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A communication-based method for PSC
Detection and GMP tracking under PSC
Ali Akbar Ghassami, Seyed Mohammad Sadeghzadeh


Abstract—This study proposes a novel communication-based
method for tracking global maximum power point (GMP) under
partial shading condition (PSC) for a rooftop photovoltaic (PV)
systems. The proposed method uses communication between
converters to detect the occurrence of PSC and finds the GMP.
The method does not need to find all local maximum points
(LMPs) to determine GMP. Consequently, the energy loss due to
blind scan is avoided and the time of tracking GMP is reduced.
In addition, the starting points for searching LMPs are defined
which are very close to the LMPs. Furthermore, the system
identifies repetitive shadow on the module and informs the
operator to cope with the problem. The proposed method by
using real-time measurements is immune to the change of
module’s parameters with respect to aging and environmental
conditions (temperature and irradiance level). Simulation and
experimental results demonstrate the effectiveness of the
proposed method.
Index Terms—Rooftop solar PV system, partial shading
condition, smart structure, repetitive shadow, distributed MPPT.

NOMENCLATURE
Icell,VCell
Isc
Irs
Q
K
T
A
Α
Gr
Gn
ΔT
Iscn
V, Vsm
M
J
Voc , Vsm-oc

PV cell current and voltage.
Short circuit current of the PV cell at STC.
Reverse saturation current.
Electron charge (1.60217646 × 10-19 C)
Boltzmann constant (1.3806503 × 10-23 J/K).
Cell temperature in Kelvin.
Diode ideality constant.
Current temperature coefficient.
Nominal irradiance level (1000 W/m2).
Irradiance level (W/m2).
Difference between operating temperature
(Tn ) and STC temperature(T0)
Short circuit current of the PV cell in
temperature Tn and irradiance level Gn
Voltage of the PV module and PV submodule.
number of PV cells in series in each submodule
number of submodules in a PV module
Open circuit voltage of the PV module and
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Vri
N
Vmpp-STC,Impp-STC,
Pmpp-STC
Vmpp,Impp, Pmpp
Vmpp-ar, Pmpp-ar
Vdiode
Vstart-r1
Vstart-r2
Vstart-ri
Pm-max-1d
Pm-max-2d
Pm-max-id
Pmax
Vlmp1
Vlmp2
Vlmp3

PV sub-module.
voltage boundaries of LMPi
number of sub-modules in each PV module
Voltage, current and power of the module at
maximum power Point (MPP) at STC.
Voltage, current and power of the module at
MPP
Voltage and power of the PV array at MPP
Forward voltage of the bypass diode
Starting point for searching LMP1 in voltage
range 1.
Starting point for searching LMP1 in voltage
range 2.
Starting point for searching LMPi
Maximum module’s power when one bypass
diode is on.
Maximum module’s power when two bypass
diodes are on.
maximum module’s power when i bypass
diodes are on
Maximum output power between all modules
Voltage of the module at LMP1.
Voltage of the module at LMP2.
Voltage of the module at LMP3.

I.

INTRODUCTION

R

enewable energy sources such as solar power have
received considerable attention due to ever-increasing
fuel costs, environmental pollution, and global demand for
electricity.
The total solar energy absorbed by Earth's atmosphere,
oceans, and land masses is approximately 3,850,000 exajoules
(EJ) per year, however, only a small fraction of such energy
can be used to produce electric power [1].
The value of energy that can be extracted from photovoltaic
(PV) cells depends upon environmental conditions such as
solar irradiance and ambient temperature.
A PV module has only one maximum power point (MPP) in
Power versus Voltage (P–V) curve under uniform irradiance.
So far, various algorithms for finding MPP are proposed by
researchers in the literature. However, these conventional
algorithms have failed to track global peak under partial
shading condition (PSC) since there are multiple local
maximum points (LMPs) due to the bypass diodes.
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The global search algorithms can be categorized into three
groups.
In the first group, the GMP is determined by searching the
entire P–V curve and finding all LMPs [2]-[5]. The tracking
speed and search area for finding GMP are different in this
type of methods. In [2] the novel two step method is proposed
to determine the occurrence of PSC. This study using ramp
change of PV array voltage finds GMP, without the need for
feedback of current and voltage.
Authors in [3], used a modified hill climbing (HC) method
to track all LMPs around specific multiples of 0.8×Voc, then
by comparing the LMPs recognizes the GMP. Although the
tracking speed of the proposed method is improved, it needs to
track all LMPs.
The reference [4] and [5] are based on assessment of
bypass-diode voltages. In [4], with respect to P–V curves and
comparison of the voltages of PV modules (consists of one
submodule), the presence of PSC and the number of peaks are
calculated and the locations of GMP or LMPs are predicted.
Therefore the tracking time compared to blind tracking is
decreased. Reference [5] after assessment of bypass-diode
voltages obtains I-V curve and use it to determine the GMP.
In [6] the method has challenged the assumption of a
0.8Voc model for partial shading in PV system when the
number of modules in the string is increased. In addition, the
paper proposes a simple relationship for predicting the correct
position of the peak. However, the values of these coefficients
are not equal for modules from different manufacturers.
In the second group, the literature has used the soft
computing method to find the GMP [7]-[9]. Reference [7]
presents a modified firefly algorithm (MFA) method to reduce
the number of computation operations. Although the time for
converging to the GMP is reduced in this method, still a large
amount of computing is required.
In reference [8], the partial shading condition is detected
and employed the Fireworks Algorithm (FWA) under PSC.
Although the algorithm is effective compared to PSO method,
it needs some parameters and high level of computation. In [9]
the Grey Wolf Optimization is presented for GMP detection.
In the third group, the researchers employ the hardwarebased methods to reduce or eliminate the LMPs by reducing
the number of bypass diodes. This type of methods, unlike the
previous two groups, uses the structure of power electronic
converters and the arrangement of solar modules to enhance
the extracted energy from PV modules during partial shading
conditions. The methods presented in [11]-[12], propose the
module integrated converter (MIC) topology for PV system
and copes with the partial shading issues. Ref [11] employs
low-voltage synchronous buck converters connected across
each sub-module to implement sub-module distributed
maximum power point tracking (MPPT) architecture and thus,
there is no any LMP. Ref [12] proposes concept of MIC for
large-scale grid-tied PV system.
Reference [13] has connected a capacitor to each submodule (SM) of a modular multilevel converter (MMC) in
parallel with PV module. Although by regulating the capacitor
voltage of SM to capture the maximum energy under PSC,
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Fig. 1. Schematic diagram of photovoltaic system under study.

there are several drawbacks such as the control complexity,
the use of high-capacity electrolyte capacitors and the cost.
In [14], a differential power processing converters and the
single switch equalizer is used to improve power extraction
under PSC.
Reference [15] presents a simple and cost-effective
switched PV approach to increase captured energy under PSC
for domestic applications using reconfigurable approach. This
method reduces the LMP and needs an additional switch and
diode.
This paper proposes a method that uses communication
links between converters to obtain the powers of all modules
to detect the occurrence of PSC, find the GMP.
The proposed method in most cases does not need to find
all LMPs to determine the GMP while other approaches
classified in the first category need to find all LMPs and thus
the time for finding GMP is reduced in the proposed method.
This novel methodology in rooftop PV system makes it
possible to implement a GMP algorithm that it is independent
of the change of module’s parameters with respect to aging
and environmental conditions (temperature and irradiance
level).
Moreover, the proposed method instead of measuring the
changes in the voltage and current over the time, by using the
simultaneous measurement of the power of all modules detects
the PSC. As a result, the proposed method can detect both
suddenly and non-suddenly shadows on the module. The
shadows caused by buildings and trees that change slowly
with the time of day are examples of the non-suddenly
shadows.
The paper is organized as follows: Section II presents the
configuration of PV system under study. The section III
describes characteristic of PV module under uniform and PSC.
The Section IV describes proposed method for detecting the
PSC. In section V the proposed method for finding GMP
under PSC is explained, validation of the proposed method is
provided in the simulation and experimental test in section VI
and VII, respectively. Finally, conclusions are drawn in
Section VIII.
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II. CONFIGURATION OF SOLAR SYSTEM
Solar systems can be divided, regarding their size, into the
utility-scale PV systems and rooftop PV systems. The reasons
such as small investments, on-site production, and use of
unused spaces without additional costs for land promote
customers to use rooftop systems. On the other hand, these
systems face the challenges of reducing energy extraction
under PSC while partial shading is frequent in urban
environments [16].
Implementation of MPPT algorithm on a smaller number of
modules (whether series or parallel) by using Distributed
Maximum Power Point (DMPPT) will increase extracted
power from solar modules [17]. Reference [18] illustrates that
DMPPT can decrease the loss of partial shading around 30%.
As a result, this paper employs DMPPT to implement
proposed MPPT under PSC.
Almost all new power consumption of household appliances
such as LED lighting, refrigerators, air conditioners and
washing, use dc voltage.
Therefore, the topology shown in Fig. 1 is used in this
study. As is illustrated, all photovoltaic sources and DC
customers are connected to the DC bus and through the
interfaces to the AC bus. In this smart topology, all
components negotiate through the communication links. In
Fig. 1 the communication structure for the solar system is
presented.
III. CHARACTERISTIC OF PV MODULES
The characteristic of PV module under uniform irradiance
condition and PSC is modeled in this section.
A. Under uniform irradiance condition
In this paper, the ideal single diode model is used [19].
Based on this model, the I-V characteristic equation of the PV
cell will be as

I  I scn  I rs [e

I scn 

(

qVcell
)
KAT

 1]

Gn
 I   T 
Gr sc

(1)

(2)

B. Under partial shading condition
Under PSC the voltage for each cell can be written as (3)
where Vcell is derived from (1)

KAT  I scn  I
Vcell 
ln 
 1
(3)
q
 I rs

Since the voltages of cells in a sub-module are different
under various irradiance, the voltage of a sub-module and
module can be written under PSC as below

Vr1

Vr2

Vmpp

Fig. 2. The voltage ranges of three LMPs.

It is clear that in the equation (5) if a sub-module is shorted
out by bypass diode, the respective Vsm will be the negative
forward voltage of the bypass diode.
IV. PSC DETECTION
The occurrence of PSC can be detected by comparing the
output powers between PV modules.
The Fig.1 depicts that each module is connected to one
converter. Communication links between converters enable
them to communicate with each other and keep them informed
about voltage and power of other modules in real-time. The
output powers of all modules will be compared and the
maximum value is called Pmax. The module would detect a
change in irradiance if the output power of module is less than
95% of Pmax. The value of 5% is chosen to consider
measurement error and different power tolerance of the
modules from different manufacturers and etc.
In the next step, the proposed method distinguishes the
rapidly uniform irradiance changes from the PSC condition. If
the changes in powers are caused by rapid weather changes
that affect all modules, it is rapidly uniform irradiance
changes. However, if the shadow falls on some modules due
to animals moving and high building or tree in front of
modules, the PSC condition is detected. This type of shadow
can fall suddenly or change slowly by moving sun in the sky.
For the PSC condition, the GMP should be found. This type
of shadow may be repeated so it does not need to find GMP
for the next day that a repetitive shadow happens. In the first
time that a shadow happens, the algorithm using the proposed
method in section V finds GMP and stores the characteristics
of shadow and its GMP. The characteristics of shadow are the
time of occurrence of shadow, its voltage and output power of
the module. In the next day, if a shadow occurs with
characteristics of the same as the stored characteristic (time,
power, voltage) from the previous day, the repetitive shadow
is detected and informed the operator to cope with the
problem. It should be noted that the characteristics of shadow
and its GMP are kept only for one day. However, in situations
that the algorithm unable to detect the repetitive shadow, it
finds the GMP using the proposed method in section V for
every time that happens.

m

Vsm   Vcelln

(4)

n 1

J

V   Vsmn
n 1

(5)

V. PROPOSED METHOD
Under change of irradiance level on surface of modules, the
maximum power point should be found.
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If all modules experience fast-changes of irradiance, the
conventional MPPT algorithm is unable to track MPP. In this
situation, MPP can be tracked by the method presented in
[20].
For the PSC condition, the GMP should be found using an
algorithm to extract maximum power from PV module under
PSC.
A. Determining voltage ranges
There are multiple LMPs in the P-V curve of the module
under PSC, based on the number of sub-modules. As the PV
module in this study has three sub-modules, up to three LMPs
can exist in the P-V curve. Each LMP lies within certain
voltage ranges in the P-V curve as shown in Fig .2. The upper
and lower voltage limits of each LMP are obtained as follows.
1) Voltage range for LMP1
Since the presence of LMP1 is in the absence of two shaded
submodules so that two bypass diodes would be on. Under this
condition, the upper limit of the voltage of LMP1 can be
obtained by
(6)
Vlmp1  Vr1
Vr1  Vsm  oc  2Vdiode
(7)
As the open circuit voltage of sub-module is a third of the
open circuit voltage of the module, the (7) can be rewritten as
V 
Vr1   oc   2Vdiode
(8)
 3 
As mentioned in [6] the voltage module at the maximum
power point (MPP) is about 0.8 voltage of open circuit as:
Vmpp  0.8Voc

(9)

Substituting (9) into (8) yields
 1.25*Vmpp 
Vr1  
(10)
  2Vdiode
3


In the proposed strategy, Vmpp is equal to the voltage at MPP
for the module which has maximum power (Pmax) among
modules.
2) Voltage range for LMP2
The LMP2 exists when one of the submodules is shorted
out by bypass diode. In this situation, the LMP2 lies in the
voltage range which is defined as
Vr1  Vlmp 2  Vr 2
(11)
V 
Vr 2  2 *Vsm  oc  Vdiode  2 *  oc   Vdiode
 3 
Substituting (9) into (12) yields
 1.25*Vmpp 
Vr 2  2* 
  Vdiode
3



(12)

(13)

3) Voltage range for LMP3
The LMP3 exists when none of the submodules is shorted
out by bypass diodes. In this case, the LMP3 can be placed in
the voltage range which is defined as
Vr 2  Vlmp3  Vr 3
(14)
Vr 3  Voc
Substituting (9) into (15) yields

(15)

Vr 3  1.25 * Vmpp

(16)

It should be noted that for a module with any number of
sub-modules, the voltage ranges for LMPi can be obtained by
 1.25*Vmpp 
Vri  i * 
(17)
  (n  i )Vdiode where i  1,..., n
n


Moreover, the voltage range determination is robust to the
change of environmental conditions such as temperature due
to real time measurement of Vmpp.
It should be noted that the determination of voltage ranges
is based on Vmpp that is measured in real time. The methods
like Ref. [4-5] need to measure all sub-module voltages
(bypass-diodes voltage). These methods arrange the submodules in groups in accordance with their voltages
(irradiance received) to determine the number of LMPs and
their regions. The proposed method in this paper does not
measure sub-module voltages to find LMPs. In fact, it
measures the voltage and current (power) of all PV modules
and then compares powers to determine whether the present
LMP is GMP. It should be noted that a PV module consists of
multiple sub-modules.
B. The maximum possible power output of module
Depending on how the shadow falls on the sub-modules, the
maximum possible power for modules can be defined. By
measuring the power of module and comparing with
maximum possible power, the voltage range of GMP in P-V
curve is identified. The maximum possible power of the
module can be obtained as follows.
When one of the sub-modules is shorted out by bypass
diode due to shadow, the maximum possible power of module
can be achieved when two other sub-modules are not shaded.
Under this condition, the maximum possible power of shaded
module is the power of two unshaded sub-module minus
conduction loss of bypass diode as expressed by

2
Pm max 1d  Pmpp  Vdiode * I mpp
3

(18)

Moreover, as mentioned in [21] the current at MPP can be
expressed as
G
I mpp  I mpp  STC * n
(19)
Gr
The power of the module is proportional to the irradiance level
and it can be written as
Pmpp
Gn

(20)
Gr Pmpp  STC
Substituting (20) into (19) and then into (18) yields
Pmpp
2
Pm  max 1d  Pmpp  Vdiode * I mpp  STC
(21)
3
Pmpp  STC
Substituting Pmpp-STC=Impp-STC*Vmpp-STC into (21), yields
2

V
Pm  max 1d    diode  * Pmpp  1 * Pmpp
(22)
 3 Vmpp  STC 


Therefore, the GMP would be within voltage range 3 if the
power of shaded module will be more than λ1*Pmpp.
The value of λ1 can be calculated by using (22). For the
modules under study, this value is 0.643 where Vdiode=0.7 V
and Vmpp-STC=29.9 V. It should be noted that the value of λ1 for
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all module with the power greater than 250 W and efficiency
greater than 15.5% , including 60 or 72 cell, is within range of
0.6425 - 0.6487.
On condition that two sub-modules are shorted out by
bypass diode, the maximum possible power can be achieved
when another sub-module is not shaded. Under this condition,
the maximum possible power of shaded module is the power
of unshaded submodule minus conduction loss of bypass
diode
As
expressed
by

(pi+1,vi+1)

(pi-1,vi-1)
(p1,v1)

(pn,vn)

{(p1,v1),...,( pi-1,vi-1),( pi+1,vi+1),( pn,vn)}
pmax = Max{p1,…, pi-1, pi+1,…, pn}
no

pi≤0.95 pmax

The PSC is
not de tected

yes
rapidly irradian ce
changes

yes

Are th e power of othe r module s
changin g?

no
PSC is
dete cted
Inform to
operator

Data
history

Save time,
power, voltage
Save time,
power,
voltage

Is the shadow pattern
the same as one in t he
previou s day?

yes
Act according
to saved result

plmp3= pi
Move ope rat ing voltage
to voltage range2 and
track LMP2

no

Plmp3 ≥ λ1 Pmax

yes

no

Is there LMP2 in
voltage range2?

yes

Plmp3 ≥ λ2 Pmax

yes
Plmp2= Pi

 n i
 n


yes

OR

Plmp2 ≥ λ2 Pmax
Is there LMP1in
voltage range1?

no
Move ope rat ing voltage
to voltage range1 and
track LMP1

is there LMP in
voltage range1?

no

no

yes
Plmp1= Pi
Plmp3 > Plmp2

yes
plmp1= pi

yes

no
Plmp3 > Plmp1

yes

no

pgmp = Max { plmp1 , plmp2 , plmp3}
if plmp 1 is pgmp →LMP1 is GMP
if plmp 2 is pgmp →LMP2 is GMP
if plmp3 is pgmp →LMP3 is GMP

LMP2 is
GMP

LMP1 is
GMP



i *Vdiode
Vmpp  STC


 * Pmpp  i * Pmpp



where i  1,..., n  1

Move ope rat ing voltage
to voltage range1 and
track LMP1

LMP3 is
GMP

Fig.3. Flowchart of proposed method.

TABLE I
Electrical Characteristic of Module under Study
parameter Pmpp-STC Vmpp-STC Impp-STC
Isc-STC
Voc-STC
250 W
29.9 V
8.37 A
8.76 A
37.1 A
Value

(23)

The follow up the process described in (19)-(22) yields
 1 2*Vdiode 
Pm  max  2d   
* P  2 * Pmpp
(24)
 3 Vmpp  STC  mpp


Therefore, the GMP wouldn’t be within voltage range 1 if the
power of the shaded module will be greater than λ2*Pmpp .
The value of λ2 can be calculated using (24). For the
modules under study, this value is 0.287, where Vdiode=0.7 V
and Vmpp-STC=29.9 V. It should be noted that the value of λ2 for
all modules with the power greater than 250 W and efficiency
greater than 15.5%, including 60 or 72 cell, is in range of
0.285 - 0.2974.
In the proposed method, the Pmpp used in equation (22) and
(24) refers to the power of module at MPP which has the
maximum output power among all modules (Pmax).
Equations (24) and (22) are obtained for a PV module with
three submodules. However, they can be extended for PV
module with any number of sub-modules as
Pm  max id  

no

Plmp3 ≥ λ2 Pmax

1
Pm max 2d  Pmpp  2*Vdiode * I mpp
3

(25)

C. Finding GMP
The flowchart of the proposed method is shown in Fig. 3.
After detecting PSC the algorithm checks the repetitive
shadow status as mentioned in section IV. Then, based on
(22) and (24), the voltage range of GMP would be determined.
Before the occurrence of PSC, the operating point is within
voltage range 3. So after the occurrence of PSC, immediately
the conventional MPPT algorithm finds LMP3 and PLMP3 =Pi.
If the output power of the shaded module is more than
λ1Pmax, no matter how many sub-modules are shaded and the
number of created LMPs in P-V curve, the GMP is within the
voltage range 3.
If the Plmp3 ≤ λ1*Pmax, operating voltage is moved to the
voltage range 2, and then conventional MPPT algorithm tracks
LMP2. To accelerate the performance of the conventional
maximum power tracking, the starting point of search within
voltage range 2 for tracking LMP2 can be obtained by (26) as
in this voltage range only one of the submodules is shorted out
by the bypass diode

2
Vstart r 2  *Vmpp  Vdiode
3
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Fig.4 . The P-V characteristic of modules under scenario A, B, C, D, E and F.
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TABLE II
DIFFERENT SCENARIOS B ASED ON VARIOUS IRRADIANCE LEVELS ON SURFACE OF MODULES

Where Vmpp is the voltage of the unshaded module. In the
proposed strategy, Vmpp is obtained from the unshaded module
by communication links between converters.
After searching the voltage range 2, two statuses are
possible. In the first status, the LMP2 is found in voltage range
2 and in the second status, the LMP2 is not found in voltage
range 2.
First status: in this status, if Plmp2 or Plmp3 ≥ λ2Pmax, the Plmp2
is compared to Plmp3 and the maximum between them,
determines the GMP.

F

20cell-700

20cell-185
10cell-500
10cell-250
10cell-670
10cell-137
6cell-1000
14cell-185
10cell-600
10cell-185
20cell-140

If Plmp2 or Plmp3 < λ2Pmax, conventional MPPT algorithm
searches voltage range 1 to find LMP1. By finding LMP1,
Plmp1 is compared to Plmp2 and Plmp3. The maximum between
them determines the GMP. If the algorithm doesn’t find any
LMP in voltage range 1, the maximum between Plmp2 and Plmp3
determines the GMP.
In this situation, to accelerate the performance of the
conventional MPPT, the starting point in voltage range 1 for
tracking LMP1 can be obtained by (27) as in this voltage
range, two of the submodules are shorted out by bypass diodes
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Fig.5 . Module’s power, voltage and current under scenarios A5, D2, and F2.

1
Vstart r1  *Vmpp  2*Vdiode
3

(27)

Second status: under this condition, the algorithm doesn’t find
any LMP within the voltage range 2. In this case, if Plmp3 ≥
λ2Pmax the LMP3 will be GMP; otherwise conventional MPPT
searches voltage range 1 with the starting point of Vstart-r1. If
LMP1 is found within voltage range 1, then Plmp1 and Plmp3 are
compared and the maximum of them is determined as the
GMP, otherwise, LMP3 is the GMP.
It should be noted that for a PV module with any number of
sub-modules (n), the starting points under tracking process of
LMPi can be obtained by
i
Vstart  ri  *Vmpp  (n  i ) *Vdiode
n
where
i  1,..., n  1
(28)
The equations (17), (25) and (28) are obtained for one PV
module with any number of sub-modules. The proposed
method can be extended to a series-parallel (S-P)
configuration with q parallel strings, each consisting of n
series modules so that these equations can be written for such
configurations as follows.
 1.25*Vmpp  ar 
Vri  i * 
i  1,..., n
(29)
  (n  i )Vdiode
n


 ni
i * Vdiode 
Pm  max  id  

 * Pmpp  ar  i * Pmpp  ar
 n
qVmpp  ar  STC 

where Vmpp  ar  STC  n * Vmpp  STC and i  1,..., n  1

Vstart  ri 

i
*Vmpp  ar  (n  i ) *Vdiode
n

i  1,..., n  1

(30)

(31)

VI. SIMULATION RESULTS
Table I depicts the electrical characteristic of the module
under study. The PV module consists of three sub-modules
(20 cells for each one) and one bypass diode per sub-module.
The forward voltage of each bypass diode is 0.7 V and the
values of λ1 and λ2, for this module, based on (22) and (24) are
0.643 and 0.287, respectively.
The performance of the proposed GMP tracking method
under different irradiance levels is investigated in the
MATLAB software.
Different PSC patterns are shown in Table II. The first
column shows the various irradiance levels for unshaded
module and columns 2, 3, 4 show for the shaded module.
Different shading patterns are divided into multiple scenarios
(A-F) to consider all possible power ratios between modules.
To investigate the performance of the proposed method, the
P-V curves of shaded module is shown under all scenarios of
A-F. In addition, the dynamic performance of the proposed
GMP tracking algorithm under three PSC patterns (A5, D2
and F2) is shown.
A. Investigating the Performance of the Proposed Method
Using the P-V Curve
The Fig. 4 shows the P-V curve of shaded and unshaded
modules under all scenario of A-F. In all cases of scenario ‘A’
including A1-A5, the power of the shaded module is such that
Plmp3≥ 0.643Pmax. Plmp3 and Pmax represent the power of shaded
and unshaded modules, respectively. As shown in Fig. 4,
under A1, A2 and A4, there are two LMPs while in A3 and A5
there are three LMPs in the P-V curve. In this case, all search-
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Fig.6 . The P-V characteristic of arrays under scenarios G, H and I.

25

30

30
28
25
26
20

20

24
15

22
20

10

15
0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.02

0.025

Time (s)

0.03

0.035

0.04

Time (s)

0.02

0.025

0.03

0.035

0.04

Time (s)

Fig. 7. Array’s power, voltage and current with respect to time under scenarios G, H, and I.

TABLE III
ELECTRICAL CHARACTERISTIC OF MODULE
parameter
value

Pmpp-STC

Vmpp-STC

Impp-STC

Isc-STC

Voc-STC

83.33 W

9.97 V

8.37 A

8.76 A

12.37A

Scenario

TABLE IV
DIFFERENT SCENARIOS BASED ON VARIOUS IRRADIANCE LEVELS
Irradiance on shaded PV array(W/m2)
Irradiance on
Unshaded PV
String
Module1 Module2 Module3 Module4
array(W/m2)

G

1000

H

900

I

1000

1
2
3
4
1
2
3
4
1
2
3
4

1000
1000
1000
1000
900
900
900
900
1000
1000
1000
1000

1000
1000
1000
650
900
900
900
400
1000
400
1000
1000

1000
1000
650
650
500
900
900
400
300
300
300
1000

1000
650
650
650
250
500
900
400
300
300
300
300

based tracking algorithms find all LMPs to compare powers
between them and determine the GMP. Whereas the proposed

method does not need to search and find all LMPs while only
by power ratio of the shaded module to unshaded determines
the LMP3 as the GMP according to the flowchart.
For scenario B, C, D, E and F, the power of shaded module
is such that Plmp3≤ 0.643Pmax.
According to the proposed method described in subsection
(C) of section V and flowchart, if Plmp3≤ 0.643Pmax, operating
voltage will move to the voltage range 2, and then
conventional incremental conductance (INC) tracks LMP2. In
both scenarios B and C, the algorithm doesn’t find any LMP
within voltage range 2 while in scenarios D, E and F, the
algorithm finds LMP2 within voltage range 2.
In scenario B (cases B1-B3), Plmp3 ≥ 0.287Pmax so that the
LMP3 will be determined as a GMP without need search of
voltage range 1. For instance, in case B1, as shown in Fig. 4,
although there is an LMP within voltage range 1, the
algorithm doesn’t search this voltage range and choose LMP3
as a GMP.
On the other hand, in scenario C (cases C1-C3), Plmp3≤
0.287Pmax so that the conventional INC tracks voltage range 1
to find LMP1. The algorithm will compare PLMP1 with PLMP3 to
determine maximum power between them as GMP if the
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LMP1 is found (case C2 and C3). Finally, the PLmp3 is GMP, if
there is no LMP within voltage range 1(case C1).
Under the condition that Plmp3 is lower than 0.643Pmax and
LMP2 is found within voltage range 2, scenario D, E, and F
will happen.
In scenario D the PLMP2 or PLMP3 are more than 0.287Pmax. In
this case, according to the flowchart, the algorithm will
compare the power of PLMP2 and PLMP3 to choose biggest one
as the GMP without searching voltage range 1, while in cases
D1 and D2 there is an LMP in voltage area 1 as shown in Fig.
4.
In scenarios E and F, Plmp3 or Plmp2 are lower than 0.287Pmax
and the algorithm will search voltage range 1 to find LMP.
The algorithm will compare Plmp3, Plmp2, and PLmp1 to determine
the biggest one as a GMP if the LMP1 is found in this range
(case F), Otherwise (case E), the Plmp3 and Plmp2 will be
compared for determining the GMP. As can be seen from
above results, proposed method does not need to find all
LMPs to determine the biggest one as GMPs in most cases,
while in all search-based algorithms all LMPs should be found
in all cases.
B. Investigating the Dynamic Performance of the Proposed
Method
The dynamic performance of the proposed global search
algorithm is investigated for three PSC patterns depicted in
Table I including A5, D2 and F2. Voltage, current and power
waveforms with respect to the time for the shaded module
under these PSC patterns are shown in Fig. 5. It can be seen,
in case A5, after the occurrence of PSC at 0.02s, the proposed
method identifies the LMP3 as a GMP during 12 ms without
finding other LMPs while there are three LMPs in P-V curve
as shown in Fig. 4. In this situation, other methods in this
category should find all LMPs to determine the GMP [2]-[6].
Therefore, the proposed method has a higher speed than those
methods.
For the case D2, the proposed method based on comparing
powers should find LMP3 and LMP2 to determine the
maximum power between them as the GMP. In this case, the
GMP is found without finding LMP1, and consequently, the
speed is improved than the case of searching all LMPs. It can
be seen that the GMP is found during a very short about 18
ms. Another reason for increase in speed is the applying the
starting points for each of voltage ranges under tracking
process. These starting points are very close to the respective
LMPs as shown in Fig. 5. It can be seen that the starting point
for tracking LMP2 based on equation (13) is 19.3 V that is
very close to the voltage of LMP2 that is 20.3 V.
Finally, in case F2, the proposed method based on
comparing powers, after finding LMP3 finds LMP2 and
LMP1, determines the maximum power between three LMPs
as the GMP. Although in this condition, the algorithm finds all
LMPs, the tracking time is a very short time about 20 ms since
the starting points of voltages for tracking LMPs are very
close to them. The starting points for tracking LMP2 and
LMP1 are 18.8V and 8.2V in which the voltage of LMP2 and

a

b

c

d

Fig. 8. Experimental setup, (a) PV modules, (b) high step-up boost convert with
couple inductor converter’s inductor, (c) high step-up interleaved boost convert
with coupled inductor, (d) STM32F103 Discovery kit with ARM Cortex-M3 32bit core on the interface board.
TABLE V
MEASURED POWER OF UNSHADED MODULE (PMAX) AND MEASURED POWER
SHADED MODULE (PGMP) UNDER DIFFERENT PSC
Case

Pmax(W)

PGmp (W)

Case

Pmax(W)

PGmp (W)

A
B

236.2
245.8

159.7
121

D
E

196.3
65.3

34.1
20.6

C

215.4

62

F

164.4

47.2

TABLE VI
ACCURACY OF THE USED INSTRUMENTS FOR MEASURED D ATA IN FIG. 9. , FIG.
10. AND TABLE V

Instrument
Digital multimeter
GDM-397
Current probe
PINTEK

Accuracy
DC Voltage

DC Current

± (0.5%reading +1digit)

±(1.0%reading+2digit)

-

±3% peak at 500mV/A

LMP1 are 20.4V and 8.6V, respectively. The proposed
method searches three LMPs within 20 ms while the method
presented in [3] searches three LMPs for finding GMP within
93 ms. As mentioned in [3], the other methods such as [22]
and [23] search three LMPs within 103 ms and 77 ms,
respectively. Therefore, the speed of the proposed method in
this paper is higher than those search-based methods.
For S-P configuration, the simulation results are represented
as follows. Table III depicts the electrical characteristic of the
module. Each PV array consists of 4 strings with 4 modules
connected in series. Each PV module has one bypass diode.
The forward voltage of each bypass diode is 0.7 V and the
values of λ1, λ2 and λ3, for this PV array, based on (30) are
0.746 and 0.491 and 0.237, respectively.
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Fig. 9. The P-V characteristic of shaded module in experimental test under several PSCs.

20 ms

Lmp2=121 W

Lmp3=50 W

10 ms

Fig. 10. Module power, voltage, and current in experimental test under
case B shown in fig. 9.

The different PSC patterns are shown in Table IV. The P-V
characteristic of arrays and dynamic performance of the
proposed method under these scenarios are shown in Fig. 6
and 7, respectively. The PSC occurs at t=0.02s. It can be seen
from Fig. 6, for scenario G, there are 4 LMPs in the P-V curve
but the proposed method determines LMP4 as a GMP without
finding other LMPs within a short time of 8 ms as shown in
Fig. 7. For scenario H, there are 4 LMPs in the P-V curve but
the algorithm based on comparing powers finds only two
LMPs (LMP3 and LMP4) and determines the LMP3 as a
GMP during 14 ms. For scenario I, the algorithm based on
comparing powers finds only three LMPs (LMP 3, LMP4, and
LMP2) while there are 4 LMPs in the P-V curve and
determines the LMP2 as a GMP during 22 ms.
VII. EXPERIMENTAL RESULTS
Two modules manufactured by LG Company are used for
implementation of the proposed algorithm. The characteristics
of modules are shown in Table I. The converters connected to
the modules are a high-step-up boost converter and a highstep-up interleaved boost converter. The converters are
connected to the DC bus as shown in Fig.1. Each of converters
is controlled by an STM32F103ARM processor (12 bit ADC)
to implement proposed algorithm under uniform irradiance
condition and PSC.

Two converters, interface board, and PV module are
depicted in Fig. 8.
To investigate the performance of the proposed algorithm in
practice, one module is under uniform irradiance and another
one is under PSC. Each module has three submodules and
three bypass diodes consequently.
Intentionally a shadow is created on the surface of one of
the modules. The algorithm detects PSC and finds GMP. The
measured powers of shaded and unshaded modules after
implementation of the proposed method are shown in Table V
under different shading patterns represented with A-F.
For all cases, the Pmax represents the measured power of the
unshaded module and PGmp represents the measured power of
the shaded module.
To verify the validity of the experimental results, after
finding GMP, the P-V characteristic of the shaded module is
obtained. The duty cycle is increased with step-size of 1%. As
the duty cycle is increased, the voltage and power of module
are measured.
The measured P-V characteristic of the shaded module,
under various PSC, is shown in Fig. 9. Two digital
multimeters are used to measure voltage and current. The
accuracy of used instruments is shown in Table VI. With
regard to the accuracy of used instruments, the uncertainty of
power measurement is about 1.5%. It can be seen, the GMP in
the obtained P-V curve marked in the red is the same as
respective GMP in Table V and thus the effectiveness of the
proposed method is verified.
In addition, the dynamic performance of proposed method
is investigated for the case B shown in Fig. 9. In this case,
there are three LMPs in P-V curve. The voltage, current, and
power of PV module respect to the time are illustrated in
Fig.10. The accuracy of used current probe (PINTEK PA-677)
is shown in Table VI. In this case, the algorithm according to
flowchart finds LMP3 and compares Plmp3 (50W) with
0.643Pmax (0.643*245.8). As Plmp3≤ 0.643Pmax, the Plmp2 should
be found which is 121. In the next step, as Plmp2 ≥ 0.287Pmax,
the algorithm will compare the power of PLMP2 and PLMP3 to
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choose bigger one as the GMP without finding LMP1.
Therefore, the algorithm determines the LMP2 as the GMP.
As it shown, the GMP with 121 W power is found within 20
ms.

[9]

VIII. CONCLUSION
The paper employs the communication links between
converters for rooftop PV system. The advantage of these
communication links are as follows:
1) Increase visibility of PV system through the access the
information of the system. In this way, the system identifies
repetitive shadow and other problems and informs the operator
to cope with those which lead to time and cost savings, and
increase in extracted solar power.
2) Make implementation of GMP tracking algorithm robust to
the change of module’s parameter with aging and
environmental conditions due to real time measurement of
required data.
3) Provide the successful implementation of the algorithm in
detecting PSC and finding GMP under both suddenly and nonsuddenly shadows.
The performance of the proposed MPPT algorithm under
PSC is improved by avoiding much energy loss due to blind
scan. In fact, it does not need to find all LMPs in most case to
find the GMP and thus the speed of tracking GMP is
improved. Moreover, the proposed method determines a
starting point of search for tracking LMPs in each voltage
range. These starting points are very close to the LMPs so that
conventional MPPT algorithm finds LMPs within a short time.
Finally, the Simulation and experimental results have
validated the advantages and accuracy of the proposed
method.
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