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Abstract This paper proposes a flexible power control of a
three-phase grid-connected PV system which fulfills the PV
converter operations under normal conditions and symmetri-
cal grid voltage sags. This control approach can be configured
in the PV converters and flexibly change from one to another
mode during operation. In normal operation mode, a Maxi-
mal Power Point Tracking (MPPT) algorithm and PQ-control
loop have been designed around the converters. Their aim is
to maximize the PV power and to inject into the grid a cur-
rent with low harmonic distortion, as well as energy at unity
power factor. Under grid voltage dips, the PQ-control strat-
egy has been changed within the grid voltage sag levels and
the inverter rating currents. The MPPT control is deactivated,
and the PV power has been reduced to the target value deliv-
ered by the inverter at the Point of Common Coupling. Case
studies with simulations and experimental results have veri-
fied the effectiveness and flexibilities of the proposed power
control strategy to release the advanced features.
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1 Introduction

The fast expansion of the photovoltaic generators (PVG) in
the grid raises voltage deviations such as voltage amplitude
drop, frequency deviation and higher harmonic components.

The impact of those problems cannot be ignored on the
low voltage-level grid because they affect the availability
and the reliability of the distributed grid. The main prob-
lems of the grid-connected PV systems are the voltage drops
which are characterized by the magnitude: the duration and
the phase angle jump [1]. The common cause of these faults
is principally the short circuits and the start of the large
loads.

Some international regulation codes address that PVG
should disconnect from the grid in the presence of voltage
drops at the PCC [2]. The Germany standard DIN/VDE 0126
specifies that overvoltage higher than 15% and under-voltage
lower than 20% must lead to the disconnection of the PVG
within 200 ms. In [3-7], it is required that the PVG ceases
to energize local loads in the presence of voltage sags and
frequency variations. The disconnection of PVG units, with
large scale, from the utility network at the first time of the
fault is not an optimal approach. Moreover, the repeated dis-
connections might have a negative impact on components
life time and disturbance of the grid. Hence, it is expected
for the future PV converters to have much control flexibility
by providing intelligent services. Those functionalities con-
stitute an advantageous solution to further reduce the total
cost of PV energy and thus an expansion of cost-effective
PV systems into the grid [8,9]. In that case, it is important
for the PV systems to provide dynamic grid support in terms
of low-voltage ride through (LVRT) [10], in order to stabi-
lize the grid and to avoid loss of a great amount of PV power.
Thus, the inverters should stay connected to the grid within
a short time and injected some reactive power to support the
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grid when it presents a voltage dips. As examples, in the Ger-
man grid code, the PVG should stay connected to the grid
when the voltage drops to 0 V in 0.15 s. However, in Italy,
any generation systems with power exceeding 6 kW should
have LVRT capability [11].

To maintain a stable connection as long as possible of
a three-phase grid-connected PV system, under grid dis-
turbances, many control strategies are developed in the
literature. They are principally unity power factor control,
positive sequence control, constant active power control and
constant reactive power control [12—18]. Those works used
many power converter topologies for PV systems such as
two-stage [19,20] or single-stage [20,21], and with trans-
former or transformerless [22]. However, the majorities of
these papers discussed only the inverter control and omitted
the study of the MPPT algorithm.

This paper proposes a flexible power control approach of a
three-phase grid-connected PV system which fulfills the PV
converter operations under normal conditions and grid volt-
age sags. In normal operation mode, a MPPT algorithm and
PQ-control loop have been designed around the converters in
order to maximize the PV power and to provide an ac current
with low harmonic distortions. Under grid faults, the pro-
posed control strategy calculates dynamically the active and
reactive powers that the inverter can deliver at the PCC. Those
values are used as references to calculate the reference cur-
rents and to deactivate the MPPT command according to the
voltage dips and the inverter rating current. This command
is made in dqg-rotating reference frame using Proportional-
Integral (PI) current controllers, and finally, it is compared
to other strategies through experimental results provided by
the literature.

This paper is divided into three sections. Section 2
describes the overall system configuration and control struc-
ture. Section 3 presents the simulation results and discus-
sions. In the last section, some experimental results have been
used to prove the effectiveness of the control strategy.

2 Structure and control

Figure 1 shows a generic diagram of a typical double-stage
grid-connected PV system. It is composed of a PV array, a
dc—dc converter, a voltage source inverter, a LCL-filter to
connect the inverter to the grid and a control system. The
first stage is adopted to boost up the PV voltage within an
acceptable range of the PV inverter [5,7,9] and to set the
point of PVG operation in such a way to maximize its power
generation. The aim of the second stage is to convert the dc
power supplied from the PVG into ac power. A LCL-filter
is used to limit the high-order harmonics coming from the
inverter switching behavior. The monitoring and control unit
consists of voltage sag detection, a power calculation unit,
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Fig. 2 Low voltage ride through of PV power systems [10]

a current and voltage controllers and a MPPT control. The
PV system control is designed considering only the balance
voltage dips.

The high penetration of the PVG into the grid raises some
requirements, such as the power quality, the frequency and
the voltage stability [14]. Moreover, the PVG should stay
connected to the grid within a short time and the inverter
should inject some reactive power when the grid presents
voltage sags. In that case, the control strategy should be
developed in order to remain the behavior of the inverter,
to stabilize the grid-connected PV system and to avoid the
loss of a great PV power generation.

In this paper, a new command scheme for a typical double-
stage grid-connected PV system based on PI regulators is
proposed. It allowed the grid-connected PV system opera-
tion under normal conditions and balance grid voltage sags.
In normal operation mode (NOM), the reference active power
(P*) is approximately equal to the maximum PV power
(P* ~ Ppymax) and the reference reactive power (Q*) is
equal to zero.

The control system should switch from the NOM to the
grid faulty operation mode (GFOM) once voltage sag was
detected [15-18,23]. As indicated by Fig. 2, the inverter
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Fig. 3 Power profiles for a grid-connected PV system in various oper-
ation modes

should inject the reactive power according to the grid
voltage level and duration [24,25]. The reactive power
injected into the grid varied with the voltage sag level, the
inverter rating current and the requirements given in [24]. At
the same time, the PVG should switch to the non-MPPT
functioning mode in order to avoid tripping the inverter
over-current protection [26,27]. Therefore, to maintain the
stability of the overall system, the power supplied by the
PVG should be equal approximately to the inverter output
active power. Figure 3 presents the power profiles for the
grid-connected PV system in normal and faulty operation
modes.

Fig. 4 Control diagram of the
dc—dc converter in various
operation modes

Ta (°C)

) (W/mz)\

2.1 Boost control

In NOM, the MPPT algorithm based on Perturbation and
Observation (P&O) is employed along with the PVG. The
P&O-MPPT algorithm should find the adequate reference
voltage (Vp*v) imposed by the dc—dc converter to the system.
The reference voltage (Vp*v), given by the MPPT algorithm,
constitutes the input of the voltage and the current controllers.
As indicated by Fig. 4, voltage and current control loops
are used in cascade with the MPPT algorithm allowing the
control of the PV energy stored in the output filter (LyyCpy).
The voltage control loop with the PV current compensations
provides the reference current (1), while the current control
loop with the PV voltage compensations give the reference
voltage (V) for PWM. The boost converter command signal
is given, according to [28], by:

v*

mZ = (D
Udc

where

U;; = RCRVU;V + (1 = ReRy)vpy + Rcipv — Rci (2)

Rc and R, represent, respectively, the PV current and
the voltage regulators. When the boost switch frequency is
higher, the time constant is very small and its influence to the
whole system may be ignored, so proportional correctors are
sufficient. They are parameterized according to the value of
the capacitor (Cpy), the inductance (Lpy) and the dynamic
of the regulation loops [29].

Under grid sags, the inverter output current should
increase to keep the power constant [30]. The output current

I PVG { Boost |l dc-link |
iy i LoRp i
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which avoids inverter to shut down. In this case, the inverter * + .
output power became lower than the dc power delivered by Vide K 11+ 1 P
the PVG. Thus, the difference is stored in the dc-link capac- de T
. . . c
itor. As a consequence, the dc-link voltage increases and
exceeds its limit (Vipax) which makes the PV system dis- Ve

connected from the grid network. In that case, to limit the
dc-link voltage, it should limit the power delivered by the
PVG. As a solution, the PV panel should switch to the non-
MPPT operation mode in order to avoid tripping the inverter
over-current protection. Practically, this method is based on
the multiplication of the reference PV current by a coeffi-
cient varying between O and 1 according to the level of the
grid sags. Consequently, the PV current injected by the PVG
decreased and then the MPPT is deactivated. The coefficient
is selected as follows:

o If Voo < Vinax, thenk = 1.
o If Vgo > Viax, then & = f(Vy.) and varies between 0
and 1.

2.2 Inverter control

The main goal of the inverter control, in normal operation
mode, is to transfer all PV power produced into the grid,
to regulate the dc-link voltage and to set a unity power fac-
tor for the grid currents. The proposed control scheme is
two loops based as indicated in Fig. 5. The outer loop is
the dc-link voltage, and the inner one is around the inverter
output currents. Three elementary command blocks around
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Fig. 6 Diagram of the dc-link voltage controller

the inverter appear: the dc-link voltage controller, the current
loop and the phase-locked loop (PLL). Under grid sags, the
inverter control should switch to the GFOM. The reactive and
active power references should be changed within the volt-
age sag level and the inverter rating current. The proposed
control scheme of the inverter in NOM and GFOM is given
by Fig 5.

The power control configured in the PV converters can
change from one to another mode according to the state of
the grid voltage at the PCC. This approach based on the PQ
theory permits the possibilities to generate appropriate ref-
erence currents for the current controller (Figs. 6, 7 ).

2.2.1 Voltage loop

The voltage loop is composed of two modules which ensure
the control of the dc-link voltage and the calculation of the
reference currents. In normal operation mode, the first mod-
ule supplies a dc current allowing the calculation of the active
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power reference injected into the grid. It is given by:
P* = Vch: R vamax (3)

whereas the reference reactive power (Q*) should be zero in
order to obtain the line current in phase with the grid voltage.
The objective of the voltage control loop is to regulate the
dc-link voltage at a specified value and to provide the refer-
ence current. The closed-loop control of the dc-link voltage
is needed because the output power of the PVG varied with
irradiance and temperature. The inverter input reference cur-
rent i is described by the following relation [28]:

i =ide — P1(vg. — vdc) “

To control the dc-link voltage, a Proportional-Integral (PI)
corrector has been used. It is parameterized according to the
capacitor and the dynamic of the regulation loop [31]. The
dc-link voltage reference (v],) is set to 515 V.

Under grid sags, the required active and reactive power ref-
erences should be changed. According to [7], they are given
by:

3

{ P* = 3Vyhy & Py )
0* = ngIZq #0

where Vj is the amplitude value of the grid voltage and Ppy
is the output power provided by the PVG when the boost
command switches to the non-MPPT control. The required
active power was lower than the maximum PV power deliv-
ered in the normal conditions (P* < Ppymax). According to
[32], the inverter should change its output power within the
level of the voltage sags. The reference power (P*) is around
the maximal PV power (Ppymax), if the voltage dip is small,
contrary, if the voltage dip is equal to zero, P* should be
equal to zero.

The second module of the voltage loop is devoted to the
calculation of the reference currents i3, and iikq which are
used in the current loops. Reference currents i3, and i§q are
calculated from the grid voltage and the reference active and
reactive power references. These currents, according to [33],

Voltage (v)

e e
300 [ ST T R

.

200 -
T ..
100 -t

Grid frequency (rd/s)

0]

0.02 0.04 0.06 0.08 0.1 0.12
time(s)

Fig. 8 Behavior of the proposed PLL in NOM: a grid voltage ¢ and
d-components (measure and reference), b grid frequency estimation

are expressed in the synchronous reference dq-frame by:
i) msle 1] ©
l;q ngq + ngd o* P* Veq

2.2.2 PLL loop

According to Eq. 6, the reference currents injected into the
grid are deduced from the measure of the grid voltages.
Indeed, the network voltages at the PCC can contain vari-
ous faults (voltage dips, harmonics, short interruptions, etc.)
which can pass into the current provided by the inverter. To
mitigate this problem, several methods are developed in the
literature [34].

Among those methods, we are interested in PLL expressed
in dg-frame. This method is able to provide the grid frequency
and phase information. The grid phase provided by the PLL
will be used in the current loop unit. The PLL regulator should
be designed to respond within a minimum of overshoot under
grid frequency and voltage variations. According to Fig. 8,
when the difference between grid phase angle (Oe¢) and
inverter angle (6ong) is reduced to zero, the PLL became
active and we obtain: vgq = 0 and vgq = —\/§Vr [34]. The
model of the PLL is strongly non-linear. However, to synthe-
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size the PLL corrector, we considered a linearized model for
weak variations of grid phase angle (6,) as given by Fig. 9.
To avoid oscillation of the PLL response, the damping factor
should be equal to 1, and then, it permits consequently the
deducing of the various regulator parameters.

2.2.3 Current loop

The ac current controller is considered particularly suitable
for active inverters for its safety and stability performance. It
consists of a model-based cascade controller. It is composed
of an outer current controller for the network line current, i.e.,
current 72, an intermediate voltage controller for the filter
capacitor voltage and an inner current control loop for the
inverter current i1, where j = {1.2 and 3}

According to Fig. 5, the current loop should drive the out-
put current o4 and i, to the desired steady-state current,
namely to the shape and phase of the utility grid voltage by
generating control signals m] and m3 for PWM. The line
current is implemented in the synchronously rotating refer-
ence dg-frame. Hence, individual controllers for the active
and reactive quantities with additional compensation for the
cross coupling of the d and q axis components are obtained.
This current controller block is common for both NOM and
FGOM. Its inputs are the d and q current components gener-
ated by the voltage loop (i3, and ié“q). According to the state
space description of the output LCL-filter model [29], the
reference voltages are given by:

* @)

d (; . .
vi = Loy (i3)) + Raiza — wrestLaizg + vga
+ Roizg + wrestL2ing + vgq

* d (-
Ueq = LZE by
The voltage v;‘dq is composed of two terms: the first repre-
sents the network voltage (vgdq) Which is directly measured,
whereas the second represents the voltage drop of the equiv-
alent impedance when it is crossed by the current izqq.
The inverter output reference currents are given by:

o=l ¢ +i
Lig=0Ct dr fWrestVUcq T 12d 8)

iTq = Cfd_:q — CtWrestVed + i2g

In (8), the reference current is composed of two terms. The
first term represents the network current (izqq) which is
directly measured, whereas the second represents the current
crossed the capacitor when it is feed by the voltage vcqq.
The reference voltages, in the inverter-side, are given by:

* ©))

d /(- . .
vi, = L5 (7)) + Riita — orestLiilg + vea
) + Riilg — WrestL1i1a + veq

* d
Ulq _let (llq

The first term in (9) represents the capacitor voltage vedq
which is directly measured, whereas the second term rep-
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resents the voltage drop of the filter impedance when it is
crossed by a current i14q.

According to [35], terms 7, 8 and 9 should be elaborated by
the control loops. The control structure consists of three cas-
cade regulators with additional feed forward and feed-back
terms given by the LCL-filter model. In order to stabilize the
system, the gains of the proportional parts are altered from the
deadbeat gain by the constants kjj, kyc and ki>. Their values
are obtained from the stability analysis given in [36] (Fig. 9).

3 Simulations
3.1 Normal operation mode

Under normal grid conditions, the grid-connected PV sys-
tem is operating in Maximum Power Point Tracking mode,
in order to deliver as much energy as possible to the grid
network and to obtain a power factor near the one. The
most important waveforms simulated are shown in Figs. 10,
11. These simulations have been obtained under constant
irradiance (1000 W/m?) and temperature (25°C). They are
selected to demonstrate the most significant aspects of the
system behavior. The reference and the measure are repre-
sented by dotted and continuous line, respectively. Salient
parameters of the system and regulators are presented in
Tables 1,2. The PV generator is apolycrystalline 24 V/45Wc-
AEGPQ40D.

Figure 10 shows the characteristics of the active and reac-
tive powers provided during the normal grid conditions
(1000 W/m?, 25 °C). This figure presents the maximum PV
power supplied by the PV panels, reactive and active pow-
ers injected into the grid, respectively. At steady state, real
power through the inverter is controlled and reactive power is
forcefully made zero. The reactive power oscillates around
its reference (Q* = 0VAR) showing unity power factor
operation and control performance of the grid current. The
measured active power supplied by the inverter oscillates
around its maximum reference (P ~ Ppymax)-

It can be seen that, in normal operation mode, the inverter
output power follows its reference and that average power
control has been established. The power injected by the
PV panel is approximately equal to the inverter output
power because the converter losses are neglected. Accord-
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Fig. 10 Simulation results under constant climatic conditions: a Max-
imum PV power (blue), inverter output active (green) and reactive (red)
powers, b dc-link voltage (reference and measure), ¢ grid phase pro-
vided by the PLL (color figure online)

ing to Fig. 10b, the dc-link voltage, maintained at a constant
level, followed instantaneously its deadbeat reference volt-
age (V). Consequently, the active power extracted from the
PVG is completely injected into the grid. Figure 10c presents
the grid phase estimated by the PLL. It oscillates around its
nominal value equal to 314rd/s.

In the inverter side, the measured current and voltage d-
components as depicted in Fig. 11 followed their references.
They show the higher performances of the various control
loops designed around the PV converters.

(a) 12

10

Current (A)

’ A R S
0.88 0.9 092 094 096 098
time (s)

() 340

335
330
3254
320
315
310
305

Voltage (V)

0.92 0.93

time (s)

0.9 0.91

Fig. 11 Simulation results (measure and reference) under constant cli-
matic conditions: a Inverter current d-components, b inverter voltage
d-components

3.2 Grid faulty operation mode

In this section, attention is devoted to the grid fault influence
and contribution in a grid-connected PV system. In order to
study and to analysis the behavior of the proposed strategy
and the control scheme in a grid faulty operation mode, a
balance three-phase grid voltage sag is applied at the PCC.
The following figures illustrated the response of the grid-
connected PV system under a balance grid dip characterized
by magnitude and duration (110 V=100 ms).

3.2.1 Enabled of the MPPT command

In the PV converter side, output current, voltage and active
power of the PVG are also as the same because the MPPT
control stay enabled. As indicated by Fig. 12, the PV current
and voltage remain nearly their references. The error between
the reference and the measured PV current has been caused by
the approximation made during the design of the PV current
controller. The voltage dip has not an influence on the max-
imum power provided by the dc—dc converter because the
dc-link capacitor acts as a buffer zone. As shown by Fig. 13,
when the transient fault occurs, the active and reactive powers
deviate from their nominal values. The real power decreases
to 1.6 kW while the reactive power rises up to 280 VAR in
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Table 1 Principal parameters of the system

Parameter value

Cell series resistance Ry 0.011
Cell parallel resistance R 10.35 @
Ideal constant of diode n 1.25

Cell reverse saturation current 13.89.10°T3

Is
Photocurrent of PVG I

Cell reference temperature Tyef

Series cell ng

Parallel cell n;,

Series modules Ny

Parallel modules N,

Short-circuit current of PVG I

Open-circuit voltage of PVG
Vovo

Output PV filter resistance Rpy

Output PV filter capacitance
Cpv

DC-link Capacitance Cyc

Filter inductance L

Filter resistance R

Filter capacitance Cy

Filter inductance L,

Filter resistance Ry

Grid inductance L,

Grid resistance R,

Maximal PV current Ipymax

Maximal PV voltage Vpymax

exp(—13.2.10°/T) A
[2.807 4 1.4.1073
(T—Twp)]0 A
298.15°K
40
1
20
3
8.37A
428V

1Q
0.005 °F

0.009°F
19 mH
0.5Q
10pF
20 mH
0.5
0.005 H
1Q

72 A
340 VA

—~
o
~

Current (A)

6.9

(b)

354
353

352 -

351

350

voltage (V)

349
348
347

2550

2545

2540

Power (W)

2535

2530

2525

1.042 1.044 1.046 1.048 1.05 1.052 1.054
time(s)

Table 2 Principal parameters of the PI regulators

Parameter value
Gain of PV voltage regulator Ry 10
Gain of PV current regulator R, 34
Gain of dc-link voltage regulator kgc 0.001
Const. time of dc-link voltage regulator tgc 0.1
Gain of PLL regulator Ky 10
Constant time of PLL regulator tg 0.1
Gain of the inverter output current regulator ki 50
Const. time of the inverter output current regulator ti; 0.002
Gain of the voltage regulator kv, 0.05
Const. time of the voltage regulator tv, 0.002
Gain of the filter output current regulator ki 10
Const. time of the filter output current regulator tip 0.003

order to withstand the voltage dip. The PV power oscillates
around the Maximal Power Point (MPP) because the P&O-
MPPT algorithm is enabled. When the voltage decreased
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time(s)

Fig. 12 Simulation results (measure and reference) under grid sags: a
PV current, b PV voltage, ¢ maximum PV power

to 50%, the inverter output current increases and becomes
equal to the saturation output inverter current. Then the out-
put inverter power becomes lower than the PV power injected
by the PV panel. The difference between the PV power and
the inverter output power (Ppymax—Pinv) is accumulated in
the dc-link capacitor. As a consequence, the dc-link voltage
(Vi4c) increases to a high level (650 V) which can destroy the
capacitor. Normally, the protection system should disconnect
the inverter from the grid because the dc-link voltage exceeds
the internal protection. Figure 13a shows that, after the sup-
pressed of faults, the inverter output power (Py,y) decreases
slightly and reaches the maximum PV power (Ppymax) in

200 ms. As indicated by Fig. 13b, the dc-link voltage
decreases progressively discharging the energy into the grid
and reaches its reference in 200 ms. The voltage d-component
of the LCL-filter, as depicted in Fig. 13c, follows its refer-
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Fig. 13 Simulation results under grid sags: a maximum PV power
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ence provided by the controller. It shows the performances
of the controller in GFOM.

Figure 13d illustrates the grid frequency estimated by the
PLL. It presents some overshoot at the time of grid voltage
drops. As it can be seen in this figure, the performances of the
PLL are poor during the voltage sag. It was clear that the PLL
dynamics present a significant role in transient behavior of
the grid-connected PV system. Figure 13e, f shows the ac side

~~

=z

N’
»
b3
S

Voltage (V)
D
(=1
(=1

on
o
(=1

~~

="

A2
w
@
3

[
N
o

A A A A A
vy Y

w
o
o

Theta-est (rd/s)
«Q
o

[N
8

o
©
-

1.1 12 13 14

C

500

Voltage éag

voltage (V) and current (A)
o

-500

i i i i i i i
1.07 1.08 1.09 11 1.1 1.12 1.13
time(s)

(measure and reference), d grid frequency provided by the PLL, e, f grid
voltage (green) and (.*40) inverter output current (blue) (color figure
online)

voltage and the inverter output current at the PCC. As it might
be noticed in those figures, there is a phase leading/lagging
between grid side line current and voltage. A low displace-
ment can be noticed between the synthesized current, current
effectively injected into the grid, and the line voltage. As a
result, the unit power factor is not achieved under grid volt-
age dips. For instance, the inverter should provide a reactive
power. Both the start of the voltage dip and the end of that
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Fig. 14 Simulation results under grid sag: a PV operation point on P-V curve in various operation modes, b dc-link voltage (reference and
measure), ¢ PV voltage (reference and measure), d dc current injected by the dc—dc converter

present a transient current oscillations, respectively, deltat;
and deltaty. The current waveform is rather distorted due to
the synchronizing problem. The control succeeds to resyn-
chronize the inverter very quickly after voltage recovery.

3.2.2 Disabled of the MPPT command

According to Fig. 14a, the maximum PV power (Ppymax)
is 2563 W, and the PV voltage (Vpymax) and the PV cur-
rent (Ipymax) at the maximum power are 356 V and 7.2 A,
respectively. Once the grid sag is detected at 1 s, the MPPT
is deactivated and the control system is switched to the grid
faulty operation mode. The PVG provides a new power which
is lower than the optimal PV power. In the same time, the
inverter starts to inject reactive power to support the grid
voltage and limits the active power output to prevent the
inverter from over current protection. The active power pro-
vided by the PVG decreases in order to maintain the dc-link
voltage lower than the limit value (Fig. 14b). Moreover, the
PV voltage increases to 373 V by respecting the PV charac-
teristics (Fig.14c). Figure 14d shows the characteristic of the
dc current provided by the boost during the various operation
modes. In normal operation mode, the continuous current is
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equal to 5 A. The power provided by the PVG was maxi-
mal, and it was equal approximately to 2550 W. When the
control system switched to the fault operation mode, the cur-
rent decreased until 3.4 A. After 100 ms, the fault is cleared
and the grid-connected PV system goes back to its normal
operation mode. In the same time, the MPPT unit continues
to track the optimal PV power. As shown in Fig. 14b, d, the
system takes some time to join its normal state because of
the MPPT process.

Figure 15 illustrates the response of the grid-connected PV
system to 50%—00 ms voltage dip which can occur on the grid
voltage at the PCC. Figure 15b presents the inverter output
active and reactive power variations. It is shown that during
the fault, the PV system is controlled to limit the active power
(= 1900 W) and to inject some reactive power (=~ 280 VAR)
into the grid. As illustrated by Fig. 14a, the PV inverter
increases the ac current when the grid voltage decreases to
keep the power constant. During the step transient in the grid
voltage, there is a phase leading/lagging between grid side
line current and voltage.

Figures 14, 15 illustrate the performances and dynamics of
the command approach when the MPPT algorithm is dis-
abled. This command permits to the inverter to support the
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Fig. 16 Experimental results of a single-phase system under voltage dip: a grid voltage and inverter current, b real and reactive powers

grid within a short time when it presents a voltage dips.
This example of study shows that when the grid voltage dips
stay lower than the thresholds fixed in [37], the command
approach allows the system operations with the injection of
reactive power and the reduce of the active power.

4 Experimental results

For the verification of the proposed approach, we refer to
some experimental results studies in [38]. The whole system
consists mainly of:

— A dc power supply the nominal dc-link voltage.

— A dc capacitor (1100 uF),

— A Danfoss VLT FC302 3-phase inverter which is config-
ured as a single-phase inverter. Its rated current is equal
to SA.

— A sag generator,

— An LCL-filter connects the inverter to the grid (L =
1.8mH, C = 4.3 nwFand L = 4 mH).

— A FPGA control system.

For the laboratory test, the nominal grid voltage is set to
220 V RMS, the frequency is equal to 50 Hz and the PWM
frequency is set to 8 kHz. The control strategy has been tested
under voltage sag (50%—100 ms).

Figure 16 shows the performance of the inverter under grid
voltage dip with the flexible power control strategy. It shows
that the control is able to operate even during a very shallow
voltage dip. As it can be seen before the grid fault, the reactive
power is zero and the real power supplied by the inverter
is constant and maximal. An inverter current THD, lower
than 5%, around the rated inverter output current, has been
achieved (Fig. 16a). When a grid voltage occurs, the control
system reduces the output active power (P) and increases
slightly the reactive power (Q) according to the depth of the
voltage sag in order to withstand the dip (Fig. 16b). The end of
the fault presents a transient time delay (z4) due to the fault
detection and the response of the controllers. The inverter
can stay connected and energizes the grid in the presence of
voltage sags.

Figure 17 shows a zoom on the waveforms (current and
voltage) obtained when the grid voltage is subjected to a
(50%—-100 ms) voltage dip. During the fault, the inverter tends
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Fig. 17 Experimental results of a single-phase system under voltage dip: a, textbfb grid voltage and inverter current

to increase the ac current when the voltage decreases at PCC.
At the same time, a phase leading/lagging between grid side
line current and voltage appears. In that case, a reactive cur-
rent is injected into the grid in response to the grid faults.
According to Fig. 16, it has been observed that the current
control loop is very fast and able to respond to voltage distur-
bances in two cycles. This behavior is very positive since it
would tend to mitigate voltage dips. The flexible power con-
trol succeeds to resynchronize the inverter very quickly after
voltage recovery. When the voltage sag is cleared, the system
returns to its normal operation mode and injects current at
unity power factor.

Referring to Figs. 15, 16, it is seen that the experimental
results are in agreement with the simulation results shown in
Figs. 14, 12e, f, and have corroborated the effectiveness and
the flexibility of the proposed control strategy.

The theoretical results can be very helpful for the study
of the transient properties of the inverter (decoupling pro-
tection, current control loop and MPPT tracker, etc.) and
allow PV converters to have a better tolerance to shallow
voltage dips without threatening the safety and stability of
the connected PV system. Hence, the flexible power control
strategy, proposed in this study, can be an enhancement for
the future PV converters. It contributes to reduce the cost
of energy and thus enables more cost-effective PV installa-
tions.

5 Conclusion

In this paper, a control strategy approach has been developed
around a double-stage grid-connected PV system function-
ing under various operation modes. It is observed that, during
the NOM, the command ensures a maximum PV power and
regulates simultaneously the dc-link voltage and the output
inverter currents. Moreover, it permits to inject energy into
the grid at unity power factor and a current with low harmonic
distortion. In the GFOM, the active and reactive power ref-
erences have been changed within the voltage sag levels and
the inverter rating current. The inverter delivered a reactive
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power slightly greater than zero and decreased the output
active power in order to stabilize the whole system. In the
GFOM, we demonstrate that the control strategy ensures a
grid sinusoidal current at the PCC and provides ride through
capability during grid faults. Moreover, this command con-
tributes to the system stability and overcomes some problems
such as harmonic distortions and power factor quality. It
has been demonstrated that the proposed control strategy
improves the availability and the reliability of the distributed
network under grid faults. Hence, it is expected for the future
PV converters to have some ancillary and intelligent service
like flexible active power control and reactive power compen-
sation. Together with higher efficiency and higher demands,
those functionalities represent the key to reduce the total cost
of energy and thus an expansion of cost-effective PV systems
into the grid.
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