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The sun is considered as the major source of energy to the human kind from the beginning
of life. This energy is radiated to earth by means of light and heat. We have been harnessing
the solar energy for centuries and decades. The world is facing, especially in the recent
years, a tremendous increase of energy demand from Asian to European and growing
American countries as well as the traditional high energy demand from industrial countries.
One solution to these problems is becoming so obvious, mass production and use of
electricity generated from renewable energy especially solar energy, which is
environmentally friendly. There are important applications of solar cells under
development that directly relate to the field of power electronics, making ground for new
opportunities in applications for low, medium and high power, for both DC and AC systems.

High costs of conversion efficiency have been the major inconvenience in the potential of
solar power becoming a primary source of energy. In our days, major researches done with
the motive of improving the efficiency of these cells has brought this dream closer to reality.
The technology proposed in this thesis is based on the idea that it is much more cost-
effective to improve the solar cells by incorporating a smart control of power electronics

than to improve the efficiency of the solar cells material by itself.

The thesis came across a new idea of simulating the Cuk converter using estimation

techniques with full and reduced-order observers adding to them the integral action to



make the converter more and more competent. Great results were demonstrated with a

very high performance.

The thesis also presents two major and efficient control algorithms for the Maximum Power
Point Technique (MPPT); fuzzy logic control and its high reliability with very dynamic and
weather related systems and the jump parameter linear control technique with an efficient

algorithm.
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Chapter 1. Introduction

1.1

Overview

The sun is considered as the major source of energy to human kind from the
beginning of life. This energy is radiated to earth by means of light and heat.
We have been harnessing the solar energy for centuries and decades. This
energy is considered as the oldest discovery in the renewable energy field.
Photovoltaic cells (PV) is the field in which new technologies and applications
are being researched and implemented in order to convert the light radiated

by the sun into a more usable forms: electrical and heat power [1].

The world is facing, especially in the recent years, a tremendous increase of

energy demand from Asian to European and growing American countries as

well as the traditional high energy demand from industrial countries. This

increase in the demand of energy has many undesirable effects [2]:

e First, oil prices have doubled in the last decade, increasing from 40
USD/barrel in 2002 to over 110 USD/barrel in the beginning of 2011. In
addition, there is a forecast that fossil fuel will still be available in 2040,
but there will be a geographical imbalance impact between the energy
supply and demand that will eventually lead to the exhaustion of fossil
fuels.

e Second, greenhouse effects and environmental threats are arising from
the production of electricity from fossil fuels. The climate changes and
global warming can cause floods and desertification over the world. With

more lightly effects, the long dry periods will lower water levels in hydro-



electric facilities and may cause instability of the main electricity supply

source in many countries.
One solution to these problems is becoming so obvious, mass production and
use of electricity generated from renewable energy especially solar energy,
which is environmentally friendly. So the world moved to start a dramatic
increase in the production of photovoltaic cells, almost doubling every two
years since 2002, making it the world's fastest-growing energy source (see
Figure 1.1) that has so many benefits beside the clean energy production and
inexhaustible supply of daylight. The solar photovoltaic (PV) systems can
supply energy without moving parts, operate noiselessly and have minimum

maintenance cost.

12000
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Rest of the World
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Rest of Asia
E 6000 [ Japan
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Figure 1.1 Global PV market

The cost trend of photovoltaic is downwards, while fossil fuel price are rising.
The cost of PV modules and associated system components depend on
developing mass production techniques and facilities. A growing and stable

market of PV system is developing. Figure 1.1 shows the previous data of the
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global market of PV to 2012. The total Mega Watt Power of global solar PV
market is doubled for the period from 2009 to 2011. This growth in
production and proliferating consumer demand has led to a world-wide

interest in the development of new applications for photovoltaic technologies

3].

If we take a look at the National Renewable Energy Laboratory (NREL) data
and illustrations, we notice that commercial photovoltaic cells, dependent on
the price, have efficiencies between 10-22% in ordinary sunshine.

The cells are usually linked in series and fixed within weather-proof modules,
with modules producing about 16 or 32 V. The current from the cell or
module is inherently direct current, DC. And for a given module in an
optimum fixed position, daily output depends on the climate, but can be
expected to be about 0.5 to 1.0 kWh /m2 day-1. Output can be increased using

tracking devices and solar concentrators [3].

Thesis Objective

There are two important applications of PV under development that directly
relate to the field of power electronics, making ground for new opportunities

in applications for low, medium and high power, for both DC and AC systems:
1.) The first area of research is in low-cost thin film solar cells. Due to
their reduced material, energy and handling costs these could be a cost
competitive product even without economic subsidies. Theoretically,
these can be fabricated and even printed as a flexible and low-weight,
yet thin and durable material. Film technologies are being developed

in the form of semi-transparent cells to be applied as window glazing.



2.) The second large potential market is a new area where solar cells
become architectural elements and building materials for residential
and commercial structures.

High costs of conversion efficiency have been the major inconvenience in the
potential of solar power becoming a primary source of energy. In our days,
major researches done with the motive of improving the efficiency of these

cells has brought this dream closer to reality.

The technology proposed in this thesis is based on the idea that it is much
more cost-effective to improve the PV systems by incorporating a smart
control strategy on the power electronics part than to improve the efficiency

of the PV material by itself.



Chapter 2. Photovoltaic Cells

2.1

Photovoltaic Cells in Operation

To understand the electrical behavior of solar cells, it is useful to create an
equivalent model, which is based on electrical components whose behavior is
well known. A solar cell, also known as a photodiode, may be modeled by a
current source in parallel with a diode. The diode in the model represents a
real physical diode which is created by the junction of P and N materials which
form the solar cell. As photons strike the cell’s surface, they excite electrons
and move them across the PN junction of the diode. Shunt and series
resistances are added to obtain a better modeling of the current-voltage

characteristic [5].

When the photovoltaic (PV) cell is illuminated and connected to a load a
potential difference (V) appears across the load and a current (I) circulates.
The cell functions as a generator as shown in Figure 2.3. The photons reaching
the interior of the cell with energy greater than the band gap generate

electron-hole pairs that may function as current carriers.

]

1
Figure 2.1 llluminated PV cell



Some of these carriers will find themselves in or near the potential barrier
and are accelerated as shown to form the photonic current.

Other carriers will recombine and contribute to a diode or dark current as
governed by the Shockley equation:

In=1o (exp (-VD/m VT) - 1) (2.1)

With:

Ip : the diode current,

Io : the reverse bias saturation current (or scale current),

Vb : the voltage across the diode,

Vr : the thermal voltage,

m : the ideality factor, also known as the quality factor or sometimes emission
coefficient. The ideality factor m varies from 1 to 2 depending on the
fabrication process and semiconductor material and in many cases is assumed

to be approximately equal to 1 (thus the notation m is omitted).

The thermal voltage Vr is approximately 25.85 mV at 300 K, a temperature

close to "room temperature” commonly used in device simulation software. At

s . kT .
any temperature it is a known constant defined by: Vy = T where k is the

Boltzmann constant, T is the absolute temperature of the p-n junction, and q is

the magnitude of charge on an electron (the elementary charge) [6].

The load current is the difference between the photonic and diode currents
such that I= 1, - [p which when combined with Eq. 2.1 yields:

I=1,-Io (exp (-(V+IRs)/m Vr) - 1) (2.2)


http://en.wikipedia.org/wiki/Saturation_current
http://en.wikipedia.org/wiki/Thermal_voltage
http://en.wikipedia.org/wiki/Thermal_voltage
http://en.wikipedia.org/wiki/Boltzmann_constant
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Elementary_charge
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Note V+IRs =Vp and that the constant m= 1 at high current and m=2 at low

current.

The saturation current Iy is difficult to measure and the I-V equation may be
more usefully written in terms of the open-circuit voltage (Voc) and the short
circuit current (Is).

The short circuit current is nearly equal to the photonic current I~ Isc (Rs is

very small) and at open-circuit conditions reduces to:

0=1Isc - Io (exp (-(Voo)/V1) -1) (2.3)

JORUEEI

Voe=Vr In (Ise/ To + 1) (2.4)

Figure 2.2 PV cell electric model

Photovoltaic Cells I-V Characteristics

A very useful expression (Eq. 2.5) of the I-V characteristic is obtained from
equations 2.2, and 2.4:

V=Voc+ Vr In (1-1/Is) - IRs (2.5)
The above equation may be used to plot the I-V characteristic at different solar

irradiance levels [7].



2.3

Peak power
line

G,=1000

G, =600

G,=200

Vin Voco Figure 2.3 I-V characteristic

The open-circuit and short-circuit tests are usually given by manufacturers at
standard conditions: Go= 1000 W.m2 and To= 20°C. Typical values are

Voc0=0.609V and Isco= 8.21A for a PV cell with a surface area A= 0.0243 m2.

At another irradiance level G the photonic current and thus I is given by:
Isc = (G/GO) Lsco (26)
The dependence of V. on solar irradiance may be written as:

Voe = Voco + Vr In (G/ Go) 2.7)

Photovoltaic Cells Efficiency

The maximum power at any solar irradiance is Pn= Vi, I is delivered from the

PV cell when the equivalent load resistance is ideally matched such that R.=

Vm/Im. As the solar irradiance changes then the values of Vi, and I, will change

and to take maximum power from the cell the effective load resistance has to

be changed using special switching DC-DC converters [6].

The efficiency at the maximum point, at any irradiance, is given by:
Mm=VmIn/GA (2.8)

At lower solar irradiances the efficiency decreases.



2.4

The efficiency of a PV cell decreases with an increase in cell temperature. Eq.

2.5 suggests that as V. increases then Vy, also increases. The dependence of

Vo is obtained by differentiating Eq. 2.4 after replacing lo= AAn;2 which yields:
dVoc / dT= (k/q) (Voc /Vr -3 -V /V7) (2.9)

The value of the derivative is usually negative!

The cell temperature (T¢) depends only on the ambient temperature and solar

irradiance as follows: T¢= Cr G + T, where Cr= (NOCT - 20)/ 800 and NOCT is

the Normal Operating Cell Temperature given by a manufacturer test (= 46°C).

Photovoltaic Cells in Connections

Identical modules may be connected in series and parallel to form generators
and are in general assumed to work under the same conditions of ambient
temperature and irradiance. But operating conditions, however, may differ
from some modules to other due to manufacturing differences, different
accumulation of dirt, or shading. In such cases the maximum power delivered
by the generator is less than the sum of the maximum powers of individual
modules. This difference is named mismatch loss. There are also other
undesired effects of the shadows on solar PV arrays other than power drop.
Dynamic modeling of the effect of clouds on solar array is a difficult task. Cloud
conditions can dramatically change fast and the cost of such fluctuations with

their effect on other systems is important to understand [7].

A shadowed solar cell acts like a load dissipating power produced by others. In
the presence of shadows, where there is no exposure to sunlight, a solar cell

will heat up and develop a hot spot. So under these conditions the cell with
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low current will experience a reverse bias and has to dissipate the power

generated by the high current cells or modules.

1.) The most common technique used to avoid these hot spots is to

connect bypass diodes in anti-parallel with a string of cells, thus any

reverse bias is bypassed by the diodes. The bypass diodes are needed

if the output voltage is larger than 24 V.

When the PV series string is operating under non-uniform conditions

of radiation, a problem arises. All the cells in the system share the

same current, and when a cell or group of cells is shaded one of two

scenarios may occur:

a.

The group of shaded cells will try to drive the unshaded ones
into operating at a lower current level. In this case the system
output power is limited by the current produced by the cell or

panel generating the lowest output current.

The unshaded cells will try to drive the shaded ones into
operating at a higher current level. The only way a PV cell can
operate at a higher current than its short circuit current, which is
directly proportional to irradiance, is by moving into the
negative voltage region of the cell's [-V curve where it becomes
reverse biased. At this point the panel's backplane diode(s)
becomes forward biased and it conducts the string current. The
down side is that now the group of shaded cells is entirely
bypassed, contributing zero power to the system, and the string

voltage is also affected.
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2.) A similar analysis reveals that when modules are connected in parallel,
the module with lower V.. will be come a load dissipating power
generated by other modules with higher open circuit voltage. The
problem is avoided by connecting blocking diodes in series with each

of the parallel modules.
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Chapter 3. Cuk Converter

3.1

Cuk Converter Circuit

The buck, boost and buck-boost converters all transfer energy between input
and output using an inductor, and analysis is based on the inductor voltage
balance. The Cuk converter uses capacitive energy transfer and analysis can be
based on current balance of the capacitor (although inductor voltage-balance
analysis is also valid). The Cuk converter combines the functionality of a buck
and boost converters, i.e. it can increase or decrease the output voltage with
respect to the input voltage. It uses a capacitor as its main energy-storage
component, which increases its efficiency. Input and output currents are

smoothed by inductors.

v, ® 4|E 0, A ) C,== v, SR

Figure 3.1 Cuk converter

Virtually all of the output current must pass through Ci, so it is usually a
capacitor with a high ripple current rating and low equivalent series
resistance (ESR), in order to minimize as much as we can the losses [8]. When
the switch Q is at “ON-STATE” (see Figure 3.2), the current flows from the
input source through L1, and storing energy in Li's magnetic field. Then, when
Q1 switch is at “OFF-STATE” (see Figure 3.3), the voltage across Li reverses to

maintain current flow. Current flows from the input source, through L; and D1,
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charging up C; to a voltage larger than in V3, and transferring to it some of the

energy that was stored in L1.

Then when Q1 is turned on again, C discharges through via L; into the load (in
this case it is a resistive load R), with L, and C; acting as a smoothing filter.

Meanwhile energy is being stored again in Li, ready for the next cycle. In
steady state, the voltage across Ci is (|Vg|+|V2|), which means the switch and
the diode in a Cuk converter must handle larger voltages than what is the case

for the regular buck and boost converters.

L I .
1 2 i
OO0 — IO .
T Vo i ¥ V2 i ¥
v, C+) v, m=C, C, == ¥ SR
+
Figure 3.2 Cuk converter with Q1 “ON-STATE”
i Ly 'II-: i
S SR i — 00—
+ vy + ¥, . *
* . I
V, C, V) C, v, SR
Figure 3.3 Cuk converter with Q1 “OFF-STATE”
The energy stored in an inductor is given by:
E= 1, LI2 (3.1

L does not change and in steady state the energy has to remain the same at the

start or end of commutation cycle, which implies that the current through the
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inductors has to be the same at the beginning and the end of the commutation
cycle.

The current through an inductor is related to the voltage across it, which is
given by the following formula:

Vi=Ldl/ dt (3.2)

Note: The average value of the inductor voltage over a commutation period

has to be zero to satisfy the steady-state requirements.

If we consider that the capacitors C; and C; are large enough for the voltage

ripple across them to be negligible, the inductor voltages become:

1.) In the “OFF-STATE”, inductor L, is connected in series with Vg and
C1. Therefore Vi1 = Vg - Vci. As the diode Ds is forward biased (we
consider zero voltage drop), L, directly connected to the output
capacitor. Therefore Vi,= V..

2.) In the “ON-STATE”, inductor L, is directly connected in series to V.
Therefore Vi1 = V. Inductor L is connected in series with C; and

the output capacitor. Therefore Vi,=V, - V.

The Q: switch operates in “ON-STATE” from t = 0 to t = I'T (with T the duty
cycle of the switch with 0 <T" <1), and in “OFF-STATE” from I'T to T (that is,
during a period equal to (1-I") T). The average values of V 11 and Vi, are
therefore:
vL1= ['Vg+ (1-T)(Vg- V1)
(3.3)

Vio=T (V2= Ver) + (1-T)(V2)
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As both average voltages have to be zero to satisfy the steady-state conditions
we can write, using (3.3):
Vei=Vz/ T (3.4)
Therefore we have:
=> V=T Vg+ (1- T)(Vg - Ver)= 0 =V + (1- T)(V2/ T)
= 2=___ (3.5)
It can be noticed that this relation is the same as that obtained for the Buck-

Boost converter.

The advantage of the Cuk converter is that the input and output inductors
create a smooth current at both sides of the converter while the buck, boost,
buck-boost and even the Single-ended primary-inductor (SEPIC) have at least
one side with pulsed current. Also Cuk has a simple implementation that
requires fewer parts and simpler drive circuitry comparing to the other

converters.

Ideally the Cuk converter provides excellent frequency response

characteristics which allow a highly stable feedback regulation to be achieved.

Cuk Converter State-Space Analysis

We assume ideal components, so we have continuous current conduction and
continuous capacitor voltage. There are 2 modes of operation [9]:

1.) In mode 1: Q; is on and D is off

2.) Inmode 2: Q is off and D is on

The state variables are:
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X1 iq
X2 _ [z (3.6)
X3 Ve
X4 Ve2

Mode 1
By applying KVL and KCL to the above circuit, the state equations are
determined.

The loop and node equations are:

—Vg +V,,=0
Ic1 =1,
Ver = Ve = Ve =0 (3-7)

[co =1, — g

Now, the state equations are:

dip; 1
dt L, &

d 1.

o= oz (3.8)
di, 1 1

—— =—Vc ——V
dt L, g, ve

dVCz _ 1 . 1
it ¢, 2 Rg,

Vo = V2

The state-space system in mode 1 becomes:

(e}
(e}

Vg (3.9)

o o
|
|

o o fro

o
|

e e e e
@]
=



Vy, = [0 0 0 1]X = G1X

Mode 2

Similarly in mode 2 we determine the following state equations:

dip, 1 1
dt L8 L«

dVC]_ 1 .
=—i
dt ¢,
diz _ _ 1
a L, ez
dVCZ 1 i 1

Tt C—zle - R—CZch

V2 = Ve

The state-space system in mode 2 becomes:

0O 0 _L_1 0

1

0 O 0 _L_z
x=, X+

C_1 0 0 0

1 1

05 9 "r

v,=[0 0 0 1]x=Gyx
The averaged state space model is:

X = Ax + By,

v, = Gx

With

A=T A+ (1-T)A;

B=T B: + (1- B,

G=T Gy + (1-T)G;

17

(3.10)

(3.11)

(3.12)

(3.13)



3.3

18

then

1-T

0 0 -4 0
1 1
[—]
0 0 - -= L |
A=, . - 2 2|l.B=]|0]| (3.14)
RN
Cy Cy
0o X 0o - 0
C, RC,
G=[0 0 0 1] D=0 (3.15)
The steady state voltage transfer function:
Y2 _gA-1B =
Ve GA™'B=— (3.16)

Which confirms the analysis done using the voltage or current balance; in

addition this analysis has the orientation of V, already reversed which is why

- r
we have a positive P

Open-Loop Performance of Cuk Converter

Before we start with the controller design, we will study the open-loop
performance of the Cuk converter. The state space equation can be written
using the technique demonstrated by Middlebrook and Cuk [10] as:

X = Ax + Bv, + Bgy

y = v, = Gx+ Hgy
where:

x=X+X

Vg = Vg + ¥,

y=r+y
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Bs = (A; — A2)X+ (By —By)Vg = (A1 —Ax)X
Hy = (G; —G)X=0
Steady state system gives: AX+ BV, =0 =>X = —A‘lBVg
With ( ) denotes small signal perturbation or deviation from the nominal or

average value.

Figure 3.4 Cuk converter state-space model

The state space matrices for the open-loop model from the disturbance input
v, to the output v; are the state space averaged matrices (A, B, G, and H). The
state space matrices for the open-loop system from the control input
(switching duty cycle) d to the output v, are the state space averaged matrices
(A, Bs, G, and H). The Cuk converter model can be shown as a two inputs
(control input (the duty cycle y) with a disturbance (input voltage v¢)) and one
output (vz). The model of the open-loop response to a unit step input

(disturbance) in v is shown in Figure 3.5.

The graph (Figure 3.5) is based on the given circuit components standard
values below (these values will be used in all the simulations and the cases

treated later on):
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Li = 0.5mH
L, =7.5mH
C1=2.0 pF
Cz =20 uF
R =300
Vg =20V
'=0.667

As we can notice from the Figure 3.5 below, the system is slightly damped and
presents oscillations around a steady state value equal to 42 Volts. If we apply
the formula (3.15) with a nominal duty cycle I' =0.667, then the output voltage
should be 40V. However, with the chosenT, and as we inspected from the
graph, a 1V step input in vg has produced a 2V step in the output voltage v..
This shows that the open-loop system does not reject disturbances on the
input voltage vg. Also, we note that the output of the circuit is a damped

sinusoid, with an approximate frequency of 1.9 kHz (12 krad / s).

Cuk Open-Loop Step Response

43
4251 i
af R Jv\’mwmmmwwmwwmwwwm.mw
=
Y
B M5} =)
=
g
<
41+ i
405 -
40 L L 1 1 Il
0 0.005 0.01 0.015 0.02 0.025 0.03

Time (s)

Figure 3.5 Cuk converter open-loop response
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Is]‘ Pole-Zero Map
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Figure 3.6 Cuk converter open-loop poles-zeros map

Bode Diagram

Magnitude (dB)

Phase (deg)

Frequency (radisec)

Figure 3.7 Cuk converter Bode diagram

The pole-zero mapping shows (see Figure 3.6) that the Cuk converter is stable;
all the poles are in the left hand side. The 1.9 kHz frequency in the output,
transient caused by the unit step disturbance, is due to the frequency

associated with the dominant pole pair at: -8.69£j*0.19e+004.
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Cuk Converter Analysis

Using MATLAB scripts we will vary the values of individual components and
determine the damping and frequency of the system.

3.4.1 Inductors Effect:

Keeping all other components constant, L1 and L, were varied from 1mH to

0.1mH and keeping them both with equal values.

Liand L, Frequency 1 Frequency 2
Damping 1 Damping 2
(H) (rad/s) (rad/s)

1.103 2.45e-001 2.95e+003 6.17e-003 1.79e+004
9.10¢ 2.32e-001 3.11e+003 5.85e-003 1.88+004
6.10 1.90e-001 3.81e+003 4.79e-003 2.31e+004
3.10+ 1.34e-001 5.39e+003 3.39e-003 3.26e+004
1.10# 7.74e-002 9.33e+002 1.96e-003 5.65e+004

Table 3.1 Cuk converter parameter variations with inductance

As Li and L; decrease, the damping also decreases and the frequency of

oscillation increases.

A small inductor will cause the inductor current to overshoot causing the
voltage across it to overshoot almost 4V over the steady state value 42V as it is
noticed in the Figure 3.8 below:

This can be easily explained by the fact that inductors L, and L, are used as

smoothing inductors in the Cuk converter.
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Cuk Open-Loop Step Response
44 T T T T T T T T T
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~ 425 i
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Figure 3.8 Cuk converter open-loop response with L1=L>=0.1 mH

3.4.2 Capacitors Effect:

If we take a look on the behavior of the converter while we fix the values of the
inductance to Li=L;=1mH and we change the values of the capacitors.

It seems that lowering the values of C; and C; improves the response of the
converter and it make the output goes smoothly to a constant value (see
Figure 3.9) but an overshoot of the voltage still appear and it is around 0.5V

and it will stabilize also at 42V.

Having large C; and C; will decrease the voltage ripple across the capacitor but
on the other hand having chosen big values for Ci; and Cp it has other
drawbacks (see Figure 3.10). A larger capacitor value means less voltage
ripple in steady state, which is good, however, it also causes an increase in
overshoot and oscillations and it took much longer time for the voltage to

stabilize around the 42V. Also if we lower C; and C; to a value less or equal to
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0.5 pF we will have a damping ratio equal to 1 (critically damped system see

Figure 3.11).

Cuk Open-Loop Step Response
43 T J

Amplitude (V)
=
F=
n ]

e
1

40.5 1

40 . .
0 0.005 0m 0.015
Time (s)

Figure 3.9 Cuk converter open-loop response with C1 =1puF and C2=10pF

Cuk Open-Loop Step Response
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e

405

40 L L 1 1 1
0 0.m 0.02 0.03 0.04 0.05 0.08

Time (s)

Figure 3.10 Cuk converter open-loop response with C1 =10puF and C2=100uF
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Cuk Open-Loop Step Response
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Figure 3.11 Cuk converter open-loop response with C1 = C2=0.5pF

After choosing a high value of C; (let’s make it equal to 10mF), we inspected an
almost 3 seconds time for the voltage to stabilize after high overshoot and
high frequency oscillations (see Figure 3.10). But with a lower value of C;
(equal to 1 mF) it needed 0.4 seconds for the converter to stabilize around the

42V with fewer oscillations but same overshoot value.
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Figure 3.12 Cuk converter open-loop response with C2=10mF

Cuk Open-Loop Step Response
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Figure 3.13 Cuk converter open-loop response with C2 = 1mF

3.5 Cuk Converter State Feedback Control

3.5.1. Full State Feedback Controller with the Integral Action

26
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The graphed responses in the previous section showed us that the Cuk
converter is a stable system ((Aav, Bav) are chosen in a way that the system be
controllable). However, 1V step disturbance in vy has produced a 2V step in
the output voltage v, showing that the Cuk system does not reject any kind of
disturbances on the input voltage vg. So in order to eliminate this offset we
have thought about controlling the Cuk converter with a full state feedback
controller with an integral action to remove the steady-state offset. The basic
approach in integral action feedback is to create a state within the controller
that computes the integral of the error signal, which is then used as a feedback
term. In this way the integral action will integrate the error between any
reference input and the output e(t)=r(t)-y(t) and add it to the state feedback
control effort to eliminate the steady-state offset [11]. The control law is:
u = —Fx — fe with €(t) the offset error with &(t) = —y(t) = —Gx. The state

space model is shown below:

f T

+

Figure 3.14 Cuk converter state feedback control with the integral action space model
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So the state space matrices can be written as the following:

=" TR e+ [

B
B, = | av
~lo
Gl - [Gav 0]
H1 - [Hav]

In order to determine the optimal pole placement for the system augmented
with the integrator, we will try to create an optimum system by minimizing
the Integral of Time Multiplied Absolute Error. A control system is optimal
when the performance index Jis minimized. The optimum value of the
parameters depend directly upon the definition of what is optimum which is
in our case the minimum performance index of the Integral of Time Multiplied
Absolute Error Jipag = [ tle(t)|dt. [12]
The coefficients to minimize the performance are already calculated and
tabulated in [12]. (See below):

* S+

52+ 1.4wyS + wp?

o 3+ 1.75wns2 + 2.15wn2s + w3

o st+21wns3+ 3.4 wn?s2 + 2.7 i3S + wnt

o S5+ 2.8wnst+ 5.0 wn2s3+ 5.5 wn3s2 + 3.4wn*s +wp5

e S6+3.25w,S% + 6.60 Wn2s* + 8.60w,3s3 + 7.45 wnts? + 3.95wn°s +wn®
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We used n=5 for the coefficients and we have obtained a great results (see
Figure 3.16) concerning the error elimination; also we have enhanced the Cuk
converter to accommodate to any kind of disturbance by creating a closed
loop with an integral action.

The program consists on running the frequency wy, from 1 to 15 rads/sec with
a step of 0.01 rad/s (the more values we compute, the more our search is
accurate and can lead us to reduce the error to be close more and more to
zero). For each iteration we replace wy, by its value in the picked polynomial
P(s)=s°+ 2.8 wn s* + 5.0 wn2s3 + 5.5 wn3s? + 3.4wn*s +wy,5 and then we do the
pole placement and calculate the performance index.

The wy corresponding to the minimum performance index is used to plot the
output of the system with state-feedback with the integral action. In our case
(Cuk parameters are chosen in the beginning of our study) the minimum

performance index, equal is to 2*10-5, is reached for w,=8.4 rad/s.

40.01 T T T T T T T T T

40.005 .

40 .

39995 1

Amplitude (V)

3999 } 1
39.985 { 1

309 | \ j |

39975 1 1 1 1 1 1 L 1 1
0 0.1 02 03 04 05 06 07 08 08 1

Time (s) w10

Figure 3.15 Cuk converter response with feedback control with the integral action
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3.5.2. Linear Quadratic Regulator and Integrate Action

Linear Quadratic Regulators are introduced in the state feedback control in
order to minimize a quadratic performance criterion. The regulator should

reduce the performance index [13]:
1 oo
] = E_f (xTQx + uTRu)dt
0

with the state equation considered as a constraint X = Ax + Bu. So the optimal
value of the performance criterion is evaluated as below:
X = Ax + Bu u = —kx x(0) = x,
J= minlfoo(XTQx + uTRu)dt
u 2/,
x = (A —Bk)x with x(0) = x,
x = e(A-BRty
If we now assume that we use optimal control, that is u=uep given by [14]:
u = —R7*BTPx = —Kkqpix

the performance criterion is:

1 [e0)
] = Exg (f e(A‘Bkopt)Tt(Q + kgptRkopt) e(A‘Bkopt)tdt> X
0

it can be evaluated from the algebraic Lyapunov equation:
(A = BKopt)"P + P(A — BKopt) + (Q + ki ptRKopt) = 0
Now if we have the optimal control then kg, = —R™1BTPx
ATP — PBR™'BTP + PA — PBR™!BTP + Q + PBR™!BTP =0
=> ATP—-PBR'BTP+PA+Q =10

This is the Riccati algebraic equation and the optimal performance criterion is:

1
]=§X3PXO
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Now applying the optimal control to the Cuk converter, we first augment the
converter control system to be a fifth order system with an integral state and
this will also require that the weighting matrix Q be a five-by-five matrix.

For review, we have that the state vector is [i1 iz Vec1 V2 €], where €
corresponds to the integral of the reference error. Since the states have
physical significance in this model, it is easy to see that each voltage, current,
or error transient may be individually weighted using the diagonal elements of
the Q matrix. As the objective of controlling the Cuk converter is to regulate

the output v; in the face of disturbances to the input vg.

40.004 T T T T T T T T T

40.002 .

40

39998

39.99% |

39.994

Amplitude (V)

39.992

39.99

39.968

39.986

39.984
0

Figure 3.16 Cuk converter response with LQR regulator with the integral action

We have obtained some great results also and we were able to reduce the
error in the Cuk converter output response for a disturbance in the input
voltage with a linear quadratic regulator to a very minimal value highly

desired.
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3.5.3. Full-Order Observer with the Integral Action

Full-Order Observer

Not always we have that all the state space variables are available for
measurements, or it is not practical to measure all of them, or it is too
expensive to measure all state space variables. In order to be able to apply
the state feedback control to a system, all of its state space variables must
be available at all times. Thus, one is faced with the problem of estimating

system state space variables.

This can be done by constructing another dynamical system called the
observer or estimator, connected to the system under consideration,
whose role is to produce good estimates of the state space variables of the
original system. The output of the estimator ¥ = CX can be compared to
the output of the system y = Cx and any difference between them will be
multiplied by a gain vector and fed back to the state estimator dynamics

[15], see Figure 3.17.

The difference between these two outputs will generate an error signal:
y—§=Cx—CX=_Ce

This error can be used as the feedback signal to the artificial system such
that the estimation (observation) error is reduced as much as possible,

hopefully to zero.
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u y=Cx
B System

-| Observer

<y
Il

O

e

~

x XX

Figure 3.17 System and full-order observer block diagram

K is chosen in a way to minimize as much as possible the observation
error.

The observer is then given by:

X =AR+Bu+Ky-—9)

% = A% + Bu + KCe

We can write the observer’s equation in the following form:

% = (A—KO)R + Bu + Ky

with é =%x—& = (A—KC)e

The system-observer structure preserves the closed-loop system poles
that would have been obtained if the linear perfect state feedback control

had been used (separation principle).

The system under the perfect state feedback control which is expressed as
u=-Fx and x=(A—BF)x and in the case of the system-observer
structure, as given in Figure 3.17, we see that the actual control applied to

both the system and the observer is given by : u = —F& = —Fx + Fe
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The system-observer’s state-space matrices can be written:

[g: KAc A—;CBF—BF] [2]

[’é] - [A _oBF A EFKC [Z]

Cuk Converter with a Full-Order Observer with the Integral Action

e [mplementation:
Now if we take the system that we have implemented in Section 3.5.1 (Cuk
converter with the integral action) and we augment it by taking care of the
system-observer structure and using the formulas that we have
determined in 3.5.3 part a, we will have the following:
The equations are given by the state space equation:
X = Aayx — BgFR—Bgfe + B,yvg + Gg

and y = G,yX

The integral actionis € =y — Yo = GayX — Vref

We have also & = Ky—B,fe — B{FR + A, x — BsFR — Ky

> % = KGoyX—Bgfe + AR — B{FR — KGR

> R

KG,yx—Bsfe + (Ayy — BF — KGoy )R
and we have the observer parameters chosen in such a way that:

Aobs = Aav » Bobs = Bay, Cops = Cay
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I

Observer

Figure 3.18 Cuk converter and full-order observer with integral action

%1 [An —Bf —B,F x| [Bay Gy
R (Nt R
2l IKGy, —Bsf An —BsF—KG,l&l Lo 0

X
vy =[Gay 0 0] [E]
X

We have chosen arbitrarily the system initial conditions as:

xo=1[1 1 2 3]

The initial conditions for the observer (estimated states) are chosen using
the generalized inverse equation:

CRy =yo => CTCRy, = CTy, => %, = (CTC)*CTy, with (CTC)* as the

generalized inverse.

Ay, —BF —B,f
A=|G, 0 0
KG,, —Bif A, — B.F—KG,,
BaV
Bl =10
0

G = [Gav 0 0]

H; = [Hav]
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Figure 3.19 Cuk converter response with full-order observer with the integral action

Bode Diagram
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Figure 3.20 Bode diagram for the Cuk converter response with full-order observer
e Performance Loss:
The performance loss of the optimal LQ due to the use of u = —FX instead

of u = —Fx can be calculated using the following expression:
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Jopt = Jopt + Jloss With Jiess = 7€T(0)P22e(0) = S tr{P;,€T(0)e(0)}.

To avoid the dependence on the initial condition, we will consider only
Jloss = %tr{Pzz}

where,

=> (A—LC)TP,, + PBRT'BTP+ P,,(A—LC)+Q =0

With L being the observer gain and P obtained from the Riccati equation:
=>ATP-PBR'BTP+PA+Q =0

We chose Q = CTCand R=3 >0

Hence: Jopt = Jopt + Joss = 5 tr{P} + 5 tr{P;;}

In our case, the Cuk converter used with the full-order observer produces

Jloss = 0.7 and Jopy = 2.76 => 12208 — ¢ 7463 = 74.63% of Jop

opt

3.5.4. Reduced-Order Observer with the Integral Action

a. Reduced-Order Observer

The basic idea of the reduced-order observer is that since y is directly
measured, there must be a part of the state that is also considered as
directly measured; then, we should be able to build an observer of lower

dimension than the full-order observer.

An observer of reduced dimensions is derived by developing the
knowledge of the output measurement equation. We will assume that the
output matrix C has rank p, which means that the output equation
represents p linearly independent algebraic equations. Thus, equationy =
Cx produces p equations of n unknown of x. So our goal will be to construct

an observer with an order n—p to estimate the remaining n—p variable.
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We will consider a system with the following state-space equation:

x = Ax + By, X = unknown

y=Cx=[lp O]x

The system and the feedback gain can now be partitioned into measured
and unmeasured portions:

o o e S A

y=%x1

The reduced-order state observer can be derived in a way that allows the

estimation of x; in such a manner that all states are available for feedback

via a linear control law: u = —F;x; — F»%,

The state variables xi are directly observed at all times, so that is
why y = ;. To construct an observer for x,, we use the knowledge that an
observer has the same structure as the system plus the driving feedback
term whose role is to reduce the estimation error to zero. Hence the
observer for x; can be written in the following expression:

Ry = AgXq + AgnRy + Bou+ Ky(y — 9)

Since y does not carry information about x2, the reduced-order observer
will not be able to reduce the corresponding observation error to zero.

The error is defined as: e = x, — X,.

The reduced-order observer with the feedback information coming from
the output can then be expressed in the following state-space form:

Ry = Apixq + Ay + Bou+ Ko (5 — )

y = )'(1 = A11X1 + AlZSZZ + Blu
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The dynamics of the estimated erroris: & = X, — %, = (A, — KyA7,)e.

In order to avoid using the derivative of the output in the observer
equation we introduce a change of variable: as X, — K,y = Z,, which leads
to: 2, = AgZ; + Bqu+ Kgy

with

Aq = Az —KaAq

By = B; —K;3B;

Kq = Az1 — K2A11 + AKy — KzA12K;

The control law will be written with the change of variable as
u=—Fy-F(Kyy +7;)

thus,

u = —F;2, — (F; + F;2Ky)y

Aq

Reduced-Order Observer

Figure 3.21 System and reduced-order observer block diagram
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Cuk Converter with Reduced-Order Observer and Integral Action

¢ Implementation:
For the Cuk converter model, matrix Gy = [I 0] then we have i; as the
measured state and the unmeasured states are vy, iz, and va.
Thus the reduced order observer may be designed in a way to just
estimate only the three unmeasured states. The reduced order equations

are given by the following state space equation:

X = —Bsply—Bspzfiz—Bsf8+Ba‘,vg

Ro =Koy =2, =>2+ K,y = R, and y = GpyX

=> X = —Bgp; GayX—Bsp2Z2—Bsp, K, Gayx—Bsfe + Byyvg
=> X = (—Bsp1Gay—Bsp2 K, G,y )x—Bsfe—Bgp,Z

The integral action is € = y — yper = GayX — Vyef

We have also 2 = Kqy — quly—quz)*(z—qus+Aq2

N>
I

> KqGavX — BqP1GayX—Bgp22—Bgp2Gayx—Bgfe+AqZ

q

=>7

(Kanv - qulGaV_quzGav)X_qus‘l'(Aq_quZ),Z\
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Reduced-Order Observer

Figure 3.22 Cuk converter and reduced-order observer with the integral action

Now if we take the system that we have implemented in Section 3.5.1 (Cuk
converter with integral action) and we augment it by taking care of the
new reduced-order observer structure and using the formulas that we

have determined in 3.5.5 part a.

We will have the augmented state-space matrices:

X Aay—Bsp1Gay—Bsp2K2Gay —Bsf — Bsp2 X B.v Gq
z Kanv - qulGav - quzKZGav _qu Aq - quz z 0 0

X
y= [Gav 0 O] [E]
Z

AaV_BsplGav_BsszZGav _Bsf - Bspz
A = Gay 0 0

KanV - qulGav - quz KZ GIav _qu Az - quz
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Bav
B] =10 , Gl = [Gav 0 0] and Hl = [Hav]
0

The system initial conditions are chosen as before:x, =[1 1 2 3]
The initial conditions for the estimated state are chosen using the
generalized inverse equation:

CRo = yo => CTCRy = CTy, => &, = (CTC)#CTy, with (CTC)* as the
generalized inverse.

The initial conditions for Z, are: Z,(0) =[1 1 1]

40.05 T T T T T T T T T

40.04 .

40.03 .

Amplitude (V)
5
o
2

40.01 F .

40 F

3999+ &

L 1 1 L

0 0.5 1 15 2 25 3 35 4 45 5

Time (s) « 10

Figure 3.23 Cuk converter response with reduced-Order observer with the integral

action
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Bode Diagram

Magnitude (dB)
/
{

Phase (deg)

Frequency (rad/sec)

Figure 3.24 Bode diagram for the Cuk converter with reduced-order observer

e Performance Loss:
The performance loss of the optimal LQ due to the use ofu=—-Fk =
—Fx + Fe:
=> (Az; — K3A15) Py + PB,R7IB, TP + Pyy(Ag, —KpApp) +Q =0
with K, being the observer gain and P obtained from the Riccati equation:
=> A,, P—PB,R™!B,TP+PA,, + Q=0
We chose Q =1and R=3 > 0.
Hence: Jopt = Jopt + Joss = 5 tT{P} + 5 tr{P;5}
In our case, the Cuk converter used with the reduced order observer

hardly presents a performance loss since we have obtained J;,sc = 0.0185

and Jope = 27671 => 20w _ (9933 =5 99,339 of Jo which is

opt
significantly greater than that of 74.63% obtained for the full-order

observer.
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3.5.5. Reduced-Order vs. Full-Order Observers:

Comparing both the reduced order and the full order output response, gives us

the following plot:
Output (Reduced Order vs Full Order)
40.04 T T T
4003 H\ - 5 2 vl
Y. S :, 1 Output Reduced Order | | ‘
wes : : . Output with Full Order
40.01 :
#
2
Z  s0f
& : :
= : : : $
0 05 1 15 2 25 3
Time (s) «10°

Figure 3.25 Cuk converter response (reduce-order vs. full-order)

Comparing both, reduced order and full order estimation error, gives the

following plot:
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3 T T T T T T T T T
: : Reduced Order Output Error | : :
2.5 [Frafek sramesiiines Full Order Output Error sedeend .

Output Errors

Time (s) x10°

Figure 3.26 Estimation error (reduce-order vs. full-order)

We notice that the reduced order observer design presents an output
response that is stabilizing relatively faster with a much better estimation

error comparing to the full order observer.
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Chapter 4. Maximum Power Point Tracking (MPPT)

4.1

Overview

A typical solar panel converts only around 15 percent of the incident solar
irradiation into energy. In order to increase the efficiency of the solar panel we
should use the Maximum Power Point Tracking technique (MPPT). According
to the maximum power transfer theorem, the power delivered to the load has
a maximum value when the source internal impedance (Thevenin impedance)
matches the load impedance. So in other words, we need to match each time
the impedance seen from the converter input side with the internal impedance
of the solar panel if the system is required to operate at the MPP of the solar

array.

In this thesis, as we discussed in the previous chapter, we are using, at the
source side, the Cuk converter connected to the solar panel and this is a
converter technique to enhance the solar array output voltage. Now by simply
changing the duty cycle of the Cuk converter’s switch with a smart control, we
can match the source impedance with the load impedance and reach our goal.
Solar panel will be then more efficient, less costly and applicable for different
purposes from basic loads to non linear loads. In this way, we increase its
reliability and make it more valuable for almost all residential and industrial

applications.

Maximum power point tracking easiest and simplest technique is the perturb
and observe method, know as P&O as well, where the controller is very easy to

implement, and we need just one sensor whish is the voltage sensor to sense
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the PV array voltage and the cost is a very cheap, and it is an easy model to
implement. The main idea behind this controller is to provoke perturbation by
acting (decrease or increase; “Hill Climbing Technique”) on the PWM duty

cycle command and observe the output PV power reaction.

If the actual power P (k) is greater than the previous computed one P (K-1),
then the perturbation direction is maintained otherwise it is reversed (see
Figure 4.1). However the method does not take account of the rapid change of
irradiation level (due to which MPPT changes) and considers it as a change in

MPP due to perturbation and ends up calculating the wrong MPP.

Despite the P&O algorithm is easy to implement, it cannot always operate at
the maximum power point due to the slow trial and error process, and thus
the solar energy from the PV arrays are not fully utilized, we have also that the
PV system may always operate in an oscillating mode, and at the end the

operation of PV system may fail to track the maximum power point.

To avoid this problem we can use different methods such as the incremental
inductance where we sense simultaneously the voltage and the current and in
this way we eliminate the previous error in the irradiance change. We have
also the Fraction Open Voltage or Fraction Short Circuit techniques where we
consider for the first method Vmpr and Voc are linearly related under varying
irradiance and temperature levels and for the second one Iwpp and I are also

linearly related as we are performing under varying atmospheric conditions.

This thesis will explain and model the advanced techniques and methods that

are playing a major role in increasing PV array performance and efficiency.
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Introduction to Fuzzy Logic Control Technique

4.2.1 Fuzzy Sets:

a. Definition:

A fuzzy set s is an ordered pair (X, f), where X is a vector space (usually
the real line R) and f is a set membership function mapping X onto the
interval [0,1] of the real line Ri.e,, f: X - [0,1] [16].

The set of membership function f is normalized in the sense that the value
f(x) =1 is attained for at least one elementx € S C X . Usually a fuzzy set is
a constant construct of a time-invariant part of a fuzzy control system

The fuzzy controller design contains the three following steps [16]:

4.2.2  Fuzzification:

a. Overview: Fuzzification or coding of input variables, which transforms a

given sets of numerical inputs (measured or calculated) into a fuzzy
variables composed of fuzzy subsets called also membership functions.
Some fuzzy subsets widely used: NB (Negative Big), NM (Negative
Medium), NS (Negative Small), ZE (Zero), PS (Positive Small), PM (Positive
Medium), and PB (Positive Big).

Definition: Consider a signal space X covered by several fuzzy sets s; i=1...
k. The fuzzy question is: Given a vector x € X, which of the fuzzy sets s;
does that x belong to? Or in which of the sets S; associated with the fuzzy
sets does x lie? In mathematical set theory, the answer is simple for each of
the sets S; is a binary one. In fuzzy set theory, set membership is “by
degree”. Consider a fuzzy set s=(X, f). An arbitrary element x € X belongs

to the fuzzy set s with degree d=f(x). Hence our answer to the question is
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that x belongs to each of the fuzzy sets s; to some degree di=fi(x), i=1... k.
[16]

4.2.3 Inference method or Fuzzy Logic:

a. Overview: Inference fuzzy rules or Fuzzy logic contains a set of fuzzy rules
in linguistic form as well as the database which is a collection of expert
control knowledge allowing achieving the fuzzy control objectives.

This control rules base can be set up using what we call the IF - THEN
rules, based on expert experience and/or engineering knowledge, and
learning fuzzy rule-based system which has very effective learning
capabilities.

The fuzzy reasoning used to build a decision-making unit, is usually
expressed as rules with AND, and OR.

b. Definitions: Consider two fuzzy sets s1=(X, f1) and s,=(X, f2) defined on the
same signal space X and their associated sets S; € X and S, € X
An arbitrary element x € X belongs to the union s; U s, of the two fuzzy
sets s1 and s; with degree d=max (f1(x), f2(x)).

An arbitrary element x € X belongs to the union s; N s, of the two fuzzy
sets s; and s; with degree d=min (f1(x), f2(x)). [16]

Cc. Fuzzy AND-Rules:

The AND-rule mapping the fuzzy input variables vei=(Se1, de1) and vez=(Se2,
de2) to the fuzzy output variable vy=(su, d.) is defined by vy=( s, min(de1 ,
de2)).

In control engineering the definition of a fuzzy AND-rule should be: if the
value eq (t) of the error signal belongs to the fuzzy set s.1 to degree de1 and

the value e; (t) of the error signal belongs to the fuzzy set se; to degree de;
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then the fuzzy set s, of the control signal is “fired” to the smaller of the two
degrees, du = min (de1, de2). [16]

4.2.4 Defuzzification:

a. Overview: Defuzzification of the inference engine, which evaluates the
rules based on a set of control actions for a given fuzzy inputs set. This
operation converts the inferred fuzzy control action into a numerical value
at the output by forming the “union” of the outputs resulting from each
rule. At this stage the controller has to resolve the conflict between the
different rules that may “fire” at the same time. Defuzzification produces a
non-fuzzy output control action that best represents the recommended
control actions of the different rules.

Then, control output is compared with the saw tooth waveform to
generate a PWM signal for the converter IGBT or any semiconductors
switch gate command.

b. Definition:

The defuzzification operator D maps the fuzzy variable v, to the centroid u

of the modulate function g..

u(e)d
u= D{Vu} = D{gu} = % (4'1)

Where both of the integrals are calculated over the signal place U=R. The
defuzzification operator D accepts the fuzzy variable v, as its arguments

given by [17]

4.3  MPPT with Fuzzy Logic Control Technique

The fuzzy regulator has the same objectives of regulation and tracking such as

a classic regulator used in automatic control theory. Recently the fuzzy logic
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controllers have been introduced in the tracking of the MPP in PV systems due
to so many advantages over the regular regulators and controllers [17]:

4.3.1 Why Fuzzy Logic Controllers?

Fuzzy controllers have the advantage to be robust and relatively simple to
design and they don’t require the knowledge of an accurate plant model.

4.3.2 Design and Implementation:

As we have fully describe the PV control system consists of a PV cells
connected to each other to form an array and then this array is connected
to a capacitor and then a dc/dc converter which is the Cuk converter in
our implementation. Figure 4.1 shows the entire system proposed to be

designed and implemented.

Cuk Load
-1 Converter
PV Array T
Measuring Feedback
Vand I Controller
[ \
+ Reference voltage Vrer
Calculating PV (I-V Reference voltage step Cpref
P=V*] Characteristic)
B +
[e(t)]=|dP/dV| Cp(t-1) f)
\,
+
: -------------------------- I | Change in error
I ) . o ' | value Ae
— Fuzzification Inference Defuzzification —:
I |

Fuzzy Controller

Figure 4.1 MPPT with fuzzy logic control design
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The MPPT with Fuzzy logic controller architecture is based on the simple
MPPT algorithm but we have added the Fuzzy technique that will increase
the system efficiency and will augment the robustness of the regular MPPT
algorithm. The proposed control scheme takes the absolute error e(t) of
the PV panel’s I-V characteristic and the (t-1) voltage perturbation C, as
inputs and calculates the change in the new change in the error Ae. The

two inputs will be inserted in a fuzzification block.

After the fuzzification of the crisp inputs, the resulting fuzzy sets have to
be compared to the rule-base. The rule base is a set of AND-rules created
following the engineering idea that comes from the designer’s experience:
If the error e(t) is Large: the operating point is definitely far from the
Maximum Power Point (MPP).
Ae can then take three different values depending on Cj, (t-1):
a. IfCp (t-1) is small, then the change in error Ae should be Positive Big
(PB) in order to track the MPP rapidly.
b. If Cp (t-1) is medium, the change in error Ae has to be Positive Small
(PS) in order to track the MPP accurately and smoothly.
c. IfCp (t-1) is big, the change in error Ae has to be Zero (ZE) in order to

avid exceeding the MPP in the opposite direction.

Below are the Fuzzy Logic AND-rules values:
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Cp(t-1) Big Medium Small
le(t)]=5 Ae=Cy(t) - Cy(t-1)
Big ZE PS PB
Medium NS ZE PS
Small NB NS ZE

Table 4.1 Inference method AND-rules

The last step in the fuzzy controller procedure is the defuzzification, which

takes the fuzzy set and transforms it back to a crisp output.

Note: If we need to classify the MPPT techniques per their efficiency and

implementation complexity in PV solar cell modeling and control, we can say

that the Fuzzy Logic Control is one of the most effective techniques but it

presents a higher implementation complexity than other techniques. However,

the P&O, Incremental conductance, and the Fractional voltage and current

have medium to low complexity but they present a lower efficiency.

Introduction to Jump Parameter Linear Optimal Control Systems

441 Overview:

Consider a linear dynamic system described by:

x(t) = A + BOu(®),

x(to) =X

(4.2)

Where x(t) is the state vector of dimension n, u(t) is a control input of

dimension m, A and B are mode-dependent matrices of appropriate

dimensions, and r is a Markovian process that represents the mode of the

system and takes on values in a discrete set ¥={1,2,...,N}.
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The stationary transition probabilities representing the modes of the
systems as the states evolve are determined by Markov chain which is the

transition rate matrix given by [18]:

M1 My - TN
1'[21 T[ZZ T[ZN

=1 : - : (4.3)
TNt TNz ° TINN

Markov chain is given by : Pi.1 =m* Px

This matrix has the property that ; = 0,1 # j and my; = — X ;.

The performance of the system, given by the above state space equation, is
specified by the following criterion:

J = E{ J, [xT(QMx() + uT(OR@uD)]dt | to,x(to), r(to)} (4.4)

Where:

Q(r) 2 0 and R(r) >0 for every r

The optimal feedback controls are then given by:

Uopt = —R "B Pix(t) withk=1,2,...,N (4.5)

Where k indicates the mode of the system:

A(r=k)=Ax  B(r=k)=Bk

Q(r=k)=Qx  R(r=k)=R«

And the Pi‘s are the positive semidefinite stabilizing solutions of a set of
the coupled algebraic Riccati equations, with k=1, 2,...N:

APy = PiSiP + Py + Qi + XL T B = 0 (4.6)
Where Ay = Ay +5 mgl, Sg=ByRi'B} (4.7)

Equations 4.5 and 4.6 are non-linear algebraic. The existence of positive
semi-definite stabilizing solutions (stabilizable with respect to Ay) of

these equations under the following assumptions
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Assumption 1:

Triples (A;, B;, \/ai) with i=1, 2,...N are stabilizable - detectable and

inf o (Ai+BiFi+l1TiiI)Tt o (Ai+BiFi+l1TiiI)t
{Fi |Amax [fo e z Xfo e 2

where [; are arbitrary and real matrices.
Assumption 2:
The system matrices Ay for k=1, 2..N are stabilzable by the optimal
feedback control (4.4)
4.4.2 Algorithm:
Assuming that there exists a unique stabilizing Px 20, k=1, 2,..., N exist, the

algorithm, for solving the coupled algebraic Riccati equations (4.5)—(4.6).

(A — Sk POTRIY + p V(A — 5, p)T = —pUs, B — Y (4.7)

With
0
PP?>0 k=12.,N (4.8)
Where
Q= Qi + Ly g B 2 0 (49)

To obtain solutions of n x N order nonlinear coupled algebraic Riccati
equations, we need to perform iterations on N decoupled linear algebraic
Lyapunov equations each of order n.

The sequence of solutions of (4.8) and (4.9) is nested between two
sequences [19].

KO <p®>p®  vivk

with {Kl((i)} monotonically converging to Py from below, that is

(0) _ (D)
Ki) <Kp) <o < Py
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and with {Kl((i)} monotonically converging to Py from below, that is

p©® S p®
P’ =B > =Py

Proof of Convergence:

Lower Bounds: we have the following equation are the standard Riccati
algebraic equations:

A TR + KA TS kD 1 P = 0

QY = QP + N, jamg K K™ =0,vk (4.10)
It is noted that by assumption 1 the unique positive definite stabilizing
solutions (4.10) exists for each iteration index i.

For i=0 we have:

A TKD + KPA T+HRVS K +Q = 0,k =1,2,...,N (4.11)

By assumption 1 the required positive semidefinite stabilizing
solutions P, k =1,2,...,N of (4.7) exist. Now using the results from the
comparison of the solutions for the standard algebraic Riccati equations, it
will follow that:

Qe < Q + XN, g B => P 2K

Fori=1, we have

N
A TKY + KA TSR + Qo+ Z mg K™ =0
j=1j#k

N N
1 2
Qx + z T[ij]-() <Qy + z T[k]-P]- => Py ZKI(()
j=1j%k j=1j%k

N
1
Qe =Qx + Z Tfijj()

j=1j#k

We have that K]((l) > K]((Z)
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Continuing with the same procedure, we will get from (4.10)
monotonically non decreasing sequences of positive semidefinite matrices
bounded by Py
These sequences are convergent and their limit points are Py, k=1,2,3..N
[19].
So we can write from the above equations that:
(A — SkP}Ei))T(PlEHl)_Kl((Hl)) N (P}EHD_K}((HD)(Ak _ Skplgi))T
N
_ Z e (Pj(i)_Kj(i)) _ (Pk(i+1)_Kl((i+1))sk(Pl£i+1)_Kl((i+1))

j=1j=#k

Upper bounds: we found that the sequences {Plgi)} have the upper bounds

in the following sequences {Pk(l)}Z{PS)} exist. These sequences are

monotonically converging from above the required solutions of (4.5).

Subtracting (4.5) - (4.7) we obtain:

. i1 i1 .
(Ak =SB TRV =P + (AP =P (A = SP)T
N
. i1 i1
== > mg =) - B -POSBMV-Py)
j=1j#k
If for some iterations we have Pj(i)—P]- = 0 then the right hand side is
negative semidefinite so that Plgiﬂ) =Py Vk=1,23..NandVi=123..
Note that the sequences {Pk(i)} are then falling between two sets of
sequences:
® ® p
(K} = (R} = {r)

And since both {Kl((i)} and {Pk(l)} converge to the required solution in the

algorithm so will do {Plgi)} vk . Note that both sequences {Plfi)}and {PIEI)}
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are obtained from the same proposed algorithm and they only differ in the
initial conditions {PIEO)} < {PIEO)}, where {PIEI)} sequences satisfy:

(A — Sk PTRIY + BV (A — 5, p)T = —pUs, B — QY (4.12)

with

PO>p, k=12 ..,N 4.13
Kk = I'k ey ey ( ' )

where

Ql(:) = QE) + XL g P](l) 20 (4.14)

So the initial conditions for {Plgi)} can be chosen as arbitrary positive

semidefinite stabilizing matrices, Pk(o) >0

4.5 MPPT with a Jump Parameter Linear Optimal Controller

4.5.1 Design and Implementation:

This section of the thesis is based on applying the jump linear system
theory and the given algorithm [19] to MPPT control. The PV arrays
system state is a function of many environmental conditions like the
degree of irradiance, shadows, temperature and many others. The
efficiency of the MPPT depends on both the control algorithm chosen for
MPPT and the electrical circuitry by itself.

The Cuk converter’s switch Q1 will change from mode 1 to mode 2 and
vice versa while it is tracking the Maximum Power Point of the PV array.
Thus, we will consider that this change between those systems is governed
by a Markov chain and we will apply the Jump Linear Parameter technique

to solve the coupled Riccati equation formed by these systems.
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The optimal controls that minimize the performance criterion (Eq. 4.4) are
then given by:

Uopt = —Ri "By Pix with k=1,2

Previously it was noted that the system is a linear dynamic one described

by two state equations then, we can write that:

x(t) = A(x() + B(ru(t), x(ty) = xo with r=kand k=1, 2
Then the

M1 1T12]
Ta1 Tp2

This matrix has the property that j; = 0,1 # j and m; = — X ;.
Where k indicates the mode of our system:

A(r=k)=Ax  B(r=k)=Bx withk=1,2

Q(r=k)=Q«  R(r=k)=R

and Py's are the positive semi-definite stabilizing solutions of a set of the
coupled algebraic Riccati equations, with k=1, 2:

ARPy — PSPy + Py + Q + X T B = 0

where Ay = Ay +5 mal, S =BiRi'BY

Ax — Sk PRI + I DA — 5T = —pPs, B — QP
with

PP>0 k=12,

where

QS) = QS) + X7 jork Tk P]-(i) 20

Let’s choose as a first iteration Pk(o) =0.01+1,



60

To obtain the required solutions from the order nonlinear coupled
algebraic Riccati equations, we need to perform iterations on the two
decoupled linear algebraic Lyapunov equations defined w(k,t).

For the jump linear parameter system:

x=A(1)x+ B(1u

x =A(2)x+ B(2)u

we choose:
1 0 1 0

Q1=Qz=2 8 (1) 8 , Ri=Rp=1
0 0 0O

and

“:[;g —i.s]

Using the initial condition for the Cuk converter then we will have:

0 0 0 0
A =0 0 130 —130
1710 —-5%10° 0 0
[0 5%10* 0 —1670
0 0 —2000 0
A = 0 0 0 —130
27 |5%10° 0 0 0
[ 0 5% 10% 0 —1670
2000
I )
Bl_BZ_ 0
0
4%x10° 0 0 O
S =B R—lBTZS — O O 0 0
1 11y 1 1 2 O O 0 0
0 0 0 0

Applying the algorithm, we obtained the following solutions with the

accuracy of 0(10-4) after 6 iterations:



0.0015 0 0 0 0.0018 0 0 0

P 0 0 0 0 P — 0 0 0 0
1 » B2 =

0 0 0072 -0.0007 0 0 05821 0

0 0 -0.0007 0.0001 0 0 0 0

which implies:

2Pt = tr{P;} = 0.00736

9Pt = tr{P,} = 0.5839

These performance criterion results show that the system is preferable to

be in mode 1 and it will spend less energy to be in this mode.
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Chapter 5. Thesis Conclusions and Future Research Work

5.1

Conclusions
The first chapter summarizes the basis of the research and its results. This will
be followed by the plan for future research work. Summarizing the work done;
photovoltaic cells (PV) were detailed, explained and studied thoroughly. An
electric model for the PV cells was developed; I-V characteristics were plotted
per the irradiance values and the effects of weather and shadows was detailed.
The operation of a photovoltaic (PV) cell requires 3 basic attributes: absorption
of light, generating either electron-hole pairs, and separation of various types of
charge carriers and the separate extraction of those carriers to an external

circuit

The third chapter discussed the Cuk converter as one of the thesis’ key features.
Average and dynamic state space matrices were identified, a state space analysis
from open loop to regular and simple closed loop were also studied.
MATLAB/SIMULINK software was used to plot the output values and check the
Cuk converter behavior under disturbance and input variance. The Cuk
converter was also studied with control strategies like the full state feedback
control with and without integral effort. The thesis contribution was by
simulating the Cuk converter using estimation techniques with full and reduced-
order observers adding to them the integral action to make it more and more
competent and efficient. Great results were demonstrated with a very high
performance, making Cuk one of the best converters to simulate and to install

with a PV system because we can achieve our goal of high efficiency.


http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Hole
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The thesis also discussed two major and efficient control techniques for the
Maximum Power Point Technique (MPPT); the Fuzzy Control and its high
reliability with very dynamic and weather related systems and the Jump linear

technique with an efficient algorithm.

5.2  Future Research Work
Future work will simulate a non linear model of Cuk converter with parasitic
components and will seek to sample the Cuk converter’s switch duty cycle. The

new simulated model will be then very close to reality.

Future research work will also model the PV array with the Jump linear
technique applied to the Cuk converter for Maximum Power Point tracking. The
Cuk converter shall also include the reduced order observer with integral action

control strategy to maximize the system’s efficiency.

The research work and if the results were also successful as they are manifested
theoretically, can be engineered and sent out for physical testing and prototype

production.



64

References
Kosuke Kurokawa, “Energy from the Desert”, 2003.
C.J.Winter, R.L. Sizmann, L.L. Van-Hull, “Solar Power Plants”, 1991.
European Photovoltaic Industry Association (EPIA), Rue d’Arlon 63-65 1040
Brussels - Belgium, “Global Market Outlook for Photovoltaics until 2012 Facing a
sunny future”, p. 4, Figure 4: “Regional distribution of global PV markets (Policy

Driven Scenario)”, 2012.

Adolf Goetzberger, Volker U. Hoffmann, “Photovoltaic Solar Energy Generation”,
Springer Berlin Heidelberg New York, 2005.

Stuart R. Wenham, Martin A. Green, “Applied photovoltaic”, Earth Scan, 2007.

Falk Antony, Christian Durschner, “Photovoltaic for Professionals”, Earth Scan,
2007.

John Twidell and Anthony D. Weir, “Photovoltaic Generation”, 2006

Robert W. Erickson and Dragan Maksimovic, “Fundamentals of Power Electronics”,
Second Edition, University of Colorado, Boulder, 2001.

Slobodan Cuk, R. D. Middlebrook, “Advances in Switched-Mode Power Conversion
Part1”, p. 10 - 19, Feb 1983

R. D. Middlebrook and S. Cuk, “A general unified approach to modeling switching-
converter power stages”, 196 IEEE Power electronics Specialists Conference Record,
196, p. 18-34,1973.

Gabriel Oliver Codina, “Linear State Feedback Control Laws”, Systems, Robotics &
Vision Group Universitat de les Illes Balears, 2006.

L.J Nagrath and M. Gopal, “Control Systems Engineering”, 2006.

Brian. D. O. Anderson and ]. B. Moore, Optimal Control, “Linear Quadratic Methods”,
Englewood Cliffs, NJ: Prentice Hall, Inc., 1990.

Donald E. Kirk,” Optimal Control Theory: An Introduction”, The Dover Edition,
published by Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1970.

Z. Gajic and M. Lelic, “Modern Control Systems Engineering”, Prentice Hall
International, London, 1996, (pages 241-247 on full- order observers).

Sofai. Lalouni, Djamila. Rekioua, “Modeling and Simulation of Photovoltaic System
using Fuzzy Logic Controller”, IEEE International Conference on Developments in
Systems Engineering, p. 23 - 28, 2009.


http://www.google.com/search?tbo=p&tbm=bks&q=inauthor:%22Adolf+Goetzberger%22
http://www.google.com/search?tbo=p&tbm=bks&q=inauthor:%22Volker+U.+Hoffmann%22
http://www.google.com/search?tbo=p&tbm=bks&q=inauthor:%22Anthony+D.+Weir%22

[18].

[19].

65

Hans P. Geering,” Introduction to Fuzzy Control: IMRT Press Measurement and
control laboratory”, Swiss Federal Institute of Technology, ETH-Zentrum, CH-8092
Zurich, Switzerland, 31 edition, September 1998.

M. Mariton,” Jump Linear Systems in Automatic Control”, New York: Marcel DecKer,
1990.

Z. Gajic and 1. Borno, “Lyapunov Iterations for Optimal Control of Jump Linear
Systems at Steady State”, IEEE Transactions on Automatic Control, Vol. 40, No. 11, p.
1971 - 1975, November 1995.



