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Abstract—In this paper, the design and simulation of a 50kW
grid connected PV generation system is carried out, with the
intent of verifying the compliance of the system with the
European norm for grid connection of generators. The designed
model has two operating modes: a grid feeding mode, focused
on delivering the maximum available power to the grid, and a
grid supporting mode: focused on providing controllable power
and a response to grid frequency and voltage fluctuations, as
well as to voltage dips. A simulation of the system is preformed
in Matlab/Simulink in order to verify the model’s operation and
conformity with the grid connection code.

Index Terms—PV, Grid Connection, Droop Control, Power
Control, Fault Ride Though, Grid Fault Support, Frequency
Sensitive Mode

I. INTRODUCTION

Due to recent developments in electronic power converters,
as well as environmental concerns, the integration of renew-
able energies in the electric grid as been growing at a fast
pace in recent years. Despite their advantages, the integration
of this kind of generators is accompanied by added concerns
regarding the quality of service. Due to these concerns, this
kind of generators plays an increasingly important role in the
contribution to the stability of the grid. Thus, increasingly
stricter codes are set on the connection of renewable energy
based generators to the electric grid, such as the COMMIS-
SION REGULATION (EU) 2016/631 of 14 April 2016 [1],
which establishes a network code on requirements for grid
connection of generators.

Thus, the sizing and modelation of a 50kW Photovoltaic
(PV) system are carried out in this paper. First, a grid feeding
control mode is considered. In this mode the maximum
available power is delivered to the electric grid, by means of
MPPT techniques coupled with DC link voltage and current
controllers. Then a grid supporting control mode is considered,
which focuses on delivering controllable power to the grid and
on the system’s response to frequency and voltage fluctuations,
as well as voltage dips. This control mode is realized by means
of a current controller, coupled with a power controller and
Droop control.

II. SYSTEM DESIGN

A. System Overview

For this paper a two stage topology, consisting of a DC/DC
boost converter and an DC/AC converter, was considered,
as presented in Fig. 1. The PV array is first connected
to a boost converter, which elevates the PV output voltage
to a suitable level for the inverter connection. The Boost

Fig. 1. Two stage grid connected PV system topology.

TABLE I
PV SPECIFICATIONS.

Pm 500W
Vm 53.94V
Im 9.27A
Voc 65.92V
Isc 9.77A
N 96
KI 0.032%/◦C
KV −0.308%/◦C

converter controller is composed of a MPPT controller and
a dedicated controlled for operation during voltage dips. The
Boost converter is then connected to an inverter that converts
the electrical quantities from DC to AC. As mentioned, the
control of the inverter has two modes: a grid feeding mode
and a grid supporting mode. The inverter is then connected to
the electric grid though an LCL output filter and a transformer,
at a voltage level of 15kV .

B. PV Array

The panel considered in this work is a 500W 96 Cell
Monocrystalline Panel, produced by POWERSYNCH. The PV
array is obtained by the association of 100 panels, 20 parallel
connections of 5 series connected panels. The data provided by
the panel’s manufacturer is presented in table I, where Voc and
Isc are the open circuit voltage and short circuit current, Vm
and Im are the voltage and current at the maximum power
point (MPP) of power Pm. N is the number of solar cells
in each panel and KI and KV are the current and voltage
temperature coefficients.

The modelling of the array is done with the 5 parameters
model of a solar cell, which can be extended for the panels
and array as well. The parameters of this model are the
photovoltaic current Iph, the diode’s inverse saturation current
I0 and ideality factor n, and the series and shunt resistances



Fig. 2. Electrical circuit of the 5 parameters model of a solar cell [4].

Rse and Rp. With these, the equation describing the model’s
behaviour is presented in 1 [4].

I = Iph − I0(e
V +RseI

nVt − 1)− V +RseI

Rp
(1)

The first three parameters Iph, I0 and n are obtained by [2],
[4], [21], [23]

Iph = Icc (2)

I0 =
Iph

e
Vca

nNVt − 1
(3)

n = 1.2 (4)

where Vt is the diode’s thermal voltage, obtained by

Vt =
KT

q
(5)

In 5, K = 1.38× 10−23J/K is the Boltzman contant, T is
the cell’s temperature in Kelvin and q = 1.6× 10−19C is the
electron charge. The resistances are obtained by an iterative
method using the expressions [2]

Pm = Vm

[
Iph − Io(e

Vm+RseIm
nNVt − 1)− Vm +RseIm

Rp

]
(6)

and

Rp =
Vm +RseIm

Iph − Io(e
Vm+RseIm

nNVt − 1)− Pm

Vm

(7)

Starting with a low value, Rse is incremented at each
iteration, and a corresponding Rp and Pm are calculated.
The process is then repeated until the calculated power by 6
matches the panel’s nominal power. The photovoltaic current
is then adjusted according to [23]

Iph ≈
Rp +Rse

Rp
Icc (8)

However, the calculated parameters are for Standard Test
Conditions (STC: G = 100W/m2, T = 25◦C). In order
to consider the influence of irradiance G and temperature T
conditions on the parameters, equations 9 and 10 are used [2].

Iph =
G

GSTC
(ISTCph −KI(T − TSTC)) (9)

Fig. 3. Boost converter topology.

Io = ISTCo

(
T

TSTC

)3

e
qEg
nK ( 1

TSTC −
1
T ) (10)

where Eg = 1.12 is the diode’s semiconductor energy gap
[2].

At last, in order to scale the panel model to an array,
standard voltage and current series and parallel equations are
used, resulting in

Ipv = NpIph−NpIo(e
Vpv+R′

seIpv
nVt −1)− Vpv +R′seIpv

R′p
(11)

where Ipv and Vpv are the array’s output current and voltage,
Ns and Np are the number of series and parallel connected
panels, and R′se and R′p are the equivalent series and parallel
array resistances, given by [2]

R′se =
Ns
Np

Rse, R′p =
Ns
Np

Rp (12)

C. Boost Converter

The boost converter topology considered in this paper is
presented in Fig. 3. The input inductor L and the DC link
capacitor CDC can both be sized considering the triangular
approximation of the DC current and voltage ripple [2], [8]
by

L =
VpvδDTc

∆il
(13)

and

CDC =
IDCδDTc

∆vDC
(14)

where Tc is the switching period of the converter’s semi-
conductor, IDC is the DC output current at rated conditions,
δD is the duty cycle at rated conditions, and ∆il and ∆vDC
are the desired peak to peak magnitudes of the current and
voltage ripples.

The input capacitor will affect the dynamic response of the
converter to changes in irradiance, being acceptable to size it
as half of the DC link capacitor [9].



Fig. 4. Influence of temperature on P-V curve of a solar cell [24].

Fig. 5. Boost converter PI controller for FRT operation.

D. Boost Converter Controller

The designed boost converter controller uses two control
modes. The first uses Incremental Conductance (IC) Maximum
Power Point Tracking (MPPT) [19] in order to extract the
maximum possible power from the PV array under normal
grid operating conditions. This method is based on the PV
power/voltage curve. An example of this curve is presented
in Fig. 4 for several temperatures. As we can see, despite the
changes introduced by temperature, the curve will always have
a maximum. Thus, the MPP can be found according to 15.

dP
dV > 0, V < Vm
dP
dV = 0, V = Vm
dP
dV < 0, V > Vm

(15)

Taking into account that

dP

dV
= 0⇔ dI

dV
= − I

V
(16)

the difference between these terms can be taken as an error
and δD which extract the maximum power can be obtained
through an integrator [2].

The second control mode considered is dedicated to Fault
Ride Through (FRT) operation. During voltage dips the sys-
tem’s ability to deliver power to the grid is compromised,
causing the excess power to be retained in the DC link,
leading to overvoltages in the capacitor. Thus, this mode uses a
Proportional-Integral (PI) compensator to control the DC link
voltage during voltage dips [17], as presented in Fig. 5, where
Vref and V are the rated and measured RMS voltage at the
Point of Connection (POC).

E. Inverter

The DC/AC converter here considered was a two level
inverter, whose structure is presented in Fig. 6. The inverted is

Fig. 6. Topology of a two level inverter [15].

composed of six semiconductors, in parallel with freewheeling
diodes, that act as valves and are activated by the inverter con-
troller. Rs and Ls are the equivalent resistance and inductance
of the output filter and the transformer used in the connection
to the grid. For the purpose of the description of the inverter,
a set of symmetric three-phase ideal voltages are assumed

usa = Um cos(ωt)

usb = Um cos(ωt− 2π
3 )

usc = Um cos(ωt+ 2π
3 )

(17)

In order to prevent short circuits in each of the phase legs
of the converter, the semiconductors in each leg are activated
in a complementary fashion, and the activation functions γk
(k = a, b, c) are defined as 0 when upper switch is conducting
and bottom one is OFF, and 1 in the opposite case. Thus,
considering the inverter as no neutral cable, the inverter’s
phase output voltages are given by

ua = γaVDC − γa+γb+γc
3 VDC

ub = γbVDC − γa+γb+γc
3 VDC

uc = γcVDC − γa+γb+γc
3 VDC

(18)

As there are 23 = 8 possible combinations of γa, γb and γc,
there will also be 8 possible phase output voltage combinations
[14], as presented in table II. With proper modulation, the re-
sulting voltage wave will consist of a fundamental component
at grid frequency (50Hz) with the desired amplitude, as well
a number of high frequency harmonics, close to the inverter’s
switching frequency fc. These harmonics are then mitigated by
the output filter, resulting in a near sinusoidal output current.

Furthermore, the equations that describe the inverter’s be-
haviour in a three-phase static referential [15] are

ua = Rsisa + Ls
disa
dt + usa

ub = Rsisb + Ls
disb
dt + usb

uc = Rsisc + Ls
disc
dt + usc

(19)

From 19, considering the Clarke and Park transformations,
the dynamic equations of the inverter in a synchronous rotating
frame can be obtained though the transformation matrix



TABLE II
OUTPUT PHASE VOLTAGES OF THE 2 LEVEL INVERTER.

γa γb γc Va Vb Vc

0 0 0 0 0 0

1 0 0 2
3
VDC − 1

3
VDC − 1

3
VDC

1 1 0 1
3
VDC

1
3
VDC − 2

3
VDC

0 1 0 − 1
3
VDC

2
3
VDC − 1

3
VDC

0 1 1 − 2
3
VDC

1
3
VDC

1
3
VDC

0 0 1 − 1
3
VDC − 1

3
VDC

2
3
VDC

1 0 1 1
3
VDC − 2

3
VDC

1
3
VDC

1 1 1 0 0 0

Fig. 7. Grid feeding control structure.

T =
2

3

[
cos(ωt) cos(ωt− 2π

3 ) cos(ωt+ 2π
3 )

− sin(ωt) − sin(ωt− 2π
3 ) −sen(ωt+ 2π

3 )

]
(20)

the resulting system equations are [15]{
isd = 1

Rs+sLs
(Ud − Usd + ωLsisq)

isq = 1
Rs+sLs

(Uq − Usq − ωLsisd)
(21)

F. Inverter Control

The inverter controller considered has two operating modes.
The first, Grid Feeding mode [15], [20], is focused on de-
livering the maximum available power in the PV array to
the grid, and was included in this paper as a way to review
more traditional PV technologies, usually employed in low
capacity systems. This control mode uses a PI to maintain
the DC link voltage at a specified level, thus maintaining the
power balance between the DC and AC parts of the system
[17]. This, together with the MPPT controller, assures all the
available power is delivered to the grid. The grid feeding
controller is presented in Fig. 7. In this control mode, the
direct component of the current reference in the synchronous
reference frame is provided by the DC link voltage controller,
while the quadrature component is set to zero in order to
assume a power factor of 1. The DC link voltage controller
PI is sized using the Symmetrical Optimum Tuning Criteria
[3], resulting in expressions 23 and 24 for its proportional

Fig. 8. Grid Supporting control structure.

and integral gains. These, along with the remaining quantities
involved in the inverter control, are expressed per unit, with
power base the maximum power of the PV array at STC, and
the amplitude of the phase voltage and current as base as well.
In these, a is a constant that will influence the system’s poles,
set to 3 in this paper, Teq = Ts is the resulting time constant
from a first order approximation of the current controller [3]
and Tcdc is the DC capacitor’s time constant.

Tiv = a2Teq (22)

Kpu
pv =

Tcdc√
TivTeq

(23)

Kpu
iv =

Kpu
pv

Tiv
(24)

On the other hand, in the Grid Supporting mode [20], [25],
presented in Fig. 8, the dq current reference is provided by an
open loop power controller, based on the following analytical
power equations in a synchronous reference frame [7], [25][

I∗d
I∗q

]
=

2

3

1

V 2
d + V 2

q

[
Vd Vq
Vq −Vd

] [
P ∗

Q∗

]
(25)

The power references used in the power controller are
obtained by a Droop Controller [5], [10], [16], [25]. This is
a well established method in the regulation of conventional
synchronous generator, which may also be here applied. The
Droop Controller obtains the active and reactive power ref-
erences by comparing the frequency and voltage levels to
their rated ones, thus ensuring a response to fluctuations of
grid frequency and voltage. The Droop Control structure is
presented in Fig. 9. The factors kP and kQ are factors adjusted
in order to obtain the desired response to grid frequency and
voltage variations.

The Grid Supporting Controller also has FRT capability.
This is achieved by, whenever a voltage dip is detected,
generating the dq current references directly as a function of
the fault’s residual voltage [17]. This mode is presented in
more detail ahead with the required minimum reactive current
production curve.

Both control modes implemented use the same PI based cur-
rent controller in synchronous reference frame [3], [15], [25].
This controller is based on the inverter’s dynamic equations
presented in 21. In these, a strong coupling between the dq



Fig. 9. Droop controller structure.

Fig. 10. System representation from a current control point of view.

components of the inverter output current is noticed, thus, in
order to overcome this drawback, a feedforward decoupling
strategy [3], [15] is considered, allowing for the independent
control of the direct and quadrature components of the current,
and, as a result, of the active and reactive power. The overall
system from a current control point of view is represented in
Fig. 10. In here, the modulation was considered as a delay,
with a time constant Ta equal to the double of the switching
period Ts. The current controller is sized using the Modulus
Optimum Tuning Criterion [3], resulting in the PI gains in
26, for a damping factor ζ = 0.707. In these, Ta = Ts/2 is
the time constant associated with the modulation delay and
τpu =

Lpu
s

ωbR
pu
s

is the per unit time constant of the equivalent
output RL series. {

Kpu
p =

τpuRpu
s

2Ta

Kpu
i =

Kpu
p

τpu =
Rpu

s

2Ta

(26)

The current controller then generates a voltage reference in
the synchronous reference frame, which is fed to a modulator
in order to obtain a set of pulses to activate the inverter’s
switches. This is done with Space Vector Pulse Width Mod-
ulation (SVPWM) [14], [18]. This method is based on the
possible phase output voltage levels presented in table II. From
these, using the Clarke transform matrix

C =
2

3

[
1 −1/2 −1/2

0
√

3/2 −
√

3/2

]
(27)

TABLE III
SPACE VECTORS OF THE TWO LEVEL INVERTER.

Vetor γa γb γc Vα Vβ

0 0 0 0 0 0

1 1 0 0 2
3
VDC 0

2 1 1 0 1
3
VDC

√
3

3
VDC

3 0 1 0 − 1
3
VDC

√
3

3
VDC

4 0 1 1 − 2
3
VDC 0

5 0 0 1 − 1
3
VDC −

√
3

3
VDC

6 1 0 1 1
3
VDC −

√
3

3
VDC

7 1 1 1 0 0

Fig. 11. Space vectors representation in the complex plane [18].

the space vectors in the complex αβ reference frame,
presented in table III, are obtained. A representation of these
vectors is presented in Fig. 11. The reference vector V̄s will
rotate along the complex plane in time, through sections S-I
to S-VI, and thus can be approximated by the combination of
the vectors that limit the current section. Considering that the
reference vector lies between vectors V̄k and V̄k+1, the time
that each vector is applied is obtained according to [14], [18]{

Tk = 2√
3
VsTs

Vk
sin(k π3 − θs)

Tk+1 = 2√
3
VsTs

Vk
sin[θs − (k − 1)π3 ]

(28)

Should the resulting times be less than the switching period
Ts, one of the null vectors (V̄0 or V̄7) is applied the remaining
time. The resulting modulation index of SVPWM is [14], [18]

m =
√

3
Vs
VDC

(29)

This value will be bounded by the use of a limiter between
0 and 1. In the Grid Supporting mode of operation, this will
result in the lower limit of the DC link voltage in the value of

VDC =
√

3Vs (30)

allowing the operation of the generator without direct DC
link voltage control.



Fig. 12. Synchronous reference frame phase locked loop structure.

Fig. 13. LCL output filter.

And last, but not least, an integral part of the controller is
the Phase Locked Loop (PLL). In this paper, a Synchronous
Reference Frame PLL (SRF-PLL) [13] is considered, whose
structure is presented in Fig. 12. This control loop is used
to measure the POC voltage phase and frequency by means
of a PI compensator. It is based on the fact that, when the
input and output phases of the PLL are the same, the resulting
quadrature component of the voltage is zero i.e. the rotating
reference frame is in synchronism with the voltage reference
[13].

G. Output Filter

For the output filter, this paper considers a LCL topology
[11], [12], [22] as presented in Fig. 13. This filter is well suited
for high capacity installations due to smaller component size,
comparing to L filters. However, its sizing must be done with
added care, for because of its higher order transfer function,
it can lead to unwanted resonances which may lead to system
instability. The filter also features a damping resistor Rc.
The filter’s transfer function between input voltage and output
current resonant frequency is given by

fn =
1

2π

√
L1 + L2

L1L2Cf
(31)

The filter is sized as so the resonant frequency is at least
twice the switching frequency, resulting in an attenuation of
the current high frequency harmonics. It is also considered that
both the grid side and converter size inductors should have the
same size i.e. L1 = L2, which leads to a smaller component
dimension. This results in

L1 = L2 =
2

Cf (πfs)2
(32)

The capacitor is designed in order to obtain a maximum
power factor variation of 5%, resulting in

Cf = 0, 05Cb (33)

where Cb is the system’s base capacitance. The damping
resistor is then sized to one third of the capacitor’s impedance
at the resonant frequency, that is

Rc =
1

3ωnCf
(34)

It is also noteworthy that, at the grid frequency, the
impedance of the parallel capacitor as a very high value and
thus can be approximated as an open circuit. Taking this into
account, the equivalent resistance and inductance used in the
current controller tuning, Rs and Ls, can be approximated
as the sum of the filters grid and converter side resistances
and inductances, together with the transformer short circuit
impedance.

H. Transformer

The transformer considered in this paper has rated voltages
15kV/260V and a star/delta connection. The transformer’s
short circuit resistance is of Rsc = 0.0013 and a short
circuit inductance of Lsc = 0.04. These parameters must
be considered in the current controller sizing, which is done
according to {

Lpus = Lpu1 + Lpu2 + Lpusc
Rpus = Rpu1 +Rpu2 +Rpusc

(35)

Due to the transformer connection the voltage reference
generated by the current controller will have a

√
3 factor in

per unit values.

III. GRID CONNECTION CODES

A. Response to frequency and voltage fluctuations

The COMMISSION REGULATION (EU) 2016/631 of 14
April 2016 [1] establishes a network code on requirements
for grid connection of generators. This document defines grid
connection requirements depending on the system’s capacity
and POC voltage, however, in this paper most of these require-
ments are considered, even if the system here considered falls
out of the category for which the requirements are specified.
In this norm, the system’s active and reactive power response
to frequency and voltage fluctuations is defined.

Firstly, the relevant system operator is to define a U −
Q/Pmax profile within the boundaries of which the generator
must be able to provide reactive power at rated capacity. The
contour of this profile is presented in [1, Fig. 8], where the
Inner Envelope is defined by the relevant system operator and
must be confined within the Outer Fixed Envelope.

The norm also defines the Outer Fixed Envelope of the
U − Q/Pmax profile, within which the profile must be con-
tained. This profile and its envelopes are presented in [1,
Fig. 9], and the generator must be able to provide reactive
power at different active power levels within the specified
Inner Envelope.

As for the active power response to frequency fluctuations,
i.e. Frequency Sensitive Mode (FSM), the European grid
code specifies the ranges allowed for the response parameters,



Fig. 14. Altered Droop Controler.

presented in [1, Tab. 5], although in this paper the frequency
response insensitivity was not considered. A representative
active power response is also presented in [1, Fig. 5], with
zero frequency deadband and insensitivity.

In order to meet these requirements, some changes must be
made in the Droop Controller in Fig. 9, presented in Fig. 14.
First, in the reactive power droop a limiter must be included,
which will limit the reactive power provided by the system
to the specified envelope maximum and minimum reactive
powers, Qmax and Qmin. And second, in the active power
droop, a dead zone and two limiters are included. One limiter
will bound the demanded active power between zero and the
system’s maximum capacity, while the other will limit the
response’s active power range to the specified level. In order to
not interfere with operation at lower power levels the second
limiter bounds equivalent frequency to which the system will
respond, obtained by

∆F = fn
s

100

∆P1

Pref
(36)

Finally, the Droop parameters kP and kQ are determined
to obtain the desired response. kQ is obtained so that the
minimum reactive power Qmin corresponds to the maximum
allowed voltage fluctuation Vmax by

kQ =
Qmin

Vref − Vmax
(37)

while the parameter kP is obtained though the desired
Droop s. However, while the droop is specified in percentage
for the system’s rated capacity by

s = 100
|∆f |
fn

Pref
|∆P |

(38)

and the controller operates in p.u. with the installed capacity
as base, so kP is obtained by

kP = 100
Pref
Pmax

1

s
= 100

P puref
s

(39)

Furthermore, should the frequency fall of the acceptable
operating range of [47.5, 51.5]Hz, the dq current references
are set to 0, thus effectively shutting down the system.

TABLE IV
SYSTEM PARAMETERS.

Pmax 50kW Kpu
p 1.14

Iph 9.7766A Kpu
i 22.25

I0 2.118nA L1, L2 71.19µH
n 1.2 R1, R2 2mΩ
R′se 0.048Ω Cf 150.43µF
R′p 71.52Ω Rc 162.14mΩ
fc 5kHz s 5%
L 9.6mH Qpu

min −0.45pu
CDC 517.87µF Qpu

max 0.3pu
Ci 258.94µF V pu

max 1.05pu
fs 4350Hz kP 17
Kpu

pv 3.75 kQ 9
Kpu

iv 1814.7 kdip 2.5

B. Fault Ride Through

In the Dispatch nº9 of the Portuguese General Direction
of Energies and Geology of 12/02/2018 [6], the transient re-
quirements for the connection of generators to the electric grid
are defined. In this document, along with some requirements
already stipulated in the European grid code, the behaviour
towards voltage dips of generators is also defined. These will
be required to meet the minimum reactive current production
curve presented in [6, Fig. 16]. Thus, when a voltage dip is
detected, i.e. POC voltage less than 0.9pu, the references of
the dq currents are directly generated as a function of the fault
intensity. The quadrature component is obtained according to

I∗q = Kdip(V − Vref ) (40)

while the direct component is obtained by

I∗d = 1− I∗q (41)

The generator will meet the requirements as long as the
parameter Kdip is larger that its minimum value, obtained from
[6, Fig. 16], given by

(Kdip)min =
0.9

0.4
= 2.25 (42)

IV. RESULTS

A model described system was implemented in Mat-
lab/Simulink. This model has a maximum capacity of 50kW
and, in Grid Supporting mode, will have a rated power of
0.85pu (45kW ). The model parameters considered and ob-
tained with the equations provided in this paper are presented
in table IV. As in the Grid Supporting mode the DC link
voltage is not directly controlled, the DC link capacitor CDC
was oversized considering a DC link voltage of 800V . Also,
the PV model parameters here presented are obtained in STC
and the boost converter components are designed for a 2%
ripple both in the Boost Converter input current and DC link
voltage.



Fig. 15. Active and reactive power in the POC obtained in grid feeding mode
under normal grid conditions.

Fig. 16. DC link voltage obtained in grid feeding mode under normal grid
conditions.

A. Grid feeding mode

To verify the operation of the Grid Feeding Controller, a
2s simulation was performed, where, for the first second, the
PV array is under STC conditions. At 1s there is a decrease
in irradiance to 500W/m2. The results obtained for the active
and reactive powers at the POC are presented in Fig. 15, where
it can be seen that, under STC conditions, the system injects
nearly the maximum power (due to losses) with maximum
power factor. After the decrease in irradiance, the MPPT
controller finds the new MPP at 23.2kW . It was also verified
that the system injects a near sinusoidal current, with a Total
Harmonic Distortion (THD) of 2.07% at STC, and of 4.61%
after the decrease in irradiance. In Fig. 16 the obtained DC
link voltage is presented, where it can be noted that, apart
from a short transient at the moment the irradiance decreases,
the controller maintains the voltage at the specified level of
500V .

B. Grid supporting mode

The Grid Supporting Controller implemented was tested
under the same conditions as the Grid Feeding one, although
with the active power reference of 0.85pu. As it can be seen
in Fig. 17, under STC conditions, when the available power is
larger than the requested power, the system is able to follow
the active power reference, with zero reactive power. After
the change in irradiance, the requested power is larger than
the available power, and the system provides the maximum
available power of 23.2kW . The current THD measured was

Fig. 17. Active and reactive power in the POC obtained in grid supporting
mode under normal grid conditions.

Fig. 18. DC link voltage obtained in grid supporting mode under normal grid
conditions.

2.24% before the irradiance change and 4.84% after. From
Fig. 18 it is noted that, due to the mismatch between requested
and available power, the DC link voltage quickly drops to its
lower limit of 325.27V , corresponding to a modulation index
of 1. This is not an ideal situation, therefore, there should
be a coordination between requested and available power at
an higher control level. This can be achieved by the use of
daily irradiance/production curves as a means to predict the
available power.

The remaining results presented in this paper are obtained
under STC conditions, using the Grid Supporting Controller.

C. Reactive power response

In Fig. 19 the U − Q/Pmax profile obtained with the
implemented model is presented, in which it can be verified
that the model has the desired reactive power response to
voltage fluctuations, within the specified limits.

In Fig. 20 the P −Q/Pmax profile is presented, where the
capability of the system to provide maximum and minimum
reactive power at different active power levels lower than the
rated one is tested. It was found that the system has the
desired capabilities within the required envelope. During this
simulation it was also found that requesting lower power from
the system than the available one cause a slight increase in
the DC link voltage, although this variation is not nearly as
severe as in the opposite case, being the DC voltage when the
mismatch is at its largest 663V .



Fig. 19. U −Q/Pmax profile obtained.

Fig. 20. P −Q/Pmax profile obtained.

D. Active power response

In order to display the model’s active power response to
frequency variations two simulations are presented. The first
consist of a ramp overfrequency, during 4s beginning at 1s, for
a total increase of 0.6Hz over the nominal value, with zero
frequency deadband and a maximum active power response
of ∆P1

Pmax
= 0.05pu. It was also considered an active power

reference of 80% of its rated value (i.e. 0.68pu or 34kW ).
The power results of this simulation are presented in Fig. 21.
Here it is noted that the model begins at the desired power,
then, as soon as the frequency variation begins, exhibits an
active power decrease, due to the zero frequency deadband.
The active power then decreases along with the increase in
frequency until the active power limit of 0.05pu = 2.5kW is
reached, at which point the system will no longer respond to
the frequency drop. The Droop s calculated from the results
was 5.0748%.

The second simulation, here presented in Fig. 22, consists
of a ramp underfrequency, taking place from 1s until the
end of the simulation, with a total frequency decrease of
4Hz, frequency deadband of 0.5Hz and with no active power
response limitations. At 0s the active power reference is set to
0.6pu, or 30kW . Then, after the underfrequency begins, the
system will show no response until the frequency deadband
is surpassed, moment in which the active power provided
will begin to increase linearly until the acceptable frequency
operation limit of 45.7Hz is reached, when the system stops
providing power to the grid. The calculated Droop s in this
simulation was 5.0381%.

Fig. 21. Active and reactive power results obtained for a 0.6Hz overfre-
quency.

Fig. 22. Active and reactive power results obtained for a 4Hz underfrequency.

E. Fault Ride Through

In order to test the implemented model’s FRT capability, the
system was subjected to a number of voltage dips of differing
intensities. The resulting reactive currents are presented in
Fig. 23 as a function of the fault’s residual voltage. Here it
is noted that, with the selected value of Kdip, the model will
meet the reactive current requirement, and, for faults in which
the POC drops below half the rated voltage, the system will
operate as a Static Compensator, injecting only reactive current
in the POC. It is also noteworthy that, although the system will
have FRT capability for near zero voltage, it is not prepared
for a total voltage collapse, as in this case the PLL no longer
has a sinusoidal voltage from which to obtain a phase. For
this situation a dedicated Grid Forming Controller would be
required [20].

Fig. 23. Reative current production curve during voltage dips obtained.



V. CONCLUSION

In this paper, the sizing and modellation techniques of
grid connected PV systems was studied. For this purpose, a
two stage 50kW grid connected PV generator was modelled
in Matlab/Simulink. In the DC stage, the PV array was
modellated with the 5 Parameter Model, and the MPPT was
done with the IC method. In the AC stage, a 2 level inverter
was considered, with a controller prepared for operation under
Grid Feeding Mode and Grid Supporting Mode. This controller
used SVPWM and a PI synchronous current controller with
feedforward decoupling to ensure independent active and
reactive power control. In Grid Feeding Mode the controller
uses DC link voltage control in conjunction with MPPT to
ensure the maximum available power is delivered to the grid.
In Grid Supporting Mode, the controller uses Droop and Power
Controllers to obtain an active and reactive power response to
frequency and voltage fluctuations at the POC, as well as direct
dq current reference generation as a function of fault intensity
to obtain FRT capability. A LCL filter was considered for high
frequency current harmonics mitigation.

Overall, the control objectives of this paper were meet,
having obtained the desired system response to voltage and
frequency variations, as well as voltage dips, according to
the Portuguese and European grid connection codes. The
influence of the mismatch between available and demanded
(i.e. reference) powers in the system was also analysed, for
which it was found that this mainly affects the DC link voltage.
As this voltage is not directly controlled in the Grid Supporting
Mode, there should be a coordination between demanded and
available powers to ensure the system’s proper operation under
Grid Supporting mode.
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