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ABSTRACT Grid Connected Photo Voltaic (GCPV) system should be susceptible to grid faults and load
curtailment without disconnection and supports in grid stability. During grid faults, there is an increase in
dc link voltage, dip in grid voltage which leads to over-current on the grid side. Similarly, when demand is
suddenly removed, the voltage at the PCC rises above its nominal value. This leads to possible damage in the
PV inverters and hence need to disconnection of GCPV system leading to islanding scenarios. Hence, the
GCPV system need to be equipped with Fault Ride Through (FRT) capability to address the issues related
to low voltage and high voltage conditions in the grid side. In this work, multimode inverter control strategy
is proposed with FRT capability according to grid code compliance. An improved current control technique
is proposed as FRT based protection strategy during grid faults and sudden removal of load. According to
severity of faults, a fault level detection is developed which triggers the control strategies to generate the
reference real and reactive power with respect to the grid code compliance. The performance analysis of the
proposed FRT control strategy is implemented in 100 kW two-stage GCPV system in MATLAB/Simulink
2018b environment and tested under low voltage and high voltage ride through conditions. The proposed
control strategy is implemented in hardware setup of 1 kW GCPV system. The experimental results prove
the effectiveness of the proposed inverter FRT based control strategy in enhancing the system parameters
during system disturbances under different modes of operation.

INDEX TERMS Fault ride through capability, FRT detection, grid connected solar PV, inverter control.

NOMENCLATURE
P Real power (pu).
Q reactive power (pu).
Ipv,mppt Solar PV current inMPPTmode of operation.
Ipv∗ Solar PV current during FRT mode of opera-

tion.
Vg Gird voltage level index (pu).
Vgn Nominal grid voltage (kV).
Vdc DC link voltage.
Vdc∗ DC link voltage reference.
kp Proportional component.
ki Integral component.
vd direct axis inverter output voltage (pu).
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vq quadrature axis inverter output voltage (pu).
id direct axis component of grid current (pu).
iq quadrature axis component of grid

current (pu).
Id active current generated from LVRT grid

code (pu).
Iq reactive current generated from LVRT grid

code (pu).
Id∗ direct axis reference current (pu).
Iq∗ quadrature axis reference current (pu).
Vd∗ direct axis reference output voltage (pu).
Vq∗ quadrature axis reference output voltage (pu).
L inductor value (mH).
Pmax Maximum active power rating of the inverter

during LVRT mode.
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Qmax Maximum reactive power rating of the
inverter during LVRT mode.

Pmax∗ Maximum active power rating of the inverter
during HVRT mode.

Qmax∗ Maximum reactive power rating of the
inverter during HVRT mode.

Smax Maximum apparent power rating of the
inverter.

Pswitchover active power output during fault condition.
T Switchover period.
PLVRT active power output during LVRT mode of

operation.
D duty cycle input to boost converter switch

(%).
K voltage sag level.
Imax maximum current rating of the inverter.

I. INTRODUCTION
Due to increased penetration of solar power generation into
the grid, disconnecting the PV plant during grid faults leads
to more grid instability leading to blackouts. The essential
requirement to resolve such problems is the LowVoltage Ride
Through (LVRT) capability, which has to be incorporated in
the PV inverter to make the GCPV stay connected to the
grid in the event of grid failure. As the GCPV is unable
to deliver the maximum output power during a grid failue,
the inverter current increases and voltage at the PCC drops.
In addition, output of the boost converter is reduced and dc
link voltage across the dc capacitor shoots up to a high value.
Similarly, the voltage at the PCC rises above the nominal
value, during conditions like sudden disconnection of the
demand. This abnormal condition makes the PV system to
get disconnected from the utility grid and hence High Voltage
Ride Through (HVRT) capability is required in the GCPV
system. According to the recent grid code standards, during
periods of low voltage at the PCC, the reactive power should
be fed to the grid and during voltage rise at the PCC, reactive
power should be absorbed from the grid, thereby ensuring
safer limits of system parameters. Hence, the grid connected
PV system with appropriate LVRT and HVRT capabilities
makes the system remain connected to the grid even under
abnormal conditions, which ensures system stability [1]–[4].

The Indian grid code requirement proposed for voltage dip
and voltage rise at the PCC is shown in Figure 1 which satis-
fies IEEE 1547 standards. Figure 1 (a) represents the LVRT
capability curve for Indian grid code [5], and it is clear that if
the voltage dip in the grid side is below 0.15 pu, the PV system
should recover to 85% of its nominal value within 3000 ms
and the PV remains connected with the grid. If the system
fails to recover to its nominal value within 300 ms after which
the PV system is cut off from the grid. Figure 1 (b) represents
the HVRT capability curve, which indicates that when the
voltage at PCC is above 1.3 pu, the PV system should get back
to its nominal value within 200ms otherwise the PV system is
disconnected from the grid. The tripping time for generating

TABLE 1. Fault clearing time for LVRT and HVRT conditions.

FIGURE 1. Grid code requirement under FRT mode of operation.

units under different level of voltage at PCC, is provided in
Table 1 [5].

Many intelligent techniques have been proposed in liter-
atures in order to overcome the drawbacks of conventional
FRT controllers, such as high over currents, high dc link
voltage resulting in high power losses, incorrect setting of the
reference axis current during fault and insufficient reduction
of grid side over currents during grid faults. A fuzzy based
FRT scheme for active power injection according to the level
of voltage dip at PCC has been proposed in [6]. Although this
method is verified for fault conditions, it does not perform as
expected in terms of regulating the DC link voltage. Ronald et
al [7] discussed FRT control strategy based on fault detection
scheme which provides reactive current injection by limiting
active current. But the drawback is that it always injects more
reactive power with active power curtailment even during less
severe faults. A Fuzzy Logic based FRT controller for the
operation of the inverter under normal and faulty conditions
has been discussed in [8]. Furthermore, the active power is
derated to zero as the voltage dip is increased and reactive
power is injected into the grid for grid stability. Shetwi et al
[9] suggested limiting the inverter output voltage by limiting
the inductor current using hybrid reference frames. A cur-
rent limiting controller strategy delivering active and reactive
power depending on grid requirements is presented in [10].
This method has huge switching transients during the grid
voltage recovery period. Eyad et al [11] proposed two PI
regulators to regulate the active and reactive power separately
when a voltage dip is detected. The proposed method per-
forms better but additional controllers are needed to enhance
the transient stability of the GCPV system.
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Vivek et al [12] has implemented two dc-link regulators
with different references to operate under normal and FRT
modes of operation. In [13] the author has proposed an
adaptive P-norm based control for the dc-dc boost converter
and grid side inverter to enhance the LVRT capability of the
GCPV system during grid faults. This paper shows that the
maximum active current injected during a grid fault results in
high grid side over currents.

Jaume et al. [14] discussed a series dynamic braking resis-
tor to limit dc link overvoltage during grid failure but does not
focus on the other system parameters, including grid side over
current and voltage dip mitigation. Sadeghkhani et al. [15]
presented an inverter fed microgrid in which current limit-
ing strategy and anti-windup strategy are applied for current
and voltage control respectively. As a result, currents and
voltages does not exceed the threshold during fault con-
ditions. A smooth transition in switch over operations is
achieved but the control of power is not fully addressed. In the
existing works, the enhancement of all system parameters
is not addressed. Moreover, the FRT control strategies are
not validated in real time hardware setup. In this work, the
development of FRT controllers has, concentrated on both
LVRT and HVRT capabilities. The double loop control is
proposed with an inner and outer control loop in which inner
loop consists of feed-forward decoupling strategy to decouple
the real and reactive power and outer loop which limits the
inverter current within safety limits. This work proposes a
hybrid improved current based inverter control strategy to
utilize the capacity of the PV inverter. Accordingly, the pro-
posed system is capable of working in 3 modes: MPPT mode
under normal grid conditions, LVRT mode under grid fault
conditions, and HVRT mode under sudden loss of demand
conditions. The system switches to LVRT mode of operation
during grid faults andHVRTmodewhen demand loss is huge.

Joshi et al [16] provided the review of different LVRT
control schemes and proposed flexible current limitation FRT
strategy according to the requirements of different grid codes.
The three control schemes for LVRT enhancement over a
wide range of operating modes are proposed in [17]. The
control scheme includes the determination of the set point of
the positive sequence current, reactive power injection, and
PV array output power regulation by a current limiter. In [18],
selective harmonic elimination pulse width modulation opti-
mized by genetic algorithm and an adaptive fuzzy logic-based
PID controller is proposed for LVRT and HVRT control
scheme. This paper avoids the fluctuations caused by sudden
changes in grid voltage magnitude and turbine turbulence
effects on the generator side. M. A. Khan et al [19] proposed
an active and reactive power control with the dynamic voltage
support for achieving LVRT capability of the grid connected
PV system. The only disadvantage of this system is the
overshoot and undershoot in the active power during the fault
incidence. This paper discusses the importance of reactive
power for a large scale PV system integration into a power
distribution grid. In [20], a coordinated control algorithm that
combines the reactive power capabilities of PV inverter and

STATCOM for reactive power compensation are developed.
This work efficiently regulates the bus voltages during over
and under-voltage conditions. In terms of reactive power con-
trol during grid faults, all the system parameters improvement
are not analyzed.

The novelty and contribution of the paper are as
follows:

• Amulti-mode operation using the proposed inverter con-
trol for effective operation of the inverter during normal
grid faults and demand loss.

• A voltage based FRT detection scheme is proposed to
detect the voltage dip or rise and activate the LVRT and
HVRT modes accordingly.

• A hybrid improved current based converter control strat-
egy is proposed to achieve effective control over the
inverter to works in all modes of operation.

• The proposed FRT scheme is also combined with a dc
chopper circuit and SDBR,which significantly improves
the FRT capability of the system.

• The proposed model provides increased system perfor-
mance in terms of system parameters under all distur-
bance conditions.

• The proposed control strategy is tested in 100 kWGCPV
system in MATLAB 2018b simulation platform and
validated in real time hardware setup of 1 kW GCPV
system.

The paper is organized as follows: Section 2 describes the
proposed framework for multimode operation of inverters.
Section 2.1 explains the voltage based FRT detection scheme
for the grid connected PV system. Section 2.2 describes the
converter control strategies under MPPT mode of operation.
Section 2.3 provides the operation of control strategy under
LVRT mode of operation. Section 2.4 discusses the control
strategy under HVRT mode of operation. The results and
discussion are provided in section 3. The conclusion and the
future scope of the work are provided in section 4.

II. PROPOSED FRAMEWORK OF MULTIMODE INVERTERS
CONTROL STRATEGIES
The proposed inverter control strategy operates in a unified
manner to work under multimode operations namely MPPT,
LVRT and HVRT modes. When the system is under normal
condition, MPPT mode is activated and when the system is
subjected to disturbances, FRTmode is activated. In addition,
the FRT mode is classified into LVRT and HVRT modes
based on the voltage level at PCC using the proposed voltage
detection scheme. The system parameters which are affected
due to system disturbances are: voltage at PCC, inverter
current, dc link voltage, real and reactive powers. In the
proposed system, a voltage-based FRT activation scheme is
developed to detect the voltage dip or rise and activate the
LVRT and HVRT modes accordingly. During grid faults,
it is observed that there is a voltage dip at the PCC and the
system is switched to LVRT mode of operation. The system
parameters get affected during grid faults in the following
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TABLE 2. Severity of fault based voltage level and clearing time.

ways: high overshoot in the inverter current, voltage dip at
the PCC and overshoot in dc link voltage. The proposed
strategy overcomes these issues by injecting reactive power
into the grid and thereby regulates the system parameters.
The dc link voltage and inverter current are brought back
to its nominal value by incorporating a DC chopper at the
dc side and a series dynamic braking resistor at the ac side
in addition to LVRT control strategy in the grid connected
PV system. The HVRT mode of operation is activated when
the voltage at the PCC increases above the nominal value,
which occurs mainly due to sudden disconnection of the large
load. The system parameters get disturbed in the following
ways: voltage rise at PCC, drop in the inverter current and dc
link voltage drops below the nominal value. The proposed
HVRT control strategy ensure that the PV system absorbs
reactive power depending on the capability of the PV inverter
while maintaining the active power transfer and also limits
the voltage at the PCC within the specified range.

A. VOLTAGE BASED FRT DETECTION SCHEME
In this work, a voltage-based FRT detection scheme is utilized
for detecting system disturbances, taking into account the
level of voltage at the PCC. According to the grid code,
the voltage dip is classified as less severe, moderate severe
and high severe based on the voltage level index given in
equation (1). Depending on the severity of the fault, the FRT
capability of the system is varied by controlling the reactive
power of the system. Table 2 presents the fault severity level
based on voltage level index with its corresponding clearing
time of fault.

Voltage level index =
Actual Grid voltage
Nominal Grid voltage

(pu) (1)

B. INVERTER CONTROL STRATEGY UNDER MPPT MODE
OF OPERATION
When the system is under normal condition, it needs to be
operated in MPPT mode to achieve maximum power transfer
to the grid by controlling the dc-dc boost converter [21].
A fuzzy logic based MPPT is developed, to control the boost
converter in which the fuzzy rule base is shown in Table 3.
The input variable, E(t) is obtained from various steps of the
PV slope as in equation (2), and the error is the difference
between the instantaneous step 1E(t) and previous step as in

equation (3) and the output is the duty cycle D. There are
seven membership functions in the input function: Highly
Negative (HN), Moderately Negative (MN), Small Negative
(SN), Zero (Z), Small Positive (SP), Moderately Positive
(MP), and Highly Positive (HP). The change in error (1E)
has 3 membership functions, Negative (N), Zero (Z) and
Positive (P).

The 1E linguistic membership function is depicted using
3 linguistic functions for the fact that tuning of the lim-
its is simple and to make sure that the tracking point on
the PV graph is moving towards the MPP point. Moreover,
to decrease computation time, the defuzzification method
used is Center of Maximum (CoM), which is a compromise
between accuracy of the FLC’s output and computation time,
but it successfully produced the best results under standard
test conditions. The inverter current is controlled using cross
coupling strategy with double loop feed forward mechanism
and is shown in Figure 2.

E (t) =
P (t)− P(t − 1)
V (t)− V (t − 1)

(2)

1E (t) = E (t)− E (t − 1) (3)

The voltage at the dc side of the inverter is regulated by a
dc link controller and to limit the inverter current within safe
limits, a proportional integral based double loop feed-forward
control mechanism is implemented. A decoupling strategy is
used which separates the active and reactive components of
currents. The outer control loop regulates the DC link voltage
to its nominal value and generate an active current reference,
Id∗ as given in equation (4) along with voltage phase angle,8
for coordinate transformation. This control ensures that under
normal conditions, maximum active power transferred from
solar PV system into the grid, while retaining reactive current
reference, Iq∗ to be 0, according to grid code compliance.
The inner loop consists of PI control, with Id∗ and Iq∗ as
inputs and produces Vd

∗ and Vq
∗ as in equation (5 and 6)

respectively. These references, Vd
∗ and Vq

∗ are transformed
to Vabc using Inverse Parks and Clarks transformation and
the inverter receives pulses from the PWM signal generator
as shown in Figure 2.

I∗d = kp
(
V ∗dc − Vdc

)
+ ki

∫ (
V ∗dc − Vdc

)
dt (4)

V ∗d = kp
(
I∗d − id

)
+ ki

∫ (
I∗d − id

)
dt + ωL f iq + vd (5)

V ∗q = kp
(
I∗q − iq

)
+ ki

∫ (
I∗q − iq

)
dt + ωL f id + vq (6)

The real power (P) and reactive power (Q) of the inverter
under normal condition is given in rotating dq reference frame
as follows:

P =
3
2

(
vd id + vqiq

)
(7)

Q =
3
2

(
−vd iq + vqid

)
(8)
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FIGURE 2. Inverter control strategy under MPPT mode of operation.

FIGURE 3. Proposed FRT Control strategy.

Neglecting vq for a balanced system, P and Q are as follows:

P =
3
2

(vd id ) (9)

Q = −
3
2

(
vd iq

)
(10)

Under normal condition as iq is set to zero, there is no reactive
power injection into the grid.

C. INVERTER CONTROL STRATEGY UNDER LVRT MODE OF
OPERATION
During grid faults, the grid voltage experiences a voltage dip
and hence the real power injected into the grid is reduced and

TABLE 3. Fuzzy rule base for MPPT controller.

high current flows in the inverter side which is connected to
PCC. The power imbalance at the dc side and ac side of the
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inverter due to grid fault causes the input power to be greater
than the output power, thereby causing an overvoltage at the
dc side of the inverter. The reactive current according to the
grid code is given as:

Iq =


0, Vg > 0.9Vgn

2− 2
Vg

Vgn
, 0.5Vgn < Vg < 0.9Vgn

1, Vg < 0.5Vgn

(11)

where, Vg is the grid voltage during fault and Vgn is the
grid voltage under normal conditions. The direct current Id
is calculated as

Id =
√
I2r − I2q (12)

In this work, an improved current control based LVRT strat-
egy is proposed in which the active and reactive currents
to be injected are calculated based on the maximum power
capability of the inverter. In order to get improved system
performance, the proposed LVRT strategy is combined with
DC chopper and Series Dynamic Braking Resistor (SDBR)
which further limits the dc link voltage and over current in
the inverter.

The proposed LVRT strategy is activated to achieve the
following and make the GCPV remain connected to the grid:

(1) To inject reactive current into the grid and to stabilize
the grid voltage at the PCC.

(2) To maintain dc link voltage and safeguard
power converters.

(2) To minimize the over current on the grid side of the
inverter to be within the safe operating limits

The proposed LVRT strategy is combined with DC chop-
per and SDBR to enhance FRT capability of the system by
improving the system parameters which supports grid stabil-
ity as shown in Figure 3. Depending on the severity level of
the fault, FRT is either fully or partially activated [22]–[24].
However, the real and reactive power injected into the grid
should satisfy the following constraint:√

P2 + Q2 < Smax (13)

where P, Q are the active and reactive power injected into
the grid and Smax is the maximum power capability of the
inverter. The maximum active and reactive power transfer
from inverter to the grid in the proposed LVRT control strat-
egy during fault conditions are calculated using equation (14).

The proposed LVRT control strategy is activated during
grid faults in which, the maximum range of real and reactive
power capability of the inverter are computed to obtain the
active and reactive current references (Id∗, Iq∗) to work in
LVRT mode of operation as follows:

Pmax = Smax ∗ cos
(
tan−1

Iq
Id

)
(14)

Qmax =
√
S2max − P2max (15)

I∗d =
2
3
×
Pmax

vd
(16)

FIGURE 4. Membership functions for voltage dip and reactive current.

TABLE 4. Fuzzy rule base for improved current control based lvrt inverter
strategy.

I∗q =
−2
3
×
Qmax

vd
(17)

During grid faults, grid stability is achieved through
voltage recovery and protection of power converter sys-
tems which takes precedence than maximum power transfer.
Therefore, reducing active current injection ensures reduction
in inverter over current while injecting sufficient reactive
current into the grid to ensure stability even during grid faults.
This results in better grid stabilization and avoids voltage dip
at PCC.

In the proposed LVRT control strategy, Mamdani based
Fuzzy inference system is used to inject reactive power
depending on the amount of calculated quadrature axis cur-
rent. The fuzzy rule base is developed using the grid code to
produce the quadrature axis current.

The input to the fuzzy system is the ratio of grid voltage
dip (Vg/Vgn), and these inputs are fuzzified into a sigmoidal
membership function with three linguistic variables HIGH,
MEDIUM and LOW and its range varies from 0.5 to 1. The
output of the fuzzy system is the amount of reactive current
to be injected into the grid. A center of gravity based defuzzi-
fication method is applied to convert a linguistic variable
into a numerical output. The quadrature axis current output,
is represented using a sigmoidal function with three linguistic
variables high, medium and low and it ranges from 0 to 1 and
the membership functions for voltage dip and reactive current
is represented in Figure 4. From the fuzzy rule base given in
Table 4, the reference quadrature axis current is calculated
and is used to calculate the direct axis current reference using
equation (11) which ensures over current reduction during
grid faults without disconnection of GCPV from the grid.
The computed reference currents are further fed to the feed
forward controller to generate the required PWM pulses for
the inverter.

During grid faults, to deliver solar power to the grid and to
reduce the response time of MPPT controller after the clear-
ance of the fault, the current reference to the boost converter
has to maintain balanced power flow and is calculated as
follows:

I∗pv = Ipv,mppt ×
Vg
Vgn

(18)
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FIGURE 5. Active power response curve.

In the proposed FRT control strategy, the response curve of
the active power during fault period is as shown in Figure 5.
For the effective transfer between MPPT and LVRT modes
of operation, the active power during the switchover period is
calculated as follows:

Pswitchover = (t3 − t2) k + PLVRT for t2 < t < t3 (19)

D. INVERTER CONTROL STRATEGY UNDER HVRT MODE
OF OPERATION
The HVRT mode of operation is activated whenever there
is a rise in grid voltage above the nominal value due to
sudden disconnection of the load or high reactive power
compensation at PCC. In this work, analysis is carried out
by disconnecting a portion of the load and is observed that
the dc link voltage drops from its nominal value, increase in
the grid voltage and decrease in the grid current. In HVRT
mode of operation, the PV inverters are operated to absorb
reactive power which leads to regulation in the voltage at the
PCC. In this condition, the system is made to inject active
power utilizing themaximum power capability of the inverter.
The PV inverter is made to work with its full capacity which
effectively absorbs reactive power. In this proposed HVRT
strategy, the amount of reactive power absorbed by the GCPV
system is decided by the capability of the inverter according
to grid code compliance as (20), shown at the bottom of the
next page. The reactive power and active power rating of
the inverter Q∗max and P∗max to work under HVRT mode of
operation is calculated using I∗q as follows:

Q∗max = −
3
2

(
vdI∗q

)
(21)

P∗max =
√
S2max − Q

∗2
ref (22)

The active current reference calculation for injection of active
power during HVRT mode of operation is as follows:

I∗d =
2
3

(
P∗ref
vd

)
(23)

III. RESULTS AND DISCUSSION
The performance analysis of the proposed inverter control
strategy under, MPPT, LVRT and HVRT modes of operation
is tested and validated in a simulation environment of 100 kW
two stage grid connected PV system in MATLAB/Simulink

FIGURE 6. Performance analysis of 100 kW grid connected PV system
under MPPT mode of operation.

2018b version and hardware experimental setup of 1 kW grid
connected solar PV system.

A. PERFORMANCE OF PROPOSED INVERTER CONTROL
STRATEGY UNDER MPPT MODE OF OPERATION
When the system is under normal conditions, fuzzy based
MPPT mode of operation is activated. The specifications of
100 kW grid connected PV system is provided in Table 5.
According to grid code compliance when the GCPV is in
normal condition, with the fuzzyMPPT controller the current
Id is set to its maximum value and Iq is set to zero thereby
ensuring maximum real power is transferred to the grid under
maximum irradiance and the dc link voltage is maintained at
500V. Figure 6 depicts the system parameters under MPPT
mode of operation which is investigated under different sys-
tem operating conditions namely, normal irradiance and par-
tial shaded conditions. TheMPPTmode is activated at 0.4 ms
and it can be observed the active power transfer from the PV
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FIGURE 7. Performance analysis of 100 kW grid connected PV system under LVRT mode of operation for symmetrical fault.

TABLE 5. Fuzzy System parameter of 100 kW GCPV system.

system to the grid is 100 kW. The proposed MPPT control
scheme is also tested under partial shaded conditions (0.6-
0.8 sec) which validates the generalization of MPPT con-
troller under dynamic changing conditions.

B. PERFORMANCE OF PROPOSED FRT CONTROL SCHEME
UNDER LVRT MODE OF OPERATION
1) SYMMETRICAL FAULT
The symmetrical fault is simulated in the grid side for 200ms
(0.6-0.8sec). The system parameters namely, grid voltage,
grid current, dc link voltage, real and reactive power are ana-
lyzed to study the performance of the proposed FRT control

strategy. It is observed that during three-phase fault, the grid
current shoots and reaches 12A. Further, grid voltage drops to
9 kV from the nominal value of 20 kV and the dc link voltage
shoots to very high value of 1150 V from its nominal value
of 500 V.

Due to power imbalance between the dc and ac side of the
inverter, the inverter does not deliver power to the faulty grid
and thus the dc link voltage is increased which is harmful
to the PV system and hence the PV system needs to be dis-
connected from the grid. According to the grid code, instead
of disconnecting the PV system, the proposed FRT control
strategy rides through the fault and meet the partial demand
by staying connected to the grid and supports in grid stability.

The operating cycle of the dc chopper is maintained at
0% during normal conditions and 60% during grid faults.
Similarly, in SDBR, the operating cycle is 95% and 0%
during normal and grid faults respectively. The comparison
of the system parameters using the proposed LVRT control
is evaluated and compared with the other FRT strategies and
is provided in Table 6 and the percentage improvement of the
proposed scheme against the conventionalmethod is provided
in Table 7. The performance analysis of the proposed com-
bined improved current controller FRT strategy is compared
with the conventional PQ FRT scheme and uncontrolled case

I∗q =

√
I2max − (k × Id )2

k


1.1Vgn< V g < 1.2Vgn, Stay connected for 2 secs
1.2Vgn< V g < 1.3Vgn, Stay connected for 0.2 sec
Vg > 1.3Vgn, Disconnect from grid

(20)
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FIGURE 8. Performance analysis under varying irradiation condition.

TABLE 6. Comparison of proposed FRT strategy under symmetrical fault.

and is shown in Figure 7. The comparison of dc link voltage
shows that it is maintained at 500 V using the proposed
control strategy, with an improvement of 30% when com-
pared to the uncontrolled case. The grid voltage during fault
condition without any controller is reduced to 9 kV and in
case of the proposed method, the grid voltage is maintained
at 11.37 kV which shows an improvement of 23 % in the
grid voltage. The active power injected into the grid from
the PV has been improved to 64 kW with an improvement
of 4% in comparison with the uncontrolled case. The reactive
power injected into the grid is based on the level of the fault.
In this case, the fault level is between 15 to 88%, the FRT
mode is activated with reduced active power transfer and
increased reactive power injection of 42 kVAR from the
PV to the grid. It can also be noted that in the proposed
FRT controller the reactive power is increased to a greater
extent to stabilize the grid while maintaining the other system
parameters within the limit when compared with the other
FRT control schemes. The proposed FRT control is also tested
under varying irradiance and dynamic load conditions under
symmetrical faults by which the model is validated for all
varying operating conditions enhancing the FRT capability
of the system. Figure 8 represents the real power and reactive
power under varying irradiation from 0.6 to 0.8 secs with an

FIGURE 9. Performance analysis under dynamic loading condition.

TABLE 7. Percentage improvement of proposed FRT scheme under
symmetrical fault.

irradiation of 500 W/m2 and Figure 9 shows the results under
dynamic load condition from 0.7 to 0.8 secs.

2) UNSYMMETRICAL FAULT
The unsymmetrical fault (double line to ground fault) is
simulated which creates the voltage dip of 15% to 80% during
which the LVRT mode is activated with a sufficient amount
of reactive power injection into the grid. The performance
analysis of the proposed hybrid improved current control
strategy in comparison with other conventional control strate-
gies for double line to ground fault is shown in Figure 10.
Table 8 depicts the uncontrolled case, and it can be noted that
the grid voltage drops to 8.02 kVwhereas the nominal voltage
is 14 kV. The grid current is observed to be 12A where the
nominal current is 2A and the dc link voltage is 920 V during
double line to ground fault. With the proposed controller,
the grid voltage at the PCC is improved to 11.37 kV with
an improvement of 29.5 %. The inverter current is 7.6A and
the improvement in grid current using the proposed control
scheme is 57.8 %. The dc link voltage is brought back to its
nominal value of 500 V. The active power transfer from the
PV inverter to the grid is reduced to 66.4 kW and reactive
power injection is increased to 55 kVAR, to support grid
voltage during grid fault conditions. The percentage improve-
ment of the proposed FRT scheme under unsymmetrical is
provided in Table 9. Hence this ensures that the proposed FRT
strategy is much more efficient than the other FRT schemes.

C. PERFORMANCE ANALYSIS OF THE FRT CONTROL
STARTEGY UNDER HVRT MODE OF OPERATION
The HVRTmode of operation is realized by suddenly discon-
necting a portion of the load for 200ms (0.6 sec to 0.8 sec).
It can be noticed that the dc link voltage drops to 390 V, the

VOLUME 10, 2022 54907



C. Nithya, J. P. Roselyn: Multimode Inverter Control Strategy for LVRT and HVRT Capability Enhancement

TABLE 8. Comparison of proposed FRT scheme under double line to
ground fault.

TABLE 9. Percentage improvement of the frt scheme under double line to
ground fault.

real power injection is maximum and the reactive power is
maintained zero. It can also be observed in the graph that,
there is a rise in the grid voltage from 14 kV to 14.5 kV and
the grid current reduces from 4A to 2A with ripples while
reconnecting back to system. Figure 11 displays the simu-
lation results of the system parameters with proposed FRT

controller, it can be seen that the PV absorbs reactive power
during the voltage rise in grid voltage. Hence by stabilizing
the grid voltage, the grid current is also maintained at its
nominal value. By comparing the proposed method without
any FRT scheme, it can be observed that there is a 3.5%
improvement in the grid voltage, 4.7% in grid current and
78% in case of dc link voltage. The active power transfer is
forced to be maintained at 100 kW and the reactive power
absorbed by the inverter is 39 kVAR.

The comparison of FRT control schemes in terms of sys-
tem parameters along with literature works are provided in
Table 10.

IV. EXPERIMENTAL DISCUSSION
A. HARDWARE DESCRIPTION
This proposed hybrid improved current control FRT strategy
is implemented in a hardware setup of 1 kW grid-tied PV
system as shown in Figure 12. The configuration of hard-
ware setup is provided in Table 11 which comprises of PV
panel, boost converter, FPGAprocessor, invertermodule, grid
sensing module and 3 phase auto transformer. The grid fault
is sensed by adjusting the isolation transformer for creating
dip and rise in grid voltage thereby realizing the low voltage
and grid voltage conditions. The proposed controllers are
deployed in FPGA SPARTAN6 processor. The ac and dc
side measurements are obtained from the sensors in the grid
sensing module. The ac-side measurements include voltages
and current at PCC and the dc-side measurements are volt-
age at the dc link which are acquired in the digital storage
oscilloscope.

FIGURE 10. Performance analysis of 100 kW grid connected PV system under unsymmetrical fault.
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TABLE 10. Comparison of proposed FRT in terms of system parameters.

TABLE 11. Hardware system configuration of 1 kW GCPV system.

B. MPPT MODE OF OPERATION
The grid connected solar PV system is analyzed under MPPT
mode of operation and the output voltage and current of the
boost converter is measured to be 218 V and 2.6 A respec-
tively. Figure 13(a) displays PV voltage and PV current and
Figure 13(b) represents the grid voltage and current during
MPPT mode. The real power is 405 W and reactive power
0 kVAR. This indicates that during under normal system
conditions the real power is maximum which depends on
the irradiation as shown Figure 13(c). From the experimental
results it is clear that during MPPT mode of operation the
voltage and current at PCC remains constant, and maximum
real power is injected into the grid maintaining reactive power
to be at 0 kVAR and voltage at PCC at nominal value.

C. LVRT MODE OF OPERATION
Figure 10 illustrates the performance of the system param-
eters such as voltage at PCC, dc link voltage, grid side
voltage and current after the implementation of the proposed

FIGURE 11. Performance analysis of the system parameter under HVRT
mode of operation.

FIGURE 12. Hardware setup of 1 kW GCPV system.

FRT controller in FPGA Spartan6 processor. The system
is analyzed for grid faults by reducing the voltage at PCC
by 25 V using the isolation transformer. Using the proposed
FRT controller, the inverter fed PV system injects suitable
reactive power and curtails real power injection into the grid
which meets the local loads partially. Figure 14 (a) shows the

VOLUME 10, 2022 54909



C. Nithya, J. P. Roselyn: Multimode Inverter Control Strategy for LVRT and HVRT Capability Enhancement

FIGURE 13. Performance of the real time experimental setup under MPPT
mode of operation. (a) DC link voltage and solar PV current. (b) Grid
voltage and current. (c) Real and reactive Power injected into the grid.

FIGURE 14. Performance of proposed FRT control scheme under LVRT
mode of operation. (a) Voltage and current at PCC. (b) Direct and
quadrature axis current. (c) Real and reactive power injected into te grid.

FIGURE 15. Performance of proposed FRT control scheme under HVRT
mode of operation.

grid voltage and current and Figure 14(b) represents the direct
(Id) and quadrature (Iq) axis currents during voltage dip at
PCC by 25 V. And it can be observed that the Id is 0.05 pu and
Iq is 0.3 pu. This indicates that during severe fault condition
the real power reduces and reactive power injection increases
in real time setup as shown in Figure 14 (c).In addition to
stabilizing the grid during faults, the proposed FRT scheme
satisfies the grid code requirements. Hence during grid faults,

TABLE 12. System parameters under inverter modes of operation in the
hardware setup.

the proposed scheme reduces the stress on the utility grid by
satisfying demand while protecting power electronic compo-
nents from overvoltage in the dc side and over current in the
ac side of the system.

D. HVRT MODE OF OPERATION
The HVRT mode of operation is realized by increasing the
grid voltage to 120 % of its nominal value. The nominal
grid voltage is 110 V and the HVRT mode is activated when
the grid voltage is 132 V in the experimental setup. And it
is observed that during HVRT condition, without any FRT
controller, the dc link voltage and the grid voltage rises to
a high value and the grid current drops. Figure 15 shows
the performance analysis of the system during HVRT mode
of operation with the proposed FRT controller. It can be
observed that the dc link voltage is maintained at 218 V and
the real power injected into the grid is reduced by 38 % of its
nominal value and the reactive power absorbed by the inverter
is increased to stabilize the grid voltage at the PCC.

Table 12 gives the comparison of the different modes of
operation in the hardware setup.

V. CONCLUSION
This paper focuses on the low voltage and high voltage
ride through for a grid connected PV system. An intelligent
control strategy is proposed for enhancing the low voltage
and high voltage ride through schemes in grid connected
PV system. Two control modes of operation namely MPPT
mode and FRT mode of operation are developed to work
under normal and grid fault conditions. The proposed control
strategy developed as a combination of dc link controller and
MPPT controller to work under MPPT mode of operation.
The proposed hybrid improved current control FRT strategy
combines with SDBR and braking chopper to work under
FRT mode of operation. The proposed strategy works much
better to improvise the system parameters like dc link voltage,
real and reactive power and voltage at PCC. The proposed
system is implemented and tested under both simulation
environment and hardware setup. This system yields better
enhancement than other FRT schemes which are validated
by the test results. The proposed control strategy maintains
the power balance at the point of common coupling and also
keeps the grid connected throughout the fault duration and
supporting in grid stability. The proposed unified model not
only enhances the system parameters but also provides less
transient’s during grid faults.
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