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Abstract —This paper proposes a new thermography-based
maximum power point tracking (MPPT) scheme to address
photovoltaic (PV) partial shading faults. Solar power generation
utilizes a large number of PV cells connected in series and in
parallel in an array, and which are physically distributed across a
large field. When a PV module is faulted or partial shading occurs,
the PV system sees a non-uniform distribution of generated
electrical power and thermal profile, and the generation of
multiple maximum power points (MPPs). If left untreated, this
reduces the overall power generation and severe faults may
propagate resulting in damage to the system. In this paper, a
thermal camera is employed for fault detection and a new MPPT
scheme is developed to alter the operating point to match an
optimized MPP. Extensive data mining is conducted on the images
from the thermal camera in order to locate global MPPs. Based on
this, a virtual MPPT is set out to find the global MPP. This can
reduce MPPT time and be used to calculate the MPP reference
voltage. Finally, the proposed methodology is experimentally
implemented and validated by tests on a 600W PV array.

Index Terms —Fault diagnosis, Maximum power point tracking
(MPPT), Partial shading, Photovoltaics, Thermography.

I. INTRODUCTION

Photovoltaic (PV) technology is a major means by which
to convert solar energy into electricity using semiconductors.
Nowadays, grid-connected PV systems are increasingly
deployed worldwide to tackle global warming issues [1]-[6].

These systems, however, require a large number of PV
modules to be connected in series and in parallel to form a PV
array, and then a PV farm which may cover a significant land
area. For instance, the world level solar power farm, Sarnia
photovoltaic power plant in Canada, spans an area of 950 acres,
and produces electricity to power 12,800 homes. A PV array
covering such a large area will experience non-uniform
insolation, or partial shading [3][4]. In addition, when a PV cell
or a module is faulty, it may generate a reduced power or even
become a load to consume power. These two phenomena
similarly affect the array terminal characteristics and their
consequences can be severe. Firstly, the generated electrical
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power can drop sharply. Secondly, the non-uniform distribution
of generated electricity causes hotspots and multiple maximum
power points (MPPs). If left untreated, the fault can propagate
to the neighboring components to cause a system failure.
Multiple MPPs also result in increased power loss if the system
still operates at the original MPP. As a result, it is of prime
importance to diagnose any PV faults and subsequently to
match the new operating condition.

In the literature, various methods are reported in use to
detect PV faults [7]-[11] and to improve MPPT algorithms
[12]-[26]. Currently, thermography is proven to be effective in
identifying aging cells and hotspots [10][11] and in visualizing
PV panel surface temperature [7]. The temperature of PV panels
is important in evaluating the PV arrays’ safety operation and
this cannot be obtained from voltage and current sensors.
Furthermore, because of the development of compressed
sensing technologies, the cost of thermal camera is reducing
dramatically in recent years, allowing a wide application of
thermal cameras in PVs. Under uniform insolation conditions,
constant voltage control, perturb & observe (P&O) and
incremental conduction (IncCond) are the commonly used
MPPT techniques [12][13]. They are easy to implement in the
controller but have slow response speed, oscillation around the
MPP in steady state, and even tracking in wrong way under
rapidly changing atmospheric conditions [14]. However, the
output characteristics of PV arrays are nonlinear and change
with solar radiation and the PV’s temperature. Under
non-uniform insolation condition, however, traditional MPPT
methods cannot distinguish local MPPs from the global MPP
[15]. Other control methods such as Fibonacci sequence, chaos
search theory, neural-network, particle swarm optimization
(PSO) [16]-[18][25], fuzzy logic [19][20], and restricted
voltage  window  search, variable size  IncCond,
power-increment-aided IncCond and distributed MPPT
[5][6][21-24][26] have also been applied in an attempt to solve
this problem. Nonetheless, these methods are either overly
complicated or computationally costly. There is little work
reported to search the MPP by virtual methods (without a need
to track changing working points of the array).

This paper proposes a new method to combine a fault
diagnosis technology with the MPPT scheme to achieve a
system optimization in terms of power generation and fault
suppression. This study analyzes thermal images extensively,
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characterizes the partial shading faults, and uses these data to
track a global MPP for an optimized system operation.

Il. PROPOSED MPPT UNDER NON-UNIFORM CONDITIONS

(a) First MPP tracking and model building

The electrical characteristics of PVs are influenced by both
temperature and illumination. The electrical model of the PV
module is expressed by Eg. (1) [2].
eV 1)
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where | is the PV module output current, I is the photo current,
I, is the saturated current, V is the PV module output voltage, Tm
is the PV module temperature, and ¢ is the coefficient related to
the characteristics of the PV module, which can be calculated
using Eg. (2).
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where Impp ref, lsc ref @nd Voc rer are the MPP current, short
current, and open voltage at standard conditions [2].

According to the temperature distribution across the PV
array using thermography, a faulty PV array condition can be
clearly identified [7] so that the maximum healthy section can
be separated from the faulty PV array. In Fig. 1, a section of PV
array is subjected to partial shading and is labelled unhealthy.
The PV array in row b and column a can be divided into two
sub-sections: unhealthy section (I) and healthy section (I). In
healthy section (1), all modules in every string are healthy,
indicating one MPP in this section (i.e. the first local MPP).
The healthy section is composed by a bxy array, where y is the
column number of healthy section (I). The unhealthy section is
composed by a bx(a-y) array. Based on the thermal profile
obtained using thermography, the maximum power point in the
healthy section is given by Eq. (3):

Varray_l =y ’Vmpp_ref [l+ kT (TH _Tref )] (3)
where Vinpp-rer is the module’s MPP voltage under the reference
condition with reference temperature Trer, kr is the voltage
temperature coefficient. The healthy module temperature Ty
can be measured using thermography. Varray-1 is the first local
MPP voltage. The output power from the healthy section can be
expressed by Eq. (4):
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Fig. 1 Separation of healthy section from faulty section.
where Pmpp is the maximum power of a healthy module (e.g.
module bl in Fig. 1). 4 Py is the power error. As shown in Fig.
1, all the modules in the unhealthy section of row b are faulty;
and only bxy module is capable of generating electricity. This
corresponds to a local MPP. In other strings (e.g. row 1 in Fig.
1), y module and other modules can generate electricity. The
operating point of the healthy modules lies in the constant
current area (i.e. MPP”), as shown in Fig. 2(a). In effect, Vinpp is
the MPP voltage of the PV module. AP is the output power
difference between modules. In the healthy section (1), the total
power error that exists between MPP and MPP’ is defined by
Eq. (5).

AR =y -(b—2)-AP =y-(b—2)A—K,p ) Py )
where z is the number of strings where all the modules are faulty
in the unhealthy section (1); kmpp-i is the short current coefficient
(commonly 0.9).
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(a) Working point of the healthy section (). (b) Shift of working point
Fig. 2 Operating conditions of the healthy section.

When the PV array operates at Varray-1, and the maximum
power of the healthy PV module can be calculated using Eqg.
(6):

P — Iarray 'Varray_l (6)
™ by +(b-2) LKy )Y
where Py is the maximum power of the healthy PV module,
and larray IS the array output current.

Given the maximum power, the MPP voltage and the module
temperature, the healthy PV module approximate model can be
derived as follows,
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(b) Virtual MPPT

In the unhealthy section (1), there are multi-local maximum
power points caused by the faulty PV modules. The full faulty
string is dislodged from the faulty section while the healthy
section (I1) and the unhealthy section (1) can be separated from
the unhealthy section (), as shown in Fig. 3. The size of the
healthy section (1) is defined by rows of (b-z) and columns of
(a-y-y1), whilst the unhealthy (I1) is of rows of (b-z) and column

of (y1-y).
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Fig. 4 Flow chart of the proposed MPPT scheme.
To combine the generated power from both the healthy
section (1) and healthy section (I1), the array MPP voltage is:
Varray72 :VarrayJ + (a_ Yi— y) 'Vmppiref (l+ I(T (TH _Tref ))

= (a - yl) .Vmpp_ref (1+ kT (TH _Tref )) (10)

where Varray-2 1S the voltage of the second local MPP.
However, the working point of the healthy modules in the
unhealthy string (row b in Fig. 3) is different to other local
MPPs. That is, the working point is shifted to A, as presented
in Fig. 2(b). The voltage for the healthy modules in the row
where all modules of the unhealthy section (1) are faulty, is
L an
a-y
If the healthy section (I1) takes part in power generation, the
operating point of the healthy PV modules of the faulty string in
healthy section (1) will be changed, as well as the total power
loss. When considering the healthy sections (1) and (l1), the
total power output and the total power loss can be found:
Pgain = (b - Z)(a A yl) I:)mpp + APZ (12)
PIOSS =z y (Pmpp - PAZ) (13)
where AP is the power error, similar to AP1. Pa; is the output
power of healthy modules in the row where all modules of the
unhealthy section () are faulty, (e.g. module bl in Fig.1). By
combining Eq (9) with Eq. (11), Pa> can be calculated. If Pgain is
greater than Pjess, the output power of array reference voltage
Varray-2 1S greater than that for Varray-1. The reverse is also true.
Likewise, further healthy sections (say, Ill) can be
separated from the unhealthy section (1), and calculations and
comparisons can be carried out until a global MPP is found. In
PV array applications, all PV system information (including PV
array current, voltage and thermography) are collected and sent
to the central control computer via Can Bus. After information
process including thermography recognition, fault diagnosis
and virtual MPPT, the reference voltage signal is generated and
sent to the PV converter via the CAN Bus. This process is
illustrated in Fig. 4 in a flow chart. Firstly, the thermographical
results are interpreted, the healthy section (I) is divided and the
module temperatures are obtained. The PV array is control to
work at the reference voltage Varray-1. Based on the measured
current and voltage, the PV module model can be established at
current condition. From the fault distribution characteristics,
the output powers P2, P3 can be calculated without PV array
working at corresponding points. The output powers P1, P,
Ps... are thus compared to find a global maximum power point.
Once this is achieved, the reference voltage is found and used
for the MPPT.

I11. EXPERIMENTAL VERIFICATION

An experimental platform was constructed. A 2 X3 PV array
is employed to verify the proposed MPPT scheme. The main
module parameters: Voc.ref =21.8V, lscret =6.23A, Vinpp-ref =17V,
Impp-ref =5.69A, the voltage temperature coefficient =—0.36%/K,
and the current temperature coefficient =0.06%/K. After
obtaining thermographical images, data analysis is performed.
The thermal camera allows identifying any important defects on
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the PV module and the mean value of the temperature can be
used as a good approximation in the proposed procedure since
the temperature difference on the same module is insignificant.
The following step is segmenting the PV sections and locating
the first MPP. Two typical PV faults are adopted for validation
purposes, each having a different global MPP.
(a) Single module fault in one string

Fig. 5(a) shows a single module fault in one string with a
thermal image. As presented in Fig. 5(b), the module
temperatures in the healthy section are 19.3°C, 19.3°C and
19.4°C, respectively, whilst the PV surface temperatures in the
faulted string are 22.5°C, 22.4°C and 19.4°C, respectively. It is
clear that No. 23 module is faulted which causes a non-uniform
temperature distribution.

By thermographical analysis, the healthy section (1) isa 2 X
2 array and the first MPP is 34.7V, calculated from Eq. 15. Fig.
5 (c) and (d) present the PV output curves. As illustrated in Fig.
5(d), Varray-1 1S 35.1V. Pmpp-1 is 186.5W and the MPP power of
the healthy module (Pmpp) is 45.5W.
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Fig. 5 Experimental tests for a single-module fault in one string.

The healthy section (11) is a 1 X1 PV array, the second MPP
is 52.6V, calculated from Eq. 10. Because the unhealthy module
in the faulted string is short-circuited by a bypass diode, the
output voltage of the healthy modules (No. 21 and 22) in the
same string is 26.3V. The power gain is Pmpp in the healthy
section (I1). Based on the MPP voltage, the output power and
surface temperature, the power loss can be found by following
equations:

I, = Prop __ 455
k. .-V 17.5x0.913

mmp_i " mpp

=2.85 (A) (14)

P P
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kmmp_i -Vmpp EXp( T mpp) 1 H

H

Pass = 2Py, —2(1 V) = 2x45.5—2x(0.373x 26.3) = 71.38(W) (16)

By comparing with the power loss without actual MPP
tracking, the output power at Varray-1 is larger than that at Varray-2.
As presented in Fig. 5(d), the MPP voltage is 35.1V. The power
output from Varray-1 is greater than that from Varray-2, Which is in
agreement with the theoretical analysis. After searching the first
local MPP (Pmpp-1), the global MPP can be deduced, following
the proposed MPPT procedure in Fig. 4.
(b) Two-module faults in one string

Fig. 6(a) shows the two module faults in one string with their
thermal image in Fig. 6(b). Because of a partial shadow, the
faulted PV string has a higher temperature than the healthy
string. As presented in Fig. 6(b), the module temperatures for
healthy panels 11, 12 and 13 are 25.3°C, 25.3°C and 25.2°C,
respectively. The unhealthy module temperatures in the faulted
string are not uniform: 22.2°C for faulted module No. 22; 27.3
°C for the faulted module No. 23; and 27.5°C for the healthy
module No. 21. Owing to the working point of the PV array, the
healthy module (No. 21) in the faulted string is open circuited
and thus its surface temperature is similar to the uncovered part
of the faulty modules.
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Fig. 6 Experimental tests for the two-module faults in one string.

By thermographical analysis, the healthy section (1) isa2X1
array and the first MPP is calculated to be 17V. Fig. 6(c) and (d)
are the PV output curves. From Fig. 6(d), Varray-1 is 16.5V and
Prmpp-1 15 92.5W and Prpp is 43W. Since the PV panel surface
temperature read by the thermal camera is used to represent the



IEEE TRANSACTIONS ON POWER ELECTRONICS

PV cell temperature, there exists a small error in the MPP
prediction.

Next, the healthy section (1) is actually a 1X2 PV array and
the second MPP is 49.5V from calculations. According to Eq.
12, the power output is 2Pmp, in the healthy section (11). Because
there are two unhealthy modules in the faulted string, the faulted
string cannot work at Varray-2, and all the modules are shorted.
The power loss is Pmpy from Eq. 13. By comparing the power
loss with the theoretical gain (without an actual tracking), the
output power at Varray-2 is larger than that at Varray-1. As presented
in Fig. 6(d), the MPP voltage is 50.2V which is close to the
theoretical maximum (49.5V); the power at Varray-1 is lower than
Varray-2, Which again is in agreement with the theoretical
analysis.

In this 2X3 PV array, two different faults are investigated,
which have shown to have different global MPP locations.
These results following the proposed virtual MPPT are
summarized in Table I. By the proposed method, the thermal
images from thermography are first analyzed to identify the
fault PV strings and modules; and only the local MPP is tracked
to calculate the healthy module MPPs. Based on these, a virtual
MPPT procedure is followed to calculate and compare the
power gain and the power loss. In essence, there is no need to
track the actual operating point in the search for the next local

MPP.
TABLE |. TEST RESULTS FOR THE PROPOSED VIRTUAL MPPT

Healthy | Healthy Global | Global
Power | Power
Section section Pogpr | — Py MPP MPP
loss gain
(L)) (W] voltage | power
Single module
2X2 1X1 186.5W | 351V | 455W | TLI8W | 45.5W 351V | 186.5W
fault in one string
Two-module
faults in one 2X1 1X2 92.5W 16.5V 43W 43W B6W 50V 145.1W
string

(c) Power converter

In this experiment, a Boost converter is employed to connect
the PV array, as shown in Fig. 7(a). The input and the output
capacitors are both 470uF, and the filter inductor is 0.5mH. The
switching device is an IRFP4227PbF MOSFET, the rectifier
diode is a FEP30DP device and the switching frequency is set to
50kHz. The experiment results obtained from this converter
with the virtual MPPT scheme are presented in Fig. 7(b) and (c).
As can be seen that, under a single-module fault, the output
voltage is 35.8V, and the current is 4.98A. The consequent
output power is 178.3W with an MPPT error of 4.4%. Under the
two-module faults, the output voltage is 50.7V and the current is
2.75A. The PV output power is 178.3W with an MPPT error of
3.9%.
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Fig. 7 Power converter and experimental results

(b) Virtual MPPT under a
single -module fault

IV. CONCLUSION

This paper has combined the use of thermographical fault
diagnosis with a new MPPT scheme. The effectiveness of the
proposed methodology has been confirmed by experimental
tests on six PV panels. The main contributions of this paper are:

(1) Based on thermal data obtained by a thermal camera,
the fault PV array can be segregated into healthy and unhealthy
sections. Only the MPP in the healthy section (1) is tracked.

(2) Based on the first MPP, the virtual MPPT is employed
to identify a global MPP without performing an actual MPPT so
that computational time and costs are reduced.

The developed technology can be applied to both
grid-connected and standalone PV systems and can also be
integrated with existing MPPT schemes.
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