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Abstract: This paper proposes a novel maximum power point tracking (MPPT) method inspired by
the horse racing game for standalone photovoltaic (PV) power systems, such that the highest PV
power conversion efficiency is obtained. From the horse racing game rules, we develop the horse
racing algorithm (HRA) with the qualifying stage and final ranking stage. The MPP can be searched
even if there exist multiple local MPPs for the PV power system. Moreover, from the proposed
horse racing algorithm, the calculation is reduced, so that the transient searching points are less than
traditional methods, i.e., the transient oscillation is less during the MPPT control. Therefore, the
HRA based MPPT method avoids local maximum power traps and achieves the MPP quickly even
if considering partial shading influence and varying environment for PV panels. Evidence of the
accuracy and effectiveness of the proposed HRA method is exhibited by simulation results. These
results are also compared with typical particle swarm optimization (PSO) and grey wolf optimization
(GWO) methods and shown better convergence time as well as transient oscillation. Within the range
from 0.34 to 0.58 s, the proposed method has effectively tracked the global maximum power point,
which is from 0.42 to 0.48 s faster than the conventional PSO technique and from 0.36 to 0.74 s faster
than the GWO method. Finally, the obtained findings proved the effectiveness and superiority of the
proposed HRA technique through experimental results. The fast response in terms of good transient
oscillation and global power tracking time of the proposed method are from 0.40 to 1.0 s, while the
PSO and GWO methods are from 1.56 to 1.6 s and from 1.9 to 2.2 s, respectively.

Keywords: maximum power point tracking (MPPT); horse racing algorithm (HRA); partial shading
influence; photovoltaic (PV) power; PV power conversion system

1. Introduction

Currently, the PV energy system is widely used from urban to rural areas because
PV panels are having cheaper price, longer service life, and lower maintenance costs.
Especially, the PV energy system is easy to install and operate. In order to take advantage
of the endless solar energy effectively, the PV power conversion system needs an optimal
MPPT control solution to obtain the highest power from the PV energy panels [1]. Under
uniform irradiance, the traditional MPPT methods including the incremental conductance
(IC) method, perturbation and observation (P&O) algorithm, etc., easily achieve the MPP
because only one power peak appears on the P-V curve characteristic [2,3]. However, actual
environmental conditions, such as tree shadow, building shadow, clouds, etc., will cause
the various supplied power of each PV panel, i.e., multiple power peaks occur on the P-V
curve characteristic of PV panels. It becomes more difficult to find the global MPP in this
case because the conventional algorithms are easily stuck at the local maximum power
points and cause energy loss of the PV power system.

Although some innovative solutions [4,5] have been proposed to improve the power
conversion performance, these methods still cannot overcome the drawback under rapidly
changing weather conditions and partial shading influences. To solve this problem, a
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great variety of intelligent, metaheuristics, integrated methods have been developed to
obtain the global MPP under partial shading influences. Although the artificial intelligence
methods [6–8] have been very successful to accurately find the global MPP under various
weather conditions, large memory and enormous computational time are required for
data training and knowledge-based implementation. To alleviate these intricacies, the
metaheuristics methods are propounded because they guarantee optimal searching ability
without much mathematical computation [9–12]. However, there is a tradeoff between the
convergence time and searching accuracy. Furthermore, to speed up convergence ratio, hy-
brid methods combined a metaheuristics method or an artificial intelligence method with a
traditional method are issued in [13–17]. Through the results shown in these investigations,
the global MPP searching can be achieved. Unfortunately, the computational complexity of
these methods become higher, so that the implementation is difficult [18,19]. This implies
that the current MPPT studies still have disadvantages including high complexity, long
convergence time, and low accuracy.

From the reviews mentioned above, a novel MPPT control approach is proposed in this
paper. In detail, a typical standalone PV power conversion system [5,20–22] is established
to evaluate the efficiency of the proposed method. The new idea behind the horse racing
algorithm (HRA) comes from simulating (mimicking) a horse racing game to achieve the
global MPP searching accurately and effectively. The proposed HRA MPPT method can
quickly achieve the global MPP without more oscillation around the global MPP, such that
the high efficiency of the PV system is obtained. The power conversion system not only
transfers power from the PV energy system to the load but also increases the output power
for efficiency. This implies that the current MPPT studies still have disadvantages including
high complexity, long convergence time, and low accuracy.

The remainder of this paper is organized as follows. Section 2 introduces the PV system
model and the DC-DC boost converter. The proposed HRA based MPPT control method is
presented in Section 3. Simulation and experimental results are shown in Sections 4 and 5,
respectively. Some conclusions are made in Section 6.

2. Model of the PV Power Conversion Systems
2.1. PV Power Array Model

PV cells are the smallest components of a PV panel to convert the solar irradiance into
electrical power. A PV cell model consists of a diode, a resistor connected in parallel to the
diode, and a resistor connected in series [23–25]. The output current of a PV cell (ipv) is
calculated by the following equations:

ipv = Iph − ID − Ip = Iph − ID −
vpv + ipvRs

Rp
(1)

Iph = [Isc + Ksc(T − Tre f )]λ/100 (2)

ID = Isat(eko(vpv+ipvRs) − 1) (3)

Isat = Irs

(
T

Tre f

)3

eko ·Egp ·T(1/Tre f −1/T) (4)

where acronyms, symbols in the above equations are defined in Table 1. In practical
applications, a single PV cell cannot generate enough electrical power to supply the load.
Furthermore, PV cells are connected in series and parallel as a PV panel or a PV array to
obtain the larger output voltage and current. The equivalent model of the PV array can
be exhibited as shown in Figure 1. To simplify the calculation, the resistors in the model
are assumed to be ideal, i.e., Rs = 0 Ω, RP = ∞ Ω. As a result, the output current (Ipv) and
power (Ppv) of the ideal PV array are calculated by using the formulas below:

Ipv = Np[Iph − Isat(e(ko ·Vpv/Ns) − 1)] (5)
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Ppv = Vpv · Np[Iph − Isat(e(ko ·Vpv/Ns) − 1)] (6)

where the parameters are defined in Table 1.

Table 1. Symbols and paraphrase for the PV panel.

Symbol Paraphrase Symbol Paraphrase

Rs Series resistance T Operating temperature
Egp Egp = 1.11 ev Irs Reverse saturation current
Iph Photocurrent Np Number of parallel panels
Isc Short-circuit current Ns Number of serial panels
ko ko = As/kTBs Bs Ideal P-N junction factor

vpv Voltage of a PV cell As Electronic charge (1.6 · 10−19c)
λ Illuminance intensity Tre f Reference temperature

ipv Current of a PV cell k Boltzmann’s constant 1.38 · 10−23(J/K)
Rp Shunt resistance Ksc Short-circuit current coefficient
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Figure 1. Equivalent model of a PV array.

For the standalone PV power system, the PV panels are connected in a parallel and
series configuration. In the case of uniform PV illumination intensity, all PV panels will
emit the same current and voltage. As shown as the black P-V curve in Figure 2, only
one power peak appears on the P-V curve, where it is easily found by traditional MPPT
methods as well as modern MPPT methods. In contrast, when the illuminance intensity on
the PV panels is not uniform, the P-V curve will have many power peaks, e.g., the red and
green P-V curves as shown as in Figure 2. In which there is one highest power peak called
the global maximum power point, and the remaining peaks have smaller power values
called local maximum power points. Since the partial shaded PV panels only provide low
output currents, the overall efficiency is limited. Furthermore, each PV panel is parallel
with a bypass diode, as an example shown in Figure 3. At that time, the bypass diode
will conduct the current of the whole PV system to bypass the shaded PV panel which
can only provide a lower limited current. As a result, the power of the PV system under
the partial shading effect is improved. For example, when the illuminance intensity of the
PV panels in Figure 3 are distributed in 100, 75, 45 mW/cm2, the PV output current and
output voltage have the relationship given in Table 2, where I1, I2, I3 respectively, are the
short-circuit currents satisfying I1 > I2 > I3. In other words, the shaded PV panel may
be isolated for some cases of load currents. This induces multiple power peaks in the P-V
curve under partial shading influences as shown as Figure 2.

Table 2. Relationship between the output voltage and current under partial influences.

Cases of Currents Shaded PV Panel Conducted Diode Output Voltage

I3 > Ipv None None Vpv = vpv1 + vpv2 + vpv3
I2 > Ipv > I3 PV3 D3 Vpv = vpv1 + vpv2
I1 > Ipv > I2 PV2, PV3 D2, D3 Vpv = vpv1
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2.2. DC-DC Boost Converter

For some applications requiring a larger voltage for loads, the boost converter is used
in the PV power conversion system [26,27]. To obtain high power conversion efficiency, the
system is controlled for impedance matching between the PV panels and load by adjusting
the duty ratio (dj) of the boost converter in MPPT control. The basic structure of the boost
converter is illustrated as shown in Figure 4. Assume that the transient response of the
boost converter is omitted. The duty ratio can be determined by:(

1 − dj
)2

= Zpv/ZLoad (7)

where ZLoad is the impedance of the load; and Zpv is the impedance of the PV panel.
However, the impedance of the PV panels is difficult to find because the characteristics of
the PV panels is dependent on the varying environment situations. In other words, we
require an intelligent MPPT method to achieve the impedance matching.
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3. Proposed HRA MPPT Method

In order to extract the maximum power from the PV array at any time, the PV power
conversion system shown in Figure 4 is applied and an efficient MPP search method is
designed here. In this paper, a novel horse racing algorithm (HRA) based MPPT control
strategy is proposed for optimal efficiency. From the horse racing game rules, we develop
the horse racing algorithm (HRA) with the qualifying stage and final ranking stage. In the
qualifying stage, the racehorses are appropriately located, and their scores are evaluated to
eliminate the poor horses and obtain better horses. Next, the positions of better horses are
iteratively updated and qualified, such that the racehorses have the same best score. If the
qualified horses do not converge to a concerned score region, only the selected best horses
are tuned in the final ranking stage to save the computation. As a result, the HRA method
is introduced for the MPPT as below.

In the horse racing sport, the racehorses are separated into several racing groups
for running in several qualifying rounds. Each racing group has a certain number of
racehorses, and they are numbered, arranged at the starting line. After each lap is finished,
some slower running racehorses will be removed from the track in the current lap to avoid
being merged into the next lap. At the end of each lap, some better racehorses and the
global best racehorse are chosen to compare ranking with the next racing laps and other
groups in the final ranking phase. The best of the whole racehorses is thus found in the
final phase. Depending on the nature and size of the race, the number of laps (L), better
racehorses (b) for each lap, and the global best racehorse (gb) of all the groups are also
adjusted to match the size of the competition.

Inspired by the horse racing competition, a horse racing algorithm is created and
applied on searching the global MPP of the PV energy system. In which the power is the
score performance of each racehorse. The duty ratio of the boost converter is taken as the
control variable which is ranged from the minimum dmin to the maximum dmax. In detail,
the HRA is divided into two stages described as follows.

3.1. The Qualifying Stage

The main goal of this stage is to select better racehorses for final competition. Further-
more, this stage is implemented by 4 steps as follows.

• Step 1: Arrange the racing positions of the racehorses

The racehorses are divided into G groups, where each group has N racehorses. The
active area of each racehorse is given by:

hn(g,l) = [(hmin + (n − 1)·∆h), (hmin + n · ∆h)] (8)

where hn(g,l) is the running active area of each racehorse; n = 1, 2 . . . , N is the index of
the racehorse for one group; g = 1, 2, . . . , G is the group index; l = 1, 2, . . . , L is the lap
index for one group; hmin = ρ × dmin; hmax = ρ × dmax; ρ is a resolution parameter of the
duty ratio adjusted by users; and is defined as the interval size between two horses. In
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other words, the ρ-multiplied limited range of the duty ratio from the minimum hmin to
the maximum hmax is evenly divided into the N areas. Next, the starting position of the
racehorse will randomly move inside the active area which is his lane. Furthermore, the
positions of the racehorses are defined by the duty ratios to control the boost converter.

dn(g,l) = randi(hn(g,l))/ρ (9)

where randi(·) is a random function which takes a random integer number during the
active area hn(g,l). This subdivision of the search area is an effective solution to prevent the
MPP searching process trapped in the local power region.

• Step 2: Eliminate racehorses with the lower performance

After the racehorses finish one running lap, the race scores are obtained, i.e., each
duty ratio (each racehorse position) is applied on the power conversion system and leads
to a corresponding output PV power value Pn(g,l). From these results, the racehorses are
evaluated according to their performance by:

Pn(g,l) > α × Pbest_1 (10)

where α is a performance cutting coefficient, its value is less than 1; Pmax_1 is the maximum
power value obtained from the finished racehorse positions in the current lap. If the
racehorses with lower power performance do not satisfy the condition of inequality (10),
then these weaker racehorses are removed from the racetrack to avoid merging into the
next racing lap. The remainder qualified racehorses will join with other racehorses in the
next laps. Moreover, the b best racehorses are selected from the qualified racehorses from
inequality (10) in the current lap and are denoted as the position dbest_j(g,l) for j = 1, 2, . . . , b.
In addition, the worst racehorse is determined from the qualified racehorses with the duty
ratio dworst. The global gb best racehorses in the ranking of all qualified racehorses are
selected and denoted as dgbest_k, for k = 1, 2, . . . , gb.

• Step 3: Evaluate global gb best racehorses

The race will stop when the global gb best locations satisfy the convergence constraint:∣∣∣dgbest_k − dgbest_1

∣∣∣ ≤ ε · ∆d (11)

where k = 1, 2, . . . , gb; ∆d = (dmax − dmin)/N is called the running area of each racehorse;
ε is an adjustment coefficient being less than 1. This means that the global gb best race-
horses converge into the global maximum power region. The win racehorse is located at
the dgbest_1.

• Step 4: Reviews and rankings

If the end condition (11) is not achieved, teleport the b best locations and update
remaining qualified racehorses in next lap. The locations of the b best racehorses are
updated to participate the race in the next lap. To optimize the solution, we simulate the
random movement to the right or left relative to the current location of the racehorses in
playing the race game. Accordingly, the b best locations will be teleported by:

dbest_j(g,l) = dbest_j(g,l) + (−1)l1 k1randi(ρ∆d)/ρ/2 (12)

for j = 1, 2, . . . , b, where l1 = 1, 2 is the number of extra-laps for displacements to the right
and left, respectively. After this teleportation, the b best racehorses are evaluated again
to obtain the new global gb best locations (dgbest_k). This way will drive the global gb best
racehorses to converge to one position for satisfying the inequality (11). Meanwhile, to



Energies 2022, 15, 7498 7 of 18

avoid local traps, the positions of the remaining qualified racehorses are also updated in
the next laps by the rules:

dbest_j(g,l) = dbest_j(g,l) + (−1)l1 k1randi(ρ∆d)/ρ/2 (13)

dgbest_1(g,l+1) = dgbest_1(g,l) + randi(∆h) · (ω/ρ) (14)

where ∆d1 =
∣∣∣dgbest_1 − dworst

∣∣∣; dworst is the worst location; is an adjustment coefficient to
be less than 0.5. It is a worthwhile note that the global best racehorse is also updated by
Equation (14) to join the race in the next lap for avoiding the local maximum point. After
this update process, the new power performance (race score) is measured again to continue
the race. As a result, this step has a great advantage to avoid falling into local traps and to
efficiently search the global MPP when the PV system has multiple maximum power peaks.
Next, the removal of low power locations is still carried out in progress, while the global gb
best power locations are updated after every lap. This process is continued until (11) is met
or all racing groups have completed their race.

3.2. The Final Ranking Stage

If the resultant global gb best racehorses do not still satisfy the condition (11) after all
racing groups have completed their competition, the algorithm enters the final ranking
stage. This stage is implemented by one step continuing the above qualifying stage.

• Step 5: Update the global gb best racehorses to yield their scores being close in extra L
laps. The update law is presented by:

dgbest_k(l+1) =


dgbest_k(l) + ∆d2; for dgbest_k(l) < dgbest_1
dgbest_k(l) − ∆d2; for dgbest_k(l) > dgbest_1
dgbest_k(l) + ω · ∆d2; otherwise

(15)

for k = 1, 2, . . . , gb and l = 1, 2, . . . , L, where ∆d2 =
∣∣∣dgbest_1 − dgbest_w

∣∣∣ is called a small
step size; dgbest_w is the duty ratio for the worst racehorse in this final ranking stage. The
competition will be finished when the condition of (11) is satisfied, otherwise, the global
MPP tracking control process is failed and returns to the initial MPP search process. After
satisfying the condition of the inequality (11), the process will continue to check whether
the weather condition changes by comparing the current power value with the previous
power value. If the power change is within an acceptable range [28], the solution will
still operate in the optimal location dgbest_1. Otherwise, the process will restart from the
beginning of the algorithm. The flowchart of the proposed method is shown in Figure 5.

With initial location arrangement in the qualifying stage, the proposed MPPT method
will avoid falling into the local MPP trap and quickly find the global MPP. The proposed
method is resulting in the faster response because only the qualified racehorses are updated
for new locations. Furthermore, the remainder racehorses are continuously reduced after
each lap according to the qualified condition. These advantages can be shown by comparing
the proposed HRA with the PSO, GWO methods. Therefore, the proposed method is very
suitable for PV systems operated in various weather conditions.
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4. Simulation Results

For comparison of results between simulation and experiment, the specifications of
the PV power system are set the same for the simulation and actual cases, where the
parameters of one PV panel are listed in Table 3. The basic components of the boost
converter include the conductor L = 1.4 mH, the capacitors Cin = 330 µF, Cout = 470 µF, and
the load resistor RL = 40 Ω connected to the output of the boost converter. The switching
frequency fs = 20 kHz is selected for the MOSFET. For the HRA algorithm, the number
of racehorses is 8 for each group, the number of laps (L) is 4, and the number of groups
(G) is 3. Both the number of the selected best racehorses (b) and the global best racehorses
(gb) are set to 3. The values of ω, β, ε, and ρ are 0.25, 0.65, 0.9, and 1000, respectively. The
calculation of the MPPT algorithm is performed in period of 400 switching cycles for the
MOSEFT, i.e., the voltage and current values of the PV energy system are measured every
20 ms. Two PV energy system configurations are built for simulation including three serial
PV panels and two serial PV panels, respectively. Moreover, the proposed method and the
conventional PSO, GWO methods will be performed in the same setting to evaluate and
compare the results.

Table 3. Relationship between the output voltage and current under partial influences.

Description Value Description Value

Maximum output power (Pmax) 200 W ± 10% Short circuit current (Isc) 8.21 A
Maximum operating current (Imax) 7.61 A Open circuit voltage (Voc) 32.9 V

P-N junction parameter (Bs) 1.8 V PV cell in series (Ns) 54 pcs
Maximum operating voltage (Vmax) 26.3 PV cell in parallel (Np) 1 pc

4.1. Three PV Panel Configuration Case

Consider three PV panels connected in series for the PV power system. Assume that
three situations of solar irradiance intensities occur and result in the P-V characteristic
curves as shown in Figure 6. The black, red, and green color curves represent the three
irradiance situations, respectively, where the second and third situations are the partial
shading cases. The hexagon is the best location with the global maximum power. To verify
the validity of the proposed method, various irradiance intensities are considered in the
simulation, where the three situations occur in turn, i.e., the irradiance situation 1 occurs
from 0.0 to 3.0 s, the situation 2 occurs from 3.0 to 6.0 s, and the situation 3 occurs from
6.0 to 9.0 s.
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After applying the conventional PSO [29], GWO [30], and proposed HRA methods, the
simulation results are obtained as shown in Figures 7–9. In these figures, the dashed lines
show the values of the global maximum power, i.e., 600.2 W (the black dashed line), 317.5 W
(the red dashed line), and 426.2 W (the green dashed line). From the results, the proposed
HRA method has converged and achieved the global MPPs faster than the conventional
PSO, GWO methods. Thus, the efficiency of the proposed method is assured through its
faster convergence speed to compared to conventional PSO, GWO methods [31,32].
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maximum values of situations 1–3).

Energies 2022, 15, x FOR PEER REVIEW 11 of 19 
 

 

 

Figure 8. Results of the GWA method for three serial panels. (a) PV power, (b) PV voltage, (c) duty 

ratio, and (d–f) transient trajectories for situations 1–3, respectively. (Black --, red --, green --: global 

maximum values of situations 1–3). 

 

Figure 9. Results of the proposed HRA method for three serial panels. (a) PV power, (b) PV voltage, 

(c) duty ratio, and (d–f) transient trajectories for situations 1–3, respectively. (Black --, red --, green 

--: global maximum values of situations 1–3). 

(a)

(b)

(c)

(d) (e) (f)

(a)

(b)

(c)

(d) (e) (f)

Figure 8. Results of the GWA method for three serial panels. (a) PV power, (b) PV voltage, (c) duty
ratio, and (d–f) transient trajectories for situations 1–3, respectively. (Black –, red –, green –: global
maximum values of situations 1–3).
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4.2. Two PV Panel Configuration Case

In this case, we consider two PV panels connected in series for the PV power system.
Assume that three situations of solar irradiance intensities occur, where the three irradiance
situations are assumed to be (85, 32) mW/cm2, (85, 85) mW/cm2, and (85, 57) mW/cm2

for the two panels, respectively. The ambient temperature is 22 ◦C. The resultant P-V
characteristic curves are shown in Figure 10, where black, red, and green color curves
represent the three irradiance situations, respectively. The first and third situations are the
partial shading cases. The hexagon points are the best locations with the global maximum
power 140, 280, and 200.5 W for the situations 1 to 3, sequentially. The three radiation
intensity situations will be considered in the simulation and experiments.

After applying the conventional PSO [29], GWO [30], and proposed HRA methods, the
simulation results are obtained as shown in Figures 11–13. From the results, the proposed
HRA method has converged and achieved the global MPPs faster than the PSO, GWO
methods. The comparison of the convergence time for the above and these cases is stated in
Table 4, where the proposed HRA MPPT method spends less time in the transient response.
It is a worthwhile note that the updated positions of the HRA processing of MPP searching
are illustrated in Figure 10. The searched locations in the HRA continuously tend to be
close to the global MPP after each lap. Thus, less calculation is used in the proposed HRA
MPPT method, such that the faster response is obtained. In addition, the achievements of
the proposed method are also compared with other methods in terms of convergence speed
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under uniform radiation as well as partial shading conditions. The comparison results in
Table 5 have proved this statement.
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Figure 11. Results of the PSO method for two serial panels. (a) PV power, (b) PV voltage, (c) duty
ratio, and (d–f) transient trajectories for situations 1–3, respectively. (Black –, red –, green –: global
maximum values of situations 1–3).
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Figure 12. Results of the GWA method for two serial panels. (a) PV power, (b) PV voltage, (c) duty
ratio, and (d–f) transient trajectories for situations 1–3, respectively. (Black –, red –, green –: global
maximum values of situations 1–3).
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(c) duty ratio, and (d–f) transient trajectories for situations 1–3, respectively. (Black –, red –, green –:
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Table 4. Comparison of simulation results between three MPPT methods for two cases.

Case Irradiance Intensity (mW/cm2) MPP (W)
Convergence Time (s)

PSO GWO HRA

3 panels
100, 100, 100 600.2 0.82 1.30 0.42

45, 75, 100 317.5 1.00 1.32 0.50
65, 85, 100 426.2 1.00 1.12 0.58

2 panels
32, 85 140 0.98 1.14 0.40
85, 85 280 0.84 0.7 0.34
57, 85 200.5 1.00 1.14 0.56

Table 5. Comparison of the simulation results of different algorithms.

MPPT Method GWO-GSO in Reference [32] CS in Reference [33] PSO in Reference [11] Proposed HRA

Convergence time of
simulation results (s) 0.42–0.64 0.52–0.75 0.89–1.5 0.34–0.58

5. Experimental Verification and Discussion
5.1. Experimental Setting

The new proposed HRA method and typical PSO and GWO algorithms are compared
for fairness using an experimental model. This model structure is built based on the
configuration shown in Figure 4, which shows two PV panels connected in series. Table 2
contains information on the PV panel specifications. The components of the boost converter
are designed with the following values: the input capacitor Cin = 220 µF/200 V, the output
capacitor Cout = 330 µF/450 V, the inductor L = 1.5 mH, the high frequency switching diode
D = MBR30200 PT, the electronic power switch MOSFET Q = IRFP250 N, and the resistant
load RL = 40 Ω. The boost converter is designed to be capable for 200 V output voltage
and 500 W output power. The experiment was carried out with an ARDUINO Mega2560
board-controlled DC/DC boost converter to determine the feasibility and efficacy of the
MPP search technique using the proposed HRA method. This ARDUINO Mega 2560 board
has an intuitive I/O interface, high clock speed (16 MHz), and simple design. The Mega
2560 micro-controller includes 16 analog inputs, each providing 10 bits of resolution, and
there are 54 digital I/O pins (of which 14 provide PWM output) used for measuring and
signal control. Each duty ratio value runs for 30 milliseconds to capture the PV current and
PV voltage values of the power system using the current sensor and the voltage divider
created by the resistors R1 and R2.

The experimental environment has an ambient temperature of 21–23 ◦C and normal
irradiance intensity of 83–87 mW/cm2. When the partial shading (generated by manual
work) occurs on one of the two PV panels, the measured irradiance intensities are 85 and
57 mW/cm2, i.e., the situations 2 and 3 in Figure 10 are used for the verification. The
parameters of the proposed HRA method and the PSO, GWO algorithms are established as
the simulation setting above.

5.2. Experimental Verification and Discussion

Under normal weather circumstances, the measured solar radiation intensity values
are 85 mW/cm2 on both PV panels. The global MPP value under the uniform condition
is obtained after applying the approaches, and it is around 280 W for the GWO, HRA
methods, and about 176 W for the PSO method. The proposed HRA method can acquire
the global MPP in under 0.4 s. In comparison, the typical PSO and GWO algorithms require
1.56 and 1.9 s, respectively, to reach the global MPP.

At the second situation, after around 8 s, one of the two PV panels is partially shaded,
the irradiance intensity measured on this shaded PV panel is 57 mW/cm2 and the normal
PV panel is 85 mW/cm2. The global MPP value during partial shading condition was
achieved about 200 W in 2.2 and 1.0 s for the GWO and the proposed method, respectively,
while the PSO obtained the global MPP about 196 W in 1.6 s. The power value obtained
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by the PSO method is lower than that of the GWO and HRA methods due to the reduced
radiation intensity at the time of the PSO method experiment. However, the PSO method
still reached the global MPPs at that time.

The experimental results of the conventional PSO and GWO methods are shown
in Figures 14 and 15, respectively. Figure 16 exhibits the experimental results of the
proposed HRA MPPT method, which obtained global MPPs faster than typical PSO and
GWO algorithms. The displayed results demonstrate that the PSO and GWO methods are
susceptible to abrupt variations in the power value following each MPP execution step
because the duty ratio value change is unpredictable. This causes the current and voltage
of PV system to shift suddenly, causing unneeded disturbances. The disturbance is reduced
due to the benefits of the suggested MPP tracking strategy, and the tracking power values
tend to gradually reach the global MPP value. This experimental result once again proved
the outstanding advantages of the proposed method in two aspects:
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Figure 14. Experimental results of the PSO method (top to bottom: PV current, PV voltage,
PV power).

Fast convergence time.
The power values tend to teleport to the global power value after each loop. In other

words, the amplitude of transient oscillation decreases after each iteration of the proposed
algorithm.

Therefore, the proposed method has better efficiency in terms of fast convergence
speed and less transient oscillation. As a result, the global MPPT is achieved even when the
solar radiation intensity on PV panels changes rapidly due to various weather conditions.
The effectiveness of the proposed method is demonstrated through comparison with other
methods in terms of convergence speed. These results are shown in Table 6.

Table 6. Comparison of the experimental results of different algorithms.

MPPT Method GWO-GSO in Reference [32] OD-PSO in Reference [34] PSO in Reference [11] Proposed HRA

Convergence time of
experimental results (s) 0.54–1.24 1.64–2.08 1.01–1.79 0.40–1.00
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Figure 15. Experimental results of the GWA method (top to bottom: PV current, PV voltage,
PV power).
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6. Conclusions

A novel MPPT control approach called the HRA has been proposed in this paper.
When the PV energy system is operated under partial shade conditions, the suggested
algorithm is effective to prevent falling into the local power areas due to the arrangement
of the initial racehorses and qualifying rules for racehorses. The HRA has less transient
computing states, i.e., transient oscillation is less for the PV power system when conducting
MPPT. This is achieved because weaker racehorses are removed from the racetrack, and
the remaining racehorse positions are updated to be closer to the global power location.
The validity of the suggested strategy has been demonstrated by simulation results with
four different partial shading situations and two uniform irradiance intensity cases on the
PV system. The experimental results under the influence of partial shadowing as well as
uniform irradiance intensity conditions have verified the effectiveness of the proposed
method. As a result, the proposed HRA approach for searching the global MPP provides
faster convergence speed and less transient oscillation than the typical PSO and GWO
methods. These results are proved by simulation and experimental results, which can be
seen in Tables 4–6.
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