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Abstract — This paper investigates the effectiveness of
the “Perturbation and Observation” (P&QO) method and
“Incremental Conductance” (IncCond) method through
simulations carried out by using SimPowerSystems of
MATLAB/Simulink®. Both the steady-state and
transient characteristics of each control algorithm are
fully analyzed and compared by using a proposed
performance index. Finally, a new MPPT control
algorithm based on an enhanced incremental
conductance method is proposed in order to improve the
efficiency of the PV power generation system at different
climatic and load conditions. An adaptive duty cycle
perturbation step size is made dependent on the
sensitivity of the PV array power to the previous
perturbation in order to obtain a fast dynamic response
and accurate tracking of the MPP. Digital simulations
and experimental results demonstrate the superior
performance of the proposed technique.

Keywords — Adaptive Duty Cycle Algorithm, Boost
Converter, Digital Signal Processor, Maximum Power
Point Tracker, Photovoltaic System.

I. INTRODUCTION

The world depletion of fossil energy and the
environmental pollution have impelled during decades the
development of renewable energies. This situation has
become worst in the last years due to the global climate
warming increase taken place by greenhouse gas emissions,
primarily carbon dioxide (CO2), and the rupture of the ozone
layer by Freon gas. In this way, the need of having available
sustainable energy systems for replacing conventional ones
requires the development of structures of energy supply
based mostly on clean and renewable sources.

At present, photovoltaic generation is assuming increased
importance as a renewable source because of distinctive
advantages such as simplicity of allocation, high
dependability, absence of fuel cost, low maintenance and
lack of noise and wear due to the absence of moving parts.
Furthermore, the solar energy characterizes a clean,
pollution-free and inexhaustible energy source. In addition to
this factors are the continuous decrease of investment cost of
solar modules and the increase of their efficiency in the
energy conversion. However, these last two factors limit the
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implementation of PV systems. In photovoltaic systems, the
PV panel represents 57 % of the total investment cost of the
system, and the battery storage system corresponds to 30 %
of the cost. The rest of the components of the system, such as
the power electronic devices and the control systems
contribute only with the remaining 13 % of the total cost.

The high costs of photovoltaic arrays impose the necessity
of being constantly operating the PV system near the
maximum power point (MPP) independently of the climatic
conditions and of the load voltage. In this way, the
relationship between maximum power and investment cost of
PV arrays has to be maximized. As is well-known, the
maximum power provided by a solar cell depends on the
temperature and the solar radiation (also called insolation),
which are unpredictable climatic factors, in such a way that
the continuous tracking of the MPP needs to be implemented.
Furthermore, for grid-connected PV systems it is required the
use of high efficiency power converters for injecting the
active power into the utility electric system aiming at
lessening stress on the overall system and improving the
power quality among others factors.

For years, different control techniques have been
developed in order to provide MPP tracking [1]-[10].
Among them, some methods control the PV module
characteristics to match particular load conditions [1]-[4]; in
addition integrated PV-MPPT with soft switching to obtain
the optimum efficiency was proposed [5]. Moreover, neural
networks for MPP tracking and fuzzy logic control
algorithms were applied [6]-[8]. Another type of MPP
tracking is based on continuous adjustment of the load seen
by the PV array in order to match with its MPP. This
technique can be achieved by means of discrete elements and
sensors; however, the use of microprocessors or digital signal
processors (DSP) has the additional advantages of control
flexibility and easiness of application with different types of
PV arrays [9]-[10]. The power efficiency of this technique
relies on the software algorithm that tracks the MPP by
measuring various array quantities (voltage, current and
power).

Among all the techniques previously described, digital
controller and DSP-based ones have largely drawn the
attention of researchers due to the good combination of
flexibility, accuracy and simplicity. From these last, two
MPPT algorithms stands out because of their usefulness,
being: “Perturbation and Observation” (P&O) method [10]
and “Incremental Conductance” (IncCond) method [11].

Based on these considerations, this paper investigates in
detail the effectiveness of this two control algorithms through
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simulations carried out by using SimPowerSystems of
MATLAB/Simulink®. Both the steady-state and transient
characteristics of each control algorithm are fully analyzed
and compared by using a proposed performance index that
takes into account these two features. Finally, a new MPPT
control algorithm based on an enhanced incremental
conductance method is proposed in order to improve the
efficiency of the PV power generation system at different
climatic and load conditions. An adaptive duty cycle
perturbation step size is made dependent on the sensitivity of
the PV array power to the previous perturbation in order to
obtain a fast dynamic response and the accurate tracking of
the MPP. Digital simulations and experimental results
demonstrate the higher performance of the proposed
technique above the others.

II. MODEL OF THE PV CELL/ARRAY

The building block of the PV array is the solar cell, which
is basically a p—n semiconductor junction that directly
converts solar radiation into dc current using the photovoltaic
effect. Figure 1 depicts the well-known equivalent circuit of
the solar cell composed of a light generated current source, a
diode representing the nonlinear impedance of the p-n
junction, and series and parallel intrinsic resistances [12].
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Fig. 1. Equivalent circuit of a PV cell.

PV cells are grouped together in larger units known as PV
modules or arrays, which are combined in series and parallel
to provide the desired output voltage and current. The
equivalent circuit for the solar cells arranged in N, — parallel
and N, —series is shown in Figure 2. The mathematical
equation for the current and voltage of this PV generator
becomes as in (1):
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Where:
1y - PV array output current.
V4 - PV array output voltage.
Ipy: - Solar cell photocurrent.
Izs: - Cell reverse saturation current.
q - Charge of an electron, 1.60217733+10™" Cb.
A: - P-N junction ideality factor, between 1 and 5.
k - Boltzmann's constant, 1.380658+10 J/K.
T: - Solar cell temperature in K.
Rg: - Cell intrinsic series resistance.
Rp: - Cell intrinsic parallel resistance.

The solar cell reverse saturation current Ipg varies with
temperature according to the following equation:
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Where:
Tz: - Cell reference temperature in K.
Ig: - Cell reverse saturation current at Tk.

Es: - Band-gap energy of the cell semiconductor.

The photocurrent /5, depends on the solar radiation and the
cell temperature as follows:

S
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Where:
Ise: - Cell short-circuit current at reference temperature
and radiation
kr: - Short-circuit current temperature coefficient
S: - Solar radiation in W/m?
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Fig. 2. Equivalent circuit of a PV array.

As can be clearly derived from (1) to (3), the PV array
exhibits a highly nonlinear radiation and temperature-
dependent -V and P-V characteristic curve, which are
illustrated in Figures 3 and 4 respectively for different levels
of solar radiation and cell temperature. By making step
variations in the solar radiation S and the cell temperature T’
in (1) to (3), the I-V and the P-V characteristics of the PV
array were simulated by using Simulink environment [13] for
a BP 250/1 (BP Solar), 50 W high efficiency monocrystalline
PV module, being the characteristics presented in Table I for
simulated and experimental data (standard test conditions of
insolation and cell temperature: 1000 W/m” and 25°C).
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Fig. 3. Simulated /-V characteristic of a BP 250/1 PV module
for various levels of solar radiation.

As can be noted from Figure 3, the PV array has an MPP
which splits the output /-V characteristic curve into two
parts: the left part is defined as the current source region in
which the output current approximates to a constant, and the
right part is the voltage source region in which the output
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voltage hardly changes. Since the MPP changes with
variations in radiation and temperature, a continuous
adjustment of the array terminal voltage is required for
providing maximum power to the load. In addition, by
considering that for grid-connected applications the loads
supplied by PV systems operate with constant voltage, it is
necessary to track the MPP of the solar cell regardless the
load voltage. From Figure 4 it can be clearly derived the
optimum operation point for the PV system, i.e. the MPP, at
different radiation and temperature conditions.
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Fig. 4. Simulated P-V characteristic of a BP 250/1 PV
module for various levels of solar radiation.

TABLE 1
BP 250/1 module data comparison (1000 W/m?, 25°C)
BP 250 Catalogue Experimental  Simulation
Module Data Results Results
Maximum
power [W] 50 49.93 49.71
Voltage at
MPP [V] 17 17.15 17.23
Current at
MPP [A] 2.94 291 2.89
Short-circuit
Current A] 3.22 3.2 3.18
Open-circuit 2120 2132 214

Voltage [V]

A. Influence of the Solar Radiation

Figures 3 and 4 permit to examine the influence of the
solar radiation on the output /- and P-V characteristics, for a
specific temperature of the solar cell. The MPP varies
according to the radiation changes, modifying the voltage at
MPP over a 2.3 V range from 200 to 1000 W/m>. Thus, for
an operation in the lower boundary of the MPP voltage at
minimum radiation, i.e. at a voltage of 14.5V (200 W/,
25 °C) and considering the worst case of a sudden change to
the maximum radiation (200 to 1000 W/m®), then the voltage
should be modified to 169V for tracking the MPP.
Otherwise the electric power wasted should be about 2.3 W,
which is almost 5 % of the solar-array rated power.

B. Influence of the Cell Temperature

As in the previous analysis, the influence of the cell
temperature for a specific solar radiation can be performed
by inspecting Figures 2 and 3. The MPP varies according to
the temperature changes, modifying the voltage at MPP over
a 3.5V range from 25 to 65 °C at 1000 W/m”. Thus, for an
operation in the higher boundary of the MPP voltage at
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minimum temperature, i.e. at a voltage of 17.3 V (1 kW/n?’,
25 °C) and considering the worst case of a sudden change to
the maximum cell temperature (25 to 65 °C), then the voltage
should be modified to 13.7 V for tracking the MPP. If this
condition is not fulfilled, the electric power wasted should be
about 11.3 W, which is nearly 22.6 % of the PV rated power.
From the previous analysis at actual operating conditions,
the magnitude of both climatic factors on the efficiency of
the PV system has been laid down. As demonstrated, it is
therefore desirable to keep the PV module temperature as
low as possible in order to draw the maximum power from
the module. Cell temperature shows to have more influence
on the position of the MPP and then on the power efficiency
of the PV system than the solar radiation, but experimental
results reveal that the speed of changes are by far higher for
the case of the solar radiation than for the cell temperature.

III. DC-DC BOOST CONVERTER

For grid-connected PV applications, two hardware
topologies for MPPT have been mostly studied worldwide,
known as one-stage and two-stage PV systems. In this work,
it was selected the two-stage PV energy conversion system
because it offers an additional degree of freedom in the
operation of the system when compared with the one-stage
configuration. Generally, it is achieved at the expense of
slightly decreasing the global efficiency of the overall system
because of connecting two cascade stages. Hence, by
including a dc-dc converter or chopper between the PV array
and the power inverter linked to the electric grid, as shown in
Figure 5, various control objectives are possible to pursue
simultaneously with the PV system operation. Considering
the integration of the PV array with the voltage source
inverter (VSI) presented in [14], the performance of the grid-
connected PV-MPPT system is studied henceforth.
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Fig. 5. Schematic of the unidirectional boost dc-dc converter
as a part of the three-phase grid-connected PV system.

The intermediate dc-dc converter is built with an Insulated
Gate Bipolar Transistor (IGBT) as main power switch 7 in a
standard unidirectional boost topology that employs an
energy-storage inductor L,, a rectifier diode D, and a voltage
smoothing capacitor C. The converter is linked to the PV
system composed of four modules BP 250/1 connected in
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series (P,,,,=200 W), with a filter capacitor C, for reducing
the high frequency ripple generated by the transistor
switchings. The dc-dc converter output is connected to the dc
bus of the VSI as depicted in Figure 5.

Figure 6 illustrates the simplified control scheme of the
overall grid-connected PV system. The main purpose of this
controller is to transfer the maximum solar array power into
the utility grid. This objective is fulfilled by using the output
power signal generated by the MPP tracker (P,) for yielding
a direct current reference (iy;*) for the VSI current
controller. An additional contribution to the direct current
reference (iy ") is applied in order to regulate the dc bus
voltage (V,) at a constant value via a PI controller. This is
achieved by forcing a small active power exchange with the
electric grid for compensating the transformer winding and
VSI IGBTs losses. As reactive power exchange is not
considered in this case, iy is set to 0. It is to be noted that a
simplified stated-space model of the VSI in the dg frame,
which is detailed in depth in [14], is employed for generating
the control pulses for the VSI IGBTs.
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Fig. 6. Control of the three-phase grid-connected PV system.

The dec-dc converter produces a chopped output voltage
and therefore controls the average dc voltage relation
between its input and output aiming at continuously
matching the characteristic of the PV generator to the
equivalent impedance presented by the dc bus of the VSI.
The steady-state voltage and current relations of the boost
converter operating in continuous conduction mode are
stated by (4) and (5) as follows:

Vp = ) 4)
Ip=n, (I_D)IA (5)
Where:
ny,: - Efficiency of the boost converter.
D: - Dc-dc converter duty ratio.
1y - PV array output current.
V4 - PV array output voltage.
Ip: - Dc bus current (inverter side).
Vp: - Dc bus voltage (inverter side).

The power efficiency 7, of the dc-dc converter exhibits a
nonlinear characteristic relative to the output power injected
into the dc bus of the inverter. This characteristic is also
applicable to the output dc current. In Figure 7, the actual
steady-state efficiency of the chopper built into laboratory is
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shown, which was measured with the PV array at maximum
solar radiation (1 kW/m?) and temperature of 25°C.
The power extracted by the boost converter from the PV

array, P, can be expressed as:
2

p=— i (©)
My (l -D ) z EgD
Where:

Zggp: - Dc bus equivalent impedance
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Fig. 7. Actual efficiency of the dc-dc boost converter for different
levels of output power (PV at 1kW/m?* and 25°C).

From the above expression the array power P, depends on
the converter duty ratio and the impedance presented by the
dc bus of the inverter. By considering constant the dc bus
voltage (V,), as previously expressed, it is possible to control
the maximum power to be drawn from the PV system for
given environmental conditions simply by varying the duty
cycle D. In this way, for the PV system employed in this
work (four modules BP 250/1) with specifications and
components summarized in Table III, the /-V characteristic
curve can be tested by making small changes in the duty
cycle for various levels of temperature and solar radiation, as
depicted in Figure 8.
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Fig. 8. MPP tracking process with duty ratio.

IV. MPPT CONTROL ALGORITHMS

Maximum power point tracking means that the PV system
is always supposed to operate at maximum output
voltage/current rating. Simulation of the PV array provides a
flexible means of analysing and comparing the performance
of different MPPT algorithms when operated under specific
climatic conditions. Henceforth, most classical MPPT control
methods are discussed, that is to say “Perturbation and
Observation” (P&O) method and “Incremental Conductance”
(IncCond) method.
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A. Perturbation and Observation Algorithm

P&O algorithms are widely used because of their simple
structure and the few measured variables which are
necessary, as depicted in Figure 9. They operate by
constantly perturbing (i.e. increasing or decreasing) the array
terminal voltage V7, via the dc-dc converter duty cycle and
comparing the actual PV output power P, with the previous
perturbation sample Pp. If the power is increasing, the
perturbation will continue in the same direction in the
following cycle, otherwise the perturbation direction will be
inverted. This means the array terminal voltage is perturbed
every MPPT cycle at sample intervals T; therefore when the
MPP is reached, the P&O algorithm will oscillate around this
point resulting in a loss of PV power, especially in cases of
constant or slowly varying atmospheric conditions. On the
other hand, in cases of rapidly changing environment
conditions, e.g. as a result of moving clouds, it was verified
that the P&O algorithm deviates from the MPP [11]. The
MPPT algorithm can be confused due to the fact that it is not
able to distinguish the variations of the PV array output
power caused by the duty cycle from those ones caused by
the solar radiation deviation.

| Read Vp, Ip; Compute Pp

D=D;+AD

| Read ¥, 1,; Compute Py

Increase D

Pp=P4; D=D+AD

A r

| Read V,, 1,; Compute P4

Yes /Pi&\ No

P

Fig. 9. Flowchart for the P&O MPPT algorithm.

As described in [15], it is shown that the negative effects
associated to such a drawback can be significantly reduced if
the magnitude of the duty cycle perturbations 4D and the
sampling interval 7 are customized to the dynamic
behaviour of the specific dec-dc converter employed to realize
the P&O MPPT algorithm.

B. Incremental Conductance Algorithm

In order to solve the above mentioned problems of P&O
methods, the IncCond algorithm was developed by [11]
which tracks the MPP of the PV array by using a different
procedure. The method is based on the fact that at the MPP,
the derivative of the PV output power with respect to the PV
voltage is zero. Thus, the PV voltage can be regulated
relative to the voltage at the MPP by measuring the
incremental conductance, dI/dV and conductance, I/V.
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The algorithm, which is summarized in Figure 10, begins
its cycle by obtaining actual (4) and previous (P) values of /
and V, i.e. I, V, and Ip, Vp respectively; then by using these
measurements, the incremental changes are approximated as:
dl = I-Ip and dV = V,-Vp. The major comparison is carried
out by comparing dI/dV against -I/V, as emerges from (7).

dp_dWv)_, o, dl AL 7
v dv dv AV

4P _ at the MPP, (8)
av

dP

—> 0 to the left of the MPP, 9)
av

dP .

TR < 0 to the right of the MPP, (10)

The result of computing (7) through (10), will determine
the direction of the required change in the control voltage
variable and therefore the duty cycle so as to move the PV
voltage towards the MPP.

This algorithm has the advantage of reducing to minimum
the oscillations around the MPP in steady-state unlike the
P&O algorithm. However, the drawback of this algorithm is
the complexity for designing the controller. Although, this
disadvantage is not an issue for current grid-connected PV
applications that implements all the control schemes through
a digital controller or a DSP.

Read Vp, Ip

D=D;,+#4D

Read VA, IA

A= JA-IF,
AV=Vi-Vp

Vp=Vy
[p:IA

V,n: VA
IP:IA

Vp=Vy Ip=I4 Vp=Vy Ip=Ly V=V, Ip=1y Vo=V, Ip=1
i ! i
D=D+4D ‘ ‘ D=D-AD ‘ D=D-AD ‘ ‘ D=D+4D
Increase D Decrease D Increase D

Fig. 10. Flowchart for the IncCond MPPT algorithm.

C. Proposed MPPT Algorithm

The proposed MPPT system consists of an improved
Incremental Conductance Algorithm which uses adaptive
variable step sizes (4D) applied to the duty cycle of the dc-dc
converter. The aim of these modifications over the
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conventional IncCond method is to achieve a fast dynamic
response and accurate tracking of the MPP under rapidly
changing environmental conditions. The process of the
proposed MPPT algorithm is depicted in the flowchart
presented in Fig. 11. The size of the step 4D is made
dependent on the sensitivity of the PV power to the previous
perturbation, through the term ¢ as expressed in (11).

d_PzgzPA_PPz(VA[A_VP[P) (11)
PA PA PA PA
According to the sign of the perturbation, and therefore to

the sign of J, the duty cycle of the dc-dc converter is
computed as settled in (12) and (13),

AD=k & for AP>0, (12)
AD=-k, 6 for AP<0, (13)

o=

AP= (Vals-Vplp),
0=4P/P,

Read Vp, Ip
D=D;,+4D
Read V,, I,

A= Li-Ip,
AV=V4-Vp

Ve=V,
1p=1;

V=V Ip=I4 Ve=V4 Ip=L4 Vo=V Ip=L4 V=V Ip=L4
' ]
‘ D=D+A4D | ‘ D=D-AD | ’ D=D-AD ‘ ‘ D=D+4D

Increase D l l Decrease D J’ 1 Increase D

Fig. 11. Flowchart for the Proposed MPPT algorithm.

The additional terms k; and k,, are included in order to
allow the sensitivity to be enhanced for accomplishing both
rapid action toward the MPP tracking in case of a large
change in the characteristic curve of the PV system and to
assist accurately in converging to the true MPP for steady-
state conditions. If the step size of the duty cycle, 4D is very
large as a result of a big change in climatic conditions, the
needs of limiting this quantity in order to avoid overshooting
in the MPP tracking arises. In the same way, the minimum
size of 4D must be limited to the smaller value that permits
to obtain minimum steady-state oscillation around the MPP
without introducing instability and being reachable with the
controller or DSP used for implementing the algorithm. The
values of k; and &, are found by trial and error, customized

152

for the dynamic behaviour of the employed boost converter.
Since the converter exhibits a slightly different dynamic
behaviour during a positive ¢ (increase of 4D) when
compared to the negative sensibility (decrease of 4D), two
different values are proposed for k; and k,, aiming at making
similar both dynamic responses of the power conditioning
system.

V. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Selection of Perturbation Step-Size

The MPPT algorithm efficiency is directly related to the
selection of the duty cycle perturbations 4D and the sampling
interval T, as well as the intrinsic effectiveness of the
method. It is also significant to note that the algorithm
influences not only the MPPT efficiency but also the dc-dc
boost converter efficiency. For a given sampling interval, the
larger the perturbation step the faster the maximum power
that can be drawn from the PV array. However, the larger the
perturbation step-size, the larger are the intrinsic oscillations
around the MPP in steady-state. These oscillations reduce the
effectiveness of the PV energy system. On the other hand, a
smaller perturbation step-size reduces the magnitude of
oscillations around the MPP in steady-state and increases the
energy conversion effectiveness once the MPP has been
achieved. However, it would lead to slow response under
rapidly changing environmental conditions. Consequently,
there is a trade-off between fast MPP tracking and power
error in selecting the appropriate size of the perturbation step.

B. Digital Simulation Results

Both the steady-state and transient characteristics of all
MPPT control algorithms previously described are studied.
In this sense, in order to compare the performance of these
algorithms, an evaluation based on the efficiency of each
method in drawing the maximum energy from the PV array
is adopted. The energy efficiency #,.py of the algorithms
relative to the theoretical maximum power available from the
PV array, Pypp can be computed by using (14) as follows:

jt‘f P, dt
Ltlz Pypp dt
In the same way, for the case of the dc-dc boost converter,
the energy efficiency 7., of the algorithms, can be computed
by considering the integral of the relation of the converter
output power P, to input power P,, as expressed bellow:

W&m

2 a

(14)

Te,pv =

(15)

Nep =

Figures 12 through 14 show the simulation results of each
MPPT algorithms due to the step variations of the solar
radiation, at a reasonably constant cell temperature of 25 °C.
As seen from the case of the P&O algorithm, some tracking
errors and oscillations occur specially at higher levels of
radiation and startup when compared to IncCond method.
The IncCond method proves to be superior to the P&O
method in following the MPP of the system. However it also
presents troubles at startup. For the case of the proposed
MPPT algorithm, simulations demonstrate the highest
accuracy of the method, eliminating the oscillations in
steady-state without worsening the transient response of the
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system. As can be drawn from the instantaneous duty cycle
evolution, the adaptive perturbation step reduces the
excursions of this parameter and the PV array power error
(P4/Pa). In Table II, a summary of the energy efficiency
achieved with each MPPT method, including that related to
the boost converter is presented. As is noticeable, there is an
increase in the efficiency reached by the proposed MPPT
algorithm because of its ability to overcome the P&O and
IncCond algorithm drawbacks, as following rapid climatic
changes and avoiding oscillations around the MPP.
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Fig. 12. Simulation results of P&O MPPT algorithm.
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Fig. 13. Simulation results of IncCond MPPT algorithm.

C. Experimental Evaluation

A 200 W laboratory-scale prototype was constructed at
the IEE/UNSJ laboratory in order to analyze the actual
performance of the PV energy conversion system. The
proposed algorithm was implemented by using a high-
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performance digital signal processor (TMS320F2812) which
allows obtaining very small duty cycle perturbation steps.
The experimental time domain waveforms of the maximum
power drawn from the PV system for different levels of solar
radiations was tested through data acquisitions during a clear
day for an almost constant cell temperature, as depicted in
Figure 15. As can be realized, the MPPT algorithm follows
accurately the maximum power that is proportional to the
solar radiation. However, a small delay (about 65 ms) arises
as a consequence of the digital and analog low pass filter
implemented for measuring the voltage and current input
quantities.
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Fig. 14. Simulation results of Proposed MPPT algorithm.

TABLE II
Efficiency comparison among MPP algorithms
MPP MPPT Boost Converter
Algorithm Efficiency, 7..rv Efficiency, 7.
P&O 96.02 97.04
IncCond 97.10 97.97
Proposed
Algorithm 98.01 98.12
10 kS/s
20 Wim? : A\;erage 'Ce\l Témper;ture. 52 oc
Idiv q
600 W/m2
l 100 ms/div
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O ™
\‘www%mmmm
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Fig. 15. Experimental results of Proposed MPPT algorithm.
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VI. CONCLUSION

In this paper, different techniques for tracking the
maximum power point of PV arrays were analyzed and a
new MPPT control algorithm based on an enhanced
incremental conductance method was proposed in order to
improve the efficiency of the PV power generation system at
different climatic and load conditions. Both digital
simulations and experimental results clearly show the
superior performance of the proposed technique with an
average efficiency of about 98% in tracking the maximum
available PV power for the example presented. Since the
algorithm was developed for grid-connected PV applications
that typically use a digital controller for implementing all
control laws (a DSP in this work), it can be noted that
additional hardware requirements are not necessary. It makes
the algorithm more cost-effective than other ones.

APPENDIX

The dc/dc boost converter has been designed according to
[9] and the specifications stated in Table III.

TABLE III

Dc-dc converter design specifications and components
Specifications and components Values
Switching frequency 10 kHz

Dc bus voltage (chopper output voltage) 85V
Chopper input voltage 548-69.2V

Chopper duty cycle variation 0-0.39
Inductance L, 13.5mH
Capacitance C, (PV array side) 150 pF
Capacitance C (dc bus side) 4.4 mF
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