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Abstract

In recent years we have seen a considerable increase in the installed capacity of Photovoltaic (PV)
power generating plants worldwide. This increase is primarily attributed to the decrease in the cost
of installation and the awareness towards the sustainable power generation. However, the
efficiency of the PV modules is still low. The Current vs. Voltage (I-V) characteristics of the PV
generators is non-linear and changes with irradiance and temperature. For optimal utilization of
PV sources, Maximum Power Point Trackers (MPPTs) are used. When the array is under uniform
illumination, there is a single peak on the Power vs. Voltage (P-V) curve of the PV array. This
peak is easily tracked by conventional MPPTs. However, under Partial Shading Conditions (PSC),
multiple peaks appear on the P-V curve. Out of these, there is one Global Peak (GP) while the
others are Local Peaks (LP). When the MPPT algorithm is trapped at LP, considerable power loss
occurs. Special MPPTs are designed for finding the GP when the array is under PSC.

It is also important to periodically find the I-V curve of the array under the field conditions for
monitoring and control of the PV generators. For this purpose, specialized tests are performed.
During these tests, the generation of power from the PV arrays is halted. Similarly, the speed of
performance of these tests is also important as the environmental conditions may change quickly
during finding of the curve. Any change in the surroundings during the performance of finding the
characteristic curve may affect the results.

In this thesis, two algorithms are proposed that perform the MPP tracking and measurement of the
I-V curve under any kind of irradiance. The first algorithm performs these tasks by using the
module voltages as the parameter. In the second method, the input filter capacitor of buck or buck-
boost converter is used. Simulation and experimental results confirm the performance of the
proposed methods.
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Chapter 1 Introduction

The major economies of the world are heavily reliant on natural gas, oil, and coal
for meeting their energy requirement. These fuels are limited and an unabated use
of these resources will eventually cause them to dwindle. From that point it would
be impossible to retrieve these sources. On the other hand, renewable sources like
wind and solar energy are replenished. The sunlight can be used for production of
electricity, for heating, and for many other industrial applications. The energy
from fast moving winds is captured by wind turbines for generation of electricity.
Similarly, geothermal is the heat from the earth’s interior. Geothermal heat pumps
tap into this resource for heating and cooling of buildings. The heat from the
earth’s interior can also be utilized for the production of electric power. Another
important renewable energy source is the tidal energy. The importance of these
assets is that we can put them to our benefit on sustainable basis.
With the increasing population and penetration of modern technology in human
life, the demand for electrical energy is likely to increase continuously with time.
The production of electricity from fossil fuels leads to many environmental
problems like [1]:

e Water pollution

e Maritime pollution

e Emission of hazardous air pollutants

e Solid waste

e Ozone depletion

In addition to the above mentioned problems, sustainability is another challenge
that the human beings face today. A common definition of sustainability is [2]:

“Development that meets the needs of the present without compromising
the ability of future generations to meet their own needs.”

A sustainable development in society demands sustainable supply of energy
resources. There is an intimate relationship between sustainable development and
renewable sources of energy. In this chapter a summary of the Renewable Energy
Report for year 2015 is presented to accentuate the fact that the attention of all the
stakeholders has shifted towards renewable sources of energy in recent times.



1.1 Summary of the Renewable Energy Report

According to the report [3], the investment in renewable power and fuels
worldwide has reached to 285.9 billion USD in 2015. This amount is higher than
273 billion USD in 2014. Most of this investment was earmarked for the
production of power. The breakup of the power generated from different
renewable means is given in Table 1.1.

Table 1.1 Total installed capacity of renewable sources during years 2014 and 2015

Power Installed Capacity in Installed Capacity
2014 in 2015
Total renewable power 1701 GW 1849 GW
capacity
Hydropower capacity 1036 GW 1064 GW
Bio-power capacity 101 GW 106 GW
Geothermal power capacity 12.9 GW 13.2 GW
Solar PV capacity 177 GW 227 GW
Concentrating solar thermal 43 GW 4.8 GW
power capacity
Wind power capacity 370 GW 433 GW

As can be seen from the data in table 1.1, wind and solar power accounted for
about 77% of the new installations. By the end of the year 2015, renewable
capacity in place was able to provide about 23.7% of the global electricity. This
increase in capacity is attributed to many factors. The policy makers continue to
focus on the renewable power technology and particularly the solar and wind
power. In 2015, 110 jurisdictions at the national or state level enacted laws and
policies making this the most widely adopted regulatory mechanism for
promoting generation of electricity from renewable sources. In the same manner,
the advances in modern technologies, increasing environmental awareness, and
economic benefits further helped in the increasing trend.
At global level, high profile agreements and announcements were made during the
year 2015 encouraging the sustainable energy assets. These include:

1. In their Declaration on Climate Change, the G7 countries committed to



transform the world’s energy sector by 2050. At present about 1.2 billion
people live without electricity with the majority belonging to sub-Saharan
Africa and Asia-Pacific, the declaration also affirmed to encourage access
to renewable energy in these regions of the world.

2. Renewables were also on the agenda of G20 Energy Ministers meeting. In
the meeting the delegates avowed their commitment to renewable energy
and energy efficiency. The participants endorsed an 11 point Communique
that included adopting of a toolkit for long-term sustainable and combined
approach to renewable energy usage. The ministers also concurred on G20
Energy Access Action Plan for sub-Saharan Africa which emphasize the
potential of renewable energy in that part of the world.

3. Sustainable Development Goals (SDG) were adopted by the UN General
Assembly in 2015. The goals for the time, contained a dedicated goal on
sustainable energy for all. This success was owing to the Sustainable
Energy for All initiative which was proactive during the SDG
deliberations.

4. In December 2015, UN Climate Change Conference took place in Paris. In
the summit, 195 participating countries agreed to limit the global warming
to well below 2 degrees Celsius and the countries committed to scale up
renewables and energy efficiency.

1.2 Increased Capacity of PV Installation in 2015

In this section we will evaluate the advancements made in the installed capacity of
the PV power as given in the report [3]. As given in table 1.1 and Fig. 1.1, the
solar PV market was up by 25% over 2014. In terms of the GW a record increase
of 50 GW was seen as compared to the previous year. From Fig. 1.1 it is also
noticeable that the installed worldwide installed capacity of the PV was only 5.1
GW in 2005. This market expansion is attributed to the increasing
competitiveness of the PV generators. According to the report, China had the
installed capacity of 44 GW by the end of 2015. In Japan the PV capacity has
almost doubled during the period of 3 years from 2012-2015 and it now stands at
34.4 GW. Germany has capacity of 41 GW. In the USA the PV installations have
exceeded the natural gas capacity for the first time. The country added 7.3 GW
during 2015 and has its tally stood at 25.6 GW by the close of the year. Similarly,
for the same period the capacity of Italy and UK was 19.3 GW and 9.1 GW
respectively. Fig. 1.2 shows the breakup of the contributions from various
countries during the year under review.



As given in Fig. 1.2, Asia’s contribution was the highest accounting for about
60% of the global additions. China, Japan and USA remained the top three
markets followed by the UK, India and Germany. In order to address the
country’s severe pollution problems China continued to raise the installation of
PV generating plants. Another significant achievement from the world’s most
populous country was that it overtook Germany in terms of cumulative installed
capacity. This increase in capacity was also accompanied by grid congestion
problems and interconnection delays in China. During the year the average
module prices also fell and the prices of multi-crystalline silicon came down to
USD 0.55/Watt.
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Fig. 1.1 Worldwide PV installed capacity since 2005.
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1.3 Challenges in the Development of PV Generation

The PV panels are not the only component of the PV generation system. The other
essential components of the PV system include: the array structures, MPPT
controllers, inverters, energy storage devices like batteries and supercapacitors,
overcurrent protective devices, connectors, and system controllers [4, 5]. It is
through the research over the years that the efficiency and reliability of the
components involved in the PV plants have improved. Many environment and
operation related stresses like humidity, thermal stresses, high voltage bias, the
presence of impurities, corrosion etc. affect the performance and lifetime of the
PV systems [6].

An essential part of the power processing system is the storage devices which are
necessary in many applications. Their usage is not just restricted to the stand-
alone but also to the grid tied applications. In critically important applications, for
example, industrial control systems, hospitals, telecommunications, and offices;
continuous supply is insured. In these applications the storage devices form an
integral part of the power supply system [7]. Batteries need to be managed
correctly for full utilization and long life. Life reduction owing to misuse can



increase the cost and also affect the stability of the PV generation systems. The
design of efficient charge controllers, the proper use of batteries and ultra-
capacitor hybrids, and maintaining proper temperature etc. are the primary
challenges as far as the storage devices are concerned.

It has been shown in the literature [5, 8, 9, 10] that the inverters form the most
fragile part of the system. Over the whole life of the PV systems, the inverter
needs to be replaced 3 to 5 times [4]. For example, in [8] it is reported that
inverter failures because of the lightning effects and humidity represent about
77% of the system failures. Therefore, it is essential to take climatic conditions
into account and improve the lightning protection. Similarly, according to [11], of
the total of 139 events of PV system failure about 103 were due to inverters.
According to the findings, the main reasons for failures were non-intentional
operation of islanding mode. Electrolytic capacitor is also a troublesome
component in the switching inverters [12]. The avoidance of electrolytic
capacitors and adoption of low ESR capacitor for avoiding overheating can
considerably improve the functionality of the inverters. According to [13] another
failure prone component is the MOSFET switch. It is recommended in these
research papers that the performance and lifetime of the inverters could be
improves is slightly overrated MOSFET switches are utilized.

In addition to inverter failure, other challenges in the full utilization of the PV
energy include:

e Low conversion efficiency of solar cells.

e Intermittent nature of sunlight.

e Non-linear current vs. voltage characteristics, and dependence of
environmental irradiance and temperature.

e Development of current mismatches among the modules as a result of
partial shading of PV arrays or change in characteristics due to ageing of
the PV modules.

e Obtaining the correct /-V curve for control and monitoring the
performance of the PV plants

For optimizing the performance of the PV plants, it is important to operate the
array at Maximum Power Point (MPP) during any ambient conditions. Maximum
Power Point Tracking (MPPT) algorithms are used for extraction of optimal
power from the PV systems. For designing a proper MPPT procedure, the system
designer must take into consideration the climatic conditions of the locality from
the past data. An MPPT method that is designed for the climatic conditions
prevalent in desert areas cannot operate efficiently in regions with cyclonic
activity. After gaining sufficient knowledge about the climate of the locality,



proper MPPT scheme has to be chosen for ensuring reliability of the system.
Improving the electrical efficiency of the PV plants is the major source of concern
in all the applications like, stand-alone, grid connected, remote
telecommunications, rural electrifications, and space applications. A judicious
choice of the MPPT scheme can help in improving the electrical efficiency
manifold [14].

The tracking efficiency and reliability is dependent on the duty cycle perturbation
step in some of the famous MPPT algorithms. The higher step size will result in
the fast transient response of the algorithm. However, under lower irradiances a
higher perturbation step is likely to result in large oscillations around the MPP
under steady-state. The small perturbation step reduces the magnitude of the
steady-state oscillations. Using a small perturbation step, nevertheless
compromises the transient response. Previously, the choice of the proper MPPT
scheme also depended upon the parameters that were needed for proper tracking.
According to [15], the current sensors were considered to be more expensive and
their use was to a large extent discouraged. Similarly, the analog implementation
was thought to be a preferred choice. However, owing to the advances is
technology this perception has changed. With the development and reduction is
price of the microcontrollers, the digital implementation is become feasible. Now
the modern microcontrollers are equipped with high speed analog to digital
converters and also have a higher number of analog input channels. The ability of
these controllers to perform fast and simultaneous conversion of analog into
digital quantities has made measurements easy and the number of parameters
needed to perform MPP tracking is no more a big hurdle. Similarly, the price and
size of the Hall-effect based current sensors have also come down and current
measurement has become a lot more convenient.

For fault diagnosis in PV plants two important types of test are performed: the
Electroluminescence (EL) and the Infrared Thermographic (IRT) or thermal
imaging. In the EL tests the radiative recombination of the charge carriers under
forward bias conditions is detected. In the EL image, the resultant light intensity is
proportional to the voltage. In this way, any inactive part within the PV module is
manifested as dark areas [6]. EL tests can diagnose faults like the cell cracks,
shunt paths, Potentially Induced Defects (PID) etc. These tests are performed by
halting the normal operation of the PV plants or at night time. The IRT involves
the detection and measurement of infrared radiations which are intrinsically
emitted by the surface of a body. In the PV applications the IRT tests are
performed under real time conditions when the PV generator is operating under



MPP. The IRT provides information about the thermal signature and exact
location of the fault. The thermal images can then be used for quantitative
diagnosis to calculate the exact power loss as a result of a defect inside a PV
module. The main benefit of the thermal imaging test is that the normal operation
of the plant is not interrupted. However, these tests are usually quite expensive
and may be feasible for large power plants, but for Building Installed PV (BIPV)
and plants with relatively smaller capacity frequent performance of these
specialized tests may not be cost effective.

Conventional monitoring of the PV plants is performed through the /-V curve
measurements. An abnormal electrical characteristic curve can be indicative of a
defect, but the location of the fault can only be identified by the specialized tests
discussed above. However, the /-V curve still plays an important role in detecting
some of the most common faults if accurate curve is measured. It is the main
objective of this text to propose a technique which calculates the accurate I-V
curve and to identify the module which has potentially developed a defect. The
proposed scheme is applied in combination with the MPP tracking algorithm.
Thus, the procedure presented in this work executes the MPPT, accurate electrical
characteristic curve measurement, and a potential fault diagnosis.

1.4  Organization of Thesis

The main objective of this thesis is to develop algorithms that treat the two issues
of MPP tracking and measuring the /-7 curve simultaneously under the real time
field conditions. In the literature these aspects of the PV plant operation are
considered as separate subjects, and therefore very little attention is given to adopt
an integrated approach towards the two subjects.

This text is further organized as follows:

In chapters 2 and 3 respectively, the literature review of MPPT algorithms and
methods of finding the /-V curve are given. In chapter 4, a model for PV arrays
under partial shading conditions is developed. In chapter 5, properties of PV
arrays under partial shading conditions are discussed. In chapter 6, an algorithm
for finding the characteristic curve and MPP tracking from on-site measurements
is given. This algorithm is based on the assumption that the voltages of the
modules inside the array are perfectly matched under nominal conditions. In
chapter 7, a method for obtaining the characteristic curve of a solar array and
finding MPP is given by taking into consideration the presence of voltage
mismatch among modules. Chapter 8 deals with an MPPT and curve finding



procedure by utilizing the input filter capacitor of buck or buck-boost converter.
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Chapter 2 Literature Review of
the Main MPPT methods

In this chapter literature review about the MPPT algorithms is given. In the first
part the main MPPT methods for uniform irradiance conditions are explained. It
the second part, the MPPT schemes under non-uniform illumination are
discussed. Even though, in the literature many schemes about the MPP tracking
have been proposed; we will focus our attention on the famous methods. For
further information, the research papers given in the reference list can be useful.

2.1 MPPTs for Uniform irradiance

The well-known MPPT algorithms under uniform irradiance are: Perturb and
Observe (P&O) method, Incremental Conductance (IC) method, Ripple
Correlation, Fractional Open Circuit voltage, and Fractional Short Circuit Current
[15]. Here we will discuss only the most common methods namely: the P&O, and
IC algorithms. Some changes to the P&O algorithm for overcoming its
shortcomings are also given.

2.1.1 Perturb and Observe method

Among the conventional techniques, P&O is most widely used for its simplicity
and ease of implementation. The working principle of P&O technique is that the
operating voltage of the PV array is perturbed in a specific direction for example,
from point A to B in Fig. 2.1. This is accomplished by changing the duty cycle of
the DC-DC converter. If an increase in the output power of the PV system is
observed, it suggests that the operating point has moved closer to the MPP and the
next perturbation is applied in the same direction, i.e. from point B to C. On the
other hand, if the output power is reduced after perturbation, for example from D
to E; this means that the operating point has moved away from the MPP and the
next perturbation is applied in the opposite direction from E to D. This sequence
of perturbing the operating point and observing the variation in power is repeated
till the MPP at point P is reached. The system then starts to oscillate around that
point. The oscillation of the operating point around the peak is the major
drawback of the technique which results in the fluctuation of the out power from
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the PV system. The magnitude of this fluctuation can be reduced by decreasing
the size of the perturbation step. Unfortunately, the reduction in step size degrades
the response of the system to changes in irradiance. Setting large perturbation step
results in faster response but it increases the magnitude of oscillations around
MPP which increases the steady state power loss.

Power (W)

Voltage (V)

Fig. 2.1 Principle of operation of conventional P&O algorithm.

For obtaining the fast transient response and decreasing the steady-state
oscillations, P&O algorithms with variable perturbation step [16], [17], [18] and
hybrid MPPT [19] have been reported. In the variable step size P&O algorithm as
shown in Fig. 2.2 [20], the size of the duty ratio perturbation (4D) is set
differently depending upon the location of the operating point of the array. At the
start of the algorithm 4D is kept large in order to accelerate the convergence to the
MPP. This is shown by the movement of operating point from A to B and from B
to C. After a number of perturbations in a given direction, the operating point of
the array passes the peak P which is indicated by the reduction in the PV array’s
output power from that in the previous sampling period. This is shown by the
reduction in power as a result of the movement from point C to E in Fig. 2.2. At
this stage the value of 4D is reduced and the perturbation step is applied from
point E to F. Each time the operating point passes the MPP, the value of the
perturbation step is decreased. In this way convergence to the MPP is ensured
when the value of 4D falls below a predetermined limit. As given in Fig. 2.3, the
during the steady-state operation the value of 4D is kept at small level for
reducing the steady state oscillations around the peak. Thus, the variable step size
P&O algorithm overcomes the shortcomings of the conventional P&O method by
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employing different size of 4D depending upon the location of a particular
operating point on the P-V curve.

E ]
g
g
= |
Voltage (V)
Fig. 2.2 Operation of variable step size P&O algorithm.
P Eoese——
Y ST S IS OO NSO SOV S
08 -rmnee — ... . ......
=
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1" MPP Tracking :
oa Process i
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Time ()

Fig. 2.3 Variation of duty cycle perturbation step during variable step size P&O method.

The method proposed in [16] operates in two modes i.e., the active and the power-
down mode. MPP tracking is performed in the active mode and the system
operates at this point during the power-down mode. This scheme has a fast
tracking speed and also there are no fluctuations around the MPP in the steady-
state. However, during rapidly changing irradiance, this method does not instantly
respond, as the duration of power down mode is longer than the active mode.
Similarly, during the operation of active mode, the operating voltage of the PV
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system is changed even in the absence of any change in the MPP which leads to
power loss [17]. In [18] also, there are no oscillations around the MPP but the
method is strictly applicable to the regions where there is a clear blue sky for the
most part of the year and no or very small variations in the sunlight are observed.
Ref. [19] also uses the hybrid technique but the method uses additional MOSFET
switch in DC-DC converter for disconnecting the PV array for measurement of
Voc of the array. The design of high side driver and heat sink for the
disconnecting MOSFET switch can be complicated and also expensive. The on-
state resistance of the switch also causes some power loss.

The improved forms of the P&O algorithms have better response than the
conventional method. It is shown in [20] that the transient response of the variable
step size P&O algorithm is three times faster than the conventional P&O. As a
consequence of the faster transient response the normalized power loss of the
technique is five times smaller. Similarly, by reducing the step size during the
steady state operation, its steady-state efficiency is about 99%.

The algorithm proposed in [20] coauthored by the author is further explained with
the help of the flowchart shown in Fig 2.4. This technique is specifically
developed for the areas which have highly variable weather conditions for most
part of the day due to the presence of stochastic cloud cover and frequent cyclonic
activity. From the flowchart we see that the scheme operates in two modes: the
MPP tracking mode, and the steady-state mode. At the start of the MPP tracking
mode AD is set to 0.1 and P&O algorithm with monotonically decreasing AD
(shown as MPP tracking mode in Fig. 2.4) is invoked. This process continues till
AD < 0.004 in case of an 8-bit microcontroller. At this stage the power
corresponding to the MPP (Pypp) is measured. Then conventional P&O with AD =
0.004, shown as steady state operation, begins.

The output power of the PV module (Ppy) is constantly monitored in the steady
state for any variations in Pypp outside the range +3%. The steady state
perturbation AD = (0.004 is sufficient to maintain the operation of the system
around the MPP in the range +3% of the power corresponding to the MPP tracked
under the previous iteration. Any variation in the range +3% to £10% (which
corresponds to highly variable but stable weather condition) is followed by MPP
tracking mode with AD initially set to 0.05. Similarly, any variation of PPV above
or below 10% is characterized by an unstable weather. In this situation MPP
tracking mode is invoked by the algorithm and 4D is set to 0.1 to track the new
MPP. In order to further explain the operation of the method some simulation
results are included in this text.
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Fig. 2.4 Flowchart of the algorithm given in Ref. [20].

To check the performance of the proposed MPPT algorithm, simulations were
performed in MATLAB/SIMULINK. Buck converter with switching frequency of
100 kHz was used. The PV module used in the simulations has V¢ and Isc equal
to 32.9V and 8.26A respectively. Fig. 2.5 shows the performance of the proposed
MPPT in the beginning of the algorithm. For comparison, the operation of the
constant step size P&O is shown in Fig. 2.6. The two Figs indicate that the
proposed method converges to the MPP much faster than the conventional
method. As a result of the faster convergence of the proposed technique, less
power loss is incurred. To determine the relative performance of the two
algorithms we can use the concept of the normalized power loss (Poss) as in [17].
P oss for each algorithm can be calculated as
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here £ is the number of samples [17].

Using (2.1) for the beginning of each algorithm, P;pgs for the conventional and
the proposed algorithm was found to be 30.87% and 6.24% respectively. It
suggests that the power loss during the beginning of tracking of the proposed
algorithm is five times less than the conventional P&O. Eq. (2.1) was also used
for calculating the loss due to steady state perturbation under constant irradiance
of 1000 W/m?. It was found that the power loss due to small 4D was less than
0.08% .

In Fig. 2.7 is shown the response of the proposed algorithm to a ramp increase in
the irradiance at 400W/m?s. This figure indicates that the proposed algorithm
tracks the MPP during highly variable weather conditions. In Fig. 2.8 is shown the
response of the proposed algorithm to a step decrease in irradiance. This situation
occurs during unstable weather. The results in Fig. 2.8 indicate that the algorithm
is able to converge to the new MPP in about 4 sampling periods. In order to deal
with these situations, the method proposed in [19] not only uses additional
hardware but also involves frequent disconnection of PV source from the load for
measurement of Vpc which involves a considerable amount of power loss.
Similarly, [16] responds to these changes only in the active mode which makes
the method unsuitable for highly variable weather conditions. On the other hand,
the proposed algorithm deals with the same scenario quickly and with lesser
fluctuations in the output power.

10—}

Steady-state operation with small
i oscillations around the MPP

MPP tracking . | _ |
mode S —

[} 0.05 0.1 0.15 0.2 0.25 0.3

Time (%)

Fig. 2.5 Performance of the algorithm in [20] during the start of the MPP tracking.
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Fig. 2.7 MPP tracking during ramp increase in the irradiance.
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Fig. 2.8 MPP tracking during step variation in the irradiance.

The results given above suggest that the variable step size P&O algorithm has
better performance than its conventional version of the MPPT method. In the
following section we will discuss another conventional MPPT scheme which is
the Incremental Conductance (IC) method.

2.1.2 Incremental Conductance Method

The IC method is based on the comparison of incremental and instantaneous
conductance of a PV array. The main idea is that at MPP, the derivative of power

w.r.t voltage (2—5) is equal to zero [21] i.e.

P d(VD) _ ar _ .

av -~ av av

The above equation can be rearranged as follows

I dl Al

~

Voodv T av
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Where A7 and AV are the increments of the array current and voltage respectively.

The basic equations of this technique are:

a_ L AtmpP
dv vV

A L At the left of MPP
dv vV

Ao L Atthe right of MPP
av 14

This scheme has a very high efficiency and can reach to about 99%. The
flowchart of conventional IC method is shown in Fig. 2.4 [22].

As with the P&O algorithm, some modifications have also been proposed with the
IC method for bringing some improvements in the performance. But the
amendments in the original technique have not brought about any considerable
improvement in the performance as compared to the original version of the
algorithm. For example, the variable step size with constant voltage start-up
system has a performance of 99.2% while the fixed size method has an efficiency
of 98.9% [22]. Thus, with the proper choice of the step size, the conventional IC
method can perform satisfactorily without increasing the complexity of the
method. In Ref [22] the PI control loop has been eliminated and the duty cycle is
controlled directly by the algorithm. This modification has simplified the control
loop and the time for tuning the controller has been eliminated.

In this section, two important MPPT techniques have been discussed. The details
about other methods for uniform irradiance conditions can found in [15]. The
performance of these methods is about 99% when the array is uniformly
illuminated. However, when partial shading of the PV array occurs, their
performance deteriorates. Partial shading of PV arrays is a common phenomenon
particularly in case building integrated PV plants. It is therefore necessary to
design MPPTs that can track the MPP under non-uniform illumination. In the
following section, we briefly review some of the important MPPT procedures for
partial shading conditions.
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2.2 MPPT Techniques for Partial shading

Before discussing some of the most common MPPT schemes which are used
under Partial Shading Conditions (PSC), it is important to explain the effects of
partial shading in PV arrays.

For obtaining the desired level of power, PV arrays are formed by connecting
multiple modules in series, parallel, and series-parallel combination. With the
increasing number of modules in an array, its physical size also increases. In
practical conditions some of the modules within an array may not receive full
solar irradiance due to the shadows of surrounding buildings, trees, dust, etc. It is
reported in [23] that out of 1000 building integrated PV systems, installed in
Germany, 41% were affected by partial shading. This indicates inevitability of the
problem particularly for building integrated PV systems.

It is well known that the photo-generated or the PV current of a cell is
proportional to the irradiance according to the relation:

G
Ip = (sen + KAT) o (2.2)

Where 1, is the PV current, /i, is the nominal short circuit current of the cell, K;
is the thermal coefficient of short circuit current in A/K, G is the irradiance
received by the cell, G, is the nominal irradiance and has value of IOOOW/mZ, and
AT is the difference between the cell temperature and the nominal temperature in
K.

Let us suppose that some cells inside a series connected string are shaded while
the others in the string receive full irradiance. According to Eq. (2.2), the PV
current of the shaded cells is reduced whereas that of the unshaded cells is high.
Since the current of the series connected cells must be equal, the shaded cells are
forced to operate in the reverse region to conduct large current of the unshaded
cells [24].

Under PSC the shaded cells behave like a load and consume power instead of
producing it because of the reverse polarity. This dissipation of power leads to
local overheating and creation of hot spot. Excessive heating can result in the cell
burnout and can create open circuit. To overcome the problem of hotspots a
bypass diode is connected across a certain number of cells. In a typical module
with 60 series connected cells, a diode is connected across 20 cells. These diodes
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provide an alternate current path and conduct current when the cells cannot
produce the required level of current. Thus, the problem of the formation of hot
spot is mitigated. However, due to the action of bypass diodes, multiple peaks
appear the P-V characteristic of the array under PSC.

Out of these multiple peaks, there is only Global Peak (GP) while the rest are
Local Peaks (LP). In this scenario, the tracking of GP becomes quite challenging.
The conventional MPPTs like the P&O and IC perform efficiently when the array
is under uniform irradiance [25].

When PSC occur the conventional MPPTs may fail to track the GP in the
presence of multiple peaks. The failure of the conventional techniques is
described in Fig. 2.10. This figure shows the simulated P-V curves of a PV
generator with six series connected modules. The open circuit voltage of the array
under nominal conditions is 73 V and the short circuit current is 8.2 A. Let us
assume that the array is under uniform irradiance and its P-V curve is represented
by dotted line in Fig. 2.10. A conventional MPPT algorithm operates the PV
around the peak at point A. Suppose PSC occurs with one of the module now
receive irradiance of 300 W/m?”. The P-¥ curve becomes as the one shown by the
solid green line. The conventional MPPT may take the operating point to B and
will start oscillation around the LP. However, as shown in the Fig. 2.10, point C is
the GP. It can be noticed that the power corresponding to point C (Pc) is higher
than that at point B (Pp). The power loss Pc-Pp occurs because of the trapping of
the conventional MPPT at point B. It is therefore, essential that a MPPT scheme
must operate the PV system at the GP when PSC occurs. Referring to Fig. 2.10,
we find that the peak shown at point B lies close to the open circuit voltage of the
array while the peak C is to its left on the same curve. In this text we will refer to
the peak nearest to the open circuit voltage of a PV array as the Right Peak (RP).
Depending upon the type of the shade and the number of modules that are shaded,
the RP may or may not be the GP.

The location of GP under partial shade depends upon the type of shade and the
number of modules that are under the shade [26]. Experiments have been
conducted on a 230W PV panel. The panel has 60 series connected cells; one
bypass diode is placed across 20 cells and in this way, a string with 3 series
connected modules is constituted. In Fig. 2.11, is shown the case in which the
shade is cast by a distant object, or in other words the shade is weak. When
shading is caused by a distant object, the direct irradiance is prevented from
illuminating the surface of the module. However, the diffused irradiance continues
to illuminate the shaded part of the array. From the experimental P-V curve of the
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generator in Fig. 2.12, we see that the peak nearest to the open circuit voltage of
the panel (RP) is the GP.

In the field conditions the shading may also be caused by an object that physically
covers the surface of the array. This situation is depicted in Fig. 2.13, which
shows the case when the shading of the array is caused by an object that is very
close to its surface. In this scenario, the cells which are shaded receive very little
irradiance. The presence of the object close to the surface does not allow diffused
irradiance to illuminate the shaded cells. As given in Eq. (2.2), the photovoltaic
current from the shaded cells is very low as compared to the cells which take full
irradiance. The P-V curve is shown in Fig. 2.14. When the array is operated at the
RP, only the shaded module/s operates at its MPP which is characterized by low
current. The unshaded modules operate at a current which is well below their
MPP currents. Similarly, at P2 the shaded module/s is bypassed and the unshaded
modules operate at their respective MPP currents. From Fig. 2.14, we see that the
RP (P1) is the LP whereas P2 is the GP.
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Fig. 2.10 Pictorial representation of MPPT failure under partial shading.
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Fig. 2.12 P-V characteristic of the array with irradiance pattern given in Fig. 2.11.
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Fig. 2.13 Partial shading caused by object close to the surface of the PV panel.
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Fig. 2.14 P-V characteristic of the array with irradiance pattern shown in Fig. 2.13.
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From the above two cases, we can conclude that the location of GP varies in
accordance with the type of shade and also the number of modules that are shaded
[26]. Hence, a MPPT algorithm should be able to quickly track the GP under any
type of shading. Another essential characteristic of MPPT algorithm is that it
should be able to sense the presence of PSC.

We now proceed to give brief description of some of the well-known MPPT
techniques that are meant to track the GP of a partially shaded PV array.

2.2.1 Two Stages MPPT

In commercially available PV systems the entire P-J curve of the array is scanned
for finding the GP. This is done by varying the duty cycle of the DC-DC converter
in the range [0, 1] in small steps. The GP tracking process is accomplished
through this method in several seconds. During the scanning process the array is
not operated at the MPP which leads to considerable power loss. In order to
reduce the time duration required for completing the scanning of the curve Two
Stages MPPT scheme has been proposed in [26, 27, 28]. This method is based on
the following assumptions:

1. The peaks on the P-V curve occur nearly at the multiples of 80% of V¢ of
a single module.

2. The minimum displacement between two consecutive peaks 1is
approximately equal to 80% of the V¢ of a single module.

3. When the P-V curve is traversed either from V¢ or from the zero voltage
the magnitude of the peaks increases. After converging to the GP, the
magnitude of the peaks continuously decreases.

In this method the true MPP is found in two parts: (1) the main program, (2) the
GP track routine. To avoid complete scanning of the curve, the search is
performed in a certain range of voltage defined by (Viuin, Vinax).- Then the GP is
tracked by performing the search process in the vicinity of voltage points which
are at integral multiple of 80% of the V¢ of a single module. This mechanism
reduces the time duration for performing the MPP search under PSC. However,
this algorithm has some shortcomings which are given as follows:

1. This method fails to track the MPP when difference between the
irradiances received by the shaded and unshaded modules is high and the
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number of shaded modules in the array is greater than the unshaded ones
[28].

2. As shown in the work co-authored by this author in [29], the peak on the
P-V curve does not actually occur at 80% voltage of the V¢ of a single
module. A more accurate relation is developed which will be presented in
subsequent chapters.

2.2.2 External Capacitor Method

This method utilizes an external capacitor for scanning the P-J curve according to
the physical conditions of the array at a given time [25]. The circuit diagram of
this method is shown in Fig. 2.15. As shown in this figure, switch S1 is used to
connect the PV array to the DC-DC converter. Under normal operation when the
MPP of the array is known, this switch is closed. The purpose of switch S2 is to
connect the external capacitor Cgyr to the array when it is required to scan its P-V
curve for finding the GP. During the normal operation of the array, S2 is off. After
the execution of the subroutine that finds the GP S2 is turned off and S3 is turned
on. Switch S3 is used for discharging Cgxr through a resistor Rgyr. The time #¢
required for charging the external capacitor is given by:

te = 2C 2oC (2.3)
Isc
Where C is the capacitance of Cgxr, Voc is the open circuit voltage of the array,
and Igc is the short its short circuit current.

This algorithm operates in two stages. In the first stage the global MPP of the
array is found by means of scanning the P-V through Cgxr. The operation of this
stage is invoked either at the start of the algorithm or if there is a change in
irradiance. Let us assume that the array is operating at its MPP, and a sudden
variation in the output power of the array is observed due to the occurrence of
partial shading. In this situation, it is necessary to find the new GP of the PV
generator. As mentioned earlier, the S1 is opened, and S2 is closed for connecting
the external capacitor in the circuit. When the capacitor is being charged, the
product of the voltage and current of the capacitor are monitored by the
microcontroller. When a peak P-J curve of the array is observed during the
charging evolution of Cgyxr, the voltage and power corresponding to that point are
recorded by the controller as Vzgr. When any other peak is present due to partial
shading, the value of power at the point is compared to the previously recorded
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peak. If the value of power corresponding to the new peak is greater than the one
which was previously recorded during the scanning, the voltage corresponding to
the new one is stored as Vzgr. After the completion of the scan, the value of Vigr
corresponding to the GP is obtained by the controller.

In the second stage, the main objective is to take the operating point of the array
to the new MPP that has been found in the first stage. To do this Sland S3 are
closed, and S2 is opened. The microcontroller produces the necessary PWM
signal to operate the array at the desired voltage. The duty cycle of the converter
is changed in small steps till the GP is tracked. This method has an advantage of
finding the GP in accordance with real condition of the array, but has the
following shortcomings:

1. This scheme uses three additional MOSFET switches in its circuit. Of
particular importance is the switch S1. The design of driver circuit and
heat sink can be challenging and costly. Moreover, the on-state resistance
of the switch may also cause power loss in the hardware.

2. The time required for charging the capacitor given in (2.3) is not constant
and is mainly dependent upon the irradiance. Some extra arrangement
needs to be made in order to account for this variation.

3. After finding the voltage Vzgr, the procedure proposed in [25] is based on
changing the duty cycle of the converter in small steps for operating the
array at the GP. This process may take several sampling periods and
during the time, the array is not operated at its MPP. This also results in
some power loss.

The above mentioned shortcomings of this technique have been addressed in
Chapter 8 of this text.
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Fig.2.15 Circuit diagram of external capacitor MPPT technique.

2.2.3 Module Voltage Based MPPT

The module voltage based MPPT is based on the principle that the modules that
receive different irradiance have different operating voltage [30, 31, 32]. The
main motivation behind the development of this technique is that in the two stages
MPP procedure discussed previously we do not know about the presence of PSC.
Consequently, when the two stages MPPT is used the algorithm performs search
in the voltage range (Viin, Vimax). When there is uniform irradiance the MPP
procedure performs the search to the left of the RP for a non-existent peak. It is
well-known that during the search for a peak, the PV system is not operated at the
GP. This results in unnecessary power loss when there is no PSC.

The flowchart of the module voltage based MPPT scheme is shown in Fig. 2.16
[31]. In this mechanism, the PV string is first operated at the peak (RP) which is
nearest to the Voc of the array using the P&O algorithm. When the RP is tracked
the voltage across each module (each bypass diode) is measured. If the voltage of
the modules is same (within a certain limit), it suggests the uniform irradiance. In
this case, steady state operating around the MPP begins. However, if the operating
voltage of the modules is different at the RP, it means the presence of PSC. It is
because when there is PSC, at the RP only the weakest modules operate at the
MPP voltage and current. On the other hand, the modules which receive full
irradiance function at lower current than their respective MPP currents and their
voltages are near to the Vpc. For finding the location and the number of peaks the
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modules are arranged in various groups on the basis of operating voltage. The
modules which have approximately the same operating voltage are placed in the
same group. The total number of groups determines the number of peaks present
on the P-V curve. Then the approximate location of each of the peaks is
determined using the relation:

N
Ve~ (1- N—’;) Vo * 0.80 (2.4)

Where Vp is the voltage corresponding to a certain peak, Np is the number of
series connected diodes that are bypassed at a certain peak, and Ny is the number
of series connected modules in the array. In this way, we can track any number of
peaks under PSC. Here, the results of the paper in [31] which is coauthored by
this author, are given.

Fig. 2.17 shows a PV generator with four series connected modules. The open
circuit voltage and the short circuit current of the generator is 132 V and 8.20 A
respectively. The PV source given in Fig. 2.17 is either a small sized array with
four series connected modules or is a string in a large array with its independent
MPPT. In order to understand the operation of the proposed algorithm with
example, consider the case of Fig. 2.17 (b) with the P-V characteristic shown in
Fig. 2.18. When this situation occurs, the main program calls for the GP track
subroutine and the peak P1 is detected using conventional P&O algorithm. The
values of the power corresponding to that peak Pyppp, the duty ratio of the DC-DC
converter Dypp, and voltage Vypp are recorded. The algorithm measures the
voltage of each of the series connected modules and finds (VM1 = VM2 =
24.85V, and VM3 = VM4 = 32.01V) which indicates the presence of two
irradiance levels. As we can see from the voltage of the modules, M3 and M4
receive the maximum irradiance. We then take the subset which contains the
modules that receive lesser irradiance than M3 and M4. This subset is composed
of M1 and M2 which means that Nz = 2 at peak P2 in Fig. 2.18(a). As M3 and M4
have the same operating voltage, we can therefore conclude that there are only
two peaks. The voltage and power at P1 are already known. With Vpc = 132V the
location of P2 is found to be at 56V using Eq. (2.4). The algorithm then proceeds
to track this peak using modified P&O algorithm discussed in section 2.1.1 of this
chapter. After tracking P2 the power corresponding to the peak is compared to the
value at P1 for finding the GP. As the power at the peak P2 is higher than that at
P1, this suggests that P2 is the GP. The algorithm then starts operation at the GP
in the steady state.
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Let us consider the case of Fig. 2.17 (c) with the P-V characteristic shown in Fig.
2.19. In the manner discussed previously, the MPPT system first tracks P1. The
voltages of the modules are found to be (VM1 = 21.79V, VM2 = 30.64V, VM3 =
31.98V, VM4 = 31.98V). This indicates three different voltage levels which mean
that there are three peaks present on the P-J curve. Similar to the previous case
we obtain NB = 2 for the peak P2 in Fig. 2.19. This means that one of the peaks
(P2 in Fig. 2(¢c)) is at V2 = 56V which is obtained using Eq. (2.4). From the subset
containing M1 and M2 we see that M2 receives higher irradiance than M1 from
which we see the presence of the peak P3. The location of P3 is found to be
approximately at 84V using Eq. (2.4). Having already known the values of power
at P1, the algorithm operates the system respectively at P2 and P3. Out of these
peaks the GP is determined followed by the steady-state operation.

Main Program GP Tra_ck
Subroutine

Set Vpgp = 0.8V Track the peak closest to the ¥V and
store Pppp and Vypp

Track the RP using
modified P&O Measure the voltage across each of the

series connected modules

PSC?
No
Steacky- Yes

Find the number and location of
all the peaks present to the left of
the last peak tracked

E Use conventional : l
' | P&O with constant H

Take the operating point of the
array to the peak at the left of the| g—
last peak using modified P&O

Update information of
Prpe and Vypp

LN

7

[ Call GP trgcking - No
subroutine v other pe

to be tracked?,

Fig. 2.16 Flowchart of the module voltage based MPPT.
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Fig. 2.17 A PV string with four modules under different irradiance.
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Fig. 2.18 Characteristic curves of the PV generator given in Fig. 2.17 (b). (a) The P-V curve. (b)
The I-V curve. (¢) Module voltage as a function of the array voltage.
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Fig. 2.19 Characteristic curves of the PV generator given in Fig. 2.17 (v). (a) The P-V curve. (b)
The I-V curve. (c) Module voltage as a function of the array voltage.

The proposed MPPT algorithm was simulated using MATLAB/SIMULINK. The
PV string used in simulations has four series connected modules. The sampling
period is 10ms. DC-DC buck converter with switching frequency of 100 kHz is
used. The simulation results are shown in Fig. 2.20. Suppose the system is
operating at its MPP in the steady state conditions with each of the four modules
receiving 1000W/m? irradiance. At t1 a step change in irradiance occurs and two
of the modules now receive 400W/m”. This is similar to the situation described in
Fig. 2.17 (b) with the corresponding P-V curve shown in Fig. 2.18 (a). The
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resulting decrease in the array output power is sensed during the next sampling
interval at about 0.28s. The GP tracking process starts and the algorithm tracks
both the peaks P1 and P2. By comparing the powers at the two peaks, P2 turns out
to be the GP and the PV system is operated at this peak in the steady state. The
whole process takes about 0.23s. This time duration is far less than 1.1s and 1.2s,
taken by the algorithms in [30], and [26] respectively. Fig. 2.21 shows the GP
tracking process when three peaks are present. At t = 0.255s a partial shading
occurs which is indicated by a sudden decrease in power from the array. The
tracking process starts in the next sampling period and lasts till t2 at 0.58s. It
means that in the extreme case of three peaks the process takes only 0.32s.

The results obtained from [31] suggest that the time taken for finding the GP is
about 0.23s. Under extreme cases, there could be more than two peaks present in
the characteristic curve of the PV generator. In such a scenario, the time taken for
tracking that many peaks might be longer. The simulation results in [31] suggest
that under extreme cases the time required for finding the GP is only about 0.32s.

In addition to reducing the time required to reach the GP under PSC, another
benefit of this MPPT is that after tracking RP the existence of PSC if determined
from the voltage of the modules. If there is uniform irradiance, the steady state
operation begins and the GP track subroutine is not invoked. However, this
scheme could be misled if there is a voltage mismatch between the modules due to
the development of the potentially induced faults. The shortcomings of this
technique are addressed in Chapter 7 of this text. In that chapter it will also be
shown that this procedure can also be used for obtaining the current vs. voltage
characteristic curve of a PV from onsite measurements.
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Fig. 2.20 The GP tracking process in case of two peaks.
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Fig. 2.21 The GP tracking process in case of two peaks.

2.2.4 Atrtificial Neural Networks

Various authors [33], [34] have used Artificial Neural Networks (ANN) for
tracking of MPP under uniform and non-uniform irradiance conditions. The
architecture of a generalized 3 layer feedforward neural network is shown in Fig.
2.22. The network consists of input, hidden and output layers. The number of
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neurons in the input and output layers depend upon the number of inputs and
outputs respectively and may be different from one case to another. For example,
[33] needs three inputs namely: the ambient temperature, the Is¢c, and the position
of the Sun. Similarly [34] the array voltage and current are the inputs and in this
way, only two input neurons are needed. The number of neurons in the hidden
layer is determined by trial and error.

Training of the ANN is first performed, generally by using the back propagation
algorithm. During the training process the weights are trained to correctly map the
input data to the required output. Training is accomplished to minimize the error
between the network output and the desired one. This is done by minimizing the
error between the actual output of the network and the required output. At the end
of the training process the ANN should be able to find the reference voltage
corresponding to the GP.

The ANN could be used for easily finding the MPP under uniform irradiance
conditions but its application to the PSC has various limitations. This is because a
reliable training dataset is extremely difficult to obtain [21]. Moreover, the
method is system specific and the ANN has to be retrained when the
characteristics of the array change with time.

Many other MPPT algorithms have also been reported in the literature. These
include: Dividing Rectangle Technique [35], Fibonacci Search, Particle Swarm
Optimization [24] and Fuzzy Logic [21], etc.
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Input Layy

Tnput 1 R Output Layer

N
/

Fig. 2.22 Three layer artificial neural network.
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The methods discussed above are categorized as software based MPPTs. To
mitigate the effects of non-uniform irradiance, hardware based MPPTs have also
been reported in the literature. In the following subsection we discuss some
hardware based arrangements which can be used for optimal extraction of power
from PV generators under any type of irradiance.

2.2.5 PV System Architecture (Hardware Based MPPTs)

Various types of interconnection of PV modules are utilized in PV arrays for
getting a desired level of array voltage, current and power [36-38]. In the series
topology shown in Fig. 2.23 (a) the modules are connected in series to form series
strings. This is done to achieve a high voltage level required for certain
application. Under non-uniform irradiance, the power loss in series topology is
high. In another arrangement shown in Fig. 2.23 (b), the modules are connected in
parallel to increase the overall current. During the PSC the parallel connected
modules produce high power than the series connected configuration of Fig. 2.23

(a).

In the Series-Parallel (SP) connection the modules are first connected in series to
form a string. As mentioned before, this is done to get the desired level of voltage
required by the load or the inverter. Various strings are then interconnected in
parallel to increase the level of current, as shown in Fig. 2.24 (a). Another
important configuration is the Total Cross Tied (TCT) connection which is given
in Fig. 2.24 (b). In this arrangement the modules are first connected in parallel to
form blocks [36]. The blocks are then connected in series. The main advantage of
the TCT connection is that it reduces the overall effect of partial shading.

In addition to these arrangements reconfigurable PV arrays have also been
reported in the literature. Various forms of reconfigurable arrays are reviewed in
[37]. The main objective of reconfiguration of the arrays is to neutralize the
effects of non-uniform irradiance. But the main problem with these schemes is the
requirement of complex switching matrices. These switches increase the
complexity of the hardware.

For ensuring the operation at the MPP various hardware based methods have been
reported in the literature, which are summarized in [24]. The most common
architecture is the centralized inverter. In this system all the PV strings are
connected to the input of a common inverter. Thus the MPPT is performed for the
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entire array. In this arrangement, any current mismatch or partial shading will
affect the current of the entire array as the current is controlled by the weakest
module. For limiting the effects of non-uniform irradiance, bypass diodes are
used. The MPPTs which have been discussed previously are primarily designed
for this architecture. Depending upon the type of shading, at the GP some of the
modules in the arrangement may be bypassed. Similarly in the string inverter
architecture, each string has its own MPPT. In the string inverter architecture the
performance under PSC is improved as compared to the central inverter.
However, the problem of bypass modules still persists.

To avoid bypassing of modules, many researchers have proposed the concept of
micro-inverters. A generalized layout of the micro-inverter scheme is shown in
Fig. 2.25. In this design, each module is operated at its MPP independently.
Similarly, separated DC to AC conversion is performed for each unit. In this
system, any shading will only affect the performance of those units which receive
lesser irradiance without affecting the performance of other modules. This
architecture can increase the energy capture from the PV modules, however they
are inefficient because of the high voltage transformation that may be needed for
interfacing a single module to the grid.

To overcome this weakness, the concept of series connected DC-DC converter has
become popular [39]. In this procedure, each module is operated at its MPP by an
independent DC-DC converter. The outputs of the converters are connected in
series as shown in Fig. 2.26. In this way, the localized control of module voltage
and current is possible. The series connection at the output of the converters
enables the designers to have a high DC voltage. This high voltage requires low
conversion ratio and therefore, high conversion efficiency is possible.

The possible disadvantages of the hardware based MPPTs are: the increased
system cost and complexity, and decreased reliability.
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Fig. 2.26 The micro-converter scheme.

In this chapter, we have briefly explained some of the important MPPT methods
which have been reported in the literature. In the first part two important MPPT
schemes for uniform irradiance have been described. Special emphasis is paid to
the improvements made to the P&O algorithm to overcome some of its
shortcomings. In the second part, the MPPT methods for PSC have been discussed
in brief. In the next chapter the /-V curve tracing methods are explained.
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Chapter 3 [-V Curve Tracing
Methods: Literature Review

In this chapter a brief review of some of the well-established procedures that are
adopted for finding the I-V characteristic curve are given. This review is essential
for establishing the point that these methods involve special tests that usually
interfere with the normal operation of PV generator and hence, are dissipative
and/or expensive. In the later chapters of this thesis, methods for obtaining the I-V
curve of a PV plant from onsite measurements will be proposed.

For monitoring the performance of PV generators, it is essential to obtain the /-V
characteristic curve under the field conditions. Finding the performance of the PV
generators with the help of the characteristic curves is the conventional method.
More sophisticated procedures like; the Electroluminescence (EL) and Infrared
Thermographic Imaging (IRT) also exist. But these methods are very expensive
ones and may not be economically viable in many cases. The basic principle of
finding the curve is to change the current of the generator from Isc point to the
Voc point (or vice versa) and recording the corresponding values of current and
voltage. Various methods for tracing the curve can be found in the literature. In
this chapter, some of those methods are given [40].

3.1 Variable Resistor

It 1s the simplest way of finding the characteristic curve of a PV generator. In this
scheme, a variable resistor is connected to the PV array and its resistance is
changed from zero to a high value in small steps [41]. In every step the voltage
across the variable resistor and its current are recorded. This is a crude and
inexpensive method for finding the /-V curve, but the manual change of resistance
makes the process quite slow. Various quantities, for example the irradiance, may
change very quickly during the measurement process and so a true curve may not
be obtained.
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3.2 Capacitor Charging method

It is a common method for finding the characteristic curve of a PV generator. In
this arrangement the PV source is connected to a capacitor which has
approximately zero initial charge. The parasitic parameters of the capacitor are
assumed to be negligible. When the capacitor is connected to the PV generator, it
is initially short circuited. As the charge on the capacitor increases, its current
decreases. When the voltage on the capacitor reaches Vo, the current in the
circuit falls to zero. The voltage across the capacitor and the corresponding value
of the current are recorded and in this way, several points of the /-V curve are
acquired by the measurement circuit. A typical arrangement for obtaining the
curve is shown in Fig. 3.1 [42]. The circuit consists of the following components:

e Multifunction data acquisition device; the device has a high speed A/D
converter and a multiplexer.

e Differential probes for measuring the voltage of the PV generator.

e Hall Effect based current probes.

e Personal computer for data storage.

™
B1
B2
N
PV [al——
>
R
Hall Effect
Sensor

Data
Acquisition :> PC

Fig. 3.1 Circuit arrangement for obtaining the I-V curve through capacitor method.

The capacitor C is in Fig. 3.1 is a high quality electrolytic capacitor with low
Equivalent Series Resistance (ESR). Due to low the ESR, the capacitor introduces
negligible losses in the circuit and ensures a reliable characteristic curve. Breaker
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B1 is used to connect the capacitor to the PV device under test. The discharge
resistor R is connected to C through breaker B2. The function of R is to discharge
C after the test.

Choosing an appropriate value of C is important for obtaining the curve. The
equation for calculating appropriate value of the capacitance given the transient
duration #1s calculated as:

IscNp
= Aty ——— 3.1
¢ tr VocNs (3.1)
Where A4 is a dimension-less constant and has a value approximately equal to
0.55, Ng and Np are the series and parallel connected modules respectively.

The details of derivation of the above equation can be found in Chapter 8 of this
text.

3.3 MOSFET Switch Method

In this method the Drain to Source Resistance Rpg of power MOSFET is utilized
as a variable load for finding the /-V curve of an array. In this process the
MOSFET is operated in all the three regions of operation, i.e. cutoff, ohmic, and
active. A typical circuit arrangement of this method is shown in Fig. 3.2 [43].

As given in Fig. 3.2 , the voltage divider resistors R; and R, are used to scale the
voltage of the array down to an appropriate value. The resistance Rp is used to
provide protection to the MOSFET. The current through the circuit is sensed
across the current sensing resistor Rgense. A Hall Effect current sensor can also be
used instead of the resistor. A low frequency triangular wave is applied to the gate
of the MOSFET. An oscilloscope is used to display the I-V curve of the PV
generator. Peak Detector PD1 is used to record the maximum voltage of the
generator i.e. Vpc. PD2 is used to record the short circuit current /sc. The current
and voltage of the array are multiplied by analog multiplier and its output is fed to
a peak detector PD3. During the scanning process, if peak is detected by PD3, it
triggers the sample and hold amplifiers S&H 1 and S&H 2 to sample the value of
voltage (Vypp) and current (/yspp) corresponding to MPP. The value of MPP power
(Pypp) 1s recorded by PD3.
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Through this method the characteristic curve of the array is easily obtained;
however, the main drawback of this method is that a high amount of power is
dissipated in the MOSFET and the design of its heat sink can also be complicated.
Another shortcoming is the drain resistance Rp which results in power dissipation
as well as affects the accuracy of the curve.
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» S&H1 > I yuop
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Fig. 3.2 Circuit arrangement for getting the /-J curve through MOSFET method.
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3.4  Varying the Duty Cycle of DC-DC Converter

In this method the duty cycle of DC-DC converter is varied in the range [0, 1] for
tracing the /- curve of the array. In many commercially available PV systems,
this process is employed for finding the GP under any type of shading condition.
The primary objective is to track the true MPP of the PV array, however the
characteristic curve can also be traced in this manner.

In [44] various converter topologies have been studied. Theoretically, the buck-
boost converter is the only basic converter topology suitable for finding the
complete characteristic curve. Buck converter does not allow tracing of the correct
curve near to Isc. On the other hand, the boost converter cannot trace the points on
the curve in the vicinity of the Vpc. However, some modification to the basic buck
and boost converter allows us to find the curve in the vicinity of the two extreme
points i.e. Vpoc and Isc. For example, the circuit shown in Fig. 3.3 allows the
operation in buck as well as boost mode [45, 46]. Suppose the main converter that
is used in the application is the buck converter. Let us assume that all the points
on the curve from the V¢ to a certain low voltage have been obtained. However,
the relatively high value of Ry in Fig. 3.3 does not allow us to operate the array at
lower voltage in the buck mode. In this case, the switch S1 is held in ON state
while S4 is OFF. The switches S2 and S3 temporarily assume the role of
controlling the converter [24]. Thus, the topology is transformed from buck to
boost mode temporarily and the duty cycle is changed such that the points near to
the current /¢ are obtained.

The limitation of this arrangement is that it requires several seconds and during
the process the array is not operated at the MPP which leads to power loss.
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Fig. 3.3 Special converter topology that operate in buck and boost mode.

3.5 Four Quadrant Power Supply

A four quadrant power supply can source as well as sink current with bipolar
voltage [47]. It is usually desirable to obtain the characteristic curve of the array
in the first quadrant. The added advantage of the four quadrant power supply
method is that the characteristics of the array can be extrapolated to the second
and the fourth quadrant as well. This may be an important diagnostic tool for
detecting possible mismatching in PV arrays. This mechanism has high flexibility
and fidelity, but it is an expensive tool.

In the above discussion we have given a brief description of the algorithms that
are used for measuring the characteristic curve of the array under field conditions.
One common problem with these schemes is that during the measurement of the
curve the normal operation of the PV system is disturbed. The objective of this
thesis is to put forward a method that finds the characteristic curve as well as
perform the MPP tracking.
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Chapter 4 Modelling of PV
Generators under Uniform Irradiance
and Partial Shading Conditions

This chapter deals with the development of a model for PV arrays under any type
of irradiance conditions. In the first part of this chapter modelling under uniform
irradiance is explained. On the basis of this, a mathematical model for partial
shading conditions is developed. The developed model is useful in finding the I-V
curve of arrays from on-site measurements.

4.1 Modelling of PV Arrays under Uniform Irradiance

Basically a PV cell is a p-n junction diode fabricated in a thin layer of
semiconductor. Sunlight consists of photons of different levels of energy. Those
photons which have lower energies than the bandgap energy of the semiconductor
do not lead to the production of charge carriers. If the energy of the incident
photons of light is greater than the bandgap energy of the semiconductor, only
those photons produce photovoltaic current. This current is proportional to the
solar irradiance. Semiconductors that have lower bandgap energy may utilize a
large proportion of solar irradiance for the production of electrical energy but the
generated voltages are usually lower.

An ideal PV cell is modeled by a current source with a parallel diode. As shown
in Fig. 4.1 (a), a practical PV device has a series resistance Rs and a parallel
resistance Rp. Rs is dependent upon the contact resistance of the front metal base
with the p semiconductor layer, and the resistances of p and n bodies [48]. The
existence of Rp is mainly due to the leakage current of the p-n junction and
depends on the fabrication of process of the PV cell. Therefore, these two
resistances are usually included in the modelling of PV devices. In the present text
we will use the model shown in Fig. 4.1 (a) for developing the model of PV array
under PSC. Various authors have expanded the model given in this figure present
more accuracy. For example, in [36] and [38], an additional current source is
added to the model to represent negative breakdown operation. This model is
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given in Fig. 4.1 (b). Similarly, an extra diode can be added to the model to
represent the effect of the recombination of carriers.

A PV module is formed by stacking together various cells in series or
series/parallel combination. The series combination of cells increases the voltage
level of the module while stacking the cells in parallel leads to increase in current
of the module. A mathematical equation which describes the /-V characteristic of
a practical PV module is given by:

V+R51) ] V+RgI

I =1L, — I [exp( Re 4.1)

ngaVy
v, =< 4.2)

Where 1, is the photovoltaic current without taking into consideration the effects
of Rg and Rp. Iy is the diode saturation current, V; is the thermal voltage, a is the
diode ideality constant, ¢ is the electron charge and has the value of 1.602179 x
10" C, k is the Boltzmann constant with the value 1.3806503 x 10 J/K, T is the
temperature of the p-n junction in kelvin, and #; is the series connected cells in the
module. Similarly, n, is the number of series connected cells in the module. It is
important to mention here that if there are 7, cells in parallel to each cell in the
module, then we have to multiply the RHS of Eq. (4.1) by n,.

I, depends linearly on solar irradiance (G) and is also influenced by temperature
according to the equation:

G
Lyp = (Isen + K AT) o 4.3)

Where I, is the short circuit current of the module under nominal conditions (7},
=298K, G, = 1000W/m2), K; is the short circuit current coefficient in A/K, G, is
the nominal irradiance (1000W/m?), and AT is the difference between the array
temperature 7 and the nominal temperature 7.
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Fig. 4.1. (a) Single diode model of a photovoltaic cell. (b) Single diode model with additional
current source for representing the negative diode breakdown operation.

The diode saturation current /) and its dependence upon the temperature is given
by the relation :

Iscn+Kj AT

Io = exp((Voen+Ky AT)/aV,)—1

4.4)

Where V,., is the nominal open circuit voltage of the module, and K is the open
circuit voltage coefficient. Ref [49] has proposed a relation for the calculation of
1y as:

o = ol Rsho (4.5)
eXp((th))_l
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Where Ry, is the reciprocal of the slope of the /- curve of the module at / = I in
Q.

The value of the diode ideality constant affects the curvature of the /- curve. A
relationship for finding the value of a is given by [50]:

a= Y Tn (4.6)

Where Vi, L, and T, are the thermal voltage, the photovoltaic current and the
temperature under nominal conditions respectively. E, is the bandgap energy for
the semiconductor material, for crystalline silicon itis 1.12 eV.

In practical PV devices the resistance Ry is quite low and Rp is high and therefore
we can neglect these resistances to simplify the model. Therefore, by neglecting
these resistances and inserting the value of /j in (4.1), we get:

_ . Isen+Kp AT v\
I'= Iph exp((Voen+Ky AT)/aVy)—1 [exp (ntha) 1] (4.7

Another consequence of neglecting the series and parallel resistances of a module
is that the photovoltaic current /,, becomes approximately equal to Isc [48, 49,
50].

When the PV array is under uniform irradiance, the model discussed above can be
used to represent the array. However, when there is PSC, different approach is
adopted for modelling purposes. In the following subsection, a model for PV array
under PSC is developed.
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4.2 Modelling of PV Arrays under Partial Shading

In the previous section, a model based on [48] has been discussed. In this section
we make the essential modifications to the equations given in the last section to
account for non-uniform illumination.

When some cells in a PV module are shaded, those cells cannot produce the
amount of current and hence, power that is produced by the unshaded cells. This
difference in the ability to produce power leads to difference in voltage among the
shaded and unshaded cells. If an attempt is made to drive high current through a
shaded cell, its voltage becomes zero and begins to consume power instead of
producing it. If the consumed power exceeds a certain limit, hotspot problem may
occur which can cause permanent damage to the shaded cells. The use of bypass
diodes allows the current to flow in the correct direction even if some of the cells
do not take full irradiance, but it complicates the electrical characteristics of the
PV array. Multiple peaks appear in the P-V characteristics of the array under non
uniform irradiance. Similarly, the /-V characteristic of the array has multiple mini
I-V curves. Fig. 4.2 shows a PV array under different shading conditions. It should
be noted that the six series connected modules in Fig. 4.2 combine to form a
single string. In this text we assume that the PV string either represents a PV array
consisting of series connected modules or it is a string in a large PV array with its
independent MPPT. The latter is commonly referred to as the string inverter based
MPPT [51]. The array has six series connected modules. The number of series
connected cells in each of the modules is 20 and it has rated Voc and Isc 12.2V
and 8.2A respectively. The rated Voc of the array is 73.2V. For modelling the
array, we take into consideration the irradiance pattern of Fig. 4.2 (b) in which the
modules receive three different irradiances. From Fig. 4.3(a) we see that there are
three mini curves in the /-V characteristics. For modelling of this array we first
group the modules together that have the same irradiance [27]. Group 1 consists
of modules M5 and M6 which means that the number of modules inside this
group is N; = 2, group 2 has M3 and M4, so the number of modules in the group
is N> =2. Similarly, M1 and M2 make group 3 with N3 = 2.
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(a) (b) ) (d)

Fig. 4.2 A PV string under different shading conditions. (a) All the modules receive uniform
irradiance of 1000 W/m?. (b) Module M1 and M2 receive 300 W/m?% M3 and M4 receive 600
W/mz, M5 and M6 receive 1000 W/m?. (c) M1, M2, and M3 have 300 W/m? irradiance; M4, M5,
and M6 has 1000 W/m? irradiance. (d) Partially shaded array with M1 receiving 300W/m2, M2
receiving 500W/m?, and M3-M6 receiving 1000W/m?.
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Fig. 4.3 Characteristic curves of partially shaded string shown in Fig. 4.2 (b) with three distinct
irradiances. (a) The /I-V curve. (b) The P-V curve.

53



a. Mini Curve L. In this part of the curve the modules M5 and M6 supply power
while the remaining i.e. MI—M4 cannot produce the desired amount of
current and are bypassed. The equation representing the array’s terminal
voltage V in this region of the curve is:

V= N1V1 - (NZ + N3)Vd (48)

Where V; is the voltage of single module in group 1 and its value is in the
range (0 < V; < Vi), Va is the bypass diode voltage drop. Vi, is the
maximum voltage of single module in group 1.

The current in this part of the curve is determined as:

I = Ipny — Iy [exp (%}”:Wd) —1] (4.9)

G
Lypy = (sen + KIAT)é (4.10)

Where G; is the irradiance of the modules in group 1.
The voltage (Vipp;) at which the peak P/ occurs is determined by the relation:

Vimpp1 = 0.8N1Vigxr — (Nz + N3)Vd (4.11)

b. Mini Curve II. In this part of the characteristic curve, the modules M3—M6 are
supplying power to the load while M1 and M2 cannot produce the required
level of current and so these are bypassed. However, the current of the entire
sring is controlled by modules M3 and M4. The modules M5 and M6 operate
at a current below their MPP current and their voltage is approximately equal
to their respective Voc or Vyy. The voltage equation in this region is given
as:

V = vaMaxl + N2V2 - N3Vd (412)
Where V, is the voltage of one module in group 2 and has value in the range

(0 S VZ S VMax2)~
The equation for current /; in this region is given by:
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I = pny = Io |exp (”NSV;I;ZN];VM““) 1 (4.13)

The current /,,, is proportional to the irradiance G received by the modules in
group 2 and is given by:

G
Lynz = (Usen + K,AT)é (4.14)

The voltage corresponding to the peak P2 in this part is determined using the
relation:

Vmppz = N1Vyax1 + 0.8NoViyaxz — N3Vy (4.15)

c. Mini Curve IIl. In the same manner as given above we can find the
relationships for voltage and current in this region of the main /-V curve as:

V = NiVumax1 + N2Vyaxz + N3Vs (4.16)
V= (N1VMmax1+N2Vraxz)

Iy = Loz — I [exp( e s e ) - 1] (4.17)
G

Iph3 = (Igen + KIAT)é (4.18)

Where V3 is the voltage across each of the modules in group 3 and is in the
voltage range (0 < V3 < Vyus), G; is the irradiance of the modules that
constitute group 3.

The voltage value at the peak P3 is calculated by:

Vmpps = N1Viax1 + NoVimaxz + 0.8N3Viyaxs 4.19)

Similarly, we can model a PV string under PSC with any number of different
irradiances falling on it. In general, characteristic equation for modelling the PV
array in a certain region j of the /-V curve is:
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_yizk=1y Lo
I = Nplyp; — Nply [exp (NCV“VBVd afvl:;t NLCL"M“’“) - 1] (4.20)

G.
Lypj = Usen + K,AT)é (4.21)

where Nj is the number of modules bypassed by the diodes, Np is the number of
parallel connected strings. In the present case we have taken Np = I for simplicity.
N¢ is the number of series connected modules controlling the current of the PV
generator in a particular region of the /-V curve, I, is the PV current of the jth
group, and G; is the irradiance of the jth group.

Ref [26] has used a simulation model for studying the effects of partially shaded
PV arrays. A significant outcome of the observations is that two consecutive
peaks on the P-V curve of the array under partial shading is the integral multiple
of 80% of Voc of a single module and the minimum possible displacement
between two consecutive peaks is 0.8Voc. This is only an approximation but the
accurate value of a voltage at which a peak occurs of the curve can be generalized
from (4.12), (4.15), and (4.19). By observing these relations we can generalize the
possible existence of a peak on the P-V curve as [59]:

Vippok = 2ict NickV a1 T 0-8NecVmaxke — NpiVa (4.22)

Where Vyppi is the MPP voltage of the kth peak and Ni¢ is the number of
modules that are operating at a lower current than their respective MPP current.

In this chapter, a model of PV generators operating under non-uniform
illumination has been presented. The equations derived in this chapter will be
used in finding the /-V curve of a PV generator from onsite measurements. The
method for calculating the characteristic curve will be presented in Chapter 6 and
Chapter 7. In the next chapter, we discuss the properties of PV array under non-
uniform illumination.
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Chapter 5  Properties of PV
Generators under PSC

As discussed in the previous chapters, when PSC occurs the characteristics of PV
generator change. This change is brought about mainly by the conduction of
bypass diodes. In this chapter, the characteristics of PV generators under PSC
are explained with the help of a simulated model. The variation of module voltage
as a function of the string voltage is of particular importance in the development
of algorithms which simultaneously obtain the I-V curve and perform MPP
tracking under different shading conditions.

5.1 Properties of Partially Shaded PV Arrays

Majority of the MPPT methods reported in the literature for finding the MPP
under Partial Shading Conditions (PSC) are unable to ascertain two essential
information at the outset of performing the search for true MPP. One is the
presence of the PSC, and the other is the number of peaks that are present as a
result of PSC. For getting the knowledge of the presence of PSC and the number
of peaks present in the P-V characteristic curve, it is important to discuss some of
the properties of PV strings under non-uniform irradiance conditions. These
properties are also important for the purpose of finding the characteristic curve of
the array under field conditions.

Let us consider the PV generator shown in Fig. 4.2(a) in which all the modules
receive uniform irradiance of 1000 W/m®. Each module has now 54 series
connected cells and has rated Voc and Isc equal to 32.9 V and 8.26 A,
respectively. The rated Voc of the array is 197.4 V. The characteristic curves are
shown in Fig. 5.1. Fig. 5.1(a) shows the /-V curve, in Fig. 5.1(b) is shown the P-V
curve, and in Fig. 5.1(c) are drawn the module voltages (VM1—VM6) as a
function of string voltage. Let us assume that the voltages of all the modules are
completely matched under nominal conditions. When the PV is under uniform
irradiance, all of the series connected modules have identical operating voltage,
current, and output power [30]. This can be seen in Fig. 5.1(c) However, when
there is partial shading this situation changes.
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Fig. 5.1 Characteristic curves of the array under the irradiance pattern given in Fig. 4.2 (a).

For studying the behavior of the module voltages under PSC, consider the case in
Fig. 4.2(c) in which the modules M1, M2, and M3 receive 600W/m?* while M4,
M35, and M6 get the illumination of 1000W/m?. The corresponding characteristic
curves are shown in Fig. 5.2. It can be noticed from this figure that the /- curve
has two regions, similarly two peaks P1 and P2 can be observed in P-JV curve.
When the operating point of the array is at P1, its current is higher than the
maximum current supplied by the modules M1, M2, and M3. These modules are,
hence, bypassed and the voltage across them is equal to the forward bias voltage
of the diode with negative sign. At P1, the modules M4, M5, and M6 supply
power to the load. On the other hand, when the string is operating at peak P2 all
the modules M1—M6 supply power. However, the current is controlled by the
modules M1—M3. Notice from Fig. 5.2(c) that at P2 the voltage across the
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modules M1—M3 is lower than that across M4—M6. The reason for the difference
in voltage is because, M1—M3 are operating at their MPP current under the
present irradiance condition. On the other hand, the modules M4—M6 operate at
lower current than their respective MPP currents. The operation at smaller current
means that the modules have operating voltages which are nearly equal to their
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Fig. 5.2 Characteristic curves of the array with irradiance pattern given in Fig. 4.2(c).
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Let us consider the case shown in Fig. 4.2(d). As given in this figure, the modules
M1 is getting 300 W/m?, M2 receives 500 W/m?* while the remaining four
modules take 1000 W/m? irradiance. The I-V curve of this array will have three
regions (or three mini /-V curves) and P-V will have as many peaks. Fig. 5.3
shows the characteristic curves of the array corresponding to the irradiance pattern
given in Fig. 4.2(d). An important thing to observe is the difference in the
voltages of the modules at peaks P1, P2, and P3.
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Fig. 5.3 Characteristic curves of the string with irradiance pattern shown in Fig. 4.2(d).
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Another important thing to notice from the above figures is that each of the peaks
on the P-V curve occurs at a voltage V;p which is approximated by the relation
[26], [30]:

N
Vip~ (1- N—‘z) Voc * 0.80 (5.1)

Where Ny is the total number of series connected modules in the string and Np is
the number of series connected modules that are bypassed.

The above equation provides a reasonable estimate for finding the location of a
peak and is helpful when used for MPP tracking schemes which are based P&O or
incremental conductance algorithm [26]. Though, a more accurate relation for
calculating the voltage at which a certain peak occurs is given by Eq. (4.22).

We can see from Fig. 5.2 and Fig. 5.3, that there is a constant current part to the
left of each peak. For example, in Fig. 5.2(a) this constant current part lies
between points A and B. In the constant current part the value of the current
remains almost constant as a function of voltage. In this part of the curve, the
current is equal to the short circuit current of the modules that are controlling the
current. For example, between points A and B in Fig. 5.2(a) the value of current is
equal to the short circuit current of modules M1, M2, and M3. The PV modules
usually have high parallel resistance and very low series resistance, therefore the
effect of these resistances is neglected [48]. As a consequence of this
simplification, the value of short circuit current and the photovoltaic current
become equal . Thus, the value of current between points A and B is equal to the
value of the photovoltaic current /,,, of the modules M1—M3.

From the above discussion some important properties of solar generators under
PSC are:

1. Under uniform illumination, single peak is present in the P-J characteristic
curve of a solar array. As observed from Fig. 5.1, at any operating point all the
modules in the array have almost identical voltage. Tracking of the single
peak is not challenging for a conventional P&O or IC algorithm.
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2. Under PSC, the P-V curve has multiple peaks. The /-V curve is characterized
by multiple regions as given in Fig. 5.1 and Fig. 5.2.

3. There is a constant current part to the left of each peak. Tracking a point in the
constant current part is comparatively easier than tracking a peak on the P-V
curve under non-uniform irradiance. It is because the constant current part is
spread over a relatively wider voltage range, while a peak occurs at a single
voltage point.

4. When a partially shaded array is operated at the peak nearest to the array’s
Voc (termed as the Right Peak (RP)) all the modules supply power to the load.
However, the array current is controlled by the modules that receive the
lowest irradiance.

5. When the array is operated at the RP under PSC the modules receiving
different irradiances have different voltages across them; similarly, the
modules that receive the same irradiance have the same voltage. This assertion
is based on the assumption that the voltages of the modules are perfectly
matched under the nominal conditions.

6. After operating the array at a certain peak, the series connected modules can
be classified in different groups on the basis of the voltage across them. In
such an arrangement, the modules that have the same voltage (receiving the
same irradiance) are placed in the same group.

7. The approximate location of each peak depends upon the number of modules
that are bypassed and the V¢ of the array according to (5.1). A relation which
accurately calculates the location of a peak is given by (4.22).

On the basis of these observations above we develop a mechanism for obtaining
the characteristic curve of the array in the following chapter.
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Chapter 6  Obtaining the /-1
Curve and Tracking the MPP with no
Voltage Mismatch among the

Modules

In this chapter a method for obtaining the characteristic curve and finding the
MPP under any shading conditions is discussed. The scheme presented in this
chapter assumes that the voltages of the modules are perfectly matched under
nominal conditions or STC (1000 W/m’, 298 K). Though, the issue of voltage
mismatch among the PV modules is dealt with in chapter 7; however, the material
given in this chapter is important for conceptual purposes. Based upon the
material presented in this chapter a complete algorithm will be proposed in the
next chapter.

6.1  The Curve Tracing and MPPT Algorithm

As pointed out in Chapter 5, when the string is operated at the RP the modules
that have the same irradiance have the same operating voltage. Similarly, when
the array is under partial shade, the modules that are shaded have low operating
voltage as compared to those which are getting full illumination. For finding the /-
V curve, the array is first operated at the RP, and then the voltage of each of the
modules is measured. The modules are arranged into groups according to their
operating voltage. It is pertinent to mention here that if the array is under uniform
irradiance, all the modules will have approximately the same operating voltage
and will be placed in the same group. The total number of groups gives the
number of regions in the /-V characteristics. Likewise, the number of modules in
each of the group is also determined. The value of I, for each of the group is
obtained from the following equation [29]:
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_ Iscn+K1 AT v\
Lo =1+ exp((Vocn+Ky AT)/aVe)—1 [exp (nSVta) 1 ] (6.1)

Where /, and V indicate the values of current and voltage at the RP.

Having calculated the values of I, for each of the regions in the characteristic
curve using the above equation, the values of N, Nic, and N¢ for each of the
regions are also determined. These quantities are arranged in the form of vectors.
For the case shown in Fig. 4.2 (b) and Fig. 4.3, these vectors are given as:

Iph = [Ipm:lphz 'IphB] (6.2)
N¢ = [Ny1, Nyz, Nys] (6.3)
Ng = [Nyz + Ny, Nys, 0] (6.4)
Nic = [0, Ngq, Ng1 + Ny;] (6.5)

After finding the vectors for 7,4, Nc, Np, and Ny c, the process proceeds to acquire
the /-V curve. This mechanism is described with the aid of the flow chart given in
Fig. 6.1. In this figure, the first seven blocks deal with operating the array at the
RP, finding the [,, for each of the regions in the characteristic curve, and
obtaining the vectors given in equations 6.2—6.5. From block 8 onwards the
characteristic of the array is traced by the algorithm numerically. The first value in
each of the vectors given in equations 6.2—6.5 are assigned to I,4(n), Nc(n), Np(n),
and Ny¢(n) respectively in block 8. In block 9 the value of array voltage, I)pp, and
Vupp are initialized to zero. In block 10, the array voltage is incremented by 0.1V
from its previous value and the new value is given to the variable V(k). The value
of the array current /(k) is calculated for the corresponding value of voltage V(k)
using equation (4.20) in block 11. In block 12, the products V(k)I(k) and Vypplypp
are compared. If the product of current and voltage in the iteration k is greater
than the product of MPP voltage and current that is stored in the memory of the
microcontroller, the algorithm updates /y,pp and Vypp to I(k) and V(k) respectively.
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Fig. 6.1 Flowchart of the algorithm for obtaining the /-V curve from onsite measurements.
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In block 14 the value of /(k) is compared to the next value of the photovoltaic
current in Eq. (6.1) i.e. [,5(n+1). If the condition is false, then the algorithm goes
back to block 10 for the next iteration. If the condition in block 14 is true, it
suggests the inception of the next region of the /-V curve. In this case, 1,4, N¢, N3,
and N;¢ are updated to their next values in the vectors in Eq. 6.2—6.5,
respectively. It is particularly important to mention that for updating the
summation term (¥1=X"1 N Vi), the present value of V(k) is put in Eq. (4.20).
The algorithm then reverts back to block 10. This process continues until the
entire I-V curve is obtained. At the end of this routine, the values of Iypp and Vipp
are also returned.

6.2 Simulation Example of the Proposed Scheme

The proposed algorithm has been simulated in MATLAB/SIMULINK. The PV
generator in this case consists of four series connected modules as shown in the
Fig. 6.2. Each of the module has 54 series connected cells with rated Voc = 32.9
V, and Isc = 8.26 A. As given in Fig. 6.2, modules M1 and M2 are getting 1000
W/m?, while M3 and M4 are taking 500 W/m* and 300 W/m?” respectively. The
characteristic curves of the array are shown in Fig. 6.3. The switching frequency
of DC-DC buck converter is set to 100 kHz and load resistance of 1Q is used. The
sampling period of the MPPT controller is 10ms. Fig. 6.4 shows the GP tracking
process for the PV array with shading pattern shown in Fig. 6.2. The algorithm
first tracks the RP (i.e. P1 in Fig. 6.3). After converging to the RP at t = 0.1s, the
voltage of each of the series connected modules is measured to be VM1 = VM2 =
32.27V, VM3=30.03V, and VM4 = 23.08V. From the voltages of the modules it
can be seen that there are three groups: group 1 consists of modules M1 and M2;
group 2 comprises of M3; and group 3 has M4. The vector for 1,, , N¢c, Np, and
Nic for each of the regions in the /-V curve are [8.212A, 4.039A, 2.386A], [2, 1,
11, [2, 1, 0], [0, 2, 3] respectively. After defining these vectors, the algorithm
obtains the /-V characteristic curve. After the end of the subroutine, the values of
Iypp and Vypp are returned. The algorithm, then, calculates the value of Dypp =
0.365. As shown in Fig. 6.4, at t = 0.1s the duty cycle of the DC-DC converter is
set to the value of Dypp to begin the steady state operation. Thus the proposed
algorithm takes about 0.1s to converge to the GP.

66



Current (A)

]

Fe
L]

T

Bl
L]

M2

1

Bl
L]

M3

F
La)

Fig. 6.2 PV array used in the simulation example.

‘Region IIT

GO
Siring Voltage (V)
(a)

i
100

1
60 80
String Voltage (V)
(h)

20 40

60
Siring Voltage (V)
(c)

Fig. 6.3 Characteristic curves of the string given in Fig. 6.2.

67




500

ADOF

200

Power (P)

100

300 ot —

...Steady.-.sta_i:c.........._...._.......
operation

150

0.2 0.25

50

Voltage (V)

=]

i i
0.05 0.1 0.15 0.2 0.25
Time (s)

(h)

Current (A)

Time (s)
(c)

Duty Cycle

1 i
0.05 0.1 0.15 0.2 0.25
Time (s)

(d)

Fig. 6.4 GP tracking process of the PV array given in Fig. 6.2.
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6.3  Shortcomings of the Algorithm

The aforementioned procedure finds the characteristic curve of the array by
operating it at the RP. Accurate curve is obtained in the case in which the voltages
of the modules are perfectly matched under nominal conditions. In the real time
situations owing to deterioration as a result of ageing, and also because of
manufacturing defects, voltage mismatch among the modules may be present. By
reason of this mismatch the procedure discussed in this chapter may not be able to
sketch the correct curve. This state of affairs is demonstrated in Fig. 6.5 in which
the characteristic curve for the array in Fig. 5.2 is re-drawn. But, in the present
instance, the module M4 has lower voltage (under nominal conditions) than M5
and M6. The module M4 gets the same irradiance as M5 and M6 but its lower
voltage may be due to any of internal faults. When the array is operated at the RP,
the present algorithm categorizes the modules in three groups on the basis of
operating voltages (instead of two). By following the procedure given in this
chapter, an /-V curve with three regions is obtained. Thus, the present algorithm
cannot sketch the true curve in the event of a high inequality of voltage among the
modules. Refs [30, 31, 32] have proposed MPPT techniques that follow more or
less the same mechanism that is expressed in this chapter. Even though these
MPPTs might eventually converge to the GP in spite of their inability to recognize
the voltage mismatch; however the time taken for convergence could be longer.
For this purpose it is necessary to make some modifications to the present
mechanism so that a true curve is traced even when the voltages of the modules
inside the array are not perfectly matched. The necessary modification to the
algorithm is made in Chapter 7.
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Chapter 7  Obtaining the
Characteristic Curve and MPP
Tracking 1n the Presence of Voltage
Mismatch Among the Modules

This chapter deals with the development of MPPT and curve tracing algorithm in
case of the existence of voltage mismatch among the modules under nominal
conditions. Equations for computing the duty cycle for buck converter are also
derived. The performance of the presented method is also verified with the help of
simulations and experiments.

7.1  Modified Algorithm

Before presenting the algorithm for the curve tracing and MPP tracking to account
for the problems in the PV array discussed in the previous chapter, it is important
to discuss the behavior of the module voltages in the presence of voltage
mismatch. For this purpose, we take into consideration the string with the
irradiance pattern shown in Fig. 4.2(b). In the present case the module M3 has a
voltage mismatch of about 3V as compared to the other modules under STC. The
new characteristic with the voltage mismatch is now given in Fig. 7.1. Notice the
variation of the module voltages VM3 and VM4 in Region 2 of the characteristic
curve. When the array operation is performed to the right of point B, the
difference between voltage of M3 (i.e. VM3) and voltage of module M4 (VM4) is
higher. However, at point B VM3 and VM4 become almost equal and we can say
that these modules receive the same irradiance. We can observe from this figure
that when the operating point of the string is at the RP (P3), the voltage of M3 is
close to the voltage of M1 and M2. When the algorithm discussed in the previous
chapter is used, M3 will be placed in a different group from M4. From the
irradiance pattern shown in Fig. 4.2(b), the module with voltage mismatch should
be placed in the same group with M4. This will result in the calculation of wrong
I-V curve. It is, therefore, mandatory to make some changes in the previous
algorithm to account for any voltage mismatch among the modules. The modified
algorithm is discussed below.
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Fig. 7.1 Characteristic curves of the array with the irradiance pattern shown in Fig. 4.2 (b). There
is voltage mismatch between modules M3 and M4.

In the mechanism defined in the last chapter, the string is operated at RP and the
classification of the modules is implemented. In the modified procedure, the array
is first operated to the left of the RP, for example at point A in Fig. 7.1 (a). The
flowchart of the modified algorithm is shown in Fig. 7.2. After operating the array
close to point A, the grouping of the PV modules is executed. This grouping is
different from the previous case. Now, the modules are placed in three groups on
the basis of the operating voltages. In the first group, the bypassed modules are
placed: in this group the operating voltage of the modules is lower than OV. Group
2 contains the modules that are controlling the current of the string. The operating
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voltage of these modules is higher than those of Group 1. Group 3 is composed of
the modules that operate at current below their MPP currents: or in other words,
operate close to their respective Voc. The difference in the operating voltages of
the modules in the three groups is now higher. In this way, the classification is
much easier. As will be shown in the following paragraphs, the new algorithm is
able to perform correct classification even in the presence of voltage mismatches
among the modules.

For the specific case of Fig. 7.1, when the string functions close to point A, the
classification under new procedure is performed as follows:

e Group 1 has no modules, as none of those is bypassed.

e Group 2 contains M1 and M2. This is because the voltage of these
modules is higher than those in Group 1 and much lower than those in
Group 3.

e Group 3 consists of the remaining four modules M3 — M6. We can see
that M3, even though has lower voltage under STC, is placed in this group
because its operating voltage is still higher than M1 and M2.

The current of the string is stored as 1, for the corresponding region (region 3 in
the present case). The number of modules in Group 1 is stored as N, the number
of modules in Group 2 is recorded as N¢, while that of Group 3 as N;¢ for this
region of the characteristic curve. As the number of modules in Group 3 is greater
than zero, it means that there is at least one peak to the left of the present
operating point and the search process has to be performed for finding a point to
the left of that peak.

The next step is to make the string function at point B in Fig. 7.1. The process of
expediting the process of taking the point of operation from A to B will be
discussed later in this chapter. But for now assume that the array is functioning
close to point B. The modules are again divided into three groups as:

e Group 1 consists of modules M1 and M2.
e Group 2 comprises of M3 and M4.
e Group 3 has M5 and M6.

As done in the previous case, the current of the array is stored as I, for this
region. Np for this region is equal to 2 as M1 and M2 are bypassed and placed in
Group 1. N¢ for this part of the curve is also 2 as M3 and M4 form Group 2.
Likewise, from the number of modules in Group 3 we set N;¢ equal to 2. As the
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number of elements in the third group is greater than zero, it indicates the present
of another peak to the left of point B.

1. Start 8. Set fph(tfg , f{\’c(n), INB( n),f ?d
N .
jRedil I.:o e first va ues of their
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Fig. 7.2 Flowchart of the modified algorithm.
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The functioning point of the string is then brought near to point C in Fig. 7.1. The
same process is repeated here. The number of modules in Group 1 will be equal to
4 i.e. Np = 4, the number of modules in Group 2 is equal to 2 (N¢ = 2). The third
group will now contain no elements (N,c = 0) and hence, no further search is
performed. At this stage all the quantities of 1,5, N, N¢, and Ny ¢ corresponding to
each region of the curve are arranged in the form of vectors given in Egs. 6.2—6.5,
respectively.

After obtaining the vectors, the new algorithm proceeds to calculate the
characteristic curve of the array in identical manner as given in the previous
chapter as can be seen in the flow chart shown in Fig. 7.2.

7.2 Duty Cycle Computation for Fast Convergence to the MPP

As given above, after obtaining the /-V curve, the values of Vjypp and Iypp are also
returned. We then need to operate the array at this voltage. For taking the point of
operation to the MPP, the duty cycle of the DC-DC converter is varied in a certain
direction. Typically, this is accomplished by changing the duty cycle in small
steps as is done in [30]. This naturally affects the convergence speed of the MPPT
scheme. For that reason, it is important to use a relation for calculating the duty
cycle of the converter in order to accelerate the convergence to the MPP. In this
section the relation for finding the duty cycle of a stand-alone buck converter with
resistive load is given. For other converter topologies and applications, this
relation can be found in the literature [28].

Suppose the array is functioning at a point with voltage Vpy and Ipy with duty
cycle Dpyp. The proposed algorithm obtains the characteristic curve of the array
and also returns /lypp and Vypp. For converging to the GP, the equation for
calculating the duty cycle corresponding to the MPP (Dypp) is given in the
following text

For buck converter the relationship between the input and output voltages (Vi and
Vo) and currents (/i and /o) are given by:

v, (7.1)
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I, = DI, (7.2)

From the above equations we get

Vi Vo
o= o (7.3)
Here % represents the load resistance R, , solving (7.3) for R, we get
[0}
R, = D?Y (7.4)

I

The value of R, is found operating the array at an appropriate point and inserting
the value of duty cycle, voltage and current at that point in (7.4).

Assuming that R, is constant, when the PV array is at the MPP, the input and the
output resistances of the converter are related by the equation [19]:

LR, (7.5)

Rypp = D2
MPP

Where Rypp = ‘:MP £ and Dypp is the value of duty ratio at the MPP. Solving
MPP

(7.5) for Dypp and putting the relation of Rypp we get
,ROI
Dypp = —VMIZI;P (7.6)

The values of Vypp and Iipp are obtained from the subroutine which calculates the
points on the characteristic curve given in the flowchart. From the present point of
operation of the array, we can calculate the value of R,. Then Eq. 7.6 is used to
calculate the Dypp. By setting up the duty cycle of the converter to this value, the
GP of the array is tracked.
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Let us refer back to the previous section 7.1. During the searching process for
finding the values of the vectors in Eq. 6.2—6.5, it is desirable to shift the
operation of the array from point A and B and then from B to C quickly. One way
of doing so is to change the converter’s duty cycle in small steps. As mentioned
previously, this will cause an undesirable delay in the process. To expedite this
process, Eq. (7.6) can be utilized for buck converter applications. For
understanding the procedure, let us consider the string is operating at point B, in
Fig. 7.1 and we want to proceed to point C. The value of R, is found from the duty
cycle, voltage, and current of the array at the present point. The value of current at
C is equal to the /,;, of the modules M5 and M6 which can be estimated using
(6.1). In Eq. (7.6) this value of current is used instead of Ipp. For approximating
the voltage at C we make use of (5.1) or (4.22). We can see that the voltage at
which the peak P1 occurs in Fig. 7.1, is estimated as:

Ng at point C
VPl = 080 (1 - —> VOC
Ng
— 080 (1 __ Number of modules in :’roups 1 and 2 at pointB ) VOC (7.7)
S

The voltage of point C is estimated to be a few volts less than Vp;. Then, these
values are inserted in eq. (for Dypp) to calculate the duty cycle close to a point
near C. For insuring that the array is operating in the current source region, the
duty cycle of the array is changed in small steps and if the current as a result of
the perturbation is virtually constant, it means that the string operates close to the
desired point.

7.3  Application of the Proposed Method for MPP Tracking

The scheme presented in this text can be utilized to perform MPP tracking as well
as finding the characteristic curve of the array under uniform irradiance and
partial shading conditions. In this section, the application of the proposed method
for MPP tracking is expressed. The procedure is explained with the help of the
block diagram shown in Fig. 7.3.

Referring to Eq. 7.6, it is important to determine the value of V¢ of the array for
convergence to a specific point of operation of the array during the subroutine
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given in Fig. 7.3. Calculation of V¢ is accomplished from the reading of the
temperature sensor. The equation used for computing the value of V¢ is given as:

VOC = VOC,TL + KvAT (78)

Once the value of the open circuit voltage is found, the next step is to calculate the
I-V characteristic curve of the PV source. This is accomplished through the
algorithm described in the section 7.1. The whole procedure is executed in block
3. As has been mentioned in the previous sections, the values of Vypp and Iy,
are returned to the main program after finding the characteristic curve. In block 4,
the Dypp 1s calculated. In block 5, the duty cycle of the DC-DC converter is set to
Dypp. After confirming that the array has converged to the desired point, the
steady state operation commences.

Blocks 6, 7, and 8 represent the steady-state operation. This operation is based on
the conventional P&O algorithm. One of the disadvantages of the P&O algorithm
is that it oscillates around the MPP. To minimize these oscillations, the value of
the duty cycle perturbation (4D) should be kept to a small value. As given in the
work of the author in [20], when the value of 4D is kept to about 0.4, the
efficiency of the algorithm under the steady-state conditions reached up to
99.92%. A small amount of oscillations is also important to alter the functioning
point of the PV in the face of small variations in the ambient conditions. As given
in block 7, a timer overflow interrupt could also be enabled for triggering the
process of finding the new MPP and the characteristic curve. In block 8, the
output of the power from the PV generator is monitored after every sampling
period. If the absolute difference between the output power of the array Ppy and
the power of the array corresponding to the last MPP tracked (Pypp) exceeds a
certain limit &, the algorithm goes back to block 2 to re-initiate the whole
procedure.
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Fig. 7.3 Flowchart of the proposed MPPT.
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7.4 Simulation Results

To check the performance of the method presented in this chapter, simulations
have been conducted using MATLAB/SIMULINK. The specifications the PV
string are the same as have been shown in Chapter 5. DC-DC buck converter is
used in the simulations. The switching frequency of the converter is 100 kHz and
the load resistance is 1Q. The sampling period of the MPP controller is 10 ms.

The performance of the scheme was checked under various shading conditions.
First, the case given in Fig. 7.1 is considered. As given in this beginning of this
chapter, there is also a mismatch between the voltage of M3 and the rest of the
modules in the array under nominal conditions. The simulation results are shown
in the Fig. 7.4. A vertical green dotted line divides each of the subplot in Fig. 7.4
in two portions. To the left of the dotted line the part of the algorithm in which it
performs the search for various parameters given in vector form in Eq. 6.2—6.5.
From t =0.0 s to 0.05 s the algorithm tracks the RP (or P3 in Fig. 7.1). After doing
so, the modules are classified into three groups as expressed in section 7.1. The
algorithm finds the presence of another peak (P2) to the left of the RP. As
expressed previously, the voltage and current corresponding to point B (in Fig.
7.1) are found by the algorithm. The approximate location of the voltage point is
easily found by using Eq. (7.7). For finding the approximate value of current, the
algorithm takes the modules with the lowest voltage in group 3, which is M3. As
M3 has lower voltage so the use of Eq. (6.1) will give a lower value of current.
Thus, for getting close to point B, the duty cycle of the converter is changed in
small steps. This can be seen in Fig. 7.4 (d) in the interval from t = 0.05 s to 0.1 s.
The point of operation of the array is easily taken to the current source part to the
left of P1 fromt = 0.1 s to t =0.12 s. At this stage the characteristic curve of the
array, Iypp, and Vypp are found and from these values Dypp is calculated. The
steady state operation begins att=0.13 s.

Thus, from these results we can conclude that the proposed scheme converges to
the MPP under non-uniform irradiance in about 0.13 s. This time duration is far
less than [26, 28, 30]. These MPPTs take about 1 s for finding the GP. The
method proposed in this chapter performs additional function measuring the
characteristic curve of the array from on-site measurements.
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Fig. 7.4 GP tracking process using the proposed algorithm for MPP tracking.
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7.5  Experimental Results

For confirming the ability of the proposed algorithm to get an accurate /-7 curve,
experiments were conducted for partially shaded PV arrays. The scheme
presented in this chapter is compared to the capacitor-charging based curve
tracing method given in [42]. The PV source used for experiments is a 230W
panel which is made of 60 PV cells connected in series. Inside the panel, 20 cells
are protected by same bypass diode. Thus, we have a PV string with three
modules M1, M2, and M3 as given in Fig. 7.5. The experimental setup consists
of: multifunction data acquisition device with high speed ADC; a PC for storing
the experimental data; differential probes for measurement of voltage; and Hall
effect based current probes. Switch S1 is used to connect the capacitor to the PV
source. Switch S2 connects the discharge resistor R to the capacitor after
performing the test.

The essential parameters that are required for the finding of the /- curve through
the proposed method are the vectors containing the PV current, the number of
modules that control the current of the array in each region of the characteristic
curve (N¢), the number of modules which are bypassed in each region (N3), and
the number of modules that operate at lower current than their MPP currents
(Nrc). These vectors are given in Egs. 6.2—6.5, respectively. These vectors were
easily found from the capacitor charging method by means of programing in
LABVIEW. The vectors were then used by the proposed algorithm to trace the
characteristic curve.

The module M1 in Fig. 7.5 was put under partial shade which is shown in Fig.
7.6. Experiments were performed for finding the /-V curve with the help of
capacitor charging method. The experimental results are shown in Fig. 7.7. In this
figure, subplot (a) shows the current, (b) indicates the voltage of the PV array, and
(c) indicates to the submodule voltages VM1, VM2, and VM3. All these
quantities are drawn as a function of time and were acquired during the charging
of the capacitor. As shown in Fig. 7.7, in Region 1, the capacitor draws the
maximum current from the PV source. In this region, M1 is unable to supply the
current due to partial shading and therefore, the module is bypassed. In this region
of the curve, the modules M2 and M3 control the current of the generator. The
values of quantities in the form of vectors were recorded. At point A, the current
drawn by the capacitor decreased to a value just below the maximum current of
M1 could supply. From that point, all the three modules started to supply power to
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the load. The values of the essential parameters were also recorded in the second
region.

Fig. 7.8 shows the characteristic curves obtained from the two methods. The blue
curve in Fig. 7.8(a) shows the one obtained from the capacitor charging method
and the red curve shows the one obtained from the proposed scheme. The close
resemblance of the two curves could be seen which indicates the effectiveness of
the proposed method in obtaining the accurate characteristic curve of the array
from on-site measurements. Similarly, Fig. 7.8 (b) shows the P-V curves obtained
from the proposed (red curve) and the capacitor charging method (blue curve).
The figure shows that the proposed method can return accurate values of /,pp and
Vupp and hence, it can also be utilized for GP tracking under any irradiance
conditions.

An important point to consider here is that the model which is developed in
Chapter 4 is based on the assumption that all the cells in a PV module get the
same irradiance. However, PV array given in Fig. 7.6 shows that only a certain
number of cells are under the shade. The model developed in chapter 4 is also
applicable to the case shown in the Fig. 7.6. It is because when some of the cells
in a module are shaded, the current of the entire module is controlled by the
shaded cell. It is also well known that the voltage of a PV cell is logarithmically
related to the irradiance. As a result of it, the difference in irradiance causes a
small difference in the voltages among the cells. Considering Fig. 7.8 (a) which
shows the curves obtained from capacitor charging method and the one obtained
from the proposed procedure, it can be seen that the portion of the curve in which
the module M1 is bypassed, the two curves match with each other between points
A and B. The two curves are also identical between points B and C. The small
divergence between the two curves from point A to C is because of the fact that in
the proposed model Rg and Rp of the PV panel have been neglected. Now from
point C to D, we see that the /-} found from the proposed procedure intersects the
voltage axis at a slightly lower voltage than the one obtained from the capacitor
charging method. This difference between the two curves is owing to the fact that
proposed scheme is based on the assumption that all the cells in submodule M1
are taking the same amount of sunlight, whereas in reality some of the cells in the
module are shaded. It is, however, important to notice that the region between
point C and D is of lesser significance for MPP tracking and even diagnostic
purposes. The two curves are almost identical between points A and C which are
important for practical purposes.

84



| =
[8]
L
9]
|
|

Hall Effect
Sensor

Data Acquisition :>
Device pC

Fig. 7.5 Circuit diagram of the experimental setup.

Partial Shading of
m Module M1 in the
= . array

Fig. 7.6 PV array under partial shade.

85



T T T
=
T sf “\
=
z Region 1
E af A .
(:, Region 2
) 2| i
E
=t
L L 1 L L
0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (5)
@)
40 T T T T T
E 30
b
(=11
g 20
S
-
= 10| 4
=
< 1 1 1 1 1
1?.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (s)
@)
15 T T T T
E e
T 10
(=11
E I
Ic
- VM1, VM2
= 5 VM1
=
=
=]
=
1 1 I L
6’.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (s)
@)

Fig. 7.7 Array current, voltage, and module voltage obtained capacitor charging method.

10 T T T T T T T
9 Proposed Method -
Capacitor Method
—_— 8- —
= L ]
= A
-
= 6 - —
=
o] 5 T
[
= ar B C n
= 3l i
2 .
1+ .
1 . . . . . D
o 5 10 15 20 25 30 35
Array Voltage
(a)
180 T T T T T T
160 — = Capacitor Method —
= Proposed Method
140 —
—_
E 120 I 4
g 100
E r GP B
. 80 -
=
—
E 60— —
40 - —
20— —
1 L L I L L
L1} 5 10 15 20 25 30 35

Array Voltage
(b)

Fig. 7.8 I-V curve obtained from the capacitor charging method and the proposed method.

86



In this chapter, a scheme for finding the characteristic curve of a PV array, under
the presence of voltage mismatch among the modules, has been presented. The
procedure can also be applied for MPP tracking under any irradiance conditions.
The performance of the proposed method has been confirmed through simulations
and experiments. In the experimental verification, the proposed scheme has been
compared with capacitor charging method. Experimental and simulation results
reveal that the proposed algorithm can be applied for tracing the /-V curve and
finding the global MPP successfully under any kind of irradiance conditions.

7.6  Economic Analysis of Practical Implementation of the Proposed
Scheme

The algorithm given in this chapter is applicable for long strings and also for
Distributed MPPT (DMPPT) applications. The actual cost of the additional
hardware can only be ascertained depending upon the MPPT architecture. In this
text we will perform economic analysis only in the case of DMPPT systems in
which each panel acts as a substring and has its own MPP tracking algorithm. For
monitoring the performance of PV systems an on-board device has been proposed
in [57]. This board is mounted in each PV panel and the latter functions as a
substring of a long PV string. The board is able to measure the PV panel’s
voltage, current, and temperature; it has a local MPP tracking hardware. Similarly,
it can communicate with other boards and with the central control unit of the PV
plant through RS 485 bus. A shortcoming of the system given in [57] is that the
electrical curve of a PV panel cannot be obtained by the device. The method that
is proposed in this chapter has an advantage that it can perform the monitoring,
MPP tracking, and measuring the /-V curve in a single algorithm. However, we
will present a list of hardware components utilized to ascertain the cost of the
additional hardware that is used in the implementation of the algorithm given in
this chapter. Table 7.1 gives the detail of the components used in [57].

Table 7.1 Details of components used for PV module monitoring in Ref. [57]

Device Name Device’s Function

ACS 712 Hall Effect based current sensor
Microcontroller for MPPT and

PIC16F1825 communicating data with other
boards and the central control unit

LMC 6062 Operational Amplifier

LM2675 Step down power converter

HCPLO0601 Optical Couplers

TC1047A Temperature Sensor
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Table 7.2 Details of components required for monitoring the performance of a PV string

Component Function Total Nos | Per  Unit | Total
Cost in | Cost/Panel
Euros in Euros
AD 7124-4 Analog to Digital | 1 9.6 9.6
Converter, 4
Channel
SN65HVD1476 | RS485 1 2 2
TC1047A Temperature Sensor | 1 0.48 0.48
HCPLO0601 Optical Couplers, 2 | 2 2.2 2.2
Input
SN65HVD70 RS 485 Transceiver | 1 2 2
Resistors  and | Component 8 8
other  passive | Assembling/Voltage
components and | Division/Signal
PCB and | Conditioning

Cabling

In table 7.2 we give the estimated increase in cost per panel needed for the
additional components. From the data given in this table we can see that
additional cost of about 25 Euros per panel is needed. It means that by adopting
the proposed scheme a cost of about 100 Euros/KW is incurred. For a typical
home based MPPT [58] the total cost of 2000 Euros/KW is incurred. The
proposed scheme increases the cost of PV installation by 5% but has additional
features of diagnosis of the PV installations.
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Chapter 8 MPPT and I-V Curve
Tracing Algorithm Utilizing the
Input Filter Capacitor of DC-DC
Buck and Buck-Boost Converter

In this chapter, MPPT and I-V curve tracing algorithm is presented. The
procedure described in this chapter extends the functionality of the input filter
capacitor of DC-DC buck or buck-boost converter for finding the MPP and the
characteristic curve under any kind of shading. This method is applicable to the
applications in which the output of DC-DC converter is connected to storage
devices like battery and/or supercapacitor.

8.1 PV Systems with Battery/Super Capacitor Storage

Stand-alone PV systems are used in areas which are far from the reach of the
national grid. Extension of the national grid to these remote locations requires
heavy expenditures and thus, stand-alone PV systems are the only alternative.
These renewable energy systems provide power to different kinds of loads e.g.
household applications, irrigation, and telephone communication repeater stations.
The generation of power from the Sun is highly intermittent. Similarly, the nature
of the load for which the stand-alone PV system is used may be highly variable.
For example, the water irrigation systems utilize DC motors. The starting current
of a DC motor is very high and may be beyond the capacity of the PV source.
Owing to these reasons, battery backup is provided to maintain uninterrupted
power at the output. For extending lifetime of the batteries, Hybrid Energy
Storage Systems (HESS) are also used. HESS utilizes batteries as well as Super
Capacitors (SC) to make optimal use of the storage system. SC has high power
density allowing it to provide more energy for a short period of time (a few
seconds) [52].
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In many grid tied PV applications, the output of the DC-DC converter is
connected to battery storage systems where the excessive power generated from
the solar panels is stored and is provided to the load or grid in the time of need.
The main benefit of this system is that, during the interruption of power
generation from the PV system, the storage devices continue to supply power to
the load or grid and the momentary power interruption does not create power
quality issues.

8.2  Brief Description of Capacitor Charging based MPPT

A capacitor charging based MPPT is proposed in the previous work co-authored
by the author in [53]. Brief descriptions of that work as well as some of its
limitations are discussed here. The block diagram of the MPPT procedure is given
in Fig. 8.1. As given in this figure, the PV array is connected to the DC-DC
converter and a scanning circuit through MOSFET switches S1 and S2,
respectively. It should be remembered that these switches are different from the
MOSFET switch used inside the DC-DC converter. Under normal operation, S1 is
closed while S2 is open. As S1 is normally conducting, a certain amount of power
is lost in it due to its on-state resistance. The power is lost in the form of heat. It is
therefore, necessary to design a special heat sink for S1. Moreover, high-side
driver circuit is also required for this MOSFET, which increases the complexity of
the circuit. Fig. 8.2 shows the scanning circuit in details. When the GP of the
array is to be found, S1 is opened and the scanning circuit is connected to the
array through S2. The resistors R1 and R2 are used for scaling the array voltage
down to an appropriate value. The capacitor Cgyr is connected to the array
through switch S2 for finding the GP. When the MPP is found, the normal
operation of the PV system resumes at the new peak. Though it is not shown in
the figure, a discharge resistor is used to discharge the external capacitor in order
to make it ready for GP tracking again. Analog multiplier is used to multiply the
array voltage and current. The output of the multiplier is connected with the input
of a peak detector and trigger block [43]. During the charging evolution of Cgxr,
when a peak at the output of the multiplier is encountered, the sample and hold
amplifiers S&H1 and S&H2 are triggered into sampling mode. These amplifiers
sample the array current and voltage corresponding to power peak. After the
completion of the GP tracking procedure, the values of Vypp and Iypp are
available at the outputs of S&H1 and S&H2 respectively. It is important that the
sample and hold amplifiers should have short acquisition time (less than 1 us) and
low droop rate. After finding Iypp and Vypp the value of Dypp is calculated using
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Eq. (7.6). Once the operating point of the array is taken to the MPP, a
conventional technique like P&O algorithm is invoked to maintain the operation
around the power peak.

DC-DC
o~
PV Array o Converter Load

Sé. ) tg ——=> Microcontroller
rent Vaern Tyrr

Fig. 8.1 Block diagram of capacitor charging based MPPT.
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Fig. 8.2 Detailed diagram of the scanning circuit.
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8.3 Rating of the External Capacitor and the Choice of DC-DC
Converter Topology for the Proposed Scheme

In this section we derive an equation which relates the rating of the external
capacitor to the time required for the external capacitor that is used for drawing
the characteristic curve of a PV generator. For this purpose, we make a piecewise
approximation of the /- curve of a PV generator. By adopting a piecewise
approximation of the /-V curve, the diode behaves like an open circuit in Fig. 8.3,
when the operating points are in current source region of the characteristic curve
of the generator to the maximum power point. Thus, the PV generator can be
considered a current source from short circuit to near the MPP, neglecting also the
current leakage in the parallel resistance. Moreover, from maximum power to
open circuit conditions, the diode behavior together with the series resistance Rs is
like a Thévenin equivalent. In this new simple model, the capacitance C is the
only load connected to the generator, whereas the internal resistance R¢ of the
capacitor is assumed infinite.

(a) Transient Charging at Constant Current

An ideal current source supplies a resistance in series with a capacitor after the
closing of the power breaker B in Fig. 8.3. The current is supplied by the parallel
connection of Np strings, as shown in Fig. 8.4 (a): every string gives L, = Isc,
which is the short circuit current of the N cells connected in series in each of the
modules inside the string.

i(t) =IcNp  forO0<t<ti (8.1)

At the beginning of the transient, the capacitor acts like a short circuit with zero
volts. The voltage across the capacitor increases until the end of this part of the
transient. The signal v(z) is inversely proportional to the capacitance connected to
the PV generator and directly proportional to solar irradiance falling on the
generator i.e.

v(t) = [, IscNpdt = SS2t for 0 <t <1 (8.2)
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This transient finishes at 75, when the capacitor is charged to Vy: the definition of
the pair (¢, Vo) is given in the subsection that follows.

(b) Charging of the Capacitor in the Voltage Source Region

The second part of the capacitor charging commences at time #y. In this part of the
capacitor charging an ideal voltage source is supplying charge to the circuit
comprising the Equivalent Resistance of the PV source and the external capacitor.
The equivalent circuit in this portion of the transient is shown in Fig. 8.4 (b).

The behavior of the circuit is described by a first order differential equation, in
which the unknown quantity is the capacitor voltage v(¢):

dv(t) v(t) _ NsVoc
dt REQC  RgqC

(8.3)

It should be remembered that the voltage signal must be continuous at time ¢ = ¢,
so the initial voltage v(t = t)) is the same voltage measured at the end of the
previous part of the transient.

Therefore, the evolution of the voltage across the capacitor is defined by the
following equation, which is the solution of the differential Eq. (8.3), according to
the boundary condition described by Eq. (8.4):

v(t) = VOCNS + (@ - Voch) exp (-(f_-l?)) forty<t< oo (85)

The evolution of the current through the capacitor is:

e\ _ ~av(®) _ (NsVoc  Nplscto = (t-to)
i(t)y==C pr ( Reg ReoC )exp( ReqC > forty<t< oo (8.6)
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As is the case with voltage, the current must also be continuous at ¢ = ¢,

i(t =to) = Nplsc (8.7)

The expression that links the capacitance value C with the switching time to, i.e.,
the time which defines the boundary between the two different transients, is given
as:

C = Nplsc to (8.8)
NsVoc—ReqNplsc
The final time #; which is the time taken after the closing of the switch till the
moment the capacitor is fully charged, is the sum of the duration of the two
transients. After the time #y, the PV generator is assumed as a real voltage source
and the behavior of the circuit is defined by a differential equation of the first
order with a time constant ¢ = RgoC. Thus, the final time # is given as:

Fig. 8.5 shows the actual and estimated waveforms of current and voltage during
the charging of a capacitor by a commercial PV module. The signals are different,
especially in the vicinity of the MPP. This difference is a result of the simplified
model adopted here. The exponential voltage signal, in the second part of the
capacitor charging, appears constant since the starting voltage is near the final
voltage.

Combining Eq. (8.8) and (8.9) we obtain an equation which relates the size of the
capacitor to the total time taken in full charging of the capacitor, i.e.

C = trlscNe (8.10)
NsVoc+4RggNplsc
In the above expression, the values of Isc and V¢ for the STC can be found from
the manufacturer’s datasheet, Ny and Np for a PV generator are also known. The
only parameter is the value of Rgp. Following the analysis in [42], it can be shown
that:
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_ Yoc—Vmpp Ns
REQ = —Isc No (8.11)

Substituting Eq. (8.11) into (8.10) we get an expression that relates the size of the
external capacitor to the time #:

trlscNp
C = L 8.12
NsVoc+4 —VOC,_SZMPP II\\,,_iNPISC ( )
The value of Vypp for crystalline silicon PV modules is about 80% of the Vpc.

Thus, putting this value in Eq. (8.11) we get a simple relation for Rgp, i.e.

Voc—0.8Voc & — NsVoc (8 13)

R ~
E .
Q Isc Np Nplsc

Substituting Eq. (8.13) into (8.12), we obtain the simplified expression that relates
the capacitance of the external capacitor to #:

C = Aty 2% = 055 ¢ y2oc (8.14)
It is well known that the I5c of an array is dependent on the irradiance and varies
considerably. In deciding about the value of C, it should be chosen for lower
values of irradiance, typically for about 200W/m? [53]. Similarly, the value of ty
should be taken to be less than the sampling period of the MPPT controller. For
example, if the sampling period of the controller is 10 ms, then # should be taken
to about 7 ms under 200 W/m?. However, when there is full irradiance, the value
of Isc increases many times and that of # falls down. In this case, the circuit
should be able to perform fast enough measurements. This issue will be discussed
in detail later.

The three basic converter topologies of DC-DC converter are: Buck converter,
Boost converter and Buck-Boost converter. Of the three types, the structure of the
Buck and Buck-Boost converters allows the designers to use high value capacitor
for filtering the input current. The reason for using high value capacitor is because
of the pulsed nature of the input current. The ratings of components required for
Buck and Boost converters for MPPT applications have been compared in [54] for
the same voltage/current rating and switching frequency of the converter. It has
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been shown that the value of the input capacitor for the step-down converter is ten
times higher than that of the step-up converter. Therefore, owing to the higher
capacitance of the input filter capacitor it can be utilized for tracing the /-V curve
as well as MPP tracking under any kind of shading conditions.

AN -
R + B

NO N2 L Cm== 3R

Fig. 8.3 Equivalent circuit of a PV generator supplying power to an external capacitor through a
breaker.

A S
Att=10

Cexr —— v.=
Nelse (T) EXT —— V=0

(@)

Reg Att=t
+

Cpxr —— V=,
NsVor

(b)

Fig. 8.4 Equivalent circuit of the capacitor connected to the PV. (a) Equivalent circuit for the
current source region. (b) Equivalent circuit for voltage source region.
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Fig. 8.5 Difference between the estimated and the real voltage and current signal during the
capacitor charging for a polycrystalline silicon.

8.4  Proposed MPPT

The operation of the proposed scheme can be classified into two modes:

1. The curve tracing mode
2. The steady-state mode

It is during the curve tracing mode that the characteristic curve of the array is
traced and its GP is found. This mode is invoked either at the beginning of the
main program or when a sudden change in the output power of the PV array
occurs. In this scenario, the array is first operated at a low voltage, i.e. close to the
Isc. This voltage should be lower than half of the rated voltage of a single series
connected module. At lower voltage than this value no peak occurs in the
characteristic curve of the array under any shading condition. Then, the duty cycle
of DC-DC (Buck or Buck-Boost) converter is set to zero. When the main switch
of the converter is in off-state, the load ‘seen’ by the array is the input filter
capacitor holding a low voltage. In this way the array starts to charge the filter
capacitor. During the charging of the capacitor its voltage, current, and power are
constantly monitored. When the product of voltage and current is at its maximum,
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the corresponding values of current and voltage are stored by the algorithm as
Iypp and Vypp respectively. After the completion of this process, the algorithm
then computes the duty cycle Dypp for the operation of the array at the GP. Once
the MPPT converges to the GP, the steady-state mode begins.

As discussed in the previous section, the time required for the input filter
capacitor varies considerably depending upon the irradiance. In the design Eq.
(8.14) the value of C is chosen for lower irradiance value. However, under full
irradiance the circuit will have to perform fast measurement for obtaining accurate
values of the array voltage and current. Thus, under full irradiance the
measurement speed of the circuit become important. In order to deal with these
design constraints, two possible solutions are presented here. The choice of either
of these options depends upon the data conversion speed of the Analog to Digital
Converter’s (ADC) of the main microcontroller/DSP used in the hardware.

a. For microcontrollers with ADC conversion time >20us

Some microcontrollers like those of PIC 18F family have low speed ADCs. The
minimum time required for a single analog to digital conversion for this family of
microcontrollers is about 34us [55]. During the charging of the filter capacitor
these microcontrollers cannot perform fast measurements and, hence, cannot
acquire accurate values of Iypp and Vypp. To overcome this limitation of these
controllers a scanning circuit is used for performing fast measurements [53].

In Fig. 8.6 is shown the whole circuit in details. It is important to note that the
scanning circuit is identical to the one shown in section 8.2. The only difference is
that in the new scheme the switch which was previously used for disconnecting
the array from the load is eliminated. This reduces the complexity of the circuit
and eliminates the conduction losses of the switch. When the PV system is
operating in the steady-state around the GP, the scanning circuit is not in active
mode and the microcontroller operates the PV system around its MPP using
conventional P&O algorithm. When a sudden change in the irradiance occurs, this
change is accompanied by reduction in the power from the PV array. As a result,
the main MPPT program calls for the curve tracing subroutine. Before the
subroutine the array is operated at a low voltage so as to allow the filter capacitor
to discharge to a low value. During the curve tracing subroutine, the scanning
circuit comes into active mode. The duty cycle of the converter is then set to zero
and in this way, the PV array is isolated from the load and the array is allowed to
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charge C;,. As discussed in the previous section, this momentary isolation does
not affect the power supply to the load or grid if the PV system has battery backup
or HESS. The operation of the scanning circuit has already been discussed in
section 8.1. An advantage of the arrangement shown in Fig. 8.3 is that it can
perform very fast measurements.

It is important to mention that, if the microcontroller can perform analog to digital
conversion in 10us—20us, then the peak detector and trigger function can be
performed by the controller and thus, the need for discrete peak detector and
trigger blocks can be obviated.
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l _j Multiplier 3 and Trigger :
I

Scanning Circuit

Fig. 8.6 Circuit diagram of the proposed algorithm employing the scanning circuit.

b. DSPs with ADC conversion time less than 10us

If the controller used in the PV system has high speed ADC, the need for the
scanning circuit shown in Fig. 8.6 is avoided. In this case, the entire scanning and
measurement process is performed by the controller. The flowchart for this
arrangement is shown in Fig. 8.7. Before the commencement of the subroutine,
the filter capacitor is discharged to a low voltage. After that, the duty cycle of the
DC-DC converter is set to zero for one sampling period. Afterwards, the array
starts to charge the capacitor. In block 2, the values of Iypp and Vypp are
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initialized to zero. Then, the voltage and current across the capacitor are sensed
and are allocated to variables Vpp and Ipy, respectively. In block 4, the products
Vpy xIpy and VippxIypp are compared. If the former quantity is more than the
latter, the values of Vpy and Ipy are assigned to Viypp and Iypp, respectively. Then,
in block 6, the current through C;, is sensed and if its value is greater than a
predetermined threshold the program goes back to block 5 for the next iteration. If
the current through C;, falls below a certain threshold value (for example, 0.1A),
the program is stopped and the values of Iypp and Vypp are returned. In the same
time the /-V curve of the array is also traced which can be used for getting any
diagnostic information.

The main program for the MPPT is shown in Fig 8.8. As shown in this figure, the
array is operated at low voltage. This operation allows the filter capacitor of the
converter to discharge to low voltage value. As mentioned before, this voltage
value should be set below 50% of the rated voltage of a single module. In block 3,
R, is calculated and then the system performs the curve tracing either through the
scanning circuit or through program shown in Fig. 8.7. After the completion of the
process, the value of the duty cycle of the converter is calculated using Eq. (7.6).
In block 6, the PV system is operated at the MPP and after ensuring that the peak
has been tracked the steady-state operation begins in block 7.

In the steady-state operation conventional P&O algorithm is invoked for
performing fine tuning and changing the operating point of the system in case of
small variations in the ambient conditions. The value of the perturbation step for
the P&O algorithm is set to small value for reducing the oscillations around the
GP. A timer overflow interrupt may also be used to invoke the GP tracking
process periodically to perform the new tracking of GP.
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Fig. 8.7 Flowchart of the subroutine used to find MPP and the I-V curve using
microcontroller/DSP with high speed ADC.
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Fig. 8.8 Flow chart of the main program.

8.5 Simulation Results

For checking the performance of the proposed algorithm, simulations have been
conducted in MATLAB/SIMULINK. The PV string has six series connected
modules as given in Fig. 8.9. However, the number of series connected cells in
each of the modules in the present situation is 20 and has rated Vyc and Is¢ 12.2V
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and 8.2A respectively. The voltage Voc of the entire string is 73.2V under
nominal conditions. DC-DC buck converter used in the simulations has switching
frequency of 50 kHz. Sampling period of the MPPT controller is 10ms. The value
of C;, of the converter is 150pF. Using Eq. (8.14), for low irradiance of 300W/m?
the value of 7. for this value of the filter capacitor is about 7.3ms, which is lower
than the sampling period of the MPPT controller. Under full irradiance
decreases to about 2.67ms which is long enough time to obtain adequately
accurate values of Vypp and Iypp. Simulations were performed for the PV
generator with irradiance pattern given in Fig. 8.9. In Fig. 8.10 is given the GP
tracking process of the array with irradiance pattern shown in Fig. 8.9 (a). Before
the beginning of the tracking process at t = 0.01s, the converter is operated at low
voltage for discharging C;,. At't = 0.01s the duty cycle of the converter is set to
zero and the capacitor is allowed to charge to the V¢ of the array. The algorithm
shown in Fig. 8.4 is used for measurements of the voltage and current during the
charging of the capacitor. Fig. 8.7 (a), (b), and (c) show the power, voltage and
current during the GP tracking as a function of time respectively. Fig. 8.7 (b) and
(c) also display Vypp and Iypp. As can be seen, the MPPT process first records the
value of current and voltage corresponding to P1 as Iypp and Vypp. However,
when peak P2 is met, its value is found to be greater than P1, the algorithm then
stores the value of current and voltage at P2 as Ipp and Vypp. The peak P3 has
lower value than P2 so this peak is ignored and the program returns the values of
current and voltage corresponding to P2. Similarly, Fig. 8.11 shows the GP
tracking process for the string with the irradiance pattern shown in Fig. 8.9 (b).
The performance of the proposed scheme in tracking the single peak under
uniform irradiance is given in Fig. 8.12.

The response of the MPPT to a step variation is revealed in Fig. 8.13. Fig. 8.13
(a), (b), (¢), and (d) show the PV power, voltage, current and duty cycle of the
DC-DC converter, respectively. Before t = 0.085s all the modules in the PV array
are receiving 1000W/m? and the system is already operating around the GP with
typical P&O algorithm. At t = 0.085s a step change in illumination takes place and
now the modules M1, M2, and M3 get 300W/m?; while M4, M5 and M6 take
1000W/m?. This shading condition is similar to the one shown in Fig. 8.9 (b). In
response to the variation, the decrease in power is sensed during the sampling
interval at t = 0.09s. As discussed previously, the system is operated at low
voltage in order to release the charge of the filter capacitor. This is executed from
t=0.09s to t = 0.10s. At t = 0.10s the duty cycle of the converter is set to zero.
Now the only load seen by the PV generator is the input filter capacitor which has
been discharged to a low voltage; and the capacitor is allowed to charge. During
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the charging, the values of Iypp and V)pp are obtained in a manner discussed in
the previous paragraph. At t = 0.11, the duty cycle of the converter is set to Dypp
attained from (7.6). From this time on, the steady state operation begins. This
whole process of discovery of the GP requires only two sampling periods which is
about 20ms.

The performance of the proposed MPPT was compared to the technique reported
in [30] under identical conditions of irradiance. The tracking time of this
technique is almost identical to [26], and [28]. Simulations were conducted for the
array shown in Fig. 8.9 (b). As shown in Fig. 8.14, the time required for the
technique in [23] is about 1.1s. This Fig. also shows that the steady-state operation
begins at t = 1.1s. The steady state operation is based on conventional P&O
algorithm.

The MPP tracking process which involves scanning the entire characteristic curve
is shown in Fig. 8.15. The array is scanned from Is¢ to V¢ and can be noticed that
the process takes about 2s.

The difference in tracking time leads to the difference in loss of power during the
MPP tracking. For comparing the power loss of the three methods discussed
above the concept of normalized power loss is used. The normalized power loss is
defined as:

(2{‘:0 Pmax— 2?:0 Palg)

k
2i=0 Prmax

PLOSS = X 100 (815)

where P, i1s the maximum available power from the array under given
conditions, P, is the power extracted by a particular algorithm, and £ is the
number of iterations [17].

The power loss was calculated between two intervals, from the moment the GP
tracking process started to the time when the slowest algorithm reached the steady
state [25]. In this way the power loss in the interval when the GP tracking process
started till t = 2s was calculated. These calculations revealed that the power loss
due the proposed technique was only 2.36%. On the other hand, the power loss of
the MPPT in [30] is 21.78% and the method which involves the scanning of the
whole curve had a loss of 51.87%.
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Fig. 8.10 MPP tracking and I-V curve tracing process of the array with irradiance pattern in Fig.
8.6 (a).
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8.6 (b).
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8.6  Experimental Results

For checking the performance of the proposed algorithm, experiments were
conducted. The experimental set up is the same as given in the Chapter 7 with the
exception that only the array voltage was measured instead of measuring the
voltage across all the modules. As mentioned previously, when the duty cycle of
DC-DC buck or buck boost converter is set to zero, the load seen by the PV
source is Cj,. For simplicity, only the capacitor is shown in Fig. 8.16.

Depending upon the switching frequency of DC-DC converter, the permissible
input ripple voltage, and output current etc., the capacitance of the input filter
capacitor of a buck or buck-boost converter may vary from a few tens to a few
hundred microfarads. Further details for calculating the correct value of the
capacitor can be found in [56]. For the experiments in this paper we have used the
rating of the Ci, = 100 pF. Due to the high conversion speed of the data
acquisition device, the algorithm with flow chart shown in Fig. 8.4 is used for GP
tracking.

Experiments were conducted under the following two irradiance patterns:

1. When the PV array is under lighter shading caused by a distant object. This
scenario has been shown in Fig. 2.11 with the experimental P-V curve in Fig.
2.12.

2. When the array is under severe shading which is caused by an object near to
the surface of the PV source. This has been shown in Fig. 2.13 and the
experimentally determined P-V curve is shown in Fig. 2.14.

The GP tracking process of the first case is shown in Fig. 8.17. Fig. 8.17(a), (b),
and (c) show the variation of power, voltage and current during the charging
evolution of the capacitor. At the beginning of the tracking process, C;, had been
discharged to about 5V. During the charging of the capacitor, the algorithm first
encountered the peak P1 (which was a LP) and stored the values of current and
voltage corresponding to that peak. However, as the capacitor was being charged,
the algorithm found the value of power at P2 to be higher than P1. Therefore, the
MPPT scheme stored the value of current and voltage corresponding to P2 as Iypp
and Vypp, respectively. Similarly, Fig. 8.18 shows the GP tracking process when
partial shading was caused by an object which was close to the surface of the PV
source. As shown in this figure, during the charging of C;, the algorithm finds P1
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first and stores the corresponding current and voltage. As P2 has lower value than
P1, so it was ignored.

The experimental results reveal that the proposed MPPT is able to track the GP of
a partially shaded PV array under any irradiance conditions. The results also
reveal that, during the GP tracking process, the /-V curve of the array is also
obtained under real-time conditions with negligible effect on the generation of
power from the PV system. On the other hand, other methods that are used for
obtaining the characteristics curve of the array are time consuming as well as
dissipative.

Hall Effect
Sensor

— I
Data
Acquisition :> PC

Fig. 8.16 Simplified diagram of the experimental setup.
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of Cin in case of the shading pattern shown in Fig. 2.11.
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Fig. 8.18 Variation of array power, current, and voltage as a function of time during the charging
of Cin in case of the shading pattern shown in Fig. 2.13.

In this chapter, a scheme for finding the /-V curve and the MPP under any shading
conditions is presented. The equation which relates the capacitance of the
capacitor which is used for obtaining the characteristic curve of the array is
derived. The procedure proposed in this chapter makes use of the input filter
capacitor of buck or buck-boost converter for performing these tasks. The
performance of the algorithm is checked through simulation and experimental
results. Simulation results confirming the performance of the presented scheme
under different kinds of partial shading and uniform irradiance conditions have
been presented. The method has also been compared to some of those which have
been reported in the literature. From the results we can conclude that the presented
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scheme performs the scanning of the whole curve and finding the MPP under any
kind of shading conditions much faster than other methods.
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Conclusion

In the past decade or so, we have seen an exponential increase in the installed
capacity of the PV generating plants globally. This increase is attributed to many
factors like: awareness about the emission of pollutant to the atmosphere, the
decreasing cost of PV generators and other components involved in the
conversion process, and provision of incentives by various governments for
installation of PV plants. Notwithstanding the increase in the installed capacity,
the main challenges in the full utilization of the solar energy are:

e Low conversion efficiency of PV cells.

e Nonlinear /-V characteristic of PV modules.

e MPP tracking during the partial shading conditions.

e During the operation under the field conditions, the PV generators are
subject to severe thermomechanical stresses. These stresses make the solar
modules prone to various defects.

e Online detection of PV faults.

MPPTs are used for optimal extraction of power from the solar arrays. Various
conventional MPPT schemes operate efficiently under uniform irradiance
conditions. However, when the array is partially shaded, multiple peaks appear in
its P-V characteristics. Tracking of the global peak in the presence of multiple
peaks is quite challenging. If a conventional MPPT algorithm converges to a local
peak instead of global, there is a considerable power loss. The ability of MPPTs to
track the global peak under partially shaded conditions is essential to avoid the
power loss. One of the important attributes of MPPT algorithms is the speed of
convergence to the global peak. Decreasing the convergence speed of MPPT
algorithm is one of the issues that have been addressed in this thesis.

For controlling and monitoring purposes the I-V curve of the PV plants is
acquired frequently. An abnormal electrical curve can also indicate the presence
of a defect in the PV array. Many methods have been reported in the literature,
which are used for finding the electrical curve of PV panels. One of the
shortcomings of these mechanisms is that the normal operation of the plant is
interrupted during the measurement of the curve. In this way, these tests cannot be
performed too frequently because of the loss of power that is involved.
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In this text a scheme has been proposed which finds the electrical characteristic
curve of the module from online measurements. These measurements are
performed during the MPP tracking. Therefore, the methods presented in this text
perform the dual task of MPP tracking and finding the electrical curve of the PV
generators in a single algorithm. The proposed schemes have been confirmed
through experimental and simulation results.
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