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Summary
In this paper, a photovoltaic system topology incorporating a new maximum power

point tracking (MPPT) controller method is presented. This method uses an autotun-

ing estimator and a PI controller to make the system work in the maximum power

point. The controller is formulated based on the bijectivity in the photovoltaic gen-

erator characteristic; therefore, if the optimal voltage is reached, this means that the

maximum of power is obtained. The proposed MPPT algorithm is implemented on

a dSpace DS1104 controller board. In order to demonstrate the efficiency of the

proposed algorithm in real time, an experimental setup using a boost converter con-

nected to a resistive load is successfully implemented and studied. The obtained

experimental results prove the validity of the proposed MPPT algorithm.

KEYWORDS

boost, dSpace, estimator, PV

1 INTRODUCTION

The price of oil getting consistently higher and the degree of pollution becoming increasingly worryingly contrasted with the

new provisions of sustainable development make alternative and renewable energy sources more attractive. These systems

present simple and convenient solutions from an economic point of view. The use of a converter on these photovoltaic (PV)

systems is even more interesting by increasing their efficiency.

This work analyzes the control of a stand-alone PV system. The success of a PV application depends on weather conditions.

The extraction of the maximum of power from the PV generator (PVG) is then indispensable. Therefore, maximum power

point tracking (MPPT) controller accuracy becomes indispensable for successful renewable energy application,1 especially

for a PV system. Numerous methods have been developed to track the maximum power point (MPP),2 such as the popular

perturb-and-observe and hill-climbing methods, which, despite their simplicity and low cost, present many problems such as

oscillations in steady state.3,4 The cited algorithms consist of introducing an active crisp value, positive or negative (decrease or

increase), all around the actual PVG operating point.5 There are also other approaches called proportional short-circuit current

or open-circuit voltage6; these methods assume that the voltage and the current of MPP are proportional to PV open-circuit

voltage and short-circuit current, respectively. However, the estimated optimal voltage will change if the PV panel characteristics

change depending on the weather condition.

Artificial intelligence methods,2,7 on the other hand, perform better, but their structures are generally more complicated and

require relatively high-performance processors. Most importantly, they generally present lack in the adaptability to deal with
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FIGURE 1 Simplified photovoltaic cell equivalent circuit
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FIGURE 2 Photovoltaic module. A, I-V curves at various irradiation levels from 100 to 1000 W/m2 and at a fixed temperature of 25◦C; B, P-V
curves at various irradiation levels from 100 to 1000 W/m2 and at a fixed temperature of 25◦C

time-varying environments8; for instance, it is too difficult to formulate fuzzy rule regulators,9 which are usually obtained from

the expert knowledge base,10 and the artificial neuronal network requires a huge database for learning.11

In this paper, a new method of MPPT is proposed in order to track the MPP in every weather condition.

In this paper, the MPP estimator is constructed in order to estimate the MPP value in every condition.

The proposed estimator can adaptively tune the MPP, and thereafter, a PI controller can adjust the duty cycle to lead the

system to work in the desired point.

2 PV ENERGY CONVERSION

One can substitute a PV cell to an equivalent electric circuit, which includes a power supply and a diode, as shown in Figure 1.12,13

By exploiting the nodelaw

Ic = I𝑝ℎ − Id − I𝑠ℎ. (1)
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The Iph current can be evaluated as

I𝑝ℎ = G
Gref

(
Irs_ref + KSCT

(
Tc − Tc_ref

))
(2)

Id = Irs

(
exp

q (Vc + RsIc)
α𝑘𝑇

− 1

)
(3)

I𝑠ℎ = 1

Rp
(Vc + RsIc) . (4)

The reverse saturation current can be approximately obtained as

Irs =
Irs_ref

exp
[

𝑞𝑉oc

ns·n·β·Tc

]
− 1

, (5)

where Irs is the reference short-circuit current, Voc is the open-circuit voltage, ns is the number of series cells, n is the solar ideal

factor, Tc is the cell junction and reference temperature (in ◦C), and β is Boltzmann’s constant (1.38e-23).

Finally, cell current Ic can be given by

Ic = I𝑝ℎ − Irs

(
exp

q (Vc + RsIc)
α𝑘𝑇

− 1

)
− 1

Rp
(Vc + RsIc, ) . (6)

The highly P-V and I-V nonlinear characteristics are shown in Figures 2 and 3. To make the system operate at the MPP, we

will need a DC-DC converter.

3 BOOST CONVERTER

The DC-DC boost converter shown in Figure 4 is an electronic device used whenever it is needed to change DC electrical power
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FIGURE 3 A, I-V curves at various temperature levels from 10◦C to 25◦C and at a fixed irradiation level of 1000 W/m2; B, P-V curves at various

temperature levels from 10◦C to 25◦C and at a fixed irradiation level of 1000 W/m2
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FIGURE 4 Circuit diagram of the boost converter

FIGURE 5 Power-to-voltage characteristic

FIGURE 6 Control loop of Vp. PVG, photovoltaic generator

efficiently from one voltage level to another. The output voltage is related to the input one in a continuous-conduction mode

as14,15:

Vout =
1

1 − D
Vin. (7)

4 MPPT ALGORITHM

The output power of the PVG is P = Vp.Ip. Thus, based on the PV panel characteristic, as if the optimal voltage is reached

(VMPP), this means that the maximum of power (PMPP) is obtained. This method is explained in Figure 5.

The method of control is divided into 2 steps. The first is to determine VMPP, ie, the voltage value at which the system operates

with its maximum of power. The second is to operate the system with this value using a PI controller that is considered as the

most effective method and usually preferred in industrial applications because of its simplicity and low cost.16,17

The control loop of the PV voltage (Vp) is shown in Figure 6.
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FIGURE 8 P-V characteristics and tracking trajectory [Colour figure can be viewed at wileyonlinelibrary.com]

Liu et al18 calculate the voltage VMPP such that VMPP = K* Voc, where Voc is the open-circuit voltage or directly send VMPP

to the regulator.19 This last estimator requires basically the knowledge of Voc or VMPP. Usually, users of this method draw the

PV characteristic and then command the regulator to work with this voltage value. This method, however, can be valid just in

a few seconds because the VMPP value changes during the time depending on the irradiation and temperature values, as shown

in Figure 7.

In this paper, the main objective is to construct an MPP voltage-reference estimator that meets the MPP. Specifically, the

estimator is designed in order to online compute the optimal voltage value VMPP. So that, if the actual voltage Vp reaches VMPP

then, the maximal power is captured and this voltage will be considered as the regulator input.

It is easy to see in Figure 7 that, for almost constant temperature and for different irradiation values, there is a unique couple

(Vp, P) that involves the maximum of power. In order to construct the red curve shown in Figure 7, which is considered as the

reference voltage, a number of couples (Vp, P) for different irradiation values have been collected and then interpolated to get

the suitable function (VMPP = F(P)). This function is created using MATLAB Fitting Curve Toolbox. Several tests have been

done to choose the right interpolation function of the red curve; we deduced finely that the power function fits more the used PV

panel.20 The constructed function is denoted as F(P) = a Pb +c, where P is the PV panel and a, b, and c are specific coefficients

for the used PV panel. Furthermore, a = −8.638, b = −0.1697, and c = 19.74.

Figure 8 explains that, for any state, after several iterations (projection), the system will be forced to work with the desired

voltage VMPP and hence meets the MPP. For example, assuming an operating point P1 after projection using the reference voltage

curve, the point will change its voltage from V1 to V2; consequently, it will change its position to P2. Using the same principle,

P2 will be projected again on the reference curve and change its position until it reaches the MPP, as shown in Figure 8. Finally,

P3 = PMPP. As a result, the constructed red curve can be used as an MPP reference voltage determination. The main advantage

is that we can overcome the usually required solar radiation sensor.

wileyonlinelibrary.com
wileyonlinelibrary.com
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FIGURE 9 Real P-V characteristics in different irradiation levels [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Optimal power-voltage characteristic for different temperature values [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 9 shows the PV characteristic for different irradiation values and almost constant temperature value (37◦C). In this

figure, the VMPP values are lying between 8 and 10 V; however, in Figure 7, the VMPP values are lying between 11 and 15 V.

As a result, VMPP necessarily depends on the temperature values. As a consequence, we should consider one reference voltage

curve for each temperature value. In the next work, we will construct a voltage reference estimator that will generate VMPP for

different temperature values.

Figure 10 presents the evolution curves of the MPP (VMPP = F(P)) power-to-voltage characteristics. These couples have been

collected from tests accordingly to different temperature values. All these points (VMPP, P, and T) are treated and interpolated

at the MPP for different power values and at different given temperatures. As a result, a function VMPP = f (P, T) is obtained;

this function provides a computed reference voltage value. This function is created using MATLAB Fitting Curve Toolbox. In

this work, several tests have been done using different types of function such as Fourier, Gaussian, rational, and polynomial

functions like the work of Abderrahim et al20 and Mendez et al.21 Finely, we deduce that the power function presents the best

fitting.

The constructed function is denoted as

VMPP = F (X,Y) = p00 + p10.X + p01.Y + p20.X2 + p11.X.Y + p30.X3

+ p21.X2.Y + p40.X4 + p31.X3.Y + p50.X5 + p41.X4.Y , (8)

wileyonlinelibrary.com
wileyonlinelibrary.com
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FIGURE 11 Surface power–temperature–voltage characteristic of maximum power point (MPP) [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 Block diagram of the hardware step. PVG, photovoltaic generator [Colour figure can be viewed at wileyonlinelibrary.com]

where X = (P − meanX)∕stdX,Y = (T − meanY)∕stdY, and meanX = 73.38, stdx = 67.38; meanY = 29.7, stdY = 13.05,

p00 = 15.29, p10 = 0.6488, p01 = −1.09, p20 = −0.5132, p11 = 0.01793, p30 = 0.4582, p21 = −0.01153, p40 =
−0.2286, p31 = −0.001497, p50 = 0.04033, p41 = 0.001746.

Figure 11 shows the surface that provides the reference voltage for different irradiation and temperature values.

5 EXPERIMENTAL SETUP

In this section, a dSpace controller board was used as a control platform. This platform authorizes the linkage between the real

hardware and Simulink. The experimental setup is shown in Figure 12.

As shown in Figure 13, the PV system consists of a dSpace system with a DS1104 controller board based on a digital signal

processor with its connector panel, control PC, and 4 Atersa A55 PV panels connected on parallel placed on the roof and a

manually variable power resistive load. A boost metal-oxide-semiconductor field-effect transistor–based converter is adopted.

The pulsewidth-modulation signal is generated by a pulsewidth-modulation card. It is operated at 20 kHz. The sensors that

measure the PV system voltage and current are calibrated so that the obtained analog signals should remain in the range of 0 to

±10v as required by the analog-to-digital converters of the dSpace system. The MPPT algorithm has been implemented in the

MATLAB/Simulink environment working in real time by the dSpace DS1104 controller board with the help of the real-time

interface. The used PV system22,23 specifications are given in Table 1.

wileyonlinelibrary.com
wileyonlinelibrary.com
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FIGURE 13 Hardware setup of the photovoltaic system [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Photovoltaic system specifications

Specifications of the Atersa photovoltaic panel

Cell type Monocrystalline

Maximum power, W 55(±10%)

Open-circuit voltage Voc, V 20.5

Short-circuit current Irs-ref, A 3.7

Voltage, max power VMPP, V 16.2

Current, max power IMPP, A 3.4

Number of cells in series 36

Boost converter parameters

Schottky diode 600 V, 15 A, 0.4 V at 10 A, 150◦C

Insulated-gate bipolar transistor 600 V, 40 A, 1.5 V at 150◦C

L 560 μH, 7 A, 42 mΩ
C 1500 μF, 250 V

Schottky diode 600 V, 15 A, 0.4 V at 10 A, 150◦C

PI parameters

ki 0.125

kp 0.0556

Figure 14 shows, respectively, the evolution of irradiation (G), power (P), and the obtained voltage error (Error). During

recording, irradiation was almost constant, varying between 210 and 220 W/m2. Figure 15 shows, respectively, the generated

duty cycle and the panel and load voltage.

The robustness of the controller has been tested by exercising internal disturbance. The load value has been manually increased

from 30.86 to 47.5 Ω; as a consequence, the duty cycle increases in order to minimize the error.

It is clearly shown in Figure 14 that the voltage error is zero; this means that the panel is working with the MPP voltage.

Figure 16 shows the PV characteristic of the PV panel and the power-to-voltage curve of the PV panel directly coupled to the

load without control (D=0) and with control by using the obtained results shown in Figures 13 and 14.

Figure 16 shows how the system is working in the MPP and following the climatic condition change. It should be noted that

the controller did make an appreciable tracking of the MPP and with a profit rate going up to 3 times compared with the case

of nonuse of the controller. The effectiveness of the system using the proposed method of control is clear in this paper, as well

as its success to operate in the area of maximum power zone.

wileyonlinelibrary.com
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FIGURE 14 Irradiation (G), photovoltaic power (P), and error
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6 CONCLUSION

This paper presents a new digital control scheme for a stand-alone PV system using a novel method for MPPT. Using this

method, it is possible to adapt the load to the PVG and to follow the MPP in different weather conditions.

The efficiency of the proposed method has been investigated in real time using a dSpace system with a DS1104 controller

board. Experimental results for a resistive load show the productivity and feasibility of the proposed method.

wileyonlinelibrary.com
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APPENDIX

G, Gref Global and reference insulation values, W/m2

Ip, Vp Cell output current and voltage

Rp, Rs Cell parallel and series resistances, Ω
n, Eg Solar ideal factor and band-gap energy, (eV)

Irs Reverse diode saturation current, (A)

KSCT Short-circuit current temperature, A/◦K

Tc, Tc_ref Cell junction and reference temperatures, ◦C

β, D Boltzmann’s constant (1.38e-23) and duty cycle

Ns, Np Numbers of series and parallel modules

ns Number of series cells
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