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Abstract 

 

In this article, an investigation was developed in a clinic 

located in the municipality of Veracruz, Ver. Mexico, with 

the objective of implementing an Energy Management 

System based on the Mexican official standard NMX-J-

SAA-50001-ANCE-IMNC-2019, which is consistent with 

the international standard ISO 50001. The study was 

conducted in 2020 using historical consumption data from 

previous years, due to the pandemic situation that 

developed in later years, which was atypical for this type 

of study. The results of the plan for the implementation of 

the EnMS showed that the energy source that generates the 

highest consumption and cost is electricity. Similarly, it 

was determined that the level of compliance with the 

standard is 38%, obtained from the diagnosis covering the 

Plan-Do-Check-Perform stages. Based on the energy 

performance indicators and the energy baseline, it was 

established that the most significant variables are 

consumption/days, where it was determined that there is a 

possibility of saving 15.85% in energy consumption. 

 

 

 

Energy management system, Hospitals, PHVA  

Resumen  

 

En el presente artículo, se desarrolló una investigación en 

una clínica localizada en el municipio de Veracruz, Ver. 

México, con el objetivo de implementar un Sistema de 

Gestión de Energía con base a la norma oficial mexicana 

NMX-J-SAA-50001-ANCE-IMNC-2019, la cual tiene 

concordancia con la norma internacional ISO 50001. El 

estudio fue realizado durante el año 2020 utilizando datos 

históricos de consumo de años previos al mismo, debido a 

la situación de pandemia que se desarrolló en años 

posteriores y que fueron atípicos para realizar este tipo de 

estudios. Los resultados del plan para la implementación 

del SGEn mostraron que la fuente de energía que mayor 

consumo y costo genera es la energía eléctrica. De igual 

manera, se determinó que el nivel de conformidad con la 

norma es de un 38%, obtenido del diagnóstico que abarca 

las etapas de Planificar-Hacer-Verificar-Actuar. A partir 

de los indicadores de desempeño energético y de la línea 

de base energética, se estableció que las variables más 

significativas son las de consumo/días, donde se 

determinó que existe una posibilidad de ahorro del 15.85% 

en consumo energético.  

 

Sistema de gestión de energía, Hospitales, PHVA 
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Introduction 

 

Richard et al (2017) mentions that energy is 

fundamental to an organization's operations, so 

it can represent a significant cost, regardless of 

its activity. However, in addition to economic 

costs, energy can impose environmental and 

social costs due to resource depletion and 

contribute to problems such as climate change. 

 

For its part, the NMX-J-SAA-50001-

ANCE-IMNC-2019 standard, when referring to 

energy, talks about the types of energy that can 

be used in equipment or in a process, such as 

electricity, fuels, steam, heat, compressed air, 

and other similar means, including the 

renewable type. Then, in Mexico, as indicated by 

Chatellier Lorentzen & McNeil (2019) non-

residential buildings are the largest consumer of 

energy in the country presenting an electricity 

consumption of 66.9 TWh during 2017. 

 

Table 1 shows the electric energy 

consumption rates by type of building. It should 

be noted that the final uses of electrical energy 

in non-residential buildings are mainly for air 

conditioning and lighting, while in the industry 

it is used in motors to drive different devices. 

The warm-humid region mentioned in the table 

includes the states of Veracruz, Tabasco, 

Campeche, Yucatan, Quintana Roo, Guerrero, 

Oaxaca, Chiapas, and Colima. The clinic 

analyzed in this study is located in the state of 

Veracruz. Table 1 also shows that the main 

energy consumers are supermarkets and 

hospitals. 

 
Buildings kWh/m2-year 

Hotels 281 

Offices 199.7 

Schools 98.2 

Hospitals 393.4 

Restaurants 336.3 

Stores 229.3 

Supermarkets 443.1 

Cinemas 242.8 

 

Table 1 Rates of electrical energy consumption used by 

building type in the warm humid region of the country 

Source: adapted from Chatellier Lorentzen & McNeil 

(2019) 

 
 
 
 
 
 

In particular, the energy impact of the 

health sector in Mexico, recorded an energy 

consumption of 16.8 million MWh in electrical 

energy, 18.9 million MWh in fossil energy and 

the emission of 12.7 million tons of CO2 per 

year, according to data from the Ministry of 

Energy (SENER, 2015), registering Veracruz as 

the state with the third highest energy cost, 

preceded by Mexico City and Puebla, as can be 

seen in figure 1. 
 

 
 

Figure 1 Energy cost in Health Care Units by state 

Source: SENER (2015) 

 

Therefore, it is recommended to take 

actions that improve energy efficiency and 

provide quick benefits to an organization, such 

as maximizing the use of its energy sources, 

which reduces both its cost and consumption, 

while positively contributing to the reduction of 

energy resource depletion and the mitigation of 

the effects of energy use worldwide, such as 

global warming ISO 50001 is based on the 

management system model and is the most 

widely used standard in the world. Jiménez 

Borges et al. (2018) mentions that more than 

eighty countries have adopted it as a national 

standard, given that ISO is the International 

Organization for Standardization and offers 

practical tools for the three dimensions of 

sustainable development: economic, 

environmental, and social. 

 

The purpose of this standard is to enable 

organizations to establish systems and processes 

necessary to improve energy performance, 

including energy efficiency, use, and 

consumption. In order to reduce greenhouse gas 

emissions, energy costs, and other related 

environmental impacts, through systematic 

energy management (ISO, 2011).  
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Mexico has achieved the reduction of 

energy intensity thanks to the implementation of 

Mexican Official Standards (NOM) that came 

into force in the mid-1990s (De Buen Rodríguez, 

et al. , 2017). The present work is based on the 

NOM NMX-J-SAA-50001-ANCE-IMNC-

2019, which is consistent with the International 

Standard ISO 50001, Energy management 

systems - Requeriments with guidance for use, 

ed2.0 (2018-08). 

 

The Mexican standard defines a 

management system as a set of elements of an 

organization that interact to establish policies 

and processes to achieve objectives, taking into 

account the organization's structure, planning 

and operations. 

 

Therefore, an Energy Management 

System (EnMS) is a system for establishing an 

energy policy, action plans, and processes to 

achieve energy objectives and targets. It uses 

interrelated elements such as Energy 

Performance Indicators (EPIs) and Energy 

Baselines (EBCs) to demonstrate measurable 

improvements in energy efficiency. 

 

Energy efficiency is making the best use 

of available resources. It is the ratio or 

quantitative relationship between an output and 

an energy input. It is determined by factors such 

as: 

 

1. Energy culture, which corresponds to the 

level of information existing in the 

organization and company policy. 

 

2. The maintenance of equipment to achieve 

optimum yields. 

 

3. Energy control, which involves 

measurement methods and the 

implementation of appropriate 

administrative processes. 

 

4. Technological innovation or updating of 

technical resources. 

 

De Buen Rodríguez (2020) indicates that 

the two basic actions for energy efficiency are: 

the modification of habits or best practices, 

which consist of using equipment when needed 

and in accordance with the need for energy 

service; and the replacement of technology with 

more efficient equipment. 

 

Therefore, the efficient use of energy 

must obey a programmed process with the 

participation of all the organization's personnel. 

The successful implementation of an EnMS 

depends on the commitment of all levels of the 

organization, especially senior management. 

 

The EnMS described in this standard is 

based on the plan-do-check-perform (PDCP) 

continuous improvement framework and is 

incorporated into existing organizational 

practices. 

 

Methodology 

 

This section presents the diagnostic analysis of 

the clinic by means of proposed questionnaires 

that evaluate its compliance, starting with the 

general definition of each component of the 

PDCA continuous improvement framework. 

 

Energy performance indicators (EnPI) 

 

To carry out each of the phases, we worked 

directly with the clinic director, administration, 

and maintenance personnel; in accordance with 

the standard of involving senior management in 

the continuous improvement process, surveys 

were conducted on the following points: 

 

Planning 

 

- Preliminary activity: Initial diagnostic 

analysis. 

 

- Organizational context: Determine 

external and internal factors affecting 

energy performance. 

 

- Leadership: Communicate to staff about 

the implementation of the EnMS. 

 

- Planning: Identify activities that affect 

energy performance, set energy goals and 

objectives, identify energy types, evaluate 

energy use and consumption, identify 

USE, identify EPIs and EBCs, identify 

opportunities for improvement and 

document. 
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To do 

 

- Support: Train personnel on EnMS, 

document training processes. 

 

- Operation: Establish equipment operation 

criteria and communicate them to relevant 

personnel, take into account design and 

installation improvement opportunities, 

and document the operation process. 

 

Checking 

 

Performance evaluation: Verify that the USEs 

determine energy performance, implement 

energy performance monitoring and analysis 

methods, document information generated, and 

plan an audit program. 

 

Performing 

 

Improvement: Investigate causes and correct 

nonconformities, review by top management, 

record and document information generated. 

 

In accordance with the above, the 

following results were obtained. 

 

For the Planning phase of the 

organization's context section, it was determined 

that 86% of what is established in the standard is 

fully complied with, in leadership with 84%, and 

for planning, the results were similar, with 34% 

total compliance, 33% partial compliance, and 

33% non-compliance. 

 

In the To do phase, regarding support, a 

total compliance of 33% was established and 

60% for partial compliance; and for operation, 

only 12% compliance and 63% partial 

compliance were determined. 

 

For the Checking phase, with respect to 

performance evaluation, only 8% is complied 

with, while 46% is partially complied with. 

 

Finally, in the Act phase, in the area of 

improvement, considering that the clinic had not 

implemented an EnMS before, there is no 

methodology to identify and correct 

nonconformities, so 80% do not comply, while 

the remaining 20% comply partially.  

 

 

 

 

Results 

 

In general terms, a summary of compliance and 

non-compliance with the standard can be seen in 

the diagram shown in Figure 2 below. 

 

 
 

Figure 2 Results of the diagnostic analysis of the standard 

in the clinic 

Source: Own elaboration 

 

Attention to nonconformities in the EnMS. 

 

Based on the results of the surveys, we 

proceeded to address the nonconformities of the 

standard, for which a schedule of activities was 

established. It should be noted that the standard 

is flexible during the execution of the PHVA 

cycle, so it allows modifying or improving the 

activities to be carried out depending on the 

importance given by the organization to the 

execution of the plan. 

 

The activities to be incorporated in the 

organization to comply with the schedule are 

described below. 

 

Planning 

 

It is important to identify factors that influence 

the context of the organization, such as financial, 

legal, social, external and internal factors. In 

terms of leadership, it is necessary to incorporate 

the topic of energy savings in conversations and 

in the decision-making process with 

management staff, in order to integrate the 

EnMS into the organization's philosophy. 

Otherwise, the EnMS would only remain at a 

documentary level without being applied in daily 

work practices.  

 

SÍ 

CUMPLE

38%

SÍ, 

PARCIALMENTE

37%

NO 

CUMPLE

25%

GENERAL ANALYSIS OF 

COMPLIANCE WITH THE STANDARD

SÍ CUMPLE SÍ, PARCIALMENTE NO CUMPLE
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For the planning section, it is first 

necessary to perform an energy performance 

assessment. For this, Flores Díaz et al. (2016) 

indicate that organizations should identify legal 

requirements and those that are linked to energy 

use, consumption and efficiency. For the 

detection of energy performance improvement 

opportunities, energy consumption and use data 

were collected, including relevant variables. 

Also, energy sources were identified, including 

diesel fuel, LP gas and electricity. Figures 3 and 

4 show the forms of utilization and storage for 

the first two mentioned above. 

 

 
 

Figure 3 Emergency electric generator of the clinic, 

operated with diesel 

Source: Own elaboration 

 

 
 

Figure 4 Clinic's stationary LP gas tank for restaurant and 

laundry use 

Source: Own elaboration 

 

Regarding electrical consumption, the 

distribution of the power (W) of connected loads 

is as follows: the greatest electrical demand 

corresponds to the central or package air 

conditioning systems with 31% of the clinic's 

total power; in second place are the X-ray area 

and the operating room area, both with 17%, 

while the administrative area corresponds to 8%. 

 

Figure 5 shows a diagram of the costs 

generated by water and electricity consumption 

during 2019, due to the amount of information 

available and because, due to the pandemic 

situation in the following years, a decrease in the 

usual flow of work was generated. 

 

 
 

Figure 5 Percentage cost of energy sources in the clinic 

during 2019 

Source: Own elaboration 

 

Considering that the highest costs were 

for electricity consumption, it can be determined 

that the study to be carried out to implement the 

EnMS will be focused on the electrical area. 

 

Based on the data obtained about the 

loads connected in the clinic, the USE 

(significant energy uses) can be determined. 

Central or package air conditioners (AAC) stand 

out with 9063.12 kWh/month, followed by mini 

splits with 3183.02 kWh/month and elevators 

with 2168.64 kWh/month. Table 2 shows the 

consumption of specific medical equipment. 

 
EQUIPMENT kWh/month 

Fixed X-ray 267.86 

Autoclave 121.71 

Compressor 63.92 

Oxygen plant 38.35 

Electrocautery 30.17 

Anesthesia machine 10.29 

Yellow bulb RX 9.72 

Ultrasound 9.72 

Surgical Light 7.54 

Ring light 5.76 

Incubator 5.14 

Ophthalmoscope/Otoscope 4.08 

Negatoscope 1.48 

Defibrillator 0.4 

Stretchers light 0.35 

Computerized radiography 0.2 

 

Table 2 Medical equipment 

Source: Own elaboration 

15%

85%

PERCENTAGE COST OF 

CONSUMPTION 2019

AGUA

ELECTRICIDAD
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Baseline 

 

According to the ISO 50001 (2018), the energy 

baseline is defined as a "quantitative reference 

that provides the basis for comparison of energy 

performance." 

 

According to the Technical Guide for the 

implementation of Energy Management Systems 

in the framework of a Learning Grid (Richard et 

al, 2017) the energy baseline can be represented 

by absolute energy consumption values or 

normalized consumption values by means of 

relevant variables (climate, production data). It 

can be the historical consumptions or the 

consumptions calculated considering that the 

organization would not have carried out actions 

to improve energy performance. A period 

appropriate to the use and consumption of 

energy in the organization must be considered.  

 

The most common is to consider the 

cycle of the relevant variables defined in the 

energy performance diagnosis, generally 12 

months, for climatological data or the company's 

production cycle. Some organizations change 

their energy baseline every year and usually 

measure the current year's results against those 

of the previous year. In this case, this practice 

should be documented. Do not forget that the 

energy baseline is established according to the 

scopes and limits defined for the EnMS, i.e., if 

the EnMS does not include all areas of the plant, 

the energy baseline cannot be the total energy 

consumption of the plant. 

 

The energy baseline (EBCs) reflects a 

specific period of time as a reference point, in 

this case it was the consumption recorded in the 

invoices during 2019. While, the proposed 

energy performance indicators (EPIs) was: 

kWh/days, kWh/patient, kWh/temperature. 

Together, the EBCs and the EPIs will function as 

a tool for continuous monitoring of energy 

performance. 

 

In table 3 the values and days of 

consumption were obtained from the invoices 

provided, the average monthly temperature for 

the state of Veracruz was consulted in 

METEORED and the number of patients was an 

estimated 1.5 patients attended per day at the 

clinic, the number of days billed was 1.5. 

 

 

Month Consumption 

[kWh] 

Days °C Number 

of 

patients 

January 8000 - 23 - 

February 7200 31 23 46.5 

March 9280 - 26 - 

April 8160 28 29 42 

May 13280 - 29 - 

June 15360 32 29 48 

July 14240 29 29 43.5 

August 13600 - 28 - 

September 16320 33 28 49.5 

October 13920 30 27 45 

November 11200 33 25 49.5 

December 9760 29 22 43.5 

 

Table 3 2019 data to determine EBCs and EPIs 

Source: Own elaboration 

 

The proposed NDIs are intended to 

analyze the relationship between consumption 

and the independent variables. It is important to 

mention that the EPIs can be changed, increased 

or deleted depending on the needs of the clinic 

and/or taking into account if there are other 

relevant factors that could arise in the course of 

the implementation of the EnMS. 

 

In many cases, a simple linear 

relationship is adequate to determine the 

relationship between variables. The ISO 50006 

(2014) explains that, in a scatter diagram, if the 

points appear to be scattered around the trend 

line, it is indicative of the presence of relevant 

variables. On the other hand, if the points appear 

as a random cloud with no obvious relationship, 

it is likely that the variable is not relevant. 

 

For this case, the response variable was 

defined as consumption in kWh, and the 

independent variable as the days billed, number 

of patients and average ambient temperature. 

Lara Izaguirre et al. (2019) mentions that the 

coefficients of determination (R2) indicate the 

proportion of variance of the variable y in 

relation to the independent variable x. Where if 

R2 tends to zero, the model does not adequately 

represent the data. But if it tends to 1, the model 

adequately represents the data explained by the 

linear regression model. 

 

For the first case, the consumption data 

were evaluated with respect to the days billed, as 

shown in figure 6. 
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Figure 6 EBCs calculated with EPIs kWh/day 

Source: Own elaboration 

 

It was found that the variable days billed 

is not very significant for electricity 

consumption, based on the correlation 

coefficient R2 of 0.1894. For it to be significant, 

the value should be in the range of 0.7 to 1. 

 

Figure 7 shows the estimated target line 

for the same data. 

 

 
 

Figure 7 Estimated target line with EPIs kWh/day 

Source: Own elaboration 

 

From the baseline, the points of best 

performance were obtained, i.e., the months with 

the lowest billing (marked in bold in table 2), 

which would represent the efficiency that can be 

achieved in the clinic. The R2 coefficient 

obtained based on these points is 0.8734, 

indicating that there is a valid relationship 

between consumption and days billed. It should 

be remembered that these calculations are only 

estimates, since they depend on the clinic's 

commitment to implement energy efficiency 

actions.  

With the equations obtained from the 

EBCs and the target line, the monthly savings 

potential can be estimated, assuming that x is 

equal to 30 days: 

 

Where the target line has the equation: 

 

𝑦 = 537.14𝑥 − 6407.6                              (1) 

 

𝑦 = 9706.6 

 

And where the EBCs has for equation: 

 

𝑦 = 775.27𝑥 − 11723    (2) 

 

𝑦 = 11535.1    
 

The electrical consumption saving (ECS) 

would be: 

 

𝐸𝐶𝑆 = 11535.1 − 9706.6  

 

therefore: 

 

 𝐸𝐶𝑆 = 1828.5 𝑘𝑊ℎ/𝑚𝑜𝑛𝑡ℎ 

 

which corresponds to 15.85%. 

 

Performing the same analysis with the 

kWh/patient and kWh/temperature EPIs to 

continue with the evaluation of the relationship 

between consumption and the independent 

variables, it was observed that the correlation 

coefficient in all cases was less than 0.7, which 

established that they were not relevant indicators 

for the study. In the case of consumption/patient, 

it is recommended that a record be kept of the 

number of patients attended in order to estimate 

a more significant relationship. Although the R2 

coefficient is low for the aforementioned 

indicators, it should be noted that the behavior of 

the line is due to the fact that the highest 

consumption was due to both the number of 

patients attended and the average temperature in 

November, followed by December, which had a 

higher number of patients compared to April, 

despite having a low average temperature of 

22°C, as shown in table 3.  
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Based on the analyzed, energy goals and 

objectives were proposed as energy goals and 

objectives to reduce energy consumption by at 

least 15%, corresponding to 1730.4 kWh/month, 

such amount is equivalent to 1.007 Ton of CO2 

eq/MWh that would no longer be emitted to the 

atmosphere, applying the factor 0. 582 Ton of 

CO2/MWh of Emission of the National Electric 

Sector of 2017, whose value updated to 2021 is 

731.9592 Ton of CO2 eq/MWh using a factor of 

0.423, reported by the Energy Regulatory 

Commission (CRE, 2021). 

 

At the same time, the measures proposed 

to be implemented are as follows: 

 

- Disconnect equipment at the end of 

working hours to avoid "vampire" 

consumption. 

 

- Turn off lights in areas that are not in 

operation. 

 

- During the day, take advantage of natural 

light and do not turn on lights (depending 

on the work area, such as offices and 

consulting rooms). 

 

- Close the doors of unoccupied facilities to 

reduce the strain on the air conditioners. 

 

- Replace window air conditioners with 

mini splits. 

 

- Replace light bulbs with LED bulbs in 

facilities under renovation. 

 

- Reduce consumption of air conditioners 

during cold seasons. 

 

- Post signs to remind important aspects of 

the operation of the facilities and allow 

energy savings ("Remember to turn off the 

light when leaving", "Disconnect your 

computer before leaving", etc.). 

 

- Keep a weekly record (at most) of the 

meter to visualize the progress of the 

system.  

 

 

 

 

 

 

 

To do 

 

In terms of support, it is recommended to 

differentiate the profile of people and create a 

training program accordingly, so that everyone 

has general knowledge about the concepts of 

energy, energy efficiency, USE, etc., but only 

personnel in specific areas such as the operating 

room and X-ray, have access to information on 

maintenance and operation of their work 

equipment for efficient management that does 

not compromise their safety. This is because the 

staff influences the energy performance of the 

clinic, therefore, they need to be competent and 

aware of the impact they have on the operation 

of the EnMS. Regarding operation, it is 

important to determine the operational control 

criteria and maintenance criteria. These criteria 

serve to identify activities that affect equipment 

performance. However, they can also be applied 

for the design of new facilities, or for 

modifications of equipment, systems and 

processes that have an impact on energy 

performance. For these cases, internal 

communication between energy procurement 

personnel (in the case of implementing 

renewable energy sources) and those who 

manage energy performance activities must take 

place in order to prevent and control risks. 

 

Checking 

 

To verify, in terms of performance evaluation, it 

is known that a continuous evaluation system 

allows for the timely identification of the actions 

necessary to ensure compliance with energy 

objectives and goals. In this case, it was 

proposed to reduce monthly electricity 

consumption, so weekly monitoring is 

recommended to observe whether energy 

deviations are generated. In order to review the 

effectiveness of the EnMS, it is necessary to 

implement an internal audit process. Once the 

audit has been carried out, corrective and 

preventive actions must be implemented.  

 

Performing 

 

In the area of improvement, the review by top 

management should take place shortly after 

completion of the energy performance 

assessment together with the inventory of 

opportunities for improvement, or until after the 

internal audit has been performed.  
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The results of this review should be: 

recommendations for the new expected energy 

consumption (for the next period), changes in the 

EnMS, updates in the energy policy and in the 

established objectives. 

 

This is due to the fact that an EnMS is 

permanent, so the continuous improvement of 

the process and its design and implementation 

activities must be guaranteed. 
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Conclusion 

 

In Mexico, non-residential buildings such as 

supermarkets and hospitals are the main energy 

consumers. Therefore, implementing an energy 

management system (EnMS) in a health care 

unit helps to mitigate the problem with 

greenhouse gases and save resources, both 

energy and economic. 

 

In the case study, electricity was 

identified as the main source of consumption, as 

well as the USE determined by central air 

conditioners, mini splits, elevators and computer 

equipment. The EPIs as energy consumption in 

kWh per month evaluated by days billed, 

temperature and average number of patients 

attended, which allowed determining EBCs 

during 2019 and proposing an energy target line. 

A 15.85% savings in energy consumption was 

calculated, which can be achieved as long as 

senior management remains committed and 

energy efficiency measures are implemented, as 

well as communication with the clinic staff to 

ensure the success of the EnMS. 

 

If the observations are taken into 

account, as well as the implementation of the 

proposed recommendations, the clinic can be re-

evaluated to identify the new level of 

compliance with the standard, with the 

expectation of exceeding the 38% obtained in 

the initial diagnosis. If a high percentage is 

obtained and if it is the clinic's wish, an internal 

audit could be carried out in order to obtain an 

official ISO 50001 certification. 
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Abstract 

 

The boost-boost converter presents interesting characteristics for 

photovoltaic applications, due to the nature of the system where we can 
increase the voltage in an adequate and controlled way according to the 

load, in combination with an optimal control system we can obtain a 

better efficiency of an autonomous photovoltaic system, taking into 
consideration that a solar panel within its most significant properties to 

operate within the most efficient way needs natural conditions of 

irradiation and temperature that are closest to the SCT measurement 
standard, otherwise efficiency will be lost, Therefore, it is necessary to 

jointly implement a control system together with an algorithm that allows 

it to always be in maximum power conditions (MPP). According to the 
above, this article addresses the low voltage photovoltaic application of 

an isolated system, using a boost converter and a PI control system, 

together with an algorithm for obtaining the maximum power point, using 
two different photovoltaic systems, with the objective of showing that 

with an essential PI control we can obtain good efficiency of the two 

systems even with disturbances, as if a more robust control were 

implemented in photovoltaic applications, saving both operation cost and 

implementation time. The I-V (current-voltage) characteristics similar to 

a non-linear source of the photovoltaic module, require the inclusion of 
linearization of the photovoltaic module and with this to be able to design 

the control of the system, the proper functioning of the designed control 

has been tested through mathematical modeling and simulation. 
 

 

 

 

DC/DC converters, Autonomous photovoltaic systems, Control 

systems, MPPT perturb and observe, Energy efficiency 

 

Resumen  

 

El convertidor elevador-boost presenta características interesantes para 

aplicaciones fotovoltaicas debido a la naturaleza del sistema, por 
ejemplo, es posible aumentar el voltaje de una manera adecuada y 

controlada de acuerdo con la carga. En combinación con un  sistema de 

control óptimo podemos obtener una mejor eficiencia de un sistema 
fotovoltaico autónomo, teniendo en consideración que un panel solar 

dentro de sus propiedades más significativas para operar dentro de 

manera más eficiente necesita de condiciones naturales de irradiación y 
temperatura lo más cercanas al estándar de medida SCT, de no ser así se 

perderá eficiencia, por  lo que es necesario implementar de manera 

conjunta un sistema de control con un algoritmo que le permita siempre 
estar en la condiciones de máxima potencia (MPP). De acuerdo con lo 

anterior, en este artículo se aborda la aplicación fotovoltaica en bajo 

voltaje de un sistema aislado, utilizando un convertidor elevador-boost, 
un sistema de control PI y un algoritmo de obtención del punto de 

máxima potencia. Se utilizan dos sistemas fotovoltaicos diferentes con el 

objetivo de mostrar que con un control PI esencial podemos obtener 

buena eficiencia de los ambos sistemas aun con presencia de 

perturbaciones al igual que si se implementara un control más robusto en 

aplicaciones fotovoltaicas permitiendo un ahorro tanto de costo de 
operación como de tiempo en la implementación. Las características I-V 

(corriente-tensión) similar a una fuente no lineal del módulo fotovoltaico 

requieren la inclusión de linealización del módulo fotovoltaico y con esto 
poder diseñar el control del sistema. El funcionamiento del control 

diseñado ha sido probado mediante el modelado matemático y por 

simulación. 
 

Convertidores conmutados DC/DC, Sistemas fotovoltaicos 

autónomos, Sistemas de control, MPPT perturbar y observar, 

Eficiencia energética
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Introduction 

 

In recent years the demand for energy has 

increased continuously, with the main source 

being the indiscriminate use of fossil fuels. This 

constantly growing energy demand has 

generated an increase in greenhouse gases, 

causing severe damage to the environment, such 

as global warming and the worldwide problem 

of climate change. Thus, in the global energy 

context, renewable energies have emerged as a 

response to the social demand to reduce CO2 

emissions and other pollutants of direct action. 

 

Photovoltaic systems are one of the most 

studied models for obtaining electricity from 

renewable sources. According to (Ram, et al., 

2017), a particularity when using photovoltaic 

systems for energy production is the fact that the 

electrical voltage generated by the photovoltaic 

panels, which has a non-linear relationship with 

irradiation, so that the maximum voltage 

generated does not represent the maximum 

power that the panel can deliver to an electrical 

load. Given this non-linearity, the maximum 

power that the PV panel can deliver is a function 

of the combination of voltage and current in the 

electrical load. 

 

This non-linearity presented by the solar 

panels tries to be solved by determining an 

operating point or maximum power point (MPP) 

as long as it is at standard measurement 

conditions (STC). According to the literature, 

the STC of the solar panel should be at a 

temperature of 25°C and an irradiation of 1000 

W/m2 on the surface of the panel. The 

performance of the most promising PV 

technology should be regulated according to the 

MPP. The output of the PV system is affected by 

temperature, irradiation and partial shading. 

These changes in environmental conditions limit 

the efficiency and power output of the panel and 

the measured output of the panel deviates from 

the desired set point. To improve the MPP there 

is the Maximum Power Point Tracker (MPPT) as 

it estimates and controls the MPP. The design of 

the MPPT system to achieve a regulated output 

is done using voltage converters and controllers 

to converge the MPP even under distribution 

conditions. There are different types of 

converters and controllers to optimise the 

efficiency of the PV panel using MPPT (Sharma 

& Jain, 2015). 

 

As mentioned before, one of the most 

important parts to obtain higher efficiency of PV 

systems is the implementation of algorithms to 

always find the maximum power point in 

combination with various control strategies 

(MPPT: MPP tracking). There are several 

algorithms, among the most used according to 

the scientific literature are: the Perturb and 

Observe method, Incremental Conductance, the 

Constant Voltage method and the Fuzzy Logic 

method. In this article, each of them will be 

explained in general terms, except for the 

Disturb and Observe algorithm, which is the one 

used in this work and will be explained in more 

detail. 

 

According to (Ebrahimi & Viki, 2015), 

DC-DC converters are widely used in renewable 

energy generation systems such as solar 

photovoltaic systems, wind systems and in fuel 

cells, this in order to obtain a correct energy 

conversion, as shown in figure (1). A solar 

photovoltaic (PV) power generation system is 

used in grid-connected applications and in stand-

alone or islanded system, where to improve its 

efficiency, switched converters can also be 

implemented (Saravanan & Ramesh Babu, 

2017). In (Alam & Hoque, 2019) it is proposed 

that the most suitable power converter to solve 

the problem of low voltage levels obtained from 

PV panels is the boost-boost converter; which 

raises and regulates the output voltage. The input 

of the boost converter acts as a current source 

due to the input inductor, which means that it has 

almost constant input current, which is 

favourable in PV systems. By interleaving the 

boost converters, low ripple current is achieved 

in the input current, output voltage and high 

power conversion. This topology can be used for 

the interface connection between the low voltage 

of the PV array and a high input voltage of the 

battery bank or any DC load (Taghvaee, et al., 

2013). 

 

The boost converter helps to increase the 

voltage level, improve stability and power 

factor. In some cases, the converter can also be 

used as a pre-regulator. It is clear that DC-DC 

converters require an acceptable and efficient 

operation for the PV system to be effective and 

have the least possible energy losses, this also 

depends directly on the control that is used in the 

system and ensures the smooth operation of the 

system even in the presence of disturbances. 
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Figure 1 Photovoltaic system architecture with serial DC 

bus 

Source: Méndez et al., 2014 

 

Another application of boost-boost 

converter is proposed in (Dhople et al., 2009), 

where three boost converters are interleaved in 

which they found superior current characteristics 

compared to the coupled converters. In (Tian et 

al., 2016), they use an improved interleaved 

boost circuit, concluding that this is the most 

suitable for photovoltaics using an MPPT 

algorithm, as it has greater advantages than the 

traditional interleaved boost converter (TIBC) 

and the single boost converter (SBC) such as:  

 

Higher tuning ratio 

 

More stable, accurate output voltage with less 

ripple. 

 

Lower switch voltages 

 

It is useful for increasing system efficiency and 

reducing energy losses.  

 

According to the above, in order for the 

operating system to function properly, a control 

model needs to be developed to enable proper 

operation. Among the control systems for 

photovoltaic applications with switched DC/DC 

converters are Proportional Integral Derivative 

(PID) and Proportional Integral (PI). According 

to (Dwivedi & Saket, 2017), in PV system the 

value of maximum power, current and peak 

voltage are increased by controlling the gain of 

PID controller. In (Rabiaa et al., 2019) a 

cascaded closed-loop control using PI controller 

is proposed for DC-DC boost converter showing 

good performance in terms of rise time, 

disturbance rejection and steady state error.  

 

 

 

 

 

 

 

 

Furthermore, it is shown that the DC-DC 

boost converter has a strongly non-linear 

dynamic behavior, so the performance of any 

linear controller such as the PI controller can 

only be optimal as long as the system remains 

around a certain operating point, i.e. for 

photovoltaic applications where solar panels are 

characterized by their non-linear structure, and if 

a PI or PID control is to be applied, which are 

controls characterized by using linearized 

models around an equilibrium point, the 

behavior of the solar panels must be linearized 

by means of their basic equation. If this were not 

the case and it is desired to work with the non-

linear structure, other control modes would have 

to be used, such as the sliding mode control used 

in (Méndez, et al., 2014; Méndez, et al., 2015; 

Méndez, 2018 and Méndez, et al., 2019). 

 

Therefore, this article presents the 

analysis of the boost converter used in two 

different photovoltaic systems to carry out a 

comparison between them, implementing a PI 

control system, with the aim of showing that 

with an essential control as this widely used in 

various systems, we can obtain an optimal 

control performance in the event that 

disturbances occur, as if it were to implement a 

more robust control, reducing costs and 

operating times. Also, to make the system more 

efficient in combination with PI control, the 

MPPT Perturb and Observe algorithm is 

implemented, which helps the PV to operate 

more efficiently, as it always looks for the point 

of maximum power. In our application we can 

obtain the control of the input voltage V_PV of 

two different PV panels. Considering the 

parasitic losses that are present in a real system, 

together with the representative non-linearity of 

the PV panels. For this reason, the models of 

both panels are linearized to work around an 

equilibrium point, to obtain the MPPT even 

when presenting disturbances, obtaining as a 

result an optimal response in both systems. The 

analysis is performed with two different panels 

with powers of 85 W and 100 W. For the 85 W 

panel, the article (Méndez et al., 2015) was taken 

as a reference, where the same panel is used. 

 

The objective of this work can be listed 

as follows: 

 

To present a general approach to derive 

the transfer function of the boost-boost DC-DC 

converter and achieve system control on both 

solar panels. 
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Present a PI controller design approach 

for the input voltage of the PV panels to achieve 

a constant output voltage independent of the load 

variation.  

 

Present the implementation of the 

controller using mathematical modelling and the 

control system to verify the results of each 

design. 

 

Demonstrate that with a control such as 

the PI control, satisfactory results can be 

obtained in two types of solar panels with 

different powers, and that these respond 

appropriately in the event of disturbances in the 

system. 

 

To implement together with the PI 

control an MPPT Disturb and Observe algorithm 

to make the system more efficient. 

 

Theoretical analysis 

 

Boost-Boost Converter 

 

The circuit diagram of the boost converter, as 

shown in figure (2), consists of an electronic 

switch which is controlled by a pulse width 

modulation (PWM) signal. The inductor stores 

the energy coming from the source until the Ton 

period when the electronic switch is turned on. 

Meanwhile, when the diode is reverse biased, it 

isolates the output of the circuit and the load 

current is supplied from the capacitor (Méndez, 

et al., 2014). When the electronic switch is off, 

the inductor is discharged and current flows 

through the diode. The output voltage is 

composed of the discharged voltage and the 

instantaneous panel voltage, so it is always 

higher than the input voltage. The switch on and 

off is controlled by the PWM signal 

(Bouchakour et al., 2015). 
 

 
 

Figure 2 Schematic of the boost converter 

Source: Méndez, 2018 

 

 

 

 

 

 

Therefore, for the research presented in 

this paper, one of the elementary converters, the 

boost converter, is used in combination with the 

solar panel and a battery, which will have a 

linear behavior as shown in figure (3) and a PI 

type control is applied together with the MPPT 

Disturb and Observe algorithm. 
 

 
 

Figure 3 Performance of a solar panel and battery with a 

boost converter 

Source: Own elaboration 

 

Analysis of the Photovoltaic Panel, and 

Maximum Power Point (MPPT) 

 

As expressed in (Leuchter, et al., 2012), 

photovoltaic panels are non-linear systems, 

because there is a yield loss that is distributed 

non-linearly and parametrically (with solar 

irradiance and temperature) along the panel 

voltage axis, i.e. the direct application of 

Shockley's equation, 𝐼 = 𝐼𝑜 ∗ [𝑒(
𝑣

𝑛∗𝑉𝑡
) − 1], 

good modelling results are not available for any 

panel, and the main reason is the existence of 

power losses which extend along the voltage 

axis in a non-linear way. 

 

In addition to these facts, the quality of 

the semiconductor material n is also variable and 

depends on the manufacturing process and the 

semiconductor material. Other aspects that affect 

the efficiency of the system are solar radiation 

and temperature, so when connecting to a 

DC/DC converter, it is first necessary to 

linearize the PV panel and then to linearize the 

converter. The technique for linearizing the 

converter in this article is performed using state 

space analysis. For the analysis of the PV 

systems, we use the parameters from the 

specification sheets of each PV system, and the 

classical simplified model of the i-v relationship 

of the PV module as shown in figure (4) 

(Méndez, et al., 2015). 

 

Figure (4) also shows the maximum 

power point, with the temperature and 

irradiation factor and the power factor, which as 

we can see depends directly on external factors 

such as existing weather changes. 
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Due to the above, MPPT algorithms must 

be constantly improved to be more effective and 

accurate so that external changes to the panel do 

not significantly affect it (Méndez, et al., 2014; 

Méndez, et al., 2015; Méndez, 2018 and 

Méndez, et al., 2019). 
 

 
 

Figure 4 Maximum Power Point 

Source: Méndez, 2018 

 

As mentioned above, photovoltaic panels 

must work at maximum power point, for this, 

several systems and techniques must be related 

to take advantage of the maximum energy that 

can be produced, this adaptation must have 

certain particularities such as: good 

performance, feasibility, and a dynamic and 

balanced behavior. As an example of this, figure 

(5) shows the solar panel in operation, the 

sensors for measuring both voltage and current, 

and the integration of the MPPT algorithm 

together with the direct connection to the 

converter, and from the converter to the load, 

which in this case is a battery that has a linear 

behavior.  

 

With this we begin to guarantee the 

obtaining of maximum power, where only the 

control technique is missing, which will help to 

achieve greater precision and ensure 

considerable energy production, even if there are 

sudden changes in temperature, this will be 

translated as existing disturbances in the system, 

so the PI controller will have to operate 

efficiently for optimal work of the PV (Méndez, 

et al., 2014; Méndez, et al., 2015; Méndez, 2018 

and Méndez, et al., 2019. 

 
 

Figure 5 Switched-mode converter with MPPT 

Source: Méndez, 2018 

 

Disturb and Observe algorithm and algorithms 

for obtaining the Maximum Power Point 

(MPPT) 

 

- As presented, obtaining the maximum 

power point MPPT plays a relevant role in 

the efficiency of solar panels, and 

therefore, the development of MPPT 

algorithms becomes paramount. 

 

- One of the most widely used algorithms in 

the literature is the incremental 

conductance algorithm. This method is 

based on the fact that the slope of the power 

curve versus the voltage generated by the 

solar panel is zero at the MPP maximum 

power point, i.e. the maximum power point 

can be traced by comparing the 

instantaneous conductance I/V with the 

incremental conductance ΔI/ΔV. Among 

its advantages is its good dynamic response 

to rapidly changing atmospheric 

conditions. Its main disadvantage is a 

higher complexity in the creation of the 

algorithms compared to other methods. 

Another algorithm mentioned in the 

literature is the constant voltage tracking 

(CVT), this method is based on the 

intensity of light reflected on the solar 

panel, when this light intensity is present, 

the temperature of the panel also changes. 

At that moment the system measures the 

voltage produced from the illumination and 

temperature, and with this it calculates the 

MPP, and makes it work close to it. This 

method presents simple, convenient and 

feasible solutions, but has a disadvantage 

that it does not operate properly when 

sudden temperature changes occur.  
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Another algorithm that is more widely 

used and is the one employed in this work is the 

Disturb and Observe algorithm. As shown in 

figure (6), we have the flow chart of the 

algorithm which shows the principle of this 

method based on modifying (perturbing) the 

operating voltage of the PV array in a certain 

direction. If the extracted power is increased, it 

means that the operating point has moved 

towards the MPP, therefore, the operating 

voltage should continue to be perturbed in the 

same direction. If, on the other hand, the power 

obtained after the perturbation is reduced, it is 

assumed that the system is moving away from 

the MPP and the direction of the voltage 

perturbations must be reversed. The main 

advantage of this method is that it is easy to 

implement. Its disadvantage is that the system 

never operates exactly at the MPP but oscillates 

around it and the power generated is lower than 

the theoretical maximum (Méndez, et al., 2014; 

Méndez, et al., 2015; Méndez, 2018 and 

Méndez, et al., 2019). 
 

 
 

Figure 6 Maximum Power Point Algorithm 

Source: Own elaboration 

 

 

 

 

 

 

 

 

 

 

Solar Panel Linearisation 

 

According to the above, we see the importance of 

having a good MPPT algorithm interacting with 

the various systems involved in a PV, but for the 

mathematical analysis we must linearize the 

behaviour of our photovoltaic panel as shown 

below, starting with the analysis of the classical 

equation of the solar panel, to then implement the 

control system along with the perturb & observe 

algorithm. 

 

The classical solar panel equation as 

shown in equation 1 is as follows: i_pves is the 

current supplied by the PV module, i_s is the 

short circuit current which depends on the 

irradiance, v_pv is the operating voltage of the 

module, I_R*e^a are parameters of the PV 

module which depend on multiple technological 

factors and temperature, as shown in figure (7a).  

 

𝑖𝑝𝑣 = 𝑖𝑠𝑐 − 𝐼𝑅 ∗ 𝑒𝑎∗𝑣𝑝𝑣            (1) 

 

To linearize the system we represent it as 

shown in figure (7b), where the resistor will have 

the same current and voltage as the classical PV 

model as found in equation 2, always working at 

the maximum power point of the MPPT panels.  

 

𝑅𝑝𝑣 =
𝑉𝑚𝑝𝑝

𝐼𝑝𝑣−𝐼𝑚𝑝𝑝
        (2) 

 

 
 

Figure 7a. Figure 7b. Sample of a photovoltaic module 

with current and voltage variation. 

Source: Own elaboration 

 

Based on what has been seen, for the 

analysis of the system the Norton model is used, 

already linearised together with the boost 

converter as shown in figure (8), and thus be able 

to perform the mathematical modelling around 

the MPPT maximum power point as proposed by 

(Hogan, 2014). Circuits comprising arbitrarily 

complicated sets of voltage sources, current 

sources, resistors, capacitances and inductances 

can be represented by Norton equivalent circuits- 
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According to the above, we see the 

importance of having a good MPPT algorithm 

interacting with the various systems involved in 

a PV, but for the mathematical analysis we must 

linearise the behaviour of our photovoltaic panel 

as shown below, starting with the analysis of the 

classical equation of the solar panel, to then be 

able to implement the control system together 

with the perturb & observe algorithm. 
  

 
 

Figure 8 Norton model in a boost converter 

Source: Own elaboration 

 

Mathematical analysis 

 

For the mathematical analysis of the system, the 

objective is to control the input voltage of the PV 

panel and produce the maximum power, based on 

the boost converter and considering the losses in 

both the inductor and the capacitor, adding the 

series resistors in each of the devices. 

 

For the system analysis, it was performed 

at two operating points, according to the 

configuration of the boost converter as shown in 

figure (8). 

 

To obtain the averaged system, we 

analysed the boost-boost converter, first in 

switched mode in its two operations, obtaining 

the following equations: 

 

{
𝑢 = 1 𝑖𝑛 𝑠𝑡𝑎𝑡𝑒 𝑜𝑛 
𝑢 = 0 𝑖𝑛 𝑠𝑡𝑎𝑡𝑒 𝑜𝑓𝑓

 

 

"𝒖 = 𝟏"   Interval 1 (switch closed ON) 

                                                                       

𝐿
𝑑𝐼𝐿

𝑑𝑡
= 𝑉𝐶 + 𝐼𝐶  𝑥 𝑅𝐶 − 𝐼𝐿 𝑥 𝑅𝐿                               (3) 

 

𝐶
𝑑𝑉𝐶

𝑑𝑡
= 𝐼𝐶 =  𝐼𝑃𝑉 − 𝐼𝐿                                              (4) 

 

"𝒖 = 𝟎"   Interval 2 (switch open OFF) 

 

𝐿
𝑑𝐼𝐿

𝑑𝑡
= 𝑉𝐶 + 𝐼𝐶  𝑥 𝑅𝐶 − 𝑉𝑂 − 𝐼𝐿 𝑥 𝑅𝐿               (5) 

 

𝐶
𝑑𝑉𝐶

𝑑𝑡
= 𝐼𝐶 =  𝐼𝑃𝑉 − 𝐼𝐿                                       (6) 

Taking into consideration that the 

generated current I_PV and voltage V_PV of the 

Norton model represented in figure (8) are not 

equations of state as shown in equations (4) and 

(6) in the analysis of the interval when u=1 and 

u=0, these will have to be equated so that the 

current and voltage of the model are equations of 

state, by equating these two variables with 

respect to the Norton model in figure (8) we are 

left with equations (7) and (8): 

 

𝐼𝑃𝑉 =  𝐼𝑆𝐶 −
𝑉𝑃𝑉

𝑅𝑃𝑉 
                                                     (7) 

 

𝑉𝑃𝑉 =  𝑉𝐶 + 𝐼𝐶  𝑥 𝑅𝐶                                               (8) 

 

Substituting equations (7) and (8) into (4) 

we obtain the following equation which is the 

same for both system states: 

 

𝐶
𝑑𝑉𝐶

𝑑𝑡
=

1

𝑅𝑃𝑉 + 𝑅𝐶
(𝐼𝑠𝑐  𝑥 𝑅𝑃𝑉 − 𝐼𝐿 𝑥 𝑅𝑃𝑉 − 𝑉𝐶)        (9) 

 

By performing the relevant operations on 

equations (3) and (5) for the inductor and (9) for 

the capacitor in the boost converter, the averaged 

model looks as follows, where the equations are 

already a function of the system inputs: 

 

𝐿
𝑑𝐼𝐿

𝑑𝑡
=  𝑉𝐶 + 𝐼𝐶  𝑥 𝑅𝐶 − 𝐼𝐿  𝑥 𝑅𝐿 − 𝑉𝑂  𝑥 (1 − 𝑑)           (10)                                                            

 

𝐶
𝑑𝑉𝑐

𝑑𝑡
=

1

𝑅𝑃𝑉+𝑅𝐶
(𝐼𝑠𝑐  𝑥 𝑅𝑃𝑉 − 𝐼𝐿  𝑥 𝑅𝑃𝑉 − 𝑉𝐶)      (11) 

 

For the steady state analysis, we again 

consider the Norton model of figure (8) where 

we study the following points according to the 

electrical structure of the PV system: taking into 

account that the average capacitor current is 

zero, we obtain that the inductor current will be 

equal to the PV panel current and the maximum 

power current, the same would be for the panel 

voltage which will be equal to the capacitor 

voltage and the maximum power voltage, thus 

obtaining the following equations (12 and 13). 

 

𝐼𝐿 = 𝐼𝑃𝑉 = 𝐼𝑀𝑃𝑃                                                    (12) 

 

𝑉𝐶 = 𝑉𝑃𝑉 = 𝑉𝑀𝑃𝑃                                                 (13) 

 

From the above we can also derive the 

duty cycle by equating equation (10) to zero 

resulting in equation (14). 

 

𝐷 = 1 −  
𝑉𝑀𝑃𝑃 − 𝐼𝑀𝑃𝑃 ∗ 𝑅𝐿

𝑉𝑜
                                        (14) 
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Based on the averaged model, the 

equations of state and the steady state analysis, 

we can perform the mathematical modelling 

using the state space analysis, this analysis is 

performed for both solar panels, where we define 

the state vectors x, which are the inductor current 

I_L and the capacitor voltage V_C , the input 

vectors u, which are the duty cycle d the output 

voltage V_O together with the panel current 

I_PV and the control variable y, which is the PV 

panel voltage V_PV as shown in the following 

equation. 

 

𝑥 = [
𝐼𝐿

 𝑉𝐶
] 𝑢 = [

𝑑
𝑉𝑂

𝐼𝑃𝑉

] 𝑦 = [𝑉𝑃𝑉]                      (15) 

 

According to equations (10) and (11) and 

to the vectors presented in (15), the matrix δ 

gives us the relationship between the functions 

and the states, obtaining as a result the 

following: 

 

 𝛿 = [
(

1

𝐿
) ∗ (

−𝑅𝑃𝑉∗𝑅𝐶

𝑅𝑃𝑉+𝑅𝐶
) − 𝑅𝐿 (

1

𝐿
) ∗ (1 −

𝑅𝐶

𝑅𝑃𝑉+𝑅𝐶
)

(
1

𝐶
) ∗ (

−𝑅𝑃𝑉

𝑅𝑃𝑉+𝑅𝐶
) (

1

𝐶
) ∗ (

−1

𝑅𝑃𝑉+𝑅𝐶
)

]             (16) 

 

Taking equations (10) and (11) with 

respect to the input vectors 𝑢 = [
𝑑
𝑉𝑂

𝐼𝑃𝑉

] for the 

matrix β which gives us the relationship between 

the function and the inputs, we obtain: 

 

𝛽 = [
(

1

𝐿
) ∗ 𝑉𝑂      (

1

𝐿
) ∗ (−1 − 𝑑)   (

1

𝐿
) ∗   𝑅𝐶 (

𝑅𝑃𝑉

𝑅𝑃𝑉+𝑅𝐶
)

0     0   (
1

𝐶
) ∗   (

𝑅𝑃𝑉

𝑅𝑃𝑉+𝑅𝐶
)

 ]                     (17) 

 

For the matrix γ, having the variable to 

control 𝑦 = [𝑉𝑃𝑉] in terms of the states 𝑥 = [
𝐼𝐿

𝑉𝐶
] 

we obtain: 

 

 𝛾 = [𝑅𝐶 (
−𝑅𝑃𝑉

𝑅𝑃𝑉+𝑅𝐶
)    1 −

𝑅𝐶

𝑅𝑃𝑉+𝑅𝐶
]                        (18) 

 

For the matrix D, having the variable to 

be controlled 𝑦 = [𝑉𝑃𝑉] on the basis of the 

entries 𝑢 = [
𝑑
𝑉𝑂

𝐼𝑃𝑉

] we obtain: 

 

𝜀 = [0           0       𝑅𝐶 (
𝑅𝑃𝑉

𝑅𝑃𝑉+𝑅𝐶
)]                        (19) 

 

 

 

 

 

As we can see, the state space analysis 

shows us the complete behaviour of the system 

to then obtain the transfer functions for both 

photovoltaic panels, these functions will be 

explained in the following section. 

 

Comparison between Proportional, 

Proportional Integral and Proportional Integral 

Derivative Controls 

 

As we know, to control a variable of a 

switched converter, it is necessary that the 

switched converters have a closed loop control 

system as shown in figure (9), where 4 

components can be observed, 1) the main 

component, which is the switched converter, and 

2) the block that calculates the error of the 

switching converter, 2) the block that calculates 

the voltage error e(t) which is indispensable for 

the comparison of the system between what is to 

be controlled and the error e(t) itself, 3) the 

control component which mainly acts on the 

error by amplifying it and 4) the modulator, 

which transforms the output of the controller into 

digital signals where they are applied directly to 

the switches of the switched converter. The 

modulator block is sometimes considered to be 

part of the controller block or the plant itself 

(Méndez, 2018). 
 

 
 

Figure 9 Control block diagram of a switched regulator 

Source: Méndez, 2018 

 

Based on the above, for the control 

design presented in this research we have to 

consider the following: control the input voltage 

of the solar panel according to the Norton model, 

always looking for the maximum MPPT power 

point together with the control system as shown 

in figure (10), this will be explained in detail in 

the following section. 
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Figure 10 Control block diagram of a switched regulator 

together with MPPT input 

Source: Méndez, 2018 

 

We start with the comparison between 

the different control systems, explaining why the 

PI integral proportional control is the one that 

best suits the needs of the PV system, according 

to the mathematical analysis explained in the 

previous section.  

 

Proportional control panel 85W 

 

When proportional control is applied, we can see 

the following: 

 

Working in closed loop, in figure (11) we 

can see that it is divided into three parts, the step 

response, the geometric place of the roots and the 

Bode diagram: In the Bode diagram we can see 

that when applying the proportional control the 

bandwidth never reaches the final value, which 

is marked by the black line and is the value 

indicated by the control, in the geometric locus 

of the roots we can see that the closed-loop poles 

also do not approach the damping (delimited by 

the black lines) indicated by the control system 

even when changing the value of the 

proportional constant, and although we can see 

that the response over time reaches a certain 

stability, at start-up it tends to be oscillatory, so 

we conclude that proportional control is not a 

good option for implementation in our system. 

 

  
 

Figure 11 Application of Proportional Control 

Source: Own elaboration 

 

Integral proportional derivative control panel 

85W 

 

When proportional integral derivative control is 

applied, we can see the following: in figure (12), 

we can see in the Bode diagram that the 

bandwidth does reach the value marked by the 

control line, but although it complies in this way, 

graphically we can see that the response is not 

optimal, in the geometric location of the roots we 

see that the closed-loop poles are not close to the 

damping marked by the black lines and that it is 

difficult to reach it. The response over time, like 

the proportional control, shows a certain 

stability, but the response at the start of the 

system also shows some oscillation. 
 

 
 

Figure 12 Application of Derivative Proportional Integral 

Control 

Source: Own elaboration 
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Integral proportional control panel 85W 

 

When the proportional integral control is 

applied, we can see the following: 

 

According to figure (13), as with the two 

previous controls, it is shown in the Bode 

diagram that the bandwidth does reach the value 

marked by the control line, as does the PID 

control, but it can be seen that the response is 

optimal, in the geometric location of the roots we 

see that the closed-loop poles are now positioned 

directly on the damping lines marked by the 

control. The response in time presents a stability 

and an optimum response for the control system, 

so we can conclude that the PI control compared 

to the other controls is the optimum in all the 

operating conditions that the control system 

designed. 
 

 
 

Figure 13 Application of Derivative Proportional Integral 

Control 

Source: Own elaboration 

 

Integral proportional control panel 100W 

 

When proportional control is applied, the 

following can be seen: 

 

 

 

 

 

 

 

 

 

 

 

 

In figure (14) as in the 85W panel 

working in closed loop: In the Bode diagram we 

can see that when applying the proportional 

control the bandwidth never reaches the final 

value which is marked by the black line and is 

the value indicated by the control, in the 

geometrical place of the roots we can observe 

that the closed loop poles also do not approach 

the damping (marked by the black lines) 

indicated by the control system, even changing 

the value of the proportional constant we do not 

have a significant approach, and although we see 

that the response over time reaches a certain 

stability, at start-up it tends to be oscillatory, so 

we conclude that the proportional control is not 

a good option for implementation in our system, 

very similar to the behavior in the 85W panel. 
 

 
 

Figure 14 Application of Proportional Control 100 W 

Source: Own elaboration 

 

Integral proportional derivative control 100W 

panel 

 

When proportional integral derivative control is 

applied, we can see the following: 

 

In the same way we analyze the system 

presented in figure (15), very similar to the 

behavior of the 85W panel, so we will 

summarize it a little, the Bode diagram the 

bandwidth does reach the value marked by the 

control line, but although it complies in this way, 

graphically it can be seen that the response is not 

the optimum, in the geometrical place of the 

roots, the closed loop poles are not close to the 

damping marked by the black lines, and the 

response in time as well as the proportional 

control finds some stability but the response at 

the beginning of the system also presents some 

oscillation. 
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Figure 15 Application of proportional integral derivative 

proportional control 100 W 

Source: Own elaboration 

 

Integral proportional control panel 100W 

 

When the proportional integral control is 

applied, we can see the following: 

 

According to figure (16), following the 

same thematic and observing that the behaviour 

of the control is also very similar to the 85W 

panel, we can appreciate that in the Bode 

diagram the bandwidth does reach the value 

marked by the control line, just like the PID 

control but it can be observed that the response 

is optimal, In the geometric location of the roots 

we see that the closed-loop poles are now 

positioned directly on the damping lines marked 

by the control, and the response over time shows 

stability and an optimum response for the control 

system, so we can conclude that the proportional 

integral control is the most optimum for both 

panels as it meets the operating conditions 

required by the control system. 

 

 

 

 
 

Figure 16 Application of integral proportional control 100 

W 

Source: Own elaboration 

 

Implementation of control systems 

 

Based on (Méndez, et al., 2015) for the analysis 

of the first panel we obtain the following 

technical characteristics; the photovoltaic panel 

is an 85 W module, with nominal parameters at 

25ºC and 1 kW / m2 of: 𝐼SC = 5 A, 𝑉oc = 22.1 

V, 𝐼MPP = 4.72 A, 𝑉MPP = 18 V. The second 

panel has the following technical characteristics; 

it is a 100 W photovoltaic panel with nominal 

parameters at 25ºC and 1 kW / m2 of: 𝐼SC = 5.86 

A, 𝑉OC = 22.3V, 𝐼MPP = 5.38 A, 𝑉MPP = 18.6 

V.  After the relevant analyses to obtain the 

parameters of the boost converter, the values for 

each of the components are as follows: L=75μH, 

RL=150mΩ, C=75μF, RC=196.3mΩ. 

 

Obtaining the transfer functions by 

performing the analysis prior to modelling the 

boost converter and linearizing around the 

operating point in both photovoltaic panels is as 

follows: 

 

For the 85W panel 

 

𝐺𝑣𝑑 =
−62641(𝑠+6.791∗104)

𝑠2+4817𝑠+1.776∗108                                  (20) 

 

For the 100W panel 

 

  𝐺𝑣𝑑 =
−62515(𝑠+6.791∗104)

𝑠2+4947𝑠+1.776∗108
                            (21) 

 

 

 

 

 



22 

 Article                                                                                            Journal Electrical Engineering
                                                                                       June 2023, Vol.7 No.18 11-26 

 

 
MÉNDEZ-DÍAZ, Juan Francisco, PERALTA-SÁNCHEZ, Edgar, 

BONILLA-BARRANCO, Héctor and HERNÁNDEZ-SÁNCHEZ, 

Daniel Eduardo. Application of the disturb and observe algorithm 
together with a control system for the boost converter in photovoltaic 
applications. Journal Electrical Engineering. 2023 

ISSN-2523-2517 

ECORFAN® All rights reserved. 

As we can appreciate both transfer 

functions are very similar, both show that the 

system is stable, but they present a negative gain, 

so the system could present some instability, due 

to this, the control design becomes more 

complex, as it is left with positive feedback. The 

control design now must compensate or cancel 

the negative gain of the system, and with this, 

have a stable system. By compensating the gain 

and as shown in the diagrams above from the 

comparison of the different controls we get the 

following transfer functions 

 

For the 85W panel 

 

𝐺𝑐𝑣 =
−1.6317𝑠−6773

𝑠
                                       (22) 

 

For the 100W panel 

 

𝐺𝑐𝑣 =
−1.7511𝑠−1.42∗104

𝑠
                                  (23) 

 

By obtaining the above transfer functions 

and with the control system applied, we observe 

that it is completely stable, which allows the 

objective of the control system to be achieved, 

which is to regulate the input voltage of the 

photovoltaic panel following a reference 

voltage, always looking for the point of 

maximum power. As shown in the following 

graphs, we start with the 85W panel and then the 

100W panel. 

 

As we can see in figures (17) and (18), 

the panel operates properly, which proves that 

the linearisation of the panel is correct, as it is 

above 18V, which is the optimum operating 

voltage of the panel according to its technical 

data sheet, as well as the panel current Ipv with 

a value of 4.72A. We can also observe that it is 

equal to the inductor current, also fulfilling the 

IL steady state analysis. 

 

For 85W panel 

 

Steady state analysis: 
 

 
 

Figure 17 Steady state analysis 

Source: Own elaboration 

Implemented Control System 
 

 
 

Figure 18 Panel Voltage Vpv and Reference Voltage Vref 

Source: Own elaboration 

 

In figure (18) we can see that the control 

operates properly as the panel voltage Vpv 

smoothly follows the reference voltage Vref 

equal to 18V, always guaranteeing the maximum 

power point. 

 

Figure (19) shows a direct disturbance to 

the system simulating a partial shading of the 

solar panel of almost 70%. The control, when 

presented with this disturbance, adapts almost 

immediately and responds again in an optimal 

way, where it is seen that the voltage Vpv of the 

solar panel after the disturbance continues 

without problems to the reference voltage Vref 

always above 18 V, taking into account that the 

disturbance is quite high the control continues to 

respond adequately. 
 

 
 

Figure 19 Disturbance present simulating partial shading 

Source: Own elaboration 

 

Figure (20) shows another disturbance 

where there is an increase in the battery voltage 

due to the load coming from the photovoltaic 

panel and as can be seen there is an increase in 

the output voltage Vo from 24V to 27V and 

again the solar panel voltage Vpv follows 

without any complication the reference voltage 

Vref always over 18V adapting quickly after the 

disturbance. 

 



23 

 Article                                                                                            Journal Electrical Engineering
                                                                                       June 2023, Vol.7 No.18 11-26 

 

 
MÉNDEZ-DÍAZ, Juan Francisco, PERALTA-SÁNCHEZ, Edgar, 

BONILLA-BARRANCO, Héctor and HERNÁNDEZ-SÁNCHEZ, 

Daniel Eduardo. Application of the disturb and observe algorithm 
together with a control system for the boost converter in photovoltaic 
applications. Journal Electrical Engineering. 2023 

ISSN-2523-2517 

ECORFAN® All rights reserved. 

 
 

Figure 20 Second disturbance present in the battery 

Source: Own elaboration 

 

   In the same way as in the 85W solar 

panel, we can see in figures (21) and (22) now 

with the 100W solar panel, that it operates 

properly, which also proves that the linearisation 

of the panel is correct, as it is above 18.6V and 

the panel current Ipv is equal to the inductor 

current IL, also proving the optimal analysis in 

steady state. 

 

100W panel 

 

Steady state analysis 
 

 
 

Figure 21 Steady state analysis 

Source: Own elaboration 

 

Implemented Control System. 
 

 
 

Figure 22 Panel Voltage Vpv and Reference Voltage Vref 

Source: Own elaboration 

 

As in the previous panel in figure (22) we 

can see that the control operates properly as the 

panel voltage Vpv smoothly follows the 

reference voltage Vref now at 18.6V, always 

ensuring the maximum power point, and the 

stability of the system. 

 

In figure (23) we repeat the same 

perturbation that was used in the 85W panel, 

causing a partial shading of the same magnitude, 

but now in the 100W panel. As we can observe 

the Ipv current drops its amperage suddenly and 

considerably, and the control continues to 

operate correctly, showing the good 

performance also for this panel. 
 

 
 

Figure 23 Disturbance present simulating partial shading 

Source: Own elaboration 

 

Following the same tests as for the 85W 

panel, we now show the second disturbance in 

figure (24) for the 100W panel. The battery load 

is increased and we observe that the control 

continues to operate correctly, as the panel 

voltage Vpv continues smoothly at the reference 

voltage Vref now at 18.6V. 
 

 
 

Figure 24 Second disturbance present in the battery 

 

Implementation of the maximum power 

search algorithm perturb and observe 

 

As we have explained, the techniques for the 

application of maximum power algorithms are 

widely used in photovoltaic systems, with the 

aim of improving the performance of the power 

output of the photovoltaic system, by constantly 

monitoring the maximum power point that is 

directly related to the incidence of radiation and 

temperature variability in the solar panel. One of 

the most widely used techniques in photovoltaic 

systems to obtain maximum power is the perturb 

and observe algorithm, because it has several 

advantages, such as low cost and ease of 

implementation. 
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In accordance with what has been seen, 

this article shows the MPPT algorithm based on 

(Méndez et al., 2015), which is the perturb and 

observe algorithm, together with the control 

system already simulated and with the real 

operation of a solar panel. In the following, the 

explanation of the perturb-and-observe 

algorithm is complemented. 

 

The algorithm compares the power 

obtained for two voltage setpoints separated by 

a small voltage differential of ±500 mV. Every 

200 μs the voltage setpoint and power of the first 

point are replaced by those of the second point, 

while the voltage setpoint of the second point is 

obtained by adding the differential to its 

previous value. The algorithm changes the sign 

of the differential each time the power of the 

second point is no longer higher than that of the 

first point. 

 

Following the same format as the 

previous figures, we will start by showing the 

behavior of the 85W panel and then the 100W 

panel including the implementation of the 

algorithm. 

 

For the 85W panel 
 

 
 

Figure 25 Implementation of the algorithm with the 

control system Panel Voltage Vpv and Reference Voltage 

Vref  

 

As we can see in figure (25) by adding 

the MPPT algorithm to the control system, it 

works correctly, as the voltage Vpv smoothly 

follows the reference voltage Vref always 

looking for the maximum power point of the 

solar panel. 

 

 
 

Figure 26 First disturbance present on the solar panel 

simulating partial shading 

 

Figure (26) shows again a direct 

disturbance to the system simulating a shading 

on the solar panel. The control, when presenting 

this disturbance, adapts almost immediately and 

responds again in an optimal way, where it can 

be seen that the voltage Vpv of the solar panel 

after the disturbance follows without problems 

the reference voltage Vref, and always looking 

for the point of maximum power of the MPPT 

system. 

 
For 100w panel 

 

 
 

Figure 27 Implementation of the algorithm with the 

control system Panel voltage Vpv and Reference voltage 

Vref  

 

As with the 85W solar panel, we can now 

see on the 100W solar panel that the control 

together with the application of the MPPT 

algorithm works correctly. 
 

 
 

Figure 28 First disturbance present in the solar panel 

simulating partial shading 
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The same test that was performed for the 

85W solar panel is performed for the 100W 

panel, provoking a severe disturbance simulating 

a partial shading and we can observe in figure 

(28) that the control operates optimally together 

with the MPPT algorithm, always looking for the 

maximum power point. 

 

Conclusion 

 

Following the theoretical analysis and verifying 

with the simulations, we can observe that it is 

possible to regulate the input voltage of the two 

photovoltaic panels with the application of a PI 

controller together with the implementation of 

the perturb and observe algorithm. Using the 

MATLAB tool for the design itself, we can 

deduce that the use of this tool greatly facilitates 

the design of controllers for application in 

switched-mode converters, and that it fulfils the 

objectives set out for this research in an optimal 

manner. It was also found that by implementing 

a conventional PI control we can have the same 

performance of a much more robust control, 

applied to photovoltaic systems, and that in 

conjunction with the algorithm proposed in this 

work, for example, good results are obtained 

regardless of the existence of disturbances, 

always operating at the point of maximum 

power, and as a complement, having other 

advantages such as easy application, reduced 

operating time and reduced operating costs when 

required to implement the model physically. 
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Abstract 

 

To cover the needs of the human being, either electrical or 

thermal energy is used, which causes greenhouse gases 

due to the origin of the energy, since most of it is generated 

by burning fossil fuels. It is necessary to change the source 

of energy for others that are not polluting, that is, for 

renewable energies. In a house, energy consumption is in 

electrical appliances, lighting, air conditioning, 

entertainment equipment, stove and boyler. In a previous 

study, strategies were proposed for the passive air 

conditioning of a house in the Fraccionamiento de Presa la 

Concepción located in Santiago Cuautlalpan, State of 

Mexico, considering the bioclimate of the place. In the 

present study, the photovoltaic system required to cover 

the energy demand of that house is proposed. The 

characteristics of the home are briefly described (location, 

installed load and the bi-monthly consumption reported by 

CFE), the methodology to be followed for the sizing of the 

system and its application. A proposal of solar panels, 

inverter and battery to be used with their respective costs 

is given. 

 

 

Photovoltaic, Energy saving, passive systems 

Resumen  

 

Para cubrir las necesidades del ser humano, se utiliza 

energía ya sea eléctrica o térmica, lo que ocasiona gases 

de efecto invernadero por el origen de la energía, ya que la 

mayor parte de ella se genera por quema de combustibles 

fósiles. Es necesario cambiar la fuente de energía por otras 

que no sean contaminantes, es decir, por las energías 

renovables. En una casa habitación, el consumo de energía 

está en los electrodomésticos, iluminación, aire 

acondicionado, equipos para diversión, estufa y boyler. En 

un estudio anterior, se propusieron estrategias para la 

climatización pasiva de una vivienda del Fraccionamiento 

de Presa la Concepción ubicado en Santiago Cuautlalpan, 

Estado de México, considerando el bioclima del lugar. En 

el presente estudio, se propone el sistema fotovoltaico 

requerido para cubrir la demanda energética de esa 

vivienda. Se describe brevemente las características de la 

vivienda (ubicación, carga instalada y el consumo 

bimestral reportado por CFE), la metodología a seguir para 

el dimensionamiento del sistema y su aplicación. Se da una 

propuesta de paneles solares, inversor y batería a emplear 

con sus respectivos costos. 
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Introduction 

 

The energy consumed in a house is usually 

thermal energy (used for food preparation or for 

heating water for bathing) or electrical energy 

(for household appliances and electronic 

devices), which are generated through fossil 

fuels, which, when burned, generate greenhouse 

gases that cause serious environmental pollution 

problems, such as global warming, climate 

change, changes in ocean currents, rising sea 

levels, etc. It is necessary to look for alternatives 

that allow us to cover our energy needs without 

causing problems to the environment.  

 

The use of air conditioning systems are 

examples of energy consumption in homes, 

where not only the initial investment of the 

equipment is paid, but also the bimonthly 

consumption of the electricity bill. Hernández et 

al (2022) proposed strategies for the passive air 

conditioning of a house in the Presa la 

Concepción housing development located in 

Santiago Cuautlalpan, State of Mexico. With the 

data of the location of the house, the bioclimate 

of the place and the characteristics of the 

building envelope, they determined the 

temperature and hourly humidity tables of the 

place and established the thermal comfort zone. 

They determined the psychrometric process 

involved, the resulting heat balance due to 

sensible heat gains by occupants, equipment, 

solar radiation and environment, and finally, the 

air flow required by the equipment. They 

proposed strategies, considering thermal 

insulation, coatings and passive systems. 

 

The present study, takes up the house 

located in the Presa la Concepción subdivision, 

to dimension a photovoltaic system that is 

capable of covering its electrical energy demand. 

 

Location and climate 

 

The Hacienda la Concepción subdivision is 

located in the vicinity of the La Concepción dam, 

in Santiago Cuautlalpan, State of Mexico, with a 

latitude of 19.685°, longitude of -99.286° and 

altitude of 2,340 m above sea level.  

 

 

 

 

 

 

Solar radiation data were obtained from 

the weatherspark.com page, where statistical 

analysis of historical hourly climatological 

reports and model reconstructions from January 

1, 1980 to December 31, 2016 of the four 

stations near Santiago Cuautlalpan is performed.  

 

The statistical data mention that from 

March 9 to June 6 has the season with the highest 

solar radiation presenting average values greater 

than 6.9 kWh/m2, being April the month that 

receives the highest radiation with average 

values of 7.3 kWh/m2. From November 8 to 

January 25 is the period with the lowest direct 

radiation with average values of less than 5.4 

kWh/m2, with December having the lowest 

average value of 5.0 kWh/m2. Table 1 shows the 

average values of solar radiation and cloud 

cover. 

 
 Jan Feb Mar Apr may jun jul aug sep oct nov dec 

Solar 

energy 

kWh 

5.3 6.2 7.0 7.4 7.2 6.5 6.3 6.2 5.8 5.7 5.3 5.0 

Cloudy % 40 34 35 40 49 75 84 85 87 72 49 44 

Clear % 60 66 65 60 51 25 16 15 13 28 51 56 

 

Table 1 Monthly average incident radiation and 

cloudiness of Santiago Cuautlalpan 

Source:https://es.weatherspark.com/y/5666/Clima-

promedio-en-Santiago-Cuautlalpan-M%C3%A9xico-

durante-todo-el-a%C3%B1o 

 

Characteristics of the house 

 

The property shown in Figure 1 has two levels 

and has a total area of 317.836 m2. 

 

 
 

Figure 1 Facade of the house 

Source: Own elaboration 

 

Table 2 shows a list of the equipment that 

consumes electrical energy at the site, giving a 

total of 3005 W of total installed load. 
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First floor Power W Quantity Subtotal 

W 

40 inch TV 90 1 90 

Blu-ray 34 1 34 

Stove 635 1 635 

Refrigerator 400 1 400 

Washing machine 800 1 800 

Light bulbs 25 12 300 

    Total 2259 

First level Power W Quantity Subtotal 

W 

40-inch TV 90 4 360 

Blu-ray 34 4 136 

Spotlights 25 10 250 

Lap top   3 0 

    Total 746   
Total  3005 

 

Table 2 Equipment installed in the house 

Source: Own elaboration 

 

In order to know the annual consumption 

(KWh) of the house, the electricity bills provided 

by CFE on a bimonthly basis were considered. 

Table 3 shows the data provided by the 

electricity bills for the years 2021, 2022 and 

2023 of the house. 

 
Period KWH $ KWH 

ANUAL 

03 FEB 23 to 04 APR 23 326 $ 569.00 
 

06 DEC 22 to 03 FEB 23 295 $ 431.00 
 

05 OCT 22 to 06 DEC 22 368 $ 732.00 
 

03 AUG 22 to 05 OCT 22 399 $ 851.00 
 

03 JUN 22 to 03 AUG 22 354 $ 657.00 
 

05 APR 22 to 03 JUN 22 340 $ 593.00 2198 

02 FEB 22 to 05 APR 22 358 $ 658.00 
 

02 DEC 21 to 02 FEB 22 379 $ 734.00 
 

06 OCT 21 to 02 DEC 21 347 $ 601.00 
 

02 AUG 21 to 06 OCT 21 435 $ 822.00 
 

02 JUN 21 to 02 AUG 21 361 $ 598.00 2449 

05 APR 21 to 02 JUN 21 377 $ 708.00 
 

02 FEB 21 to 05 APR 21 438 $ 938.00 
 

01 DEC 20 to 02 FEB 21 491 $1,136.00 
 

AVERAGE 376 $ 716.29 2323.5 

 
Table 3 Bimonthly consumption taken from CFE bills 

Source: Own elaboration 

 

Since the pandemic forced people to stay 

in their homes, this increased electricity 

consumption for the year 2021, in order to have 

an estimate without pandemic, for the study we 

will consider the consumption of the year 2022, 

which was 2198 kWh, equivalent to 6022 Wh 

per day. 

 

Methodology 

 

For the sizing of the photovoltaic system, we 

will perform the following: 

 

Determination of the number of 

photovoltaic panels 

 

Determination of the number of batteries 

to be used 

 

Angle of inclination of the panels. 

 

Dimensioning of the photovoltaic system. 

 

To determine the number of photovoltaic panels 

we will use equation 1: 

 

𝑁𝑝 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑊ℎ 𝑥 𝑆𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟

𝑃𝑎𝑛𝑒𝑙 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑊 𝑥 𝑃𝑒𝑎𝑘 𝑠𝑢𝑛 ℎ𝑜𝑢𝑟𝑠 ℎ
                [1] 

 

The average daily consumption is 6022 

Wh, for the safety factor, in the literature it is 

recommended to use values between 1.25 to 1.3, 

so for the study we will use 1.3. 

 

For the power of the photovoltaic panel, 

there is already a great variety of photovoltaic 

panels on the market, which can be 

monocrystalline or polycrystalline. From a 

search, the Greenlux brand monocrystalline 

panel with a power of 540 W and a current of 

9.67 A was selected. 

 

The hours of peak sunshine are the 

number of hours in which we have a hypothetical 

constant solar irradiance of 1000 W/m2 on the 

photovoltaic panel. According to data from the 

Geographic Information System for Renewable 

Energies in Mexico (SIGER IIE-GENC) and the 

Solar Radiation Observatory of the Institute of 

Geophysics of the UNAM, the peak sunshine 

hours for a surface inclined to the latitude of the 

State of Mexico is 6.09 h. Therefore, 

 

𝑁𝑝 =
6022 𝑊ℎ 𝑥 1.3

540 𝑊 𝑥 6.09 ℎ
= 2.38  

 

That is, 3 photovoltaic panels of 540 W 

of power are required.  

 

When designing a photovoltaic system, it 

is necessary to consider backup batteries for the 

use of energy when there is no solar radiation, 

for example at night. To determine the capacity 

of the batteries, equation 2 is considered: 

 

𝐶𝑏 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑥 𝐷𝑎𝑦𝑠 𝑜𝑓 𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦 𝐷

𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑥 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉
          [2] 

 

The autonomy of the system considers 

the time we want to use the capacity of the 

battery when there is no light supply, for the 

study was considered half a day. 

 

Also, from a search in the market, the 

battery that was selected for the system was the 

NM gel 12V - 230Ah, with a depth of discharge 

of 0.6. Therefore, the battery capacity will be: 
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𝐶𝑏 =
6022  𝑊ℎ 𝑥 0.5 𝐷

0.6 𝑥 12 𝑉
= 418.9 𝐴ℎ  

 

The number of NM gel batteries to 

occupy is calculated with equation 3: 

 

𝑁𝐵 =
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐴ℎ

𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐴ℎ
=

418.9 𝐴ℎ

230 𝐴ℎ
= 1.82                  [3] 

 

That is, 2 batteries of 230 Ah are required 

to cover the demand for half a day. 

 

For the installation of the system, the tilt 

angle of the PV panel is calculated with equation 

4: 

 

𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 3.7 + (0.69𝑥𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒)                       [4] 

 

Therefore: 

 
𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 3.7 + (0.69𝑥19.685) = 17.28° 
 

For the location of the house with 

19.685° latitude, the inclination of the 

photovoltaic panel should be 17.28°. 

 

The Huawei top 5 world top 5 inverter 

6.0KWP was selected for the system. 

 

Table 4 shows the approximate costs of 

the selected equipment. 

  
Cost Quantity Subtotal 

Solar panel $ 12,000.00 3 $ 36,000.00 

Battery $   9,000.00 2 $ 18,000.00 

Inverter $ 40,200.00 1 $ 40,200.00   
Total $ 94,200.00 

 
Table 4. System costs 

Source: Own. 

 

Conclusions 

 

The use of renewable energies to reduce the 

consumption of fossil fuels is a good alternative, 

although the investment cost could be high, in 

the long run this cost can be reduced with what 

is no longer paid every two months for the cost 

of energy, in addition, with the support of the 

CFE modality of Home Interconnection 

Contract, the energy generated during the day 

and not used can be sold, for example, when 

everyone goes out to do their daily activities, 

increasing the recovery of the investment. 
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Abstract 

 

This  article presents the analysis and design of a new 

converter that combines the current doubler topology and 

the parallel converter to achieve greater stability and 

effective reduction of ripple in both voltage and current 

parameters. Basically, the DC-DC (Direct Current to 

Direct Current) converter operates with pulse modulators 

to control the current in the desired charging or 

discharging direction. Extensive simulations were carried 

out at nominal values of 48 V and 8.5 A of output, and 100 

V of input to confirm the performance of this converter. 

The approach used has benefits in terms of safety, reduced 

electrical noise, practical implementation for 

interconnecting energy sources with high voltage ratios, 

and increased lifespan of supercapacitors as well as 

batteries. Simulation results are presented and the 

advantages and applications of this new configuration are 

discussed. 

 

 

Supercapacitor, Bidirectional, Energy 

Resumen  

 

Este artículo presenta el análisis y diseño de un nuevo 

convertidor que combina la topología del doblador de 

corriente y el convertidor paralelo para lograr una mayor 

estabilidad y una reducción efectiva del rizo en ambos 

parámetros de tensión y corriente. Básicamente el 

convertidor de CD-CD (Corriente directa a corriente 

directa) operara con moduladores de pulso para dirigir la 

corriente en el sentido deseado de carga o descarga. Se 

realizaron extensivas simulaciones en valores nominales 

de 48 V y 8.5 A de salida, y 100 V de entrada para 

confirmar el rendimiento de este convertidor. El enfoque 

utilizado tiene beneficios en términos de seguridad, menor 

ruido eléctrico, una implementación práctica para 

interconectar fuentes de energía con altas relaciones de 

tensión y un aumento en la vida útil de los 

supercapacitores, así como de baterías. Se presentan los 

resultados de simulación y se discuten las ventajas y 

aplicaciones de esta nueva configuración. 
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Introduction 

 

Today, new technological developments and 

population growth have led to a significant 

increase in global electricity consumption. As a 

result, fossil fuel-based sources of electricity 

such as gas, oil and coal have increased to meet 

the world's electricity consumption. 

Consequently, the environment has been 

adversely affected due to the increase in 

greenhouse gases. One alternative to reduce this 

effect is renewable energy sources (RESs) such 

as solar or wind power. However, due to the 

fluctuating and intermittent nature of RESs, it is 

necessary to equip them with energy storage 

systems (ESS) to improve their overall 

efficiency, reliability, and power quality 

(Hidalgo-Reyes et al., 2019). 

 

For this reason, energy storage devices 

are becoming very essential elements to take 

advantage of these renewable energy sources; 

because their purpose is to store energy for use 

in times when energy is not produced and thus 

increase the efficiency of the system. Among all 

these devices are supercapacitors, which are a 

technology that is capable of delivering high 

power pulses in an instant of time; in addition to 

supporting a large number of charge and 

discharge cycles as well as providing high 

efficiency during this process, but despite this 

they have the disadvantage of being unable to 

maintain the same voltage for a long time. 

(Hidalgo-Reyes et al., 2019), due to the above 

described, power converters are required to 

regulate to a certain desired voltage. 

 

Direct current to direct current (dc-dc) 

converters are now being widely used in such 

applications, since they can be used both to store 

energy and to help the system deliver energy 

when it is not generating it, thus offering greater 

autonomy to power grids, as well as superior 

sustainability to renewable energy sources. 

 

In recent years, different configurations 

of bidirectional DC-DC converters have been 

proposed for supercapacitors. In (Rico-Secades 

et al., 2016) elaborated a one-branch 

bidirectional converter (switch array) for 

charging and discharging two battery modules, 

using complementary pulse modulator (PWM) 

circuits in the transistors used; thus allowing that 

with a small duty cycle the battery is discharged 

and a larger duty cycle will cause its respective 

charge.  

At (Huang et al., 2018; Ibanez et al., 

2013; Kim & Sul, 2006) they propose a 3-branch 

and 4-branch step-up parallel converter, each 

branch uses the same duty cycle, but has an 

offset of 120 and 90 degrees respectively 

between each of them, this with the purpose of 

reducing the ripple of the current in the 

supercapacitors and even if one of the branches 

presents a failure, the system will be able to 

remain operational. In (López-Flores et al., 

2010) present a phase-shifting full-bridge 

converter, in which they use the current doubler 

to be able to deliver a greater amount of current 

while helping to reduce the ripple, although it 

depends on the duty cycle used. There are also 

(Kayaalp et al., 2016; Lai et al., 2016; 

Shreelekha & Arulmozhi, 2016; Zhixiang Ling 

et al., 2015) which use phase-shift control, rather 

than duty-cycle control, thus enabling their more 

efficient use in multiport systems; (Rahimpour 

& Baghramian, 2017; Zakis et al., 2012) use the 

Z-source and Γ-source topologies for greater 

voltage and current stability, while reducing the 

reactive components of the circuit. 

 

The previously analyzed works present 

appropriate activation methods for the switches 

of bidirectional dc-dc converters, and thus 

properly achieve the stability of the operating 

voltage and current at terminals with an 

acceptable ripple in both parameters. However, 

the ripple in the operating voltage and current 

can be variable and higher. 

 

This paper presents a converter in which 

the current doubler topology is used in 

conjunction with the parallel converter topology 

(Figure 1), where the latter will operate at a duty 

cycle close to 0.5. Moreover, complementary 

PWMs circuits are used for a simple and 

efficient control of the charging and discharging 

of a supercapacitor (Not addressed in this paper). 

This approach leads to the following 

contributions: 

 

i. Stability in the operating voltage and 

current of the bidirectional dc-dc 

converter, as well as effective ripple 

reduction in both parameters. This results 

in a positive impact on the lifetime of 

ESS systems (e.g. batteries and SCs). 
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ii. Easy and practical implementation of the 

bidirectional dc-dc converter for 

interconnecting two power sources with 

high voltage ratios (e.g. ESS systems and 

RESs).   

 

The implicit benefits of the approach 

used in the proposed bidirectional dc-dc 

converter are: personnel safety, reduced 

electrical noise. 

 

In this article the following sections are 

presented; in section II a detailed analysis of the 

converter to be studied is made, as well as the 

obtaining of the different values of each 

component of the circuit; in section III the 

simulation results of such proposed circuit are 

presented, as well as the power semiconductor 

devices MOSFETs that were selected; in section 

IV the respective conclusions of the results 

obtained are exposed; and in section V the 

literature used is shown. 

 

DC-DC Converter Analysis and Design 

 

In order to implement the converter, a steady-

state analysis of the converters will be performed 

separately and in a forward direction 

(supercapacitor as a load), taking into account 

that the transistors T3 and T4 (see Figure 1) will 

have duty cycles complementary to T2 and T1 

respectively, and S3 y S4 with respect to S1 and 

S2; the simulation results are presented in the 

following sections. 

 

I. Two-Branch Parallel Converter 

 

The two-branch parallel converter as explained 

above will be used only to decrease the current 

ripple to near zero percent and as this depends on 

the direction in which it will be used, then it can 

operate as a boost or buck converter. 

 

Although in the buck mode and with the 

phases shifted 180 degrees between the two 

branches, then the output current ripple can be 

reduced as far as the duty cycle is increased. The 

maximum point where the current ripple is 

almost zero is when the sum of each duty cycle 

of each branch gives one, i.e., 0.5. 

 
 

Figure 1 Schematic diagram of proposed topologies a) 

half-bridge converter complete with current doubler, b) 

two-branch parallel converter 

Source: Own elaboration 

 

For the design of the proposed converter, 

its voltage gain will be determined first, taking 

into account that the phase shift must be 180 

degrees and the inductors of the same value, so 

analyzing one of the branches is more than 

enough. 

 

When the switch S1 is on the current 

flows through it and the transistor S3 will be off, 

therefore, the inductor current IL1 is increased. 

This increase corresponds to a positive slope 

current ripple at  L1, which can be determined by 

the following equation: 

 

ΔiL1(ON)=
1

L1

(Vy-Vo)D2Ts    (1) 

 

where D2 represents the duty cycle, Ts 

the switching period, Vo the output voltage at the 

supercapacitor and Vy the input voltage. Now 

when the switch S1 is turned off, then the current 

through the inductor L1, is decremented by 

means of switch, S3, resulting in a curl with 

negative slope, and    (2) represents it in 

mathematical form. 

 

ΔiL1(OFF)=
1

L1

(-Vo)(1-D2)Ts    (2) 
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Since both the increase and decrease in 

current ripple is of the same magnitude, 

therefore, the voltage gain can be determined by 

equating the absolute values of    (1) and    (2) as 

defined in (3). 

 
Vo

Vy

=D2 (3) 

  

II. Half-Bridge Converter with Current Doubler 

 

The design consists of four transistors (T1, T2, T3 

and T4), two input capacitors (C1 and C2), one 

output capacitor (Cy) and two output inductors 

(Ly1 and Ly2) and a transformer with two 

windings, as depicted in Figure 1B. The duty 

cycle of the transistors T1 and T2 in which it can 

operate is from 0 to 0.5, above that value a short 

circuit is caused between them. Since the 

inductors are connected to the ends of the 

secondary winding, then their currents will be 

180 degrees out of phase, causing the ripple to 

decrease as the duty cycle increases. 
 

As long as it is held on T2 a voltage of 
Vd

2
 

will be present in the primary, consequently the 

secondary will have a voltage defined at (4) and 

the transistor T3 will remain off, causing in the 

inductor Ly1 an increase of the current 

ILy1
according to (5). 

 

vs=
N2

N1

Vd

2
 (4) 

ΔiLy1(ON)=
1

Ly1

(
N2

N1

Vd

2
-Vy) D1Ts (5) 

 

Taking into account the above 

considerations, it can be calculated the variation 

of the current at Ly1 as long as T3 remains in on 

state (6), 

 

ΔiLy1(OFF)=
1

Ly1

(-Vy)(1-D1)Ts (6) 

 

Performing in a similar way to how it is 

obtained (3) it is possible to obtain the voltage 

dc gain from (7). 

 
Vy

Vd

=
N2

N1

D1

2
  (7) 

 

 

 

As the two converters (Figures 1a and 

1b) are cascaded connected, therefore, the gains 

are multiplied, thus obtaining the gain between 

the output and input voltage as, 

 
Vo

Vd

=
Id

Io

=
1

2

N2

N1

D1D2 (8) 

 

Regarding the value of the capacitor, the 

voltage Vy ripple must be calculated and for this 

it must first calculate the ripple of the current Iy, 

since in the sum of the current of the inductors 

the ripple decreases, then according to the Figure 

2 the output current ripple is determined from 

(9). 

 

ΔIy=
Vy

Ly1fs

(1-2D1) (9) 

 

Therefore, the ripple of the capacitor is 

defined as follows (10). 

 
ΔVy

Vy

=
(1-2D1)

16Ly1Cyfs
2
 (10) 

 
 

Figure 2 Variation of the currents with respect to time in 

inductors Ly1 y Ly2 

Source: Own elaboration 

 

III. Relationship of Inductor Currents to Output 

Current 

 

It is easy to deduce from Figure 1 (b) that Io is 

the sum of the currents of the inductors L1 

yL2and as both currents have the same 

waveform, except that they are 180 degrees out 

of phase; therefore, the average value of the 

output current is equal to the sum of the two 

currents of these inductors which leads to 

significantly reduce the output ripple of Io of the 

two-branch parallel converter. 
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To obtain a mathematical expression that 

relates Io to the current of Ly1
, it is first necessary 

to know the waveform of current that pass over 

S3, which according to Figure 3 the average 

current flowing through S3 can be defined as, 

 

IS3= [
1

2
ΔIL1(1-D2)Ts]

1

Ts
+[IL1̌(1-

D2)Ts]
1

Ts
  

(11) 

 

Simplifying (11) it is obtained the current 

in IS3 as shown, 

 

IS3=IL1(1-D2) (12) 

 
 

Figure 3 Current present in transistor S3.  

Source: Own elaboration 

 

Now for the case of ILy1 it is taken into 

account that it is half of Iy;knowing that the 

average current in a capacitor is zero, then Iy is 

the sum of the currents of S1 and S2, and IL1 is 

the sum of S1 and S3so this relation is defined by 

the next equation. 

 

ILy1=
D2Io

2
 (13) 

  

IV. Maximum Transistor Voltages and Currents 

 

This is done in order to determine the worst-case 

stress on the transistors and thus select the most 

suitable one. For the analysis it should be 

assumed that the maximum duty cycle D1 level 

is 50%. For the voltages in the transistors S1-S4, 

it is easy to detect its maximum voltage since it 

is equal to Vy for all transistors, on the other 

hand for the current it is taken into account that 

when the transistor is in conduction, all the 

inductor current flows through it and because the 

inductor current is half of the output current, then 

this would flow through the transistor, only half 

of the inductor ripple must be added to obtain the 

maximum current as, 

ISmax=
1

2
Iomax+

Vo

4L1fs

 (14) 

 

The maximum voltage across the 

switches T1 and T2 when they are open is equal 

to the input voltage of Vd;the capacitors also 

supply current and have the same voltage as the 

source, so they supply the same amount of 

current Id as the source, so the maximum current 

is defined as follows, 

 

IT2max=IT1max=
1

4

N2

N1

Iomax (15) 

 

From Figure 1 (a) it can be deduced that 

the maximum stress at T3 and T4 is the same as 

Vs, that is to say 
N2

N1

Vd

2
. Therefore, the maximum 

current flowing through these is Iy as expressed 

as, 

 

IT3max=IT4max=
1

2
Iomax+

N2Vd

8N1Ly1fs

 (16) 

 

V. Bidirectional Converter Design 

 

The following design parameters were 

considered for the calculation of all converter 

components: 

 

- Input voltage, Vd=100 V, 

 

- Output voltage, Vo=48 V, 

 

- Switching frequency, fs=40 kHz, 

 

- Output current, Io=8.5 A, 

 

- Current and voltage ripples of 5%, 

 

- Transformer turns ratio, 
N1

N2
=

1

6
. 

 

With the equations defined above    (1)-

(16) it is determine a duty cycle D1 of 32%, 

considering that D2 is always 0.5. Based on the 

current relations and the current ripple formulas, 

the inductances of all the coils can be known, 

which are for L1 and L2 a value of 2.82 mH, and 

for Ly1 and Ly2 a value of 15.36 mH, 

respectively. Finally, the capacitor Cy which is 

determined to have a value of 18.31 nF. 
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For the maximum voltages and currents, 

a duty cycle of 0.5 and an output current of 10 A 

are assumed. In the Table 1 it is shown the 

specifications of the voltage and current values 

of the power semiconductor devices to which 

they will be subjected in the bidirectional 

converter. 

 

Although it must be taken into account 

that in the reverse operation mode (discharge of 

the supercapacitor), the proposed converter 

works as a boost and for a maximum input 

voltage, the duty cycle must be decreased to zero 

(D1 = 0), but as physically the converters have a 

limit point where the voltage starts to decrease. 

For this reason, a duty cycle of 0.1 was selected 

to calculate the maximum voltages in the reverse 

direction of the transistors. T1, T2, T3 and T4, 

except for the others, since they will work with a 

fixed duty cycle of 50%.  

 

There will be no change in the currents 

since Io is assumed as maximum, so a fuse will 

be used to avoid over currents. 

 
Transistors Maximum 

stresses 

Peak 

currents 

Maximum 

stresses 

(Reverse) 

T1 and T2 100 V 15 A 320 V 

T3 and T4 300 V 5.12 A 960 V 

S1 and S2 150 V 5.16 A  

S3 and S4 150 V 5.16   

 

Table 1 Maximum voltages and currents in the converter 

Source: Own elaboration 

 

Simulation results 

 

By means of the simulation tool of the PLECS© 

software, simulation results were performed and 

obtained, which represent the behavior of the 

output voltages and currents, as well as of the 

switches of the proposed converter. These 

simulations are carried out considering the 

design parameters and component calculations 

previously presented. Moreover, it is considered 

that, during the charging process, the 

supercapacitor is replaced with a power resistor 

with a value of 5.65 Ω in forward direction. Also, 

the inductor resistances were considered to be 

0.5 Ω for the inductors Ly and 0.1 Ω for the 

inductors L. 

 
 

Graphic 1 Output voltage and current (Vo, Io respectively) 

Source: Own elaboration 
 

 
 

Graphic 2 Ripples in the output voltage and current 

(forward direction) 

Source: Own elaboration 

 

Because the converter is configured for 

minimum ripple, it can be seen Graphic 1 and 

Graphic 2 (amplified version of Graphic 1), that 

the desired voltages and currents are being 

achieved with a ripple of 0.04% for both. 

 

As shown in Graphic 3 and Graphic 4, 

simulation results confirm that the maximum 

voltages and currents in the semiconductor 

devices are similar to those obtained in Table 1. 

 

With this statement, MOSFETs devices 

can be selected to meet the requirements of the 

stress voltage and current to which they will be 

subjected, as well as the switching frequency 

power semiconductor devices will operate.  

https://www.plexim.com/products/plecs
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In this work, for the switches designated 

with the letter "T", the semiconductor device 

CMF10120D was selected, while for the 

switches designated with the letter "S", the 

semiconductor device IRF640N was chosen. 
 

 
 

Graphic 3 Simulation results of currents of transistors T1-

T4 and S1-S4, as a variation of time 

Source: Own elaboration 

 

 
 

Graphic 4 Simulation results of voltages of transistors T1-

T4 and S1-S4, as a variation of time 

Source: Own elaboration 

 

 

 

 

 

 

 

 

For the case of the reverse operation of 

the proposed converter, the same duty cycle was 

used (D1 =0.32), but the 100 V input source was 

eliminated and replaced by a 100 Ω power 

resistor, and the 5.65 Ω was replaced by a 48 V 

constant voltage source. With the control 

method by complementary PWMs it is achieved 

that, for the same duty cycle, the converter is 

able to operate in two operating directions, as 

shown in Graphic 5 that prove that can be able to 

work in discharge mode; Graphic 5 shows the 

output voltage and current in the resistor of 100 

Ω, that is located in the input of the converter. 

 

 
 

Graphic 5 Simulation results of the output voltage and 

current of converter operating in the reverse mode. Source: 

Source: Own elaboration 

 

Conclusions 

 

In this work, a bidirectional dc-dc converter for 

charging and discharging applications of ESS 

systems (e.g. batteries and SCs) was presented. 

This converter was designed with an approach 

based on cascading two dc-dc converters. The 

first one consisted of an isolated half-bridge dc-

dc converter with current doubler and the second 

one of a two-branch stepped parallel 

bidirectional. Both converters were driven by 

complementary PWM modulation, where in the 

first converter a variable duty cycle was used and 

in the second a fixed 50% duty cycle. The 

simulation results and the approach used 

demonstrated that the proposed converter can 

stabilize the operating voltage and current during 

the charging and discharging process 

management of ESS-based applications (e.g. 

batteries and SCs).  
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In addition, an effective voltage and 

current ripple of 0.04% was achieved. This 

results in a positive impact on the lifetime of ESS 

systems. Finally, the approach used leads to an 

easy and practical implementation of the 

proposed converter in interconnection 

applications of two power sources with high 

voltage ratios (e.g. ESS systems and RESs). The 

latter, due to the implicit advantages offered by 

the galvanic isolation of the first converter used 

in the cascade connection. 
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