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Abstract: This paper presents a two-stage grid-connected PV system with reactive power manage-
ment capability. The proposed model can send phase-shifted current to the grid during a low-voltage
ride through (LVRT) to recover the voltage levels of the grid’s feeders. The novelty of the proposed
algorithm, unlike the common methods, is that it does not need to disable the maximum power point
tracking (MPPT) state while managing active and reactive power injection simultaneously. Moreover,
the new method promotes a safety factor by offering overcurrent protection to the PV inverter. The
phase-locked loop based on the synchronous reference frame (SRF-PLL) is optimized using a genetic
algorithm (GA). The settling time of SRF-PLL’s step response is minimized, and the frequency dynam-
ics are improved to enhance synchronization during LVRT. The system’s performance is tested and
verified using MATLAB/Simulink simulations. The obtained results prove the effectiveness of the
proposed control algorithm in managing reactive power interventions. The optimized phase-locked
loop shows robust performance and is compared to the conventional low-gain PLL to spot the
enhancement.

Keywords: grid-connected PV system; genetic algorithm; phase-locked loop; reactive power
compensation

1. Introduction

Power quality is the capability of an electricity grid to provide customers with resilient,
secure, and reliable electricity [1]. Utility grid operators are obliged to follow specific
regulations to ensure grids’ stability and retain certain levels of power quality delivered to
customers. With more renewable energy generations (REGs) joining the grid, a significant
share of the synchronous generation is being displaced without sufficient reactive power
compensation being fed into the grid [2]. Therefore, a grid’s voltage control becomes less
capable, which imposes more implementation of power quality enhancement technologies
to maintain those standards. Some of the developing methods in this regard seek to take
advantage of the growing number of REGs. Renewable energy penetration had been
adopted as a strategy in many countries across the world, which accounts for almost 35%
of the total electricity energy share [3]. The recent grid regulations have paved the way
for more distributed generations (DGs) to join the grid and flourish outside the active
power boundaries. For instance, recent PV inverters are more capable of contributing to
ancillary services to restore a grid feeder’s nominal voltage [4]. It is well known that a
grid’s power quality could degrade owing to faults; under similar fault circumstances, it is
more practical to utilize DG systems to support the grid rather than disconnecting them.
The latter option will put more strain on the utility providers and may shorten the lifespan
of DG systems due to frequent restarting. The capability of supporting the grid during
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voltage sags is called low-voltage ride through (LVRT) [1]. It is usually accomplished by
injecting sufficient reactive power into the grid to raise the magnitude of the voltage at
the terminals of the point of common coupling (PCC) [5]. A PV system requires a proper
control scheme to successfully manage such intervention. The voltage variations within
the grid can also influence the performance of the phase-locked loop (PLL).

The impact of voltage disturbances over the PLL have been addressed by many
researchers, such as in [6–8], where many methods to enhance the frequency and the time
responses characteristics of the PLL were proposed. The modified time delay technique
was used in [9], in which decent results were obtained; however, the fast-tracking capability
under rapid voltage deviations was compromised due to the time delay implementation.
Maintaining an acceptable PLL accuracy under rapid changes in the grid’s voltage was
addressed in [10], and a second-order generalized integrator phase-locked loop (SOGI-PLL)
was suggested to enhance synchronization between the PV system and the connected grid
during LVRT. Subsequently, a dual second-order generalized integrator phase-locked loop
(DSOGI-PLL) was presented in [11] to enhance the filtration capability of the previously
suggested SOGI-PLL. A PLL-less technique was suggested in [12] to avoid the impact
of voltage disturbances over PLL accuracy. An arbitrary angle was utilized instead of
real-time PLL estimation. However, the drawback of this method was its ability to drop
synchronization due to a sudden change in the network’s frequency, and the variable DC
bus reference which was suggested led to a reduction in the system’s efficiency. In [13],
another PLL-less proposal was presented to make the PV system more resilient against the
grid’s faults. The study added a non-linear controller to ensure current protection; however,
both MPPT performance and DC bus stability were not addressed. In [2], the authors
suggested utilizing a battery to stabilize the DC bus voltage, but the study did not discuss
the case of insufficient battery charge. A control strategy in a double-stage PV inverter’s
topology was proposed in [14] to support the grid during LVRT. The methodology included
two states of operation: one under a normal condition and another under a faulty condition.
The faulty condition required MPPT to be disabled to allow reactive power injection
to the grid. A predictive control technique was suggested in [15–17] to provide robust
performance in both stand-alone and grid-connected operations. The predictive control
scheme in the controller managed to provide an LVRT capability by injecting reactive
power; however, the authors did not address the current limitation which is critical in
such a scenario. In [18], an improved methodology to inject reactive power to the grid was
proposed, but the inverter’s current limiter was not part of the discussion.

The proposed model in this paper aims to provide an all-around solution by introduc-
ing a novel control scheme that manages active and reactive power injection simultaneously
and an optimized synchronous reference frame PLL based on the genetic algorithm to
enhance the synchronization between the PV system and the connected grid under rapid
voltage deviations. Having discussed the relevant literature, the rest of the study is struc-
tured as follows: Section 2, materials and methods; Section 3, simulations and discussions;
and Section 4, conclusions.

2. Materials and Methods

A two-stage boost converter topology is employed in this paper as the power con-
version tool of the user-defined PV array (17 parallel strings and 14 series modules per
string) with total power capacity of 50 kW. One of the key benefits of this topology is
that it allows for more variables to be controlled than a single-stage topology [19]. This
results in several control loops for various objectives, such as a DC bus voltage regulation
control loop, inverter’s currents control loops, and the MPPT algorithm [20]. The proposed
power management unit is fitted prior to current control loops to offer the system an LVRT
functionality, while a GA algorithm is utilized to optimize the transfer function of the
SRF-PLL for better performance under LVRT. The boost converter is the initial stage of this
power conversion topology. To stabilize the converter’s output voltage, a PI controller is
used, while a perturb and observe MPPT algorithm is utilized to control the switching gates
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of the power transistors. Both the DC voltage and current control loops and the optimized
SRF-PLL are visually illustrated through schematics and explained arithmetically in this
section. The main goal of the designed inverter’s control system is to stabilize the DC bus
voltage while injecting the desired current to the grid. As a result, the system provides the
grid with the appropriate amount of active power based on the available power extracted
from the PV panels and the appropriate amount of reactive power based on the utility’s
needs. A simplified schematic of the proposed model is illustrated in Figure 1:

Figure 1. Two-stage grid-connected PV system’s control scheme including the added power manage-
ment unit and GA algorithm.

2.1. Synchronous Reference-Frame-Based Phase-Locked Loop (SRF-PLL)

The phase-locked loop is a vital part of the grid-connected PV system; its performance
under different grid conditions has an instrumental impact over the PV system output
signals. Both active and reactive power injection depend on the accuracy of the SRF-PLL’s
phase estimation of the grid’s voltage. The arithmetic model of SRF-PLL is constructed to
analyze the time response and the frequency dynamics of the SRF-PLL’s transfer function.
The analysis is followed by a study to demonstrate the usefulness of the genetic algorithm
(GA) to optimize the settling time of the step response. In addition, the importance of
including a constraint function within GA to retain certain frequency characteristics is
highlighted. Despite the fact that the PLL system’s bandwidth is increased, the analysis
does not include a low pass filter (LPF), because adding a LPF to the loop filter decelerates
phase tracking capabilities [21]. The utility voltage is the SRF-PLL’s input signal, which
initially is transformed from the natural frame abc to the synchronous reference frame dq0
using park transformation. The direct and quadrant components of the utility voltage can
be described as follows: vd

vq
0

 =
2
3

 sin(θo) sin
(
θo− 2π

3
)

sin
(
θo + 2π

3
)

sin(θo) cos
(
θo− 2π

3
)

cos
(
θo + 2π

3
)

1
2

1
2

1
2

 ∗
 Ua sin(θi)

Ub sin
(
θi − 2π

3
)

Uc sin
(
θi + 2π

3
)
 (1)

which yields the following:
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 vd
vq
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 Ua sin(θi) sin(θo) + Ub sin
(
θi − 2π

3
)

sin
(
θo− 2π

3
)
+ Uc sin

(
θi + 2π

3
)

sin
(
θo + 2π

3
)

Ua sin(θi) sin(θo) + Ub sin
(
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3
)

cos
(
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3
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(
θi + 2π

3
)
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(
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3
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1
2 Ua sinθi + 1

2 Ub sin
(
θi − 2π

3
)
+ 1

2 Uc sin
(
θi + 2π

3
)

 (2)

where θi is the angle of the input signal, θo is the angle of the output signal, vd and vq are
the direct and quadrant components of the synchronous reference frame, respectively, and
the zero sequence is zero as the grid is assumed to be balanced, i.e., Ua = Ub = Uc. The
system is not linear by nature due to the park transformation applied to its input signal.
However, we can linearize it close to the locking state where input and output frequencies
are the same. In other words, (ωi = ωo) and the error angle θe = (θi− θo) is very small,
thence the following assumption will become valid: sin θe ≈ θe, cos θe ≈ 1. Accordingly,
the forward path input signal vq becomes:

vq = 2
3
(
U sin θi sin θo + U sin

(
θi – 2π

3
)

cos
(
θo− 2π

3
)
+ U sin

(
θi + 2π

3
)

cos
(
θo + 2π

3
))

≈ 2
3 ∗U ∗ 3

2∗ sin(θe) = U ∗ θe
(3)

with U being the input line to neutral peak voltage. The open-loop transfer function of the
error signal, θe, can then be written as in Equation (4):

Ge(s) = h(s) ∗ 1
s

(4)

where h(s) is the transfer function of the PI controller:

h(s) = Kp +
Ki
s

(5)

The open-loop transfer function of the error signal can be found by substituting
Equation (5) in (4), which yields:

Ge(s) =
(

Kp +
Ki
s

)
∗ 1

s
=

Kp ∗ s + Ki
s2 (6)

The error signal’s linearized closed-loop transfer function is obtained by passing the es-
timated output angle back to the (abc-dq0) transformation block as an angular displacement
of the synchronous frame, as illustrated in Figure 2 and expressed in Equation (7):

t f (θe) (closed− loop) =
Ge(s)

1 + Ge(s)
(7)

Figure 2. Block diagram of the synchronous reference-frame-based PLL.



Energies 2022, 15, 2177 5 of 21

As a result, the PLL transfer function will have the following characteristic equation:

1 + U ∗ Ge(s) = s2 + Kp ∗U ∗ s + Ki ∗U (8)

Using Equation (9), which represents the standard second-order characteristic equation
as a reference, the correlations between Kp, Ki, U on one side and the corner frequency ωc
and the damping ratio ξ on the other side are defined in Equations (10) and (11):

s2 + 2.ω.ξ.S + ω2 (9)

ωc =
√

(Ki ∗U) (10)

ξ =
Kp ∗U

2 ω
(11)

Both frequency and damping ratio values can be modified by altering the PI gain
controllers (Kp & Ki). This defines frequency features such as bandwidth ‘BW’, gain, and
phase margins; the same method can be also used to modify time response characteristics
such as settling time, rise time, and overshoot [22]. Both frequency and time responses
optimization techniques can be used to optimize the final transfer function; in this work,
both types of characteristics are considered. However, for an optimization method that
is completely dependent on the controller gains regulations, it is crucial to define a range
of values where the transfer function is fast and accurate without sacrificing its stability
or performance. The obtained range will also help minimize the search time as the gains’
selection process is more confined. Different PLL designs can be derived by altering
frequency and time characteristics. For instance, high and low bandwidth can be obtained
by modifying the corner frequency ωc, while under-damped and over-damped responses
can be achieved by adjusting the damping ratio ξ. The high-bandwidth PLL features
fast tracking capability, but due to vast frequency spectrum through-transmission, it may
suffer from harmonics [23]. A low bandwidth, on the other hand, is more suitable for
filtering out harmonics from the input signal, but it lacks precision when dealing with
instable inputs [24]. Both requirements cannot be satisfied simultaneously because the
two conditions are inconsistent [24]; therefore, a trade-off is inevitable in the final design.
High bandwidth transfer function is preferable here, since it features quick and accurate
detection of the phase under grid’s voltage disturbances [25]. This feature will be beneficial
during a low-voltage ride through LVRT condition, as the SRF-PLL needs to track the
utility’s angle when the voltage amplitude is rapidly changing. To avoid any under or
excess damping, a suitable damping ratio is also required; such a value is between 0.7 and
1 [24]. The high bandwidth is achieved by implementing low boundaries for the integral
gain Ki, while an acceptable range of damping ratio is maintained by including a constraint
function within the optimization method to satisfy the following non-linear conditions:

ξ − 1 ≤ 0 (12)

0.7− ξ ≤ 0 (13)

The settling time of the PLL step response is selected as the search method’s objective
value. The rationale for this is that the settling time of the PLL’s step response represents
the time required by the SRF-PLL to reach the steady state or to settle close to it after a jump
in the utility voltage, making this criterion an ideal candidate to be used as an objective
in the case of utility’s voltage disturbances. With this strategy, a successful optimization
should result in a robust and resilient performance against voltage sags.

2.2. Implementation of Genetic Algorithm

A genetic algorithm (GA) is a random searching method that is well suited to solve
non-linear problems; the method uses probabilistic over deterministic fundamentals in a
way that mimics natural evolution to find the optimal potential solution [26]. Initially, the
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problem variables are coded; those variables are called individuals, a group of individuals
are called generation, and binary coding of individuals stands for chromosomes. Similarly,
procedures such as mating reproduction and mutation are applied within individuals of
each generation; the whole cycle is called an iteration. The GA determines the fitness of
each individual based on their objective score within a fitness function [27]. In this study,
the step response of the PLL transfer function is considered as the fitness function, and the
resulting settling time is the objective score; the gains of the loop filter Kp and Ki represent
the targeted individuals, as illustrated in Figure 3.

Figure 3. Flow diagram of the genetic algorithm used to optimize SRF-PLL.

The initial individuals are created at random and coded; the associated settling time
of the first pair is acquired by stepping the transfer function, as depicted in Figure 4a. The
optimization process takes place as different combinations of Kp and Ki, are enhanced
genetically based on their objective score; the same is illustrated in Figure 4b.

The GA converges with the minimum settling time found, as seen in Figure 4c; this
occurs once any of the GA solver termination conditions are satisfied, which could be a tol-
erance of the settling time change, a maximum number of generations, or simply a time lim-
itation. Utilizing suitable termination conditions helps to dramatically minimize the search
time without compromising the objectives. The desired frequency characteristics in terms
of damping ratio and corner frequency are also satisfied through implemented integral
gain boundaries and constraint function. The mathematical rules that govern the constraint
function can be found by substituting Equations (10) and (11) in Equations (12) and (13):

Kp ∗U
2
√

(Ki ∗U)
− 1 ≤ 0 (14)

0.7− Kp ∗U
2
√

(Ki ∗U)
≤ 0 (15)
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Figure 4. PLL step responses: (a) non-optimized step response, (b) different step responses generated
by GA, (c) optimized step response.

Bode diagrams of different transfer functions are depicted in Figure 5; these trans-
fer functions satisfy the previously mentioned Equations (14) and (15) and feature high-
frequency bandwidths between 314 r/s and 9400 rad/s.
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Figure 5. Different transfer functions Bode diagrams generated by the genetic algorithm during
optimization process.

The transfer function obtained using this method attributes fast dynamics due to a
high frequency range, a proper damping ratio (0.7 to 1), and a minimized settling time.
The converged transfer function varies with different criterions being considered. The
considered criterions within this exact search method are shown below in Table 1:

Table 1. GA optimization criterions.

Criterion Considered
Range/Value Obtained by Converged at

Voltage magnitude (volts) 310.3 _ _
Corner frequency (r/s) 314 to 9400 Bounding Ki ≈6400

Damping ratio
Settling Time (s)

0.7 to 1
Minima

Const fun
Cost fun

0.93
1.2 m. s

2.3. DC Voltage Control Loop

To stabilize the dc-link capacitor’s voltage as per reference value, a DC bus voltage
regulation loop is necessary; the gains of the loop filter are tuned using a trial-and-error
method; the schematic of the DC voltage controller is illustrated in Figure 6:

Figure 6. DC bus voltage control loop with reference value of 700.

The output of PI controller in the DC bus voltage control loop is Ire f , which is used as a
reference value of the direct current (Id) in the current’s control loops . Ire f can be expressed
by means of controller gains, as demonstrated in Equation (16):

Ire f = Kp
(

Vdcre f −Vdc
)
+ Ki

∫ (
Vdcre f −Vdc

)
.dt (16)

where Vdc is the measured voltage across the DC bus capacitor, and Vdcre f is the reference
value of the DC bus voltage that must exceed the peak value of the utility voltage, which is
between 600 and 1000 volts for a three-phase topology [28]. The settling time of the DC
control loop should be longer than that of the two inner current control loops [18], and the
gains’ selections should reflect this design condition.
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2.4. Current Control Loops

While the DC bus voltage is regulated by the outer control loop, the inverter’s current
is regulated by the two inner control loops. To demonstrate the layout of these loops, the
inverter’s voltage equation is introduced in Equation (17), which represents the inverter’s
voltage in terms of grid and filter voltages, as shown in Figure 7.

Vinv = Vf + Vgrid (17)

where Vinv is the inverter’s voltage, Vgrid is the grid’s voltage, and Vf is the voltage drop
across the harmonics filter. The two components of the filter’s voltage v f .d and v f .q are
given by Equations (18) and (19):

v f .d = R f .id + L f
did,re f

dt
−ωL f iq (18)

v f .q = R f .iq + L f
diq,re f

dt
+ ωL f id (19)

where id and iq are the dq components of the inverter’s current, and id,re f and iq,re f are their
reference values, respectively, L f is the filter’s inductance, R f is the ohmic resistance of the
filter, and ωL f represents the inductive reactance. Equations (18) and (19) can be expressed
by means of PI controller, as depicted in Equations (20) and (21).

v f .d = Kp
(

id,re f − id
)
+ Ki

∫ (
id,re f − id

)
.dt−ωL f iq (20)

v f .q = Kp
(

iq,re f − iq
)
+ Ki

∫ (
iq,re f − iq

)
.dt + ωL f id (21)

Figure 7. Electrical circuit of the PV inverter connection with the grid.

The two components of the inverter’s voltage in the dq0 frame vinv.d and vinv.q can be
expressed as in Equations (22) and (23).

vinv.d = v f .d + vgrid.d (22)

vinv.q = v f .q + vgrid.q (23)

where vgrid.d and vgrid.q are the dq components of the grid’s voltage; substituting Equations
(20) and (21) in (22) and (23) will yield the following two equations:

vinv.d = Kp
(

id,re f − id

)
+ Ki

∫ (
id,re f − id

)
.dt−ωL f iq + vgrid.d (24)

vinv.q = Kp
(

iq,re f − iq

)
+ Ki

∫ (
iq,re f − iq

)
.dt + ωL f id + vgrid.q (25)
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The output signals of the current control loops in the dq0 frame represents the dq
components of the inverter’s voltage. These are referred to as ud,m and uqm in Figure 8,
which highlight their rule as modulation signals, whereby the reference values for both the
direct and quadrant currents are imported from the power management unit. A reverse
park transformation is used to transfer the modulation signals from the dq0 to the natural
abc frame, and the resulting signal is used as the reference voltage in the PWM circuit.
PI controllers of the inner current control loops are utilized to regulate the error signal
between id , iq and their reference values id,re f , iq,re f , whereby both references are generated
through the power management unit (PMU). The output signal of the outer control loop
“Ire f ” in Equation (16) is used as the reference value of id, while iq,re f is assigned to zero in
the case of normal condition and has a non-zero value in the case of LVRT intervention.

Figure 8. Currents control loops.

2.5. Reactive Power Management

Different methods and strategies can be found in the literature, but the most distin-
guishing feature of the proposed strategy is that it prioritizes active power injection as
a primary system objective above reactive power injection as a secondary system objec-
tive. Another modification is the removal of two PI controllers from the inverter’s control
scheme, which are typically included for P and Q loops. Alternatively, the reference values
of the direct and quadrant inverter’s current components that correspond to the desired PQ
flow is generated by the algorithm. The advantage of such scheme is the efficiency gained
due to its enabled MPPT and the current protection due to the implemented over-current
constraints. The underlying fundamental principle of the proposed algorithm is simple:
keep the system operating under the MPPT state and only interfere when you can and when it is
needed. The margin of intervention is constrained by the available current, which separates
the inverter from reaching its maximum rated limit. The calculated required quadrant
current is compared to the available margin; if it is less than the latter, then the intervention
is fully served, but otherwise, the maximum possible intervention is applied. The system
reduces or even terminates the process once the margin is claimed back partially or fully to
support the MPPT state or if the service is no longer needed. The flowchart of the proposed
algorithm is depicted in Figure 9, showing how the system responds to ancillary services
while maintaining the ongoing MPPT state.



Energies 2022, 15, 2177 11 of 21

Figure 9. Flowchart of reactive power management algorithm.

Arithmetically, the decoupled active and reactive power can be expressed by means of
inverter’s current and grid’s voltage dq components , as in Equations (26) and (27).

P =
3
2
× (Vd · Id + Vq · Iq + 2 ·V0 · I0) (26)

Q =
3
2
× (Vq · Id−Vd · Iq) (27)

where P and Q are the active and reactive power injected into the grid, respectively. The
required value of the quadrant current component Iq req represents the required reactive
power, and it is calculated using Equation (28).

Iq req = −2
3
∗ Qreq

Vd
(28)
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vq is zero when the estimated angle by SRF-PLL is being used as the angular dis-
placement of the ‘abc’ to ‘dq0’ transformation. The output of the voltage regulator I re f
is assigned as the reference value of the direct current Id re f , which reflects a continuous
MPPT state.

Id re f = I re f (29)

Therefore, the system always injects the power of the maximum power point Pmpp.
Alternatively, the available marginal quadrant current is calculated using Equation (30).∣∣∣Iq available

∣∣∣ = √I2
max − I2

dre f (30)

where Imax represents the inverter’s rated current. The former equation represents the
trigonometric relation between three components I max , I dre f , I q available , which is illus-
trated in Figure 10, where θ is the needed displacement angle between the inverter’s current
and the grid’s voltage.

Figure 10. Trigonometric relation between Imax, Idre f , and Iq available.

The following logical statements govern the process of determining the quadrant
current reference value Iq re f .

Iq re f = 0 ; Iq req = 0 (31)

When
(

Iq req <> 0
)

Iq re f =


Iq req ; Iq req ≤ Iq available{

+Iq available; Qreq < 0
−Iq available; Qreq > 0

; Iq req > Iq available

(32)

Finally, to calculate the required quadrant current Iq req, the value of reactive power
Qreq should be known. To accomplish that, the magnitude of the voltage sag is first
calculated using Equation (33) [29].

Vsag = 1− min(|va|rms , |vb|rms , |vc|rms)
Vbase

Pu (33)

The maximum apparent power that can be exported by the inverter is (S), which is
given by Equation (34) [29].

|S|= (|va|rms + |vb|rms + |vc|rms) ∗ Imax (34)
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The required compensational percentage (Ir∗), which is a function of voltage sag, is
given by Equation (35) [15].

Ir∗=


0% ; Vsag ≤ 0.1

200 ∗ Vsag% ; 0.1 < Vsag ≤ 0.5
100% ; Vsag > 0.5

(35)

Equation (35) reflects specific grid regulations [15], and different grid operators might
indicate different requirements. The required reactive power Qreq can be calculated accord-
ingly using Equation (36).

Qreq = |S| ∗ Ir∗ (36)

Eventually, Iq req can be calculated using Equation (28). The proposed algorithm
generates a suitable reference value to the inverter’s quadrant current Iq re f based on
Equations (31) and (32) so the system can manage the intervention. Alternatively, to receive
the required intervention Qreq directly through an automated ancillary service request, which
is assumed to be the case here, Iq re f is calculated directly using Equations (31) and (32)
without the need of voltage sag calculations.

3. Simulations and Discussions

In this section, Simulink simulations are utilized to verify the performance of the
optimized SRF-PLL and the proposed power management algorithm. The corresponding
results are discussed in context. Starting with the phase-locked loop capability of fast-
tracking dynamics under voltage disturbances and harmonics, the obtained performance
results of the optimized phase-locked loop are discussed and compared to a conventional
low-gain PLL to spot the enhancement and potential trade-offs. The suggested reactive
power management method during a low-voltage ride through (LVRT) is tested. The
grid-connected PV system behavior during the nominal condition and reactive power
compensation is illustrated. The MPPT continuity and overcurrent protection features are
also presented and discussed.

3.1. SRF-PLL Simulations and Discussions

To benchmark the performance of the SRF-PLL under the LVRT condition, the input
signal is altered in terms of frequency and voltage values; similar verification methods
were used in the literature, such as in [30,31]. The magnitude of the utility’s voltage is
reduced to 50% pu between 0.1 and 0.2 s, which corresponds to five cycles. As shown in
Figure 11a, this is carried out to verify the performance of the phase-locked loop against
voltage sags. The performance of the optimized SRF-PLL is shown in Figure 11b, and the
low-gain SRF-PLL performance is shown in Figure 11c. The low-gain phase-locked loop
produced distortion in phase estimation. Conversely, the genetically tuned SRF-PLL is
resistant and gives robust performance due to the fast dynamics of its transfer function.

The harmonics impact on the phase estimation test are also conducted by adding the
fifth and the seventh harmonics, with magnitudes of 0.05 pu, to the grid’s voltage between
0.1 and 0.2 s, as shown in Figure 12a.

The wide spectrum of frequencies allowed to pass through a high-gain, phase-locked
loop such as the one proposed here makes it a bit difficult to maintain accuracy, as shown in
Figure 12b. In contrast, the low-gain SRF-PLL shown in Figure 12c is more durable due to
harmonics filtration, but the harmonics’ impact over the high-gain PLL is minor compared
to the distortion in the phase estimation of low-gain PLLs under voltage sags. The desired
design outcome, as stated earlier, tends to focus on LVRT capabilities, which necessitates
quick tracking during voltage sags, favoring a high-gain PLL over a low gain; in this case,
it is a fair trade-off that serves the design aim.
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Figure 11. Voltage sags impact on PLL, (a) voltage sags of 50%, (b) impact on optimized SRF-PLL, (c)
impact on low-gain PLL.
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Figure 12. Harmonics impact on PLL, (a) 5th and 7th harmonics of 0.05 pu, (b) impact on optimized
SRF-PLL, (c) impact on low-gain PLL.

3.2. Reactive Power Management Simulations and Discussions

The following variable irradiance input signal depicted in Figure 13 is used as the
irradiance input of the PV array in all the cases of power injection. The consistency of using
the same irradiance input profile is necessary to emphasize the response behavior of the
proposed system under different conditions.
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Figure 13. PV array irradiance input profile.

3.2.1. First Case (Normal Operating Condition)

Under normal conditions, the PV system is required to send current in phase with the
grid’s voltage to only allow active power injection into the grid; this is achieved through the
current’s control loops with linear proportional integral controllers (PIs) in the dq0 reference
frame, which is a well-tested method in the literature [2]. The corresponding reference
values of direct and quadrant currents are generated through the power management unit.
Consequently, the system only injects active power due to the absence of any ancillary
service requests, as depicted in Figure 14.

Figure 14. Power injection under normal condition (P = Pmpp, Q = 0).

In this case, the PV system acts as a pure active power source and injects the maximum
active power extracted by the PV array with the help of its MPPT algorithm, while no
reactive power is injected here:

Qreq = 0, accordingly, Iq re f = 0 & consequently Iq = 0

The direct and quadrant currents’ variations under normal operating condition are
depicted in Figure 15, and the current control loops are satisfied.

Id = I re f = Impp

Iq = Iqre f = 0.
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Figure 15. Id and Iq variations under normal condition (P = Pmpp, Q = 0).

3.2.2. Second Case (MPPT Enabled with Partially Served Intervention)

In this case, the system’s response to an ancillary request to support the grid during a
fault ride is investigated. In contrast to some of the common methods used in [2,14], where
the MPPT state is disabled to inject required reactive power, the proposed power algorithm
prioritizes active power over reactive power injection and maintains its MPPT state. As a
result, the system provides the maximum possible intervention and the maximum active
power, which is depicted in Figure 16.

Figure 16. Maximum possible intervention under LVRT and high requirements of reactive power
injection (P = Pmpp, Qreq = 55 K Var).

As shown in Figure 16, the reactive power intervention is at its highest value when
the PV inverter has excess current due to low irradiance. However, as the irradiance level
increases, PV inverter starts to approach its maximum rated current, and hence, starts
lowering the available quadrant current, which results in lowering the injected reactive
power to preserve the MPPT state. The active power profile achieved is similar to that of
pure active power injection that is presented in Figure 14.

The PV system operates as designed and delivers its nominal capabilities. The pro-
posed power algorithm manages to keep the inverter’s total current Iinv under its rated
value; this is obtained by constantly calculating the real-time value of the inverter’s current
through its components in the dq frame and comparing it to that of the maximum rated
value. Specifically, the term in (37) should always be applicable under all operational
conditions:

Iinv =
√

Iq2 + Id2 ≤ Imax (37)

where Imax represents the rated current of the PV inverter, assumed to be 117 A in all
calculations.

Figure 17 illustrates the variations of Id & Iq as they are tracking their reference values,
Idre f and Iqre f , which are generated by the power algorithm:
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Figure 17. Overcurrent protection feature, (P = Pmpp, Qreq = 55 K Var).

Between (0 to 0.5) s, the required current to charge DC bus capacitor is drawn from
the grid. From 0.5 s onwards, DC bus is sufficiently charged by the PV array current,
which represents an MPPT state. The required current to fulfil the intervention (Iq req)
is higher than the available marginal quadrant current (Iq available), accordingly, as per
Equations (29)–(32).

Iq available =
√

Imax2 − Idre f 2

Iq available=
√

1172 − 262 = 114 A

|Iq req| = 2
3
∗ 55 ∗ 103

310.3
= 118 A

Iq req > Iq available, ther f ore : Iq = Iqre f = Iq available

Id = I re f = I mpp, to maintain MPPT state.

The available quadrant current is a function of the direct current, which represents an
ongoing MPPT state; therefore, its value varies according to the variation in irradiance, as
observed in Figure 17.

3.2.3. Third Case (MPPT Enabled with Fully Served Intervention)

This case features fully served intervention as the required reactive power does not
exceed the marginal available current at any point, as depicted in Figure 18.

Figure 18. Fully served intervention (P = Pmpp, Qreq = 15 K Var).

The intervention is consistent throughout the event. MPPT is enabled by default,
which results in fully active and reactive power injection. The direct and quadrant currents
variations under this LVRT are depicted in Figure 19.
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Figure 19. Id and Iq variation under LVRT (P = Pmpp, Qreq = 15 K Var).

The rated current of PV inverter Imax is assumed to be 117 A in all calculations; Id max
is the direct current when the PV system is operating at its rated power, which is 112 A,
and the required quadrant current is calculated as the following:

|Iqreq| = 2
3

Qreq
Vd = 2

3 ∗ 15 ∗ 103

310.3 = 32 A. This is the absolute value of the required
quadrant current; therefore, the minimum available quadrant current is:

Minimum Iq available =
√

Imax2 − Id.max2 =
√

1172 − 1122 = 33.8 A

As the required quadrant current to perform the necessary intervention is less than
the marginal available current, the injected quadrant current can be defined as follows:

|Iq required| ≤ |Iq available|; then |Iq| = |Iqre f | = |Iqreq| = 32 A, as depicted in
Figure 19.

The inverter’s current never reaches its maximum current (Imax) at any point. As a
result, both the reactive power intervention and the MPPT state are fully served without
any interruption.

3.3. DC Bus Voltage Stability Simulations and Discussions

Simulations of the DC bus voltage status during normal and LVRT conditions are
shown in Figures 20 and 21. The stability of the DC bus is crucial, as the variation of
such a parameter has an impact on the inner current control loops’ regulations; higher
values might lead to the system shutting down, while a dramatic drop in the voltage will
affect the quality of the inverter’s output signals, voltage and current, implicitly [2]. Many
control techniques were used in the specific literature to regulate the DC bus voltage such
as feedback linearization (FBL) in [18] and the variable DC bus reference for normal and
faulty operational modes in [12]. In this paper, the DC bus voltage is regulated using a
linear proportional integral (PI) controller with a fixed reference value. The output signal
of this voltage control loop is used as the reference value of the direct current to ensure a
continuous MPPT state. No fluctuation in the DC bus voltage is observed under normal
and reactive power compensation. The proper tuning of the DC voltage regulation loop
helps in stabilizing the voltage across the DC bus capacitor. The reference voltage of the
DC bus is fixed at (700 volts), which falls under the allowed range of three phase topologies
between 600 and 1000 volts [28].

Figure 20. DC bus voltage state under normal condition (P = Pmpp, Q = 0).
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Figure 21. DC bus voltage state under reactive power compensation (P = Pmpp, Q 6= 0).

4. Conclusions

The usefulness of an optimized high-gain SRF-PLL during a voltage disturbance was
investigated and confirmed via Simulink simulations. The performance under voltage
sags was far more resilient and accurate under voltage disturbances in comparison with
a conventional phase-locked loop. A novel reactive power management algorithm was
proposed to give the PV system a low-voltage ride through the LVRT capability without
the need to disable its MPPT state and without scarifying the PV inverter safety. The
system performance was verified under the variant irradiance input profile and under
two different operating conditions. The first was when only active power is allowed to
be injected, and the second is when reactive power injection is requested. The graphical
results were presented in context to verify the claimed theoretical capabilities of the system.
The system managed to perform reactive power injection without exceeding the inverter’s
rated current due to its implemented overcurrent protection feature. The MPPT state was
enabled under normal and LVRT conditions; the system managed to preserve the maximum
power point state while simultaneously participating in the ancillary services. The system’s
contribution to the power quality enhancement measures will make the DG system more
financially viable; however, the financial feasibility of the genetic algorithm and the reactive
power management implementation was not discussed here, but it is worth considering in
future work.
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