The existing research explores two main ways to
achieve low voltage ride through capability: one is by in-
troducing specific hardware devices, and the other is by
adjusting the control strategy of the inverter [3].

Regarding hardware implementation approaches, the
active power absorption during grid anomalies via supple-
mentary super energy storage units integrated into the
photovoltaic dc circuit is demonstrated, which mitigates
voltage elevation and enhances dc bus voltage stability [4].
Additionally, a static synchronous compensator (STAT-
COM) that supplies reactive power during voltage sags is
employed in [5], thereby elevating and sustaining grid
voltage levels and securing continuous connection of pho-
tovoltaic generation systems despite low voltage condi-
tions. Although it is relatively easy to achieve dc bus volt-
age control by adding hardware equipment, the investment
cost of hardware equipment is generally high, which is not
conducive to economic cost control [6], [7].

Regarding control methodology modifications, the
dual-phase photovoltaic grid-connected low-voltage ride
through approach utilizing active power command alloca-
tion is introduced in [8], [9]. This methodology dynamical-
ly modifies grid-connected inverter active power com-
mands according to grid voltage depression severity,
communicating these adjustments to the dc-dc boost cir-
cuitry, enabling photovoltaic arrays to adaptively regulate
output generation while preserving dc bus voltage stability
[10]. The current carrying capacity of photovoltaic invert-
ers, taking into account the dynamic reactive current sup-
port capability specified by photovoltaic grid connection
technology is discussed in [11], [12], and a limiting strate-
gy is proposed for active current. Nevertheless, this ap-
proach potentially induces dc voltage elevation during
voltage sag conditions, possibly activating overvoltage
protective mechanisms and resulting in photovoltaic sys-
tem disconnection from the network. A model predictive
current control-based low-voltage ride through technique
that enhances grid voltage through inverter reactive current
generation is proposed in [13-15]. Nonetheless, this meth-
odology neglects dc voltage implications.
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A low voltage ride through (LVRT) mechanism that
reallocates current commands is introduced in [16] while
maintaining constant power as the primary control target.
This approach simultaneously satisfies current limitations
while accomplishing multiple objectives: negative se-
guence current attenuation, mitigation of second harmonic
oscillations in both active power and dc bus voltage, and
reduction of reactive power second harmonic components
[17]. However, the paper did not consider the dynamic
reactive current support capability required by photovoltaic
grid connection technology regulations. This standard
explicitly requires that in the event of a symmetrical fault
on the grid side, the photovoltaic power station should
have the ability to support positive sequence dynamic reac-
tive current [18]. Under asymmetrical grid disturbances,
photovoltaic facilities must demonstrate dual capabilities:
supporting both positive sequence and negative sequence
dynamic reactive current.

Throughout fault intervals, photovoltaic grid-
connected inverter control methodologies bifurcate into
two distinct phases: constant power regulation and current
limitation control [19-21]. Varying voltage depression
magnitudes necessitate different control objectives for
photovoltaic grid-connected inverters, consequently alter-
ing applicable current analytical expressions. During minor
disturbances characterized by modest voltage reductions at
grid interconnection points, voltage outer loop control
circuitry maintains operational functionality. This mecha-
nism encompasses accurate monitoring of dc bus voltage
variations, with subsequent corrective actions implemented
via proportional integral (PI) controllers to preserve dc bus
voltage equilibrium [22], [23].

An analytical formula for calculating short-circuit
current in photovoltaic power generation is proposed in
[24], taking into account fluctuations in dc bus voltage.
During constant power regulation phases in photovoltaic
systems, this approach employs power conservation princi-
ples between dc and ac domains while accounting for dc
voltage variations [25]. Through resolution of current's
second-order differential equations, the methodology de-
termines current command value oscillations [26]. Howev-
er, this technique exclusively addresses dc components and
voltage outer loop parameter effects while disregarding
current inner loop dynamics and filtering element influ-
ences. During severe grid disturbances, inverters transition
to current limitation mode, voltage outer loop functionality
ceases, resulting in compromised dc bus voltage regulation
[27].

The instantaneous power principles to examine pow-
er-voltage/current correlations is discussed in [28], deriv-
ing photovoltaic inverter short-circuit current expressions
through fixed power objective establishment. This ap-
proach neglects regulatory specifications for dynamic reac-
tive power support capabilities required from photovoltaic
installations during fault conditions as stipulated in grid
interconnection standards. The photovoltaic system steady-
state currents is examined in [29], developing appropriate

short-circuit current formulations for steady-state fault
behavior characterization. However, this work omits analy-
sis of transient fault phenomena. Therefore, the research
results cannot be directly applied to analyze and calculate
the transient characteristics of photovoltaic power genera-
tion system faults [30].

Addressing aforementioned challenges, this study
presents a low voltage ride through control methodology
that establishes equilibrium between dynamic reactive
current support provision and active power second har-
monic oscillation attenuation. This approach incorporates
dynamic reactive current support requirements mandated
by grid interconnection protocols while comprehensively
addressing inverter current limitations, thereby optimizing
power doubling oscillation mitigation during asymmetrical
fault scenarios. Secondly, the steady-state and transient
current analytical expressions of short-circuit current in
photovoltaic electric fields under asymmetric fault condi-
tions were analyzed. Using PSCAD/EMTDC simulation
environment, a comprehensive photovoltaic grid-connected
generation model was developed to validate both the effi-
cacy of the presented low-voltage ride through methodolo-
gy and the accuracy of derived short-circuit current math-
ematical expressions.

2. Photovoltaic System Mathematical
Framework

Figure 1 illustrates the structural configuration of
grid-connected photovoltaic generation system. Photovol-
taic panels depicted generate low-level dc power, which
undergoes voltage amplification via boost circuitry (BC)
before conversion to ac power through voltage source
converter (VSC), ultimately interfacing with utility net-
works via transmission line. Maximum power point track-
ing algorithms implemented within boost converters dy-
namically adjust photovoltaic panel output voltage, thereby
ensuring optimal operational efficiency at peak power
generation points.

The voltage source converter adopts a dual loop con-
trol architecture, which combines the design of voltage
outer loop and current inner loop to achieve efficient de-
coupling control of voltage, greatly enhancing the flexibil-
ity and accuracy of system regulation.

AC 0.69kV/35kV
DC 35kV/220kV
Boost . VSC
0.69kV/35kV
DC AC ! F System
bc oc Bus
Boost VSC

Fig. 1. Photovoltaic generation  grid-integration

architecture.

power
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When an asymmetric fault occurs at point F in the di-
agram, the instantaneous power delivered by the photovol-
taic power station to the grid can be expressed as:

P =Ry + Py, sin(2mt) + P, cos(2at)
Q =Qp +Qs, sin(2awt) + Qc, Cos(2mt)

where P and Q are the instantaneous power output of the
inverter; Po and Qo are the instantaneous dc components of
the inverter output power; Ps, and Qs are the sine power
components output by the inverter; Pc, and Qc. are the
cosine power components output by the inverter.

)

Application of Park transformation to grid-side volt-
age and current yields component representations within
synchronous rotating reference frames, facilitating power
component characterization during fault conditions.

L A R
P, €n  Can Cp B |[igp
Pes _ €N &N G Cp ||l @
Qo ep € &N S ||l
Qs2 | |—en —€n € Ep |Llan
[ Qc2 | | €N €N Epp P |

where P and N represent positive and negative order; eq
and eq are the d-axis and g-axis components of the grid
voltage, respectively; ig and iq represent the d-axis and g-
axis components of the grid current, respectively.

Equation (2) demonstrates that during asymmetrical
grid faults, grid-connected inverters inherently lack suffi-
cient control capability to regulate all six power compo-
nents using only four independent current variables. There-
fore, four independent current variables are usually used to
control the four power components, which respectively
satisfy three control strategies of suppressing negative
sequence current, suppressing reactive second harmonic
fluctuations, and suppressing active second harmonic fluc-
tuations,

igp €ap Eqp Py
lgp | 2| Egp —€ap || My
i "3 —kegy  Kegn Q_S
igN —kegy  —kegy LM ®)
M, = (egp )’ +(egp )2 —k(egn )’ - k(g )
M, = (egp )2 + (eqP )2 +k(ean )2 +k (eqN )2

where iy and i, are the current command values; P, and Q,
are the expected output power values of the inverter; k is
the instruction for switching the inverter gear. When k is 1,
it means suppressing the second harmonic fluctuation of
active power. When k is —1, it means suppressing the sec-
ond harmonic fluctuation of reactive power. When k is 0, it
indicates the suppression of negative sequence current.

2

Appropriate inverter low voltage ride through control
methodologies can be implemented through parametric
adjustment of coefficient k.

Throughout low voltage ride through operations, cur-
rent reference values fluctuate according to implemented
control approaches, subsequently producing significantly
divergent fault response characteristics in inverter output
currents. From (3), it can be concluded that under a certain
control strategy, by adjusting the values of two current
commands, the values of the other two current commands
can be derived accordingly. This relationship establishes
the theoretical basis for forthcoming analysis of advanced
low-voltage ride through control methodologies that simul-
taneously incorporate dynamic reactive current support
while attenuating power oscillations.

3. Low Voltage Ride Through Control
Methodology

3.1 LVRT Strategy Considering Reactive
Current Support

Upon grid disturbance occurrence, photovoltaic grid
interconnection technical standards explicitly mandate
voltage ride through capabilities for photovoltaic installa-
tions during symmetrical faults, preventing system discon-
nection resulting from significant voltage depression while
mitigating potential fault propagation. That is, in the event
of a power grid failure, photovoltaic power plants need to
have dynamic reactive current support capability, which
can be expressed as:

Al =K, (0.9-U,)Iy,0<U, <0.9 4)

where Al; is the dynamic reactive current increment in-
jected into the photovoltaic power station; K; is the dy-
namic reactive current coefficient, with values ranging
from 1.3 to 1.5; U is the voltage per unit value at the grid
connection point; Iy is the rated current of the photovoltaic
power station.

During asymmetrical fault conditions, photovoltaic
systems must inject positive sequence reactive current
comprising both nominal operational values and additional
positive sequence reactive current increments. Concurrent-
ly, these installations must absorb negative sequence reac-
tive current determined by differential values of negative
sequence reactive current increments. The dynamic posi-
tive and negative sequence reactive current should respond
to changes in voltage according to (5):

Al =KonUIn

where Al and Alw are the positive sequence dynamic
reactive current increment injected into the power grid and
the negative sequence reactive current increment absorbed



474 Z. ZHANG, Q. LIU, Y. WANG, LVRT STRATEGY CONSIDERING REACTIVE POWER SUPPORT AND FLUCTUATING POWER ...

from the power grid; K and Kan are proportional coeffi-
cients of positive and negative sequence currents, and their
values should not be less than 1; Uy and U are the unit
values of the positive and negative sequence components
of the grid voltage; In is the rated current of the photovol-
taic power station.

Equation (5) demonstrates that minor voltage depres-
sions at grid interface points necessitate proportionally
small reactive current contributions from photovoltaic
installations, resulting in minimal inverter operational
effects. Consequently, grid-side power oscillations remain
negligible, eliminating requirements for power fluctuation
mitigation techniques. At this point, the photovoltaic power
station aims to provide only reactive power support, and
the current command value i, and iy can be obtained for
the grid connected inverter of the photovoltaic power sta-
tion after an asymmetric fault occurs on the grid side,

i =i +Al
qP q0 tP
: (6)

-k

During asymmetrical fault scenarios, positive se-
quence d-axis short-circuit current components require
limitation according to (7), accounting for current capacity
constraints in  photovoltaic system  grid-connected
inverters:

ok 2 %2
Iy piim =y Imaxe” —lgp ()

where e is the amplitude limit of the d-axis positive
sequence current command value; Iumaxp is the maximum
value of positive sequence current.

Upon asymmetrical grid fault occurrence, inverter
current references undergo recalculation through (6) and
(7), facilitating photovoltaic system inverter compliance
with dynamic positive and negative sequence reactive
current support requirements during fault conditions. This
is referred to as the LVRT1 strategy. The command current
of the inverter under this low voltage ride through measure
is:

o
lgp = lgpiim

e

L - ®
gy =0

I3

Ign =-Aly

3.2 LVRT Strategy Considering Reactive
Current Support and Power Fluctuation
Suppression
During significant asymmetrical grid disturbances,

inverter-delivered active power experiences amplified
oscillatory behavior. Under these conditions, advanced

LVRT control methodologies can simultaneously facilitate
dynamic reactive current provision while attenuating power
double-frequency oscillations.

Taking k as 1 to suppress the second harmonic
fluctuation of active power, the command values for active
and reactive power can be obtained,

o = 3M;N,
2D
3M,N ©)
QF = M2y
! 2D

where N1 = egn i*qp — Egp i*qN, N, = €gN i*qp + eqp i*qN,

D= €gN Eqp t Edp EgN.

Incorporating dynamic reactive current support re-
quirements during asymmetrical fault conditions with pow-
er reference formulations, the comprehensive active power,
reactive power, and current reference parameters can be
obtained as,

o GpNy &Ny

dP1 = D D . 10)
i* —_ SN N, el
dNL = D D

Current reference reconfiguration satisfies dynamic
reactive current support criteria while effectively attenuat-
ing active power second harmonic oscillations. At this
time, the current command value of the inverter is,

Lk L*
lap = lap1

.

Ip =150 +Al

qP q0 tP

o . (11)
lin = lane

. %

gy = —Alyy

As the severity of power grid faults increases, the dy-
namic reactive current support required by photovoltaic
power stations will correspondingly increase. Considering
that the current command value calculated through
(9)-(11) may exceed the limit, it is necessary to perform
amplitude limiting on the current command value. Positive
and negative sequence g-axis current references require
configuration in accordance with photovoltaic grid inter-
connection technical standards to facilitate dynamic reac-
tive current support while maintaining grid connectivity.
This paper limits the current command value i,. When the
current command value i; decreases and does not meet the
limit requirements, then limit the current command value i,

Positive and negative sequence currents maintain
phase relationships as illustrated in Fig. 2. In Fig. 2, I* is
the positive sequence current, I~ is the negative sequence
current, Iuax is the maximum current flowing through the
inverter, and Ag is the absolute value of the phase differ-
ence between the positive and negative sequence currents.
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Iy
I i I/ 11 sin(Ag)
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»
1 I cos(Agp)

Fig. 2. Phase vector relationship between positive and
negative sequence current.

The absolute phase differential between positive and
negative sequence current vectors can be mathematically
formulated as:

i i
Ag =|arctan .q—P —arctan q—N . (12)
lap lan

Geometric analysis of Fig. 2 enables determination of
relational constraints between positive and negative se-
guence current vectors relative to maximum permissible
inverter current magnitude. Utilizing these vectorial rela-
tionships, maximum positive sequence current magnitude
Imaxp Can be derived:

L :\/lf,,Ax —(rsin(A(p))2 —1"cos(Ap) . (13)

Considering the maximum current carrying capacity
of the inverter, calculate the amplitude limit of i:
3 2 - %2
Iapiim =/ Imaxp —lgp - (14)
Based on the above analysis, when an asymmetric
fault occurs on the grid side, taking into account the low
voltage ride through strategy (referred as LVRT?2 strategy)
that supports dynamic reactive current and suppresses the
second harmonic fluctuation of active power, the current
command value is shown in (15) when the inverter limits iz.

. .
lop = mm(ldPl!ldPlim)
R,

lgp = lgpo +Alp (15)
.

lan = lana

=%
Ign =—Aly

Following acquisition of voltage and current positive
and negative sequence components within dq reference
frames, appropriate LVRT control methodologies can be
implemented according to grid connection point voltage
depression severity. This investigation establishes a 0.8
p.u. voltage threshold at grid interface points as the demar-
cation criterion between minor and significant grid-side
disturbances; based on this, switch between the "LVRT
strategy that only provides reactive current support" and
the "LVRT strategy that takes into account dynamic reac-
tive current support and suppresses power doubling fre-
quency fluctuations”. Positive and negative sequence cur-
rent references are computed through (8) and (15). These
sequence-specific current references subsequently feed into
respective positive and negative sequence current control
loops, facilitating precise current trajectory regulation. After

| Read voltage and current data

Obtain positive/negative sequence reactive
current command values

Up<0.9p.u.?
N Y

LVRT-1: Obtain LVRT-2: Obtain
positive/negative sequence d- positive/negative sequence d-
axis current command values axis current command values

[ J
2

Output positive/ negative sequence current command

Fig. 3. Flowchart of low voltage ride through control.

Condition [ i Ian" [
Normal ao bo Co do
Minor fault a by [ d;
Severe fault ap b, [ d,

Tab.1. Switching table of current instruction values.

a rapid transient process, the inverter outputs a steady-state
value that is almost equal in magnitude to the command
value, thereby accomplishing LVRT performance objec-
tives. Figure 3 illustrates the LVRT control process imple-
mentation during grid fault conditions.

Table 1 presents inverter current reference transition
scenarios during asymmetrical grid disturbances, derived
from the reference calculation methodologies.

Figure 4 depicts the comprehensive LVRT control
system architecture. From the developed LVRT control
frameworks, photovoltaic system grid-connected inverters
implement differential control responses during asymmet-
rical grid faults according to connection point voltage de-
pression magnitudes, maintaining compliance with grid
interconnection technical standards. During voltage de-
pressions exceeding 0.2 p.u., implemented LVRT method-
ologies simultaneously satisfy dynamic reactive power
support requirements while attenuating active power second

<— 0
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Fig.4. LVRT strategy for suppressing double frequency
active power fluctuation based on reactive current
support.
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harmonic components in transmitted power. In asymmetric
faults, photovoltaic power plants need to absorb negative
sequence reactive power from the grid, necessitating non-
zero negative sequence current components. This requisite
negative sequence current presence during asymmetrical
disturbances fundamentally contradicts LVRT strategies
predicated upon negative sequence current suppression.
Consequently, the LVRT methodologies proposed herein
are incompatible with negative sequence current suppres-
sion approaches. By switching the instantaneous current
command value of the fault, the changes in the command
value can be obtained, establishing the theoretical founda-
tion for subsequent short-circuit current quantification
analyses.

4. Short Circuit Current in LVRT
Strategy

Figure 5 shows the operating principle of the inverse
type grid connected converter. In Fig. 5, e,, e, and e are
the grid voltage, i, iv, and ic are the grid current, L is the
AC filter inductor, R is the AC filter resistor, igc and uqc are
the DC bus current and DC bus voltage, and S1-S6 are
IGBT switches.

When operating under unbalanced conditions, nega-
tive sequence voltage components emerge within the sys-
tem. For grid-tied inverters, the voltage components of
both positive and negative sequences expressed in the
synchronously rotating dqg reference frame are:

di . -
Vip =€gp + Lﬁ+ Rig — jooLigp

diqP . . .
Vep =€ + LTJF Rig + Joligp

di (16)
Vin = Egn + L$+ Rigy + joLigy

q

din . . .
Von =€gn + LT+ Rign — Joligy

where Vgp and Ve are the output voltages in the positive
sequence dq coordinate system; Vgn and Vg are the output
voltages in the negative sequence dq coordinate system; eqp
and eqp represent the grid voltage in the positive sequence
dg coordinate system; eqn and eqn are the voltage vectors
of the power grid in the negative sequence dq coordinate

idc
{SL LA
s s, Ts,

Fig. 5. Operating principle of grid-connected inverter.

system; L, R is the equivalent filtering inductance and re-
sistance of the inverter; w is the angular frequency of the
grid voltage; ige and igp are the output currents in the posi-
tive sequence dq coordinate system; igv and ign are the
output currents in the negative sequence dq coordinate
system. Kpp, Kjp are the proportional and integral control
parameters, respectively, for the positive-sequence current
inner-loop. They are used in the proportional-integral (PI)
controller for positive-sequence current control. Ken, Kin
are the proportional and integral control parameters, re-
spectively, for the negative-sequence current inner-loop.
They are used in the proportional-integral (P1) controller
for negative-sequence current control. s is the complex
variable in the Laplace domain. It is used in the transfer
function representation of the PI controller. w is the angu-
lar frequency of the grid voltage. j is the imaginary unit in
the complex number system, where j2=—1. L represents
the inductance value in the electrical circuit. It is used to
calculate the voltage drop across the inductor due to the
current flow.

Within typical circuit configurations, equivalent in-
ductance L substantially exceeds the equivalent resistance
R in magnitude, allowing for the omission of R in analyti-
cal considerations. Asymmetric fault conditions introduce
negative sequence currents into the system, necessitating
separate control mechanisms for both positive and negative
sequence components. Equation (17) illustrates the control
implementation for positive and negative sequence currents
within the inner current control loop.

K . Lo
Vip = €gp +(KPP +%j('dP _IdP)_JwLIqP
K .. A
Vep =€gp J{KPP +%j(|qp —igp )+ joLigp
(17

K o -
Vian = €an +(KPN +%j('dr\| —'dN)+Ja’L'qN

K e -
Von =€qn +£KPN +%j(|qN —ign )—JledN

where Ky, and K, are the Pl control parameters of the
positive sequence current inner loop; Ken and Ky are the Pl
control parameters for the negative sequence current inner
loop; iz and iy are positive sequence current commands; iy
and iy are negative sequence current commands.

By using (16) and (17), the second-order differential
equation of the inverter output current can be derived:

d%igp + Kpp digp + Kip i Kip i*
P = P
dt? L dt L L
2- -
d lgp i Kpp d'qF’ i Kip i - Kip i
2 P~ aP
dt L dt L L _ (18)
d%igy n Kp digy + Kin P Kin it
2 T g T lan T lan
dt? L odt L L
2. -
d gy L Ken digy Ky Ky
2 aN = N
dt L dt L L
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In (18), the set value of the current command is di-
rectly affected by the selection of the low voltage ride
through control strategy. Different control strategies play
a decisive role in setting the command values for positive
and negative sequence currents. These differentiated in-
struction values will directly determine the current output
characteristics under fault conditions.

Due to the continuity of current at the moment of fault
occurrence, the definite solution conditions for the second-
order differential equation of current can be obtained:

{idP = lgpo (19)

lgp = lgpo

where igro is the positive sequence current of the d-axis
before the fault; igpo is the positive sequence current of the
g-axis before the fault.

Under standard operating conditions, negative se-
guence components are absent from the system, yielding
the following definite solution for the negative sequence
current second-order differential equation:

{IdN = 0. (20)

Applying the boundary conditions specified in (19)
and (20) allows derivation of the analytical expression for
the current second-order differential equation as:

- _ .k Ai ZQ
Igp = Igp +Cygp €77 +Cyqp €727
jQqu

. o A
igp =lgp +Cigp €™ +Cyp € 1)

lgn = g+ Can €72 + Cpgy €7
ign = lgn + Cign g +Con g

Through the resolution of second-order differential
equations representing positive and negative sequence
currents, one can derive theoretical analytical expressions
for grid-connected positive and negative sequence currents
within the dq reference frame. The equation transformation
into a three-phase reference frame is achieved by applying
the Parker inverse transformation method. The theoretical
calculation formula for positive sequence three-phase
current is:

- - .. wt - - _wt

i, = (ldp +J|qp)eJ +(|dN + Jigy )e !

H H ¥ jot \—j27/3 H o —jot \—j27/3

i =(|dp +J|qp)eJ e’ +(|dN +quN)e Jete™) (22)

ic _ (idP + jiqp)eja)teszrIB +(idN + jin )e—Ja)tejZHB

The output current in the dq coordinate system can be
calculated through second-order differential equations. Use
the Parker inverse transform to convert the short-circuit
current in the dq coordinate system into the short-circuit
current in the three-phase time-domain coordinate system.
Three-phase short-circuit current comprises both initial
transient components during fault inception and subsequent
steady-state elements following fault stabilization.

To conclude, inverter output current fault characteris-
tics during grid asymmetric disturbances are fundamentally
determined by inner current loop control parameters and
reference values established by various LVRT control
approaches. Voltage sag magnitude at the point of grid
interconnection serves as the critical determinant for LVRT
strategy selection and implementation.

5. Case Analysis

5.1 Case Description

A simulation model based on the photovoltaic grid in-
tegration system depicted in Fig. 1 was constructed using
PSCAD/EMTDC software environment. The system con-
figuration includes a photovoltaic array with 30 MW rated
capacity. Power generated from the photovoltaic installa-
tion flows via an inverter, undergoes voltage elevation
through a 0.69 kV/35 kV box transformer before connec-
tion to the primary transformer (35 kV/220 kV). It is then
sent out through an ac transmission line and integrated into
the main power grid. The direct current bus operates at
1 kV voltage level. Current output has been constrained to
a maximum of 1.2 per unit. The equivalent inductance of
the filter is 0.825 mH. The fault occurred within 4 seconds.
Within the positive sequence current internal control loop,
proportional gain (Kpp) and integral gain (Ki,) parameters
were configured as 0.25 and 50, respectively. For the nega-
tive sequence current regulation loop, proportional (Kpn)
and integral (Kin) constants were established at 0.2 and 50,
respectively.

5.2 Result Analysis

There is a phase-to-phase fault between point F and
BC in Fig. 1. When experiencing fault conditions charac-
terized by machine-end positive sequence voltage of 0.7
per unit alongside negative sequence voltage of 0.4 per
unit, the photovoltaic station's grid-tied inverter imple-
ments techniques for negative sequence current suppres-
sion during low voltage ride through. Figure 6(a) presents
simulation outcomes depicting power variation characteris-
tics. It can be seen that the control strategy of suppressing
negative sequence current will cause the active and reactive
power delivered by the photovoltaic inverter to the grid
side to fluctuate twice, and the amplitude of the fluctuation
depends on the severity of the fault.

Figure 6(b) shows the three-phase current waveforms
resulting from implementing negative sequence current
suppression during low voltage ride through conditions.
Analysis reveals that negative sequence current suppres-
sion methodology effectively regulates inverter short-
circuit current output during grid asymmetric fault scenari-
0s, maintaining approximate three-phase symmetry and
delivering balanced currents to the grid network.
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Fig. 6. Power fluctuation and current during negative
sequence current suppression LVRT operation.

Compliance with photovoltaic grid integration stand-
ards regarding negative sequence reactive current absorp-
tion necessitates modification of current reference values to
enhance negative sequence reactive current uptake during
grid asymmetric fault conditions. Figure 7(a) shows the
simulation outcomes. These findings demonstrate that
inverter reference value adjustments cause the photovoltaic
facility to extract specific quantities of reactive current
from the network, consequently lowering the reactive pow-
er equilibrium point. During this process, due to the con-
straints of the inverter's own current carrying capacity, the
active power output will inevitably experience a certain
degree of attenuation.

Figure 7(b) presents three-phase current simulation
data when implementing LVRT with exclusive reactive
current compensation. When employing negative sequence
suppression techniques, dq axis negative sequence currents
remain at zero, preventing negative sequence current emis-
sion from the photovoltaic installation. Conversely, when
considering dynamic reactive current-assisted LVRT con-
trol methodology, the negative sequence g-axis current
generates specific magnitudes, indicating that the photovol-
taic system both consumes negative sequence current and
contributes negative sequence dynamic reactive support.
Due to the presence of negative sequence current, the bal-
ance of the three-phase current output by the inverter will
be disrupted, resulting in a certain degree of asymmetry.
However, merely modifying negative sequence g-axis
current reference signals still introduces potential second
harmonic oscillations in both active and reactive power
delivery from the photovoltaic facility. Consequently, to
maximize inverter active power stability, this research
integrates active power second harmonic oscillation mitiga-
tion with sequence-based dynamic reactive current provi-
sion mandates from grid integration protocols, establishing
an enhanced LVRT approach that simultaneously addresses
power fluctuation concerns while fulfilling regulatory
reactive support obligations.

Figure 8 presents comparative analysis of active and
reactive power characteristics following implementation of
active power second harmonic oscillation mitigation
techniques. Figure 8(a) demonstrates that concurrent
application of active power harmonic attenuation methods
alongside reactive current compensation mechanisms
substantially minimizes inverter active power oscillations.
Figure 8(b) reveals that application of active power harmonic
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Fig. 7. Power variation when only reactive current is provided
to support low voltage ride through.
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Fig. 8. Comparison assessment of active and reactive power
performance under alternative control methodologies.

damping protocols induces modifications in reactive power
variation patterns, resulting in modest amplification of
fluctuation magnitude.

Figure 9 illustrates positive and negative sequence dq
axis current profiles with and without supplementary active
power harmonic oscillation mitigation algorithms. Owing
to regulatory mandates regarding dynamic reactive current
provision in photovoltaic grid integration standards, g-axis
positive and negative sequence currents depicted in Fig. 9,
determined according to voltage sag severity, remain unal-
tered. From this, it can be seen that by changing the posi-
tive and negative sequence currents of the d-axis, the effect
of suppressing the second harmonic fluctuation of active
power has been achieved. This result is consistent with the
previous analysis.
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Fig. 9. Comparison of positive and negative sequence dq axis
current between strategy 1 and strategy 2.
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Simulation results demonstrate that our implemented
LVRT control approach effectively mitigates active power
second harmonic oscillations. This methodology satisfies
all requirements for dynamic reactive current support
across both sequence components as mandated by PV grid
interconnection standards, while simultaneously achieving
excellent active power harmonic oscillation reduction.
However, applying this model toward reactive power har-
monic oscillation mitigation yields simulation outcomes
that potentially diverge from real-world behavior, indicat-
ing limitations in its applicability for reactive power har-
monic control.

Figure 10 presents comparative results between theo-
retical calculations and simulation data for dq axis current
components (both sequences) during a BC phase fault at
location F (Fig. 1), characterized by sequence voltages of
0.7 p.u. (positive) and 0.4 p.u. (negative).
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Fig. 10. Theoretical and simulation comparison of dq axis
current.

Figure 10 illustrates that during normal operation at
unity power factor, the PV system exhibits control-
influenced behavior with d-axis current oscillating near 1
p.u. and g-axis current varying around —0.06 p.u. Upon
fault initiation, the control system dynamically adjusts its
LVRT strategy according to voltage sag severity. This
strategic adaptation triggers current reference reallocation.
The variation of the current command value will trigger
a series of dynamic changes in the current response, and
this response process is closely related to the analytical
formula of the second-order differential equation derived in
detail in the previous text. Results depicted in Fig. 10 re-
veal abrupt transitions in dq axis current sequence compo-
nents coinciding with fault inception, with exceptional
correlation between simulation results and theoretical cal-
culations.

Figure 11 displays comparative assessment between
theoretical predictions and simulation results for three-
phase current behavior. From Fig. 11, it can be seen that the
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Fig. 11. Theoretical and simulation comparison of three-phase
current.

three-phase currents calculated by (22) have a high degree
of agreement with the simulated values.

Based on above experimental result, a comprehensive
comparison is shown in Tab. 2, including droop control-
based LVRT strategy [31], sliding-mode controller for
power fluctuation suppression [32], traditional PI controller
for LVRT [33]. It can be seen that the proposed method
stands out with its adaptive reactive power range of
0.3-1.2 p.u. This adaptability enables it to respond more
flexibly to varying grid conditions, potentially providing
optimal reactive power compensation. In terms of fluctua-
tion suppression, it limits rated-power fluctuation to < 3%,
which is superior to the other strategies. A lower fluctua-
tion level helps maintain grid stability and reduces impacts
on connected equipment. With a “moderate” complexity, it
balances performance and implementation difficulty. Liter-
ature [31] uses a fixed reactive power of 0.8 p.u. While its
complexity is “low”, the ~8% rated-power fluctuation is
relatively high, which may cause greater grid disturbances.
Literature [32] has a fixed 1.0 p.u. reactive power and high
complexity, along with a <5% fluctuation. Though the
fluctuation is better than [31], the high complexity may
increase implementation costs. Literature [33] has an adap-
tive 0.5-1.0 p.u. reactive power and low complexity, but
the ~10% fluctuation is the highest, making it less effective
in suppressing power fluctuations. Overall, the proposed
method shows a favorable trade-off among the key perfor-
mance indicators.

. Fluctuation .
Strategy Reactive Power Suppression Complexity
P|\r/|oeptﬁf:jd (oégipztlgeu ) <3% rated power Moderate
[31] Fixed (0.8 p.u.) ~8% rated power Low
[32] Fixed (1.0 p.u.) <5% rated power High
[33] (Oéfip(glgeu ) ~10% rated power Low

Tab.2. Comprehensive comparison for different methods.
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6. Conclusion

A novel low-voltage ride through (LVRT) approach
is presented in this study, which simultaneously addresses
positive and negative sequence reactive current support
while mitigating active power second harmonic oscillations
in grid-connected photovoltaic systems. Building upon this
framework, an analysis of photovoltaic system short-circuit
current behavior under asymmetric conditions yields
several significant findings:

1) Conventional approaches focusing on negative se-
guence current suppression during grid asymmetric faults
typically generate power doubling oscillations. Additional-
ly, photovoltaic installations must absorb negative se-
guence reactive current—a requirement that contradicts the
fundamental objectives of negative sequence current sup-
pression in standard LVRT techniques.

2) Validation confirms the efficacy of our proposed
LVRT methodology. During minor fault conditions, this
approach satisfies all dynamic reactive current support
requirements for both sequence components. In severe
fault scenarios, our strategy not only fulfills dynamic reac-
tive current support criteria across both sequence compo-
nents but also effectively eliminates active power frequen-
cy doubling fluctuations.

3) An analytical expression for photovoltaic system
short-circuit current is built for incorporating both se-
guence components of dynamic reactive current support
and mechanisms for power doubling fluctuation mitigation.
The theoretical results are highly consistent with the exper-
imental results.
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