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Reconfigurable control scheme for a PV
microinverter working in both grid connected and
island modes.

Abstract- In this paper a photovoltaic microinverter capable of
operating in both isdand mode and grid connected mode by
means of a reconfigurable control schemeis proposed. Themain
advantage of control reconfiguration is that in grid connected
mode the microinverter works as a current source in phase with
the grid voltage, injecting power to the grid. This is the
operation mode of most commercial grid connected PV
microinverters. Theidea isto provide those microinverters with
the additional functionality of working in isand mode without
changing their control algorithms for grid connected mode,
which were developed and refined over time. It is proposed that
in island mode the microinverter control isreconfigured to work
as a voltage source using droop schemes. These schemes consist
in implementing P/Q strategies in the inverters, in order to
properly share the power delivered to the loads. The aim of the
paper is to show that the proposed control reconfiguration is
possible without dangerous transients for the microinverter or
the loads. Simulation and experimental results on an 180W
photovoltaic microinverter are provided to show the feasibility
of the proposed control strategy.

I. INTRODUCTION

In the last years one of the priorities worldwide is
developing alternative sources to produce electric energy,
especially from renewable sources, which produce low
environmental contamination levels. Those renewable energy
sources play an important role in the long-term, and they will
give rise to substantial changes in the technologic,
environmental and organizational profile of the global energy
system [1].

Besides, the possibility to produce energy close to the
consumption points along with energy delivery problems in
isolated and rural areas turn distributed generation (DG) [2]
into an interesting and promising technological option.

Accordingly to the expressed above, it is feasible to
implement interfaces able to get connected to the grid in order
to transfer the energy coming from renewable sources (grid
connected mode), as well as to feed local loads when there is
a lack of distribution grid (island mode). Those interfaces are
known as microgrids [3].

A microgrid is able to flexibly import and export energy
from and to the grid. It controls the flow of active and
reactive power [4]. The inverters working in a microgrid must
be able to work in grid connected mode, injecting power to
the distribution grid, as well as in island mode, delivering a
proper AC voltage quality to local loads [5].

Most commercial grid connected PV microinverters
operate as a current source in phase with the grid voltage,
injecting power to the grid [6]. The control algorithms for
these microinverters have been developed and refined over

time, being highly efficient for grid connected operation.
Therefore, many microinverter manufacturing companies
may be prone to keep their reliable grid connection control
algorithms while incorporating new functions.

The main contribution of this paper is to provide those
microinverters with the additional functionality of working in
island mode without changing their control algorithms for
grid connected mode.

There are several studies about the proper operation of
inverters working in both grid connected and island modes. A
possible solution is based on droop schemes. These schemes
consist in implementing P/Q strategies in the inverters, in
order to properly share the power delivered to the loads and
avoid critical communication lines between inverter modules.
In [4] and [7] the inverters are controlled by droop schemes in
both operation modes. These inverters are controlled as
voltage sources even if they are connected to the grid, so that
experienced control algorithms that inject the inverter output
current in phase with the grid voltage (current source
algorithms) developed for commercial inverters in grid
connection mode are discarded.

In [8] it is described that under normal operation the
inverter works in a constant current operation mode in order
to provide a preset power to the grid. When the islanding
situation happens, the inverter must detect it and switch to
voltage mode operation. In this mode the islanded inverter
will provide a constant voltage to the local load. Additionally,
[8] proposes an intelligent load-shedding algorithm for
intentional islanding and a synchronization algorithm for grid
reconnection. However, the paper does not mention how to
parallelize inverters. Furthermore, the reference imposed to
the voltage controller has a fixed value.

In [9] it is presented a practical single-phase inverter-based
microgrid system that ensures smooth mode transfer between
island and grid modes, while maintaining accurate current
sharing and high-quality output waveforms. The complete
system is implemented using robust CAN communications,
including an upper level controller that assigns each inverter
to run in voltage or current loop control, a current sharing
control and a mode transfer algorithm. However, this system
requires a communications bus to operate properly, which
means an increased cost.

In other studies like [10] and [11] reconfigurable control
schemes are proposed, based on a very simple and effective
type of control. This control is the multiloop linear PI control
system. This method uses linear inner and outer PI control
loops to regulate the system state variables. However, in these



papers it is not clearly explained how inverters are
parallelized sharing the load power.

Given the above, this paper aims to show a reconfigurable
control scheme based on multiloop control in both operation
modes. Droop schemes are used in the island mode. The idea
is to use “current source” control algorithms implemented in
commercial microinverters for the grid connected mode, in
which case an inner loop provides control of the AC grid
injected current, whereas an outer loop regulates the DC
voltage at the input of the inverter. In island mode, the inner
current loop doesn't change, but the aim of the outer loop is
to regulate the inverter output voltage, i.e. a “voltage source
algorithm”. The voltage controller follows the reference
imposed by droop schemes. These schemes are well suited for
parallel inverter operation without communication lines
among the inverters sharing the load power.

Besides, this paper presents the operation of the
microinverter in island mode, without the need of additional
energy storage systems, such as batteries and supercapacitors.
The microinverter delivers the energy demanded by the load
if enough energy is available from the PV panel.

Additionally, in the paper it is shown that the proposed
control reconfiguration is possible without dangerous
transients for the microinverter or the loads.

This paper is organized as follows. The second section
presents the characteristics of a photovoltaic (PV)
microinverter working in grid connected mode. The third
section shows the method selected for island detection, which
determines whether the microinverter is connected to the
distribution grid or not. The fourth section presents the
characteristics of the microinverter for island mode operation.
The fifth section shows the transition between operation
modes. Simulation results are provided in the sixth section to
illustrate the feasibility of the proposed controllers. The
seventh section shows the experimental results. Finally,
conclusions are provided.

II. PV MICROINVERTER SYSTEM DESCRIPTION IN GRID
CONNECTED MODE

Fig. 1 shows the scheme of the PV microinverter that has
been implemented. The control configuration corresponds to
grid connection mode. The microinverter is fed by a DC
programmable source in which the I-V curve of a PV panel
has been programmed. The panel voltage is in the range 26-
36.7V at the maximum power point (MPP), so that a DC-DC
stage is needed to raise the voltage supplied by the panel to
suitable levels (Vpc=380 V) for grid connection of the power
processing system. A push-pull DC-DC converter has been
chosen for this purpose. For DC-AC conversion a current-
controlled H-bridge inverter with bipolar PWM [12] with an
output LCL filter [13] has been chosen. Note that the use of a
push-pull topology provides galvanic isolation without the
need of bulky and heavy low frequency transformers.

As it can be observed from Fig. 1, the control of the Push-
pull converter starts from a maximum power point tracker
(MPPT), implemented by a P&O (perturb and observe)
algorithm [14]. The output of the MPPT, V, ,; is the

reference for the PV panel voltage, V,. The error between
both signals is amplified by a PI voltage controller whose
output is the control voltage, V., of the peak current mode-
control loop (PCC) [15]. This control voltage limits the peak
value of the current through the primary of the push-pull
transformer, avoiding its saturation. The PCC control of the
DC-DC converter transformer primary current combined with
the control of its input voltage (the PV panel voltage) was
proposed in [16] in the context of double-stage PV inverters.
In the PCC PWM modulator an external stabilization ramp,
of slope S,, is added to the sensed current through the
transformer primary (of slope S,). Fig. 2 shows the control
structure of the PCC loop applied to the push-pull converter.
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Fig.1. Block diagram of the PV microinverter. The control
configuration corresponds to grid connection mode.
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Fig.2. PCC scheme of the push-pull converter for grid connection
mode operation.

The PWM inverter has an inner current controller based on
a harmonic compensator [17] in order to comply with the
IEEE 929-2000 standard [18], in terms of the THD of the
current injected to the grid. The amplitude, e pear, is the sum
the power-feedforward term, used to achieve a fast response
of the inverter control to changes in the power generated by
the panels [19], and the output of the PI controller of the
inverter DC_link voltage, I This amplitude is multiplied by
cos(Gyy) for synchronization with the fundamental
component of the grid voltage. A synchronous rotating
reference frame phase locked loop (dqPLL) [20] is used for
grid synchronization. Fig. 3 shows the dqPLL block diagram.
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Fig.3. Block diagram of the dqPLL.

Table 1 shows the electrical parameters of the PV
microinverter under study.

TABLE II
EXPRESSIONS OF THE CHOSEN CONTROLLERS, CROSSOVER FREQUENCIES AND
PHASE MARGINS. GRID CONNECTED MODE.

Push-pull

Controller Expression in the continuous time C.freg.

mar.
PW(}lwl Y— L — 2.63kHz  66.4°
modulator Y~ (1=2:D).V, R, +Ly -S, N’ -0okHz -
gain.
R;. 0.015Q
S.. 2181 V/s
Input
voltage -1 (kp + ﬁ] =-1- [1-5 + @J 98.4Hz  89.6°
controller S S
Inverter
Current
k,-B,-s 100 (27)-s
ke, +———t —~=1.04+— - i 6°
controller " 4B, s+ (@) S 1275 +(1002) 1.28kHz  58.6
DC_link
— 0.04
voltage —l |k, +—|=-1"|25+—— 10Hz 87°
S

controller

TABLEI
ELECTRICAL PARAMETERS OF THE PV MICROINVERTER UNDER STUDY

Parameter Values
Panel voltage variation (V) [24V —-36.7V]
Injected power by panel (P,, ypp) 180w
DC link voltage (Vpc) 380V
Inverter output voltage (Vo rus) 230V rus
Inverter output frequency (f;) 50Hz
Push-pull inductance (Ly) 1ImH
Push-pull input capacitance (Cjy) 470uF

Push-pull transformer turns ratio (N) 20

Push-pull switching frequency (f;) 20kHz
DC _link capacitance (Cpc 1ivk) ImF
Inverter inductance (L) 19.1mH
Inverter output capacitance (C) 600nF
Damping resistance (R;) 50Q
Inverter switching frequency (f5;) 20kHz

Table II shows the expression of the chosen controllers for
both, the inner current loops and the outer voltage loops,
along with the corresponding crossover frequencies and phase
margins both for the push-pull and for the H-bridge inverter
in grid connection operation mode. In table II the term F), is
the PWM modulator gain, which depends on S, and §,. This
value should be adjusted properly in order to guarantee the
stability of the current loop [16]. Details about the adjustment
of the inverter controllers in grid connected mode can be
found in [21].

III. ISLANDING DETECTION METHODS

The condition of “islanding” in a distributed power
generation system is an electrical phenomenon which occurs
when the energy supplied by the power grid is interrupted and
the distributed generators (DGs) continue energizing some or
the entire load. Thus, the power grid stops controlling this
isolated part of the distribution system, which contains both
loads and generation, so that security, restoration of service
and reliability of the equipment may be compromised [22]
[23].

The main idea to detect an islanding situation is to supervise
the DGs output parameters and/or other system parameters in
order to determine if changes indicating an islanding
condition have occurred. Islanding detection techniques can
be divided into remote and local ones, whereas the latter
techniques are divided into passive and active ones, as shown
in Fig. 4 [24].

Active Techniques

Local Techniques

Islanding
Detection

Passive Techniques

Remote
Techniques

Fig. 4. Anti-islanding techniques classification.

Before defining the different methods of islanding
detection, it is important to highlight two key features in
order to understand the islanding phenomenon. The first one
is associated with the so-called “Non-detection zone” (NDZ).
NDZ can be defined as the range (in terms of the power
difference between DG inverter and load or load parameters)
in which an islanding detection scheme under test fails to
detect this condition [25]. The second one is associated with
the type of loads (potential loads inside an isle), which can be
modelled as a parallel RLC circuit. This circuit is primarily
used because it raises more difficulties for islanding detection
techniques than others. Generally, non-linear loads that



produce current harmonics, or constant power loads do not
represent difficulties for islanding detection [26].

The passive techniques are based on islanding detection
through monitoring of parameters such as voltage, current,
frequency and/or their characteristics.

Those techniques interrupt the inverter operation when a
transition occurs beyond the limits established for these
parameters. They have the advantage of not worsening the
quality of power, but exhibit a considerable Non Detection
Zone (NDZ). The main passive techniques are:

- Over/under-voltage and over/under-frequency [27]

- Detection of voltage and current harmonics [28].

- Detection based on state estimators [29].

The active techniques intentionally introduce disturbances
at the output of the inverter to determine if they affect
voltage, frequency and impedance parameters, in which case
it is assumed that the grid has been disconnected and the
inverter is isolated from the load.

Active techniques have the advantage of remarkably
reducing or even eliminating the NDZ, but in order to achieve
their purpose they may deteriorate the quality of the grid
voltage or even cause instability. Among the active
techniques can be found:

- Harmonic injection/detection of impedance [30].

- Sandia Frequency Shift (SFS) Sandia Voltage Shift

(SVS) [31].

- Variation of active power and reactive power [32].

- General Electric Frequency Schemes (GEFS) [33].

The method used in this work is the active method based on
harmonic injection. This method has the particularity of
monitoring changes in the grid impedance due to the injection
of a particular harmonic or a sub-harmonic [34]. It is based on
the idea that when grid is connected, the impedance of the
grid at the injected harmonic frequency is lower than that of
the load, so that and the current produced by this harmonic
flows into the grid. When the grid is disconnected, the current
produced by the injected harmonic flows through the load,
producing a voltage harmonic which can be detected.

In order to inject a second harmonic, the method based on
PLL perturbation shown in [30] has been adopted in this
work. The idea is to inject a harmonic current, in this case a
second-order harmonic, to change the phase of the inverter
current (cos(6yy) in Fig. 1). This is achieved by injecting a
sinusoidal signal synchronized with the PLL phase which
forces to smoothly modify the phase of the inverter current. A
feedback signal is extracted from the point common coupling
voltage (V, component) as a result of the injected harmonic
signal. When the grid is disconnected, a high second
harmonic in ¥, can be detected.

Fig. 5 shows a block diagram of the adopted anti-islanding
method based on the injection of a second harmonic and on
the detection of grid impedance changes.
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Fig. 5. Block diagram of the adopted islanding detection method.
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IV. MICROINVERTER SYSTEM DESCRIPTION IN ISLAND
MODE

The control configuration proposed for the PV
microinverter working in island mode is shown in Fig. 6.

In island mode and without the use of backup energy
storage elements, the microinverter should deliver the amount
of energy demanded by the load, supposing that the PV
generation capacity is not exceeded. In that case the supplied
power should be limited to the maximum available one from
the source. To achieve this, in [35] it is proposed regulate the
input voltage (V) of the push-pull by means of a reference set
by the addition of two components (see Fig. 6). The first one
is the signal calculated by the maximum power point tracker,
MPPT (Ve mppr), implemented by a P&O algorithm. The
second component is obtained by closing an external voltage
loop, which controls the output voltage (Vpc) of the push-
pull, i.e., the DC input voltage of the inverter. Note that this
voltage is usually controlled by the inverter in grid connected
applications, because there is no need to regulate the inverter
output AC voltage and, therefore, the inverter can adjust its
input DC voltage by managing the amount of energy that is
injected to the grid.

On the contrary, in island mode the inverter feeds the local
loads, offering similar waveform characteristics, both in
voltage and frequency, as the distribution grid. As the inverter
controls its output voltage in island mode, it is obvious that it
cannot also regulate its input DC voltage. Apparently, the
DC-DC converter could achieve this task in a conventional
way, i.e., by closing a voltage control loop of its output
voltage (i.e. the inverter input voltage) around the inner
current loop. However, in that case the PV panels voltage
would become uncontrolled and the extracted PV energy
would not be efficiently managed. Thus, the maximum power
point (MPP) or another power point demanded by the loads
would not be reached. With the approach proposed in [35],
the push-pull converter can regulate simultaneously both its
output and input voltages. The input voltage is adjusted by
closing a control loop around the inner current loop, whereas
the output voltage is regulated by means of an additional
control loop, as it is shown in Fig. 6. It is worth pointing out
that the controller of Vpc in Fig. 6 is a PI one with a negative
sign in cascade with an integrator.

Besides, it should be taken into account that the power
provided by the microinverter is that required by the loads.



For this reason, it is necessary to find the inverter voltage
reference as a function of the active and reactive power
consumed by the load. The droop method [36] is used to meet
this goal.
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Fig. 6. Control configuration of the PV microinverter working in
island mode.

Table III shows the expressions of the chosen regulators for
both the inner current loops and the outer voltage loops, along
with the corresponding crossover frequencies and phase
margins for the microinverter in island mode. Details about
the adjustment of the controllers in island mode can be found
in [35], [37].

TABLE IIT
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In order to establish the inverter voltage reference for the
voltage controller, droop schemes [38] are applied. Such
methods are based on the well-known concept of the power
flow management in large-scale AC generators, which lies in
reducing the frequency when the output power is increased
[39].

A scheme that represents the power flow through a
transmission line is shown in Fig. 7.
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Fig. 7. Power flow through a transmission line.

where Z and 6 represent the magnitude and phase of the
output impedance, respectively, and J represents the phase of
the voltage between points A4 and B.

When the impedance of the transmission line has an
inductive behavior (Z=/X), the active power (P) and reactive
power (Q) supplied to the load can be expressed as:

P= VA}'{VB sind )
Q:VA~VB~c055—VBz )
X

From (1) y (2), and considering small a phase difference
between V,y V3 (i.e. a small ), it can be observed that P has
a strong dependence on the angle J, whereas Q depends on
the amplitude difference between V,y Vj.

The adopted droop scheme is depicted in Fig. 8.
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Fig. 8. Static droop characteristics for inductive output impedance.

The frequency (@) and the voltage amplitude () of the
inverter voltage reference can be expressed through equations
(3) and (4).

=0 -m-P
3)
E=E -n-Q 4)

Being w” and E” the frequency and amplitude of the inverter
reference voltage at not load, whereas m and n represent the
frequency and amplitude droop coefficients, respectively.

The coefficients m and n can be chosen as in the
conventional droop method to ensure steady state control
objectives [40] as follows:

Aw
2% 5
m P (5)

AE
n="2E (6)

Qmax

, where P, and Q,,, are the maximum active and reactive
powers that can be delivered by the inverter and 4w and AE
are the maximum frequency and output-voltage amplitude
deviations allowed. Hence, these two parameters can be fixed
by the designer taking into account the tradeoff between the



power sharing accuracy and the frequency and amplitude
deviation. In this case m and n were set to 0.001.

The active power (P) can be obtained by means of low pass
filtering the inverter instantaneous output power. It is
necessary take into account that the conventional droop
scheme cannot satisfy the need for synchronization with other
inverters or with the grid due to the frequency variation of the
inverters, which produce a phase deviation. To obtain the
required performance it is necessary to eliminate the DC
component of the active power. In [41] is proposed include a
high pass filter in series with the low pass filter. Therefore the
resulting filter is a band pass filter.

The reactive power (Q) is calculated in a similar way.
However, in this case the output voltage measurement is
delayed 90° and a low pass filter is used. The expressions of
the chosen band pass filter, BPF(s), and of the low pass filter,
LPF(s), are presented in equations (7) and (8), respectively.

BPF(s)=—> !

: (7
0.3183-5+1 31.83-107-s+1
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LPF(s)=——
)= 3183107541

V. TRANSITION BETWEEN OPERATION MODES

In this section it is provided a brief description of the
control configuration changes that occur in the transition
between operation modes.

A. Transition From Grid Connected Mode to Island Mode.

In the transition from the grid connected mode to island
mode it is necessary to change the voltage controller of the
inverter, because in grid connected mode the voltage loop
controls the DC_link voltage, Vpc, whereas in island mode
the load voltage, Vo, is controlled. Furthermore, the reference
for the voltage controller in island mode is provided by the
droop scheme, whereas it is a constant value for the grid
connected mode. In the same way, the push-pull voltage
controller changes its control configuration to regulate the
DC_link voltage and adjust the input voltage to the push-pull.

In order to avoid abrupt transitions from one operation
mode to the other, the final conditions of the controllers in a
particular mode must be equal to the initial conditions of the
controller in the new mode. It should be highlighted that the
same output current controller for both push-pull and inverter
are used in both operation modes [42].

B. Transition From Island Mode to Grid Connected Mode.

When the microinverter is operating in island mode and the
grid is reconnected it is possible to interconnect the
microinverter to the grid. This is done by synchronizing the
microinverter output phase with the grid phase. This action is
accomplished by measuring the corresponding phases and
doing their difference near to zero using a synchronization
loop [41]. Fig. 9 shows the synchronization loop.
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Fig. 9. Block diagram of the droop scheme with synchronization
loop.

From Fig. 9 it can be found the expression of the inverter
output frequency during the synchronization with the grid:

w=w —m-(P-BPF(s))-k,-A, )

, where 4, is the phase difference (in radians) between the
microinverter and the grid, and k, is the frequency
proportional constant. For this work the phase measurement
was performed by means of two dqPLL. Once the angular
difference becomes zero through the action of the
synchronization loop, the switch reconnects the microinverter
to the grid. A value of k, =(0.2 was chosen to ensure a fast
and suitable synchronization between the inverter and the grid
without affecting the system stability.

VI. SIMULATION RESULTS

The results of the PV microinverter operating in grid
connected mode and in island mode are shown in the
following. The system has been simulated by means of PSIM
7.0.5 simulation software [43]. Additionally, it has been
considered a grid inductance (L,) of 1.91mH, i.e. 10% of the
inverter output inductor and 0,2% of the base inductance of a
180 W PV inverter.

Fig. 10 shows the main waveforms of the microinverter
connected to the grid in the case of step variations of the
current delivered by the PV source, /,,. It is worth pointing
out that irradiance variations on the PV panels cannot
provoke so quick 7, variations in a real case, but this
simulation is a tough stability test for the microinverter
control loops. In the experimental results to be shown in
section VII, those /,, steps can be achieved by means of a DC
programmable source. In Fig. 10 it is observed that under
variations of the PV source current, the output current is
properly controlled, allowing the power injection to the grid
according to the maximum available power.
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Fig. 10. Main waveforms in grid connected mode.

Fig. 11 shows the waveforms when the grid is disconnected
from the microinverter and from a 440 Q resistive load and
the waveforms after the subsequent microinverter control
reconfiguration from grid connected mode to island mode.
The upper waveform signals the islanding instant, going from
high to low level when the grid is disconnected.
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Fig. 11. Main waveforms during the microinverter control
reconfiguration from grid connected mode to island mode.

As it can be observed from Fig. 11, the microinverter injects
the maximum available power before the disconnection of the
grid (180W). When the grid is disconnected, the control
scheme changes to island mode, feeding the microinverter a
resistive load that absorbs 120W at 230 Vrms. It can be
observed that the PV panel voltage, V,, increases in order to
leave the panel MPP.

Fig. 12 shows the waveforms during the reconnection of the
microinverter to the grid, and the subsequent microinverter
control reconfiguration from island mode to grid connected
mode.
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Fig. 12. Main waveforms during the microinverter control
reconfiguration from island mode to grid connected mode.

Note that the reconnection transient exhibits no oscillations,
and the controllers are adjusted quickly to operate in grid
connection mode.

Fig. 13 shows the main waveforms of two equal
microinverters operating in parallel when the disconnection
between the grid and the microinverters takes place. In this
situation the microinverters have a load distribution defined
by their corresponding m and n slopes, which agree in this
case. The upper waveform signals the islanding event.
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Fig. 13. Main waveforms of two inverters connected in parallel in
the transition from the grid connected mode to the island mode.

Fig. 14 shows the main waveforms of two equal
microinverters operating in parallel when the reconnection
between the microinverters and the grid takes place. Int=0.4
sec. the grid voltage comes back and the synchronization
algorithm starts to synchronize vo;, vo, and vg,;,. Int =1 sec.
the grid circuit breaker is closed. The transition from island
mode to grid mode is very smooth, without oscillations that
can damage in the system.
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Fig. 14. Main waveforms of two inverters connected in parallel in
the transition from the island mode to the grid connected mode.

VII. EXPERIMENTAL RESULTS

Experimental tests have been performed in order to show
the feasibility of the proposed controllers. The hardware setup
shown in Fig. 15 is based on an 180W microinverter whose
characteristics have been summarized in Table I, whereas the
adjustment of the controllers has been described in previous
sections. A TMS320F28335 Digital Signal Processor (DSP)
performs the inner current loop and an outer PI controller that
ensures voltage regulation for both grid mode and island
mode, corresponding to the inverter control. The droop
schemes of the inverter and the voltage controller of the
push-pull converter are also running on the DSP. The
sampling frequency is 40 kHz and the Tustin method has
been chosen for the controllers discretization. The DSP
control also includes a PLL block in order to synchronize the
microinverter with the grid. The experimental results have
been obtained by connecting a programmable DC power
supply AMREL SPS800-12-D-013 to the microinverter input.

Fig. 15. Laboratory setup to test the reconfigurable control scheme
for a microinverter working in both grid connected and island
modes. A. Oscilloscope, B. Point of common coupling, C.
Microinverter, D. DC power supply AMREL SPS800-12-D-013, E.
TMS320F28335 Digital Signal Processor, and F. Loads.

Fig. 16 shows a large-signal stability test of the
microinverter in grid connected mode. The DC power supply
has been configured as a current source that undergoes a
sudden step in Ipy from 4A to 6A and back to 4A. The output
voltage of the DC supply (microinverter input voltage) is
controlled by the push-pull to a constant value Vp- = 28V.
The test is useful to demonstrate the robustness of the
dynamics of the proposed control structure to fast transients,
although the variations of Ipy are not so fast in a real PV
panel. It can be observed from Figure 16 that the dynamic
response of both the grid injected current and of Vpcis stable
and well damped.

0 1oa B 200v/ B 200y B 5004/ ; 64907 50008/ Stop ¥ @ 1007

M

10

RMSI1 | 748mA | Avg(2): 37648V | Avai3}: 27.875V [ Avaid ] 5.012A |
~  Source J +2) Select: ‘ Measure ‘ Clear I g I Thresholds ]
4 Avg Avg Meas ~&- ~-

Fig. 16. Large-signal response of the microinverter. Input current
step Ipy (first trace, SA/div) from 4A to 6A and back to 4A. ip
(second trace, 1A/div). Ve (third trace, 20V/div). V, (fourth trace,
2V/div). Time scale=500ms/div.

Fig. 17 shows the transition from grid connected mode to
island mode (start of the islanding situation) with a local load
of 350Q2 (151 W at 230 Vrms). As it can be observed, the
microinverter can, with a smooth transient, switch from grid
connected mode to island mode while regulating the output
voltage quickly to the nominal operating range. In grid
connected mode the microinverter output current follows a
reference that allows to inject the maximum available power
from the programmable DC source, whereas in island mode
the output current follows the reference imposed by the droop
schemes (load). In this case the resistive load absorbs a
smaller power (151 W) than that injected to the grid before
islanding (180 W). Additionally, the microinverter input
voltage is adjusted by a perturb and observe (P&O) MPPT
algorithm [14] to follow the load power consumption.

Fig. 18 shows a detail of Fig. 17, in which a good transient
response between both operation modes is observed.
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Fig. 17. Transient response of the transition from grid connected
mode to island mode. vq (first trace, 500V/div). ip (second trace,
2A/div). Vpc (third trace, 20V/div). V, (fourth trace, 10V/div).
Islanding detection signal (fifth trace). Time scale=200ms/div.

It is observed from Fig. 17 that the steady state value of Vp¢
in island mode is slightly higher (385 V) than in grid
connected mode (380 V). This small difference is due to
slight differences in the Vpc reference imposed to the inverter
and to the DC-DC converter in the experimental prototype.
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Fig. 18. Detail of the transient response of the transition from grid
connected mode to island mode. vq (first trace, S00V/div). ig
(second trace, 2A/div). Vpc (third trace, 20V/div). V, (fourth trace,
10V/div). Islanding signal (fifth trace). Time scale=20ms/div.

Fig. 19 depicts the transient response of the microinverter
for resistive load step changes from 120W to 182W and back
to 120 W (440Q2 to 290Q and back to 440Q) in island mode.
It is shown that when the microinverter works with the droop
schemes the load changes do not affect significantly the
microinverter operation, whereas the transients are smooth.

=‘1—'——
—
e

il lllmiln thHi ““““*.‘!.‘i.‘.!,'.'.'H”l'
JWWM M'ﬁ'ﬁ|¥'}"i‘i 'ii!h" 'iﬂ'hi}.f Al ;-;-[;;Wn i

I

Vi
AR AR RSN

e S 45 A

k-

Imil | 2310V IE#-i 860mA |A!H 2} 3675V | Avoi3]
-~ Source ) Select: Measure Clear Satfings

Fig. 19. Transient response for load step changes in island mode.
Vpc (first trace, 100V/div). vq (second trace, S00V/div). ig (third
trace, 2A/div). V, (fourth trace, 10V/div). Time scale=200ms/div.
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Fig. 20 shows the synchronization between the
microinverter output voltage and the grid voltage when the
grid is reconnected. When both phases match the circuit
breaker can be reclosed.

Fig. 20. Microinverter output voltage synchronization with the
grid voltage (top, 100V/div). Detail of the synchronization signals.
(a) Start of the synchronization and (b) Synchronized signals. Time

scale= 200ms/div.

Fig. 21 shows a smooth transition between island mode and
grid connected mode. Once the: grid and the inverter voltages
are synchronized, the grid circuit breaker is reclosed. This
transition has no significant voltage or current transients. The
microinverter is loaded with 150W in island mode. After the
transition, the microinverter injects the power supplied by the
programmable DC source into the grid, in this case 180W.
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Fig. 21. Transient response for the transition from island mode to
grid connected mode. vq (first trace, 500V/div). ig (second trace,
2A/div). Vpc (third trace, 20V/div). V, (fourth trace, 10V/div).
Reconnection signal (fifth trace). Time scale=200ms/div.

Fig. 22 shows a detail of Fig 21, in which a good transient
response of the transition from island mode to grid connected
mode, is observed.
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Fig. 22. Detail of the transient response of the transition from
island mode to grid connected mode. v (first trace, 500V/div). ig
(second trace, 2A/div). Vpc (third trace, 20V/div). V, (fourth trace,
10V/div). Reconnection signal (fifth trace). Time scale=50ms/div.

VIII. CONCLUSIONS

The control algorithms for grid connected PV
microinverters have been developed and refined over the
time, being highly reliable for grid connected operation. The
main contribution of this paper is to provide those
microinverters with the additional functionality of working in
island mode without changing their control algorithms for
grid connected mode. It is proposed to reconfigure the
microinverter control in island mode to work as a voltage
source using droop schemes. This paper is focused on PV
generation systems based on a double power conversion
structure (DC-DC converter + inverter), although the
reconfiguration proposal could be applied to other topologies.

The control structures for both PV microinverter operation
modes are presented in this paper. In the grid connected mode
the inverter controls its input DC voltage and its output
current, working as a current source in phase with the grid
voltage, injecting the available PV power to the grid, whereas
the DC-DC converter connected between the PV panel and
the inverter controls the microinverter input voltage (i.e. the
PV panel voltage) achieving the MPP tracking. This is the
operation mode of most commercial PV grid connected
microinverters based on a double power conversion structure.
In the island mode the same current controller is used for the
inverter, but its voltage controller is reconfigured in order to
regulate the inverter output voltage. Besides, in that operation
mode the DC-DC converter controls its input voltage,
whereas its output voltage (i.e. the inverter input voltage) is
regulated by means of an additional control loop. In that way
proper voltage and frequency levels are provided to the local
loads. The reference for the inverter voltage loop is obtained
by means of droop schemes. Such schemes allow the inverter
to work in grid isolated mode. The reconfiguration of the
controllers from one mode to the other one is validated
through simulation. Finally, experimental results have been
presented in order to validate the proposed approach, showing
a proper reconfiguration of the controllers both when the
islanding situation appears and when the grid is reconnected.
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