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A B S T R A C T   

The promotion of the distributed generation and the photovoltaic (PV) energy great potential put this technology 
in the spotlight of investors. Thus, the optimization of its efficiency is made a priority. In this paper, a complete 
and versatile remote controller (C&VRC) for PV systems is presented, scalable to any kind and size of installations 
(with or without partial shading, with or without connection to the grid, housing, small plants or even large-scale 
solar plants) and valid for any weather conditions. The C&VRC involves the controller itself, which is constituted 
by a set of sensors and actuators connected to the converters Direct Current (DC)/DC and DC/Alternating Current 
(AC), if necessary, and a control unit communicated with them through the third-generation mobile telecom-
munications technology (3G) network. The control strategies can be changed according to the different weather 
conditions and installations characteristics, which guaranties the optimum performance of the system. The use of 
the 3G network as communication platform makes the C&VRC useful in remote and low accessibility places, 
because it is the most extended worldwide. The C&VRC is also based on free software, open hardware and low- 
cost electronic devices. Experimental results are presented in this paper to show the C&VRC optimum usability.   

1. Main text 

Environmental challenges and the energy dependence presented by 
the most of the Organization for Economic Co-operation and Develop-
ment (OECD) countries, make their governments promote that the 
buildings produce their own energy. This self-sufficiency is in the line of 
the cogeneration already implanted in the industry. The distributed 
generation (DG) carries economic and environmental profits because it 
promotes the renewable installations connected to the grid, [1]. 

One of the most renewable technologies used by the households with 
these objectives is the PV, because it is simple and presents autonomous 
operation, with low maintenance requirements. These characteristics 
make it also the most suitable to be installed in all kinds of buildings, 
both in large population centres and in small cities located in low 
accessible places, [2]. 

This technology is also the favourite to supply isolated loads, like 
communications devices, beacons, antennas, etc., [3,4]. These devices 
are usually located in low accessible places, in which both the reliability 
of the system and its remote supervision take a great relevance. 

Moreover, the convenience of remotely controlling the electric 
generation installations is already contrasted in the large power plants 
and is increasing in the smaller with the growth of their number, 
whether or not they are connected to the grid. Specially if these facilities 

are located in places with difficult access. The remote monitorization 
and control of photovoltaic systems, [5–7], is necessary to their super-
vision. The remote control is also required to impose them set points 
regarding both active and reactive power, according to the weather 
forecast and the power system operator requirements, if applicable. 

With respect to the reliability, it is needed some minimum re-
quirements to control the power converters involved in the installation. 
In this sense, the most usual configuration of this kind of systems is 
constituted by a photovoltaic array, a DC/DC converter, to track the 
maximum power point (MPP), and a DC/AC converter when the system 
is connected to the grid or supplies AC loads. Fig. 1 shows the complete 
installation, including the PV modules, the DC/DC converter, the DC/AC 
converter, the DC and AC loads (upstream and downstream of the 
inverter, respectively), and the base station. This DC/AC converter is 
required to supply AC loads and/or to connect the photovoltaic system 
to the grid. In this last case, the DC/AC converter makes the necessary 
synchronization with the grid voltage, [8]. Another element necessary in 
autonomous installations is the energy store system, ESS, which, in the 
most of the cases, is a battery. 

In this paper, a complete and versatile remote controller for PV 
systems suitable for different conditions is presented. It is complete 
because it involves the controllers necessary in any kind of PV instal-
lation. It is versatile because it is able to adapt the control strategies to 
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different weather conditions and to different size of installations. In fact, 
it is useful for autonomous systems and for systems connected to the 
grid. The C&VCR can be used in small installations suitable for DG and in 
large scale, where the effect of the changing shadow has to be taken into 
account. In addition, the C&VRC can be used in installations which are 
part of the power system operation power plants. Finally, the C&VRC is 
remote because it is constituted, on the one hand, by a set of sensors and 
actuators connected to the converters (DC/DC and DC/AC, if appli-
cable), and, on the other hand, by a control unit communicated with 
sensors and actuators through the 3G network. The signals obtained by 
the sensors are sent to the control unit, which analyses them and gen-
erates the trigger signals, that are sent back to the actuators and imposed 
to the converters. 

The 3G network, [9,10], as communications platform makes the 
C&VRC useful in remote and low accessibility places, because it is the 
most extended worldwide. 

The C&VRC is also based on free software, open hardware and low- 
cost electronic devices. 

In addition to the scalability and the other characteristics presented 
above, the centralized control allows the fast detection of working 
anomalies and fails, if latency meets some requirements, normatively 
regulated. The C&VRC meets those requirements, as presented in Sec-
tion III. 

Thus, the complete paper is organized as follow: in Section II, the 
versatility of the C&VRC is justified. In Section III, the elements involved 
in a general controller are analysed as well as the latency requirements. 
The different possibilities are studied and the most suitable is chosen to 
configure the different element that constitute the proposed system in 
this paper. In Section IV, C&VRC configuration is presented. In Section 
V, the experimental results are presented. Those results, together to the 
obtained in previously published works by the authors, are discussed in 
section VI. And, finally, in section VII, some conclusions are drawn. 

2. The C&VRC versatility 

The C&VRC can be used in any kind of PV installation. To achieve it, 
the use of different loads which work at low DC voltage or at 230 V AC is 

useful. In addition, it is valid in installations connected to the grid. Thus, 
the used converter cannot be a boost one. 

The expressed requirement is not trivial, because, according to the 
technical literature, the most used DC/DC converter in the photovoltaic 
installations is the boost, [11,12]. The boost converter increases the 
voltage with respect to the generated by the photovoltaic array. How-
ever, the authors of the proposed paper have always bet on the buck- 
boost DC/DC converter which enables, not only increase the voltage, 
but also decrease it, [13–15]. This ability allows the exploitation of 
applications related, for example, to the supply of devices involved in 
communications systems as beacons or antennas, among others, [16]. 

Other C&VRC requirement to be versatile is regarding the maximum 
power point tracking (MPPT) strategy. The most appropriate depends on 
the size of the installation. On the one hand, the simplest strategies are 
not suitable for large-scale PV installations, where there is changing 
shadow and complex strategies are necessary due to the different 
weather and partial shadows conditions. On the other hand, the simple 
strategies present results good enough for installations composed of a 
small number of PV modules, and they present a lower computation 
requirement. The control strategy used by the C&VRC can be changed 
according to the different weather conditions and installations 
characteristics. 

With respect to the MPPT, when applied to great installations, the 
simple algorithms as the perturbation & observe does not provide results 
good enough. To be applied to these great installations, the MPPT 
consists, in general, of two complementary control steps. The first one 
provides the voltage corresponding to the MPP, changing with the 
weather conditions. The second one sets the DC/DC converter input 
voltage to the provided voltage by the first step, keeping the DC/DC 
converter output voltage at the value required by the load or by the DC/ 
AC inverter, in each case. Thus, a MPPT algorithm is achieved. 

Regarding this complex MPPT algorithm, a high number of strategies 
can be found in the technical literature and the most of them have been 
widely analysed, [17–20]. In particular, the authors of this paper have 
proved different control techniques in earlier works. For the first step, to 
provide the MPP voltage, a neuro-fuzzy system, [21], a regression plane, 
[14], and an artificial vision algorithm, [22], have been proved. For the 

Fig. 1. Diagram of the complete installation with the control unit.  
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MPPT second step, to track the voltage supplied by the first step, 
different controllers have also been verified: the fuzzy logic control, 
[21], the backstepping control, [13,14,16,22], and the sliding mode 
control, [15]. As results of those works, the two optimal steps are the 
next.  

• The first one is the artificial vision algorithm, [22], that supplies the 
MPP voltage even when there is partial shading.  

• The second one is the sliding, [15] because of its adaptability to 
different conditions, among other. 

The described strategy is the most complete and it presents optimum 
results in all kinds of great PV installations with changing weather, as 
justified in the discussion section. 

3. Selection of the communications elements 

3.1. Standard to monitor photovoltaic installations 

The C&VRC meets the IEC61724 standard, [23], which provides, 
among others, the optimum values for the sampling time to monitor and 
analyse data from PV systems. In Table 1, the requirements corre-
sponding to sensors and actuators involved in this kind of installations, 
are presented. 

Three levels of accuracy are defined in the standard, corresponding 
to three different kinds of PV installations: class A, B and C, corre-
sponding to high, medium and basic accuracy, respectively. Usually, 
class A is applied to the devices losses analysis and fails detection. Class 
B is applied to large-scale solar plants and PV installations. Class C is 
mainly applied to small PV installations, both isolated and connected to 
the grid. 

The IEC61724 standard indicates the parameters to monitor and the 
accuracy required to each one. The most restricted case, class A, is 
presented in Table 1. 

To prove that the C&VRC meets the standard IEC61724 re-
quirements, it has been tested using a commercial micro logger. The 
CR3000 model has been chosen, which presents 14 differential analogue 
inputs with an analogue voltage accuracy of 0.04% in a range of 0–40 ◦C. 

In Table 1 last column, the accuracy obtained by the C&VRC tests is 
presented. As can be seen, the C&VRC meets this set of requirements. 

With respect to the sample time, the standard indicates that it has to 
be under 1 min in class A, including the total control time (measure-
ment, calculations, and actuations). This is absolutely met by the 
C&VRC. 

No other requirements need to be considered because the standard 
does not explicitly consider the 3G network, which is the used by the 
C&VRC system. 

3.2. Communications networks 

Nowadays, there are numerous commercial technologies and wire-
less communication protocols. Among them, in this paper, Wireless Fi-
delity (Wi-Fi) 802.11, [24], o Zigbee, [25,26], 3G, will be compared, as 
the most suitable for PV installations. The use of this kind of installations 
in remote places, with low accessibility, makes necessary their remote 
access and control, through the long-rate communication and the 
internet. 

Regarding Zigbee technology, it is low-cost and low power rate 
technology. It has a range of 75 m, although this value is highly 
dependent on the type of environment in which it is installed. It also has 
a bandwidth of 250 kbps and uses the 2.4 GHz band. This technology is 
therefore focus on the short distance, which makes it inappropriate for 
the purpose of this paper. 

With respect to Wi-Fi technology 802.11, it also uses the 2.4 GHz 
band, in which it has 11 useful channels for communication. However, it 
presents interference between adjacent channels. To avoid it, two useful 
channels have to be separated by a minimum of 5 other common 
channels. In addition, the range presented by the 802.11 Wi-Fi is 200 m, 
with a bandwidth of 54 Mbps for the 802.11 a/g. Thus, this technology is 
either non-suitable for the purpose of this paper. 

3G Technology, High-Speed Downlink Packet Access (HSDPA) or 
High-Speed Uplink Packet Access (HSUPA), presents a range of more 
than 100 km, with a bandwidth from 384kbps to 10Mbps. In addition, it 
incorporates the Internet Protocol (IP), based on sending packets. This 
technology is used in mobile. It makes possible the transmission of large 
amounts of information over long distances and between inaccessible 
areas, with a low delay and data encryption. According to the interna-
tional telecommunication union (ITU): “More than 95 per cent of the 
population in Asia and the Pacific, Europe, and the Americas is covered 
by a 3G or higher network, with the 99.1% in Europe”. 

Thus, the communication technology chosen to implement the 
C&VRC is 3G. 

3.3. Communications protocol 

The communications protocol is another important element. A 
secure communication is necessary in the C&VRC, with a latency as low 
as possible. To make the best decision, the most appropriate available 
protocols are studied below. 

The IP is a standard with a normative to regulate the packages 
transmission. This denomination is completed with the terms Trans-
mission Control Protocol (TCP) or User Datagram Protocol (UDP). 

TCP/IP, [27], is a protocol oriented to a reliable connection. In fact, 
in case of losing an information package, the protocol asks for its 
transmission, and so, it can detect the lost packages. 

UDP/IP, [28], protocol is not oriented to the connection between two 
points. Thus, it does not confirm each transmission and cannot detect the 
lost packages. However, the non-necessity of a connection for each 
mailing, makes the UDP/IP faster than the TCP/IP. The confirmation of 
the packages reception would be good but not essential because the loss 
of a package is assumable by being replaced by the next, if the trans-
mission rate is fast enough. Thus, the UDP/IP is the best option for the 
C&VRC system, in which the high speed is essential to guarantee the 
system stability. 

Table 1 
Parameters to monitor in a PV system, IEC61724.  

Serie Parameter Standard 
Uncertainty (class 
A) 

C&VRC Uncertainty 
(class A) 

Ambient 
Conditions 

Irradiance, G <2% 1% 
Temperature, Ta <1% 0.5%  

PV array Output voltage, 
Vpv 

<1% 0.5% 

Output current, 
Ipv 

<1% 0.5% 

Output power, 
Ppv 

<2% 0.5% 

Panel Tª, Tpv <1% 0.5%  

DC/DC 
Converter 

Output voltage, 
V0,DC 

<1% 0.5% 

Output current, 
I0,DC 

<1% 0.5% 

Output power, P0 <2% 0.5% 
Inductor current, 
IL 

<1% 0.5%  

DC/AC 
converter 

Grid voltage, VAC <1% 0.5% 
Inductor current, 
IL,AC 

<1% 0.5% 

Output power, 
PAC 

<2% 0.5%  
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Thus, the communications protocol chosen is the UDP/IP. 

4. The complete and versatile remote controller 

Fig. 2 presents the diagram designed to control and monitor the 
photovoltaic system. The datalogger and controller measure the weather 
and electric parameters and send them to the control unit, via 3G. Those 
data are stored in the control unit, which calculates the control signals 
and sends them back to the DC/DC and DC/AC converter, also via 3G. 

4.1. Communications hardware 

The datalogger is based on the microchip technology, which is a low- 
cost microcontroller with low consumption. The used model is the dsPIC 
30F4011, which presents a sample frequency of 30 mips (millions of 
instructions per second). The dsPIC 30F4011 enables the peripherals 
connection through the series ports Serial Peripheral Interface (SPI) 
and/or I2C (Inter-Integrated Circuit). This dsPIC has also a Pulse-Width 
Modulation (PWM) generator to control the DC/DC and DC/AC con-
verters. To meet the standard IEC61724, two external 18 bits analog/ 
digital converters (ADS8698) have been added. This ADS has 8 inputs 
with a sample time of 500 kHz. In addition, it allows a SPI connection 
with the microcontroller (dsPIC). An external real-time clock (RTC) has 
also been added to control the time and synchronize the DC/AC con-
verter and the grid voltage. To do this, the BQ32002 has been chosen, 
because it allows the communication by means of the I2C bus protocol. 

To establish the 3G communication, the module Tibbo EM203 is 
required, which allows a 115,200 baud series connection with the 
dsPIC30F. The module Tibbo EM203 allows the datalogger to be Wi-Fi 
equipped through a TP-LINK router. To carry out the 3G dsPIC and 
router connection, the mobile communication can be used. 

The sensors chosen are also low-cost. Voltage is directly and differ-
entially measured by the microcontroller. To adjust the actual to the 
range supported by the ADC (analogue digital converter), a voltage 
divider is used. To measure currents, the Hall sensor LEM-LA25 is 
selected, whose accuracy is ±0.5% at 25 ◦C. To measure temperature, 
the Texas Instrument LM35 thermometer is used. 

4.2. Software 

A graphical interface has been designed into the Basic frame, using 
the free software Gambas, which provides the following capacities: 
visualizing the sensors measurements, storing data, identifying the users 
and changing the control strategy to control the installation, Fig. 3. The 
interface provides a file with all the data required, ready to be analysed 
into MATLAB R2021b framework. This screenshot capture shows 
different tabs to interact with the application. One tab gives the possi-
bility of adjusting the sensors and showing their real time values. 
Another tab allows to adjust the controller parameters. In addition, 
another tab makes possible to change the operation mode and the type of 
MPPT algorithm, if necessary. 

The dsPIC and the interface are connected to the installation through 
the Tibbo EM203 module, which allows the connection to the internet 
by means of Ethernet. UDP/IP is used as the communication protocol. 

The first action, to begin with the monitorization and control of the 
installation, is the connection of the dsPIC and the Tibbo module. After 
that, the sensors measurements are transmitted each 20 ms and all those 
data are stored in the system, incorporating the measurement time. 
Using those data, the control signals are generated and sent to the power 
converters. These control signals keep the system working at the MPP 
voltage and synchronized to the grid, if needed. To achieve the syn-
chronization, a zero-crossing module is used, [29]. This action is 

Fig. 2. Communications hardware.  
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necessary to supply the generated energy to the grid. 
As said above, the communication between the power converters and 

the control unit is carried out through the 3G network, outside the local 
network to which the installation is connected. The 3G network enables 
the installation to be teleoperated through the internet. The control unit 
is connected point to point by 3G mobile, through the port 1001, using a 

3G Wi-Fi router. The router is the model TL-MR3420 by TP-Link, with a 
Subscriber Identity Module (SIM) card to acquire 3G mobile broadband 
access. The HSPA+ technology is used to improve the data transfer rate. 
The operation temperature allowed by the router ranges from 0 to 40 ◦C, 
whereas the relative humidity range goes from 10% to 90%. 

In the case of losing communications, the converters go on working 

Fig. 3. Datalogger interface (1. UDP connection and data store, 2. Sensors visualization, 3. Controller selection: automatic or manual).  

Fig. 4. Diagram of the buck-boost DC/DC converter.  
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with the last set points received. Thus, the PV installation goes on 
injecting power to the grid, although with a lost as higher as long the 
network is zero. 

4.3. Power electronic hardware. 

A buck-boost converter has been designed to keep the installation 
tracking the MPP. In addition, a DC/AC converter makes possible the 
injection of the power to the grid. 

Regarding the DC/DC converter, Fig. 4, the metal-
–oxidesemiconductor field-effect transistor (MOSFET) used is 
CSD19536KCS, with a commutation frequency of 30 kHz and a 10 bit 
PWM signal. The inductance at the output of this converter has a value of 
30 mH. Finally, the diode is MBR10200 model. 

With respect to the DC/AC converter, Fig. 5, which injects the 
generated power to the grid, it is constituted by four insulated-gate bi-
polar transistor (IGBTs), IRGB4062DPB. The output filter is constituted 
by a 13.1 mH inductance. The converter commutation frequency is 15 
kHz, and the signal PWM resolution is 10 bits. A phase locked loop 
circuit is used to synchronize the waveform generated by the DC/AC 
converter and the grid voltage, if necessary. 

Both converters are remotely connected to the dsPIC, which gener-
ates the PWM control signals. The dsPIC makes the measurements 

through the different sensors each 15 ms and sends them to the control 
unit. The control unit generates the PWM control signals and send them 
back to the dsPIC. This communication is carried out through the 
internet, using 3G network. 

A 12 bits digital analogue converter, with a microcontroller 
30F4011, manages all the sensors. The designed datalogger allows the 
experimental data to be measured and saved in the control unit. 

The C&VRC, composed of the datalogger, the converters and the 
control unit, is presented in Fig. 6. Sensor measurements are sent to the 
control unit, which calculates the converter DC/DC trigger signal to 
keep the input voltage near to the value provided by the MPPT algorithm 
implemented in the same control unit. It also calculates the DC/AC 
converter control signals to guarantee the injection of a synchronized 
sinusoidal current signal to the grid. These trigger signals are sent back 
to the converters from the control unit. 

5. Experimental results 

In this section, the experimental tests are presented and the results 
obtained are analysed. Firstly, the system is connected to a 220 Ω 
resistive load and the complete system is tested. The results are pre-
sented in subsection A. Secondly, the resistor is disconnected and the 
system is connected to the grid and tested again. The results of these last 

Fig. 5. Diagram of the DC/AC converter.  

Fig. 6. C&VRC. 1: 1 control unit, 2: 3G connection, 3: buck-boost converter, dsPIC and sensors, 4: DC/AC converter, 5: grid connection.  
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tests are presented in subsection B. In both cases, a set of three PV panels 
have been used. 

5.1. Isolated system results 

In this subsection, the DC/AC converter has been connected to a 220 
Ω resistor. 

Abrupt changes in the PV modules irradiance have been provoked. 
They are only useful to test the system, as the actual changes are smooth 
and the major ones are due to the cloud movement. Thus, we test the 
control in conditions worse than actual, to verify the robustness. In 
short, the system has been tested with the next different irradiances: 
670 W/m2 until 33 s, 490 W/m2 until 68 s, and 690 W/m2 until 95 s to 
finish with an irradiance of 330 W/m2. 

Fig. 7 depicts the transient response of voltage and current when 
applied the indicated irradiances. Fig. 7a shows the reference voltage to 
be achieved by the control at the input of the buck-boost converter or the 
output of the PV modules (orange line). This voltage is provided by the 
first step of the MPPT algorithm. The voltage at the input of the buck- 
boost converter is also shown in the Fig. 7a (blue line). It can be seen 
that this second one reaches the reference, even in the irradiance sudden 
changes. As expected, these voltages change with the irradiance. The 
DC/DC converter output voltage is also presented in Fig. 7a (red line). 

Changes in the irradiance automatically causes changes in the PV 

Fig. 7. Transient response with variable irradiance. (a) DC/DC converter input 
and output voltage and reference voltage; (b) Inductor current and converter 
input and output current. 

Fig. 8. DC/DC converter input and output power under variable irradiance.  

Fig. 9. DC/DC converter input and output power under variable irradiance.  
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curve and so in the MPP. In particular, if radiation decreases, the current 
corresponding to the MPP also decreases and vice versa. For this reason, 
the power provided by the C&VRC changes to follow the MPP corre-
sponding to the different curves and irradiances. This can be observed in 
Fig. 7b. It presents the PV modules output current (blue line), which 
follows the changes in the irradiance. 

Fig. 8 shows the power at the input and output of the buck-boost 
converter, defining the converter efficiency. In this case, the efficiency 
of the DC/DC converter ranges from 93.2% to 94%. As voltage and 
current shown in Fig. 7, power raises when the irradiance increases and 
decreases when the irradiance goes down. 

5.2. Connected to the grid system results 

In this last subsection, the resistive load is disconnected, and the DC/ 
DC converter is connected to the grid through the DC/AC converter. The 
results are presented below. 

In Fig. 9, the DC/DC converter input and output voltage (Fig. 9a) and 
current (Fig. 9b) are presented, when applying the changing irradiance 
indicated in the previous subsection. The reference values are reached 
whatever the irradiance is. 

Fig. 10 depicts the power at the DC/AC converter input and output, 
defining the converter efficiency. This performance ranges from 92% to 
94%, higher than the efficiency obtained in [16] that ranged 88%. These 

power values increase when the irradiance raises whereas the values 
decrease when the irradiance drops. In the same way, the converter 
performance increases as the power gets closer to the nominal value. 
Table 2 summarizes those results. As can be seen in this table, the lowest 
total efficiency is 88.33%. Thus, the actual efficiency will be higher. In 
fact, the DC/DC converter efficiency ranges from 93.2% to 94% whereas 
the DC/AC converter efficiency is between 95% and 98%. The control 
system efficiency ranges between 93.2% * 95% = 88.54% and 94% * 
98% = 92.12%. Then, the worst efficiency, 88.54% is multiplied by the 
mean MPPT efficiency, 99.8%, obtaining the value of 88.3%, indicated 
in Table 2. 

The instantaneous current injected to the grid is presented in Fig. 11. 
In Fig. 11a, the current is presented along the complete range of time 
involved in the tests. It can be observed that the current rms (root mean 
square) value changes according to the irradiance. In Fig. 11b, the 
instantaneous current is presented in a smaller range of time to show the 
sinusoidal waveform. The instant in which the signal is shown is the 
corresponding to the change of the irradiance from 560 W/m2 to 670 W/ 
m2. 

Finally, in Fig. 12, the instantaneous current is shown joined to the 
voltage when the irradiance gets a value of 670 W/m2. It can be 
observed that the current is opposite to the voltage as corresponds to the 
injection of power to the grid. The total harmonic distortion (THD) of 
this current in these conditions has a value of 1.7%. It indicates that the 
current distortion shown in Fig. 11 corresponds to high order harmonics. 
It can also be notice in Fig. 11 that, although the THD increases tran-
sitorily with the changes of irradiance, it gets back to low values when 
the transitory finishes. 

6. Discussion 

In the proposed paper, the authors present a complete and versatile 
remote controller for PV systems, based on the wide experience obtained 
for many years working in this subject. Therefore, the results of the 
proposed paper focus on presenting results on the efficiency of the 
proposed system under different conditions, considering proven results 
obtained in previous works and presented in papers that can be con-
sulted in the technical literature. 

In this section, all the results, previous and provided in this paper, 
are jointly discussed. 

C&VRC tracks the MPP for any kind of PV installation. In the case of a 
small one, the MPPT algorithm is the perturbation & observation 
because the results in this case are good enough and there is not possi-
bility of partial shadows. However, in the case of great installations, a 
complex algorithm with two steps is necessary. The used in the C&VRC 

Fig. 10. DC/AC converter input and output power under variable irradiance.  

Table 2 
Results obtained in the grid-connected PV system.  

Time [45–49.4) [49.4–53.6) [53.6–63) [63–67.8) [67.8–74.7) [74.7–79.7) [79.7–85] 

G 546 670 916 546 910 540 920  

DC/DC converter 
Vin 18.70 18.42 18.06 18.13 17.93 18.18 17.92 
Iin 1.70 2.15 2.90 1.80 2.96 1.82 2.94 
Pin 31.79 39.60 52.37 32.63 53.07 33.09 52.68 
V0 55.70 56.40 56.90 55.80 56.82 55.85 56.87 
I0 0.56 0.68 0.87 0.57 0.90 0.57 0.89 
P0 31.15 38.41 49.76 31.65 50.95 32.09 50.58 
Efficiency 97.99 96.99 95.02 97.00 96.01 96.98 96.01  

DC/AC converter 
Igrid 1.06 1.30 1.66 1.08 1.71 1.09 1.68 
Irms.grid 0.75 0.92 1.18 0.76 1.21 0.77 1.19 
Prms 29.28 35.88 45.92 29.7 47.38 30.17 46.53 
Efficiency 94.00 93.41 92.28 93.84 92.99 94.02 91.99 
Total efficiency 92.10 90.61 87.68 91.02 89.28 91.18 88.33  
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is the result of previous works and is as follows:  

• The first step is the artificial vision algorithm proposed in [22], 
where it is proven that this algorithm can operate regardless the 
environmental conditions with a MPP tracking efficiency over 99%.  

• The second step is the sliding, [15] because it is a discontinuous 
control that allows a fast response under abrupt changes. In addition, 
it presents an efficiency higher that the other. In fact, the MPPT ef-
ficiency for the neuro-fuzzy has a mean value of 95%, [21], the 
backstepping controller MPPT efficiency ranges from 98.3% to 
99.9%, [13,14,16,22], and the sliding mode control from 99% to 
99.8%, [15]. Moreover, the grid current THD obtained applying the 
neuro-fuzzy strategy was about 1.8%, using the backstepping ranges 
from 1.6% to 1.7% and with sliding control is 1.7%. 

The C&VRC versatility also requires to be useful supplying loads at 
voltage higher that the PV MPP and other at lower voltages. It is only 
achieved using a buck-boost converter. This device not only achieves the 

results presented in this paper, but can also be useful for communication 
applications, as is proven in [16]. 

The C&VRC is based on free software and open hardware platforms, 
as detailed along the paper. The microcontroller is a dsPIC and the 
datalogger interface has been designed using Gambas. In addition, the 
sensors and all the other hardware used is low-cost. Thus, the C&VRC is 
a low-cost system whose price is much lower than any other commercial. 

The results of using the C&VRC to supply an isolated load are pre-
sented in this paper, as well as those obtained using the C&VRC in a PV 
installation connected to the grid. The results show the stability of the 
system as can be observed in all the presented figures. To complement 
the results presented in the previous section, in Fig. 13, efficiency is 
presented versus power. Three curves are shown: DC/DC efficiency, DC/ 
AC efficiency and total. As can be seen in the Fig. 13, those three effi-
ciencies decrease as power increases, in the same way as other electric 
devices as the electric machines, for example. 

7. Conclusions 

In this paper, a complete and versatile remote controller has been 
presented to monitor and control any kind and size of PV installations 
and suitable for any weather conditions. The DC/DC converter used is a 
buck-boost. Thus, the C&VRC is suitable for PV installations connected 
to the grid or isolated supplying loads whose voltage is lower or higher 

Fig. 11. Instantaneous current injected to the grid. (a) Along the complete 
range of time involved in the tests. (b) At the instant in which irradiance 
changes from 560 W/m2 to 670 W/m2. 

Fig. 12. Instantaneous voltage and current injected to the grid.  

Fig. 13. Efficiency versus power.  
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the provided by the PV panels. In addition, the MPPT strategy can be 
chosen according to the PV installation size. In case of a small system, it 
can be chosen a simple strategy. If the C&VRC is used in a large-scale 
installation, other more complex can be chosen to guarantee its opti-
mum performance with changing weather conditions and partial 
shadows. 

The converters are remotely controlled, because they are commu-
nicated with a central control unit through the 3G network, which is the 
most extended worldwide. The control unit also involves all the sensors 
and actuators necessary to make the corresponding control. 

The controller has been experimentally tested and the results ob-
tained prove that the C&VRC meets the latency requirements imposed 
by the IEC61724 and the suitability of the system for different kinds of 
installations and different weather conditions. 
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