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Abstract
Background/Objective: This paper presents a new digital control approach to track the Maximum Power Point (MPPT)
for Potovoltaic (PV) systems. A photovoltaic power generation system requires an effective controller to overcome sudden
changes to irradiance and to maximize its efficiency. Methods/Statistical Analysis: A new approach to MPPT based on
voltage control was proposed, while a PI (Proportional Integral) controller was combined with the boost converter to adapt
the duty cycle. Findings: The input voltage reference was adaptively perturbed with variable steps until the maximum
power was reached. A state-space model was derived through the averaging method, with the control input being the
duty ratio to regulate the pulse width modulator on the DC-DC boost converter. The proposed control scheme eliminated
steady state oscillations around the working point area of the PV panel when there were rapid changes to the irradiance.
Applications/Improvements: Furthermore, the PV system became more efficient, as proven by the sudden change in the
radiation conditions for 0.3 seconds, where approximately 30% of energy could be saved.
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1.

Introduction

Solar power is becoming increasingly important as a
source of renewable energy as it is clean energy, requires
less maintenance, and so forth. The output Power of
Photovoltaic (PV) arrays always changes according to
weather conditions, i.e., irradiance and atmospheric temperature. In many cases, PV systems have their shortcomings when it comes to the conversion of solar radiance
into electrical energy. The University of Tokyo tested
more than 71 Japanese PV systems, all of which showed
losses of up to 25%1. Therefore, Maximum Power Point
Tracking (MPPT) has been used to improve the energy
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efficiency. Some techniques have been proposed to track
the Maximum Power Point (MPP) and MPPT-based
Perturbation and Observation (P&O) methods have
been implemented. The P&O and hill climbing methods were applied for the MPPT controller of a two-stage
PV grid-connected converter system. Their performance
was evaluated and compared through theoretical analysis
and digital simulation. P&O MPPT method exhibits fast
dynamic performance and well regulated PV output voltage, which is more suitable than hill climbing method for
PV system2.
Nevertheless, steady state oscillations have always
appeared in both methods due to the perturbation3.
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A boost converter, also known as a step-up converter, is
considered to be the most beneficial component in solar
cell applications because of its simplicity, low cost, and
high efficiency. An incremental conductance method has
been developed to overcome the drawbacks of the P&O
method. This method is capable of achieving better performance results with varying irradiance, temperature,
and uncertain charges. It also takes a shorter time to reach
the optimal power operating point. In addition, oscillations around the operating point of the MPP can also be
reduced and eliminated.
The MPPT algorithm, which is based on the incremental conductance method, regulates the PV voltage4,5.
The steady state oscillations should eliminate the error
at the MPP. However, the slope value of the error curve
is seldom null due to the resolution of the digital implementation. The Incremental Conductance Method (ICM)
is better than the P&O technique in tracking the MPP,
where the advancements of Digital Signal Processors
(DSPs), both ICM and P&O, can be easily implemented5.
This paper proposed improvements to the tracking accuracy and dynamic performance under sudden
changes in irradiance conditions.

2.

Methodology

2.1 Photovoltaic/ Solar Cell System Models
There are two types of solar cell models that are used for
different purposes. The first is a static model, which does
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Where VPV is the PV voltage, IPV is the current, Iph is the
photon current, Is is the reverse saturation current of the
diode, N is the ideality factor of the diode, T is the solar
cell arrays in Kelvin (K), the value of the electron charge
(q) is 1.60217646 × 10−19 C, and the Boltzmann constant,
K is 1.3806503 × 10−23 J/K. Moreover, Rs and Rshare the
equivalent series and shunt resistance of the solar cell
array, respectively. The PV voltage and current of the
solar cell were strongly influenced by the environmental
conditions, i.e. solar radiation and cell temperature. From
Equation (1), the irradiance λ, the temperature coefficient
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not use the transfer function of a Low Pass Filter (LPF),
while the second is a dynamic model of a PV-boost system based on the integration of a solar cell model with an
LPF to carry out simulations of a solar power plant in real
conditions, which is expected in designing a new MPPT
algorithm. The two modelling schemes are presented,
respectively, in the following sections7.
The exponential equation that was used to build the
solar cell model was derived from the laws of physics
for the p-n junction, which is generally accepted for the
presentation of cell characteristics. For the modelling of
the PV statics, the equivalent circuit of the PV system7 in
Figure 1 was adopted. The characteristic of the I-V curve
can be modelled as proposed in6-9.
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Figure 1. P-V characteristics of solar cell under different irradiances (at 25 °C).
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of the short circuit current Kt, at a temperature of 25 0C
can be derived7.

The PI controller output was equal to the sum of the two
parts:

λ (2)

u(t) = uP (t) + uI(t)(5)

I ph =[ I SC + K t (T − 298)]

100

uI (t ) =K p (y s (t ) − y(t ))

In Equation (2), the current generated by the photons is
directly proportional to the solar radiation. The effect of
changes to the solar radiation on the PV characteristic
curve is shown in Figure 2. In a short circuit current, the
voltage is zero or the circuit voltage is open at the time
so that no current flows10. Figure 1 shows the P–V curve
characteristics at a temperature of 25 °C under different
irradiance rates. The generated current is shown to be
increasing with the irradiance level.

G p (s ) =

Proportional (P ) part : uP (t ) = K p (y s (t ) − y(t )) (3)
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The output controller was equal to the sum of the two parts:
u=
(t ) uI (t ) − uP (t ) (9)

This paper proposed a new approach to an improved
MPPT by using a dual controller to compensate for the
output voltage. The controller used a modified Integral
Proportional (IP) MPPT and PI controllers for an inner
controller on the boost converter, which consisted of two
parts:
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2.2 Proposed Design of a New Approach

Integral (I) part : uI (t ) =
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where variables of the controller ys(t), y(t), and u(t) were
the set point, output process, and output of the IP controller, respectively. The component variables kc, and τi
were the proportional gain and integrator, respectively. In
the experiment, their use as the controller, set point and
controller parameters, kc and τi, were set by the user. The
input and output of the IP controller were ys(t)-y(t) and
u(t), respectively. Thus, the IP controller was as follows.
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Figure 2. I-V characteristics of solar cell under different irradiances (at 25 °C).
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The proposed MPPT algorithm was aimed at achieving
zero error by providing a reference voltage, V*PV, as the
working point of the solar cell. When the error rate was
far from zero, then a large reference voltage was given to
reach the set point quickly, and when the error rate was
close to zero, a small change in the reference voltage was
given to prevent oscillations. The proposed MPPT algorithm was designed to provide a reference voltage for
two different purposes. First, a large reference voltage
with constant changes was used as an IP controller of the
MPPT input to calculate the error. Second, a reference
voltage with large changes was varied with the IP controller of the MPPT to quickly find the maximum power
point that is working and to keep the system working at
that point. The proposed MPPT required feedback from
the plant in the form of the gradient of the P-V curve11.
Since the P-V curve of a solar cell has nonlinear characteristics, the value of ΔP/ΔV must be calculated by using
a small value of ΔV. This is in contrast with the aim of
varying a new actual value of ΔV. Therefore, in this MPPT
design, the reference voltage was updated alternately by
the PI controller and gradient timer. Figure 3 shows the
block diagram of the new MPPT algorithm model.

I PV

λ

error
= I PV +

dIPV = change in current
dIPV = change in voltage
The equation and error input of the new IP-based MPPT
is given in Equation (12). Therefore, the differential of the
IP controller was as follows:

dI V
*
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=
dVPV
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T

For the solar cell to work at the maximum power
point, the gradient of the P-V curve had to be close to
zero. Therefore, the set point for the PI controller of the
MPPT had to be constantly at zero, while its feedback
was the gradient of the P-V curve itself. Based on the P-V
curve in Figure 1, a positive gradient meant the working
point was on the left of the MPP12. In this case, a reference voltage had to be added so that the negative gradient
could be reduced. Therefore, the error of the PI controller or the MPPT was reversed, making the set point as
the negative input, while the feedback controller was the
positive input. The new formula was written as:
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D
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Figure 3. Block diagram of a new MPPT.
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By assuming,

Table 1. Simulation Parameters

dI V
d
=
x1 I PV + PV PV
dt
dVPV

(14)

Hence,
VP∗V = k1i x1 − k1 p ∗ Vpv (15)

As for the second PI controller, the input error controller
could be seen in the design of the system. As shown in
Figure 3, the second differential equation of the PI controller was derived as:

(

)

(

)

∗
∗
D
= k2 p VPV − VPV
+ k2i ∫ VPV − VPV
dt (16)

by assuming

PI Controller

L

100 μH

Kp = 0.03

fs

20 kHz

Ti = 0.0006

Vc

400 Volt

dt = 0.0001

Vd

0.62 Volt

RL

0.15 Ω

C

820uF

Ns

15 cells

Table 2. Specifications of KC50T
Characteristics

Values
+10%

Maximum Power(P max)

d
*
=
x2 VPV − VPV
dt

Then, by substituting Equation (15) into Equation (16),
the following was produced
d
x2 = VPV − (k1i x1 − k1 p ∗ Vpv )
dt
d
=
x2 VPV − k1i x1 + k1 p ∗ Vpv
dt

Hence,
=
D k2 pVPV − k2 p k1 p ∗ Vpv − k1i x1  + k2i x2 (17)

3.

Component of Boost Converter Circuit

Simulation Results

The main component parameters of the boost converter
circuit and PI controller implemented in the MATLAB
Simulink are given in Table 1. A vital component of the
reference solar cell used in this research was the solar
cell model KC50T manufactured by Kyocera (Kyocera
KC50T Datasheet), with the parameter specifications as
given in Table 2.
The measurements shows Figure 4 of the oscillations
of the boost converter circuit with the MPPT algorithm
getting no closer to the Maximum Power Point (MPP),
except away from it. The solar cell temperature was set
at standard conditions at 25 0C, while the solar radiation was changed from 400W/m2 to 1000W/m2 in the
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54 Watt
-5%

Open circuit PV voltage (VOC)

21.7 V

Short circuit PV current (ISC)

3.31 A

Open circuit voltage in temperature
coefficient (VOC)

-8,21x10-2 V/o C

Short circuit in temperature coefficient
(ISC)

1,33x10-3 A/o C

Maximum power PV voltage (VMPP)

17,4 V

Maximum Power Current (IMPP)

3.11 V

Cell in series per module

36

third second. When the solar radiation increased in the
third second, the MPP working point of the solar cell
also increased. However, before the working point of the
solar cell increased, the output voltage dropped for 0.2
seconds because the VREF given by the MPPT algorithm
was lower than the output voltage of the boost converter.
This can be understood by looking at the measurements
of the boost converter circuit. This shows the potential of
the MPPT to overcome the drawbacks of the PIMPPT.
Figure 5 shows the output current Ipv measured on the
boost converter circuit.
The VREF was updated to calculate the error input at
the PI MPPT or if the new MPPT value was small, constant or positive. If the output voltage had increased, likewise they would have subsided automatically, as shown in
Figure 1. These oscillations occurred because when the
algorithm calculated the error for the PI controller input,
there was an increase in solar radiation at the same time.
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Figure 5. Output Current of PI MPPT and new MPPT.

The increase in solar radiation increased. The error calculation involved the increase in the Therefore, They should
have been smaller, but since there was an increase in solar
radiation, they became even greater. This caused an error
in calculation, and thus, the VREF given by the IP-based
MPPT algorithm was also wrong. This shows that when
there is a gradient or a PIMPPT controller input error in

6
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the event of oscillations, the value of the gradient becomes
very extreme. As such, it can be used as a parameter for
detecting oscillations. An anti-windup was added into the
proposed algorithm to reduce the effects of the extreme
error.
The Figure 6 shows output power produced by the
proposed MPPT system in standard environmental con-
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Figure 6. Output Power of PI MPPT and new MPPT.

ditions. The power generated was around 708.6Watt. The
oscillation power derived from the system was smaller
than that generated by the PI MPPT. The power obtained
from the voltage-current weakened each other, so there
were small oscillations in the output power.The amount
of energy (Joule) is calculated as follows:
t

E(t )∫ Ppv v(τ )dτ
0

(18)

It was found that overcoming the oscillation for 0.3 seconds was able to save a loss of approximately 30% in
energy. Overall, the MPPT system was capable of finding
the maximum power point and maintaining the working
of the solar cell at that point. Basically, the boost converter
model had a natural ripple that did not come from the
MPPT algorithm, but instead was caused by the PI MPPT
controller, making it difficult to achieve steady state conditions. By using the proposed MPPT, the oscillations
could be reduced.

4.

Conclusion

In this paper, a new approach to MPPT was conducted
to extract the maximum output power of a solar cell system under sudden change conditions. The method used
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an indirect MPPT control topology which incorporated
two controllers. The reference voltage-based MPPT
was implemented by combining it with a Proportional
Integral (PI) controller as an inner controller. A new
duty ratio was derived from the proportional integral
controller to boost the DC-DC converter to adjust the
PV terminal voltage. A mathematical model was used to
implement the P–V characteristic under sudden change
conditions. The new MPPT algorithm was verified by
using MATLAB/ Simulink simulations. The PV system
was implemented using the proposed MPPT. The results
showed that the proposed MPPT was able to reach the
MPP and eliminate the oscillations under sudden change
conditions. Moreover, the controller indicated a fast converging speed, with small oscillations around the MPP
during steady state conditions. Furthermore, approximately 30% of energy could be saved in 0.3 seconds.
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