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Abstract—The performance of a solar energy system can be 

better by inserting a smart power converter with an 
appropriate MPPT control between the PV source and the 
load. The smart converter or the well-known as PCU is 
employed to maximize the power extracted from the solar 
panel by real-time impedance matching, and to regulate the PV 
voltage level. The proposed PCU is equipped with a cuk DC-
DC converter controlled by a smart energy recovery technique 
based on direct duty cycle INC algorithm. The review and 
validity of the proposed PCU model, which interfaces an MSX 
60 module with a 12V lead-acid battery, was performed using 
the Matlab tools. The designed system works effectively and 
provides the best performance in transient and stable states, 
regardless of variations in environmental conditions. 
 

Index Terms—PV systems; Cuk DC-DC converter; Lead–
acid battery; direct duty cycle INC-MPPT; power conditioning 
unit. 

NOMENCLATURE 
𝑃"#$ Maximum power  
𝑉&' Open-circuit voltage  
𝐼)' Short-circuit current  
𝑉"** Voltage at MPP  
𝐼"** Current at MPP  
𝑘, Temperature coefficient of 𝑉&' 
𝑘- Temperature coefficient of 𝐼)' 
𝑓 Switching frequency  

𝐿0&𝐿1 Inductors  
𝐶0&𝐶1 Capacitors  
𝑅 Resistance 
𝑉4 Battery nominal voltage  
𝑇) switching period 
𝑑 Duty cycle 
𝑢 switch position 
𝑉-8 Input voltage 
𝑉&9: Output voltage 
INC incremental conductance   
MPP maximum power point 

MPPT maximum power point tracking 
PCU power conditioning unit  

PI proportional–integral 
SEPIC Single ended primary inductor 

converter  

I. INTRODUCTION 

Everyone needs energy to live especially in this last 
century where people have an elevated standard of living. 
Electric energy is used by man for his daily needs such as: 
heating, illumination, cookery, distraction, information and 
communication, et cetera. In the 20th century, fossil fuels in 
their different forms of matter, coal, oil and natural gas, 
were widely used in power generation, resulting in huge 
carbon dioxide emissions. Environmental pollution, climate 
change, nuclear dangers, limitation of reserves of fossil 
resources and uranium, population enlargement and 
augmented energy demand, have made us conscious that the 
search for alternative energy alternatives to our planet is 
vital. Renewable energies such as photovoltaic can be a 
good solution, but they have a low yield and a high initial 
price [1].  

The solar panel works unlike a lamp, it converts sunlight 
into electricity via the photovoltaic effect. The use of 
photovoltaic energy has never stopped growing. Solar 
energy is inexhaustible, non-polluting, modular and 
multidisciplinary involving electronics, mechanics, power 
electronics, command theory, etc. In PV systems, real-time 
impedance matching is possible using a power electronics 
interface that attaches the solar source with the charge. This 
task makes possible the optimal operating of the renewable 
source and thus the efficiency of the overall system will be 
great. Several types of DC/DC power converters can be 
utilized: voltage-raising structures, voltage-lowering 
structures, or both. In literature, we can find buck structure 
that acts as a step-down voltage [2], boost as a voltage step-
up [1, 3], buck-boost structure [4], cuk configuration [5-6], 
zeta topology [7] or SEPIC converter [8-9] can play both 
roles, other structures with galvanic isolation like flyback 
[10] or forward [11] can be used also. The choice of one 
structure among others depends on various factors such as 
polarity and voltage gain. It can be seen that the polarity of 
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the static gain of the SEPIC and zeta structures is positive, 
while that of the cuk and buck-boost structures is negative. 

To achieve impedance matching, the DC-DC converter 
must be controlled by a high performance MPPT algorithm. 
A great number of original MPPT algorithms have been 
used, such as: Perturbing and observing algorithm, 
Incremental Conductance, fractional open and short circuit 
techniques, neural network, sliding mode, fuzzy logic, etc. 
Various researchers have proposed modifications to these 
techniques to increase their efficacy. 

In this work, an intelligent maximum power tracker 
consisting on a cuk-type converter, in which the command is 
based on a direct duty ratio INC algorithm with no using PI 
regulator, is investigated. The cuk circuit can be considered 
as an appropriate converter to exploit in the conception of 
the MPPT system because it presents weak losses and high 
yield [6]. The type of lead-acid storage battery was used 
because its structure is simple and its manufacturing price is 
low [12]. 

II. COMPARISON OF DC-DC POWER CONVERTERS 

The impedance matching stage can take the different 
structures of the DC-DC converters. These vary according 
to: arrangement complication, selling cost, effectiveness, 
number of passive electronic components, current ripple at 
their entry and exit, tracking and non-tracking regions, static 
gain polarity and value, resistance adaptation rate, etc [13]. 
A diode, a switch that can be controlled and some passive 
electronic components for filtering make up the majority of 
power converters. The operating principle of these 
converters accepts two modes that depend on the position of 
the controllable switch. Each configuration has its own 
benefits and drawbacks. All converter configurations present 
a non linear duty cycle-voltage relation, except for the buck. 
In photovoltaic applications, to increase the life of the solar 
panels, the diodes are placed in series in order to prevent the 
flow of currents in the opposite direction, that is to say from 
the battery to the panel during unfavorable conditions like 
the night for example. An additional anti-return diode is 
essential for the buck, the boost, the cuk and the zeta 
converters, but the other two boost and SEPIC topologies do 
not need to add back-off diodes. The buck-boost, the cuk, 
the zeta and the SEPIC topologies can track the MPP over 
the entire current-voltage curve while the boost and the buck 
tracking region is restricted to a little zone in the 1st 
quadrant, which unnecessarily affects MPP monitoring. 
Boost topology is the most utilized converter for solar 
devices, but it does not effectively track the MPP in low 
light conditions. The preferred DC-DC converter may not 
meet all the conditions cited above; a compromise must be 
sought in the selection of the converter to be used in the 
photovoltaic system. A power converter that can be chosen 
for PV systems must fulfill the following conditions: operate 
simultaneously as a step-down and step-up voltage; follow 
the MPP over the entire current-voltage curve; provide 
uninterrupted input/output power flow with fewer ripples on 
the quantities of the output voltage, output current, and input 
current. Based on the previous comparative study, the 
convenient converter for the pursuit of the MPP can take 
one of the next four structures: SEPIC, cuk circuit, the buck-
boost and zeta. For our study, we choose a cuk DC-DC 
converter controlled by direct duty cycle INC-MPPT. 

III. MODELLING AND DESIGN OF THE CUK CIRCUIT 
High efficiency, low switching losses and a smaller 

amount ripple in output current due to the output stage 
inductance make the cuk converter more attractive. The 
chopper circuit selected, its current waveforms, and its 
voltage waveforms are illustrated in Fig.1. Depending on the 
switch position, the proposed converter has two modes of 
operation. The first operating mode is realized by closing 
the switch (ON state). In this mode, the capacitance releases 
energy to the output. The ON mode is characterized by a set 
of equations: 

               (1) 

The second operating mode is achieved by opening the 
switch (OFF state), the diode is forward biased and transfers 
the power to the charge. Capacitance charges from the 
PV source. The Off mode is characterized by equations (2): 

               (2) 

Dynamic equations of the cuk converter can be obtained by 
combining (1) and (2): 

           (3) 

The expressions (1) are applicable for the interval [0 to 

] and the expressions (2) are applicable for the interval [

to ]. 
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Fig. 1 Structure, currents and voltages of the cuk DC-DC converter  

Thus, the modeling of the cuk converter can be expressed by 
multiplying (1) by and (2) by : 

          (4) 

The preceding expression fairly shows that the chopper 
is managed by nonlinear equations. The static gain in 
function of the duty cycle is given by: 

               (5) 

 

We remark that the static converter acts as a voltage 
booster for  and as a lowered voltage for . 

Both inductors have current ripples of: 

                (6) 

                (7) 

The voltage ripple through : 

          (8) 

The voltage ripple through  

       (9) 

The constraints on the switch and the diode are: 

    

 (10) 

      (11) 

Table 1 provides the different parameters employed in 
simulation. 
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Table I. Main parameters of the solar PV system 

𝑃"#$ 59.85 W 
𝑉&' 21.1 V 
𝐼)' 3.8 A 
𝑉"** 17.1 V 
𝐼"** 3.5 A 
𝑘, -0.08 V/°C 
𝑘- 0.003 A/°C 
𝑓 20kHz 
𝐿0 5mH 
𝐿1 5mH 
𝐶0 47µF 
𝐶1 1µF 
𝑅 10 Ω 
𝑉4 12 V 

 
Fig. 2 Diagram of the direct duty cycle INC-MPPT algorithm 

IV. DIRECT DUTY CYCLE INC MPPT 

The INC MPPT method follows the MPP that is 
corresponds to the knee of the current vs. voltage curve or to 
the top of the power vs. voltage curve by comparing the 
instantaneous conductance to the negative of differential 
conductance [14-19]. The slope of the power vs. voltage 
curve (;<

;=
= 𝐼 + ∆A

∆=
∙ 𝑉) reaches zero at the MPP, superior 

than zero on the left of it and inferior than zero on the right. 
The operating voltage must be decreased when the slope is 
negative and it must be increased when the slope is positive. 
Finally, when the MPP is reached, the slope of the P-V 
curve becomes zero and the control thus stops disturbing the 
photovoltaic voltage. Fig.2 shows the diagram that describes 
the working principle of this control algorithm. The ripple 
rate and the speed of tracking in which the algorithm 

follows the MPP depend on the disruption step of the duty 
cycle of the converter.  
This method has two major handicaps which are: In 
established regime, the operating point never reaches the 
MPP but oscillates around. In dynamic regime when the 
illumination varies quickly, the algorithm can deviate from 
the MPP [17-18]. 

V. LEAD ACID BATTERY 
An autonomous electrical system is chosen for locations 
where the public network is absent or remote from the 
installation site. It represents an independent energy source 
and serves to supply users with electricity without being 
connected to the electricity grid. This type of system is 
reliable and is protected against power cuts caused by 
weather problems or network failures. Generally, an 
autonomous system alone cannot satisfy the energy demand 
of the users. A storage medium is essential especially if the 
resources are intermittent, as in the case of a photovoltaic 
installation or a wind turbine. The electrical energy is stored 
indirectly via another form of energy except in special cases 
as capacitors or supercapacitors. It is therefore essential to 
transform electricity into storable energy. According to the 
International Energy Agency (IEA), 99% of electricity 
storage stations in the world is based on STEP, Pumped 
Energy Transfer Stations. There are other storage methods, 
such as flywheel storage, energy storage by compression of 
the air, hydrogen storage, capacitor/supercapacitor 
electrostatic energy storage, superconducting magnetic 
energy storage, electrochemical storage using batteries and 
so on. Batteries convert electrical energy into chemical 
energy and vice versa throughout charge/discharge cycles. A 
battery cell is composed of two plates submerged in an 
insulating material. Two oxidation-reduction half reactions 
occur between the plates and the insulating solution, 
producing the release of ions and electrons in the electrolytic 
solution, which means that an electrical current is 
established between the two electrodes. Three types of 
batteries exist depending on the area of application, starter 
batteries for cars, traction batteries for forklifts, and 
stationary batteries for uninterruptible power supplies. 
According to the used materials we can find several 
categories of battery like: Nickel-Cadmium, Nickel Metal 
Hydride, Lead-Acid, Lithium, Zinc-Air, Sodium-Sulfur, etc. 
Batteries with a low storage capacity ranging from a few 
Wh to a few tens of kWh are used for portable or integrated 
applications, but also for backup functions in systems 
connected to the network. However, some batteries such as 
Nickel-Cadmium, Lead-Acid, and Sodium-Sulfur have been 
utilized in numerous large scale storage systems. 
Since the PV source is intermittent, an off-grid PV system 
has need of storage batteries. The state of charge (SoC) 
parameter is a significant quantity in a battery, is equal to 
the ratio of the present capacity to the capacity when the 
storage battery is fully charged. The SoC parameter takes 
values from 0% (battery fully discharged) to 100% (battery 
fully charged). The battery voltage parameter depends 
powerfully on the SoC factor.  
Lead-acid battery having a nominal voltage of 12 volt is 
employed for non-interruptible power supplies in PV 
application. The charged battery is composed by lead 
cathode (Pb), a lead dioxide anode (PbO2) and an insulating 
electrolyte formed of H3O+ and HSO4- [20]. The oxidation-

 

Begin 

∆𝑉 = 𝑉(𝑘) − 𝑉(𝑘 − 1)		
∆𝐼 = 𝐼(𝑘) − 𝐼(𝑘 − 1)		

Measure𝑉(𝑘), 𝐼(𝑘) 

 

∆𝑉 = 0		
 

	𝐼 +
∆𝐼
∆𝑉

𝑉 = 0		

∆𝐼 > 0		
 

𝐼 +
∆𝐼
∆𝑉

𝑉 > 0		
 

Yes 
 

Non 
 

Update 
𝑉(𝑘) = 𝑉(𝑘 − 1) 
𝐼(𝑘) = 𝐼(𝑘 − 1) 

∆𝐼 = 0		
 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

No 
 

No 
 

No 
 

No 
 

dDecrease 
 

dIncrease 
 

dIncrease 
 



INTERNATIONAL JOURNAL OF SMART GRID  
Belkaid A. et al., Vol.3, No.1, March, 2019 

 

 23 

reduction reactions that describe the working principle of 
this battery are as follows: 

Oxidation of 𝐏𝐛 in 𝐏𝐛𝐒𝐎𝟒 

Pb + HSOMN + H1O 
discharge 

 
charge 

PbSOM + HOOP + 2eN 

Reduction of 𝐏𝐛𝐎𝟐 in 𝐏𝐛𝐒𝐎𝟒 

PbO1 + HSOMN + 3HOOP
+ 2eN 

discharge 
 

charge 
PbSOM + 5H1O 

We add the two half-reactions to obtain the global 
oxidation-reduction reaction: 

PbO1 + 2H1SOM + Pb 
discharge 

 
charge 

2PbSOM + H1O 

Lead acid battery [21-23] is reasonably priced; it requires 
little maintenance; no difficulty when charging; the riskiness 
of spontaneous discharge is small, permitting long-term 
storage; as well its recycling is simple. However, this type 
of battery is not immune to certain disadvantages such as: 
the risk of sulfating if the discharge level of the battery 
exceeds 80%; the energy/weight ratio is small between 7 
and 20 Ah/kg; low life, 500 cycles; and the lead 
contaminates the environment at the end of life. Amongst 
the large scale electricity storage methods, it has been 
watched that lead acid batteries suitable for all applications 

have the cheapest cost after STEPs and compression air 
storage. 

VI. RESULTS OF NUMERICAL SIMULATION  

Fig. 3 depicts the scheme of the solar PV system. The cuk 
DC-DC converter with the direct duty cycle INC-MPPT 
technique is utilized to track the maximum power of the 
solar generator and to regulate the voltage levels between 
the PV source and the lead acid battery.  
Numerical simulations were performed to illustrate the 
performance of the studied system under changing weather 
conditions. The effect of illumination on the behavior of the 
PV module is observed on the I-V and P-V characteristics of 
Fig. 4. It can be seen that the short-circuit current and the 
solar irradiance are linearly proportional but that the no-load 
voltage is just slightly affected by sunlight. Fig. 5 
demonstrates by simulation the evolution of the curves of 
the PV maximum power, the true MPP, the optimal solar 
voltage, the charge voltage and the optimal solar current 
during a lighting change according to a trapezoidal profile. 
It can be observed that the optimal current effectively tracks 
the profile of the sunlight; the power attained is very close to 
the true MPP over the entire duration of the variation profile 
except for the start-up time; the comportment of the optimal 
voltage is just gently affected and the output voltage is 
reversed. The corresponding waveforms of the duty cycle 
and MPP tracking efficiency are described in Fig. 6. The 
average tracking efficiency corresponding to the change of 
irradiance is equal to 93.38 %. 
 

 

Fig. 3 The proposed PCU connecting the PV source and the battery 
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Fig. 4 Influence of illumination on PV characteristics 

 

Fig. 5 PV maximum power, the true MPP, the optimal voltage, the 
battery voltage and the optimal current during a change of lighting 

 

Fig. 6 Evolution of the duty cycle and the tracking effectiveness during a 
change of lighting 

 

Fig. 7 Influence of temperature on PV characteristics 

 
Fig. 8 PV maximum power, the true MPP, the optimal voltage, the 

battery voltage and the optimal current under a temperature change  

 
Fig. 9 Evolution of the duty cycle and the tracking effectiveness during a 

change of temperature 
Temperature is the second parameter that has an impact on 
the behavior of solar panels. The impact of temperature on 
the characteristics of the solar module is clearly illustrated in 
Fig. 7. It is found that the temperature does not affect very 
much the short-circuit current but it has a great influence in 
reverse on the open circuit voltage. The waveforms 
simulated during a trapezoidal temperature change of the 
various electrical quantities of the system, such as the 
maximum power obtained, the maximum available power, 
the MPP voltage, the MPP current and the voltage at the 
battery terminals are summarized in fig. 8. It can be 
observed that the MPP voltage effectively follows the 
temperature profile; the maximum power obtained is very 
close to the actual MPP over the entire duration of the 
change profile, with the exception of the start-up time; the 
current at the MPP is approximately unchanged and the 
voltage across the battery is also reversed. The 
corresponding curves of the converter duty cycle and the 
tracking competence are both shown in Fig. 9. The average 
tracking efficiency for the change in temperature is 
increased to 94.74 %. At last, we would like to inform that 
the step size employed in the simulations was equal to 
0.00087. 

VII. CONCLUSIONS 

This document presents a cuk DC-DC converter 
controlled by the direct duty cycle INC-MPPT technique to 
track the PV maximum power and to regulate the voltage 
levels between the MSX 60 PV module and the 12 V lead-
acid battery. The peak power tracking system was modelled 
within Simulink and power systems tools, well-designed for 



INTERNATIONAL JOURNAL OF SMART GRID  
Belkaid A. et al., Vol.3, No.1, March, 2019 

 

 25 

an UPS storage application and controlled using a suitable 
MPPT algorithm. The recommended peak power cuk 
converter is uncomplicated, consistent and gives high-class 
results in case of changing environmental conditions. 
Unfortunately, there is no practical support for this study at 
this time; this will be accomplished in the next work. 
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