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ABSTRACT Due to the bypass diodes, the partially shaded photovoltaic (PV) string exhibits multiple peaks
in the P-V curve. And the conventional Maximum Power Point Tracking (MPPT) methods are not capable
of tracking the global peak (GP) under partially shaded condition (PSC). In order to track the GP fast and
efficiently under uniform irradiance condition (UIC) and PSC, a modified incremental conductance (INC)
method is proposed in this paper. This method can not only detect the occurrence of PSC, but also determine
if the other peaks need to be tracked under PSC by using the relationship between the minimum current
at other peaks and the short circuit current to enhance the tracking speed. In order to improve efficiency,
the converter duty cycle will be regulated slightly to ensure that the operating point reaches in the vicinity
of GP, after the approximate GP is located. The Matlab simulation results show that the proposed method
is faster and more efficient than other methods. It only requires 3 and 11 sampling cycles to locate the GP
under UIC and PSC, respectively. Its overall tracking efficiency is increased by 13.61%, 4.28% and 0.42%
under UIC, PSC and one-day irradiance profile respectively, compared to the conventional INC method.

INDEX TERMS PV string, maximum power point tracking (MPPT), global peak (GP), uniform irradiance

condition (UIC), partially shaded condition (PSC).

I. INTRODUCTION
The MPPT methods, including the conventional and
advanced methods, are proposed to track the MPP. Because
there is only one peak (i.e. MPP) under UIC, the conventional
MPPT algorithms such as INC [1]-[4], perturb and observe
(P&O) [5]-[7] can track the MPP successfully. However, they
are not capable of tracking the GP under PSC, due to the
multi-peak characteristic of partially shaded PV system [8],
[9]. The advanced methods such as neural network [10]-[12]
and evolutionary computation [13]-[18] are better than the
conventional algorithms under both UIC and PSC. But the
advanced algorithms have more complex structure, and they
are more difficult to implement, compared to the conventional
MPPT methods.

A few modified algorithms based on the conventional
MPPT methods have been introduced to track the GP under
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PSC. Patel and Agarwal [19] have introduced a novel MPPT
method that uses the characteristic of GP on P-V curve
and a feedforward control scheme to track the GP under
PSC. But it needs to search the entire voltage range, which
leads to large power oscillations and losses. Chen et al. [20]
have presented an improved P&O that is able to distinguish
between the GP and local peak (LP). It requires some voltage
sensors to calculate the number of MPPs and detect the
occurrence of PSC, and this method has good performance
under PSC. Tey and Mekhilef [21] have designed a modified
INC that uses the characteristic of GP introduced in [19]
and the relationship between the load line and I-V curve
to track the GP under PSC. However, in the case of UIC,
the entire voltage space needs to be explored, causing low
tracking speed. That is because this method is not capable
of distinguishing between the irradiance variation under UIC
and the occurrence of PSC. Ahmed and Salam [22] have
proposed an enhanced adaptive P&O (EA-P&O). In EA-
P&O, the PSC is determined by using the irradiance level at
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the MPP and short circuit current position, and the GP can
be tracked successfully. Ghasemi et al. [23] come up with a
novel two-stage MPPT method, which includes the method
to determine the occurrence of PSC and a new algorithm to
track the GP. The advanced MPPT methods based on neural
network or evolutionary computation have been put forward.
Manickam et al. [24] have proposed a hybrid algorithm by
combining P&O and particle swarm optimization (PSO),
which performs P&O and PSO under UIC case and PSC
case, respectively. The drawback of this method is that if the
PSC detection fails, this algorithm will never shift to PSO
[25]. Mohanty et al. [26] have presented a hybrid MPPT
algorithm that combines grey wolf optimization (GWO) with
P&O to overcome the problem of low tracking efficiency and
steady state oscillation. Zhang et al. [27] have introduced a
hybird MPPT method, which combines artificial neural net-
work (ANN) and modified P&O (MP&O). This method uses
ANN to find GP at the optimal voltage areas fistly, then calls
MP&O to locate the GP, and reduces fluctuation by using
adaptive step size. Some novel MPPT algorithms have been
proposed. Wang et al. [28] have introduced the search-skip-
judge global MPPT (SSJ-GMPPT) and rapid global MPPT
(R-GMPPT). And they can speed up the tracking speed and
improve efficiency. Wei et al. [29] have proposed a new algo-
rithm, which uses liner equation to calculate the peaks voltage
at different peak intervals, and obtain the corresponding peaks
power. By comparing these peaks, the GP can be tracked
quickly and accurately. Fan et al. [30] have designed a qucik
MPPT method to locate the GP on one step, by using the
mathematical model and the internal parameters.

Most of the above mentioned algorithms are designed for
PV string under PSC, not UIC. So, they yield poor tracking
performance under UIC. Based on this problem, this paper
proposes a modified INC method which can track the GP
under both UIC and PSC. This algorithm can not only dis-
tinguish between the irradiance variation under UIC and the
occurrence of PSC, but also determine whether it is necessary
to track the other peaks under PSC to improve the converging
speed. After the approximate GP location is determined,
the converter duty cycle will be modulated slightly to ensure
that the operating point locates in the vicinity of GP, and
improve the tracking efficiency.

The rest of the paper is organized as follows. The next
section describes the conventional INC algorithm, and shows
the characteristics curves of PV string under UIC and PSC.
In section III, the proposed method tracking under UIC and
PSC is introduced. Section IV presents the simulation results
and evaluations under various conditions, such as UIC case,
PSC case and one-day irradiance case. Finally, the conclusion
of this paper is highlighted in section V.

Il. REVIEW OF THE CONVENTIONAL INC

Since INC and P&O methods can be implemented easily, they
are more commonly used than other MPPT algorithms. The
conventional INC algorithm modulates the converter duty
cycle according to the slope of P-V curve (j—‘l;), as presented
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FIGURE 1. Flowchart for the conventional INC algorithm.
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FIGURE 2. Characteristics curves of the PV string under UIC.

in Fig.1. When 5—5 = 0, the duty cycle will be kept fixed.
If % > 0, it means that the operating point is at the left
of peak, and the duty cycle will be decreased. Otherwise,
the duty cycle will be increased.

When the PV string made up of four PV modules in series
operates under UIC (cases 1 to 5 in Table 1), its charac-
teristics curves only have one peak, as shown in Fig.2. So,
the conventional INC method can track the MPP successfully.
Under PSC (cases 6 to 10), the multiple peaks are existed on
characterics curves, as presented in Fig.3. The peak located
by INC method may be LP, and INC is unable to distinguish
between GP and LP. Once the tracked peak is LP, it will result
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FIGURE 3. Characteristics curves of the PV string under PSC.

TABLE 1. Irradiance levels of the PV modules in PV string.

: 2
Case Irradiance level (W /m?)

Module I  Module2 Module3  Module 4
1 1000 1000 1000 1000
2 800 800 800 800
3 500 500 500 500
4 400 400 400 400
5 300 300 300 300
6 700 800 900 1000
7 500 600 800 1000
8 350 600 800 1000
9 150 300 700 1000
10 220 360 640 850

in low tracking efficiency. Hence, it is vital to track the GP
under both UIC and PSC.

Ill. THE PROPOSED MODIFIED INC

DC-DC converters such as boost, buck, sepic and buck-boost
are applied in the PV system. Although the structure of boost
and buck converters is simple, they have a non-operational
region [32]. While buck-boost and sepic converters can be
seen as the ideal MPPT applications [32]. Thus, the buck-
boost converter is utilized in this paper. When this converter
operates in continuous inductor current mode, the relation
between input and ouput can be described as follows [33]:

Vour = VevMp) (D
Ipy

Ly = —— 2

= Mo 2
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where V,,; and I,,,; are the ouput voltage and current, respec-

tively. Vpy and Ipy refer to PV voltage and current, respec-

tively. M(py = %, and D denotes the converter duty cycle.
Dividing (1) by (2), yields

2
Vour _ M, Vey
Ipy

3

IOMZ‘

or
Rioaa = M(ZD)Req 4

Vaut

where Rjpqq =
Ry = ‘1%/’ that is the input resistance.

If the converter duty cycle D is known, R;,,q can be com-
puted, according to (4). And the new duty cycle D;,,, can be

calculated as the following equation [34]:

Ve
1+ a

, which represents the load resistance;

out

Dyeyy = (5)
where, a = %Rload.

In order to locate the GP successfully under both UIC and
PSC, a modified INC method is proposed in this paper. Fig.4
shows the concept diagram, which includes four blocks, such
as PV data measure block, power deviation checking block,
load and irradiance variation detection block, and MPPT con-
troller block. The detailed flowchart of the proposed method
is presented in Fig.5.
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FIGURE 4. Concept diagram for the proposed algorithm.

A. TRACKING UNDER UIC
Due to the steady state oscillation, the conventional INC
method has power losses. To eliminate oscillation at the
steady state, an error can be used, as shown as [2]:
d Al 0.07 6
|V + A_V| < 0. (6)

And (6) also can be used to judge whether the approximate
GP location is found. To improve efficiency, when (6) is met,
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(7) will be used to ensure that the operating point comes in
the vicinity of GP, as shown in below:

II + AI| 0.016 @)
—+—|<0.
vV AV

Assmuing that the PV string operates under UIC, the mod-
ified INC method calls the conventional INC algorithm to
regulate duty cycle firstly. Then the proposed method needs to
check whether (6) and (7) are satisfied. If both (6) and (7) are
not met, the duty cycle step size AD is 1%. Otherwise, AD is
decreased to 0.5%, as shown in Fig.5(a). When (6) is satisfied,
Flag is changed to 1, it means that the peak (i.e. MPP) is
tracked. The voltage, current and duty cycle are recorded.
Then, the proposed method will check if the absolute value
of power difference |AP| is larger than Py at the next
sampling cycle. When the power deviation checking block
is not met, if (7) is not met, Flag becomes 0, the converter
duty cycle D is modulated with 0.5%, and it can improve
the tracking efficiency; otherwise, the duty cycle remains
unchanged.

When |AP| is largger than Py, it indicates that irradiance
or load changes suddenly. It is necessary to determine the
cause of the power deviation by using the voltage difference
AV, current difference Al and power difference AP, as pre-
sented in Table 2 [35].

TABLE 2. The relation between AV, Al, AP and the change of load or
irradiance.

Load Irradiance
increase  decrease  increase  decrease
AV positive  negative  positive  negative
AI  negative  positive  positive  negative
AP  negative negative  positive  negative

If the condition (irradiance and load variation detection
block) is not met, it means that the change of load resistance
occurs; otherwise, the irradiance changes. When the variation
of load occurs, it is important to note that the characteristics
curves are unchanged. The PV voltage, current and D,, are
used to obtain R,,q. Then, V), I, and Rj,,q are substituted
into (5) to yield the new duty cycle. When the irradiance
changes, the irradiance and load variation detection block
is satisfied. In this work, the load and irradiance does not
change simultaneously, so the load resistance Rj,,q can be
caculated by using Vi, I, and D,,. Then, it is necessary to
check which peak such as the first peak (rightmost peak), and
third peak, is tracked by the proposed algorithm before the
power deviation happens. If the located peak is the first peak
(i.e. Max_stage = 0 or 1), the PV current, V,,, and Rjyq4 are
substituted into (5) to obtain new duty cycle. Otherwise, using
0.8 times the PV current, V;;, and Rj,qq to compute the new
duty cycle.

After caculating the new duty cycle Dy, the conveter duty
cycle is switched to it, the variable Flag_Check is set to 1.
At the next sampling cycle, the PSC detection subroutine will
be called. According to the voltages of the PV modules are
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different under PSC [20], so the PSC detection subroutine
uses voltages to detect the occurence of PSC. If the PV
modules voltages checking block is not satisfied, it means
that PV system operates under UIC, Flag_UIC and duty cycle
are changed to 1 and D, respectively. Otherwise, PV string
operates under PSC, Flag_PSC is switched to 1, and the PSC
MPPT subroutine is called.

B. TRACKING UNDER PSC

When PV string operates under PSC, due to the different volt-
age on each module, the PV modules voltages checking block
in the PSC detection subroutine is satisfied. After this subrou-
tine is performed, the proposed method calls the PSC MPPT
subroutine, as shown in Fig.5. The first peak (rightmost peak)
can be tracked by the conventional INC method. When (6) is
met, the proposed method saves the corresponding power and
duty cycle as P, and D,,, respectively. And Max_stage is set
to 1, which means that the GP is positioned at the first peak.
The minimum current at the i peak will be calculated in the
next step, as represented as follow:

P,

(I <i=Ny) ®)

I i_min = T,
i_max
where the variable N; is the number of PV modules in series.
Vi _max refers to the upper voltage limit at the jth peak. The
upper and lower voltage limit can be computed as the follow-
ing equations [24]:

Vi max = 0.95[(Ns —i+ DVoe — (= DVy]l (1 <i <Ny)
)

Vi_min = 0.70[(Ns — i+ DVoe — (@ —1DVy]l (1 <i=<Ny)
(10)

where the variable V; is the forward diode voltage.

If the minimum current at other peaks is higher than the
short circuit current Iy, under standard testing conditions
(STC), it means that the power at other peaks power is less
than P,,, and GP has been located. Otherwise, the other peaks
power may be higher than P,,, the proposed method will
locate the upper voltage limit V; ., until the PV voltage
is between the corresponding lower and upper voltage limit,
namely V; min and V; may, as shown in Fig.5(c). After that,
the current is recorded as I;. If the I; checking block is not
met, it means that the i peak power is less than P,,. And if j
is equal to 2, it indicates that the first peak is GP, such as cases
6 and 7 in Fig.3; otherwise the other peaks must be checked.
Otherwise, the /; checking block is satisfied, which means the
i peak power may be larger than P,,. Then, the converging
MPPT subroutine is called to locate the i peak. In the
converging MPPT subroutine, the rapid modulating method
introduced in [21] can be used to enhance the converging
speed. It is the process that these variables, including Rjyqq
calculated from (4), the desired value of the voltage and
current, are substituted into (5) to obtain the new duty cycle,
as presented in Fig.5(d). And this process continues until
the difference between PV voltage and Vs is smaller than
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Vinres (i.€. the Vs checking block is satisfied). When the
Vyer checking block is met, but (6) not, the converter duty
cycle will be regulated with 1%. When the i peak is tracked,
the power and duty cycle are saved as P; and D;, respectively.
If P; is greater than P,,, the variables D,,, P,, and Max_stage
are updated to D;, P; and i respectively, such as cases 8 to 10;
otherwise the proposed method checks if j is equal to 2. After
the PSC MPPT subroutine is performed, the approximate
GP location is found, and the converter duty cycle will be
modulated to make both (6) and (7) are satisfied.

IV. RESULTS AND DISCUSSION

In Matlab/Simulimk, the PV system, comprising PV string,
controller and buck-boost converter, is builted. The PV string
is made up of four modules in series, and the specification
of PV module (MSX-64) is given in Table 3 [31]. In the
MPPT controller, the sampling time is set as 0.05s. The
simulation results under different scenarios, including UIC
case (irradiance and load variation), PSC case and one-day
case, are analyzed in this section.

TABLE 3. Parameters of PV module MSX-64 under STC.

Item Specification
Power at MPP, Ppypp 64 W
Voltage at MPP, Vinpp 175V
Current at MPP, I mpp 3.66 A

Short.circuit.current, Isc 4 A
Open.circuit.voltage, Vo 213V

A. TRACKING UNDER UIC

The conventional INC algorithm and proposed method are
carried out under UIC. Their step size and the initial duty
cycle both are 1% and 50%, respectively.

1) IRRADIANCE VARIATION CONDITION

Fig.6 presents the simulation results under irradiance varia-
tion condition. The solar irradiation is switched from case 4 to
case 1 in Table 1 at# = 1, and decreased tocase Satt = 2,
then increased to case 2 at t = 3s. Fromt = Ostot = 4s,
the load resistacne is fixed at 40€2.

Under case 4, these methods all can track the MPP. From
Fig.6, it can be observed that the tracking speed with the
proposed method is faster than that of conventional INC
method. The conventional INC method requires 0.65s, 0.90s
and 0.60s to reach the MPP under cases 1, 5 and 2 respec-
tively. While the proposed method only takes 0.15s, 0.10s
and 0.10s respectively. Thus, the tracking speed of proposed
method is 6.14 times faster than that of INC algorithm.

The detailed tracking process of the proposed method is
shown in Fig.7. When the irradiance level is case 4, the initial
duty cycle is 50%. The proposed method takes 0.05s to regu-
late the duty cycle, and it is decreased to 49%. At ¢t = 0.05s,
(6) is satisfied, the duty cycle is kept fixed, and the variable
Flag is set to 1. After 1 sampling cycle, t = 0.10s, since (7)
is not met, Flag is changed to 0, and the step size is decreased
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FIGURE 6. Simulation results of conventional INC and proposed
algorithm under irradiance variation condition.

from 1% to 0.5%. The process that the duty cycle is regulated
with 0.5% needs 5 sampling cycles. At t = 0.35s, Flag
is switched to 1. During this period, the operating point is
changed from A to A, which comes in the vicinity of the
MPP (point A), and the tracked power is obviously increased,
as presented in 7(a).

Under case 1, the tracking process is sketched in Fig.7(b).
At t = 1.0s, the solar irradiation is increased from case
4 to case 1. The power difference AP is 157W, which is
higher than Py,.s, and it means PV string does not operate
at the steady state. Thus, Flag is set to 0, the irradiance
and load variation detection block is met. Since the variable
Max_stage is 0, V,,,, PV current and R}y, obtained from (4)
are substituted into (5) to yield the new duty cycle, Dy,
which is 59.12%, and it will be sent to the converter sub-
sequently. At t+ = 1.05s, (6) is met, and Flag is changed
to 1. However, (7) is not satisfied, and the duty cycle will
be regulated with 0.5% at r = 1.10s. After 1 smapling cycle,
Flag is switched from O to 1.

2) LOAD VARIATION CONDITION

The simulation results for the load variation condition are
presented in Fig.8. At ¢ = 1 s, the load resistance is increased
from 40€2 to 80%2. After 40 sampling cycles, t = 2 s, the load
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is decreased back to 40€2. It is noted that the irradiance level
is stayed constant at case 4 from¢t = 0stor = 3s.

As can be found from Fig.8, the conventional INC method
needs 0.5s and 0.4s to reach the MPP when the load resis-
tance is increased and decreased, respectively. While the
proposed method only requires 0.15s and 0.20s, respectively.
So, the converging speed of the proposed method is 2.57 times
faster than that of INC method.

B. TRACKING UNDER PSC
Under PSC, the proposed method and other methods, such as
conventional INC, modified INC (MINC) [21] and EA-INC
are carried out, and their step size all are 1%. EA-INC uses
the PSC detection and tracking technique described in [22],
and it is implemented by INC instead of P&O.

For the efficiency under different PSC conditions, cases 6,
8 and 10 in Table 1 are considerated. And they represent
that the GP is located at the first, second and third peak
respectively. The variations of irradiance in this scenario are
as follows: case 4 is imposed for the first 1 s; then, cases 6,
8 and 10 are applied successively for 2 s each.

1) GP AT THE FIRST PEAK

Fig.9 shows the simulation results, and all of MPPT methods
can reach the MPP successfully under case 4. Att = s,
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FIGURE 8. Simulation results of conventional INC and prosed algorithm
under load variation condition.

the irradiance level is switched to case 6, and PSC occurs.
As can be observed, these methods all can locate the GP.
Among these MPPT methods, the fastest is proposed method
with 0.40 s (8 sampling cycles), followed by the conventional
INC and EA-INC method(0.50s and 0.55 ), the slowest is
MINC with 0.65s.

Fig.10 illustrates the detailed tracking process of proposed
method under case 6. The proposed method tracks the first
peak firstly, and then determines if the other peaks need to be
located. Due to the occurence of PSC atr = 1.0 s, the voltages
of the PV modules are different. After calling PSC detection
subroutine, Flag_PSC is set to 1. And the PSC MPPT sub-
routine is performed subsequently. At ¢t = 1.05 s, (6) is met,
that means the first peak is located. The variables P, and D,,
are set to 179.20W and 55.14%, respectively. The operating
point is Cq, as shown in Fig.10(a). After (8) is performed,
the variable >, is equal to 2.98A. The second peak needs
to be checked, because Iy, is lower than the short circuit
current Iy, (4.0A). At¢t = 1.15s, the PV voltage is 57.4V,
which is between Vy_i, (44.24V) and V2_ax (60.04V), and
the PV current is 2.78A. The operating point is switched to
C». It is unnecessary to track the second peak because the
I; checking block in PSC MPPT subroutine is not met (I
is 0.1A, |2.984 — 0.1A| > 2.78A). And j is 2, therefore the
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FIGURE 9. Simulation results of conventional INC, MINC, EA-INC and proposed algorithm under PSC.
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FIGURE 10. The detialed tracking process of proposed method under
case 6.

variable Max_stage is set to 1, that means the first peak is
GP. From Fig.10(b), it can be found that the power of point
(> is less than that of point C. So, the duty cycle is changed
back to Dy,. Att = 1.25 s, since (7) is not satisfied, the duty
cycle will be regulated with 0.5%. After 3 sampling cycles,
t = 1.40s, the converter duty cycle is decreased to 53.64%,
and (7) is satisfied. During the priod, the operating point is
changed from C3 to C4, which comes in the vicinity of GP
(point C). As can be seen from Fig.10(b), the tracked power
is increased obviously from r = 1.255 to 1.40s.

2) GP AT THE SECOND PEAK

At t = 35, the irradiance level is changed from case 6 to
case 8. The conventional INC algorithm is the fastest method,
which needs 1 sampling cycle to reach the GP. EA-INC and
proposed method both take 0.6s. MINC requires 0.9s, and it
is the slowest one. Although EA-INC is faster than MINC,
its tracked power is less than that of other methods, as shown
in Fig.9. Fig.11 presents the tracking process of the proposed
method under case 8.

Att = 3.05 s, the operating point is D1, and (6) is satisfied,
which means that the first peak is found. The PV power and
duty cycle (93.05W and 44.82%) are saved as P,, and D,,,
respectively. Since I i, (1.55A) is lower than I, (4.0A),
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FIGURE 11. The detialed tracking process of proposed method under
case 8.

the proposed method needs to check the second peak. At
t = 3.25s, the power P, and duty cycle D, are 112.08W
and 57.31%, respectively. Because P, is greater than Py,
the variables P,, and D,, are set to P, and D;, respectively.
After (8) is performed, the variable I3_;, is equal to 2.86A.
Att = 3.30s, the PV voltage is 36.55V, which is between
V3_min (28.84V) and V3_,14x (39.14V), the current /3 is 2.56A,
and the operating point is D3. It is unnecessary to track the
third peak because (I3 i, — 0.1) > I3 (i.e. the I; checking
block is not met). Then, the proposed algorithm determines
if the fourth peak needs to be checked. According to (8),
14 min 1s 6.14A, which is higher than Iy (4.0A). So, there is
no need to check the fourth peak. From ¢ = 3.40s to 3.60 s,
the process that duty cycle is modulated slightly with 0.5% is
performed, and the corresponding operating point is switched
from D4 to Ds, which reaches the vicinity of the GP (point D),
as shown in Fig.11(a).

3) GP AT THE THIRD PEAK

Att = 5, the irradiance level is switched to case 10. Except
for the conventional INC method, other MPPT methods all
can track the GP successfully, as presented in Fig.9. Under
case 10, the conventional INC method is trapped in LP
(the second peak). Among these algorithms, the proposed
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FIGURE 12. The detialed tracking process of proposed method under
case 10.

method exhibits shortest time (0.65s) to locate the GP.
EA-INC and MINC need 1.2s and 1.5s, respectively. As can
be found from images 1 to 3 in Fig.9, the power located
by the proposed method is the highest, which is close to
the theoretical available power (the red dotted line). The
corresponding tracking process of the proposed method is
sketched in Fig.12.

The proposed method locates the first peak at t = 5.05 s,
and the operating point is E, as shown in Fig.12. Att =
5.25 s, the second peak is tracked, and the operating point
is changed to E,. At that time, the variables P,, and D,, are
changed to 65.49W and 50.62%, respectively. After perform-
ing (8), I3 _min is 1.67A. At t = 5.45s, the third peak is
located, and the operating point is switched to E3. The PV
voltage is 31.37V, which is between V3 ,,;, (28.84V) and
V3_max (39.14V), the current /3 is 2.43A. Since the third peak
power P3 is higher than P, the variables P, and D,, are
changed to 76.10W and 63.45%, respectively. The variable
14 min 18 equal to 4.17A by using (8), and it is higher than
I;.. Thus, it is unnecessary to check the fourth peak. From
t = 5.45 510 5.65 s, the converter duty cycle is regulated with
0.5%, and the operating point is switched to £4, which comes
in the vicinity of the GP (point E), as presented in Fig.12(a).
And the tracking efficiency is improved obviously, as shown
in Fig.12(b).
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FIGURE 13. Simulation results of conventional INC algorithm under
one-day irradiance profile.

C. TRACKING UNDER ONE-DAY IRRADIANCE PROFILE
Under this scenario, the 11.5-hour (6:30-18:00) irradiance
profile of May 4, 2020, in Nanchang City, China, is applied.
In order to simulate PSC case, the PV string is partially
masked from ¢ = 14 : 00 to 15 : 00. At 14 : 00, the shad-
ing factors of PV modules are 0, 0.3, 0.7 and 0.85 respec-
tively, that means the PV modules receive 1 times, 0.7 times,
0.3 times, 0.15 times solar irradiance respectively. At 14 : 30,
the shading factors are changed to 0, 0.2, 0.5 and 0.4
respectively.

The conventional INC method and proposed algorithm are
carried out, their initial duty cycle both are 25%, and the
simulation results are shown in Fig.13 and Fig.14. Under
UIC, these methods all can locate the GP, but the conven-
tional INC method has larger steady state oscillation than
the proposed algorithm. While the oscillation of proposed
method is neglected because of the use of (6) and (7). From
t = 14 : 00 to 14 : 30, PSC occurs, and GP is positioned at
the third peak. These methods can track the GP successfully,
but the proposed method has larger power losses, compared
to conventional INC. From ¢t = 14 : 30 to 15 : 00, the GP is
located at the first peak (rightmost peak), and it can be found
that only the proposed method can track the GP successfully.
While the conventional INC is trapped in LP (the second
peak), as shown in the voltage wave of conventional INC
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TABLE 4. Simulation results comparision under UIC and one-day
irradiance profile.

TABLE 5. Simulation results comparision under PSC.

Tracking time (s)

Efficiency (%)

Scenario {E—MINC EA-  Proposed INC MINC EA- Proposed
INC INC

Case6 050 065 055 040  94.15 9526 8757 9882

Case8 005 090 060 0.60 9841 90.87 89.89  96.52

Case 10 150 120 0.65 8448 81.95 83.14 94.56

Scenario Tracking time (s) Efficiency (%)
INC  Proposed INC  Proposed
Case 1 0.65 0.15 83.34 99.71
Case 2 0.60 0.10 85.36 99.83
Case 5 0.90 0.10 71.73 99.53
Load increase ~ 0.50 0.15 92.52 98.63
Load decrease  0.40 0.20 94.59 97.90
One day 98.78 99.20

method. Although the proposed method causes larger power
losses than conventional INC under PSC, it can track the GP
sucessfully.

D. EVALUATION

Tables 4 and 5 show the simluation results comparision such
as the tracking time and efficiency. It is noted that the perfor-
mance of the first 1s for case 4 is not taken into account in the
performance evaluation.

Table 4 shows the results comparison under UIC and one-
day irradiance profile. As can be found from Table 4, the pro-
posed method (0.12s and 99.69%) is faster and more efficient
than conventional INC (0.72s and 80.14%), for the irradi-
ance variation condition. Under the load variation scenario,
the proposed method (98.27% and 0.18s) is still better than
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conventional INC (93.56% and 0.45s). So, the converging
speed with the proposed algorithm is 4.36 times faster than
that of conventional INC, and the efficiency is increased by
13.61%, under UIC. For the efficiency of one-day irradiance
profile, the proposed method is 99.20%, which is 0.42%
higher than the conventional INC.

The results comparison under PSC is given in Table 5.
It can be found that the proposed algorithm is the fastest one
under many cases, except for case 8. Although the converging
speed with conventional INC is faster than other methods
under case 8, it can not locate the GP under case 10. In
term of overall tracking time, the proposed method requires
0.55s to track the GP, EA-INC and MINC take 0.78s and
1.02s, respectively. Among these MPPT methods, the pro-
posed method is the most efficient one, at 96.63%. While
the conventional INC and MINC are 92.35% and 89.36%,
respectively. The lowest one is EA-INC, which is 86.87%.
So, the proposed method is hte best one, and it can track the
GP fast and efficiently under both UIC and PSC.

V. CONCLUSIONS

In this work, a modified INC method is proposed to locate
the GP under both UIC and PSC. This algorithm can not
only distinguish between the irradiance variation under UIC
and the occurrence of PSC, but also determine if the other
peaks need to be tracked under PSC, by using the relationship
between the minimum current at other peaks and the short
circuit current. In order to improve the tracking efficiency,
the converter duty cycle can be regulated slightly after the
approximate GP location is found, which makes sure the
operating point is positioned in the vicinity of GP. Different
scenarios such as the UIC case, PSC case and one-day irra-
diance profile are analyzed. The results show the proposed
method is faster and more efficient than other methods. And
itonly needs 0.14s (about 3 sample cycles) and 0.55s (11 sam-
ple cycles) to track the GP under UIC and PSC, respec-
tively. In addition, the overall tracking efficiency with the
proposed method is increased by 13.61% and 4.28% under
UIC and PSC respectively, compared to the conventional
INC algorithm.
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