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Abstract

Maximum power point tracking (MPPT) optimizes overall power generation in photovoltaic (PV) applications. The voltage-
power characteristics of PV array operating under variable irradiance and temperature conditions exhibit numerous local
maximum power points (MPP). This paper presents the optimization method of MPP tracking, based on the modified Regula
Falsi method (MRFM). Results of this method are compared with the conventional perturb & observe (P&O) method and the
incremental conductance (IC) method. The modified Regula Falsi method has better convergence, lower oscillation time, less
power loss and enhanced output power than the other two methods. To obtain a stable voltage from a solar array, a DC-DC
Cuk converter is used. It can step-up and step-down the voltage level according to load requirement. Results have been
verified on the MATLAB platform in variable environmental conditions.

Keywords: Photovoltaic, Maximum power point tracking, Perturb & observe, Incremental conductance, Modified Regula
Falsi method, Cuk converter.

1. Introduction

In the last few decades, there has been dramatic increase
in the demand for electricity. This looks set to continue indef-
initely due to general socio-economic development [22, 17].
Recently, PV has emerged as an alternative energy source,
supporting the existing conventional power generation sys-
tem. However, PV has the following major challenges:

1. Optimal utilization of the source due to its nonlinear
characteristics [e.g., MPPT is needed to track maximum
power from PV array].

2. It is usually operated at a low voltage output level (25-
50V). Therefore, a DC-DC Cuk converter is used to
step-up and step-down the voltage level as per load re-
quirement [10].

Points 1. and 2. above necessitate the use of MPPT
& a DC-DC Cuk converter [10, 8]. In recent years differ-
ent MPPT techniques have been developed [8, 12]. These
MPPT techniques can be divided into two groups. The first
group is based on voltage feedback. Here, the reference
voltage is compared with PV module voltage in a feedback
loop. The drawback of this method is loss of energy dur-
ing momentary interruptions. In the second group of tech-
niques, the feedback power method based on calculation is
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used [12]. In the feedback power method, the algorithms
majority attempt to keep the ratio dP/dV at zero. Among the
reported methods, the P&O technique is popular and sim-
ple to execute [22, 8, 14]. This method involves more en-
ergy loss and fixed step size to consider interface with a DC-
DC converter; so that the operating point does not deviate
away from MPP, as the environmental state changes fre-
quently [22, 8, 12, 5, 20]. The IC method also keeps the ratio
dP/dV at zero. Thus in the IC method, the slope of the PV
array power curve is zero at MPP (Pmax). In this method,
MPP can be found by comparing incremental conductance
to instantaneous conductance. It stops the oscillation prob-
lem around MPP at fixed step size [22, 12, 19, 4, 11].
Due to fixed step size and low convergence, both the P&O
and IC methods are considered as a trial and inaccuracy
course [19, 20, 4]. This paper presents a comprehensive
comparison of P&O, IC and MRFM based on output energy,
convergence speed, duty cycle, oscillation near MPP, power
loss etc. The MRFM is well suitable for MPPT because root
convergence can be achieved without observing oscillation
near MPP [23]. This method provides fast convergence and
inconsistent step size; thereby improving energy extraction
from the PV array and enhancing performance under chang-
ing environmental conditions [8, 14, 23].
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2. Mathematical Modeling of PV Module

The current-voltage relationship of this mathematical
model is specified by the following equation [16].

I = Isc − I0

[
eq

( V+I·RS
nKT

)
− 1

]
(1)

where: V—cell voltage, I—cell current, RS —PV cell series
resistance, I0—reverse saturation current, n—ideality factor,
Isc—short–cicrcuit current, T—cell temperature.

At any temperature of cell T , Short-circuit current Isc is
given as under:

Isc|T = Isc|Tre f ·
[
1 + a

(
T − Tre f

)]
(2)

where: Tre f —reference temperature of PV cell in Kelvin mea-
sured at irradiance of 1,000 W/m2 and α is the temperature
coefficient of Ics.

The short - circuit current Isc is proportional to the intensity
of irradiance. Isc at a specified irradiance G is given by the
equation below:

Isc|G =

{
G
G0

}
Isc|G0 (3)

where: G0is the nominal value of irradiance in W/m2. The
reverse saturation current I0 is temperature dependant and
can be considered by the following equation.

I0|T = I0|Tre f ·

{
T

Tre f

} n
3

· e
−qEg

nK

{
1
T −

1
Tre f

}
(4)

where: n—diode ideality factor is equalt to 1.62, Eg—the
band gap voltage for silicon is 1.1eV.

The output current (I) is computed by Newton’s method
iteratively.

In+1 = In −
Isc − In − I0

[
eq( V+In ·Rs

nKT ) − 1
]

−1 − I0

(
q·RS
nKT

)
eq

( V+In ·RS
nKT

) (5)

This iterative process can be concluded when the differ-
ence between 1n+1 and n reaches an acceptably small value.
The MATLAB function written in this paper performs the cal-
culation five times iteratively to ensure convergence. The
testing result showed that the value of In usually converges
within three iterations and never more than four interactions.

3. DC-DC Converter (Cuk Converter)

Switch mode power supply DC-DC converters, based on
MOSFETS, IGBTS are used for many industrial applications
at present. A converter is installed mainly to produce con-
stant voltage, capacitive isolation to protect against switch
failure and deliver maximum power from the solar array to
load [10, 5, 9, 13, 11]. In this work the DC-DC Cuk converter
used is based on the MOSFET switch shown in Fig. 1.

In steady state, the average inductor voltage is zero. The
primary state of switch (SW) is off and input voltage is ap-
plied. Diode (D1) is forward biased and the capacitor (C1)

Vs
+
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+
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Figure 1: Basic circuit diagram of Cuk converter

Table 1: Design Specification of the Cuk converter

Different Electrical Parameter Requirement

Input Voltage (VS ) 20–48 V
Input Current (IS ) 0–5 A (< 5% ripple)
Output Voltage (V0) 12–30 V (< 5% ripple)
Output Current (I0) 0–5 A (< 5% ripple)
Duty Cycle (D) 0.1 < D < 0.6
Switching Frequency ( f ) 50 kHz
Maximum Output Power (Pmax) 150 W

is charged. The operation mode of the circuit is divided into
two modes:

1. When MOSFET is turned on at t = 0, current through
inductor (L1) rises, at the same time voltage of (C1) re-
verse biases diode (D1) and turns it off. (C1) discharges
energy to the circuit C1-C2-Rload-inductor (L2).

2. When MOSFET switch is turned off at t = t1, the capac-
itor will charge from input supply (VS ) and will transfer
stored energy of the inductor to the load. Thus energy
is transferred from source to Rload through the capaci-
tor (C1) [5].

• when, switch (SW) turns ON, −IC1 = IL2

• when, swtich turns OFF, IC1 = IL1

IL1

IL2
=

D
1 − D

(6)

V0

Vs
=

D
1 − D

(7)

The Cuk converter is designed based on the requirements
shown below in Table 1.

The values of L1, L2, C1 and C2 used in converter are
as follows: L1 = 1.475 mH, L2 = 1.283 mH, C1 = 14.42 µF
C2 = 0.3567 µF. Diode D1 is chosen due to its good re-
verse recovery time (usually 5 to 10 ns), low forward voltage
and Power–MOSFET switches are chosen for low to medium
power applications.

4. Perturb & observe algorithm

The (P&O) algorithm is very common and the one most
suitable for practical application. The operating voltage of the
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Figure 2: P&O algorithm flowchart

PV module is perturbed by a small increment and the result-
ing change in power (∆P) is observed. If the ∆P is positive,
then it is considered that the operating point has achieved
near to MPP. If the ∆P is negative, the operating point has
moved away from MPP and the perturbation direction is re-
versed to move back toward MPP [6, 15, 2]. A flowchart of
the P&O algorithm is given in Fig. 2.

5. Incremental conductance (IC) algorithm

The basic idea of the algorithm is that P-V curve slope
becomes zero at MPP. The derivative of slope of PV module’s
power with respect to PV voltage has the following relations
with MPP [22, 8, 20, 16, 2, 18].

∆P
∆V = 0 at MPP, ∆P

∆V > 0 at the le f t o f MPP,

∆P
∆V < 0 at the right o f MPP

(8)

If the operating point is at MPP:

dI
dV

= −
I
V

(9)

If the operating point is to the left of MPP:

dI
dV

> −
I
V

(10)

If the operating point is to the right of MPP:

dI
dV

< −
I
V

(11)

where: dI/dV is an incremental conductance and I/V is in-
stantaneous conductance.
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Figure 3: Flowchart of the IC algorithm

From equation 9 MPP can be found by comparing instan-
taneous conductance to the incremental conductance [20, 4,
7, 21]. The flowchart of the IC algorithm is shown in Fig. 3.

6. Modified Regula Falsi method (MRFM) algorithm

The RFM (Regula Falsi method) convergent is a linearly
root-finding algorithm as function is continuous with one in-
dependent variable shown in Fig. 4 [23]. This algorithm finds
first initial bracketing point x1 and xu for continuous function
f (x). Calculating from the equation 12 approximate value for
the root ci at every iteration i.
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Figure 4: Regula Falsi method (RFM)
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Figure 5: Modified Regula falsi method

ci =
x1 · f (xu) − xu · f (x1)

f (xu) − f (x1)
(12)

where: i = 0, 1, 2, 3, ...
When f (ci) = 0 then ci is root otherwise f (ci). f (xu) < 0

then consider x1 = ci, or if f (ci). f (x1) < 0 then consider
xu = ci. The result of this RFM procedure smaller size brack-
eting interval because bracketed interval is constant of one
end point. This problem is improved by the MRFM as shown
in Fig. 5 which is similar to the RFM. While calculate the next
root iteration approximation, ci, the following processes is
taken instead of the abovementioned step of the RFM in 12.

If, f (x1) · f (xu) < 0 and f (x1) > 0 then, f (xu) is replaced
in equation 12 by fp (xu) =

f (xu)
2 and fp (x1) = f (x1)

ci =
x1· fp(xu)−xu· fp(x1)

fp(xu)− fp(x1) =

=
x1· f (xu)·0.5−xu· f (x1)

0.5· f (xu)− f (x1)

(13)

where: i = 1, 2, 3, ...
If, f (x1) · f (xu) < 0 and f (x1) < 0 then, f (x1) is replaced

in equation 12 by fp (x1) =
f (x1)

2 and fp (xu) = f (xu)

ci =
x1· fp(xu)−xu· fp(x1)

fp(xu)− fp(x1) =

=
x1· f (xu)−xu· f (x1)·0.5

f (xu)−0.5· f (x1)

(14)

where: i = 1, 2, 3, ...
These changes effectively decrease the magnitude of by

1/2 at one of the brackets ends in order to achieve faster con-
vergence [8, 23]. MRFM flow chart is shown in Fig. 6. The
algorithm consists of three major modes, which are the initial
mode, the MPPT mode and the Idle mode. After the sam-
pling process in the initial MPPT mode ∆V is known. Hence
this information can be used to detect if an irradiation change
has occurred.
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Figure 6: MRFM Flow Chart

7. Results and comparision

In order to perform comparative analysis of considered
MPPT techniques, BP SX 150B solar PV module has been
used in MATLAB platform. The module consists of 72 multi-
crystalline silicon solar cells are connected in series, an ideal
Cuk converter, 6Ω resistive load and 150W of nominal max-
imum power. The technical parameter values of solar PV
panel are shown in Table 2. For a Cuk converter the input
and output of voltage and current relationship equations are
given by equation 15. These equations are used in the MAT-
LAB programming.

V0 =
D

1 − D
· Vs I0 =

1 − D
D
· Is (15)

where: V0, I0—Cuk converter output voltage and current, Vs,
Is—input voltage and current, D—duty cycle of the Cuk con-
verter.
The programming is performed under the linearly increasing
irradiance. Fig. 7 shows the graphs between output powers
(W) tracked by the three MPPT techniques (P&O, IC, and
MRFM) and modular voltage (V). From graphs, it is observed
that the P&O, IC techniques are slower in tracking MPP com-
pared to the MRFM technique.
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Table 2: Technical parameter values of PV module of BP SX 150B solar PV
panel [1]

Electrical parameters Icon Specification

Maximum power (Watt) Pmax 150
Maximum power voltage (V) Vmpp 34.5
Maximum power current (A) Impp 4.35
Open–circuit voltage (V) Voc 43.5
Short–circuit current (A) IS C 4.75
Temperature coefficient of IS C (V/°C) Kv 0.065±0.015%
Temperature coefficient of Voc (mV/°C) Ki -160±20
Temperature coefficient of power Kp -0.5±0.05%
Nominal operating cell temperature NOCT
(°C)

- 47±2

Fig. 8 shows the graph modular current (A) and modular
voltage (V), it indicates that P&O, IC technique convergence
speed is less. The MRFM technique has faster convergence
speed, guarantees reaching MPP, and has less power loss
than the P&O and IC techniques.

Fig. 9 shows the graph between converter output powers
(W) tracked by the three MPPT techniques (P&O, IC and
MRFM) and duty cycle. It indicates that the duty cycle varies
less with the P&O and IC techniques than in the MRFM tech-
nique.

The comparison of the graph between the converter out-
put powers (W) tracked by the three MPPT techniques and
duty cycle is shown in Fig. 10. From the graphs, it is ob-
served that in the P&O technique the duty cycle during the
whole operation varies from 0.2 to 0.5, the IC technique duty
cycle varies from 0.15 to 0.45; both have fixed size in step.
However, the MRFM duty cycle varies from 0.1 to 0.5 which
is variable step size having less oscillation in the duty cycle.

The graph between the converter output current (A)
tracked by the three MPPT techniques (P&O, IC and MRFM)
and the output voltage is shown in Fig. 11. From the graphs,
it is observed that the P&O, IC techniques during the whole
process have more variations or changes in Cuk converter
output current with voltage than does the MRFM technique.

The P&O, IC and MRFM techniques are programmed and
compared under the same conditions. When atmospheric
conditions change slowly or are constant, the P&O and IC
MPPT oscillations are quite close to MPP, but MRFM finds
MPP accurately in changing atmospheric conditions. Ta-
ble 3 shows a comparison of the three techniques for dif-
ferent properties. The MRFM is observed to be the fastest
among the three techniques to find convergence to MPP. It
reaches MPP immediately, in contrast to fixed step size al-
gorithms (e.g., P&O and IC), and the MRFM step size varies
while approaching MPP; hence the MRFM technique is more
accurate.

8. Conclusion

Photovoltaic systems are one of the vital technologies en-
visioned to achieve suitable energy generation. The system
is interfaced with various essential power electronics com-
ponents to achieve the necessary efficiency in energy con-
version to harness renewable energy. In this paper, a com-
parative MPPT analysis is made of the P&O, IC and MRFM

methods. MPPT methods are key enablers of a more energy
sustainable society, due to their ease of use, low cost and
malleable operation. The analysis was validated on a MAT-
LAB platform in variable irradiance and temperature condi-
tions. It is observed that MRFM enjoys better performance
than the P&O and IC techniques. These three techniques im-
prove the steady state and dynamics performance for photo-
voltaic systems and improve the performance of the DC-DC
converter. Based on the analysis it is observed that the vari-
able step MRFM method is the fastest technique of the three
compared techniques to reach MPP in a total of four itera-
tions.
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Nomenclature

a Coefficient temperature of Isc

C Capacitor

D Duty cycle

D1 Schottky diode

Eg Band gap voltage of silicon

f(x) function

G Radiation in w/m2

G0 Nominal value of irradiance

I Output current of PV cell

I0 Diode reverse saturation current

IS C Short circuit current

IC Incremental Conductance

k Boltzman constant

L1 Input inductor of Cuk converter

L2 Output inductor of Cuk converter

MPP Maximum Power Point

MPPT Maximum Power Point Tracking

MRFM Modified Regula Falsi Method

n Ideality factor of diode

P&O Perturb$Observe

PV Photovoltaic

q Charge of electron

Rs Series resistance of PV cell

RFM Regula Falsi Method

SW Switch of Cuk converter

T Module temperature

Tre f Reference temperature of PV cell

V Cell voltage
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a)

b)

c)

Figure 7: Graph between output powers (W) and modular voltage (V) for (a)
P&O (b) IC and (c) MRFM technique

a)

b)

c)

Figure 8: Graph between output current (A) and output voltage (V) for (a)
P&O (b) IC and (c) MRFM technique
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a)

b)

c)

Figure 9: Graph between output power (W) and duty cycle for (a) P&O (b)
IC and (c) MRFM techniques

Figure 10: Comparision of the graph of the P&O, IC and MRFM techniques
between output power (W) and duty cycle
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a)

b)

c)

Figure 11: Graph between Cuk converter output current and voltage for (a)
P&O (b) IC and (c) MRFM techniques
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