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A Time-Based Global Maximum Power Point
Tracking Technique for PV System

Mohd Aquib, Sachin Jain

Abstract—This paper presents a new global maximum power
point tracking (GMPPT) technique for the photovoltaic (PV) ar-
ray under uniform as well as non-uniform solar irradiance. The
proposed method uses the I-V characteristic of the PV array to
track the global peak. The proposed intelligent technique is based
on the computation of settling time of the PV voltage to track the
reference voltage given by the GMPPT algorithm. The computed
settling time information is used to distinguish between the current
source region and voltage source region of the PV array operating
point. Thus, it is possible to identify the change in the region of
operation, which is utilized to detect the presence of the local peak.
After all local peaks are tracked, the GMPPT algorithm sets the
reference operating voltage corresponding to the global peak. The
given algorithm skips the settling of PV voltage to reference voltage
when the operating voltage lies in the current source region during
the global peak tracking. This helps in fast tracking of global peak.
Furthermore, it does not require any complex mathematical oper-
ations like division which makes the proposed algorithm simple to
implement. The performance of the proposed algorithm is further
verified using both MATLAB/Simulink and experimental results.

Index Terms—Boost converter, [-V curve, maximum power point
tracking (MPPT), partially shaded conditions (PSCs) photovoltaic
(PV) power conversion.

NOMENCLATURE

Acronyms and Abbreviations

PV Photovoltaic.

MPP Maximum power point.
MPPT  Maximum power point tracking.
P&O Perturb and observe.

HC Hill climbing.

VSR Voltage source region.

CSR Current source region.

PSC Partially shaded condition.

LP Local peak.

GP Global peak.

GMPP  Global maximum power point.
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GMPPT GMPP tracking.

Vv PV output voltage.

Ly PV output current

Py, PV output power.

Vs Output voltage of converter.

Viet Reference voltage.

d Duty cycle.

U; ith uniform irradiance condition.
P; Jjth partially shaded condition.

I. INTRODUCTION

HE advancement in technology has made the way of liv-
T ing easy, but at the same time has increased the demand for
electricity. The increased demand for electricity has forced the
utility to raise its generation. This has increased the load on con-
ventional sources of electricity (like thermal, nuclear, etc.) which
share a major proportion of electric power generation. However,
limited availability of fuel and various other environmental con-
straints have curbed their expansion. This has paved the way for
generating electricity from renewable energy sources. Among
the various renewable sources, solar energy is most abundantly
and freely available due to which solar PV cells have become
popular. Solar PV can directly convert solar energy into elec-
trical energy. Solar PVs do not create any noise, are free from
wear and tear, have a long lifetime (typically 25 years), and re-
quire very little maintenance. These advantages have led to the
growth in the utilization and demand for the PV power genera-
tion. However, high initial investment and the nonlinear relation
between solar PV’s voltage and current (which depends on the
environmental condition) pose certain restrictions. To extract the
maximum energy from a solar PV array, it is essential to operate
it near or at the MPP.

Several MPPT techniques have been proposed by different au-
thors in the literature [1]-[3]. The most popular and commonly
used ones are the P&O [4], [5] algorithm, the HC algorithm
[6], [7], and the incremental conductance (IncCond) algorithm
[8], [9]. These algorithms are simple, can accurately track MPP,
and are based on power—voltage (P-V) curve tracking. However,
these algorithms work well only under uniform solar irradiance
with a single peak in the P—V characteristic. When the PV array
does not receive uniform irradiance, i.e., during PSCs, the PV
modules receiving lower irradiance behave as a load by consum-
ing a part of the generated power. As a result, the total power
generated by the PV array reduces and may lead to a hotspot
problem. To circumvent this problem, a bypass diode is typi-
cally added across each PV module. The addition of the bypass
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diode across each module results in multiple peaks in the P-V
characteristic of the PV array with one GP and multiple LPs.
The presence of multiple LPs in the P-V characteristic may re-
sult in the failure of the conventional algorithms as they may
get trapped in one of the LPs and result in underutilization of
the PV power. To tackle this problem and extract maximum
power from the PV source, two approaches are employed. In
the first approach, called the distributed MPPT (DMPPT) [10],
[11], each module in the PV array is integrated with its individ-
ual MPPT power converter. Thus, each PV module is operated
at or near its MPP by its corresponding (dedicated) integrated
power converter. This minimizes the problem of underutiliza-
tion of the PV power under PSC. However, the requirement of
individual power converter for each PV module, sensors, (for
both current and voltage), logic power supply, controller, etc.,
increases the over-all system cost and DMPPT is, therefore, typ-
ically preferred for low power PV system. The other approach
called centralized MPPT (CMPPT), considers the complete PV
array and uses a single MPPT power conditioner for the whole
PV array [12]-[19]. Thus, it overcomes the issue of the high cost
of DMPPT. CMPPT techniques track the GP of the complete PV
array by using a special GMPPT algorithm. The GMPPT algo-
rithm is implemented in a digital controller and can be used to
track the GP without requiring any change in the hardware struc-
ture. Various authors have proposed a number of CMPPT-based
search algorithms for tracking GP.

Boztepe et al. [12] have proposed a method for tracking the
GP during PSCs by restricting the search range of the voltage
window. The voltage window is selected based on the complex
power operating triangle which requires to be continuously up-
dated. Thus, this algorithm is complex to implement and the
tracking time increases if the reference voltage lies in the CSR.
Another elegant and fast algorithm for tracking the GP has been
proposed by Koutroulis and Blaabjerg [13], which controls the
power flow from the PV source using the converter feeding a
constant voltage load like a battery at its output. The algorithm
controls the dc/dc converter such that it emulates the constant
power load to the PV source and varies the power to scan the
P-V curve. Moreover, this algorithm involves the use of a flip-
flop circuit and two pulsewidth modulation (PWM) pulses,
which increase the burden on the controller.

Patel and Agarwal [14] have proposed another simple and el-
egant algorithm, which uses the P-V curve for tracking GP. The
given algorithm is simple with good performance, which com-
putes the required PV reference voltage (Vi) as output. The
computed V¢ is then tracked by controlling the duty cycle of
the converter. The output reference voltage given by the algo-
rithm uses the step change of the module voltage based on the
slope information of the operating voltage. The slope informa-
tion is typically calculated by using data at two discrete nearby
operating points. Based on the change in the slope information,
the algorithm detects the presence of LP. Once LP is detected,
the algorithm applies conventional P&O to track the exact LP.
However, the given algorithm takes more time, if the voltage at
which P&O is applied is far away from the LP. Also, the given
algorithm needs more time for settling the operating PV voltage
to the given reference voltage, when it lies in CSR [15]. Another
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elegant and fast algorithm for tracking GP has been proposed
by Chen et al. [16], where the authors have used sensed volt-
age values of each module for tracking GP. Thus, this algorithm
requires a large number of voltage sensors, which makes the sys-
tem more expensive. Another good and cost-effective algorithm
has been proposed by Kouchaki et al. [17], where the authors
have utilized the current—voltage (/-V) characteristic of solar
PV to determine the change in environmental conditions and for
tracking GP. The algorithm computes the power at the integer
multiple of 0.8 V,., where V. is the open-circuit voltage of a
single PV module, assuming it to be near the LP. The computed
approximate power values at all integer multiples of 0.8 V.
are then compared to get the reference voltage corresponding to
maximum power. Finally, the conventional hill climbing algo-
rithm is applied to track GP. The algorithm is fast, as it skips
the time taken by the conventional algorithm for tracking the lo-
cal peaks. However, it compares the power at integer multiples
of 0.8 V,. and the LPs are not necessarily located at the inte-
ger multiple values of 0.8 V. [18]. This may result in getting
trapped in the LP instead of exact GP due to incorrect estimation
of LP’s. Also, the tracking time of this algorithm increases when
Vyet lies in CSR [15].

Another elegant algorithm which overcomes the inaccuracy of
the above algorithm is given by Ramyar et al. [19]. The authors
have given the algorithm in which the drawback of approximate
LPis eliminated by identifying its presence and its exact tracking
by using the P&O algorithm. The algorithm intelligently detects
the presence of LP based on current change at the integer multi-
ples of the module voltage. The proposed algorithm can locate
the presence of LP’s in the I-V curve by identifying the change
in PV current which requires a division of the quantities. Once
the LP presence is detected, the algorithm applies the P&O al-
gorithm to track exact LP. The given algorithm can accurately
detect the change in operating point, when it changes from one
CSR to other CSR on the /-V curve. However, the algorithm does
not have any intelligence to identify the region of operation for
the given operating voltage. Thus, the given algorithm cannot
identify when the operating voltage V/,, changes or shifts from
CSR to a VSR. In other words, the algorithm has no intelligence
to identify the region of operation in the /-V curve, i.e., whether
it is CSR or VSR. Moreover, for a large PV array, the given
inequality may not be satisfied for three consecutive voltage
points. Thus, this algorithm may lead to the tracking of the same
LP from two different starting voltages by the HC method. This
condition further increases the GMPP tracking time. Moreover,
the tracking time of this algorithm increases due to the tracking
of Vier by Vi,y in CSR as there is no intelligence involved to
detect the region of operation, CSR or VSR.

In all the above algorithms, Vi..¢ given from GMPPT algo-
rithms is tracked by V), using the duty cycle control of the con-
verter. The reference voltage is set to a value and V/,,, is allowed
to settle at or near to Vi..¢. The reference voltage V.. is updated
to a new value only, when V,,, is settled at V,.;. However, the
operating voltage V,,, takes more time to match Vo when V¢
lies in CSR as the system is more stable in VSR as compared to
CSR [20], [21]. Thus, the settling of Vi, at Vit when V¢ lies
in CSR can be avoided to reduce the tracking time. Also, it can
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TABLE I
PARAMETERS OF PV MODULE

Parameter | Py, Viupp Lopp I Voe
Value 59.9W 17.1V 35A 374 A 21V
Parameters of Converter
Parameter L C, R Cpy Switching | Sampling
Freq Freq
Value SmH | 940 puF | 65Q | 2000 uF 20 kHz 1 kHz

be utilized to detect the region of operation (whether CSR or
VSR). In this paper, a new global MPPT algorithm is proposed
which has the following features.

1) The proposed algorithm is based on the I~V characteristic
of the PV array. The proposed algorithm is simple and does
not require any division of the quantities to track GMPPT.

2) The proposed algorithm uses the settling time of Vy,, at
Vier to intelligently identify whether Vi lies in CSR or
VSR.

3) The proposed algorithm avoids the matching of V,,, at V¢
when V¢ lies in CSR.

4) The proposed algorithm avoids any unnecessary tracking
of LP, as LP is only tracked when V. moves from VSR
to CSR.

5) The proposed algorithm is intelligent to identify the
change of the region, i.e., within same CSR, within same
VSR, CSR to VSR or VSR to CSR.

6) The proposed algorithm works well for both uniform as
well as PSCs.

The rest of the paper is divided into six sections. The sub-
sequent Section II describes the I-V characteristic of the PV
array. Based on the study of I-V characteristic, an investigation
is made about the settling time of V.. Section III describes the
novel algorithm which is proposed using Section II. Section IV
has been provided with the simulation results of the proposed
algorithm. The proposed algorithm is also implemented on the
hardware which is delineated in Section V. Finally, the conclu-
sion is given in Section VL.

II. CRITICAL OBSERVATION ABOUT /-V CHARACTERISTIC OF
PV ARRAY

To analyze the time taken by the PV array voltage (V) to
settle at or near reference voltage (Vyef) given by the MPPT
algorithm, simulation is performed in MATLAB/Simulink. A
simple example of PV-fed boost converter system is simu-
lated in MATLAB/Simulink with the parameter details given
in Table I. The parameters of the boost converter given in
Table I have been selected such that the converter maintains the
operation in continuous conduction mode operation. The boost
converter is fed from a PV array having 10 x 10 modules, and
a resistive load is connected at its output as shown in Fig. 1.
The duty cycle d is calculated by using the output voltage of
the converter (V,,) and the reference voltage (V,..f) provided by
the algorithms [14], [17], and [19] as follows:

‘/ref
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Fig. 1.  Circuit diagram of the boost converter integrated with PV array.
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Fig.2. Corresponding (I) /~V and P-V curves and (II) simulation results show-

ing (a) reference voltage (Vyer), (b) PV array voltage (V,y), and (c) PV array
output power (Ppy) for investigating the time taken by V,, to settle at Vier
during uniform irradiance condition.

The PWM pulse corresponding to the duty cycle generated by
the controller is given to the switch of the PV fed boost converter.
The circuit schematic of the PV fed boost converter used in the
simulation is given in Fig. 1.

The typical I-V characteristics of a PV array under uniform
irradiance and PSCs are shown in Figs. 2.1(a) and 3.1(a), respec-
tively. The figures illustrate that the /-V characteristic consists
of a knee point voltage which separates it into two regions—
CSR and VSR. The magnitude of array current remains nearly
constant in the CSR, while it changes significantly with the op-
erating voltage in VSR. For the PV array receiving uniform
irradiance, there is only one LP which lies near the knee point
voltage (between CSR and VSR) in the /-V characteristic. How-
ever, during PSCs, there exist multiple CSR and VSR in the I-V
characteristic which is equal in number. The number of CSR
or VSR in the -V characteristic is also equal to the number of
LPs in the P-V characteristic of the PV array under the PSC.
This can be observed from Fig. 3.I(a) and (b) which show two
CSR’s and two VSR’s in the /-V characteristic and two LPs in
P-V characteristic. The operating region (whether CSR or VSR)
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Fig.3. Corresponding (I) -V and P-V curves and (II) simulation results show-

ing (a) reference voltage (Vyef), (b) PV array voltage (Vpy), and (c) PV array
output power (Ppy) for investigating the time taken by V. to settle at Vit
during PSC.

plays a vital role in deciding the tracking time of the GMPPT
algorithm. Thus, it is important to analyze the time taken by the
PV array voltage (V,y) to settle at V,..r during its operation in
CSR or VSR of the I-V characteristic. Also, it is already proven
that the behavior of the system is more stable in VSR compared
to CSR [20], [21].

Now to study the settling time of V},,, in VSR and CSR, simu-
lation has been performed at various discrete values of reference
voltage (Vier;). The discrete values of the Viqf; used in the sim-
ulation is calculated at integer multiples of (0.8 X Vi module)
and is given by

‘/refi = (Nmax — i+ 1) x 0.8 x ‘/oc,rnodule (2)

where Vic module represents the open-circuit voltage of a PV
module, and i (€1,2,... Npyax) 18 an integer value. The value of
Npax 18 calculated as follows:

Nmax = (Nsm/o-8)

where Ny, is the number of modules connected in series in
the string of PV array. The simulation is performed considering
both uniform irradiance and PSC for the PV array for all discrete
values of Vi¢¢;. Initially, a uniform irradiance condition for the
PV array with I-V and P-V characteristics as given in Fig. 2.1(a)
and (b) is considered for the simulation. Fig. 2.II shows (a) the
reference voltage (Vyf), (b) PV array voltage (V},y), and (c) PV
array power (Pp,) obtained from the simulation of the system
described above. From the I-V characteristic, it can be observed
that the calculated reference voltages (2) of magnitude 184.8,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

168, and 151.2 V lie in the VSR and all reference voltages below
134.4 V lie in CSR. It can be observed from Fig. 2.1I(a) and (b)
that the operating voltage V,,, takes less time to settle to a given
reference voltage Vies; for the Vies; lying in VSR. Also, the time
taken by V,, to settle at a givenreference voltage V,¢; decreases,
when the Vi¢; decreases toward the knee point voltage of the
I-V curve in VSR. Furthermore, the minimum time taken by Vp,,
to settle at Vi..g; is for the reference voltage (151.2 V) which is
near the knee point voltage of I-V characteristic. After crossing
knee point voltage which is near to the LP of the P-V curve [can
be observed from Fig. 2.1I(c)], the time taken by V,,, to settle at
Viet; starts increasing.

The second simulation is performed for the PV array under
PSC with -V and P-V characteristics as shown in Fig. 3.1(a)
and (b). Fig. 3.II shows the waveforms of (a) Vi..¢; along with
Vpv and (b) Py, obtained from the simulation. It can be seen
from Fig. 3.I(a) that the calculated reference voltages (Vief;)
of magnitude 184.8 and 168 V lie in the VSR for the first LP.
The knee point voltage corresponding to this LP is between
168 and 151.2 V. Furthermore, the calculated reference voltages
(Vieri) with a magnitude in the range between 151.2 and 84 V
lie in the CSR. The next calculated reference voltage (Vyef;) of
magnitude 67.2 V alone lies in the VSR for the second LP. The
other calculated reference voltages of magnitude 50.4, 33.6, and
16.8 V lie in the CSR for the same LP. Also, it can be observed
from Fig. 3.1L.(a) and (b) that the time taken by V,,, to settle at
Viet; When Vigg; lies in VSR is less in comparison with the Vi.eg;
lying in CSR. Also, the time taken by the PV voltage V, to
settle at the given V}f; decreases as V;¢r; magnitude approaches
the knee point voltage in VSR. Below the knee point voltage in
CSR, the time taken starts increasing until next VSR occurs.

The simulation is performed for various conditions for differ-
ent /-V and P-V characteristics and the same result is observed.
The following critical observations can be made from the simu-
lation results.

1) The time taken by V,, to settle at V,ef when V¢ lies in

VSR is less as compared to the time taken to settle when
Vet lies in CSR.

2) The time taken decreases as the reference voltage V¢
moves toward the knee point voltage in VSR and the time
taken is least when V..t is close to the knee point voltage.

3) After crossing the knee point voltage, the time taken starts
increasing and keeps on increasing as long as V,¢r lies in
CSR.

4) The trend depicted in (1), (2), and (3) follows for all VSR
and CSR in the I~V characteristic during PSC.

The above observations are used to propose an algorithm
which can track the GMPP in uniform as well as non-uniform
irradiance conditions. The algorithm skips the settling of Vi, at
Vet When Voer lies in CSR which reduces the GMPPT time.

III. PROPOSED ALGORITHM

The flowchart of the proposed algorithm is shown in Fig. 4.
The flowchart comprises three parts: main program (blocks
1-4), LP region detection part (blocks 5-15), and GP tracking
part (blocks 16-20). The main program maintains the operation



AQUIB et al.: TIME-BASED GLOBAL MAXIMUM POWER POINT TRACKING TECHNIQUE FOR PV SYSTEM 397

Start
X
I~ | Maintain GMPP at last detected :
GP

|
|
%! L
- : 2 [ Calculate AP after every cycle |
g
£l “
g
= Set Vot A0 Py g 3 GMPP
F1
=1 Yes
|
|

— 5 Yes k
B | Set Vir = Ninax*0.8% Vo modute

Are all peaks tracked?

Measure the time taken by V,,

6 to settle at Vi (f,)
N2

Set V,,; as next integer multiple
of 0.8% Ve modute
N

7

8 Continuously fetch the settling
time of V,, (¢,)

LP Region Detection Part

H

20
Set flag = 1 and ¢, = p*t,

=
116 - Update Vit = Vi new and
w0 Apply P&O starting from Puasotd = Prasen
£ (N+1)*0.8%V oc,modute 1
& I L 18 Yes
I y
& 17| Store the va;)ues of Viaxnew and
- max,new
O
Fig.4. Flowchart of the proposed algorithm to track GMPP in uniform as well

as non-uniform irradiance condition.

of PV array near last identified GMPP as long as the steady-
state condition is maintained, i.e., there is no change in solar
irradiance. Whenever there is a change in solar irradiance or the
pattern of solar irradiance is changed, there is a large variation
in the PV output power. The variation in power is detected by
calculating the power difference (AP) after every cycle. If AP
is more than AP, it signifies that there is a change in solar
irradiance [14] and LP region detection part starts detecting the
region containing LP by scanning /-V characteristic. Moreover,
the GMPPT algorithm is initiated periodically after every half
an hour, if no change in global peak is detected (block 4).

The proposed algorithm always starts its operation by setting
Viet @8 Nax X 0.8 X Ve module (as shown in block 5 of Fig. 4)
given by (2). The calculated V.t is then used by the voltage
controller to calculate the duty cycle using (1) and controls the
array operating voltage “V/,,” such that V,, tries to settle at the
given Viet. In the beginning, when V.¢ is maximum or close to
the open-circuit voltage, the time taken by V/,, to settle at Vit
is stored as “starting time” and denoted as “t,” (block 6). When
Vpv settles at Ve, the MPPT algorithm updates the value of V¢
using (2) (block 7). Now, the time taken by Vi, to settle at the
updated value of V. is stored as “¢,,” (block 8). The time taken
by V,y (tp) is continuously updated after every sampling time.
If t, <t, and Vp, is not settled, V,,, is allowed to track Vi
(blocks 8, 9, and 10). If Vi, gets settled at V.ot with ¢, less than
ts, it means that V ¢ lies in VSR. The algorithm updates ¢, = 0,

ts =t (blocks 9, 11, and 12) and sets V. to its next value using
(2). However, if V,,, is not settled and ¢, is greater than or equal
to ¢, it means that V. lies in CSR and there is an LP near to
the last integer multiple of 0.8 X Vi module- The algorithm now
skips the settling of V},, and applies P&O at last V., i.e., at
(N+1) x 0.8 X Ve, module (block 16) to track LP. When the LP
is tracked, the corresponding values of voltage and power are
stored as Vinax new and Pax new. The stored Pax new 1s then
compared with the power at the previous LP, i.e., Ppax ola (if
any) (blocks 17 and 18). If the power at new LP is greater than
the power at previous LP, the values of Viyax old and Pryax old
are updated as Viax new and Prax new, respectively (block 19).
However, if the power at new LP is less than the power at previous
LP, the values of Viyax,old and Prax o014 are retained.

After retaining or updating the values of Vyaxo1qa and
Pryax,old, the algorithm sets V.. as the next integer multiple
of 0.8 X Ve module Using (2). The computed V¢ can also lie
in CSR, but P&O is not applied as the LP relating to this CSR
is already tracked. To avoid this unwanted tracking of the LP a
flag is used and set to 1 (initially 0) after P&O is applied (block
20). After P&O is applied, s is multiplied by a factor p. The
value of 1 can be taken between 1.5 and 2. This is done because
Vpv takes nearly the same time to settle in all VSR and multi-
plication of ¢, by p, avoids any chances of skipping VSR. After
updating ¢, and flag (block 20), Vet is changed. If V,.t again lies
in CSR, V},, will not settle at V,¢f and ¢,, will become greater
than ¢, (blocks 9 and 10). The condition flag = 0 (block 15) is
not satisfied and the algorithm skips settling of V., and sets V.
as a next integer multiple of 0.8 X V¢ module Without going to
P&O algorithm. This same flow is continued until the algorithm
finds a Vi in VSR. As soon as V¢ lies in VSR, the flag is
set to 0 (blocks 11 and 13). Thus, at next V. lying in CSR,
the algorithm again tracks the LP by using P&O algorithm. The
algorithm continues its operation until all the LPs are tracked
(i.e., N = 1). When all the LPs are tracked, the algorithm ends
the GMPPT part and goes to main program part (block 13). The
power and voltage of the LP with the highest power are stored
as Prax,old and Viax 014 and the main program applies the P&O
technique at this V.« 014 until the next change in irradiance is
detected.

IV. SIMULATION RESULTS

The operation of the proposed algorithm is verified by per-
forming simulation in the MATLAB/Simulink for different
environmental conditions. The same PV system as given in
Section IIT has been used. The proposed algorithm is tested for
two uniform irradiance conditions (UIC1 and UIC2) and two
PSCs (PSCI1 and PSC2). The operation begins with PV panel
operating under uniform irradiance condition (UIC1) with I-V
and P-V characteristics as given in Fig. 2.1(a) and (b). At 2 s, the
PSC with I-V and P-V characteristics, as given in Fig. 5(a) and
(b), occurs which is shown as PSC1. The PSC is changed to a
new PSC (PSC2) with characteristics as given in Fig. 3.1(a) and
(b) at 4 s and finally, at 6 s, the PV panel is again restored to uni-
form irradiance (UIC2) with characteristics as given in Fig. 5(c)
and (d).
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Fig. 6. Simulation results showing (a) reference voltage set by the proposed

algorithm, (b) PV array’s output voltage, (c) PV array’s output power, (d) PV
array’s current, and (e) duty cycle of converter. The acronym Ui refers to the ith
uniform irradiance condition (where i € 1, 2), Pj refers to the jth partially shaded
condition (where j € 1, 2), GP refers to global peak, and LP refers to local peak.

With above given environmental conditions, simulation is per-
formed and various important results for the reference voltage
(Vrer), PV array output voltage (V,, ), PV array current (1,,), PV
array output power (Py,), and duty cycle of the converter (d) are
shown in Fig. 6. The scanning of the /-V curve can be confirmed
for various given conditions from the reference voltage and op-
erating PV voltage waveforms. The value of V...t and V/,, starts
from near the open-circuit voltage of PV array (V,.) and is de-
creased in steps (block 5), till it reaches the open-circuit voltage
of the PV module (Vic module). After reaching the minimum

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

RS PR G

C-CSR
V-VSR

" B (@)

-P&O operating]
region ]

. . . A , . (]
03 04 05 06 07 08 09 1

1 T
i i « P .é(:)
O v LLF% T
0.6 Vref : :
0.4 C

< Y

<%

Vﬁv Vi

46 48 5 52

(8

(b

oo
6 61 62 63 64 65 66 67 68 69 7

Fig.7. Zoomed view of (a) Vyer; Vv, (b) Ppy; d during 0-1's, (¢) Vier; Vpy,
(d) Ppy; dduring 2-3.2 s, (€) Vyet; Vpy, () Ppy; d during 4-5.2 s and (g) Vyet;
Vpv. (h) Py, d during 6-7 s in per unit. The scaling factors for Vier, Vi, Ppv,
and d are 200, 200, 6000, and 1, respectively.

voltage, the algorithm sets the reference voltage at GP which
can be observed from Fig. 6(a). As illustrated in Fig. 6(c) (Ppy
waveform), during uniform irradiance condition the proposed
algorithm operates properly and tracks GMPP at 159 V having
5700 W power which is nearly same as the GP of P-V curve as
shown in Fig. 2.1(b). The working principle of the algorithm can
be understood from Fig. 7, which shows the zoomed view of per
unit Vyef, Vv, Ppv, and d for all four conditions. The algorithm
starts tracking GMPP by setting V..t as the largest integer mul-
tiple of 0.8 X V¢ module, 1.€., 184.8 V (block 5). As illustrated
in Fig. 7(a) and (b), the algorithm allows V/,, to settle at 184.8 V
and stores the settling time as ¢ (block 6). The algorithm then
sets the V;.c¢ to next integer multiple of 0.8 X Vi module. AS Viet
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lies in VSR, the algorithm allows V/,,, to settle and moves to next
V.er until next Vo lies in CSR. The CSR is found at 134.4 V
shown by “C” in Fig. 7(a) and the algorithm applies P&O at
151.2 V indicated by “P.” The P&O algorithm finds the LP at
159 V. The algorithm stores 159 V and 5700 W as V,,,ax new and
Priax new, respectively (block 17). The algorithm updates flag as
1 (block 20) and set the reference voltage V. to the next integer
multiple of 0.8 X Vic module- As there is only a single LP in
P-V characteristic, the algorithm finds all other voltage values
in CSR and skips the settling of V/,, at V.. After reaching the
minimum voltage, the algorithm returns to 159 V and sets 159 V
as GMPP.

When the solar irradiance pattern changes at 2 s (PSC1), the
proposed algorithm detects the change and again starts its oper-
ation by setting N = Nyax in Vier calculation (1). The algorithm
allows V,,, to settle at first V¢ and stores the settling time of
Vv as t,. The algorithm then sets Vir to next integer multiple
of 0.8Vsc module and allows Vp,, to settle until V¢ lies in CSR.
As 151.2 'V lies in CSR, the algorithm skips the setting of V,,,
as shown by “C” in Fig. 7(c) and applies P&O at 168 V shown
by “P.” The LP is found at 172 V with a power of 1900 W. After
tracking the LP, the algorithm stores LP voltage and power as
Vinax,new ad Prax new, sets the flag to 1 and sets V¢ to next
integer multiples of 0.8 X V¢ module- The algorithm skips the
settling of V,, until V... lies in CSR as shown by “C” in Fig. 7(c).
The next VSR is found at 84 V and subsequent CSR at 50.4 V.
The algorithm applies P&O at 67.2 V to find the second LP at
82 V with a power of 2810 W. The power at both the LPs is
compared and the power at 172 V (1900 W) is found to be less
than the power at 82 V (2810 W). Thus, the algorithm sets 82 V
as GMPP and starts looking for next VSR. As there are only two
LPs, all the next integer multiple of 0.8 X V¢ module 18 found to
be lying in CSR. After reaching N = 1, the proposed algorithm
sets Vinax,old, 1.€., 82 V as GMPP and continues to work around
82 V until a change in irradiance is detected.

The new PSC condition (PSC2) occurs at 4 s and the proposed
algorithm starts its operation by setting Vier as N X Vo module
as shown in Fig. 7(c). The CSR is detected at 151.2 V and P&O
is applied at 168 V to get the first LP at 159.2 V. The next CSR is
found at 50.4 V and P&O is applied at 67.2 V to get the second
LP at 59.8 V. The power at both the LPs is compared and the
power at 159.2 V (4066 W) is found to be more than the power at
59.8 V (2138 W). Thus, the algorithm keeps 159.2 V as GMPP
and tries to find the next VSR. As there are only two LPs, the
algorithm cannot find any VSR and continues to operate around
159.2 V. Asillustrated in Fig. 7(d), when PSC is withdrawn at 6 s
(UIC2), the proposed algorithm starts to find first CSR by setting
Vyef as integer multiple of 0.8 X Vi module- The CSR is found
at 151.2 V by the proposed algorithm and it applies the P&O at
168 V. The LP is found at 159.2 V and as the uniform irradiance
condition is used, there is only one LP. Thus, the algorithm is
unable to find any other VSR and continues to operate at 159 V
(GMPP).

The proposed algorithm is also compared with the algorithms
given in [14], [17], and [19]. For comparison on a common plat-
form, all the compared algorithms [14], [17], [19] as well as the
proposed algorithm are simulated using the same PV array and

40 3
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30 i
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10 53V,1.76kW)  (174V,2.2kW)
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Fig. 8. Corresponding (a) /-V and (b) P—V characteristics during PSC used in

the simulation for comparison.
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Fig. 9. Per unit Vyef, Vpy, and Ppy obtained from the simulation of PSC
with /-V and P-V characteristics given in Fig. 8 by (a) Patel and Agarwal [14],
(b) Kouchaki et al. [17], (c) Ramyar et al. [19], and (d) proposed algorithm. The
scaling factors for Vyet, Vpy, and Ppy are 210, 210, and 3000, respectively.

boost converter with parameters given in Table I. The simulation
is performed for PV array under PSC with /-V and P-V charac-
teristics as given in Fig. 8(a) and (b). The waveforms showing
the per unit values of Vi..t, Vv, and P, obtained from the simu-
lations of the compared and the proposed algorithms are shown
in Fig. 9(a)—(d), respectively. As illustrated in Fig. 9(d), the pro-
posed algorithm tracks the global peak at 115.8 V with a power
of 2880 W in 1.2 s. However, the compared algorithms [14], [17],
[19] track the global peak at 115.8 V with a power of 2880 W in
4.3, 3.1, and 3.22 s, as illustrated in Fig. 9(a)—(c), respectively.
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TABLE II
COMPARISON OF DIFFERENT GMPPT APPROACHES
Method Tracking | Probability | Energy | No. of | Complexity
Speed of locating | loss voltage during LP
all LPs (%) sensors scan
required
Hiren et | Slow (4.3 Medium 36.2 Two Low
al.[14] s)
Chen et | Very fast Medium -- Equal to Increases
al.[16] number with number
of of PV
modules modules
Kouchaki Fast (3.1 Low 40 Two Requires
etal.[17] S) division
operation
Ramyar et Fast Medium 38.8 Two Requires
al.[19] (3.225) division
operation
Proposed Very fast High 8.6 Two No division
Method (1.02s) required

It can be seen from Fig. 9(a)—(c) that when V. lies in CSR V,,,
takes a longer time to settle for the compared algorithms. This
longer time is minimized in the proposed algorithm by using the
intelligence of skipping the settling of V},, when V¢ liesin CSR.
Moreover, the algorithm given by [19] tracks the LP at 115.8 V
two times as the used current inequality check is satisfied at 147
and 126 V as well as 126 and 105 V. This false detection of LP
further increases the tracking time. It can also be seen from Fig. 9
that the power loss during GP tracking in the proposed algorithm
is smaller than the other algorithms. The same can be observed
in the IVth column of Table II, which shows the percentage of
the energy loss with respect to the energy captured by the ideal
GMPPT algorithm (considering it takes O time to track GP) in
the given time taken by the respective algorithm. The compari-
son of the GMPP tracking algorithms given in [14], [16], [17],
and [19] with the proposed method is summarized in Table II. It
is evident that the proposed method is less complex as it does not
involve any division operation (mathematical operations such as
division, increase the computational burden on the controller),
requires only one current and two voltage sensors, has a lower
chance of missing out any peak and has higher tracking speed.

V. HARDWARE RESULTS

The proposed algorithm is also verified using the experimental
setup. The PV module used in hardware is Eldora-40 by Vikram
Solar with Pyipp =40 W, Ve =219V, I = 2.45 A, Vypp =
17.4 V, and Iypp = 2.3 A. The PV array is connected to the
boost converter and DSpace DS1104 control board is used to
control the duty cycle of the converter. The PV array is provided
with halogen lamps and the intensity of individual halogen lamp
is controlled to obtain the PSC. The hardware setup used for
experimental validation is shown in Fig. 10. For uniform irradi-
ance condition, only one PV module is connected to the boost
converter and for the PSC, two series-connected PV modules,
each having a bypass diode, are used. Also, to achieve partial
shading condition both the PV modules are illuminated with
different intensities of halogen lamps to achieve partial shading
condition.
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Fig. 10. Hardware setup used for experimental implementation.
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Fig. 11.  Experimental investigation of the time taken by V/,y to settle at Vyef
for (a) uniform irradiance condition and (b) partially shaded condition.

The waveforms of duty cycle Vi, and V,¢f obtained from the
experimental investigation are shown in Fig. 11(b). As illustrated
in the figure, the time taken by V/,, to settle at V... reduces as the
Viet decreases from open-circuit voltage toward the knee point
voltage in VSR. After passing the knee point voltage, the settling
time of V,,, starts increasing for different values of V,¢f lying
in CSR and this continues till the next VSR is found. Again,
when V,.¢ decreases in second VSR toward the second knee
point voltage in the /-V curve, the time taken by V,,, to settle at
Vier reduces. After passing the second knee point voltage, the
time taken again increases as V¢ lies in CSR. The experimental
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investigations for uniform irradiance as well as PSC follow the
same trend as the simulation results given in Section II.

The MPPT scheme is also verified using the same setup. Both
uniform irradiance condition and PSC are considered and the
experimental results obtained are shown in Figs. 12 and 13,
respectively. Fig. 12(a) shows the duty cycle, V},, and V,..¢, while
Fig. 12(b) shows the PV output power (Pp,), PV output current
(Ipv), and PV output voltage (V) waveforms obtained from

the experimental set-up for uniform irradiance condition. As
illustrated in Fig. 12, the algorithm sets V,¢f to 18 V and allows
Vpv to settle at Vier. After Vp,, is settled at V,ef, the algorithm
stores the settling time and updates Vi, by decreasing it by
3 V. The V,,, is again allowed to settle at the updated value of
Vrer. The time taken by Vp, to settle at the updated V..r value is
fetched and compared with the previously stored settling time.
By comparing the current settling time with the previously stored
settling time, the algorithm detects that 15 V lies in CSR and it
applies P&O algorithm to track the LP at 16.2 V. After the LP
is tracked, the algorithm sets V¢ to the next value and again
compares the settling time. As shown in Fig. 11(a), all values of
Vier after 15 V lies in CSR and Vi, takes a large time to settle
at Vyer. Thus, the algorithm skips the settling of V},, to V,. after
15 V. After scanning the /-V curve till the minimum voltage, the
algorithm sets the only LP as global peak and keeps on working
at the 16.2 V.

The important waveforms of different parameters obtained
from experimental results for PSC are shown in Fig. 13.
Fig. 13(a) shows the waveforms of duty cycle, Vi, and Vier,
while Fig. 13(b) shows the waveforms of PV output power (Pp,),
PV output current (I,,), and PV output voltage (V},,). As can
be illustrated from Fig. 13, the algorithm sets V,¢f to 33 V and
allows V,,, to settle at the given V,..;. After Vi, is settled at Vier,
the algorithm stores the settling time and sets V,f to next value
by decreasing V..t by 4 V. The time taken by V,,, to settle at
Vier 18 fetched and compared with the previous settling time.
By comparing the two values of settling time, the algorithm un-
derstands that 29 V lies in the VSR. The algorithm updates the
settling time of V},, and sets V.r to the next value by decreasing
Vief by 4 V. By comparing the settling time of V},, again, the
algorithm understands that 25 V lies nearly in CSR and applies
P&O at 29 V to track the LP at 28.4 V. After the LP is tracked,
the algorithm sets Vi to the next value and again compares the
settling time. As shown in Fig. 11(b), the next VSR is found at
17 V. So, the algorithm skips settling of Vi, at Vi till 17 V.
The time taken by V,,, to settle at 17 V is stored. The algorithm
updates Vyer to 13 V by decreasing Vyer by 4 V. The time taken
by V,, to settle at 13 V is fetched and compared with the stored
settling time. As the settling time at 13 V is more than the stored
time, this signifies that 13 V lies in CSR.

The algorithm now applies P&O at 17 V and tracks the second
LP at 16 V. The power value at both the LPs is compared. As
the power at first LP is more than the power at second LP, the
information of the first LP is stored as a GP. The algorithm then
sets Vier to the next value. As illustrated in Fig. 11(b), all the
values of V,r after 13 V lies in CSR; thus, the algorithm skips
the settling of V,,, in all values of V¢ after 13 V. After scanning
the I-V curve till 1 V, the algorithm continues to operate at the
voltage corresponding to GP, i.e., 28.4 V. The hardware results
for tracking of the global peak for uniform irradiance condition
as well as partially shaded condition follow the same trend as
observed in simulation results. As obtained in simulation results,
the algorithm in hardware results first finds whether the V,..¢ lies
in VSR or CSR. When V¢ lies in VSR, the algorithm allows
Vpv to settle at V,er. However, when V. moves from VSR to
CSR, the algorithm applies P&O to find the LP. For movement
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of Vyer from CSR to CSR, the algorithm skips settling of V.,
at V.or and moves to next V,er. This path, followed in obtained
hardware results, is same as that obtained in simulation results.

VI. CONCLUSION

In this paper, anew MPPT algorithm for PV array under PSCs
as well as uniform irradiance conditions is presented. The pro-
posed algorithm uses an intelligent technique based on the time
taken by the PV voltage to settle at the reference voltage. Using
this intelligent technique, the proposed algorithm is able to de-
tect whether reference voltage is lying in the CSR or VSR. The
proposed algorithm also identifies the change in the region of op-
eration, i.e., CSR to CSR, CSR to VSR, or VSR to CSR. When
the operating voltage moves from VSR to CSR, the proposed
algorithm tracks the local peak by applying the conventional
P&O technique. Moreover, when the operating voltage lies in
the CSR, the proposed algorithm intelligently skips the settling
of PV voltage at the given reference voltage. This intelligence
helps in minimizing the tracking time. The proposed technique
takes less time (nearly three times) for a three peak P—V curve to
track GMPP as compared to the algorithms given in [14], [17],
and [19]. Moreover, the proposed technique does not require
any complex mathematical operation like division and reduces
the computational burden of the controller. Thus, the proposed
technique is very fast and simple in tracking the GMPP.
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