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Abstract: The Distributed Maximum Power Point Tracking (DMPPT) approach is a promising solution
to improve the energetic performance of mismatched PhotoVoltaic (PV) systems. However, there
are still several factors that can reduce DMPPT energy efficiency, including atmospheric conditions,
the efficiency of the power stage, constraints imposed by the topology, the finite rating of silicon
devices, and the nonoptimal value of string voltage. In order to fully explore the advantages
offered by the above solution, the implementation of a Boost based DMPPT emulator is of primary
concern, especially if it behaves as a controlled voltage or current source. The repeatability of
experimental tests, the tighter control of climatic conditions, the closing of the gap between the
physical dimensions of a PV array and the space available in a university lab, the simplicity with
which new algorithms can be tested, and the low maintenance costs are just some of the benefits
offered by an emulator. This paper describes the realization and use of a Boost based Distributed
Maximum Power Point Tracking (DMPPT) emulator and shows its high flexibility and potential. The
device is able to emulate the output current vs. voltage (I-V) characteristics of many commercial
PhotoVoltaic (PV) modules with a dedicated Boost DC/DC converter. The flexibility is guaranteed by
the ability to reproduce both I = f(V) and V = g(I) characteristics at different values of not only the
irradiance levels but also the maximum allowed voltage across the switching devices. The system
design is based on a commercial power supply controlled by a low-cost Arduino board by Arduino
(Strambino, Torino, Italy). Data acquisition is performed through a low-cost current and voltage
sensor by using a multichannel board by National Instruments. Experimental results confirm the
capability of the proposed device to accurately emulate the output I-V characteristic of Boost based
DMPPT systems obtained by varying the atmospheric conditions, the rating of silicon devices, and the
electrical topology.

Keywords: distributed maximum power point tracking; mismatching; PV emulator

1. Introduction

Climate change and environmental degradation are issues of concern in the present world
and represent the main challenges that we will face in the near future in order to prevent adverse
socioeconomic consequences. A crucial aspect of Green New Deal action will be to decarbonize the
production of electricity using renewable energy sources. To reinforce the distributed green energy
generation, which represents another important challenge, photovoltaic (PV) systems are among the
most promising renewable sources. In the last 20 years, the main objective of the scientific community
has been to fully understand the factors that limit the energetic performance of PV systems [1-7]
and propose possible solutions [8-38]. What emerges is that commonly used grid-connected PV
installations, made of strings of PV modules connected in parallel and feeding a central inverter,
are ineffective when mismatching conditions occur (due to clouds, shadows, dirt, etc.).
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In order to overcome the above limitations, several solutions have been presented in the literature,
such as high-performance Maximum Power Point Tracking (MPPT) techniques [8-16], reconfiguration
architectures [17-26], distributed MPPT techniques [27-38], and so on. The Distributed Maximum
Power Point Tracking (DMPPT) approach is by far the most hopeful solution to improve the energetic
performance of mismatched PV systems. However, there are still several factors that can reduce DMPPT
energy efficiency, including atmospheric conditions, the efficiency of the power stage, constraints
imposed by the topology, the finite rating of silicon devices, and the nonoptimal value of string
voltage [36—40]. The fact that many of these factors are not under our control represents an objective
difficulty in conducting experimental test activities when real DMPPT PV systems are considered. The
need for DMPPT emulators, as described in greater detail in Section 2, is a natural consequence of the
above drawbacks.

The present paper presents a DMPPT emulator of which the main advantage is the possibility to
reproduce both I = f(V) and V = g(I) characteristics of commercial PV modules at different values
of not only the irradiance levels (as happens for common PV emulators [39-42]) but also maximum
allowed voltage across the switching devices. The high flexibility offered by the proposed device makes
it suitable for testing traditional or innovative solutions such as the DMPPT and the reconfiguration
approach, or a combination of both [38]. The designed emulator consists of a commercial power supply
controlled by a low-cost Arduino board. The control strategy is based on a set of equations defining
the mathematical model of a DMPPT device.

The paper is organized as follows: the necessity for a DMPPT emulator is presented in Section 2;
the mathematical model of a single Boost based DMPPT unit is described in detail in Section 3; Section 4
is dedicated to the design and description of the proposed Boost based DMPPT emulator; experiments
and tests are presented in Section 5; and finally, Section 6 presents the conclusions.

2. Necessity for DMPPT Emulator

The DMPPT approach represents the most promising solution to counteract the negative effects of
mismatching phenomena, which have deep repercussions on the energetic efficiency and reliability of
the entire PV system. Two DMPPT approaches can be used: DC/AC (microinverter) based [27-29],
and DC/DC converter based [30-32]. Hereafter, without any loss of generality, we will refer to the
second solution. A typical schematic representation of a grid-connected PV system with DMPPT
is shown in Figure 1. The system, composed of a PV module with a dedicated DC/DC converter
implementing the MPPT function, is indicated as PVU (PV unit).

As shown in [32-37], the DC/DC converter topologies suitable for DMPPT applications are Buck,
Boost, and Buck-Boost topologies. Buck-Boost is characterized by lower efficiency and higher cost as a
result of enhanced component stresses. In [32-36], it is shown that maximum energy productivity of
the Buck—Boost converter is guaranteed only in cases in which the mismatch conditions are quite heavy.
The Buck converter works optimally especially in PV systems characterized by a light mismatching
scenario or when, for example, shade or mismatch occurs on only a few PV modules. In this case,
the Buck DC/DC converter can be installed only on those PV modules experiencing shade [32-36].
Moreover, due to the step-down conversion ratio, a consistent number of Buck converters is necessary
in order to obtain string voltage compatible with the input inverter voltage, with a resulting increase
in operating cost. Finally, the Boost converter, thanks to the lower voltage stress, which reduces
the undesired action of voltage limiting in mismatching conditions and allows election of devices
with lower channel resistance, can ensure overall DMPPT effectiveness in a wider range of possible
mismatching conditions [36].

On the basis of the aforementioned considerations, if a reasonable, fair comparison among
topologies is carried out, by taking into account power stage efficiency, cost, voltage, and current
stress of components and therefore their reliability, it can be concluded that a suitable compromise
solution for series-connected DC/DC converters installed on all PV modules of the string is generally
the Boost converter. For this reason, in the following, we refer to Boost based DMPPT. Nevertheless,
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there are many factors that restrict Boost based DMPPT energetic performance, including atmospheric
conditions, the efficiency of the power stage, constraints imposed by the topology, and the finite rating
of the silicon devices [32-38]. The above factors together with the nonoptimal value of the string
voltage (Vsting) make the efficiency nppppr < 1.
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Figure 1. Grid-connected PhotoVoltaic (PV) system with Distributed Maximum Power Point
Tracking (DMPPT).

In order to clarify the above assumptions, it can be useful to compare two systems with the
same topology, formed by series connection of two PV panels: in the first system (Figure 2a), DMPPT
architecture is implemented; in the second system, the Central Maximum Power Point Tracking
(CMPPT) function is adopted (Figure 2b). The electrical characteristics of commercial PV modules
(Sunmodule SW225 by SolarWorld industries (Bonn, Germany) [43]) in standard test conditions
(STC; Tstc = 25 °C, Ssrc = 1000 W/m?) are reported in Table 1.
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Figure 2. Systems under test: (a) DMPPT PV System; (b) Central Maximum Power Point Tracking
(CMPPT) PV system.
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Table 1. SolarWorld SW 225 PV module electrical characteristics in standard test conditions (STC).

(Ssc = 1000 W/m?2, Tgpc = 25 °C).

STC open circuit voltage Vocee =367V
STC short circuit current Isce =813 A
STC maximum power point voltage Vmppge =297V
STC maximum power point current Ipmppg,e =759 A
Voltage temperature coefficient ay = -0.34%/K
Current temperature coefficient ar = 0.034 %/K
Nominal Operating Cell Temperature NOCT =46 °C

Different from DMPPT, the central approach performs its MPPT function on the entire PV plant
rather than on each PV module.
In order to show and compare the energy performance of both systems, we can calculate their
performance ratio (PR):
PR — Pmax _ Pmax )
Pav  Pwmpp, + Pypp,

in which Ppj4x represents the maximum power that can be extracted from the PV system in the
considered atmospheric conditions, and P,y is the available maximum power obtained by the sum of
maximum power (Ppipp,, Ppmpp,) that each shaded PV module is able to provide.

The performance ratio is a function of the mismatching degree (MD) and the maximum allowed
voltage Vjsuqx provided by silicon devices, where MD is defined as:

_ 51
MD = (1 - 8_1) )

where Sq, S; are the irradiance values of modules 1 and 2.
In Figure 3, the PRs are plotted as a function of MD and voltage V g0y
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Figure 3. Performance ratio as a function of mismatching degree of the value assumed by V5,45

Figure 3 shows that for low values of MD, the energetic performance of the DMPPT approach is
far superior than that obtained by CMPPT (PR pymppr > PR cpppr)- The same consideration cannot be
extended for high values of MD, in that the difference between the two approaches does not promote
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employing one DC/DC converter for each PV module. Moreover, by looking at Figure 3, it is clear
that the value of MD where PR ppyppr > PR cpmppr strongly depends on the maximum allowed voltage
Vismax provided by the silicon devices.

Moreover, it should also be considered that the value assumed by the string voltage seriously
undermines the power extracted from the entire DMPPT PV system, if it does not belong to the best
operating voltage (BOV) interval, as shown in Figure 4, which, as an example, shows the Performance
ratio vs. Voltage characteristics obtained when MD = 0.4 and V zg0, = 60 V.
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Figure 4. Performance ratio vs. voltage of series connection of two Boost based photovoltaic units
(PVUs) (Vygpax = 60V, MD = 0.4).

Recent studies have shown the positive impact of the combined action of the distributed approach
and dynamic reconfiguration from a broader perspective compared with approaches closely related to
the extracted power, by taking into account not only the efficiency but also the reliability of the entire PV
system [38]. In order to fully explore the advantages offered by the above solution, the implementation
of a Boost based DMPPT emulator is of primary concern, especially if it behaves as a controlled voltage
or current source.

The repeatability of experimental tests, the tighter control of climatic conditions, the closing of
the gap between the physical dimensions of a PV array and the space available in a university lab,
the simplicity with which new algorithms can be tested, and the low maintenance costs are just some of
the benefits offered by an emulator. Moreover, it is also evident that, in order to deeply understand the
real potential of the DMPPT approach, a huge number of Boost converters, characterized by different
Vismax Values, are necessary. In fact, as shown before, silicon devices have a great influence on the
achievement of high energy efficiency due to their finite voltage ratings. The enormous effort required
in terms of both time and cost could be partly lessened by adopting a Boost based DMPPT emulator
that foresees the possibility to swap the value of V zgsx-

3. Mathematical Model of Boost Based PVU

A Boost based photovoltaic unit is shown in Figure 5. In the above figure, I, is the photo-induced
current; diode D; takes into account the effects at the silicon p—n junction of a PV cell; losses are
considered by inserting series resistance Rg and shunt resistance Ryy,; Ipy (Vpy) and Ipyy (Vpyy) are
currents (voltages) at the input and output ports of the converter, respectively. The typical output static
Current vs. Voltage (I-V) characteristics of a PV module (dashed line) and a controlled PV module
(bold line) are represented, at constant irradiance (S) and temperature (T) values, in Figure 6. Losses
occurring in the power stage of the Boost converter (switching, conduction, and iron losses) and the
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settling time of the step response of a closed or open loop PVU are neglected. In the following, in order
to take the dynamic behavior of the considered system into account, a time delay will be introduced.
The I-V curve is composed of three operating regions, OR1, OR2, and OR3, described in the following.

PhotoVoltaic Unit (PVU)

PV Module Boost DC/DC converter
| IPVL'
- Voyo| | Load
DMPPT
controller
Figure 5. Circuit model of Boost based PVU.
I-V Characteristics
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Figure 6. PV module I-V characteristic and Boost based PVU I-V characteristics.

Operating region 1: OR1 is defined for 0 < Vpyy < Vppp, where Vypp is the MPP voltage that
can be provided by the adopted PV module in the considered atmospheric conditions:

ay
Vmpp = VMPPsyc [1 + 700 (T-Tsrc) (3)
where ay is the temperature coefficient of the voltage [44].

In such a region, the two characteristics of the PV module and the controlled PV module are

coincidental. In fact, for 0 < Vpyy < Vppp, the MPPT controller forces the Boost DC/DC converter to
work with a duty cycle equal to one. In this condition it gives:

Ipvu = Ipv = Ly — I — Igsn 4)
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where [, is the photo-induced current, which, in accordance with Equation (5), is linearly dependent on
the irradiance level (S) and the PV module temperature (T), I; is the current in diode D; (Equation (6)),
and Igg, is the shunt-resistor current (Equation (7)):

S ag
IL,=1 —(1 —(T-T ) 5
ph = Iscsteg—— + 100( stc) ®)

Vpy +Rglpy
Iy = Latle ' -1 (6)

Vpy + RsIpy
IRsh = Ry, (7)
S

where V' is the thermal voltage and I is the diode reverse bias saturation current (Equation (8)):

Egap )

It = CTe\= T ®)
where k = 1.38 ]/K is the Boltzmann constant, Eg, is the band gap of the semiconductor material
(in the following it is assumed Egap = 1.124 V), and C is the temperature coefficient [44].

Operating region 2: OR2, defined for Vjpp < Vpyy < Vismay, is described by a hyperbole of
Equation (9), where V j50x is the maximum allowed voltage provided by the mosfet M; (Figure 5).

Vpvu-lpvu = Pmpp )

As shown in Figure 6, the current range (R¢ orp) associated with OR2 is as follows:

Rc or2 = [lo,Imprp] (10)

where Iypp is the MPP current, the value of which is obtained by using Equation (4), setting in
Equations (6) and (7) the value of Vpy is equal to Vpp, Iy is the value of Ipyy; when Vpyy = Vs
(Equation (11)).
Pnmpp
o Vdsmax (11)
Operating region 3: OR3 is defined by a vertical drop occurring at Vpyy = Vgmay, due to the
action of the output overvoltage protection circuitry. The current range (Rc ors) referring to OR3 is:

Rc ors = [0, Io] (12)

The I-V output characteristics of a single PVU are strictly dependent on the irradiance and
temperature levels (Equation (13)). As shown in Table 1, the acronym NOCT means Nominal Operating
Cell Temperature. Typical curves are shown in Figure 7.

NOCT -20
T = Tampient + TS (13)
It is worth noting that in real environmental conditions, the temperature usually changes quite
slowly with respect to variation of the irradiance level occurring during the day. Based on this,
all subsequent results were obtained by considering a constant value of the PV module temperature of

T = 57.5°C (Tampient = 25 °C).
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Figure 7. I-V characteristics of Boost-based PVU.
4. Design and Implementation of Boost Based PVU Emulator

A block diagram of the proposed Boost based PVU emulator is shown in Figure 8. The emulator is
characterized by its simplicity of implementation and high flexibility. In order to be easily reconfigured,
it consists of a current (voltage) controlled power supply, in which the output current Ipy(t)
(voltage Vpyy(t)) is regulated by means of a proper controller. In other words, the system acts either
as a controlled voltage source, if there is the need for a series connection, or as a controlled current
source, if there is the need for a parallel connection.

PVU emulator

:’ \ Ipyy (1) )

| Power Supply ;

i Yoy (1) !

! b SREEEEEEET | Iﬂ() i| | Load
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\ 2560 | vuw |° 1 v
\‘\ < / CTR

Figure 8. Block diagram of proposed PVU emulator.

The input signals to the controlling unit are: Vpyy(t) (PVU output voltage), Ipyy (t) (PVU output
current), Vyg,qy (Voltage signal, which is proportional to the maximum allowed voltage supported
by the converter’s mosfet M1), Vs(t) (time-varying voltage signal, which is proportional to desired
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irradiance level S; Equation (14)), and Vy;(#) (voltage signal, which is proportional to the PV system
settling time t;; Equation (15)):
Vs(t) = as S(t)

Via(t) = apg ty

with ag = 1 [V m?2/ W] and ayy = 1 [V/s]|. Corresponding with standard irradiance Sgr¢c, Vs(t)
assumes the value Vggrc; corresponding with the maximum settling time f4p14x, V4(t) assumes the
value Vypax. The calculation of typ14x is reported in Appendix A. The output signal S,, f(t) attained
by the conditioning process is calculated according to the diagram shown in Figure 9. It depends on the
operating region of the PV unit and is a proper function of the input signals (Vpyyi(t), Ipvu(t), Vs(t),
Via(t) and Vggpay)- It includes a digital signal (CTR), which is settled in a high (low) state if a voltage
(current) controlled source is needed. A proper digital analog converter (DAC) is used to obtain CTR.

Initialization
to1a=0

!

(14)
(15)

t=toq Acquire t=toq
Vo (0, Lo (0, V o S0, Vg

T vivy(t) € [0, Vitppgpe D>

. _ Puppsrc
0

According to eq.(4) According to eq.(9)
pvu(t) = f(Vevu (D)),

According to eq.(9)
S*(t) - Puppgrc
Ipyy (1)

vpyy(t) =

According to eq.(4)
vpyy(t) = f Upyy (),

Step() =" Ty ()

Srer(t) = Voyu (6)

Figure 9. Flowchart of routine written in Arduino code.

As highlighted in Figure 8, the core of the proposed PVU emulator is represented by an Arduino
Mega 2560 microcontroller. Such a device can be programmed by means of Arduino IDE software
by Arduino (Strambino, Torino, Italy), which is freely available online [45]. As one might expect, the
analog input signals of the microcontroller, which are marked with an asterisk (Figure 8), represent a
scaled version of the corresponding signals Vpy(t), Ipyi(t), Vs(t), Viasmax, and Vyy. Such scaling is
necessary to adapt the electrical characteristics of the above signals to the limited range [0, 5] V of the
microcontroller. The scaled input signals, obtained as a result of the conditioning process, are defined
as follows:

. Vpyul(t
VPVU(t) = 5TA;) € [O, 5] 1% (16)
. Ipyy(t
Lyy(t) =5 IMA;) €0, 5V (17)
Vs(t
Vi(t) =5 st) 0, 5]V (18)
Vsste
v, o5 ldmr g5y (19)
smax VMAX
Vv
v, =5—2_ 0,5V (20)

Viamax
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where Viax = 100 V and Ipjax = 10 A are the maximum allowed values of the output voltage and
current from the power unit, respectively.

A flowchart of the routine written in Arduino code is shown in Figure 9.

In order to reduce the computation time of the code, two lookup tables (LUTs) for voltage and
current controlled sources were implemented. Each LUT contains 256 samples of the scaled output

variables (I,,,; and V7)), representing the output values I}, (Vl*?vu) calculated corresponding with

the 256 value of the input signal V7, , (I;’Vu) in the range [0, 5] V.
5. Experimental Results

As a first step, preliminary test activity was carried out on the sole system composed of a
microcontroller board “Arduino Mega 2560” and a 12-bit, fast response Digital to Analog Converter
(DAC) Adafruit (New York, USA) MCP4725, in order to check the main features of the proposed
emulator. In particular, the idea was to check the capability of the emulator to reproduce the I-V
characteristics of a Boost based photovoltaic unit for different values of irradiance S(t) and maximum
allowed voltage V o0y supported by the converter’s mosfet. The preliminary results are shown on the
display of a MDO 3034 oscilloscope by Tektronix (Beaverton, Oregon, USA), as illustrated in Figures 10
and 11. In both figures, a periodic (frequency 1 Hz) ramp signal has been applied at the microcontroller
input V3, (t) to scan the I-V characteristic of the proposed Boost based PVU. The amplitude of the
adopted ramp signal varies from 0 to 5 V, which corresponds to PVU ramp voltage Vpy(t) from 0 to
Vismax (Viasmax = 100 V). The different time domain behavior of S,, f(t) (corresponding to the output
signal of the DAC) reported in Figures 11 and 12 is linked to the adoption of two different values of
V(t). In particular, in Figures 11 and 12, the value of V(t) is equal to 2 and 1V, corresponding to
S(t) equal to 400 and 200 W/m?, respectively. By repeating the same tests with different values of
Viasmax = 50V, the characteristics shown in Figure 12 were obtained. In this test case, the reference
ramp signal rose linearly from 0 to 2.5 V.
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Figure 10. Oscilloscope screenshot (S = 400 W/m2, T =57.5°C, and Vg0 = 100 V).
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Figure 11. Oscilloscope screenshot (S = 200 W/m?, T = 57.5 °C, and Vg0 = 100 V).
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Figure 12. Oscilloscope screenshot (S = 400 W/m?2, T = 57.5 °C, and V0 = 50 V).

In the next phase, the whole system was assembled and a set of representative experiments was
carried out. The experimental setup was realized in the Circuit Laboratory of the University of Naples

Federico II and is shown in Figure 13. It is composed of three fundamental blocks: power, control,
and acquisition blocks.

Visualization

n
I
Power supply
| (PVU emulator)

| Power Block

Control Block

Figure 13. Experimental setup of proposed Boost based PVU emulator.

Power block: The power block consists of two commercial power supplies BOP 100-4 [46],
provided by Kepco (Flushing, New York, USA). One represents the power stage of the Boost based PV
emulator and is used as a current- or voltage-controlled source. The other one is used as a controlled
load in order to scan the I-V characteristics of the emulator. The two power supplies can work in
all four quadrants of the current-voltage plane. They are linear power supplies with two bipolar
control channels (voltage or current mode), selectable and individually controllable by either front

panel controls or remote signals. In Table 2, the electrical characteristics of the proposed Boost based
PVU emulator are reported.

Table 2. Electrical characteristics of the proposed Boost based PVU emulator.

Maximum output Current Ipvumex =4 A
Maximum output Power Ppvumax = 400 W
Maximum output Voltage Vpviumax = 100 V

Control block: The core of the control block is composed of the embedded board “Arduino Mega
2560” in which the ATMega2560 microcontroller is integrated. The “Arduino Mega 2560” is powered
via a USB connection and provides 54 digital input/output pins (15 of which can be used as PWM
outputs) and 16 analog inputs, and it can be programmed through Arduino IDE software. Apart
from the controller, the control block is composed of three units: (a) the input conditioning unit,
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which consists of two sensors: one current and one voltage sensor. The above sensors are used for
sensing and adapting the PVU output current and voltage to the Arduino maximum allowed input
voltage; (b) the output conditioning unit, which consists of the DAC MCP 4725 by Adafruit, and
(c) the generation unit, which consists of the National Instruments (Austin, Texas, USA) generation
board (BNC-2100 Series Connector Blocks), used to reproduce the input signals V¢(t), Vi, and V} .
In order to configure the data generation hardware (BNC-2100 Series Connector Blocks) Mathworks
MATLAB Data Acquisition Toolbox is used. The adopted current sensor is an INA169 module, by
Texas Instruments (Dallas, Texas, USA), which allows measurement of continuous current up to 5 A.
The INA169 is a “high-side, unipolar, current shunt monitor,” meaning that it measures the voltage
drop across a shunt resistor, which is placed on the positive power side [47]. In order to reduce the PVU
output voltage up to 20 times compared to the original, a voltage divider using a resistance of 220 and
11.5 k() was adopted as a voltage sensor. In other words, the adopted voltage sensor is based on the
series connection of two resistors. Acquisition block: During the acquisition process, the experimental
data were stored and plotted in MATLAB through a commercial multichannel USB data acquisition
system NI CompactDAQ, provided by National Instruments, with N19215 modules characterized by
16-bit resolution and maximum sampling frequency of 100 kS/s).

Figure 14a,b show a comparison between emulated I-V curves (shown in white) and theoretical
curves (shown in black) in two cases. The two cases differ in the values assumed by S(t) and V-
From these figures, it can be observed that the emulated and theoretical curves are nearly superimposed,
thus confirming the excellent capability of the proposed solution of emulating PVU behavior.
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Figure 14. Comparison between emulated (grey curve) and theoretical (black curve) I-V curves:
(@) S =400 W/m?, T = 57.5°C and Vg = 60 V; (b) S = 250 W/m?, T = 57.5°C, and V jgqy = 40 V.

In order to fully exploit the potential of the proposed architecture, two Boost based PVU emulators
were connected in parallel (series). The performance of this system is shown in Figures 15 and 16,
in which the emulated I-V characteristics are shown together with the corresponding theoretical ones.
The effectiveness of the obtained results highlights that the proposed emulator represents a useful tool
to test the performance of shaded DMPPT PV systems.

PVU emulator 2 8
; 7 Emulated I-V curve of the parallel connection of two PVUs
Power Supply —Theoretical I-V curve of the parallel connection of two PVUs
r 6
=5
s g 4
Control Block =
§3 Vo Taty O3
2
_______________________________________________________________________________ 1
0 I I I
5 10 15 20 25 30 35 40
Voltage [V]
@) (b)

Figure 15. Performance of parallel connection of two Boost PVU emulators: (a) block diagram of
system under test; (b) S; = 400 W/m?, S, = 300 W/m?, T = 57.5 °C, and V g0x = 40 V.
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Figure 16. Performance of series connection of two Boost PVU emulators: (a) block diagram of system
under test; (b) S = 400 W/m?, S, = 300 W/m?2, T = 57.5 °C, and Vg, = 40 V.

6. Conclusions

In this paper, a Boost based PVU emulator was presented and discussed. A detailed study was
carried out in order to clearly understand the mathematical model of the Boost based PVU.

The proposed emulator was designed to reproduce both Ipy; = f(Vpyy) and Vpyy = g(Ipvu)
characteristics at different values not only of the irradiance levels but also of the value of Vjsyy-
The above properties make the proposed solution suitable for fully exploring the performance of
the DMPPT approach, especially when the reconfiguration technique is also applied. Moreover,
the possibility to swap the value of Vg, allows emulation of a large number of Boost converters,
which results in a consistent reduction in time and cost. In particular, the proposed device represents a
suitable compromise between time and cost insofar as the inexpensive choice to adopt a commercial
power supply is compensated by the possibility to emulate the behavior of many commercial devices.
In conclusion, the main advantages of the proposed solution are the following ones; it is possible
to emulate:

- both static and dynamic irradiance conditions;

- not only uniform but also mismatching operating conditions;
- both static and dynamic DMPPT configuration architectures;

- Boost based DMPPT converters with different values of V jg,,,x

The proposed experimental tests fully confirm the validity of the proposed emulator.
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Appendix A

Calculation of tapax

In order to determine the maximum settling time ¢;)14x, we can consider an open-loop Boost
based PVU (worst case) characterized by the electrical parameters reported in Table A1 [44].
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Table Al. Boost converter parameters.

Power inductor L =100 uH
Power input capacitor Cip = 220 uF
Power output capacitor Cout = 230 uF
Switching frequency fs =100 kHz

In these conditions, t14x is defined as the settling time of the step response of a well-defined
transfer function (G,;) of the PVU under consideration. G,; is the small signal transfer function
between the duty cycle and PV voltage. The expression of such a transfer function can be easily found
by analyzing the small signal low-frequency equivalent circuit of a Boost based PVU and the load
(Figure Al).

e
g

Ryvppr

Vpyy - d(s) <
1 _|_> v
- _ pvu(s)

Figure A1. Small signal low-frequency equivalent circuit of Boost based PVU.

Hat symbols indicate small signal low-frequency variations [44] of the corresponding variables.
The resistance Ryspp in Figure Al is the differential resistance of the considered PV module [44]:

\%
Rupp = IMPPSTC (A1)
MPPSTC
The expression of G, is:
Vpy(s) 1
Gui(s) = ——— = -Vpvur (A2)
° d(s) 1+ gk 4+ S2LC,

The settling time (f;,14x) of the step response of the above transfer function is equal to about
10 ms, if:

Vpyu = Vmax = 100V (A3)
Dwmppr = (1 - —VA{I/IZ\Z ic ) =0.7 (A4)
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