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ABSTRACT
In this paper, new approaches are formulated to estimate the parameters and predict the
maximum power generated by the PV module at maximum power point under varying
environmental conditions. Maximum power point tracking technique is useful for extracting
maximum power from PV cell. Here different techniques have been discussed and explained.
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INTRODUCTION

Today, renewable energy plays an
important role in producing electrical
power. The electric power is generated by
different modes of generation, such as
fossil fuel-fired generation, using diesel
oil, petrol, nuclear fuels, hydro—
generation, and non-conventional energy
sources such as wind power, tidal waves,
solar energy, biogas, etc. A PV array under
uniform irradiance generates a current—
voltage characteristic with a unique point
called the maximum power point (MPP);
at this point, the array produces maximum
output power [1]. A numerical technique is
used to extract the maximum power at
MPP under varying irradiance and
temperature conditions. New expressions
are developed to find the PV module’s
maximum voltage and maximum current at
MPP.

MPPT TECHNIQUES

Maximum output power tracking (MPPT)
techniques are useful to extract maximum
power from the PV system. MPPT

controller is used in the PV system. To
design a proper MPPT controller, the
information about the PV module’s
maximum power at MPP under varying
environmental ~ conditions  such  as
irradiation and temperature is needed.
Presently, numerous MPPT techniques are
available [1-3]: they are broadly classified
into two categories, namely the
conventional and soft  computing
approaches. The open-circuit voltage or
short-circuit current, for reference, results
in more power loss [4-6]. On the other
hand, soft-computing-based MPPT such as
artificial neural network (ANN) [7], fuzzy
logic [8], differential evolution [9], particle
swarm optimization [10, 11], and cuckoo
search [12] tend to be more versatile and
flexible. Despite exhibiting better steady-
state performance, they are much slower
and, in practice, are not as acceptable.
Maximum  power  point  tracking,
frequently referred to as MPPT, operates
solar PV modules in a manner that allows
the modules to produce all the power they
are capable of generating. MPPT is not a
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mechanical tracking system but it works
on a particular tracking algorithm and it is
based on a control system. MPPT can be
used in conjunction with a mechanical
tracking system, but the two systems are
completely different. MPPT algorithms are
used to obtain the maximum power from
the solar array based on the variation in
irradiation and temperature. The voltage at
which PV module can produce maximum
power is called ‘maximum power point’
(or peak power voltage). Maximum power
varies with solar radiation, ambient
temperature, and solar cell temperature.
Over the past decades, many methods to
find the MPP have been developed. These
techniques differ in many aspects such as
required sensors, complexity, cost, range
of effectiveness, convergence speed,
correct tracking when irradiation and/or
temperature changes, hardware needed for
the implementation or popularity, among
others. Various techniques have been
proposed depending on their complexity,
sensors used, convergence, setup, and in
further aspects [13-23].

Perturb and Observe

The most popular conventional MPPT
techniques are the perturb and observe
(P&O) [24, 25] and hill climbing [26].

These algorithms are widely used in
commercial products, mainly due to their
simplicity and robustness.

Only one voltage sensor is used to sense
the PV array voltage and the
implementation cost is less. The algorithm
involves a perturbation on the duty cycle
of the power converter and a perturbation
in the operating voltage of the DC link
between the PV array and the power
converter. Perturbing the duty cycle of the
power converter implies modifying the
voltage of the DC link between the PV
array and the power converter. In this
technique, the sign of the last perturbation
and the sign of the last increment in the
power are used to decide the next
perturbation. As shown in Figurel, on the
left of the MPP, incrementing the voltage
increases the power, whereas on the right,
decrementing the voltage decreases the
power. If there is an increment in the
power, the perturbation should be kept in
the same direction and if the power
decreases, then the next perturbation
should be in the opposite direction. Based
on these facts, the algorithm is
implemented as shown in the flowchart of
Figure 2, and the process is repeated until
the MPP is reached. The operating point
oscillates around the MPP.
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Fig. 1. PV array characteristic curves.
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Fig. 2. Flowchart of perturb and observe algorithm.

A drawback of P&O is that, at steady state,
the operating point oscillates around the
MPP giving rise to the waste of some
amount of available energy; moreover, it is
well known that the P&O algorithm can be
confused during those time intervals
characterized by rapidly changing the
atmospheric conditions. This drawback is
solved by combining a constant voltage
(CV) algorithm with a modified P&O. It
improves the efficiency under high and
low solar irradiation conditions.

P&O with current perturbation and
adaptive control algorithm tracks the
variable current perturbation, which varies
continuously with the irradiance [27].

Incremental Conductance

In the incremental conductance (IC)
method [28-32], the slope of the PV
power curve is observed to identify the
MPP. IC tracking approaches us a fixed

iteration step size; it uses the accuracy and
tracking speed. The step size may be
increased or decreased, so accuracy may
also be deceased or increased,
respectively. The problem resolves using
variable step size [4]. It adjusts the step
size to the solar array operating point. The
IC algorithm uses two voltage and current
sensors to sense the output voltage and
current of the PV array. In IC method, the
array terminal voltage is always adjusted
according to the MPP voltage; it is based
on the incremental and instantaneous
conductance of the PV module. Figure 3
shows that the slope of the P-V array
power curve is zero at the MPP, increasing
on the left of the MPP and decreasing on
the right-hand side of the MPP. The basic
equations of this method are as follows:

dl I
— = —— at MPP
dv v

dl

I
— = —— left of MPP
dal’ [
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where | and V are P-V array output current
and voltage, respectively. The left-hand
side of equations represent IC of P-V
module and the right-hand side represents
the instantaneous conductance. When the
ratio of change in output conductance is
equal to the negative output conductance,
the solar array will operate at the MPP.
This method exploits the assumption that
the ratio of change in output conductance
is equal to the negative output
instantaneous conductance.

Fig. 3. Incremental conductance method of
solar module.

Switching ripple detection uses a digital
lock-in amplifier to extract the amplitude
of the oscillation ripple even in the
presence of noise, and it improves the
performance both in steady state and
transient response [33].

Fractional Open-Circuit Voltage

The near-linear relationship between
VMPP and VOC of the PV array, under
varying irradiance and temperature levels,
has given rise to the fractional VOC
method and an effective way to acquire the
maximum power [34]:

Ve 21, v,

where k1 is a constant of proportionality.
VMPP is the voltage at MPP and VOC is
the open-circuit voltage. Since k1 is

dependent on the characteristics of the PV
array being used, it usually has to be
computed beforehand by empirically
determining VMPP and VOC for the
specific PV array at different irradiance
and temperature levels, fabrication
technologies, solar cell technology, fill
factor and the meteorological condition.
This technique is not useful or supportive
in the case of partial shading.

Modified fractional open-circuit voltage
method and the current sensor-less method
with auto modulation to achieve fast and
accurate tracking and improvement
demonstrate excellent dynamic response
and steady-state performance [35].

Fractional Short-Circuit Current
Fractional ISC results from the fact that,
under varying atmospheric conditions,
IMPP is approximately linearly related to
the ISC of the PV array [36]:

Ivpp 2x, 1.,

where k2 is a proportionality constant. Just
like in the fractional VOC technique, k2
has to be determined according to the PV
array in use. The constant k2 is generally
found to be between 0.78 and 0.92.
Measuring ISC during operation is
problematic. An additional switch usually
has to be added to the power converter to
periodically short the PV array so that ISC
can be measured using a current sensor.
This increases the number of components
and cost. Power output is not only reduced
when finding ISC but also because the
MPP is never perfectly matched as
suggested by equation. The variable k2 can
be compensated such that the MPP is
better  tracked while  atmospheric
conditions change. To guarantee proper
MPPT in the presence of multiple local
maxima, the PV array voltage from open
circuit to short circuit periodically sweeps
to update k2. Most of the PV systems
using fractional ISC in the literature use a
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DSP, while a few systems use a simple
current feedback control loop instead.

Fuzzy Logic Control

Since last decade, fuzzy logic control
(FLC) was popular for MPPT using
microcontrollers. Fuzzy logic controllers
have the advantages of working with
imprecise inputs, not need an accurate
mathematical model, and handling
nonlinearity. It works on linguistic
variables, and is based on natural language
and common sense rather than logical
thinking. It is not useful for tacking
maximum power point, but is helpful for
other applications. FLC generally consists
of three stages: fuzzification, rule base
table lookup, and defuzzification. During
fuzzification, numerical input variables are
converted into linguistic variables based
on a membership function similar to
Figure 4. In this case, five fuzzy levels are
used: NB (negative big), NS (negative
small), ZE (zero), PS (positive small), and
PB (positive big).

Numerical variable
Fig. 4. Membership function for inputs
and output of fuzzy logic controller.

Table 1. Fuzzy rule base.

E AE
NB NS ZE PS PB
NB | ZE ZE NB NB NB
NS | ZE ZE NS NS NS
ZE NS ZE ZE ZE PS
PS PS PS PS ZE ZE
PB PB PB PB ZE ZE

In some cases, seven fuzzy levels are used
probably for more accuracy. Figure 4(a)
and (b) is based on the range of values of

the numerical variable. The membership
function is sometimes made less
symmetric to give more importance to
specific fuzzy levels. The inputs to an
MPPT fuzzy logic controller are usually an
error E and a change in error AE. The user
has the flexibility of choosing how to
compute E and AE. Since dP/dV vanishes
at the MPP, approximation can be applied
as follows.

Wu et al. [37] proposed self-tuning fuzzy
control for a PV inverter system. The
scaling factor of both input and output is
automatically tuned to improve the system
performance. The hill-climbing search
method has been modified, based on FLC
for MPPT, under rapidly changing weather
conditions [38].

It gives the faster converging speed, less
oscillation around the MPP under steady-
state conditions, and no divergence from
the MPP during varying weather
conditions [39]. Adaptive neuro-fuzzy
reduces the hardware setup using only one
voltage sensor. It increased the array
power efficiency and response time, and
reduced the hardware complexity [40].
Compared to the performance of fuzzy
logic controller with PID controller, it is
seen that the performance of fuzzy logic
controller is better with respect to stability
and speed of response (Table 1).

Neural Network

P&0O and IC achieve moderate
performance with acceptable
implementation complexity. Enhanced
performance artificial intelligence-based
MPPT techniques have been suggested for
better ~ transient and  steady-state
performance, especially under partial
shading and rapidly changing
environmental conditions [41-44].

ANN  algorithms  feature  several
capabilities such as (i) offline training, (ii)
nonlinear mapping, (iii)  high-speed
response, (iv) robust operation, (v) less
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computational effort, and (vi) compact
solution for multiple-variable problems
[45].

Along with fuzzy logic controllers, another
technique of implementing MPPT is the
neural networks, which are also well
adapted for microcontrollers. Neural
networks commonly have three layers:
input, hidden, and output layers as shown
in Figure 5. The number nodes in each
layer vary and are user-dependent. The

input variables can be PV array parameters
like VOC and ISC, atmospheric data like
irradiance and temperature, or any
combination of these. The output is usually
one or several reference signal(s) like a
duty cycle signal used to drive the power
converter to operate at or close to the
MPP. How close the operating point gets
to the MPP depends on the algorithms
used by the hidden layer, and how well the
neural network has been trained. The links
between the nodes are all weighted.

Hidden Lave

Fig. 5. Model of neural network.

The link between nodes i and j is labeled
as having a weight of wij in Figure 5. To
accurately identify the MPP, the wij’s have
to be carefully determined through a
training process, whereby the PV array is
tested over months or years, and the
patterns between the input(s) and output(s)
of the neural network are recorded. Since
most PV  arrays have different
characteristics, a neural network has to be
specifically trained for the PV array with
which it will be used. The characteristics
of a PV array also change with time,
implying that the neural network has to be
periodically trained to guarantee accurate
MPPT.

A novel ANN-based adaptive predictor—
corrector algorithm is used [46], which
gives MPP accurately within short time
and without any wrong tracking or
unwanted power oscillations for all types

of insolation changes at different operating
temperatures.

Ripple Correlation Control

When a PV array is connected to a power
converter, the switching action of the
power converter imposes Vvoltage and
current ripples on the PV array. As a
consequence, the PV array power is also
subject to ripple. Ripple correlation control
IS an optimization technique that takes
advantage of the converter signal ripple to
track the MPP [47].

Current Sweep

The current sweep method uses a sweep
waveform for the PV array current such
that the 1-V characteristic of the PV array
is obtained and updated at fixed time
intervals. The VMPP can then be
computed from the characteristic curve at
the same intervals.
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DC-Link Capacitor Droop Control
DC-link capacitor droop control is an
MPPT technique that is specifically
designed to work with a PV system that is
connected in parallel with an AC system
line as shown in Figure 6. The duty ratio
of an ideal boost converter is given by

PV Array

DC Link

where V is the voltage across the PV array
and Vlink is the voltage across the DC
link. If Vlink is kept constant, increasing
the current going in the inverter increases
the power coming out of the boost
converter and, consequently, increases the
power coming out of the PV array.

AC System Line

N

" XZ Boost
Converter

— | Inverter

AN
-

Td

MPPT

’ ‘_

%

Control

¢

/

‘_

Fig. 6. Topology for DC-link capacitor droop control.

Load Current or Load Voltage
Maximization

The purpose of MPPT techniques is to
maximize the power coming out of a PV
array. When the PV array is connected to a
power converter, maximizing the PV array
power also maximizes the output power at
the load of the converter. Conversely,
maximizing the output power of the
converter should maximize the PV array
power, assuming a loss-less converter.
Most loads can be of voltage-source type,
current-source type, resistive type, or a
combination of these. Positive feedback
can also be used to control the power
converter such that the load current is
maximized and the PV array operates
close to the MPP. Operation exactly at the

MPP is almost never achieved because this
MPPT method is based on the assumption
that the power converter is loss-less.

dP/dV or dP/dl Feedback Control

With DSP and microcontroller being able
to handle complex computations, an
obvious way of performing MPPT is to
compute the slope (dP/dV or dP/dl) of the
PV power curve and feed it back to the
power converter with some control to
drive it to zero. There are several methods
to compute the slope. dP/dV can be
computed and its sign can be stored for the
past few cycles. Based on these signs, the
duty ratio of the power converter is either
incremented or decremented to reach the
voltage source, 4-current-source (Table 2).
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Table 2. Characteristics of MPPT technique.

MPPT techniaue PV array True Analog or | Periodic |Convergence| Implementation Sensed
4 dependent MPPT digital tuning speed complexity | parameters

P&O No Yes Both No Varies Low Voltage,
Current

IC No Yes Digital No Varies Medium Voltage,
Current

Fractional V. Yes No Both Yes Medium Low Voltage
Fractional I Yes No Both Yes Medium Medium Current
Fuzzy logic control Yes Yes Digital Yes Fast High Varies
Neural network Yes Yes Digital Yes Fast High Varies
RCC No Yes Analog No Fast Low Voltage,
Current

Current sweep Yes Yes Digital Yes Slow High \(/:oltage,
urrent

(?C'Imk capacitor No No Both No Medium Low Voltage

roop control

Load I or V Voltage,
maximization No No Analog No Fast Low Current
dP/dV or dP/dlI . . Voltage,
feedback control No Yes Digital No Fast Medium Current

CONCLUSION

In this paper, MPP can be improved by
several MPPT techniques taken from the
literature. Here a common and widely used
technique is discussed. MPPT technique is
capable of minimizing the ripple around
the MPP. A summarized table is presented
and its performance can be improved by
cooling PV array.
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