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ABSTRACT Under partial shading conditions (PSC), the power-voltage (P-V) characteristic curve of

photovoltaic (PV) strings exhibits multiple peaks. Such mismatching phenomenon brings challenges in

controlling the output power. To analyze the electrical characteristics of PV strings in complex environments,

a quantitative analysis method is required to characterize the PSC. This paper introduces the shading

matrix to describe the shading rate and shading strength information. The proposed shading matrix would

provide maximum power point tracking (MPPT) controllers with the essential environmental information to

improve the global maximum power point (GMPP) tracking performance. A modified Tabu search (MTS)

based identification method is proposed to estimate the shading matrix. The proposed modified method

involves a preselection process of updating the Tabu list to optimize the searching efficiency. The accuracy

and efficiency of the proposed analytical estimation expression are validated through simulations and

experiments. By comparing with binary search (BS), golden-section search (GS) and Tabu search (TS)

algorithms, the proposedMTS algorithm is demonstrated to perceive the shading information at least 18.75%

faster.

INDEX TERMS Shading matrix, partial shading conditions, photovoltaic cells, solar energy, Tabu search.

NOMENCLATURE

αi the fractional factor of VOC,Module

1Gtolerance the tolerated solar irradiance (W/m2)

1Iref the reference current difference (A)

Dnew the slope of the newly sampled point (A/V)

Dref the reference slope (A/V)

G the actual solar irradiance (W/m2)

GSTC the reference irradiance at standard test con-

ditions (W/m2)

Ilb the left boundary of the initial candidate inter-

val (A)

IMPP the current at the maximum power point (A)

Inew the current of the newly sampled point (A)

Iph the light-generated photocurrent (A)

The associate editor coordinating the review of this manuscript and
approving it for publication was Xianming Ye.

IPV the operating current of the PV string (A)

Irb the right boundary of the initial candidate

interval (A)

Iref the reference current in the judging criterion

(A)

Isat the reverse saturation current (A)

ISC,Insolated the short-circuit current of the insolated mod-

ules (A)

ISC,Shaded,i the ith shaded short-circuit current (A)

ISC,STC the reference short-circuit current at standard

test conditions (A)

ISC,String the string short-circuit current (A)

ISC the short-circuit current (A)

ITP,i the current at the ith turning point (A)

k the Boltzmann’s constant (eV/K)
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KI the short-circuit current temperature

co-efficient (A/K)

KV the open-circuit volt age temperature

co-efficient (V/K)

LT the terminated length of the interval (V)

MS the shading matrix

n the ideality factor of the diode

NString the number of modules in the PV string

PMPP the power at the maximum power point (W)

q the electron charge (C)

Rsh the shunt resistance (�)

Rs the series resistance (�)

T the ambient temperature (K)

TSTC the reference temperature at standard test con-

ditions (K)

VMPP the voltage at the maximum power point (V)

VPV the operating voltage of the PV string (V)

χi the ith shading rate information

ρi the ith shading strength information

GInsolated the solar irradiance of the insolated PV mod-

ules (W/m2)

GShaded,i the ith shaded irradiance (W/m2)

NSeries the number of series cells in the PV module

NShaded,i the number of shaded modules under the ith

shaded irradiance

NShaded the number of shaded modules

Ni the number of shaded modules with the irra-

diation not higher than GShaded,i

VBD the breakdown voltage of the shaded modules

(V)

VInsolated the voltage of the insolated modules (V)

VOC,Module the open-circuit voltage of the individual PV

module (V)

VOC,String the open-circuit voltage of the PV string (V)

VShaded the voltage of the shaded modules (V)

VTP,i the voltage at the ith turning point (V)

VTP the voltage at the turning point (V)

I. INTRODUCTION

In photovoltaic (PV) systems, PV modules are usually con-

nected in series or parallel to form a PV string or array in order

to generate sufficient power. The series-connected PV string

is the prior configuration of PVmodules in terms of the lowest

mismatch power losses due to the non-uniform irradiance [1].

When the PV modules in a PV string receive non-uniform

solar irradiations, the string is considered to operate under

partial shading conditions (PSC). The shaded PV modules

would be easily damaged under PSC without any protection

due to the ‘‘hot-spot’’ effect [2]. As a result, bypass diodes

are normally connected to the PVmodules [3]. However, with

the existence of the bypass diodes, the current-voltage (I-V)

characteristic curves exhibit multiple stairs with turning

points [4]–[6] and correspondingly, the power-voltage (P-V)

characteristic curves of the PV string, under PSC, exhibit

multiple peaks [7]. That brings difficulties in controlling and

optimizing the output string power. A quantitative analysis

of PSC would provide necessary information for the power

management systems.

In the recent years, many fault diagnosis methods have

been proposed to detect or distinguish the partial shading in

PV systems from the uniform irradiation conditions (UIC).

A diagnosis method based on characteristics deviation anal-

yses was presented in [8]. It indicates that the PSC can be

distinguished by observing the stairs in I-V characteristic

curves. This method cannot detect the PSC automatically

since manual observations are required. In [9], an artificial

neural network (ANN) is used to detect the faults under

normal and partially shaded conditions. The ANN-based

fault diagnosis method is capable of distinguishing the PSC

from UIC automatically by inputing the solar radiation, tem-

perature and measured output power. Zhao et al. proposed

a novel PV array fault diagnosis method based on fuzzy

C-mean (FCM) and fuzzy membership algorithms in [10].

It uses clustering to analyze different PV faults under both

UIC and PSC. By comparing with the K-means, the running

time of the FCM algorithm is longer but the accuracy is

higher. In [11], a fault diagnostic technique for PV systems

based on measured I-V characteristics was proposed. The

partial shading faults can be distinguished by a multi-class

adaptive boosting (AdaBoost) from some other PV faults

such as the short-circuit and abnormal aging. Principal com-

ponent analysis (PCA) was applied to identify the shading

in PV systems using the features from I-V characteristic

curves in [12]. This method only uses the PV current and

voltage, which avoids additional hardware and costs. How-

ever, these fault diagnosis systems can only detect the exis-

tence of PSC. The detailed shading conditions cannot be

identified.

In order to analyze PSC, the shading information has been

proposed in the recent ten years [13]. Typically, the shad-

ing information refers to the shading rate and shading

strength [14]. The shading rate represents the percentage of

the shaded PV modules in the PV string [14]. The shading

strength reflects the ratio of the solar irradiance of the PV

modules in the PV string [15]. Different combinations of

the shading rate and shading strength will result in varied

PV characteristics. Early studies have shown that these two

shading factors directly influence the locus of the global

maximum power point (GMPP) [16], [17]. Many shading

information detection methods have been proposed. An auto-

matic shading detection method by using voltage sensors

and a switch matrix was proposed in [18]. The detection

system has the ability to estimate the shading rate effectively.

An ANN is used in [15] to detect the shading information

including both the shading rate and shading strength but

this method uses separate ANN models to predict different
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shading information. In [14], a shading detection method

was proposed to predict the shading rate by a sorting

algorithm. After determining the shading rate, the shading

strength is estimated by multi-output support vector regres-

sion (M-SVR). However, this detection method uses the

expensive solar irradiance sensors and also carries heavy

computational burdens. Some researches have shown that the

values of the shading information are related to the loca-

tion of the turning point in the I-V curves [4], [5]. The

number of shaded modules is estimated through the volt-

age at the turning point in [19]. The shading rate can be

further estimated by this identification method. Lei et al.

interpreted the PV characteristics under PSC via an analyt-

ical model [20]. The shading strength variation is shown to

be well correlated to the height of the current steps (turn-

ing points) in the I-V characteristics. In [5], the discrete

wavelet transform (DWT) is used to interpret the traced I-V

curve of the PV system and locate the turning points.

However, the definitions of the aforementioned shading infor-

mation are based on a strong assumption that the PSC only

has two irradiation levels.

This paper proposes a comprehensive shading identifica-

tion approach. The shading matrix is introduced to quanti-

tatively analyze the PSC with multiple irradiation levels. A

modified Tabu search (MTS) based identification method is

proposed to estimate the shading matrix from the located

turning points. The proposed method would provide max-

imum power point tracking (MPPT) controllers with the

essential environmental information to improve the GMPP

tracking performance.

The rest of the paper is organized as follows: Section II

analyzes the PV characteristics by a mathematical model and

introduces the shading matrix for PSC. The methodologies

of the identification method for the shading matrix are shown

in Section III. The simulation and experimental results are

demonstrated in Section IV to validate the accuracy and

efficiency of the proposed identification method. Section V

presents the conclusions of this paper.

II. ELECTRICAL CHARACTERISTICS OF A

PHOTOVOLTAIC STRING

A. PHOTOVOLTAIC CHARACTERISTICS UNDER UNIFORM

IRRADIATION CONDITIONS

The I-V characteristics of a PV string under UIC can be

expressed by a single-diode model as shown in (1) [21]–[23].

IPV = Iph−Isat{exp[
q(VPV+IPVRs)

nkTNS
]− 1} −

VPV + IPVRs

Rsh
(1)

where IPV and VPV are the current and voltage of the PV

string, respectively; Iph the light-generated photocurrent; Isat
the reverse saturation current; Rs the series resistance; Rsh
the shunt resistance; n the ideality factor of the diode;

NS = NString × NSeries (NString the number of modules in

the PV string and NSeries the number of series cells in the PV

FIGURE 1. Electrical characteristics of a PV string under uniform
irradiation conditions (UIC).

module); q the electron charge; k the Boltzmann’s constant

and T the temperature in Kelvin. As the shunt resistance Rsh
is relatively large in the majority of the PVmodules, the terms

related to Rsh can be omitted [24] and (1) can be further

simplified to (2).

IPV = Iph − Isat
{

exp[
q(VPV + IPVRs)

nkTNS
]− 1

}

(2)

Thus, based on (2), the current slope with respect to the

voltage dIPV/dVPV can be calculated by (3).

dIPV

dVPV
= −Isat

q

nkTNS
(1+

dIPV

dVPV
Rs) exp[

q(VPV+IPVRs)

nkTNS
]

(3)

By solving (3), the value of dIPV/dVPV can be obtained as

given in (4).

dIPV

dVPV
= −1

/{ nkTNS

qIsat exp[q(VPV+IPVRs)/(nkTNS)]
+Rs

}

(4)

FIGURE 1 shows the I-V and P-V characteristics of a PV

string under UICwith varied solar irradiances. Themaximum

power points (MPPs) are marked with the red circles on the

I-V curves. As can be found from FIGURE 1, the slope of

the I-V curve before the MPP is relatively flat and the slope

after the MPP is high. Therefore, in this paper, the slope at

the MPP is defined as a reference slope Dref to distinguish

the points with low slopes and points with high slopes. Dref

can be expressed by (5).

Dref=
dIMPP

dVMPP

=−1
/{ nkTNS

qIsat exp[q(VMPP + IMPPRs)/(nkTNS)]
+ Rs

}

(5)

where VMPP and IMPP are respectively the voltage and current

at the MPP.
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B. PARTIAL SHADING CONDITIONS AND

SHADING MATRIX

FIGURE 2 shows the I-V characteristics of a PV string with

three modules. The PV string is operating under the PSC

with three individual irradiation levels. Two turning points

are exhibited on the I-V curve, which are marked with the red

circles. For a PV string with NString modules, the I-V curve is

divided into NString adjacent intervals with the same length.

The boundaries of the intervals are at the integer multiples

of VOC,String/NString and marked by the blue vertical dashed

lines in FIGURE 2. Each interval has at most one turning

point. Assume that one turning point at VTP is located in the

mth interval, then the range of VTP can be obtained as given

in (6).

(m− 1)
VOC,String

NString
< VTP < m

VOC,String

NString
(6)

where VOC,String is the open-circuit voltage of the PV string.

Multiplied by NString/VOC,String on all sides of (6), it can be

rewritten as in (7).

m− 1 <
NString

VOC,String
VTP < m (7)

The m can be rounded upwards to the nearest integer as

shown in (8).

m = ceil(
NString

VOC,String
VTP) (8)

where ceil(·) is a function that rounds the number to the near-

est following integer. The boundary voltage of the interval

where the turning points are located can be calculated from

the voltage at the turning points.

The shading matrix is the combination of the shading rate

and shading strength information. The shading matrix MS is

expressed by (9).

MS =











ρ1 χ1

ρ2 χ2

...
...

ρM−1 χM−1











(9)

where M is the number of the irradiation levels; ρi and χi
are respectively the ith shading strength information and

the corresponding shading rate information as shown in

(10) and (11).

ρi =
GShaded,i

GInsolated
(10)

where GShaded,i is the ith shaded irradiance and GInsolated is

the solar irradiance of the insolated PV modules.

χi =
NShaded,i

NString
(11)

where NShaded,i is the number of shaded modules under the

ith shaded irradiance.

For a PV string with M irradiation levels, the dimen-

sion of the corresponding shading matrix is (M − 1) × 2.

FIGURE 2. I-V characteristics of a PV string under partial shading
conditions (PSC).

Each turning point in the I-V characteristic curve represents a

row of the shading matrix. Each row of the shading matrix is

a pair of shading rate and strength information. These M− 1

pairs of shading information form the shading matrix.

III. PROPOSED IDENTIFICATION METHOD

The proposed shading matrix identification method is com-

posed of two stages. In the first stage, the searching method

based on a modified Tabu search (MTS) algorithm is used to

locate the position of the turning points. In the second stage,

the analytical expressions are adopted to estimate the value

of the shading matrix.

A. LOCATING TURNING POINTS BY A MODIFIED TABU

SEARCH ALGORITHM

Turning points are the crucial operating points in I-V charac-

teristic curves of a PV string. The mismatches among the PV

cells in the PV string under PSC will result in the existence

of the turning points, whose locations reflect the values of the

shading information.

The Tabu search (TS) algorithm is a metaheuristic search

method employing local search methods used for global

mathematical optimization [25], [26]. Inspired by the idea of

Tabu lists in the TS algorithm, a modified TS-based method

is proposed to search for the turning points in the I-V curve.

The proposed method preselects the Tabu lists based on the

I-V characteristics to optimize the searching efficiency.

In the preselection process, the Tabu list records the inter-

vals that do not contain turning points.With the establishment

of the Tabu list, the proposed identification system only

searches the intervals containing turning points and skips

the unnecessary intervals, accelerating the searching process.

The intervals that may contain the turning points are called

candidate intervals. A candidate list is introduced to record

the candidate intervals. The Tabu list and candidate list are

two opposite lists. These two lists are updated iteratively

according to a judging criterion until the termination condi-

tion is satisfied.

The pseudocode of the MTS-based searching method is

given in Algorithm 1. It consists of two main procedures

including the preselection stage and the judging stage.

75494 VOLUME 8, 2020
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Algorithm 1 The Turning Point Searching Method Based on

an MTS Algorithm

Input: the terminated smallest interval length LT, the refer-

ence slope Dref by (5), the reference current difference

1Iref by (15)

Output: the location of the turning points

%% Preselection Stage

1: Measure ISC,String and VOC,String.

2: Divide the I-V characteristic curve into NString adjacent

VOC,String/NString intervals from 0 to VOC,String.

3: Tabu list← the last VOC,String/NString interval.

4: for interval in the rest VOC,String/NString intervals do

5: Measure the current difference between the interval

boundaries 1I .

6: if 1I ≤ 1Iref then

7: Tabu list← interval.

8: else

9: candidate list← interval.

10: end if

11: end for

%% Judging Stage

12: for candidate interval in candidate list do

13: Obtain the reference current Iref by (16).

14: while the length of candidate interval is greater than

LT do

15: Randomly sample a new point in interval.

16: if Dnew > Dref && Inew < Iref then

17: Tabu list ← the interval right of the new

point.

18: else

19: Tabu list← the interval left of the new point.

20: end if

21: Reduce the candidate interval by Tabu list.

22: end while

23: Record the VTP in the candidate interval as the right

boundary. Measure the current at the turning point.

24: end for

1) PRESELECTION STAGE

At the beginning, VOC,String and ISC,String are mearsured. The

I-V curve is divided into several intervals with an interval

length of VOC,String/NString according to the finding that each

VOC,String/NString interval contains at most one turning point.

FIGURE 3(a) is a typical example of an I-V character-

istics curve from a PV string with three modules under

PSC. The I-V curve is divided into three intervals. With the

observation that the turning points cannot exist in the last

VOC,String/NString interval, the last VOC,String/NString interval

is recorded in the Tabu list. The intervals in the Tabu list are

marked by a shadow as shown in FIGURE 3(a).

For the remaining intervals in the candidates, an initial

selection rule will be applied. As shown in FIGURE 3(b) and

3(c), for each initial candidate interval, the current difference

across the whole interval 1I is measured and compared

with a reference value 1Iref. If 1I > 1Iref, as shown in

FIGURE 3. Initial selection rule for the Tabu List: (a) overall I-V curve;
(b) region A; (c) region B.

FIGURE 3(b), then the current interval is considered as a

candidate interval. Otherwise, as shown in FIGURE 3(c),

the interval is listed in the Tabu list.

The determination of the reference current difference1Iref
is calculated as follows. The current difference between the

boundaries of theVOC,String/NString interval1I can be consid-

ered as the difference of two short-circuit currents as shown

in (12) assuming that the temperature does not change during

the two current sampling processes.

1I = 1ISC (12)

Since the short-circuit current ISC can be modeled

by (13) [22], (12) can be extended to (14)

ISC = (ISC,STC + KI1T )
G

GSTC
(13)

where ISC,STC is the reference short-circuit current at standard

test conditions (STC, 25 ◦C and 1000 W/m2); KI the short-

circuit current temperature co-efficient; 1T = T − TSTC
the temperature difference between the actual temperature

and the reference temperature at STC; G the actual solar

irradiance and GSTC the reference irradiance at STC. ISC,STC
and KI can be found in the datasheet of the PV modules.

1I = 1ISC = [ISC,STC + KI(T − TSTC)]
1G

GSTC
(14)

Therefore, 1Iref can be expressed by (15).

1Iref = [ISC,STC + KI(T − TSTC)]
1Gtolerance

GSTC
(15)

where 1Gtolerance is the tolerated solar irradiance, which

means that below this reference value, two irradia-

tion levels are considered as the same level. In this

research, the 1Gtolerance is set to 50 W/m2. Hence,

1Iref = 0.05× [ISC,STC + KI(T − 298.15)].

VOLUME 8, 2020 75495
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FIGURE 4. The judging criterion for three different cases: (a) case 1:
Dnew > Dref, Inew > Iref; (b) case 2: Dnew > Dref, Inew ≤ Iref; (c) case 3:
Dnew ≤ Dref.

2) JUDGING STAGE

In the preselection stage, the intervals containing the turning

points are selected. Afterwards, for each candidate intervals,

new sampling points are iteratively and randomly selected

to reduce the intervals. A judging criterion is introduced

to update the Tabu list and the candidate list. FIGURE 4

shows the judging criterion for three major cases. For each

VOC,String/NString interval in the candidate list, a reference

current Iref is defined as the mean value of two boundary

currents and can be expressed by (16). Iref is represented as

the red horizontal dashed lines in 4(a) and 4(b).

Iref =
1

2
(Ilb + Irb) (16)

where Ilb and Irb are respectively current at the left and right

boundaries of the initial candidate interval.

A reference slope Dref is set by (5) to distinguish if the

newly sampled point is in the flat region or steep region.

Totally there are three cases, as follows, for the position of

the newly sampled point.

When the slope of the newly sampled point Dnew is larger

than Dref, the new point is sampled on the flat region.

As shown in 4(a) and 4(b), there are two different cases.

The current of the newly sampled point is measured as Inew.

If Inew > Iref as shown in 4(a), the new point is on the higher

flat region and the turning point is to the right of the point

as a result, the interval left of the point is added to the Tabu

list. Otherwise, the right interval is added to the Tabu list as

shown in FIGURE 4(b).

When Dnew ≤ Dref as shown in FIGURE 4(c), the new

point is located on the steep slope. The position of the turning

point is to the right of the current point. Therefore, the Tabu

list is updated by adding the interval left of the point.

This judging rule is used to reduce each candidate interval

until the termination condition is satisfied. The termination

condition is that the length of the interval is not larger than

the selected threshold LT. The value of the LT will affect the

accuracy of the searched turning points. A smaller LT can find

the turning points more accurately but the searching time is

longer and vice versa.

When the termination condition is satisfied, the voltage at

the right boundary of the reduced candidate interval is used as

the voltage of the turning point in this interval. The current at

the turning point can be obtained when the voltage is known.

B. ANALYTICAL EXPRESSIONS FOR SHADING MATRIX

In order to have an easier analysis of the relationship between

the shading matrix and the positions of the turning points,

the situation with only two solar irradiation levels (one turn-

ing point) is investigated. FIGURE 5 depicts the relation-

ships between the shading information and the position of

the turning point under various shading patterns. As can be

seen from FIGURE 5(b) and 5(d), the value of the shading

rate information is linearly proportional to the voltage at the

turning point while the shading strength information has a

linear relation with the current at the turning point. With these

findings, the shading matrix under the PSC with multiple

irradiation levels can be estimated by the located turning

points.

1) ESTIMATING THE SHADING RATE INFORMATION

As shown in (17), the operating voltage VPV of the PV string

equals the sum of the voltages from the insolatedmodules and

the voltages from the shaded modules [19].

VPV = (NString−NShaded)VInsolated+NShadedVShaded (17)

whereNShaded is the number of shaded modules; VInsolated and

VShaded are respectively the voltage of the insolated modules

and shaded modules.

When operating at the ith turning point VTP,i, the shaded

modules are at the reverse breakdown point because of the

bypass diodes. In [19], the voltage of the insolated modules

is assumed to be the VOC,Module, which is the open-circuit

voltage of the individual PV module. Let Ni denote the num-

ber of the shaded modules with the irradiation not higher

75496 VOLUME 8, 2020
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FIGURE 5. Relationships between the shading information and the
position of the turning point for a PV string with five PV modules. (a) I-V
curves with different shading rate information; (b) the relationship
between the shading rate information and the voltage at the turning
point VTP; (c) I-V curves with different shading strength information;
(d) the relationship between the shading strength information and the
current at the turning point ITP.

than GShaded,i, Equation (17) at the ith turning point VTP,i is

rewritten as (18).

VTP,i= (NString−Ni)× VOC,Module+Ni × (−VBD) (18)

where −VBD is the breakdown voltage of the shaded

modules. However, the value of VInsolated is closer to

VTP,i/NInsolated, which is smaller than VOC,Module. The gap

between VTP,i/NInsolated and VOC,Module cannot be omitted

under some shading patterns. As a result, a fractional factor

αi is proposed in this research to improve the accuracy of the

model. The new model is as shown in (19).

VTP,i= (NString−Ni)× αiVOC,Module+Ni × (−VBD) (19)

In (19), the breakdown voltage VBD is much smaller than

the voltage at turning point VTP,i. Thus, the value of αi can

be approximately calculated by letting VBD = 0 and the

expression of αi is given in (20).

αi = VTP,i

/[

(NString − Ni)× VOC,Module

]

(20)

The denominator of (20) is also the first integer multiples

of VOC,String/NString right to the current ith turning point.

According to (6) and (8), Equation (20) can be rewritten as

in (21).

αi = VTP,i

/[

VOC,String

NString
ceil(

NString

VOC,String
VTP,i)

]

(21)

Thus, Equation (22) represents the number of shaded mod-

ules with their irradiation not higher than GShaded,i.

Ni =
αiVOC,String − VTP,i

αiVOC,Module + VBD
(22)

For a PV string withM irradiation levels, the index i inNi is

from 1 to M− 1. For simplicity, let NM = 0, then the number

of shadedmodules with the ith shaded irradianceNShaded,i can

be expressed as in (23).

NShaded,i = Ni − Ni+1 (23)

Finally, by substituting (23) into (11), the shading rate

information can be estimated by (24).

χi =
Ni − Ni+1

NString
(24)

After the turning points are located by the searching

method, the shading strength information and the shading

rate information in the shading matrix can be respectively

estimated by (28) and (24).

2) ESTIMATING THE SHADING STRENGTH INFORMATION

The I-V curve of a PV string under PSC is merged by I-V

curves of individual PV modules across the voltage from

the higher irradiance to the lower irradiance [27]. There-

fore, the current at the ith turning point, denoted as ITP,i,

approximately equals to the ith shaded short-circuit current

ISC,Shaded,i as shown in (25).

ITP,i ≈ ISC,Shaded,i (25)

By substituting (13) into (25), ITP,i can be expressed

by (26).

ITP,i = (ISC,STC + KI1T )
GShaded,i

GSTC
(26)

Similarly, the string short-circuit current ISC,String is the

short-circuit current of the insolated modules ISC,Insolated as

expressed in (27).

ISC,String = ISC,Insolated = (ISC,STC+KI1T )
GInsolated

GSTC
(27)

By substituting (26) and (27) into (10), the shading strength

information ρi can be estimated by (28).

ρi =
ITP,i

ISC,String
(28)

IV. RESULTS AND DISCUSSIONS

The proposed shading identification method was validated

using simulations in MATLAB/Simulink and experiments

with the PV emulator. The specifications of the PV module

under STC used in both the simulations and experiments are

given in TABLE 1.

A. SIMULATION RESULTS

The simulations were conducted using MATLAB/Simulink

2018a. To validate the performance of the proposed iden-

tification method, the PV strings with a varied number of

modules from 3 to 5 were involved in the simulations. The

simulations analyzed the following two aspects:
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FIGURE 6. Comparison in the tracking traces from different searching algorithms under varied shading patterns (shading pattern A:
{500,1000,1000,1000}W/m2, 25◦C; shading pattern B: {500,800,800,1000}W/m2, 25◦C; shading pattern C: {500,800,300,1000}W/m2, 25◦C.)

1) The verification of the proposed analytical expressions

for the shading matrix by the dataset generated through

the simulations.

2) The analyses of the proposed MTS-based method for

the turning points compared with the basic TS-based

method and two other classical searching algorithms:

the binary search (BS) algorithm and the golden-

section search (GS) algorithm.

A dataset was generated in Simulink to analyze the accu-

racy of the proposed analytical expressions for the shading

matrix. All the possible shading patterns were involved in

the dataset over the temperature range from 0 to 50 ◦C. The

shading strength information and shading rate information

in the shading matrix were separately evaluated by three

mathematical indicators including root mean squared error

(RMSE), mean absolute error (MAE) and R squared (R2).

Since the dimension of the shading matrix varies from dif-

ferent shading patterns, one estimation’s results are split into

multiple records in the dataset according to the dimension of

the shading matrix. Hence, each record of the dataset only

contains one shading strength information and one shading

rate information.

TABLE 1. Specifications of the PV module used in this research under
standard test conditions.

The estimation results based on the three mathematical

indicators are recorded in TABLE 2. The size of the dataset

NDataset is also included. According to the results in TABLE 2,

the proposed analytical expression for the shading matrix

has a low RMSE value of around 5e-4 when estimating

the shading strength information. However, the error of the

estimated shading strength information is becoming larger

with the increase of the string length NString. The accuracy

of the estimated shading rate information is stable and not

influenced by NString.
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TABLE 2. Results of the proposed estimation method for the PV strings with different numbers of modules.

TABLE 3. Comparison in searching step numbers for varied string lengths from 3 to 5 by different searching algorithms (the results of TS and MTS are
based on the statistics of 100 runs).

In order to validate the efficiency of the proposed iden-

tification method based on an MTS algorithm, the other

three searching algorithms including BS, GS and TS

are involved in the comparison study. FIGURE 6 shows

the comparison results of the searching tracks for a

PV string with four modules under three different shad-

ing patterns from the three searching algorithms. The

solar irradiations of the four PV modules for the three

selected shading patterns are {500,1000,1000,1000}W/m2,

{500,800,800,1000}W/m2, and {500,800,300,1000}W/m2

respectively. The temperature is 25 ◦C. The red horizontal

dashed lines represent the position of the turning points.

The searching step is 1 s for all three algorithms. Before

activating the searching algorithms, the operating voltage

is 10 V. All the tests start with measuring the VOC at the

time of 10 s. All the turning points are searched and the

searching process finishes when the voltage drops back to

10 V. The same judging criterion and termination condition

(LT = 0.1V) are used for the three algorithms. As can be seen

from the results of the shading pattern A and B, unnecessary

searching is observed in the tracks from the identification

method based on the BS, GS and TS algorithms. However,

with the assistance of the preselection processing of the Tabu

intervals, the proposed MTS-based identification method is

capable of skipping those intervals which do not contain the

turning point. In the shading pattern C when the number of

the turning points reaches the maximum, the proposed MTS-

based method does not skip any interval but still exhibits a

fast searching due to its randomness.

FIGURE 7. Experimental setup.

TABLE 3 lists the comparative number of searching steps

from the different searching algorithms. Because the random

processes exist in the TS-based method and the proposed

MTS-based method, the results for the twomethods are based

on the statistics from 100 runs. The searching rate of the

BS, GS and TS algorithms is not affected by the shading

pattern but mainly influenced by the number of series mod-

ules NString. However, the performance of the proposed MTS

algorithm is largely affected by the shading pattern. With

the number of solar irradiation levels increasing, the average

searching step of the proposed algorithm becomes larger.

According to the average searching step for different NString,
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FIGURE 8. The tracked voltage traces recorded by the oscilloscope when
searching the turning points for a PV string with four PV modules under
(a) shading pattern 1: {1000,600,400,200}W/m2, 25◦C; (b) shading pattern
2: {800,500,1000,1000}W/m2, 25◦C and (c) shading pattern 3:
{800,800,400,400}W/m2, 25◦C.

the proposed MTS algorithm saves at least 18.75% of the

searching time and is the most efficient one among the four

searching algorithms.

B. EXPERIMENTAL RESULTS

The experiments in this paper were conducted with the PV

emulator (Chroma 62020H-150S) as the shading pattern can

be easily configured using this PV emulator. The experi-

mental setup is as shown in FIGURE 7. The computer con-

nected to the PV emulator displays the software panel for the

emulator. The programmable load (SOUSIM 300W) works

in the constant voltage mode for adjusting the operating

voltage of the PV emulator. The controller board (UDOO

NEO) executes the identification algorithms and controls

the programmable load through serial communication. The

oscilloscope (GW Instek GDS-2202A) records the searching

traces.

FIGURE 8 shows the voltage traces recorded by the oscil-

loscope when tracking the turning points under three different

shading patterns labeled from 1 to 3. The solar irradiations

for the three shading patterns are {1000,600,400,200}W/m2

(shading pattern 1), {800,500,1000,1000}W/m2 (shading

pattern 2) and {800,800,400,400}W/m2 (shading pattern 3).

The temperature for the three shading patterns is 25 ◦C. The

PV characteristics curves of each shading pattern are depicted

at the top-right corner. The three shading patterns respectively

have 3, 2 and 1 turning points. The termination interval

length LT is set to 0.2 V in the experiments. According to

the specifications of the PV module, the reference current

difference is 0.061 A.

The PV string is initially operating at the voltage of 10 V.

When starting searching, the identification algorithm obtains

the string open-circuit voltage VOC,String by disabling the pro-

grammable load. The current values at each VOC,String/NString

interval boundaries are measured to determine the initial

candidate intervals with the turning points. The measuring

step is around 1.5 s at the preselection stage. The searching

step is around twice the step in the preselection stage since

at each step, two voltage points are measured to acquire the

slope information. The turning points are correctly located in

all the three situations when the voltage drops back to 10 V.

On average, it takes 7 steps to search for each turning point.

The mean absolute error for the shading strength information

in the identified shading matrix is 0.008. The shading rate

information is all correctly identified.

V. CONCLUSION

In this paper, a new form of the shading information called

the shading matrix has been introduced to quantitatively

analyze the complex PSC with multiple solar irradiation

levels. A comprehensive shading identification approach

based on an MTS algorithm and analytical models has

been proposed to estimate the value of the shading matrix.

Simulations and experiments have been conducted to validate

the efficiency and effectiveness of the proposed identifica-

tion method. By comparing with the BS, GS and TS algo-

rithms, the results have shown that the proposed identification

method would perceive the shading matrix at least 18.75%

faster. In the future, the proposed identification method will
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be used to instruct the MPPT systems for tracking the GMPP

under PSC.
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