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Abstract

Occasionally islanding specific areas of a distribution grid could provide benefits such as the improvement of the grid’s reliability
and resilience. In the past years, several European distribution system operators have built demonstrators to test islanding on
existing distribution grids. These demonstrators have often been based on battery energy storage systems, but the integration
of such systems has proven to be burdensome, notably because of their very high costs. This research aims at developing an
islanding solution based on already installed photovoltaic (PV) plants and that would require a minimum amount of changes in
the existing distribution grids. More specifically, this paper proposes a control structure for a PV-based grid-forming system that
can be used as a building block for the pursued islanding solution. A set of simulation results demonstrates that the proposed

system is capable of withstanding severe perturbations while functioning in stand-alone mode.

1 Introduction

Even if distribution grids are normally operated in grid-
connected mode, it could be advantageous to be able to tem-
porarily disconnect a portion of a distribution grid and operate
it in islanded mode (practice that can be designated as "inten-
tional islanding"). The main benefits of this practice are the
improvement of both the reliability and the resilience of dis-
tribution grids. For instance, if a fault forces to open a feeder,
the continuity of supply of the grid placed downstream could
be ensured by means of islanding. However, most distribution
grids are not technically ready to perform intentional island-
ings. A common obstacle is the lack of grid-forming units in the
area to be islanded. Such units are necessary to fulfil the func-
tions that are normally performed by the main grid: to maintain
the generation/consumption equilibrium, while ensuring that
the voltage and the frequency are kept within limits.

In the past years, several European distribution system oper-
ators have developed demonstrators to test intentional islanding
on existing distribution grids [1]. In most of them, battery
energy storage systems (BESSs) have been installed in order
to perform the necessary grid-forming role. The flexibility of
these systems (i.e., they can inject or absorb both active and
reactive power) make them specially suitable for this role.
In addition, BESSs do not directly emit greenhouse gases
unlike some traditional grid-forming units such as diesel gener-
ators. Nevertheless, several demonstrators have concluded that
BESSs are not easy to integrate in distribution grids, notably
because of their very high costs.

On another note, for some years now, the European distri-
bution grids have been experiencing a strong increase of the
installed capacity of distributed energy resources. Photovoltaic
(PV) plants are, together with wind farms, dominant [2].

In light of these facts, this research aims at developing an
islanding solution that would require a minimum amount of
changes in current distribution grids (and, therefore, that would
minimize the associated costs). The chosen approach is to study
if the PV plants already installed in distribution grids can be
used to perform the required grid-forming role. Of course, this
solution has limitations with respect to a solution using stor-
age. The most relevant one is that the solar resource is non
controllable and, therefore, an island can only be created in
periods where the solar generation is enough to sustain the
power balance of the islanded area. However, it may be a good
compromise to improve the reliability and resilience of distri-
bution grids without implementing major changes (the main
technical modification would be the update of the firmware
of the PV inverters, since most of them can only operate in
grid-feeding mode).

More precisely, this paper proposes a control structure for a
grid-forming PV system that can be used as a building block
for the pursued islanding solution. In addition, the system’s
response to severe perturbations is tested through dynamic sim-
ulations. The paper is structured as follows: Section 2 presents
the model of the proposed grid-forming PV system, Section
3 presents the tests results and Section 4 summarizes the
conclusions of the study.
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2 Model description

Fig. 1 depicts a diagram of the developed PV-based grid-
forming system, in which are included both the hardware
structure and the control scheme.
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Fig. 1. Schematic of the grid-forming PV system.

2.1 Hardware components

With regard to its physical structure, the system does not differ
from a conventional two stage PV inverter [3]. This is the main
advantage of the proposed solution: it can be implemented in
already installed PV plants, by changing their control firmware.

The PV array has been represented using a single-diode
model. The boost converter (BC) and the voltage source con-
verter (VSC) have been built using average models, since the
power electronics do not need to be represented in detail.
Finally, it must be noted that the ac side of the VSC has four
wires (three-phases and neutral), which enable the system to
feed single-phase loads. This modeling choice is motivated by
the aim of building a system as generic as possible.

2.2 Control strategy

The control scheme of the developed system differs completely
from the ones often used in conventional PV plants. In these
plants, the PV array is controlled with a maximum power
point tracking algorithm (MPPT), which makes the array per-
manently operate at the maximum point of its power-voltage
characteristic (called the maximum power point, MPP). To
inject the power generated by the PV array into the grid, the
VSC is controlled in grid-feeding mode: i.e., it injects spe-
cific amounts of active and reactive power into the grid. And
the reference of the active power to inject is imposed by a dc
bus regulator, by ensuring that the power coming out of the dc
bus (i.e., the active power injected into the grid) is equal to the
power coming into the dc bus (i.e., the power produced by the
PV array), not considering losses.

In the proposed system, the VSC is controlled in grid-
forming mode: it imposes the voltage amplitude and frequency
of the islanded grid. For that, a regulator controls the voltage
of the filter’s middle point (viter ). In particular, the regu-
lator displayed in Fig. 2 has been implemented, since it is a
common regulator used for grid-forming systems [4] and it is

specially suited to handle unbalanced loads. The final output
of the regulator is the voltage that the VSC should impose at
the filter’s input (V;iter in ), but Fig. 1 shows that this signal
goes through the block SVPWM limits before being introduced
in the average model of the VSC. This block models the fact
that the VSC is not able to generate correct ac voltages if the
dc bus voltage (Vgepus) 1 too low. The minimum necessary
dc bus voltage depends on: 1) the modulation technique that
would be applied to control the power electronics of the VSC,
2) the internal topology of the VSC and 3) the amplitude of the
desired ac voltages. In this model, it has been assumed that the
VSC is a two-level four-leg device and that a space vector pulse
width modulation (SVPWM) technique is used [5].
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Fig. 2. Implemented VSC voltage regulator.

Furthermore, since the VSC is controlled in grid-forming
mode, the active and reactive power injected into the grid can
not be fixed by a reference, since they are determined by the
loads of the islanded grid. To enable this, the dc bus regula-
tor has been modified: in the proposed system, this regulator
determines the PV power reference (pgif ), ensuring that the
power coming into the dc bus (i.e., the power produced by the
PV array) is equal to the power going out of it (i.e., the active
power demanded by the islanded grid), not considering losses.
The structure of the developed dc bus regulator is depicted in
Fig. 3. It is observed that the PV power reference is composed
by two terms:

+ A feedforward term equal to the active power injected by the
VSC into the ac side of the system. The term is computed by
calculating the instantaneous power going out of the VSC’s
ac side (p,.) and applying a moving average, which elimi-
nates the oscillations that appear in the instantaneous power
when the loads are unbalanced.

+ A feedback term, that ensures that the dc bus voltage is
regulated to its reference value. It must be pointed out
that, in case of an unbalanced load, the oscillations in the
instantaneous ac power would cause oscillations in the dc
bus voltage too. In consequence, a moving average is also
applied to the signal v 4,5, SO that the oscillations do not
transfer to the PV power reference.

Finally, the saturation block of the dc bus regulator impedes
the PV power reference to get a value higher than the rated
power of the system or lower than zero. Actually, if the PV
power was negative, the array would consume power. But this
would not be allowed by a real BC (the internal diode would
prevent the power transfer from the dc bus to the PV array).

The last major change with respect to conventional PV sys-
tems concerns the control of the PV array. In the proposed
system, the power produced by the PV array has to be adapted
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Fig. 3. Proposed dc bus voltage regulator.

to the active power consumed by the islanded grid. To achieve
this, the MPPT has been substituted by a flexible power point
tracking algorithm (FPPT), which allows to use the PV array at
different operating points (and not only at the MPP). The FPPT
algorithm proposed in [6] has been implemented. This algo-
rithm is executed with a constant periodicity, taking as inputs
the PV power reference calculated by the dc bus regulator and
measurements of the PV array’s voltage (v,,) and current (,,,).
Each time it is executed, the FPPT:

1. Decides if a small or a large voltage step should be applied
to the terminals of the PV array. This depends on the dif-
ference between the PV power reference and the PV actual
power (Pp, = Vpy X %py). In essence, if the difference is big,
it considers that the system is in transient state and chooses
a large voltage step. If the difference is small, it considers
that the system is in steady state and chooses a small step.

2. Determines the PV voltage reference (v;jf ), by either
adding or subtracting the calculated voltage step to the
measured PV voltage. This choice depends on the selected
operating region of the PV array. For example, if the PV
array power has to be increased and system is operating
at the right side of the MPP (characterized by a negative
power-voltage slope), the PV voltage should be decreased.

Finally, the PV voltage reference is used by the d calculation
block to calculate the duty cycle (d) to be applied to the BC

(d = 1 - U;if/vbus dc)*
3 Simulation results

This section presents the results obtained with two simulations
in which the proposed grid-forming PV system is subjected to
severe perturbations. The simulations have been performed in
MATLAB/Simulink™. In both of them, the system feeds the
islanded grid depicted on Fig. 4, which consists on:

+ A first load represented by a set of switching resistors, that
allow to easily execute steps of the active power consumed
by the islanded grid.

* A second load represented by an induction motor, which is
a dynamic load very common in distribution grids.

+ Finally, a distribution line, represented with an RL model.

Fig. 4 also displays some variables of the islanded grid: the
voltage at the loads terminals (v;,445), the current absorbed by
the switching resistors (7,.sist0rs), the current absorbed by the
motor (Z,,.t0-) and the motor’s rotation speed (W, ot0r)-

Table 1 and Table 2 summarize, respectively, how the param-
eters of the grid-forming PV system and of the islanded grid
have been configured for the simulations. It is important to
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Fig. 4. Implemented islanded grid model.

underline that the physical components of the grid-forming PV
system have been sized as in conventional PV inverters, so
that the model fairly represents the hardware components of
an existing PV plant. Finally, Fig. 5 depicts the power-voltage
characteristics of the simulated PV array.

3.1 Test 1: Large load step

In this test, the irradiance and temperature are maintained,
respectively, at 1000 W/m? and 25 °C. Under these conditions,
the available PV power (i.e., the power at the MPP) is of
14.72 kW. Initially, the active power consumed by the islanded
grid represents just 12 % of this power (5 % is consumed by
a three-phase resistor, 6 % by the motor and 1 % is dissipated
in the line). At ¢t = 0.25s, a new three-phase resistor is con-
nected, giving rise to a drastic increase of the active power
consumed by the islanded grid (it becomes 93 % of the avail-
able PV power). It must be noted that the three phases of the
ac side are kept balanced at all times. Fig. 6 displays various
resulting curves of the dc side of the system.

Table 1 Parameters of the grid-forming PV system.

Ratings
Grid voltage 400V Dc bus voltage 800V
Grid frequency 50Hz  Power 15kVA
Physical components
Lboost 98 mH Lfilter outs Lfilte'r in 3 mH
Cboost 13.1 /'[/F Cfilte'r 32/’[/1:
Cdc bus 4 mF Rfilter 72 Q
FPPT
Time step 0.015s  Viteptransient 26V
Apthr'esholol 2250W Vvstep steady—state 5 v
|Ap/ AV, nora 27T WIV  Operating region Right
Vge bus Tegulator
Mowv. aver. period 0.02s Gain 50 W/V
A 800V
Vfiter ¢ Tegulator
K;j”“ 0.035 Wo 314 rad/s
K; 25 K 100
Weat 10rad/s v, o 1.05p.u.
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Table 2 Parameters of the islanded grid.

Induction motor

Nom. voltage 400V Nom. power 7.5kW
Nom. frequency 50Hz Poles pairs 2
Inertia constant 0.2s Friction factor Op.u.
Stator resistance 0.035 p.u. Rotor resistance  0.035 p.u.
Stator inductance  0.045 p.u. Rotor inductance 0.045 p.u.
Mutual inductance 1.827 p.u.
Line
Resistance 2.2Q/km Length 0.5km
Reactance 0.08 €2/km
15 PEant mrm 1000 W/m”

E 10 - -~ \‘\ .......... 500 W/mZ

5 LT e *g 100 W/m?

z 5 e ‘.‘Q

2 P 9 |* MPPs

= e B Example of non-

0 100 200 300 400 500 | maximum op. points

voltage, V

Fig. 5 Power-voltage characteristics of the simulated PV array
(the temperature is 25° C for all curves).

Before the load step, p,. is kept constant and, by means
of the dc bus controller and the FPPT, p,, oscillates around
Pac- Thanks to this, vg.s,s 1 kept around its reference value.
Right after the load step, the feedforward branch of the dc bus
controller quickly increases p}¢/, so that it matches the new
value of p,.. In consequence, the FPPT starts increasing p,,
soon after the load step. However, the initial difference between
Dac and p,, makes vg4.,,s considerably decrease. Therefore,
the feedback branch of the dc bus controller comes into play,
increasing p;jf OVer p,. in order to bring vy 4, back to its ref-
erence value. Still, it can be observed that p,, is not able to

850
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Fig. 6 Test 1: (a) dc bus voltage; (b) instantaneous power con-
sumed by the islanded grid, PV reference power and PV actual
power.

follow png between ¢t = 0.4s and ¢t = 0.6, because the PV
array reaches its MPP. During this period, the FPPT maintains
the PV array at the MPP and, since p,, is slightly bigger than
Pacs Vaepus INCreases slowly towards its reference value.

Regarding the ac side, since the undervoltage of vg.p.s 1S
not very pronounced, the VSC is capable of generating correct
ac voltages at all times (to impose a balanced voltage of 1.1 x
400V at vg;1¢er in, the necessary dc bus voltageis 1.1 x 400 x
V2 &~ 622 V). The motor experiences small speed oscillations
at the instant when the load steps take place (the overshoot is
smaller than 2 %), but these are damped and the motor keeps
working in a stable operating point afterwards.

It can be concluded that the system withstands abrupt load
variations: an ac power step of +81 % leads to a temporary
undervoltage of 685V at the dc bus (which does not impede
the VSC or the BC to function properly).

3.2 Test 2: Abrupt irradiance dip

In this test, the irradiance and the temperature have ini-
tial values of 1000 W/m? and 25° C (available PV power of
14.72kW). The loads are balanced and the islanded grid con-
sumes 98 % of the available power: 34 % is consumed by a
three-phase resistor, 54 % is consumed by the motor and 10 %
is dissipated in the line. From ¢ = 0.5 s, the irradiance experi-
ences the 2s dip depicted on Fig. 7 (which can represent, for
example, the passage of a cloud). It is important to point out
that the irradiance ramps that configure the dip are very pro-
nounced [7]. Fig. 8 and Fig. 9 display various resulting curves
of the dc side and of the ac side of the system.

At t = 0.5s, the irradiance negative ramp causes the lin-
ear decrease of p,,, which causes the drop of vy p,s. At T~
1.6 S, Vgcpus goes under the limit value at which the VSC is
not capable of creating the desired voltages on its ac side. In
consequence, both Ve, iy and vy,445 start decreasing too.
However, the irradiance positive ramp that starts at £ = 1.5
makes p,, increase and, from ¢ ~ 1.8s, it becomes again big-
ger than p,., which makes Vgc pus, Vsirter in’ aNd Vjpqqs TECOVET
their correct values.

It can be considered that the system withstands the irradi-
ance dip. The dc bus undervoltage (571 V) does not perturb the
BC. And, although the islanded grid is affected by this under-
voltage, the minimum voltage at the loads terminals is tolerable
(0.85 p.u.) and it does not make the induction motor unstable.
It must be underlined that, if the proposed system was less
stressed, it would be able to withstand longer irradiance dips.
For instance: with an smaller motor (3 kW of nominal power),
softer irradiance ramps (+50 W/m?) and a more advantageous
initial condition (islanded grid consuming 50% of the available
power), the system can withstand 23 s voltage dips.

irradiance,
W
O
S

0051 15225335445 555
time, s

Fig. 7. Test 2: irradiance variation.
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Fig. 9 Test 2: (a) voltage imposed by the VSC and voltage at
the loads’ terminals; (b) current absorbed by the motor and by
the switching resistors; (c) speed of the motor.

4 Conclusion

This paper has presented a control structure for a PV-based
grid-forming system. It has been proven that, if there is enough
solar resource, the proposed system can withstand severe load
perturbations. Moreover, it has been shown that the system has
a certain capability of withstanding irradiance dips. These facts
corroborate that the proposed system could be a good solu-
tion to create islands in distribution grids without undertaking
major investments. The downside of this solution is that the
islands can only be created when the solar resource is enough to
guarantee the power balance of the island. Nonetheless, in dis-
tribution grids with high PV penetration, the islanding duration

provided by this solution could be enough to perform a quick
maintenance or to transport diesel generators to the area. If a
more complete islanding scheme was required, the proposed
solution could be complemented with a BESS, but the flexi-
bility provided by the grid-forming PV units would allow to
minimize the BESS’s size. This is a potential subject for further
investigations.
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