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Abstract:

This paper proposes modeling and simulation of PV Micro — Grid Distribution
Generation System for Smart Grid Applications. Because, Distributed Generation (DG)
offers great potential in meeting future global energy needs. PV module modeling and
inverter technique reviews are presented in this paper. The mathematical PV module
modeling depends on Schott ASE-300-DGF PV panel with the ad of MATLAB
environment. DC / AC Inverter, Three — phase Inverters, Basic Operation of PWM
Inverter, Square — wave operations of DC/AC inverter, Single — phase and Full — Bridge
Converters, Three — phase Converters and some MATLAB Inverters Results are
introduced. Then, it proposes a PV module when coupled to a load through DC-DC
Converter to supply this resistive load with the maximum power from the PV module.
Some of DC-DC converters topologies are discussed in brief with concentration on Cuk
and SEPIC Converters operations. After that, the mechanism of load matching is
described to give the required converter duty cycle at maximum power point (MPP).
Relations in 3D figures are introduced for the most probable situations for irradiance
and temperature with the corresponding PV voltage and current. Also, 3D figuresfor the
desired duty cycle, output voltage and current of DC-DC converter to gain the
maximum power to the resistive load at various irradiance and temperature val ues.

Keywords. Smart Grid, Distributed generation, Maximum Power, Inverter, DC-DC
Converter, PV Module, Modeling, and MATLAB
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1. Introduction:

Of late, the interest in Smart Grid Systems (SGS) is increasing. Photovoltaic systems
have become increasingly popular and are ideally suited for distributed generations in
smart grid. Because of strict environmental regulations, the lack of corridors for
building high voltage transmission systems and security issues, larger power plants have
become uneconomical in many regions. Additionally, recent technological advances in
small generators, power electronics, and energy storage devices have provided a new
opportunity for distributed energy resources that are located closer to loads. Many
governments have provided the much needed incentives to promote the utilization of
renewable energies, encouraging a more decentralized approach to power delivery
systems. In spite of their relatively high cost, there has been very remarkable growth in
installed Photovoltaic systems. Recent studies show an exponential increase in the
worldwide installed photovoltaic power capacity. There is ongoing research aimed at
reducing the cost and achieving higher efficiency. Furthermore, new regulatory laws
mandating the use of renewable energy have expanded this market around the world.
Currently, photovoltaic generation systems are actively being promoted in order to
mitigate environmental issues such as the green house effect and air pollution. Solar
energy is the world's major renewable energy source and is available everywhere in
different quantities. Photovoltaic panels do not have any moving parts, operate silently
and generate no emissions. Another advantage is that solar technology is highly modular
and can be easily scaled to provide the required power for different loads [1], [2], [18].
Modeling is a very important part of any engineering practice. Nowadays with the use
of computers and powerful software extremely complex systems can be simulated and
their performance can be predicted and monitored. A typical photovoltaic system may
consist of the solar generator itself and other components that maybe any one of the
following: storage elements (especially in stand-alone systems); the utility grid; power
converters (DC/DC or Inverters) and associated control circuitry. Availability of models
of al these components (especially for the photovoltaic generator itself) at all stagesin
system development is very important in system sizing, cost analysis and monitoring.
Moreover, such models may be tested together with other distributed system models in
order to evaluate and predict the overall system performance [19], [1], [2], [20 - 22]. A
significant amount of fuel cell research focuses on fundamental issues of performance
and cost [3 - 6]. Since the power harvested from the photovoltaic module is different at
various operating points it is important that maximum power is obtained from the
photovoltaic module [7- 10]. In addition, recent technological advances in small
generators, Power Electronics, Smart Metering, Mechatronics and energy storage
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devices have provided a new opportunity for distributed energy resources at the
distribution level [23-26]. This paper’ calculations are based on practical PV module
data in reference [11]. Figure 1 introduces the main components of one — line Diagram
of PV and Wind Power Micro — Grid Distribution Generation System.
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Figure (1) One- line Diagram of PV and Wind Power Micro — Grid Distribution
Generation System
A PV array is usualy oversized to compensate for a low power yield during winter
months. This mismatching between a PV module and aload requires further over-sizing
of the PV array and thus increases the overall system cost. To mitigate this problem, a
maximum power point tracker (MPPT) can be used to maintain the PV module’s
operating point at the MPP. MPPTs can extract more than 97% of the PV power when
properly optimized. A typical photovoltaic system may consist of the solar generator
itself and other components that maybe any one of the following: storage elements
(especiadly in stand-alone systems); the utility grid; power converters (DC/DC or
Inverters) and associated control circuitry [27-33]. DC-DC converters are electronic
devices that are used whenever we want to change DC electrical power efficiently from
one voltage level to another. In all applications, we want to perform the conversion with
the highest possible efficiency. DC-DC Converters are needed because unlike AC, DC
can’t simply be stepped up or down using a transformer. In many ways, a DC-DC
converter is the DC equivaent of a transformer. They essentialy just change the input
energy into adifferent impedance level. So whatever the output voltage level, the output
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power all comes from the input; there’s no energy manufactured inside the converter.
Quite the contrary, in fact some is inevitably used up by the converter circuitry and
components, in doing their job. The Boost converter is another simple power electronic
converter and basically consists of a voltage source, an inductor, a power electronic
switch (usually a MOS-FET or an IGBT) and a diode. It usualy also has a filter
capacitor to smoothen the output. Buck converters provide longer battery life for mobile
systems that spend most of their time in “stand-by”. Buck regulators are often used as
switch-mode power supplies for baseband digital core and the power amplifier [34-39].
This paper proposes to the part of DC-DC Converter coupled with resistive load and
supplying it with Maximum Power as shown in figure 2, which presents Simple
Distributed Generation System with PV Generating Station.
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Figure (2) Smple Distributed Generation Systemwith PV Generating Station

2. PV Cdl Moddl

The use of equivalent electric circuits makes it possible to model characteristics of a PV
cell. The method used here is implemented in MATLAB programs for simulations. The
same modeling technique is also applicable for modeling a PV module. There are two
key parameters frequently used to characterize aPV cell. Shorting together the terminals
of the cell, the photon generated current will follow out of the cell as a short-circuit
current (ls). Thus, Iy, = |, when there is no connection to the PV cell (open-circuit), the
photon generated current is shunted internally by the intrinsic p-n junction diode. This
gives the open circuit voltage (Vo). The PV module or cell manufacturers usually
provide the values of these parametersin their datasheets [11]. The ASE-300-DGF/50 is
an industrial-grade solar power module built to the highest standards. Extremely
powerful and reliable, the module delivers maximum performance in large systems that
require higher voltages, including the most challenging conditions of military, utility and
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commercial installations. For superior performance, quality and peace of mind, the ASE-
300-DGF/50 is renowned as the first choice among those who recognize that not al solar
modules are created equal [11]. The simplest model of a PV cell equivalent circuit
consists of an idea current source in parallel with an ideal diode. The current source
represents the current generated by photons (often denoted as I, or 1), and its output is
constant under constant temperature and constant incident radiation of light. The PV
panel is usually represented by the single exponential model or the double exponentia
model. The single exponential model is shown in fig. 3. The current is expressed in

terms of voltage, current and temperature as shown in equation 1 [12].
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Figure (3) Sngle exponential model of a PV Cell
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Figure (4) Double exponential model of PV Cell
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Where |,,: the photo generated current; |,: the dark saturation current; lg: saturation
current due to diffusion; ly: is the saturation current due to recombination in the space
charge layer; Igry: current flowing in the shunt resistance; Rs: cell series resistance; Ry
the cell (shunt) resistance; A: the diode quality factor; q: the electronic charge, 1.6 x 10
~19 C: k: the Boltzmann’s constant, 1.38 x 10 ~** JK; and T: the ambient temperature, in
Kelvin.

Eq.1 and Eq.2 are both nonlinear. Furthermore, the parameters (Ign, 1«1, I, Rs, Rnand A)
vary with temperature, irradiance and depend on manufacturing tolerance. Numerical
methods and curve fitting can be used to estimate [12], [13].

There are three key operating points on the IV curve of a photovoltaic cell. They are the
short circuit point, maximum power point and the open circuit point. At the open —
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circuit point on the IV curve, V = V. and | = 0. After substituting these values in the
single exponential equation (1) the equation can be obtained [12].
_ _ g ooV D_ |:|_ VL 3
O_Iph IOEeXp%H lH R ()
At the short — circuit point on the IV curve, | =1 and V = 0. Similarly, using equation
(1), we can obtain.
oM eR 0,0 IsR, 4
At the maximum — power point of the IV curve, we have |l = Iy, and V = V.. We can
use these values to obtain the following:

g @K\/mpp mpﬁ)[l 8 V. mpp mpﬁ
e —|§ AKT DE— R ©

The power transferred to the load can be expressed as

sczlph_

P=IV (6)
We can estimate the diode quality factor as:
Vmpp mppRso V (7)
rmp_ oc D
VH”(' =R, M R,) l —w/&o)m
And
Rp:Rs;ho (8)
= (1 - °°)exp( Xv) 9)
= —AVT - 10
R, = Ry — el AVT> (10)
= L (4 S5) 1, (op 127 (12)
R, AV

As a very good approximation, the photon generated current, which is equal to I, is
directly proportiona to the irradiance, the intensity of illumination, to PV cell [14].
Thus, if the value, lg, is known from the datasheet, under the standard test condition,
Go=1000W/mfat the air mass (AM) = 1.5, then the photon generated current at any other
irradiance, G (W/m2), is given by:

G
Isc G~ (_)I <|GO
\ G, \ (12)

It should be notified that, in a practical PV cell, thereis a series of resistance in a current
path through the semiconductor material, the metal grid, contacts, and current collecting
bus [15]. These resistive losses are lumped together as a series resister (Ry). Its effect
becomes very conspicuous in a PV module that consists of many series-connected cells,
and the vaue of resistance is multiplied by the number of cells. Shunt resistance is a
loss associated with a small leakage of current through a resistive path in paralel with
the intrinsic device [15]. This can be represented by a parallel resister (R,). Its effect is
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much less conspicuous in a PV module compared to the series resistance so it may be
ignored [15], [16]. The idedlity factor denoted as A and takes the value between one and
two (as to reach the nominated characteristics) [16].

3. Photovoltaic Module Modeling

A single PV cell produces an output voltage less than 1V, thus a number of PV cells are
connected in series to achieve a desired output voltage. When series-connected cells are
placed in a frame, it is called as a module. When the PV cells are wired together in
series, the current output is the same as the single cell, but the voltage output is the sum
of each cell voltage. Also, multiple modules can be wired together in series or parallel to
deliver the voltage and current level needed. The group of modules is called an array.
The panel construction provides protection for individual cells from water, dust etc, as
the solar cells are placed into an encapsulation of flat glass. Our case here depicts a
typical connection of 216 cells that are connected in series [11]. The strategy of
modelling a PV module is no different from modelling a PV cdll. It uses the same PV
cell model. The parameters are the all same, but only a voltage parameter (such as the
open-circuit voltage) is different and must be divided by the number of cells. An electric
model with moderate complexity [17] is shown in figure 5, and provides fairly accurate
results. The model consists of a current source (l), a diode (D), and a series resistance
(Ry). The effect of paralel resistance (Ry) is very small in a single module, thus the
model does not include it. To make a better model, it also includes temperature effects
on the short-circuit current (1) and the reverse saturation current of diode (lo). It uses a
single diode with the diode ideality factor set to achieve the best 1-V curve match.
Re
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Figure (5) Equivalent circuit used in the simulations

The equation (13) describes the current-voltage relationship of the PV cell.
V + IR
I P N ) - 1)

AKT (13)
Where: | is the cell current (the same as the module current); V is the cell voltage =
{module voltage} + {No. of cellsin series}; T isthe cell temperaturein Kelvin (K).

First, calculate the short-circuit current (ls;) at agiven cell temperature (T):
[1+a(T - Ty )

lx\T = lsc\T

(14)
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Where: |4 at T,«iS given in the datasheet (measured under irradiance of 1000W/n12), Tref
is the reference temperature of PV cell in Kelvin (K), usually 298K (25°C), a is the
temperature coefficient of |4 in percent change per degree temperature also given in the
datasheet.
The short-circuit current (ls) is proportional to the intensity of irradiance, thus Iy at a
given irradiance (G) isintroduced by Eqg. 12.

The reverse saturation current of diode (1,) at the reference temperature (T,¢) IS given
by the equation (15) with the diode ideality factor added:

|

£y

| =
’ v o,y 15
ol =) - 1) (15)

The reverse saturation current (l,) is temperature dependant and the |, at a given

temperature (T) is calculated by the following equation [17].
lr = Loy () e~ L Ly

Ty Ak T T (16)
The diode ideality factor (A) is unknown and must be estimated. It takes a value
between one and two; however, the more accurate value is estimated by curve fitting
[17] aso, it can be estimated by try and error until accurate value achieved. Eg is the
Band gap energy (1.12 V (Si); 1.42 (GaAs); 1.5 (CdTe); 1.75 (amorphous S)).
The series resistance (Rs) of the PV module has a large impact on the slope of the |-V
curve near the open-circuit voltage (Voc), hence the value of Rs is caculated by
evaluating the slope di/dV of the |-V curve at the V. [17]. The equation for R is derived
by differentiating the |-V equation and then rearranging it in terms of Rs as introduced

in equation (17).

U A
d " i\dl( - ) (17)
T

Where: Z_Y‘V Isthe slope of the |-V curve at the V. (using the I-V curve in the datasheet

o exp(

then divide it by the number of cells in series); V. is the open-circuit voltage of cell
(Dividing Vo in the datasheet by the number of cellsin series).
Finaly, the equation of |-V characteristics is solved using the Newton’s method for
rapid convergence of the answer, because the solution of current is recursive by
inclusion of a seriesresistance in the model [17]. The Newton’s method is described as:
Xn+1:Xn_ f(xn)

Frix,) (18)

Where: f’(X) is the derivative of the function, f(x) = 0, X, is a present value, and X,.; isa

next value.

F)= 1, -1 =1, (exp(al”

+1R, _
)-1)=0
By using the above equations the following output current (1) is computed iteratively.
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V HS
- e = 1o = 1o (exp( q( AkT )-1)

~1- 1, (R el ) (20)

The figures of |-V characteristics at various module temperatures are simulated with the
MATLAB model for our PV module are shown. Also, the P-V relations at various
modul e temperatures are presented. All of these are done at various irradiance values are
introduced.
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ASE-300-DGF Photovoltaic Module IV Curve
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Figure (9) I-V curves (0.25 KWIn¥; 0, 25, 50, 75°C)
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AASE-300-DGF Photovoltaic Modue P-V Curve
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4. DC/ AC Inverters

For energy processing of PV and wind power, control DC / AC inverters are needed.
We are interested in micro grid distribution generation to process PV and wind power in
order of a few MW. A three — phase inverter has three — legs, one for each phase, as
shown in figure 13. Each inverter leg operates as a single — phase inverter. The output
voltage of each leg Va, Vun, Vcn Where n refer to negative dc bus voltage is computed
from V4 and the switch position.

A. Three - phase Inverters
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Figure (14)Operation of three — phase Inverter

For each leg, one of the two switches are on while, the other switch is off. The function
of the pulse — width — modulation (PWM) is to determine the fundamental frequency of
the output voltage.

If the input dc voltage Vg is constant, then the magnitude of the fundamental frequency
output AC voltage will be aso constant. However, by changing the switching time tg =
1/fs; where f is the frequency of PWM. The frequency at which two switches of each
leg are closed and opened, (On and Off), the fundamental frequency of the output
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voltage is determined. Therefore, a three — phase inverter has three terminals; that is,
input terminal is supplied from a dc source, the output terminal provides three phase AC
voltage and the third terminal is supplied with a control signa to the base of the power
switch. The control signal is computed based on the desired frequency and magnitude of
AC output voltage. The controller is a digital controller usually, a DSP (Digital Signal
Processor) or u controller (micro — controller) [12].

B. Basic Operation of PWM Inverter

Aswas pointed out, athree — phase inverter has three legs, one for each phase. Let us
consider one leg and discuss PWM operation of asingle — phase inverter.
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Figure (15) Operation of Sngle — phase PWM Inverter

The output voltage, Vo = Va isfiltered out of the unwanted harmonicsand V4, isa
sinusoidal voltage. Let us assume the inverter supplies an inductive load. Therefore for
an inductive load, the current i, will lag the voltage V o.

4
Inverter Rectifier

Figure (16) Four Modes of Inverter Operation

During mode 1 operation, both Vo and iy are positive. Therefore, the converter
operates as an inverter and Py, flows from DC side to AC side. During mode 2, iy IS
positive and is negative. In this mode, the converter operates as arectifier, since the Py
flows from AC side to DC side. During mode3, i and V,; are both negative. Again
converter operates as an inverter, since the Py flows from DC side to AC side.
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During mode 4, V is positive and i, IS negative and this mode of operation can be
designated as rectifier operation. Since Py, flows from the AC side to the DC side of the
converter. Therefore, the single — phase converter of figure 13 can be operated as all
four quadrants [12].

The sequence of switching policy for SW;" and SW; can be generated by comparing
the V¢ with atriangular wave form V1 as shown below.
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I
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Figure (17) Sngle - phase PWM Operation

The sampling period Ts = 1/ fs where f, is the frequency of the triangular waveform V+
determines the switching sequence of iy, Vou plane during each cycle of the ac outpui.
Let us assume that we would like to transfer power from DC side to AC side at
frequency of w, = 2nf, and amplitude of V . Therefore control signa will have V¢ =
Vmax SIN Wt as our reference control signal input. We need to sample our control signal,
V. We will discuss the required sampling rate later. During the sampling time, we turn
on and turn off SW;" and SW;~ such that our sampled V4 has an output ac voltage with
afundamenta frequency of f of the control signal V.
L et us assume the control signal, V¢, has frequency of f., and amplitude of V -

Ve = Vemax SIN Wt , We = 21fe (21)
Also, let us assume the triangular wave V1 has a frequency of f.and sampling time of

T, = fi and amplitude of V‘—2d°as shown before.

S

We will use the control signal to modulate the switch duty ratio to generate the PWM
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modul ated wave. .

The amplitude of modulation is defined as M, = % (22)
T (max)
The frequency of modulation My is defined as M, = % (23)

In the DC/AC converter, the power switches SW," and SW, are controlled by
comparing V¢ and V+ using the following constraints.
Ve>V:  SW; isOn

1V
Vo= =k 24
0= S8 (24)
V.< V7 SW; isOn

1V
V= -="ide
D775

The output modul ate voltage will be change between two values of V—; and - \% :

The output modulated voltage is a function of M, and M;. Depending on the value M,
and My, the harmonic components of the modulated voltage will be different.

C. Square — wave operation of DC/AC inverter.

In the square — wave switching policy of figure 17, each switch, that is, SW;" and SW;
is On for one half — cycle of the desired output frequency. This switching policy results
in an output voltage wave form depicted by figure 18.

Vout

A

PN

)

1 !

Figure (18) DC/AC Inverter operation with 180 degree switching policy

D. Single — phase and Full — Bridge Converters
In previous section, we have presented the PWM concepts analysis, the operation of
single — phase inverter. Here, we will present half — bridge inverter and full — bridge
inverters. In the following section, we will use the discussion here to present the
operation of three — phase inverter.
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Figure (19) Sngle - phase half — Bridge Converter

Figure 19 depicts the half — bridge converter. To assure that the voltage at the midpoint
of the two capacitors designated by point “O”, remain constant with respect to the
negative of dc bus. We will need to use to large capacitors C* and C. This configuration
isthe same as one - leg converter that was presented earlier, and its wave forms [12].
When SW;" is On and D" is Off, the modulate output voltage appears across the |oad.
Similarly, when SW; is On and D" is Off, the modulated output voltage appears across
the load. In either case, the output current divides equally between two capacitors. In a
half — bridge converter of figure 19, the peak voltage and current ratings of the switches
will be: Vpeak = Vg, ipeak = iout pesk

A single — phase full — bridge converter is shown in figure 20.

.'_';_J'c' sw‘Ja DZ‘S sw;‘J u-j;g .

Viae h {u h| v%bmd
v, c
1

i —?:I .

W

Digital Controller

Figure (20) Sngle— phase Full — Bridge Converter.

This DC/AC converter has two legs. Each leg has two switches. The operation of each
leg is as described before for the half — bridge single — phase converters [12]. For the
converter of fig. 20, the SW," and SW," and SW; and SW," are switched as pairs. The
switching policy is shown in fig.21.
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Figure (21) Sngle - phase Full — Bridge Converter Operation with two switches
switched On as a pair.

Vou = Vaout(t) - Vp out(t) (25)
=2V (1) =Vig peak to peak

Where

Ve =V (max SiN Wet, We=2T fe

Ve =V2 Ve may (RMS)
And f the fundamental frequency of the control signal, V.

Wy
Ve

LB
TR

Figure (22) PWM bipolar — voltage switching operation
The same as one — leg converter, the peak of the fundamental frequency component of

the modulated voltage can be expressed as

Vout (Fundamental) = MaVide
Where the amplitude of the modulation is defined as
Y/

Ma - C(Max)

(26)

VT(Max)
And M, isless than one, we will have
4
Vide < Vout (pea) < p Vide

Where the frequency of modulation My is defined as
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M, :% and fS=i

Where T is the sampling time (the period of the triangular waveform).
E. Three - phase Converters

From our previous presentation, we can construct a three — phase converter as depicted
below:

[ +*
% l J\M‘J [T sw;‘/[ D;‘ZX sw?‘J ZEM
% Wy Dy Sy D,ZX swy” ZEDJ
I D . -
s " b e e]
b
e

‘ Digital Controller ‘

Figure (23) Operation of three — phase Converter.
As shown in figure 23, we have three single phase converters that are connected to a
common dc bus to make a three — phase converter. The modulated output voltage of
each leg has the same waveform of a single — phase converter [12].

A

lO

Meoedulated Output
Voltage of phase a

IR

A [’Vouage of phase b
Vo T _ o o -

[+] t

Vab Fundamental
Voltage Viae
L
>
t

Figure (24) PVWM Operati on of a Three— phase Converter.
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As it was discussed in the operation of a single — phase converter, one switch is On in
each leg of the three — phase converter. Therefore, in each phase, for example in phase
a, V., With respect to the negative dc bus depends on V4. and the switch status SW; " and
SW/,'. This can be seen from figure 24.

cr awi H swo* \ o sws*

2
Vide o] J
&
i c B D4” Wy Dz” sW”
2

Leoad

Figure (25)Operation of a three — phase Converter when S\, SWV," and SW;™ are On.

If we closely study the modulated output voltage of each phase (phase a and phase b are
shown in figure 23), we will conclude that the output voltage is independent of the
output load current since one of the switches of each leg is aways on. (See figure 25)
The control objective is the same as discussed for a single — phase converter, that is the
pulse — width modulation seeks to control the modulated output voltage of each phase
such that the magnitude and frequency of the fundamental output voltage is the same as
the control voltage as the power switches samples the dc bus voltage.

To obtain a balanced three — phase modulated output voltage, the same triangular
voltage waveform is compared with the three — phase balanced control voltage as
shown. The shape of the modulated voltage is function of both the amplitude and

frequency modulation [12]. Recall, that
M, = and i, :Ti 27)

e S

Where T; is the sampling time, that is, the period of the triangular waveform, and f, the
frequency of the control voltage.

v

M 2= _ C(ma). (28)

VT(max)
The peak fundamental — frequency component of the modulated voltage, when M, is
less than one, is given

V.
Van(pedg = M, = (29)
We can calculate the line — to — line voltage as
V ine-line = VL = V3 Va (RMS)
(30)
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Therefore, when M, < 1.

V 3
Vi = 3 Ve % Ma Vi (31)

When M, is less than one, the output voltage is directly proportiona to the M,
Therefore, thisisreferred to as linear region of the converter operation.

When M, is greater than one, the converter is operating in over modulation region. For
this mode operation, the peak vaue of the V¢, control voltage is alowed to exceed the
peak value of V7, the triangular waveform. In this region, the fundamental — frequency
of the modulated voltage does not increase linearly with M, When M, is very high, the
converter operates as a square wave converter.

5. MATLAB Inverters Reviews Results

Half wave rectifier input Half wave rectifier output
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Figure (26)Half Wave uncontrolled rectifier plots

Half wave rectifier input

g
b
i

Normalized output voltage Normalized input voltage

Figure (27)Half Wave controlled rectifier plots
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Figure (29) DC/AC Inverter operation with 180 degree switching policy
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Figure (30) PWM Operation of a Three — phase Converter.
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6. Maximum Power Point for Resistive L oad

When a PV module is directly coupled to a load, the PV module’s operating point will
be at the intersection of its |-V curve and the load line which is the |-V relationship of
load. For example in figure 32, aresistive load has a straight line with a slope of /R o
as shown in Figure 33. In other words, the impedance of load dictates the operating
condition of the PV module. In general, this operating point is seldom at the PV
module’s MPP, thus it is not producing the maximum power. A PV array is usually
oversized to compensate for alow power yield during winter months. This mismatching
between a PV module and a load requires further over-sizing of the PV array and thus
increases the overal system cost. To mitigate this problem, a maximum power point
tracker (MPPT) can be used to maintain the PV module’s operating point at the MPP.
MPPTs can extract more than 97% of the PV power when properly optimized. This
section discusses the |-V characteristics of PV module and resistive load, matching
between the two, and the use of DC-DC converters as a means of MPPT.

O
| A4

+ I_>

v

-
| O

Figure (32) PV module\7vith aresistive load

Module Current (A)

~ YRIncrease

0 10 20 30 40 50 = )
Module Voltage (V)

Figure (33) I-V curves of PV module and various resistive loads (1 KWInt, 25 <)

8. DC-DC Converter
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The heart of MPPT hardware is a switch-mode DC-DC converter. It is widely used in
DC power supplies and DC motor drives for the purpose of converting unregulated DC
input into a controlled DC output at a desired voltage level [40]. MPPT uses the same
converter for a different purpose: regulating the input voltage at the PV MPP and
providing load-matching for the maximum power transfer.
A. Topologies

There are a number of different topologies for DC-DC converters. They are categorized
into isolated or non-isolated topologies. The isolated topologies use a small-sized high-
frequency electrical isolation transformer which provides the benefits of DC isolation
between input and output, and step up or down of output voltage by changing the
transformer turns ratio. They are very often used in switch-mode DC power supplies
[41]. Popular topologies for a majority of the applications are fly-back, half-bridge, and
full-bridge. In PV applications, the grid-tied systems often use these types of topologies
when electrical isolation is preferred for safety reasons. Non-isolated topologies do not
have isolation transformers. These topologies are further categorized into three types.
step down (buck), step up (boost), and step up & down (buck-boost). The buck topology
is used for voltage step-down. In PV applications, the buck type converter is usually
used for charging batteries and in LCB for water pumping systems. The boost topol ogy
is used for stepping up the voltage. The grid-tied systems use a boost type converter to
step up the output voltage to the utility level before the inverter stage. Then, there are
topologies able to step up and down the voltage such as. buck-boost, Cuk, and SEPIC
(stands for Single Ended Primary Inductor Converter). For PV system with batteries, the
MPP of commercial PV module is set above the charging voltage of batteries for most
combinations of irradiance and temperature. A buck converter can operate at the MPP
under most conditions, but it cannot do so when the MPP goes below the battery
charging voltage under a low-irradiance and high-temperature condition. Thus, the
additional boost capability can dightly increase the overal efficiency [42].

B. Cuk and SEPIC Converters

The buck converter is the smplest topology and easiest to understand and design,
however it exhibits the most severe destructive failure mode of all configurations [41].
Another disadvantage is that the input current is discontinuous because of the switch
located at the input, thus good input filter design is essential. Other topologies capable
of voltage step-down are Cuk and SEPIC. Even though their voltage step-up function is
optional for LCB application, they have several advantages over the buck converter.
They provide capacitive isolation which protects against switch failure (unlike the buck
topology). The input current of the Cuk and SEPIC topologies is continuous, and they
can draw a ripple free current from a PV array that is important for efficient MPPT.
Figure 34 shows a circuit diagram of the basic Cdk converter. It is named after its
inventor. It can provide the output voltage that is higher or lower than the input voltage.
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The SEPIC, a derivative of the CUk converter, is also able to step up and down the
voltage. Figure 35 shows a circuit diagram of the basic SEPIC converter. The
characteristics of two topologies are very similar. They both use a capacitor as the main
energy storage. As a result, the input current is continuous. The circuits have low
switching losses and high efficiency [41]. The main difference is that the Cik converter
has a polarity of the output voltage reverse to the input voltage. The input and output of
SEPIC converter have the same voltage polarity; therefore the SEPIC topology is
sometimes preferred to the Cuk topology. SEPIC may be aso preferred for battery
charging systems because the diode placed on the output stage works as a blocking
diode preventing an adverse current going to PV source from the battery. The same
diode, however, gives the disadvantage of high-ripple output current. On the other hand,
the CUk converter can provide a better output current characteristic due to the inductor
on the output stage [40]. Therefore, this paper decides on the Cuk converter because of
the good input and output current characteristics.

L1 oF L2
— Y Y YN\ I Y Y Y
iL‘I_> iC‘I”—> -— i|_2 | -
Vs C—) SW YD Co=— RS Vo
1 b T4
Figure (34) Circuit diagram of basic Cuk converter
L Cq D _
vy, (| N io
= 1 | ++

Vs

)

. =g
L4 lcq —» .
! lcz
_> SW iL2 L2 C2::* RLO&!d% Vo

Figur:a= (35) Circuit diagram of basic SEPIC converter

C. Basic Operation of Cuk Converter

The basic operation of Cuk converter in continuous conduction mode is explained here.
In steady state, the average inductor voltages are zero, thus by applying Kirchoff’s
voltage law (KVL) around outermost loop of the circuit shown in figure 34.

VCl = Vs + Vo (32)
Assume the capacitor (C,) is large enough and its voltage is ripple free even though it
stores and transfer large amount of energy from input to output [40] (this requires a
good low ESR capacitor). The initial condition is when the input voltage is turned on
and switch (SW) is off. The diode (D) is forward biased, and the capacitor (C,) is being
charged. The operation of circuit can be divided into two modes.
Mode 1: When SW turns ON, the circuit becomes one shown in figure 36.
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Figure (36) Basic Cuk converter when the switchis ON

The voltage of the capacitor (C,) makes the diode (D) reverse-biased and turned off.
The capacitor (C,) discharge its energy to the load through the loop formed with SW,
Co, RLoa, @nd L,. Theinductors are large enough, so assume that their currents are ripple
free. Thus, the following relationship is established.

'ICl = ||_2 (33)

Mode 2: When SW turns OFF, the cir cuit becomes one shown in figure 37.
L4 Ci L2

i l o1 - o -

v.O OFF D Com Ri> W
- +

] bic: b

Figure (Z’?) Basic Cuk converter when the switch is OFF

The capacitor (C,) is getting charged by the input (V) through the inductor (L,). The
energy stored in the inductor (L,) is transfer to the load through the loop formed by D,
C,, and R ox. Thus, the following relationship is established.

lcr =11 (34)
For periodic operation, the average capacitor current is zero. Thus, from the equation
(33) and (34):

[lc1 Bwon] - DT +[lci Bwore] - (1-D)T=0 (35)
'||_2.DT+||_1.(1—D)T:0 (36)
||_1/||_2=D/(1—D) (37)

where: D isthe duty cycle (0 < D < 1), and T is the switching period.
Assuming that thisis an ideal converter, the average power supplied by the source must
be the same as the average power absorbed by the load.

Pin = Pout (38)
Vs.||_1:Vo.||_2 (39)
||_1/||_2:V0/VS (40)

Combining the equation (37) and (40), the following voltage transfer function is derived
[40].
Vo/Vs=D/(1-D) (41)
Its relationship to the duty cycle (D) is.
If 0 < D < 0.5theoutput is smaller than the input.
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If D = 0.5 the output is the same as the input.
If 0.5 < D < 1theoutput islarger than the inpuit.

D. Mechanism of Load Matching

As described before, when PV is directly coupled with aload, the operating point of PV
isdictated by the load (or impedance to be specific). The impedance of load is described
as below.
Rioad = Vo! I (42)

Where: V, isthe output voltage, and 1o is the output current.
The optimal load for PV is described as:

Ropt = Vver ! Impp (43)
Where: Vype and lypp are the voltage and current at the MPP respectively. When the
value of R, Matches with that of Ry, the maximum power transfer from PV to the
load will occur.
These two are, however, independent and rarely matches in practice. The goa of the
MPPT isto match the impedance of load to the optimal impedance of PV.
The following is an example of load matching using an ideal (loss-less) Cuk converter.
From the equation (41):

V. =2y (44)
S D [0}
From the equation (40)
Lolu Ve 4
Io I L2 Vs ( 5)
From the equation (44) and (45)
_ D
I s = 1-D Io (46)
From the equation (44) and (46), the input impedance of the converter is:
V, (1-D)*V, (1-D)?
Rn:_S:( ) _O:( ) 'RLoad (47)

l Dz I, D?
As shown in figure 8, the impedance seem by PV is the input impedance of the
converter (Rin). By changing the duty cycle (D), the value of R;,, can be matched with
that of Ry, Therefore, the impedance of the load can be anything as long as the duty

cycleis adjusted accordingly.
i

PV Rill DC-DC § Rl.uad
Converter

N
Figure (38) The impedance seen by PV is R, that is adjustable by duty cycle (D)
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E. Maximum Power Point Algorithm

The location of the MPP in the |-V plane is not known beforehand and always changes
dynamically depending on irradiance and temperature. Therefore, the MPP needs to be
located by tracking algorithm, which is the heart of MPPT controller. The example of
resistive load matching is elaborated here to show how the output voltage and current
change with varying irradiation and temperature. The maximum power transfer occurs
when the input impedance of converter matches with the optimal impedance of PV
module, as described in the equation below.
VMPP

Rn = Ropt - | (48)
MPP
The required duty cycle (D) for the Cak converter is:
p=— 1 (49)
1+ | R
oad
The converter output voltageis:
- Db
Vo - 1- DVS (50)
The converter output voltageis:
_1-D
I, = - I (51)

It should be notified that, if the application requires a constant voltage, it must employ
batteries to maintain the voltage constant. Also, of course, in reality DC-DC converter
used in MPPT is not 100% efficient. The efficiency gain from MPPT is large, but the
system needs to take efficiency loss by DC-DC converter into account. There is also
tradeoff between efficiency and the cost. It is necessary for PV system engineers to
perform economic analysis of different systems and also necessary to seek other
methods of efficiency improvement such as the use of a sun tracker.

9. Smulation Results

The calculation results are presented by two ways: one in 2D figures, and other with the
use of 3D figures. These results are based on PV module data and the MATLAB
simulation model which implemented before. Relations between all possible predicted
resistances values for al the entire 1-V curves with the desired optimum resistance
values are presented at the first from figure 39 to figure 42. We want the converter to
make the load matching at the points of intersections between the curves for the most
probable global values of the load resistances and the straight lines of optimum load
valuesin order to transfer the reguired maximum power for the resistive load.
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After that, a set of 3 D figures (from fig. 43 to fig. 50) are proposed to cover the most
probable situations at various irradiance, various temperature with the current, and the

voltage of the PV module. All these figures are based on the MATLAB modeling
introduced before.

Irradiance (kW/m2)
o [
13 [ «

=
o
oo

Module Voltage (V) Temperature (C)

Figure (43) Voltage & Temp.& (1KW/nr) Irradiance

Irradiance (kW/m2)
N

Module Current (A) Temperature (C)

Figure (44) Current & Temp.& (IKW/n7) Irradiance

Irradiance (kW/m2)

Module Voltage (V)

Temperature (C)

Figure (45) Voltage & Temperature& (0.75kW/nt)
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Figure (46) Current & Temperature& (0.75KW/nT)
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Figure (47) Voltage & Temperature& (0.50k\W/nr)
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Figure (48) Current & Temperature& (0.50kW/nT)

Module Current (A)

(zuwmoueipeu)

Temperature (C)

Figure (49) Voltage & Temperature& (0.25k\W/nr)
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Irradiancé&kWm2)

Module Current (A) Temperature (C)

Figure (50) Current & Temperature& (0.25kW/nv)

Finally, the relations of converter duty cycle, converter output voltage, and converter
output current values to transfer the maximum power from the PV module to various
values of resistive loads. The converter duty cycle values from these relations are taken

as target or output values. These relations are presented with variable values of
temperature and irradiance in figures from 51 to 62.

Irradiance (kW/m2)

Duty Cycle

Temperature (C)

Figure (51) Converter Duty Cycle for maximum power with Temperature and 1 KW/nv*
Irradiance

1

=
,; N

Irradiance (kW/m2)
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Coverter Output Voltage (Volt) Temperature (C)
Figure (52) Converter Output Voltage for maximum power with Temperature and 1
KWIn? Irradiance
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Irradiance(kW/m2)

Converter Output Current (Amp.)

Temperature (C)
Figure (53) Converter Output Current for maximum power with Temperature and 1
KWIn? Irradiance
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Duty Cycle

Temperature (C)

Figure (54) Converter Duty Cycle for maximum power with Temperature and 0.75
KWInT Irradiance
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Figure (55) Converter Output Voltage for maximum power with Temperature and 0.75
KWI/n? Irradiance
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Converter Output Current (Amp.)
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Figure (56) Converter Output Current for maximum power with Temperature and 0.75
KWIn? Irradiance
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Figure (57) Converter Duty Cycle for maximum power with Temperature and 0.50
KWIn? Irradiance
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Figure (58) Converter Output Voltage for maximum power with Temperature and 0.50
KWI/n? Irradiance
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Figure (59) Converter Output Current for maximum power with Temperature and 0.50
KWIn? Irradiance
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Figure (60) Converter Duty Cycle for maximum power with Temperature and 0.25
KWI/n? Irradiance
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Figure (61) Converter Output Voltage for maximum power with Temperature and 0.25
KWInT Irradiance
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Figure (62) Converter Output Current for maximum power with Temperature and 0.25
KWIn? Irradiance

10. Conclusion:

This paper proposes modeling and simulation of PV Micro — Grid Distribution
Generation System for Smart Grid Applications. Because, Distributed Generation (DG)
offers great potential in meeting future global energy needs. PV module modeling and
inverter technique reviews are presented. The mathematical PV module modeling
depends on Schott ASE-300-DGF PV panel with the aid of MATLAB environment. DC
/ AC Inverter, Three — phase Inverters, Basic Operation of PWM Inverter, Square — wave
operations of DC/AC inverter, Single — phase and Full — Bridge Converters, Three -
phase Converters and some MATLAB Inverters Results are introduced. Then, it
proposes a PV module when coupled to aload through DC-DC Converter to supply this
resistive load with the maximum power from the PV module. Some of DC-DC
converters topologies are discussed in brief with concentration on Cuk and SEPIC
Converters operations. After that, the mechanism of load matching is described to give
the required converter duty cycle aa maximum power point (MPP). Relations in 3D
figures are introduced for the most probable situations for irradiance and temperature
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with the corresponding PV voltage and current. Also, 3D figures for the desired duty
cycle, output voltage and current of DC-DC converter to gain the maximum power to the
resistive load at various irradiance and temperature val ues.
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