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ABSTRACT Solar energy can be captured by Photovoltaics (PV) and converted into electrical power. This
electrical power can then be connected to grids by power electronic converters, which can also operate the
PV panels at around their maximum power point (MPP), maximizing the harvested energy. When the PV
panels are connected in an array, the partial shading effect generates a distortion of the power curve can
result in a power loss since tracking algorithms might not be able to detect the MPP. To solve this issue
microinverters have been proposed, with a small power electronic converter being connected to each PV
panel, this arrangement enables independence for maximum power point tracking and electrical isolation.
This paper presents a double output multiport microinverter capable of feeding DC and AC loads or
providing connection to a single-phase AC grid and energy storage. The proposed structure can be operated
in grid-connected and islanded modes. This paper describes the microinverter controlled with the exact
linearization technique on both the DC and AC sides, obtaining a lineal transfer function representation
of the nonlinear and coupled power electronic converters. The operation of the proposed topology and its
control strategy is validated using a laboratory proof-of-concept prototype.

INDEX TERMS Exact Linearization; Microinverter; Multiport.

l. INTRODUCTION 1, shows a comparison, where the characteristic PV power
curve has only one MPP for standard conditions (Figure 1
a)), while the distorted PV power curve presents a local and
global MPP with the presence of partial shading. It is possible
to see from Figure 1 b) a power loss of around 30 percent
if the MPPT algorithm erroneously selects the LMPP as the

GMPP.

The output of the MPPT algorithm is the reference to the
power electronics converter, which can be the PV voltage or
current. In technical literature, four large groups of MPPT
algorithms are reported: classic, intelligent, optimized, and

He proliferation in the use of renewable energy sources

has led to the investigation of large scale renewable
energy systems, as well as in microgrids and residential use.
Thus, microinverters are an interesting way to extract and in-
ject power into the AC mains, whilst, tracking the maximum
power point (MPP) even under partial shading conditions.
This consists of a photovoltaic (PV) power curve distortion,
as a result of the by-pass diodes, conduction [1], when a
group of cells is shaded [2]. These diodes, connected in
parallel to the group of cells in the Photovoltaic (PV) module

are fundamental, and cannot be omitted, because they prevent
hot spots and consequently a PV module damage [3], since
the PV cell is prevented from acting as an electrical load.
However, the consequence of using By-pass diodes is the
appearance of Local Maximum Power Points (LMPP) and
a Global Maximum Power Point (GMPP) [4]. In fact, Figure
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hybrid, which vary in their complexity, efficiency, and ef-
fectiveness. The article in [5] presents a complete review of
tracking methods, while works, such as [6], study techniques
using hardware to scan the power curve and thus ensure the
optimal operating point.

Microinverters [7], [8] are capable of addressing the shad-
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FIGURE 1: PV power curve, a) anormal PV curve, b) a string
with multiple power points.

owing effect mentioned above, as described in [9], where
a complete review of topologies is presented. Usually, the
microinverters are divided into two main types; isolated [10]
and non-isolated [11]. Isolated topologies are characterized
by the quality of energy transmitted with low noise and
reduced electromagnetic interference. Non-isolated topolo-
gies are distinguished by simplicity, with a reduced number
of components [12]. Regarding multiport converters, these
are widely used in industries such as aviation, where it is
necessary to supply different types of loads, either in a DC or
AC voltage. The work in [13] presents a multiport conversion
system for electric aircraft. Meanwhile in PV energy, hybrid
systems have been developed with different operation modes,
either disconnected or connected to the electrical grid. More-
over, they have the ability to store energy in a battery [14].

Regarding control strategies for such microinverter struc-
tures, they can be divided into five large groups: hysteresis,
linear control, sliding mode, predictive, and artificial intel-
ligence. Within these groups, current control by hysteresis
band can be highlighted, since it is an obvious choice with
its easy implementation. However, it has a disadvantage: the
steady state error [15], [16]. On the other hand, the classic
PI control is widely used in linear systems or for controlling
around a fixed reference point. The current and voltage
control based on sliding mode makes it possible for good
performance under operating point changes and modeling
uncertainties [17]; nevertheless, it presents the existence of
chattering [18]. Regarding predictive control, this stands out
for being a non-linear control with great ease of implemen-
tation [19], but with a large computational burden added to
the existence of error in a steady state. Finally, the fuzzy
control [20] is an advanced control for which there is no
mathematical analysis that guarantees the existence of zero
error in a steady state and also needs an expert to tune the
control parameters.

This paper proposes the use of the exact linearization
technique, which basically, consists of introducing a transfor-
mation at the input of the system [21], [22] aimed to achieve
a linear system between the input and output. This transfor-
mation is made using mathematical operations among the
system variables such as voltages or currents. This work is fo-
cused on presenting a hybrid multiport microinverter (HMM)
capable of supplying DC and AC loads, energy storage in
a battery bank, and injecting energy into the electrical grid.
The entire system is controlled using a strategy based on
multiloops with simple and double exact linearization plus
power balance. The novelty of this work lies in the fact
that a highly complex nonlinear system is converted into a
simple system to be controlled. Furthermore, input voltage
disturbances are canceled, and the converter may operate in
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FIGURE 2: Hybrid Multiport Microinverter Topology and Control System.
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a wide range with any reference value.

Il. TOPOLOGY DESCRIPTION

Figure 2, shows the general topology with the different
connection points, the sensing variables, control outputs,
and linearized transfer functions of each converter can be
seen. The comprehensive control strategy implemented in
this work allows systematic to control of the HMM, whether
on the DC or AC side of the topology.

The topology is formed by a SEPIC converter, a Boost
converter, and a full bridge inverter with an LCL filter for
filtering the current injected into the electrical grid. Together
with the previously mentioned subsystems, the topology has
a battery bank for storing the energy extracted from the PV
module. Finally, it is possible to see two switches S and Ss,
whose purpose is to select the operation mode of the HMM.

A. OPERATION MODE

Sp allows selecting if the energy is sent directly to the
DC/DC; input or sent to the battery through the SEPIC
converter.

This makes it possible to increase the efficiency, thanks to
the SEPIC turn-off when the battery bank is fully charged.
The DC/DC; is a SEPIC converter, where the main char-
acteristic is the capability of step-up and step-down of the
output voltage without changing the voltage polarity as with
the Buck-Boost converter [23]. In this way, it is possible
to connect a battery bank with standard voltage (12 to 48
V), which allows the connection of PV panels with different
voltages in the maximum power point. Meanwhile, the On
and Off grid operation modes are controlled by switch Sy,
achieving the flexibility to operate under different conditions.
To sustain the topology proposal, the next sections will detail
the model and control of DC and AC converters.

lll. DC CONVERTERS MODELLED AND CONTROLLED
BY DOUBLY LINEARIZED LOOPS
Firstly, it is important to highlight that the given explana-
tion in this paragraph is applied to both SEPIC and Boost
converters. The control strategy consists of two cascaded
control loops, the internal loop controls the current and the
external loop allows control of the output voltage. Both loops
are modeled and controlled by exact linearization, with the
difference that in the external loop it is necessary to apply a
power balance strategy. In both cases, the transfer function
obtained is an integrator, which will be presented in the
analysis below. The circuit schematics for both converters are
presented in Figure 3.

The equation that describes the inductor current ¢7, for
both commutation states, is:

dif s
Ly dtl = vppds — v5(1 — dy). (1)
Defining the new input control as:
dij
s _ T, L1 2
U 1 dt 2
then replacing u2 and solving d:
uS + S
.= Me T Y 3)
Vpo + V5

Equation ((3)) is the obtained linearized equation, and this
will be the new input to the system. Output d, is the modula-
tor signal and it is compared with the carrier triangular signal
to generate the control pulse applied to the power MOSFET,
as is possible to see in Figure 4.

A. SEPIC EXTERNAL VOLTAGE CONTROL LOOP AND
COMPLETE SYSTEM MODEL

For this loop, it is necessary to apply the exact linearization
technique together with a power balance strategy; therefore,
the input power is equal to the output power, as it is shown in
Equation 4:
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FIGURE 3: DC/DC converter used. a) SEPIC converter, b) Boost converter.
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1 . du?
5;8 — (8 o S8 4
Uilrl 90 dt + Uolos ( )

s — (1,8)2 : sdug .
where u = (v5)*. Solving for C; =

du}

CS o

o dt

The next step is to define the new loop variable for the
external loop, as:

=2(vfi5, — v5id). (5)

o

du?
uc, =C» dto' (6)
Finally, it is necessary to solve the reference current for the
internal loop 77 ;.

s , ugs + 20515

17 por =17 = ——22. (7
et 208

This Equation (7) considers that the internal current con-
trol loop is at least ten times faster than the voltage control
loop; thus 47, =4}, ., Figure 4 shows a simplified control
block for the output voltage control. The representative trans-
fer function of the linearized model is 1/sC%. On the other
hand, Figure 4 (b) presents the detailed control block with
the linearization scheme in the internal and external loop.

Finally, it is necessary to highlight that the external control
loop produces the current reference 7, ,.., to the internal
loop.

B. BOOST CONVERTER INTERNAL CURRENT LOOP

As for the SEPIC converter, it is necessary to have the uni-
fying differential equation that models the current inductor

H0)
17,-

dif
= vl = db), ®)

Defining the new input control as:

dit
b L
=L—+ 9
then replacing u® and solving dj:
b _ by b
dy = Ye "V Tl (10)

b
Yo

From Equation 10, it is obtained the modulator for gener-
ating the Boost converter control signal applied to the power
switch is obtained.
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FIGURE 4: SEPIC converter model and control loop. a) simplified, b) detailed.
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FIGURE 5: Boost converter model and control loop. a) simplified, b) detailed.
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C. BOOST, EXTERNAL VOLTAGE CONTROL LOOP, AND
COMPLETE SYSTEM MODEL

The power balance and exact linearization technique are used
as with the SEPIC converter, obtaining the result that both
linearization blocks are equal since both power converter
topologies have similar input and output. Therefore, Equa-
tion (11) makes it possible to obtain the integrator transfer
function Hy,(s) = 1/sC%. Figure 5 shows the simplified
and detailed model, where it is possible to emphasize, the
difference between the internal loop and the external loop
equality concerning the SEPIC converter.

u®y + 2088
200

K2

i = (11)
assuming that i} . = i , where the inner loop is at least
10 times faster than the external loop.
It is important to note that in both control strategies it is
possible to observe in Figures 4 and 5 a current limiter, for
the converters, protection, as shown in Figures 4 and 5.

D. MODEL AND CONTROL OF A DC/AC CONVERTER
BY EXACT LINEARIZATION

The DC/AC implemented topology in this work is a full
bridge single phase inverter, with an LCL filter [24] injected
into the electric grid for improving the current quality. The
benefits of this filter are size reduction and better current
ripple attenuation compared to an L and LC filter [25].

Table 1 presents a comparison of the LCL filter against
the L and LC filters [26]—[29], highlighting of the LCL filter.
Despite the fact that the number of components is greater in
an LCL filter, it exhibits better performance in terms of size,
ripple attenuation, and cost. One potential issue with LCL
filters is the possibility of resonance, which can complicate
the dynamic model of the system. In this work, this issue is
addressed by implementing a modulation technique that con-
centrates the spectrum of switching harmonics. Specifically,
the exact linearization technique enables to consider the LCL
filter as a simple integrator.

The standards IEEE 519 [30] and IEEE 1547 [31], recom-
mended Practices and Requirements for Harmonics Control
in Electrical Power Systems and Standard for Interconnecting
Distributed Resources with Electric Power Systems, respec-
tively. The transfer function that relates the current on the
inductor Lg for the converter voltage v, is:

f
ipo(s) 1
HQ(S) N 'UC(S) B SSCLlLQ + S(Ll + Lg) ' (12)
Therefore, it is a third-order system, which implies the
existence of resonance. This phenomenon is not desired,
since it generates problems over the stability and reliability
of power electronic converters.
The DC/AC stage control is developed by a Proportional
Resonant controller (PR). The strategy consists of the current
control injected into the electrical grid in an indirect form
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[32]. In other words, the current controlled zil is the inverter
side current. Otherwise, the direct form implies the i{Q
control or grid side current. The reason for this choice is that
indirect control is simpler and does not have the presence of
resonance as in the case of direct control. Figure 6 shows the
characteristic bode diagrams, where it is possible to see the
direct transfer function bode diagram (third order) and the
bode for the transfers function that will be obtained with the
linearization method.

The objective of this stage is to find the block that allows
the means of obtaining the model of the linearized converter-
filter (Figure 7) for controlling the current iél. For this
purpose, Kirchhoff’s voltage law is first applied on the AC
side, therefore, it is established that:

f di{l f di£2
Uodt 2 dt

The relationship between the voltage V. and the converter
voltage v.. is given by the modulator m.

ve=rf{%LL 4 pf%2 4, (13)

ve = mVye. (14)

Then, replacing and solving for iil:

-f
s iz,

Llﬁ

:dec—v£2 — Vg. (15)

Then a new control variable u/ must be defined, as:

dif
=L 16
uC 1 dt ) ( )
therefore:
uf =mVye — v — vg. (17)

Then, solving the modulator m, the linearization block is
obtained:

m= UVt (18)
Vdc

The modulator m is compared with the triangular carrier
signal in a unipolar modulation strategy. In this way the
triggers of the switches are generated. In conclusion, the de-
scribed linearization process allows the integrator (Equation
(19)) for controlling the energy injected into the electrical

grid to be obtained.

Hy(s) = Hy(s) = — (19)
sLy
TABLE 1: Filter type comparison

Characteristics L LC LCL
Size-Weight High High Low
Ripple Attenuation | Low | Medium | High
Cost High | Medium | Low
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E. SINGLE PHASE PLL

For the energy injection, it is essential to have a PLL al-
gorithm for knowing the electrical grid phase angle. In this
work, a digital synchronizer presented in [33], [34] is used,
whose operation consists of modifying the sampling time to
always achieve the N samples per period regardless of the u,
signal frequency. The control block is presented in Figure 8.

F. PR CONTROL

To handle sinusoidal references, techniques such as control
in the dq plane [35], a3 plane [36], predictive control [37] or
Proportional Resonant control [12] can be used. In this work,
the last one is selected, given the simplicity and robustness
presented for the control of DC/AC converters. The PR
control comes from the transformation of the PI control into
an AC compensator at the fundamental frequency. Therefore,
this control operates in a stationary frame without requiring
a transformation such as the dq transformation. The integral
action of the PI control is replaced by the transformation:

1 2s
-= 7. 20
s 82+ w? (20)

Therefore, the resonant proportional control is:

2k;s
CRE(S) = Kp + 2 :

s @y

where wy is the electrical grid frequency.

Figure 9 a), presents the simplified control scheme, where
it is possible to observe the PR controller and the resulting
transfer function from the application of the exact lineariza-
tion, whereas, 9 b) details the control scheme detailed for the
practical implementation.

IV. MAXIMUM POWER POINT TRACKING ALGORITHM
Two types of MPPT are necessary to implement for the HMM
operation. While one of the MPPTs delivers the reference
to the SEPIC converter, the second MPPT is responsible
for delivering the current reference to be injected into the
electrical grid through the microinverter.

Bode Diagram of H;(s)
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Several papers, including [38], highlight the advantages of
current control when implementing maximum power point
tracking (MPPT) algorithms in a DC/DC converter. Other
papers, such as [39] and [40], present implementations where
the MPPT algorithm’s reference signal is directly applied to
the current control system of the electrical grid. In this work,
the IC algorithm was operated at a sampling frequency of 100
Hz with a current step of 0.1 A. The current sensors used in
the prototype have a bandwidth of 200 kHz.

Although the IC algorithm has been widely used in mi-
croinverters and inverters connected to photovoltaic modules,
it has been shown that it does not always ensure the selec-
tion of the GMPP [41], [42]. However, this work aims to
address the challenges of partial shading using an innovative
approach based on microinverters, which allows each pho-
tovoltaic module to operate independently and minimize the
effects of partial shading.

As can be seen in Figure 10 a), the MPPT that allows
energy storage in the battery, the algorithm output corre-
sponds to the reference current of the inductor ¢7,, thus,
the current injected into the battery is indirectly controlled.
Therefore, the internal linearized current loop obtained in the
SEPIC modeling subsection is used to work together with the
incremental conductance (IC) algorithm.

On the other hand, Akagi’s theory [43] indicates that the
instantaneous power is:

3
P= 5 (Vala+ Vily), (22)

where d and ¢ are the subscripts for direct and quadrature,
respectively. When the current is in phase with the voltage, it
implies that the Equation (22) becomes:

j ngId. 23)

Therefore, Equation (23) is employed when the dq trans-
formation is synchronized with the grid voltage. In this con-
text, Figure 10 b) shows the control scheme for monitoring
the MPP, where the algorithm will deliver the current I
as a reference. This magnitude is multiplied by the sine of

Bode Diagram of Hs(s)
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10 Frequency (Hz) 10
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FIGURE 6: LCL Bode diagram. H;(s) = z{l/uz and Hs(s) = i£2/vc.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

VOLUME 4, 2023



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3278099

Author et al.: Preparation of Papers for EEE TRANSACTIONS and JOURNALS

IEEE Access

L L
— YN NN
+
'L2

=Cs @'z;g
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FIGURE 8: Digital Synchronizer Control Block.

the angle obtained from the digital synchronizer. Voltage
V4 corresponds to the DC link voltage that feeds the full
bridge inverter. This voltage V; is controlled by the Boost
converter and both sub-converters are decoupled. Therefore,
the voltage and current are controlled, maximizing the energy
extraction. The DC controller (for both Boost or SEPIC) is
responsible for maintaining the input voltage inverter on the
desired reference value, regardless of the current injected into
the electrical grid.

In this work, the incremental conductance algorithm is
used with an algorithm modification given the 47, current
reference, for the SEPIC case, and the i{l inverter current
reference, as mentioned above. Figure 11 details the algo-
rithm flowchart.

V. EXPERIMENTAL RESULTS

A. SETUP

Figure 12 shows the topology setup, conformed by
the SEPIC, Boost, and LCL inverter. For controling,
STM32F103¢c and STM32F407, microcontrollers are used.
As for power supply, the photovoltaic emulator and DC
source model 62020H-150S from Chroma are used. While
the loads are a 200 €2 - 100 W resistor and the Rigol DL3021
programmable DC electronic load.

B. CONVERTER AND CONTROLLER PARAMETERS

On the DC converters model analysis, it was found that
the internal and external transfer function consisted of an
integrator in both cases. Similarly, as for the DC/AC stage.
Therefore, in theory with only a P controller, it is enough
for a DC converter, nevertheless in a practice case inductor
and the capacitor has parasitic component. To deal with this
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FIGURE 9: Control scheme with exact linearization of the
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FIGURE 10: MPPTs schemes, a) for energy storage, b) for
energy injection to the electrical grid.

TABLE 2: Topology parameters.

Parameter SEPIC Boost INVERTER + LCL
kp Voltage loop 0.3 0.25 -
T; Voltage loop 1 1 -
kp Current loop 20 20 -
T; Current loop 1 2 -

L - 2 mH -
C - 1000 o F -
Ly 2 mH - -
Lo 2 mH - -
Cs 1uF - -
kp - - 12
k; - - 1000
LS . . 2 mH
L']; - - 1 mH
cr - - 2uF

problem, a PI controller is necessary to achieve zero error in
a steady state.

The topology parameters and their controllers are pre-
sented in Table 2. The controllers are synthesized by the
classical technique of controller design using bode plots.

C. MPPT IMPLEMENTED ON A SEPIC CONVERTER

This subsection aims to present the performance in the energy
extraction stage of the PV module. For such a case, the
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SEPIC converter is used with the linearized current loop.
As it was mentioned, the SEPIC converter current reference
1%, 1s provided by the incremental conductance algorithm.
Therefore, energy extraction with the MPPT algorithm with
output current reference is tested, being detailed in Figure 13.
It is important to highlight the inductor current <7, which,
as can be seen, does not fluctuate, being this a fundamental
characteristic of the IC algorithm. In the first instance, the
simulation shows an MPP of 60 Wp (Watt Peak), then at
0.2 s an irradiation step change from 1000 to 900 W/m? is
made. At 0.3 s, a step change in temperature was introduced.
The results show that the system can maintain optimal perfor-
mance even when subjected to sudden changes in irradiance
and temperature, highlighting its robustness and reliability.
Additionally, Figure 13 shows the current and voltage of the
PV module.

Experimental results come to validate the proposed strat-
egy, as presented in Figure 14 presented. In this case, a 64
Whp is extracted. As it is possible to observe, the photovoltaic
current remains without oscillations when the MPP is found.
The current is 4 A and the voltage is 16 V.

In order to present the current control behavior, Figure 15
shows the steady state, where it is possible to see the control
of 4 A and 0.2 A current ripple for a 100 kHz switching
frequency.

D. BOOST CONVERTER

1) Supplying a DC Load with the Battery Bank as Input
Voltage to the Boost Converter.

The Boost converter allows different voltage supplies, where
the operating range is from 12 to 100 V at the input. This
is possible because the linearized control senses the voltage,
and it includes this value in its linearization block. Therefore,
the supply can be a battery bank or a PV panel with an open-
circuit voltage of around 50 V. In this case, .S is in the normal
position, where the battery is charged. Figure 16 shows the
simulation control, where a voltage step change is made,
from 100 to 150 V. The load connected is a 200 2 resistor.
The inductor current is presented, where the time to achieve
the current reference value is 2 ms. At the same time, it is
possible to see the current limiter performance, around 25 A
to protect the power converter. The time to reach the voltage
reference value is 20 ms. This is validated with experimental
results presented in Figure 17, highlighting the similarity
between simulation and experimentation, even during the
initialization process, from 0 to 100 V.

2) Supplying a DC Load, with Energy from the PV Emulator
as Input to the Boost Converter.

In this case, the Boost is supplied using a PV emulator to
test the performance. Therefore, Switch S; is changed and
the PV energy passes directly to the Boost converter. Figure
18 presents the experimental results for this case, where the
voltage output is controlled, with a reference of 100 V. The
time to reach the steady state is 100 ms approximately. It

Sense v(k), i(k Where: v = Upo
Av =v(k)—v(k—1) i = lpy
Ai=i(k) —i(k —1) i
Av =0 Yes
¢ No
Yes 4 aiy—g Ai= s Y
¢ No »L No
Yes 4 diysg Ai>0 Y
¢ No ¢ No
Decrease 7 Increase Decrease @ Increase ¢

FIGURE 11: Incremental conductance adapted.
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INVERTER+LCL
FIGURE 12: Setup

BOOST

is also possible to see the voltage and current of the PV
emulator. The PV power curve shows a 60 Wp, and the output
load connected to the Boost converter is a 200 {2 resistor,
therefore the output power is 50 W. All this is validated with
the PV emulator interface, as can be observed at the top of
Figure 18.

3) Input Voltage Variation Tests

An input voltage step change is developed in order to evaluate
the control strategy performance. Figure 19 (a) shows a
positive step change from 30 to 60 V and Figure 19 (b) a
negative step change from 60 to 30 V. In both cases, it is not
possible to notice any output voltage variation, thanks to the
great performance of the linearized control.

4) Load Impact

Using the RIGOL electronic load model DL3021L, load
impacts are made from 200 €2, 150 € and 100 €. It is possible
to see in Figure 20 (a) that the load impacts produce minimal
distortions in the output voltage, with a negligible transient
time.

5) Change in the selected input Supply

S1 is commuted in order to test the control systems when
the operation mode is changed. Waveforms are presented
in Figure 20 (b), where it is possible to see that the Boost
converter output voltage is maintained as constant around the
reference 60 V. From ¢, to t; the SEPIC is working at the
MPP, at around 60 Wp. Then, from ¢; to ¢o the SEPIC is
turned off, and the load only demands 18 W from the PV
energy. Finally, from t5 to t3 the PV energy is turned off and
the Boost converter is supplied by the battery. In this case,
the vy, is the output circuit voltage, current iy, is 0 A and the
battery current is around 2 A.
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E. AC TEST IN AN OFF GRID MODE

The objective of this test is to present the behavior of the
control focusing on the AC output when the converter is
disconnected from the electrical grid, for which a load of 200
2 is connected to the output of the LCL filter.

The DC linearized control is in charge of controlling the
input voltage of the inverter. The Inverter in the Off grid mode
is controlled through an open loop strategy with no influence
over the DC link voltage. In other words, a decoupling
between the two power converters is achieved.

The results show the proper performance of the controller,
with reference to tracking time equal to 30 ms, as shown in
Figure 21 (a), where it is possible to see the DC link voltage
and the AC voltage peak around 100 V.

F. TESTS WITH THE DC/AC INVERTER INJECTING
ENERGY INTO THE ELECTRICAL GRID.

Figure 21 (b) shows the current injection experimental test.
A current step change is carried out from 4 to 8 A. As can be
seen the linearized control allows an instant response time,
less than one electrical grid period. The AC voltage was 40
V peak, reduced by an electrical Variac and Trafo.

Another important test is performed in order to see the DC
link performance. This is shown in Figure 21 (c), where, as
in the previous case, a step change in the injected current is
made. The results show the DC link without distortion when
a step change from 2 to 4 A is performed, and the AC voltage
is 60 V peak.

Finally, the last test (Figure 21 (d)) which was carried
out, shows the microinverter turned on. Additionally, the DC
link has a 200 €2 load resistor connected. In this case, a
small distortion on the DC Link is possible to observe with a
transient time of 40 ms.

G. STEP CHANGE TO THE INVERTER INPUT VOLTAGE
This test consists of the inverter input voltage step change,
which was performed with the PV emulator, using the voltage
source mode. In the first place, Figure 22 (a) shows a step up
voltage, where the input voltage is increased from 40 to 50
V, and the current injected is 1 A, without changes when the
step is realized. Whereas Figure 22 (b), details a step down
voltage from 50 to 40 V.

H. MICROINVERTER WORKING ON MPP, FIRST CASE
In this case, the energy is extracted from the PV emulator,
then the voltage is stepped up to 50 V through the Boost
converter, and finally, the AC voltage is made. In Figure 23
(a), it is possible to appreciate the corresponding signals. In
the first place, the voltage V. is shown, with a value of 50
V. The AC current injected has a peak of 2 A. The Voltage
and current PV have values of 31 V and 1.3 A respectively.
Therefore, for this value, the power on the MPP is 41.5 W,
as it is possible to see either in the oscilloscope or in the PV
emulator interface.
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I. MICROINVERTER WORKING ON MPP, SECOND CASE

In this second case, the topology is working on the MPP. The
extracted energy is stored in a 12 V battery, then the voltage
is steped up and inverted, the vy, is 17 V, and the i, is 3.5
A, as seen in Figure 23 (b). It is possible to see a step change
in the current injected into the electrical grid from 2 to 4 A.
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FIGURE 15: Steady state current.

J. MICROINVERTER, WITH MPPT TURNED ON AND
TURNED OFF

The last test which was carried out, consists of the turn on
(Figure 23 (C)) and the turn off (Figure 23 (d)), where it is
possible to see the correct performance for the current as well
as the V.. At the same time, the MPPT speed is remarkable.
Finally, the THD measured was less than 3 % in the tests
carried out.
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K. TESTS WITH A WEAK ELECTRICAL GRID.

To test the performance of the current control strategy against
a weak grid using exact linearization, a simulation with a
grid inductance L, of 2 mH and a grid resistance R, of 5
Q is performed. The results of this simulation are presented
in Figure 24, which clearly shows a step change in amplitude
from 2 to 4 A peak. This result confirms the effectiveness
of the control strategy in accurately following the current
reference, even in challenging conditions.
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VI. CONCLUSIONS
This paper detailed the modeling and control implementation
on the different stages in a hybrid multiport microinverter,
with off and on grid operation, plus the DC loads connection
capability and battery energy storage to extract and process
photovoltaic energy.

Through the exact linearization technique, power electron-
ics converters can be modeled and controlled. As it was
demonstrated, a highly nonlineal system can be transformed
into a simple linear equivalent system with an integrator as
a representative transfer function. The technique is validated
through simulation and experimental implementation, both in
the DC/DC converters and in the DC/AC stage. By means of
PI and PR, the DC/DC and DC/AC conversion stages can be
controlled.

Regarding solar photovoltaic energy extraction, an incre-
mental conductance algorithm with a current as output refer-
ence is carried out. Simulation and experimental results allow
validation the correct performance of the proposed strategy.

The proposed linearization technique with power balance,
validated by simulation and experiments, allows control of
the cascade control loop. It is verified that the experimental
error due to the difference between the model and system is
minimal. Furthermore, the experimental results support the
correct functioning of the proposed topology.

It is important to highlight the contribution of this paper
to simplify and systematize the use of the exact linearization
technique in different converters, opening the way to model-
ing and controlling, both existing converters as well as new
topologies that will be developed in the future.

Finally, it should be noted that photovoltaic modules are
becoming more efficient, which translates into a higher max-
imum output power, with some models capable of producing
more than 500 Wp. This is especially attractive for home use,
where space constraints can limit the number of modules that
can be installed, making efficient use of energy even more
important.
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