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Partial Shading Conditions
Sarah Lyden, Student Member, IEEE, and Md. Enamul Haque, Senior Member, IEEE

Abstract—This paper proposes a simulated annealing (SA)-
based global maximum power point tracking (GMPPT) technique
designed for photovoltaic (PV) systems which experience partial
shading conditions (PSC). The proposed technique is compared
with the common perturb and observe MPPT technique and the
particle swarm optimization method for GMPPT. The performance
is assessed by considering the time taken to converge and the num-
ber of sample cases where the technique converges to the GMPP.
Simulation results indicate the improved performance of the SA-
based GMPPT algorithm, with arbitrarily selected parameters, in
tracking to the global maxima in a multiple module PV system
which experiences PSC. Experimental validation of the technique
is presented based on PV modules that experience nonuniform envi-
ronmental conditions. Additionally, studies regarding the influence
of the key parameters of the SA-based algorithm are described.
Simulation and experimental results verify the effectiveness of the
proposed GMPPT method.

Index Terms—Maximum power point trackers, particle swarm
optimization (PSO), photovoltaic (PV) systems, simulated anneal-
ing (SA).

I. INTRODUCTION

MAXIMUM power point tracking (MPPT) is an important
concern in the operation of photovoltaic (PV) systems.

Each PV cell has a limited efficiency at converting the energy
in sunlight into electricity. Additionally, the PV cell exhibits a
nonlinear power–voltage (P–V) and current–voltage (I–V) char-
acteristic, which means that there is a single optimal operating
point which corresponds to the maximum power and maximum
efficiency. This optimal operating point will vary as the environ-
mental conditions change. When multiple cells are connected
in series and parallel arrangements, the I–V and P–V charac-
teristics become more complex and may exhibit multiple local
maxima.

MPPT approaches are usually applied to try to maintain the
system operation at the optimal operating point. Many MPPT
methods have been proposed with the aim of achieving consis-
tent operation at the MPP [1]–[6]. However, when the environ-
mental conditions vary across the modules, conventional MPPT
techniques are not often able to distinguish between global and
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local maxima resulting in the system potentially operating at a
lower power level.

The environmental conditions that PV systems operate under,
particularly in residential areas, rarely present uniform operat-
ing conditions. There are several objects including trees and
other houses which may shade the modules throughout the day,
cell mismatch can occur creating an internal shading type phe-
nomena, and the passage of clouds over the system will cause
varying irradiance levels [7], [8]. Under these conditions, con-
ventional MPPT techniques will frequently track to a local MPP
as they cannot distinguish between local and global maxima.
While some techniques have been proposed to enable global
MPPT (GMPPT) under such conditions, these frequently result
in larger system implementation cost [9]–[13], have increased
complexity [9], [10], [14], may not always guarantee GMPPT,
or experience significant power losses in the tracking process
[15]–[17]. In some cases, these GMPPT methods need to be op-
timized for each individual PV system or are strongly dependent
on the starting value [18]–[20].

The perturb and observe (P&O) technique is frequently used
in PV systems due to its low cost and simple implementation
[17], [21]–[23]. P&O-based techniques are limited by a tradeoff
between step size and tracking speed, exhibit poor performance
under rapid changes in irradiance, and stop at the first maxima,
regardless of if this is the GMPP [17], [21]–[24].

Particle swarm optimization (PSO) has been proposed as a
GMPPT technique based on the behavior of fish schooling and
birds flocking [19], [25]–[28]. In this technique, particles col-
lectively solve a problem by sharing information to find the best
solution. The technique is limited by the presence of random
variables in its implementation, and it requires several parame-
ters to be defined for each system [19].

The technique proposed in this paper is reliable at tracking to
the GMPP, and does so with complexity similar to the standard
implementation of the P&O technique. Technique performance
is compared against the P&O and PSO methods to show that
accurate GMPPT performance can be achieved with a minimal
complexity implementation. The purpose of comparing the pro-
posed method with P&O is because the methods have similar
complexity, yet a considerable difference in performance when
applied to a system under nonuniform environmental conditions.
PSO is also used as a comparison technique, as it is a common
technique designed specifically for partial shading conditions
(PSC). The objectives of the proposed GMPPT method are to
enable GMPPT in PV systems in a minimal complexity im-
plementation and with limited dependence on system specific
parameters.
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The proposed technique is based on the optimization tech-
nique of simulated annealing (SA). SA was proposed in 1980s
by Kirkpatrick et al. [29] and Černý [30] as a global minimiza-
tion method based upon the physical process of annealing in
metals. In metallurgy, annealing occurs when metals are heated
up to a high temperature such that they become molten, and
are then cooled according to a particular cooling schedule until
a minimum energy state is found [31]. Since 1980s, the tech-
nique has been applied to a variety of optimization problems
[32]–[44]. In [40], the SA method is applied to MPPT in a
simple PV system experiencing uniform conditions. This paper
presents a more robust implementation of the SA method for
MPPT, specifically under PSC. Consideration is also given to
optimization of the parameters of the SA method for GMPPT,
which has not previously been presented in the literature to the
best of the authors’ knowledge.

As PSC represent a more realistic operating condition for
PV systems in residential environments, the SA method is de-
veloped and experimentally implemented in this paper in the
context of PSC. The PSC considered combines the effect of the
shading from objects in the environment, module mismatch, and
variations in irradiance across the modules.

In Sections II and III, the P&O and PSO methods are de-
scribed. In Section IV, the proposed SA GMPPT technique is
defined. Section V discusses the simulation model used in the
analysis, and Section VI describes the simulation results. Sec-
tion VII details the experimental implementation and validation
of the performance of the SA algorithm. In Section VIII, the
key parameters of the SA method are explored in more detail.
Finally, conclusions are provided in Section IX.

II. P&O MPPT METHOD

The P&O MPPT method is commonly implemented due to
its simplicity and low cost compared with other methods [17],
[21]–[23]. It is based on applying a perturbation in the control
variable (usually voltage, although could be current or duty
cycle) [45] and observing the corresponding change in power.
On this basis, the change in power measured with respect to
a known change in voltage can indicate the next perturbation
direction needed to track to the MPP. As the P&O technique
is a gradient-based method, it seeks the operating point where
dP
dV = 0. This condition will exists at any local and any global
maxima, and results in the P&O technique simply tracking until
it locates any maxima. Once a maxima is located, the method
will continue to oscillate around this point and will not explore
the remaining search space until a change in the environmental
conditions allows the method to track to an alternative point. By
decreasing the step size, it is possible to converge to the MPP
more precisely, but this is at the expense of the tracking speed.

The tracking direction of the P&O technique is determined
by

dP

dV
> 0, left of MPP

dP

dV
= 0, at MPP

dP

dV
< 0, right of MPP. (1)

III. PSO MPPT METHOD

PSO uses a group of particles to collectively solve a problem.
Each particle’s position is updated based on its own best position
and the global best position enabling the particles to converge to
a global solution. The particle position at the next step is given
by (2), where xk

i is the previous particle position, xk+1
i is the

new particle position, and Φk+1
i is the particle’s new velocity

xk+1
i = xk

i + Φk+1
i . (2)

The particle’s velocity is calculated based on the particle’s
previous velocity, the differences between the particle’s current
position and the previous best position, and the difference be-
tween the particle’s current position and the global best position.
The particle velocity is calculated using (3) where ω is the inertia
weight, c1 , c2 are the acceleration coefficients, r1 , r2 ∈ U(0, 1)
are the random numbers, Pbest,i is the personal best position of
particle i, and Gbest is the best position of all particles in the
population

Φk+1
i = ωΦk

i + c1r1(Pbest,i − xk
i ) + c2r2(Gbest − xk

i ). (3)

IV. PROPOSED GMPPT METHOD BASED ON SA

SA works to find an optimal solution by following the pro-
cess of annealing in metals. Traditionally, in cooling metals in
a controlled manner, the minimum energy state is sought. In
applying the SA method to find the GMPP for a PV system, it
is necessary to seek the maximum energy (or power) condition.
The technique needs to be able to track to the GMPP rather
than a local MPP which makes good use of the global searching
behavior of the SA algorithm.

The SA algorithm requires an initial temperature, final tem-
perature, and cooling rate. At each temperature, the algorithm
performs several perturbations in the operating point (voltage)
and measures the corresponding energy (power). This measured
energy is compared with the current reference energy. If the new
operating point has greater energy, then it will be accepted as
the new operating point. If the new operating point has less
energy than the reference operating point, then it may still be
accepted depending on the acceptance probability. The accep-
tance probability relates to both the energy difference and the
current temperature of the search [46], and at higher tempera-
ture, small reductions in energy are likely to be accepted [47]. As
the temperature reduces, the likelihood that solutions with lower
energy will be accepted reduces. The acceptance probability is
given in (4), where Pk is the power at the current voltage, Pi

is the power at the previous best operating point, and Tk is the
current temperature of the system

Pr = exp
[
Pk − Pi

Tk

]
. (4)

The SA algorithm requires a cooling schedule which may
be either static or adaptive [40]. This paper uses the common
geometric cooling schedule, as given in (5), where Tk is the
temperature for step k, Tk−1 is the temperature at step k − 1,
and α is some constant (α < 1) [35], [47]

Tk = αTk−1 . (5)
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Fig. 1. Flowchart of the proposed SA GMPPT method.

As the temperature is updated every four random pertur-
bations, the implementation represents inhomogeneous SA, as
equilibrium is not required at each temperature level [46]. The
SA algorithm implementations considered in this paper perform
the following steps.

1) Set the initial parameters including the initial temperature,
cooling rate α, neighbourhood size, and final temperature.

2) Select a random voltage Vi within the search range.
3) Calculate/measure the power Pi .
4) While the temperature is greater than the stopping crite-

rion (Tmin), repeat the following:
a) select a random voltage Vk ;
b) calculate/measure the power Pk ;
c) if the new power Pk is greater than the previous

power Pi , the point Vk becomes the new operating
point (i.e., Vi = Vk );

d) otherwise, if the new power is less than the previ-
ous power, accept the operating point based on the
acceptance probability given in (4);

e) if four sample points have been considered at this
temperature, reduce the temperature using the geo-
metric cooling schedule given in (5).

The flowchart of the proposed GMPPT algorithm using the
SA method is shown in Fig. 1.

V. SIMULATION MODEL AND TECHNIQUE IMPLEMENTATION

The eight-module case has been simulated using the single-
diode model [48], [49] in MATLAB/Simulink. The I–V charac-
teristic is given by

I = Iph − I0

[
exp

(
V + IRs

Vt

)
− 1

]
− V + IRs

Rsh
(6)

where Iph is the light generated current, I0 is the diode saturation
current, Rs is the series resistance, and Rsh is the shunt resis-
tance, and Vt = kT Ans

q is the junction thermal voltage (where
k is the Boltzmann constant (1.38 × 10−23J/K), A is the diode
ideality factor, q is the electron charge (1.6 × 10−19 C), T is
the temperature on absolute scale (K), and ns is the number of
series-connected cells in the module).

The simulation model is constructed on the basis of BP380
80-W PV modules [50]. The eight modules are connected in se-
ries and experience nonuniform environmental conditions due
to a moving shadow caused by an obstacle in the environment.
The obstacle has a length of 20 m, and a width of 0.5 m. It is
positioned 10-m North and 5-m West of the eight-module PV
system. The PV system is simulated to be located in Tasmania
at the site of the Cape Grim weather monitoring site at lati-
tude −40.6817, longitude 144.6892. At this site, 1-min solar
irradiance data are recorded across the year.

The shading factor of each module is assessed by considering
the number of cells in the module that may be shaded. A cell
is considered to be shaded if its midpoint is within half of the
shadow width from the central shadow projection. The shadow
projection is evaluated by considering the geometry of the object
and the location of the sun at the time of interest. The end point
of the shadow is evaluated using the equations for the shadow
geometry, and the central shadow projection is considered to
be a straight line joining the object’s origin to the shadow tip.
The shading factor represents the percentage of cells shaded in
the module and how this limits the irradiance available to that
module. For instance, if no cells are shaded in the module, the
shading factor is 1 and if all cells are shaded in a module then
the shading factor becomes 0. The shading factor equation is
given by

sf = 1 − (shaded cells/36). (7)

The irradiance on each module is determined by multiplying
the shading factor by the 1-min irradiance data obtained from
the Australian Bureau of Meteorology [51]. This creates an au-
thentic indication of the irradiance experienced by the modules
when shading occurs in the environment. A clear day and vari-
able day irradiance profiles are considered in the simulations.
These irradiance profiles are shown in Figs. 2 and 3, respectively.

The P&O, PSO, and SA methods are all applied on the eight
series-connected modules simulation model to assess the per-
formance in tracking to the GMPP. Two different selections of
irradiance data are considered. In the first case, 58 test cases
are considered from April 1, 2010 when the panels experienced
shading (starting at 1:36 pm AEST) and the irradiance is vari-
able. In the second case, 18 test cases are considered from
October 11, 2010 (starting at 1:36 pm AEST) when the panels
experienced shading and the irradiance varies very slowly.
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Fig. 2. Clear day irradiance profile.

Fig. 3. Variable day irradiance profile.

Performance is recorded in terms of the time it takes the
algorithm to track to near the MPP and the number of cases in
which the algorithm converges to within 1%–5% of the GMPP
location, the cases where it converges to a similar power level
local MPP and when it does not converge.

The P&O method is implemented with a step size of 0.75 V
and an initial voltage of 10 V. A perturbation is applied every
0.05 s. The PSO method is implemented with the following pa-
rameters ω = 0.4, c1 = 1.2, c2 = 1.6 obtained from [52]. The
method cycles through the particles and the current particle’s
voltage is applied every 0.05 s. The particles are kept within the
range of 15–150 V. The SA algorithm is applied with an initial
temperature of 25 ◦C, final temperature 0.2 ◦C, and tempera-
ture update constant of 0.8. Temperature update occurs every
0.4 s. These parameters are fairly arbitrarily selected based on
observations of the technique with various parameter values,
and show that a satisfactory performance of the technique can
be achieved with limited optimization. The voltage was per-
turbed within the range of 14–144 V. The sampling time used
was 0.2 s. During this sampling time, at t = 0 s, the algorithm
is applied, at t = 0.05 s, the algorithm compares the current
operating point with the previous best operating point, and then,

decides whether to accept the new operating point. The remain-
ing 0.15 s of the sample time enables the technique to return to
the reference voltage (newly accepted or otherwise). This means
that under changing irradiance, the technique should be able to
detect that the power at its reference operating point is changing
to enable more successful tracking.

VI. RESULTS AND DISCUSSION

Figs. 4 and 5 demonstrate the voltage and power tracking
of the P&O, PSO, and SA techniques, respectively, for one
sample case. In this sample case, a single obstacle is placed
in the environment, and leads to two MPPs being exhibited in
the P–V characteristics as shown in Fig. 6. These MPPs have
similar power, and the GMPP is only 11 W larger than the local
MPP. Clearly in this case, it can be seen that while the P&O and
PSO techniques do converge to within 5% of the known GMPP
power, there is a voltage difference of about 17 V in the final
operating point indicating that the technique has converged to a
local MPP with similar power to the GMPP.

Several measures for the performance of each technique are
considered for this implementation. First, the time taken by the
algorithm to converge is given for the variable day irradiance
profile in Table I, and for the clear day irradiance profile in
Table II. For the SA algorithm, this time to converge refers to
the time taken by the algorithm to track to near the final operating
point without accepting any future operating points which are
at a considerably lower power and far from the final operating
point. For the P&O method, the convergence time is the time
taken to arrive at a MPP and start oscillating around that point,
and for the PSO technique, it is the time taken for all particles
to converge to within 0.02 V of each other.

The convergence of each MPP technique is considered in
Figs. 7 and 8 for the clear and variable day irradiance profiles,
respectively. Various convergence measures are considered in-
cluding a 1% to 5% convergence rating, and cases where the
technique clearly converges to a local MPP that has a similar
power to the GMPP. The 1% convergence rating gives a measure
of the number of cases where the operating point converges to
within 1% of the known voltage and 1% of the known power
at the GMPP. The other measures are defined on the same ba-
sis. In each case, the convergence is expressed as a percentage
of the 58 variable and 18 clear irradiance test cases that meet
that requirement. The operating point is considered to have not
converged if it has an error of more than 5% in the power when
compared to the expected GMPP power. For the variable day
irradiance profile, the P&O method converged to a local MPP
with power similar to the GMPP in 6.9% of cases, the PSO
method in 12.1% of cases, and the SA method in 8.6% of the
tested cases. The P&O method did not converge in 43.1% of
the cases, the PSO method in 20.7% of the cases, and the SA
method in 12.1% of cases. For the clear day irradiance profile,
the P&O method converged to a local MPP with power similar
to the GMPP in 5.9% of the cases, the PSO method in 11.8% of
the cases, and the SA method in 5.9% of the tested cases. The
P&O method did not converge in 35.3% of the cases, the PSO
method in 11.8% of the cases, and the SA method in 0.0% of
the cases.
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Fig. 4. Voltage–time chart of the sample case for MPPT implementations:
(a) P&O, (b) PSO, and (c) SA.

The results show that the SA algorithm performs best in terms
of the average, minimum, and maximum time to the vicinity
of the MPP when compared with the other techniques for the
variable day irradiance profile. In particular, the PSO technique
for the variable day irradiance profile in a few test cases did not
converge to any operating point, which is why the maximum
in those cases is 10 s. For the clear day irradiance profile, the
PSO technique exhibited a better time to find the MPP, showing

Fig. 5. Power–time chart of the sample case for MPPT implementations:
(a) P&O, (b) PSO, and (c) SA.

that the performance of this technique is very dependent on the
environmental conditions and the starting value.

These results show that when the 1% convergence criterion
is applied, the performance of the PSO technique is superior to
the other techniques. However, as the criterion is relaxed to a
5% convergence, the performance of the SA algorithm becomes
considerably better than that of the P&O and PSO techniques.
This is in line with the goals of the SA technique implementation
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Fig. 6. P– V characteristics for the sample P&O, PSO, and SA voltage and
power tracking.

TABLE I
TIME TO MPP—VARIABLE DAY IRRADIANCE PROFILE

P&O PSO SA

Average (s) 6.0 3.6 2.9
Standard Deviation (s) 0.9 1.8 1.6
Minimum (s) 4.8 7.0 0.2
Maximum (s) 8.3 10.0 7.4

TABLE II
TIME TO MPP—CLEAR DAY IRRADIANCE PROFILE

P&O PSO SA

Average (s) 7.24 1.64 2.5
Standard Deviation (s) 0.76 0.51 1.73
Minimum (s) 5.85 0.65 0.2
Maximum (s) 8.35 2.6 7.0

considered which is to converge to near the GMPP such that a lo-
cal searching process could be initiated to perform fine tracking
to the GMPP, similar to the approach suggested in [28] incor-
porating the PSO method for global searching and hill climbing
for fine searching. The percentage of cases where the SA algo-
rithm does not converge is far fewer than the percentage of cases
where the PSO and P&O techniques do not converge. In fact, for
the clear day irradiance profile, the SA method converges either
to the GMPP or a MPP with similar power (within 5% of the
GMPP power) for all test cases. The performance of the PSO
technique may be improved by applying the approach described
in [19] to select 60%–70% of the initial particle positions with
consideration of the anticipated shadow. Taking these steps to
improve the performance of the technique would add to the im-
plementation complexity and reduce the universal applicability
of the technique as some knowledge of the environment would
be required to appropriately define the anticipated shading. The
advantage of the SA technique, in this case, is that it can be ap-
plied with a truly random starting point and still converge in the
majority of cases. The SA algorithm exhibits better performance
with respect to converging to the GMPP when compared to the

Fig. 7. Performance in converging to the GMPP—Clear day irradiance profile.

Fig. 8. Performance in converging to the GMPP—Variable day irradiance
profile.

PSO and P&O methods as outlined above. As the SA algorithm
has a complexity similar to that of the P&O technique and has
fewer variables that need to be retained in memory than the
PSO technique, it is a simple yet robust approach to achieving
GMPPT under PSC.

The SA and PSO approaches are time-invariant optimization
techniques to locate a global maxima, and as such, are unable
to provide continuous tracking of the MPP. These techniques
require a reinitialization condition to be applied to restart the
searching when a change in the environmental conditions oc-
curs. To assess the energy capture from the P&O, PSO, and SA
methods under the same environmental conditions, the opera-
tion of the methods with a reset condition has been explored with
the same obstacle placement and the already described variable
and clear day irradiance profiles. The reset condition applied is
given in (8) [27], where Ppv,new is the most recent power mea-
surement at the operating point, Ppv,last is the previous power
measurement at the operating point, and ΔP is some threshold

|Ppv,new − Ppv,last|
Ppv,last

>= ΔP. (8)
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Fig. 9. Block diagram of the experimental setup.

The energy captured by each method under the clear and vari-
able irradiance profiles considered shows the good performance
of the PSO and SA methods under PSC. For the clear irradi-
ance profile, the SA method captured 96.14% of the available
energy, the PSO method captured 96.93% of the available en-
ergy, and the P&O method captured only 95.2% of the available
energy. With the variable irradiance profile, the SA method cap-
tured 92.17% of the available energy, the PSO method captured
95.23% of the available energy, and the P&O method captured
only 71.98% of the available energy. Under these simulation
conditions, the PSO method has performed slightly better than
the SA method, most likely due to the fact that, if implemented
effectively, it takes less time to search than the current, not fully
optimized, implementation of the SA method.

VII. EXPERIMENTAL VALIDATION

Experimental validation is shown in this paper by performing
several tests of the SA algorithm to confirm that it has good
performance in converging to the GMPP. Additionally, in this
section for comparison, the PSO and P&O methods are imple-
mented using the same experimental setup.

The block diagram of the experimental implementation is
shown in Fig. 9. The BP380 PV modules are connected to a
dc–dc converter, via a Textronix AC662 current probe, and then
connected to the load. Analog current and voltage measurements
are fed into the Labview program via a NI USB-6008 data
acquisition device, where the control algorithm is implemented.
Labview is utilized as it provides an effective method for the
MPPT algorithm to be easily modified during testing to improve
performance and allows the SA algorithm to be implemented
as embedded MATLAB scripts. The duty cycle, input power,
voltage, and current to the converter are all monitored on the
Labview interface as shown in Fig. 10. Experimental tests are
implemented with initial temperature 20 ◦C, final temperature
0.2 ◦C, and cooling rate 0.55, and with the temperature update
occurring every three iterations. The Labview program performs
the control algorithm, and writes an analog output between 0 and
5 V to a PIC microcontroller, which then outputs the PWM signal
to control the MOSFETs. PSC were established by covering one
panel with layers of fabric, similar to the approach in [53]. Sixty-
four different test cases are considered, where the irradiance
may be uniform or nonuniform, with either one or two layers

Fig. 10. Experimental setup and Labview interface for MPPT implementation.
(a) Experimental setup. (b) Labview interface (SA tracking).

Fig. 11. Sample P–V characteristics for experimental testing.

of fabric. In 79% of the test cases, the SA algorithm converged
to the GMPP, and in 4.69%, it converged to a MPP with very
similar power to the GMPP. For 14% of the test cases, the
method either did not converge to the GMPP or converged to a
MPP with considerably less power.

The SA, PSO, and P&O methods are all applied as MPPT
methods in the Labview interface to compare their performance
in converging to the GMPP. In each case, a P–V curve trace is
completed before the test to indicate where the MPPs will most
likely be located. In these comparison tests, one of the two pan-
els is covered with a layer of white fabric, and each algorithm is
performed six to eight times from the initialization condition to
determine how well each method will track the GMPP. A sample
P–V curve showing the approximate characteristics is shown in
Fig. 11. As testing was performed in the outdoor uncontrolled
environment, there was significant variation in the environmen-
tal conditions during each test, which in some cases lead to the
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Fig. 12. P–V characteristic for P&O experimental implementation sample
case.

PSO and P&O algorithms either searching in the wrong direction
or taking a considerable amount of time to search the solution
space. Of the seven tests for the SA method, five converged to
the GMPP and two converged to local MPPs. When the PSO
method was applied, five of the eight test cases converged to the
GMPP. The speed in converging to the GMPP using the PSO
method varied greatly in the different tests. In the best case, the
PSO method found the GMPP after only ten samples, but in the
worst case 368 samples were required due to the changing envi-
ronmental conditions. The P&O method converged in three of
the six test cases considered. In some of the test cases, it became
clear that the P&O method had become trapped in a local power
trap [54] as the method continued to oscillate around a point far
from any MPP. There were also several cases where the method
started to track in the wrong direction as the environmental con-
ditions changed. In one cases, this required 220 samples for the
P&O method to finally track to and start oscillating around the
actual MPP location. Another key observation from the P&O
experimental tests highlights that the ability of the technique to
converge to the GMPP was very dependent on the initial duty
cycle selected in the implementation. In all the cases where the
method converged to the local MPP, the initial duty cycle had set
the technique up to achieve this by being more closely located
to the local MPP than to the global MPP.

Sample experimental tracking cases for each method are now
described. The P–V characteristics experienced for the sample
P&O tracking are shown in Fig. 12. From inspection of this
figure, there is a small power curve trap [54] located at about
28 V. The tracking case shown in Fig. 13 demonstrates the
tracking of the P&O method under these environmental condi-
tions, with a starting duty cycle of 0.65. It is clear from these
results that the method has become trapped in the local power
trap, which means that it has not successfully located the global
maxima. P–V characteristics for the sample experimental PSO
tracking are shown in Fig. 14. It can be seen that the curve
trace is not completely smooth, but this is unavoidable due to
the changing environmental conditions. A sample PSO track-
ing under these environmental conditions is shown in Fig. 15.
The PSO method converges quickly, however, it converges to
the local peak power. P–V characteristics for the sample SA

Fig. 13. Sample tracking using P&O for P–V characteristic shown in Fig. 12.

Fig. 14. P– V characteristic for PSO experimental implementation sample
case.

Fig. 15. Sample tracking using PSO for P–V characteristic shown in Fig. 14.

tracking case are shown in Fig. 16. This clearly shows that
the GMPP is about 80 W. The tracking of the SA method under
these conditions is shown in Fig. 17. Despite the fact that the SA
method requires a larger number of samples than shown with the
P&O and PSO methods, it can successfully track to the GMPP.
The characteristics that each method is tested under are not
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Fig. 16. P–V characteristic for SA experimental implementation sample case.

identical as the experiment is performed in the outdoor envi-
ronment. Each characteristic, however, exhibits a local peak at
about 17 V and a global peak at about 35 V.

VIII. KEY PARAMETERS OF THE SA METHOD AND THEIR

EFFECTS ON THE PERFORMANCE

The SA implementations considered in the simulation studies
and experimental validation presented in this paper rely on fairly
arbitrarily selected parameters for the method. This does lead to
some disadvantages in the operation of the technique, primarily
in the large search range that samples may come from, the po-
tentially large number of samples required to converge, and the
fact that the method will continue to sample even after the best
operating point has been located. Extensive studies of the key pa-
rameters have been completed to assess how each parameter will
effect both the ability of the method to converge and the number
of samples required. These key parameters include initial tem-
perature, cooling rate, cooling frequency, acceptance probability
threshold, neighbourhood size, stopping temperature, stopping
criterion, and cooling function. Due to space restrictions, only
those parameters which have been shown to have a significant
effect will be considered in this section. In each case, the SA
method with the modified parameters is applied 100 times on
30 different P–V characteristics.

A. Linear Neighbourhood Size Reduction Function

The neighbourhood range is reduced linearly after each tem-
perature update occurs according to the relationship

size = −5.5 × update + 135.5 (9)

where size is the size of the neighbourhood and update repre-
sents the number of temperature updates that have occurred.

Reducing the neighbourhood size will not influence the num-
ber of samples required by the SA algorithm to converge. With
a linear neighbourhood reduction function, the percentage of
tested cases that converge is 93.7%. The advantage of reduc-
ing the neighbourhood size is that it restricts the voltage range
that the method can sample within which should reduce the
oscillations observed when sampling.

Fig. 17. Sample tracking using SA for P–V characteristic shown in Fig. 16.

B. Stopping Criterion

A stopping criterion has been implemented where the SA
algorithm is stopped if the solution quality has not improved
for a particular number of samples. Stopping criterion constants
between two and ten samples with no improvement are consid-
ered. As the stopping criterion constant is increased, the number
of samples required is increased and the performance improves.
With an average of 55 samples, the method will converge in
70% of the cases. The stopping criterion has a significant effect
on reducing the number of samples required, however it does
not significantly improve the performance.

C. Lundy Cooling Schedule

The Lundy cooling schedule is given by (10), where Tk is
the new temperature, Tk−1 is the previous temperature, and β is
some constant

Tk =
Tk−1

1 + βTk−1
. (10)

As the Lundy cooling constant β is decreased, the number of
samples required and the number of cases that converge to the
GMPP increase. With 100 samples, the Lundy cooling function
leads to an average convergence of 98%. The variation in the
number of samples required and the average convergence for
the Lundy method with different cooling constants is shown in
Fig. 18.

D. Simulated Quenching (SQ)

SQ is proposed as a way to achieve GMPPT quicker than
with other cooling schedules. The SQ cooling function is given
in (11), where C is a constant, the initial temperature (T0) is
25 ◦C, and k represents the number of samples

Tk =
T0

exp (1 − C)k
. (11)

SQ shows good performance with, on average, over 80% of
cases converging with only 40 samples. The variation of the
average number of samples and average percentage of cases
that converge is shown in Fig. 19.
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Fig. 18. Samples required and average convergence to the GMPP with in-
creasing Lundy cooling constant.

Fig. 19. Samples required and average convergence to the GMPP with in-
creasing SQ cooling constant.

E. Summary

The four cases detailed above show that some parameter vari-
ations can be used to improve the performance of the SA method.
No single parameter variation in isolation, however, is able to
achieve the goals of fewer samples and better convergence si-
multaneously. Future research will include combining the ef-
fects of multiple parameter variations with a local searching
methodology to enable accurate GMPPT to occur with minimal
samples.

IX. CONCLUSION

A SA-based MPPT technique has been proposed for achiev-
ing GMPPT for PV systems experiencing nonuniform environ-
mental conditions. The performance of the technique in tracking
to the GMPP for real-irradiance data with a simulated shadow
path is compared to the performance of the P&O and PSO meth-
ods in tracking under the same irradiance conditions. Results
show the improved performance of the proposed technique in
converging to the GMPP. The algorithm achieves GMPP or near
GMPP with only a slight increase in computational complex-

ity when compared to the P&O technique and requires fewer
parameters to be stored in memory from one iteration to the
next than the PSO technique. The ability of the proposed SA
technique to track to the GMPP is not limited by the starting
value used in the algorithm. Experimental results demonstrate a
practical application of the method, and parameter studies sug-
gest future enhancements to improve the convergence speed and
accuracy.
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