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Abstract: Photovoltaic (PV) string exhibits complex multiple-peak characteristics under various
partial shading conditions (PSC). If the maximum power point tracking cannot be achieved quickly
and accurately, it will lead to a large amount of energy loss. Therefore, it has become a hot topic to
study a reliable maximum power tracking control algorithm to ensure the PV system can still output
maximum power under PSC. This paper proposes an immune firefly algorithm (IFA), which utilizes
vaccine data-base to shorten the convergence time, eliminates the influence of bad individuals in time
by immune replenishment operation, and reduces the steady-state oscillation by the improving
iteration formula. The simulations in static and dynamic environments verify that the immune firefly
algorithm can track the maximum power point under various partial shading conditions. Compared
with conventional firefly algorithm (FA), IFA has faster convergence speed, and can effectively restrain
the oscillation of voltage and power.

Keywords: photovoltaic (PV); Firefly algorithm (FA); maximum power point tracking (MPPT);
partial shading conditions (PSC)

1. Introduction

Ideally, the photovoltaic cells in PV array operate at the same temperature and solar irradiance.
In this case, the P-V curve of the PV array exhibits a single peak characteristic; the maximum power
point tracking can be realized by conventional maximum power point tracking methods such as
perturb-and-observe (P&O) [1,2], hill climbing (HC) [3], and incremental conductance [4]. However,
under partial shading conditions, the voltage across the shaded cells will change from positive to
negative, leading to the hotspot problem. To avoid this, bypass diodes are used to conduct the current
generated by the unshaded cells within a module. However, this will bring another problem, that is,
the P-V curve of the PV array may exhibit a multiple-peak characteristic under PSC [5]. Under this
circumstance, the conventional maximum power point tracking methods need a lot of time to locate
the maximum power point, which leads to a large amount of energy loss.

Two approaches are commonly used to reduce or offset the shadow effect, which are implemented
by software and hardware respectively. The hardware methods include circuit compensation and
reconfiguration. The circuit compensation method uses an additional circuit to eliminate the multiple
peaks, so even under PSC, the P-V curve still shows a single peak characteristic. Therefore,
the conventional MPPT methods can be used to realize MPPT [6-9]. However, the additional
circuit increases the complexity of the system and cannot be flexibly adjusted to photovoltaic arrays
with different structures. A reconfiguration method has been proposed in [10-12], which uses switches
to reassemble each PV module in the PV array. The goal of reconfiguration is to form the PV module by
photovoltaic arrays which operate under similar solar irradiance. With these methods, the complexity
of the system configuration and cost are significantly increased [13].

Energies 2019, 12, 3083; doi:10.3390/en12163083 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/12/16/3083?type=check_update&version=1
http://dx.doi.org/10.3390/en12163083
http://www.mdpi.com/journal/energies

Energies 2019, 12, 3083 2 of 15

The software MPPT methods can be classified into three groups. The first category is intelligent
algorithms, such as, particle swarm optimization algorithm (PSO) [14-16], artificial bee colony [17],
fuzzy logic control [18], chaotic search [19] and so on. The advantage of intelligent algorithms is that
they accurately track maximum power point (MPP) regardless of shadow modes, P-V characteristics,
and PV array configurations. However, intelligent algorithms are more complex to implement. Besides,
the initial points are difficult to control and have a great influence on the result of the algorithm.

The second group includes the methods that complete the MPP search by gradually narrowing the
search interval, such as DIRECT method [20], and the method based on the Fibonacci technique [21].
These two methods have no significant advantage in convergence speed compared to other methods.

The third group is the improved MPPT methods based on conventional algorithms. These methods
utilize the distinctive characteristics of photovoltaic systems under PSC to track MPP and can be
easily implemented. In [22], a modified PSO method improves the tracking speed which is based on
the comprehensive study of PV characteristics under PSC. An improved incremental conductance
algorithm is proposed based on the conclusion that peaks in the P-V curve usually locate at 80% of the
open-circuit (OC) voltage [23-28].

In 2007, Yang developed a new intelligent algorithm called the Firefly Algorithm (FA) [29].
Sundareswaran et al. [30] implemented the FA algorithm of MPPT under PSC, and the results showed
that the algorithm has better performance than PSO and P&O. However, FA still has some defects that
may bring negative impacts on the performance of MPPT. First, the location updating of fireflies is
highly dependent on the excellent individuals, so the over-large distance between individuals may
result in slow moving speed of low-brightness fireflies, which reduces the convergence speed of the
algorithm. In addition, if the step-size coefficient « takes a large value, the free step-size «(rand-1/2)
in the iteration formula may result in large power and voltage oscillations, which may lead to the
algorithm retreating from convergence state. However, if the step-size coefficient « takes a small
value, it will be difficult to effectively explore the vicinity of high brightness fireflies, which leads to
a long-term convergence.

To remedy the defects mentioned above, the immune firefly algorithm (IFA) utilizes the vaccine
data-base to narrow the initial distribution of fireflies, therefore, most fireflies are more susceptible to the
influence of excellent individuals around them. Besides, an immune replenishment operation is used
to eliminate the influence of bad individuals in a timely manner. Thanks to the above improvements,
the convergence speed of the algorithm has been obviously improved.

Furthermore, in order to attenuate the steady-state oscillation, the free step-size o(rand-1/2) is
replaced by a variable step-size function, which is positively correlated with the distance between
fireflies. The new iteration formula not only ensures that the low-brightness firefly can effectively detect
the vicinity of the high-brightness firefly, but also weakens the steady-state oscillation of output power.

The rest of this paper is arranged as follows. The principles and implementation steps of conventional
FA will be briefly introduced in Section 2. Section 3 then describes the proposed IFA method. Section 4
discusses the difference between IFA and FA and the conclusion is finally presented in Section 5.

2. Firefly Algorithm

2.1. Basic Assumptions

Based on the characteristics that fireflies attract each other according to the brightness, FA simulates
the movement of fireflies to complete the position iteration, finds the optimal position, and completes
the optimization process. The conventional FA method mentioned in this paper has three idealized
rules. First, all fireflies are unisex so that one firefly will be attracted to other fireflies regardless of their
sex. Second, the attraction of a firefly is proportional to its brightness, for any two fireflies, one moves
toward a brighter one, but the brightness decreases with distance. Finally, the brightness of a firefly is
affected or determined by the objective function.
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2.2. Terminologies of FA and PV System

If FA is applied to MPPT of photovoltaic system, the terminologies of FA and PV system are
shown in Table 1.

Table 1. Terminologies of Firefly Algorithm (FA) and photovoltaic (PV) system.

Firefly Algorithm PV System
Firefly position Two-dimensional coordinates expressed as (Voltage, Power)
Distance Cartesian distance between firefly positions
Attractiveness An exponential function of distance
Brightness Power
Brightness of the brightest firefly Global maximum power

2.3. Mathematical Expression

Mathematically, the FA can be expressed by several equations. The attractiveness  can be
quantitatively stated as

—yr2
B = Poe™""; 1)
where f3) is the initial attractiveness at r = 0, which is usually set to 1. r is the Cartesian distance

between two fireflies, and y is an absorption coefficient that controls the decrease of light intensity.
The Cartesian distance between two fireflies i and j can be evaluated by the following equation:

@

rij = llxi = xjll =

where x;x and x ;x are the kth components of the spatial coordinates of the ith and jth firefly. In the 2-D
case, we have

rij = \/(xi_xj>2 + (- ;) 3

If firefly i is attracted to another more attractive (brighter) firefly j, then the movement is
determined by

xi(t+1) = x(t) + Blx; (£) - x;(1)] + a(rand ~ 1/2) @

where a€ [0, 1] and rand is a random number within [0, 1]. x;() and x;(t) indicate the position of the ith
and jth firefly at current moment, x;(t + 1) expresses the new position after the movement.

Figure 1 summarizes the execution steps of the FA used for MPPT. First, positions of all fireflies
are initialized and the number of fireflies is set to 11, where n is a positive integer. The power level of ith
firefly is represented by P;. Then the jth firefly’s position will be updated by (4) if P; > P;. When I =1,
rank all fireflies to obtain P,y which represents the maximum power of all fireflies. Finally, Formula (5)
is utilized to determine whether the algorithm is convergent or not.

IPmax_Pi|<511i:1r---/n (5)

where &7 is a tolerance value.
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Figure 1. Flow chart of firefly algorithm (FA)

3. Immune Firefly Algorithm

3.1. Vaccine Data-Base

The working principle of the vaccine data-base is that, at regular intervals, the system performs
an immune response and generates antibodies according to the data obtained from the response,
thereby creating a vaccine data-base.

To set up vaccine data-base, we need to record the previously searched global maximum power
point (GMPP) and obtain the voltages of these points, then group them into vaccine data-base. The steps
to optimize the algorithm by vaccine data-base are as follows.

Assume that the number of previously searched GMPPs in the vaccine data-base is m. As shown
in Figure 2, G, and Gy represent the minimum and maximum voltage values, respectively. First of
all, utilizing a Support Vector Machine (SVM) to divide the vaccine data-base into three regions based
on maximizing geometrical margin, G,,;;;, and Gy are the upper and lower limits of the interval.
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Figure 2. Using Support Vector Machine (SVM) to divide the vaccine data-base into three regions.

The second step is to count the number of historical GMPP in Region a, Region b, and Region c,
and set them as N, Ny, N respectively. So, the initial distribution of population in Region a, Region b,
and Region c can be calculated by Formula (6).

— Na
F, = nQNﬁIl:ferrNc
s . f
Minimize ¢ Fp = n0xy—x77; +%b T~ (6)
J— C
Fe = ”eNﬁNﬁNC

In (6), n is the total number of fireflies, and 0 is the constant coefficient within [0, 1]. Considering
that the maximum power point may appear outside of G,;;—Gyuax, not all fireflies are determined by
the vaccine data-base, only a total of n0 fireflies is determined by Formula (6). Except for F,, Fy,, and F,
the remaining number of fireflies is n(1 — 0), which is randomly distributed outside the Region a,
Region b, and Region ¢, namely [0, G ] and [Giax, Unax], where Uyyay is the maximum voltage value
that firefly individuals can get.

The appropriate value range of 0 is 0.6-0.8, if 0 is larger than 0.8, the number of fireflies distributed
outside Gyi—Gpax is small, so the maximum power point may be skipped. If 0 is smaller than
0.6, the role of vaccine data-base in IFA will be greatly weakened, the convergence time will also
be extended.

The vaccine data-base is not invariable, it needs to be updated at the end of IFA, the new GMPP
should be added into the vaccine data-base and should replace the closest historical GMPP.

3.2. Improved Iteration Formula

In order to reduce steady-state oscillation of FA, the uncertain variable «(rand-1/2) in (4) is
replaced, so a new iteration formula as follows will be applied to accelerate the movement of fireflies.

xi(t+1) = x;(t) + Blx;(t) — x;(t)] + Srand{-1,1} (7)

rand{-1,1} expresses a value of 1 or —1 with 50% probability each, and the step-size function S can be
expressed as

S:v(l—elm)m—i—(rand—l/Z)/S 8)

where v is the constant coefficient and (rand-1/2)/5 is the oscillating step size, preventing the two
fireflies from getting too close, the step function is too small to effectively explore nearby intervals.

r

umax

m ©)

In (8), r can be calculated by Formula (2) and U,y is the maximum output voltage. As shown
in Figure 3, if fireflies are far apart, the value of S is large, and the firefly with low brightness can
effectively explore the vicinity of the high-light fireflies, if fireflies are close together, the value of S is
small, make sure the steady-state oscillation within a reasonable range. Besides, the upper threshold of
S is set to 10. If the calculation result of S is larger than 10, the value is set to 10.
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Figure 3. Image of S function when v =1, 5, 10, 15.

3.3. Immune Replenishment Operation

Notice that, if the distance between two fireflies is large, the value of g will be extremely small,
resulting in the low-light fireflies almost stay in situ during the process of running the algorithm.
By carrying out the immune replenishment operation, that is eliminating inferior individuals from
fireflies and replenishing new individuals, the following situation can be avoided: most fireflies are
gathered in an area, a few fireflies stay in situ without obviously moving due to the long distance.
The specific steps of IFA are as follows.

In IFA, after ranking all fireflies to get the P;,y, several fireflies will be replaced by randomly
generated individuals in region G;,;i,—Guax, and the replaced fireflies should satisfy the following
conditions. First, the replaced fireflies have lower brightness than the rest. Second, the number of
fireflies that do not satisfy Formula (5) is less than or equal to the number of replaced fireflies un, n is
the number of all fireflies and u is a constant coefficient. If the value of u is too large, the speed of
algorithm will be decreased and if the value of i is too small, the immune replenishment operation
will lose its effect, then the reasonable value range of u should be 0.2-0.5.

Figure 4 summarizes the execution steps of the IFA and the red frame indicates the differences
between IFA and FA.

i=i

i
immune |
replenishment | |
operation !

i

Obtain the
attractiveness

End

Figure 4. Flow chart of immune firefly algorithm (IFA).
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4. Case Studies

4.1. Parameters

Table 2 shows the parameter values for IFA, the peak power of PV array is 50 kW, the open-circuit
voltage is 880 V, and the maximum power point voltage is 730 V. Besides, the vaccine data-base contains
10 GMPPs that have been searched, namely 200.2 V, 248.5 V, 386.3 V, 522.2'V, 564.55 V, 609.7 V, 622.09 V,
700.7 V,730.0 V, 807.8 V.

Table 2. Parameter setting of immune firefly algorithm (IFA) algorithm.

Parameters Value

n 10

y 1078
Po 1

a 0.5
v 5

0 0.6
u 0.2

In Sections 4.2 and 4.3, the performance of IFA and FA algorithms in static and dynamic
environments will be investigated respectively. Due to the uncertainty of irradiance and temperature,
the position of the maximum power point of PV is uncertain. Therefore, this paper focuses on three
different static conditions shown in Figure 5, i.e., the location of the maximum power point occurs at
the left, the middle, and the right to prove that even if the maximum power point occurs at different
positions, IFA can still realize MPPT.

35

PIKW

[7A%

(a) GMPP occurs at middle

45 80

PkW

st

0 200 400 1/n 600 800 0 200 400 uv 600 800

(b) GMPP occurs at right

(c) GMPP occurs at left

Figure 5. Different P-V curves under various shading.
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4.2. Static Cases

Case 1: As shown in Figure 5a, there are three LMPPs and the GMPP occurs at the middle one,
the maximum power is 34,682.4 W. Figure 6 shows the power (top plot) and voltage (bottom plot)
waveforms when the IFA is employed for the MPPT. As can be seen from the voltage plot in Figure 6,
IFA takes 39 steps or iterations to make the output power closely tracks the GMPP, this process takes
0.49 s. The first ten iterations represent the initial location of fireflies. Then, each fly rotates its position
according to the brightness of the other flies.

However, it takes 1.76 s (i.e., 149 iterations or steps) for FA to reach the GMPP. Since the proposed
IFA uses the vaccine data-base to narrow the initial distribution area, moreover, immune replenishment
operation ensures that every individual in the fireflies can play a role, therefore, the proposed IFA
drastically reduces the convergence time.

50 -
» GMPP:is reached

4,863

.75 3.0

800

600

606 a
400

200

602

S SO (PSS S SR C ) SR SR |
ES
=
®

1.75 3.0

0 1.5 3.0
t/s

Figure 6. Voltage and power waveforms of IFA for case 1 if global maximum power point (GMPP)
occurs at middle.

In addition to reducing the convergence time, IFA can also suppress the steady-state oscillation
of the algorithm. As shown in Figures 6 and 7, the part shown in the red dotted frame indicates the
fluctuation of output power after the convergence of the algorithm. It demonstrates that variable
step-size function S can effectively reduce the oscillation of output power after convergence. Note that
in Case 1, GMPP was obtained at 604.5 V, so 604.5 V should be added to the vaccine data-base while
609.7 V was removed.

Case 2: There are three LMPPs and the maximum power is 43,676.8 W, in this case the GMPP
occurs at the rightmost of the P-V curve as shown in Figure 5b. Figure 8 shows the voltage and power
waveforms when the IFA is employed. As seen from Figure 8, it takes 31 steps (i.e., 0.45 s) to reach the
GMPP. Figure 9 shows the voltage and power waveforms of FA. It takes 223 steps (i.e., 2.6 s) to reach
the GMPP. Similarly, in this case, the power oscillation in Figure 8 is slighter than that in Figure 9.
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Figure 7. Voltage and power waveforms of FA for case 1 if GMPP occurs at middle.
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Figure 8. Voltage and power waveforms of IFA for case 2 if GMPP occurs at right.
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Figure 9. Voltage and power waveforms of FA for case 2 if GMPP occurs at right.

For the waveforms of Case 3 (the GMPP occurs at the leftmost on the P-V curve and the maximum
power is 29,031.6 W), they follow the similar trend of Case 1 and Case 2. In Case 2 and Case 3, GMPP
was obtained at 758.6 V and 427.8 V, respectively. So, 730.0 V and 386.3 V in the vaccine data-base
should be replaced by 758.6 V and 427.8 V.

For IFA and FA, the initial position of firefly is totally random, so the convergence time will be
slightly different in each run. Therefore, we have run IFA and FA 10 times each under the three cases
showed above and record the results in Table 3. According to the recorded data, under various shading
conditions, IFA always takes less time than FA to track the GMPP.

Table 3. Convergence time of FA and IFA.

Convergence Time Case IFA FA

Best 021s  0.60s

Worst L 0505 1565
Average 033s 097s

Best 039s 09s

Worst 2 057s  167s
Average 045s 1.18s

Best 027s 0.79s

Worst 3 o038s 1265
Average 031s 096s

Further, the average power oscillation interval after the convergence of the IFA and the FA is
calculated by the Equation (10).

N k

Z (Z (Pmaxi _Pmini)/k)

osc — N (10)

Set the maximum number of iterations of the algorithm to 30, Pax; and Prin; represent the searched
maximum and minimum power values in each iteration after the convergence of the algorithm. k
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represents the total number of iterations executed after the convergence and N is set to 10, which means
the algorithm need to be run 10 times. The calculation results are shown in Table 4.

Table 4. Average power oscillation interval of FA and IFA.

P OSC/W
IFA FA

1 042 1.07
2 0.69 1.16
3 045 1.22

Case

4.3. Dynamic Case

If photovoltaic arrays work in dynamic environments, it is necessary for the MPPT method to
restart when the following formula is satisfied:

Ppy — Poy i
pv—pv’asd > AP(%) 11)
va,last

where Ppy 155t represents the power at the GMPP of the previous operating point and AP(%) is usually
set to 5%. [31,32].

Two scenarios must be considered for the dynamic case. In the first scenario, the shading
condition changes abruptly, leading to a significant change in P-V curves. The MPPT method needs to
be restarted.

The second scenario is that, the environment changes continuously, such as linear decrease or
increase of solar irradiance due to cloud cover and movement. The simulated changing sequence of
P-V curves is presented in Figure 10, indicating that the shading pattern is constantly alternated. In
this case, the MPPT algorithm will not restart.

sotPRW

PIkW

50 PKW

40

30 ::>3() I:t>3[]

0
0 200 400 600 800 UV 0 200 400 600 800 UV 0 200 400 600 800 UV

Figure 10. Power curve of IFA and FA under sudden change partial shading conditions (PSC).

Scenario 1: Figure 11 shows the tracking results for the FA and IFA of the first scenario. The P-V
pattern changes from Case 2 to Case 3 presented in Section 4.2 at 2 s and 3 s, respectively. First, both
algorithms attempt to track GMPP under uniform P-V characteristics. Similar to the cases presented
in Section 4.2, FA takes much longer to track GMPP. Then, after the changing of PSC, IFA still reached
the GMPP faster than FA.



Energies 2019, 12, 3083

12 0f 15

= 1 S 1 A
=
%20 H g
10 1
09 70 20 3.0 70
t/s
43,67 ¥ 29,032 3
\/_\/_\/_/\/I\W
43,675 29,031
1.5 2.0 3.5 4.0
50
- ]
\
40 YIRS ]
30 IR oo s e B
i L (S,
L 20 -
10 R
0
0 p, 2.0 Vs a0 6.0
43,680 29,032
43,670 29,031
25 3.0 5.5 6.0

Figure 11. Top: power of the IFA for suddenly changing PSC. Bottom: power of the FA for suddenly
changing PSC.

Scenario 2: In the second scenario, PSC changes gradually. It is worth noticing that for MPPT
algorithms, a steady-state oscillation within reasonable numerical range is compulsory. Otherwise the
new MPP will not be found when the PSC changes and the algorithm does not restart.

Figures 12 and 13 show the tracking results of IFA and FA under gradually changing PSC,
maximum power changes from 49,962.3 W to 49,693.4 W at first and then changes to 49,218.2 W.
Both IFA and FA will not restart because (11) is always unsatisfied. As shown in Figures 12 and 13,
both methods can successfully track GMPP. However, compared to FA, the power curve of IFA is
smoother after the PSC changed, showing less power fluctuations. In addition, the FA has not accurately
tracked the new GMPP, and its searched maximum power point is slightly lower than the actual GMPP.

60

0 20 40/ s 60 80
49,963 = 49,694 —————49220(

" = S el

B EELDee & paseees—y o

49,962 49,693 L “49016
15 20 55 6.0 85 9.0

Figure 12. Power waveform of IFA under gradual change PSC.
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Figure 13. Power waveform of FA under gradual change PSC.
5. Conclusions

This paper demonstrates a new MPPT method that can be used to track GMPP when PV panels
are partially obscured by clouds, snow, trees or other buildings. The proposed method modifies the
iteration formula of the existing FA, adds a vaccine data-base and immune replenishment operation,
so that the firefly can carry out more effective exploration and promptly eliminate the undesirable
individuals in the population. Therefore, the proposed method can greatly reduce the tracking time
and the steps of iterations. The simulation results in static and dynamic environments indicate that,
compared with FA, the convergence time of proposed IFA is shortened by 2-3 times. Due to the short
tracking time, the dynamic efficiency of IFA is generally better than FA when rapid irradiance changes
occur. In the case of the sudden change in PSC, the IFA always finds the maximum power point more
accurately than the FA.
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