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panels used in these systems. Without the ability to track and have PV panels
operate at its maximum power point (MPP) entails power losses; resulting in
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1. Introduction

As we head into the end of the first quarter of the 21* century, harnessing and
exploitation of various renewable energy sources and systems, has emerged as an
imperative for all round sustainable development and growth of nations [1].
Among the various sources of renewable energy (hydro, wind, solar, biogas etc.),
solar is the only source that is available everywhere and is free to harness and
exploit [2]. Solar energy can be harnessed through two technologies: photovol-
taic (PV) and thermal. PV technology uses solar cells which exhibit photovoltaic
(PV) effect to convert sunlight into electricity in what is referred to as solar PV
systems; while thermal technology converts the energy in sunlight into heat that
can be used in various heat demanding applications, in what is referred to as so-
lar thermal systems.

The use of solar PV systems as a source for generating electricity has gained
more ground than any other renewal renewable energy source in recent years.
This is not only because the energy from the sun is free and omnipresent but al-
so because of the sharp drop in the acquisition costs of PV System components
and the simple energy solutions they provide [3]. Furthermore, low operation
and maintenance costs, and the environmental friendliness of the technology by
virtue of pollution-free operations have significantly propelled the popularity of
solar PV systems [4] [5], which have evolved significantly from small standalone
to large grid connected systems [6].

Solar PV systems in use are exploited either in standalone or in grid con-
nected configurations [3] [7]; and have wide applications for electricity supply in
remote villages and rural communities of developing country environments [3].
Irrespective of the configuration of the PV system the I-V curve upon which the
power output of the system depends is non-linear [8]. Furthermore, the P-V
curve of PV systems is also non-linear and in cases of mismatched conditions,
for example, different orientations of PV panels belonging to the same PV field,
manufacturing tolerances, and non-uniformity of ambient temperatures, the P-V
curve may have more than one peak [4]. The implication of this non-linearity is
that there is a unique point on the curve, called the Maximum Power Point (MPP)
which needs to be tracked to ensure that the system operates at maximum effi-
ciency and produces maximum power output [5]. Besides the non-linearity of
the I-V curve, PV systems in general have low efficiencies in practice [6] [7]; and
the MPP varies with changes in solar insolation and other environmental factors,
including partial shading of the solar cells [7]; and hence a need for tracking to
ensure maximum power output [5].

For solar PV systems to remain a competitive energy source among the rene-
wables, it is necessary to extract the maximum power from each panel and lower
the cost per kilowatt [2]. Extracting the maximum possible power from a PV
system cannot result from a simple interconnection of components. Many envi-
ronmental variables affect the performance of a PV panel, including dust, shades,

shadows, irradiation levels, and ambient temperature [2] [9]. Without the ability
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to track and extract maximum power from a PV system, the system may not be
sustainable [8].

This study focuses on modeling, simulating, and testing the Incremental Con-
ductance (IC) Algorithm for maximum power point tracking (MPPT) in PV sys-
tems operating under rapidly changing environmental conditions. By modeling
and simulating, the expectation is to ensure that the MPPT algorithm being im-
plemented can deliver to the level of ensuring a sustainable PV system. The rest
of this paper is organized as follows. Section 2 is a brief overview of MPPT tech-
niques and algorithms relevant to the study. Section 3 focuses on the methods
and materials of the study. Simulation results are presented in Section 4 and
analyzed to validate the effectiveness of the Incremental Conductance (IC) Algo-
rithm for maximum power point tracking (MPPT) and control of PV systems
operating under rapidly changing environmental conditions such as temperature
and irradiation. This is followed by concluding remarks and direction for future

research in Section 5.

2. Maximum Power Point Tracking (MPTT) Algorithms

With the desire for more efficient and low-cost PV systems, many maximum
power point tracking (MPPT) techniques/algorithms/methods have been devel-
oped since the last decades. Some of the techniques/algorithms/methods have
been optimized for even greater power output. Comparative studies of the MPPT
techniques/algorithms/methods have been widely analyzed and compared [4] [5]
[10] [11] [12] [13] [14]. We present an overview to enable us make a choice for
this study.

In an extensive study, Subudhi and Pradhan [4] identified and classified 26
different MPPT techniques/algorithms/methods. Their classification was based
on a number of features, including number of control variables involved, types
of control strategies, circuitry, cost, parameter tuning, complexity level, conver-
ter used (DC, AC, or both), and application configuration area (standalone and
grid connected). While these authors make important pronouncements on the
suitability or non-suitability of some of the techniques/algorithms/methods, it is
important to note that the criteria used in the classification is generic and has a
much wider application. The criteria can be helpful in selecting current and fu-
ture MPPT techniques/algorithms/methods for particular applications. For ex-
ample, it is cheaper to implement an MPPT technique/algorithm/method based
on voltage as a single control variable compared to using current as the control
variable.

Babaa ef al [5] identified and investigated various types of MPPT tech-
niques/algorithms/methods, including perturbation and observation (P&O), in-
cremental conductance (IC), constant voltage (CV), temperature (T), open vol-
tage (OV), feedback voltage (current), fuzzy logic control (FLC), and neural net-
work (NN). The performance of each MPPT technique/algorithm/method was

evaluated in terms of ease of implementation, cost of implementation, ability to
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detect multiple maxima, speed of convergence, and efficiency over a wide range
of power outputs. These authors found that the incremental conductance (IC)
and the perturbation and observation (P&O) techniques ensured that the MPP
is not only quickly tracked but also very importantly, they minimize ripples
around the MPP thereby ensuring maximum power output. Furthermore, these
two techniques were noted to be the most suitable for use in PV systems be-
cause they are easy to implement and are more effective when the PV system
implementation objective is to reduce payback period. In fact Dolara et al
found that the P&O and IC methods have the same cost and software over-
heads [15].

The aforementioned findings, which agree with work reported by Subudhi
and Pradhan [4], give credit to the P&O and IC as the preferred and most viable
algorithms for implementation of MPPT in PV systems. The P&O and IC me-
thods have recently been identified as direct tracking methods whose operations
point is independent of isolation, temperature, or degradation levels because
they can be effected without prior knowledge of the I-V characteristics of the PV
system [7].

Despite the high standing of the P&O and IC algorithms compared to other
techniques/algorithms/methods, the IC algorithm is considered a better al-
ternative to the P&O in applications characterized by dynamic environmental
conditions such as high, fast and continuously changing light levels during
which the P&O algorithm is more prone to errors [15]. Based on the fore
going discussions and its advantages, the IC algorithm is selected for this

study.

3. Methods and Materials

The problem addressed by using MPPT algorithms is how to automatically find
the respective voltage (Vmpp) and/or current (Impp) at the Maximum Power
Point (MPP), where a PV system should operate in order to produce maximum
electrical power output within specific environmental conditions (irradiance,
temperature, etc). In this study, modeling and simulation of the selected algo-
rithm was done in MATLAB/Simulink. The implementation was effected by in-
serting a DC-DC converter between the PV panel and the load as recommended
by Baimel et al [7] and York et al [16]. In effect, a controller was embedded in
the power electronic converter systems in such a way that the corresponding op-
timal duty cycle is updated to the photovoltaic power conversion system to gen-
erate the maximum power output. Details are presented in the following subsec-

tions

3.1. Block Diagram of the Proposed System

The physical components of the system for the implementation of the incre-
mental conductance (IC) MPPT algorithm is shown in Figure 1 [2].
The system consists of a solar PV panel, DC-DC boost converter, MPPT con-
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trol loop and duty cycle adjustment, voltage sensor, current sensor, PWM gene-
rator, 3-phase VSC, 3-phase VSC controller, and the utility grid/load. The switch-
ing of DC-DC boost converter is controlled by IC MPPT algorithms using a
Pulse Width Modulation (PWM) generator [7]. The output current and voltage
of the solar panel are sensed and fed to the MPPT controller. The MPPT con-
troller modulates the duty cycle of the PWM to maintain a steady output current
and voltage of the DC-DC boost converter. The adjustment of the duty cycle fed
to the boost converter provides maximum power. The boost converter works
based on these pulses to make the PV system operate at maximum power point
(MPP). The Voltage Source Converter (VSC) converts the output voltage of the

boost converter and supplies it to the grid.

3.2. The Solar Cell

Solar cells are the building blocks of PV panels or modules, which in turn are
building blocks for the PV arrays used in PV systems. In operation, a solar
cell is considered as a two terminal device with characteristic behavior as a
diode (single diode model) and the ability to convert energy of sunlight pho-
tons to electrical energy. The equivalent circuit of the general model then
consists of a photocurrent, a diode, a parallel resistor expressing a leakage
current, and a series resistor describing an internal resistance to the current

flow is shown in Figure 2, and I-V characteristic depicted by Equation (1) [2]

(6] [17].
q(v+RI) V+RI
I1=1,—1 |expi———=r—1|— 2 1
ph Ol: p{ }’ZKT Rsh ( )
Sol > DC-DC | 3-Phase
onar Grid
PV ,| | Boost Converter |—»— VSC
T
1
vV : v
A Three-phase
L Vsc
Controller
A\ 4 A4
Voltage and PWM
Current Sensors Generator

A

{V 4

MRPT Control Loop and Duty Cycle
Adjustment

Figure 1. Block diagram of the proposed system [2].
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Figure 2. Equivalent circuit of PV solar cell [2] [6] [17].

where,

1,;,is the photocurrent (in amperes);

I is the reverse saturation current (in amperes);

R, is the series resistance (in ohms);

R, is the parallel resistance (in ohms);

Nis the diode factor;

gis the electron charge = 1.6 x 107" (in coulombs);

Kis Boltzmann’s constant (in Joules/ Kelvin);

T'is the panel temperature (in Kelvin);

Vis the cell output voltage (in Volts).

Given that the power generated by a solar cell based on the I-V curve of Equa-
tion 1 is quite small (about 45 mW), these cells are connected in series or in pa-
rallel to obtain substantial electrical power for the PV panel required application
[9]. As can be observed from Equation (1), the I-V curve for a PV cell is
non-linear and is influenced by solar irradiance level, ambient temperature,
wind speed, humidity, pressure, etc. The irradiation and ambient temperature
are the two primary factors considered in this study.

As prelude to model and simulate the IC algorithm, the output characteristics
of PV cell was first obtained in simulation experiments. For constant tempera-
ture (25°C) and different irradiation intensities (400 - 1000 W/m?), the PV cell
current was maintained constant while the voltage varied up to some voltage
level and then subsequently decreased. Table 1 shows the solar panel specifica-

tions used in this work.

3.3. The Boost Converter

The boost converter was modeled before the simulation in MATLAB. The boost
converter was designed with due consideration for low cost, simplicity, and effi-
ciency. The equivalent circuit of the boost converter is presented in Figure 3 [2],
with V,and V, as input and output voltages respectively. Numerical values of
components such as inductor, capacitor, and resister were determined from cir-
cuit analysis with the circuit premised on a continuous conduction mode.

The boost converter operates in two modes: charging and discharging modes.

These two modes of operations are based on the ON and OFF position of the
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switch, S. The charging mode occurs when the switch is closed (ON); while the
discharging mode occurs when the switch is opened (OFF).

During the charging mode, the switch is closed and the inductor is charged by
the source through the switch. At this time, the diode is reverse-biased and as
such separates the converter into two sections. The rate of change of inductor
current is constant, demonstrating a linearly increasing pattern of inductor cur-
rent. The equivalent circuit of the boost convertor in the charging mode is de-
picted in Figure 4.

When S is closed (ON) as shown in Figure 4, the following equations are ap-
plicable to the boost converter circuit: The input voltage of the boost converter is

considered as V,

L D
Y Y Y\ >

A

3

_/
o
AY
/|

NN
N

Figure 3. The ideal boost converter [2].

Table 1. PV Panel characteristics and specifications (Model SunPower SPR-305E-WHT-D).

Characteristic Specification
Power output 305W
Open circuit voltage (VOC) 64.0 V
Short circuit current (ISC) 5.96 A
Voltage at maximum power (VMP) 547V
Current at maximum power (IMP) 5.58 A
Maximum system voltage 600 V
Parallel strings 66
Series-connected modules per string 5
Number of series-connected cells per module 96
A~ .0
+ v, -
¥ +
Q) s ¢ IR w,
v,

Figure 4. Equivalent circuit of boost converter with switch closed [2].
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v
Iooo=1. +—Ldt
L

max

(3)
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(5)

(6)

(7)

The equivalent circuit of the boost convertor in the discharging mode is shown

in Figure 5.

When S is open (OFF) as shown in Figure 5, the following equations are ap-

plicable to the boost converter circuit:
—V,+V, +V, =0
Vo=V,=V,
di,
dt
di,
dt

But V, =L

=Vv,-L

1. -1

—L Imin _I)max — Vo _Vd

(I-d)T
Imin _Imax = Vd _I/O (I_d)T
L
Imax :Imin - Vd _VO ([_d)T
L
I =1 + Vo=V, (I-d)T (Since ¥, >V,)

Making (7) = (16)
v v, —
I, +—+dT=1_, +°—V"(1—d)T
L L

V,dT =(V,-V,)({-d)T

Y D

Figure 5. Equivalent circuit of the boost converter when switch opened [2].
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<

1
R (20)
v, 1-d
From the models and equations of the boost converter presented above, we

simulated the boost converter in MATLAB/Simulink as presented in Figure 6.

3.4. The Incremental Conductance (IC) Algorithm

With the IC algorithm, the PV panel terminal voltage is adjusted according to
the MPP voltage. When the IC algorithm determines that the MPP has been
reached, it settles and stops moving around the operating point. The MPP is
achieved by comparing the instantaneous conduction (7 V) to the incremental
conductance (AZ/A V). Being able to determine when the MPP has been reached
is possible because the relationship d2/d V'is negative when the MPPT is to the
right of the MPP and positive when it is to the left of the MPP. In effect, the IC
algorithm examines the slope of the PV array power characteristics to track
MPP; and when the slope of the PV panel power curve is zero, the MPP is estab-
lished.

For the IC flow chart shown in Figure 7, the following equations are applica-
ble:

dP|dV =0 for V=V, 21)
dp/dV >0 for V<V, (22)
dp/dV <0 for V>V, . (23)

The fact that = IV and the chain rule for the derivative of products yields:
dP/dV=d(VI)/dV=IdV/dV+VdI/dV=1+VdI/dV (24)

Combining Equations (21) and (22) leads to the MPP condition (V' =V, ) in

mp
terms of array voltage Vand array current /-

dijdv =-1JV . (25)

3.5. Voltage Source Converter (VSC)

A three-level Voltage Source Converter (VSC) regulates the DC bus voltage at

v

Goto

Input_Voltage

e VT

e

L Diode

)

.._._al’_n—o

J— Vi—
DC Voltage Source C R
Mosfet T

Output-Voltage

Figure 6. The boost converter in MATLAB.
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Measure
V(k) I(k)
\

dl-1(K)-1(k-1)
dV-V(k)-V(k-1)

N O 7 T

\dv:o/—\l/ Yes

/"/// ~ _— //A\\\\\
T __difdv=w > 'w/;%
NO Yes NO \L Yes
T~ //\‘\\\
'/'/' \\\ //' e
di/dv>W ~— di>0
Vref(k) Vref(k)= Vref(k)= Vref(k)
=Vref(k-1)+C Vref(k-1)-C Vref(k-1)-C =Vref(k-1)+C

Figure 7. Flowchart of Incremental Conductance (IC) algorithm.

500 V and keeps unity power factor. The control system uses two control loops:
an external control loop which regulates DC link voltage to +250 V and an in-
ternal control loop which regulates Id and Iq grid currents (active and reactive
current components). The Id current reference is the output of the DC voltage
external controller. The Iq current reference is set to zero in order to maintain
unity power factor. The Vd and Vq voltage outputs of the current controller are
converted to three modulating signals Vref-abc, which are used by the PWM
three-level pulse generator. The control system uses a sample time of 100 pus for
the voltage and current controllers as well as for the PLL synchronization unit.
In a more demanding application model, the pulse generator for the boost and
VSC converter uses a faster sample time of 1 ps in order to get an appropriate
resolution of PWM waveforms.

Internal to the VSC, a universal bridge block implements a universal three-phase
power converter which consists of six power switches (S1, S2, ... S6) connected
in a bridge configuration (see Table 2, next subsection). The type of power
switch and converter configuration is selectable from the simulation dialog box.
The universal bridge block allows simulation of converters using either naturally
commutated (or line-commutated) power electronic devices (diodes or thyris-
tors) and forced-commutated devices (MOSFET).

For this study, the boost and VSC converters models are represented by equiv-
alent voltage sources generating the AC voltage averaged over one cycle of the
switching frequency. Such a model does not exhibit harmonics, but the dynamics

resulting from the interaction of the control and power systems are preserved.
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Table 2. 3-Level inverter switching table.

State Switching States Voltages

No. g1 s$2  s3 s4 S5 $6 Vab Vbc Vca
1 ON ON OFF OFF OFF ON Vs 0 Vs
2 ON ON ON OFF OFF OFF 0 Vs Vs
3 OFF ON ON ON OFF OFF -Vs Vs 0
4 OFF OFF ON ON ON OFF Vs 0 Vs
5 OFF OFF OFF ON ON ON 0 Vs Vs
6 ON OFF OFF OFF ON ON Vs -Vs 0
7 ON OFF ON OFF ON OFF 0 0 0

These models make it possible to use larger time steps than in more demand-
ing application model (Ze. 50 us vs. 1 ps), resulting in a much faster simulation
[18].

3.6. Switching Table

The switching table is formed using the sector, corresponding voltage vector,
and switch state. For example, if the angle of the reference voltage is between 0°
and 60°, it is in sector 1 and it selects the voltage vector V1. The summary of
various switching states (S1, S2, ..., S6) and associated voltages is given in Table
2.

4. Simulation Results and Discussions

Simulations were conducted using MATLAB/Simulink in order to test the func-
tionality and performances of the IC algorithm. The complete circuit diagram of
the MPPT circuit and the simulation results is shown in Appendix 1. The per-
formance outputs of the various segments of the design circuits were simulated

and analyzed after selection of components, both active and passive

4.1. Simulation of Temperature and Irradiations

Figure 8 shows the irradiance and temperature variations generated as inputs
for the PV panel operation. In this figure, the irradiance is generated at a con-
stant value of 1000 Kw/m? for 0.5 s second, then decreased at 250 Kw/m? for 0.5
s and maintained constant for another 0.5 s. Subsequently the irradiation in-
creases steadily from 250 Kw/m? to 1000 Kw/m? after 2 s and is maintained con-
stant for the rest of the simulation.

Next we simulated the behavioral pattern of temperature variation on the PV
panel. Maintained at an initial constant temperature of 25°C (room tempera-
ture) for a period of 2 s, the temperature was steadily increased to an extreme
value of 50°C after 3 s and maintained at this value for 1 s. Subsequently, the

temperature was steadily decreased to 0°C after another 1 s. The foregoing steps
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Figure 9. I-V curve (at 25°C and 1000, 800, 600 and 400 W/m” respectively).

were repeated for various combinations of irradiation and temperature varia-
tions., typical conditions in a changing environment. The presentation and dis-

cussions of the resultant I-V and P-V curves follows

4.2.1-V Curves and P-V Curves for the PV Panel

Figure 9 depicts the I-V curve for the PV panel model Sunpower SPR 305-WHT-D
100 kW and IMMP of 5.58 A at 1000 kW/m?’ irradiance. It can be seen that the
photo-generated current is directly proportional to the irradiance as the voltage in-
creases. The graph shows changes in the value of irradiance from 1000 kW/m?, 800
kW/m?, 600 kW/m” to 400 kW/m?’ respectively with the temperature fixed at 25°C.
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x10*

With a fixed temperature of 25°C and variation of irradiance as 1000 kW/m?,
800 kW/m? 600 kW/m?, and 400 kW/m?, we obtained the P-V curve of Figure
10. From this figure, we note that the power output of the PV panel is directly
related to the irradiance; the voltage output increases as the irradiance increases
until a threshold value is attained, at the Maximum Power Point (MPP) after
which it decreases.

Figure 11 shows the output signal of the I-V curve with fixed irradiance (1000
kW/m?) at 0°C, 25°C, 30°C, 35°C, 40°C, 45°C respectively. Observations from
the curve shows that increment in the ambient temperature slightly affect the
voltage level of the PV system.

Similarly, in Figure 12, a plot of the P-V curve with fixed irradiance (1000

16 -

T

14

Power (W)

50

100 150 200 250 300 350
Voltage (V)

Figure 10. P-V curve (at 25°C and 1000, 800, 600 and 400 W/m” respectively).
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100 150 200 250 300 350
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Figure 11. I-V curve at 1000 W/m® with different temperatures.
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kW/m?) at 0°C, 25°C, 30°C, 35°C, 40°C, 45°C respectively shows how variations
in temperature can affect the power output of the PV panel. As the temperature
gradually decreases, the power generated at the output of the modules also in-
creases thereby causing a change in the MPP of the system.

Table 3 shows the values of current, voltage, and power obtained when the
irradiance is varied from 1000 kW/m?, 800 kW/m? 600 kW/m?> to 400 kW/m>
with a fixed temperature of 25°C (room temperature), while Table 4 shows the

same values when the irradiance is constant at 1000 kW/m?.
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Figure 12. P-V curve at 1000 W/m® with different temperatures.
Table 3. MPP at 25°C with different irradiation levels.
Irradiance (KW/m?) .. (A) Venax (V) P, (KW)
1000 368.3 273.5 1.00e5
800 294.4 272.3 8.02e4
600 220.3 271.8 5.99e4
400 147.2 268.7 3.97e4
Table 4. MPP at 1000 kW/m? with different temperatures.
Temperature L. (A) Vepar (V) P (kW)
0 362.5 296.6 1.08e5
25 368.3 273.5 1.007e5
30 367.8 268.9 9.9¢e4
35 368.5 264.4 9.74e4
40 369.1 259.9 9.6e4
45 370.7 254.7 9.44e4
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4.3. Results Using the Incremental Conductance (IC) Algorithm

Figure 13 shows the current, voltage and power output of the DC converter over
2.5s.

Figure 13 shows the current, voltage and power output respectively with IC
algorithm. Variations are observed at at different intervals which can be attri-
buted to the variations in irradiance. The settling time ¢ for the technique is
t, =0.2 s. At the beginning of the simulation, it can also be seen that there is a
delay caused by transients. The results also show that the sudden change in ir-
radiation also affects the power output of the boost converter. Figure 14 shows
the duty cycle as it varies with the change in irradiance and temperature, but is
still maintained within the range of 0 to 1 s, which shows that the MPP is tracked

at all points.

4.4. Results from the Voltage Source Converter with the IC Algorithm

Figure 15 shows the phase voltage and current respectively, while Figure 16
shows the power at the Voltage Source Converter output of a system using IC

algorithm. The results in these figures show similar output in terms of amplitude

Figure 13. Current, voltage and power output (from top downward) with IC MPPT technique.
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Figure 14. Duty cycle with IC algorithm.
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Figure 15. Current, voltage, and output respectively with IC algorithm.

for both voltage and current. The variations in power output are due to the

changes in irradiance.

5. Conclusions

Many techniques/algorithms/methods have been proposed and used in the
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Figure 16. Output power with IC algorithm.

tracking MPP for the efficient operation of PV systems. Selecting a particular
MPPT technique/algorithm/method for a system calls for diligent consideration
of cost, reliability, speed, accuracy, and efficiency of the system. The power rat-
ings of PV panel and climate conditions are also factors in certain areas and in
some applications.

From an overview of the literature, this study identified the P&O and IC algo-
rithms as the most robust ones to use for tracking of MPP in PV systems. The IC
algorithm was preferred and selected for the study because it outperforms the
P&O algorithm when the requirement is operation in fast changing dynamic en-
vironmental conditions such as temperature and irradiance levels.

Starting with the block diagram, all components of the system required for the
modeling and simulation of the IC algorithm were elaborated and modeled,
alongside with description of operation. Subsequently the system was simulated
using MATLAB/Simulink. Simulation results were presented and discussed. Re-
view and analysis of the results revealed the implementation of IC algorithm be-
ing effective for MPP tracking and control of the PV panel used in the study
with a settling time of 2 s; and operating under varying environmental condi-
tions of temperature and irradiation. These results cannot be generalized given
that only one model of PV panel was used.

Direction of further studies includes replication of the study with different

models of PV panels as well as using soft computing techniques.
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Appendix 1: Diagram of the Simulation of IC MPPT Algorithm for PV System
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