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Abstract: Dual active bridge converters (DAB) are used to interconnect photovoltaic (PV) generators
with AC and DC buses or isolated loads. However, a controller is needed to provide a stable and
efficient operation of the DAB converter when the PV generator must be interconnected with a DC
bus, which is particularly important in microinverter applications. Therefore, this paper proposes the
design of a cascade controller for a PV system based on a DAB converter. The converter is controlled
using a peak current control and an adaptive PI voltage control; thus the methodology to design the
cascade controller is developed in two steps; first, the PV system formed by a PV generator, a DAB
converter, and an inverter or load is introduced, including the description of the leakage current;
as a second step, the model of the PV system to design the cascade controller is presented. Then,
a relationship between the phase shift factor and the peak current of the leakage inductor is derived,
which is used to design the peak current controller to ensure the DAB converter operation at the
most efficient operating condition. On the other hand, an adaptive PI controller for the PV voltage is
designed to ensure the reference tracking provided by a maximum power point (MPP) algorithm. The
effectiveness of the proposed cascade controller is demonstrated through realistic examples simulated
in PSIM. The power and control circuits implemented in PSIM are presented to encourage the use of
the proposed solution. The simulation results confirm the correct operation of the control system,
which mitigates the oscillatory perturbation produced by an inverter connected to the PV system,
and also ensures the maximum power extraction from the PV panel by following the MPP reference.

Keywords: DC microgrid; adaptive PI controller; cascade controller; DAB converter; high efficiency;
high voltage conversion ratio; MPPT; oscillatory perturbation; peak current control

1. Introduction

In recent decades, the generation of electrical power has been based on fossil and
nonrenewable fuels, causing a negative impact on the environment. Efforts are being
made to include into the energy matrix renewable sources with a lower impact on the
environment. Photovoltaic (PV) systems are a renewable option that has gained the most
attraction in recent years [1,2].

PV systems are interconnected in electrical networks called microgrids, which are
a group of distributed generators, energy storage elements, and loads connected together,
coordinated by a central control system [3]. There are three types of microgrids based on the
nature of the current generated: direct current (DC), alternating current (AC), and hybrid,
which includes both types of currents. Each type has one or more connected nodes called
buses, where sources, loads, and storage systems converge. In the case of PV systems,
DC/DC converters must be used to interface the PV generator with the DC bus of a DC or
hybrid microgrid; for AC microgrids, a DC/AC converter interfaces the PV system with
the AC bus [4].
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Photovoltaic systems formed by series and/or parallel connections of PV modules are
known as PV arrays. Such a system can be affected by a phenomenon called mismatch-
ing [5], which is caused by manufacturing differences, environmental conditions, partial
shading by nearby or distant objects, and nonuniform operating conditions, among other
sources. A large part of energy losses in PV arrays are associated with the mismatching phe-
nomenon; therefore, different solutions have been proposed, which are organized into three
groups based on the maximum power point tracking (MPPT) architecture [6]: centralized
MPPT architecture (CMPPT), distributed MPPT architecture (DMPPT), and reconfiguration
of the modules in a PV array (RMPPT). The DMPPT solution is presented as the most
promising alternative to generate the maximum electrical energy, but its main drawback
is the high number of converters needed to process the electric power [7]. The DMPPT
array could be series or parallel connected; the parallel option is presented in Figure 1a,
which requires converters with high voltage gain, but it offers more reliability since the
operation of each set of PV panel and converter does not depend on the other sets. Instead,
in a series connection, the failure of one converter could degrade the operation of the sets
in the array [8].

In DC microgrids based on parallel DMPPT, such as the one depicted in Figure 1a,
the DC/DC converters interfacing the PV panels must be regulated to guarantee a stable
operation and to track the maximum power point (MPP) of the PV panel. In the case of
AC microgrids based on parallel DMPPT, it is necessary to use microinverters formed by
DC/DC and DC/AC converters to deliver power to the grid or to the AC load, as depicted
in Figure 1b.
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Figure 1. High gain voltage DC/DC converters applications. (a) DMPPT parallel in a DC microgrid;

(b) Microinverter scheme for PV systems.

The structure of Figure 1 shows that a DC/DC converter with high gain voltage and a
robust controller is needed for DMPPT parallel solutions; thus, multiple approaches have
been presented in the literature. Concerning DC/DC converter topologies, the cascaded
boost converter has been widely used due the construction simplicity, voltage boost ca-
pability, and low current ripple at the panel side. However, the higher the voltage gain,
the lower the efficiency [9,10]. Other solutions have been based on the cascade connection
of nonisolated and low-voltage converters, where the efficiency is compromised since the
converters are added in cascade [11]. Moreover, nonisolated topologies with high-voltage
gain have been used in [12] featuring an interleaving structure. Furthermore, a combination
of buck and boost classical converter topologies, as those presented in [13,14], are used to
obtain a quadratic gain voltage. Multiport DC/DC converters are used in [15] to interface
three sources and to reach a high-voltage gain. In addition, there are approaches that use
self-coupled inductors to reach a high-voltage gain [16,17], but the main drawback of those
solutions is the high number of elements, which affects the system reliability [11].

In the case of isolated DC/DC converters, different topologies have been used [18,19],
which can be designed to achieve high-voltage gain due to the use of transformers. In those



Computation 2022, 10, 89

3 0f24

converters, the voltage and current stress on the semiconductors and passive elements
must be limited, otherwise the converter efficiency could be severely reduced. However,
the galvanic isolation provided by these converters is a useful feature in PV systems,
since it decouples the grounds from the panels and loads, thus increasing the safety of
the PV system. Within the isolated topologies, the growing interest in the double active
bridge (DAB) converter is highlighted in [20]: such a converter provides galvanic isolation,
high-voltage gain, and a soft switching capability [21], which reduces the stress on the
semiconductors. Moreover, the DAB converter provides high efficiency even with high-
voltage gains [22].

Because of the benefits provided by the DAB converter, this work is focused on the
use of such a converter for PV systems. However, it is needed to develop a controller for
the DAB converter designed to follow the reference provided by an MPPT system, which is
needed to maximize the power production. Different control strategies applied to the DAB
converter are found in the literature; for example, the work presented in [23] is intended
for battery charging in electric vehicles, where cascade PI control strategies are used to
regulate both the input an battery current. In [24], a multi-input DAB converter is used,
with ultracapacitor and battery connections, to regulate the DC bus voltage in a microgrid
based on renewable energy systems; in such a work the converter is controlled using both
voltage and current PI regulators. Similarly, the work reported in [25] presents a solid state
transformer based on a multi-input DAB converter, where a PV panel is interfaced with
a boost converter to reach the MPP, while a battery is used to regulate the DC bus voltage
by controlling the phase shift with a PI controller; this controller is similar to the solution
presented in [26]. Furthermore, a microinverter for the PV panel and battery interface is
proposed in [27], which is based on a modified DAB converter with two inputs for a PV
panel and a battery bank; in this case, the adopted PI controllers are intended to reach
the MPP of the PV panel, to compensate the 100 Hz-120 Hz perturbation in the DC link,
and to regulate the AC current of the inverter; a similar work is presented in [28], though
intended for standalone applications. For general purpose applications, the work reported
in [29] uses a cascade PI controller to regulate both the power flow and the output voltage.
On the other hand, a battery charging/discharging application is presented in [30], where
a double-integral sliding-mode controller is designed to regulate the battery current and
the DC bus voltage. Other application is reported in [31], where a fuzzy-logic controller
is designed to regulate the DC bus voltage of a DC microgrid based on a DAB converter.
The control strategies for DAB converters reported in the literature include PI controllers,
sliding mode control, fuzzy logic, and a linear quadratic regulator (LQR), among others;
the advantages and disadvantages of those DAB controllers are summarized and discussed
in [32].

A general purpose control strategy for the DAB converter was reported in [33], which
consists of a programmed current controller. In such a controller, the transformer current
is monitored and the semiconductors are switched based on a hysteresis band, which is
defined according to the control objective. This current controller guarantees the correct
operation of the converter since it avoids transformer saturation. In [33], a proportional
voltage control is added, in cascade, with the programmed current controller and a feed-
forward loop, which is designed to reduce the steady-state error and to provide a fast
dynamic response. However, that work does not present a method for selecting the
proportional constant, and the desired dynamic behavior is not ensured for different
operating points, which is important for PV systems, since the operating point changes
with the solar irradiance. For the particular use of DAB converters in PV applications, the
work reported in [34] presented a particle swarm optimization to perform the MPPT action
and to control the DAB converter by defining the phase shift factor. In addition, the work
reported in [35] presented a control-oriented model of the PV system, demonstrating the
model usefulness by designing PID controllers for the PV current and voltage. Nevertheless,
the control systems discussed before do not ensure the same dynamic response for different
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operating points; therefore, the system performance and stability is not ensured for the
whole operating range.

Taking into account the high voltage conversion ratio and high efficiency of the DAB
converter, which make it suitable to interface PV panels with electric grids or AC loads, this
work proposes a cascade controller formed by a peak current control and an adaptive PI
control, which is designed to ensure the correct and safe operation of a PV system based on
a DAB converter. In this solution, the peak current controller changes the phase shift factor
as a function of the peak current in the leakage inductor of the high frequency transformer
(HFT). This controller ensures a zero DC current to avoid the transformer core saturation,
which enables a stable and efficient operation of the PV system. The adaptive PI controller
adjusts its parameters according to the operating point to guarantee a stable operation; this
adaptive controller also defines the peak current reference to ensure the same dynamic
behavior of the PV voltage, for the entire operating range, which is necessary to follow
the reference delivered by an MPPT algorithm guaranteeing maximum power extraction.
The solution presented in this paper mitigates the main disturbances of a PV system formed
by a PV panel, a DAB converter, and a grid-connected inverter.

The rest of the paper is organized as follows: Section 2 describes the DAB-based PV
system, and the operation of that PV system is analyzed in detail. Then, Section 3 presents
the mathematical model of the system, which is focused on the relationship between the
panel voltage and the leakage inductor current of the converter transformer. Section 4
shows the design of both the peak current controller and the adaptive voltage control.
The proposed solution is validated in Section 5, which presents the design procedure of
the control system and the results obtained in an application case. Finally, the conclusions
close the paper in Section 6.

2. PV System Based on the DAB Converter

This work is focused on designing a controller for PV systems based on the DAB
converter, hence the operation of such a system must be analyzed.

The electrical scheme of a PV system based on the DAB converter is presented in
Figure 2. In such a system, the PV panel is connected to the input of the low-voltage side of
the DAB converter, and the output of the high-voltage side is connected to a voltage source
vBys, which models the interaction with a grid-connected inverter or a DC load. Since the
DAB converter is a bidirectional topology, two diodes, Dpy and Djp,;, are placed at the
input and output of the converter, respectively, to prevent current flow from the DC bus to
the PV panel.

The Cpy capacitor is inserted between the PV panel and the converter to filter the
current ripple generated by the low-voltage bridge of the DAB converter. Similarly,
the Cp,s capacitor is needed to filter the current ripple generated by the high-voltage
bridge of the DAB converter, thus avoiding the propagation of high-frequency harmonics
into the DC bus. The transistors Q;; to Q4 form the Bridge 1 (low voltage side) and
are driven by the switching signal U and its complement U;. Transistors Qy; to Qpy
form the Bridge 2 (high voltage side) and are commutated using signal U, and its
complement U,. A high-frequency transformer (HFT) is used to connect both bridges,
and its model takes into account the leakage inductance L; g referred to the primary side
of a transformer with turn-ratio 1:N. The HFT input voltage is the Bridge 1 voltage vp,,
and the HFT output voltage is the Bridge 2 voltage vp,, which can be reflected to the

. id UB,
primary side as .
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Figure 2. PV system based on a DAB converter.

This converter is modulated using the single phase shift (SPS) technique, which
consists of generating two digital switching signals (U; and U,) with a fixed duty cycle
(D = 50%), and a phase shift ¢ - 77 between U; and U, which is manipulated to regulate
the power flow [21,36]. The phase shift factor § can take values between —1 and 1, but to
transfer power from the PV panel to the DC bus, i.e., unidirectional operation, § must be
restricted between 0 and 1. In addition, the work reported in [21,36] demonstrated that the
higher efficiency for this type of PV system occurs for § values between 0 and 0.5. Therefore,
the digital signal U, can change from a low state to a high state only if the digital signal
U is in a high state; on the contrary, U, can change from a high state to a low state only if
U; is in a low state.

The voltage waveform at the leakage inductor vy is shown in Figure 3 (green wave-
form), which is calculated as a difference between bridges voltage vp, (red waveform)
and % (purple waveform). Those two voltages are phase-shifted by ¢ - 7t radians in each
switching period Ts, which is a consequence of the switching functions s1(t) and s;(t)
described in (1) and (2), respectively.
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Figure 3. Steady-state waveforms of v; g and i; xin a dual active bridge converter.
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Therefore vp, and - 2 are described in (3) and (4), respectively, where vpy is the voltage
of the PV panel, i.e., at the input of the converter:

UB, = Upv - s1(t) 3)
UB, UBus

— bus | 4
N sa(f) 4)

On the other hand, the leakage inductor current ij g is also shown in Figure 3, and its
waveform is described in (5)—(9) for a switching period. Those equations are obtained
from the leakage inductor voltage vy, and taking into account that v;x = Lk - déLtK . Such
expressions also show the relationship between the input and the output voltage of the

converter with the i; g current, and the influence of 6 and T over i; x are also evident:

irki(t,0) te (0,6- B}
i t,é te(6-%, %
irg(t) = 'LKZ( ) 2 2} ) where -
ita(t,0) = te(%,01+6)-%
ika(t,0) = te ((146) %, T,
vBuS d OUBus T
DBuS ! OUBus T
irka(t,0) ( N ) Lix (UPV (2-6+1) N ) i @
. - ; . .
s,6) = (o + ) g (o 2oa o) R i@
] - _ __ UBus L B UBus Ts
kel ) = (UPV N ) Lix + (UPV (2-0+1) N ) 4-Lix )

Figure 3 shows that the leakage current iy x has a peak value ipk at the time ‘5'2T5 , which
is a consequence of the phase shift J - 7r. Therefore, ipk is a relevant variable for the control
design proposed in this work; thus, Section 3 describes the model for both ipx and vpy.

3. Model of the PV System

The PV system based on the DAB converter, previously shown in Figure 2, is controlled
by changing the phase shift between the switching signals of the bridges. Such a phase
shift affects the behavior of i; x and vpy; therefore, the following subsections analyze those
variables. First, the analysis of i x is presented to define the peak current ipx and its relation
with the phase shift factor . Then, the dynamic relation between the PV voltage vpy and
ipk is presented, which will be used to design the controller for the PV system.

3.1. Analysis of iy x Peak Current

The peak current of ir g is defined by [33] as the current value ipg at the time ‘S'ZTS ,

because this is the highest value of i x when vpy is equal or lower than ”B“‘ . On the other

hand, when vpy is higher than “84, the highest current value occurs at . In any case,
at the time ‘S'ZTS , there is a slope change of ik as a consequence of the phase shift, thus
ipk value is the interest variable to understand the effect of the phase shift over the other
variables in the system. Therefore, to model the relation between vpy and ip, it is necessary
to analyze the input node of the PV system, which is highlighted in Figure 2.

Figure 4 shows the currents at the input node, i.e., Cpy current (icpy ), the PV current

(ipv), and the input current of the Bridge 1 (ig,). Moreover, the figure also shows iy,
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which evidenced that ip,, given in (10), is equal to i;  for half of the period; for the other
half of the period ip, is equal to —i k. In the same figure, it is also observed that ipy is
almost constant because icpy absorbs the ripple of ip, ; thus, the DAB converter guarantees
a continuous current at the input port. This means that the average values of ip, and ipy
are equal; thus, manipulating the ipx value enables the controller to modify the average of
ip1, which also modifies the PV current. Therefore, ipx can be used to change the operating
point of the PV panel to track the MPP.

ig, = s1(t) itk (10)

T . T . . .
‘ —lpyr—tCpPV — 1B, ~~"lLK

o

(=%
oS3
oS-
—

[l N
+ \
(=%

=
|

o3

Figure 4. Input node currents of DAB converter.

The value of ipx for these systems was calculated in [36], and it is reported in
Equation (11), where the relation between the phase shift factor § and the value of vpy and
ipk is observed. This expression can also be interpreted as follows: having the values of
Lix, vByus, Ts, and N constant, it is possible to change the phase shift between the switching
signals of the DAB bridges by imposing a particular peak current on the leakage inductor
or a particular PV panel voltage, which in turns defines the power flow from the PV source
to the load.

Ts
4-Lix

ik = g (26 1) oy + 3 )

N

3.2. Analysis of Relation between v, and ipg

Applying Kirchoff’s current law on the input node of the PV system leads to Equation (12),
which relates the dynamic behavior of the vpy average value with the changes on the aver-
age values of ipy and ip,. The average value of the Bridge 1 current (ip, ) is calculated from
expression (10) following the PV current analysis reported in [36], which leads to the value
given in (13):

) — i) — (i) 12
(ip,) = (s1(t) -irk) = o <UzBl.ﬁ£L.1<5-.Isll = 13

Therefore, replacing (13) into (12) leads to the expression for the dynamic behavior of
(vpy) given in (14), which depends on J, PV average current (ipy), bus average voltage
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(vBys), and the parameters of the system. Finally, expression (14) shows that the PV voltage
can be regulated by acting on the phase shift factor:

d(Upv>:L. (i >_TS-<vBuS>.5.(1—5)
dt Cpy |VPV 2. Lig N

(14)

On the other hand, solving (11) for ¢ results in expression (15). Then, replacing such a §
value into (14) leads to (16), which describes the dynamic behavior of (vpy) as a function
of ipg. Thus, such a dynamic expression can be used to design a PV voltage controller in
which ipg is the manipulated variable. Therefore, an additional ipx controller is needed.

2. LLK . UBus 1
= S PR - CBus 4~ 1
Upv-Ts 'PK 2~Upv-N+2 (5)
d{opy) 1 - (0Bus) - (4 N - Lig -ipk — (0pus) * Te)> T - (vpus)
==— |{ipv) + 3 - (16)
dt Cpy 8- Lix-N3-Ts- <UPV> 8-Lix-N

4. PV System Control Design

The operating point of PV panels must be regulated to maximize the power production.
This regulation process requires two main components: an MPPT algorithm providing the
reference of the MPP, and a voltage controller to ensure a stable operation at the MPP.

This section presents the design of a cascade controller to regulate a PV system based
on a DAB converter. The control structure is depicted in Figure 5, where the PV voltage
is regulated using an adaptive PI controller, which provides the reference for a peak
current controller (also known as programmed current controller). Figure 5 shows the
DAB converter and the PV panel (solid black line) with relevant variables. The connection
between the cascade controller and the MPPT block (solid green line) shows the variables
measured in the PV-DAB system (dotted green lines): the inputs of the controller are the PV
current and voltage, the bus voltage, and the leakage current; the outputs of the controller
are the switching signals for the converter transistors (red dotted lines). The following
subsections describe in detail the design of both the current and voltage control loops.
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Figure 5. PV system proposed cascade controller.

4.1. Design of the Current Controller

The DAB converter has an HFT to a high voltage conversion ratio and galvanic
isolation; however, it is necessary to ensure that both the primary and secondary sides of
the HFT have zero DC current to avoid core saturation. This is the reason to impose a 50%
duty cycle for each bridge of the converter.
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The zero DC current condition is ensured by adopting the double band current control
reported in [33], which consists of a hysteresis band [ipk,, s IPKg, f+] that guarantees the

same magnitude of ipg at instants ¢ - % and (1+9) - % (with negative sign): from Figure 4,
it is observed that such a condition forces iy x is symmetrical with respect to zero, thus
imposing a zero DC current in the HFT.

The peak current control is in charge of defining the phase shift between the PWM
signal driving the Bridge 1 (U;) and the PWM signal driving the Bridge 2 (U,). Given
that both U; and U, have a 50% duty cycle, the U, signal will change from low to high
when Uj is high and the desired ipx value (upper limit of the hysteresis band ipg,, f+)
has been reached. Similarly, for the other part of the period, U, will change from high to
low when Uy is low and the desired ipg value (lower limit of the hysteresis band ipg,, f,)
has been reached. Figure 6 shows the circuit designed to detect the instants in which the
desired ipx values are reached, which is based on a comparator circuit with hysteresis. Such
a circuit compares iy g with the limits ipg,, i+ and ipg,, P which are equal in magnitude
but with opposite signs. Then, two comparators generate a Set = 1 when izg > ipg, -+,
and generates a Reset = 1 when ijg < ipKRef_.

The work reported in [36] demonstrated that the maximum phase shift factor, for
a DAB-based PV system, should be § = 0.5 to ensure the operation at the highest efficiency
region of the converter. Therefore, it is necessary to include such a limitation into the
peak current control. This is done in the circuit of Figure 6 by using the digital variables
Vr— and Vr+, which inform to the circuit if the maximum phase shift has been reached.
In consequence, a change from high to low in U, is forced when Vr— is activated; on
the other hand, if Vr+ is activated, a change from low to high in U is generated. Such
a condition is imposed with OR gates between the Set/Reset and Vr+/Vr— signals, re-
spectively. Finally, the control signal U, of the second bridge is set to U, = 1 only when
U; =1, and it is reset to U, = 0 only when Uj = 0 to fulfill the restrictions of SPS and high
efficiency operation [20,21,36]. The previous control behavior is formalized in the control
law described in (17):

Uzz{o%f( ‘L < Ipkgy— V Ve =1) AL =0 (17)
1 lf( ILK > LPKRes+ V Vg4 = 1) AU =1

Set

Ve

+

s 0

v e
> x g7

>' Latch SR

Figure 6. Peak current control of iy g.

The steady-state behavior of the previous control law is illustrated in Figures 7 and 8
for the two possible conditions: reaching the hysteresis limits and reaching the maximum
phase shift, respectively. Figure 7 shows that i; x reaching the upper value of the hysteresis
band (ipky,+) forces the Set signal to be activated before the maximum phase shift value
Vr+ is reached, which in turn triggers the change of U, signal from low to high. Similarly,
when i; g reaches the lower value of the hysteresis band (i pKREf_), the Reset signal is
activated before the maximum phase shift value Vr— signal, thus forcing the U, signal to
change from a high to low state.
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Figure 7. Changes in U, due to i x reaching the hysteresis band.

On the other hand, Figure 8 shows the case where the maximum phase shift signal
Vr+ is activated before the Set signal, which forces the change of the U, signal from low to
high because 7] x has not reached the upper value of the hysteresis band. Similarly, when
the signal Vg — is activated before the Reset signal, i.e., i x has not reached the lower value
of the hysteresis band, the signal U, is forced to change from high to low. This process
ensures a maximum phase shift lower than 0.5, thus ensuring the operation of the DAB
converter in the maximum efficiency zone.
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Figure 8. Changes in U, due to reaching of the maximum phase shift.

In conclusion, this current controller guarantees the following conditions:

e The ipk value does not exceed the positive and negative values defined by the hystere-
sis band.

*  The average value of i; g is equal to zero, thus avoiding core saturation in the HFT.

*  The phase shift is lower than 0.5, thus ensuring an efficient operation of the DAB converter.

Finally, a cascade PV voltage controller, which defines the reference of the current
controller, is required to impose the desired operating point to the PV system.
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4.2. Design of an Adaptive PI Control of vy,

In this work, the control of vpy is performed by acting on ipx. For this purpose,
an adaptive PI controller is proposed, in which the proportional K, and integral K; parame-
ters of the controller are continuously updated depending on the operating point of the
system, thus guaranteeing a stable operation with the desired dynamic behavior.

To design the adaptive PI control, Equation (16) is used to obtain a small-signal model
around an arbitrary operating point using the perturbation and linearization technique [37],
which leads to the small-signal model reported in Equation (18). In such an expression, vpy
and ipg represent the small-signal variations of the PV panel voltage and the peak current
of Ly k, respectively. The variables Vpy, Vp,s, and Ipk represent the operating point of the
system. Moreover, in steady state, Equation (16) is equal to zero, thus solving it for Ipx
enables to estimate the steady-state value of Ipg given in (19):

dopy _ Vius - (Ts - Vpus —4- N - Lk - Ipx) {(Ts ~Vpus —4- N - Lk - Ipk) oyt ink (18)

dr Cpy-N2-T,- V3, 4-Lig-N-Vpy

T2-VBys—8-Lix-N-Ts 1
I —_ TS : VBus _ VPV ’ \/ £ VBif = (19)
PRK= 4L N 4-Lig

The transfer function G,py;px between vpy and ipk is obtained from Equation (18)
and reported in Equation (20). Such a relation is a first-order transfer function, where its
gain K is reported in (21) which is negative if Ts - Vp,s > 4- Ly x - N - Ipg or positive on
the contrary. Moreover, the w variable, presented in Equation (22), is the magnitude of
the transfer function pole; it is observed that as long as Vp,s and Vpy are positive, then w
will be positive, thus the pole will be located on the left side of the complex plane. Such
a condition guarantees that G,pyipx represents a stable relation between the PV panel
voltage and the peak current of the leakage inductor.

__vpy _ VBus - (Ts - Vpys —4 - Lk - N - Ipk) K
Gopvirk = ik Voo (T Va4 L NIpg)? ) S+ @ 20)
PK 2 us' s VBys—42 V-
Cpy - N?-Ts- Vpy - (S+ . 4.va-BLu<<N3-LTI§-V,§VPK )

_ VBus : (TS i VBus —4-Lig-N- IPK)

K:
Cpy-N2-T,- V3,

(21)

o Vous (Ts - Vous =4 Lig - N - Ip)”

22
4'CPV'LLK‘N3‘TS‘V1§V (22)

The control scheme for the PV panel voltage is presented in Figure 9, where the transfer
function G,pyipk represents the PV system with the peak current control. The PI controller
acts based on the error signal and delivers the peak current reference to G;py;pg, as shown
in (23). However, K, and K; parameters are updated, in real time, as depicted in Figure 9.

Vo Adaptive Ver
Parameters [«
| Calculation
K> K
y Y
Veizer error | g+ K, | exer , Ver
=0 1 (Fpriek >
s

Figure 9. vpy control scheme.
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t
IPKg,s = Kp - error + K; - /0 error - dt (23)

The closed-loop transfer function of the system presented in Figure 9 is reported in
Equation (24). Based on the denominator of the canonical form of a second-order system
s242-p - wy -5+ w3 [38], the parameters K, and K; are rewritten in terms of the damping
factor p and natural frequency w; as given in (25) and (26), respectively. In PV systems,
there should not be overshoot in the dynamic response of vpy, since voltage overshoots
will move away the PV voltage from the optimal operating condition defined by the MPPT
algorithm. Such a null overshoot condition is guaranteed by selecting p = 1. On the other
hand, the selection of w;, depends on the desired settling time T, which must be shorter
than the perturbation time T, of the MPPT algorithm. This condition is needed to ensure
the stability of the MPPT as described in [39,40].

Kp-K-s+K;-K

GeL = 24
TS24 (w+K, K)s+K K @)
20wy —w

Kp:an (25)

2

w
K — —n 2
;= 26)

Then, solving w;, from (26) leads to Equation (27). Similarly, using p = 1 to solve
Equation (25) provides the K, expression given in (28), which requires the value of K;, it can
be observed that if K is negative then K; and K, must be negative in order for the system to
be globally stable. Then, replacing Equation (28) into (24) provides the transfer function
Gy, given in Equation (29):

wy = /K K 27)
2. VKK -w
e (28)
2. VK K—w) s+K K
GCL:( i K-w) stk (29)

(s + VK -K)?

The controller is designed taking into account a Perturb & Observe (P&O) algorithm
for the MPPT action [39,40]. The P&O algorithm changes the reference of the PV voltage in
steps with amplitude AVpy each T, seconds. Therefore, the step response of the PV panel
voltage must be analyzed; such a PV voltage waveform Vpy (s), in Laplace domain, is given
in (30). Then, using the inverse Laplace transformation, the step response of vpy in time
domain is reported in (31):

Vpy(s) = Ger. - AZP v (30)
opy(t) =1+ [(m—W) ~t—1} e~ VKKt (31)

The settling time T of the PV voltage (31) is calculated when vpy = 1 — €, where € = 2%
is the band most commonly adopted. Then, K; is calculated by solving Equation (32), which
provides the K; value given in Equation (33), where W(-) is the lambert-W function:

l—e—=1+ [(\/Ki-K—w) -T—1] e VKT (32)
1{14+w-T—W(e-ewTH+1 2
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To synthesize the implementation of the proposed control system, an operation dia-
gram of the complete control system is presented in Figure 10, in which the main equations
of the control process are highlighted. In addition, the switching signals are indicated in red
color, the measured variables are indicated in green color, and the calculated parameters
are presented in black color. Moreover, the process related to the MPPT P&O algorithm
is highlighted in purple color, and the process that runs continuously, in real time, is
highlighted in a blue box.

U.
Begin U, PV panel and DAB converter
f f [
U N VA P o
Generate the switching signal Peak current control:
U. using a PWM with fixed Generate the switching MPPT P&O:
duty cycle D = 50% | signal U2 using (17) L Generate Vi
1V‘ + 1V; - Forthedesired T, | | | | !y L
Generate the signals VF+ calculate Ki y K, | MPPT: !
and VF- using the phase using (33) and (28) i Definethe 1
shift generator shown in | perturbation
) Figure 12 jamplitude Av. and;
Real-Time process [ \period T. based on!
1o I [39.40]
i Define the maximum i
'phase shift factor (SMax) |

Figure 10. Operation diagram of the proposed control system.

Finally, Table 1 shows a summary of the comparison between the proposed adaptive
control system (named Proposed) and two different solutions, highlighting the controlled
variables, the damping factor, the high-efficiency operation capability, the operation
with zero DC current on the HFT, the stability analysis, the possibility to reach the MPP
of the PV panel, and the rejection of DC bus disturbances. Taking into account that the
control of PV systems based on the DAB converter is a recent research topic, there are
few contributions. The control system presented in [34] is focused on improving the
MPPT of the system, but that work does not present the controller design; therefore,
some control parameters are not analyzed. Similarly, the solution reported in [35] shows
the design of two independent PI controllers, one of them controls ipy and the other one
controls vpy. Such a control design is based on the linearization of the system model
around an operating point; therefore, the dynamic response of the closed-loop system is
not guaranteed over the entire operating range, but the PV system can reach the MPP
under steady-state conditions. Table 1 reports that the controller in [34] regulates the PV
voltage but any stability analysis or performance criteria is taken into account, only the
MPP tracking is discussed. On the other hand, the controller presented in [35] regulates
the PV voltage or current, while the damping factor is not ensured; such a work ensured
the operation at the high efficiency condition, but no stability analysis of zero DC current
is provided. Finally, the proposed solution provides a defined damping factor and, at the
same time, ensures the operation at the high efficiency condition with zero DC current,
this even under sinusoidal disturbances caused by the grid connection.
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Table 1. Controller comparison for PV system based on DAB converter.

. Controlled Damping High Efficiency Stability Zero D.C Reach the Rejection of
Solution . . . Offset in DC Bus
Variables Factor p Operation Analysis ; MPP .
i1k Disturbances
[34] vpy Not reported Not guaranteed Not reported Na()r’:tglelgr_ Yes No
. Guaranteed a 50%
Designed for duty cycle and Not guar- Yes, step
[35] vpy oripy  0.707 but not shows 8 values Not reported anteed Yes disturbances
guaranteed
lower than 0.5
o . . Guaranteed
Designed and Guaranteed 50% If K is negative with the Yes,
vpy and duty cycle and & then K; and K, . .
Proposed : guaranteed ) peak Yes sinusoidal
ipK values lower than ~ must be negative .
for 1 o current disturbances
0.5 for global stability control

5. Circuital Implementation and Application Example

The proposed control system for a PV system based on the DAB converter was
validated using the power electronics simulator PSIM [41]. Such a professional simulator
takes into account the nonlinear behavior of the semiconductors (MOSFETs and diodes),
the effect of the HFT leakage inductor, and the nonlinear model of a commercial PV panel,
which in this case corresponds to the BP585 [42].

For this application example, the design of the DAB converter was performed follow-
ing the procedure presented in [36]; the resulting parameters of the converter, the PV panel,
and the DC bus are reported in Table 2.

Table 2. PV panel and DAB converter parameters.

Solar Panel Parameters at STC

Maximum power Pyipp 85 W
Voltage at Ppipp Vypp 18V
Current at Py;pp Ippp 472 A
Short-circuit current Isc 5A
Open-circuit voltage Voc 221V
DAB Converter parameters

Input capacitor Cpy 48 uF
Output capacitor Cgus 88 uF
Leakage inductor Lix 5.9 uH
Transformer turns ratio 1:N 1:13
Switching frequency Fs 50 kHz

DC Bus parameters

DC Bus voltage VBus 220V

The implementation of the PV system in PSIM is depicted in Figure 11, where the
nonlinear elements are observed. In addition, such an electrical scheme also shows the
control blocks, which will be described and validated in the following subsections.
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Figure 11. PV system based on a DAB converter implemented in PSIM.

5.1. Implementation of the Peak Current Controller

The peak current controller was implemented based on the schematic presented in
Figure 6. Figure 12 shows the PSIM implementation of the peak current controller, which is
formed by multiple blocks, each one of them dealing with a particular function.

The block PWM Generator For Bridge 1 has a classical PWM structure, and it produces
the switching signal U; and its complement with a frequency of 50 kHz and a duty cycle
of 50%. The maximum phase shift factor is calculated with a clock signal, generated by
the block Clock Signal Generator, which produces a clock signal with a duty cycle of 50%
and a frequency equal to the double of the switching frequency; thus, the clock signal
changes each § = 0.5, i.e., the maximum ¢ to operate at the maximum efficiency region of
the converter [36]. Then, the Maximum Phase Shift Generator block takes the clock signal
and generates a pulse whenever there is a rising edge using a monostable circuit, which
feeds two AND gates. One of those gates produces the Vr+ signal if the maximum ¢ is
reached while U; = 1, and the other gate produces the Vr— signal if the maximum ¢ is
reached while U; = 1,i.e., U; = 0. Finally, the blocks Hysteresis Band and PWM Generator
for Bridge 2 are the same digital circuit previously reported in Figure 6 and explained in
Section 4.1.

-1

. Reset PWM Generator For Bridge 2
>
f Latch SR
©CF s VF+ G jjj:} Vs
ILK { p 6 (T

Hysteresis Band

=L Ve-3 )

Duty é D U, I
Switching Freq

PWM Generator For Bridge 1 : ie E Vi-
g enerator ror bri ge 1 3l

C lock Monostable
Max Deltaér>
Ve+
Clock Freq UlG;D—D
Clock Stgnal Generator Maximum Phase Shift Generator

Figure 12. Implementation of the peak current controller.
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Figure 13 shows the electrical simulation of the PV system under the action of the peak
current controller. In this first simulation, the PV system starts the operation with 5.3 A as
reference for the ipgx value, which sets the average PV voltage to 18 V and the average PV
current to 4.7 A; the figure also shows the waveform of iy g for such a ipg condition. Then,
at30 ms, a 'change .5.3.A to5.2 Ais performed in ipgy,;, thus changing both upper ipk,, .+
and lower ipg,, - limits of the hysteresis band.

The simulation reports the small-signal response of vpy to the step change in ipKk,
which is correctly predicted by the small-signal model given by the transfer function
Gypvirk shown in (20). Therefore, this simulation confirms that the small-signal model
is useful to design the cascade PV voltage controller; thus, it is also confirmed the global
stability of the system. In this way, the PV system reaches a steady-state behavior at
627 ps, in which the PV voltage is equal to 18.2V and the PV current is 4.66 A. Moreover,
the simulation confirms that the peak current controller imposes a symmetrical waveform
of in ir k; hence, the average i; g current is zero, which avoids the HFT saturation to ensure
the desired operation of the PV system.

T5F T /: - T Ll \W T T T T, 7 I =
= 5H . AAAAAAANAAANA NAAAAN n —irr
3 e A
£ WL
ﬁ_7‘5)l\l\{\l\l‘\l\l\l\l\l‘\l\l \l\l‘\l\l\{\l\l‘\l\l\l\l\l‘\l\l\{\l\l‘\l\l \l:\l‘\l\l \l\l‘\l\l)
£ 183 i \ \ \ \ \ \ \ I \ \ \ - \ \
P2l AAMAAAAMAAAARKAARRARAARMAANAAKAM \
) LRI
= A O

17.9 Fooes ===~ {==--d----f---opoommjmmm oo Lwiioooooosoosoosoooosooienn vPViPK
=472 T T T T T T T T T T T [ T T m|
= 4.72 ‘ ' -
g 4.68 m
g 4.66 — ; A
E 464 ) | | I / | AL /

30 30.1 30.2 30.3 30.4 30.5 30.6 30.7 30.8
Time [ms]

Figure 13. PV current and voltage response for a step change in ipg reference.

5.2. Implementation of the Adaptive PV Voltage Controller

The implementation of the voltage controller requires the real-time calculation of the
PI parameters K;, and K;, which is performed in the block K}, and K; calculation, described
in Figure 14, using Equations (28) and (33).

This verification example considers a settling time T = 2 ms with a band e = 0.02 V,
which was selected based on the perturbation time T, = 10 ms of the P&O algorithm
calculated with the procedure reported in [39,40]. In addition, the calculation of K; requires
to compute the Lambert-W function in real time; thus, the formula presented in [43] is
implemented in PSIM, which provides a calculation error in the order of 0.06%.

Moreover, the calculation of Kp and K; also requires the real-time calculation of the
small-signal parameters K and w, which is performed in the blocks K calculation and w
calculation of Figure 14. Those calculations are performed using Equations (21) and (22),
but those expressions require the Ipg value, which is difficult to measure since Ipx changes
when the maximum ¢ is achieved. Therefore, the control system implementation estimates
Ipk using Equation (19), which corresponds to the block Ipk estimation of Figure 14. Finally,
using the previous electrical circuits, the PI parameters are continuously adapted to the
operations conditions present in the PV system.

Figure 14 shows the implementation of the PI structure in the block PI Control, which
also calculates the error between the PV voltage and the reference value provided by the
P&O algorithm; the output of the PI structure is the reference ipg,, ; for the peak current
controller. Finally, the reference Vpy, . for voltage controller is generated by the P&O
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algorithm shown in the block MPPT P& O, which was implemented using C code following
the guidelines given in [39]: perturbation amplitude Avpy = 1 V and perturbation period
T, = 10 ms.

The blue block PV Voltage Adaptive Control corresponds to the complete adaptive
process, which requires the measurement of the PV voltage Vpy, the average of DC bus
voltage Vp,, and the PV current Ipy, which is similar to the electrical measurements
required by traditional control solutions for PV systems like the ones reported in [9,33,44].

MPPT P&O VPVRef PV voltage adaptive control
Ipv . .
K IpK
—F+ o weer Q t@ é{ef
Vpy 0
(—— K - PI Control
i-_‘i‘ x
VBusC 051G £ -] O-FH
Ik Vi - . | K
VBus Bus Ts
—F+
Veveao=-=+
Vpya-=-+ _ ,
W calculation K calculation
. . VBUS QIPK 1 + + . - -
IpK estimation e %I— - ] —%
’ = ‘
VBus — |
CH =0 T
[ =+ 7 || Kp and Ki calculation
V —
ley Py Lambert-W
VBus—+

Figure 14. MPPT and vpy control scheme.

5.3. Performance of the Complete Control System

Multiple tests were performed to validate the proposed cascade connection of the
adaptive voltage controller and peak current controller:

1. Evaluate the settling time of the PV voltage vpy to changes on the reference value Vpy,, i

2. Evaluate the robustness of the PV voltage controller to perturbations on the bus
voltage Vpys;
3. Evaluate the performance of the PV voltage under the action of the MPPT (P&O) algorithm.

The first test considers step changes on the reference Vpy, ., which have an amplitude
of 1 V to be in agreement with the AVpy parameter designed for the P&O algorithm. This
test was carried out to verify the dynamic behavior imposed by the adaptive PI controller
at different operating points, where the settling time is particularly important since the
stability of the P&O algorithm depends on that characteristic. The results of this circuital
simulation are presented in Figure 15, where the reference changes between 17 V, 18 V, and
19 V in intervals of 5 ms, while the DC bus voltage and irradiances are constant at 220 V
and 1000 W/m?, respectively. For each reference change, the PV voltage shows the desired
dynamic behavior: a settling time equal to 2 ms and no overshoot (p = 1). The simulation
also reports the behavior of the phase shift §, which always remains between 0 and 0.5.
Therefore, high-efficiency operation of the DAB converter is ensured.
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Figure 15. Performance of the control systems to step changes on the vpy reference.

The second test considers the same changes on the reference signal, but a sinusoidal
disturbance of 66 V at 120 Hz is added to the DC bus voltage (220 V), which corresponds
to a 30% perturbation. This type of disturbance is typically found in the DC bus of
a microinverter [39]. Figure 16 presents the circuital simulation results of this test, where
the PV voltage follows the reference with a settling time of 2 ms and a J value within 0 and
0.5, despite the presence of a large perturbation in the bus voltage. Moreover, the simulation
results also report the parameters K, and K;, which are continuously adapted to compensate
the change on the operating point caused by the perturbations on Vp,;, thus ensuring the
desired behavior under realistic conditions, e.g., a microinverter application.
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Figure 16. Performance of the control systems to step changes on the vpy reference and perturbations
on the DC bus.

The third test considers the action of the P&O MPPT algorithm, which allows the
validation of the proposed controller in realistic conditions. For this test, the irradiance
changes between 800 W/m?, 500 W/m?, and 1000 W/m?, which forces the P&O algorithm
to track the corresponding optimal references for the PV voltage. Figure 17 shows results of
this circuital simulation, where the PV voltage always follows the reference vpy,,, provided
by the P&O algorithm. Figure 17 also shows the power-vs-voltage curves of the PV module
for the three irradiance conditions, and the path followed by the PV system is highlighted
in a red trace: the PV system travels from the MPP of the first condition (800 W/m?) to the
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MPP of the second condition (500 W/m?), then the system travels to the MPP of the third
condition (1000 W/ mz) ; therefore, such a simulation confirms that the highest PV power is
always extracted.

20
E 19
o 18

F I
=7 800 W/m? 1000 W/m?|
o 65F 3
B - -
£ 551 —Prvi. |
& 45

— Ppy

|
200 250 300 350 400

50 100 150 Time [ms]

Figure 17. System performance for changes on the irradiance and MPPT action.

The results also confirm that for each irradiance, the PV system reaches the MPP
with a tracking time lower than 40 ms and operates with stable behavior, always ensuring
a settling time equal to 2 ms. The stable operation of the P&O algorithm is also evident from
the three-point behavior of the PV voltage around the MPP, which is the stable operation
waveform demonstrated in [39] for a P&O algorithm. Figure 17 also shows the adaptation
of the K, and K; parameters, where each operating point forces the controller parameters
to be recalculated; thus, the PI controller is adapted to impose the desired dynamics in vpy.
It should be noted that the simulation shows both the maximum power available for each
irradiance condition Ppy,, , and the power extracted from the panel Ppy as a consequence
of the control system operation is also observed. Those results put into evidence the
correct operation of the PV system, since the PV panel always reaches the MPP for any
operating point.

The previous simulation was repeated but including a sinusoidal disturbance of 66 V
at 120 Hz in the DC bus. This final condition corresponds to a realistic operation in
a microinverter with MPPT capabilities. The results of this last circuital simulations are
reported in Figure 18, where the PV panel voltage follows the reference generated by
the MPPT algorithm despite the disturbance introduced in vp,;. It is also observed the
adaptation of K, and K; parameters to changes on both the irradiance and the bus voltage,
thus ensuring the stability of the PV system. Finally, the path followed by the PV system
in the power-vs-voltage curves confirms that the highest PV power is always extracted.
Therefore, the previous simulations validate the adaptive control system proposed in
this paper.

The next validation is to evaluate the performance of each component of the PV system.
The efficiency of a PV panel is calculated as the ratio between the incident solar power and the
electric output power. Such an efficiency depends on the materials used in the construction
process; for example, Ref. [45] reported efficiencies between 11.2% (organic cells) up to 28.8%
(Gallium-Arsenic cells). At the commercial level, monocrystalline and polycrystalline cells have
a 90% market presence with efficiencies ranging from 15% to 20% [46].
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Figure 18. System performance for changes on the irradiance, MPPT action, and perturbation on the
DC bus.

The efficiency of the DAB converter (77) can be calculated using expression (34), where
Ppy is the power provided by the PV panel and Pp,sspap corresponds to the power losses
on the converter. Pj,spap is calculated using expression (35) as reported in [32], where
Rk is the equivalent series resistance of L g and Rps,,,,, and Rps,,, are the on resistance
of the MOSFETs in Bridge 1 and Bridge 2, respectively:

_ Ppv = PLossDAB 1009,

(34)
Ppy
2 vzus
(UPV " IE]Z) Rpsons
ProsspaB = m : (2 ) RDSom +Rpx +2- I\]2> (35)

The efficiency of the DAB converter, designed in this application example, is illustrated
in Figure 19a as function of ¢ for three different irradiances (1000 W/ m?, 800 W/m?2, and
500 W/m?), and the values of R;, Rpsyyy - and Rps,,, were taken from [32]. The re-
sults show that the MPP of the PV panel, for each irradiance, can be reached with two
different J values; however, the efficiency of the converter is higher for § < 0.5, which
was discussed in Section 2, and it is guaranteed by the controller proposed in this work.
The efficiency of the DAB converter can be improved by using semiconductors, passive
elements, and transformers with lower parasitic resistances.

Another component of the PV system is the P&O MPPT algorithm. The efficiency of the
P&O algorithm is measured as the ratio between the power extracted from the PV panel (Ppy)
and the power at the MPP (Pypp); hence, it is calculated as % - 100%. Figure 19b shows
the efficiency of the MPPT algorithm for different irradiance conditions, reporting efficiencies
higher than 95% and an accuracy of 100% in steady-state operation with and without the
presence of 120 Hz sinusoidal perturbations caused by the grid connection. The lowest
efficiency is reached when a fast irradiance increment occurs, which is the case after 250 ms,
but it is compensated in less than 100 ms. The power ripple of the MPPT is also a performance
measure, which in this case is lower than 3 W as reported in Figures 17 and 18. The efficiency
and the power ripple of the MPPT can be enhanced by using more efficient algorithms, but the
control system proposed in this paper will remain the same.

The controller performance is estimated based on the error between the PV voltage
(vpy) and the reference value (vpy;,f) provided by the MPPT algorithm. The error signals
for this application example are reported in Figure 19¢,d for the operation with and without
perturbations at 120 Hz, respectively. The error has a magnitude lower than 1% in steady-
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state operation; this error exhibits short peaks of 6% when a change in the reference is
imposed by the MPPT algorithm each 10 ms. In presence of a fast change in the irradiance
value, e.g., after 250 ms, the error is increased (1% without 120 Hz perturbations and 3.5%
with those perturbations), but such an error will be reduced when the MPPT controller
reaches the MPP condition. This error can be decreased by reducing the PV panel voltage

ripple, which can be done by using a larger Cpy capacitor.

Finally, the performance of the whole PV system proposed in this work is a combina-

tion of the performance of each component previously discussed.
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Figure 19. Performance measurements of the DAB converter and MPPT P&O. (a) Performance of the
DAB converter; (b) MPPT efficiency; (c) Error of the control system without DC bus perturbation;
(d) Error of the control system with DC bus perturbation.

6. Conclusions

A cascade controller, formed by a peak current control and an adaptive PI control of
the PV voltage, was designed and validated in this paper. The effectiveness of the cascade
controller in the regulation of the PV voltage was demonstrated for a system based on the
DAB converter, improving the dynamic response, and ensuring a stable operation while
reaching the MPP. Because the high voltage-conversion ratio and high efficiency of the
DAB converter make it suitable to interface PV panels with electric grids, the behavior of
the PV system (PV panel, DAB converter, inverter, and AC bus) was analyzed in detail.
The peak current control changes the phase shift factor as a function of the peak current
in the leakage inductor of the HFT. The controller was designed based on digital devices
to determine the switching signals for the two active bridges, enclosing the peak current
value in a hysteresis band. The adaptive PI controller adjusts the parameters according
to the operating point, thus guaranteeing a stable operation. In the application example,
the adaptive PI controller was designed to impose a settling time of 2 ms and no overshoot,
mitigating also the inverter disturbance and allowing maximum power extraction. In light
of the results, it is possible to design a controller for a PV system (PV panel, DAB converter,
inverter, and the AC grid) that guarantees its stable operation in a wide range, which
extracts the maximum power of the PV panel, and mitigates the oscillations caused by the
grid connection of a classical inverter.

Future work will include the implementation of the simulated system, allowing PV
panels to be connected to a microgrid (or used into a microinverter) while operating in the
MPP with high efficiency. The main limitation of this solution concerns the bandwidth
reduction caused by the small-signal model used to design the adaptive PI controller,
which limits the speed of the PV voltage. Therefore, an additional future work is to design
a nonlinear controller able to use the whole bandwidth of the converter, which could be
based on sliding-mode control or other more complex control techniques.
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