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1. Introduction 
 

Aiming for a better efficiency and reliability of electricity distribution service, use and 

integration of different technologies, like solar panels and high capacity batteries, appears 

as an alternative in energy converting systems for grid connected consumers. This kind 

of systems will have to account for maximum generation while integrating devices that 

help measure different electrical variables that allow decision making regarding the 

management of the energy production. In short, these systems will have to ensure energy 

availability at any required moment, with the appropriate tension levels for consumption 

within the household or for grid feeding.   

 

Therefore, one of the key items in the systems is a battery charger converter that allows 

for energy storing from a solar panel input. Because of the solar photovoltaic energy 

production behavior, it is important to remember that energy production is no constant 

and is only available during the day, as can be seen in figure 1. In many cases, energy 

production is above consumption, hence a way to store the energy is needed to allow for 

the benefit of a pulsating energy production that can be save for later usage. 

 

 
Figure 1: Solar panel energy production vs household consumption. Taken from [1]. 

 

For this purpose, the converter must take the energy from the solar panel and feed it to 

the battery while there is enough production. Figure 2 shows the typical curve for a solar 

panel output voltage and current for a fixed irradiance value along with the power curve. 

Because of the solar panel behavior as a current source, the power production will be load 

dependent, thus, a Maximum Power Point Tracker (MPPT) will be needed to assure the 

solar panel output is always at or near the maximum point (MPP) of available power. 
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Figure 2: Solar panel I-V and P-V curve. Taken from [2]. 

 

In the market, most common charging systems offer solutions for Lead acid batteries that 

take its energy input from a series of strings of solar panels, whether it is in series, parallel 

or a combination, to ensure enough tension and current capacity. Many of these integrate 

the MPPT control for each string, allowing for some redundancy in case of partial shading 

or failure. The most known devices are produced by SMA and Fronius, the last also offers 

systems that allow for Lithium Ferro Phosphate charging.    

 

For MPPT control, the most common approach is the perturb and observe (P&O) 

algorithm, because of its simplicity of implementation and hardware requirements as seen 

in [13], but there is also the incremental conductance (IC) algorithm, both base its 

principle of operation in the P vs V curve of the panel, as shown in figure 3. This figure 

shows the change of the MPP with two different irradiance values and a sequence of 

points along each curve that indicate different operating points for a fixed load.  

 
Figure 3: P vs V curve for a solar panel at different irradiance values. Taken from [3]. 
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The P&O algorithm is based on the comparison of power and voltage, basically testing 

for power increments along the curve until it falls below the last value, as can be seen in 

the flow chart of figure 4. Flow chart takes the current voltage and current values to obtain 

the power data, after that, it compares the actual power value with the previous and then 

compares actual voltage with previous one to increment or decrement duty cycle. IC 

algorithm uses the slope of the curve to calculate the action to take, observing in figure 1 

that the slope is greater than 0 to the left of the MPP, less than 0 to the right and 0 at MPP. 

 

 
Figure 4: P&O MPPT flow chart. 

 

As for battery charging control, the most common method is the constant current and 

constant voltage (CC/CV) algorithm that feeds current to the battery until it reaches its 

floating voltage value, and then it switches to constant voltage to equate that of the battery 

inner cells. At figure 5, a simple model of the battery can be seen where the battery 

terminal voltage corresponds to 𝑉𝐵𝐵 and the actual inner cells voltage to 𝑉𝑂𝐶−𝐵𝐵, and at 

figure 6 stage 1 accounts for CC charge and stage 2 for CV. 
 

During stage 1, current is feed to the battery to elevate cell voltage until it reaches nominal 

value, at this point stage 2 holds the voltage value constant and equal to the nominal value 

so to ensure that there will be no current flowing in or out of the battery through the series 

associate resistance. 

 
Figure 5: Battery simplified model. Taken from [2]. 
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For this case, stage 1 corresponding to CC will not be implemented with constant current 

given the behavior of the MPPT algorithm. Because of the input current not being 

constant, output current will also present small variations in its value, thus, meaning that 

the output current will be approximately constant for a given irradiance curve. As the 

irradiance changes, the system will try to follow the MPP and output current will change 

accordingly. 

 

 
Figure 6: CC/CV graph. Taken from [2]. 

 

 

Finally, as compromise with the development and investigation of the impact and 

integration of renewable sources, the Pontificia Universidad Javeriana, with support of 

Colciencias, is working in the project “Sistema de gestión de energía basado en 

almacenamiento para la integración de fuentes fotovoltaicas con regulación de voltaje y 

frecuencia” 718-2015 that involves 3 main subjects: 

 

1. Energy storage:  

a. Study energy storage based on Lithium-ion batteries, avoiding series or 

parallel interconnection, to charge them either from the grid or solar 

panels. 

2. Converter topology: 

a. Study different topologies for AC/DC bidirectional converters that can 

regulate battery state of charge. 

3. New technology of high-speed switching transistors: 

a. Study 2 different types of FETs to increase commutation frequency and 

develop different types of modulation, for determining which is best in 

terms of efficiency, size and price. 

 

The scope of this dissertation will only be focused on the energy storage subject, while 

having in consideration the previous works done with the bidirectional DC/AC converter 

[22], so it can be integrated for its adequate functioning. 



10 

 

2. State of the art 
 

Solar photovoltaic systems for battery charging are mostly used for portable devices with 

lithium cells or for 12 V to 24 V lead acid batteries [4] [5]. Most of those systems use 

solar panels of less than 100 W and do not work with output currents above 6 A [6] [7]. 

Additionally, the systems in [6]  and [7] use more than one converter for the MPPT and 

battery charging stage, because of these reasons, one can not compare the actual system 

to be implemented but it can give a lead as for the appropriate functionality of the battery 

charger. 

 

In the study comparison for charging algorithms in [4], 3 different approaches are tested 

(Intermittent, Three stage (CC/CV) and interrupted charging) with the CC/CV being the 

most suitable one because of its efficiency. For achieving the CC stage, the works in [6]  

and [7] use a buck converter at the output whose input it a boost converter that will assure 

maximum power is being extracted from the panel (MPPT control). 

 

At [8], the author works with a solar module of 210 Wp and makes the implementation 

for a lead-acid battery. The proposed topology is a buck converter that implements P&O 

algorithm with an efficiency above 90%. This is the closest to the system implementation 

done in the following work regarding the input power while charging a 12 V 16 Ah 

battery. 

3. Objectives 

3.1.  Overall aim: 
• Implement one battery charge system for five Lithium-ion (Li-ion) batteries 

with MPPT control with input from five solar panels. 

3.2.  Specific aim: 
• Design and implementation a DC/DC converter to work with an input of a 

solar panel of 285 Wp. 

• Implementation of a MPPT control for a solar panel with characteristics for 

𝑉𝑚𝑝𝑝 = 31.2 𝑉 and𝐼𝑚𝑝𝑝 = 6.41 𝐴. 

• Implementation of a battery charge control for a Li-ion battery of 

characteristics 48 V and 25 Ah.  

4. Theoretical framework 

4.1. Energy storage 
  

Storage elements in electricity generation try to help with the integration of renewable 

sources, that do not offer the same reliability, in terms of the quality of service, as thermo 

o hydroelectric power plants that can generate energy at virtually any given moment as 

needed. Also, energy storage may help with the mitigation of stability problems, 
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assuming there is grid monitoring and sensing that allows for decision making within the 

grid for taking advantage of the distributed generation capability. 

 

Battery storage is one, if not the most, cost-effective method for energy storage in the 

power grid, with 3 main technologies [5]: Lead-acid, NiCd/NiMH and Li-ion. Lead-acid 

is the oldest technology, it does not offer the best energy density, but its low cost makes 

it suitable for applications where bulky systems are not an issue. NiCd/NiMH batteries 

offer a better energy density than lead-acid but have a high self-discharge rate and a 

limitation for deep discharge usage. Finally, Li-ion batteries possesses low discharge 

rates, high energy density and no memory effect, but have an internal resistance that may 

cause problems of heating, thus protections may needed, internal or external, for limiting 

voltage and current that may cause battery failure [6]. 

 

In addition, although there is not a prevailing technology due to the diversity of the 

different needs for different applications, Li-ion battery market has continue to grow, thus 

reducing the cost of this technology, as shown by majority account in the global energy 

storage capacity [7].   

4.2.  Energy generation 
 

Within renewable sources for electric generation, solar photovoltaic is the fastest growing 

technology for the year 2017, being the top source of new power capacity. This grow may 

be attributed to the increasing competence given the rise in energy demand, especially in 

developing countries, a global awareness of climate change and energy access. 

Furthermore, module prices continue to fall, making solar panels competitive with grid 

power in terms of the price per watt, mainly because of the research and development of 

panel fabrication industries with new technologies than help increase module efficiency 

above the 21% margin, for the transformation of irradiation to electricity [7] [8]. 

4.3.  Converter topology 
 

Given that the solar panel output and the battery input must avoid pulsed current, the 

topology for the battery charger must include inductance elements at the input and output 

of the converter to reduce the current ripple. Also, from the specifications at figure 9, one 

can observe that the output voltage is greater that the input, so that the desired converter 

must have a transfer function that allows for voltage boost. 

 

With the previous considerations, the suitable non-isolated converters are restricted to 

Boost and Ćuk converters [9], remembering that Boost topology must include an output 

filter. For that purpose, simulations of the Boost and Ćuk converters where made. Results 

can be seen in the following figures. 
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Figure 7: Boost input and output current in blue and red respectively in the upper side, and input and 

capacitor voltage in red and blue respectively at the bottom. 

 

Figure 7 shows input and output current for the Boost converter at the top and input and 

output voltage at the bottom. At first glance, converter dynamic shows over peaks of 30% 

for current values and over 100% for voltage values. Additionally, settling time is beyond 

the 2 second margin.   

 

 
Figure 8: Ćuk input and output currents in red and blue respectively at upper side, and input and capacitor 

voltage in red and green respectively at the bottom. Blue plot at the bottom accounts for output voltage. 

 

Figure 8 shows input and output current at the top and input, capacitor and output voltage 

for the Ćuk converter at bottom graph. Converter dynamics seems underdamped with 

settling time under 0.1 seconds. 

 

Given the behavior of the converters during the simulation process, Ćuk will be used as 

the DC/DC converter for the final implementation given the fact that its dynamic does 

not present neither overshoot or a long settling time, in relation to the switching period of 

20 µs, and it will only account for one design process that describes system dynamics. 
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5. Specifications 
 

As a first approach, the systems should act independently one from the other, as described 

in figure 9, so that there is an independent system for each battery that manages MPPT 

and charge control. 

 
Figure 9: General system block diagram. 

  

 

The input voltage and current values are taken from a Canadian solar panel reference 

CS6K- 285M [3], as for the output voltage and current, the values are taken from the 

information of the battery [10] and from the equations of the converter dynamics as will 

be shown in the chapter 5. Given that a digital approach will be used for the control, the 

signals must be acquired via Analog to Digital Converter (ADC), normalized to voltage 

levels of maximum 3.3 V and then passed through an optocoupler to ensure there is no 

physical connection of digital and power ground references. 

 

At main control system, MPPT should be active while the battery is discharged and the 

charge controller acting in CC mode (stage 1 of figure 6). When charge voltage is reached, 

MPPT will be deactivated and CV mode will maintain the voltage at the maximum value 

specified in the battery datasheet (floating voltage). For this particular system, given than 

the Li-ion batteries can withstand a charge current of 1C (25 A) [10] there is no need for 

a current sensor to monitor output current, observing that the maximum value does not 

exceed the critical one, thus ensuring the battery will never suffer from over current. 

 

Finally, the converter will be unidirectional, the only purpose of the system is to charge 

the batteries during the day when there is enough radiation, so it will only have to manage 

power flow from the solar panel to the battery when needed, as dictated by the state of 

charge. 
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6. Design 

6.1.  Ćuk converter: 
 

 
Figure 10: Ćuk converter. 

 

Given the characteristics of the input and output elements, listed below, the first part of 

the design is to obtain the equations that describe the behavior of the converter in steady-

state for the 2 commutation intervals in the continuous conduction mode.  

 

15 𝑉 ≤ 𝑉𝑖 ≤ 31.7 𝑉 

450 𝑚𝐴 ≤ 𝐼𝑖 ≤ 8.98 𝐴 

40 𝑉 ≤ 𝑉𝐵 ≤ 58.4 𝑉 

𝐼𝑜𝑚𝑎𝑥 = 25 𝐴 

𝑓𝑠 = 50 𝑘𝐻𝑧 

 

In figure 11 a) and b) the equivalent circuit for each interval is shown, assuming no loss 

elements within the inductance, capacitance and switching devices. These loss elements 

will be accounted in the equations for each interval. 

 

 

 
a) 
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b) 

Figure 11: Equivalent circuit with parasitic elements for a) state I for M1 on and M2 off y b) state II for 

M1 off and M2 on. 

 

 

 

For the first interval, when M1 in on and M2 off (𝐷), the following equations can be 

obtained from the volt-second balance in L1 and L2 and charge balance in C1: 

 

𝑣𝐿1 = 𝑉𝐼 − 𝐼1. 𝑅𝐿1 − (𝐼1 − 𝐼𝑐). 𝑟𝑑𝑠𝑜𝑛1 

 

𝑣𝐿𝑜𝑢𝑡 = (𝐼1 − 𝐼𝑐). 𝑟𝑑𝑠𝑜𝑛1 − 𝐼𝑐. 𝐸𝑆𝑅1 − 𝑉𝐶1 − 𝐼2. 𝑅𝐿2 + 𝑉𝑜 

 

𝐼𝐶1 = 𝐼2 

 

𝐼1 = 𝐼𝑖 

 

𝐼2 = −𝐼𝑂 

 

At second interval, when M1 is off and M2 on (1 − 𝐷), the following is true: 

 

𝑣𝐿1 = 𝑉𝐼 − 𝐼1. 𝑅𝐿1 − 𝐼𝑐 . 𝐸𝑆𝑅1 − 𝑉𝐶1 − (𝐼𝑐 − 𝐼2). 𝑟𝑑𝑠𝑜𝑛2 

 

𝑣𝐿2 = (𝐼𝑐 − 𝐼2). 𝑟𝑑𝑠𝑜𝑛2 − 𝐼2. 𝑅𝐿2 + 𝑉𝑜 

 

𝐼𝐶1 = 𝐼1 

 

𝐼2 = −𝐼𝑂 

 

 

 

Unifying the equations for both intervals and equating to 0 we obtain 

 

(1)   𝑣𝐿1 = 𝑉𝐼 − 𝐼1 . 𝑅𝐿1 − (𝐼1 − 𝐼2). 𝑟𝑑𝑠𝑜𝑛1. 𝐷 − (𝐼1 − 𝐼2). 𝑟𝑑𝑠𝑜𝑛2. (1 − 𝐷) − 𝐼1. 𝐸𝑆𝑅1. (1 − 𝐷) − 𝑉𝐶1. (1 − 𝐷) 

 

(2)    𝑣𝐿2 = −𝐼2. 𝑅𝐿2 + (𝐼1 − 𝐼2). 𝑟𝑑𝑠𝑜𝑛1. 𝐷 + (𝐼1 − 𝐼2). 𝑟𝑑𝑠𝑜𝑛2. (1 − 𝐷) − 𝐼2. 𝐸𝑆𝑅1. 𝐷 − 𝑉𝐶1. 𝐷 + 𝑉𝑂 

 

 

(3)   𝐼𝐶1 = 𝐼2. 𝐷 + 𝐼1. (1 − 𝐷) 
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𝐼2 = −𝐼𝑂 

 

Where one can obtain the general expressions for voltage and current without the parasitic 

elements to facilitate converter design and account for critical values of electrical 

variables.  

 

(4) 𝑉𝑂 =
−𝑉𝐼 .𝐷

(1−𝐷)
 

 

(5) 𝑉𝐶1 =
𝑉𝐼

(1−𝐷)
 

 

(6) 𝐼1 =
−𝐼𝑂.𝐷

(1−𝐷)
 

 

With these equations and the specifications for the converter, the maximum voltage and 

current for each switching devices are obtained. 

 

 Vpico [V] Ipico [A] 

M3 90,1 8,1 

M4 90,1 8,1 

 

 

And from the cases for input and output voltage the duty cycle D range is to fall in 

between the range 

 

0,56 < 𝐷 < 0,8 

 

 

 

 

 

 

Once these values are fixed, a suitable transistor is to be found within specified ranges. 

 

 Vds [V] Ids [A] rdson [mΩ] 

GS61004B 100 45 15 

EPC2016C 100 18 16 

EPC2045 100 16 7 

IRF540N 100 33 44 

 

With the help of the graphical representation of current and voltage for energy storage 

elements, and fixing criteria of the 5% for voltage and current ripple, the values for each 

element are obtained. 
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Figure 12: Current graph for L1 and L2 and C1 voltage. Taken from [9]. 

 

𝐿1 = 5.5 𝑚𝐻 

 

𝐿2 = 409 𝜇𝐻 

 

𝐶1 = 15 𝜇𝐹 

 

For the right core material, using the graph in figure 13 we establish that either 3C94, 

3C96 or 3F3 will suit for the purpose for L1 and L2. 

 

 
Figure 13: Operating frequency vs flux density. Taken from [11]. 

 

 

An ETD59 3F3 ferrite core is chosen because of the availability off-the-shelf, with 

permeability of 2000 N/A2 with effective area of 368 mm2 and dimensions as shown in 

figure 14. 
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Figure 14: ETD59 core dimensions [11]. 

 

 
Figure 15: Coil former dimensions. Taken from [11]. 

 

 

With the RMS current value, once can determine that the adequate wire gauge 

corresponds to AWG 12 with following characteristics. 

 

 Diameter [mm] Resistance [Ω/km] Area [mm2] 

AWG 12 2,053 5,211 3,31 

 

Replacing the values into the equation 𝑁 =
𝑖𝐿.𝐿

𝐴𝑒.∆𝐵
 the number of turns needed, and the 

length of the wire can be estimated. Once obtained, the values are replaced into equation 

for resistance in a conductor 𝑅 = 𝜌.
𝐿𝑒𝑛𝑔ℎ𝑡

𝐴𝑟𝑒𝑎
, where 𝜌 is equal to 1,624x10-8 Ω.m, to obtain 

the estimated series resistance. 

 

𝑁𝐿1 = 337 

𝑁𝐿2 = 15 

 

𝑅𝐿1 = 122.5 𝑚𝛺 

𝑅𝐿2 = 4.9 𝑚𝛺 

6.2.  Ćuk small signal model: 
 

From the original equations shown in last section, and with the numeric values for each 

element, one can replace (1), (2) and (3) and apply circuit analysis for the equivalent 

steady-state circuit model, evaluate efficiency and the AC circuit model. This analysis is 
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done with the complete equations (with parasitic elements) due to the fact that this 

elements will affect converter dynamic behavior and will determine the corresponding 

numerical values for the controller constants. 

 

 

For transistor on resistance 𝑟𝑑𝑠𝑜𝑛1 = 𝑟𝑑𝑠𝑜𝑛2. 

 

𝑣𝐿1 = 𝐿1

𝑑𝑖1

𝑑𝑡
= 𝑉𝐼 − 𝐼1. [𝑅𝐿1 + 𝑟𝑑𝑠𝑜𝑛 + 𝐸𝑆𝑅. (1 − 𝐷)] + 𝐼2. 𝑟𝑑𝑠𝑜𝑛 − 𝑉𝑐. (1 − 𝐷) 

 

𝑣𝐿2 = 𝐿2

𝑑𝑖2

𝑑𝑡
= 𝑉𝐵𝐴𝑇 + 𝐼1. 𝑟𝑑𝑠𝑜𝑛 − 𝐼2. [𝑅𝐿2 + 𝑟𝑑𝑠𝑜𝑛 + 𝐸𝑆𝑅. 𝐷] − 𝑉𝑐. 𝐷 

 

𝐼𝑐 = 𝐶
𝑑𝑣𝑐

𝑑𝑡
= 𝐼2. 𝐷 + 𝐼1. (1 − 𝐷) 

 

𝐼2 = −𝐼𝑜 

 

Supposing AC variations in input and output voltages and currents, duty cycle and C1 

voltage, one should replace the variable with its DC component plus the AC variations as 

𝐴 + �̃�. Rearranging for DC and AC components we obtain. 

 

𝐿1

𝑑𝑖1

𝑑𝑡
= 𝑉𝑖 − 𝐼1. [𝑅𝐿1 + 𝑟𝑑𝑠𝑜𝑛 + 𝐸𝑆𝑅. (1 − 𝐷)] + 𝐼2. 𝑟𝑑𝑠𝑜𝑛 − 𝑉𝑐. (1 − 𝐷) + 𝑣�̃�

+ 𝐼1. 𝐸𝑆𝑅. �̃� − 𝑖1 .̃ [𝑅𝐿1 + 𝑟𝑑𝑠𝑜𝑛 + 𝐸𝑆𝑅. (1 − 𝐷)] + 𝑉𝑐. �̃� − 𝑣�̃�(1 − 𝐷)
+ 𝑖2̃. 𝑟𝑑𝑠𝑜𝑛 

 

 

𝐿2

𝑑𝑖2

𝑑𝑡
= 𝑉𝐵𝐴𝑇 + 𝐼1. 𝑟𝑑𝑠𝑜𝑛 − 𝐼2. [𝑅𝐿2 + 𝑟𝑑𝑠𝑜𝑛 + 𝐸𝑆𝑅. 𝐷] − 𝑉𝑐. 𝐷 + 𝑖1̃. 𝑟𝑑𝑠𝑜𝑛 − 𝑉𝑐. �̃�

− 𝑣�̃�. 𝐷 − 𝐼2. 𝐸𝑆𝑅. �̃� − 𝑖2̃. [𝑅𝐿2 + 𝑟𝑑𝑠𝑜𝑛 + 𝐸𝑆𝑅. 𝐷] + �̃�𝐵𝐴𝑇  

 

 

𝐶
𝑑𝑣𝑐

𝑑𝑡
= 𝐼2. 𝐷 + 𝐼1. (1 − 𝐷) − 𝐼1. �̃� + 𝑖1̃. (1 − 𝐷) + 𝐼2. �̃� + 𝑖2̃. 𝐷 

 

Replacing the corresponding value of 𝑉𝑐 from 𝑣𝐿1 equation and substituting it into 

𝑣𝐿2equation, the relationship between output and input voltage is found. 

 

𝑉𝐵𝐴𝑇 =
𝑉𝑖 . 𝐷

(1 − 𝐷)
−

𝐼1

(1 − 𝐷)
. [𝑅𝐿1. 𝐷 + 𝑟𝑑𝑠𝑜𝑛 + 𝐸𝑆𝑅. 𝐷]

+
𝐼2. 𝐷

(1 − 𝐷)
. [

𝑅𝐿2. (1 − 𝐷)

𝐷
+ 𝑟𝑑𝑠𝑜𝑛 −

𝑟𝑑𝑠𝑜𝑛. (1 − 𝐷)

𝐷
− 𝐸𝑆𝑅. (1 − 𝐷)] 

 

With this result, plus the numerical values for each loss element, the following graph 

account for system efficiency evaluating 2 different values for input voltage. 
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Ćuk transfer function: 

 

With the model equations, and the help of the software Simulink form MATLAB, the 

realization of the equations is represented with blocks that describe the differential 

equations of the energy storage elements in terms of the previously obtained values for 

loss elements and duty cycle range. 

 

 
Figure 16: Block diagram for the system equations of Ćuk converter. 

 

Once the model is simulated and validated with the appropriate values, with the help of 

MATLAB function 𝑙𝑖𝑛𝑚𝑜𝑑() that linearize the model around the operating point when 

the battery voltage is at its minimum (40 V), the transfer functions for each of the state 

variables is obtained in terms of variations in duty cycle D. 

 

𝑖𝐿1

𝑑
=

1,983 ∗ 105. 𝑠2 + 2,534 ∗ 108. 𝑠 − 3,094 ∗ 1013

𝑠3 + 173,2. 𝑠2 + 1,415 ∗ 108. 𝑠 + 1,803 ∗ 1010
 

 

𝑖𝐿2

𝑑
=

−1,983 ∗ 105. 𝑠2 + 2,997 ∗ 108. 𝑠 − 2,446 ∗ 1013

𝑠3 + 173,2. 𝑠2 + 1,415 ∗ 108. 𝑠 + 1,803 ∗ 1010
 

0,40
0,45
0,50
0,55
0,60
0,65
0,70
0,75
0,80
0,85
0,90
0,95
1,00

0,50 0,55 0,60 0,65 0,70 0,75 0,80 0,85

Ef
fi

ci
en

cy

Duty dycle (D)

Theorical converter efficiency

Vp = 31.7 V

Vi = 15.1 V



21 

 

 

𝑣𝐶

𝑑
=

−1,98 ∗ 105. 𝑠2 − 2,33 ∗ 109. 𝑠 − 1,037 ∗ 1011

𝑠3 + 173,2. 𝑠2 + 1,415 ∗ 108. 𝑠 + 1,803 ∗ 1010
 

 

𝑣𝑜

𝑑
=

−9,015 ∗ 109. 𝑠2 + 2,14 ∗ 1013. 𝑠 − 1,081 ∗ 1018

𝑠4 + 7620. 𝑠3 + 1,534 ∗ 108. 𝑠2 + 9,761 ∗ 1011 + 9,479 ∗ 1014
 

 

After validating the model along with the circuit, the fourth equation is used in 

conjunction with the sisotool MATLAB application. The chosen topology will be a PI 

controller in series with the system transfer function as shown in figure 17. From the 

sisotool application the values for the controller are obtained as follow, using the Phase 

Margin criteria with a value of 60°, given a 8° margin over the 52° for a unity peaking 

factor Q as stated in chapter 9 of [9].  

 

𝑃𝐼(𝑠) =  
−2,2957. (1 + 640 ∗ 10−6. 𝑠)

𝑠
 

 

 
Figure 17: PI controlled with the system transfer function for v_o/d. 

 

The step block is configured for an initial value of -48 V with a change in 0,1 s to -50 V, 

at scope 10 the error signal and the output can be seen as shown in figure 18. Error signal, 

in blue, has a maximum overshoot of the step magnitude and a settling time of 195 μs. In 

orange, output voltage changes according to the reference value from -48 V to -50 V. 

 
Figure 18: Error signal in blue and output signal in orange for converter model. 

  
 

The PI controller is implemented with the PID Simulink block, the reference is a step 

signal that changes from -48 to -50. PWM generation block receives the PI output signal 

for generating the complementary output signals that will drive the converter switching 

devices. 
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For the discrete PI controller, the c2d() MATLAB function is used to transform the 

equation from continuous to discrete time, with a sampling period equal to 5 kHz, one 

decade before the commutation frequency of 50 kHz. The obtained controller is of the 

form: 

 

𝑃𝐼(𝑍) =
1,423 × 10−3 − 1,01 × 10−3. 𝑍

𝑍 − 1
 

 

The circuit in figure 19 shows the Ćuk converter with the discrete PI implementation, 

where the block Control Discreto holds the components shown in figure 20. 

 

 
Figure 19: Ćuk converter with discrete PI controller. 

 
Figure 20: Discrete PI controller. 

 

The simulation results for the circuit can be seen in figure 21, for the voltage error signal 

and Vo. The variations in the behavior of the signals can be attributed to the discretization 

itself, where the sampling period for the discretization affects the system dynamics. 

 

 
Figure 21: Voltage error signal in blue and Vo in orange for Ćuk converter with discrete PI controller. 

 

To ensure the designed controller will work when the system dynamics change, a 

simulation of the discrete PI controller is done with the linearize model for 3 more cases, 

with the battery voltage at 44 V, 48 V and 58.4 V. Figure 22 shows the error voltage 
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signal for the 4 cases, indicating the battery voltage for the linearize model. A reference 

signal is generated with the Signal Builder block that generates 5 different references (40 

V, 44 V, 48 V, 50 V and 58.4 V). 

 

 
Figure 22: Voltage error signal for different linearize models. 

 

From figure 22 one can see that the PI controller is less effective as the value of the battery 

voltage grows, given that model deviation is getting bigger. The maximum overshoot 

grows, and the oscillation is more pronounced, but the PI controller manage to control the 

system. 

7. Implementation and Results 
 

In the following section the hardware and software implementation will be presented, 

gradually fulfilling each one of the specific objectives. At first, the converter will be testes 

at open loop for the rated power input value, after that MPPT P6O algorithm will be 

develop in C language code for the chosen device and tested with the Ćuk converter, 

following subsection will show the design and implementation of the general control 

system and finally, battery CV stage will be presented. 

7.1.  Open loop Ćuk converter: 
 

At first, a simple printed circuit board (PCB) that holds the Ćuk converter plus the gate 

driver, optocouplers and required power supplies will be tested. The PCB distribution can 

be seen in figure 22, where the upper parts represents the converter, the middle one the 

gate driver and lastly, at the bottom, the optocouplers for the input signals. 
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Figure 23: First PCB for Ćuk converter topology. 

 

The first test will guarantee that the converter can withstand an input from a solar panel 

of at least 200 Wp, for this purpose the PPPE (Photovoltaic Power Profile Emulator) 

software alongside MagnaPower power supply will be configure as a solar panel with the 

CS6K-285 M [3] characteristics for a series of irradiances. The Graphic User Interface 

(GUI) can be seen in figure 23, at right hand side the application displays the chart for 

voltage vs current, at upper right one can input the irradiance and temperature for the 

model, at left hand side the different values for open circuit voltage, short circuit current 

and MPP voltage and current, plus temperature coefficients, must be filled and at bottom 

the characteristic panel curve will be plotted.    
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Figure 24: PPPE GUI for solar profile configuration. 

 

In conjunction with the MagnaPower series supply, the programmable DC electronic load 

BK PRECISION 8502 [25] will act as the battery at the converter output, working in 

constant voltage mode for different values that will emulate the battery state of charge.  

 

The following chart accounts for the values of system input and output power, with the 

conduction losses over the inductances and the estimate conduction and commutation 

losses for each MOSFET. Given that the aim of the test is to corroborate proper 

functioning, the system is tested at open loop, so the corresponding values for duty cycle 

D is shown in the chart for each case.  

 

 
The cases in white background correspond to a 500 W/m2 emulation while blue ones to a 

1.000 W/m2 irradiance. The output voltage is fixed at 40 V so the tests can account for 

the critical value when the battery is at its lowest charge. 
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The graph above shows 5 measurements for a fixed duty cycle for 5 different irradiance 

values. The given duty cycle value is, or is close to, the MPP. The following figures, from 

24 to 28, show input and output voltages and currents along with the input power. At the 

left side, the average measures for each of the 4 variables mentioned, plus the input and 

output power can be seen using the oscilloscope average build in functions. 

 

 
 

The previous graph shows the comparison between the efficiency values for the model 

obtained vs the open loop converter efficiency measurements. The variations can be 

attributed to the fact that the model only accounts for the conduction losses and not the 

commutation ones, that occur at every interval during the transition from ON-OFF state 

and vice versa for each transistor.    

 

Input voltage and current signals correspond to yellow and blue traces, respectively, 

output voltage and current signals are shown in green and red, average input power is 

shown in the pink trace. The current traces correspond to L1 and L2 currents, where input 

current is the average value for 𝑖𝐿1 and output current of −𝑖𝐿2. 
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Figure 25: Ćuk performance at 200 W/m2. 

 

Figure 24 shows performance with an emulated profile of 200 w/m2 with an input power 

of around 52 W and 38.25 W at the output. Battery voltage is at its minimum, 

corresponding to 40 V. Input current equals 1.78 A while output current has a magnitude 

of 952.3 mA, accordingly to behavior given by equation (6). 
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Figure 26: Ćuk performance at 400 W/m2. 

 

Figure 25 corresponds to an emulated profile of 400 W/m2, where input power is 107.7 

W and output power 78 W. Because of the irradiance increments, input current will rise 

until the final emulation profile of 1000 W/m2. For the given graph, input current 

corresponds to 3.6 A and output current to 1.94 A. 
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Figure 27: Ćuk performance at 600 W/m2. 

 

Figure 26 accounts for a 600 w/m2 profile with input power of 167.6 W and output power 

of 120.1 W, input current of 5.5 A and output current of 2.98 A. 

  

 
Figure 28: Ćuk performance at 800 W/m2. 

Input voltage 

 
Input current 

 

Output voltage 

 
Output current 

 

Output power 

 

Input power 

Input voltage 

 

Input current 
 

Output voltage 

 

Output current 
 

Output power 

 

Input power 



30 

 

Figure 27 shows an input power of 220.22 W and output power of 153.5 W. From this 

figure we satisfy the first objective for designing and implementing a converter able to 

withstand and input power of 200 W. Input current values is 7.1 A and output current 

3.83 A. 

 
Figure 29: Ćuk performance at 1000 W/m2. 

 

Finally, figure 28 account for the maximum irradiance profile for the aim of the project, 

with an input power of 265.7 W and output power of 183.73 W. It is important to 

remember that output power is dependent of the battery state of charge and that for a 

given irradiance profile input power will be held constant during MPPT, hence output 

power will increment gradually as the battery charges. 

7.2. MPPT P&O algorithm: 
 

From the flow chart of figure 29, obtained from the analysis of the solar panel power for 

a given irradiance, the code for the P&O algorithm can be written.  
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Figure 30: MPPT P&O algorithm flow chart. 

 

The algorithm implementation is done in a Texas Instrument launch pad board 

LAUNCHXL-F28379D with a TMS320F28379D microcontroller unit (MCU), the same 

that was used to generate the PWM signals for the open loop tests, plus the MagnaPower 

series as a solar panel emulator and the programmable DC electronic load.   

 

The following charts show the data obtained from the MPPT tests for 3 different 

irradiances (200 W/m2, 600 W/m2 and 1.000 W/m2) with a duty cycle steps of 1% for the 

pulse width with an output voltage a 40 V, where the yellow curve represents the solar 

panel voltage and the blue curve the current. 
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Figure 31: MPPT for a 200 W/m2 curve. 

Figure 30 shows the variations that input voltage and current suffer from the P&O 

algorithm. At first sight, one can corroborate that the system is working properly noting 

that as voltage value increases, current value decreases, according to the solar panel curve 

from figure 2, thus, keeping the input power constant for a hole period of MPPT control. 

 

Comparing figure 24 and 30 will help to ratify the fact that input power is constant, 

remembering that figure 24 has a time scale of 20 µs per division while figure 30 is 10.000 

times greater. 
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Figure 32: MPPT for a 600 W/m2 curve. 

Figure 31 shows MPPT behavior for a 600 W/m2. Note that input voltage it kept almost 

constant while current value increments accordingly with figure 26. 
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Figure 33: MPPT for a 1000 W/m2 curve. 

 

Figure 32 account for the maximum irradiance emulated profile, and as previous figures, 

it is coherent with the values for current shown in figure 28. 

 

From figures 30 to 32 execution time can be estimated at around 100 ms, including the 

ADC acquisition as shown at figure 9, the P&O algorithm and the subsequent 

comparisons for the finite state machine. The above account for the fulfillment of the 

second specific objective for the implementation of the MPPT control for the solar panel 

specifications given by CS6K- 285M. 

7.3.  General control system: 
 

At figure 33, a finite state machine (FSM) for the control system is shown for managing 

the activation of MPPT and CV charge control according to the state of the battery and 

the panel production energy. 
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Figure 34: Control system finite state machine 

  

 

The signal SIS_ON acts as a system enabler for the overall battery charge system, until 

the signal is inactive the hold state will be maintained. Once the signal is activated, a 

comparison of the solar panel voltage will take place for identifying if there is enough 

radiation for the system to do a soft start, in which case a comparison of the battery state 

of charge will indicate if it is below floating voltage or not. Soft start is implemented 

within the PWM ON state making small increments to the duty cycle D until it reaches 

the minimum value according to the calculations in section 5.1. 

 

If the battery voltage V_Bat is below nominal value, MPPT will be activated until the 

battery is charge or there is not enough radiation. This comparison will use the solar panel 

current I_P (equal to input current 𝐼𝑖) given the relationship that exists between solar panel 

current and irradiation. If battery is already at nominal charge, constant voltage (C.V.) 

control will be activated for keeping the battery at floating voltage until charge is 

completed. 
 

Given the case that battery is fully charged during SIS_ON operation, MPPT state will 

change for C.V. the same way it will change to MPPT from C.V. if the battery voltage 

falls below nominal charge. 

 

Finally, PWM OFF state will ensure that the converter interrupters are held open when 

there is not enough radiation, or the system is deactivated, so that there is no saturation in 

any energy storage element and preventing from short circuiting the whole system.  
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Finite state machine implementation in C language can be seen at appendix B with the 

corresponding definitions and comparisons for each transition. The corresponding time 

for each transition is estimated at 100 ms from the duty cycle value changes measured 

with the oscilloscope, this time includes the FSM execution, transition comparisons and 

ADC acquisition. 

 

From figure 34, final implementation for the power PCB of the Ćuk converter can be 

seen. Following the same structure of the one in figure 22, power traces and converter 

commutation cell are held at the high center part (shadowed area) while sensing elements 

are kept to the lower side near the digital ground plane that came from the MCU. 

Additionally, the PCB uses the battery to obtain the supply voltages for all the sensing 

elements to operate correctly. 

 

 
Figure 35: PCB with Ćuk converter plus voltage and current sensors and required power supplies. 

7.4.  Battery charging:  
 

For the charging test, battery is connected as shown in the schematic remembering that 

the Ćuk converter has its output inverted according to the Vo convention use to make que 

circuit analysis.  

 

From figures, battery voltage can be seen in green and output inductance is red. As the 

current in driven to the battery, his voltage increases until the requirements for C.V. 

charge are meet, in which case the finite state machine will change and maintain floating 

voltage at the battery terminals. 

 

Following graph displays the different battery voltages for circuit validation tests and its 

current according to the irradiance curve. 
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Figure 36: Battery voltage and output inductance current at 200 W/m2. 

 

Figure 35 shows converter performance with an emulated profile of 200 W/m2 when 

battery has reach floating voltage and it is held at C.V stage. Comparing current value, of 

754.22 mA, with the one from figure 24 at 952.3 mA will help to understand the change 

from MPPT to C.V., given the fact that at the last stage the voltage across the battery 

terminals will be just slightly higher than the actual value for the battery cells inside it. 
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As stated above, current value at C.V. stage will be less than that of MPPT because the 

duty cycle D will be practically fixed at the value for achieving a constant output voltage 

as determine by equation (4). 

 
Figure 37: Battery voltage and output inductance current at 400 W/m2. 

 

Figure 36 accounts for a value of 1.62 A at the output, 300 mA below the one in figure 

25 where MPPT algorithm was being executed. 
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Figure 38: Battery voltage and output inductance current at 600 W/m2. 

Figure 37 also shows a decrement in the output current of arround 300 mA according to 

figure 26. This is because for each irradiance values, the duty cycle is now fixed at the 

same value, so the only variable changing is the irradiance, hence, input current value. 
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Figure 39: Battery voltage and output inductance current at 800 W/m2. 

Figures 38 and 39 shown the same behavior of previous ones with comparison to figures 

27 and 28. Small variations at output voltage will present if the system detects that the 

battery voltage starts decreasing between the range of floating and nominal voltage, this 

is because of the action of the PI voltage controller.  
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Figure 40: Battery voltage and output inductance current at 1000 W/m2. 

  

At figure 40 a capture of the battery voltage and current at C.V. state is shown for an 

irradiance curve of 600 W/m2. In this case, duty cycle will be kept constant to maintain 

charge state until the battery starts discharging and conditions are meet for the transition 

to MPPT state.  
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Figure 41: C.V. state for an irradiance curve of 1000 W/m2. 

 
 

Figure 42: State change from MPPT to C.V. 
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Figure 41 shows the transition between MPPT and C.V. state. As can be seen, input power 

decreases because varying duty cycle D during MPPT will now have a fixed value. 

 

 
Figure 43: MPPT control for different irradiance values. 

 

Figure 42 accounts for the MPPT state behavior at irradiance changes from 200 W/m2 to 

400 W/m2 and 600 W/m2, following the given MPP for the corresponding irradiance 

curve. 

6.5  Final Implementation: 
 

Figures bellow show the PCB for the power stage of the system. The main circuit holds 

the Ćuk converter along with signal sensing for MPPT and C.V. control plus the required 

power supply for adequate functioning and signal acquisition.  

 

Control signals arrive to a pair of optocouplers and then they pass through the gate driver, 

voltage sensing signals are also isolated via isolated operational amplifier while current 

signal is passed directly to the digital control PCB given the fact that it is polarized with 

the same reference as the MCU and it is a hall effect current sensor. 
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Figure 44: Ćuk converter PCB. 

 

The main PCB for the digital system holds all the PWM outputs and analog inputs plus 

some male connectors for the 3.3 V and 5.0 V supplies. All the analog input ports are 

connected within the PCB with the respective RC filter and the PWM connectors include 

a third pin for the shielding screen of the cables that carry the signals. 
 

 
Figure 45: Control and Ćuk converter PCB integration. 
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Figure 46: Li-ion battery charging system final circuit implementation. 

7. Conclusions 
 

Summing up, all the 3 specific objectives have been fulfilled for each one of the DC/DC 

converters working independently with a solar panel for each of them. From figure 27 we 

show that the converter withstands an input power of 200 W, figures 30 to 32 account for 

the implementation and performance of the MPPT algorithm, as for the battery charge 

control, figures 35 to 39 serve as evidence that the C.V. stage works accordingly, with 

the MPPT state acting as the C.C. stage. 

 

Figure 42 shows the system behavior for different irradiance values at MPPT state. As 

seen, the system search and follows the appropriate MPP for each of them. 

 

The system will work for the 5 converters independently, because of this, it can be 

implemented with 5 different digital systems or it can be managed by a central processor 

unit with the appropriate number of Analog inputs for the ADC and PWM outputs for 

transistor control. 

 

As part of the project “Sistema de gestión de energía basado en almacenamiento para la 

integración de fuentes fotovoltaicas con regulación de voltaje y frecuencia”, the whole 

system will work in parallel with a multilevel inverter as support for the battery charging, 

charging them during the day as long as the irradiance is sufficiently high. 

 

For future work, both systems, battery changing and multilevel inverter, will have to be 

connected and probe alongside. For this purpose, the code of both are implemented in the 

same Microcontroller unit (MCU) and the whole implementation of the battery charging 

system is included in a C function that acts as the finite state machine. 

 

Additionally, because every charging circuit works independently, the output inductance 

does not share the same core. This restricts the systems to charge only one of the batteries 
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at a time. Given the case that output inductances are couple within the same core, all the 

circuits will help charge all the batteries in parallel, prioritizing the ones with less voltage. 
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Appendix A 

 Open Loop Performance Charts 
 

Vi 

[V] Ii [A] 

Vo 

[V] 

Io 

[A] Pi [W] Po [W] η 
D rx RL1 RL2 rdson 

15.1 

3.33 18.33 2.62 49.95 47.95 0.96 0.56 0.29 

0.270 0.260 0.044 

3.33 21.41 2.22 49.95 47.53 0.95 0.60 0.28 

3.33 26.30 1.79 49.95 47.16 0.94 0.65 0.28 

3.33 32.87 1.43 49.95 46.91 0.94 0.70 0.27 

3.33 42.10 1.11 49.95 46.73 0.94 0.75 0.28 

3.33 52.69 0.89 49.95 46.64 0.93 0.79 0.28 

4.88 17.97 3.83 73.20 68.90 0.94 0.56 0.29 

4.88 20.90 3.25 73.20 68.01 0.93 0.60 0.28 

4.88 25.58 2.63 73.20 67.21 0.92 0.65 0.28 

4.88 31.88 2.09 73.20 66.67 0.91 0.70 0.27 

4.88 40.75 1.63 73.20 66.29 0.91 0.75 0.28 

4.88 50.94 1.30 73.20 66.09 0.90 0.79 0.28 

6.25 17.65 4.91 93.75 86.69 0.92 0.56 0.29 

6.25 20.46 4.17 93.75 85.23 0.91 0.60 0.28 

6.25 24.94 3.37 93.75 83.93 0.90 0.65 0.28 

6.25 31.00 2.68 93.75 83.03 0.89 0.70 0.27 

6.25 39.56 2.08 93.75 82.42 0.88 0.75 0.28 

6.25 49.40 1.66 93.75 82.08 0.88 0.79 0.28 

Chart 1: Efficiency analysis Vi = 15.1. 

Vi 

[V] Ii [A] Vo [V] 

Io 

[A] Pi [W] Po [W] η 
D rx RL1 RL2 rdson 

31.7 

3.33 39.58 2.62 105.56 103.56 0.98 0.56 0.29 

0.270 0.260 0.044 

3.33 46.46 2.22 105.56 103.14 0.98 0.60 0.28 

3.33 57.32 1.79 105.56 102.77 0.97 0.65 0.28 

3.33 71.84 1.43 105.56 102.52 0.97 0.70 0.27 

3.33 92.20 1.11 105.56 102.35 0.97 0.75 0.28 

3.33 115.51 0.89 105.56 102.25 0.97 0.79 0.28 

4.88 39.22 3.83 154.70 150.39 0.97 0.56 0.29 

4.88 45.95 3.25 154.70 149.50 0.97 0.60 0.28 

4.88 56.59 2.63 154.70 148.71 0.96 0.65 0.28 

4.88 70.84 2.09 154.70 148.16 0.96 0.70 0.27 

4.88 90.85 1.63 154.70 147.79 0.96 0.75 0.28 

4.88 113.77 1.30 154.70 147.58 0.95 0.79 0.28 

6.25 38.91 4.91 198.13 191.07 0.96 0.56 0.29 

6.25 45.51 4.17 198.13 189.61 0.96 0.60 0.28 

6.25 55.95 3.37 198.13 188.31 0.95 0.65 0.28 

6.25 69.97 2.68 198.13 187.41 0.95 0.70 0.27 

6.25 89.66 2.08 198.13 186.80 0.94 0.75 0.28 

6.25 112.23 1.66 198.13 186.46 0.94 0.79 0.28 

Chart 2: Efficiency analysis Vi = 31.7. 
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Appendix B 

 Finite State Machine Code 
 

Finite state machine of general control system: 

 
/*Definiciones máquina de estados*/ 
#define EST_ESPERA      0x00 
#define EST_COMP_V_P    0x01 
#define EST_PWM_ON      0x02 
#define EST_MPPT        0x03 
#define EST_CV          0x04 
#define EST_PWM_OFF     0x05 
 
/*Definiciones generales*/ 
#define SIS_ON         0x01 
/*Manejo salidas de PWM*/ 
#define PWM_COMPLE     00 /*Configuración para las slaidas complementarias*/ 
#define PWM_FIJO       10 /*Configuración para las salidas en el mismo 
nivel*/ 
/*Manejo variaciones enel ciclo útil*/ 
#define TAM            50 
#define TAM_D          3 
#define Delta_1        0 
#define Delta_5        1 
#define Delta_10       2 
#define D_OFF          0 
#define D_Min          575 
#define D_Max          815 
#define Cambio_Max     2 
/*Manejo controlador PI para voltaje constante*/ 
#define V_D_Min        1.67 
#define V_D_Max        2.69 
 
/*Definiciones para transición de estados, MPPT y CV*/ 
#define V_P_Min        15.0 
#define I_P_Min        0.5 
#define V_Bat_Min      40.0 
#define V_Bat_Nom      48.0 
#define V_Bat_Max      50.4 
#define P_P_Min        3.0 
// 
// Globals 
// 
Uint16 AdcaResult0 = 0; /*V_P*/ 
Uint16 AdcaResult3 = 0; /*V_Bat*/ 
Uint16 AdcbResult0 = 0; /*I_P*/ 
Uint16 AdcbResult3 = 0; 
Uint16 AdccResult0 = 0; 
 
Uint32 EPwm2TimerIntCount; 
Uint16 EPwm2_DB_Direction; 
 
char Hab = ~SIS_ON, estado = EST_ESPERA; 
/*515 0,5 / 665 0,65 / 715 0,7 / 815 0,8*/ 
int D = 115, Delta_D = 0, Arr_D[TAM_D] = {10,50,100}; 
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double V_P = 0.0, V_Ant = 0.0, I_P = 0.0, P_P = 0.0, P_Ant = 0.0, V_Bat = 
0.0, V_Bat_Comp = V_Bat_Nom; 
double V_D = 0.0, V_D_Ant = 2.0, V_Err = 0.0, V_Err_Ant = 0.0; 
double Kp = -0.001469, Ki = 0.001423; 

 
/*Máquina de estados del sistema*/ 
void Sistema_General(){ 
    switch(estado){ 
    /*Estado espera mantienen apagado el PWM hasta que se habilite la máquina 
con la señal de control general Hab*/ 
        case EST_ESPERA: 
 
            EPwm2Regs.CMPA.bit.CMPA = D_OFF; 
            EPwm2Regs.DBCTL.bit.OUTSWAP = PWM_FIJO; 
 
            if(Hab == SIS_ON){ 
                estado = EST_COMP_V_P; 
            } 
            else{ 
                estado = EST_ESPERA; 
            } 
            break; 
    /*Estado comparación Voltaje de panel mantiene PWM apagado hasta que 
detecta sufuciente nivel de tensión a la entrada para encender el 
convertidor*/ 
        case EST_COMP_V_P: 
 
            EPwm2Regs.CMPA.bit.CMPA = D_OFF; 
            EPwm2Regs.DBCTL.bit.OUTSWAP = PWM_FIJO; 
 
            if((Hab == SIS_ON) && (V_P >= V_P_Min)){ 
                estado = EST_PWM_ON; 
            } 
            else if((Hab == SIS_ON) && (V_P < V_P_Min)){ 
                estado = EST_COMP_V_P; 
            } 
            else if(Hab != SIS_ON){ 
                estado = EST_ESPERA; 
            } 
            break; 
    /*Estado PWM_ON enciende el PWM de manera progresiva (arranque suave) 
hasta el nivel de ciclo útil mínimo*/ 
        case EST_PWM_ON: 
 
            EPwm2Regs.CMPA.bit.CMPA = D_Min; 
            EPwm2Regs.DBCTL.bit.OUTSWAP = PWM_COMPLE; 
 
            if(D < D_Min){ 
                D += Arr_D[Delta_5]; // Incrementos de 5%. 
                estado = EST_PWM_ON; 
            } 
            else if((Hab == SIS_ON) && (V_Bat < V_Bat_Nom)){ 
                estado = EST_MPPT; 
            } 
            else if((Hab == SIS_ON) && (V_Bat >= V_Bat_Max)){ 
                estado = EST_CV; 
            } 
            else if(Hab != SIS_ON){ 
                estado = EST_PWM_OFF; 
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            } 
            break; 
    /*Estado MPPT se encarga de mantener máxima potencia en la entrada del 
convertidor mientras la batería esté descargada*/ 
        case EST_MPPT: 
 
            /*Algoritmo P&O*/ 
            if(P_P > P_Ant){ 
                if((V_P > V_Ant) && (D > D_Min)){ 
                    D -= Delta_D; 
                } 
                else if(D < D_Max){ 
                    D += Delta_D; 
                } 
            } 
            else{ 
                if((V_P > V_Ant) && (D < D_Max)){ 
                    D += Delta_D; 
                } 
                else if(D > D_Min){ 
                    D -= Delta_D; 
                } 
            } 
 
            EPwm2Regs.CMPA.bit.CMPA = D; 
            DELAY_US(80000); /*80 ms*/ 
 
            if((Hab == SIS_ON) && (V_Bat < V_Bat_Max) && (P_P >= P_P_Min)){ 
                estado = EST_MPPT; 
            } 
            else if((Hab == SIS_ON) && (V_Bat >= V_Bat_Max) && (P_P >= 
P_P_Min)){ 
                estado = EST_CV; 
            } 
            else if((Hab != SIS_ON) || (P_P < P_P_Min)){ 
                estado = EST_PWM_OFF; 
            } 
            break; 
    /*Estado de voltaje constante mantienen nivel de tensión en la salida del 
convertidor mientras la batería esté cargada*/ 
        case EST_CV: 
 
            V_Err = V_Bat_Max - V_Bat; 
            V_D = V_D_Ant + V_Err*Kp + V_Err_Ant*Ki; 
            if(V_D >= V_D_Max){ 
                D = D_Max; 
            } 
            else if(V_D <= V_D_Min){ 
                D = D_Min; 
            } 
            else if((V_D > V_D_Min) || (V_D < V_D_Max)){ 
                D = (V_D*1000.0)/3.3; 
            } 
 
            V_Err_Ant = V_Err; 
            V_D_Ant = V_D; 
 
            EPwm2Regs.CMPA.bit.CMPA = D; 
            DELAY_US(80000); /*80 ms*/ 
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            if((Hab == SIS_ON) && (V_Bat >= V_Bat_Nom) && (P_P >= P_P_Min)){ 
                estado = EST_CV; 
            } 
            else if((Hab == SIS_ON) && (V_Bat < V_Bat_Nom) && (P_P >= 
P_P_Min)){ 
                estado = EST_MPPT; 
            } 
            else if((Hab != SIS_ON) || (P_P < P_P_Min)){ 
                estado = EST_PWM_OFF; 
            } 
            break; 
    /*Estado PWM_OFF apaga las señales de forma que en gate se obtenga nivel 
bajo para apagar el convertidor.*/ 
        case EST_PWM_OFF: 
            /*Apagado progresivo*/ 
            if(D > D_Min){ 
                D -= Arr_D[Delta_5]; // Decrementos de 5%. 
                estado = EST_PWM_OFF; 
            } 
            else if(Hab == SIS_ON){ 
                estado = EST_COMP_V_P; 
            } 
            else{ 
                estado = EST_ESPERA; 
            } 
            break; 
        default: 
            estado = EST_ESPERA; 
            break; 
 
    } 
} 

 


