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Abstract: This paper proposes a hybrid maximum power point tracking (MPPT) method with zero
oscillation in steady-state by combining genetic algorithm (GA) and perturbation and observation
(P&O) method. The proposed MPPT can track the global maximum power point (GMPP) fast for a
photovoltaic (PV) system even under partial shaded conditions (PSC). The oscillations around the
GMPP are eliminated and the power loss can be reduced significantly. In addition, the proposed
MPPT can make the PV system operate at the highest efficiencies under various atmospheric condi-
tions. During the MPP tracking, the system will oscillate around the MPPs, resulting in unnecessary
power loss. To solve the problem, the artificial intelligence (AI) algorithms, such as PSO, Bee Colony
optimization, GA, etc., were developed to deal with this issue. However, the problem with the Al
algorithm is that the time for convergence may be too long if the range of the MPP search space is
large. In addition, if the atmospheric conditions change fast, the PV system may operate at or close to
the local maximum power points (LMPPs) for a long time. In this paper, a method combining the
P&Q’s fast tracking and GA’s GMPP tracking ability is proposed. The proposed system can stop the
oscillations as soon as the GMPP is found, thus minimizing the power loss due to oscillations. The
proposed MPPT can achieve superior performance while maintaining the simplicity of implementa-
tion. Finally, the simulation and experimental results are presented to demonstrate the feasibility of
the proposed system.

Keywords: PV system; maximum power point tracking (MPPT); genetic algorithm (GA); partial
shaded conditions (PSC)

1. Introduction

With the increasing growth of renewable energy, photovoltaic (PV) systems are in-
creasingly used to generate electrical power from solar irradiation incident on PV modules.
The PV system installation is expected to reach 800 GW by the year 2030. This growth of PV
system market is great because the available solar energy is plentiful, free, sustainable, and
pollution free [1]. Although PV systems have many advantages, they have major problems:
(1) low efficiency that can hardly reach 20%, (2) the conversion efficiency is worse when
the weather is bad, and (3) nonlinear electrical characteristics. Normally, the efficiency of
PV system mainly depends on solar irradiance level and atmospheric temperature [2,3].
Therefore, PV systems should be operated at maximum power points (MPPs) to achieve
the highest possible efficiencies. A maximum power point tracking (MPPT) system is one
of the important components that each PV system should include to ensure that the highest
possible power is generated. The MPPT controller is an electronic control system, which
monitors PV terminal voltage/current and achieves MPPT by controlling the duty ratio of
a DC/DC converter to match the output load to the PV source. An efficient MPPT system
is designed to track the MPPs at all times under various conditions. The MPPT control
should be simple, accurate, and cost effective [4].
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In [5-10], several control schemes have been presented to track the MPPs for PV
systems. Some of these methods have simple configurations but low efficiencies due to the
use of open-circuit voltage and short-circuit current method. These methods work well at
relatively stable atmospheric conditions. In [3,11], many system parameters are required to
implement the MPPT, such as irradiance (G), temperature (T), etc. Adding these param-
eters can enhance the tracking efficiency, but more sensors are required. Therefore, the
complexity and cost of the whole system increases. The methods such as the hill-climbing
(HC), perturbation and observation (P&O) [12-17] and the incremental conductance (INCs)
can obtain high efficiency with a low computational cost, thus they have gained a primary
position among the MPPT algorithms. However, these algorithms suffer from: (1) Operat-
ing at local maximum power points (LMPPs) under partial shaded conditions (PSCs), (2)
The steady-state oscillations cause large power loss.

The PV modules are formed by placing many cells in series, then the PV system
is formed by placing several PV modules in series in a string. In practical applications,
differences exist between the output powers of the cells in different PV modules, e.g., due
to part of the modules being shaded or pollutions on one or more cells. When PSC occurs
for the PV system, multiple power peaks will appear on the P-V curve [18]. If there are
more than two zero-slope points on the curve, the system with the conventional P&O may
not work at the real GMPPs, resulting in the reduction of system efficiency [19-21].

PSCs often occur in large PV systems and cause losses in system output power. To
deal with the tracking for PV system under PSCs [12,13,22-24], many algorithms have
been proposed, such as artificial neural network (ANN) [10], particle swarm optimization
(PSO) [13,18,19], fuzzy-logic control (FLC) [18], genetic algorithm (GA) [9,10], and two-
stage searching [22]. Most of them have good tracking performance, but it takes longer
to track the global maximum power points (GMPPs). Two-stage searching combines
traditional MPPT methods to enhance tracking speed, but it cannot ensure successful
GMPPT, even the tracking speed depends on the parameter used in the method [22].
For the ANN method, increasing training data and expensive sensors are required for
the PSC. Although the advantages of FLC are rapid tracking speed and high tracking
accuracy, a higher hardware cost is required. GA is one of the soft computing methods,
and it is complex and difficult to implement with low-cost microcontrollers. PSO is an
optimization method based on swarming, and it can track the GMPP in two seconds.
However, a powerful microcontroller is required for digital implementation. For most
of these computing methods, only simulated results are provided [22]. Load-line MPPT
can track the GMPP in less than one second, however, it can only track the global MPP
under certain shading conditions [23,24]. The instantaneous power optimization can track
the global MPP in less than one second, but a preliminary investigation is needed to
assess the currents at different maxima to calculate the required parameters for the system
control [24].

In this paper, a hybrid MPPT with zero oscillation in steady-state conditions that
can solve the aforementioned problems is proposed. Combining the advantages of P&O
method and genetic algorithm (GA), the proposed MPPT can find the GMPPs fast and
correctly even under PSCs. As soon as the GMPP is found, the perturbations are stopped,
thus the oscillations and the power loss are reduced.

2. Genetic Algorithm

Figure 1 shows the flowchart of conventional GA. In the beginning, the algorithm
will initialize several creatures randomly. The “creature” indicates any possible solution
on the search area. It can be any working point on the P-V characteristic curve for a
solar system. The “fitness value” indicates the power of any working point on the P-V
characteristic curve, which means the working point with higher output power has higher
fitness value. If the termination condition is satisfied, then the system is working on the
GMPP, otherwise, the creature with lowest fithess value is removed, and a new creature
is produced by the rest of the creatures. To prevent sticking to the LMPP in the searching
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process, the algorithm will set a mutation probability to decide whether a creature has
mutation.

( Start )

y
Initialize creatures

y
Evaluate fitness [« N

Satlsfy N Selection
constraint?
v
Reproduction
Yes Y
l Mutation

Output result

Figure 1. The flowchart of conventional GA.

3. Solar System Module

The block diagram of the proposed system is shown in Figure 2. It includes three
PV panels supplying power through a power converter to a load. The load is a resistor.
The voltage and current are detected, then the control system adjusts the duty cycle of the
DC/DC converter to produce maximum output power. A boost converter is used in this
research. It can ensure a continuous current from the PV panel, minimizing the loss due to
low ripple current. Next, we will show the power loss due to the steady-state oscillations
and demonstrate the importance of tracking with zero oscillations for the PV system.

ip\'

Control

Vv System

Duty

— T ==
PV 1pv 1
. ] Vpv —
String f‘ R
Boost Converter

Figure 2. The block diagram of the PV system.
3.1. Basic Characteristics of PV Module

In order to calculate the power loss due to the steady-state oscillations, the basic
characteristics of PV module needs to be reviewed first. Figure 3 shows the equivalent
circuit for a PV cell, including a series resistor (Rj,), a parallel resistor (R;), and a diode (D).
The diode is the P-N junction of the cell structure. When the solar irradiation shines on
the PV panel, the electrons and the holes of the P-N junction will start to move. Then, the
photocurrent (I,,) is produced by this movement. For a PV panel assembled by 1, parallel
strings of 1 cells, the panel’s current (ipv), voltage (vpv), T, and G, is given as

. v
ipp = 1y X Ly —np X Isut[exp(ALTk X nL:) —1] 1)
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where I is the reverse saturation current of D, g is the electron charge (1.6 x 1019, A
is the diode factor, k is the Boltzmann's constant (J/K), T is the PV panel temperature (K),

and Iy, is proportional to G

G

Iph = [Isso + Ki(T - Tr)]m )
where I, is the short-circuit current under standard test condition (STC: 1 kW /m?2, 25 °C),
K; is temperature coefficient. This relationship determines the effect of the environmental
factor on the nonlinear cell characteristics, and it is fundamental to develop an MPPT
strategy that can track the MPP under weather variations.

1.
pv
‘ipf’t !_ Dn é‘l?i

Figure 3. The equivalent circuit for a PV cell.

Two circuit parameters are of special interest when describing a PV cell, and they will
be used to quantify the MPPT strategy behavior: the open-circuit voltage (Vo) and the
short-circuit current (Is.). The V) is defined as vy, when iy, is zero

ns AKT Lpp

Voc = Upv|ipv:0 = X ln(IL —1) ®3)
sat
Isc is defined as the ipp when vy, is zero
Ise = ipv vpv=0 = Np X Iph @)

From the Equations of (1)—(4), we can obtain the characteristic curves as shown in
Figure 4. When the system operates at vy, and ipyp, we can get the maximum output
power, and the operation point is the MPP of the module. When the environmental
conditions change, the characteristic curves of the PV panel will also change, and the MPP
moves. At this moment, we need a MPPT to track the new MPP and make the system work

at the highest efficiency.

Porpp- === mm o e
()
- o
2 :
E

a @
Z 2
= =z

— P-V Curve

— I-V Curve

Vartgap

Voltage(V)
Figure 4. P-V, I-V characteristic curves.

The variations of G and T will affect the characteristics curve of the PV panel. The
changes can be obtained from (1)-(4). On the other hand, the changes in G mainly influence
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Isc, and T mainly affects V.. Nevertheless, in general, the G is affected the most. The reason
is that the clouds, spots, etc., change the G easily.

3.2. Conventional P&O

The flowchart of the conventional P&O is shown in Figure 5. By scanning the P-V
characteristic curve and changing the working point, the system can achieve MPPT. If the
change in power is positive, then the direction of step variation will keep the same as the
previous direction; if the change is negative, then it will be the opposite direction. When
the MPP is found by the conventional P&O, the operating point will oscillate around the
MPP to continue the detection of variation of the atmospheric conditions.

‘ Vo = Vet - step Vpy = Vet + step

J J

‘ Vv = Viet - step ‘VW = Vet + Step

( {

Figure 5. The flowchart of conventional P&O.

The tracking process of the conventional P&O is shown in Figure 6. The system is
activated to track the MPP when the atmospheric conditions change or PSC occurs. Due to
the uneven solar irradiation under PSC, the PV curve will have more than two peak points
as shown in Figure 7. This makes the PV system unable to operate at its GMPPs, which
causes steady-state oscillations and power loss.
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Figure 6. The tracking process of the conventional P&O.



Energies 2021, 14, 5590

6 of 15

P mpp,shaded

(A HOMO

Voltage(V) Vinpp vmpp,‘\‘fwdm[
Figure 7. The P-V curve with two peak points under PSC.

3.3. The Loss Due to Steady-State Oscillations

Figure 6 shows the tracking process for the system with conventional P&O, in which
the voltage step changes are shown. The power loss due to the oscillations in steady-state
can be calculated [13]. The ratio of the power loss to the maximum power is defined as

Ploss Avpv,rms Dcell
~ X (14 ——— 5
Pipp Umpp ( 2AkT/q) ©®)

where Avyy, s is the rms value of the voltage ripple and v,y is the maximum voltage of
each cell (around 0.5 V).The rms value of the voltage ripple for the conventional P&O is

T

1 /1

f/Avpvz(t)dt = Vstep X 5 + b2 (6)
0

where b is the deviation value between common middle point (V,;4) and vy, (about —0.5
to 0.5). If the operating voltage is stable without any oscillations, the rms value of voltage is

Avpvfp&o,rms =

AU]ov—MP&O,rms =bx Vstep (7)

Replacing (6) and (7) in (5) gives the percentage of loss for the conventional P&O (8)
and the percentage of loss for the algorithm without oscillations in steady-state (9)

Pioss 1 2 VSt@P 2 Dcell
) mGH)x(—) x(1+557772) ®)
Pupp” peco 2 Umpp 2AkT/q
Pioss 2 VSteP 2 Ocell
(=) ~b°x ( X (14 =———) 9)
Pupp” mpeco Umpp 2AKT/q

The ratio of (9) to (8) indicates the power loss in steady state with the oscillations,
since the loss due to the oscillations is nearly eliminated with the proposed algorithm

(F)

Pupp ’ MP&O _ L
7(%) =1+ 2 (10)
Pupp ’ pg:0

The ratio of power loss in (10) indicates that the tracking power loss for the PV
system in steady-state is increased by the factor of 1/2b? due to the tracking oscillations.
If b = 0.5, the loss is three times. This paper presents a system that can remove the
oscillations around the MPPs in steady-state conditions, thus the power loss can be reduced.
Generally speaking, a PV module can work about 25 years, thus a long period of steady-
state oscillations causes a great power loss. If the tracking oscillations are reduced or
eliminated, the power loss is reduced and the system efficiency is increased.
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4. Simulations

PSIM is used for simulations in this research. The PV panel is of V,. =21.1 V and
I, = 3.8 A, and a PV module’s maximum output power is 60 W under STC. Three PV
modules in series are used for the simulations, and the G is varied to simulate PSC. The G
for the three PV modules is 1000, 700, and 300 W /m?, respectively. Under this condition,
the maximum power is 89.3 W and the P-V curve is shown in Figure 8.

(Mn)ormod

70 70 50
Voltage(V)

Figure 8. The P-V curve under PSC (1k, 0.7 k and 0.3 kW/ mz).

Figure 9 shows the flowchart of the proposed method. In the beginning, three creatures
on the P-V curve (three different working point) are initialized. The positions of three
creatures are P1 = 0.15V,, P, = 0.5V, P3 = 0.85V,, respectively. Then, the P&O is used
with a large step to make P and P3 approach the nearest LMPP. Thus, the searching area of
GA is substantially reduced and the tracking speed is raised. After P; and P53 approach the
nearest LMPP, the proposed method will use GA to track the GMPP. The fitness values of
three creatures (the output power of each working point) are calculated, and the creature
with lowest fitness value is removed. A new creature is produced by using two creatures
with better fitness values. The previous steps are repeated until the termination condition
is satisfied. The termination condition is: the difference between the fitness values of three
creatures is lower than the deviation value (¢). The deviation value (¢) needs to be designed
carefully. If the value is too large, it may make the system converge too fast; if the value is
too small, it may not make the system converge.

It is worth noting that when the two consecutive creatures are eliminated at the same
position, it will have a “mutation”, that is, it moves randomly to the left or right. Then it is
compared with other creatures to avoid the situations that cannot converge.

The point at which the GA finally converges will be around the GMPPs with slight
deviation. The proposed method uses the P&O at the very end to make the operating point
right at the GMPP. To achieve an accurate control, a very small step is used in the tracking,
which can effectively reduce the disturbance and the power loss. When the GMPP is
found, the system decides whether it is in steady-state by calculating the counts of passing
common middle point (V). Therefore, it can stop the oscillations around the MPP. For a
given weather condition, when the photovoltaic system tracks and converges to GMPP, the
system reaches a steady state. If the weather condition changes, the system starts another
new tracking process for the new search.

Figure 10 shows the simulated output power waveform for the PV system with the
proposed method. The simulated step response demonstrates the dynamic response of the
system. As shown in the figure, the search time is less than one second (0.8 s).
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Figure 10. GMPP tracking under PSC with proposed method-Transient response.

Figure 11 shows the simulated duty ratio for the PV system with the proposed method
under PSCs. From the curve of duty ratio, the advantage of the proposed method is
observed clearly. From the figure, the first creature (P7) is set as 0.15 at f = #; and P; is
moved to the nearest LMPP by the P&O. A large step is used to reduce the tracking time.
At t = tp, Pq reaches the LMPP; at t = t3, the second creature (P,) is set as 0.5; at ¢ = t4, the
third creature (P3) is set as 0.85 and the P&O is used to move Pj to the nearest LMPP, the
LMPP is reached at t = t5. Then the GA is adopted, the fitness values of the three creatures
(power) are compared, and the creature with lowest fitness value is eliminated. Other
creatures with higher fitness values are used to produce a new creature. Att = t4, the fitness
values of the three creatures have been very close to each other (within the set error value
¢), the system exits from the GA subroutine and the P&O is used again for precise tracking.
Small steps are used to reduce the tracking loss. At t = t, the system operates at the GMPP
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without oscillations. Here, the output power is very close to the theoretical maximum
power. Therefore, the proposed method has excellent performance and high efficiency.

10 @ e R £ £ £ o1t e P ot 8 1 R £ R R ettt st s
Pt e

(0.8 hj.ﬂ I

006 b e e bbb st et
g ¥
=

0.4

P [ STPRUISRSRNSRROON 11 SO OSSO TSR SO TTRN NOT R

L 05 T L T.0 .5
Time(s)

Figure 11. The duty ratio of system with proposed method under PSC.

5. Experimental Results and Discussions
5.1. Experimental Results
The system controller used in this research is Texas Instruments TMS320F28335 DSP.

A PV array simulator (ITECH IT6513C) is used to generate the required P-V and I-V curves.
Table 1 lists the circuit parameters of the boost converter. Table 2 shows the parameters of

PV modules.

Table 1. Circuit parameters of the boost converter.

Circuit Parameters Value
Inductance 500 uH
Switch Frequency 100 k Hz
Output capacitance 22 uF
Mode of operation CcCM

Table 2. Parameters of PV module.

Parameters Value
Open-circuit voltage 26.74V
Shirt-circuit current 1.03 A

Maximum output power 21.31 W
Maximum power point 2197V

In the experiments, three PV panels connected in a string are used to raise the output
power. Six types of patterns, shown in Table 3, are considered for experiments. The
resolutions of GMPP for the six test patterns: 43.2, 11.6, 24.74, 3.45, 8.41, 1.6% are listed
in Table 3. Figure 12 shows the P-V curves of six patterns for the proposed system. The
comparison among the proposed method, the conventional GA and the modified PSO
of [14] are carried out. Figures 13-18 show the experimental results of MPP tracking for
these methods with six patterns.
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Table 3. Six test patterns.
T G Vmpp Pmpp Resolution
Pattern 0 (W/m?) V) W) (%)
1 1000, 1000, 300 45.00 42.96 43.2
2 25 1000, 700, 500 67.50 37.40 11.6
3 1000, 700, 300 46.18 32.60 24.74
4 1000, 600, 400 63.91 28.40 3.45
5 50 700, 600, 400 60.25 26.75 8.41
6 900, 500, 300 40.90 22.06 1.6

Note: Resolution= [(GMMP — MPP,,x)/ GMPP]%.

50.0

400 -

B0
<
<
=
=
200 | e i g
S T .
0.0 15.2 304 45.6 60.8 76.0
Voltage(V)
40.0
e Pattern 4 * GMPP
320 .. = Pattern 5 |..-.ciieciiiiiiiiiie e sia st ara e ar
= Pattern 6
20| N N e
[=]
=
&
El
160 eecrvnnrnenaed AN R
Y T T
0.0 14.4 28.8 43.2 57.6 72.0
Voltage(V)

Pattern 1
Pattern 2

Figure 12. The P-V curves of six test patterns.
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Figure 16. Tracking process—Pattern 4.
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Figure 18. Tracking process—Pattern 6.

From the experimental results, it is clear that the proposed method, the conventional
GA and the modified PSO proposed can find the GMPP under different atmospheric
conditions, and the steady-state oscillations are very small. Reference [14] combines P&O
and PSO to make the tracking speed faster. However, PSO has many parameters (w, c1,
¢z, 11, 12) need to be set by users, and all of the parameters affect the tracking efficiency
directly. If the parameters are not setup properly, the system may have oscillations and the
non-convergence will cause a large power loss. With the proposed method, the user does
not need to setup any parameter, therefore the system implementation is very simple.

Table 4 gives the comparison of different MPP controls. Tables 5 and 6 list the experi-
mental results for the PV system with the proposed method. The proposed method uses
P&O with a small step to track the GMPP more accurately. Once the GMPP is obtained,
it stops the oscillations, which makes the out power almost the same as the theoretical
maximum power. Therefore, the tracking efficiency (Peono/Pppp) is very close to 100%. It is
worth noting that in Pattern 6 (Green line, Figure 12), there are two peak points whose out-
put power values are very close (resolution of 1.6%), which may lead the conventional GA
and the method of [14] to not operate at the real peak power point, thus lowering the system
efficiency. The tracking efficiencies for the three MPPT controls on Pattern 6 in Table 6 have
relatively big differences among them compared to the data on other patterns, which is con-
sidered as the effect of the very close PV patterns. (The [[GMMP — LMPPax)/ GMPP]% of
the Pattern 6 is obtained as: (21.82-21.46)/21.82% = 1.6%, GMMP = 21.82, LMPPax = 21.46)

Table 4. Comparison of MPPT methods.

Steady-State

MPPT Algorithm Track GMPP Oscillation Implementation

Proposed method Yes (Almost)zero Easy
Reference [14] Yes low Difficult

Conventional GA Yes low Middle
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Table 5. Experimental results for Patterns 1-3.

Pattern 1 Pattern 2 Pattern 3
AIMP?ti Power Tracking  Tracking Power Tracking  Tracking Power  Tracking  Tracking
gorithm W) Time (s)  Efficiency (\%) Time (s)  Efficiency W) Time (s)  Efficiency
Proposed method ~ 42.90 12 99.8% 37.38 15 99.9% 32.56 15 99.8%
Reference [14] 41.97 24 97.7% 37.23 24 99.5% 32.36 24 99.2%
Conventional GA  42.30 23 98.4% 37.38 26 99.9% 32.38 26 99.3%
Table 6. Experimental results for Patterns 4-6.
Pattern 4 Pattern 5 Pattern 6
AIMPF,; Power Tracking  Tracking Power Tracking  Tracking Power Tracking  Tracking
gorithm W) Time (s)  Efficiency W) Time (s)  Efficiency W) Time (s)  Efficiency
Proposed method 28. 14 99.8% 26.73 16 99.9% 22.06 16 99.9%
Reference [14] 28.15 22 99.1% 26.73 28 99.9% 2143 26 97.1%
Conventional GA  28.30 21 99.6% 26.71 23 99.8% 20.91 22 94.7%

5.2. Discussions

The performance criteria for MPPT control include many different items such as the
tracking time, tracking efficiency, implementation, cost, etc. However, it is difficult to cover
all of the criteria in a research report. The proposed MPPT features the performance of
MPP tracking without oscillations during the tracking process for the PV system under
PSC. Therefore, the comparison of the proposed MPPT and two different MPPT controls
are made in terms of the tracking time and tracking efficiency in this research.

The tracking efficiency for the proposed system under the transient response is around
99.5-99.8%. The focus of this research is on the tracking ability of the proposed MPPT,
including the tracking time and the convergence of the tracking under PSC. The unique
feature of the proposed control is the MPP tracking without oscillations in steady-state
for photovoltaic energy systems. The measured results from experiments demonstrate the
tracking performance from the beginning to the convergence of tracking for the proposed
control and different MPPTs. The major difference between the proposed method and
two different algorithms is the tracking time. The average tracking time of the proposed
method is 14.5 s, and the average tracking time of method [14] and the conventional GA is
24.67 s and 23.5 s, respectively. It can be seen from the experiments, when the P-V curve has
two or more peak power points, the algorithm of [14] and the conventional GA take longer
to converge thus the tracking time is longer. Once the atmospheric conditions change faster,
these algorithms may not operate at GMPPs for a long time and cause large power loss.
The proposed method uses P&O with large steps to reduce the searching area, therefore
saving the tracking time. It also works well to deal with the change of weather conditions
and thus raise the system efficiency.

For most of the practical PV applications, noise on the PV pattern is usually filtered in
order to not disturb the operation of MPPT control. Therefore, noisy PV patterns are not
considered in this study.

6. Conclusions

This paper presents a hybrid global maximum power point tracking method that
can track GMPP under PSC with nearly zero oscillations at steady-state. The proposed
control combines the unique advantages of the P&O and the GA methods, such that the PV
system can track and operate at GMPPs rapidly and accurately under different illuminance
conditions. Once the GMPP is found, the system stops the oscillations. Thus, the power
loss due to the perturbations of conventional MPPT in steady-state is effectively reduced.
The improvement is achieved because of the following features: (1) The use of P&O quickly
moves the operating point to the nearest LMPP, greatly reducing the searching area required
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for the GA method. (2) The use of GA makes the operating point quickly converge to
the GMPP. (3) By stopping the oscillations when the steady-state condition is achieved.
The simulation and the experimental results for the proposed method are provided to
demonstrate the excellent performance.

This paper introduces a hybrid MPPT to achieve zero oscillation in steady-state and
compares its performance in terms of tracking efficiency and tracking time to different meth-
ods in experimental tests. The experimental results have shown the excellent performance
of the proposed MPPT.
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