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Abstract

The sun is considered a precious source of energy. Much research has been done to increase our
usage from solar energy since it is a renewable source and, most importantly, it is free and green.
However in order to use solar panels "photovoltaic”, it is important that we are getting the maximum
power from the solar panels, which is very difficult and depends on factors such as solar intensity,
temperature and the load itself. This is why Maximum Power Point Tracking (MPPT) controller is
necessary to ensure that maximum power is delivered to connect appliances. Many MPPT algorithms
have been developed with different accuracies and limitations. In this thesis, a novel algorithm is
developed, implemented and a comparison is done with other algorithms. The results from the

proposed system show fast tracking algorithm with a very small error.

The new algorithm has been applied to a solar-based water pump, which is a very important
application. Water pumping can be implemented in different ways. If electrical energy is used for water
pumping, the cost can be very high for areas, such as the rural and remote areas, where there is no
conventional power grids. Solar-based water pumps offers a much needed alternative solution, which

is easy to install, environmentally friendly, and needs less energy.

A simple system consists of solar photovoltaic (PV) panels, DC controller, DC water pump, and a
very efficient DC converter. In this thesis, a triple DC-DC converter has been developed. The purpose
for the triple output DC-DC converter is to provide the power needed to power up and control the DC
water pump which requires different voltage levels.

A complete solar photovoltaic system with our proposed MPPT algorithm and developed DC-DC
converter has been implemented. Detailed simulations and analysis are provided as well as prototyping
phase is successfully achieved and tested. A 10W prototype was built and experimental results are

provided for the proof of concept and to show the merits of the proposed thesis work.
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Chapter 1: Introduction

1.1 Introduction and Motivation

Solar photovoltaic technology offers an environmental friendly source of electricity; long live
the sunshine. Without pollution, or depletion of the natural resources, the world can harvest
enormous amount of energy. Unfortunately, the photovoltaic (PV) system is somewhat costly and
inefficient. We can decrease the cost by increasing the total power output from the solar panels or
increasing the efficiency of any circuit connected to the solar panel. This can be done by using an
efficient controller, which is accurate and provides speedy calculations to track the maximum

power point of the solar cell.

The output power induced in the PV module depends on the solar insulation and temperature of
the PV modules. Hence, any proposed calculation methodology should be tolerant and adaptive to
these environmental effects. To date numerous maximum power point tracking (MPPT) methods
have been proposed. They differ in many aspects such as complexity, accuracy, sensors required,
cost or efficiency, and speed. Based on the control variable used, these methods can be categorized
into perturb and observe method, open and short-circuit method, incremental conductance
algorithm, fuzzy logic and artificial neural network. In this thesis, a novel methodology is
presented to extract the maximum power of the PV cell. The method surpasses all the
aforementioned techniques in both accuracy, speed of convergence and works well under different
environmental conditions. The results of the proposed algorithm are compared with the

incremental conductance algorithm as an example.

A single input triple output DC-DC converter is implemented using a coupled inductor. Many
applications requires multi outputs with different voltage levels. This converter boosts the low-
voltage input power source to a controllable DC high-voltage, middle-voltage output terminal, and
a third output of low voltage useful for some applications. The controllable high voltage DC
terminal can be used as an input for various applications, such as driving brushless DC motors
(BLDC) in our case for driving the DC brushless motor used in the water pumping or powering
the backbone of telecom system rack. The middle voltage output terminal can be used for charging

battery modules. The low voltage can be used for individual low voltage control buses in the
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aforementioned applications. The coupled-inductor based DC-DC converter provides cost
effective, compact footprint, for different output voltages with different levels, and high step up
ratio. PSIM simulations and design procedure are presented to show the merits of the proposed

topology.

Water is important for our life. Water pumping can be implemented in different ways. If
electrical energy is used for water pumping, the cost of electricity is an important factor since in
some areas, for example rural and remote areas, the cost of electric energy can be very high.
Knowing that the conventional power grids probably are not available in these areas, motor
generators can be an alternative solution. However the problems with motor generators are that
they are not cost effective due to fuel dependency, they are not environmentally friendly and also
need frequent maintenance. Therefore there is a huge need for solutions which are cost effective,
environmentally friendly, easy to install, available in rural and remote areas, and require low
maintenance. Solar powered DC water pumps is such a potential solution. Solar DC water pumps
are easy to install, reliable, and operates fully automatically. Typical system consists of solar PV

panels, solar DC controller, DC water pump.

1.2 Scope of Work

This research focuses on designing and implementing an efficient algorithm for maximum power
point tracking, and implementing the algorithm into a complete system in the solar based water
pumps, which is a very important application, and designing a DC-DC converter of triple output,
which is very useful for many applications in addition to being used in water pumping applications.

Complete and detailed simulations and analysis are provided as well as experimental results.

1.3 Thesis Contributions
Contributions of this thesis can be summarized as the following.
e Development of novel Estimate Perturb Perturb (EPP)-based algorithm for maximum
power point tracking (MPPT) PV applications. Both software implementation using PSIM
and prototyping are successfully achieved and tested

e Development of novel single input triple output DC-DC converter.
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e Implementation of the new algorithm and circuit into a complete system in the solar based

water pumps.

Publications:

e M. Eid, M. Youssef and Y. Wang, “Single Input Triple Output DC-DC Converter for
Automation Applications”, IEEE Proceedings of the International Conference of Energy
and Telecommunications, INTELEC October 2015 Japan.

e M. Eid, M. Youssef and Y. Wang, “A Novel Efficient EPP-Based Algorithm for MPPT
PV Applications”, IEEE Proceedings of the International Conference of Energy and
Telecommunications, INTELEC October 2015 Japan

e M. Eid, M. Youssef, and Y. Wang, “Intelligent Control Techniques in Solar-Based Energy

Harvesting System”, to be submitted to the IEEE Transactions of Sustainable Energy.

1.4 Thesis Outline

In this thesis, a sufficient background in addition to the literature review is presented in chapter
2. In chapter 3, the proposed MPPT Algorithm is presented. The proposed DC-DC converter is
analyzed with different modes of operations in chapter 4. Subsequently, in chapter 5, a complete
system, integrating the proposed MPPT Algorithm and the proposed DC-DC converter, is shown
with DC motor used in water pumping connected to the system. Next, simulation results using
PSIM along with an overview on a system prototype with experimental results are shown in

chapter 6. In the last chapter, chapter 7, conclusions and future work are discussed.



Chapter 2: Background and Literature Review

In the first half of this chapter, some fundamental notions of the solar cells nature and harvesting
solutions, relevant to the research proposed here, are presented. The second half illustrates the
different designs and algorithms for MPPT and simulations are provided to estimate the speed of

tracking and accuracy of each algorithm. All simulations were done using PSIM.

2.1 Background

The power of sun, represented in sunlight, was used by the ancients to ignite fires to destroy
enemy warships using "burning mirrors". Till the eighteenth century the main use of solar energy
was for heating and lighting purposes. Europeans built solar heated greenhouses during eighteenth
century. French scientists operated a steam engine using solar collectors. After that many versions
of solar collectors were invented. The first solar operated selenium cell was invented in 1883 by
Charles Fritts. Silicon solar cells was developed in 1954, following fundamental work done in
1940s by Russell Ohl. However, it was very high in cost (300$ per watt) [1].

Photovoltaic converts sunlight to electric energy and it depends on the photoelectric effect. Only
absorbed light by solar cells is useful for generating power as there is part of the light reflected
from the panel, which is not useful. Many designs were developed to make the surface of the solar
panel absorb and not reflect light. This absorbed light excites the electrons in the PV cell atoms to
become free electrons forming part of the electrical flow.



The basic structure of solar cells is a p-n Junction. Figure 2.1 shows the inner structure of solar
cell after the structure is exposed to sunlight. Some electrons are excited in the n-layer and some
holes of positive charges as well in the p-layer. Hence we have free charges ready to form current
flow. The basic process consists of absorption of a photon, formation of electron-hole pair, charge
separation, and charge transport to the anode (holes) and cathode (electrons), supplying a direct

current for the load.

n-Layer

Extra
electrons

Junction

\-.SontactSusisce, .| P-Layer

Figure 2.1: Photoelectric effect inside solar cell structure [2]

2.2 Solar Cell Modeling

Ideal solar cells can be modeled as a diode. The 1V curve of a solar cell is a combination of the
IV curve of the solar cell diode in the dark with the light-generated current (Lindholm, Fossum, &
Burgess, 1979). The light causes the IV curve to shift down into the fourth quadrant where power
is generated from the cell. The current in the cell can be calculated through equation (2.1) as [3]



=1, [e% —1] -1 2.1)
where: I_ is the light generated current.
I,: PV cell reverse saturation current (A)
q: electron in charge (C) (-1.602*107°)
K: Boltzmann's constant (J/°k) (1.380*1072%)
n: ideality factor
T: PV cell Temperature in (°k)

Figure 2.2 shows the IV curve of the solar panel under different light intensity conditions.

<Y
U
-
<

Light
4 Light
— o .
I ‘ Ioi I
0 | |Dl |
v |[v (O ¥ | O ¥ |
¢ o
Without illumination, a solar cell has the same When light shines on the cell, the IV curve The greater the light intensity,
electrical characteristics as a large diode shifts as the cell begins to generate power the greater the amount of shift

Figure 2.2: ldeal solar cell IV curve under different illumination conditions [2]



By increasing light intensity or illumination, the amount of light generated current increases.

Since the cell is generating power, the convention is to invert the current as shown in Figure 2.3.

[\

IV curve of the solar cell

The open circuit Voltage ,
\ The short circuit current, Igc, Voc.is the maximum
- is fhe maximum current from a voltage from the solar cell
= solar cell and occurs when the
g voltage across the device is and occurs when the
a3 Zero. current through the device
is zero
Power from
the solar cell
2
Voltage
Voc

Figure 2.3: The IV curve for solar cells [3]

In Figure 2.3, I, is short circuit current, and V. is open circuit voltage.

The previous modeling assumes ideal operation. For better accuracy, other components should be

taken into consideration during the circuit modeling, such as shunt and series resistance.

Shunt Resistance: Significant power loss exists due to the shunt resistance Rgy, which is caused
by manufacturing defects. Low shunt resistance results in power loss in solar cells since it provides
an equivalent parallel current path for the light-generated current. It decreases the amount of
current flowing through the solar cell junction and thus directly decreases the voltage output from
the solar cell. The effect of a shunt resistance is very obvious at low intensity, since there will be
less light-generated current. The loss of this current to the shunt will be very obvious. In addition,
at lower voltages when the effective resistance of the solar cell is high, the impact of shunt
resistance is large.



Series Resistance: It has many probable causes such as movement of current through the emitter
and base of the solar cell, the resistance due to the contact between the metal contact and the
silicon, and the top and real metal contact resistance itself. The main effect of the series resistance
is reducing the fill factor, and at very high values of the series resistance R; it also reduces the
short-circuit current. The fill factor "FF" in equation (2.2) as [2] is a measure of the "squareness”
of the solar cell and is the area of the largest rectangle which will fit in the IV curve is defined as
the ratio between the optimum power can be obtained from the solar cell to the product of the open
circuit voltage and the short circuit current. Figure 2.4 shows the equivalent solar cell circuit after

adding the resistance parasitics of the solar cell.

Pmax
FF = e (2.2)
| v
& ﬁ,ﬂ'\.ﬂ'\h,—.
—-
Rs
CT Isc lp | Diode Rsh lo
L) L)
* @

Figure 2.4: Single diode model solar cell equivalent circuit

with series and shunt resistance

Output voltage is given by equation (2.3) as [3].

aNgKT Isc—Ipy+Npl N
VPV = S In [ sc_ PV P 0] - RSIPV (23)
q Nplp Np

The parameters in the output voltage are as follows:



a: ldeality factor

I,: PV cell reverse saturation current (A)
Ipy: PV cell output current

Is¢: Short -circuit cell current

K Boltzmann's constant (J/°k)

Np: Number of parallel strings

N,: Number of series cells per string
q: Electron in charge (C)

R,: Series resistance of PV cell

T : Temperature of the PV cell in (°k)

Io: Diode current.
Ip: Shunt current.

The ideality factor of the diode represents a measurement of how the diode equation follows the
ideal diode.

As shown in Figure 2.5, if we connect two cells in series the total voltage will increase. If we
connect them in parallel the total current increases. The connections depend on the application,

whether it needs high current or high voltage.



L

Two cells

v
-

Figure 2.5: Series and parallel connections of solar cells [1]

(@) Series; (b) Parallel connection of identical cells

Characteristic Resistance: One important definition for this research is the characteristic
resistance of the solar panel. The characteristic resistance of the solar cell is defined as the solar
cell output resistance at the point of maximum power. In other word if the load connected to the
solar panel equals the characteristic resistance of the solar cell, the maximum power is transferred
and delivered to the load, and we can say that the solar cell is operating on the maximum power

point.

Figure 2.6 shows the output resistance of solar cell in the IV curve and also shows the characteristic

resistance.
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Viapp

Figure 2.6: Characteristic resistance defination in the 1-V curve [1]

The characteristic resistance of a solar cell is the inverse of the slope of the line intersecting the
IV curve on Iy, Viy current and voltages respectively giving the maximum power transmission.

The maximum power definition is given in equation (2.4).

Bnax = IMpp * VMpp (2.4)

The power graph can be obtained by multiplying current and voltage values as shown in Figure
2.7.
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R(s) ~f(L,V)
I, P ..

. Pua

Rs ~0

Isc

Vumax  Voc

Figure 2.7: P-V curve for solar cells [2]

The power voltage curve starts with zero continue increasing till it reaches the maximum value

at Py, 4 then decreases to zero again.

Assuming in order to receive the maximum power we succeeded to choose the load having the
same resistance as the characteristic resistance of the solar panel, are we going to receive the
maximum power? The answer will be yes, if the environmental conditions are constant, i.e. same
temperature and light intensity and no shading effects. This means that the previous curves are for
certain temperature and solar irradiance. If these parameters change, we are going to have another
curve, i.e. Vy, I, will be shifted, resulting in another characteristic impedance. If the load is
matched at certain time, the maximum power is received. If any parameter, such as temperature or
irradiance, changes, the load will no longer be matched and hence not receiving the maximum

power.

Figure 2.8 shows the temperature effects on the I-V curve of the solar cells. As the temperature

increases as the V. decreases, the point of the maximum power shifts to the left.
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msxE0 model, 1Sun, T =10, 25, 50, 75 degC
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Figure 2.8: Temperature effect on the I-V curve [1]

Figure 2.9 shows the effect of solar irradiance changes on the solar cell. As the intensity increases
and the value of the short circuit current, Iy, increases, the curves shift up. It means the value of

the point of the maximum power changes, which makes the process of tracking the point of
maximum power challenging and an intelligent system is needed.
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msx60 model, T = 25 degC, G =0.25 0.5, 0.75, 1.0 Suns
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Figure 2.9: The effect of solar intensity on the I-V curve [1]

The light intensity on a solar cell is given a notation or value function of number of suns, where
one sun is equivalent to 1 kW/m?. Therefore a system with 8 kW/m? incident on the solar cell will
be operating at eight suns.

2.3 Literature Review

The success of a PV application depends on the performance of the power electronics device
used, i.e. whether it can extract the maximum power from the PV array connected. It is really
important to develop a control system for maximum power point tacking to operate properly under
different environmental conditions, and to develop a cost effective system with high performance
to increase the market share of PV sources as a reliable source for electricity. Up till now much

14



research has been done on developing an appropriate algorithm for tracking the point of maximum

power.

2.3.1 Existing MPPT Methods

Many algorithms have been developed to track the maximum power point, such as perturb and
observe, open and short circuit method, incremental conductance, fuzzy logic, first order
differential, and artificial neural network [4-51]. For comparison, we implemented some of the

existing algorithms and analyzed the performance.

2.3.1.1 Perturb and Observe

Perturb and observe, also known as hill climbing or perturbation, is the most commonly used
due to its simplicity and low cost. It works basically by trial and error and increases its step size in
searching for the maximum in the IV curve of the solar cell as shown in Figure 2.10 until it reaches
the maximum. It is typically done by perturbing the step and the observing the current and voltage
to calculate the power and comparing the new values with the old values. If the new power value
is higher, the algorithm is moving in the right direction. If the new value is lower, the algorithm

changes the direction of perturbation since the old point is the maximum.
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Figure 2.10: Perturb and observe process in the I-V curve [2]

Figure 2.11 shows the perturb and observe flowchart. In every time sample, the present power

P(K) is calculated from the measured 1(K) and V(K), the present current and voltage respectively.

If the present power is larger than the old or previous measured power, the step delta will be in the

same direction. Otherwise the step size is multiplied by negative one and the search direction

becomes in the positive direction. The process is summarized also in Table 2.1.

Table 2.1. Perturbation Table based on Observation

Perturbation

Change in Power

Next Perturbation

Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive
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1{k), VIK)
P(k)=V(k)*1(k)

P(k)-P(k-1)>0

Vref(k)=Vref(k-1)-delta Vref(k)=Vref(k-1)+delta | | Vref(k)=Vref(k-1)-delta

Vref(k)=Vref(k-1)+delta

> Return ¢

Figure 2.11: Perturb and observe algorithm flowchart

Simulations were done using PSIM to check the algorithm accuracy and how fast it is. As shown
in Figure 2.12 and Figure 2.13, a comparison was done between the real power maximum, which
is shown in red, and the power output obtained using the perturb and observe algorithm. It can be

seen that the perturb and observe succeeded to track the maximum power but with some error as

in Figure 2.12 and some delay as shown in Figure 2.13.

The perturb and observe algorithm has some drawbacks in steady state under constant
environmental conditions. The system experiences fluctuations or oscillations around the point of
maximum power. Moreover the perturb and observe algorithm may get confused during an

environmental change, such as shading or any temperature changes.
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Figure 2.12: The optimum power versus power output using perturb and observe algorithm
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Figure 2.13: The MPPT tracking time for the perturb and observe algorithm
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2.3.1.2 Incremental Conductance

Incremental conductance is based on sensing the voltage and the current of the PV array, and
works by comparing the ratio of the derivative of conductance with the instantaneous conductance.
When the instantaneous conductance equals the conductance of the PV, maximum power point is

reached, and the fundamental equations are shown below [52].

A__L  atmpp 2.1)
av 74

D> L leftof the MPP (2.2
4> L leftof the (2.2)

L <« —L rightof the MPP (2.3)

where | and V are the PV cells voltage and current, respectively. The left-hand side of the equations
represents the incremental conductance of the PV module, and the right-hand side represents the
instantaneous conductance. From (2.5)-(2.7), we can conclude that when the ratio of the change in
the output conductance equals the negative output conductance, the solar array will operate at the
MPP. It means by comparing the conductance each sample time, the MPPT will track the

maximum power point of the PV module by sensing the voltage and current simultaneously.

The drawbacks of this techniques is that it can easily lose track of the MPP if any environmental
changes happen, such as temperature rising. Another drawback is that there exists oscillations in
the voltage and current around the MPP in the steady state, which is similar to the perturb and
observe algorithm. Oscillations will occur if the step size of is not sufficiently small. It has some
advantages, such as being reasonably faster in tracking than some other algorithms. The flowchart
of this algorithm is shown in Figure 2.14. The algorithm starts its operation by getting the previous
and present values for the current and voltage of the PV. And a comparison is carried out for the

j—; against — é According to this comparison the duty cycle is adjusted to get the MPP of the PV.
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dv=V(k)-V(k-1)
di=I(K)-1(k-1)
N dv=0 Y
difdv=-1/Vv di=0
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Y Increase duty cucle Decrease duty cycle Increase duty cucle Decrease duty cycle
Y

Update

\ 4 Y, Vik-1)=VK) PR ; y

I(k-1)=I(k)

A
Return

Figure 2.14: Incremental conductance algorithm flowchart

Simulations were done using the incremental conductance as part of the literature review using
PSIM software and the results are shown in Figure 2.15 and Figure 2.16.

Figure 2.15 shows the maximum power versus the output power. As shown there are still some

errors in tracking. But the results are much better than the perturb and observe algorithm.
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Figure 2.15: The optimum power versus power output using

the incremental conductance algorithm

Figure 2.16 shows the tracking time for the incremental conductance. As can be seen it is much
better than the perturb and observe algorithm having steady state error 1.2% compared to 8% in
the perturb and observe and 10 us tracking time versus 118 us for the perturb and observe. The

incremental conductance method shows better performance.
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Figure 2.16: The MPPT tracking time for the incremental
conductance algorithm

2.3.1.3 Open and Short Circuit Method

Open and short circuit method for MPPT is done by measuring the open circuit voltage and
short circuit current on the real time, and estimating the maximum power point from a predefined
PV current voltage curves. The advantage of this method is that it has fast response and does not
cause oscillations. But it still has some disadvantages. For example, it does not always succeed to
reach the point of maximum power as the predefined curves cannot give a perfect estimation for

real time situations since the PV curve is nonlinear and depends on weather conditions.
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2.3.1.4 First-Order Differential Method
Maximum power point tracking using first-order differential method is very simple and

depends on measuring the current and voltages at each time sample and calculating 3_5 . When

3—5 = 0 it is the point of maximum power.

dpP
- = 0 (2.4)
dVsI)
ks 0 (2.5)
dl
V * ot [1=0 (2.6)
We get
Vsdl =1xdV (2.7)

Figure 2.17 shows the optimum power versus the output power using first order differential method

simulations done using PSIM. The error is approximately 5 watts, which is quite large.

Power =
(Watt)

Optimum Power

Time (s)
Figure 2.17: optimum power versus the output power

using first order differential method
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Figure 2.18 shows the time delay taken by the first order differential method to track the

optimum power changes. As we can see it takes approximately 0.1 msec.
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Figure 2.18: Tracking time using first order differential method

After simulating the previous existing maximum power point tracking methods, we can
conclude that some of these methods work efficiently but only under certain environmental
conditions, and others are not very accurate. In the next chapter a detailed analysis for the proposed

algorithm is presented.

In the next section an important circuit is presented which is a basic component in MPPT algorithm

implementation.

24



2.4 DC-DC Converters

DC-DC converter is an important electronic circuit, widely used in all kinds of applications. It
converts the DC voltage from one level to another voltage level.
The boost converter is a step up DC-DC converter as shown in Figure 2.19. The relationship
between the input and the output is a function of the duty cycle (D) used to control the switch [53].
This topology can be very easily converted to a buck converter by switching the position of the
switch and the inductor. Power is transferred from input node to output node by the effect of

periodic switching and then the loop filters block ripples appears on the output node.

- Boost Converter:

Figure 2.19: Basic boost converter circuit diagram

The following section is used to derive the important equations governing the boost DC-DC
converter shown in Figure 2.19 to get the equation to show that the matching needed to receive the
maximum power from the solar panel can be achieved using the previous circuit. The equations in

this section as [53].

25



tOTL

The Duty cycle D is given by D = ==

T
ton: IS ON time
T : isthe signal period
1
Vout = Vin * 1D (2.8)
1
lin = Loyt * 1-D (2.9)
The inductor ripple current is given by (2.10)
Al ==V, DT(1 — D) (2.10)
The average output power of the boost converter is given by (2.11).
Ioue = Iin(1 — D) = =2 (2.11)

To calculate the inductor critical value to keep the circuit in continuous conduction mode we

need set the minimum inductor current to zero.

IL,min =0

We get
RT
Lerie = 5 (1= D)?D 2.12)

For every converter we have some requirements on the output voltage ripple. For these
requirements to be achieved, there are calculations for the output capacitor need to be done.

This is done by solving for the capacitor voltage at t=0, t=DT

Capacitor variations are given by (2.13).

AV = V(0) — Ve(DT) = 2= (2.13)
The ripple voltage is given by (2.14).
Dour _ DT _ 2 (2.14)

Vout  RC - W
where

R: is the load resistance
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f . is the switching frequency

Corie = @

Vout

(2.15)

Capacitance should be greater than or equal to C.,;; to achieve the required output voltage ripple

Figure 2.20 shows the inductor current during the charging in DT period and discharging during
the (1-D)T period of time.

I L,max

Al

Iaverage

L,min

0.100781 0.401172
Time 5}

Figure 2.20: Inductor current

Figure 2.21 shows some important characteristic currents waveforms for the boost DC-DC
converter. Figure 2.22 shows some important characteristic voltages waveforms for the boost DC-
DC converter. These characteristic curves are very important during the design of any DC-DC

converter since they show all stresses over most circuit components.
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Figure 2.21: Boost converter currents characteristic curves
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L (2.16)

Rout = Rip * m

From equation (2.16) we find that the relationship between the input resistance and output
resistance is a function of the duty cycle, which makes the boost converter work as a matching
circuit. Hence we can use our MPPT algorithm to control the boost converter switching signal to

match any load to our solar panel characteristic impedance, which is function of environmental

conditions.
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Chapter 3: A Novel Efficient EPP-Based Algorithm for MPPT

A new method for Maximum Power Point Tracking (MPPT) of the photovoltaic (PV) systems
is presented, which uses a novel Estimate Perturb Perturb (EPP) Algorithm [44]. This algorithm is
a modified version of the traditional perturb and observe algorithm as it uses one estimate process
for every two perturbs in the searching for the maximum power point of the PV and during this
process a variable perturbation step size is determined using a modified Newton- Raphson-
method. This technique will cut down the online tracking time lapse to predict the next converter
action almost without any delay. This novel method is mathematically presented and verified by a
circuit simulation using PSIM. Simulation results will be given in chapter 6 to provide the proof
of concept and merits of the proposed methodology. Great improvements have been demonstrated

not only in the calculation speed but also in the accuracy of the MPPT methodology [54].

3.1 Introduction

The output power induced in the PV module depends on the solar insulation and temperature
of the PV modules. Hence, the proposed calculation methodology should be tolerant and adaptive

to these environmental effects.

To date numerous maximum power point (MPP) tracking methods have been proposed. They
differ in many aspects such as complexity, accuracy, sensors required, cost or efficiency, and
speed. Based on the control variable used, these methods can be categorized into perturb and
observe method, open and short-circuit method, incremental conductance algorithm, fuzzy logic
and artificial neural network. In this chapter, a novel methodology is presented to extract the
maximum power of the PV cell. The method surpasses all the aforementioned techniques in both
accuracy and speed of convergence. The results of the proposed algorithm are compared with the

incremental conductance algorithm as an example.

The MPPT control is challenging in general as it totally depends on the sunshine condition,

which is neither constant nor predictable and affects the amount of current and voltage of the PV
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and accordingly the power and efficiency. That is the main reason behind the need for a new

intelligent techniques developed specifically to overcome this problem.

APV system for grid connected applications is commonly composed of five main components:
a PV array to harvest solar energy to be converted to electric energy, DC-DC converter to convert
the low voltage to higher dc voltage, a digital controller to control the converter operations with
the MPPT algorithm implemented on it, an inverter to invert the DC voltage to an AC voltage
suitable for home appliances, which is a single or three phase inverter, and an AC filter to absorb
any current or voltage harmonics that could be generated by the inverter.

In order for any PV system to work efficiently, some technical requirements should be fulfilled,
such as an optimal control that is intelligent enough to get the maximum power that could be
generated from the PV under any operating environmental conditions, and a high performance to
cost ratio to facilitate commercialization of the PV developed technologies, since the PV array
has highly nonlinear characteristics and its performance is highly affected by the environmental
conditions. It is technically challenging to develop a PV system to satisfy all of these
requirements. However, we believe that the research community will be able to develop one
solution soon. Our work is a small step toward the goal.

A block diagram for the photovoltaic power system is presented in Figure 3.1. The control
algorithm is implemented in the MPPT control block. The system is composed of five main blocks

that are considered the main core for the PV system for grid connected applications
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Photovoltaic ~ DC/IDC DC/AC House Utility
Array Converter Inverter

Inverter
Control

Figure 3.1: Block diagram of photovoltaic power system
3.2 Newton-Raphson Method Combined with EPP Algorithm

Compared to the traditional incremental conductance, the proposed method gives much better
results regarding the tracking speed and accuracy, and it uses one estimation between every two
perturbs. The flow chart describing this process is shown in Figure 3.2. In addition this method
gives very good results for various shading effects and successfully tracks the power under

conditions that the traditional incremental conductance algorithm may fail.

The algorithm consists of three modes, namely mode 0, mode 1, and mode 2. It starts at the
beginning by mode 0, which is the estimation mode, and then goes to mode 1 after calculating the
current power value based on the current and voltage measurements. Mode 1 and mode 2 are
perturbation modes, on which a check is done as to go forward or backward in the perturbation.
At every sample a new value for the step size is calculated according to the current and previous

measurement, which makes the step size predictive.
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Figure 3.2: Flowchart for the MPPT proposed algorithm
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The proposed algorithm uses EPP algorithm with a variable predictive perturbation step size
AV, which makes the tracking speed better and the accuracy is very high. The step size is calculated
using the Newton-Raphson Method [54]. It gives a predictive way to calculate an efficient step

size that converges to the maximum power point very fast and with small error.

There is an optimum Vpy which maximizes the output power of the PV for every irradiation. To
get the maximum power point, an optimal value of Vv is immediately probed using EPP algorithm
based on the following procedures: if an increment of Vpy causes an increase of Ppy in the former
step, in the current step, the search for finding the optimal Vv continues in the same direction. The
opposite direction is followed otherwise. In this work, by using this combination of EPP algorithm
and calculating the variable perturbation step using Newton-Raphson method, the resultant PV
system is very efficient. The variable step technique operates according to Newton-Raphson
method, and we can get a mathematical form for the step size from the following equations. Using

Newton-Raphson to converge the solution the new solution in Newton-Raphson follows equation

(3.1) [3].

F(Xn)
X‘l’l+1 = X‘l’l + (F’(Xn)) (31)

where X, is the initial values of X, F(X,,) is the value of function at point X,,, and F'(X,,) is the

derivative of the function at point X,,. The function F(X) can be written as below:

FX) =% (3.2)

where P is the power measurement of the PV and V is the voltage. Equation (3.2) can be written

as.:
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F(X,) = % = grad, (3.3)
’ da?
F'(X) =22 (3.4)

where F'(X,,) is the derivative of the function. We can rewrite equation (3.4) as shown below:

Similarly from equation (3.1) we can assume the reference voltage V,..r(n) is given by

Vref(n) = Vref(n—l) + AV (3.6)
where V,..r(n) is the voltage used then to control the duty cycle of the switch.

AV is the perturbation step. And from equations (3.2), (3.3), (3.5) we can get:

_ F(Xn)
AV = o (3.7)
AV = _ PnPnoa (3.8)

grady—gradn—q

Equation (3.8) is used to calculate the perturbation step size at each iteration. Using this variable
step size, the maximum power point tracker converges to the maximum power value more rapidly

and the power fluctuations decrease.

The simulation results for the proposed algorithm are presented in section 6.1, showing the detailed

results, and sensitivity analysis to environmental effects is presented as well.
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Chapter 4: Proposed Triple Output DC-DC Converter

This chapter presents the implementation of an efficient single input triple output DC-DC
converter. A lot of applications require multiple outputs with different voltage levels. This
converter boosts the low-voltage input power source to a controllable high-voltage DC bus and
middle-voltage output terminals. The controllable high voltage DC terminal can be used as an
input for various applications like driving brushless DC motors (BLDC) or powering the backbone
of telecom system rack. Middle voltage output terminal can be used for charging battery modules
and also can be used for individual low voltage control buses in the aforementioned applications.
The proposed coupled-inductor based DC-DC converter provides cost effective, compact
footprint, and high efficiency power conversion, for different output voltages with different levels
and high step up ratio. PSIM simulations and design procedure will be presented to show the merits
of the proposed topology [55].

4.1 Introduction

The proposed single input triple output DC-DC converter is implemented using coupled
inductor and one power switch for different outputs with high step up ratio. Soft switching
techniques are used to reduce the switching and conduction losses. Similar multi output DC-DC
converters commonly use more than one power switch for each output [56-63] so the cost will be
high if multi outputs are required. Many papers have presented single input multiple output DC-
DC converters, implementing buck, boost and inverted output at the same time. However the big
problem is that to implement one output at least three switches are needed, which is usually
implemented for low output voltage and power applications and a hard switching is usually used
in the implementation causing a lot of loss in the system. In [60] a DC-DC multi-output boost
converter is presented, which is capable of dividing the power between outputs of different
voltages. The issue in the design is that it uses more than two switches for every output. Moreover

its control scheme is very difficult and the output loads cannot be supplied independently.

In the circuit presented in this chapter, one switch is required. This circuit is recommended for

telecommunications and motor applications or any application requiring different DC voltage

37



levels. An interesting application for this converter is for automation applications, which will be

presented in the next chapter.

4.2 Converter Design

The circuit diagram for the single input triple output DC-DC converter is shown in Figure 4.1.
This circuit consists of six parts: a low-voltage side circuit, a clamping circuit, a two auxiliary
circuits, a middle voltage circuit, and a high voltage circuit. The input is V. and the three outputs
V,1,V,2,V,3 are the low voltage output, the middle voltage output, and the high voltage output,
respectively. The main switch is expressed as s;. Lgq,1 and Ly, are the auxiliary inductors for
the auxiliary circuits. Ly, is the primary inductance of the coupled inductor, L; is the inductance
of the secondary circuit for the coupled inductor, L, is the magnetizing inductor, and the leakage
inductor is Ly,. The turns ratio N and coupling coefficient K of this transformer “coupled

inductor” are defined as:

_ N
N=3 (4.1)
me
= 4.2)
— Vo3 _ N#1
Gu =32 =15 4.3)

where N; and N, are the winding turns in the primary and secondary sides of the coupled
inductor. Gy is the input to high voltage gain, D is the duty cycle of the modulated input signal of

the switch, and V3, V., are the high output and the input voltages respectively.
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Figure 4.1 shows the converter circuit diagram with single input and three outputs.
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Figure 4.1: Converter circuit diagram
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4.3 Modes of Operation
This circuit has six modes of operations as shown below.
Mode 1:

The circuit diagram of mode 1 is shown in Figure 4.2. At the beginning switch S1 is turned ON
for a period of time and diode D4 is turned off since the voltage across the coupled inductor
terminal is positive. The diode D3 turns ON. The secondary current of the coupled inductor i,
charges to the capacitor C2. When the auxiliary inductor discharge the energy completely, at the
end of the mode diode D2 turns OFF.
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Figure 4.2: Mode 1
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Mode 2:

The circuit diagram of mode 2 operation is shown in Figure 4.3. In this mode of operation the
main switch S1 is still ON. The magnetizing current i,,,,,, increases gradually in linear way due to
primary inductor charged by input power source. The middle voltage of capacitor C2 is also

charged by secondary current i; sthrough the diode D3. Both the voltages VIimp and VFC are equal
in mode 1 and mode 2. The slopes of the leakage current of the coupled inductor di;% at both

mode 1 and mode 2 are different due to the path of the auxiliary circuit. The auxiliary inductors
release its charges completely, and at the end of mode 1 the diode D2 turns OFF. At the end of this
mode diode D3 becomes reverse biased due to complete discharge of secondary side leakage

current.
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Figure 4.3: Mode 2
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Mode 3:

The circuit diagram of mode 3 operation is shown in Figure 4.4. In this mode the main switch
S1isturned off. The coupled inductor secondary side leakage current charges capacitor C, through
diode D3. When the voltage across the main switch S1 is greater than the voltage across capacitor
C1, primary side leakage current is transmitted to auxiliary inductor Laux and the diode D2
conducts along with the diode D1, which transmits the energy of the primary-side leakage inductor
Lkp into the clamped capacitor C1. Auxiliary inductor supplies the power to load through diode
D2. At the end of this mode diode D3 becomes reverse biased due to complete discharge of

secondary side leakage current.
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Figure 4.4: Mode 3
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Mode 4:

The circuit diagram of mode 4 operation is shown in Figure 4.5. In this mode the main switch
S1 is persistently turned OFF. When the coupled inductor primary side leakage energy released,
the secondary current iLS of the coupled inductor is induced in reverse from the energy of the
magnetizing inductor Lmp through ideal transformer, and diode D4 is conducting the energy to
the high voltage side circuit. At the same time primary side leakage inductor is still releasing
energy to auxiliary inductor. Hence, the diode D2 keeps conducting the auxiliary inductor current

to output load at auxiliary circuit [64].
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Figure 4.5: Mode 4
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Mode 5:

The circuit diagram of mode 5 operation is shown in Figure 4.6. In this mode the main switch is
still turn OFF. The primary leakage current is equal to the auxiliary inductor current [64] turning
diode D1 is turns OFF. The input power source is connected in series with primary side of the
coupled inductor and auxiliary inductors Laux1, Laux2, supplying power to output load through
diode D2. At the same time, the input power source is connected in series with secondary side of
the coupled inductor and middle voltage capacitor C2 releasing energy to high voltage side circuit
through the diode D4.
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Figure 4.6: Mode 5
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Mode 6:

The circuit diagram of mode 6 operation is shown in Figure 4.7. In this mode the main switch
Slis triggered. The input power source, capacitor C1, coupled inductor secondary side and middle
voltage capacitor C2 are connected in series and the energy is released towards the high voltage
side circuit through diode D4. Since diode D1 is a low voltage schottky diode, it will be cut off
without a reverse-recovery current. Thus, the main switch is S1 is turned ON using ZCS condition
and soft-switching which is helpful to reduce the switching loss. At the end of mode, the secondary
current decays to zero. After that, next switching cycle is started and repeats the operation in the

model.
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Figure 4.7: Mode 6
Figure 4.8 shows the closed loop circuit implemented using PSIM.

Detailed simulation results and sensitivity analysis for this DC-DC converter will be presented in

section 6.2.
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Chapter 5: Proposed Application Solar Based Water Pump

Water pumping is an important application, as we need water is all aspects of our lives.
Comparing to electric or motor generator water pumping, solar powered DC water pumps offer
many advantages, such as being low cost, environmentally friendly, easy to install, fully automatic

and reliable.

5.1 System Block Diagram

A typical solar powered DC water pumping system consists of solar PV panels, solar DC
controller, and DC water pump. A block diagram defining the complete system is shown in Figure

5.1.

DC/DC | Dc/ac _
Converter Inverter A "
r —
MPPT = Motor
Controller Controller

Figure 5.1: Block diagram for the complete system

Figure 5.2 shows the circuit diagram for the complete system including the solar panel with the
proposed MPPT implemented, and the proposed DC-DC converter. The simulation results for this

system is presented in section 6.3.
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Chapter 6: Results and Discussion

In this chapter, simulation results, with detailed sensitivity analysis, and experimental results are

presented.
6.1 Proposed Algorithm Simulation Results

An implementation for the algorithm was done using PSIM software and the results are shown

below. The circuit used in implementing the algorithm is shown in Figure 6.1.

Figure 6.1: Boost converter circuit with the MPPT controller block

A more detailed schematic showing the complete circuit design including the C Block on
which the codes implementing the proposed MPPT algorithm are implemented, and the gating

circuit responsible for controlling the DC-DC converter is shown in Figure 6.2.
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Figure 6.2: MPPT block diagram design circuit

Figure 6.3 shows the optimum power or the actual maximum power output of the solar cell versus
the power output obtained by the tracking algorithm. As can be seen, the system accurately tracks
the maximum power with a very small error of 0.063%, which is much better than all discussed

MPPT algorithms.
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Figure 6.3: The optimum power versus power output using the proposed MPPT.

Figure 6.4 shows the delay between the tracking signal and the actual power if any shading or any

changes in the power occurs. The time taken for the tracking is 1ps, which is very efficient and

much better than the tracking time achieved by the incremental conductance algorithm.
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Figure 6.4: The MPPT tracking time for the proposed algorithm

In order to demonstrate the efficiency of this algorithm, we compare our results with those
obtained using incremental conductance algorithm. Figure 6.5 shows a comparison between the
proposed algorithm and the incremental conductance in tracking the maximum power point. It can

be seen that the proposed algorithm gives very good results with very small error.
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Figure 6.5: The optimum power versus power output using the proposed MPPT and incremental
conductance algorithm
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Sensitivity analysis

In order to check the stability of the system, we need to check the effect of the circuit
components on the operation of tracking the maximum power. In the following section sensitivity
analysis is carried out to show the stability of the algorithm under different effects, such as
temperature, shading, and different DC-DC converter component values, such as boost converter

inductor and capacitor, and also the effect of changing the load on tracking the maximum power.

Figure 6.6 shows the optimum power versus the output tracking power at resistive load and
varying light intensity from 800 watt/m? and temperature =25 °C. The algorithm is able to track

the maximum power point under these conditions for resistive load such as home lamps.
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Figure 6.6: The optimum power versus the output tracking power at resistive load and varying
light intensity from 800 watt/m? and temperature =25 °C
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Figure 6.7 shows the optimum power versus the output tracking power at resistive load and
light intensity =1000 watt/m? and varying temperature from 20 °C to 30 °C. We are using a 10 °C
temperature range to check the system response on rapid changes in the temperature. And similarly
if the system is able to track the changes within that range it will be also able to track the maximum
power under different ranges of temperature. We found that the results are satisfactory under

varying temperature.
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Figure 6.7: The optimum power versus the output tracking power at intensity =1000 watt/m? and

varying temperature from 20 °C to 30 °C.

Figure 6.8 shows the optimum power versus the output tracking power at resistive inductive
load such as a motor, and light intensity =1000 watt/m? and varying temperature from 20 °C to 30

°C. The system is giving good tracking with small errors.
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Figure 6.8: The optimum power versus the output tracking power at resistive inductive load and

light intensity =1000 watt/m? and varying temperature from 20 °C to 30 °C

Figure 6.9 shows the optimum power versus the output tracking power at resistive capacitive
load, which is equivalent to any electronic circuit such as telecommunication devices, and light

intensity =1000 watt/m? and varying temperature from 20 °C to 30 °C, with good results.
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Figure 6.9: The optimum power versus the output tracking power at resistive capacitive load and

Figure 6.10 shows the optimum power versus the output tracking power at resistive capacitive

Time (s)

light intensity =1000 watt/m? and varying temperature from 20 °C to 30 °C

load and varying light intensity from 800 watt/m? to 1000 watt/m? and temperature 25 °C.
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Figure 6.10: The optimum power versus the output tracking power at resistive capacitive load

and varying light intensity from 800 watt/m? to 1000 watt/m? and temperature 25 °C

Figure 6.11 shows the optimum power versus the output tracking power at resistive inductive

load and varying light intensity from 800 watt/m? to 1000 watt/m? and temperature 25 °C.

Power - : freetre : : :
(watt) | ——— Optimum Power :
[ g Trgcking Power o
= o — — g — — N

Time (s)

Figure 6.11: The optimum power versus the output tracking power at resistive inductive load and

varying light intensity from 800 watt/m? to 1000 watt/m? and temperature 25 °C
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Figure 6.12 shows the boost converter inductor current with light intensity =1000 watt/m? and

temperature =25 °C.
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Figure 6.12: Boost converter inductor current with light intensity =1000 watt/m? and temperature
=25°C

Figure 6.13 shows the optimum power versus the output power parametric analysis on the boost

converter inductor with light intensity=1000 watt/m? and temperature =25 °C.
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Figure 6.13: Optimum power versus the output power parametric analysis on the Boost converter

inductor with light intensity=1000 watt/m? and temperature =25 °C

From the previous inductor parametric analysis we can see that inductor value affects the
tracking error. Figure 6.14 shows the optimum power versus the output power parametric analysis

on the boost converter capacitor with light intensity=1000 watt/m? and temperature =25 °C.
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Figure 6.14: Optimum power versus the output power parametric analysis on the boost converter
capacitor with light intensity=1000 watt/m? and temperature =25 °C

We can see from the capacitor parametric analysis that the capacitor value also affects the tracking

error.

From the previous simulations we can conclude that the proposed system work efficiently under
different environmental conditions and different loads.
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6.2 Proposed DC-DC Converter Simulation Results

An implementation for the circuit has been done using PSIM software and the results are shown
below. Figure 6.15 shows the waveform for different outputs, namely 42 volts, 24 volts and 200
volts. These outputs are typical values that are commonly used in important applications such as

telecommunications and automotive applications.
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Figure 6.15: Output waveforms
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Figure 6.16 shows some important characteristic waveforms for voltages and currents in the

circuit, showing the stresses across some important components in the circuit.
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Figure 6.16: Characteristic waveforms.

Output waveforms for different loads

A closed loop circuit is implemented using Pl controller and in the following section

simulations using different loads are presented to show the system stability.
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Resistive Loads

Figures 6.17 shows the output waveforms for a pure resistive connected load such as lamps
showing a stable output voltage levels.

VoItage.H - ; ; ;
(Mo | The Highloadiis 1000 ohms and intermediate is 1000 ochms and the low load is 1000 chms
e R High Voltage T ———————
o e T— Intermediate Voltage
Low Voltage
. Time (s)

Figure 6.17: Output waveforms with resistive loads

Figures 6.18 shows the output waveforms for a different pure resistive connected load showing
that the output is stable, verifying that control circuit is working well.
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Figure 6.18: Output waveforms for different resistive loads
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Resistive Capacitive Load

Figure 6.19 shows output waveforms for resistive capacitive such as electronic circuits used in

telecommunication applications. It can be seen that we are getting a stable output voltages with a
totally different load.
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Figure 6.19: Output waveforms for a resistive capacitive Load

The previous simulations shows that the system is stable under different loads
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Sensitivity Analysis

Some important sensitivity analysis, such as parametric analysis, has been done to see its effect
on the circuit main output and the auxiliary output. As can be seen in Figure 6.20, the auxiliary
inductor has a large effect on the auxiliary output.
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Figure 6.20: Auxiliary inductor parametric analysis
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6.3 Proposed Application Solar Based Water Pump Simulation Results

In the following, simulation results for a system driving a motor from a solar panel using the

proposed DC-DC converter and proposed MPPT algorithm are presented.

The input of the DC-DC converter is the solar panels with MPPT controller implemented. The
three outputs are used as follows. The high output 200 volts is used to feed the motor, and the other
outputs can be used for the control circuits needed for driving the motor.

Figure 6.21 shows the waveform of the rpm of the motor.
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Figure 6.21: The motor number of rotations per minute
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6.4 Experimental Results

A prototype of 10 watts with open circuit voltage 20 volts and short circuit current of 300 mA
has been built to prove that the concept is working properly and to verify the simulation results.
This stage is a very important step in the design. Measurements are done after designing some test

cases and experimental results will be presented in this section some.

A typical circuit as shown in Figure 6.23 has been built. The algorithm is implemented in

microcontroller PIC18F4553 and the component values are shown in Table 6.1.

Figure 6.23: Implemented circuit
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Table 6.1: Hardware parameters of the system under consideration

Parameter Value

Open circuit Voltage 20V

Short circuit current 3mA

Input Power 10 Watt

Microcontroller Switching frequency 100 KHz

Semiconductors IRLZ44

Inductor 29uH,3A

Capacitor 270uF, 50V

Diode Schottky Diode,5A,60V
D0201AD

Figure 6.24 shows the pulse width modulation (PWM) signal generated by the microcontroller,
which is the key point of applying our proposed algorithm on the circuit. This pulse width
modulation signal is after reaching the point of maximum power or in other words in the steady

state so we are having here a constant duty cycle.
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Figure 6.24: PWM switching control signal
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It’s very important to check the performance of the controller under different loads. Figure 6.25
shows the output voltage on a pure resistive load connected versus the controlling PWM signal.

The resistive load in this case is an array of lamps.
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Figure 6.25: PWM switching signal versus the output volatge for a resitive load

Another load is connected to the controller such as small DC motor having the effect of adding
resistive inductive load. Figure 6.26 shows the voltage output for a small brushless DC (BLDC)

motor as a load versus the PWM control switching signal.
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Figure 6.26: PWM signal versus the motor output voltage

It’s important to check the voltage stress over other important components in the circuit such the
CMOS switch. Figure 6.27 shows the voltage between the drain and source across the MOSFET

switch used.
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Figure 6.27: PWM signal versus the voltage across the switch Vds

In conclusion, measurements have been done using different connected loads, including pure
resistive and a small BLDC motor. Experimental results have verified that the system is working

efficiently with different loads.
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Chapter 7: Conclusions and Recommendations

7.1 Conclusions

This thesis presents the proposed algorithm for the applied control method, a novel triple output

DC-DC converter, and an application for the proposed system. The following points summarize

the contributions made in this thesis.

A novel algorithm based on EPP algorithm with predictive variable step size using Newton-
Raphson method has been implemented and tested.

The algorithm has been implemented in PSIM software. Comparison with other existing
MPPT algorithms has been done. It has been shown that the combination of the Newton-
Raphson method and EPP algorithm gives very good results with an error of 0.063 % and
a tracking time 1ps, while the conventional incremental conductance gives an error of 1.2%
and tracking time 10 ps.

This algorithm is well suited for shading conditions, in which light intensity decreases. The
system will adjust itself in a very short period of time to track the new operating point for
maximum power, with very small error. This will increase the overall output power and
consequently cut the total cost for the industry.

A DC-DC converter has been developed. The new converter is efficient compared to other
converters in the market and cost efficient as it uses only one power switch for different
outputs. Three outputs are presented and can be efficiently used in telecommunications,
automotive and other applications.

Parametric analysis has been done for the purpose of reaching the appropriate design
parameters.

Prototyping phase is successfully achieved and tested. The new algorithm and circuit are
built into a complete system for application in the solar based water pumps. Measurement

results have verified the validity.
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7.2 Recommendations

It is recommended to use a predictive adaptive step size as used in the proposed algorithm to
efficiently track the maximum power with a very small error. When developing a control system
using MPPT, it is recommended to develop and improve the important block diagrams used after
the MPPT block to increase the efficiency of the entire system. As what has been done in this
research by improving the DC-DC converter and may be improving other blocks such as the DC-
AC converter. In addition, a future work is going to be integrating the system components and

moving from the prototyping phase to product phase.
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