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ABSTRACT This article presents the development of a platform for the validation of controllers applied
to photovoltaic systems (PVS) interconnected with the main grid (MG), integrating simulation real-time
Hardware in the Loop (HIL) and Internet of Things (IoT). The proposed platform is made up of 5 parts:
1) a control HIL emulator (CHILE) that reproduces the behavior of a photovoltaic array, a power electronic
converter for interconnection with the MG, and AC loads, 2) a cloud database implemented in ThingSpeak,
3) a smart sensor (SS) that monitors the behavior of AC loads, 4) a residential PVS with internet connection,
and 5) an Android application for remote monitoring. The data generated by the residential system and the
SS are stored in the database and from this information the CHILE reproduces its behavior in real time.
The CHILE generates the variables related to the behavior of the PVS and transfers this information to the
database. The mobile application allows users to view the behavior of the platform remotely. The usefulness
of the platform is verified with a controller for the maximum power point tracking and the interconnection
of the system with the MG in a 24-hour experiment, during which the behavior of the residential PVS and
the AC loads are reproduced in the CHILE. The platform successfully emulates the behavior of the installed
PVS with a mean relative error of 0.42% and the AC load with a mean absolute error of 10 mA. Regarding
data transfer in the IoT network, a mean time response of the server of 441.9 ms was observed without data
loss during the 24-hours experiment.

INDEX TERMS Control hardware in the loop, IoT, photovoltaic system.

I. INTRODUCTION
Among the different existing renewable energy sources, pho-
tovoltaics is considered a clean and safe technology for elec-
tricity generation [1]. This technology does not have moving
parts, it can be located on rooftops, its maintenance cost is
low, and with an interconnected system to the main grid (MG)
the electricity bill and dependence on the MG are reduced,
therefore the grid-connected photovoltaic systems (PVS) are
the most popular renewable energy generation technology
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in the residential sector [2]. The power electronics convert-
ers (PEC), which convert the DC energy generated by the
photovoltaic arrays (PA) into AC energy compatible with
the MG, are key elements in the grid-connected residen-
tial photovoltaic system (GcRPVS) because they allow the
energy transfer to the MG. Therefore, these systems require
sophisticated control structures to manage the energy flow to
the MG and obtain better system performance [3]. However,
the energy generated by a GcRPVS is highly dependent on
atmospheric variables, this implies its design and control
must be evaluated and validated to guarantee its optimal
operation [4].
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One option for experimentation is real-time Hardware in
the Loop (HIL) simulation. This technique consists of placing
a physical element in a controllable environment to validate
its operation; in this environment the interactions of the sys-
tem under test with adjacent elements are emulated in hard-
ware [5]. If the element under test comprises the controller of
a physical system, or part of it, while the rest of the system
is emulated in hardware, the HIL simulation is classified as
control HIL (CHIL) [6].With a CHIL simulation it is possible
to validate real controllers under operating conditions like
those that will be submitted in its final application [7]. The
CHIL technique has been used to validate PVS controllers in
works such as [8]–[10].

Lately, Internet of Things (IoT) together with storage
and/or computing in cloud are used widely for developing
monitoring systems in multiple fields. In [11] a smart health-
care video surveillance system is proposed. In this research,
the time response and network bandwidth are reduced inte-
grating background subtraction and deep convolution neural
network algorithms on moving objects in the FOG layer.
In [12], an IoT and deep learning integration for online
fault diagnosis of power transformers is proposed. In this
research, a one-dimension convolutional neural network for
the fault diagnosis and cyberattack detection was developed.
The neural network determines the kind of fault based on
gas concentration in the insolating oil with an accuracy of
94.36% under normal conditions and 92.58% considering
cyberattacks. Finally, in [13] an IoT and deep learning neural
network integration for online CNC machines monitoring
is presented. The proposed platform classifies the machine
operation into stable, unstable, and attacked, the latter in the
case of an cyberattack, depending on the workpiece forces
exerted by the machine. In this research the MQTT protocol
is used for the communication network.

On the other hand, the new concepts such as IoT and
‘‘Energy Internet’’ (EI) have been recently introduced in
energy systems. These concepts refer to the integration of an
energy system and information and communication technolo-
gies [14]. Recent research uses EI, employing IoT, in PVS,
some examples are described below. In [15] an IoT plat-
form for PVS supervision using open-source technologies is
reported, this platform uses a Moxa UC-2112 PC with Kura
software alongwith IoTGateway and anMQTT broker devel-
oped on the Kapua platform, the proposed platform was vali-
dated in a 3 MW plant. In [16] a monitoring IoT network for
decentralized PVS is described, the network has 3 main parts:
monitoring devices developed with ESP32 and ESP8266
modules, a cloud server with a MySQL database and a PHP
web monitor for the visualization of the data. The network
monitors PA temperature, solar radiation, relative humidity,
room temperature, and wind speed in three PVS. In [17] a
recurrent neural network is proposed to predict the power
generated by a PVS in the short term; IoT sensors that monitor
the PVS in real time were used to feed the neural network.
Also researches that integrate IoT and HIL in energy systems
have been reported: in [18] a centralized energy management

system for a micro-grid (µG) is proposed, the µG is emu-
lated using the HIL technique and the centralized controller
maintains communication with the µG through the Internet.
In [19] the development of a power HIL (PHIL) simulation
is described using a geographically distributed infrastructure
that is composed of a real-time simulator and a Back-to-Back
PEC, separated from each other by approximately 40 km of
distance and maintaining communication over the internet.
In [20] the development of a geographically distributed PHIL
simulation is detailed, the infrastructure of this simulation is
composed of two laboratories, one in Bari and the other in
Turin, separated by approximately 1000 km. The laboratories
communicate with each other through a VPN tunnel that uses
cybersecurity and a UDP protocol. In [21] a HIL simula-
tion of a low voltage distribution network including smart
buildings is described. The simulation consists of emulating a
distribution network connectedwithmultiple smart buildings,
for which the data generated in a real smart building with
different loads and sensors is used. The information between
the building and the simulation is carried out through an IoT
bus. In [22] the development of an architecture that integrates
IoT and HIL in a PHIL simulation is detailed. The network
integrates real devices with simulated devices for the purpose
of using the information obtained from the real devices to
create simulated devices with the same characteristics. The
real devices connect to the simulation through IoT.

This article describes the development of a platform for
the validation of PVS controllers integrating IoT and CHIL
(iCHIL). This platform is made up of five parts: a CHIL
emulator (CHILE), an RPVS, a smart sensor (SS), a cloud
database, and a mobile application. The CHILE reproduces
the behavior of a PA, a PEC for interconnection with the
MG that integrates a boost PEC and a DC-AC PEC, an AC
load, and the MG. The emulator has an analog input that
controls the PEC and multiple analog outputs that represent
the MG voltage, the PA voltage, the current injected to the
MG, the load current, and the boost PEC output voltage.
Also, the emulator has an embedded controller to manip-
ulate its behavior. The RPVS is made up of an array of
six 370 W panels connected in a series and a single-phase
inverter with a singlemaximum power point tracking (MPPT)
with a capacity of 2 KW and an internet connection via Wi-
Fi. This inverter has a remote monitoring system in which
production data is stored and displayed on a website. The
SS measures the voltage and current of an AC load and
transfers this information to a cloud database. The production
information of the RPVS and the information obtained by the
SS are downloaded to the CHILE and with it, this emulator
reproduces the behavior of the PVS and the AC load in real-
time. In this way, the operating conditions of the emulator
are determined by the real behavior of the systems used in a
house. The database was developed using ThingSpeak, this
software stores the RPVS production data, the SS data, and
a series of variables generated by the CHILE. Finally, the
mobile application allows the monitoring of the information
stored in the database.
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The integration of IoT and CHIL technologies, as well as
the structure proposed in this study, provide the developed
iCHIL platform with the following advantages:

1) The CHILE is developed using generic hardware. This
is a low-cost alternative compared to commercial HIL
platforms.

2) The mathematical models are embedded using a
high-level language, this represents a faster and more
reproducible implementation compared to the use of
hardware description languages.

3) The structure of the CHILE allows reconfiguring
embedded systems as well as integrating quickly and
easily new systems to the proposed topology.

4) The platform allows the emulation of the behavior
of photovoltaic systems and AC loads under realistic
scenarios.

5) The platform allows the emulation f AC loads using
data collected by a smart sensor.

6) The platform allows the emulation of a photovoltaic
system using data collected from the inverter.

7) The CHILE allows the integration of different con-
trollers for validation.

8) The IoT network and the developed application allow
the remote monitoring of the platform.

This article is divided into 6 sections. The first corresponds
to the introduction. Section II describes the iCHIL plat-
form and its components. The third section details the IoT
communication and monitoring network. In section IV the
implementation of the CHILE is described and finally, in
sections V and VI correspondingly, the results and conclu-
sions are described.

II. DESCRIPTION OF THE iCHIL PLATFORM
In this section, the development of an iCHIL platform to
evaluate the performance of controllers applied in GcR-
PVS is described. The platform is made up of five parts:
1) the monitoring of the energy production of a GcRPVS,
2) the monitoring of the energy consumption of AC loads,
3) a database in the cloud for storage the information of the
generation and energy consumption, 4) a mobile application
for viewing the data stored in the cloud, and 5) a CHILE
that reproduces the behavior of the GcRPVS and connects
to a controller under test. Fig. 1 shows the proposed iCHIL
platform structure.

The GcRPVS monitoring is carried out by a web driver
developed in Python, which accesses a website that hosts
information from the GcRPVS inverter, retrieves the informa-
tion corresponding to the actual power that the PA produces
and stores it in the cloud. In the monitoring of the voltage and
current in the AC loads, an SS is used which evaluates the
instantaneous power, the phase angle, and the power factor,
later this information is stored in the database in the cloud.
The database stores the information generated by the web
driver, the SS and the CHILE every 16 seconds; Additionally,
functions were implemented to evaluate and graph variables
from the stored information, which is monitored through an

Android application. Finally, the CHILE is made up of two
development boards, in the first one a PA was embedded,
which based on the production data obtained from the inverter
portal reproduces the behavior of the GcRPVS PA, a PEC for
interconnection with the MG, composed of a DC-DC con-
verter in cascade with a DC-AC converter, and AC loads that
emulate the behavior of the monitored loads. In the second
board, a controller for the interconnection of the PVS with
the MGwas embedded. This controller includes an algorithm
for MPPT and two PIs in cascade. Additionally, the CHILE
includes a user interface developed in LabVIEW that provides
on-site monitoring. With the proposed system it is possible to
validate the embedded controller in a scenario that reproduces
the operating conditions of a GcRPVS and the AC loads. This
is achieved with continuous monitoring of real variables and
their simulation in a CHILE. This approach makes it easy to
integrate the controller into its final application. The system
integrates IoT and HIL technologies to provide a structure
that allows a controller to be validated reliably and in a short
time in a real scenario and with the possibility of monitoring
its operation from anywhere.

In the following sections each one of the elements pre-
sented in Fig. 1 is described in detail. The order in which
these elements are presented correspond to the enumeration
assigned in Fig. 1. Thus, components 1 to 4 are detailed in
section III and component 5 in section IV.

As with the GcRPVS, the monitoring AC load has a res-
idential scale. This characteristic defines the range of the
signals generated in CHILE, the topology and passive ele-
ments of the bidirectional electronic power converter and is
the reference for the smart sensor design.

III. COMMUNICATION AND MONITORING NETWORK
A. GcRPVS MONITORING
The proposed GcRPVS is in the city of Celaya,
Guanajuato, Mexico and consists of 6 SERAPHIM 370 W
panels connected in series, and a 2 kW GOODWE NS
series single-phase inverter with a single MPPT with internet
connection via Wi-Fi. The supplier of the inverter provides
an internet portal for the monitoring of the variables (smart
energy management system (SEMS)) with which the behav-
ior of the voltage and current of the PA, the DC and AC
power, the generated energy, weather variables among other
items are evaluated every 5 minutes. The information on the
power generated by the PA is obtained through a web driver
developed in Python, which accesses the SEMS. The web
driver uses web scraping tools to navigate the site, access the
service credentials, analyze the HTML code of the web page,
extract the power information, and transfer this information
to the cloud database, this is carried out every 5 minutes
(See Fig. 2).

B. AC LOADS MONITORING
For the monitoring of AC loads, an SS was developed using a
microcontroller, an ESP8266 module, a non-invasive current
sensor SCT-013-100, and an HCPL-7800 isolation amplifier.
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FIGURE 1. iCHIL platform structure.

FIGURE 2. Web driver functionality.

The voltage (Vm) and current (Im) signals are coupled and
conditioned to be measured by the microcontroller, which
processes the information to calculate the RMS voltage Vg,
RMS current Iz, phase angle ϕ, instantaneous power, and
power factor. Themicrocontroller sends, withHTTP requests,
the information to the database through the IoT transmit-
ter (ESP8266 module) with an update rate of 16 seconds.
Fig. 3 shows the general scheme of the proposed SS.

FIGURE 3. SS general scheme.

C. DATABASE
The database used in the iCHIL platform was developed in
ThingSpeak, this service integrates a web application, a data
base organized in channels with 8 fields each and a REST
API for data transferring with the standard HTTP protocol
and the methods GET and POST or a MQTT API with the
methods Publish and Subscribe. In this research the REST
API with the method GET was used for all communication
in the network. As Fig. 4 shows, five channels are used, three

of which contain the information uploaded by the web driver,
the SS and the CHILE (called WD, SS, and HIL in Fig. 4).
The remaining two channels are used to store the results of
an online analysis that determines variables dependent on the
information uploaded in the first three channels. The load
RMS voltage, Vg, the RMS current of the load, Iz, and the
phase angle, ϕ, are extracted from the SS channel. With
this information, the values of R and L or C are defined to
determine if it is a resistive, resistive-capacitive or resistive-
inductive load. From the HIL channel, the voltage vp and the
ip current of the panel are extracted to evaluate the power
of the panel in the CHILE Pp |HIL and the solar radiation
G that produces that power; this action is performed every
5 minutes. Finally, from theWD channel the power generated
by the GcRPVS Pp |i is extracted and compared with the
power of the PA of the CHILE, this comparison is presented
to the user graphically through aMATLAB visualization. The
data is updated every 16 seconds, considering that the power
generated by the GcRPVS and the load consumption change
slowly, this rate provides enough information to reproduce
the behavior in the CHILE without data loss and avoiding an
excessive amount of data stored in it, which could cause a
failure because of lack of memory capacity.

D. MOBILE APP
Each element of the iCHIL platform can be viewed through
an APP with which the user can access to the information
stored on the server. The user defines the variable and the
amount of data to display, this information is downloaded
from ThingSpeak through HTTP requests and displayed in
a Chartview, another option is to choose a visualization to
be presented in a Webview. The APP interacts with a local
database that stores information in the phone’s memory and
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FIGURE 4. Database structure.

allows the user to keep and manage access credentials and
channel identifiers, as well as Thingspeak views. Fig. 5 shows
a diagram of the functionality of the developed application.

FIGURE 5. Functionality of the APP.

IV. CONTROL HARDWARE IN THE LOOP EMULATOR
In the implementation of the CHILE, two NI myRIO-1900
(myRIO) development boards were used, these boards inte-
grate a real-time processor (RTP) and an FPGA, which are
widely employed in the implementation of low-cost HIL
platforms [23], in addition to having a clock of 40 MHz [24].
The CHILE is made up of two subsystems: a PVS Emula-
tor (PVSE) and a controller under test (CUT). These elements
are each embedded in a myRIO and are intercommunicated.
In the case of the PVSE, it has communication with a PC,
through the RTP, in which the data stored in the cloud is
downloaded to determine the state of the GcRPVS and the
load. This information is used to define the operating state
of the emulator. The FPGA of this emulator reproduces the
behavior of the PA, the PEC, the load, and the MG. As for
the CUT, it is divided into two parts: a controller for the
MPPT was embedded in the RTP and in the FPGA a PLL,
the calculation of the reference reactive current i∗q (RR), and
a main control structure composed of two PI in cascade were
embedded. Fig. 6 shows the CHILE scheme.

The discretized mathematical model of the elements rep-
resented in Fig. 6 are solved by hardware in the FPGA of
each one of the myRIO. With these, digital signals are gen-
erated and then are converted into analog signals and vice
versa. In the case of RTP, the implementations are of the
software type, so from there, the signals are handled as data.

Communication between the FPGA and the RTP is done
through the ARM Advanced Microcontroller Bus Architec-
ture (AMBA) standard.

A. PHOTOVOLTAIC SYSTEM EMULATOR
The topology to emulate the GcRPVS consists of the serial
connection of a PA, a boost PEC, and an H Full Bridge (HFB)
single-phase inverter, this topology is typical in low power
installations [3]. Fig. 7 shows the proposed topology, where:
G is the radiation received by the PA, ip is the PA current,
vp is the PA voltage, id is the current through the boost
inductor (Ld ), iCp is the current through the PA capacitor
(Cp), rd is the resistance associated with Ld , iCd is the current
through the coupling capacitor between the boost and the
HFB (Cd ), icd is the current in the HFB DC side, vdc is the
voltage in the HFB DC side, ia is the current in the HFB AC
side and corresponds to the current in the inductor of the HFB
AC side (La), vac is the voltage in the HFB AC side, iz is the
current of the AC side load (z), ig is the current of the MG,
and vg is the voltage of the MG. D represents the duty cycle
of the boost PEC power switch and Q1 to Q4 the duty cycles
of the switches that make up the HFB.

1) PHOTOVOLTAIC ARRAY EMULATOR
The behavior of the PA is described by the logarithmic
model used by the Keysight E4360A PA emulator [25]. This
emulator is used to substitute real PA obtaining satisfac-
tory results [26]–[31]. The model is shown in (1) in which:
Voc is the open circuit voltage, Isc is the short circuit cur-
rent, Vmpp is the maximum power point voltage, and Impp
is the maximum power point current. The variables Rs, and
N are also functions of the PA parameters (Voc, Vmpp, Isc
and Impp) [25].

vp =

Vocln

[
2−
(
ip/Isc

)N]
ln(2) − Rs

(
ip − Isc

)
1+ RsIsc

Voc

(1)

To establish a dependency between the power of the GcRPVS
and the behavior of the PA in the CHILE, the operation
curves of the panels that make up the PA of the GcRPVS
were analyzed [32]. Thus, the parameters on which the model
of (1) depends on were related to the radiation received by
the panel under standard conditions. Equations (2) to (4)
present the relationships of the parameters Voc, Isc and the
maximum power (Mp) with solar radiation, these equations
present correlation coefficients (R2) of 0.9989, ≈1, and ≈1,
respectively

Voc = 1.8572ln (G)+ 35.5459 (2)

Isc = 0.0097G− 0.0587 (3)

Mp = 0.3758G− 4.8485 (4)

Subsequently, the two geometric figures formed by two
V-I curves were analyzed for different radiations. If the figure
formed when the panel receives radiation G is denoted by SG
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FIGURE 6. CHILE scheme.

FIGURE 7. Topology of the GcRPVS.

FIGURE 8. Comparison between V-I curves.

and the figure formed when the panel receives radiation G′

by SG′ , so that G>G′, it is observed that SG is bigger than SG′
as shown in Fig. 8.

To emulate the V-I curves, a one-dimensional lookup table
(1D-LUT) was used with 1024 items U16 data type generated
from (1) [33]–[35]. With a 1D-LUT only one V-I curve can
be emulated; however, starting from the analysis of Fig. 8,

FIGURE 9. Photovoltaic array emulator.

this curve was scaled to generate V-I curves for different
radiations. The panel voltage vp was scaled so that its domain,
from 0 to Voc, corresponds to the addresses of the 1D-LUT,
from 0 to 1023. Likewise, the data generated by the look up
table was scaled so that its domain, from 0 to 65535, corre-
sponds to ip values from 0 to Isc. This scaling was generated
as shown in (5) and (6). Where Dir corresponds to the address
of the 1D-LUT, DU16 corresponds to the data generated
by the 1D-LUT, and rV (G) and rI (G) are proportionality
factors that depend on G. The values of Voc (G) and Isc (G)
are obtained with (2) and (3), while radiation G is obtained
from (4) using themaximum power generated in the GcRPVS
as input. The implementation of the PA emulator (PAE) is
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FIGURE 10. Reduced topology of the GcRPVS.

FIGURE 11. PEC emulator.

shown in Fig. 9. The factors rV (G) and rI (G) are calculated
in the PC based on the power generated by the GcRPVS.’’

Dir = vp
1023
Voc (G)

= vprV (G) (5)

ip = DU16
Isc (G)
65535

= DU16rI (G) (6)

2) POWER ELECTRONIC CONVERTER
The PEC model describes the dynamics of the boost and the
HFB and was presented as an averaged model. The switch-
ing signals of the switches Q1 - Q4 of the HFB presented
in the topology of Fig. 7 are generated using the unipolar
sinusoidal pulsewidthmodulation (SPWM) technique. In this
technique, the sinusoidal signal u from (7), (where m is the
amplitude, α is the phase angle regarding vg and ω = 2π f

FIGURE 12. Load diagram.

is the MG frequency) is compared with a triangular sig-
nal with frequency fc significantly larger than f [36]. Since
fc � f , the average of the switching signals corresponds to

71820 VOLUME 10, 2022



V. Sámano-Ortega et al.: Control HIL and IoT Integration

FIGURE 13. Implementation of the PVSE.

FIGURE 14. Controller diagram.

the modulating signal u [37]. Given this consideration, the
HFB is replaced by two dependent sources so that idc = uia
and vac = uvdc [38]. These dependences are described by the
topology shown in Fig. 10.

u = m sen(ωt + α) (7)

From the diagram in Fig. 10 and applying Kirchof’s laws to
the loops and nodes that involve the inductors and capacitors,
(8) and (9) were obtained for the boost [39] and (10) and (11)
for the HFB. Finally, applying Kirchof’s current law to the
node that connects the AC side of the HFB, the AC load, and
the MG, (12) was obtained.

vp (k) = vp (k − 1)+
T
Cp
ip (k − 1)−

T
Cp
id (k − 1) (8)

id (k) =
(
1−

Trd
Ld

)
id (k − 1)−

T
Ld
(1− D) vdc (k − 1)

+
T
Ld
vp (k − 1) (9)

vdc (k) = vdc (k − 1)+
T
Cd

(1− D) id (k − 1)

−
T
Cd

uia (k − 1) (10)

ia (k) =
(
1−

Tra
La

)
ia (k − 1)+

T
La
uvdc (k − 1)

−
T
La
vg (k − 1) (11)

i_g(k) = i_z(k)− i_a(k) (12)

The implementation of the elements that make up the
CHILE was carried out using the software LabVIEW [40].
Fig. 11 shows the implementation in this environment of
the PEC emulator (PECE) corresponding to (8) to (11).
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FIGURE 15. Controller implementation.

FIGURE 16. Implementation on the PC.

This figure shows the use of high-throughput blocks and
fixed-point data type, these two aspects affect the perfor-
mance and use of hardware resources of the emulator [41].

3) LOAD EMULATION
Fig. 12 shows the AC load diagram, which has four operating
modes: ‘‘no load (I),’’ with switches eC , eR and eL open; ‘‘R
load (II),’’ with only the eR switch closed; ‘‘R-C load (III)’’
with only the switch eC closed and ‘‘R-L load (IV)’’ with
only the eL switch closed. By applying Kirchof’s voltage law

to the loop of Fig. 12, (13) was obtained, which describes the
behavior of the load current iz, for each operating mode.

iz (k) =



0 ; I
vg (k)
Rz

; II(
1−

T
RzCz

)
iz (k − 1)+

T
Rz
v̇g (k − 1) ; III(

1−
TRz
Lz

)
iz (k − 1)+

T
Lz
vg (k − 1) ; IV

(13)
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4) EMULATORS INTEGRATION
Fig. 13 shows the schematic diagram of the implementa-
tion of the PVSE that corresponds to the topology shown
in Fig. 7. This emulator integrates the PAE described in
section IV-A-1), the PECE shown in Fig. 11, and the load
model presented in (13). This system is executed on the
FPGA every 14 µs. To generate the variables at the moment
k − 1, shift registers represented as blocks z−1 were used.
The load model was implemented in a case structure that
determines the equation to solve based on the variable ‘‘load
mode.’’ The variables Ci correspond to the terms 1/Rz,
1 − T/(RzCz), T/Rz, 1 − (TRz) /Lz, and T/Lz of (13). The
variable PAe gives a value of 0 to the signals vp, ip, id , ia,
and vdc through a selector when the panel does not produce
energy. The variables rV (G), rI (G), Ci, ‘‘load mode,’’ and
PAe are determined in the PC and sent to the FPGA, where the
topology was implemented, through the RTP of the myRIO.
In this emulator, sinusoidal signals are also generated that
emulate the behavior of the MG and its derivative. This
emulator has 6 analog output signals that represent the vari-
ables vg, ip, ia, vdc, ig, and iz, and these are used for CHILE
monitoring and interconnection with the CUT. It also has a
digital signal corresponding to the variable PAe and an analog
input corresponding to the control signal u coming from the
CUT. The constants k1 to k7 are used to normalize the analog
signals.

B. CONTROLLER UNDER TEST
The control structure is composed of two parts, a perturb and
observe controller for the MPPT and two nested loops with
PI controllers for vdc and ia control [3], [42]. Fig. 14 shows
the implemented controller with which the maximum power
is extracted from the PA and the current injected into the
MG, ia, is generated in phase with it. The controller for the
MPPT is based on the Hill Climbing algorithm to maximize
the power generated by the PA through changes in the boost
duty cycle [43], [44]. The algorithm implemented in this work
maximizes the product of vdc and ip by modifying the value
established for vdc; since the boost operates with a fixed
duty cycle. The reference signals sin

(
θ̂
)
and cos

(
θ̂
)
are

generated by a Phase-Locked Loop (PLL) block type Park-
PLL that is characterized by having a relatively fast transient
response and high rejection to disturbances [45]. The reac-
tive current reference I∗q is calculated using a quarter cycle
delay and the Park transformation; in addition, the reference
obtained by the Park transformation is filtered with a first
order low pass filter.

Fig. 15 shows the CUT implementation, it was divided
into two while loops. The first one has an execution time
of 16.65 µs and integrates the PLL, the calculation of the
reactive current reference RR, the low pass filter LPF, and
the inner PI. This loop has as analog inputs the signals vg and
ia and a digital input. Ce that comes from PSE (Ce = PAe).
Furthermore, an analog control signal u is generated in this
loop. The second block has an execution time of 66.6 µs,
it integrates the outer PI and communicates with the RTP

FIGURE 17. Comparison between the V-P curves.

where the controller for the MPPT was implemented. This
loop has as analog inputs the signals ip and vdc coming from
the PSE. The constants k8 to k13 are used to normalize the
analog signals.

C. PC IMPLEMENTATION
The PC performs three functions: it establishes communica-
tion with the database in the cloud, it determines constants
that allow the CHILE to replicate the behavior of GcRPVS
and AC loads, and it provides a user interface to observe
the behavior of the CHILE. The PC makes a request every
16 seconds to the channels corresponding to the web driver
(WD), the SS and the CHILE (HIL). From the WD channel,
the data corresponding to the power generated in the GcRPVS
Pp
∣∣ i is extracted and using (4) to (6) the variables G, rV (G),

and rI (G) are determined and sent to the FPGA through the
RTP. From the SS channel, the RMS voltage of the load Vz,
the RMS current of the load Iz, and the phase angle between
these two signals ϕ are extracted, with the data the values of
R, and L or C are determined, using (14) to (16) [46]. Subse-
quently, from (13), the termsCi and loadmodel are calculated
and sent to the FPGA through the RTP. The variables ip, vp,
and vdc are generated in the CHILE, sent to the PC through
RTP and later to the cloud database. Finally, the relevant
operation variables obtained from the cloud or generated in
the CHILE are stored in registers and displayed graphically in
a user interface developed in LabVIEW. These variables are
solar radiation, panel current, vdc, voltage, load power, load
phase angle, GcRPVS power, and PA power in the CHILE.
Fig. 16 shows the representation of the implementation on
the PC.

R =



Vg
I

[
1−

1√
tan2 (90− ∅)+ 1

]
0 ≤ ∅ < 90

Vg
I

1− 1√
1

tan2(−∅)
+ 1

 −90 < ∅ ≤ 0

(14)
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FIGURE 18. LabVIEW interface.

FIGURE 19. ThingSpeak charts.

C =
1
Rw

tan (90− ∅) (15)

L =
R
w
tan (−∅) (16)

V. RESULTS
Fig. 17 shows a comparison between the V-P curves pre-
sented by the supplier of the panels in [32] and the curves

generated with the methodology presented in section IV-A-1)
for different radiations. The curves identified by the names
S200 to S1000 correspond to the graphs presented by the
supplier in [32] for radiation from 200 to 1000W/m2, respec-
tively, on the other hand, the curves identified as L200 to
L1000 correspond to the curves generated by scaling the
1D-LUT for the same radiation values. In comparison with
the manufacturer’s curves, with the methodology used in this
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FIGURE 20. APP Chartviews.

research, an absolute error was obtained for the maximum
power of 7.3 W, 2.9 W, 0.2 W, -1.3 W and -1.5 W for
radiation of 1000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2,
and 200 W/m2, respectively, in terms of relative error these
values represent variations of 0.02%, 0.001%, 8 × 10.4%, -
0.001%, and -0.02%.

To validate the behavior of the CHILE, an experiment
lasting 24 hours was carried out, during which the behavior
of GcRPVS was reproduced. The structure of the CHILE
allows the user to monitor it on the site where it is located
and remotely through the Android application or by directly
accessing the ThingSpeak server site. For the monitoring of
the emulator on the site, a graphical interface was developed
in LabVIEW, in which the user can observe specifically the
value of the most relevant variables of the system with an
update rate of 500 ms. As it’s shown in Fig. 18 variables
that user can observe in the interface are: from the PA, the
power of the GcRPVS (real PA Power), the power produced
by the PA in the CHILE (HIL PA Power), the solar radiation
that produces this power (G), the state of the energy in the
PA (‘‘PA energy available’’ when energy is available or ‘‘No
energy available’’ when the panels do not generate energy),
the PA current (ip) and the PA voltage (vp). In addition, in this
system the user can define the number of panels (n) of 370W
connected in series that make up the PA. From the load,
the value of R, the value of L or C, as the case may be,
the RMS value of its current, the power factor, the phase
angle, the apparent power and the load mode that takes the

values of ‘‘No load,’’ ‘‘Resistive load,’’ ‘‘Inductive Load,’’
and ‘‘Capacitive load.’’ Finally, from the PEC, the DC voltage
and the status of the PEC (‘‘Transferring’’ which indicates
that the PA generates energy and this is transferred to the MG
and ‘‘Waiting’’ when the PA does not generate energy and
therefore the PEC is disconnected). In this graphical interface
it is also possible to visualize the temporal evolution of the
solar radiation, the panel current, the panel voltage, the vdc
voltage, the load power, the load phase angle, the GcRPVS
power and the panel power in the CHILE.

Another option that the user has for monitoring the iCHIL
platform is to enter the ThingSpeak server site, in this case
the five channels described in section III-C can be accessed
and the temporal evolution of the variables can be viewed
with a resolution of 16 s. Fig. 19 shows a summary of the
graphs of different channels that are displayed in ThingSpeak
for the experiment carried out. Specifically, the responses of
the PA voltage, the PA current, the load current and the solar
radiation are observed.

Also, the user can monitor the behavior of the iCHIL plat-
form through the developed APP. The results obtained in this
aspect are shown in Fig. 20. This figure illustrates the panel
voltage, the panel power in the CHILE, and the load current.
In the APP, the user defines the variable to be displayed,
as well as the number of data being plotted. To determine
the response time of the server to an HTTP request, both
generated in CHILE and in the APP, this parameter was
measured during the experiment, obtaining that on average,
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FIGURE 21. Comparison between the powers.

FIGURE 22. Behavior of i_a and i_z.

the server takes 441.9 ms to respond, likewise no data loss
was observed.

The iCHIL platform, in addition to providing the user
with a communications network based on IoT that allows
him to monitor the temporal evolution of the most relevant
variables of the PVS remotely, has the purpose of reproducing
in real time the behavior of the GcRPVS and with it vali-
date the functionality of controllers for the MPPT and the
interconnection with the MG. Fig. 21 shows a comparison
between the power generated by the GcRPVS and the power
generated by the PAE, where an adequate reproduction of
the behavior of the PA and a correct operation of the MPPT
controller are verified. Compared to the power generated by

the GcRPVS, the power of the PAE presents an absolute mean
error of 9.1 W and a relative mean error of 0.42%.

Finally, Fig. 22 shows the results obtained for the load
current (iz) and the current that the inverter injects into the
MG (ia) with loads a) resistive, b) capacitive, and c) inductive.
These currents are compared with the MG voltage (vg) to
evidence the compensation of the inverter controller for the
reactive current and the correct reproduction of the behavior
of the load. The current load generated by the emulator
presented an absolute mean error of 11.5 mA, 4.9 mA and
13.6 mA compared to the expected current, for cases a), b)
and c), respectively. The relative error present in this variable
was not evaluated point by point due to the zero crossings
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that make it tend to infinity, however, if its amplitude is taken
as a reference value, this variable presents relative errors of
0.64%, 0.27% and 0.75% for cases a), b) and c), respectively.

VI. CONCLUSION
The methodology used to emulate the PA curves under dif-
ferent radiation conditions generates satisfactory results pre-
senting a relative error for the maximum power of between
8 × 10−4 and 0.02%. Although this methodology does not
accurately reproduce the curves presented by the supplier in
its data sheet [32], the comparison made in the results section
shows a satisfactory similarity. The proposed methodology
uses a single 1D-LUT, this significantly reduces the use of
development board resources and allows this methodology
to be applied with generic hardware with relatively few fea-
tures; for example, on hardware where the use of a multi-
dimensional LUT is not available. Although the PA curves
generated in the CHILE are always assumed under standard
conditions, the comparison between the maximum power
generated in the GcRPVS and that generated in the CHILE,
shown in the results section, shows that this methodology
allows to emulate a dynamic behavior of the panel that sat-
isfactorily approximates its real behavior.

The results obtained demonstrate the correct functioning
of the iCHIL platform. The comparative graph between the
power generated in the GcRPVS and that generated in the
iCHIL platform shows the ability of the CHILE to reproduce
the behavior of the PA and the functionality of the controller
for the implemented MPPT. On the other hand, the compar-
ison between the MG voltage and the load current on the
platform shows that the CHILE satisfactorily reproduces the
behavior of the load. These results together with the IoT
network, which provides the information for the emulator
to reproduce the behavior of the PA and the load in real
time, make the platform a tool with which controllers can be
validated under realistic scenarios using the CHIL technique.
In this way it is possible to evaluate the performance of
controllers intended for real photovoltaic system applications
without the investment that purchasing a system for testing
implies. Another economic advantage of this platform has
to do with time. With the use of the CHIL technique, dif-
ferent weather conditions, under which a controller is tested
to determine the correct functioning could be emulated at
any instant without the need for these conditions to occur
naturally in the environment.

The technique proposed for the intercommunication of the
iCHIL components, through HTTP requests to the ThingS-
peak server, represented a communication without data loss
in the experiment that was carried out, so this alternative is
considered reliable for this application. However, the aver-
age response time of the server is high compared to studies
like [20], where it is 25 ms. Despite this, the response time of
the server does not affect the sampling time of the variables,
which in the case of GcRPVS is 5 minutes, comparable to
those presented in [15] and [16] for a similar application.
In the case of the load, the sampling time is 16 s, so the server

response time consumes only 2.5% of the period between
requests. This latency is due to the fact that the observed load
does not have fast dynamics. If, on the other hand, a reduction
in the response time of the server is required, the use of
the HTTP protocol, as proposed in this study, might not be
enough, an alternative to this could be the use of the MQTT
protocol used in studies such as [12], [13], [15] and [16].

In this research, the platform was validated by testing a
controller for the PVS interconnection that integrates a con-
trol for the MPPT based on the Hill Climbing algorithm and a
controller for the synchronization of the current generated in
the PEC with the MG composed of PI controllers in cascade,
however, the physical structure of the platform allows not
only this controller to be verified, this feature makes the
platform useful for the validation of practically any controller,
either for the MPPT or for the interconnection with the MG.
This assertion is confirmed considering that the PVS CHILE
connects with the controller using analog inputs and outputs
and was embedded independently of the controller, so that it
is not necessary to modify the emulator to integrate a different
controller. Another characteristic that makes the platform
versatile is that the behavior of the AC load is generated from
the monitoring of a real load, so that if it is required to test the
system with a specific load, it is only necessary to connect
the SS to it and with this its behavior will be reflected in
the CHILE. Something similar applies to the installed PVS.
If there is access to the online information of an installed
PVS, it can be emulated in the CHILE with the IoT network
proposed in this study.

The iCHIL platform for this investigation was developed
using low-cost generic hardware, compared to commercial
platforms dedicated to the implementation of HIL simula-
tions. Also, the mathematical models were embedded using a
high-level language, this represents a faster and more repro-
ducible implementation process compared to the use of hard-
ware description languages. These characteristics together
make this platform reproducible by other researchers. The
platform represents a research infrastructure for the devel-
opment of research related to the study of controllers for
interconnected PVS, so its reproducibility could promote the
development of research in this field.

The implemented IoT network allows the platform not only
to reproduce the behavior of the PVS and the AC load under
realistic scenarios, but also, together with the developed
mobile application, it allows the user to remotely monitor the
behavior of the system. Considering the variations observed
in the power in the GcRPVS and the AC load current, the
16 s update rate of the cloud database provides enough infor-
mation to describe, graphically, the temporal evolution of the
variables of interest without losing detail of their behavior.

The correct reproduction of the behavior of the system
is mainly due to the fact that the monitored load does not
have fast dynamics. However, in the case of loads with a
more dynamic behavior, the proposed sampling rate would
not be enough, as well as the response time of the server.
This problem could be solved in the future by integrating
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the MQTT protocol and load behavior pattern recognition
in the FOG layer, the research presented in [11] supports
the advantages of this approach. Another option to solve this
problem could be to implement a VPN tunnel with the UDP
protocol, in [20] this alternative produces a latency time of
just 12.5 ms between two locations separated by a distance
of 1000 km.
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