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Abstract: The objective of this paper is to perform a laboratory 

test on the performance of MPPT control in a nanogrid. The 

components used for tests are described, namely (i) a PV module 

SPP031001200 manufactured by Victron energy, a prototype of a 

synchronous buck converter controlled by Arduino Atmel 

ATmega V-2560, and a DC electronic load programmable 

72-13210 manufactured by TENMATM. Among several MPPT 

controls, the choice falls on the methods Perturb and Observe 

“P&O” and Increment of the conductance “INC” which are more 

widely used than others. Laboratory tests with different PV 

module conditions and variable output voltage were performed. In 

full sunlight, the input power of the buck converter gives a better 

result with the INC method compared to the P&O method. For a 

PV module exposed to horizontal or vertical total shading, INC 

method gives a small advantage compared to the P&O method, 

which can be beneficial for a long time. Compared to the P&O 

method, INC method always gives better results due to its more 

complex algorithm. Due to the lack of measuring instruments, the 

different tests were performed without considering irradiance and 

temperature. 

Keywords: Buck Converter, DC Electronic Load, MPPT, Solar 

Home System. 

I. INTRODUCTION 

In Madagascar, electricity needs are today served by two 

radically distinct approaches which are the construction and 

operation of traditional power grids on the one hand; and the 
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distribution of individual off-grid electric systems on the 

other hand [1], [2]. 

Traditional power grids can prevail of a significant impact 

on local economic and social development in the zones where 

it is deployed, but they failed for several years to answer the 

challenge of access to electricity. Its distribution rhythm is 

indeed today lower than the population growth rate, because 

of the colossal investment costs, long implementation times, 

tariff offers poorly adapted to the local context, development 

potential limited to relatively dense demand areas in very 

largely rural countries, etc. [1]-[4]. 

On the other hand, the diffusion of Solar Home Systems 

has spread at a spectacular speed over the last decade and, by 

offering a simple, fast, and affordable response to the basic 

demands of off-grid populations, has already made it possible 

to rapidly improve the living conditions of many people. 

However, the level of service is limited to domestic needs and 

not flexible, the limited lifetime of the equipment implies a 

high long-term cost, but above all a renunciation of 

infrastructure construction, etc. [1], [5], [6]. 

In this context, the weakness of the current development of 

electrical infrastructures in Madagascar, with renewable 

energies, the development of new technologies of electrical 

conversion, and smart grids offer a formidable opportunity to 

develop 21st-century electrical infrastructures more rapidly 

[1], [7]. 

The ambition of the Lateral Electrification model is to 

emancipate the constraints of the two current electrification 

models to bring out a third voice capable of reconciling the 

short-term and long-term challenges of the electricity sector 

in Madagascar by proposing an efficient solution and 

ultra-replicable based on i) the distribution of collective 

autonomous solar DC power system connecting 4 to 6 

neighboring users (called "nanogrids") to quickly answer the 

energy needs of households and ii) their progressive 

interconnection to participate in the construction of the 

bottom-up of 21st-century electrical infrastructures 

(decarbonized, decentralized and digitized), capable of 

meeting the growing productive energy needs of rural areas 

[1], [8]. 

The technologies allowing the implementation of the first 

stage of this model (i.e., "nanogrids") have already been 

developed and tested by the company Nanoé. DC power 

distribution was chosen for reasons of energy efficiency, 

simplicity, and cost. 
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For the second stage of this process, research works are 

carried out to study the feasibility of interconnecting several 

nano-grids with each other within DC balancing microgrids 

of village scale [1], [8]-[10]. Among which, simulations on 

the Matlab / Simulink © environment have  

been performed to produce the maximum power in an 

electrical nanogrid using the Maximum Power Point 

Tracking “MPPT” technique with the commands Perturb and 

Observe "P&O" and Increment of the Conductance "INC" 

due to their ease of implementation compared to other MPPT 

controls [10]. 

This paper proposes a design and prototyping of a buck 

converter driven by the "P&O" and "INC" controls using a 

microcontroller. Laboratory tests are performed using a PV 

module connected directly to a DC electronic load as a 

reference.  

This article is divided into the following sections: Section 

2 talks about the equipment used on the test bench with 

details on the prototype of the buck converter and the choice 

of MPPT controls. Then, in section 3, laboratory experiments 

under the influence of disturbances at the PV module and the 

output of the buck converter followed by discussions take 

place. Some conclusions are drawn in section 4. 

II. MATERIALS AND METHODS 

First, in Fig. 1, a PV module is connected directly to a DC 

electronic load to have its power curve for a voltage from 0 to 

Voc. 

In Fig. 2., a buck converter ensures adaptation between the 

PV module and the DC electronic load. 

Buck converter is driven by an MPPT control that generates a 

duty cycle using the voltage and current measurements 

provided by the PV module. The output voltage of the DC 

electronic load varies from 10 to 15V to have the same 

operation as a 12V battery in charging mode. 

A. PV module 

A PV module is formed by the association of several PV 

cells, which can be considered as an ideal source of current 

providing a current
phI proportional to the irradiance and the 

temperature [10], [11]. 

 

Fig. 3: Single-diode model of a photovoltaic cell 

In Fig. 3, the equations corresponding to a model with a diode 

of a photovoltaic cell are summarized by: 

,= − −pv ph d shI I I I  (1)  

The Photocurrent is expressed as a function of irradiance and 

temperature: 

( ) , = + −
 ph cc Icc ref

ref

I I T T





 (2)  

It is assumed that the diode current is related to the 

temperature according to the expression: 

* exp 1 ,
 + 

= −  
  

pv s pv

d sat

T

V R I
I I

nV
 (3)  

And the shunt current through the shunt resistor is equal to: 

.
+

=
pv s pv

sh

sh

V R I
I

R
 (4)  

With 
pvV  and 

pvI represent the voltage and current of the 

PV cell,   and ref  are real and reference 

irradiances 2[ / ]W m ; T  and 
refT are effective and 

reference temperatures [ ]K ; is the temperature 

coefficient of the short-circuit current; satI is the saturation 

current [A]; is the ideality factor of 

the junction (1 3 n ) et and the thermal voltage of the 

diode [V]. 

Table- I summarizes the characteristics of the PV module 

used in this paper. 

 

Table- I: PV Module Characteristic 

Mark Victron Energy 

Model SPP031001200 

Power at MPP (Pmpp) 100 W 

Voltage at MPP (Vmpp) 17,2 V 

Current at MPP (Impp) 5,8 A 

Open circuit voltage (Voc) 21,8 V 

Short circuit current (Isc) 6,18 A 

 

 

 

 

 

 
Fig. 1: PV module directly connected to a DC 

electronic load 

 
Fig. 2: Use of a buck converter driven by a 

MPPT control 
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B. DC-DC converter 

1. Buck converter 

The DC-DC converter used is a synchronous buck converter, 

because a MOSFET S2 is used in place of a freewheeling 

diode [12]. 

The operation of Fig. 4 can be divided into two phases, 

depending on the state of switches S1 and S2 [13]: 

- switch S1 is closed (S2 open): the current supplied by the 

PV gradually charges inductance L during t1 0, dT , and 

the voltage at the output of the converter is defined by: 

,= −out in LV V V  (5)  

- switch S1 is open (S2 closed): the current flowing through 

the inductor decreases during t2 ,dT T , and this time it 

opposes this reduction in current: 

,= −L outV V  (6)  

- The duty cycle d is defined by the ratio between the 

conduction time of S1 and the switching period T: 

t1
,

T
=d                     (7) 

 Summary in Table 2, the prototype of the buck converter 

uses resistors divider bridges to measure input and output 

voltage, shunt resistor to measure input current, MOSFETs as 

switches, IR 2104 as a bootstrap circuit to drive S1 and S2 

switches, and Arduino MEGA 2560 as a microcontroller. 

Table- II: Synchronous buck converter characteristic 

Input voltage Vin 10 – 30 V DC 

Output voltage Vout 10 – 20 V DC 

Input current 15 A maximum 

C1 and C2 capacitor 470 uF 

Inductor L 100 uH 

S1 and S2 switches MOSFET IPP12CN10L 

Blocking diode D2 10A02 

MOSFET driver IR 2104 

Switching frequency of S1 and S2 31,25 kHz 

Microcontroller Arduino MEGA 2560 

 

2. Microcontroller 

The microcontroller on the buck converter is an Atmel 

ATmega V-2560 Arduino board. A voltage of 5V DC powers 

this 8-bit microcontroller. 

It is made up of many peripherals, of which the ones we 

use are: 

- Analog acquisition module (ADC): to measure the value 

of the voltages at the terminals of the dividing bridges and the 

current sensor. 

- PWM module (with a frequency of 31.25 kHz): to control 

the MOSFETS using the duty cycle. 

3. Current and voltage sensor 

Voltage measurement  

A voltage divider bridge adapts the voltage level of the PV 

module to be readable by the ADC of the arduino (the value 

range of the ADC of the arduino is 0 to 5V DC). 

The resistor value pair formed by R1 (51 kOhm) and R2 

(10 kOhm) makes it possible to measure a voltage up to 30V 

DC, has been implemented at the input of the buck converter. 

The maximum open circuit voltage of the PV module is 21,8 

V for an STC condition. 

At the output of the buck converter, the pair of resistors R1 

(30 kOhm) and R2 (10 kOhm) makes it possible to measure a 

voltage up to 20V DC. 

Current measurement  

The current measurement uses a 15 mOhm shunt resistor 

and a differential amplifier at these terminals (INA181A1). 

With these components, the gain of the current sensor (G = 20 

V/V) makes it possible to measure a maximum current of 16 

A. The maximum short-circuit current of the PV module is 

6.12 A for an STC condition. 

Fig. 6, supplemented by Table 2, illustrates the converter 

used in this article : 

C. MPPT strategy control 

MPPT is a command which consists in extracting the 

maximum power in a non-linear source, by playing on the 

variation of the duty cycle in a DC-DC converter [14]-[16].  

There exist many MPPT algorithms such as constant voltage 

tracking, P&O method, INC method, genetic algorithm, 

fuzzy logic control method, neural network method, sliding 

mode control method, predictive control technique, quadratic 

maximization method, and so on [14], [15]. 

 

 

 

 

 

Vin VoutC1 C2

S1 L D2

S2

 
 

Fig. 4: Non-isolated synchronous buck converter 
 

Fig. 5: Current sensor INA181A1 

 

 

 

 

 

 

 

 
Fig. 6: Prototype used grouping the control and 

power part 
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In this paper, we will compare the performance of the 

Perturb and Observe and Conductance Increment methods 

which are more widely used than others [10], [14], [15]. 

1. P&O 

The P&O method consists of varying the voltage 
pvV  and 

observing the impact on the output power of the PV module 

[17], [18]. At each cycle (Fig. 7), 
pvV  and 

pvI   are measured 

to calculate ( )pvP k , which will be compared to the previous 

power value ( 1)−pvP k . 

 
Fig. 7: Flow chart of P&O method 

2. INC 

  

Fig. 8: Incremental conductance algorithm flow chart 

This method is based on the calculation of the ratio of the 

derivatives of power and voltage 
dP

dV
to reach the point of 

maximum power [17], [18]. 

Knowing that the derivative of the product compared to the 

tension gives the following relation: 

( )d V*IdP dI
 =  = I+V ,

dV dV dV
 (8)  

The required incremental changes dV and dI are obtained 

by comparing the most recent measured values for V and I  

to those measured during the previous cycle (Fig. 8). 

D. DC load 

A programmable DC electronic load type 72-13210, 

manufactured by TENMATM, was used, firstly to measure 

the power supplied by the PV module in direct mode (for a 

voltage ranging from 0 to OCV ), then secondly to ensure the 

role of a battery to the output of the DC converter (for a 

voltage ranging from 10 to 15). 

E. Focus time 

Every 5 seconds, the voltage of the DC electronic load at 

the output of the buck converter varies with a step of 0.5V 

 
Fig. 9: Bench test 

III. RESULTS AND DISCUSSION 

A. Results 

1. In full sunlight 

 

Fig. 10: Input power and voltage with P&O 

 

Fig. 11: Input power and voltage with INC 
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Fig. 12: Input power with P&O and INC 

 

Fig. 13: Input voltage with P&O and INC 

2. Total horizontal shading 

 

Fig. 14: Input power and voltage with P&O 

 

Fig. 15: Input power and voltage with INC 

 

Fig. 16: Input power with P&O and INC 

 

Fig. 17: Input voltage with P&O and INC 

 

Fig. 18: Input power and voltage with P&O 

3. Total vertical shading 

 

Fig. 19: Input power and voltage with INC 
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Fig. 20: Input power with P&O and INC 

 

Fig. 21: Input voltage with P&O and INC 

B. Discussion 

In full sunlight, for the first test, the PV module connected 

directly to the DC electronic load reaches a power peak 

around 70W for a Vmpp voltage of 14 to 15V (Fig. 10, Fig. 

11, Fig. 12). 

With the buck converter driven by the two commands P&O 

and INC, we have two cases on this first test: 

- For an output voltage of 10 to 14V, in Fig. 13, the power at 

the input of the buck converter oscillates around the power 

peak for both controls. 

The input voltage of the buck converter oscillates in the MPP 

zone with the INC command, which is not the case for the 

P&O command (it oscillates at the limit of this MPP zone). 

- For an output voltage of 14 to 15V, in Fig. 13, a decrease in 

power and an increase in voltage at the input of the buck 

converter are observed for both controls. 

This increase in the voltage at the input of the buck converter 

is explained by the voltage drop V between the input and 

the output of the latter. On the order of 0.9V, this voltage 

drop V is equal to the sum of the voltages at the terminals 

of (i) the shunt resistor R, (ii) the power MOSFET S1, (iii) the 

ESR of the inductor L, (iv) the blocking diode D2 and (v) the 

assembly of the “high-side” conductor of the buck converter 

(cf. Fig. 4). 

From where its expression: 

1 2 , = + + + +R S L D HSV V V V V V  (12)  

Therefore, in Fig. 13, when the output voltage is equal to that 

of the MPP zone, the input voltage cannot equal the output 

voltage because of this voltage drop which forces it to 

increase (to go out of the Vmpp voltage range) and to lose 

power. 

For the second test, the PV module connected directly to 

the DC electronic load reaches a power peak around 2W for a 

Vmpp voltage of 15.5 to 16.5V (Fig. 14, Fig. 15, Fig. 16). 

With both P&O and INC controls in Fig. 17, for an output 

voltage of 10 to 15V, the buck converter input power 

oscillates around the power peak and the input voltage is 

inside the MPP range. 

    The Vmpp voltage range is always higher than the output 

voltage, so both controls have a margin to drive the buck 

converter input voltage to reach the maximum power. 

 For the last test, the PV module connected directly to the 

DC electronic load reaches a power peak around 3.5W for a 

Vmpp voltage of 15 to 17V (Fig. 18, Fig. 19, Fig. 20). 

Like the second test, the input power to the buck converter 

oscillates around the reference peak and the input voltage is 

inside the MPP region, regardless of the output voltage with 

both controls (Fig. 21). 

IV. CONCLUSION 

The objective of this paper is to compare with laboratory 

tests the performance of the P&O and INC controls driving a 

buck converter, with different PV module conditions and a 

variable output voltage using a DC electronic load (from 10 

to 15V, with a step of 0.5V every 5s). The power supplied by 

a PV module connected directly to a DC electronic load is 

selected as the object of comparison. 

 The equipments used are (i) a 100W PV module 

SPP031001200 manufactured by Victron energy, a 

synchronous buck converter driven by an Atmel ATmega 

V-2560 arduino board having a frequency of 31.25 kHz and a 

programmable DC electronic load of type 72- 13210 

manufactured by TENMATM. 

 The P&O and INC performed well for a Vmpp voltage 

range above the buck converter output voltage. However, 

they fail to stabilize the PV module power around the peak as 

soon as the buck converter output voltage is equal to the Vmpp 

voltage range. This power loss is explained by the voltage 

drop V between the input and output voltages of the buck 

converter, which forces the input voltage out of the Vmpp 

voltage range. 

 For a PV module exposed to full sunlight, the INC 

method performs better than the P&O method. For a PV 

module exposed to a horizontal or vertical total shading, the 

INC method gives a small advantage compared to the P&O 

method, which can be beneficial for a long time. 

    The choice of 10-15V buck converter output voltage aims 

to show the performance of the MPPT control for a 12V 

battery in charge mode. A MPPT type solar charge controller 

uses MPPT control during the bulk phase where the battery 

voltage is typically below a threshold voltage of 14.4V or 

28.8V depending on the installation voltage and the battery 

technology. 

 It should be noted that all tests were carried out without 

considering the irradiance and the temperature due to the lack 

of measuring instruments. 
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