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ABSTRACT Global maximum power point tracking (GMPPT) refers to the extraction of the maximum
power from photovoltaic (PV) modules in real time under changing ambient conditions. Due to the
installation of PV systems in densely built-up areas, partial shading scenarios are commonplace. Commer-
cially established GMPPTs suffer from low tracking speeds and inefficiency. A novel GMPPT algorithm
is proposed here based on the rectangular power comparison (RPC), which exploits the fundamental
relationship between the shading factor, the bypass diode voltage and the global maximum power point.
The entire theoretical formulation of RPC is presented systematically for the first time. This method boasts
of increased conversion speeds owing to the precomputation of the module voltage versus the shading
factor correlations using the regression of diode model from the experimentally obtained bypass diode
characteristics. The proposed method is simple to implement with the computational complexity of order
n, which represents the number of uniquely shaded PV modules in a series string. The proposed approach
addresses the much-needed intersection problem between the distributed and centralized PV systems and
therefore targets PV strings which are most common in residential and small to medium scale commercial PV
installations world over. The proposed approach is validated with the in-house developed prototype hardware
set-up and software control implementation giving a 99% tracking efficiency with a recorded tracking time
of 10 ms. The experimental results show 50 times improvement in speed and 95% increase in power gain as
compared to the other popular existing methods namely scanning based GMPPT and local MPPT methods
respectively, with negligible computational burden and less than 0.5% added cost to the conventional PV
energy conversion system.

INDEX TERMS Efficiency optimization, global maximum power point tracking, partial shading,
photovoltaic module measurements, solar energy conversion.

I. INTRODUCTION
As photovoltaics are entering mainstream energy conver-
sion, the challenges associated with this promising renewable
energy resource are entering the lime light. One such chal-
lenge is the global maximum power point tracking (GMPPT)
under partial shading conditions. Partial shading refers to a
condition when a PV system sees non-uniform irradiance
and consequently non-uniform temperature conditions, either
within the module or across different modules in an electri-
cally connected PV array [1]. Partial shading not only reduces
the output of the PV systems but if long operations are con-
tinued under this condition, without bypass diode protection,
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it can lead to hotspot induced breakdown of systems. Use
of MPPT algorithms with local tracking abilities can lead
to significant reduction in power generation of the PV sys-
tem [2], [3]. In the last decade, various methods have been
introduced with a global maximum power tracking objec-
tive [4], but this has not achieved widespread industrial and
commercial penetration so far. Major gap in research and
industrial adoption is due to the instability, high tracking
time, and increased oscillations during peak tracing [2], [5]
of the proposed GMPPT algorithms. To overcome the
existing method limitations, it is imperative to review the
state-of-the-art.

There are two aspects for power optimization in PV sys-
tems. One is hardware-based approach and the second is
software-based approach. In the former approach, the PV
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system is optimized by choosing either a distributed power
conversion stage or a centralized power converter. Several
methods of distributed MPPT are utilised in [6], [7], where
separate converters are proposed for each PV module. But
this increases the system cost and leads to coordination-
related-reliability concerns, making the overall system com-
plex. The other extreme to the distributed MPPT is the
centralized system, wherein one single inverter controls an
entire array of series and parallel connected PV modules.
The tracking of global maximum power in these commercial
systems either relies on slow scanning based algorithms [8]
or incorporates expensive irradiance and temperature sensors
dispersed throughout PV array [9]. An ideal optimized hard-
ware solution would be to have GMPPT implemented at the
intersection between distributed and centralized PV systems,
which is at the level of a PV string. By definition, a PV
string is an electrical connection of several PV modules in
series and is the most common connection of residential and
small-scale commercial PV installations world-wide. Such a
PV string GMPPT algorithm is proposed and implemented in
the present work.

The software based PV optimization approach mainly con-
siders power optimization of a PV string using a GMPPT
algorithm, according to which a string converter is controlled.
Themost famous among software basedGMPPTmethods are
scanning based methods [8], [10]–[12], which are now being
adopted by the industry. Conventional MPPT algorithms
such as Perturb & Observe (P&O) and Incremental Conduc-
tance (INC) still hold a major share of industrial applications.
P&O is one of the most robust and popular MPPT methods.
In [13], it has been improved with a variable step size and
further combined with fuzzy logic controller (FLC) with
direct duty ratio control on a CUK converter which gives a
tracking efficiency of 98%with a convergence speed within a
couple of seconds. However, this method has not been tested
for partial shading scenarios. The conventional methods of
INC and P&O are now being upgraded to prevent tracking
of a local maximum and loss of power [14], [15]. Methods
such as enhanced perturb & observe [16] and modified beta
algorithm [17] fall in this category, wherein the output char-
acteristics of PV modules are scanned periodically and the
highest peak power is tracked. This approach, however, still
suffers from slow speeds and high power loss [5], [18]. The
next class of GMPPT methods involve artificial neural net-
works (ANN) [19]–[22]. Many of the bio-inspired methods
such as artificial bee colony [23], particle swarm optimiza-
tion (PSO) [24], [25], gray wolfe optimization [26], [27],
etc. suffer from slow tracking speeds. Out of all evolution
based algorithms, particle swarm optimization (PSO) is the
most famous, the ability of this algorithm to result in zero
steady state oscillations when combined with direct duty ratio
control is explored in [28] where it has also been modified
to tackle the partial shading effects and track the global
maximum power. Further optimized bio-inspired algorithms
[29]–[31] include improved PSO [32], chaotic flower pol-
lination algorithm [2] and improved bat algorithm [33].

Modified butterfly optimization algorithm is one of the
bio-inspired algorithms that has been hybridized with a con-
stant impedance method to improve the response time to
one second [34]. Some other methods that have been com-
bined into hybrid algorithms are PSO along with Distributed
Evaluation [5], ANN with conventional and modified P&O
or INC [19], [20]. However, these methods remain highly
computationally intensive [35] and the accuracy of the output
depends on the learning dataset and the initial conditions [29].
Another drawback of these methods is that these algorithms
require periodic tuning [9]. A detailed review of the global
maximum power tracking performance of the recently intro-
duced algorithms is summarized extensively in [9].

The third class of GMPPT algorithms are model-based,
which incorporate global peak prediction based on the real
time irradiance and temperature measurements, along with
array modelling parameters [36]–[38]. However these meth-
ods need expensive sensors for light and temperature esti-
mation [9]. Further modification to this method has been
carried out in terms of the introduction of empirical rela-
tionships [39]. But these empirical relationships are often
inaccurate under extreme ambient conditions. The last class
of GMPPT includes control-based methods such as constant
input power control [35], but this method suffers from power
loss due to a low voltage operation when power command
exceeds the instantaneous system availability. Second such
method is introduced in [6] where proportional-integral (PI)
controllers are used in each distributed inverter to track indi-
vidual peaks of each PV module, leading to increased com-
ponent count and reliability issues.

To get the reliability of centralized inverters and maximum
power extraction efficiency of distributed MPPTs having
one power converter per PV module, we propose a hybrid
approach which incorporates merits of both methods without
suffering from their limitations. The hardware chosen is a
centralized-string configuration with distributed low power
voltage sensing. The software in terms of control algorithm
involves a novel rectangular power comparison (RPC) based
GMPPT which has been generalised for simple and unique
to complex and common shading scenarios. The basis of
the proposed RPC approach is the evaluation of the relative
powers and therefore irradiances of different modules in a PV
string using the module voltage information and the string
current, which are monitored for shading detection. These
measured voltages further specify the shading factor by using
the bypass diode characteristics regression model, which are
first time applied for global maximum power point tracking.

A. MAJOR CONTRIBUTIONS OF PROPOSED RPC-GMPPT
1) Novel RPC software algorithm which connects funda-

mental photovoltaic module characteristics to bypass
diode physics and shading factors.

2) Novel hardware implementation using distributed,
cost-effective, low power consuming, differential volt-
age sensors connected to centralized PV string inverter.
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3) This approach avoids the use of expensive pyranome-
ters for irradiance measurement. Further, this method
requires no additional current sensors other than the
existing single current sensor of the centralised string
inverter.

4) As this method computes only shading information
from module voltages, with one-time pre-determined
offline correlations, it makes the algorithm faster and
computationally simple.

5) This approach can detect if one or more modules in a
PV string is partially shaded or under-performing due
to fault or dust deposition, thus helps in reliability stud-
ies along with partial shading detection and mitigation.

6) The proposed method tracks the global maximum
power with 99% tracking efficiency with high-speed,
showing a recorded tracking time within ten millisec-
onds.

7) As compared to the popular scanning based GMPPT
methods, this proposed method is significantly faster
in the order of fifty times.

8) When compared to the local maximum power point
tracking (LMPPT) methods, this method tracks much
higher power under partial shading conditions of the
order of 95%.

9) This method can be retrofitted with existing PV strings
with a very low incremental cost of less than 0.5% of
system cost as quantified in Appendix B.

Organisation of the subsequent sections involve treatment
of the theoretical formulation of proposed RPC-GMPPT in
Section II. The challenges for GMPPT implementation and
their solutions are discussed in Section III, along with the
proof of concept, experimental validation and benchmarking
of the proposed method. Section IV discusses further simpli-
fications, limitations, and the way forward for this approach
including open questions and Section V concludes this paper.
This is followed by Appendix A which details the partial
shading detection aspect of the RPC-GMPPT. The second
Appendix B discusses the economic aspect of the proposed
approach and Appendix C discusses the effect of changing
ambient conditions on the RPC-GMPPT formulation.

II. THEORY
The information of the optimal operating point in a given
PV system lies in its electrical characteristics. But scan-
ning the complete current-voltage I − V or power-voltage
P−V characteristics loses time and energy. This information,
however, can be readily obtained by noting the bypass diode
voltage, string current and the module shading information.
In this section, the numerical relationship between different
module shading and PV string’s global maximum power
is first explained, followed by the determination and use
of bypass diode characteristics. Further, these bypass diode
characteristics are linked with relative shading to complete
the novel GMPPT algorithm.

To understand the basis of this approach, consider two PV
modules connected in series. Under uniform irradiance and
temperature conditions, both modules have identical electri-
cal characteristics. PV string output in this case will have
double the power due to doubling of the voltage for same
current. If however partial shading occurs on this two-module
PV string, then there are two power peaks as one PV module
gets higher irradiance than the other. Out of these two local
peaks, global peak can be determined depending on which
area is larger on the current-voltage curve, depicted by A and
B in Fig. 1. The PV voltage changes little with respect to the
irradiance, owing to its logarithmic dependence on light [40].
But PV current witnesses a linear variation with irradiance.
Therefore, if irradiance on the second PVmodule falls to half
with respect to the first PV module, its short circuit current
will also fall to half. Since the voltage at the second peak
is double, the area of the two rectangles will be equal if the
irradiance on second module is half that of the first module
and both local peaks will be of equal power value. On same
lines, when the second module irradiance is less than half of
the first PV module, the rectangular area B is smaller and
therefore the first peak near the short circuit is higher and vice
versa. This approach is named here as the rectangular power
comparison (RPC) approach, the real contribution of which
is to reach GMPP without scanning the complete I − V or
P− V characteristics.

FIGURE 1. Output current-voltage (a) and power-voltage
(b) characteristics of a two module PV string facing uniform and
non-uniform irradiance input. Area of the rectangle A and B in
(a) represents the relative powers of two peaks in (b), the higher of which
is the global maximum.

To generalise this theory, consider a PV string of n PV
modules connected in series, as shown in Fig. 2, where the
respective module irradiances are marked as G1 to Gn. These
irradiance values can be classified in the descending order as
shown in (1), without any loss of generality.

G1 ≥ G2 ≥ . . . . ≥ Gn−1 ≥ Gn (1)
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FIGURE 2. Representation of a PV string consisting of n series connected
modules facing different irradiances marked as G1 to Gn. If G1 to Gn are
equal, it results in uniform irradiance and their inequality results in the
partial shading scenario.

It has been established in literature [16], that local MPPs
occur at the multiples of open circuit voltage of an individual
PV module scaled by a factor α, which varies from [0.8,0.9],
depending on the real time ambient conditions. Therefore
for a n module PV string there are n possible local peaks,
out of which the global maximum needs to be identified.
Mathematically, the global power optimization problem can
be formulated as (2)-(3), wherein out of the n local maxima
occurring each at iαVoc, i is to be found which corresponds
to the global maximum.

VLMPP, i = iαVoc, i ∈ [1, n] (2)

VGMPP, i = MaxVLMPP, i
(
PLMPP, i

)
(3)

For simplicity of expression, PLMPP, i is expressed as Pi in
the text to follow, where i is defined as the index of the
local maximum power point which varies from 1 for uniform
irradiance to n for all uniquely shaded PV modules, each
having a bypass diode across it.

A. SHADING FACTOR CORRELATION WITH GLOBAL
MAXIMUM POWER
To solve this optimization problem, a new term called the
shading factor is defined, which relates a given PV module’s
irradiance with respect to the most irradiated module within
the PV string, which in turn is considered as the first module.
Mathematically, the shading factor for the PV module i is
defined in (4) as

Ki =
Gi
G1

(4)

where, irradiancesGi with index i ∈ [1, n], are the irradiances
of different modules in a n module PV string. To determine
the global maximum power, consider a generalised irradiance
pattern as shown in (5) for the nmodule PV string with r + 1
modules facing common irradiance.

G1 > G2 > G3 > . . . . . > Gw−1 > Gw = Gw+1 = . . .

. . . = Gw+r > Gw+r+1 > . . . > Gn−1 > Gn (5)

Current voltage characteristic of this PV string under the
given irradiance pattern of (5) is shown in Fig. 3, wherein

the local MPPs in terms of power Pi with voltage VLMPP,i =
iαVoc and current ILMPP,i = KiβIsc are shown. Here, Isc and
Voc are the short circuit current and open circuit voltage of
the unshaded PV module in the string. Factor α determines
the ratio of the maximum power point voltage to the open
circuit voltage and the factor β represents the ratio of the
maximum power point current to the short circuit current.
These α and β parameters are fixed for a PV module under
given ambient conditions and are usually in [0.8,0.9] value
range [16]. Shading factor Ki holds the shading information
for the ith module with respect to the base module, which in
turn is the most irradiated. To determine the maximum power
point, the local maximum powers are compared which are
given as:

Pi = KiβIsc × iαVoc (6)

It has been assumed that Isc and Voc for all unshaded mod-
ules under given ambient conditions remain fixed. Further,
the product of α and β determines the fill factor, which does
not change significantly under shading. The assumptions for
this are provided in Appendix C, which shows that the small
variations of the α and β parameters in time due to changing
ambient conditions are addressed by the perturb and observe
MPPT, which is the second layer of the proposed GMPPT
method for exact peak tracking. Therefore, the initial assump-
tions to simplify the GMPPT problem of (3) and (6), will not
affect the accuracy of the proposed algorithm.

Thus, the optimization problem of (3) and (6), can be
reduced to (7), which is a simple linearly scaled comparison
of shading factors. The proposed RPC based globalmaximum
power point tracking can therefore, be mathematically formu-
lated as:

Maxi(iKi) where i ∈ [1, n] (7)

Therefore, once the shading factors are known, the GMPPT
problem is reduced to a nth order maximum determination
in a numerical vector. Since the complexity of this problem is
only n, it can be easily scaled to PV strings with large number
of series modules. When r modules in a PV string see equal
irradiance as defined in (5), then r local maximum power
points are reduced as shown in Fig. 3 and the complexity of
problem is n − r . This is explained with a five module PV
string example presented below:

1) EXAMPLE: 5 MODULE PV STRING WITH
NON-UNIFORM IRRADIANCE
Given a PV string with n = 5 PVmodules in series, with each
module’s irradiance input related by (8).

G1 > G2 = G3 = G4 > G5 (8)

This case has three peaks occurring at αVoc, 4αVoc and
5αVoc. The global maximum power depends on shading fac-
tors defined as K2 = K3 = K4 = G4/G1, K5 = G5/G1.
As the number of equalities is r = 2, only the power levels
corresponding to the (n − r = 5 − 2 = 3) three voltages
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FIGURE 3. Rectangular power comparison shown on current-voltage characteristic of a n module PV string
with r + 1 modules equally irradiated and n− r unequal irradiances. The global maximum power is given by
the rectangle with maximum area which is determined by relative shading factors, computed through
bypass diode voltage sensing.

need to be compared. From the proposed rectangular power
comparison approach, the maximum value out of 1, 4K4, 5K5
is to be determined. And once K4 and K5 are known, GMPP
is also known.

2) THE CASE OF c COMMON SHADING PATTERNS
The GMPPT problem gets more and more complex when the
number of shading patterns increases. However, with the help
of the proposed RPC-GMPPT, this problem can be solved
using the improved generalised theory for n-modules which
are irradiated with G1 to Gn irradiances with c common
shading patterns as sorted in decreasing order below:

G1 > G2 > G3 > . . . . . > Gw1−1 > Gw1 = Gw1+1 = . . .

. . . = Gw1+r1 > Gw1+r1+1 > . . . > Gwc−1 > Gwc = . . .

. . . = Gwc+rc > Gwc+rc+1 > . . . > Gn−1 > Gn (9)

This implies that there are multiple sub-groups of PV mod-
ules which see equal irradiance within their sub-group,
which is mutually exclusive with other sub-groups and other
uniquely irradiated modules within the PV string. In other
words, modules w1 to w1 + r1 see one irradiance say Gw1 ,
modules w2 to w2 + r2 see one irradiance say Gw2 , and so
on till the cth sub-group consisting of modules wc to wc + rc
which see the irradiance Gwc . Each such commonly shaded
group reduces the number of local peaks by rj ∀j ∈ [1, c].
In this case there are n − 6j(rj) ∀ j ∈ [1, c] unique shading
patterns and as many peak powers need to be compared. The
shading factors for each group of common shading patterns
is unique and its value is same for all rj modules within each
group of j ∈ [1, c]. Once the shading factors are evaluated,
the global peak computation just reduces to (7) with index i
defined as:

i= [1,w1−1] ∪ [w1+r1,w2−1] ∪ . . . ∪ [wc + rc, n] (10)

To determine the shading factors, the novel approach of mod-
ule voltage sensing and bypass diode characterisation is used,
as discussed below.

B. BYPASS DIODE CHARACTERISATION AND USE
Bypass diodes are placed in the junction box of PV modules
across a certain number of PV cells in series. This ensures
safe operation under shading conditions. However more often
than not, the bypass diode characteristic information is not
provided by the manufacturers. Therefore these characteris-
tics are determined experimentally. To determine the bypass
diode characteristic model, an experimental arrangement is
made, where the PV module is kept in dark and direct current
is passed through the module, till the module short circuit
current and the corresponding bypass diode voltage is noted,
giving an IBD − VBD dataset. A numerical regression of
this dataset into the p-n junction diode equation results in
the bypass diode model as shown in Fig. 4 with an error
of less than 2% under forward conduction of diode. The
non-linear regression of the diodemodel is achieved using the
Levenberg-Marquardt algorithm using MATLAB’s lsqnonlin
function which is programmed for non-linear least squares
optimization [41]. Mathematically, the bypass diode model
is represented as (11) from [42],

IBD = IBDO

(
exp

(
VBD

mBDVT

)
− 1

)
(11)

where, IBDO refers to the bypass diode saturation current,
mBD is the bypass diode ideality factor, and VT is the thermal
voltage given byVT = kBT/q, involving Boltzman’s constant
kB, temperature T and the charge of an electron q. A change in
irradiance does not affect the bypass diode modelling param-
eters directly but a change in temperature is accounted in the
model by changing the thermal voltage and the saturation
current, as explicitly quantified in [42]. Hence the measured
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FIGURE 4. Regressed bypass diode model with experimental
measurements at 25◦C as reference for one bypass diode of a 300 W
polycrystalline PV module.

bypass diode voltage, with known diode characteristic can
be used to determine the bypass diode current under varying
ambient conditions.

Once, the bypass diode is characterised, for a given bypass
diode voltageVBD, the bypass diode current IBD is known, and
the short circuit current of the shaded module i is evaluated
as:

Isci = Isc1 − IBDi (12)

where, Isc1 is the short circuit current of the unshaded series
connected PV module or the most irradiated PV module, and
is therefore equal to the string short circuit current. Therefore,
a novel approach based on the PV module voltage sensing
is proposed wherein experimentally modelled bypass diode
characteristics are utilised for determination of the shading
factor Ki.

C. DETERMINATION OF SHADING FACTOR FROM
MODULE VOLTAGE
One of the major challenges in shading factor based GMPPT
implementation is the determination of module irradiances.
Use of irradiance sensors for each module is highly expensive
and unreliable under partial shading conditions. The linear
relationship between the irradiance and the short circuit cur-
rent of PV module can be exploited to determine the shading
factor as shown below wherein (4) can be modified to (13).

Ki =
Isci
Isc1

(13)

Short circuit current Isc1 of the most irradiated PV module
in a PV string is equal to the shorted string current, which is
directly measured using central string inverter’s current sen-
sor. However, for the shaded PVmodules the short circuit cur-
rent Isci measurement is evaluated using the module voltage.
This novel approach prevents the introduction of additional
current sensors in the circuit by using cost-effective low-
power-consuming voltage sensors. The bypass diode voltage
measurement is mapped into the bypass diode current using
regressed diode model shown in (11). From this current,
the shadedmodule short circuit current is calculated in (12) as

the difference of the unshaded module current and the bypass
diode current.

It must be noted that under uniform irradiance conditions,
no PVmodule in a string is bypassed and all modules produce
positive voltage. However, when shading occurs, the modules
with low irradiance are bypassed and bypass diode enters
forward conduction. Therefore the change in module voltage
polarity from positive to negative is an indication of partial
shading condition.

D. ALGORITHM FLOW
The complete RPC-GMPPT algorithm is summarised
in Fig. 5, where the flowchart of the proposed method is pre-
sented for a generalised n-module PV string facing uniform
and non-uniform irradiances. The proposed algorithm for
n-module PV string considers a generalised shading pattern
wherein more than one module can have equal irradiances
and shading patterns as discussed in section II-A2. The steps
involved in tracking the global maximumpower are explained
as follows:

FIGURE 5. Complete RPC-global maximum power point tracking
algorithm flowchart.
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TABLE 1. Evaluation of GMPP with RPC for 5-module PV string under uniform and non-uniform irradiance.

1) The individual PV module voltages are denoted by vmi
where i ∈ [1, n], which are measured in real-time by
voltage sensors as described in III-A.

2) Once the partial shading is detected the algorithm is
triggered by operating the string at the short circuit
condition and all the module voltages vmi are recorded.

3) All positive vmi module voltages, under short circuit
condition, is an indication of uniform irradiance on
the string and the local MPPT method of Perturb and
Observe (P&O) is employed to detect the MPP point.

4) Negative voltage on at-least onemodule is an indicative
of reduced irradiance or equivalently partial shading on
the string. In this case, the proposed GMPPT algorithm
for identifying the GMPP region is executed.

5) After the computation of the bypass diode voltage and
current for the shaded modules, given by VBDi and IBDi
respectively, short circuit currents Isci are evaluated.

6) These short circuit currents (SCCs) are sorted to eval-
uate equal irradiance and shading patterns.

7) If common shading patterns are observed, the range of
uniquely shaded module index i is modified using (10).

8) Once unique shading patterns are identified, corre-
sponding shading factors Ki, are evaluated using (13).

9) The linearly scaled comparison based on (7) leads to
the global maximum power point region occurring in
one of (iαVoc) as formulated in (2)-(3).

10) To take care of small variations in α, β due to chang-
ing ambient conditions, as defined in (6), further
fine-tuning to reach exact global peak power is pro-
vided with the help of P & O method.

11) The periodicity of the GMPPT algorithm is decided
by observing the change in the system power above a
predefined threshold, and re-initiation of the GMPPT
sequence.

Change in the polarity of the individual PV module voltages
is taken as an indicative of partial shading detection. The
threshold value of the change in power, PT is chosen as 5%
of the initially tracked global maximum power per unit time
as shown in Appendix A. This is similar to the value used in
literature [12], [16], [30], and the mathematical basis behind
this choice is discussed in the Appendix A for partial shading
detection.

E. PROOF OF CONCEPT WITH SIMULATION RESULTS
To prove the concept behind the working of the proposed
RPC-GMPPT algorithm, a 5-module 1.5 kW PV string is
considered. This PV string is subjected to uniform irradiance

and five kinds of different shading patterns as detailed
in Table 1. These varying shading conditions include the
cases of sub-groups of modules seeing common irradiance
which is different than the irradiance values of other modules
within the string as discussed in Section II-A2. The proposed
algorithm is tested to match the results simulated from the
algorithm versus the values predicted from current-voltage
and power-voltagemodel characteristics [40] of the 5-module
PV string as shown in Fig. 6. The global maximum power
points as obtained from the power-voltage characteristics are
seen to match the global maximum power point voltages
predicted from the RPC-GMPPT as shown in Table 1, thereby
proving the accuracy of the algorithm for both non-uniform,
unique and common shading patterns, shown as cases 1-5
and uniform irradiance shown as case 0. To further test the
algorithm, another 1.2 kW four module PV string is tested
under uniform and non-uniform irradiances. Overall, seven
partial shading cases along with standard test condition case
of 1000W/m2, 25◦C , called no shading case is emulated and
the results obtained are shown in Fig. 7 where the identified
GMPP exactly matches the GMPP estimated from the pro-
posed RPC algorithm as detailed in Table 2. The GMPPT of
a three module 0.9 kW PV string is also evaluated to prove
the concept of the proposed algorithm and like earlier cases
of 1.5 kW and 1.2 kW strings, the proposed algorithm passed
the test with this string. The obtained global maximum power
points can be seen to match the simulated power-voltage
characteristics in Fig. 8 with the algorithm predicted GMPP
values in Table 3.

III. EXPERIMENTAL IMPLEMENTATION
To experimentally validate this method, a buck-boost con-
verter is connected to a rooftop PV array. The buck-boost
converter is rated at 10 kW and is shown in Fig. 9. This
converter is controlled using a FPGA controller. A variable
resistive load of 7.5 kW is connected at the output of the
buck-boost converter switching at 20 kHz. This converter can
sweep the entire PV characteristics from open circuit to short
circuit point and therefore can track the globalmaximum even
under extreme shading conditions. For GMPPT determina-
tion, the module voltage sensing is required which is facili-
tated by the design and development of the low-cost voltage
sensors. This is the subject matter of the next subsection.

A. PV MODULE VOLTAGE SENSOR
As PV modules connected in series exhibit a high common
mode voltage, the designed sensor has an initial differential
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FIGURE 6. Current-voltage and power-voltage characteristics of 5-module PV string under uniform irradiance and five kinds of different
shading patterns as detailed in Table 1 along with the identified global maximum power point (GMPP).

FIGURE 7. Current-voltage and power-voltage characteristics of 4-module PV string under uniform irradiance and seven kinds of different
shading patterns as detailed in Table 2 along with the identified global maximum power point (GMPP).

amplifier stage. This stage has a gain of 1/3, which ensures
that a single bypass diode voltage appears at the input of
the second stage of the voltage amplifier, as the 300 W PV
panels under study have three bypass diodes each. The second
stage of this circuit is a summing amplifier with a gain such
that the range for analog to digital conversion of the ADC

chip in the FPGA board is not violated. Inside the FPGA
controller, the proposed GMPP algorithm is coded using
VHDL, which ensures that an appropriate duty ratio is given
to the gate drive switching signal for the converter. The circuit
schematic of the module voltage sensor is given in Fig. 10.
Since the designed sensor is based on opamps, it is extremely
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TABLE 2. Evaluation of GMPP with RPC for 4-module PV string under uniform and non-uniform irradiance.

FIGURE 8. Current-voltage and power-voltage characteristics of 3-module PV string under uniform irradiance and four kinds of different
shading patterns as detailed in Table 3 along with the identified global maximum power point (GMPP).

TABLE 3. Evaluation of GMPP with RPC for 3-module PV string under uniform and non-uniform irradiance.

cost and size effective. Also, the gains are chosen such that,
given a sensed value of the bypass diode voltage, direct duty
ratio command is given to the buck-boost dc-dc converter for
global peak tracking.

B. ALGORITHM IMPLEMENTATION
The proposed RPC-GMPPT algorithm is tested for the hard-
ware proof of concept by connecting a 0.6 kW PV string of
two modules, which are unequally irradiated with shading
provided using translucent shades. One 300 W PV module
is unshaded and the other is horizontally shaded as shown
in Fig. 11(b), such that all the substrings within the shaded
panel undergo equal irradiance. The correlation between the
shading factor, the bypass diode voltage, the voltage sensor
output VS and the global peak is given in Table 4 for a

2-module 600W PV string. The determination of the shading
factor K2 from the module irradiances G1, G2, which are
directly proportional to the module short circuit currents
Isc1, Isc2, and its relation to the bypass diode voltage VBD
and current IBD, for varying irradiances of the shadedmodule,
is highlighted in this table along with the peak power (GMPP)
at A (αVoc) or B (2αVoc) and the corresponding duty ratio
dGMPP of the buck boost converter at the global maximum
operating point. The PV array used for this study is shown
in Fig. 11(a).

C. EXPERIMENTAL RESULTS
To validate the proposed GMPPT method, experiments are
conducted under varying shading conditions and some of the
results are shown in Fig. 12. The transition from one peak at
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TABLE 4. Global maximum power point tracking implementation using module voltage sensing.

FIGURE 9. IGBT based buck boost converter along with auxiliary circuits
for maximum power point tracking.

FIGURE 10. PV module voltage sensor schematic developed for partial
shading detection.

B (2αVoc) to the next peak at A (αVoc) is shown in Fig. 12.
This transition fromB toA, physically signifies the casewhen
both PVmodules in the PV string were equally shaded giving
the red output characteristic in Fig. 12(a) to the condition
when only the second module remains shaded, leading to the
black power versus voltage characteristic in Fig. 12(a). As the
controller detects a change in one of the PV module voltage
polarity, it triggers the GMPPT algorithm to move from one
steady state operating point shown in Fig. 12(d) to the next
in Fig. 12(e). It is shown that the system takes less than 10 ms
to settle at the new global maximum in Fig. 12(c).
The comparison of the proposed approach with the pop-

ular local [43] and global [17] MPPT algorithms under two
very different ambient conditions is shown in Table 5. Here,

the first condition marked as ‘‘peak shifting’’ in the table
corresponds to the case of peak shifting from second peak B
(at 2αVoc) to first peak A (at αVoc). The second condition
marked as ‘‘same region’’ in the table corresponds to the
shift in the global maximum in the same region of the second
peak B (at 2αVoc). It is seen that compared to scanning based
s-GMPPT [17], the proposed algorithm is faster by at least
50 times, as shown in ‘‘peak shifting’’ and ‘‘same region’’
cases in the Table 5. Also, compared to the conventional
P&O MPPT method [43], the proposed method improves
the tracking speed by at least ten times. This is because
the region of GMPPT is estimated directly from shading
factor in the proposed algorithm. In terms of power capture,
a major improvement of 95% is observed compared to the
local MPPT [43], under shading conditions as quantified
in Table 5 for the ‘‘peak shifting’’ case and it performs
equivalent to [17], in terms of 99 %maximum power capture.

In order to analyse the obtained results, it is important to
revisit the motivation of the proposed algorithm to prevent
scanning of PV characteristics, which in-fact results in better
speed in RPC-GMPPT. Instead of using RPC-GMPPT, if one
were to scan the PV characteristic from one peak to another,
then even the converter voltage and current sensors would
give us the local peaks which can be compared to yield
the global peak, which in-fact is done by many commercial
scanning-basedmethods, without themodule voltage sensors.
The main aim of designing this smart optimized GMPPT
was to prevent scanning of PV characteristics, as it has been
established in literature to be time consuming and lacking in
efficiency. The proposedmethod overcomes this limitation by
one-time computation of GMPPT from looking at the module
voltages at short circuit and does not need to visit all local
peaks and loose time and therefore efficiency. The proposed
method prevents the tedious task of scanning each peak and
directly goes to the GMPP region which is fine-tuned with
perturb and observe. The proposed method is much faster and
more efficient than basic P&O or a scanning-based method
due to the first layer of RPC-GMPPT which is built with the
help of the voltage sensors and the pre-determined voltage
versus shading correlations which reflect in the experimen-
tal results obtained in Table 5. The smart layer of GMPPT
computation can also be achieved using a solar cell based
model [40], but this requires real time computation of five
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FIGURE 11. (a) PV array consisting of several 300 W polycrystalline PV modules. (b) Shading arrangement used for validating the
GMPPT is shown as horizontal shading.

TABLE 5. Proposed RPC-GMPPT comparison with existing methods.

modelling parameters under changing ambient conditions
due to shading, which further reduces the convergence speed
many-folds. This limitation is overcome by the proposed
method by offline computation of bypass diode voltage ver-
sus shading correlations.

IV. DISCUSSION
Further analysis and limitations of the proposed algorithm is
discussed in this section.

A. EFFECT OF SHADING ON GMPP PARAMETERS
The impact of the shading factor on the GMPP can be
gauged by plotting the variation of duty ratio at the maximum
power point dGMPP, the maximum PV string power PGMPP,
the voltage at the maximum power point VGMPP and the
current at the maximum power point IGMPP with respect to
the shading factor K . A 2-module PV string is discussed
here for simplicity. If one module is shaded as compared to
another in an increasing fashion, the shading factor changes
from 0 to 1, where 0 means full shading and 1 means both
modules are equally irradiated or unshaded. Fig. 13 quantifies
the effect of temperature variation on GMPP during partial
shading. The simulation results, at the standard temperature
of 25◦C and at the actual experimentally measured module
temperatures varying from 35− 40◦C during shading, show
the variation in the GMPP operating point, but the same trend
is followed as that for the standard temperature. It can be
noticed from Fig. 13 that when shading factor is less than
half, GMPP is the first peak, near the short circuit condition.
Beyond 0.5 shading factor, an increase is shown for dGMPP,
PGMPP, IGMPP in Fig. 13(a), (b) and (d), but VGMPP decreases
linearly as shown in Fig. 13(c). Duty ratio increases and
voltage decreases as GMPP shifts from open circuit to short
circuit while current and power increase when secondmodule
starts seeing more light, as the shading factor increases from
0.5 to 1. This pattern further reflects that for 0 ≤ K ≤ 0.5,

the second PVmodule is bypassed and therefore has no effect
on the global maximum. Thus below a shading factor of 0.5,
the local MPPT can be used, as the duty ratio of the converter
corresponding to the global maximum power point remains
the same. This is due to the unchanging initial estimate of the
converter duty ratio from the proposed GMPPT, with respect
to the shading factor K , as reflected in the results of Table 4.
Therefore, if the one out of two modules is shaded by more
than 50%, there is no need to compute the GMPP as it will
always be near the first peak corresponding to αVoc, thereby
further reducing the computational burden of the proposed
method.

B. LIMITATIONS AND OPEN QUESTIONS
Some of the open questions that evolve from the limitations of
the presentmethod are discussed in this section. First question
is the optimization of the voltage sensing mechanism. For
the proof of concept, the laboratory prototype involved wired
voltage sensors coupled to the PV junction connections. This
works for a small PV string for residential and commercial
applications, which is in the scope of the present work. How-
ever, in future, these voltage sensors can be made wireless
and their positioning can be optimized in the PV terminal
box. With advanced signal communication these wireless
voltage sensors can talk to the smart power converters for
performance optimization.

Second open question is the trade-off between the health of
the PV string versus the GMPP accuracy. If the PV character-
istics are continuously scanned to trace the GMPP, like many
commercial systems, it may lead to accurate GMPP but due
to increased losses it may severely affect the health of the PV
string. This problem is solved in part by just briefly sampling
the module voltages at the short circuit condition, which in
the present buck-boost converter with limited current PV
source is not a problem. However, in existing systems, every
time shading is detected the GMPPT is triggered, which like
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FIGURE 12. Experimental results are shown for peak B to peak A
transition with the shading change as shown in (a). PV power (yellow),
voltage (black), current (red) transition along with gate drive
pulses (green) are shown in (b). An expanded transition with shorter
time-scale is shown in (c) where the system settles in eight milliseconds.
Steady state operation for state B and A are shown in (d) and (e),
respectively.

FIGURE 13. Variation of global maximum power operating point in terms
of: (a) duty ratio, (b) PV power (c) PV voltage and (d) PV current with
shading factor. Actual temperature marked in the figure is in the range
of 35− 400C .

several popular GMPPTmethods [16], relies on the threshold
value of the rate of power change PT , as in the proposed
RPC-GMPPT. If PT is too large, global maximum power
will not be tracked with small changes in shading and if PT
is too small, too frequent triggering of GMPPT will affect
string health. In the present method implementation, this
value of PT is taken as 5% which is 25 times higher than
the quasi-static change in power due to the normal irradiance
variation as established in Appendix A. This value of PT
is also seen to be in line with the value typically used in
literature to trigger GMPPT in [12], [16], [30]. In future work
the trade-off between the GMPPT accuracy and PV string
health can be optimized for different cases, by choosing the
right threshold of theGMPPT trigger parameter which further
depends on how frequent and by what amount the shading
patterns change for the system under consideration.

V. CONCLUSION
A novel global maximum power point tracking algorithm
based on rectangular power comparison approach is proposed
in this work which combines the advantages of centralized
inverters and maximum power extraction efficiency of dis-
tributed MPPTs by incorporating the hybrid approach of
distributed sensing and centralised power processing. The
hardware chosen is a centralized-string inverter with dis-
tributed low power voltage sensing. The software in terms of
control algorithm involves a novel rectangular power compar-
ison (RPC) based GMPPT. This method incorporates bypass
diode characteristics to determine the shading factor which
further correlates with the global maximum for PV power
output. As this method uses cost and size effective voltage
sensors alone for shading determination and global maxi-
mum power tracking, it can be easily used to enhance the
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existing PV systems with less than 0.5% incremental system
cost. Also, the method has enhanced efficiency as it does
not require time-based scanning and incorporates change in
PV string power and module voltages as shading indicators.
A major part of the computation is done offline in terms of
the determination of the bypass diode voltage, shading factor,
and global peak correlations, making the proposed method
much faster and efficient. The complexity of the algorithm
is of order n, representing the unique irradiance patterns and
is therefore scalable to PV strings with large number of PV
modules also. It is experimentally verified that the proposed
method settles to the global maximum power with 99% accu-
racy with a tracking time of 10 ms, making it fifty times faster
than the scanning based GMPPT methods and improves the
power capture many-folds as compared to the local MPPT
methods under partial shading conditions. The proposed PV
optimization algorithm is generalised for simple and unique
shading patterns to common and complex shading patterns
using the systematic theoretical formulation of RPC-GMPPT
algorithm. It is validated with extensive simulation and exper-
imental results, showing improved performance over popular
existing methods under varying conditions of uniform and
non-uniform irradiation.

APPENDIX A
DETERMINATION OF PARTIAL SHADING
BASED ON POWER CHANGE
The threshold value of the change in the tracked PV power
PT is determined for triggering the GMPPT algorithm in the
flowchart shown in Fig. 5. To evaluate PT , it is important to
evaluate the steady state variation of irradiance in time. It is
known that the solar irradiance G, changes with the angle
of incidence θ , when measured perpendicular to the surface
of the PV module, as a cosine function, represented as G =
Go cos θ , where Go is the maximum incident irradiance. This
is shown in Fig. 14. The slope of this irradiance essentially
signifies the irradiance variation with the incidence angle.

dG
dθ
= Go

d cos θ
dθ

= Go sin θ (14)

The maximum value of this slope is at 90o. To further eval-
uate the variation of irradiance with time, the relationship
between the incidence angle and the time of the day is used.
The time of day from 12 noon to 6:00 pm, marks the 0− 90o

FIGURE 14. Variation of irradiance with angle of incidence measured
perpendicular to the PV module surface.

variation in the incidence angle.

dG
dt
=
dG
dθ
×
dθ
dt

(15)

The maximum value of (15) is evaluated to be 4.2 W/m2/s
at STC, defined as 1000 W/m2 irradiance and 25◦C tem-
perature, by substituting 90o angle of incidence. To further
evaluate the effect of the change in the PV module input
irradiance on its output power, the power versus irradiance
relation can be derived as in (17), where the parameters are
available from the PV module datasheet.

∂P
∂G

∣∣∣∣
ss
=

2Vss
ILSTC+KIsc (Tss−TSTC )

GSTC

1+ Rs+Req
Rsh
+ Isss

Rs+Req
mnsVTss

exp
(
Vss+IssRs
mnsVTss

) (16)

dP
dt
=
∂P
∂G

∣∣∣∣
ss
×
dG
dt

(17)

From (17), the change in power with time can be estimated
using (14) to (17). The subscript ss in (17) represents the
initial steady state condition at which the change in power is
computed, while subscript STC represents the standard test
conditions of GSTC = 1000 W/m2 irradiance and TSTC =
25◦C temperature. The PVmodelling parameters namely: the
light induced current IL , the diode dark saturation current Is,
the diode ideality factor m, the series resistance Rs, the shunt
resistance Rsh, the temperature coefficient of short circuit
current KIsc and the number of series cells in a PV panel
ns; can be derived from the PV panel datasheet provided
by the manufacturer. The real time PV terminal voltage Vss,
current Iss, irradiance Gss and temperature Tss are measured
at the steady state operating point. Req represents the equiv-
alent load across the PV terminals. Substituting these values
in (17) gives the variation of powerwith irradiance at different
operating points. Based on the above relationship in (17),
it is seen that an average change of 10% in light causes a
5 % change in the polycrystalline PV module power out-
put. Since, percentage steady state irradiance variation with
respect to standard irradiance of 1000 W/m2 is computed to
be 4.2 W/m2/s

1000 W/m2 × 100% = 0.42 %/s in (15), its substitution
in (17) leads to the maximum change of 0.21 %/s in power
with time. Assuming maximum power point operation, when
a power change of the order of 5 %/s and above is observed,
it can be attributed to shading, because it is more than twenty
times the maximum steady state variation of power with time
due to normal sunlight variation in a day. Based on this
mathematical background, the threshold value of change of
power in time, with respect to the steady state conditions is
called PT = 5%/s, which is selected to trigger the GMPPT
algorithm.

APPENDIX B
INCREMENTAL IMPLEMENTATION COST
This method adds negligible cost increment of $1 per panel in
the PV string (Digikey parts [44]). This amounts to less than
0.5% of total system cost including the PV panels, buck-boost
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converter and installation costs [45], yet increasing typical PV
annual system energy yield many-fold, along with improving
system reliability by combining voltage sensing, PV model-
ing and inverter control all-together.

APPENDIX C
CHANGE IN FILL FACTOR WITH AMBIENT CONDITIONS
If two PV modules are considered without mismatch, then
for identical irradiance and temperature conditions, their fill
factor is identical, as claimed by the manufacturer datasheet.
When these modules are connected in a series combination
and they operate under uniform irradiance condition, then
the fill factor of the string is same as that of individual PV
modules without mismatch and equals α × β as defined
in Section II-A. However, when different PV modules see
different irradiance, then the situation becomes complicated.
To simplify this partial shading problem, it can be handled in
two parts which translates to the effect on voltage and current
of two factors namely: the change in irradiance due to shad-
ing and the change in module temperature due to shading.
According to (6) the maximum power point current can be
defined as KiβIsc and maximum power point voltage can be
defined as iαVoc. Here Isc and Voc are short circuit current
and open circuit voltage under uniform irradiance or without
non-uniform shading. Factors α and β are the factors of MPP
voltagewith respect toVoc andMPP current with respect to Isc
respectively, under uniform irradiance. The effect of shading
is incorporated in (6) in the shading factorKi which also splits
the single peak into n possible peaks. It is known that shading
changes irradiance which is linearly proportional to current
but changes voltage only in a logarithmic manner, this causes
small change in α with changing irradiance due to shade. The
factors α, β change due to the change in temperature resulting
from shade, this again is small compared to the change due
to shaded irradiance, mainly because the temperature change
due to shading is only 5 − 10◦C as established in [46].
Therefore, in the proposed approach the small changes in
α × β are handled by the second layer of GMPPT which
is perturb and observe, once the proposed GMPPT identifies
the global maximum power region in a certain iαVoc voltage
range.
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