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Abstract—This article proposes a PLL-less grid-forming
(GFor) control for a PV central power plant topology designed
to maintain the DC voltage and improve the AC voltage stability.
The PV single-stage or central topology stands as the most
widely adopted power plant structure. However, no GFor control
capable of regulating the DC bus has yet been proposed for this
layout. This work presents a PLL-less GFor control that can
effectively control the DC voltage for a single-stage PV inverter,
whether it operates at the Maximum Power Point (MPP) or
with reserve. Moreover, this control can incorporate Maximum
Power Point Tracking (MPPT) controls typically employed in
grid-following structures. The primary advantage of this GFor
control is the voltage support and stability it provides and the
capability of working with a low Short Circuit Ratio (SCR).
The performance and viability of the proposed control was
analyzed with several simulations of various faults (symmetrical
and asymmetrical), frequency (large phase jump and frequency
excursion with high ROCOF) and resource events (irradiation
changes and DC voltage reference tracking analysis). The results
demonstrate that the proposed GFor control presented not only
meets the grid-code requirements but also exhibits the behaviour
expected during the different analyzed events.

I. INTRODUCTION

The increasing penetration of renewable energy sources
has led to a reduction in the number of Synchronous Gen-
erators (SG) in the AC networks, resulting in a decrease
in the inertia, voltage stability and short-circuit current [1].
Among the existing solutions to overcome such issues, the
use of grid-forming (GFor) controls for the Voltage Source
Converters (VSCs) is becoming the preferred choice. The GFor
can improve the stability of AC networks thanks to its voltage-
source behaviour, enabling the integration of higher levels of
renewable energy sources into electrical power systems, such
as the solar farms [2]-[4].

The GFor converters can support the grid in different ways,
such as improving the AC voltage stability, emulating virtual
inertia or providing fast frequency response (rapid provision of
power reserve due to a frequency excursion) [4]. The provision
of fast frequency response and inertia depends on the resource
limitations [5]. If no additional storage is implemented, the
energy reserve of the converter is limited to the DC-link
capacitor [5]. Moreover, to supply a fast frequency response,
the converter must operate below the Maximum Power Point
(MPP). However, this power provision will be limited by
resource availability. Nevertheless, the GFor control will still

be capable of providing voltage support and voltage stability
to the system.

The GFor functionalities that the PV power plant will be
able to provide will also depend on the PV topology. There
are three main PV power plant connection topologies: the
central, the string and the multistring [6]-[10] . The central
(single-stage) topology uses one converter to connect all the
PV panels. This converter will regulate the DC voltage and
the AC power injection. The string structure implements one
DC-AC converter for each string, and the different converters
are connected in parallel in the AC network. The multistring
architecture employs a DC-DC converter for each string and a
single DC-AC converter to connect to the grid. The multistring
and the string topologies allow for a more precise Maximum
Power Point Tracking (MPPT) and the AC-DC converter’s DC
voltage is decoupled from the generated power. The central
topology is the most used in large PV plants, due to its lower
cost in the inverters and its feasibility [7], [8], but the power
generated by the PV will depend on the AC-DC converter’s
DC voltage.

Different approaches have been considered in the literature
to apply the GFor control to PV sources. In [11], a GFor
control is implemented to a PV source with a DC/DC con-
verter. This control adds a droop with a parallel PI for the
voltage to avoid exceeding the MPP voltage. Other studies
consider operating the PV in grid-following and having an-
other converter in parallel operating in GFor, which has a
battery or a supercapacitor [12], [13]. In [14], [15], GFor
unique structures have been presented for PV generation. In
these cases, a DC/DC converter is always used. A control for
the PV single stage is proposed in [16]. Nevertheless, the DC
voltage is not directly controlled, and the control is not tested
during faults or large ROCOFs, that may discharge the DC
bus. To the best of the authors’ knowledge, no GFor control
has been proposed for the central (single-stage) topology, with
DC voltage control, which is needed to ensure the voltage level
during transients.

Aiming to address these challenges, this manuscript will
provide the following principal contributions:

o A PLL-less GFor control for a central topology PV power
plant that controls the DC bus voltage, without the need
for additional storage or DC/DC converter, is presented.

o Analysis on the robustness of the control with AC net-
work events such as of phase jumps, high ROCOFs and
faults.
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o Analysis on the effect of variation of resource power
production.

¢ An analysis of the limitations of the PV single-stage GFor
operation.

The remainder of this paper is organized as follows. Section II
presents the problem description. The control proposed for the
PV single-stage inverter is described in Section III. In Section
IV, different dynamic simulations are carried out to validate
the control presented. Finally, the conclusions are summarized
in Section V.

II. PROBLEM DESCRIPTION

This section will present the main problems of implement-
ing a GFor in a central PV power plant. The system is
depicted in Fig. 1. There, it can be observed that there is
only one converter in the system, which needs to operate in
GFor whereas regulates the DC voltage. Thus, implementing
the grid-forming in a single-stage PV source has a primary
challenge: controlling the DC bus while it operates in grid-
forming.

The voltage support and stability are the main pillars of
the GFor and the control must be able to provide them in
all operation modes. However, the provision of power during
frequency events is also desired. To provide this power, the PV
power plant needs to have a power or energy reserve. To have a
power reserve, the DC voltage needs to be bigger than the MPP
voltage. Then, the DC voltage needs to be controlled and the
control strategy needs to be able to set a DC voltage reference.
However, this DC voltage is not desired to be constant. In the
event of a frequency decrease, the DC voltage must decrease to
supply the frequency reserve. Conversely, when the PV plant is
operated at MPPT or its reserve is fully provided, precise DC
voltage control is required while ensuring the GFor operation.

The GFor implemented in a PV single-stage must also
accomplish the grid-code requirements. Not disconnecting in
certain transients such as faults, frequency excursions or phase
jumps. The control must be designed to affront these cases and
meet the grid-code requirements.

III. CONTROL

This section describes the GFor control implemented to the
central PV power plant converter. The control is divided into
4 parts: synchronization loop, voltage control, current limiter
and current controller (see Fig. 2). The voltage and current are
controlled in both positive and negative sequences [17], [18].
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Fig. 2. Grid-forming control for single stage PV

A. Synchronitzation loop

The synchronization loop sets the converter’s phase. In
this case, the proposed PLL-less control focuses on directly
regulating the DC voltage and indirectly controlling the active
power. The control has two operation modes: with a power
reserve and implementing an MPPT control. Each operation
mode uses a different frequency estimator, as shown in Fig. 2.
Moreover, distinct DC voltage references are employed in each
mode. The operational mode (L) can be manually selected.
However, when set to operate with reserve and either the power
reserve is depleted or a fault occurs, it automatically switches
to MPPT operation mode.

1) With reserve: The frequency estimator is set to a con-
stant value equal to the system’s base frequency and the DC
voltage reference is set to the desired voltage (over the MPP
voltage). The control equation in this operation mode is:

Vit + ky(Ppe — Pac)), (1)

where w and wy are the frequency imposed by the converter
and the system’s base frequency, respectively, kg is the inertia
parameter, Vpc and V5 are the DC voltage and its reference
respectively, k, is the damping parameter, P4 is the active
power injected into the AC system and Pp¢ is the sum of the
DC power from the PV panel and the capacitor (see Fig. 1).
If the system is in steady state P4c and Ppc will be equal,
then in steady state the following relation is found:

Vie)

w=uwy+ kg (VDQC

2

As can be seen in (2), kg will relate the frequency with the
voltage. If the frequency decreases, the voltage will decrease,
increasing the power injected into the grid due to the PV
voltage-power relation. Then, to tune the ky parameter, the
following strategy is employed:

w—w():]{)H(VIQ)C—

MPP reserve
ky = mp(Ppe ™ — Ppee™®) 3)
- reserve MPP
VDC - VDC

where m,, is the desired static frequency-power droop fre-
quency response that is usually set by the TSO, P3¢
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is the power exchange operating with reserve, PP

her - is the

maximum power available, VALY is the MPP DC voltage
and V¢ is the DC voltage that provides the PL5¢7¢.

2) MPPT: When the reserve is depleted, or the converter
is operated at the MPP, thanks to an MPPT control. The fre-
quency estimator [19]-[22] is set to the converter’s frequency
filtered in this operation. Notice that the filter is always in
use to smooth the transition between operations. This change
affects the control’s dynamics.

Equation (2) is reformulated taking into account the fre-
quency estimator change:

TwS

Wm =kpg (VIQJC - VEJQC) )

“)
where 7, is the frequency filter time constant. In the steady
state, the frequency estimated and the converter frequency will
match. Then, from (4), it can be deduced that Vpc = Vi
in steady state. This control mode can track the DC voltage
reference with precision. Then, the DC voltage reference
(V5¢) has to be set at the value that extracts the maximum
power from the PV. To find this value, the same MPPT
controls implemented in grid-following converters can be used.
However, it should be noted that this control will not inject
inertia or any frequency response since no power or energy
reserve is left.

B. Voltage loop

The voltage loop is only implemented in the positive se-
quence. As it can be seen in Fig. 3, the control is composed of
two PI controllers. Moreover, an anti-windup is applied to the
integral part. This structure is similar to the one implemented
in [18].

C. Current limitation

The strategy applied in this control is prioritizing the
positive sequence’s reactive power during faults. To do it,
the current limiter prioritizes the q component of the positive
sequence. When the current is limited, the synchronization
loop is configured in MPPT operation mode, and the DC
voltage references to a voltage that provides O active power
Ve VAC). Then, during faults, when the current is
limited, the converter will provide reactive power but not active
power. The negative sequence current is always set to 0.

TABLE I
SYSTEM PARAMETERS
Parameter [ Symbol ] Value | Units

AC network
Short Circuit Ratio SCR 1,5-5

Rin /L, 1/10
Nominal voltage Unom 33 kV
Frequency f 50 Hz
PV power plant
Nominal Power Prom 4.2 MVA
Nominal voltage Unom 33 kV
Frequency f 50 Hz
Maximum current Imaz 1.2 pu
DC capacitance C 103.7 mF
DC minimum voltage vin 900 \4
DC maximum voltage Vi&® 1500 A%
Filter inductance Lpy 0.1 pu

Rps/Lpy 1/20
Filter capacitance Ccy 0.1 pu
Filter capacitance’s resistance Rcy 0.005 pu
Transformer inductance Ly 0.1 pu
Transformer resistance Ryrg 0.01 pu
Control parameters
Voltage PI control PI, s+ 650 pu

s
Current PI control P, W pu
s
Voltage feed-forward filter Fy 1
0.001s +1

Inertia parameter kg 8.2684 e-6 pu
Damping parameter kp 0.4523 pu

D. Current control

The current control is applied in the positive sequence and
in the negative sequence. Both sequences share the same
structure. Each sequence implements two PI controllers and
a filtered feed-forward [23]. However, the decoupling is not
implemented since when both sequences are used, the decou-
pling branches are cancelled [24].

IV. SIMULATIONS

This section presents various simulation results to show
the performance and stability of the GFor control presented.
Moreover, the viability of operating a central PV power plant
in GFor is analyzed. Also, the modulation of the PV panels is
explained.

The simulations are carried out in MATLAB®Simulink. The
system analyzed is depicted in Fig. 1, whose main parameters
can be found in Table I, the tuning design implemented is
obtained from [25]. The AC network has been represented
as an ideal voltage source behind an impedance. Two short
circuit ratios, 1.5 and 5, have been used to demonstrate that
the control is capable of working with low SCRs. The incidents
analysed can be divided into three groups: faults, AC network
frequency and resource events.

The converter parameters are based on the Power Electron-
ics Freesun HEM EIC solar converter [26], which is modelled
using an average model [27].

A. PV panels modelling

The PV panels have been modelled using the single-diode
model [28]. This model presents a good compromise between
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TABLE 11
PV PANEL PARAMETERS, BASED ON JA SOLAR®JAM72S30-545/MR.

Voe (V) 4975
VALEP (v) 41.80
iMEP (A) 13.04
isc (A) 13.93
B_Voe (%/°C) | -0.275
a_Isc (%I°C) | +0.045
5
—700 W/’
4 ||—800 W/m? .
B 900 W /m?
E 3
02
i gl =
0 *Vbe
0 500 1000 1500
Voe (V)

Fig. 4. PV operational points.

simplicity and precision [29]. The panel uses the parameters
from Table II, based on the JA SOLAR®JAM72S30-545/MR.

The PV park is composed of 325 parallel lines of 27 PV
panels in series to obtain the desired voltage and power. The
distinct operational points of the conjunction of PV panels
are shown in Fig. 4 and Table III. Notice that the power
injected operating in reserve is 90 % of the maximum power
available (P = 0.9PAF). Further, it can be seen that
the voltage variation of VAL'F and V¢3¢ for the different
irradiation levels is unnoticeable.

The central topology analyzed implements a VSC to convert
the power from DC to AC and control the PV power plant.
The parameters of this converter are defined in Table L.

B. Faults

Two faults have been applied at the Point of Connection
(PoC) operating with reserve mode. First, a three-phase-to-
ground fault is simulated to analyze the capability to manage
the active power during an event. Second, a two-phase-to-
ground fault is applied to show the capability of controlling
the negative sequence current. In all cases, the fault resistance
is 0 and the fault duration is 250 ms.

In Fig. 5, the simulation of the three-phase-to-ground fault
is shown. The voltage is highly reduced due to the fault.
However, the voltage is restored in a few milliseconds after the

TABLE III
PV OPERATIONAL POINTS.
Irradiation (W,/m?) 700 800 900
VEServe (V) 1160 | 1160.5 | 1160.3
Preserve (Mw) 2943 | 33638 | 3.78
VMPP (y) 1074.8 | 1073.2 | 1073
PMIP (MW) 327 | 37375 42
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Fig. 5. Three-phase-to-ground fault performance of the control proposed.

fault is dissipated. The positive sequence current is increased,
prioritizing the component q (the reactive power injected is
low because the fault is close to the converter, and the current
is limited to 1.2 pu). The negative sequence is maintained at
0. During the fault, the active power is set to 0, prioritizing the
injection of reactive power. To achieve this, the DC voltage is
adjusted to VA and set to MPPT operation mode, reducing
the power extracted from the PV panels during the fault.
After the fault, the active power is restored in less than half
a second thanks to the synchronizing control DC voltage
control capabilities. When the fault is extinct, the DC voltage
is set again to the V7 g¢™¢. The frequency is controlled
during the fault and restored after the fault in less than a
quarter of a second. Overall, the fault capability with SCR
1.5 and 5 accomplishes the grid-codes requirements (see Fig.
7), prioritizing the injection of reactive power.

Fig. 6 depicts the main parameters of the system during
a two-phase-to-ground fault with low SCRs (1.5 and 5).
The positive sequence voltage is reduced during the fault.
Moreover, the negative sequence voltage is not zero due to
the asymmetric fault. However, the negative current is still
controlled to 0, and the 7% is prioritised. The DC voltage is set
to VA3 during the fault to limit the active power exchanged.
The active and reactive power oscillates at 100 Hz during the
asymmetrical fault due to the disequilibrium caused by the
fault. The operation is recovered in less than 250 ms when
the fault is cleared. As it can be seen in Fig 7, the control
during the fault with both SCRs accomplishes the grid-codes’
voltage requirements. Moreover, the negative sequence current
is controlled to 0, even though it is not instantaneous.
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Fig. 6. Two-phase-to-ground fault performance of the control proposed.
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The voltage during faults meets the grid-codes fault-right-
through requirements [30] in all cases, as shown in Fig. 7.
In conclusion, the control is capable of maintaining operation
and fulfilling the requirements during a fault.

C. AC network frequency events

The frequency events simulated are i) a frequency excursion
with a ROCOF of 2 Hz/s for 1 s and ii) a 10 ° phase jump in
the AC grid. These two events serve to illustrate the frequency
behaviour of the converter. Moreover, the provision of inertia
and frequency response is analysed, highlighting their limits.

Figure 8 illustrates the principal parameters of the system
during a frequency deviation with a large ROCOF. There, it
can be seen that the AC voltage is well-controlled, with no
relevant variations observed during this event. In contrast, the
current exhibits minor oscillations during the event when the
SCR is 1.5, which are generated by the change of operation
due to the total provision of reserve. These fluctuations are also
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Fig. 8. ROCOF performance of the control proposed.

reflected in the frequency, active and reactive power and DC
voltage. However, these oscillations do not lead to an unstable
system and only manifest during the period of high ROCOF
(once the frequency is constant again, they vanish). However,
if the SCR is 5, they are unnoticeable.

The control effectively provides the power reserve during
the frequency event. Moreover, since the power reserve is
completely supplied (marked in Fig. 8 with a magenta line),
the control operation transitions from the with reserve to the
MPPT operation. The DC voltage is maintained in between the
converter limits during the transient, thanks to the DC voltage-
oriented synchronization control. Finally, it can be noticed that
not only is the power reserve provided, but the energy stored
in the capacitor is also partially provided (emulated as inertia).
This is the reason why the injected power into the AC network
(Pac) exceeds the power extracted from the PV panels (Pp¢)
during the transient. In conclusion, the control is stable during
the frequency excursion with a large ROCOF, providing the
frequency response desired while regulating the AC voltage.

The 10° phase jump event is illustrated in Fig. 9. There, it
can be seen that when the SCR is 5, more oscillations appear
than when the SCR is 1.5. However, these fluctuations are
dissipated in less than 100 ms. As desired in GFor, the power
increases when the event occurs, leading to a discharge of
the DC capacitor due to its low energy storage. Two different
behaviours depending on the SCR can be found. When the
SCR is 1.5, the voltage is reduced, but it is over the V%P P
(see table III), which increases the power delivered by the
PV panels (P3EF=%) providing more power. If the SCR is
5, the DC voltage drops below the VALPP, decreasing the
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Fig. 9. 10° phase jump performance of the control proposed.

power delivered in the first instant of the event. Even though
the voltage is below the VALPP, the system is stable due
to the synchronization control implemented (Section III-A).
However, the behaviour in the case of having an SCR equal
to 1.5 is more desirable due to the fewer oscillations and
the more power provided. Nevertheless, after the event, the
converter resynchronizes with the AC network and the same
steady state as before the event is reached in both cases.
Figure 10 depicts a 30° phase jump event. When the phase
jump is 30° both SCR cases achieve the VALPP. Conse-
quently, the operation is changed to MPPT mode to limit the
DC voltage decrease. In this scenario, the transient is more
severe than the 10° phase jump event. However, the converter
does not exceed its current and voltage limits, and the transient
is dissipated within 0.2 seconds for both cases. This simulation
demonstrates the control capability of sustaining the stable
operation even in the presence of large phase jumps.

D. Resource events

Three resource events are simulated: i) an irradiation in-
stantaneous variation, operating with reserve, ii) an irradiation
instantaneous change, operating in MPPT, and iii) voltage
reference increase when the converter operates in MPPT mode.
These events show how the control behaves when the resource
is not constant. Furthermore, the tracking of the DC voltage
is demonstrated. The different PV operational points analysed
are defined in Fig. 4 and Table III.

In Fig. 11, the irradiation variation event operating the
converter with reserve (Section III-Al) is presented. In both
SCRs, the event is similar. The radiation decrease reduces the
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Fig. 10. 30° phase jump performance of the control proposed.

DC power generated. Thus, this lack of power discharges the
DC bus, which obliges the synchronization loop to reduce
injection power into the AC network to maintain the same
DC voltage (V,23¢7¢). The transient ends in less than 600
ms. After the transient, the voltage is at the same level.
However, the power injected into the AC has decreased due
to the irradiation reduction. When the radiation rises, the
behaviour is the opposite. The DC voltage increases and
the synchronization control injects more power into the AC
network. In both cases, the Vp¢ is in between the limits.

Notice that in both cases, the VL€ is more or less the
same value with different radiations, see Table III and Fig.
4, meaning that the power delivered after the event is near
the 90 % of the available power. However, the V5. can be
changed to have a power reserve of exactly 10 % of the power
available.

Figure 12 shows a variation in the radiation while func-
tioning in MPPT mode. The behaviour is similar to the case
with reserve. However, some oscillations appear, mainly in the
case of SCR = 5. Nevertheless, the synchronization control
is capable of controlling the DC voltage after the transient,
exchanging power into the AC network. The new operational
point is not the MPP. If the new MPP is desired, the V};~ has
to be changed to the new V%P P (which can be done using
an MPPT).

The results of a step jump in the DC voltage reference
(Vie), from 1074.6 V to 1100 V, implementing the MPPT
operation, are plotted in Fig. 13. As can be seen, the control
can perform a perfect tracking of the DC voltage. This ensures
that MPPT techniques used in grid-following controls can
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be implemented with the presented synchronization control.
Moreover, in this operation mode, no power reserve or virtual
inertia will be provided. However, the power plant operating
in GFor will still be capable of providing voltage support and
stability to the AC network.

V. CONCLUSION

The GFor control presented is capable of operating the
central PV power plant, maintaining the DC voltage under
control, even during relevant events. Moreover, it is capable
of providing voltage support and stability to the grid. Further,
it is suited to apply the MPPT and operate with reserve. Also,
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Fig. 13. Voltage reference jump performance of the control proposed.

it accomplishes the grid-code requirements during the faults.
The advantages and limitations of the GFor control presented
are the following:

A. Limitations

o The power reserve the converter can provide is limited
by the power available. Then, it does not always provide
a sufficient power reserve.

o The virtual inertia emulated depends on the capacitor
size, which is usually small (0.02 s).

o If the control is operated at MPPT mode, the power that
can be provided during an event is highly limited since
the converter is already injecting its maximum power
available and no storage is available.

B. Advantages

o The proposed control is capable of providing voltage
support and stability operating in GFor with reserve and
at MPPT. Moreover, the transition between operations is
smooth.

o It is capable of using MPPT control from grid-forming
schemes in a GFor control.

o It does not require a PLL to operate.

¢ It controls the DC voltage at the same time that it operates
in GFor.

o The control can withstand AC events and resource limi-
tations events, as demonstrated in Section IV.

In conclusion, the control presented has several limitations,
mainly in the power it can provide in certain cases. However,
it is essential to remark that these limitations are intrinsic to a
PV power plant topology. Nevertheless, note that it provides
constant support and stability to the AC voltage in the different
operations. Furthermore, be aware that the GFor structure
proposed provides frequency and voltage support, even the
central or single-stage PV topology limitations. Ultimately,
the proposed control is a viable and stable GFor control for
a central PV power plant topology. Finally, this control will
be capable of increasing the penetration of renewable sources
into the grid and increasing its stability.
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