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Development of renewable energy harvesting methods and
working towards a sustainable environment are two major
challenges facing humanity. One of the most promising
solutions to the former challenge encompasses solar energy
conversion to fuels or electricity. There are three key pro-
cesses required for far more efficient solar energy utilisation,
including maximising photon absorption, efficient charge se-
paration (minimal recombination) and finally, effective utili-
sation of these separated charges. This special issue aims to
address some of these important points in very different cir-
cumstances. Therefore, the papers published in this issue
focus on recent developments in device design, concentrated
solar energy and improved understanding of photovoltaic
modules. This research will provide very useful information
for device performance enhancement and practical system
implementation.

In detail, the article authored by Subiyanto Subiyanto
et al. describes a hopfield neural network optimized fuzzy
logic controller for efficient power point tracking in pho-
tovoltaic systems. The simulation results demonstrate the
proposed device would be efficient in practical applications.
In contrast, Lei Jing et al. designed a prototype to more
efficiently concentrate solar energy, which illustrates a novel
non-imaging optical structure that can be used to improve
the aspect ratio, optical efficiency, and uniformity of incident
photon flux. The research authored by Huifu Zhao is an
excellent report about a two-stage solar concentrator, which
is composed of the Fresnel lens and achieves very high con-
centration efficiency (up to 85%). The authors have also veri-
fied that the system works equally well whether it is indoors

or outdoors. The light divergence angle of the indoor
concentration test system is 0.267◦ which also matches with
the sunlight divergence angle. The indoor concentration test
system with large caliber (145 mm) has shown that such a
two-stage structured solar concentrator with relatively low
cost is appropriate for broad implementation. The research
article by Eladio Durán et al. describes novel I-V/P-V charac-
teristic curves for a PV generator using a controlled DC-DC
converter. The main idea of this paper is to use the DC-DC
converter as a varying resistor by controlling the duty cycle of
its triggering signal. The advantage of the proposed method
is that it is capable to test different PV panels with different
ratings unlike the capacitor method but being more practical.
In the short review by Ramabadran Ramaprabha and Badri-
lal Mathur, the performance of several different configura-
tions of PV modules, including series-parallel configuration
(SP), total cross tied configuration (TCT), bridge linked con-
figuration (BL) and honey-comb configuration (HC) using
them in series or parallel was compared. Following systemat-
ical analysis, TCT seems the best in terms of power produced
and HC is the second best. A simulation model authored by
N. Pandiarajan et al. was developed for photovoltaic power
systems by using Matlab/Simulink. The designed model has
been validated experimentally to optimise it. The reported
photovoltaic devices work more efficiently for solar energy
conversion if the solar intensity can be enhanced. Finally,
Haixiang Zang et al. proposed a modified typical meteoro-
logical year (TMY) method for generating TMY from practi-
cal measured weather data. TMYs of 35 cities in China were
generated based on the latest and accurate measured weather
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data. Eleven weather indices and novel assigned weighting
factors were applied in the research in the processing of form-
ing the TMY database, which is very good reference in the
utilizations of solar energy systems, in particular in China.

Apart from content addressed in this issue, the strategy
of the advanced materials engineering, concepts on device
design and new insights into mechanisms are also very
interesting and developing apace. In particular, solar H2

production from water photolysis, CO2 storage or conversion
driven by solar energy, advances in the dye-sensitized solar
cells, photocatalytic wastewater and gas treatment and nano-
structured materials application in the solar energy conver-
sion are important domains in solar energy utilisation and
complementary to this issue, which are expected to be ad-
dressed in the other issues.

Junwang Tang
Songyuan Dai

Jawwad A. Darr
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Circuit model of photovoltaic (PV) module is presented in this paper that can be used as a common platform by material scientists
and power electronic circuit designers to develop better PV power plant. Detailed modeling procedure for the circuit model with
numerical dimensions is presented using power system blockset of MATLAB/Simulink. The developed model is integrated with
DC-DC boost converter with closed-loop control of maximum power point tracking (MPPT) algorithm. Simulation results are
validated with the experimental setup.

1. Introduction

The field of photovoltaics (PV) has experienced a remarkable
growth for past two decades in its widespread use from
standalone to utility interactive PV systems. The best way
to utilize the electric energy produced by the PV array is
to deliver it to the AC mains directly, without using battery
banks [1].

A recent study in Germany, of 21 PV systems in operation
for 10 years, revealed that inverters contributed for 63% of
failures, modules 15%, and other components 23%, with
a failure occurring, on an average, every 4.5 years [2]. To
reduce the failure rate of PV systems, it is necessary to reduce
the failure rate of inverters and components also called the
PV balance of systems (BOSs) that would result in their
economic viability.

At present, PV BOS research uses mathematical func-
tional models for the performance analysis of newly devel-
oped systems. These developed systems could not be readily
adopted by the field professionals and hence the above failure
rate. Hence the need for simplified Simulink modeling of PV
module has been long felt.

Simple circuit-based PV models have been proposed
in the literature [3–12]. Some authors have proposed
indirect methods to adjust the I-V curve through artificial
intelligence [13, 14]. Although interesting, such methods

are impractical, complicated and require high computational
effort. In all the above, modeling was limited to simulation of
PV module characteristics.

In this paper, the design of PV system using simple
circuit model with detailed circuit modeling of PV module
is presented. In Section 2, the physical equations governing
the PV module (also applicable to PV cell) are presented.
Simulink model for each equation is presented with numer-
ical results for different values of irradiation and temper-
ature. The tabulation of the above numerical results gives
the relationship of module parameters with characteristics
curves of PV module, which are the indicators of circuit
performance. In Section 3, complete circuit model is evolved
after due experimental verification. In Section 4, modeling
of MPPT using perturb and observe (P&O) algorithm is
carried out using Simulink. The operation of developed
circuit model with DC to DC boost converter for closed-
loop MPPT control is verified with simulation. Section 5
presents the experimental verification of simulation results.
In Section 6 result and discussions are presented.

2. Modeling of PV Module

2.1. Equivalent Circuit. A PV module consists of a number
of solar cells connected in series and parallel to obtain the
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Figure 1: PV cell modeled as diode circuit.

2.25

Product

1

25

25

2.55

273

Product

Temp

+
+

Insolation

0.0017

Temp coeff Ki

×

×

+
+

+
+

+
+

Tk

ISC

Iph

Tref

Figure 2: Photocurrent.

desired voltage and current output levels. Each solar cell is
basically a p-n diode. As sunlight strikes a solar cell, the
incident energy is converted directly into electrical energy
without any mechanical effort.

Transmitted light is absorbed within the semiconductor,
by using this light energy to excite free electrons from a
low energy status to an unoccupied higher energy level.
When a solar cell is illuminated, excess electron-hole pairs are
generated throughout the material, hence the p-n junction is
electrically shorted and current flows.

For simplicity, the single-diode model of Figure 1 is used
in this paper [15]. This model offers a good compromise
between simplicity and accuracy with the basic structure
consisting of a current source and a parallel diode. In
Figure 1, Iph represents the cell photocurrent while Rsh and
Rs are, respectively, the intrinsic shunt and series resistances
of the cell.

2.2. Equations of PV Module. PV cells are grouped in larger
units called PV modules, which are further interconnected in
a series-parallel configuration to form PV arrays.

The following are the basic equations from the theory of
semiconductors and photovoltaics [15] that mathematically

describe the I-V characteristic of the photovoltaic cell and
module.

2.3. Photocurrent. In Figure 1, the module photocurrent
Iph of the photovoltaic module depends linearly on the
solar irradiation and is also influenced by the temperature
according to the following equation:

Iph = [ISCr + Ki(Tk − Tref)] ∗ λ

1000
, (1)

where Iph [A] is the light-generated current at the nominal
condition (25◦C and 1000 W/m2), Ki is the short-circuit
current/temperature coefficient (0.0017A/K), Tk and Tref are,
respectively, the actual and reference temperatures in K , λ
is the irradiation on the device surface (W/m2), and the
nominal irradiation is 1000 W/m2.

Detailed Simulink model of (1) of photocurrent Iph is
shown in Figure 2. The value of module short-circuit current
is ISCr taken from the datasheet of the reference model as
given in Section 2.4.

Iph for different values of insolation and temperature is
shown in Table 1.
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Table 1: Iph for various insolations and temperatures.

S. no. Insol W/m2 Value of Iph (A)

25◦C 30◦C 40◦C 50◦C 90◦C

1 1000 2.55 2.559 2.575 2.592 2.66

2 700 1.785 1.791 1.803 1.815 1.862

3 500 1.275 1.279 1.288 1.296 1.33

4 250 0.6375 0.6396 0.6489 0.6481 0.6651

5 100 0.255 0.2559 0.2576 0.2592 0.2661

2.4. Reference Model. Solkar make 36 W PV module is taken
as the reference module for simulation and the datasheet
details are given in Table 2

2.5. Module Reverse Saturation Current. Module reverse
saturation current, Irs, is given by (2) as follows.

Irs = ISCr[
exp
(
qVOC/NSkAT

) − 1
] , (2)

where q is the electron charge (1.6 × 10−19 C), Voc is the
Solkar module open-circuit voltage (21.24 V), Ns is the
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Table 2: Electrical characteristic data of solkar 36 W PV module.

Description Rating

Rated power 37.08 Wp

Voltage at maximum power (Vmp) 16.56 V

Current at maximum power (Imp) 2.25 A

Open circuit voltage (VOC) 21.24 V

Short circuit current (ISCr) 2.55 A

Total number of cells in series (Ns) 36

Total number of cells in parallel (Np) 1

Note. The electrical specifications are under standard test conditions (STCs)
which means an irradiation of 1000 W/m2 with an AM1.5 spectrum at 25◦C.

number of cells connected in series (36), k is the Boltzmann
constant (1.3805 × 10−23 J/K), and A is the ideality factor
(1.6).

Table 3: Irs for various temperatures.

S. no. Temperature ◦C Module reverse saturation current (A)

1 25 1.182 ∗ 10(−006)

2 30 1.503 ∗ 10(−006)

3 40 2.377 ∗ 10(−006)

4 50 3.654 ∗ 10(−006)

5 90 1.609 ∗ 10(−005)

Table 4: I0 for various temperatures.

S. no. Temperature ◦C Module saturation current (A)

1 25 1.182 ∗ 10(−006)

2 30 2.456 ∗ 10(−006)

3 40 9.92 ∗ 10(−006)

4 50 3.686 ∗ 10(−005)

5 90 0.003491

Detailed Simulink model of (2) is shown in Figure 3.
Module reverse saturation current varies with tempera-

ture as shown in Table 3.

2.6. Module Saturation Current I0. The module saturation
current I0 varies with the cell temperature and is given by

I0 = Irs

[
T

Tr

]3

exp

[
q ∗ Eg0

Ak

{
1
Tr
− 1

T

}]

, (3)

where Eg0 is the bandgap energy of the semiconductor (Eg0 ≈
1.1 eV for the polycrystalline Si at 25◦C).

This equation is simulated and shown in Figure 4. The
module operating temperature, reference temperature, and
module reverse saturation current are taken as inputs.

The module saturation current I0 is calculated for various
temperatures and is given in Table 4.
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2.7. Module Output Current IPV. The basic equation that
describes the current output of PV module IPV of the single-
diode model presented in Figure 1 is given by

IPV = NP ∗ Iph −NP ∗ I0

[

exp

{
q ∗ (VPV + IPVRs)

NSAkT

}

− 1

]

−VPV + (IPVRS)/RSh,
(4)

where Np and NS are, respectively, the number of parallel and
series connections of cells in the given photovoltaic module
(Np = 1 and Ns = 36), VPV = Voc = 21.24V , Rs is the
equivalent series resistance of the module, and Rsh is the
equivalent parallel resistance.

The current leakages, the tunnel effect, breakdown by
micro plasmas, leaks along surface channels, and so forth, are
modeled as a parallel resistance. The parallel resistance has
its greatest effect when the voltage is lowest, that is, when the
current passing through the diode of the equivalent circuit
is very small. The effect of parallel resistance, when it is
sufficiently small, is to reduce the open-circuit voltage and
the fill factor [16]. The short-circuit current is not affected
by it.

The graph between the relative efficiency of PV modules
and isolation for various values Rsh is shown in Figure 6 [17].
In the graph, it can be seen that for large values Rsh, the
module efficiency at low values of isolation decreases by 3
to 5 percent.

When Rsh is very large, we can neglect the same. In
such case simulation values would be higher than the actual
values by 3 to 5 percent at low values of isolation only.
However there would not be any appreciable variation at
normal/higher values of isolation.

The use of simplified circuit model in this paper makes
this model suitable for power electronics designers who are
looking for an easy and effective model for simulation of
photovoltaic devices with power converters. The value of
parallel resistance Rsh is generally high and hence neglected
to simplify the model as given in (5).

The series resistance Rs (0.1Ω) is the sum of several
structural resistances of the PV module and its influence is
stronger especially near the maximum power point region.

Equation (4) for the current output of PV module can be
modified as

IPV = NP ∗ Iph −NP ∗ I0

[

exp

{
q ∗ (VPV + IPVRs)

NSAkT

}

− 1

]

.

(5)

The solution for (5) involves iteration and requires solving
of algebraic loop in Simulink. To avoid this problem, the
functional models are used in PV research for modeling of
PV module.

2.8. Algebraic Loop Problem. Solving algebraic loop is an
iterative process. A successful solution results only if the
algebraic loop solver converges to a definite answer. Proper
care is to be taken of the feedback loop to get quicker
convergence. In this paper simplification of equation is done
by excluding Rsh.

The iterative MATLAB/Simulink model of output cur-
rent Ipv is shown in Figure 5.

2.9. Simulink Model of IPV. All the above four blocks are
interconnected to get Simulink model of IPV for the PV
module. This model takes insolation, temperature, and VPV

as inputs and calculates IPV. VPV is varied from 0 to 21.5 V.
Simulink model of IPV is simulated with the setup shown in
Figure 7.

Detailed discussion of simulation steps of Ipv model for
obtaining I-V and P-V characteristics under varying irradia-
tion with constant temperature and constant irradiation with
varying temperature is available in [18].

2.10. Experimental Validation. The hardware for validating
the results obtained in developed Simulink model is given in
Figure 9.

The description of experimental circuit given in Figure 8
is as follows.

(i) The Op-Amp, the MOSFET, and the resistor Rsense

are connected so that the current of the solar
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panel is proportional to the voltage applied to the
noninverting port of the Op-Amp.

(ii) A linear MOSFET (IRF 150/IRF 460) is used. Gate-
Source port of the MOSFET is driven by a low-
frequency triangular wave signal.

(iii) DSO has been used and therefore repetitive trigger
signal is not required and only a slow changing ramp
signal is required to change the current from zero to
the short-circuit value.

(iv) The experimental characteristics smoothened by
curve fitting along with characteristics of Simulink
model are shown in Figures 10 and 11.

It can be seen from Figure 10 that the simulated value of
current at λ = 1000 W/m2 and T = 25 ◦C is 2.55 A while the
experimental value of current is 2.49 A, giving a percentage
error of 2.35.

The simulated values of current using the developed
model are higher than the experimental values of current by
about 2% at higher values of insolation and hence the circuit
model has reasonable accuracy.

The above graph also shows that useful voltage output
varies from 12 V to 19 V. The maximum power point for all
these temperatures lies between these voltages.

3. Circut-Oriented Model of PV Module

In the equivalent circuit of a PV cell, as shown in Figure 1,
the voltage available across the PV cell is nothing but the
PN junction forward bias voltage of 0.6 V. The open-circuit
voltage of the PV module is 21.24 V/36 cells = 0.594 V ≈
0.6 V.

Simulink model of IPV, developed in Section 2, provides
the module current IPV. This PV current is calculated from
irradiation and temperature and is the input to be used
directly in the circuit model.

The voltage at the output terminal of the model is fed
back as the voltage input Vin for Simulink model of IPV [10].
A small resistance of 0.01Ω is added to the circuit to aid the
charging of capacitor normally used with the current source.

The detailed circuit model of PV module is shown in
Figure 12. The circuit model block of PV module is given in
Figure 13.

Further, the forward bias voltage of the diode shown
in Figure 12 is taken as 19 V (as it represents the series
connection of 36 PV cells) which is the higher value of useful
voltage level.

Here, a voltage value is chosen initially and the iteration
of power equation is carried out as done in normal functional
PV model as it involves the algebraic loop problem.

4. Design of PV Maximum Power
Extraction System

With the variation of irradiation and temperature, the
power output of PV module varies continuously. The max-
imum power point tracking (MPPT) algorithm is used for
extracting the maximum power from the solar PV module
and transferring that power to the load [15]. A DC-DC
converter (step up/step down), as shown in Figure 14, serves
the purpose of transferring maximum power from the PV
module to the load and acts as an interface between the load
and the module.
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By changing the duty cycle of the PWM control signal,
the load impedance as seen by the source varies and matches
the point of the peak power of the source so as to transfer the
maximum power.

4.1. Power Electronic Circuit. The PV modules are always
used with DC-to-DC converters to obtain the maximum
power point operation. The types of converters used are
buck, boost, and buck-boost. For battery charging applica-
tions buck-boost configuration is preferred where as boost
converters are used for grid-connected applications. DC-DC
boost converters are used often in PV systems to step up the
low module voltage to higher load voltages. Hence, DC-DC
boost converter is used for the design of MPPT controller.

4.2. Design of DC-DC Boost Converter. The boost converter
configuration, as shown in Figure 15, consists of a DC input
voltage source Vs, boost inductor L, controlled switch S,
diode D, filter capacitor C, and load resistance R.

If the switch operates with a duty ratio D, the DC voltage
gain of the boost converter is given by

Mv = Vo

Vs
= 1

1−D
, (6)

where Vs is input voltage, Vo is output voltage, and D is the
duty cycle of the pulse width modulation (PWM) signal used
to control the MOSFET ON and OFF states.

Table 5: Component values of DC-to-DC boost converter.

Description Rating

Inductor 120 μH

MOSFET IRF P460

Power diode 1N5408

Capacitor 330 μF

Resistive load 50Ω, 50 W

Switching frequency 20 kHz

The boost converter operates in the continuous conduc-
tion mode for value of inductance L > Lb where,

Lb =
(
1−D2

)
DR

2 f
, (7)

where Lb is the minimum value of inductance for continuous
conduction.

The current supplied to the output RC circuit is discon-
tinuous. Thus, a larger filter capacitor is required to limit the
output voltage ripple. The minimum value of filter capacitor
that provides the output DC current to the load when the
diode D is off is given by C min. The minimum value of the
filter capacitance, that results in the ripple voltage Vc, is given
by

Cmin = DVo

VrRF
. (8)

Designed component values of DC-to-DC boost con-
verter used for simulation are given in Table 5.

4.3. Design of MPPT. The DC-DC converter (with configu-
ration given in Figure 15 and component values in Table 5)
is simulated with battery supply as shown in Figure 16.

With DC supply, the converter voltage boost ratio is
directly proportional to the duty cycle.

The battery supply in circuit shown in Figure 16 is
replaced by the developed circuit model in Section 3 and
simulated as shown in Figure 17.

The detailed experimental verification with circuit
response of this developed circuit model is available in [19].

For the design of MPPT, the data is collected through
simulation with the developed circuit model and results are
tabulated in Table 6.
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From Table 6, it can be seen that for lower values of
irradiation and constant load, the duty cycle has to be
reduced from 0.41 for irradiation of 1000 W/m2 to 0.2 for
irradiation of 500 W/m2. This variation coincides with the
graph shown in Figure 18, as found in [20], where the duty
cycle variation with respect to irradiation is reported.

4.4. MPPT Control Algorithm. Many MPPT techniques have
been proposed in the literature; examples are the Perturb
and Observe (P&O), Incremental Conductance (IC), Fuzzy
Logic, and so forth. The P&O algorithm is very popular and
simple. So it is used in this paper. The power graph for P&O
algorithm is shown in Figure 19.
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Table 6: Duty cycle variation.

Duty cycle Input voltage (V) Input current (A)
Input power
(WP)

Output voltage
(V)

Output current
(A)

Output power
(W)

Irradiation—1000 W/m2 Temp—25◦C

0.4 17.82 2.059 36.69 40.08 0.8106 32.13

0.41 16.7 2.303 38.46 40.45 0.8089 32.72

0.5 15.05 2.44 36.72 39.06 0.7812 30.52

Irradiation—700 W/m2 Temp—25◦C

0.3 17.6 1.375 24.21 32.46 0.6492 21.08

Irradiation—500 W/m2Temp—25◦C

0.2 17.64 0.8661 15.28 25.76 0.515 13.27
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In P&O algorithm, a slight perturbation (ΔD = 0.01)
is introduced in the system. This perturbation causes the
power of the solar module to change. If the power increases
due to the perturbation, then the perturbation is continued
(D + ΔD) in that direction. After the peak power is reached,
the power at the next instant decreases and after that the
perturbation reverses (D − ΔD). The flow chart of MPPT
algorithm is shown in Figure 20.

The Simulink model for P & O MPPT algorithm is shown
in Figure 21. Vin and Iin are taken as input to the MPPT unit
and duty cycle is obtained as the output.

The above MPPT unit is placed as closed-loop control in
the simulation circuit, as shown in Figure 17 and the detailed
Simulink model for closed-loop control of developed circuit
model of PV module with MPPT control unit is shown in
Figure 22.

5. Hardware Implementation

The schematic diagram of the proposed hardware system is
shown in Figure 23.

(i) The DC-DC boost converter acts as an interface
between the PV module and the load.

(ii) The voltage and current output are sensed and an
error signal in digital is generated by the software.

(iii) The error signal in digital form is given to the DAC
(0808) which converts it to the corresponding analog
signal.

(iii) This signal is then compared with a high-frequency
triangular wave of 20 kHz. The pulse generated given
is to the gate of the power semiconductor device
(MOSFET), thereby changing the duty cycle of the
converter.

(iv) This generated pulse must be able to trigger the
power circuit of the MOSFET.

(v) Thus the source impedance is matched with the load
impedance and maximum power is transferred.

The hardware setup of the proposed system is shown in
Figure 24. The microcontroller programming should be fed
with the required range of duty cycle as given in Table 6 for
quicker response.

The experiment is carried out for 1000 W/m2 at 25◦C.
The experimental values of PV module power and current
are lower by about 2 to 5 percent compared to the simulation
values, as shown in Figure 25.

Thus the performance of the developed circuit model,
in closed-loop control, follows the simulation values with
reasonable accuracy.
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6. Results and Discussion

In Section 2, in (1) and Figure 1, it can be seen that the
PV current Iph is a function of the solar irradiation and is
the only energy conversion process in which light energy is
converted to electrical energy.

The next two equations, (2) and (3), indicate that the
PV voltage is a function of the junction voltage of diode,
which is the material property of the semiconductors,

susceptible to failure at higher temperatures. The physical
equations governing the PV module (also applicable to
PV cell) is elaborately presented with numerical values of
module saturation current at various temperatures. Hence,
this circuit model presents the relationship between module
parameters and circuit performance.

In Section 3, voltage level of the PV module is selected
as 19 V. However, for functional PV models used in other
papers, the voltage level for the iterative process is chosen as
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per the convenience of end-circuit requirements and affect
the circuit performance considerably. This has an effect on
the temperature performance of the circuit. So the selection
of this voltage level which is very important has to be selected
appropriately.

7. Conclusion

Circuit model of photovoltaic (PV) module is presented
in this paper, which can be used as a common platform
by material scientists as well as power electronic circuit
designers to develop the better PV power plant.
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The aim of this paper is to investigate the effects of partial shading on energy output of different Solar Photovoltaic Array (SPVA)
configurations and to mitigate the losses faced in Solar Photovoltaic (SPV) systems by incorporating bypass diodes. Owing to
the practical difficulty of conducting experiments on varied array sizes, a generalized MATLAB M-code has been developed for
any required array size, configuration, shading patterns, and number of bypass diodes. The proposed model which also includes
the insolation-dependent shunt resistance can provide sufficient degree of precision without increasing the computational effort.
All the configurations have been analyzed and comparative study is made for different random shading patterns to determine
the configuration less susceptible to power losses under partial shading. Inferences have been drawn by testing several shading
scenarios.

1. Introduction

Solar photovoltaic array is formed by series/parallel combi-
nation of SPV modules to attain a desired voltage and current
level. The major challenge in using a SPV source containing a
number of cells in series is to deal with its nonlinear internal
resistance. The problem gets complex when the array receives
nonuniform irradiance or partially shaded. In a larger SPVA,
the occurrence of partial shading is common due to tree
leaves falling over it, birds or bird litters on the array, shade
of a neighboring construction, and so forth. In a series
connected string of cells, all the cells carry the same current.
Even though a few cells under shade produce less photon
current, these cells are also forced to carry the same current
as the other fully illuminated cells. The shaded cells may get
reverse biased, acting as loads, draining power from fully
illuminated cells. If the system is not appropriately protected,
hot-spot problem [1] can arise and in several cases, the
system can be irreversibly damaged. Nowadays there is an
increasing trend to integrate the SPV arrays at the design
level in the building itself. In such cases it is difficult to
avoid partial shading of array due to neighboring buildings
throughout the day in all the seasons. In conventional SPV

systems, these shadows lower the overall generation power
to a larger degree than what is expected. Hence the SPV
installation cost is increased, because the number of SPV
modules must be increased [2] and as a result, SPV power
generation will be less attractive. This makes the study of
partial shading of SPV modules a key issue. Moreover it is
very important to understand the characteristics of SPVA
under partial shaded conditions to use SPV installations
effectively under all conditions.

In recent years, the impact of partial shading on the
SPV array performance has been widely discussed [3–6].
With a physical SPV module it is difficult to study the
effects of partial shading since the field testing is costly,
time consuming and depends heavily on the prevailing
weather conditions. Moreover, it is difficult to maintain the
same shade under varying numbers of shaded and fully
illuminated cells throughout the experiment. However it is
convenient to carry out the simulation study with the help of
a computer model. In most of the studies [7–10], the effect
of partial shading in reducing the output power of the SPVA
has been discussed. But little attention has been paid to the
power dissipated by the shaded cells affecting the array life
and utilization of the array for the worst shaded case. The
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(a) Series array (b) Parallel array (c) SP array

(d) TCT array (e) BL array (f) HC array

Figure 1: Schematic diagrams of SPVA configurations.

harmful effects in basic configurations and their comparison
have been discussed in [11]. Common use of bypass diodes
in antiparallel with the series-connected SPV modules can
partially mitigate the power reduction due to partial shadow
[11]. In such cases a more sophisticated Maximum Power
Point Tracking (MPPT) algorithms capable to disregard
local power maximums is required [12–16]. Alternatively,
the maximum available DC power can be improved if the
connection of the SPV modules can be reconfigured such
that panels with similar operating conditions are connected
in the same series string. Moreover the parallel configuration
should be dominant under partial shaded conditions [11,
16–18]. However high output current at low voltage in
parallel configuration will have to be properly conditioned
to the required level by using suitable DC-DC converter.
Hence it is required to opt for derived configurations. In
this paper, for different configuration types, the generalized
MATLAB programs have been developed which are capable
of simulating any number of modules connected in series,
parallel or combined for any type of shading patterns and
any number of bypass diodes. The comparative study is
made among the configurations and conclusions have been
presented.

2. Review of Different SPVA Configurations

Several SPVA configurations have been proposed in the
literature as shown in Figures 1(a) to 1(f) [1, 4, 19, 20]. They
are series, parallel, series-parallel (SP) total cross-tied (TCT)
bridge-linked (BL) and Honey-comb (HC) configurations
[21, 22]. Series and parallel configurations are the basic
configurations (Figures 1(a) and 1(b)) and the performance
of these configurations has been discussed in detail by
[11]. The major drawbacks of using the series or parallel
configuration are that the current and voltage are less

respectively. In SP configuration, shown in Figure 1(c) the
modules are first connected in series to get the requisite
voltage and then series-connected modules are paralleled.
TCT configuration is derived from the SP configuration
by connecting ties across rows of the junctions. In TCT
configuration (Figure 1(d)), the voltages across the ties
are equal. The sum of currents across the various ties
is equal. The power is obtained as SP configuration. In
BL configuration the modules are connected in a bridge
rectifier fashion as shown in Figure 1(e). From the diagram
it is seen that four modules constitute a bridge. Here two
modules in the bridge are connected in series and then
they are connected in parallel. Ties are present between the
bridges. Hence the voltage and current values are obtained
by appropriately adding voltages in series and currents in
parallel.

The modifications have been made in BL configuration
to arrive at a new configuration called HC configuration
[21, 22]. The advantages of TCT and BL configurations have
been combined together in HC configuration. Sometimes,
insolation pattern on an array may be such that consecutive
modules in a column of array receive equal insolation and
other modules in a same column receive different insolation.
In this case, it is not necessary to select TCT as it has so many
ties. BL may also cause power loss as it has fewer ties in this
case. So we have to select ties properly. This is obtained by
connecting ties across variants of two, four, and six modules.
This is done in HC configuration as shown in Figure 1(f)
[21, 22].

3. Simulation of Configurations under Partial
Shaded Conditions

Quaschning and Hanitsch [1] proposed a numerical algo-
rithm to simulate the mismatch in individual SPV cells
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and their shading levels. But it requires each element to be
represented by a mathematical expression. Even though this
produces accurate results, the model is complex and requires
more computation time and higher memory requirement.
Kaushika and Gautam [4] developed a computational
network analysis approach to compare the configurations.
Karatepe et al. [10] proposed a module-based and cell-
based model for analyzing the array configurations. Giraud
and Salameh [20] proposed a neural network-based model
to investigate the effects of passing clouds on a grid-
connected SPV system using battery storage. The importance
of selecting the proper size of the SPV array and batteries
in such systems has been discussed by [23]. It is required
for the stable operation of SPV system with a sudden and
large change in SPV power because of irradiance variation,
caused by shading, and so forth. Shading caused due to
passing clouds also has a financial claim on the utility.
Jewell and Unruh [24] have carried out an economic
analysis to estimate the cost of the fluctuations in power
generation from a SPV source. Based on the literature it
is understood that not only the size of the SPVA but also
its configuration that significantly affects its power output,
and therefore, the performance of the system under partially
shaded conditions. From the above discussion, it may be
concluded that, while it is very important to model, study,
and understand the effects of shading on SPV arrays, a simple
tool is not available for the purpose. Therefore, it is felt that
there is a need for a flexible, interactive, and comprehensive
simulation model capable to predict the SPV characteristics
(including multiple peaks) and output power under partially
shaded conditions. Patel and Agarwal [25, 26] have proposed
a MATLAB based-simulator cum learning tool to understand
the characteristics of a large SPV array by considering the
model in I quadrant given in Figure 2. They have developed
a model for SP configuration with bypass diodes. The model
used by [25] neglects the effect of shunt resistance. Swaleh
and Green [27] discussed the impact of Rsh under partial
shaded conditions. In order to obtain the realistic model
which provides the practical maximum power point values, it
is mandatory to include the effect of varying Rsh with respect
to environmental parameters particularly for crystalline type
SPV modules. Hence the proposed model includes the
insolation-dependent shunt resistance and the basic model
equations used by [25] have been replaced by the improved
model equations used by Villalva et al. [28]. The model
equations (A.1)–(A.9) given in the appendix are used for
modelling the SPV system. Equations (A.1) to (A.9) relating
the SPV parameters with irradiance and temperature have
been taken from [28] excluding (A.6). The parameters of
(A.6) have been experimentally determined. The dependence
of Rsh is found to be negligible and hence neglected to reduce
the complexity of the model. The equations given in the
appendix are for single SPV module.

Modeling of a large array with shading patterns is very
complex. In this work, software has been developed for
all the configurations having any number of assemblies,
strings, substrings, and so forth. The software is capable of
considering/ignoring the effect of varying insolation on Rsh.
This software gives the output power, voltage, and current

ID Ish

Rs RLh

Rse Ipv

Vpv
VDDIph

− −

+ +

Figure 2: Electrical equivalent circuit model of a SPVA in I
quadrant.

values for any irradiance and temperature patterns. Before
going in detail about the software some of the terminologies
are introduced with the help of Figure 3. Most of the SPV
arrays in real time are large in size. It is cumbersome to enter
the individual irradiance and temperature values for each
module [25, 26]. Therefore groups of modules have been
considered based on shading pattern. The representation of
the terminologies has been explained with 6× 4 array shown
in Figure 3. The terminologies used in the proposed software
are as following.

(i) Modules that always refer to a typical SPV panel
consisting of a group of 36 cells connected in
series. An antiparallel diode shunting 36/18 cells
connected/ignored can be programmed.

(ii) Modules that are receiving the same irradiance
connected in series form a “substring.”

(iii) Several substrings that are receiving different irradi-
ance but connected in series form a “string.”

(iv) Identical strings that are connected in parallel form
an “assembly.”

(v) Assemblies that are connected in parallel form an
“array.”

As the importance of bypass diodes is well known, a
bypass diode has been included as a part of every module
in the M-file code. This section considers that each module is
connected with a bypass diode. To include the effect of bypass
diode, negative voltages caused by shading is taken as diode
forward drop (∼0.7 V) in M-file coding.

The architecture of the developed software is shown in
Figure 4.

The individual block of Figure 4 is presented in the form
of flow chart from Figure 5(a) to Figure 5(f). Figure 5(a) is
common for all the configurations, after which there are
subtle differences in the calculations of the various configu-
rations. These are depicted from Figure 5(b) to Figure 5(f).
The V-I and V-P characteristics for all the configurations
including insolation-dependent Rsh is as shown in Figure 6
for a shading pattern shown in Figure 3. In the series
configuration it is seen that the number of peaks correspond
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Figure 3: Illustration of 6× 4 array with a particular shading pattern.
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Figure 4: Architecture of the developed software.
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Start

Obtain number of substrings and modules from the user. For each of the substrings also 
procure the insolation pattern in and temperature in K

Segregate the inputs into their respective matrices

Form the generalized             
corresponding to its respective module

Calculate the voltage by varying current from minimum to maximum value by using 
(A.2)

Calculate the power using 

Perform adjustments in order to obtain distinct values of voltage, current, and power. Store 
these values in individual matrices

Determine the currents through the bypass diodes of each module

Find the cumulative sum of the module and bypass diode currents

A

W/m2

M ×N matrix where each element denotes temperature and insolation 

P = V ∗ 1

(a) Flow chart for initial part of all the configurations

A

Compute voltage and power of the assembly

Calculate maximum current in the assembly

Perform interpolation for current and power

Estimate array current and power values

 = Max (            );   

Estimate array voltage by using a formula

 = 

Plot V-I and V-P characteristics of an array

Stop

= ΣIarray ParrayImodule Pmodule

Varray ΣVmodule

(b) Flow chart for Series configuration

Figure 5: Continued.
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A

Calculate maximum voltage across the row

Perform interpolation for current and power

Estimate array current and power values

Estimate array voltage by using a formula

Max (           )

Stop

Vstring

 = Max (            );   = ΣIarray ParrayImodule Pmodule

 = 

Plot V-I and V-P characteristics of an array

Varray

(c) Flow chart for parallel configuration

A

Compute voltage and power of each string

Perform interpolation for current and power by 
using maximum voltage as base

Estimate array current and power values

Estimate array voltage by using a formula

Stop

For each string calculate the maximum current 
and the maximum voltage across the array

Max (           )Vstring

 = Max (         );   = ΣIarray ParrayI string Pstring

 = 

Plot V-I and V-P characteristics of an array

Varray

(d) Flow chart for SP configuration

A

Compute the maximum voltage across each row

For each string calculate the total voltage and total 
power. And also calculate maximum current of 

each string

Estimate array current and power values
; 

Estimate array voltage by using a formula

Stop

Perform interpolation for each module

Perform interpolation for current and power by 
using maximum voltage as base

= Σ

Max (           )Vstring

= ΣIarray ParrayI string Pstring

 = 

Plot V-I and V-P characteristics of an array

Varray

(e) Flow chart for TCT configuration

A

For plotting the characteristics equalize the 
voltages of modules connected in parallel

For each string calculate the maximum current 
and maximum voltage across each string

Estimate array current and power values

Estimate array voltage by using a formula

Stop

Compute the voltage and power of each string

Perform interpolation for current and power by 
using maximum voltage as base

; = Σ

Max (           )Vstring

= ΣIarray ParrayI string Pstring

 = Varray

Plot V-I and V-P characteristics of an array

(f) Flow chart for BL and HC configurations (flow
charts for BL and HC configurations are same but the
ties have to be changed)

Figure 5: Flowchart for coding all the configurations.
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Table 1: Comparison of power with and without the effect of insolation-dependent Rsh.

Configuration Pm(W) constant Rsh (Rsh = 145.62Ω) Pm(W) with insolation-dependent Rsh

Series 520.7, 408.3, 193.1 (three peaks) 488.2, 387.8, 185.4 (three peaks)

Parallel 564.8 (one peak) 565.3 (one peak)

SP 421.6, 455.5, 458.9, 370.5 (four peaks) 410.7, 435.8, 434.2, 346.1 (four peaks)

TCT 341.4, 480.2, 551.6, 416.4 (four peaks) 443.5, 468.4, 463.3, 372.7 (four peaks)

BL 362.7, 479.6, 483.1, 447.8 (four peaks) 410.7, 435.8, 433.5, 393.1 (four peaks)

HC 428.1,445.2, 448.7, 418.3 (four peaks) 394.3, 436.1, 442.8, 385.6 (four peaks)

Table 2: Comparisons of Configurations under Uniform Irradiance
Conditions.

Configuration Pm(W) Vm(V) Im (A)

Series 676.8 292.1 2.32

Parallel 676.8 12.26 55.2

SP 676.8 73.05 9.27

TCT 676.8 73.05 9.27

BL 676.8 73.05 9.27

HC 676.8 73.05 9.27

to the number of shading patterns and current is less
compared with other configurations. In this configuration it
is understood that if even one module is shaded it affects the
output power considerably. In the parallel configuration it
is seen that there are no multiple peaks. This is because all
the modules are connected in parallel; therefore no module
can be forced to carry more than its share of current. In
parallel configuration the voltage is less. SP configuration
provides higher power at considerable voltage and current
values. Hence it can be inferred that SP configuration negates
the defects of series and parallel configurations. In TCT
configuration due to the inclusion of ties, the flaws of the
series configuration have been avoided. This is because none
of the modules are connected in series. Hence stress on
modules is reduced. In BL configuration few modules in
a string are connected in series and these are connected
in parallel. Therefore it subjected to lesser stress than SP
configuration. The generalized MATLAB program has been
extended for HC with modifications. The flowchart for HC
configuration is similar to BL. While writing the program
the difference in the tie connections has been taken care of
(Figure 5(f)).

4. Impact of Including the Effect of Varying
Shunt Resistance in the Model

Table 1 shows the comparison between power values with
and without the varying shunt resistance. The input pattern
is given as shown in Figure 3. It is seen that the power
values change when varying shunt resistance is included. The
power values in the third column of Table 1 matches very
closely with practical values. Hence shunt resistance should
be included in order to obtain the realistic modeling of SPV
array.

5. Comparison of Array Configurations with
and without Bypass Diode

For the analysis of array configurations without bypass
diode, two quadrant characteristics have to be taken care
of. [29, 30]. Hence the additional term is included in the
mathematical model as shown in Figure 7 [31] and the
same set of programs has been modified with the model
represented by (A.10). Table 2 shows the power, voltage,
and current values under uniform irradiance conditions.
This corresponds to an irradiance of 1000 W/m2 and a
temperature of 25◦C (298.15 K). It is seen that almost all
the configurations provide the same power under uniform
irradiance conditions.

Table 3 shows the comparison of power with and without
a bypass diode for a 6 × 4 array. The input pattern is as in
Figure 3. Even though the use of bypass diode introduces
multiple peaks, it is seen from Table 3 that a higher power
is obtained by using a bypass diode.

6. Comparison of Different
Array Configurations for Different
Shading Scenarios

Here the case where one bypass diode across a group of 36
cells (one bypass diode per module) has been considered.
The array sizes are 2 × 4, 4 × 2, 2 × 6, 6 × 2, 3 × 4, 4 × 3,
4× 6, 6× 4, 3× 3 and 4× 4. An array size can be designated
by M×N , where M indicates number of modules connected
in series andN indicates number of strings in parallel. Fifteen
different random shading patterns are generated for each of
the ten different array sizes. One of the 15 random patterns
of irradiance is shown in Figure 8 and corresponding shading
matrix for different array sizes are shown in Figure 9. In
Figure 8, the shading patterns E, L, R, and X are very low
values which replicate the bird litters or single leaves closing
completely the cell in a larger array. Practically it is found that
some of the bird litters are difficult to remove from the array
which causes permanent shade on the cell so that particular
cell receives very low insolation at all times. The maximum
power obtainable from each configuration is computed for
each of these shading patterns. The mean value of this power
and its maximum and minimum values for different shading
patterns have been tabulated vide Table 4 in which the values
highlighted with bold letters indicate the global peak values
whereas other values are local peak values.
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Figure 7: Bishop’s model to represent the SPVA under partial shaded condition.

From Table 4 it can be inferred that depending on the size
of array and type of shading pattern different configurations
are preferred. But in most of the cases TCT closely followed
by HC are the preferred configurations. It is observed that
wherever the modules with similar shade are grouped in a
string, HC is better in which less ties are there as compared
to TCT.

7. Practical Verification

A few results obtained from the software were verified.
Figure 10 shows a set up of 3×3 SPV array. SOLKAR (Model
No. 3712/0507) solar module is used to setup the array.

The electronic load [30] was used to verify the char-
acteristics. GWINSTEK GDS-1022 DSO was used to trace
the practical characteristics. It is calibrated using Fluke
5500 A Multi-Product Calibrator. For different irradiances
and temperatures the practical characteristics are easily
traced out using electronic load method and the relevant
data traced by DSO are stored in Excel spreadsheet to
calculate V-P characteristics and for comparison of model
parameters. Solar irradiance level/insolation of 1000 W/m2

corresponds to a short circuit current of 2.55 A as per
the datasheet of SOLKAR modules. In all the experiments
the solar insolation has been measured as proportional to
short circuit current. Outputs were verified for uniform as
well as partial shaded conditions. The sample snapshot of
digital storage oscilloscope has been shown in Figure 10
for the four types of configurations (SP, TCT, BL, and

HC) for a particular shading pattern. The calculated P-
V characteristics for Figure 11 are shown in Figure 12.
The practical verification was done for several artificially
introduced input shading patterns. The outputs obtained
were closer to the outputs obtained from simulation which
took into consideration the effect of varying Rsh. Irradiance
level of a module was assumed proportional to the short
circuit current and different shadows were introduced by
tilting the module of the stand.

8. Effect of Using More Bypass Diodes

The concept of using bypass diode is extended in this section.
One diode is connected across a group of 18 cells in a module
(2 bypass diodes per module) is considered. Table 5 gives
the comparison between mean value of the power for 6 ×
4 configurations with one bypass per module and two bypass
diodes per module for fifteen random shading patterns.

From Tables 5 and 6, it is observed that the improvement
in the power when two bypass diodes are used in the single
module. This study can be extended to select the optimum
number of diodes used in a module to get the maximum
power under partial shaded conditions. If the number of
bypass diodes used in a module is increased or in other words
the number of cells grouped is minimized, the maximum
output can be obtained.

The generalized program developed has been used to
choose the optimum array configuration for the 10.5 kW
array installed in the SSN research center (14 × 10 array)
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Table 3: Comparison of Configurations Power with and without Bypass Diode.

Configuration Pm(W) (without bypass diode) Pm(W) (with bypass diode)

Series 325.52 488.2, 387.8, 185.4 (Three Peaks)

Parallel 557.2 565.3 (one peak)

SP 408.08 410.7, 435.8, 434.2, 346.1 (Four Peaks)

TCT 448.97 443.5, 468.4, 463.3, 372.7 (Four Peaks)

BL 428.98 410.7, 435.8, 433.5, 393.1 (Four peaks)

HC 440.78 394.3, 436.1, 442.8, 385.6 (Four Peaks)

Table 4: Mean and Range of the maximum power for different configurations with different sizes under random shading patterns (∗Readings
practically verified vide Section 7).

Array Size Configuration Mean Value of Maximum Power (W)
Range of Maximum Power (W)

Maximum Value Minimum Value

2 × 4∗ SP 93.32 130.8 45.68

2 × 4∗ TCT 94.67 131.40 45.43

2 × 4∗ BL 105.58 161.90 47.61

2 × 4∗ HC 121.98 191.30 52.45

4 × 2∗ SP 103.96 154.30 54.80

4 × 2∗ TCT 117.70 171.50 65.97

4 × 2∗ BL 104.00 154.30 54.80

4 × 2∗ HC 114.02 173.80 56.15

2 × 6 SP 145.51 217.40 83.43

2 × 6 TCT 149.78 239.40 95.20

2 × 6 BL 175.42 269.90 126.50

2 × 6 HC 187.23 279.01 131.90

6 × 2 SP 143.13 187.60 82.37

6 × 2 TCT 160.09 209.20 96.73

6 × 2 BL 143.11 187.80 82.27

6 × 2 HC 165.34 215.90 84.11

3 × 4 SP 128.14 190.50 62.96

3 × 4 TCT 142.58 207.00 84.04

3 × 4 BL 146.70 205.60 67.86

3 × 4 HC 144.93 226.80 66.93

4 × 3 SP 125.79 201.20 43.28

4 × 3 TCT 132.37 209.08 61.02

4 × 3 BL 132.89 226.40 73.70

4 × 3 HC 137.95 225.10 55.31

3 × 3∗ SP 85.72 135.20 51.33

3 × 3∗ TCT 92.79 145.70 54.58

3 × 3∗ BL 84.50 135.20 46.94

3 × 3∗ HC 83.22 128.60 53.73

4 × 4 SP 145.31 250.10 93.72

4 × 4 TCT 164.62 272.80 91.33

4 × 4 BL 145.03 225.80 93.72

4 × 4 HC 144.14 225.40 85.17

4 × 6 SP 186.66 302.10 131.97

4 × 6 TCT 211.54 375.47 146.56

4 × 6 BL 186.06 317.32 104.47

4× 6 HC 227.06 392.47 117.29

6 × 4 SP 197.86 324.12 110.47

6× 4 TCT 234.57 383.12 113.29

6 × 4 BL 184.48 334.36 98.65

6 × 4 HC 219.15 387.93 98.97
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Pattern 
label A B C D E F G H I J K L M N O P Q R S T U V W X

Irradiance 
in 355 259 657 780 29 667 352 627 618 310 994 42 196 420 902 468 263 97 602 643 814 829 492 79W/m2

Figure 8: One of the 15 random patterns of irradiance.
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Table 5: Comparison between mean value of the maximum power for 6 × 4 configurations with one bypass diode and two bypass diodes
per module under random shading patterns.

Array size Configuration
Mean value of maximum power (W)

Difference in mean value of power (W)
One diode per module Two diodes per module

6 × 4 SP 197.86 218.87 21.01

6 × 4 TCT 234.57 262.20 27.63

6 × 4 BL 184.48 206.20 21.72

6 × 4 HC 219.15 245.60 26.45

Table 6: Deviation of RMSD and mean value for 6 × 4 array when one bypass diode across the module and two bypass diodes across two
groups of 18 cells in the module.

Array size Configuration
Maximum power (W) Voltage at MPP (V)

Mean value RMSD value Mean value RMSD value

6× 4 SP 21.01 59.38 6.35 2.25

6× 4 TCT 28.28 51.83 2.61 5.70

6× 4 BL 22.68 57.71 4.77 2.91

6× 4 HC 26.72 53.83 4.55 4.01
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Table 7: Mean value and range of maximum power for 14 × 10 configuration shown in Figure 12.

Array size Configuration Mean value of maximum power (W)
Range of maximum power (W)

Maximum value Minimum value

14 × 10 SP 2462.51 3289.00 1777.12

14 × 10 TCT 2628.83 3396.14 2054.37

14 × 10 BL 2561.17 3309.34 1876.46

14× 10 HC 2675.17 3562 2023

Figure 10: Practical setup of a 3×3 array employing tilting modules
for different shades.

Table 8

S. no Parameters Values

1 Rated power (P) 37.08 W

2 Voltage at maximum power (Vm) 16.56 V

3 Current at maximum power (Im) 2.25 A

4 Open circuit voltage (Voc) 21.24 V

5 Short circuit current (Isc) 2.55 A

6 No. of series cells (Ns) 36

7 Type Monocrystalline

which is shown in Figure 13. In this array for each module 18
cells are grouped together and bypass diode is connected in
anti-parallel with that. In the generalized program the spec-
ifications according to the datasheet of BEL laboratories and
the array size have been altered for the study. For this case,
the maximum power is about 10.5 kW at maximum voltage
and about 65.69 V under uniform irradiance condition (at
G = 1000 W/m2 and T = 25◦C). The rated power per
module is 75 W.

Table 7 gives the comparison of different array configu-
rations under 20 random shading patterns. It is found that
the HC configuration is dominated under partial shaded
condition for the existing array.

9. Conclusion

Analysis of various SPVA configurations with respect to
environmental parameters by developing a more realistic
model using MATLAB M-file has been presented. In analysis
a recent configuration, HC configuration, has also been taken
for comparison. In order to obtain the maximum possible
power under partial shaded conditions it is mandatory to

connect a bypass diode in anti-parallel with a module or
group of cells to avoid the stress on the shaded cells. This
setup would reduce the problems of hot-spot as well as
provide a higher power when compared to a SPVA without
bypass diode. After analyzing the various configurations for
different random shading patterns for varied sizes, it is also
observed that in most cases TCT gave a higher amount
of power when compared to the other configurations but
in some cases where the array was asymmetrical or where
the number of columns receiving same insolation was more
when compared to the number of rows, HC configuration
provided a higher power when compared to the other
configurations because of less ties. Hence we can conclude
that TCT is the best configuration closely followed by HC.
After analyzing various configurations, it can be concluded
that TCT is the best configuration for symmetrical array
size and HC configuration for asymmetrical array sizes. The
generalized program developed here can be used for any
array size, any number of bypass diodes across group of cells,
and for any module by simply changing the specifications
of the module used in the program. Moreover, the results
confirm that this approach often allows attaining a higher
electrical energy production compared to that attainable
with SPV arrays with a proper layout.

Appendix

The equations used to develop a simulation model of a SPV
cell are: [28–31]

IPV = Iph − Ir

[
exp
{
VPV + IPVRse

Vt

}
− 1
]
− (VPV + IPVRse)

Rsh
.

(A.1)

For coding purpose (A.1) has been rearranged as

VPV= ln

{
Iph − IPV − (VPV + IPVRse)/Rsh + Ir

Ir

}

×Vt−IPVRse,

(A.2)

where

Iph =
{
Iph,ref[1 + α(T − Tref)]

} G

Gref
,

Iph,ref = Isc,ref, Iph,ref = Rsh + Rse

Rsh
× Isc,ref,

(A.3)

Ir = Isc,ref + α(T − Tref)
exp
((
Voc,ref + β(T − Tref)

)
/nVT

)− 1
,

Ir,ref = Isc,ref

exp
(
Voc,ref/Vt,ref

)− 1
,

(A.4)
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Figure 11: Snapshot of I-V characteristics for a 3× 3 SPVA for different configurations.

Vt = Vt,ref
T

Tref
, Vt,ref = nrefkTref

q
(A.5)

Rsh = 3.6
G− 0.086

, (A.6)

Im = Im,ref ×G, Vm = Vm,ref +
{
β(T − Tref)

}
, (A.7)

Rse
G

Gref
= Vt,ref

Ir,ref
e−(Vm,ref+Im,refRse,ref)/Vt,ref

+ Rse,ref − G

Gref

(
Vt

Ir
e−(Vm+ImRs)/Vt + Rse

)
,

(A.8)

n = nref
T

Tref
, (A.9)

The electrical behavior of the solar cell can be described by

IPV = Iph − Ir

[
exp
{
VPV + IPVRse

Vt

}
− 1
]
− (VPV + IPVRse)

Rsh

− a
(VPV + IPVRse)

Rsh

(
1− VPV + IPVRse

Vbr

)−m

,

(A.10)

where Vbr: junction break down voltage, a: fraction of ohmic
current involved in avalanche breakdown, and m: avalanche
break down exponent.

The electrical behavior of the solar cell can be described
by (A.10) over the whole voltage range. The unknown
parameters are “a”, “Vbr”, and “m”. These parameters are
calculated by extracting parameters in those areas of practical
V-I characteristic which are more significant.

The V-I characteristics of the solar cell under reverse
biased conditions for dark condition have been measured.
Breakdown voltage is calculated by linear regression of the
straight line of voltage against the inverse of current near
breakdown region from the dark characteristics [32]. The
breakdown voltage Vbr of the cell is found to be 13.5 V. The
other two parameters are found by tuning them in model by
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Figure 12: Calculated P-V characteristics for Figure 11.

Figure 13: 10 kW SPVA (14 × 10) installed in open terrace of EEE
department block by SSNRC (BELL Laboratories).

trial and error method so as to match with the experimental
characteristics. The values of “a” and “m” were found as
0.10 and −3.70, respectively. These values are used by proper
multiplication factor for modelling SPV modules/arrays.

The parameters of the SOLKAR solar module used for
practical verification at STC (G = 1000 W/m2 andT = 25◦C)
are given in Table 8.

Nomenclature

IPV: Solar module output current (A)
VPV: Solar module output voltage (V)
Iph: Photo current of the SPV module (A)
Ir: Diode reverse saturation current in the

equivalent circuit (μA)
Rse: Series resistance in the equivalent circuit of

the module (mΩ)
Rsh: Parallel resistance in the equivalent circuit of

the module (Ω)
n: Diode ideality factor
q: Electron charge (=1.602 × 10−19 C)
k: Boltzman’s constant (= 1.381 × 10−23 J/K)
T : Temperature (Kelvin)
Vt: Thermal voltage (= nkT/q)
G: Irradiance level (at reference condition

G = 1000 W/m2)
α: Short-circuit current temperature coefficient
β: Open-circuit voltage temperature coefficient
Isc: Short-circuit current of the module
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Voc: Open-circuit voltage of the module
Vm: Maximum power point voltage
Im: Maximum power point current
Pm: Maximum power
ref: Additions subscripts indicate the parameters

at reference conditions.

Index

SPVA: Solar photovoltaic array
SP: Series-parallel configuration
TCT: Total cross-tied configuration
BL: Bridge linked configuration
HC: Honey-Comb configuration
MPP: Maximum power point.
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A modified typical meteorological year (TMY) method is proposed for generating TMY from practical measured weather data.
A total of eleven weather indices and novel assigned weighting factors are applied in the processing of forming the TMY database.
TMYs of 35 cities in China are generated based on the latest and accurate measured weather data (dry bulb temperature, relative
humidity, wind velocity, atmospheric pressure, and daily global solar radiation) in the period of 1994–2010. The TMY data and typ-
ical solar radiation data are also investigated and analyzed in this paper, which are important in the utilizations of solar energy sys-
tems.

1. Introduction

China lies in the northeast part of East Asia between 4◦

and 53◦ North latitude and 73–135◦ East longitude with a
population of about 1.3 billion [1, 2]. China, as the largest
developing country, is the second largest country in energy
consumption [3]. To relieve the dual pressure from rising
energy demand and growing environmental problems, re-
newable energy sources are considered for satisfying a signifi-
cant part of the energy demand in China [4–6]. As one of the
renewable energy, solar energy is a clean energy source and is
extremely abundant in China. More than two-thirds of China
receives an annual total solar radiation above 5.9 GJ/m2

(1639 kWh/m2) with more than 2200 h of sunshine per year
[7–9]. On the other hand, solar radiation is the fuel of solar
energy systems. Solar radiation data are the basic and key
parameters in the applications of solar energy systems [9–
11].

Since solar radiation data can vary from year to year,
there is a need to generate a customized solar radiation data-
base that can well represent the long-term averaged soar radi-
ation over a year [12, 13]. Representative databases for one
year duration, known as typical meteorological year (TMY)

[14], are often employed for computer simulations of solar
energy conversion systems and building systems. Based on
the TMY method, typical solar radiation data are formed by
the selection from the real recorded weather data.

In the past, several methodologies [15–20] for forming
TMYs have been reported, such as Sandia method, Festa-
Ratto method, and Danish method. Among the different,
TMY generation methods, the Sandia method is widely
adopted. Hall et al. [19], Said and Kadry [21], Marion and
Urban [22], Petrakis et al. [23], Kalogirou [24], Chow et al.
[25], Wilcox and Marion [26], Yang et al. [27], and Jiang
[14] generated TMYs for different locations with different
weather parameters and assigned weighting factors. These
methods in above literatures are in fact similar, the main dif-
ferences lie in the numbers of daily indices (weather indices)
to be included and their assigned weightings [25].

A few studies for selecting TMYs in China have been
found in recent years. In the paper authored by Chow et al.
[25], typical weather year files for Hong Kong and Macau
were produced and analyzed. Zhou et al. [9] developed typi-
cal solar radiation years and typical solar radiation data for
30 meteorological stations in China only using the long-
term daily global solar radiation records. In the paper of
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Yang et al. [27], TMYs for 60 cities in five major climatic
zones of China were investigated through nine recorded
weather indices (only the global solar radiation and not
including the direct solar radiation data). But the data of the
nine measured weather indices are before the year of 2000.
Jiang [14] generated TMYs using nine weather parameters
(including the global and the direct solar radiation data).
However, only eight cities were considered and generated.

It is suggested that the TMY selection process should
include the most recent meteorological observations [25].
In this present study, based on the modified TMY method
(eleven meteorological indices and the novel assigned wei-
ghting factors), the TMYs and typical solar radiation data for
35 stations are formed and analyzed using the latest and ac-
curate long-term weather data.

2. Selection of Cities and Data Used

In order to organize and generate the TMY database, the
daily weather data are required. The available weather data
are managed and provided by China meteorological stations.
Due to space limitation, 35 cities having the local meteoro-
logical stations are investigated and selected. These stations
cover latitudes range from 18◦14′N (Sanya) to 53◦28′N
(Mohe), longitudes from 75◦59′E (Kashgar) to 130◦17′E
(Jiamusi) and have considerably varied altitude from 2.5 m
(Tianjin) to 4507 m (Nagqu). All the complex climates
within China are represented in the cities, and the relevant
information for the 35 stations is shown in Table 1.

In view of the actual situation in China and the character-
istics of solar energy systems, eleven meteorological indices
are applied in this paper. These weather indices are maxi-
mum, minimum, and mean dry-bulb temperature; mini-
mum and mean relative humidity; maximum and mean
wind velocity; maximum, minimum, and mean atmospheric
pressure; daily global solar radiation. In addition, the relative
errors of global solar radiation recorded data are changed
from ±10% to ±0.5% since 1993 owing to new observation
instrument in China meteorological stations. So, the most
recent and accurate weather data during the periods between
1994 and 2010 are chosen and gathered for the present re-
search.

The missing and invalid measurements, accounting for
0.38% of the whole database, are marked and coded as 32744
or 32766 in the data. Moreover, these problematical data are
replaced by the values of previous or subsequent days using
the interpolation method [15]. In the data processing, if
more than 5 days measured data are not available in a month,
the month is eliminated from the database.

3. Method Used

The Typical Meteorological Year (TMY) method, developed
by Sandia National Laboratories, is selected and modified in
this paper [19]. It is one of the most widely adopted method-
ologies for combining 12 typical meteorological months
(TMMs) from different years over the available period to
form a complete year. The procedure for selecting the 12
TMMs consisted of two steps.
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Figure 1: CDFs for June daily global solar radiation for Nanjing.

3.1. Selection of Five Candidate Years. According to the
Finkelstein-Schafer statistic [28], if a number, n, of observa-
tions of a weather index x are available and have been sorted
into an increasing order x1, x2, . . . , xn, the cumulative distri-
bution function (CDF) for this weather index is determined
by a monotonic increasing function CDF(x). The formula of
function CDF(x) is given as follows:

CDF(x) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 for x < x1,
(i− 0.5)

n
for xi ≤ x < xi+1,

1 for x ≥ xn.

(1)

The FS comparison statistics between the long-term CDF
for each month and the CDF for each individual year of the
month are calculated by the following equation:

FSx
(
y,m

) = 1
N

N∑

i=1

∣∣
∣CDFm(xi)− CDFy,m(xi)

∣∣
∣, (2)

where FSx(y,m) is FS(y,m) statistics for each weather index
x (y means year and m means month); CDFm is the long-
term and CDFy,m is the short-term (for the year y) cumula-
tive distribution function of the weather index x for month
m; N is the number of daily readings of the month (e.g., for
January, N = 31).

Based on the FS statistic and the meteorological database
used in this work, the CDF curves of daily global solar
radiation (DGSR) for the months of June and December
(choosing Nanjing as an example) are shown in Figures 1 and
2. It can be concluded that the short-term CDFs follow quite
closely their long-term counterparts. In Figure 1, the CDF of
DGSR for June 2000 is most similar to the long-term CDF
(smallest value of FS statistic), while the CDF of DGSR for
June 2005 is least similar (largest value of FS statistic). Like-
wise, in Figure 2, the DGSR CDF for December of 2006 is
closest to the long-term CDF, while the DGSR CDF for
December of 2010 is most dissimilar. Even though they are
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Table 1: Geographical locations and data period of the meteorological stations used for this study.

Number Location
Latitude

(N)
Longitude

(E)
Elevation

(m)
Period Total years

1 Beijing 39◦48′ 116◦28′ 31.3 1994–2010 17

2 Changchun 43◦54′ 125◦13′ 236.8 1994–2010 17

3 Changsha 28◦13′ 112◦55′ 68 1994–2010 17

4 Chengdu 30◦40′ 104◦01′ 506.1 1994–2003 10

5 Dongsheng 39◦50′ 109◦59′ 1460.4 1994–2010 17

6 Fuzhou 26◦05′ 119◦17′ 84 1994–2010 17

7 Guangzhou 23◦10′ 113◦20′ 41 1994–2010 17

8 Guiyang 26◦35′ 106◦44′ 1223.8 1994–2010 17

9 Haikou 20◦02′ 110◦21′ 13.9 1994–2010 17

10 Hami 42◦49′ 93◦31′ 737.2 1994–2010 17

11 Hangzhou 30◦14′ 120◦10′ 41.7 1994–2010 17

12 Harbin 45◦45′ 126◦46′ 142.3 1994–2010 17

13 Hefei 31◦52′ 117◦14′ 27.9 1994–2010 17

14 Jiamusi 46◦49′ 130◦17′ 81.2 1994–2010 17

15 Jinan 36◦36′ 117◦03′ 170.3 1994–2010 17

16 Kashgar 39◦28′ 75◦59′ 1288.7 1994–2010 17

17 Kunming 25◦01′ 102◦41′ 1892.4 1994–2010 17

18 Lanzhou 36◦03′ 103◦53′ 1517.2 1994–2003 10

19 Lhasa 29◦40′ 91◦08′ 3648.7 1994–2010 17

20 Mohe 53◦28′ 122◦31′ 433 1997–2010 14

21 Nagqu 31◦29′ 92◦04′ 4507 1994–2010 17

22 Nanchang 28◦36′ 115◦55′ 46.7 1994–2010 17

23 Nanjing 32◦00′ 118◦48′ 7.1 1994–2010 17

24 Nanning 22◦38′ 108◦13′ 121.6 1994–2010 17

25 Sanya 18◦14′ 109◦31′ 5.9 1994–2010 17

26 Shanghai 31◦24′ 121◦29′ 6 1994–2010 17

27 Shenyang 41◦44′ 123◦27′ 44.7 1994–2010 17

28 Taiyuan 37◦47′ 112◦33′ 778.3 1994–2010 17

29 Tianjin 39◦05′ 117◦04′ 2.5 1994–2010 17

30 Urumqi 43◦47′ 87◦39′ 935 1994–2010 17

31 Wuhan 30◦37′ 114◦08′ 23.1 1994–2010 17

32 Xian 34◦18′ 108◦56′ 397.5 1994–2004 11

33 Xining 36◦43′ 101◦45′ 2295.2 1994–2010 17

34 Yinchuan 38◦29′ 106◦13′ 1111.4 1994–2010 17

35 Zhengzhou 34◦43′ 113◦39′ 110.4 1994–2010 17

not the best months, respect to the long-term CDF, June
of 2007 and December of 1998 are finally selected as the
TMM for June and December, respectively. This is a conse-
quence of additional selection steps described in the follow-
ing.

For each of the candidate months, the FS statistics of the
eleven weather indices are grouped into a composite weigh-
ted sum (WS) by (3). Moreover, the five years with the small-
est WS values are selected as the candidate years

WS
(
y,m

) = 1
M

M∑

x=1

WFx · FSx
(
y,m

)
, (3)

where WS(y,m) is the average weighted sum for the month
m in the year y; WFx is the novel weighting factor for the
xth weather index (in Table 2); M is the number of meteoro-
logical indices (11 in this study).

The novel assigned weighting factors, which are signifi-
cant for generating typical meteorological data, are shown in
Table 2. A large weighting factor of 0.5 is assigned to global
solar radiation because the criteria is mainly used for solar
energy systems and the other weather variables (e.g., dry bulb
temperature, relative humidity, and atmospheric pressure)
are affected by solar radiation. For instance, in general, the
higher for the solar radiation, the higher for the dry-bulb
temperature. Furthermore, the weighting factor of the mean



4 International Journal of Photoenergy

Table 2: Meteorological indices and weighting factors for the FS
statistic in this study.

Number
Parameter

indices
Present
article

1 Temperature Max dry bulb temperature 1/24

2 Min dry bulb temperature 1/24

3 Mean dry bulb temperature 2/24

4 Humidity Min relative humidity 1/24

5 Mean relative humidity 2/24

6 Wind Max wind velocity 1/24

7 Mean wind velocity 2/24

8 Pressure Max atmospheric pressure 1/48

9 Min atmospheric pressure 1/48

10 Mean atmospheric pressure 1/24

11
Solar

radiation
Global solar radiation 12/24
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Figure 2: CDFs for December daily global solar radiation for
Nanjing.

weather index is larger than that of the max and min weather
parameter, for example, 2/24 for Mean Relative Humidity
and 1/24 for Min Relative Humidity.

3.2. Final Selection of TMM. The final selection of the TMM
from the five candidate years involved a selection process
by Pissimanis et al. [29], simpler than the original Sandia
method. This method utilizes the root mean square differ-
ence (RMSD) of global solar radiation

RMSD =
⎡

⎢
⎣

∑N
i=1

(
Hy,m,i −Hma

)2

N

⎤

⎥
⎦

1/2

, (4)

where RMSD is the root mean square difference of global
solar radiation; Hy,m,i is the daily global solar radiation values
of the year y, month m, and day i; Hma is mean values of the
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Figure 3: The minimum RMSD and the selected years for each
month of the year.

long-term global solar radiation for the month m; N is the
number of daily readings of the month.

Moreover, the month with the minimum RMSD is finally
selected as the TMM.

4. Results and Discussion

Using the above modified TMY method, the typical mete-
orological years (TMYs) for the 35 stations listed in Table 1
are generated, consisting of the selected most typical years for
12 months. Furthermore, the detailed typical solar radiation
data sourced from the TMYs are analyzed in the following.

Table 3 shows a summary of the TMYs selected for the 35
stations in China. In the final selection, the month with the
minimum RMSD of global solar radiation is selected as the
TMM. The selected months for creating the TMY of Hami
and the minimum RMSD in the corresponding month are
shown in Figure 3. From Figure 3, the value of the RMSD of
global solar radiation varies between 0.92% (Dec of 2006)
and 5.30% (Jul of 1999). And it is obviously that several years
are used to form the typical months, and data of year 2000
and 2006 are more used than other years in the TMY of
Hami.

Although typical solar radiation data obtained from the
TMYs are formed for all the 35 stations in the research, owing
to space limitations, it is not practical to present all of them
in the paper. So, only typical solar radiation data of the Hami
station are shown in Figure 4. These data would be useful for
the designers of solar energy systems in China. In Figure 4,
the maximum and minimum values of daily global radiation
data are 30.80 MJ/m2 on July 6 and 3.87 MJ/m2 on December
18, respectively. Figure 4 shows the variation of typical solar
radiation data derived from the TMY data and the long-term
(1994–2010) measured data for Hami stations. It can be seen
that both the long-term and the typical solar radiation data
are variable and fluctuant through the year. Furthermore,
typical solar radiation data (green panes) and the long-term
recorded data are comparable in size.
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Table 3: Summary of the TMYs for the 35 stations in China.

Number Station Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1 Beijing 2007 1998 2004 1996 2010 1997 2001 2002 2000 2004 2004 2000

2 Changchun 2009 1997 2006 2007 1996 2001 2003 2008 2006 2006 2006 1999

3 Changsha 2004 1997 2007 2001 2004 2003 2008 2000 1998 2003 1999 2006

4 Chengdu 1998 1998 1996 2001 2002 2000 2000 2002 2000 2000 1999 1994

5 Dongsheng 1997 2006 2000 2007 1997 2006 2004 2005 2000 1998 2002 1999

6 Fuzhou 1999 2006 1995 1997 2002 1995 1998 2008 1998 2007 1999 1998

7 Guangzhou 1999 2003 2003 2006 2001 2007 2008 2003 1998 1999 1999 2004

8 Guiyang 1995 2002 2005 2008 2001 2007 2000 2007 2001 2007 2004 2005

9 Haikou 1994 1994 2001 1998 2004 2003 1998 1999 2000 1996 2005 1998

10 Hami 1994 2008 2009 2007 2001 2006 1999 2000 1996 1998 2000 2006

11 Hangzhou 2005 1994 2004 1999 1996 2000 2000 2008 2001 1997 2005 1998

12 Harbin 2003 1998 2005 1996 2001 1995 1998 2009 1996 2004 2009 1996

13 Hefei 2003 2006 2004 1997 2005 2003 2008 1996 2002 1994 1999 2009

14 Jiamusi 2009 1997 2000 2008 2001 1995 2010 2008 2002 2008 2009 2003

15 Jinan 1997 1997 2010 2007 2008 2010 2007 2001 1999 2005 2001 2006

16 Kashgar 2005 2004 2006 1998 1997 2005 2001 2003 2000 1998 1998 1997

17 Kunming 2003 1998 2001 2005 1995 2004 2000 1997 2005 2000 1998 2000

18 Lanzhou 2000 1997 2000 2000 2003 1998 2002 2000 2002 1998 1999 2003

19 Lhasa 2001 1996 2006 2008 1994 1994 1996 2005 2001 2000 2001 2001

20 Mohe 2010 1999 2006 2010 2010 1999 2006 2006 2007 1998 2005 2006

21 Nagqu 1995 2003 1995 1996 2000 1999 1998 2009 2008 1995 1998 1994

22 Nanchang 2010 1995 2004 1994 1998 2007 2008 2004 1996 2003 1999 1998

23 Nanjing 1997 1995 1995 2004 1997 2007 1995 1996 1996 1996 2001 1998

24 Nanning 2004 2002 2005 2000 2002 2000 2009 2004 2004 2010 2003 2004

25 Sanya 2002 2002 2001 2003 1998 2000 2000 1999 2004 1995 2002 1996

26 Shanghai 1997 1997 2004 2008 2000 1998 1998 2004 2003 1997 1999 1998

27 Shenyang 2009 1997 2004 2007 2006 1996 2005 2002 1995 2006 2006 1999

28 Taiyuan 1996 1995 2006 2006 2005 1998 1995 2009 2006 1999 2001 2003

29 Tianjin 2009 1999 2000 2004 2002 1997 2005 2002 1999 1999 2004 1999

30 Urumqi 1999 1996 2007 2004 2005 2006 1994 1995 2005 2008 2006 1996

31 Wuhan 1996 2000 2009 2001 1997 2003 2005 1995 2004 2008 1999 1998

32 Xian 1996 1996 1999 1995 1997 2003 2000 1999 1999 1996 2004 1998

33 Xining 2000 2001 2010 2000 2005 2009 2007 2002 2006 2008 2007 1997

34 Yinchuan 1998 2003 2000 2003 1997 2006 2001 1997 1999 2003 1999 2003

35 Zhengzhou 1997 1998 1995 1995 1997 1998 2002 1995 2000 2008 2001 1998

In order to find out which years tend to follow the long-
term weather patterns more closely than the others, the selec-
ted TMYs listed in Table 3 are investigated. The year selection
frequency for the TMYs derived from the period of 1994–
2010 is shown in Figure 5. In Figure 5, it is apparently that the
frequency occurrence of the year 1998 is up to 9.52% and the
year 2010 is only 2.38%. For intensive study, Table 4 gives a
summary of the times which the year is selected as the TMM.
Obviously, 1998 and 2010 are the most frequent year (40
times) and the least frequent year (10 times), respectively. In
each year during the period 1994–2010, the number of the
times vary from one month to another and 10 (November
of 1999) is the largest selected number. In other words, no

more than 10 stations are selected for the same month in any
particular year.

In addition, the accuracy of TMY data is excellent on
monthly bases. Figures 6 and 7 show the monthly mean val-
ues of the actual dry bulb temperature and global solar
radiation for eight stations (Guangzhou, Lhasa, Hangzhou,
Chengdu, Lanzhou, Tianjin, Hami, Harbin), respectively.
There are three monthly profiles in Figures 6 and 7, which
are determined by the long-term (1994–2010), the selected
TMMs, and the worst months (the month with the largest
RMSD value in the final selection of TMM). From Figures 6
and 7, it can be concluded that the monthly mean daily dry
bulb temperature and global solar radiation derived from
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Table 4: Frequency of a year being selected to provide a TMM.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total times

1994 2 2 0 1 1 1 1 0 0 1 0 2 11

1995 2 3 4 2 1 3 2 3 1 2 0 0 23

1996 3 3 1 3 2 1 1 2 4 3 0 3 26

1997 5 7 0 2 7 2 0 2 0 2 0 2 29

1998 2 5 0 2 2 4 5 0 3 5 3 9 40

1999 3 2 1 1 0 2 1 3 4 3 10 4 34

2000 2 1 5 3 2 4 6 3 6 3 1 2 38

2001 1 1 3 3 5 1 3 1 3 0 5 1 27

2002 1 3 0 0 4 0 2 5 3 0 2 0 20

2003 3 3 1 2 1 5 1 2 1 3 1 4 27

2004 2 1 6 3 2 1 1 3 3 2 4 2 30

2005 2 0 3 1 4 1 3 2 2 1 3 1 23

2006 0 3 5 2 1 4 1 1 3 2 3 4 29

2007 1 0 2 5 0 4 2 1 1 2 1 0 19

2008 0 1 0 4 1 0 4 4 1 5 0 0 20

2009 4 0 2 0 0 1 1 3 0 0 2 1 14

2010 2 0 2 1 2 1 1 0 0 1 0 0 10
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Figure 4: Variation of typical solar radiation data and long-term
(1994–2010) measured data for Hami station.

the TMY data represent good agreement with the long-term
recorded average data. Moreover, in Figure 7, in general, the
difference between the long-term measured data with the
TMY data is smaller than that of the worst months.

5. Conclusions

Typical solar radiation data are the key elements for the
applications of solar energy systems and building energy
simulation. A modified TMY method using the Finkelstein-
Schafer statistical to generate TMY data from the long-term
measured weather database is implemented at 35 stations in
China. In particular, eleven weather indices and the novel
assigned weighting factors are proposed and applied in this
research.
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Figure 5: Summary of year selection frequency for 1994–2010
TMY.

TMYs for 35 stations in China are investigated and gen-
erated based on the accurate and the most recent long-term
(1994–2010) measured weather data, such as dry bulb tem-
perature, relative humidity, wind velocity, atmospheric pres-
sure, and daily global solar radiation. Typical solar radiation
data obtained from the TMY data, with Hami as an example,
are presented and analyzed in this study. It is found that
the global solar radiation cumulative distribution functions
(CDFs) of the selected TMMs tend to follow their long-term
counterparts well. It is also seen that the year 1998 follows
the long-term weather patterns more closely than the others.
Moreover, there is a good agreement between the typical
solar radiation data and the long-term measured data on
monthly basis.
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Figure 6: Monthly mean daily dry bulb temperature for the long-term and for the selected TMMs at eight stations.
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Figure 7: Monthly mean daily global solar radiation for the long-term, for the selected TMMs, and for the worst months at eight stations.
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It is expected that the TMY data and typical soar radi-
ation data generated in this paper will exert positive effects
on some energy-related scientific researches and engineering
applications in China. Future researches will focus on the
TMY data and typical solar radiation data on a larger regi-
onal scale. We hope to report on these works in the near
future.
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E. Durán,1 J. M. Andújar,1 J. M. Enrique,1 and J. M. Pérez-Oria2
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A versatile measurement system for systematic testing and measurement of the evolution of the I-V characteristic curves of photo-
voltaic panels or arrays (PV generators) is proposed in this paper. The measurement system uses a circuit solution based on DC-DC
converters that involves several advantages relative to traditional methods: simple structure, scalability, fast response, and low cost.
The measurement of the desired characteristics of PV generators includes high speed of response and high fidelity. The prototype
system built is governed by a microcontroller, and experimental results prove the proposed measurement system useful. A virtual
instrument (VI) was developed for full system control from a computer. The developed system enables monitoring the suitable
operation of a PV generator in real time, since it allows comparing its actual curves with those provided by the manufacturer.

1. Introduction

The conversion efficiency of a solar cell is defined as the cell-
produced power (W) divided by the input light irradiance
(W/m2) in standard test conditions (STC : 1000 W/m2 and
25◦C) and the surface area of the solar cell (m2). Thus, con-
version efficiency depends on many factors such as irradia-
tion levels and temperature. Manufacture processes usually
lead to differences in electrical parameters, even within the
same type of cells. Moreover, if losses due to cell connections
in a module are taken into account, it is difficult to find two
identical PV modules.

On the other hand, the parameters provided by manu-
facturers of PV modules are measured in STC. However, such
conditions rarely occur in field. Therefore, the estimate of the
electrical characteristics of a module or array requires trans-
ferring these features to outdoor conditions, whose behavior
cannot be predicted reliably in actual operation (i.e., the
actual production of the PV facility).

Finally, measured by comparison over time, the real tem-
poral degradation of the modules of a PV facility allows real
production forecast and even manufactures claims for exces-
sive uncovered damage.

In view of the foregoing, only the experimental measure-
ment of the I-V and P-V curves allows us to get to know
with precision the electrical parameters of a photovoltaic cell,
module, or array. This measure provides very relevant infor-
mation for the design, installation, and maintenance of PV
systems [1, 2]. The experimental measurement of the I-V
characteristic is of great importance, as it can be considered
as a quality and performance certificate of every PV generator
[3, 4].

The main points of the I-V and P-V curves characteristics
are the short-circuit current (Isc) or the maximum current
at zero voltage, and the open-circuit voltage (Voc) or the
maximum voltage at zero current. For each point in the
I-V curve, the product of the current and voltage represents
the output power for that operating condition. The MPP
produced by the PV generator is reached at a point on
the characteristic where the product I-V is maximum (Pm
in Figure 1(b)). The fill factor (FF) is defined as the ratio
between Pm and the product Isc · Voc, which shows curve
squareness. Hence, Pm = Isc · Voc · FF: the closer to the
unit the fill factor is, the better cell quality will be. Typical
characteristic curves of a PV module are plotted in Figure 1,
with irradiance and temperature as parameters.

mailto:aranda@uhu.es
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Figure 1: Characteristic curves of a PV module.

The basic principle to measure the I-V curve of a PV
generator is based on the control of the current supplied
between the zero current point (Voc) and the short circuit
point (Isc). Different methods are proposed for this: variable
resistor, capacitive load, electronic load, bipolar power am-
plifier, and four quadrant power supply. However, the cost,
volume of measurements, speed, repeatability, accuracy, and
ease of use and maintenance of a test system are factors that
must be taken into account. An extensive review of different
methods for measuring I-V curves of PV generators can be
found in [5]. The most commonly used methods shall be
briefly discussed in this section.

The simplest way to measure the I-V curve of a PV
generator is to use a variable resistor R [6]. The value of R will
be varied in progressive steps from zero to infinity in order to
capture the points of the I-V curve from short circuit to open
circuit by measuring voltage and current in each step. This
method is only applicable to low-power PV generators due
to the rather limited availability of resistors for higher power.

The capacitive method [7] uses a capacitor as the load.
As the charge of the capacitor is increased, current drops
and voltage rises. When the charge is completed, the current
supplied by the PV generator becomes zero, and the open-
circuit condition is achieved. To obtain a reliable I-V curve
with the capacitor method, high-quality capacitors (low
equivalent series resistance) with small losses are required.

The electronic load method [8] uses a transistor (usually
a MOSFET) as the load. The resistance between drain and
source and the flow of the current supplied by the PV gen-
erator are modulated through the gate-source voltage. When
this method is used to trace the I-V curve of the PV genera-
tor, the MOSFET must operate in its three operation modes

(cut-off, active, and ohmic region). As a result, most of the
power delivered by the PV generator must be dissipated
by the MOSFET, which limits its application to medium
power.

The bipolar power amplifier method is based on a tradi-
tional class-B power amplifier that uses two BJTs transistors
as the load, for forward and reverse current, respectively. The
bipolar transistors must operate in their three operational
modes (cut-off, active, and saturation region). Therefore, as
in the electronic load method, most of the PV generator
delivered power must be dissipated by the transistors, thus
limiting their application to medium power.

A four-quadrant power supply [9] is used to simulate
real-world load characteristics for testing and evaluation of
DC power supplies and other sources with a DC output volt-
age such as fuel cell, PV generators, and batteries. These
loads can also be used to emulate the load reflected on high-
voltage DC bus in electric vehicles, hybrid electric vehicles,
and fuel cell vehicles. A four-quadrant power supply can be
seen as a power supply whose output can be varied by a
reference input signal or programmed to sweep a specific
range of values. These types of power supplies are intrinsi-
cally expensive. Furthermore, four-quadrant power supplies
working over 1 kW are limitedly available, so this method is
not applicable to measure an array of PV modules.

This work aims at contributing a new experimental
method for I-V curve measurement. It uses a new circuit
solution based on a controllable DC load implemented by
a single-ended primary inductance converter (SEPIC) [10].
The property of DC-DC converters to emulate a variable
resistance is used for this application [11]. When obtaining
the I-V curve of a PV generator, the most important param-
eter is the reliability with which the different points in this
curve are reproduced. Thus, DC-DC converter efficiency
becomes a secondary parameter in the proposed methodol-
ogy. However, the actual curve at the PV generator terminals
can be easily obtained from a quality curve and known
converter efficiency, which is immediate.

The control scheme of the developed system is imple-
mented in a cost-effective microcontroller PIC16F877 that
generates the PWM signal to set the converter switching fre-
quency. A sweep of the duty cycle allows capturing the above-
mentioned curve. The PIC microcontroller also re-ceives
the voltage and current samples generated at the output
terminals of the PV module, using the internal 8-channel
multiplexed 10-b A/D converter. These values are transferred
to a computer through an RS-232 protocol. Finally, a virtual
instrument (VI) was developed using NI LabVIEW software
to enable overall system control from a computer.

This paper is organized as follows. Section 2 analyzes
the capability of different topologies of DC-DC converters
for acting as resistance emulators. Section 3 describes the
proposed system as well as the measurement technique used
for capturing the I-V and P-V curves of a PV generator.
Moreover, the different advantages in terms of capture mode,
representation mode, controllable parameters, portability
and flexibility are shown. Section 4 is devoted to the experi-
mental validation of the developed prototype. Experimental
results validate the theoretical analysis. Section 5 includes a
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comparison between traditional methods and the solution
proposed in this paper. Finally, some conclusions are drawn
in Section 6.

2. DC-DC Converters as Emulators of
Variable Resistance

DC-DC converters can increase or decrease the magnitude
of the DC voltage and/or invert its polarity. This is accom-
plished by means of the pulse width modulation (PWM)
technique, usually by a constant frequency. The duty cycle
(D) is the ratio between time of conduction (TON) and
switching period (Ts). The three basic configurations of con-
verters (Buck, Boost, and Buck-Boost-Derived) are similar
to a DC transformer in both continuous and discontinuous
conduction mode (CCM and DCM). The relationship of
transformation in a DC transformer can be controlled
electronically by changing the duty cycle of the converter
within the range [0, 1]. Figure 2 shows the basic DC-DC
converters and the representation of input resistance versus
duty cycle for CCM. The relations between input resistance
(Ri is the emulated resistance at the output terminals of
the PV module), equivalent inductance (Leq), and the load
connected to the converter (R) can be obtained in both
CCM and DCM. The following expressions were obtained
assuming converters without losses and small switching
ripple magnitudes when compared to their respective DC
components.

2.1. Buck Converter (Figure 2(a)). The following is fulfilled
in CCM:

Vo = Vg
TON

Ts
= Vg ·D, Ig = Io ·D (1)

and in DCM:

Vo =
2 ·Vg

(

1 +

√

1 +
(

8 · Leq

)/
(R ·D2 · Ts )

) ,

Ig = 2 · Io(

1 +

√

1 +
(

8 · Leq

)/
(R ·D2 · Ts )

) .

(2)

Defining the effective resistance (Ri) as Ri = Vg /Ig , the
following is obtained:

Ri(CCM) = Vg

Ig
= R

D2
,

Ri(DCM) = Vg

Ig
= R

4

(

1 +

√

1 +
8 · Leq

R ·D2 · Ts

)2

,

(3)

where Leq = L for the Buck (single inductor) converter.
Therefore, the value of resistance Ri (CCM) must be within
the interval (Figure 2(g)), while the value of resistance
Ri (DCM) must be within the range: Ri ∈ [R/4 ·
(1 +

√
1 + 4K)

2
,∞), where K = 2 Leq/RTs.

This expression indicates that a Buck converter cannot
emulate smaller resistances than the load and, therefore, does
not reach values near the short-circuit current of the PV gen-
erator when used to obtain I-V curves.

2.2. Boost Converter (Figure 2(b)). The Following is Fulfilled
in CCM:

Vo =
Vg

1−D
, Ig = Io

1−D
(4)

and in DCM:

Vo =
Vg

2

⎛

⎝1 +

√
√√
√1 +

2R ·D2 · Ts

Leq

⎞

⎠,

Ig = Io
2

⎛

⎝1 +

√
√
√√1 +

2R ·D2 · Ts

Leq

⎞

⎠.

(5)

Now, the effective resistance (Ri) is given by

Ri(CCM) = R (1−D)2,

Ri(DCM) = Vg

Ig
= 4 · R
(

1 +
√

1 + (2 · R ·D2 · Ts)/Leq

)2 ,

(6)

where Leq = L for the Boost (single inductor) converter.
In this case, Ri (CCM) ∈ [0,R] (Figure 3(h)) and

Ri(DCM) ∈ [4 · R/(1 +
√

1 + 4/K)
2
, R]

This expression indicates that a Boost converter cannot
emulate greater resistances than the load and, therefore, does
not reach values near the open-circuit voltage of the PV
generator.

2.3. Buck-Boost-Derived Converters (Figures 2(c)–2(f)). The
following is fulfilled in CCM:

Vo =
∣∣
∣Vg

∣∣
∣

D

1−D
, Ig = Io

D

1−D
(7)

and in DCM:

Vo = D ·
∣
∣∣Vg

∣
∣∣

√
R · T
2 · L , Ig = D · Io

√
R · T
2 · Leq

. (8)

The effective resistance (Ri) is given by

Ri(CCM) = Vg

Ig
= R · (1−D)2

D2
,

Ri(DCM) = Vg

Ig
= 2 · Leq

D2 · Ts
,

(9)

where Leq = L for the Buck-Boost single inductor converter.
In this case, Ri(CCM) ∈ [0,∞) (Figure 2(i)) and

Ri(DCM) ∈ [(2Leq)/Ts,∞).
Therefore, these last configurations are capable of sweep-

ing the whole I-V curve of a PV generator in CCM, from
open-circuit voltage (Voc) to short-circuit current (Isc).



4 International Journal of Photoenergy

DC-DC converters Ri versus D in CCM
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Figure 2: Different topologies of converters and representation of input resistance versus duty cycle for CCM.

The previous analyses of the Buck, Boost, and Buck-
Boost-derived converters are summarized in Table 1. The
dimensionless parameter K is a measure of the tendency of
a converter to operate in DCM. Large values of K lead to

CCM, while small ones lead to DCM. The critical value of K
at the boundary between modes (Kcrit.) is a function of the
duty cycle. If K is over the unit, then the converter operates
in CCM for all duty cycles.
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Table 1: Values of Ri, Rcrit., and Kcrit. for different DC-DC converters.

Buck Converter Boost Converter Buck-Boost-derived Converters

Ri (CCM)
R

D2
R(1−D)2 R (1−D)2

D2

Ri (DCM)
R

4
·
(

1 +

√

1 +
4K
D2

)2
4 · R

(1 +
√

1 + 4D2/K)
2

K · R
D2

Kcrit. 1−D D(1−D)2 (1−D)2

Rcrit.
2 Leq.

(1−D)TS

2 Leq.

D (1−D)2 TS

2 Leq.

(1−D)2 TS

With K = 2 Leq

RTS
and

1
Leq

= 1
L1

+
1
L2

. DCM occurs for K < Kcrit. or R > Rcrit.
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Figure 3: Blocks diagram of the proposed system.

Considering previous discussion, it can be deduced that
the only topologies that are capable of accomplishing the
complete sweep of the I-V curve of the PV generators (i.e.,
from Voc to Isc) are those with Buck-Boost conversion ratio.
Several topologies such as Buck-Boost (single inductor),
Zeta, Cuk, and SEPIC provide the same conversion ratio
and input resistance. Nevertheless, the input current in
Buck-Boost and Zeta topologies is always discontinuous,
because the switch is connected in series with the panel, thus
causing significant harmonic components in the current and
therefore producing high input ripple and significant noise
problems. Cuk and SEPIC converters show nonpulsating
input current. Therefore, I-V curve sweeping is carried out
in a more reliable and less noisy manner. Consequently,
these topologies are more suitable. Actually, both topologies
present very similar characteristics: they use the same num-
ber of components, submit the switches to the same stress,
and provide similar efficiency. From an analytical point of
view, Cuk and SEPIC topologies are also similar. However,
link capacitor (C1) voltage must follow the input voltage for
the SEPIC converter. This means that the capacitor size can
be smaller, whereas, for the Cuk converter, it is the sum of the
input and output voltage. Equations for both converters are
identical.

3. System Overview

The block diagram of the proposed measurement system
is shown in Figure 3. It mainly consists of a SEPIC DC-
DC converter implemented with power MOSFETs, a low-
cost microcontroller (μC), a measuring board with voltage
and current sensors, and a gate-driver circuit. In general
terms, the system operates as follows: the SEPIC converter
emulates a resistor whose value is modified through the duty
cycle of the PWM signal. This control signal is generated by
the microcontroller, but its levels need to be adapted by a
circuit to drive the switch transistor of the converter. Power
MOSFETs (unlike bipolar transistors) have a considerable
gate capacitance that must be charged beyond the threshold
voltage. The gate-driver circuit provides a high output cur-
rent to charge this gate capacitance within the time required.
A measurement card formed by two Hall-effect sensors
captures the values of current and voltage generated by the
PV generator. This type of sensor was chosen because it needs
no connection, is cheap, accurate, fast, and noise-immune,
and has a wide bandwidth. Measurement with nonisolated
current sensors affects the reproduction of values close to
the short-circuit current (Isc). In the same way, measurement
with nonisolated voltage sensors affects the reproduction of
values near Voc. The analog values captured by sensors are
scaled and applied to an internal 8-channel multiplexed 10-
b A/D converter of the microcontroller and transferred to
a computer via an RS-232 serial port. A virtual instrument
(VI), developed using NI LabVIEW software and shown in
Figure 4, allows processing and graphic representation of the
mentioned voltage and current values. Moreover, the user
can control all system parameters from the computer.

3.1. Operating Modes. The VI in Figure 4 was designed
to facilitate system configuration. Control parameters were
grouped and framed according to their purpose: operating
modes, communication via serial port, PWM signal config-
uration, capture of information, and graphic representation.
The system presents two operating modes denoted as “Trac-
er” and “Generator.”

Tracer Mode. This is the main operating mode, since it allows
all the required functions. The control block governed by
the microcontroller generates the PWM signal whose main
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parameters (frequency, duty cycle, and sweep time) can be
adjusted by the user from the front panel. This signal is
applied through a driver circuit to the DC-DC converter.
Next, the levels of current and voltage generated by the PV
generator are captured by Hall-effect sensors, processed by
the microcontroller, and transferred to the computer via the
serial port. Then, this information is graphically depicted in
the user environment showing the I-V and P-V curves. The
number of captured samples of voltage and current can also
be fixed by the user.

Generator Mode. It constitutes an alternative operating
mode where the user configures the parameters of the PWM
signal that is generated by the microcontroller and applied to
the converter. Unlike the “Tracer Mode,” the levels of current
and voltage generated by the PV generator are not captured
by Hall-effect sensors and are not therefore sent to computer
for graphic representation. Its main utility is that it allows
the system to continue performing without the measuring
card depicted in the block diagram in Figure 3. In this case,
I-V curves could be captured and evaluated for direct display
with another measurement system or equipment (e.g., an
oscilloscope equipped with a current probe).

3.2. Additional Properties. The PWM signal is generated with
the Capture/Compare/PWM (CCP) modules of the micro-
controller. Each module has a 16-bit register that must be
configured. The PWM period is specified by writing to the
PR2 register and is given by.

PWM Period = [(PR2) + 1]4TOSC(TMR2 Prescale Timer).
(10)

“TMR2 Prescale Timer” can be set at 1, 4, or 16. TOSC

is the microcontroller clock period (FOSC = 20 MHz).
Therefore, the PWM frequency can be adjusted between
1.22 kHz (for PR2 = 0 and Prescale Timer = 1) and 5 MHz
(for PR2 = 255 and Prescale Timer = 16). Next, the fixed
PWM duty cycle (D) is specified by writing to the CCPR1L
register and two bits of CCP1CON 〈5 : 4〉 register as

PWM Duty Cycle = (CCPR1L : CCP1CON〈5 : 4〉)
· TOSC · (TMR2 Prescale Timer).

(11)

The microcontroller firmware was developed using C
compiler from Microchip.

The VI allows configuring the PWM signal from the com-
puter as follows: first, the user sets a switching frequency
(from 1.22 up to 5 MHz) and a duty cycle between 0 and 1.
Moreover, the user can set the duty cycle sweep (DCS)
and sweep time. When a DCS between 0% and 100% is
chosen, the time of conduction TON increases from 0 to 1
at regular time intervals, and when TON is equal to the
switching period (Ts), TON = Ts, DCS starts to decrease. This
process continues cyclically. These regular time intervals can
also be set by the user. The sweep up and down presents
the advantage that the I-V curve of the solar panel can be

Table 2: Electrical characteristics of the Isofoton I-94/12 module.

Open-circuit voltage Voc = 19.8 V

Short-circuit current Isc = 6.54 A

Maximum power Pm = 94 W

Max. current at MPP Im = 5.88 A

Max. voltage at MPP Vm = 16 V

drawn in both directions: from the open-circuit voltage (Voc)
to short-circuit current (Isc) and vice versa. This will allow
studying the hysteresis effect due to capacitive effects. A novel
characteristic of this system is that the DCS can be configured
for values different from 0 and 1 (e.g., a duty cycle sweep for
D between 0.3 and 0.8). The advantage is that the I-V curve
can be depicted by zones, or even an only point of the curve
(e.g., D from 0.41 to 0.42) can be depicted.

The sweep period (TSWEEP) can be obtained by the
expression:

TSWEEP = Ts

4 TOSC

[
tDelay + Ts

]
, (12)

where TOSC is the clock period for the microcontroller
(FOSC = 20 MHz), TS is the switching period, tDelay is the
regular time interval chosen, and TSWEEP is the time of sweep
obtained. For example, this equation establishes a TSWEEP

of 208 ms, with a delay time (tDelay) of 1 ms and 200 steps
for a DCS between 0% and 100%. For a DCS between 0%
and 50%, half of the time is taken (104 ms) to cover twice
the previous frequency. Note that if delay time is zero, DCS
time would then be only 8 ms (each step or increase of
TON is realized every 40 μs), which is a too fast time to
be represented by many measurement systems. A complete
description of the microcontroller-based DCS to obtain the
I-V curve of PV modules can be found in [12].

Finally, the developed measurement system presents
other properties such as its capacity for processing the large
number of captured points by implementing a polynomial
approximation with NI LabVIEW software (see curves in
Figure 4). Additional information on Voc, Isc, maximum
power point (MPP), and fill factor (FF) is also provided by
the VI, as shown in Figure 4.

4. Experimental Results

For experimental measurements, a SEPIC converter was
connected to an Isofoton I-94/12 module with the electrical
characteristics reported in Table 2. These measurements were
completed in standard conditions (irradiance 1000 W/m2

and 25◦C cell temperature).
Figure 5 shows the laboratory experimental prototype

developed to obtain the results described in this paper,
where a vertical implementation was chosen. The prototype
was developed to measure I-V curves of PV modules of
similar electrical characteristics to I-94/12 (the scaling of
the system developed for higher power is immediate, since
its architecture and mode of operation remain unchanged).
For selection of the link capacitor C1 in a conventional
SEPIC converter, it is assumed that voltage in this capacitor
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Figure 4: Virtual instrument based on LabVIEW interface.

Figure 5: PCBs of the prototype.

must be constant. When the prototype operates as a tracker
of PV curve, the capacitor voltage is under the following
two conflicting constrains: (1) presenting a nearly constant
value within a switching period and (2) following the
input voltage in the sweep period of the I-V curve of
the PV generator (sweep frequency, ωSWEEP). Therefore, the
resonant frequency (ωr) of C1, L1, and L2 must be greater
than the sweep frequency to avoid input current oscillations.
Besides, ωr must be lower than the switching frequency (ωS)
to assure almost constant voltage, and the resonant frequency
must be such that the converter operation mode is neither
DQRM (discontinuous quasiresonant mode) nor DCVM
(discontinuous-capacitor-voltage mode), that is

ωS > ωr > ωSWEEP, with

ω2
r =

1
C1(L1 + L2)

, C1 >
D2 Ts

2 R
.

(13)

If fS = 100 fr and fr = 10 fSWEEP are chosen, with a
switching period (Ts) of 40 μs, then the previous inequalities
are satisfied for C1= 470 μF.

The selection of the inductors L1 and L2 is made using
the desired ripple value of the input current. Its peak-to-peak
value is given as

ΔiL1 =
Vg

L1
DTs. (14)

Its maximum value occurs for D = 1 and Vg = Voc.
Therefore, L1 can be obtained considering the specified
maximum current ripple. The value of ΔiL1 is commonly a
percentage of the value of average input current. It is unde-
sirable to allow ΔiL1 to become too large, as it would increase
the peak currents of the inductor and semiconductor
switching devices, thus increasing their size and cost. We have
considered Leq = 160 μH and L1 = 800 μH, which provides a
smaller maximum ripple than Isc with L2 = 200 μH.

The selection of the load resistance R is realized to
operate in CCM. The following inequalities must be held (see
Table 1):

K > Kcrit. =⇒
2 Leq

RTs
> (1−D)2. (15)

The previous must also be fulfilled for D = 0:

2 Leq

Ts
> R. (16)

Selecting a switching period (Ts) of 40 μs, the above
inequality is satisfied for R = 5Ω.

The power dissipated by load resistance R can be
evaluated considering that it is equal to that produced for the
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Table 3: Electrical characteristics of the components used for the
SEPIC Converter.

Schottky Diode MBR 1045 45 V, 10 A, 0.45 V at 6 A, 100◦C

MOSFET MTP 15N06VL 60 V, 15 A, 85 mΩ

L1 CH 820088 820 μH, 8.8 A, 110 mΩ

L2 CH 220086 220 μH, 8.6 A, 42 mΩ

C1 TK series 470 μF, 25 V

C2 TK Series 330 μF, 25 V

R ARCOL 4.7Ω, 25 W

PV generator during the sweep time (assuming converters
without losses). The voltage and the current at the PV gen-
erator terminals make a transition between Voc and Isc

points. The current shows a rise time (the voltage falls) ap-
proximately equal to the sweep period (TSWEEP) and can be
integrated to find the power dissipated by load resistance R.
The average power of the load resistance R can be obtained
by means of the following general equation:

PR = Voc Isc

a

trise

TSWEEP
, (17)

where trise is the rise time of the current (fall time of the
voltage) and a can be defined as a transition parameter: For
linear transition a = 6 and for rectangular transition a = 2.

Considering trise ≈ TSWEEP, a = 5, Voc = 19.8 V, and
Isc = 6.54 A, the average power dissipated by load resistance
R is approximately 25 W.

The standard components used in the implementation of
the SEPIC converter are summarized in Table 3.

Table 4 shows the most important electrical parameters
of the components used in the implementation of the control
circuit and the measuring card, which includes the sensors
and operational amplifiers used for signal conditioning.

To ensure appropriate performance of the proposed
system when measuring the I-V and P-V characteristic of
PV modules, a comparison is made between the measure
provided by an oscilloscope and the one monitored with
NI LabVIEW interface, for the same module and climatic
conditions. Thus, a LeCroy 500 MHz oscilloscope was used
for measuring the experimental results. Figure 6 shows the
measures of voltage, current, and power at the PV module
terminals (during two sweep cycles) provided by the afore-
mentioned oscilloscope and the developed system. Exper-
imental results are in good agreement in both measures,
as it can be deduced from the results of the voltage-cur-
rent products given in the oscilloscope screenshot. Good
similarity is achieved between both measures. Similar results
are achieved for the three main points: Voc = 17 V, Isc = 6 A,
and Pm = 71 W, with FF = 66, in these conditions.

An additional property of the implemented system is its
ability to reproduce a piecewise of these curves, as the control
circuit allows configuring the duty cycle sweep (DCS) for
values different from 0 and 1. Figure 7 shows a segment of
the I-V curve for the PV module around Voc, when DCS is
performed from 0 to 50% of the duty cycle, for this DCS,
half of the necessary time (approximately 104 ms) to cover

Table 4: Electrical characteristics of the components used in the
control circuit board and the measuring card.

μController PIC 16F877 40-Pin 8-Bit CMOS Flash

Communication
series

MAX 232
Multichannel RS-232,
Driver/Receiver

Current sensor
LEM-LA
55-P/SP1

Closed Loop Hall Effect
Current Sensor

Voltage sensor LEM-LV 25-P
Closed Loop Hall Effect
Voltage Sensor

Operational
amplifier

OP-270 Monolithic Dual OPAM

Isolated 3 W dual
output

TEL 3–1222
DC-DC Converter,
DIL-24 Plastic Package

twice the frequency obtained in Figure 6 (208 ms). Note that,
as in this zone of the curve, there is a little voltage variation,
whereas the current shows great variation. In this zone, the
PV module works like a voltage source. Figure 8 shows a
piecewise of the I-V curve around Isc and Pm when DCS is
performed from 50 to 100%. The PV module characteristic is
described just in the region where the maximum power point
is placed in. In the Isc zone, there is a little current variation,
whereas the voltage shows great variation. In this zone, the
PV module works like a current source.

5. Discussion

In order to emphasize the properties of the developed system,
a general comparison of the most commonly used methods
is provided. The comparison is carried out with the following
fundamental parameters for measurement systems.

Flexibility. Flexibility is an important factor of comparison.
The proposed method based on DC-DC converters allows
configuring sweep speed and direction. By modifying the
duty cycle, specific zones of the I-V curve can be partially
examined. It can be operated continuously around the max-
imum power point of the photovoltaic module under test.
With a four-quadrant power supply, a partial reproduction
of the I-V curve is also possible, but requires a complex
programming of the signal. The methods based on electronic
load also show high flexibility, but the reproduction of points
around the MPP requires excessive power dissipation, espe-
cially with high-power generators, since transistors operate
in their linear zone. In the capacitive load method, the I-V
curve reproduction is not cyclic, so a direct visualization or a
partial reproduction of the I-V curve is not possible.

Modularity. Scalable and modular instrument configuration
is also an important parameter for comparison purposes.
The method based on DC-DC converters allows system
expansion by just connecting DC-DC converters in parallel.
In the development of new paralleling techniques for DC-
DC converters, interleaved power conversion is one of
the most promising recently reported alternatives. This
technique consists of phase shifting the control signals
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(a)

(b)

Figure 6: (a) Current (Channel C1: 2 A/div, 100 ms/div), voltage (Channel C2: 5 V/div, 100 ms/div), and power (Math C1∗C2: 43 W/div,
100 ms/div) measurement. XY representation. (b) I-V and P-V curves obtained by means of the proposed system. DCS from 0 to 100%.

of several converters in parallel operation at the same
switching frequency. As a result, the input current shows
lower ripple amplitude. However, the interleaving technique
requires increased circuit complexity (greater number of
components and further auxiliary circuitry). In this case, a

microcontroller with several independent timers capable of
generating the different PWM signals could be used.

Both the capacitive load and the electronic load methods
involve difficulties when the power of the tested PV generator
increases. The main design concerns are speed and power
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(a)

(b)

Figure 7: (a) Current (Channel C1: 2 A/div, 100 ms/div), voltage (Channel C2: 5 V/div, 100 ms/div), and power (Math C1∗C2: 43 W/div,
100 ms/div) measurement. XY representation. (b) I-V and P-V curves obtained by means of the proposed system. DCS from 0 to 50%.

dissipation. In the case of a four-quadrant power supply,
modularity is only possible with some manufacturers, pro-
viding a way to combine several supplies and allowing
controlling them like a single supply, thus involving increased
cost.

Fidelity. Method reliability is hard to evaluate because it
largely depends on the data acquisition system. However,
with the method based on DC-DC converters, high fidelity
is achieved even for high speed sweeping. An exhaustive
analysis of the reviewed methods reveals that it is difficult to
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(a)

(b)

Figure 8: (a) Current (Channel C1: 2 A/div, 50 ms/div), voltage (Channel C2: 5 V/div, 50 ms/div), and power (Math C1∗C2: 43 W/div,
50 ms/div) measurement. XY representation. (b) I-V and P-V curves obtained by means of the proposed system. DCS from 50 to 100%.

reproduce the exact point of zero voltage (Isc). In the method
based on DC-DC converters, it is due to the nonidealities
of the components; moreover, it is less noticeable as short
circuit current decreases. This proves that the effect presents
a resistive feature mainly related to the MOSFET-associated

resistance in conduction and to the inductance L1-associated
resistance. These nonidealities can also be observed not to
excessively degrade the reproduction of the panel’s I-V curve,
mainly because—in the area where they appear—both the
curve’s slope and current variation are virtually null. In
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Table 5: Comparison between different methods.

Flexibility Modularity Fidelity Fast Response Direct Display Cost

Variable resistor Medium Medium Medium Low No Low

Capacitive load Low Low Medium Low No High

Electronic load High High Medium Medium Yes High

Bipolar power amplifier High High High Medium Yes High

4-Quadrant power supply Low Low High High No High

DC-DC converter High High High High Yes Low

this area, the photovoltaic module can be compared to a
constant current source of Isc value, and so its effect can
be considered irrelevant. This effect is significantly mini-
mized by connecting several inductors and MOSFETs in
parallel. The four-quadrant power supply method only needs
an interpolation around zero volts. Interpolation can also
be applied in the capacitor method, but only if a prior
negative charge is imposed. With the variable resistor and the
electronic load methods, extrapolation is necessary.

Fast Response. A fast response of operation is particularly
interesting because it ensures that all points in the curve
are obtained with the same climatic conditions. The highest
requirements of operation speed for I-V measuring systems
are necessary to measure accuracy both in laboratory
(indoor) and field (outdoor). For the sake of accuracy,
ambient conditions must not change significantly between
the I-V curves traced. Besides, fast response of operation
reduces overheating and the size of the components and
the load. Both the four-quadrant power supply and DC-DC
converters methods give a fast response of operation. Thus,
the entire I-V curve can be determined within a few hundred
milliseconds. In the capacitor method, the charging capacitor
time is directly proportional to the value of the capacitor and
the open-circuit voltage of the PV generator and indirectly
proportional to the short-circuit current of the PV generator.
Furthermore, the higher the speed of the measuring system
is, the smaller the size of the required capacitor shall be.
Nevertheless, the capacitor method requires discharging the
capacitor before any further measurement; this extra time
renders the capacitive method slower. The operation times of
the capacitor method are usually below 1 s. In the electronic
load methods, greater dispersion in measurement times is
observed, depending of waveform at the terminals of gate
or base for transistors (lineal ramp, sinusoidal, etc.) and
also the type of control (with or without feedback). This
means that the measuring time needed by some electronic
loads is sometimes comparable to that reported in the four-
quadrant power supply method and some others similar to
that reported in the capacitor method.

Direct Display. It provides the opportunity for a quick first
test of the module. However, not all methods allow direct
display. The I-V curve reproduction is not cyclic in the
variable resistor and capacitive load methods, and, therefore,

direct display or partial reproduction of the curve cannot be
achieved.

Cost. Usually a good cost evaluation can be made by know-
ing the features of the data acquisition system, the analog
or digital technique used, whether it requires software and
programming, and the number of sensors. Eliminating cur-
rent and voltage sensors leads to considerable cost reduction.
The capacitive load method requires speed of acquisition and
memory storage within the instrument, thus being costly.
Perhaps the best way to evaluate all methods in terms of cost
is taking into account all the previous features as a com-
plete set. Thus, the method based on DC-DC converters is
less expensive because it is flexible, modular, and reliable.
Furthermore, it provides high-power density and allows
direct display of the I-V curve.

Table 5 summarizes the properties of each method. Note
that the method based on DC-DC converters shows features
that make it preferable for the measurement of the I-V curve
of photovoltaic modules. A drawback of DC-DC converters
is the current ripple by the inductor due to the switching
technique that does not exist in the classical methods.
Nevertheless, some techniques developed to reduce the ripple
include coupled inductors and interleaved DC-DC con-
verters. Moreover, a DC-DC converter provides high power
density, can be operated in parallel for higher power ratings,
and can be easily reconfigured to obtain a wide variety of
ratings.

6. Conclusions

A complete experimental system to monitor PV generators
based on SEPIC converters is presented in this paper. A
microcontroller generates the control signals for the DC-DC
converter and receives the current and voltage samples of the
solar panel. These samples are transferred via a serial port to
a PC, where a virtual instrument was developed to control
all system parameters. The prototype can measure the I-V
characteristic curve of PV generators in both directions, from
either short-circuit current Isc to open-circuit voltage Voc or
from Voc to Isc, several times per second, which ensures that
all points of the curve are obtained with the same climatic
conditions. Experimental results agree with the theoretical
analysis performed for the development of this methodology.
The proposed method is compared to traditional ones. This
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method is proven to offer new possibilities for measuring the
I-V curve of a PV generator, as it is both quicker and cheaper
than conventional methods.

Finally, knowledge of real curves of a module or array
enables to get to know their actual production and, by
comparing the curves over time, to assess their degree of
degradation by weathering.
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and J. M. Andújar, “Different methods to obtain the I-V curve
of PV modules: a review,” in Proceedings of the 33rd IEEE
Photovoltaic Specialists Conference (PVSC ’08), San Diego,
Calif, USA, 2008.

[6] E. E. Van Dyk, A. R. Gxasheka, and E. L. Meyer, “Monitoring
current-voltage characteristics and energy output of silicon
photovoltaic modules,” Renewable Energy, vol. 30, no. 3, pp.
399–411, 2005.
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In order to compensate for the inconvenience and instability of outdoor photovoltaic concentration test system which are caused by
the weather changes, we design an indoor concentration test system with a large caliber and a high parallelism, and then verify its
feasibility and scientificity. Furthermore, we propose a new concentration test method: the discrete spectral local measurement
method. A two-stage Fresnel concentration system is selected as the test object. The indoor and the outdoor concentration
experiments are compared. The results show that the outdoor concentration efficiency of the two-stage Fresnel concentration
system is 85.56%, while the indoor is 85.45%. The two experimental results are so close that we can verify the scientificity and
feasibility of the indoor concentration test system. The light divergence angle of the indoor concentration test system is 0.267◦

which also matches with sunlight divergence angle. The indoor concentration test system with large diameter (145 mm), simple
structure, and low cost will have broad applications in solar concentration field.

1. Introduction

Solar energy is a kind of renewable, clean energy which is
largest and most widely distributed in the world [1]. Its main
applications are the thermal power generation [2, 3] and the
photovoltaic power generation [4, 5]. However, the high cost
of photovoltaic power generation leads to its failure to domi-
nate the market. The most effective way to reduce the cost of
photovoltaic power generation is to use inexpensive optical
concentration elements [6] to converge the sunlight to the
small solar cells. This method can improve the concentration
efficiency and reduce the cost of photovoltaic power gen-
eration. The Fresnel concentrator [7] with small size, light
weight, and low cost can make optical concentration system
to achieve miniaturization, integration, and economization.
Therefore, the Fresnel concentrators have been widely used
in solar energy fields.

The performance test of concentration system is crucial,
because it can provide the feedback as the guide of design
and manufacture. And we can improve the design and

process according to the results. The currently test methods
of concentration system are mainly the outdoor sunlight
test [8] and the indoor solar simulator test. Although
the outdoor test has real sunlight spectrum and light
intensity distribution, the test results are unstable because of
the influence of weather and environment. A solar simulator
[9] is selected as the test source of indoor concentration
test system. The solar simulator has been mainly used in
solar cell test [10], space environment simulation, aging test,
and so on. Because of the complexity, high cost, and large
light divergence angles (6◦ ∼ 10◦) of the solar simulator, it is
not suitable for testing photovoltaic concentration systems.
Up to now, there is no special equipment for testing the
concentration system in the market. In this paper, we design
an indoor concentration test system with large diameter
(145 mm) and high parallelism (light divergence angle is
0.267◦) which can test the performance of concentration
system. Thus, the indoor concentration test system will
have broad applications in the concentration photovoltaic
field.
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2. Indoor Concentration Test System and
Discrete Spectral Local Measurement Method

2.1. Design of Indoor Concentration Test System. The indoor
concentration test system is composed of a light source, fil-
ters, a collimator, a stop, and a detector, as shown in Figure 1.
The combination of a filter and the light source produces
a monochromatic light, and we can adjust the collimator
(see Figure 2, tan θ = b/a) and make the divergence angle
of exit light equal to 0.267◦ (θ = 0.267◦). Concentration
system converges the collimated rays to the detector, and
we can obtain the power and illumination distribution of
concentration spot from the detector.

2.2. Discrete Spectral Local Measurement Method. In this
paper, we present a new concentration measurement meth-
od: the discrete spectral local measurement method. Most
energy of the sun is concentrated in the spectral range from
350 nm to 1850 nm, we choose wide-spectrum light source
and narrow band filters to produce monochromatic light.
The wavelength of monochromatic light distributes in the
range from 350 nm to 1850 nm. The weight of measured ring
is the ratio of the area of measured ring to the whole area
of Fresnel concentrator. The superposition of the product
of the local concentration efficiency of monochromatic light
and the weight of corresponding measured ring is defined
as the average concentration efficiency of monochromatic
light. The superposition of the average concentration effi-
ciency multiplied by corresponding normalized weight of
a variety of monochromatic light in the solar spectrum
equals the whole concentration efficiency. We may measure
the concentration efficiency of solar concentration system
by using indoor concentration test system. We can analyze
the scientificity and feasibility of the discrete spectral local
measurement method through experimental test results
compared with the theoretical simulation results.

3. Software Simulation

3.1. Theoretical Analysis of Concentration Ratio of Nonimaging
Optics. The concentration ratio of nonimaging optics is
divided into geometry concentration ratio (Cg) and optical
concentration ratio (Co). Geometry concentration ratio is
defined as the ratio of the incident aperture area (S1) and
the exit aperture area (S2) of the concentration system.
Concentration efficiency (η) is the ratio of the optical power
(φ2) at the exit aperture and the optical power (φ1) at
the incident aperture. Geometry concentration ratio (Cg)
multiplying concentration efficiency (η) equals the optical
concentration ratio (Co) [11], as shown in Figure 3

Cg = S1

S2
, (1)

η = φ2

φ1
, (2)

Co = φ2/S2

φ1/S1
= Cg ∗ η. (3)

Divergence
angle 0.267◦

Source Collimator Stop Detector

Concentration
system

Filter

Reflector

Figure 1: Schematic diagram of concentration test system.
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b

Collimator

Pinhole

Spot
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Figure 2: Schematic diagram of regulation collimator.

φ1 φ2

S1

S2

Figure 3: Schematic diagram of geometrical concentration ratio
and optical concentration ratio.

The two-stage Fresnel concentration system which is com-
posed of Fresnel concentrator and light funnel is selected as
tested object. We model the two-stage Fresnel concentration
system by the optical analysis software. The material of Fres-
nel concentrator is polymethylmethacrylate (PMMA) with a
refractive index of 1.5, a relatively low density, high trans-
mittance (The transmittance is higher than 92% in the scope
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of 300 nm to 2000 nm wavelength), excellent optical perfor-
mance, and lower cost. The light funnel can collect all of the
concentrated rays, so it will avoid energy loss. The geomet-
rical concentration ratio of the two-stage Fresnel concentra-
tion system is 165X according to (1). The nonimaging Fresnel
concentration system [12, 13] has no fixed focus, and it
does not require image quality and rectification aberrations;
however, it need to pay more attention to the concentration
efficiency and the irradiation distributions of concentration
spot.

3.2. The Distribution of Concentration Spot. We select LED
as the source of the concentration test system. The spectral
range of LED is 400 nm∼ 800 nm. Monte Carlo ray tracing
method is used for analysis concentration efficiency and irra-
diation distributions of concentration spot. The simulation
results are shown in Figures 4 and 5.

The concentration efficiency of the two-stage Fresnel
concentration system is 88.623%. The optical concentration
ratio of the two-stage Fresnel concentration system is 146X
according to (3). X-axis of Figure 5 represents the position
coordinates of vertical and horizontal directions which pass
though the center of the receiver and the unit is millimeter.
Y -axis represents the value of irradiation distributions; the
unit is W/m2. The blue curve represents irradiation distri-
butions curve in the horizontal direction. The green curve
represents irradiation distributions curve in the vertical
direction. It can be seen from Figure 5 that the unifor-
mity of central region (−2 mm∼ 2 mm) is 96% according
to (4), where U : the uniformity, Eave: average illumination,
and Emax: max illumination, so it is very uniform. The
irradiation value decreases from the center to the edge of the
receiver.

U = Eave

Emax
. (4)

3.3. The Transmittance and Concentration Efficiency of Several
Monochromatic Lights. We choose a wide spectrum source
and several narrow band filters to simulate the monochro-
matic light. LED with 400 nm∼ 800 nm spectral scope is
selected as the source according to the laboratory existing
conditions. Several monochromatic lights are obtained, re-
spectively, as the source of concentration test system to sim-
ulate the concentration efficiency. Firstly, 423 nm monochro-
matic light is selected as a simulation source, and then,
analysis of local concentration efficiency and transmittance
of Fresnel concentration system by optical analysis software
is done. The simulation results are shown in Table 1.

According to local transmittance, local concentration ef-
ficiency and their position weight, the average transmittance
and concentration efficiency can be calculated as

T =
∑4

i=1ti ∗ π
(
r2
i+1 − ri2

)

S
, (5)

η =
∑4

i=1ηi ∗ π
(
r2
i+1 − ri2

)

S
, (6)
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where T is the average transmittance of monochromatic light
in (5); η is the average concentration efficiency of monochro-
matic light in (6); ti and ηi are the average transmittance and
concentration efficiency in the ring area from radius ri to ri+1,
respectively; S represents the area of a circle of radius 70 mm.
r1 = 0; r2 = 10; r3 = 30; r4 = 50; r5 = 70. The average
transmittance is 91.10% according to (5). The average
concentration efficiency is 89.57% according to (6). We use
the same method to simulate the average transmittance and
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Table 1: The local transmittance and concentration efficiency of concentration system through software simulation.

Position (mm) x = −60 x = −40 x = −20 The
center

x = 20 x = 40 x = 60 y = −60 y = −40 y = −20 y = 20 y = 40 y = 60 Average

Transmittance % 91.02 91.15 91.22 91.27 91.22 91.14 91.02 91.03 91.13 91.25 91.25 91.15 91.02 91.10

Efficiency % 89.24 90.77 88.31 88.58 88.30 90.77 89.24 89.23 90.78 88.30 88.29 90.76 89.24 89.57

Table 2: The transmittance and concentration efficiency of concentration system for different monochromatic light.

Wavelength (nm) 423 nm 490 nm 510 nm 525 nm 615 nm 700 nm 785 nm

Transmittance of simulation % 91.10 91.21 91.21 91.21 91.22 91.22 91.22

Efficiency of simulation % 89.57 89.57 89.57 89.57 89.57 89.57 89.57

Normalized weight Wi 0.0649 0.1658 0.2325 0.3319 0.1817 0.0226 0.0006

the concentration efficiency of other monochromatic light.
The data is shown in the Table 2 as details.

3.4. Verification of the Discrete Spectral Local Measurement
Method. The simulated concentration efficiency of Fresnel
concentration system is 88.623% by the optical analysis
software Tracepro, it is shown in Figure 4. The superpo-
sition of concentration efficiency of each monochromatic
light multiplied by the weight wi equals the concentration
efficiency of the whole spectral scope. The concentration
efficiency is 89.57% according to (7)

η =
∑

i

ηi ∗ wi, (7)

where, ηi represents the average concentration efficiency of
each monochromatic light; wi represents the weight of each
monochromatic light in the whole spectrum. And their
values are shown in Table 2.

The concentration efficiency of the two-stage Fresnel
concentration system [14] by the discrete spectral local mea-
surement method is higher than that by LED whole spectrum
method according to the simulation results. The difference
between them is 0.947%. The deviation of them comes
mainly from two aspects. Firstly, seven kinds of monochro-
matic light are selected only according to the existing condi-
tions of laboratory. Small number of monochromatic light
causes low accuracy. Secondly, sampling measured points
are not enough (13 sampling measured points are selected),
which lead to low measured accuracy also. If the number of
monochromatic light and the sampling measured points are
enough, the weight of monochromatic light and the average
concentration efficiency will be more accurate.

4. Experiments

4.1. Indoor Concentration Test Process and Experimental De-
vice. Figure 6 is the flow chart of the experimental test. LED
source with 400 nm∼ 800 nm spectral scope and seven nar-
rowband filters produce monochromatic light. We can con-
trol the divergence angle of incident light and make it to be
0.267◦ by adjusting the collimator. The control process of
divergence angle of incident light is shown in Figure 2. The
focal length of collimator is that, F = 1600 mm, D/F = 1/11,

Collect the
spot image
with CCD

Measure
local

Measure
local

efficiency

Calculate the
average of

transmittance

transmittance

and efficiency
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average of
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and efficiency

Change
different filter
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Figure 6: The flow chart of experimental test.

5
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3 2 18 7 6

Figure 7: Physical map of indoor concentration test system. 1. LED
source; filter, 2. collimator, 3. fiber spectrometer, 4. stop, 5. fresnel
concentration system, 6. light funnel, 7. opal glass, and 8. CCD
camera.

and the aperture D = 145 mm. The indoor experimental
devices are shown in Figure 7.

4.2. The Uniformity of Concentration Spot Distribution. The
CCD camera (AVT Stingray F046B) is used to collect the
image information of concentration spot. The strong irra-
diance of concentration spot makes CCD camera saturated
so that it cannot accurately capture the image information.
An opal glass (Edmund NT43-718) is placed at the focus
plane which decreases the intensity of concentration spot to
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the same extent. The CCD camera is used to collect image
information of concentration spot on the condition that the
CCD camera does not reach saturation. The opal glass is a flat
glass which is coated a layer opal film. There are some tiny
particles in the opal film, and each tiny particle is equivalent
to a point source when the tiny particle is illuminated. The
light scattered from the particle which is lighted by the bright
light is brighter than the other locations, and the light scat-
tered by the particles superimposed on the receiver. So, the
opal glass does not destroy holistic illumination distribution
but makes local illumination uniformly distribution.

Figure 8 is the image of collected concentration spot;
Figure 9 is a contour of concentration spot. The two axes
denote the size of concentration spot in the Figure 9. Dif-
ferent colors represent different gray values. The irradiation
distribution in the center of the concentration spot is rela-
tively uniform, and the irradiation only decreases at the edge
of the concentration spot.

The horizontal axis represents horizontal position coor-
dinate of the concentration; the vertical axis represents the
gray value of concentration spot in the Figure 10. The hori-
zontal axis represents vertical position coordinate of the con-
centration; the vertical axis represents the gray value of con-
centration spot in the Figure 11. The illumination is relatively
uniform in the central region (−2 mm∼ 2 mm) of concen-
tration spot both in the horizontal and vertical direction.
The Illumination decreases from the center region area with
±2 mm to the edge of concentration spot. The experimental
results are very close to the simulated results. The uniform
distribution of central part avoids reducing the photoelectric
conversion efficiency even damaging the solar cells which is
caused by local parts of solar cell overheat.

4.3. The Measurement of Transmittance and the Concentration
Efficiency by Indoor Concentration Test System. In order to
measure local manufacture errors and production quality of
concentration system, we need to test the local transmittance
and the local concentration efficiency of the concentration
system.

Step 1. The combination of LED source and 423 nm narrow
band filter with full width at half maximum (FWHM) 5 nm
produces monochromatic light.

Step 2. A stop with a row of holes in the horizontal direction
and the vertical direction is set at 10 mm behind the exit
aperture of collimator. The diameter of the hole is 4 mm.
The distance between adjacent holes is 20 mm. The smaller
are the diameter and the distance of holes, the more accurate
are the local measurement results. Each time there is only
one hole keeping open. So, it can reduce measurement errors
caused by the position deviations.

Step 3. The Fresnel concentration system is set at 15 mm
behind the spot. The detector is set at the focal point to
test the concentration spot energy. The funnel is close to
the detector to avoid energy leaking. The optical powermeter
(Ophir PD300-1W) is used as the system detector, and the
size of probe is 10 mm ∗ 10 mm. The optical powermeter

Figure 8: Concentration spot on the receiver.
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Figure 11: Vertical illumination distribution of concentration spot
on the receiver.

is used to measure the optical power (Ei) through each
hole.

Step 4. Keep the source and the concentration system sta-
tionary and remove the optical powermeter to 10 mm behind
the Fresnel contractor. The energy (Eo) through each hole of
the Fresnel concentrator and the energy (EF) concentrated by
Fresnel concentrator are measured.

The transmittance of Fresnel concentration system is

T = Eo
Ei
. (8)

The concentration efficiency of Fresnel concentration
system is

η = EF
Ei

. (9)

The experiment measured average transmittance of Fres-
nel concentration for 423 nm wavelength is much close to
the results of software simulation. The difference of them is
2.59%. The difference of the concentration efficiency is about
3.94%. The transmittance and the concentration efficiency in
the ring region 20 mm away from the center of concentrator
are obviously lower than other region. The detailed results
are shown in Table 3. But the simulation results by software
are almost same in all parts of Fresnel concentrator. So, we
can conclude that the manufacture errors in the ring region
20 mm away from the center of concentrator are larger than
any other region which leads to reduce the concentration
efficiency of Fresnel concentration system. Using the same
measurement method analysis, the concentration efficiency
of other monochromatic light, the detailed results are shown
in Table 4.

The experimental concentration efficiency is 85.45%
according to (7). The optical concentration ratio of the two

Spot

Opal glass

Concentration
system

Solar

Pyrheliometer Spectrometer

CCD camera

Change
powermeter

Sun-tracking system

Figure 12: Schematic diagram of outdoor concentration test sys-
tem.

stages Fresnel concentration system is Co = Cg ∗ η =
165 ∗ 85.45% = 141 according to (3). The simulated con-
centration efficiency is 88.623% by optical analysis software.
The difference between the simulation results and the exper-
imental results is 3.173%, and the difference is mainly caused
by manufacture errors and measurement errors. In order to
improve the efficiency of the concentration system and pho-
toelectric conversion efficiency of solar cells, we will improve
the design and manufacture process of the concentration
system according to experimental test results.

4.4. The Measurement of Transmittance and the Concentration
Efficiency by Outdoor Concentration Test System. We will fur-
ther verify the scientificity of the discrete spectrum local
measurement method and the indoor concentration test
system through outdoor concentration test experiment. The
outdoor concentration test system [8] is composed of a sun-
tracking system, two-stage Fresnel concentration system (the
same as indoor concentration test system), a pyrheliometer
(Kipp and Zonen, model CHP1), a fiber spectrometer, a stop,
a powermeter, a detector (CCD camera), a counter, and other
devices, as shown in Figure 12.

An outdoor solar concentration test system is shown
in Figure 13. The same two stages Fresnel concentration
system is selected as the test object. The Fresnel concentrator
converges the incident sunlight through the stop into the
funnel. All rays are total internal reflected several times in
the funnel, and finally, they are received by the detector.
The funnel can converge the converged rays and make the
collected rays distribute uniformly. We use the powermeter
to measure the power of the converged rays. The power
of incident rays is directly detected by the pyrheliometer.
The ratio of them is the concentration efficiency of outdoor
concentration system. The average concentration efficiency
of the outdoor concentration test system is 85.56%. The
difference between the test results of outdoor test system and
the of indoor’s is 0.11% which is mainly caused by that the
quantity of narrow band filter is not enough in the discrete
spectral local measurement method. If the narrow band
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Table 3: The measured transmittance and the concentration efficiency of the concentration system.

Position (mm) x = −60 x = −40 x = −20 The
center

x = 20 x = 40 x = 60 y = −60 y = −40 y = −20 y = 20 y = 40 y = 60 Average

Transmittance % 88.46 90.16 86.36 92.50 87.88 89.68 86.72 89.84 89.26 85.25 86.05 90.52 87.50 88.51

Efficiency % 87.31 87.25 82.48 87.00 82.24 87.71 86.38 82.03 87.12 82.59 82.87 87.21 86.17 85.63

Table 4: Experimental transmittance and concentration efficiency of concentration system for different monochromatic light.

Wavelength (nm) 423 nm 490 nm 510 nm 525 nm 615 nm 700 nm 785 nm

Transmittance of experiment % 88.51 88.58 88.57 88.60 88.59 88.58 88.57

Efficiency of experiment % 85.63 85.51 85.50 85.51 85.19 85.08 84.96

Normalized weight Wi 0.0649 0.1658 0.2325 0.3319 0.1817 0.0226 0.0006

7 6 5 4 3 2 1

Figure 13: Physical map of concentration test system. 1. Fresnel
concentrator, 2. stop, 3. light funnel, 4. powermeter, 5. pyrheliome-
ter, 6. fiber spectrometer, and 7. arithmometer.

filters are enough and uniformly distribute in the scope of
sun spectrum, the concentration efficiency by the two kinds
test method will be very close. Therefore, the discrete spectral
local measurement method and indoor concentration test
system are both scientific and feasible.

5. Conclusions

We design the indoor concentration test system and propose
a new measurement method: the discrete spectral local mea-
surement method. We verify the scientificity of the indoor
test system and the discrete spectral local measurement
method through comparative analysis of the simulation and
experimental results. We employ the wide-spectrum source
and enough filters to simulate the sunlight which is then
used as the source of the indoor concentration test system.
The discrete spectral local measurement method can test
local manufacture quality of Fresnel concentrator. We can
modify the design and manufacture process to improve the
concentration efficiency according to test results. The indoor
concentration test system avoids the measurement instability
which is caused by changing weather in the outdoor con-
centration test system. The indoor concentration test system
can accurately evaluate the performance of the concentration
system. Therefore, the indoor concentration test system will
promote the further development of PV industry.
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This paper presents a Hopfield neural network (HNN) optimized fuzzy logic controller (FLC) for maximum power point tracking
in photovoltaic (PV) systems. In the proposed method, HNN is utilized to automatically tune the FLC membership functions
instead of adopting the trial-and-error approach. As in any fuzzy system, initial tuning parameters are extracted from expert
knowledge using an improved model of a PV module under varying solar radiation, temperature, and load conditions. The
linguistic variables for FLC are derived from, traditional perturbation and observation method. Simulation results showed that the
proposed optimized FLC provides fast and accurate tracking of the PV maximum power point under varying operating conditions
compared to that of the manually tuned FLC using trial and error.

1. Introduction

Because of the demand for electric energy and environmental
issues such as pollution and the effects of global warming,
renewable energy sources are considered as an option for
generating clean energy technologies [1]. Among them, the
photovoltaic (PV) energy from solar radiation has received
great attention, as it appears to be one of the most promising
renewable energy sources in the world [2]. PV systems have
been developed to supply clean energy for fulfilling the
energy demand required by the modern society. However, the
widespread use of PV systems poses several challenges such
as increasing the efficiency of energy conversion, ensuring
the reliability of power electronic converters, and meeting
the requirements for grid connection [3]. One step to
overcome the problem of low energy conversion efficiency
of PV modules and to get the maximum possible power
is to extract maximum power from the PV system at
every instant of time. To achieve this, it is mandatory to
operate the PV systems close to its maximum power point
(MPP). Maximum power point tracking (MPPT) system is
an electronic system that plays a vital role in operating the
PV modules in a manner that it produces it is maximum
power according to the situation [4]. Many MPPT control
strategies have been elaborated in the literature, starting with

simple techniques such as voltage and current feedback-
based MPPT to more improved power-based MPPT such as
the perturbation and observation (P&O) technique and the
incremental conductance technique [5].

Recently, fuzzy logic has been applied for tracking the
MPP of PV systems in [6–9] because it has the advantages
of being robust, design simplicity, and minimal requirement
for accurate mathematical model. It is found that fuzzy logic-
based P&O and hill climbing MPPT methods perform batter
due to optimized perturbation. However, the fuzzy methods
depend on careful selection of parameter, definition of mem-
bership function, and the fuzzy rules table. Developing fuzzy
method also involves expert knowledge and experimentation
in selecting parameters and membership functions. For this
reason, adaptive fuzzy logic control [10] and parameter
optimization techniques such as genetic algorithm [11] and
particle swam optimization [12, 13] have been introduced to
overcome the problem in MPPT algorithms.

A number of studies on MPPT have concentrated on
the application of artificial neural network (ANN) [14, 15].
In most of these ANN-based methods, large number of
field data considering atmospheric conditions are required
to train the ANN. Moreover, the main problem of ANN-
based methods are that it is system dependent and cannot be
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Figure 1: V-I Characteristic of a typical PV module.
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implemented for PV arrays with different characteristics. In
a related work, a voltage-based MPPT using ANN has been
developed in which an optimal instantaneous voltage factor
was determined from a trained ANN [16]. The inputs of the
ANN consist of temperature module and solar irradiation.

The combined use of fuzzy logic and ANN to track
maximum power point in PV systems can be found in
[17, 18]. In this method, ANN is trained offline using
experimental data to define a reference voltage, which is the
voltage at the maximum power point according to the PV
array characteristic. The reference voltage is then compared
to the instantaneous array voltage to generate a signal error.
The signal error and change of the error are considered as
the FLC inputs. The FLC generates a duty cycle value for the
pulse width modulation (PWM) generator. The PWM is then
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Nn

wi1

wn1

wn2

wni

w2i

w2n
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...

...

Figure 4: Discrete Hopfield neural network.

applied to the switching of the boost converter connected to
a PV array. A drawback of this method is that it needs much
data for offline training.

In this paper, a new variant of intelligent technique is
proposed and used together with fuzzy logic-based MPPT
controller in a PV system. Here, the fuzzy logic MPPT
controller is integrated with the Hopfield neural network
(HNN) to optimize the membership function of the fuzzy
system. The HNN has been applied to various fields since
Hopfield proposed the model [19, 20]. In optimization
problems, the HNN has a well-demonstrated capability of
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finding solutions to complex tasks. HNN has been applied
to solve optimization problems based on convergence of the
energy function and coefficients weighting [21–23].

2. Maximum Power Point Tracking and
Fuzzy Logic

PV is not a constant DC energy source but has variation of
output power, which depends strongly on the current drawn
by the load. Besides, PV characteristic also changes with
temperature and irradiation variation [4]. Thus, the output
voltage (V) of PV varies with the current (I). Figure 1 shows
the characteristic of a 200 W Sanyo PV module [24]. The
module can be used as a single system or it can be connected
to other similar modules to increase the voltage and current.
In multimodule systems, PV modules are wired in series and
parallel to form a PV array. From Figure 1, it can be seen
that the PV module voltage varies from 0 V until the open
circuit voltage (Voc) of the module. Similarly, the current
varies from 0 A until the short circuit current (Isc) of the
module. The Voc and Isc of a PV module also depend on
temperature and solar irradiation.

For any PV system, the output power is increased by
tracking the maximum power point (MPP) of the system.
To achieve this, an MPPT controller is required to track the
optimum power of the PV system and it is usually connected
to a boost converter located between the PV panel and load as
shown in Figure 2 [6–8]. Many different control techniques
such as the P&O and fuzzy logic are used in the MPPT
controller.

The main components of a fuzzy logic controller (FLC)
are fuzzification, fuzzy rules inference, and defuzzification as
shown in Figure 3. The input variables to the FLC are the
change in power of PV (ΔPk

pv) array and direction of change
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Figure 7: Membership functions coding for ΔDk
ref.

in duty cycle (ΔDk) of boost converter whereas the output of
the FLC is the change of the duty cycle that must be applied to
control boost converter (ΔDk+1

ref ). The formulation for ΔPk
pv

and ΔDk can be expressed as follows:

Pk
pv = Vk

pv · Ikpv,

ΔPk
pv = Pk

pv − Pk−1
pv ,

ΔDk = Dk −Dk−1,

(1)

where, Pk
pv: PV array output power at kth iteration, Vk

pv: PV
array output voltage at kth iteration, Ikpv: PV array output
current at kth iteration, Dk: measured duty cycle to control
switch of DC-DC converter at kth iteration, Dk+1

ref : duty cycle
that must be applied to control switch of DC-DC converter
at (k + 1)th iteration, Δ: a small change.

The universe of discourse for the first input variable
(ΔPk

pv) is assigned in terms of its linguistic variable by using
seven fuzzy subsets which are denoted by negative large
(NL), negative medium (NM), negative small (NS), zero (Z),
positive small (PS), positive medium (PM), and positive large
(PL). The universe of discourse for the second input variable
(ΔDk) defines the changes in direction of duty cycle which
is classified into three fuzzy sets, namely, negative (N), zero
(Z), and positive (P). The output variable (ΔDk

ref) is assigned
in terms of its linguistic variable by using nine fuzzy subsets
which are denoted by negative double large (NLL), negative
large (NL), negative medium (NM), negative small (NS),
zero (Z), positive small (PS), positive medium (PM), positive
large (PL), and positive double large (PLL). Then, the fuzzy
rules are generated as shown in Table 1 with ΔPk

pv and ΔDk

as inputs while ΔDk
ref as the output. This table is also known

as fuzzy associative matrix (FAM). The fuzzy inference of the
FLC is based on Mamdani’s method, which is associated with
the max-min composition. The defuzzification technique is
based on the centroid method, which is used to compute the
crisp output, ΔDk

ref.

3. Design of Optimized FLC with HNN

The proposed design is to develop optimal membership
function of the FLC especially for MPPT in PV systems
application. The HNN representation and the integration of
HNN and FLC is described in the following subsections.
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Table 1: Fuzzy rules for the proposed FLC.

Input-1 (ΔPk
pv)

NL NM NS ZE PS PM PL

Input-2 (ΔDk)

N PLL PL PM PS NM NL NLL

ZE NL NM NS ZE PS PM PL

P NLL NL NM NS PM PL PLL
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3.1. Hopfield Neural Network Representation. The HNN
network is useful for associative memory and optimization
in a symmetrical structure. The basic structure of the HNN
is shown in Figure 4 [25].

The HNN uses a two-state threshold “neuron” that fol-
lows a stochastic algorithm where each neuron, or processing
element, Ni has two states with values either 0 or 1. The
inputs of each neuron come from two sources; external
inputs, Ii, and inputs from other neurons, Nj . The total input
to neuron Ni is given by

in−Ni =
∑
i /= j

Ii + o−Njwji, (2)
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Figure 12: Performance of the HFLC-based MPPT under various
irradiation at constant temperature T = 25◦C.
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Figure 13: Performance of the HFLC based MPPT under various
temperatures at constant irradiation G = 1000 W/m2.

where in−Ni: total input to neuron i, wji: synaptic intercon-
nection strength from neuron Ni to neuron Nj , Ii: external
input to neuron Ni, o−Nj : output of neuron Nj .

Each neuron samples its input at random times. It
changes the value of its output or leaves it fixed according
to a threshold rule with thresholds θi:

o−Ni =
⎧⎨
⎩

1, if in−Ni ≥ θi,

0, if in−Ni < θi.
(3)
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Figure 15: PV output power under slow irradiation change from
1000 W/m2 to 900 W/m2.

Then the energy function of the HNN is defined as

E = −1
2

∑
i /= j

∑
j

o−Ni · o−Nj ·wij −
∑
i

Ii · o−Ni +
∑
i

θi · o−Ni.

(4)

The change in E due to the changing state of neuron Ni by
Δo−Ni is given by

ΔE = −
⎡
⎣∑

j

o−Nj ·wij + Ii − θi

⎤
⎦Δo−Ni, (5)

where Δo−Ni is the change in the output of neuron Ni.
The continuous and deterministic model of the HNN is

based on continuous variables and responses but retains all
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Figure 16: Drastic change in irradiation from 1000 W/m2 to
950 W/m2.
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Figure 17: PV output power under drastic irradiation change from
1000 W/m2 to 950 W/m2.

of the significant behaviors of the original model described
above. The output variable o−Ni for neuron Ni has values in
the range of 0 ≤ o Ni ≤ 1 and the input-output function is
a continuous and monotonically increasing function of the
input in−Ni to neuron Ni.

The dynamics of the neurons is defined as [18]

dui
dt

= −ui
τ

+
∑
j

wi j · o−Nj + Ii, (6)

where τ: a constant, ui: input of HNN.
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25◦C to 50◦C.

A typical output of neuron Ni is a sigmoid function as
shown in Figure 5. Mathematically it is given by

o−Ni = g(λui) = 1
1 + e−λui

, (7)

where λ is the gain that determines the shape of the sigmoid
function.

The energy function of the continuous HNN is similarly
defined as [19]

E = −
⎡
⎣1

2

n∑
i=1

n∑
j=1

wijo−Ni · o−Nj +
n∑
i=1

Iio−Ni

⎤
⎦, (8)
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and it is change in energy is given by

ΔE = −
⎡
⎣∑

j

o−Nj ·wij + Ii

⎤
⎦Δo−Ni. (9)

dE/dt is always less than zero because g is a monotonically
increasing function. Therefore, the network solution moves
in the same direction as the decrease in energy. The solution
seeks out a minimum of E and comes to a stop at stability
point.
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Figure 23: PV output power under partial shading with of solar
irradiation change 1000 W/m2 to 950 W/m2.

3.2. Integrating HNN and FLC. Despite using expert knowl-
edge in the formulation of the inference rules and the
membership functions of FLC, there are still some defects
such as center of fuzzification and range of the fuzzification.
To improve these defects, the proposed FLC uses HNN to
find the optimal membership functions which is achieved by
considering the following steps.

(1) Defining neuron for the HNN. In the design of the
proposed optimal FLC, two inputs, ΔPk

pv and direction ΔDk,

and one output, ΔDk
ref, are used as described before. For
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Figure 24: Partial change of solar irradiation 400 W/m2to
1000 W/m2.
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Figure 25: PV output power under partial change of irradiation
400 W/m2 to 1000 W/m2.

simplicity, the design is only based on membership functions
of ΔPk

pv and ΔDk
ref. ΔP

k
pv is described with seven membership

functions, as illustrated in Figure 6, and ΔDk
ref is described

with nine membership functions, as illustrated in Figure 7.
In Figure 6, the centers of ΔPk

pv membership function are
x1, x2, x3, x4, x5, x6, and x7 while in Figure 7, the centers of
ΔDk

ref membership function are z1, z2, z3, z4, z5, z6, z7, z8, and
z9. Based on the number of centers of ΔPk

pv and ΔDk
ref, the

proposed HNN consists of 16 neurons with variables given
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Figure 26: MPP under partial shading 200 W/m2 and 1000 W/m2.
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Figure 27: MPP under partial shading 400 W/m2 and 1000 W/m2.

as x1 = −SP1; x2 = −SP2; x3 = −SP3; x4 = SP4; x5 = SP5; x6 =
SP6; x7 = SP7; z1 = −SD1; z2 = −SD2; z3 = −SD3; z4 = −SD4;
z5 = SD5; z6 = SD6; z7 = SD7; z8 = SD8; z9 = SD9. SP1–SP7 are
output value of neurons N1–N7(o N1–o N7) while SD1–SD9

are output values of neurons N8–N16(o N8–o N16).
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Figure 28: MPP under partial shading 600 W/m2 and 1000 W/m2.

When comparing the values of neurons in Figures 6 and
7, the following constraints should be satisfied.

SP4 = 0,

SP1 = SPmax left ,

SP7 = SPmax right,

0 ≤ SP3 ≤ SP2 ≤ SP1,

0 ≤ SP6 ≤ SP5 ≤ SP7,

SD5 = 0,

SD1 = SDmax left,

SD9 = SDmax right,

0 ≤ SD4 ≤ SD3 ≤ SD2 ≤ SD1,

0 ≤ SD6 ≤ SD7 ≤ SD8 ≤ SD9.

(10)

(2) Defining objective function for the optimization problem.
The goal of MPPT is to achieve ΔPk

pv = 0 and ΔDk
ref = 0.

Therefore, the quadratic criterion to be minimized is

E = E1 + E2 = 1
2
A
(
ΔPk

pv

)2
+

1
2
B
(
ΔDk

ref

)2
, (11)

where, E: energy function to be minimized, A,B: constants.
From (11), the first part of E, which is E1 =

(1/2)A(ΔPk
pv)2 only depends on the universe of ΔPk

pv which
is in the first input of FLC. The ΔPk

pv is defined by
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Figure 29: MPP under partial shading 800 W/m2 and 1000 W/m2.

defuzzification of the universe of ΔPk
pv using a centroid

function as:

ΔPk
pv =

∑7
i=1 μ

(
ΔPk

pv

)
i
xi

∑7
i=1 μ

(
ΔPk

pv

)
i

, (12)

where μ(ΔPk
pv)

i
is a membership value of xi.

E1 depends only on neurons Ni (i = 1, 2, 3, 4, 5, 6, 7).
Knowing that the left side of ΔPk

pv in the membership
function of the first input is μ(ΔPk

pv)
i /= 0 for x1, x2, x3, then,

ΔPk
pv can be rewritten as

ΔPk
pv =

∑3
i=1 μ

(
ΔPk

pv

)
i
xi

∑7
i=1 μ

(
ΔPk

pv

)
i

. (13)

Then, the first half of energy function E1 can be rewritten as
E1a:

E1a = 1
2
A

⎡
⎢⎣
∑3

i=1 μ
(
ΔPk

pv

)
i
xi

∑7
i=1 μ

(
ΔPk

pv

)
i

⎤
⎥⎦

2

,

E1a = 1
2

A
∑7

i=1

∑7
j μ
(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j

×
⎛
⎝

3∑
i=1

3∑
j=1

μ
(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j
(−o−N)i (−o−N) j

⎞
⎠

E1a = 1
2

⎡
⎢⎣

3∑
i=1

3∑
j

⎡
⎢⎣

Aμ
(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j∑7

i=1

∑7
j μ
(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j

⎤
⎥⎦o−Ni · o−Nj

⎤
⎥⎦.

(14)

Considering that the right side and center of ΔPk
pv in the

membership function of the first input of FLC is μ(ΔPk
pv)

i
=

0 for x1, x2, x3, hence ΔPk
pv can be rewritten as:

ΔPk
pv =

∑7
i=4 μ

(
ΔPk

pv

)
i
xi

∑7
i=4 μ

(
ΔPk

pv

)
i

. (15)

Similarly, the second half of energy function E1 is rewritten
as E1b:

E1b= 1
2

⎡
⎢⎣

7∑
i=5

7∑
j=5

⎡
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Aμ
(
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pv
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(
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pv
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j∑7
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(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j

⎤
⎥⎦o−Ni · o−Nj

⎤
⎥⎦.

(16)

Since the first part of E1 is the summation of left side (E1a)
and right side (E1b) of the ΔPk

pv membership function, E1 can
be expressed as:

E1 = 1
2
A
(
ΔPk

pv

)2 = E1a + E1b,

E1= 1
2

⎡
⎢⎣

7∑
i=4

7∑
j=4

⎡
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Aμ
(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j∑7
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j=1 μ

(
ΔPk
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)
i
μ
(
ΔPk

pv

)
j

⎤
⎥⎦o−Ni · o−Nj

⎤
⎥⎦,

(17)

where o N = 0 for i = 4, j = 4.
The second part, E2 = (1/2)B(ΔDk

ref)
2 is related to

the output of FLC and depends only on neurons Ni (i =
8, 9, 10, 11, 12, 13, 14, 15, 16). The ΔDk

ref can be defined by
defuzzification by using the centroid method and is written
as:

ΔDk
ref =

∑9
k=1 μ

(
ΔDk

ref

)
m
zm

∑9
k=1 μ

(
ΔDk

ref

)
m

. (18)

Similar to the equations shown in obtaining E1,E2 can be
expressed as

E2 = 1
2

⎡
⎢⎣

9∑
m=1
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E2 = 1
2
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⎥⎦,

(19)

where N = 0 for i = 12, j = 12 and μ(ΔDk
ref) is the

membership value of zn.
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Finally, the total energy function E is expressed as

E = E1 + E2,

E= 1
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(20)

where N = 0 for i = 4, 12; j = 4, 12.
By comparing (8) with (20), the weight matrix of neurons

Ni to Nj in the HNN is derived and given as:

wij =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

w11 w12 w13 . . . 0

w21 w22

w31 w32

...

0 0 0 wnn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (21)

where,

wij = −
Aμ
(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j∑7

i=1

∑7
j=1 μ

(
ΔPk

pv

)
i
μ
(
ΔPk

pv

)
j

,

for i and j = 1, 2, 3, 4, 5, 6, 7,

wij = −
Bμ
(
ΔDk

ref

)
i
φμ
(
ΔDk

ref

)
j∑16

i=8

∑16
j=8 μ

(
ΔDk

ref

)
i
μ
(
Δk

ref

)
j

,

for i, j = 8, 9, 10, 11, 12, 13, 14, 15, 16,

wij = 0, for other.

(22)

(3) Design for Physical Implementation. The physical imple-
mentation of MPPT for PV systems using Hopfield opti-
mized FLC (HFLC) is described in terms of a block diagram
as shown in Figure 8.

As shown in Figure 8, the system consists of PV array,
DC-DC converter, load, and control system. The control
system consist of voltage and current measurement system,
controlled pulse with modulation (PWM) generator with
HFLC, and a switching driver circuit to gain the PWM. At
the initial step (k = 0), the control system generates square
wave signals with a small duty cycle (D), of value 10%. In
the next step (k = 1), the value of D is increased by ΔDk

ref
that is defined by HFLC as discussed in the previous section.
The value of D is always updated by the increment ΔDk

ref. The
value of ΔDk

ref tends to change in either positive or negative
direction as |ΔDk

ref| decline towards zero.

4. Simulation Results

The performance of the proposed HFLC under differ-
ent operating conditions is validated using the MAT-
LAB/Simulink software. In the PV model shown in Figure 9,
there are two groups of PV arrays connected in parallel.
Every group consists of 3 PV modules connected in series.
The PV module parameters are obtained from the Sanyo
HIP-200BA3 PV technical datasheet [24]. In the simulations,
first the characteristics of the PV module are validated and
then the performance of the HFLC under various conditions
is evaluated to investigate the effectiveness of the HFLC
method.

4.1. Validation of PV Module Simulation. Figures 10 and 11
show the results of the I-V characteristics of the simulated
PV module as a function of irradiation and temperature,
respectively. It can be observed from the above figures that
the I-V curves of the simulated PV module are quite similar
to the I-V curves of the Sanyo HIP-200BA3 PV module
provided by the Sanyo manufacturer in Figure 1. Therefore, it
is quite reasonable to use the PV module model to verify the
performance of the proposed HFLC-based MPPT controller
under simulation environment.

4.2. Performance of MPPT by Using HFLC. Figures 12 and 13
show the performance of the HFLC in finding the maximum
power point (MPP) of the PV system shown in Figure 9
under varying irradiations and temperatures, respectively.
From the figures, the MPP obtained from HFLC is compared
with the theoretical MPP. The results of the MPP clearly show
that both MPPs are very close to each other.

To further demonstrate the performance of the HFLC
MPPT controller, simulations were performed under the
following test conditions.

(i) Constant temperature at 25◦C and changing the solar
radiation slowly and drastically.

(ii) Constant solar radiation at 1000 W/m2 and changing
the temperature slowly and drastically.

(iii) Constant temperature at 25◦C and considering par-
tial shading and change in solar radiation.

The MPPT controller was also tested using the conven-
tional FLC and the P&O MPPT methods.

4.2.1. Effect of Changing the Solar Radiation. To analyze the
effect of solar radiation, simulations were carried out under
various solar irradiations but at constant temperature of
25◦C. Figure 14 shows the change in solar irradiation from
1000 W/m2 to 900 W/m2. Figure 15 shows the PV output
power when subjected to the changing solar irradiations.
From Figure 15, it can be seen that the HFLC, and FLC-based
MPPT gives greater PV output powers than the P&O-based
MPPT.

Figure 16 shows the sudden change in solar irradiation
from 1000 W/m2 to 950 W/m2 while Figure 17 shows the
response of the MPPT controller in terms of PV output
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Table 2: Various partial shaded solar irradiation.

No.
Solar irradiation (W/m2)

Part I Part II

(1) 1000 200

(2) 1000 400

(3) 1000 600

(4) 1000 800

power when subjected to a sudden change in solar irradia-
tion. From the figures, it is noted that the PV output power is
greatest for MPPT controlled by HFLC compared to that of
FLC and P&O methods. Furthermore, MPPT controlled by
HFLC gives a fast response to reach the new MPP after solar
irradiation changes.

4.2.2. Effect of Change in Temperature. This simulation is
carried out to illustrate the performance of the MPPT
methods under constant solar irradiation of 1000 W/m2 and
changes in temperature. Figures 18 and 20 depict the slow
and sudden changes in temperature, respectively. Figures
19 and 21 show the corresponding PV output powers
during slow and sudden changes in temperature, respectively.
From Figure 19, it can be noted that for slow temperature
changes, the MPPT controlled by HFLC and FLC gives
higher PV output power than the P&O method especially
at the transient state. While in the case of drastic change
in temperature, the MPPT controlled by HFLC achieve
the highest PV output at the transient state as shown in
Figure 21.

4.2.3. Effect of Partial Shaded Solar Irradiation. Simulation is
also performed to illustrate the effectiveness of the MPPT of
PV systems under some partial shading case. In this case,
it is assumed that a half of the PV array receives constant
solar irradiation of 1000 W/m2 and the other half with
shading solar irradiation which changes from 1000 W/m2

to 950 W/m2. This condition is depicted in Figure 22. The
power harvested from the PV array for this case is shown in
Figure 23. From Figure 23, it can be seen that performance
of MPPT controlled by HFLC is the best among the other
compared methods.

Another case describes a situation of solar irradiation
changing from 400 W/m2 to 1000 W/m2, to a half of the PV
array while the other half receiving constant 400 W/m2 under
shading as shown in Figure 24. The PV output power for this
case is shown in Figure 25. From the figure, it can be noted
that the FLC and P&O failed to track the MPP correctly.
However, the proposed HFLC MPPT method successfully
finds the MPP around 590 W as shown in Figure 25.

Figures 26, 27, 28, and 29 show the characteristic curves
of voltage versus power (V-P) of the modeled PV array under
various partial shading conditions described in Table 2.

From Figures 26 and 27, it can be seen that the HFLC
method is accurate in finding the MPP (590 W) while
the conventional FLC and P&O methods failed to do so.
Generally, the conventional FLC and P&O methods just find

local maximum power point. However, for case as depicted in
Figures 28 and 29, all of the MPPT methods correctly tracked
the MPP.

5. Conclusion

A new Hopfield optimized FLC for MPPT of PV system
is proposed in which improvement is made by applying
HNN to find the optimal width of each fuzzification
input and output of the FLC. A complete PV system with
HFLC MPPT controller was modeled and implemented
in Matlab/Simulink to simulate various irradiation and
temperature conditions so as to verify the performance of
the proposed MPPT method. Simulation results show that
the proposed HFLC MPPT method is robust and accurate
compared to the other conventional MPPT methods. The
HFLC MPPT method successfully tracks the global max-
imum power point of a PV module even under partial
shading.
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[22] J. Mańdziuk, “Optimization with the Hopfield network based
on correlated noises: experimental approach,” Neurocomput-
ing, vol. 30, no. 1–4, pp. 301–321, 2000.

[23] G. Joya, M. A. Atencia, and F. Sandoval, “Hopfield neural
networks for optimization: study of the different dynamics,”
Neurocomputing, vol. 43, pp. 219–237, 2002.

[24] HIP-200BA3 Sanyo, technical sheet, 2006, http://www.fsuwise
.org/renewable/Images/WISE Demo Syatem Files/Sanyo
200W.pdf.

[25] S. Haykin, Neural Networks A Comprehensive Foundation,
Pearson Education, Delhi, India, 9th edition, 2005.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 630692, 7 pages
doi:10.1155/2012/630692

Research Article

Design of Novel Compound Fresnel Lens for High-Performance
Photovoltaic Concentrator

Lei Jing,1, 2 Hua Liu,1 Huifu Zhao,1, 2 Zhenwu Lu,1 Hongsheng Wu,1 He Wang,1 and Jialin Xu1

1 Opto-Electronics Technology Center, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,
Changchun 130033, China

2 Graduate University of the Chinese Academy of Sciences, Beijing 100039, China

Correspondence should be addressed to Hua Liu, liuhua rain@yahoo.com.cn

Received 31 May 2011; Accepted 30 July 2011

Academic Editor: Songyuan Dai

Copyright © 2012 Lei Jing et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We present a new design of compound Fresnel-R concentrator which is composed of two lenses: a primary lens (Fresnel lens) that
works by total internal reflection at outer sawteeth but refraction at inner sawteeth, and a ringed secondary lens that works by
refraction. In contrast to previous Fresnel lens concentrators, this design increases the acceptance angle, improves the irradiance
uniformity on the solar cell, and reduces the aspect ratio significantly. Meanwhile several sawteeth of the primary Fresnel lens
can correspond to a same ring of secondary lens, which will efficiently lower the complexity of designing and manufacturing.
Moreover, in order to reduce the influence of manufacturing tolerances and to increase the optical efficiency further, the central
part of the bottom of the secondary lens which directly adhered to the solar cell is designed as a cone-shaped prism to collect the
sunlight that does not reach the solar cell. Finally, we provide simulations and analyses of the design method an optical efficiency
more than 80% and an aspect ratio smaller than 0.5 can be achieved.

1. Introduction

The photovoltaic industry is growing rapidly today; however,
it is still limited by the high cost of photovoltaic systems, es-
pecially the expensive semiconductor material. An effective
way to reduce the cost is to cut down the amount of
the semiconductor material by means of combination with
concentrating optics. The Fresnel lens has been used as a
concentrator in photovoltaic field for many years [1–3]. The
main disadvantages of these concentrators are long focal
distance and nonuniform illumination on the solar cell’s
active area. The first photovoltaic integrating concentrator
was proposed by Sandia National Labs in the late 1980s
[4], which used a Fresnel lens as the primary lens and an
imaging single surface lens as the secondary lens to obtain
the uniform irradiance distribution on the cell, and it was
commercialized later by Alpha Solarco. This kind of concen-
trator consists of two imaging optical lenses, where the
Fresnel lens is placed at the single surface lens’ focal plane,
and vice versa. Despite the simplicity and uniform illumina-
tion on cell of this concept, their application is still restricted

to low concentrations (<1000x) due to its low acceptance-
concentration product.

In addition to the excellent performance of the multi-
junction solar cell under high concentration sunlight [5],
a higher concentration factor can considerably reduce the
cost of solar photovoltaic generation [6]. Thus, one of the
purposes of our work is to design nonimaging Fresnel lenses
used in concentrating photovoltaic systems (CPVs) with a
high concentration factor but its aspect ratio (i.e., the ratio
of focal length to the aperture of lens) maintains a relatively
small value. For traditional Fresnel concentrator, however,
the focal length of CPVs will be enlarged with the geometric
concentration. A good strategy to increase the concentration
of the Fresnel CPV system but not to enlarge the focus of
the Fresnel lens is to design most of Fresnel lens’s sawteeth
as total internal reflectors (TIR) [7], whose aspect ratio can
be even lower than 0.5. Nevertheless, the closer to the centre
of Fresnel lens, the more serious is its Fresnel loss resulting
from the vertical facet, and the design method is relatively
complex. Unfortunately, there are few investigations paying
more attention to the determination of critical radius which
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can simplify the design method and the further increase of
optical efficiency.

With this background, in this paper a more realistic
design method is proposed to design a high concentration
compound Fresnel lens with a small aspect ratio, which com-
bined the outer sawteeth that work by total internal reflection
with the inner sawteeth that work by refraction. The critical
radius where the sawteeth of Fresnel lens begins to perform
TIR is derived by using simple trigonometry. Furthermore,
the approach of simplifying design method that several saw-
teeth of the primary Fresnel lens can correspond to a same
ring of secondary lens is also presented. Thus, only several
aspherical rings are designed as secondary lens’ front surface
is done in the CPVs to obtain more uniform irradiance dis-
tribution. Finally, a cone-shaped prism to collect the sunlight
that does not reach the solar cell is also added to consummate
the CPVs, which will increase the optical efficiency further.

2. Design Method

The CPV optics constitute a typical design problem that
contains both the bundle coupling problem for obtaining
maximum acceptance-concentration product and the pre-
scribed irradiance to obtain uniform irradiance distribution
on the solar cell area [4]. This is usually a difficult task and
only the partial solutions have been found.

The design method includes two parts: design of primary
Fresnel lens and design of secondary lens of CPV system. The
former also includes two parts: design of the outer sawteeth
of Fresnel lens that work by total internal reflection and
design of the inner sawteeth that work by refraction. The
front surface of secondary lens has several aspheric rings
and is designed to optimize the spatial distribution of the
light over the solar cell. The solar cell is adhered at the
bottom of the secondary lens directly, making it simple to
seal against moisture and prevent misalignment. Figure 1
shows the cross-sectional sketch of this compound Fresnel-R
concentrator for CPV system. Incident light is assumed to be
parallel and the circular solar cell is adopted as an example in
the following design. Since the source and solar cell are both
of axial symmetry, only one quarter must be considered in
this discussion and the final device is obtained by applying
the rotational symmetry.

2.1. Design of Primary Fresnel Lens. First, we design the outer
part of primary Fresnel concentrator that works by total
internal reflection. Before that we need to determine the cri-
tical radius which cuts the Fresnel lens into two different
parts: the outer part that works by TIR and the inner part that
works by direct refraction, as shown in Figure 1 (red dashed
line). The closer to the centre of Fresnel lens, the more seri-
ous is the Fresnel loss resulted from the vertical facet, and the
bigger is the size of sawtooth. Thus, it is not appropriate to
design most of the sawteeth as TIR, especially for the centre
sawteeth, which can be refractive sawteeth. Actually, there
is a critical radius that determines which is suitable: TIR or
direct refraction. For the direct refractive sawtooth (see, e.g.,
Figure 2(a)), we can deduce the relationship of incident angle

Fresnel concentrator

Secondary optical element

Solar cell

Heat sink

Outer parts Inner parts

Figure 1: Sketch map of compound Fresnel-R lens for CPV system.

i interrelated to Fresnel loss and convergent angle θ of the
Fresnel lens:

i = arctan
(

tan θ

n
√

1 + tan2θ − 1

)
, (1)

where n is the refractive index of the Fresnel lens. And a
similar formula for the TIR sawtooth can be calculated simil-
arly (see, e.g., Figure 2(b)):

i′ = arcsin
(

1

n
√

1 + tan2θ

)
. (2)

Figure 3 illustrates the convergent angle with the incident
angle for TIR sawtooth (red curve) and direct refraction
sawtooth (blue curve), which is obtained by (1) and (2). It
noted that x-axis is tan θ, which is also approximately equal
to Rn/ f , where Rn and f are the radius of each sawtooth and
the focal distance of Fresnel lens, respectively. The red line
indicates that as the convergent angle θ reduces gradually
(yellow arrow), the Fresnel loss caused by the refraction
of the vertical facet will increase as opposed to the blue
line. It is clear that there is a point of intersection between
the red curve and the blue curve, which is the critical
radius. Therefore, for the solutions left of the critical radius,
it is more appropriate to design these sawteeth as direct
refraction.

Achieving high reflectivity mirror is usually expensive
and the degradation of the mirror quality could be faster
than is desirable for a CPV system [8]. So, mirrors are not
used in this design method. As shown in Figure 4(a), we
expect that the rays (represented by red line) issuing from
a planar wavefront w could be total internal reflected by
the sawtooth’s titled surface, and then refracted by the saw-
tooth’s vertical surface. Finally, the rays exiting from Fresnel
lens could be focused on the point F. It is known that
this is a conservation of the optical path length problem
[9]. Considering a coordinate (y, z) system, the optical path
equation is expressed as

opl = l1 + l2 + l3,

l1 = n1 ∗ |WP| = n1 ∗
√(

Wy − Py

)2
+ (Wz − Pz)

2,
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Figure 2: Determination of the critical radius. (a) The direct refractive sawtooth. (b) The TIR sawtooth. The sawteeth and the angle of
incident ray are locally exaggerated, only for interpreting conveniently.
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Figure 3: The change of incident angle i with convergent angle θ.
The refractive index of Fresnel lens is adapted as n = 1.4918.

l2 = n1 ∗ |PV | = n1 ∗
√(

Py −Vy

)2
+ (Pz −Vz)

2,

l3 = n0 ∗ |VF| = n0 ∗
√(

Vy − Fy

)2
+ (Vz − Fz)

2, (3)

where n1 and n0 are the refractive index of primary Fresnel
lens and air, respectively, l1 denotes the optical path length
from the point W (on the planar wavefront) to the point
P (on the tilted surface), l2 denotes the optical path length
from the point P to the point V (on the vertical surface), and
l3 denotes the optical path length from the point V to the
point F (the focus of sawtooth). Once the lowest point P1 of
sawtooth, the planar wavefront w, and the focus of sawtooth
F are specified, the optical path length constant will be deter-
mined, and enough discrete points on the tilted surface of
sawtooth can be acquired easily by the conservation of the
optical path length expressed as (3) and the Snell’s law ex-
pressed as

[
1 + n2 − 2n

(
�O · �I

)]1/2 �N = �O − n�I , (4)

where �I and �O are the unit vectors of incident and refracted
rays, �N is the unit normal vector on the refracted point, and
n is the relative refraction index of Fresnel lens. The example
examines only one sawtooth of the outer part of Fresnel con-
centrator; the others can be calculated in the same manner.

Secondly, we design the inner part of primary Fresnel
concentrator that work by direct refraction. The design
method is very similar to that of the outer sawtooth as des-
cribed above. The only difference is that the rays (represented
by red line) emitted from a plane wavefront w′ are refracted
but not totally internal reflected by the inner sawtooth as
shown in Figure 4(b). Normally, we can also obtain enough
discrete points on the curve of inner sawtooth uncom-
plicatedly by taking advantage of the conservation of optical
path length equation and the Snell’s law expressed as in the
next equation and (4), respectively

opl = l1 + l2,

l1 = n1 ∗
∣
∣W ′P′

∣
∣ = n1 ∗

√(
W ′

y − P′y
)2

+
(
W ′

z − P′z
)2,

l2 = n0 ∗
∣
∣P′F′

∣
∣ = n0 ∗

√(
P′y − F′y

)2
+
(
P′z − F′z

)2
.

(5)

Note that in the calculation of these discrete points, the
width of each sawtooth t must be determined which is chosen
before the design of primary lens, and then the lowest point
Pn of each sawtooth can be obtained. Until now, quite a
number of discrete points on each curve of sawtooth have
been obtained, therefore the final curve of each sawtooth is
accomplished by appropriately fitting or interpolating these
discrete points with a lower polynomial within the permis-
sible error range.

2.2. Design of Secondary Lens. The design method of second-
ary lens is depicted in cross-section in Figure 5. For
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Figure 4: Design of the outer and inner sawteeth of primary Fresnel lens. The coordinate system is specified (y, z), where ϕ is the angle
between the vertical surface and z-axis also named drag angle.

the convenience of interpretation, only one ring of secondary
lens corresponding to one sawtooth of primary lens is shown.
Actually, there is not a one-to-one correlation between a
sawtooth of primary Fresnel lens and a ring of secondary
lens, in other words, several sawteeth of primary Fresnel lens
can correspond to one ring of secondary lens, as shown in
Figure 1, three sawteeth directly correspond to one ring of the
secondary lens, which can make the CPVs more convenient
to design and manufacture the secondary lens. According to
edge ray principle [6], rays from the edge of source should
strike the edge of the target. Thus each portion of the front
surface of secondary lens can be a Cartesian oval [10]. For
example, one ring of secondary lens which is a Cartesian oval
transform the edge ray bundle coming from point P1 into
the edge ray bundle impinging on the R2 of the solar cell,
as shown in Figure 5(a). With this it is forced that the other
incident angle ray bundle can also reach the cell. The optical
path of these rays is determined by the points P1,F,R2, and
the refractive index of the dielectric material chosen at the
beginning. Thus it is easy to determine this Cartesian oval
with two focus P1,R2, and its fixed point F.

Next we need to calculate the borders of this ring of
secondary lens’ surface tracing the edge rays r1, r2 coming
from positive and negative inner acceptance-angle θi which
can be determined by the simple format of Snell’s law expres-
sed as equation:

sin θa = n1 sin θi, (6)

where θa and θi are the acceptance-angle of CPVs and the
inner acceptance-angle, respectively. In the Figure 5(b), the
intersections S1, S2 of positive acceptance-angle ray r1 and
negative acceptance-angle ray r2 with the Cartesian oval are
just the borders of the ring of secondary lens’ surface.

Finally, in order to reduce the influence of manufacturing
precision, a cone-shaped prism to collect the sunlight that
does not reach the solar cell is added to consummate

the CPVs, as shown with bold lines in Figure 6, the optical
efficiency of total CPVs will be further improved. The angle
α of incline T can lie with respect to the horizontal is in the
range of 20◦ ∼30◦; however, any other suitable angle will
work as long as most of solar ray r can be reflected to the
solar cell at the incline T .

3. Example and Discussions

Considering the cost of the manufacture of a real lens,
numerical simulation based on the most widely used Monte
Carlo ray tracing optical software is an efficient way to val-
idate the concentrator design. A simple high concentration
circular Fresnel lens was designed and simulated to validate
this novel design method. The specifications of the design
parameters are diameter of Fresnel lens 51 mm, focus of
Fresnel lens 21 mm, drag angle is 2◦, diameter of second-
ary lens 8.6 mm, and diameter of solar cell 2 mm. The geo-
metrical concentration is 625x and the aspect ratio of the
entire optical system is smaller than 0.5. For this study we
choose PMMA as the base Fresnel lens material for the
optics. This is a very good option: high transmission factor,
susceptible of molding manufacturing and with low cost.
However, it is not suitable to be as the material of the second-
ary lens due to high temperature resulted from the high
concentration, which will distort the plastic material. Thus
the glass material of BK7 is adopted as the secondary lens
material. The width of each groove is about 3 mm, which can
be freely adjusted due to manufacturing condition.

As shown in Figure 1, in our example, the primary
Fresnel lens has six TIR sawteeth and two refractive sawteeth.
The secondary lens has three aspherical rings. The first three
TIR sawteeth of primary Fresnel lens correspond to the first
ring of secondary lens and the secondary three TIR sawteeth
correspond to the secondary ring. The two direct refraction
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Figure 5: Design of secondary lens. (a) Specification of the type of secondary lens’ front surface. (b) Calculation of the borders of secondary
lens’ front surface.
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Figure 6: Schematic drawing of the secondary lens whose T surface
is designed as cone shaped.

sawteeth and a centre lens correspond to the tertiary ring.
The profile of compound Fresnel lens for CPVs is calculated
by the method mentioned above (see, e.g., Figure 7(a)), and
its 3-dimension model is also created in CAD software: Solid-
Works. And then we imported the 3-dimension solid into the
widely used currently commercialized optical software, such
as TracePro in this paper, for ray tracings of the optical system
(see, e.g., Figure 7(b)).

This simulation was done by assuming that the refractive
index of material PMMA and BK7 are 1.49 and 1.52 (λ =
546.1 nm), respectively, and the solar flux exists as parallel
rays with a divergence angle of 0.27◦ [7, 8]. The computer
simulations of ray tracings use 2 million rays. The simula-
tions of two traditional Fresnel concentrators without sec-
ondary lens and with secondary lens was also done to
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Figure 7: Profile and 3D cutaway view of a compound Fresnel-R
lens for CPV system.
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compare. Both the traditional Fresnel concentrators have an
equivalent concentration. Based upon these simulations the
novel Fresnel concentrator is found to have a 90% accep-
tance angle of ±1.3 degrees (see, e.g., Figure 8). It is much
better than the traditional Fresnel concentrator without a
secondary lens, whose acceptance angle is always smaller
than ±1 degrees. Although the acceptance angle of the
traditional Fresnel concentrator with a secondary lens is close
to the novel concentrator, its aspect ratio (1.2) is almost twice
bigger than the novel concentrator (0.5).

As depicted in Table 1, the final optical efficiency received
on the solar cell at normal incidence is even more than 82%.
Clearly, the main losses of this new optical system come from
the Fresnel loss (e.g., reflection at the material/air interface),
the sum of which is up to about 12.73%. The secondary is
the shadow loss that occur at the vertical facets of primary
Fresnel lens, which is about 4.5%. The Figure 9 shows the
spectral transmission power of the designed optics system
from 300 nm to 1800 nm: near 82.6% efficiency is achieved
in the spectral range for triple-junction solar cells under solar
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Figure 10: 3D irradiance distribution on the cell when the sun
ray is at normal incidence. (a) Traditional Fresnel lens. (b) Novel
compound Fresnel lens.

direction normal radiation (AM1.5D) due to the inclination
angle, T, of the secondary lens.

In 3D the irradiance distribution is relatively uniform in
the radial direction but not in the azimuthal direction be-
cause of its rotational symmetry. The simulation results are
shown in Figure 10 when the sun ray at normal incidence.
Note that the “irradiance” in Figure 10 is not the real
irradiance value, it is the ratio of the real irradiance to
the standard solar direction radiation (1000 W/m2). The
maximum local irradiance value is below 2000x (see, e.g.,
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Table 1: The main losses of this concentrator system, considering
the normal incidence and divergence angle of solar.

The reason of losses Losses Transmission

Fresnel losses on the front surface of
primary Fresnel lens

−3.94% 96.06%

Fresnel losses on the sawteeth surface of
primary Fresnel lens

−5.24% 90.82%

Losses due to the drag angle of primary
Fresnel lens’ sawteeth

−4.50% 86.32%

Fresnel losses on the surface of secondary
lens

−3.55% 82.77%

Total power efficiency on the surface of solar cell: 82.77%

Figure 10(b)), which is better than the traditional Fresnel lens
with a secondary design: 4000x (see, e.g., Figure 10(a)), and
the uniformity is still sufficient to prevent the local peak ir-
radiance from enlarging to deteriorate the solar cell.

4. Conclusions

A novel design of the compound Fresnel concentrator for
CPV system was presented to increase the concentration
factor, reduce the aspect ratio, and improve the optical per-
formance on the solar cell. The simulation results have iden-
tified that using this method to design Fresnel concentrator,
the aspect ratio (/ f number) can be less than 0.5, the optical
efficiency of the optical system can be obtained more than
80% and the uniformity of irradiance on the solar cell can
also be controlled to guarantee the good performance for
the solar cell. All these factors will be helpful to substantially
enhance the performance of CPVs and reduce its related cost
when it is mass installed. The concentration module based on
this novel compound Fresnel lens is a promising option for
the development of a cost-effective photovoltaic solar energy
generation.
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