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Abstract: This article presents the development and execution of a Single-Ended Primary-Inductor
Converter (SEPIC) multiplier within a Hardware-in-the-Loop (HIL) emulation environment tailored
for photovoltaic (PV) applications. Utilizing the advanced capabilities of the dSPACE 1104 platform,
this work establishes a dynamic data exchange mechanism between a variable voltage power supply
and the SEPIC multiplier converter, enhancing the efficiency of solar energy harnessing. The proposed
emulation model was crafted to simulate real-world solar energy capture, facilitating the evaluation
of control strategies under laboratory conditions. By emulating realistic operational scenarios, this
approach significantly accelerates the innovation cycle for PV system technologies, enabling faster
validation and refinement of emerging solutions. The SEPIC multiplier converter is a new topology
based on the traditional SEPIC with the capability of producing a larger output voltage in a scalable
manner. This initiative sets a new benchmark for conducting PV system research, offering a blend
of precision and flexibility in testing supervisory strategies, thereby streamlining the path toward
technological advancements in solar energy utilization.

Keywords: pulse-width-modulated (PWM) converter; SEPIC multiplier converter; power electronics;
hardware-in-the-loop emulation; photovoltaic system

1. Introduction

The growing concern over the exacerbation of the greenhouse effect, primarily at-
tributed to the significant emissions of pollutants from human activities, has been a driving
force behind the innovation of new models for energy generation [1-4]. This imperative has
led to the development and implementation of renewable energy systems, including solar
photovoltaic (PV), wind, hydraulic, and geothermal power systems, aimed at curtailing
our dependency on fossil fuels and other non-renewable resources [4—0].

At the forefront of these advancements in power electronics is the strategic elimination
of traditional fieldwork requirements. This objective is realized through the deployment of
sophisticated emulation systems designed to replicate the dynamics of real-world power
systems accurately. Such systems incorporate the precise characteristics of the energy
systems under study, including the simulation of environmental atmospheric conditions.
The adoption of these emulation techniques not only enhances the accuracy of energy
system evaluations but also significantly contributes to the refinement of power generation
technologies by providing a controlled yet realistic environment for testing and optimiza-
tion. By leveraging these advanced emulation platforms, researchers and engineers are
equipped with the tools necessary to conduct comprehensive analyses, thereby accelerating
the development and adoption of efficient and sustainable energy solutions [7-11].

The employment of Hardware-in-the-Loop (HIL) simulation stands as a cornerstone in
the realm of control systems testing, offering an innovative avenue for rigorous evaluation
within a controlled virtual setting before establishing a direct interface with the actual
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converter. This methodology markedly diminishes the temporal and logistical demands
traditionally associated with the setup and execution of empirical trials and validations
using tangible hardware components. Presently, the integration of advanced simulation
platforms equipped with high-performance multicore processors empowers researchers
and engineers to meticulously design and test complex systems. These platforms enable
the construction and manipulation of detailed virtual models, thereby accelerating the
development process without compromising the fidelity or accuracy of the outcomes. The
strategic utilization of HIL simulation not only streamlines the research and development
cycle but also enhances the precision and reliability of the system under test, ensuring that
results are both swift and precise [10-14].

Although solar panel emulation systems are available on the market [15,16], they
are developed around closed (non-customizable by the user) platforms that do not allow
for simple experimentation with different power electronics-based conversion systems.
Programmable sources, such as those offered by CHROMA, are expensive compared to
laboratory prototypes that can maximize the flexibility of emulating solar panel modules
and the conversion systems used to implement MPPT algorithms.

This paper posits the utilization of Power Hardware-in-the-Loop (PHIL) simulation as
a transformative approach for the integration of a DC/DC Single-Ended Primary-Inductor
Converter (SEPIC) multiplier converter within a solar panel emulation framework managed
by an advanced Maximum Power Point Tracking (MPPT) algorithm. An improved version
of the work preliminarily introduced in [17], the proposed system aims to optimize power
extraction, thereby enhancing the overall efficiency and reliability of photovoltaic systems.
The SEPIC multiplier converter is a recently introduced and studied topology which can
provide a larger voltage gain according to the number of diodes and capacitors added to
the topology.

PHIL simulation facilitates a detailed and realistic emulation of solar energy systems,
allowing for the thorough investigation and refinement of control strategies to ensure
maximum energy yield and system performance. Through this approach, the research
endeavors to bridge the gap between theoretical models and practical applications, fostering
the development of more efficient and sustainable renewable energy solutions.

The PHIL system implemented in this work has the DS1104 data acquisition system
from dSPACE as its central element. The DS1104 is a comprehensive data acquisition
and processing card. With the aid of Matlab-Simulink — R2023b, detailed models can be
created, which are then programmed on the DS1104. The general scheme of the data
acquisition system is shown in Figure 1, where the software-hardware interaction that
allows the emulation of the system is schematized. While the mathematical models are
digitally processed in the DAQ system (DS1104), the output variables, voltages, currents,
and powers are amplified by an electronic power source. At the same time, the voltages
entering the model—the external command signals—are integrated into the process through
the analog inputs of the DS1104 system.
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Figure 1. PV system emulation scheme.
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2. Emulating a Photovoltaic Panel-Based Source

In this section, we start by covering the emulation of a solar energy source derived
from a photovoltaic panel. A photovoltaic panel comprises multiple photovoltaic cells
connected in series, which set the panel’s output voltage, Vj,. At the same time, several
panels are connected in series to form a string of panels in a photovoltaic system. In the
photovoltaic system, multiple strings of panels can be connected in parallel, increasing the
output power of the photovoltaic system.

A fundamental step in this process involves evaluating the device’s output perfor-
mance and solar efficiency. To achieve this, it is imperative to delve into the characteristics
of the solar PV panel in question. These essential attributes can be gleaned from the solar
cell I-V characteristic curve depicted in Figure 2. This initial examination sets the ground-
work for understanding how to accurately replicate the behavior of solar panels, which is
crucial for the development of an effective photovoltaic system emulation.

Wnax 174
Figure 2. The characteristic solar cell I-V.

As depicted in Figure 2, to trace the curve comprehensively, a variable load is needed
to identify all potential operating points along it. It is important to recognize that multiple
I-V curves can be derived from a single panel by varying conditions such as temperature
and irradiance. The point of maximum power occurs where the curve shows the highest
combination of current and voltage the panel can provide. These are the critical values
targeted by the MPPT (Maximum Power Point Tracking) algorithm [18,19].

2.1. Modeling and Characteristics

For the purposes of emulation, the model of one diode from the photovoltaic solar
cell will be taken as a reference, as shown in Figure 3. In this circuit, it can be observed
that a photovoltaic solar cell works as a controlled source, where the control variable is the
irradiance or solar radiation.
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Figure 3. Solar cell diode model [20].
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The basic diode equation for a photovoltaic solar cell is (1).

_ (e —1) - v
I=1,(G) — I (e )-x; )
where

I represents the total circuit current;

Iy is the photocurrent generated by illumination;

Iy denotes the dark saturation current of the diode;

V stands for the voltage across the diode;

q is the charge of an electron (1.602 x 10~1% C);

k is the Stefan-Boltzmann constant (1.381 x 10~2 J/K);

T is the temperature in Kelvin.

The equation incorporating solar irradiance and internal resistances within a pho-
tovoltaic (PV) cell model, aiming to represent the dynamics of the cell comprehensively,
involves parameters like I;,(G) for the photo-generated current, I for the dark saturation
current, V for the voltage across the cell, I for the output current, R; for the series resistance,
Ry, for the parallel (shunt) resistance, and factors for temperature and irradiance effects.
This model accounts for the non-ideal behavior of real PV cells by including resistances
that affect the panel’s efficiency and performance. The I,,(G) increases with solar irradiance
(G,in W/m?).

The mathematical function representing I, as a function of solar irradiance (G) typ-
ically assumes direct proportionality between the irradiance and the current generated
by the cell. A simplified form could be I, = k-G, where k is a proportionality constant
depending on the specific characteristics of the photovoltaic cell, including its efficiency
and area. This model reflects how the photo-generated current increases linearly with
irradiance under the assumption that all other factors remain constant.

A more detailed form of I, considers various factors, including the panel’s efficiency
dependency on temperature and specific material parameters. However, due to complexity
and variability among different solar panel technologies, there is not a universally accepted
‘non-simplified form’ that does not consider specific panel model parameters. For precise
details, consulting a solar panel’s technical datasheet is necessary, where equations based
on its characteristics and response to irradiance and temperature are provided.

A detailed and widely accepted expression for Iy, considering both irradiance (G) and
temperature (T), could be the following:

G
Ly = <GSTC> Ipnstc[1+a(T — Tsrc)]. 2)

where I, s7c is the photocurrent under standard test conditions (normally, 1000 W/ m? irra-
diance and 25 °C temperature), Ggrc is the standard test condition irradiance
(1000 W/m?), G is the current irradiance, Tsrc is the standard test condition tempera-
ture (25 °C), T is the current module temperature, and « is the temperature coefficient of
the current, indicating how the current varies with temperature. This formula reflects how
the current generated by the cell increases with irradiance and adjusts with changes in
module temperature. Reference [20] can be studied for a deeper analysis of the equations
describing the operation of photovoltaic solar panels.

Let us discuss the emulated panel’s characteristics. The panel is a YINGLI 60 CELL-
series, 40 mm, model YL250p-29b. The YL250p-29b photovoltaic panel has 60 cells con-
nected in series, with an open-circuit voltage of 38.40 Vdc. According to its datasheet,
under standard test conditions (STCs), it possesses the following electrical characteristics:
The maximum rated power is 250 W, and the efficiency panel is 15.3%. At full power, its
voltage is 30.4 V, and its current is 8.24 A. The open circuit voltage is 38.4 V, while the short
circuit current is 8.79 A.
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Beyond the I-V solar panel characteristics, the emulator also needs to consider various
technical parameters: the temperature coefficient of the current & = 0.00385; the reference
inverse saturation current (I,), which in this case is 1.2723 x 10710 A; the electron charge
g =1.602 x 10~ C; the diode’s ideality factor n = 0.9985; the Stefan-Boltzmann constant
(K =1.3806 x 10723 J/K); the energy bandgap at the reference temperature (EgRef = 1.212]);
and the values of the resistances Ry, = 364.52 () and R, = 0.42475 Q).

Figure 4 showcases the SIMULINK model representing the solar panel. As can be
observed in the figure, two subsystems are implemented to determine the essential variables
for solar panel voltage control according to weather and load conditions. The part marked
in purple is a MATLAB script for the implementation of Equations (1) and (2). This script
receives two variables, the panel temperature and the irradiance; the inputs to the model
are highlighted in green. Since it is an emulation, the values for the mentioned signals are
acquired through a data acquisition system that allows for the emulation of the PV array.
The system marked in red is an electrical circuit similar to the single-diode model of the
solar panel, the difference being that in the circuit there is no current source that depends
on irradiance. Instead, the voltage across the panel terminals is used for its implementation,
with ‘V_D’ being equal to the variable “V’ in Equation (1). The controlled current source,
the gain, and the ‘RLim’ resistance aim to recreate the current demand in the PV. When
a current demand is simulated through the dependent current source, the voltage V_D
drops, as shown in Figure 1. The value of the voltage V_D is determined using Equation (1),
where the current I (I_PV in Figure 4) is the current delivered by the PV panel to the load
emulated by the circuit marked in blue. The simulation of the current demand is also
performed by one of the analog inputs of the data acquisition system, which is described in
a subsequent section. The model’s inputs and outputs are highlighted in green and orange,
respectively. With these inputs and outputs, changes in the variables of voltages, currents,
and powers in a PV system are obtained.

PV Emulation
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Figure 4. Solar panel model for emulation.
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2.2. PV Simulation

To obtain the array I-V graph of the emulated panel array, it was necessary to create
a script that simulated the current demand (I) from 0 A up to its short-circuit value. This
behavior is achieved by manipulating the controlled current source shown in Figure 4. The
manipulation of this source is performed using a DC voltage, which is injected through one
of the analog inputs of the data acquisition card. Figure 5 demonstrates how this emulator
automatically transitions from one curve to another, replicating the panel’s array behavior,
which is subjected to temperature and solar radiation. This ensures that the emulator
maintains characteristics consistent with the referenced model.

| .=8.8A
e =
I mpp=8.25A
7
. 0.8kW/m?
5[, -
c5F 0.6kW/m?
&) . m
L
O
3 -
B Vmpp
1 1 1 1 1
0 5 10 15 20
Voltage (V)

Figure 5. I-V characteristic curve of the solar panel.

Taking as a reference the panel’s response curve at a power of 1 kW/m?, we find that
the values for current and voltage at the maximum power point differ slightly from those
reported by the manufacturer, as do the open-circuit operating conditions. The comparison
of these values can be seen in Table 1, where the error percentage is also recorded. The
error percentage is attributed to calculating the diode current in the panel model.

Table 1. Panel parameters and simulation results.

Electric.al. Symbol Manufacturer’s Simulation % Error
Characteristics Value Result
Voltage at Pax Vinpp 208V 304V 2.01%
Current at Py Tpp 8.39 A 825 A 1.67%
Short-circuit current I 8.92 A 8.80 A 1.36%
Open-circuit voltage Voc 376V 384V 2.13%

To represent the solar panel’s module, a programable voltage source was devised to
accept a reference signal from the dSPACE control board, which receives the signal from
the simulation. This setup will regulate the voltage specified by the model using a linear
regulator. Additionally, sensors will provide feedback on voltage and the current of the
voltage source to ensure correct operation.

A complete scheme of the emulator power supply is shown in Figure 6. The core
objective was to enable voltage regulation through a control signal, leading to the selection
of an LM317, which allows for voltage adjustment by varying the input current at the
ADJUST pin. It is important to remember that the reference signal for the voltage comes
from the dSPACE board; an isolating barrier featuring isolation amplifiers was incorporated
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for protection. To augment the output current capacity of the regulator, the inclusion of a
pass transistor was necessary, ensuring stable system regulation. Furthermore, to supply
adequate power to the system, three additional regulators were implemented, as indicated
by the blue boxes. The green boxes represent a control stage designed to distribute the
current across each regulator evenly.

Main Voltage Surce

Until 64Vdc @ 15A Linear Regulator
with LM317T
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Figure 6. Schematic diagram of the panel’s array emulator.

3. Multiplier SEPIC Converter

Power electronics is an essential discipline in the efficient conversion and control of
electrical energy [21-23]. Its applications range from renewable energy generation systems
to everyday consumer electronic devices. In the context of solar energy, power electronics
play a crucial role in enabling the conversion of the energy captured by solar panels
into usable and regulated forms of electrical power. The field of the DC-DC converter
has many applications in PV panels [23-25]. The SEPIC (Single-Ended Primary Inductor
Converter) is a power converter topology that offers advantages in terms of flexibility and
efficiency, making it particularly suitable for solar panel emulators, where irradiance and
environmental conditions can vary widely. Implementing a solar panel emulator based on
a SEPIC converter allows for the recreation of the electrical characteristics of a real solar
panel, facilitating the design and testing of photovoltaic systems under controlled and
repeatable conditions.

With the aim of obtaining power from the PV-emulated circuit, a Multiplier SEPIC
Converter was implemented. This converter will allow it to carry out the maximum power
from the PV emulator using a traditional MPPT algorithm like Perturb and Observe (P&O).
The strategy is to increase the voltage provided by the PV array with the SEPIC converter.
At the same time, the SEPIC converter output voltage is supplied to a resistor, and the
SEPIC voltage is changed to find the emulated PV array’s maximum power point (MPP).

The Single-Ended Primary-Inductor Converter (SEPIC) is composed of a switch (s)
(which can be synthesized with a transistor), a diode (d;), inductors (L; and Lp), and
capacitors (C; and C;); the load can be represented as a resistor (R), as shown in Figure 7a.
The SEPIC is capable of providing output voltages that are higher and lower than the
input voltage.
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Figure 7. (a) SEPIC converter. (b) Multiplier SEPIC converter.

An improved version of the conventional SEPIC [26,27] includes a hybrid topology
with diode-capacitor multipliers, known as the Dickson charge pump. Figure 7b illustrates
a SEPIC that incorporates a 2x multiplier.

The transistor closes and opens periodically with a constant switching frequency (fsw);
the inverse of the switching frequency is called the switching period (Tsw). During a
switching period, the transistor remains closed for a duration called f,,, and subsequently,
it remains closed for a time called f,5. Evidently, the relation between the switching period
and the times in which the transistor is closed and open can be expressed as in (3):

1
Tsw = Fow ton + toff ©)

A duty cycle or duty ratio (D) and its complement can be defined as in (4) and (5).

tOTZ
D= (4)
to
(1-D) = 7Tsfvj; (5)

Figure 8 shows the equivalent circuits according to the switch state (open or closed).
The fundamental operation of the SEPIC, as depicted in Figure 7a, can be explained with
the following steps and by observing the equivalent circuits in Figure 8.

(i) Upon transistor s closing (see Figure 8a), the inductor Ly gets in parallel connection to
the source vg, leading to an increment in the L current characterized by a uniform
incline and a positive direction (as per the orientation defined in Figure 7).

(i) When the switch opens (see Figure 8b), it allows L;’s current to infuse C; with a
positive voltage (in alignment with the designated signs) since they are connected in
series, and the current gets through the positive voltage sign of C;.

(iii) The switching action of the transistor is periodic; it inevitably closes again, but this
time the capacitor C; already has some charge; it gets in parallel connection with the
inductor Ly, facilitating C; in endowing L, with a positive flow of current.

(iv) Upon the transistor’s subsequent opening, L,’s current moves through d;, enriching
C, with a positive charge.
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Figure 8. Switching states when (a) the transistor is on and (b) when the transistor is off.

This sequence of actions detailing the operation of the traditional SEPIC illustrated in
Figure 7a is equally applicable to the configuration shown in Figure 7b, with the following
additional steps:

(v) With the transistor open and L;’s current passing through d, as seen in Figure 8b,
the negative terminals of C3 and C4 are conjoined at the same potential, subsequently
allowing C3 to engage d3 to positively charge Cy.

(vi) With the transistor’s closure, C; aligns in a series setup with C;, as shown in Figure 8a,
which then permits the charging of C3 through the engagement of d5.

The circuit in Figure 7b operates a diode-capacitor voltage multiplier, specifically a 2x
multiplier in this scenario, which can be expanded through the addition of more diodes
and capacitors. Calculating the average voltage across L1 over a single switching cycle
while employing the conventional small ripple approximation [23] results in (6).

d(i 1
ORI ¥

where vp110, represents the voltage across Ly with the switch closed and vy denotes the
voltage across L; when the transistor is open. This formula can be expressed in relation to
the duty ratio outlined in (2) as follows.

diL1)
dt

Ly = D xvp1t0n + (1 — D)vL1s0ff @)

The voltage across L during each equivalent circuit or switching state can be derived
from the circuits depicted in Figure 8.

OL1ton = Vg (8)

viitoff = Vo — Vo1 — Vez )

At equilibrium, the average voltage across the inductors equals zero, resulting in a
steady current. Following Equation (7) and incorporating Equations (8) and (9), this can be
articulated as (10).

D*Vg+(l—D)(Vg—VCl—ch) =0 (10)
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Similarly, the (average) voltage across L, can be expressed as (11).
d(i
L, <stZ> = D xvpat0n + (1 — D)vrasofy (11)

And the voltage in each state can also be determined by applying the KVL in Figure 8
as in (12) and (13).
UL2ton = V1 (12)

VLaroff = —Ve12 (13)

In the equilibrium condition or steady state, the voltage in L, must also be in that state,
which can be written using (11) to (13) as (14).

D(Vc1) —(1—=D)Ve2 =0 (14)

From (10), the voltage in C, can be expressed as (15).

Ve=Vai—p (15)
Substituting (15) in (11) leads to the following;:
Ver =V (16)

From Figure 8, C3 gets charged by both C; and C; in a series connection, which leads
to (17).

D 1
- = — =V,—— 17
Vas=Va+Va=Vet+t Vo5 =Ver 1 (17)
From Figure 7, the voltage across Cy is equal to the one across Cs, and then
Ves =Ves =V, 1 (18)
a=Va =Y

Finally, the load voltage is given by the series connection of C; and C4, which can be
expressed as (19).

Vo=V +Vey = Vg(l—Dl)+1—1D> = Vg% (19)

The voltage gain is significant. Figure 9 illustrates the voltage gain relative to the duty
cycle or duty ratio expressed in (19).

As can be seen in Figure 8b, the voltage that the transistor needs to block (when it is
open) is relatively low in comparison to the output voltage. This attribute is advantageous,
as it allows for the use of transistors rated for lower voltages in the construction of high-
voltage converters, embodying the essence of multilevel converters. Contrary to this, in
other configurations like the cascaded boost converter, the final transistor must withstand
the entire output voltage. This requirement caps the maximum achievable output voltage
to the voltage rating of the transistor. Moreover, transistors designed to handle higher
voltages typically exhibit greater on-resistance than those intended for lower voltages.

A further benefit of the Multilevel SEPIC lies in the ability to enhance the voltage gain
without augmenting the count of inductors. Inductors are bulky, costly, and challenging
to encapsulate. Moreover, a singular transistor suffices irrespective of the level count, as
adding more transistors necessitates additional circuitry.

Figure 10 displays the simulated model of the proposed Multiplier SEPIC in Matlab-
Simulink R2023b software; the values of the Multiplier SEPIC components and the selected
semiconductors are detailed in Table 2.
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Figure 10. Schematic of the Multiplier SEPIC.
Table 2. Selected components of the Multiplier SEPIC.
Theoretical Component Selected Component
Limin = Lomin = 800 uH Four 420 uH inductors for a current of 9 A

C1, Cy,C3, C4 > 60 uF One 60 uF film capacitor (C4AATDBW5600A30]), 250 V, ESR = 3.9 mOhms

MOSFET mode IRFP250N with a max current equal to 30 A and a
maximum power dissipation of 214 W at 175 °C, Ron =1 x 107> Q

Diode 30CPF10: 30 A, 1000 V max

Semiconductors

Multiplier SEPIC Simulation and Hardware Test

For the simulation and testing of the Multiplier SEPIC, an input voltage of 25V, a
useful cycle of 60%, and two different load resistances of 115 and 69 () were established
in open loop. For the first case, with a load equal to 115 (), the output voltage should be
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100 V, a theoretical current of approximately 0.88 A should be delivered, and the input
current to the Multiplier SEPIC will be 3.5 A on average. For the second case, with a load
equal to 69 ohms, the output voltage should be 100 V, a theoretical current of approximately
1.45 A should be delivered, and the input current to the Multiplier SEPIC will be 5.8 A
on average.

Figure 11a shows the output voltages for the two cases, while Figure 11b shows the
output and input currents. The hardware results for the Multiplier SEPIC are shown
in Figure 12a,b. The over peaks and transients observed in the simulations are due to
numerical approximations and initial conditions, which are not present in the real hardware.
In boot cases, simulations, and hardware implementation, the output voltage was reduced
by approximately 4 V. The current was measured with a sensing probe, witha1 A/0.1 V
reduction rate.

Multiplier SEPIC Vo

160 T

Ir-
140
[
120 F | 1
| 100V @ Rload = 115 ohms
100} | g A 4
= 4
@ 0 86.5V @ Rload = 69 ohms
[3s]
e
2
40
20
0! . : : '
0 001 0.02 0.03 0.04 0.05
Time (s)
(a)
Multiplier SEPIC li
25 . :
|
20 H 1
|
15 1
<
E 10 1
g li=58A @ Rload = 69 ohms
o —
1! .
li=3.5A @ Rload = 115 ohms
0 -
.5 ! ! ! L
0 0.01 0.02 0.03 0.04 0.05
Time (s)
(b)

Figure 11. (a) Simulation results for Vo. (b) Simulation results for Ii.
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Figure 12. (a) Experimental results for the case with Rload = 115 ohms load. (b) Experimental results
for the case with Rload = 69 ohms load.

4. Simulation Results for the PV + Multiplier SEPIC

Table 3 outlines the specifications of the panel array used in the simulation; they
correspond to a temperature equal to 25 °C and an irradiance of 1000 W/m?.

Table 3. Input and output converter parameters.

Power at the output 250 W
Voltage at the input 304V

Voltage at the output 80.3V
Current at the input 8.25 A Current at the output 311A

Maximum duty ration 45% Load resistor 25.8 O)
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Utilizing this information, one can refer to the I-V curve presented in Figure 5 to estab-
lish the necessary current and voltage values for designing the converter. The converter is
designed to have an output power of 250 W and will operate in the linear region with a
maximum duty ratio of 45% to ensure operation within a safe range. From this, the load
resistance can be determined, which in turn allows for the calculation of the converter’s
output voltage and current.

After defining the input and output variables, the next step is to choose the compo-
nents to be used. It is crucial to select an adequate transistor; in this case, a metal-oxide—
semiconductor field-effect transistor (MOSFET) was chosen to minimize energy losses
through heat dissipation.

The results of the simulation described above are shown, with Figure 13 revealing that
the voltage achieved was very near the ideal 80.25 V value, with minimal losses of 6.75 V.
Additionally, the voltage gain achieved was 2.42, whereas, theoretically, with a 45% duty
ratio, the ideal value is three, indicating that the system’s efficiency in terms of voltage
gain is 91.6%. Furthermore, Figure 14 shows the current converter and illustrates that the
emulator is not ideal and incurs power losses. When the output power is 209.5 W, the input
power is about 237.1 W, resulting in an efficiency of 88.4%. The overpeaks and transients in
Figures 13 and 14 are due to numerical approximations and initial conditions, which are
not present in the real hardware.
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Figure 13. Input (red) and output (blue) converter voltage signals.
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Figure 14. Input (red) and output (blue) converter currents.

The block diagram shown in Figure 15 corresponds to the complete system. The
system was run with 0.286 uS of the sample period in the simulation, adhering to the
Nyquist criterion. This adjustment was necessary because the SEPIC operated with a
sample period of 28.5714 uS (35 KHz) and it is the fastest subsystem. For example, the
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panel’s array emulator had a sample period of 1 mS and the Maximum Power Point Tracker
(MPPT) algorithm ran with a sample period of 28 mS. Other parameters were the load
resistance of 25.8 () over the total period simulation, which had a duration of 9 s.

Main Voltage Surce

Full Scheme of PV Until 64Vdc @ 15A
Emulator ENE
Plus To Grid

DC/DC SEPIC Converter 115Vac

| O T "»ﬁ:
(+ )+ # -)
dSPACE-DST104 Linear Amplifier
Software Hardware

PV Emulation e

IRRADIANCE Ly Lo
wof—<im) L Lo curpor—— %38
TEMPERATURE 1iosg T ]
EE e ourmut|—g—$38
lad @ <t=2) ADJUST $
POWER PV ’_‘!:w )' . ‘7‘;;"0' 1“‘; )
(a2 > - ‘< —— | <I‘:°.;z_ 1
Vout PV . =k ’.T..,G va f—m“ | I?__‘sn
ED b - —t
lout PV )
(+) (-)
Temperature Irradiance
DC/DC Multiplier SEPIC
Hardware
Control Desk

:
-
P v
- {
console. log(valus) &

N

</ProductConsumers =
Sdiv> ZS o1
Sate>
o
Seiv> -
t.F nt>

P&O Algorithm - MPPT o

Software on the PC

I

l(+) Vo (-)l

Voltage To Load

PWM Signal

Figure 15. System simulation.

Among the various Maximum Power Point Tracking (MPPT) techniques, the Perturb
and Observe (P&O) technique is the most widely used, being extensively implemented in
commercial photovoltaic inverters due to the use of low-cost microcontrollers. However,
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despite its simplicity and reliability, the P&O algorithm has some major disadvantages. First,
when the tracking reaches the vicinity of the MPP, the operating point tends to oscillate
around it, resulting in a persistent fluctuation in the output power and, consequently,
reducing the system quality. Secondly, P&O is prone to losing the search direction, meaning
that it fails to adapt to changes in irradiance, causing the operating point to deviate from the
MPP curve. This deviation also results in energy loss. In the work presented, the traditional
Perturb and Observe technique was implemented to test the PHIL system rather than as an
algorithm that excels in efficiency and effectiveness for finding and following the MPP. The
P&O technique operates with a DC/DC or DC/AC converter, which helps extract power
from the photovoltaic panel. When the panel’s output power changes, the voltage across
its output terminals, V), also changes. The algorithm periodically increases or decreases
the output voltage of the photovoltaic module to estimate a power value. Subsequently, the
power obtained in the current cycle, P(k), is compared with the power from the previous
cycle, P(k — 1). If a perturbation is introduced in the system voltage, this will cause an
increase or decrease in the output power. If the perturbation in the voltage causes an
increase in power, the next perturbation is applied in the same direction as initially applied.

Conversely, if the power decreases, the next perturbation is applied in the opposite
direction. After several perturbations, the algorithm converges to the maximum power
point (MPP). Once the maximum power is reached, if the power in the next instant decreases,
the perturbation should be applied in the opposite direction. Figure 16 shows the P&O
algorithm. The emulation platform allows other algorithms to be used in the emulation
process. Testing the platform with algorithms other than P&O was not within the scope of
this article; rather, the aim was to demonstrate a platform development that will allow for
their easy subsequent implementation.

VoulK), 15,(K)
measurement

Pou(K)-P, (k=1)=0

Pou(K)-P, (k=1)>0

Vo, (K)-V,(k=1)>0

Increase Decrease Increase Decrease
\ Y/ V, V

ref ref ref ref

Figure 16. P&O algorithm.
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To test the MPPT algorithm and the Multilevel SEPIC regulator working together, a
simulation was first conducted with two scenarios of constant solar radiation: the first
with continuous radiation of 1000 W/m?, and the second with continual radiation of
600 W /m?—both scenarios with a panel temperature of 25 °C.

The results of this simulation are presented in Figures 17-19. In Figure 17, the input
power represents the maximum provided by the solar module. However, the output power
demonstrates that the ripple caused by the MOSFET switching and the duty cycle adjust-
ments enacted by the MPPT algorithm resulted in the system operating at an efficiency level
below 100%. Figure 17 shows the power at the MPP. The peaks and transients in power are
due to the typical oscillation around the MPP of the P&O algorithm; these variations can be
reduced by adjusting the reference voltage increment of the P&O algorithm. Notably, under
real environmental conditions, an increase in solar radiation or changes due to shadows
are gradual, so the power transitions will be smoother.
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Figure 17. System power with the SEPIC running in the dynamic mode.
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Figure 18. Voltage and current signals with the dynamic mode for the SEPIC.

Figure 18 shows the voltage evolution at the output of the Panel, V), and at the output
of the Multilevel SEPIC converter, Vo. The voltage and current variations can be observed
as the result of changes in the reference voltage of the P&O algorithm.

Finally, Figure 19 shows the evolution of the system’s efficiency under the two operat-
ing conditions. Since the initial conditions of the Multilevel SEPIC converter components
were set to zero at the start of the simulation, oscillations occurred in the behavior of all the
measured variables, which decreased once normal operating conditions were reached.
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5. Hardware Results

Figure 20 shows the hardware implementation of the PHIL system. The figure high-
lights the interface in the control desk, the connection panel of the DS1104 data acquisition
card, the linear source that emulates the behavior of the PV, the SEPIC Multiplier, and the
electronic load in charge of emulating the system’s power demand. The electronic load
fulfills the load resistance functions in the implementation.

| : Liﬁear Source
. PV Emulator

lectronic I)Toad
d/‘

Multiplier SEPIC

.

Figure 20. Hardware implementation of PV Emulator + Multiplier SEPIC.

In a photovoltaic solar panel, temperature directly impacts the power the panel can
deliver, as evidenced by analyzing Equation (2), where the photocurrent shows a direct
dependence on temperature. In a PV curve like the one in Figure 21, the influence of
temperature on the MPP can be observed, which decreases in value as the temperature
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increases, directly affecting the panel’s voltage. In Figure 21, the red line shows the PV
curve for a temperature of 25 °C @ 1000 W/ m? radiation, while the blue line shows the
same curve for a temperature of 45 °C. The effect of temperature was considered for the
Testbed used for the hardware validation of the designed prototype.
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Figure 21. Modification of the MPP due to temperature change. The red curves are at 25 °C, and the
blue curves are at 45 °C.

The DS1104 software 6.5 develops the Testbed for the laboratory prototype. Att=0s,
a step in solar radiation of 600 W/m? and a temperature of 25 °C are generated, at which
point the MPPT algorithm begins the search for the MPP. It takes approximately 6 s for
the MPPT algorithm to reach the MPP. Ten seconds later, t = 10 s, a change in the panel
temperature is generated, shifting from 25 °C to 45 °C. With this change, a decrease in the
power provided by the panel should be observed, as shown in Figure 21.

Afterward, at t = 14.5 s, the solar radiation reference change is generated at 1000 W/m?
and a temperature of 45 °C. Once again, after this change in solar radiation, an increase
in the power provided by the solar panel is expected. Finally, at t = 25 s, the temperature
reference changes from 45 °C to 25 °C, which would be expected to increase the panel’s
power due to the temperature decrease. On a normal day, the behavior of solar radiation
does not experience sudden changes, so transients are not large. Furthermore, the MPPT
algorithm can be executed with a much longer sampling time. In this scenario, the efficiency
of the Multiplier SEPIC was around 88%, similar to the simulation results. It should be
noted that the MPPT algorithm is executed every 200 mS, which is sufficient time for the
Multiplier SEPIC converter to stabilize after a change in the duty cycle reference.

To calculate the power of the emulated panel, measurements of panel voltage and
panel current are acquired via DS1104, which are measured at the output of the linear
source using Hall Effect current sensors AMPLOC 25, LEM50, and LV25P voltage sensors.
The PWM signal that activates the MOSFET of the Multiplier SEPIC also comes from the
DS1104 system, where the MPPT algorithm is located. Once the measurement is performed,
the data are transferred to Matlab for further processing and visualization.

Figure 22a shows the evolution of the power output from the panel, Ppv, and the
power output from the Multilevel SEPIC, Po. As expected, the power provided by the
photovoltaic panel decreases when the temperature reference changes at t = 10 s, consistent
with the expected behavior observed in Figure 21. Additionally, when the solar radiation
reference changes from 600 W/m? to 1000 W/m?, there is also an increase in the panel’s
power, as anticipated. Finally, the panel’s power increases when the panel temperature
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drops to 25 °C. Comparing the panel’s output voltages, current, and power in the emulated
system for radiation of 1000 W/m?, they are very similar to those expected from the panel
according to the manufacturer’s parameters shown in Figure 21.
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Figure 22. (a) Power evolution of Py, panel (blue) and Po in the output of Multiplier SEPIC (red).
(b) Voltage evolution of V}, panel (blue) and Vo in the output of Multiplier SEPIC (red). (c) Current
evolution of I, panel (blue) and Io in the output of Multiplier SEPIC (red).

Figure 22b,c show the evolution of the voltage and current in the laboratory hardware
using an Rj,,; of 115 (). As expected for a panel, the output voltage decreases when
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the temperature increases, causing the panel’s power to change. When the temperature
and irradiance change, the panel voltage also changes by around 30 V, as can be seen in
Figure 22b, as expected, and, similarly, the output voltage of the Multilevel SEPIC changes
when the algorithm searches for the MPP. Figure 22¢ shows the current evolution in the
panel, whose short-circuit limit is constrained by the irradiance. Equations (1) and (2)
illustrate this dependence, which can be graphically observed in Figure 5.

Figure 22¢ also shows the times at which the MPP is reached: between 1 s and 2's,
when temperature changes occur, and between 3 s and 6 s, when abrupt changes in
irradiance occur.

6. Conclusions

This study uses a novel approach to model, design, and emulate a solar array feeding
a DC-DC SEPIC multiplier converter with a Maximum Power Point Tracker (MPPT). The
approach uses a Power Hardware-In-the-Loop (PHIL) DSpace platform for experimental
validation along with a real DC-DC SEPIC multiplier converter. The article’s contributions
can be summarized as follows: (i) The application of an innovative emulation technique
in a didactic PV + Multiplier SEPIC system: Our approach uniquely combines PHIL
emulation with a real DC-DC converter, providing a versatile tool for emulating solar panel
arrays under various conditions. This allows the simulation of renewable energy sources,
offering a high degree of precision and flexibility in the emulation of different scenarios,
the implementation of different MPPT algorithms, and experimentation with other types of
DC/DC and DC/AC converters. (ii) The experiments conducted using the DSpace platform
demonstrated the effectiveness and the reliability of our PHIL emulator in replicating the
behavior of solar arrays connected to a DC-DC converter, including variations in sunlight
intensity and other environmental factors, such that it can serve as a teaching and laboratory
tool for experimentation at low cost. (iii) The successful development and validation of
our PHIL emulator provides a powerful tool for researchers and engineers in the field of
renewable energy. By allowing for detailed and accurate simulation of solar power systems,
our work facilitates the exploration of new control strategies, the optimization of energy
conversion processes, and the enhancement of system efficiency and stability.

Finally, our research contributes to the broader goal of advancing sustainable energy
technologies. By improving our ability to simulate and study solar power systems, we
are better equipped to develop innovative solutions that will increase the viability and
efficiency of renewable energy, paving the way for a more sustainable and environmentally
friendly future. New control algorithms can be tested with the proposed equipment in
future work.
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