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Abstract: In Photovoltaic (PV) systems with Distributed Maximum Power Point Tracking (DMPPT)
architecture each panel is connected to a DC/DC converter, whose outputs are connected in series to
feed a grid-connected inverter. The series-connection forces the output voltage of those converters to
be proportional to the converter’ output power; therefore, under mismatched conditions, the output
voltage of a highly-irradiated converter may exceed the rating (safe) value, causing an overvoltage
condition that could damage the converter. This paper proposes a sliding-mode controller (SMC)
acting on each converter to regulate both the input and output voltages, hence avoiding the
overvoltage condition under partial shading. The proposed control strategy has two operation
modes: maximum power point tracking (MPPT) and Protection. In MPPT mode the SMC imposes to
the PV panel the voltage reference defined by an MPPT technique. The Protection mode is activated
when the output voltage reaches the safety limit, and the SMC regulates the converter’ output voltage
to avoid overvoltage condition. The SMC has a bilinear sliding surface designed to provide a soft
transition between both MPPT and Protection modes. The SMC analysis, parameters design and
implementation are presented in detail. Moreover, simulation and experimental results illustrate the
performance and applicability of the proposed solution.

Keywords: distributed architecture; maximum power point tracking; sliding mode control; overvoltage

1. Introduction

The continuous growing of Photovoltaic (PV) systems in the last years has consolidated PV
technology as one of the most important renewable energy sources. Only in 2017 approximately 96 GW
were installed, i.e., 29% more with respect to 2016, reaching a global installed PV capacity of 402.5 GW,
approximately [1].

Most of the PV installed capacity corresponds to grid-connected PV systems (GCPVS) aimed at
supplying electricity demand in different applications. In general, a GCPVS is composed by a PV
generator, one or more DC/DC power converters, an inverter and a control system [2]. The PV
generator transforms the sunlight into electric power, which depend on the environmental conditions
(irradiance and temperature) and the operation point. The DC/DC converters allows the modification
of the PV generator operation point and the DC/AC converter delivers the electrical power to the
grid. The control system can be divided into two main parts: maximum power point tracking (MPPT)
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and inverter control. On the one hand, the MPPT uses the DC/DC power converters to find and track
the PV generator operation point where it delivers the maximum power (MPP). On the other hand,
the inverter control has two main tasks, the first one is to synchronize the AC voltage with the grid,
and the second one is to inject the AC current to the grid, which is proportional to the power delivered
by the PV generator and the DC/DC converters [3,4].

The inverter control is particularly important in a GCPVS because the stability and the power
quality injected to the grid depend on it [2—4]. For this controller, the PV generator, the DC/DC
converters and the MPPT are represented by a voltage [2] or a current [3,4] source, which feeds a link
capacitor to form a DC bus. The DC voltage is converted to AC with a set of switches, and a filter
eliminates the high frequency components [2]. The voltage-source two-level inverters with L, LC or LCL
filters are widely used in commercially available inverters [2,5] and the inverter controller is usually
a cascaded control where inner loop regulates voltage and the outer loop controls the current injected
to the grid and keeps the DC bus voltage around its reference value [2]. Nonetheless, other authors
propose cascaded controller where the inner loop regulates the current injected to the grid [3,4,6,7] and
the current references are generated from a Droop controller [7], active and reactive power references
[6] or form the maximum power provided by the PV source and the reactive power demanded by the
load [3,4]. Moreover, some papers propose linear current controllers [6], while other papers combine
linear regulators with state feedback [3,7] or Lyapunov-based [4] controllers to regulate the current
injected to the grid.

Notwithstanding the important role of the inverter controller in a GCPVS, the maximum power
delivered by the PV generator does not depend on this controller, since the MPPT is in charge of
finding and tracking the MPP of the PV generator for different irradiance and temperature conditions.
When all the the PV panels in a generator are operating under the same irradiance and temperature
conditions (i.e., homogeneous conditions), there is a single MPP in the power vs. voltage (P-V) curve
of the generator. However, GCPVS in urban environments (i.e., homes, buildings, companies, etc.)
are surrounded by different objects, which may produce partial shadings over the PV array, which
forces the PV panels of the array to operate under different (mismatched) irradiance and temperature
conditions. Moreover, mismatching conditions may also be produced by the aging, soiling, early
degradation and manufacturing tolerances in the PV panels [8].

When a PV generator is operating under mismatching conditions, the power produced is
significantly reduced [9,10]; therefore, it is important to mitigate their effects. In general, it is possible
to find three different architectures to mitigate the adverse effects of the mismatching conditions in
PV installations: centralized systems (CMPPT), distributed systems (DMPPT), and reconfiguration
systems [11]. However, CMPPT and DMPPT architectures are the most widely used architectures in
urban applications; hence they are briefly discussed below.

In CMPPT systems, depicted in Figure 1, the complete PV array is connected to a single DC/DC
power converter, whose output is connected to the grid through an inverter. The DC/DC converter
modifies the operation voltage of the PV array, in order to track the MPP through the MPPT. Under
mismatching conditions, the maximum current (i.e., the short-circuit current) produced by a shaded
PV panel is less than the short-circuit current of the unshaded panels; hence, when the array current
is greater than the short-circuit current of the shaded panel, the excess of current flows through the
bypass diode (BD) connected in antiparallel to the panel (see Figure 1). As consequence, for a particular
shading profile over the PV panels and a particular array current, some BDs are active and the rest are
inactive. This activation and deactivation of the bypass diode produce multiple MPPs in the array P-V
curve, which means that there are local MPPs and one global MPP (GMPP) [12].

In general, MPPT techniques for CMPPT architectures are complex [11,12] because they should
be able to track the global MPP of the PV array in any condition. Moreover, mismatching conditions
continuously change along the day and year due to the sun trajectories in the sky, and also due to
the changes in the surrounding objects. As consequence, the number of MPPs and the location of the
global MPP continuously change in the P-V curve of a PV array. CMPPT techniques can be classified
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into three main groups [13]: conventional techniques, soft computing techniques and other techniques.
The first group includes techniques based on Perturb & Observe (P&O), incremental conductance
and hill climbing, as well as other GMPP search techniques and adaptive MPPTs. Soft computing
techniques uses artificial intelligence methods to find the GMPP, like evolutionary algorithm, genetic
programming, fuzzy system, among others. The last group includes methods like Fibonacci search,
direct search, segmentation search, and others to locate the GMPP.
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Figure 1. Centralized MPPT system based on a double-stage structure.

In DMPPT architectures the PV array is divided into smaller arrays, or sub-arrays, to reduce the
number of MPPs in each sub-array. Then, each sub-array is connected to a DC/DC power converter,
which has an MPPT technique much more simple than the ones used in CMPPT systems [11,14,15].
The double stage DMPPT system, presented in Figure 2, is one of the most widely adopted architectures
in literature [11,14,15], where each panel is connected to a DC/DC converter to form a DMPPT unit
(DMPPT-U) and all DMPPT-Us are connected in series to feed an inverter. Boost converters are
widely used as DC/DC converter in double stage DMPPT system, while other approaches uses buck,
buck-boost or more complex converters to improve the voltage gain or the efficiency [13,15].
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Figure 2. Distributed MPPT system based on a double-stage structure.

The main advantage of the double stage DMPPT systems is that each PV panel can operate at its
MPP even under mismatching conditions [15]. Moreover, no communication is required among the
DMPPT-Us or with the inverter, and the the dynamics of the DMPPT-Us are decoupled from the dynamics
of the GCPVS inverter, due to the high capacitance in the DC link that forms the DC bus [15]. However,
one of the main limitations of double stage DMPPT systems is that the output voltage of each DMPPT-U
is proportional to its output power; therefore, under mismatching conditions, the output voltage of
a DMPPT-U with a highly irradiated PV panel may exceed the maximum voltage of the DMPPT-U
output capacitor and the maximum open-circuit voltage of the switching devices. Such a condition
is denominated overvoltage and must be avoided to protect the DC/DC converter [16-18]. Although
overvoltage condition is important to assure a secure operation of the DMPPT-Us, it is not discussed in
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some papers devoted to analyzing double stage DMPPT systems, like [19,20], nor in review papers about
MPPTs for PV generators under mismatching conditions [13,15,21,22].

In general, overvoltage can be faced by two main approaches. The first one is to design the
DMPPT-U with an output capacitor and switching devices able to endure voltages that may be close
to the DC bus voltage in the link with the inverter [18]. Nevertheless, this solution increases the size
and cost of each DMPPT-U, hence, this effect is multiplied by the number of DMPPT-Us in the PV
system. The second approach is to monitor the DMPPT-U output voltage and if it is greater than
a reference value, the control objective must be changed to regulate the DMPPT-U output voltage
under its maximum value. This operating mode is denominated Protection mode.

Therefore, the DMPPT-U control strategy must consider two basic operation modes: MPPT
and Protection. In MPPT mode the control objective is to extract the maximum power from the PV
generator, while monitors the output voltage of the DMPPT-U. If such a voltage surpasses a reference
value, then MPPT mode is disabled and Protection mode is activated to keep the DMPPT-U output
voltage below its maximum value. Although in literature there is a significant number of control
systems for double stage DMPPTs, as shown in different review papers [13-15], after an exhaustive
review the authors have found just a few control systems that consider the overvoltage problem and
implement MPPT and Protection modes [16,23-30]. That is why, the literature review in this paper is
focused on these references.

In [23-25] the authors propose centralized strategies to perform the MPPT and to avoid the
condition v, > Ve on DMPPT-Us implemented with Boost converters, where v, and V4 are the
output voltage of the DC/DC converter and its maximum value, respectively. In [23,24] the authors
propose to monitor v, of each DMPPT-U, if there is at least one DMPPT-U with v, > Vi, then the
input voltage of the inverter (v;,) is reduced. Moreover, when vy, is reduced below 80% of its nominal
value, the DMPPT-Us with v, > V4 change their operating mode from MPPT to v, regulation.
Nevertheless, the authors use linear controllers for v,, and v}, which no not guarantee the DMPPT-U
stability in the full operation range. Additionally, the paper does not provide information about the
implementation of the v, controller and it does not discuss how to perform the transition between
MPPT and Protection mode (and viceversa) or the stability issues of those transitions. Finally, the paper
does not provide guidelines or a design procedure of the proposed control system.

Another centralized control strategy for a DMPPT system, based on Particle-Swarm Optimization
(PSO), is proposed in [25]. The objective of the control strategy is to find the values of vy, of each
DMPPT-U that maximizes the output power of the whole system. However, the constraints of the
PSO algorithm include the condition v, < Vj;5x for each DMPPT-U. Therefore, the proposed control
system is able to track the MPPT in each DMPPT-U avoiding the overvoltage condition. Although the
authors provide some considerations to set the PSO parameters, they not explain how regulate the
PV panel voltage with the power converters and they do not analyze the stability of the DMPPT-Us.
Moreover, the authors do not provide information for the implementation of the proposed control
system because they implemented it on a dSpace control board. It is worth noting that the centralized
strategies proposed in [23-25] require additional hardware to implement the centralized controllers
and monitoring systems, hence these solutions require high calculation burden compared with other
DMPPT-U control approaches like [16,26-29].

The authors in [16,26] consider DMPPT-Us implemented with Boost converters and propose to
limit the duty-cycle (d) of each DMPPT-U to avoid the condition v, > Vj4y. The limit of 4 is defined
asd < 1 — vy, /vy, where, vy, is the PV panel voltage [16,26]. Nevertheless, the DMPPT-U control
operates in open-loop during the saturation of 4, which may lead to the instability of the DMPPT-U
controller. Additionally, the papers do not provide a clear explanation about how to define the duty
cycle limit, since the voltage v), of a DMPPT-U varies with the irradiance and temperature conditions
as well as the mismatching profile over the PV panels. Finally, the authors in [16] focus on the analysis
of double stage DMPPT systems implemented with boost converters, but they do not provide a design
procedure for the DMPPT-U control in MPPT mode.
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In [27-29] the authors propose two different control strategies for each DMPPT-U, one for MPPT
mode and another for Protection mode, where the trigger for the Protection mode is the condition
Up > Viax. On the one hand, the strategy presented in [27] for Protection mode is to adopt a P&O
strategy, i.e., perturb v,, and observe v, in order to fulfill the condition v, < Vjyx. On the other
hand, in [28,29] two Pl-type regulators are proposed for each DMPPT-U: one for v, in MPPT mode
and another for v, in Protection mode. The reference of v, and vy, regulators are Vj,x and the
MPPT reference, respectively. The voltage regulators presented in [27-29] are linear-based, with fixed
parameters, and designed with a linearized model in a single operation point of the DMPP-U; therefore,
they cannot guarantee a consistent dynamic performance and stability of the DMPPT-U in the entire
operation range. Moreover, the authors in [27-29] do not provide a design procedure of the proposed
controllers and only [28] provide relevant information for the controller implementation.

A Sliding-Mode Controller (SMC) designed to regulate vj, and vj, on a Boost-based DMPPT-U is
proposed in [30]. The sliding surface (¥) has three terms: ¥ = i} — kpy (Upv — vmppt) -(1-0V) -
ky (0p — Vinax) - (OV'), where if is the inductor current of the Boost converter, vy is the vy, reference
provided by the MPPT algorithm, OV is a binary value assuming OV = 1 when v, > Vj;, and
OV = 0 when v, < Vjyux, and the constants kj, and k;, are SMC parameters. During MPPT mode the
first and second terms of ¥ are active to regulate vy, according to the MPPT algorithm; while during
Protection mode the first and third terms of ¥ are active to regulate v, = V};;5x. The main advantage
of the SMC proposed in [30] is the capability to guarantee the global stability of the DMPPT-U in
the entire operation range. Nonetheless, that paper does not analyze the dynamic restrictions of the
SMC reference in MPPT to guarantee the DMPPT-U stability; additionally, the paper does not provide
a design procedure for the SMC parameters (k,, and k) and the sliding surface does not include
integral terms, which introduces steady-state error in the regulation of v), and v;. Finally, the authors
do not provide information for the real implementation and the proposed control system is validated
by simulation results only.

This paper introduces a control strategy with MPPT and Protection modes for DMPPT-Us
implemented with boos converters, where the regulation of v, in MPPT mode, and v, in Protection
mode, is performed by a single SMC. In MPPT mode v,, reference is provided by a P&O algorithm
and vy, is monitored to verify if its value is less than a safe limit named Vyax. If v5 > Viygx, Protection
mode is activated and vy, is regulated to V. by the SMC. During Protection mode v}, is monitored
to verify the condition v, < Vjuy, if so, MPPT mode is activated. The proposed SMC has the same
structure of the SMC introduced in [30] to adapt the SMC switching function with the operation mode.
However, the proposed SMC introduces two integral terms to guarantee null steady-state error in the
regulation of vj, and v},; moreover, the paper analyzes the dynamic restrictions in the P&O references
to ensure the stability of the DMPPT-U in the entire operation range. The design procedure of the
proposed SMC parameters is analyzed in detail as well as its implementation using embedded systems
and analog circuits.

There are three main contributions of this paper. The first one is a single SMC that guarantees
global stability and null steady-state error of the DMPPT-Us in the entire operation range of MPPT
and Protection modes. The second contribution is a detailed design procedure of the proposed SMC
parameters and the definition of the dynamic limits of P&O references that guarantee the global
stability. Finally, the last contribution is the detailed description of the SMC implementation that helps
the reader to reproduce the results.

The rest of the paper is organized as follows: Section 2 explains the effects of the mismatching
conditions on a DMPPT system; Section 3 introduces the model of the DMPPT-U and the structure of
the proposed SMC. Sections 4 and 5 provide the analysis and parameters design of the proposed SMC
in both MPPT and Protection modes. Then, Section 6 describes the implementation of the proposed
SMC, and Sections 7 and 8 present both the simulation and experimental results, respectively. Finally,
the conclusions given in Section 9 close the paper.
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2. Mismatched Conditions and DMPPT

In a CMPPT system operating under mismatching conditions, there are some panels subjected to
a reduced irradiance due to, for example, the shadows produced by surrounding objects (see Figure 1);
hence, the maximum current (short-circuit current) of those panels is lower than the short-circuit
current of the non-shaded panels. Moreover, when the string current is lower than the short-circuit
current of the shaded PV panel, the protection diode connected in antiparallel, i.e., bypass diode (BD),
is reverse biased (inactive) and both panels contribute to the string voltage. However, when the string
current is higher than the short-circuit current of the shaded panel, the BD of such panel is forward
biased (active) to allow the flow of the difference between the string current and the short-circuit
current of the shaded panel.

The Current vs. Voltage (I-V) and P-V curves of a PV array, composed by two PV panels,
is simulated to illustrate the mismatching effects on the CMPPT system presented in Figure 1. For the
simulation, the non-shaded (PV;) and shaded (PV>) panels irradiances are S; = 1000 W/ m? and
S» = 500 W/m?, respectively. The panels are represented by using the single-diode model expression
given in Equation (1) [31], where vy, and ipy are the current and voltage of the panel, iy, is the
photovoltaic current, A is the inverse saturation current, R; is the series resistance and R, is the parallel
resistance. B is defined as B = N; - 7 - k- T/q where N is the number of cells in the panel, 7 is the
ideality factor, k is the Boltzmann constant, g is the electron charge, and T is panel temperature in
K. The parameters used for the simulations are calculated using the equations presented in [32]:
A =15415uA, B =1.1088 V1, Ry = 0.0045 Q and R}, = 109.405 Q.

Upo + Rs 'ir’v> 1} _ Opot Rs-ip 1)

The BD activation of the shaded PV panel in Figure 1 produces an inflection point in the I-V
curve, which in turns produces two MPPs in the P-V curve as it is shown in Figure 3. Therefore,
the maximum power produced by the CMPPT system (86.52 W) is less than 123.28 W, which is the
sum of the maximum power that can be produced by both PV; (84.25 W) and PV (39.03 W).

PV String MPP

1r Bypass diode activation \ 1
0 ‘ ‘ ‘ ‘

(Al

0 10 20 30 40
v, [V]
80
— 60 .
E PV String MPP
o2 40
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0 ‘ ‘ ‘ ‘
0 10 20 30 40

v V]

Figure 3. Electrical behavior of a mismatched PV string with two PV panels.
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In a double stage DMPPT system, each panel is connected to a DC/DC converter to form a
DMPPT unit (DMPPT-U), and the converters” outputs are connected in series to obtain the input
voltage of an inverter, as reported in Figure 2. The boost converter is a widely used topology to
implement the DMMPT-Us [11,14,16,23-27,29,30], since it is necessary to step-up the PV panel voltage
to match the inverter input voltage. Moreover, the boost structure is simple and the stress voltages
of both output capacitor and switch are smaller in comparison with other step-up topologies [33].
Furthermore, the series connection of the DMPPT-U outputs impose low boosting factors to the boost
converters, which enables those topologies to operate in a high efficiency condition.

To illustrate the theoretical power extraction provided by a double stage DMPPT solution,
the system of Figure 2 is simulated considering the same mismatching conditions adopted for the
CMPPT solution: S; = 1000 W/m? and S, = 500 W/m2. The simulation results are presented
in Figure 4. In this case, both PV panels are able to operate at any voltage, hence the maximum
power achievable in each panel is extracted. Therefore, the theoretical optimal operation conditions
(vpo1 = 1843 V,0py2 = 17.64 V) correspond to the MPP conditions in each panel as reported in
Figure 4, in which PV; has a maximum power of 84.25 W and PV; has a maximum power of
39.03 W, hence the maximum power provided by the DMMPT system is 123.28 W; this is considering

20 ‘ 120

Optimal operati 100

> 60
o

40

20

0

0 5 10 15 20

|

va,1
Figure 4. Theoretical power production of the DMPPT system in Figure 2.

loss-less converters.

©
o

DMPPT power [W]

However, from Figure 2 it is observed that the DC-link is formed by the output capacitors of the
DMPPT converters, which are connected in series. Therefore, the DC-link voltage v, is equal to the
sum of the output capacitors voltages vj, 1 and v} . For a general system, with N DMPPT converters
associated to N PV panels, such a voltage condition is expressed in Equation (2):

N
Upt +Vpp+ -+ Oy F U N = Y Uy = Vg (2)
=1

Moreover, the series connection of the output capacitors imposes the same current at the output
of the DMPPT converters. Therefore, the power delivered to the DC-link p,., which is transferred to
the grid-connected inverter, is equal to the sum of the power delivered by each converter, p; 1 and py .
In the general system formed by N converters, the following expression holds:

N
Poa+Poot Pyt PN = ) P = Pac 3)
j=1
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Finally, the voltage imposed to the i-th output capacitor is obtained from Equations (2) and (3)
as follows:

bi
Upi = Vg * _Pri 4)

N
Y ph,
=1

That expression put into evidence that the voltage imposed to any of the output capacitors
depends on the power delivered by all the DMPPT converters. Moreover, grid-connected inverters,
like the one described in Figure 2, regulate the DC-link voltage at its input terminals to ensure a correct
and safe operation [34]. In light of the previous operation conditions, Equations (2) and (4) reveal that
the DC-link voltage v,., imposed by the inverter, is distributed into the output capacitor voltages v}, ;
proportionally to the power delivered by the associated PV panel p,,,; with respect to the total power
delivered by all the PV sources. Hence, the converter providing the higher power will exhibit the
higher output voltage, which could lead to over-voltage conditions.

Considering the DMPPT system of Figure 2 with a DC-link voltage imposed by the inverter equal
to v, = 80 V, and output capacitors with maximum voltage rating equal to Vj;x = 50 V, the DMPPT
system operates safely if both PV panels produce the same power since v, = v}, = 40 V. However,
in the mismatched conditions considered (S; = 1000 W/m? and S, = 500 W/m?), the DMPPT
system is subjected to overvoltage conditions as it is reported in Figure 5: at the theoretical optimal
operation conditions (vpv,l = 1843V, vy = 17.64 V) the output voltage of the first converter is
54.67 V, which is higher than the rating voltage Vj;,,x producing an overvoltage condition that could
damage the converter. Figure 5 shows the conditions for safe operation, overvoltage in the first
converter (v, 1 > Viuax) and overvoltage in the second converter (v,5 > Viax).

5 X X X XX X X X
RKKR XK XX
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0O
Of
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18 00000 o
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4 i E
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~ X ]
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8 100 X X XX XX X X XXX X X XX XXX XX XXX XX XXX % =
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6 X
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X
2 x Vb,1 > Vmax X
X
X
o vb,2 > Vmax o
0 ; XK I K IR KKK FAKKEK X
0 5 10 15 20
v V
pv,1

Figure 5. Safe power production of the DMPPT system in Figure 2.

The simulation puts into evidence that new optimal operation condition appear due to the
overvoltage conditions. In this example, the first optimal operation points of the PV panels are
Upop = 17.64 V (MPP voltage) and v,,1 = 13.33 V (no MPP voltage), while the second optimal
operation point is v, 2 = 17.64 V (MPP voltage) and v,,1 = 20.39 V (no MPP voltage). This result
is analyzed as follows: the first PV panel must be driven far enough from the MPP condition so that
the power provided to the DC-link by the associated converter is, at most, 62.5% of the total power.
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That percentage is calculated from Equation (4) replacing the output voltage by the rating voltage Vi
and using the values of the DC-link voltage v;, and the total power delivered to the DC-link as follows:

N

Pb,j
j=1

Odc

max (pb,i) = Vinax - (5)
Equation (5) shows that, in the cases when the theoretical optimal operation conditions are out of
the safe voltages, the new optimal operation voltages are located at the frontier of the safe conditions,
which ensures the maximum power extraction from the PV panel associated to the converter near the
overvoltage condition. This analysis is confirmed by the simulation results presented in Figure 5.
Therefore, to ensure the maximum power extraction for any irradiance and mismatching profile,
the DMPPT converters must be operated in two different modes:

e  MPPT mode: when the output capacitor voltage v} ; is under the safe (rating) limit, the converter
must be controlled to track the MPP condition.

e Protection mode: when the output capacitor voltage v}, ; reaches the safe limit, the converter must
be controlled to set vy, ; at the maximum safe value V.

The following sections propose a control system, based on the sliding-mode theory, to impose the
previous behavior to the DMPPT converters.

3. Converter Model and Structure of the Control System

As discussed before, boost converters are widely used in DMPPT systems; hence, this paper
considers a DMPPT-U system implemented with a boost converter. The electrical model of the adopted
DMPPT converter is presented in Figure 6, which includes the MPPT algorithm that provides the
reference for the SMC. Moreover, a current source is used to model the current i;. imposed by the
inverter to regulate the DC-link voltage.

- - L

B = (77T
I V';V JEPV I H Jfb +
T o = ‘—Wiva , ‘J —IIiCb -

—— - )

lipv  {vpv

Figure 6. Electrical model of a DMPPT boost converter.

The differential equations describing the dynamic behavior of the DMMPT converter are given in
Equations (6)—(8), in which u represents the binary signal that defines the MOSFET and diode states:
u = 1 for MOSFET on and diode off; u = 0 for MOSFET off and diode on.

dUpy N ipy — iL
it Cp
dop _ip - (1—u) —ig
ar Cp @
diL _ vpv—vb-(l—u)
T T )

(6)
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Sliding-mode controllers are widely used to regulate DC/DC converters because they provide
stability and satisfactory dynamic performance in the entire current and voltage operation
ranges [35,36]. Furthermore, SMCs also provide robustness against parametric and non-parametric
uncertainties [37]. In particular, in PV systems implemented with boost converters, SMCs have been
adopted to improve the dynamic performance of the DC/DC converter in CMPPT systems [37,38]
and to regulate the input and output voltages of a DMPPT-U operating in both MPPT and Protection
modes [30]. Therefore, this paper adopts that type of controllers.

The proposed control system uses one switching function for each operation mode: ¥, for MPPT
mode and Y, for protection mode, which leads to the unified sliding surface (®) given in Equation (9).
Therefore, the system operating at ¥ = 0 is in the sliding-mode with null error, while ¥ # 0
corresponds to a system operating far from the reference, hence with an error. The surface includes a
binary parameter P; to switch between the two operation modes, depending on the voltage value v,
exhibited by the output capacitor, as it is reported in expression (10).

®={¥Yp 1-P)+Y¥, (P)=0} )

|f vb<Vmax — Pr:0,®:{l}fpv:0}

10

The switching functions ¥y, and ¥, designed for each mode, are given in Equations (11) and (12),
respectively, in which kpv, )\pv, ky and A} are parameters, i}, corresponds to the inductor current of the
boost converter, v,, corresponds to the voltage at the PV panel terminals, vy corresponds to the
reference provided by the MPPT algorithm, v}, corresponds to the output voltage of the DMPPT converter
and Vqy is the maximum safe voltage at the converter output terminals.

Fpo = iL —kpo - (0po = Omppt) = Apo- / (0po = Omppt) 4t (1)
¥y = it + Ky (00— Vinaa) + 2+ [ (04— Vinaa) (12)

Both switching functions were designed to share the inductor current, so that the transition
between such sliding-mode controllers is not abrupt since the inductor current keeps the same value
when Pr changes the active sliding function. Figure 7 illustrates the concept of the two operation
modes in the proposed control system.

MPPT mode ik Protection moge

Ypv=0

Vpv

Figure 7. Concept of the proposed operation modes and sliding surfaces.

The following section analyzes the stability conditions of the proposed SMC, the equivalent
dynamics of the closed loop system, the SMC parameters design, and the implementation of the
proposed control system, in both MPPT (® = {¥,, = 0}) and Protection (® = {¥}, = 0}) modes.
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4. Analysis of the Proposed SMC

The design process of the sliding-mode control is performed by means of equivalent control
method [35]. This technique was used to develop a method for testing convergence, global stability
and performance of sliding-mode controllers acting on DC/DC converters, which is based on three
considerations: transversality, reachability and equivalent control. Nevertheless, the authors in [35]
demonstrated that sliding-mode controllers for DC/DC converters fulfilling the reachability conditions
also fulfill the equivalent control condition. Transversality and reachability conditions of the proposed
SMC in MPPT and Protection modes are analyzed in Sections 4.1 and 4.2, respectively. Moreover,
the equivalent dynamic model of the DC/DC converter with the SMC is analyzed in Section 4.3 for
MPPT and Protection modes.

4.1. Transversality Condition

The transversality condition analyses the ability of the controller to modify the sliding function
trajectory. This condition is formalized in Equation (13), which evaluates that the MOSFET control
signal u is present into the sliding function derivative [35,36] for MPPT and Protection modes. If the
transversality conditions, given in Equation (13), are not fulfilled, the SMC has no effect on the sliding
function trajectory and the system is not controllable. The left and right parts of the transversality
condition must be fulfilled in MPPT and Protection modes, respectively; therefore, the following
subsections analyze the transversality condition in each operation mode.

du( it >P,_O7é“ du<dt>

4.1.1. Transversality Condition in MPPT Mode

£0 (13)

p=1

In this mode the SMC follows a voltage reference vyt provided by an external MPPT algorithm
as depicted in Figure 6. In this work it is considered a Perturb and Observe (P&O) MPPT algorithm
due to its positive compromise between efficiency and simplicity [39]. In MPPT mode the derivative of
the switching function is obtained from Equation (11) as:

dt— dt

a¥y di dv dv
s = <de - ;ntppt) = Apo- (Opo = Omppt) (14)

Replacing the PV voltage and inductor current derivatives, given in Equations (6)—(8),
into Equation (14):

dYpo  vpo—vp-(1—u) (ipv - iL> AVpppt
= —kpo - +kpp——— —Apo - (Vpp —© 15
dt I po va pv dt pv ( po mppt) ( )
Finally, the transversality condition is evaluated by replacing Equation (15) into Equation (13),
which leads to Equation (16).

M(dt>_L>O (16)

Since the output voltage is always positive, the transversality value (16) is also positive, which
ensures that the transversality condition (13) is fulfilled in any operation condition of MPPT mode.
Therefore, the switching function ¥, designed for the MPPT mode is suitable to implement a SMC.

Moreover, the positive sign of the transversality value provides information concerning the

behavior of a SMC implemented with ¥ : % (d‘gf ”) > 0 implies that a positive values of u (u = 1)

e . dY . .
causes a positive change in —/* [35]. In contrast, negative values of u (1 = 0) causes a negative change
in —/*; those considerations are used in Section 4.2 to analyze the reachability conditions.
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4.1.2. Transversality Condition in Protection Mode

In this mode, the SMC limits the output voltage v}, to the maximum acceptable voltage V4 using
the switching function ¥} introduced in Equation (12). In this mode the derivative of the switching
function is obtained from Equation (12) as:

d\Ijh . dig, dvb AVinax

T ar 'k '(dt‘ gt ) T (0= Vi) 17
In this mode, the reference V,;,;, is constant, hence, % = 0. Replacing that value and the output

voltage and inductor current derivatives, in Equations (7) and (8), into Equation (17):

ay Upo —0p- (1 —u i (1—u) —i

The transversality condition is evaluated by replacing Equation (18) into Equation (13), which
leads to expression (19).

d d‘Fb Oy iL

In expression (19), the transversality condition is defined positive to simplify the circuital
implementation of the proposed SMC, as will be shown in Section 6.1. Therefore, the following
restriction must be fulfilled by ky:

vy - Cyp

ky, < -
b L-ip

(20)

Since the design of k;, presented afterwards, takes into account the restriction imposed by
expression (20), the transversality condition in expression (13) is fulfilled in any operation condition of
the Protection mode. Therefore, the switching function ¥} designed for the Protection mode is suitable
to implement a SMC.

Similar to the MPPT mode, the positive sign of the transversality value in Equation (19)
imposes the switching conditions for ¥;,, which are used in the next subsection to analyze the
reachability conditions.

4.2. Reachability Conditions and Equivalent Control

The reachability conditions enables the analysis of the conditions in which the SMC successfully
tracks the desired surface ® = {¥,, =0} in MPPT mode and ® = {¥, =0} in Protection
mode. Considering that the transversality condition is positive for MPPT and Protection modes,
the reachability analysis is based on the following conditions [35]: when the switching function of
the system is under the surface, the derivative of the switching function must be positive to reach
the surface; on the contrary, when the switching function is above the surface, the derivative of the
switching function must be negative. Those conditions are formalized in Equations (21) and (22) for
MPPT and Protection modes, respectively, which take into account the effect of the transversality value
on the switching function derivative explained at the end of Section 4.1.2.

ay dy
lim 7 >0 A lim i <0 (21)
Fpo—0" dt |, Fpo—o0F dt u=0
a¥y ay
im —*% >0 A im —% <0 (22)
¥,—0- dt [,y ¥,—0t di u=0
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It is worth noting that the equivalent control condition is not included in the stability analysis
of the proposed SMC, because Sira-Ramirez demonstrated in [35] that sliding-mode controllers for
DC/DC converters fulfilling the reachability conditions also fulfill the equivalent control condition.

4.2.1. Reachability in MPPT Mode

Replacing the explicit expression of the switching function derivative, shown in Equation (15),
into expression (21) becomes:

dv v ipp — 1L,
kpv . %ﬂ > —% + kPU : ( ‘mé: ) + )‘PU : (UVU - Umppt) (23)
po
o — Vpp — U ipy — iL
kpo - th s<- va +kpo - < pvcpv ) + Apo (Op0 — Vmppt) (24)

From the electrical model in Figure 6 it can be observed that the current of the input capacitor can
be defined as icp, = (ipo — ir). According to the charge balance principle [40], (icp,) = 0 A, which
implies that i and PV current i, exhibit the same average value, i.e., <ipv> = (ir), otherwise the PV
voltage will not be stable. Hence, the only difference between i} and i, is the high-frequency current
ripple present in the inductor, which produces ripples around zero in (iy, — ir.). Therefore, assuming
that both inductor and PV currents are approximately equal (i, = i) does not introduce a significant
error in the analysis of expressions (23) and (24). This assumption will be validated in simulation
results shown in Section 7, where the switching function remains within the hysteresis band in MPPT
mode for different operation conditions.

Moreover, the maximum and minimum values of the term (vpz, — vmppt), assuming a correct
operation of the SMC, are Avyppr and —Avpyypy:, respectively, where Avy,p is the size of the
voltage perturbation introduced by the P&O algorithm, i.e., max (Upy — Umppt) = Avpppt and
min (Vpo — Umppt) = —AUmppr. Finally, the most restrictive case for expression (23) occurs at the
minimum values of v,, and (vpz, — vmppt), while the most restrictive case for expression (24) occurs
for the maximum values of v,, and (Upy — vmppt), and the minimum value of v, in which v, < vy, is
ensured by boost topology.

In light of the previous considerations, expressions (23) and (24) are rewritten as follows:

—— | ——= —App - Av 25
dt kpv I pv mppt ( )
do 1 | max (vyy) —min (v

Inequalities (25) and (26) impose a dynamic restriction to the reference provided by the MPPT
algorithm to guarantee the reachability of the sliding-surface. The main effect of these restrictions is that
changes in vimppt cannot be performed in steps, but in ramps that fulfill expressions (25) and (26) [38].
Therefore, if the output of the P&O algorithm fulfills those restrictions the SMC will be able to track
the reference in any operation condition. However, those limits depend on the SMC parameters, hence,
inequalities (25) and (26) must be evaluated after the design of kj, and Ap,. It is important to note
that k;,, and App need to be designed in order to provide the highest possible values of dvy,pp; /dt limit,
in this way, the dynamic restriction of the MPPT algorithm will be reduced. Section 5.3 shows an
analysis of dvyppt /dt limits as well as a numerical example, which illustrates that dvy,pt /dt limit may
be in the order of tens of mV /us (kV/s); hence, the voltage variations can be performed in a small time
compared with the perturbation period of the P&O algorithm, which means that restrictions imposed
by expressions (25) and (26) do not affect considerably the dynamic performance of the DMPPTU.
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In conclusion, the SMC in MPPT mode, i.e., operating with ¥}, given in Equation (11), is stable if
restrictions (25) and (26) are fulfilled.

4.2.2. Reachability in Protection Mode

Replacing the explicit expression of the switching function derivative, Equation (18), into the
inequalities introduced in expression (22) leads to:

v 1

%—kb-ciZMb.(vb—vmxpo 27)
Upp — O r —1
’”’Ll’+kb-(1LC;dC)+Ah-(vb—vm)<o (28)

From the electrical model reported in Figure 6, and the power balance principle [40], the loss-less
relation between input and output currents and voltages gives i;c =~ ip - Upy/vp, which is
used to simplify the reachability analysis. Moreover, fulfilling the reachability conditions ensures
a correct operation of the SMC, hence inside the sliding-mode v, = V5. Finally, reorganizing
expressions (27) and (28) it can be demonstrated that the most restrictive case occurs at the maximum
value of i, which corresponds to the maximum PV current max (i) = iy, due to the charge balance
condition. The values of v, and vy, are not considered in the worst case, since v}, is constant (v, = Viyax)
and vy, do not influence in the inequalities that define the worst case.

Under the light of the previous considerations, expressions (27) and (28) lead to the same
restriction for k;, given in expression (20). Therefore, the SMC in Protection mode, i.e., operating
with ¥, given in Equation (12), is stable if the inequality (20) is fulfilled.

4.3. Equivalent Dynamics

The equivalent dynamics correspond to the closed-loop behavior of the system under the action
of the SMC. In this case, the equivalent dynamics are calculated by replacing the open-loop differential
equation describing the inductor current, Equation (8), with the sliding-surface imposed by the SMC:
{¥,0 =0} in MPPT mode (i.e., Equation (11)), and the sliding-surface imposed by {¥,, = 0} in
Protection mode (i.e., Equation (12)).

4.3.1. Equivalent Dynamics in MPPT Mode

Expressions given in (29) describe the dynamic behavior of the system in MPPT mode, which
are obtained replacing Equation (11) in Equation (8). In expression (29), the differential equation
describing vy, (Equation (6)) is the same, but the differential equation describing v, (Equation (7))
has been modified to depend on the converter duty cycle d. The converter duty cycle d is
defined as the the average value of the signal u within the switching period Ty, as shown in
Equation (30). This modification is performed because the MOSFET signal u is imposed by the
SMC,; hence, the equivalent dynamics disregards the switching ripple in « and it only depends on the
average value of the control signal 1 within the switching period Ty (i.e., d).

dvpy . ipv - iL
dt - va
dop i (1-d) g @9)
dt Cp
ir = kpo (Vpo — Vmppt) + Apo - / (0po — Omppt) dt
d 1 Tsw d
= . u dt 30
— /O (30)
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The main challenge to analyze the dynamic behavior of Equation (29) corresponds to the non-linear
relation between iy, and v,, shown in Equation (1). To overcome this problem, it is necessary to
linearize the relation between i,, and v, around a given operation point. Then, it is possible to obtain
the transfer function between the PV panel voltage (controlled variable) and the voltage reference
provided by the P&O algorithm. However, it is worth noting that the locations of the poles and zeros
of the transfer function vary depending on the operation point where the relation between i,, and v},
is linearized. Hence, the transfer function must be analyzed in different operation points to analyze
the dynamic behavior of the system under the action of the proposed SMC.

The small signal relationship between iy, and vy, in a given operation point is reported in
Equation (31), where ipy and vpy (uppercase subscripts) are the panel small signal current and voltage,
respectively, and Y}, is the PV panel admittance evaluated in a given operation point. Y, is defined in
Equation (32), which is obtained by deriving i, in Equation (1) with respect to v),.

ipy = Ypu-Upy (31)
A Upo+Rs ipp 1
dipo Foxp (L) + 4
A - A N AR (32)
po 1+T5exp(%>+ﬁ

Replacing Equation (31) into Equation (29), and applying the Laplace transformation, leads to the
transfer function between the PV voltage and the reference voltage provided by the P&O algorithm
shown in Equation (33), in which Vy,(s) and Viuppt(s) are the Laplace transformations of vpy and
Umppt, respectively.

kpo Apo

VPU (S) — va 'S va (33)
Vmppt(s) 52—’_% -s+ %
po po

Equations (29) and (33) put into evidence that v, is decoupled from v}, due to the action of the
SMC, hence, the variations in v, caused by mismatched conditions will not disturb the MPPT action.

However, the transfer function in Equation (33) depends on Yj,, which in turn depends on the
operation point of the PV panel; therefore, the variation range of Y}, must be analyzed to perform
a correct design of the SMC parameters kj, and A,,. Considering the same BP585 PV panel used
in the previous examples, the current and power curves of such a PV panel are given in Figure 8
for multiple photo-induced currents (i.e., different irradiance conditions) at the expected PV panel
temperature (298 K). The data show that the MPP conditions are constrained within the voltage range
16 V < vpy < 19V, and taking into account that the SMC reference is provided by an MPPT algorithm,
then the analysis of Y,, must be performed within the same voltage range.

Figure 9 shows the admittance of the BP585 PV panel, calculated using Equation (32), for the
interest voltage range 16 V < vy, < 19 V. The figure put into evidence that Y}, is almost independent
from the photo-induced current, which is also observed in Equation (32) because 9i, /9v,, does not
depend directly on iph. Finally, the admittance range used to design the parameters ky, and A, is
—040Q 1< Ypo < —0.03 QL. It must be noted that the analysis of Y}, must be performed for the
particular PV panels to be used in the photovoltaic installation.
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Figure 9. Admittance of the BP585 PV panel for 16 V < vy, <19 Vand 1 A < iph <5A.

4.3.2. Equivalent Dynamics in Protection Mode

As in the previous case, the equivalent dynamics are calculated by replacing the open-loop
differential equation describing the inductor current, Equation (8), with the sliding-surface imposed
by {¥; = 0} in Equation (12). This procedure is reported in expression (34), in which the differential
equation describing v;, Equation (7), has been modified to depend on the converter duty cycle d.
Hence the equivalent dynamics disregard the switching ripple.

dvpz; . ipz; — iL

it Cpo
dop, _ ip-(1—d) —ige (34)
dt Cp

139 = —ky- (vb - Vmax) —Ap- / (vb - Vmax) dt
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The dynamic system in Equation (34) is used to analyze the deviation of v, from Vj;;;x caused by
perturbations in the other DMPPT converters connected in series. Applying the Laplace transformation
to the previous expression leads to the following transfer function between the output V;(s) and
reference Vy.x(s) voltages:

1-d)-k 1-d)-A
Vb(s) — ( Ch) ) ‘S+ ( Cb) 3 (35)
Vinax(s) g2 + (1*gb)'kb s+ (Pgb)%b

The dynamic behavior of Equation (35) changes with the duty cycle d, which must be analyzed
to design k, and A,. For the example developed in this paper, the range of the PV voltage is
16 V < vpp < 19V, which leads to 0.37 < d < 0.68 because v, = Viysx = 50 V. As in the MPPT
mode, this analysis of d must be performed for the particular PV panel and dc-link voltage to be used
in the photovoltaic installation.

5. Parameters Design of the Proposed SMC

Equivalent dynamic models, introduced in Section 4.3, are used in Sections 5.1 and 5.2 for the
design of the surface parameters k;y, Apy, k, and Ay, to impose a desired close loop dynamics of vy,
and vy,. Such dynamic behavior is defined as a maximum settling time and a maximum overshoot
for all the operation conditions of the DMPPT-U. Furthermore, dynamic restrictions of the proposed
SMC are discussed in Section 5.3, while the switching frequencies and hysteresis bands are analyzed
in Section 5.4.

5.1. Parameters Design in MPPT Mode

The proposed procedure starts by defining a maximum settling-time (t;) and a maximum
overshoot (MO*) for vy, considering the restrictions imposed by the MPPT technique. The next
step is to identify the feasible couples of parameters (kpo, Apo). A couple (kyu, Apo) is feasible if
the small signal voltage (vpy) settling time (t;) and maximum overshoot (MO) fulfill t; < t} and
MO < MO*, for all the possible operation points defined by min (Yp,) < Yp, < max (Ypo); where
ts and MO, for a given value of Yj,, are calculated from Equation (33). Finally, the feasible couples
(kpo, Apo) are compared using a proposed indicator and the exact values are selected close to the
indicator’s maximum value.

The definition of ¢; and MO* is based on the MPPT parameters and power efficiency to provide
the following time response criteria:

e  Settling-time t;, which must be shorter than the perturbation period T; of the P&O algorithm to
ensure the MPPT stability [41].

e  Maximum Overshoot MO, which must be limited to avoid large deviations from the MPP voltage
that produces high power losses.

The evaluation of those criteria requires the calculation of the time response of the PV voltage.
Taking into account that the P&O produce step perturbations of Avy,pp; volts each T; seconds, the PV
voltage response is given by Equation (36).

k A
po . po
va s + va Avmppt
va(s) = ’ (36)
2 kpo—=Ypo Apo s
$c+ t=—"—-S+ 7/
Cpo Cpo

The time-domain expression of the small signal PV voltage for a particular Yy, (vpy(t))
is calculated by applying the inverse Laplace transformation to Equation (36), i.e., vpy(t) =
L71{V,,(s)}, which corresponds to the step-response of a second-order system with a real zero.



Energies 2018, 11, 2220 18 of 40

Appendix A reports the time-domain expressions for the step-response of a canonical second-order
system with a real zero for the three possible types of poles: real and different, real and equal,
and conjugated complex values. Therefore, V) (s) is rewritten as given in Equation (37) to take profit
of the Appendix A expressions.

kpo
a= CLW - Nvyppt
.s—+b 1 b=2"-Av
Vpols) = 07~ with O 37)

(s+p)-(s+4q) s ptg="c

Apo

Pd=

dvpy (t)

Appendix A also reports the expressions for the voltage derivative —7~~ and for the time #,0 at
which the maximum overshoot MO occurs, i.e., the earliest time for dv’jdi‘;(t) =0.

Then, the maximum overshoot MO is calculated as shown in Equation (38).
MO = vpy(tmo) (38)

Similarly, the settling time ¢, is calculated from Equation (39), which corresponds to the instant
in which vpy (t) enters into a band of +e % around the final value Av,,: and keeps trapped inside.
Commonly accepted values for the band are € = 2%, € = 5% and e = 10% [42].

vpy (ts) _1’ e
Avmppt
(39)
t
opv(t) 1‘ <e Vi>t
Avmppt

Equations (38) and (39) can be solved using different tools: processing the time-domain
expressions for vy,(t), given in Appendix A, to calculate both MO and t;s as reported in [43];
transforming Equation (36) into differential equations, which must be simulated using numerical
methods [44] to find the solutions of Equations (38) and (39); or using specialized functions like
stepinfo() from the Control systems toolbox of Matlab [45], which calculates both MO and ¢, values.

To ensure a correct behavior of the PV voltage, within the MPP range defined in Section 4.3.1,
by using the small signal approximation, the SMC parameters k,, and A, must ensure that the small
signal PV voltage exhibits settling times and maximum overshoots lower than the desired limits ¢}
and MO¥, respectively, for all the admittance values within the interesting range:

MO < MO*
YV min (va) < Yy < max (sz,) (40)
ts < tF

Therefore, a feasible couple (kpz,, Apv) must fulfill expression (40), where t; and MO are evaluated
by using expressions (38) and (39) for each value of Yj. In this paper, feasible couples (kyo, Apy) are
identified by using a Monte Carlo analysis [46] to evaluate a wide range of kpv and )\pv values.
An example of the obtained results, for {f; =0.5ms, e = 5% , MO* = 10%, Cpo = 22 pF,
Avyppr = 0.5 V}, is shown in Figure 10, which reports the valid ky, and Ay, values that fulfill
restrictions (40) at the minimum and maximum values of Y, considering a DMPPT-U formed by a
BP585 PV panel, a boost converter constructed with an input capacitor C,, = 22 uF, and governed by
a P&O algorithm with a perturbation magnitude Avypp = 0.5 V.
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Figure 10. k,, and App values that fulfill restrictions in expression (40) for min (va) and
max (Yp,) conditions.

The results reported in Figure 10 are useful to analyze the influence of k,, and A, into the
performance criteria: increasing kj, and Ay, reduce both the settling time and maximum overshoot.
However, increasing the values of kj, and A,y also increases the magnitude of the switching noise
transferred into the control system [47]. Therefore, this paper proposes to select k, and A,y near the
lowest values fulfilling restrictions (40). The selection is performed using the Balance Ratio BR defined
in Equation (41), which enables to compare the kj, and A, values fulfilling (40) in the entire interest
range of the PV admittance.

1 ¢t 1 MO
BR_maX({Z.t;‘_._Z.MO*]

) V {t; < tF A MO < MO*} (41)
Y€ {m'm(YpU),max(va)]

The Balance Ratio for a couple (kpv,)\pv) is not valid if MO > MO* or t; > t} in at least one
admittance condition. Moreover, the Balance Ratio is equal to one if MO = MO* and s = t; in at
least one admittance condition. Hence, kj, and A, must be selected near the highest Balance Ratio
calculated for the DMPPT converter, since a low value of BR implies an increment in kpv and Ay
and, as consequence, an unnecessary increment in both the control effort and the switching noise
transferred to the control system [47]. Figure 11 shows the BR values for the example developed in
this subsection, where it is observed that the higher values of BR are obtained for the lower feasible
values of kp, and App. These results help to select the values k,, = 0.6878 and A,, = 4347. Those
values provide a BR = 0.8678, which is close to the maximum condition max (BR) = 0.9618, but it is
not at the validity frontier. This selection provides a safety margin against tolerances in the elements of
the PV system and small differences between the PV voltage and its small signal approximation used
to calculate £; and MO for min (Yy,) < Ypo < max (Ypo).

Figure 12 shows the simulation of equivalent dynamics in the PV voltage, given in Equation (36),
considering the designed kj, and A,, values for the admittance values obtained in the previous
subsection. The simulation confirms that both settling time and maximum overshoot of the PV voltage
are below the imposed limits in all the admittance conditions. Therefore, the SMC based on ¥, (11),
and implemented with the selected designed parameters, always fulfills the performance criteria
imposed by the expression (40).
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Figure 11. Balance Ratio for kj, and Ay, values that fulfill restrictions in expression (40).
In conclusion, this section presented a design process to calculate the parameters of ¥, to fulfill

both t; < tf and MO < MO?*, which ensures a correct operation of the associated P&O algorithm and
avoids excessive power losses due to transient voltage deviations from the MPP.

0 0.1 0.2 0.3 0.4 0.5
Time [ms]

Figure 12. Simulation of the equivalent dynamics in the PV voltage for kpp = 0.6878 and Ap, = 4347.

5.2. Parameters Design in Protection Mode

The proposed procedure is similar to the one in MPPT mode. The first step is to define the
maximum settling-time (¢;) and the maximum overshoot (MO*) for v;,. The second step is to identify
the feasible couples of parameters (kj, Ap). Finally, the feasible couples (kj, A;) are compared by using
the Balance Ratio (BR) and the exact values are defined close to the maximum value of BR. A couple
(kp, Ap) is feasible if the output voltage (vp) ts and MO fulfill t; < t} and MO < MO, for all the
possible operation points defined by min (d) < d < max (d); where t; and MO, for a given value of d,
are calculated from Equation (35).

The evaluation of ¢{; and MO requires to calculate the time response of the output voltage for a
perturbation. In this case, it is considered the fastest perturbation possible, which corresponds to a
deviation step of magnitude AV;4y in vp.
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The time-domain expression of the output voltage v;(t), in response to the step perturbation
AViuax, corresponds to the step-response of a second-order system with a real zero. Appendix A reports
the time-domain expressions for this type of system in canonical form. The Laplace representation of
Vj(s) is rewritten as given in (42) to take profit from the Appendix A expressions.

a= 7(1_(?).1% - AViax

h
_ (1=d)-Ap
a-s+b 1 . = """ AViax
Vy(s) = — 2570 2 \ith b o)
N R R ptq= g ()
_ -,
P-a=-=,

From the expressions of the voltage derivate and the time ¢;0, at which the maximum overshoot
MO occurs, the following conditions are formulated:

MO = Ub(tMo) (43)
oy (ts) 1l =
AV, 1‘ =€
(44)
op(t)
AV, 1’ <e Vit>1

As discussed in the MPPT mode, Equations (43) and (44) can be solved using different tools.
To ensure a correct behavior of the output voltage within the range defined in the previous subsection,
the SMC parameters k; and A; must be analyzed in all the operation range of the Protection mode
(min (d) < d < max (d)) as given in expression (45), in which t} and MO* are the desired maximum
settling time and maximum overshoot, respectively.

MO < MO*
V min (d) < d < max (d) (45)
te < tF

A feasible couple (ky, Ap) fulfills expression (45), where MO and t; are calculated by using
expressions (43) and (44) for each value of d. As in MPPT mode, feasible (k;, A;) are identified using a
Monte Carlo analysis for different values of k; and A,. An example of the obtained results for max (d)
and min (d) is shown in Figure 13 for {t; = 0.5 ms, € = 2% , MO* = 5%, C, = 44 uF}. Such a figure
reports the valid k; and A; values at the minimum and maximum values of 4.
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Figure 13. k; and A, values that fulfill restrictions in expression (45) for min (d) and max (d) conditions.
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The results reported in Figure 13 help to analyze the influence of the parameters into the
performance criteria. Moreover, Figure 14 shows the Balance Ratio (BR) values for the example
developed in this paper, which helps to select the values k; = 1.303 and A, = 221. Those values
provide a tradeoff between settling-time and overshoot; furthermore, the selected BR = 0.76 provides a
safety margin between t; and MO of v, and the limits ¢; and MO* for the different operating conditions
of the Protection mode.

350
a00| Ko =1-308and A =221 09
200 -

f<-Q 0.7 [any
150 @

0.6
100
50 0.5
0
0.8 1 1.2 1.4

Figure 14. Balance Ratio for k;, and A, values that fulfill restrictions in expression (45).

5.3. Dynamic Restrictions

Dynamic restrictions are only present in MPPT mode, since in Protection mode the reference V;;ax
is a constant value. Moreover, the reachability analysis in Protection mode (Section 4.2.2) showed
that the proposed SMC is stable if expression (20) is fulfilled. Nevertheless, in the analysis of the
reachability conditions in MPPT mode (Section 4.2.1) it was demonstrated that dynamic restrictions
reported in expressions (25) and (26) must be fulfilled to ensure a stable operation. Those restrictions
impose limits to the slew-rate of the voltage reference vyt provided by the P&O algorithm.

The example developed up to now is used to illustrate the evaluation of expressions (25) and (26),
adopting an inductor L = 330 pH for the construction of the DMPPT converter. Moreover, the same
DC-link voltage levels analyzed in Section 2 are considered, i.e., v5, = 80 V and Vj;5x = 50 V, and the
interesting range of the PV voltage defined in Section 4.3 is also needed, i.e., 16 V < v, < 19 V.
From that information the voltage parameters needed to compute expressions (25) and (26) are
calculated: min (v,,) = 16 V, max (vpy) = 19 V, min (v) = v, — Vinax = 30 V.

Figure 15 reports the limit values for % to fulfill the dynamic restrictions imposed by
expressions (25) and (26). Moreover, the figure also puts into evidence that high values of k;, and Ay,
reduce significantly the maximum slew-rate allowed for vy;pt, which could constraint the speed of the
P&O algorithm. Therefore, as proposed in the previous subsection, k,, and A, must be selected near
to the smallest valid values. For example, the adopted values kj, = 0.6878 and A,, = 4347 impose

a dv{';t” L = (0.0453 V /us, which is near to the maximum limit 0.0532 V /us achieved at the left-side
frontier in Figure 15. In contrast, the highest values for kj, and A, reported in Figure 15 will impose
a maximum slew-rate equal to 0.0083 V /us, which is 5.5 times smaller than the adopted one, hence
slowing-down the system response.

This slew-rate limitation for the P&O output signal could be done inside the micro-processor

running the MPPT algorithm or using an analog circuit based on operational amplifiers.
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Figure 15. Limit values for to fulfill the dynamic restrictions imposed by expressions (25) and (26).

5.4. Switching Frequency and Hysteresis Band

Practical implementations of sliding-mode controllers require to add an hysteresis band H around
the sliding-surface to constrain the switching frequency to the limits supported by commercial
MOSFETs [38]. This section shows the procedure to define H in MPPT and Protection modes to
warrant a switching frequency less than a maximum value.

5.4.1. Switching Frequency and Hysteresis Band in MPPT Mode

The practical implementation of ¥, requires the transformation of the sliding-surface from

H

|‘va(t)| < E (46)

Due to the SMC operation, in steady state vy, = vpppt, which imposes an almost constant

PV voltage, hence the integral term of (vpv — Umppt) in ¥}, is constant in steady-state. In addition,

due to the flux balance principle [40], the steady-state inductor current is formed by two components,

a constant average value I} and a triangular current ripple diy () with peak amplitude Ai;. Those
conditions impose the following steady-state behavior:

kpo - (Vpo — Omppt) =0
In steady — state : pe\Tpo. THmpp 47
n steady — state {Apv.f(vpv—vmppt) dt ~ I; 47

Therefore, the steady-state expression for the modified switching function ¥, (t) is equal to the
waveform of the inductor current ripple:

H H
> (48)

—5 < Ypo(t) = 0ip(t) <

The peak value Aij of dif (t) is calculated from the differential equation of the inductor current,

Equation (8), as given in Equation (49), in which F;;, represents the switching frequency and d = %
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is the duty cycle. Since ¥, (t) has peak values + % imposed by the hysteresis band in Equation (48),
the value of H that ensures the desired steady-state switching frequency is given by Equation (50).

Upp - d
Aip = P2 © 4
L= 5T Fa (49)
Vpo - (U — Vpo)
g o p
Ub'L'st (50)

The value of H must be designed for the worst-case scenario of Equation (50) to limit the switching
frequency to the MOSFET’s admissible conditions; such a worst-case scenario is obtained by analyzing
the minimum values of H. The worst-case value of vj is analyzed using the partial derivative of H,
with respect to v, given in Equation (51): increments in v, produce reductions in 0H /9v;, hence the
worst-case corresponds to the maximum value of vy, i.e., Viyax.

OH Uy

— =——>0 51
aZJb L-st-Ui ( )

Similarly, the worst-case value of v, is analyzed using the partial derivative given in Equation (52):
ifo, >2- Upo then the worst-case corresponds to the maximum value of Upo; ifo, <2- Upo then the
worst-case corresponds to the minimum value of v),.

JoH .
2L >0 if vy, >2-0
oH vy — 2. Up?} aUpv b po
90y L-Fep -0 = (52)
pv *Lsw * Up oH .
%<0 if 'Ub<2"0pv
The conditions of the example developed up to now impose v, > 2 - Upo: Viax = 50V,
min (v,,) = 16 V and max (vp,) = 19 V. Hence, to ensure a maximum switching frequency

Fswy = 40 kHz, the hysteresis band must be set to H = 0.8924 A.

5.4.2. Switching Frequency and Hysteresis Band in Protection Mode

The practical implementation of ¥, requires to transform the sliding-surface from {¥;, = 0} to:

H
¥ < (53)
For the steady-state operation of the SMC it is possible to assume v, = V};4x, hence the integral
of (vy — Vinax) in ¥, is constant. Moreover, as in the MPPT mode, the steady-state inductor current is
formed by a constant average value I} and a triangular current ripple iy (t) with peak amplitude Aiy.

Those conditions impose the following steady-state behavior:

kb . (Ub — Vmﬂx) ~0

54
Ab . f (Z)b — Vmax) dt ~ _IL ( )

In steady — state : {

Therefore, the steady-state expression of ¥;(t) is given in Equation (55). This expression is
analogous to the modified switching function ¥, (t) of the MPPT mode given in Equation (48), hence
the value of H that ensures the desired steady-state switching frequency is the same one obtained for
the MPPT mode, i.e., expression (50).

H

Y <Y,(t) =6ip(t) <

N[ T

(55)
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Moreover, the analysis of H developed for the MPPT mode also holds for the Protection mode.
Therefore, H = 0.8924 A is calculated for the example developed in the paper, which is the same value
obtained for the MPPT mode.

6. Implementation of the Proposed SMC

The explanation of the proposed SMC implementation is divided into two main parts. The first
one is introduced in Section 6.1, which focuses on the explanation of the block diagrams to calculate
the switching functions ¥, and 'Y}, as well as the block diagram of the switching circuit to generate u
from ¥ ,, ¥; and H. The second part is presented in Section 6.2 and it explains the proposed approach
to implement the SMC by using a combination of a microprocessor and an analog circuit.

6.1. Implementation Structure

The implementation of the proposed SMC based on ¥,, and ¥} includes three main block
diagrams: the synthesis of the sliding function ¥ ,,, synthesis of the sliding function ¥}, and the
switching circuit. It is worth noting that only one switching circuit is required because the transversality
sign and value of H are the same in MPPT and Protection modes.

6.1.1. Implementation Structure in MPPT Mode

The on-line calculation of ¥ ,,, shown in Equation (11), requires the measurement of the inductor
current i7, the PV voltage v,, and the reference provided by the MPPT algorithm with the dynamic
restriction analyzed in Section 5.3. Figure 16 presents the block diagram proposed to synthesize ¥,
which could be implemented using analog circuits, i.e., Operational Amplifiers (OPAM), or using a
digital microprocessor with Analog-to-Digital Converters (ADC) and Digital-to-Analog Converters
(DACQ). In the digital case, both the calculation of ¥, and the limitation of the slew-rate of vyt can
be implemented in the same microprocessor in charge of processing the P&O algorithm to reduce the
complexity, size and cost of the implementation.

Synthesis of the sliding function __Switching circuit
. | -H/2W:>C°mp1 S i
! + Lo 1
! - WPV Pl r u
-+ @ h Lo |_~Comp2 Q e
VPV L R 1
o | +H/24b— ;
Vmppt

Figure 16. Block diagram implementation of the SMC for the MPPT mode.

The switching law, shown in expression (21), is in charge of producing the MOSFET control signal
u. However, due to the introduction of the hysteresis band (see Equation (48)), the modified switching
law that must be implemented is introduced in Equation (56).

Ypo < —H — setu =1 (MOSFET on)
(56)
Yo > +8 — set u =0 (MOSFET off)

The switching circuit implementing this law is constructed using two analog comparators and a
Flip-Flop S-R. The comparators, Compl and Comp2, detect the switching conditions to trigger the
change of u in the Flip-Flop. Figure 16 presents the proposed switching circuit.
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6.1.2. Implementation Structure in Protection Mode

The implementation of the SMC based on Y}, requires the synthesis of the sliding function and
the switching circuit. However, since the transversality sign and value of H are the same ones required
to implement ¥, the switching circuit is the same one described in Figure 16.

The block diagram to calculate on-line ¥, Equation (12), is presented in Figure 17. This circuit
measures the inductor current iy, the output voltage v, and the reference. As in the MPPT mode,
the proposed structure could be implemented using analog circuits or a digital microprocessor.
The advantage of using a digital implementation concerns the integration of the sliding function
calculation for both MPPT and Protection modes into a single device.

l"' Yb

[a®
+

iL
+
Vb —+

Vmax

Figure 17. Block diagram to synthesize ¥}, in Protection mode.

6.2. Control System Implementation and Modes Transition

Both SMC components based on Y, and ¥} are implemented into a single circuit to provide
a simple and low cost solution. This is possible, in part, due to the fact that both SMC components
exhibit a positive transversality value, Equations (16) and (19), which enable the adoption of the same
switching circuit for both modes. Moreover, the structure of the switching functions makes it simple
to unify the online calculation of ¥ into a single device. For that purpose, this paper proposes to
divide the calculation process of ¥ into two steps: a digital step to process the calculations based
on the voltages, and an analog step to process the calculations based on the faster changes present
in the inductor current. This approach has been successfully used to implement other SMC for PV
systems [38] and to implement SMC with variable switching functions [48], which is the type of
solution proposed in this paper.

Then, the calculation of ¥}, and ¥} is performed as follows:

e Digital step: it is executed inside a microprocessor, which measures Upo, ipv and vy, to calculate
the intermediate variables i; ,,, and i} ; reported in Equations (57)~(60), respectively, where the
terms int,, and int; are the discrete integral terms of ¥, and 'Y}, respectively, processed with the
forward Euler method, while 6t corresponds to the time between two measurements performed
by the ADC of the microprocessor. Intermediate variables i; ,,, and i}  correspond to the algebraic
sum of second and third terms of ¥, (Equation (11)) and ¥}, (Equation (12)), respectively.

i, po = —kpo * (0po = Vmppt) —Apo - intpo (57)
intpy = intyo + 0t - (Vpo — Umppt) (58)

iLp = kb (06— Vinax) +Ap - inty (59)

int, = int, + 0t - (vp — Vinax) (60)

e Analog step: it adds the measurement of i with i}:pv or ij ;, provided by DAC of the
microprocessor, to complete the calculation of ¥ = ¥, or ¥ = ¥}, depending on the active
mode as reported in Equation (61), where Pr was already defined in Equation (10). This process is
performed using OPAMs to provide a negligible delay between i and ¥; this is needed to detect
the instants in which u must be changed following Equation (48).
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(61)

Finally, the analog value of ¥ is delivered to the switching circuit, which produces the control
signal u driving the MOSFET of the DMPPT converter in both modes.

iov —| Microprocessor

Measure
Vpv, ipv, Vb

Calculate i*L,pv
i*L =i*Lpv

MPPT mode

Protection mode

Pr =1
Intb = Intb,0

!

AVmppt

max( 6Vmppt(t) ) =

!

vmppt = VO +
sign - 5Vmppt(t)

t=0
Ppv = Vpv - ipv

ppv increased?

Yes

sign = -sign

!

Vo = Vmppt
SVmppt(t) = 0

Figure 18. Implementation of the control system.
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Figure 18 summarizes the hybrid analog-digital implementation of the proposed solution.
The figure also shows the digital implementation of the P&O algorithm and the slew-rate limitation,
both operating only in MPPT mode. This avoids the divergence of the P&O algorithm from the MPP
zone when the DMPPT converter is operating in Protection mode. In the slew-rate limitation block
the term 8Vt (t) describes the variation of the MPPT reference (vy,pt) for each time step (5t), which
must fulfill the dynamic restriction in dvgt” ” imposed by expressions (25) and (26).

Figure 18 also describes the transitions between MPPT and Protection modes:

e  MPPT to Protection: this transition occurs when the output voltage v;, reaches the maximum safe
value V4, which activates the routine for Protection mode (Pr is set to 1). This routine starts by
initializing the integral term of ¥} as given in Equation (62), which forces the inductor current
to be close to the value previously defined by the MPPT mode; without this initialization the
inductor current will be reset to zero, or to any other value far from its previous condition, which
could produce strong perturbations on the DMPPT voltages.

l'*
int, = intyo = & (62)
’ Ab

e  Protection to MPPT: this transition occurs when the PV voltage v, enters the MPPT range, which
in the example is 16.5 V < v, < 18.5 V for the adopted BP585 panel. In such a condition the
algorithm sets the variable Pr equal to 0, which activates the MPPT mode routine. This routine
starts by initializing the integral term of ¥ as given in Equation (63) to ensure a stable inductor
current in the transition. Entering the MPPT mode enables the operation of the P&O algorithm,
which delivers the reference value calculated at the end of the last MPPT mode activation.

i*

intpv = intpv,O = A—L (63)
po

7. Simulation Results

The DMPPT system formed by two DMPPT converters connected in series, previously presented
in Figure 2, was implemented in the power electronics simulator PSIM to validate the previous analyses.
Each DMPPT converter drives a BP585 PV panel with the same circuital implementation presented in
Figure 6. The SMC in each DMPPT converter corresponds to the hybrid analog-digital implementation
described in Figure 18. Finally, the BP585, boost converter and controller parameters were the same
ones defined in the previous sections of the paper: C,, = 22 uF, L = 330 uH and C;, = 44 uF for the
boost converters, A = 154.15 uA, B = 1.1088 v—1 R, = 0.0045 Q and R, = 109.405 Q for the BP585
panels and kp, = 0.6878, A, = 4347, kyy = 1.303, Ay = 221, Avyppr = 0.5V, T, = 1 ms, H = 0.8924,
Vinax = 50V, and dv:;f L = 0.0453 V / us for the controller.

The simulation starts considering the two PV panels operating at 1000 W/m?, i.e., in uniform
conditions, which forces the output voltages of the DMPPT converters to be equal to 40 V. Figure 19
presents the simulation results, which depicts the operation in MPPT mode of both converters.
Then, at 10 ms the irradiance of the second panel drops to 500 W/m?, producing a mismatched
condition that forces the output voltage of the first DMPPT converter to grow. After 1.1 ms v}, ; reaches
the maximum safe voltage V;;ax = 50 V, which triggers the Protection mode. From that moment the
PV voltage vy,,1 of the first panel diverges from the MPP value to reduce the power production, so that

the output voltage is limited.
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Figure 19. Simulation of the DMPPT system with the proposed control structure.

At 20 ms the irradiance of the first PV panel drops to 800 W/m?, which requires the system to
remain in Protection mode to avoid an overvoltage in C ;. Finally, at 30 ms the irradiance of the first
panel drops to 500 W/m?, leaving both panels in uniform conditions. Hence, 2.5 us latter, the system
enters in MPPT mode to start again the tracking of the MPP under safe conditions. The simulation
also puts into evidence that the SMC is always stable: the switching function ¥, corresponding to the
DMPPT converter entering in both MPPT and Protection modes, operates inside the hysteresis band
- % <Y < % in both modes under the presence of perturbations in the irradiance, output voltage
and P&O reference. However, at the instants in which the modes transition occur (11.1060 ms and
30.0025 ms) the SMC leaves the hysteresis band, but the fulfillment of the reachability conditions forces
the SMC to enter again in the band.

Figure 20 shows a zoom of the circuital simulation to verify the design requirements. The figure
at the top shows the waveforms of the PV voltage and P&O reference for the first DMPPT-U operating
in MPPT mode, which occurs between 6 ms and 8 ms. During that time the PV panel of the first
DMPPT-U operates under an irradiance equal to 1000 W /m?, and the SMC successfully fulfills the
desired settling time ¢, < 0.5 ms. Similarly, the overshoot is under the 10%. The figure at the middle
also shows the waveforms of the PV voltage and P&O reference for the first DMPPT-U operating
in MPPT mode, but this time under at irradiance equal to 500 W/m?, which occurs between 36 ms
and 38 ms. Again, the SMC successfully fulfills the desired settling time ¢; < 0.5 ms and overshoot
(MO < 10%). The waveforms described in both MPPT conditions are in agreement with the equivalent
dynamics analyses: at 1000 W/m? the MPP voltage is near 19 V, which corresponds to a PV module
admittance near —0.4 Q™! according to the data reported in Figure 9. Then, from Figure 12 it is
noted that such an admittance describes a PV voltage waveform without any overshoot and with
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a settling time equal to 0.5 ms, which corresponds to the waveform described by v,,,1 at the top of
Figure 20. Similarly, at 500 W/m? the MPP voltage is near 18 V, which corresponds to a PV module
admittance near —0.16 Q~'; and Figure 12 reports that such an admittance describes a PV voltage
waveform without any overshoot and with a settling time much shorter than 0.5 ms, which is equal to
the waveform described by v, 1 in the middle of Figure 20.
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Figure 20. Zoom of the simulations in both MPPT and Protection modes.

Finally, the bottom of Figure 20 shows the waveform of the output voltage v}, ; for the first
DMPPT-U operating in Protection mode, which occurs between 26 ms and 28 ms. During that time the
SMC regulates vy, 1 to avoid an overvoltage condition. The perturbations in v} ; are caused by the MPPT
action of the second DMPPT-U, which perturbs the overall output power, thus changing the relation
between the output voltages of both DMPPT-Us. For example, at 25.9 ms the first DMPPT converter
provides 65 W while the second one provides 39 W, which imposes v;,; = 50 V and v, = 30 V;
at 26 ms the SMC of the second DMPPT converter receives a perturbation command from the P&O
algorithm, forcing that converter to provide 38.64 W, which in turns changes the output voltages
to vy = 49.72 V and v}, = 30.28 V. However, the simulation confirms that the SMC imposes the
desired settling time t; = 0.5 ms to the first DMPPT-U in the regulation of the output voltage v} 1
under Protection mode. In this case no overshoot is observed.

In contrast, Figure 21 shows the simulation of the DMPPT system without activating both the
Protection mode and slew-rate limitation. This simulation shows the overvoltage condition that occurs
due to the operation in MPPT mode under the mismatching condition, which could destroy Cp, ; and
subsequently the DMPPT converters. Moreover, the SMC exhibits loss of the sliding-mode since the
switching function ¥; operates outside the hysteresis band due to the lack of dynamic constraints in
the P&O reference.



Energies 2018, 11, 2220 31 of 40

N
—

Voltage [V]
_ o a N
0 © O

-
~

—_
[}

1
o et ottt S-—.-—.-_ _______
2 Overvoltage in C_
© .
240
§ Unifqrm Mismatched conditions Uniform
30 conditions \~ — conditions 1
5 10 15 20 25 30 35 40
Time [ms]
=180 ‘ ‘ ‘
= 160 - i . 1
2 140 | Unrestricted argg_srtncted Unrestricted |
MPPT
g 1201 MPPT
£ 100} R A
& 80F a
5 10 15 20 25 30 35 40
Time [ms]

H/2 ‘(/‘/47 Lbss of sliding—moae

v, (Al

p ‘ G ‘ ‘ : ‘
5 10 15 20 25 30 35 40
Time [ms]

Figure 21. Simulation of the DMPPT system without activating both the Protection mode and
slew-rate limitation.

Three DMPPT solutions were implemented to compare their performance with the proposed
control strategy, where two of them are some of the most cited papers in double stage DMPPT
systems, [16,23,24], and the other is based on SMC [30]. Simulation results introduced in
Figure 22 show the comparison of the proposed control strategy with the solutions proposed
in [16,23,24,30] respectively.

In [16] the authors use P&O in MPPT mode and fix the duty cycle to keep v}, below its maximum
value in Protection mode. Results in Figure 22a shows an overshoot in v} ; in the transition of the
DMPPT-U from MPPT to Protection mode. Such an overshoot surpasses Vju,y, which may damage the
output capacitor or the switching devices of the DMPPT-U. Moreover, the solution proposed in [16]
operates in open-loop during Protection mode and it cannot guarantee the regulation of v, if there are
perturbations like variations in the operation points of the other DMPPT-Us or oscillations introduced
by the inverter. It is worth noting that the oscillations of v,, obtained with linear regulator are greater
than the ones of the proposed SMC. Those oscillations are smaller for high values of v, and larger for
low values of Upy. Additionally, the amplitude of the oscillations increments when one DMPPT-U is in
Protection mode.

Solution proposed in [23,24] uses a proportional controller to regulate v, when the DMPPT-U
operates in Protection mode. The effect of the proportional controller produces an overshoot in vy,
(see Figure 22b) that may damage the output capacitor and switching devices of the boost converter.
Additionally, the proportional controller may introduce steady-state errors in and it is not able to reject
perturbations produced by the inverter or changes in the operation condition. Even though solution
in [23,24] uses Extremum Seeking Control in MPPT mode, the same P&O used in the other solutions
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were implemented in order to perform a fair comparison in the performance of the DMPPT-U during
the transition and regulation in Protection mode.
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Figure 22. Comparison of the proposed solution with other DMPPT control strategies with Protection
mode. (a) Comparison with DMPPT control proposed in [16]. (b) Comparison with DMPPT control
proposed in [23,24]. (c¢) Comparison with DMPPT control proposed in [30].

In [30] the DMPPT-U control is implemented with a SMC in MPPT and Protection modes,
however, the SMC does not include integral terms to regulate v}, and v, in the proposed switching
function. There is no overshoot in the transition between MPPT and Protection modes (see Figure 22c).
Nevertheless, there is a steady-state error in v 1, which forces the DMPPT system to operate in a
non-optimal condition, because the optimal condition of a DMPPT in Protection mode is v, = Viax,
as demonstrated in Section 2 and Figure 5. Moreover, the steady-state error in v}, is proportional to the
current of the DMPPT-U to the DC link, therefore, it is difficult to predict. Solution introduced in [30]
also exhibits a steady-state error in vy, and small overshoots, with respect to the proposed solution.
That steady-state error is partially compensated by the P&O vy, but deviates the MPPT technique from
the MPP.

In conclusion, the simulation results put into evidence the correctness of the design equations and
considerations developed in this paper. Moreover, the proposed solution guarantees zero steady-state
error in MPPT and Protection modes, no overshoots in v;, and predictable dynamic behaviors in v,
and vy, in the entire operation range of the DMPPT-Us.
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8. Experimental Implementation and Validation

An experimental prototype was developed to validate the proposed solution. The prototype
follows the structure adopted in the simulations: it is formed by two DMPPT converters connected in
series, each one of them interacting with a BP585 PV panel. The circuital scheme of the prototype is
depicted in Figure 23, which reports the implementation of the proposed SMC. The digital steps of the
SMC are processed using a DSP F28335 controlCARDs, which have ADC to acquire the current and
voltage measurements needed. Both PV and inductor currents are measured using AD8210 circuits
and shunt resistors to provide a high-bandwidth, and a MCP4822 DAC (labeled DAC in Figure 23)
was used to produce the signals i} ; and i} , needed to generate the switching functions ¥. The DSP
executes the designed sliding function presented in the structure defined in Figure 18, the result of
this operation is converted to an analog value and injected to a circuit based on operational amplifiers,
which performs the control action # by means of the TS555 device, based on the implementation
presented in [49]. This implementation gives the advantage of computing the high frequency signal
(i1) by means of analog circuits and the low frequency signal (i} ) in a digital form.

ipv,1 iL,1 L
e
+ + DC electronic
J— — load
veul == Gy u Cb==vb.1 BK 8601
BP585 - _
TR T R T { frmoser
ADS210 ADS8210 u

L Y TS555

ipv,1 i ] ;" Switching circuit

e
DAC F28335
control CARD

»( ADC v
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PSS TTTL

+ +
Vpv,2 =— Cpv u Cb——vb,2
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L2 WV TS555
ipv,2 i+ ;" Switching circuit
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=|W| controlCARD
Y
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.

Figure 23. Circuital scheme of the experimental prototype.

The grid-connected inverter reported in Figure 2 was emulated using a BK8601 DC electronic
load. Such an electronic load, configured in constant voltage mode, emulates the input voltage
control imposed by a traditional grid-connected inverter. Figure 24 shows the experimental setup,
which depicts the two DMPPT converters in series connection. Moreover, the figure also shows the
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controlCARDs, the TS555 switching circuits, and the connections to both the PV panels and electronic
load. Finally, the experimental setup includes a voltage supply used to power the DSP, DAC and
switching circuits.

N Y-
DMPPT converters in ¥
series connection s

Voltage supply for
DSP, DAC and
switching circuits

Connection to §
the load

B TS555 Switching g

circuits \

DSP F28335
controlCARDs

Connection to
the PV Panels

Figure 24. Experimental setup.

The electrical elements used in the platform are: 2218-H-RC inductors from from Bourns Inc. with
L =330 uH, MKT1813622016 capacitors from Vishay BC with Cp,, = 22 uF and C, = 44 uF, IRF540N
MOSFETs from International Rectifier and MOSFET drivers A3120 from Vishay Semiconductors.
The shunt-resistors used to measure the currents were WSL12065L000FEA18 from Vishay Dale with
Rs = 5 mQ). Finally, the SMC parameters were the same ones adopted for the simulations. However,
the MPPT parameters were changed to Avy,pr = 1V and T, = 1 s due to dynamic limitations of the
BK8601 DC electronic load.

Figure 25 reports the experimental measurements of the prototype. The experiment starts with
both BP585 PV panels under uniform conditions, which makes both DMPPT-U operate at the same
MPP voltage and power. Therefore, the output voltages of both series-connected DMPPT converters
are equal to 40 V, which is under the overvoltage limit Vi, = 50 V. Such conditions force the
proposed SMC to operate in MPPT mode, which is evident from the three-point behavior described by
both PV voltage profiles v, 1 and v};,2. This is also confirmed by signal Pr, which is equal to 0 at the
start of the experiment.

To emulate a mismatched condition, the first PV panel is partially shaded using an obstacle as
it is shown at the top of Figure 25. Therefore, from 4.8 s the first PV panel produces less power
than the second PV panel, which forces the output voltage of the second DMPPT converter to
grow. Subsequently, the SMC of the second DMPPT-U enters in Protection mode to prevent an
overvoltage condition, i.e., Pr = 1, while the SMC of the first DMPPT-U keeps working in MPPT
mode. The experiments confirm the correct protection of the second DMPPT converter provided by
the proposed SMC.

The obstacle is removed at 14.2 s, which imposes uniform conditions again. Therefore, the SMC
of the second DMPPT-U tracks the MPP voltage of the second PV panel by returning to MPPT mode.

In conclusion, the experiment reports a correct operation of the proposed SMC, in both Protection
and MPPT modes, under the series-connection.
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Figure 25. Experimental measurements.

9. Conclusions

A control strategy based on sliding-mode theory, for DMPPT-Us in double-stage DMPPT
architectures, has been presented. The proposed controller is able to perform the MPPT on each
PV panel when v, < Vj5x (MPPT mode), and to avoid the DMPPT-Us overvoltage under mismatching
conditions (Protection mode). The SMC has a single sliding surface able to regulate v, and v}, in MPPT
and Protection modes, respectively, including i, into the switching function to provide a soft transition
between the two operation modes. Moreover, a detailed design procedure for the SMC parameters
and hardware implementation have been provided.

Simulations demonstrate the stability of the DMPPT-Us operating in both MPPT and Protection
modes, and also during the transitions between both modes. Moreover, the dynamic performance
reported by the simulations fulfills the design restrictions in terms of maximum setting time and
overshoot. Furthermore, an experimental platform was developed to show a practical implementation
of this new solution. The experimental measurements put into evidence the correct behavior of the
practical SMC under real operation conditions.

The proposed control strategy ensures the stability and the dynamic performance of the
DMPPT-Us in the entire operation range without a centralized controller or a communication
link. Moreover, the control strategy can be implemented using low-cost hardware, which is an
important characteristic for commercial DMPPT architectures. This solution can be further improved
by implementing observes for both the PV and inductor currents, which will reduce the number of
current sensors. Such an approach will reduce both the implementation costs and conduction losses,
and it is currently under investigation.
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Appendix A. Step Response of the Second Order System with a Zero

This appendix reports the time-domain expressions for the step response and performance criteria
for a canonical second-order system with a zero:

- a-s+b 1
0= T ) (&

Appendix A.1. Overdamped System (p and q Are Real and Different)

Time response expression:

. _ b e’pt(b—ap)_e"”(b—aq)
U)_Pq+ p(p—9q) q(p—q) (82)

Derivative of the time response expression:

do(t) e 1" (b—aq) e P'(b—ap)

(A3)
at p—a p—1
Time value at which the MO occurs (dz;(tt) = O) :
In (Zfip )
—49
tmo = ————- (A4)
YO g
Appendix A.2. Critically Damped System (p = q Are Real)
Time response expression:
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Derivative of the time response expression:
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Appendix A.3. Under Damped System (p and q Are Complex)

Time response expression:

be‘% <cosh (t (pJZq)z - pq> - )()
b
o(t) =

pq Pq

where

sinh <t (Pt pq) ((p;w 4 apa-b <p+q>)

X = >
(P+4q) —pgq

Derivative of the time response expression:

_(pta)t o
do(ty  b(p+a)e T (cosh(xt) - 1ImmAD)

dt 2pq
pe U5 (xsinh (xt) —ysinh (xt))
pq
where
+ 2
‘= (p 44) g
y = (p+q)  apg—b(p+q)
2 b
Time value at which the MO occurs (dzl(tt) = 0):
In (abs (x))
MO = T,
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