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solar photovoltaic park system
under different control modes
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In a grid-connected solar photovoltaic system, voltage dips on the grid side,
increased grid current, and overshoot in the inverter's dc-link voltage are all
noticed during grid disturbances. The grid code stipulates that in order to
protect the cascaded power converter systems from high currents and
overvoltages, the solar PV system disconnects from the grid anytime the
voltage level at PCC falls below a particular standard nominal value. This
study proposes combined GSC-based fault ride-through (FRT) and
protection control strategies which can provide independent real and
reactive power control for the inverter for effective FRT in photovoltaic
parks interconnected with a large power system during grid faults. The
proposed approach operates in three modes—voltage control, power factor
control, and reactive power control modes. The developed protection modules
in the PV system consist of over/undervoltage protection, voltage sag
detection, and overcurrent detection. The inverter-fed real-reactive power
control technique limits grid overcurrent by modifying active power injection
into the grid and stabilizes grid voltage during faults by injecting reactive
current. The performance of the proposed FRT and protection control
strategy is studied through the simulation of 75 MW PV park in the EMTP
platform and the experimental setup of a 5kVA grid-connected inverter-fed
solar PV system. The simulation results and hardware discussion presented in
this study validate the performance of the proposed FRT scheme in comparison
with conventional control schemes during grid faults.

KEYWORDS

grid-connected solar PV, fault ride through, reactive power injection, real-reactive
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1 Introduction

A large power system with photovoltaic park integration is
increasingly significant due to its influence on the transient
behavior of the power system. The failure to conduct proper
interconnection studies could result not only in suboptimal PV
designs and operations but also in a severe power system
malfunction. In most cases, manufacturer-specific PV modules
are preferred for interconnection and to perform the primary
grid integration studies before the actual design of the PV park is
developed. Researchers will be able to accurately identify PV grid
integration problems and suggest essential remedies with the aid
of accurate generic PV park models. The inverters and the park’s
control systems incorporate the appropriate nonlinearities,
transients, and protective mechanisms to replicate the park’s
precise transient response to external power system disturbances.
The components of the solar PV system model include the park
transformer, collector grid, power plant controller, converter,
step-up transformer, and PV cells. The phase-locked loop,
measurement sampling, filtering, regulatory loops, and
protection are all included in a detailed model of the
converter control. The DQO reference frame regulates the
active and reactive power, enabling decoupled control of
active and reactive power.

Many recent studies are focusing on the development of
control and protective circuits for the efficient performance of the
renewable integrated grid. The FRT controls can be based on
hardware-based or soft solution-based techniques. The
conventional hardware-based FRT controls include DC
chopper, series dynamic braking resistor, crowbar circuit, and
fault current limiter. These hardware-based FRT controls lack
independent real and reactive power control and are not the
economic solution. Hence, many intelligent inverted-based FRT
controls are proposed in the literature. Muhammed et al. (Talha
et al., 2020) proposed a control strategy by providing reactive
power injection during voltage sags. The proposed system
consists of decoupled power control, LVRT operation based
on inverter specifications, and grid codes. The power
imbalance between the faulty grid and the renewables is
addressed in the study by He et al. (2020) in which control
strategies are developed to achieve stable current and maximize
energy harvesting. Abbas et al. (Komijani et al, 2022)
investigated FRT in meshed microgrid systems with PV and
wind systems considering voltage drop and power fluctuations.
An overview of inverter control strategies with different inverters
and current injection techniques is studied in the study by
Hassana et al. (2020) in which the system under grid faults
and equipment failure is addressed. Feng et al. (Zheng et al,
2019) discussed the hybrid control algorithm, model predictive
control to suppress the grid overcurrent, and the non-MPPT
algorithm is developed to limit dc link overvoltage.

Shuai et al. (Yuanabao et al., 2022) investigated the short
circuit characteristics of solar PV systems with FRT capability
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under different voltage dips in large-scale PV plants. An extended
Kalman filter-based FRT control strategy is provided in the study
by Srinivas et al. (2019) without compromising power quality
considering nonlinear loads. Yajing et al. (Zhang et al., 2020)
discussed sliding mode-based feedback linearization to improvise
the PV system response to enhance the FRT capability of the
system. The control of DGs under voltage sags using constant
voltage control, positive sequence control to achieve FRT
capability satisfying the grid code, is discussed in the study by
Rolan et al. (2022). The grid integration of renewable energy
sources is regulated by a variety of standards, in order to patch
PV with the utility grid and provide ancillary regulations. To
avoid adverse effects on other grid-connected equipment, the
total harmonic distortion for the grid voltage should not exceed
5%. According to the grid code in the study by Roldn et al. (2022),
the injected reactive current is zero if the voltage dip exceeds
0.9 pu. A linear equation is used to calculate the injected reactive
current if it is in the range of 0.5 and 0.9. According to the grid
code, the injected reactive current is 1 pu if the grid voltage dip is
greater than 0.9 pu. An intelligent fuzzy-based FRT control along
with hybrid combinations of DC chopper and braking resistor is
proposed in the study by Preetha Roselyn et al. (2020) to regulate
the system parameters during grid faults. Mojtaba et al. (Nasiri
et al, 2021) proposed the derivation of PV inverter current to
enhance FRT capability through negative sequence current. A
fault tolerant control to achieve voltage regulation and harmonic
elimination in solar PV and the battery-integrated microgrid
system is developed in the study by Liu et al. (2020) which
enhances the reliability of the system under PV failures and grid
failures. Ehsan et al. (Afshari et al., 2017) discussed a control
strategy to reduce the grid frequency oscillations in active power
and dc link voltage. The FRT strategy suited for smart
transformers in a grid forming and grid following type in
distribution grids to enhance the stability of the system is
discussed in the study by Carlos Moreira and Lopes (2020). In
order to achieve the LVRT capability of the grid-connected PV
system, the active and reactive power control combined with
dynamic voltage support is discussed in the study by Khan et al.
(2021). In the study by Khan et al. (2022), during the normal
condition, the system operates under the MPPT mode and
switches to the short circuit mode during faults. In the study
by Cintuglu and Ishchenko (2022), the algorithm injects a
positive sequence current for regulating the PCC voltage and
injects negative sequence current for mitigating the unbalanced
voltage.
The contributions of this work are as follows:

o Development of a real and reactive power-based FRT
control mode in the grid-side inverter to regulate the
system parameters under grid faults.

o The system is operated under voltage/power factor control
modes to calculate reference currents under normal
conditions.
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FIGURE 1
Real-reactive FRT control in inverter-fed solar PV farm.
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o Investigation of protection circuits, namely, over/ The study is organized as follows: Section 2 provides proposed
undervoltage protection, voltage sag detection, dc control strategies under normal and fault conditions. The
chopper, and overcurrent detection, in the grid- real-reactive based FRT control and protection in the solar PV
connected PV system. park is discussed in Section 2.2. Section 2.3 discusses protective

o The proposed FRT control and protective strategy is strategies for solar PV systems comprising of voltage and current
implemented and tested in the 120 kV, 60 Hz grid-tied protection modules. The results and discussion are provided in

inverter-fed solar PV system.
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Section 3. Section 4 concludes the study and proposes future scope.
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2 Proposed methodology for fault
ride-through control and protection

In this study, real-reactive based FRT control is developed
and tested in a 75 MW solar PV farm and experimental setup of a
5 kVA grid-tied solar PV system. The active power generated by
the solar PV system depends on weather conditions like
irradiance and temperature. As per the standards of grid code
compliance, the PV farm has Q control on the inverter side to
control the real and reactive powers of the system. The
real-reactive FRT controller is developed and tested in an
inverter fed PV system integrated with the utility grid. A
three-level neutral point connection voltage source inverter is
used as a grid-side converter between the PV system and the grid
which operates in the voltage reference frame. The DC chopper is
included in the circuit for dc bus voltage protection. The line
inductor and harmonic filter are connected in the GSC to
improve the power quality of the system. The vector control
method is developed to decouple control of real and reactive
powers. The abc frame is converted into a rotating dq reference
frame in which the d-component represents real power and the
q-component represents reactive power. In the proposed control
scheme, igq is used to the control dc link voltage and iy is used to
control the PCC voltage.

2.1 PV-fed grid-side inverter control

The proposed GSC-based FRT control strategy is
implemented in the inverter-fed grid-tied solar PV system as
shown in Figure 1. The inverter control has two levels of control
consisting of outer voltage control and inner PI-based reactive
power control in which the outer loop is used to calculate
reference currents and inner control is used to calculate the ac
reference voltage which generates the modulated switching
pulses for GSC. The pulses are generated by comparing the
voltage reference with a triangular carrier wave. The reactive
power reference for inner PI reactive power control is generated
by either outer voltage control or power factor control till outer
Qcontrol 18 selected. Under normal conditions, the system operates
in the voltage control mode in which Q,.f is calculated by outer
P-based voltage control.

Qijert, (Vi) M

where K, is the voltage regulator gain, V. is the voltage at the
grid side,and V',

e 1s the positive sequence voltage at the grid side.

When the solar PV system is operated under the power factor
control mode, Q.. is calculated using active power at PCC and
desired power factor. When the system is subjected to faults at
PCQC, the system experiences severe voltage sag, and the Q control
mode is activated in which the PI regulator output is constant by
blocking the input to avoid overvoltage during faults. The
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measurement system acquires the voltage and current at PCC,
and calculates the active and reactive powers. The protection
block in the PV system consists of over/undervoltage relay
circuits, voltage sag detector, DC chopper, and overcurrent
detection circuit. The q-axis current is obtained using the
P-based voltage control as follows:

Iy res = K‘,(V’ - V;cc)’ (2

where V' is the positive sequence reference voltage and V. is
the positive sequence voltage.

As shown in Figure 1, the inner control loop employs a cross-
coupling method and feed-forward controller to achieve safe
operating currents from the inverter. To keep the inverter current
within acceptable limits, a double loop feed-forward control
method based on a proportional integral controller is
designed. A decoupling method is utilized to generate
reference voltages in the dq reference frame by separating
active and reactive currents (Preetha Roselyn et al., 2020).

The voltage at the PCC point of a PV system is calculated as

follows:
Vice = (Vipec) + (V;_PCCZ)’ (3)
Vi pec = f];_PCC + Rt*i;_PCC - Xt*i;_PCC’ )
V:;_PCC = f";_pcc + R'*i;_PCC - Xt*i;_PCC’ 5

where V§ poc and V] poo are d-axis- and qg-axis-positive
sequence voltages, respectively, at PCC; V;,PCC and V;PCC
are d-axis- and q-axis-positive sequence voltages; j:l_PCC and
I ;_PCC are d-axis- and q-axis positive sequence current; and Ry,
X,;— resistance and reactance of the inverter-side transformer,
respectively. The inverter reference voltages are obtained by
calculating d-axis and q-axis voltages with compensating feed-
forward terms. The inverter reference voltages are calculated as
follows:

) ki, ..
Vdg: _<kp + ?)(Id - Idg) + chhokqug + Va_choke> (6)
! ki s
ng: - kp + ? (Iq - qu) - a’LchokeIdg + Vq_choke> (7)
where k;, and k; are PI parameters of the inner current control

loop; V4_choke and Vg_choke are the voltages across the choke filter
of the grid-side converter in the dq frame.

2.2 Normal and fault ride-through control
algorithms

Under normal conditions, the system operates under the
voltage control mode in which active current is given priority in
the grid-tied PV system.

I < Ly gimiss (8)
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FIGURE 2
Experimental setup of 5 kVA grid-integrated solar PV.

)

I; < Iq_limit = wllz,m - I;I;Z,

where Ig jimio Iq_timio and Ly, are d-axis, q-axis, and grid-side
inverter current limits, respectively. The system switches to the
FRT mode during grid faults, satisfying grid code standards. The
voltage sag detector circuit activates the FRT mode based on the
FRT decision logic as follows:

(10)
1m

|1 - V;cl > VErr_on»

[1- V| < Virr_orr-

Once the FRT mode is activated, the GSC control prioritizes
reactive current as follows:

I;; < Iq_limit’ (12)
L <Li_iimit =\ — 12 (13)

2.3 PV inverter protection circuit

The protection system in the grid-tied PV inverter system
consists of overvoltage and undervoltage protection relays, DC
chopper-based overvoltage protection, and overcurrent detection
circuit. As indicated in Figure 1, DC overvoltage protection is
engaged when dc voltage exceeds the dc link reference voltage
and deactivated when the dc voltage drops below the threshold.
The instantaneous overvoltage protection depends on the
instantaneous peak value and cumulative duration. The RMS-
based overvoltage protection is based on the LVRT requirement
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in which the proposed model senses the RMS voltage and sends
the trip signal to the inverter. The overcurrent protection circuit
protects the converter from overcurrent when the current
exceeds the threshold value.

3 Description of test systems
3.1 Simulation test system

The proposed method of FRT control is implemented in a
120kV, 60 Hz grid-tied inverter fed solar PV system. The utility
grid is connected in bus 2 and 30 MW, and 15 MVAR loads are
connected in the fifth and sixth buses in the test system. The
system has 5 transmission lines which are represented as
equivalent impedances connected between buses and the
ground. The value of the inductor and capacitor on the grid
side are 0.3831 mH and 7 pF, respectively.

3.2 Experimental setup

The proposed FRT and protection-based control strategies
are implemented in a 5kVA utility grid-integrated solar PV
system, as shown in Figure 2, which consists of a PV panel, boost
converter, grid-tied inverter, FPGA Spartan-6 processor, grid
measuring system, and isolation transformer. The grid faults are
realized by creating a dip in grid voltage using an isolation
transformer. The developed control strategies are deployed in
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P (MW)

Performance of system during grid faults: (A) without control and (B) proposed control.

the FPGA processor, and the measurements on the grid side and
PV side are acquired using the grid-measurement module.

4 Results and discussion

4.1 Simulation results in the grid-tied 6-
bus solar PV farm

The proposed inverter control and protection system
comprising of inner and outer control loops are developed
and implemented in the 6-bus test system integrated with the
utility grid. In addition to control modes, developed protection
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circuits are over/undervoltage relays, voltage-sag detection, DC
chopper control, and overcurrent detection. To verify the
effectiveness of the proposed control strategies, the detailed
simulation EMTP

0-0.2s,
operation, and t = 0.2-0.4 s, FRT operation is enabled and the
fault is cleared at 0.4 s in the test system. When the PCC voltage is
between 75-88 kV, the FRT mode is activated, and when it drops
below 75 kV, solar PV must be disconnected from the grid. The
performance of the system under fault conditions without a

model is simulated in version

4.1.3 simulation environment. From ¢ = normal

controller is shown in Figure 3A in which grid voltage reduces to
19kV, grid current overshoots to 4 kA, real power transfer is
zero, and dc link voltage is increased to 1600 V.
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4.2 System performance under balanced
voltage sag faults

The response for a balanced 3 phase voltage sag of 25% is
tested for 200 ms duration of 0.2-0.4 s after the implementation
. The
performance of proposed GSC-based control strategies regulates

of proposed FRT and protection is provided in

the grid voltage drop which reduces from 21% to 31% of the
nominal value.

The overcurrent reduces to 600 A, which achieves 20%
improvement using the proposed system. This results in
reduced power injection from the solar PV system due to the
injection of reactive power into the grid. The dc link voltage is also
reduced from 1600 to 1300 V. As the voltage sag is compensated by
the injection of reactive power by proposed GSC-based control
strategies, the active power is reduced from 75 to 24 MW.

Frontiers in
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4.3 Discussion of hardware results

The proposed FRT and protection-based control strategies
during fault conditions are implemented in the 5kVA grid-
connected solar PV experimental setup. The hardware setup is
deployed with proposed control strategies and is tested under low
voltage conditions on the grid side which is realized as grid faults.
The low voltage is provided on the grid side using the isolation
transformer by reducing the voltage at the PCC end by 30%
which leads to a 20% increase in grid current. The real power and
the reactive power have reached zero and have higher power
oscillations in the system parameters. Upon the implementation
of proposed control algorithms during grid faults, the system is
more enhanced with FRT and protection control strategies as
shown in . The grid-tied inverter-fed PV experimental
setup injects suitable reactive power by reducing the real power,
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which thereby meets the local loads and ensures grid stability
instead of zero power injection in the absence of controllers.
The grid voltage is increased by 30%, which has mitigated the
sag condition during grid faults, and the overcurrent in the grid
side is also reduced by 20%. The real power injection is 465 W
and the reactive power support is 320VAR. This enhanced FRT
and protection-based control algorithm have greatly supported
the grid by ensuring stability and reliability even during grid
faults without any disconnection of the solar PV system
satisfying the grid code requirements. This system also
protects the converter circuits from high dc link voltage and
overcurrent in the ac side.

The system is further studied in the experimental setup upon
the implementation of proposed protection modules in the grid-
tied solar PV system in which during severe grid faults at which
the grid code standards beyond the FRT region cannot be
satisfied, then as per the grid code compliance, the solar PV
system is disconnected from the grid to safeguard the power
converters in the solar side. This allows the working of the
proposed protection modules which trips the overcurrent
relay in the experimental setup when high sag of greater than
40% is created in the grid-side isolation transformer and the
settings of the protection module. The solar PV system when
disconnected from the grid feeds the local loads and satisfies the
local loads. The proposed system provides promising results in
both the 6-bus power network in simulation and the 5 kKVA grid-
tied solar PV experimental setup.

5 Conclusion and future scope

This study presents the discussion on the implementation of
combined GSC-based FRT and protection control strategies in
the 75 MW solar PV park farm and 5 kVA grid-integrated solar
hardware setup. The modes of operation under different system
conditions are validated and tested using the test models. The
developed protection modules in the PV system consisting of
over/undervoltage protection, voltage sag detection, and
overcurrent detection are implemented. The proposed FRT
control strategy during grid faults improves the system by
independent control of real and reactive powers. The reactive
power is injected by reducing the real power transfer by
controlling currents in the inverter. The grid-tied PV system
is enhanced by the reduction in grid overcurrent and voltage sag
mitigation on the grid side which ensures grid stability even
during grid faults. The dc link voltage is greatly reduced, which
protects the power converter circuits and makes the system stay
connected during fault conditions and support the grid. The
proposed system provides better results than other FRT schemes
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in the literature, which validates the system enhancement using
the proposed controllers. This study can be extended by studying
the transient stability of the solar-fed power system using
proposed control algorithms.
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