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Abstract- Photovoltaic (PV) technology has great potential for electricity generation in an urban environment. Urban areas are 

characterised by the presence of high-rise buildings, trees, chimneys and other structures, the shadow of which becomes 

unavoidable for the installed PV arrays in their neighbourhood. Generally, it is not possible to remove or relocate such  structures 

in the vicinity of the PV system. Such persistent partial shadings can result in a significant loss in the annual energy yield the of 

PV array. To get the desired energy yield, the installation of more PV modules would be required which implies a higher cost of 

electricity for the end users. The present work compares the annual energy yield and DC performance ratio of total cross tied in 

series or TCT-S PV array with the conventional array under unshaded and five partial shaded conditions. The first part of the 

work comprises experimentally measuring current-voltage curves for both the arrays at different operating temperatures and 

irradiance in real outdoor conditions for several days. The outdoor data is used to generate 22-element maximum power (Pmax) 

matrix as per IEC61853-1, for both the arrays under unshaded and partially shaded conditions. The second part of the work 

comprises numerically estimating the energy yield of both the PV arrays (normalized to 1kW system) under each scenario using 

their respective Pmax matrix, weather data obtained for one complete year for the location and the translation equations. It is 

found that a significant enhancement of annual energy yield ranging from 4.8 % to 36.7 % under partial shadings can be obtained 

by the TCT-S array over the conventional array.   

Keywords Power matrix, partial shading, total cross tied, annual energy, hybrid array, performance ratio. 

 

 

1. Introduction 

Partial Solar Photovoltaics (PV) has gained much 

popularity owing to the technological advancements, decline 

in the module prices and public acceptance. For urban areas 

which are continuously expanding, solar PV has a great 

potential to supply a substantial share of high energy demands, 

reduce the carbon emission and achieve sustainability [1]. 

Rack-mounted Photovoltaics and Building Integrated 

Photovoltaics (BIPV) are commonly used PV system in urban 

areas to generate electricity. A challenging condition faced by 

the installed PV arrays in such environment which can 

significantly decrease its energy generation is Partial Shading 

(PS) [2].  

PS is a commonly occurring condition of inhomogeneous 

distribution of solar irradiance on PV surface [3], [4]. Urban 

areas are characterised by the presence of high-rise buildings, 

trees, chimneys, overhead transmission wires and other 
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structures, the shadow of which becomes unavoidable for the 

installed PV arrays in the neighbourhood [5], [6]. Self-shading 

of modules i.e., modules get shaded by the rows of modules in 

the front, is also almost impossible to avoid in BIPV and in 

limited roof top spaces [7], [8]. Generally, it is not possible to 

remove or relocate structures in the vicinity of PV system 

casting shadow over it. Under such situations, partial shadings 

are repeated daily and becomes persistent. Such partial 

shadings can result in significant loss in the annual energy 

yield the of PV array [9]–[13]. In order to get the desired 

energy yield, installation of more PV modules would be 

required which implies higher cost of electricity for the end 

users. Therefore, it is of practical significance to keep 

exploring different designs of PV arrays which are PS tolerant 

so that the loss of energy yield can be minimized even when 

the array is shaded for a long period of time. 

A widely discussed approach to increase the shading 

resilience and hence the performance of partially shaded PV 

array is to alter the electrical interconnection of cells/modules 

in a PV array from series to parallel [14]–[18]. Accordingly, 

many different types of parallel architecture such as series-

parallel (SP), total cross tied (TCT), bridge linked (BL), honey 

comb (HC) have been tested by the researchers to find the 

optimum configuration under PSCs [19]–[26].  The studies 

concluded that TCT configuration exhibits superior 

performance over others under PSCs. Various other 

configurations, such as hybrid of two configurations [27], 

[28], mathematical puzzle based [29]–[33] and reconfigured 

configurations, where main objective is to equalize the 

generated currents by different electrical rows [34]–[40] have 

also been investigated. All these strategies have their own 

advantages and limitations. However, all these studies 

conducted the comparative analysis of PV array 

configurations at only one instant of time, at one value of 

operating temperature and irradiance (generally 25οC and 

1000 W/m2). However, a PV array in field conditions 

experience wide range of operating temperature, solar 

irradiance and partial shading conditions. These previous 

studies though useful to emphasise the impact of partial 

shading on these configurations, are insufficient to predict 

their comparative long-term performance in real field 

conditions. These studies do not provide information of how 

much additional energy one configuration can produce in 

comparison to other over a period of time in real operating 

conditions under the impact of PSCs. This information is of 

paramount significance not only from the point of view of 

solar project developers but also from the end customers. 

However, the comparative effect of PS on the annual energy 

yield of different designs of PV modules/arrays has not been 

focussed much. 

The authors in this paper investigates the comparative 

performance of two different configurations of PV array under 

uniform irradiance and partial shaded conditions. The two 

configurations of PV array used are: 

 (i) Total-cross-tied in series or TCT-S configuration  

 (ii) Conventional series in series or S-S array  

The authors in their previous work investigated the 

instantaneous maximum output power of a partially shaded 

TCT-S array in the absence and presence of bypass diodes. 

[41]. The present work is focussed on the comparative long-

term performance of these configurations. The effect of 

persistent PSCs on their annual energy yield as well as DC 

performance ratio is investigated and compared.   

As the first part of the study, extensive experimental work 

in real operating conditions of characterising PV arrays under 

uniform and five partial shading scenarios has been done. The 

outdoor data is used to generate 22-element maximum power 

(Pmax) matrix as per IEC61853-1 for both the arrays under 

unshaded and shaded conditions. The second part of the study 

comprises of estimating the energy yield of the arrays under 

different conditions, using the respective Pmax matrix, weather 

data obtained for the year for the location and the translation 

equations [42]. The details of the methodology used in this 

study is presented in section 2. The parameters taken into 

account for estimating energy yield in this work are local solar 

irradiance, array operating temperature as a function of 

ambient temperature and wind speed. Comparison of the 

annual energy yield and DC performance ratio of the TCT-S 

configuration with the conventional S-S configuration has 

been conducted to understand the effect of shading on their 

energy generation.  

The present study has relevance if the shaded conditions 

occur statically for fixed duration of the day as in multi-

storeyed complexes in urban environment. The results of the 

study would benefit the Solar Project Developers to extract 

maximum energy under persistent partial shading conditions, 

benefitting the end customers too.  

2.  Methodology 

The outline of the methodology used for this study is 

presented Fig. 1, while the details are presented below: 

STEP I:  Design of PV Array Configurations 

Two different configurations of PV array have been used 

for this research work, as described below: 

1. Conventional series in series or S-S Array- This 

configuration of PV array is formed by connecting S-modules 

in series. S-module is the one which has 36 solar cells 

connected in series. The schematic of S-module with its cell 

interconnections inside is shown in Fig. 2.a.  

2. Total cross tied in series or TCT-S Array- This 

configuration is the hybrid of total-cross-tied and series 

configuration. In this configuration, TCT-modules are 

connected in series to form the TCT-S PV array. TCT-module 

is the one which has 36 cells inside interconnected in TCT 

scheme. and such modules are further interconnected in series 

The schematic of TCT-module with its cell interconnections 

inside is shown in Fig. 2.b.  

One bypass diode per module has been used as a 

protection against the adverse situation like hotspots, in both 

the PV arrays. Further details of the array design have been 

presented in our previous paper [41]. 
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             Fig. 1. Representation of the methodology used. 

 

STEP II: Outdoor Measurements of PV Array Configurations 

All the measurements for PV arrays are conducted at 

National Institute of Solar Energy (NISE), Gurugram, 

Haryana, India. The site has latitude 28.4700o N and longitude 

77.0300o E with an elevation of 216 m from sea level. For the 

outdoor measurements, both the arrays were fixed on rigid 

structures with a tilt angle 28.5°, facing south. A portable 

instrument called Solmetric P-V Analyser (PVA-1000S) is 

used to measure the outdoor current-voltage characteristics of 

the arrays. The outdoor measurements have been recorded 

under uniform irradiance and five shading conditions.  

STEP III: Generation of partial shading conditions 

The evaluation and comparison of the energy yield of both 

the arrays have been done under five partial shading scenarios 

(shown in Fig. 3). These shading scenarios are inspired by 

shadings which can occur commonly in urban areas.  

 

 

                                                    (a) 

 

 
 

 

 

 

 

 

                                                      (b) 

        Fig. 2. Schematic of the (a) S-module (b) TCT-module 

Different shading scenarios have been created artificially 

using three different sheets of paper whose transmissivity was 

found to be 0%, 42.6% and 61.8% [14]. Consequently, the 

shade intensity created by these sheets are 100 %, 57.4% & 

38.2% respectively. 
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                  (a) 

 

                  (b) 

 

                      (c) 

 

                  (d) 

 

                  (e) 

 

Fig. 3. Partial shading scenarios used in this work. (a) scenario 

1 (b) scenario 2 (c) scenario 3 (d) scenario 4 (e) scenario 5. 

It is important to point out here that the shading conditions 

considered are static and the variation of shading patterns 

dimensions with the time of the day/seasons have not been 

taken into account in the present study. Such simplification 

was adopted because: 1) it is difficult to cast identical dynamic 

natural shadow on two separately installed arrays all the time 

in real operating conditions, 2) Even for artificially generated 

shadow, changing its dimensions continuously throughout is 

extremely difficult, 3) the work primarily focusses on the 

investigating the comparative effect of persistent shadings on 

energy generation capabilities of the conventional and 

proposed configuration. 

Brief description of the shading scenarios considered in 

this study is given below:  

Shading Scenario 1:  In this scenario, one row each of the two 

PV modules within the array was shaded unevenly with 

shading intensity 57.4% and 38.2% (Fig. 3.a). This scenario is 

inspired by the self-shading of PV array where in modules can 

get shaded row wise by the modules present in front of them.    

Shading Scenario 2: In this scenario, column wise shading was 

considered (Fig. 3.b). Such a shading can arise due to the 

presence of any nearby structure e.g., chimney which can 

partially shade the array column wise. The shading intensity 

used is 57.4%. 

Shading Scenario 3: In this scenario, a portion of one PV 

module within the array was shaded (24 cells out of 36) with 

intensity 38.2% (Fig. 3.c). This scenario is inspired by the 

situation especially for the BIPV or roof top installed arrays, 

where the shadow from a nearby big tree can obstruct the 

incident solar irradiance on some portion of the PV array. 

Shading Scenario 4: In this scenario, a triangular shading of 

intensity 57.4% was considered on a single module within the 

array (Fig. 3.d). This scenario is inspired by the situation, 

where the edge of a nearby building cast shadow on some part 

of the PV array surface.  

Shading Scenario 5: In this shading scenario only a single cell 

within the entire array was shaded with 100 % intensity (Fig. 

3.e). This situation represents any condition such as complete 

irradiance obstruction or a faulty/cracked cell, due to which a 

single cell within the array ceases to generate any power.  

STEP IV: Generation of Power Matrix   

 The several days outdoor I-V data for both the arrays 

under uniform irradiance condition and shading scenarios, 

obtained using Solmetric P-V Analyser, is used to generate the 

22-element Pmax matrix in accordance with IEC61853-1[43]. 

The 22 conditions of different temperature and irradiance used 

in Pmax matrix is shown in Table 1.  

 

 

 

 

 

 

 

 

 

 

Table 1.   Pmax at 22 sets of Irradiance and Temperature 

Conditions as per IEC 61853-1 standard. 

 

Pmax Versus Irradiance and Temperature 

Irradiance 

(W/m2) 

Module Temperature (ο C) 
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 15 25 50 75 

100 1 2 NA NA 

200 3 4 NA NA 

400 5 6 7 NA 

600 8 9 10 11 

800 12 13 14 15 

1000 16 17 18 19 

1100 NA 20 21 22 

 

Elements of such a matrix are the values of maximum power 

obtained by the array at these 22 conditions of temperature and 

irradiance. Six matrices each for both the arrays, 

corresponding to uniform irradiance condition and shading 

scenarios 1-5 were generated.   

STEP V: Obtaining Weather Data  

The weather data for the site which is National Institute of 

Solar Energy (NISE), Haryana, India, for one complete year 

is obtained. The details of the weather data are presented in 

[42]. The data of local solar irradiance (G), ambient 

temperature (T) and wind speed (WS) is recorded after every 

10 minutes. Details of weather station is as follows: 

 

Name of equipment Make & model no. 

Pyranometer  EKO, MS-802  

Wind sensor  Young, 05103  

Temperature sensor Vaisala, HMP 155  

 

STEP VI: Estimating PV Array Operating Temperature 

Based on the local environmental conditions of solar 

irradiance, ambient temperature and wind speed, array’s 

operating temperature is estimated by an empirically based 

thermal model [44] which is given by equation (1). 

 

𝑇𝑎 = 𝐺(𝑒𝑎+𝑏∗𝑊𝑆) + 𝑇                                                   (1) 

where:  

Ta = Back-surface array temperature, (°C).  

T = Ambient air temperature, (°C)  

G = Solar irradiance incident on module surface, (W/m2)  

WS = Wind speed measured at standard 10-m height, (m/s)  

a = -3.56, an empirically-determined coefficient establishing 

the upper limit for array temperature at low wind speeds and 

high solar irradiance  

b = -0.0750, also an empirically-determined coefficient 

establishing the rate at which module temperature drops as 

wind speed increases. 

STEP VII: Segregating Data in Different Irradiance Bins 

The obtained yearly data is segregated in the following 

seven irradiance bins corresponding to seven irradiance 

conditions mentioned in Pmax matrix: 

 

1 𝐺 ≤ 150 𝑊/𝑚2 

2 150 𝑊/𝑚2 < 𝐺 ≤ 250 𝑊/𝑚2 

3 250 𝑊/𝑚2 < 𝐺 ≤ 450 𝑊/𝑚2 

4 450 𝑊/𝑚2 < 𝐺 ≤ 650 𝑊/𝑚2 

5 650 𝑊/𝑚2 < 𝐺 ≤ 850 𝑊/𝑚2 

6 850 𝑊/𝑚2 < 𝐺 ≤ 1020 𝑊/𝑚2 

7 𝐺 > 1020 𝑊/𝑚2 

 

STEP VIII: Identifying Reference Conditions of Irradiance, 

Temperature and Power Corresponding to the Weather Data 

For estimating the instantaneous power generated by any 

array under any particular scenario i.e., uniform irradiance or 

any one of the considered shading scenario, the 

experimentally generated Pmax matrix by the array under that 

scenario is selected. Corresponding to each measured value of 

irradiance and array temperature, reference conditions of 

irradiance, temperature and power are identified from the Pmax 

matrix generated under the respective scenario. The same is 

illustrated below using the example of TCT-S array under 

uniform irradiance condition. 

 

 

 

 

 

 

 

 

Table 2.   Pmax matrix obtained for TCT-S array (normalized 

to 1kW) under uniform irradiance for 22 different irradiance 

and temperature 

 

Pmax Versus Irradiance and Temperature for TCT-S array 

under uniform irradiance condition 

Irradiance 

(W/m2) 

Temperature (ο C) 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
N. Agrawal et al., Vol.13, No.1, March 2023 

 
 

468 

 15 25 50 75 

100 85.5 86.8 NA NA 

200 202.6 199.4 NA NA 

400 434.6 425.2 391.6 NA 

600 642.5 620.9 564.9 503.9 

800 835.8 805.9 729.1 649.1 

1000 1040.9 1000.0 897.7 795.3 

1100 NA 1097.2 985.9 869.6 

 

 

The Pmax matrix obtained experimentally for TCT-S array 

under uniform irradiance conditions is presented in Table 2. 

These 22 conditions of maximum power obtained 

experimentally (in W) at seven different conditions of 

irradiance and four different temperatures work as the 

reference conditions for all the measured conditions of 

irradiance and array temperature for the year (obtained using 

weather station).  For example, if any measured weather 

condition of irradiance (G) and array temperature (Ta) is 853.5 

W/m2 and 41.1°C respectively, it lies in the bin 6 i.e., falling 

in the irradiance range greater than 850 W/m2 and less than or 

equal to 1000 W/m2. For such a set of G and Ta, the reference 

condition of irradiance (Gref) is 1000 W/m2 and temperature 

(Tref) is 50°C (closest to Ta). The experimentally found power 

at these conditions is 897.7 W (highlighted in yellow in Pmax 

matrix). This becomes the reference power (Pref) for the 

instantaneous condition of 853.5 W/m2 and 41.1°C.  For the 

entire weather data, reference conditions of Gref , Tref and Pref 

are identified from the obtained Pmax matrix.  

STEP IX: Estimation of Instantaneous Power Corresponding 

to the Weather Data 

After identifying the reference conditions for the yearlong 

measured data of irradiance and array temperature (every 10 

minutes), instantaneous power output, Po corresponding to 

these conditions is estimated using the following translation 

equations [45]: 

For G > 125 W/m2,  

𝑃𝑜 = (
𝐺

𝐺𝑟𝑒𝑓
) ∗ 𝑃𝑟𝑒𝑓 ∗ ((𝑇𝑎 − 𝑇𝑟𝑒𝑓) ∗ 𝛾 + 1)                       (2) 

For G ≤ 125 W/m2, 

𝑃𝑜 = (
𝐺2∗0.008

𝐺𝑟𝑒𝑓
) ∗ 𝑃𝑟𝑒𝑓 ∗ ((𝑇𝑎 − 𝑇𝑟𝑒𝑓) ∗ 𝛾 + 1)                (3) 

Where, G and Ta refers to the measured irradiance and array 

temperature, ‘ref’ refers to the reference conditions obtained 

from the Pmax matrix, and ‘𝛾’ refers to the temperature 

coefficient of power in (% / oC). 

 

The total power generated by the array in a year is estimated 

by adding the instantaneous power obtained for that period.  

The process is repeated for both the arrays under uniform 

and five shading scenarios using their respective Pmax matrix 

obtained under these conditions.                               

STEP X:  Energy Yield and Performance Ratio Estimation 

and Comparison 

The output performance of S-S and TCT-S arrays have 

been assessed and compared on the basis of their energy yield 

and performance ratio under unshaded and five different 

shading scenarios. For the comparative purpose, normalized 

rating of 1kW for both the arrays has been considered.  

Energy yield of the array under any condition of uniform 

irradiance or partial shaded condition is estimated from the 

sum of the calculated instantaneous power obtained under the 

same condition, using equation (4) given below 

𝐸𝑜 =  ∆𝑡 × ∑ 𝑃𝑂𝑖                                                               (4) 

Where: 

EO= Energy output of the array (Wh) 

∆t = data sampling interval (= 10 min.) 

𝑃𝑜𝑖 = Instantaneous power output of the array at the ith  sample 

time (W)  

Performance ratio (PR) is the ratio of measured output to 

expected output for a given period based on the system name-

plate rating and is calculated according to the equation (5) 

given below [46]: 

𝑃𝑅 =
(𝐸𝑂 𝑃𝑆𝑇𝐶⁄ )

(𝐻𝑖 𝐺𝑆𝑇𝐶⁄ )
                                                                   (5) 

Where, 

Eo = energy output (D.C) from the PV system in kWh. 

PSTC = array power rating (D.C) at Standard Test conditions, 

in kW. 

Hi = total in-plane irradiation in kWh/m2. 

GSTC = 1000 W/m2 

 

3.  Results and discussion 

3.1 For Unshaded Outdoor Condition   

From the outdoor measurements conducted on both the 

arrays, power matrix composed of 22 average values of Pmax 

as a function of irradiance and temperature as per standard IEC 

61853-1 is constructed. The remaining 06 conditions have 

been estimated using translation procedure one of IEC 60891 

[47]. Surface plot representing the variation of Pmax with 

irradiance and temperature is shown in Fig. 4. The obtained 

values of Pmax for S-S array ranges from 76 W to 1133 W, 

while for TCT-S array it is from 80 W to 1115 W. Using the 

obtained Pmax matrix and the method described earlier, the 

energy yield and DC performance ratio estimation for one 

complete year is presented in Table 3. The estimated annual 

energy yield for S-S and TCT-S array is 1539.4 kWh/kW and 

1529.5 kWh/kW respectively under no shadow condition. The 
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DC performance ratio estimated for S-S and TCT-S array for 

one complete year is 92.8 % and 92.3 % respectively under no 

shadow condition.  

 

                                      (a) 

 

                                        (b) 

Fig. 4. Surface plot showing the variation of Pmax with 

irradiance and temperature under unshaded conditions for (a) 

S-S and (b) TCT-S array. 

Table 3.  Energy generation and performance ratio of array of 

1kW each of S-S and TCT-S configuration for a year under 

unshaded condition. 

 

Annual Energy Generation 

(kWh) under unshaded 

condition 

Performance Ratio 

under unshaded 

condition 

S-S TCT-S S-S TCT-S 

1539.4 1529.5 0.928 0.923 

 

 

3.2   Under Shaded Condition 

  The annual energy yield estimation of both the arrays 

under each shading condition occurring throughout the year is 

presented in Table 4.  

 

Table 4.    Annual energy yield generation and performance 

ratio of array of 1kW each of S-S and TCT-S configuration 

under different shaded scenarios. 

 

Shading 

scenario 

Annual Energy 

Yield (kWh) 

under shading 

conditions 

Performance Ratio 

under shading 

conditions 

 S-S 

array 

TCT-S 

array 

S-S 

array 

TCT-S 

array 

Scenario-1 656.4 858.3 0.39 0.52 

Scenario-2 773.5 1330.2 0.47 0.80 

Scenario-3 1039.3 1193.6 0.63 0.72 

Scenario-4 990.8 1048.4 0.59 0.63 

Scenario-5 1081.2 1414.7 0.65 0.85 

 

 

The comparative annual energy yield for both the arrays under 

unshaded and different shading scenarios has been presented 

in the form of bar graphs in Fig. 5. It is seen clearly from the 

results that under the shading scenarios the output energy as 

well as the annual PR of conventional S-S array is drastically 

reduced. However, the impact of shadings on the energy yield 

of TCT-S configuration of PV array is much less in 

comparison to S-S array, and has better performance ratio. Of 

all the shading scenarios considered, scenario-1 has the most 

pronounced effect on the performance of S-S, resulting in a 

loss of 57.4 % of annual energy yield. However, the impact of 

same shading scenario  

 

Fig. 5.  Comparative annual energy yield of TCT-S array w.r.t 

S-S array under unshaded and different shading scenarios.  
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on TCT-S array resulted in a reduced loss of 43.9 % in the 

annual energy yield. Shading scenario-2 has the second most 

impact on the performance of S-S array, resulting in 49.8 % 

loss in annual energy yield which is reduced to merely 12.9 % 

in case of TCT-S array. It is found that of all the shading 

scenarios considered, the least adverse effect is produced by 

shading scenario-5 on both the arrays. However, it still causes 

29.4 % loss in the annual energy yield of the S-S array and just 

7.5 % for TCT-S array. The comparative annual energy loss 

of both the arrays under all the shading scenarios is presented 

in Fig. 6. 

 

 

Fig. 6.  Annual energy loss (%) suffered by S-S and TCT-S 

array under different shading scenarios. 

 

Annual energy yield enhancement achieved by TCT-S 

array w.r.t S-S array under different shading scenarios is 

presented in Fig. 7. TCT-S array enhances the energy output 

under all shaded conditions, though the percentage of 

enhancement is different for different shading scenarios. 

 

 

Fig. 7.  Annual energy yield enhancement achieved by TCT-

S array w.r.t S-S array under different shading scenarios.  

 

4.  Uncertainty Analysis 

The uncertainty in the estimation of PV array output 

power experimentally has been evaluated using the 

international ‘Guidelines of Uncertainty in Measurement’ 

(GUM) [48]. In this study, all the outdoor measurements of 

PV modules were done by portable Solmetric PV Analyzer. 

The various sources of uncertainty that have been considered 

to estimate the combined uncertainty in the measured output 

power of a module is presented in Table 5.  

 

Table 5. Uncertainty components taken into consideration in 

estimating overall uncertainty in measured output PV array 

power. 

 

Component Standard 

uncertainty 

Current measurement ± 0.0157 A 

Voltage measurement ± 0.0065 V 

Resolution of the current readings ± 0.00058 A 

Resolution of the voltage readings ± 0.0072 V 

Uncertainty in maximum current due 

to temperature 
± 0.0065 A 

Uncertainty in maximum voltage due 

to temperature 
± 0.0148 V 

Uncertainty in maximum current due 

to irradiance 
± 0.1374 A 

 

The estimated total expanded uncertainty in the power 

measurement is ± 3.32 % with a confidence level of 95 % and 

coverage factor k = 2. 

 

5.  Cost Implication 

A TCT-module differ from conventional S-module only 

in terms of interconnection scheme of constituent solar cells. 

Therefore, the additional cost in manufacturing TCT module 

comes from the additional length of PV ribbons used in 

making cross-ties, which adds only insignificantly to the 

existing cost of manufacturing conventional modules.  The 

certified module manufacturing company who did the task of 

manufacturing TCT modules also informed that no significant 

additional cost and labour would be required in mass 

manufacturing of these modules. However, while performing 

the experiments, it was observed that in a TCT configuration 

there is an enhancement of current in comparison to the 

conventional, which can increase the resistive wiring losses. 

Therefore, as an engineering trade-off, copper wires of thicker 

cross-section need to be used. 

6.  Conclusion 
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In the presented work, we have investigated the 

comparative effect of long term-partial shading conditions on 

the energy yield and DC performance ratio of the proposed 

TCT-S and conventional S-S configurations of PV array.  The 

TCT-S configuration generates almost same energy and has 

same DC performance ratio as conventional array under 

uniform irradiance condition or no shading condition. But 

under PS conditions, the advantage of TCT-S array over S-S 

array is evident. The obtained results substantiate that under 

repeated partial shading conditions, PV array with 

conventional configuration (S-S) suffers greater energy yield 

loss. Proposed TCT-S configuration interconnections under 

same shading conditions generates more energy and has better 

performance ratio. Significant enhancement of annual energy 

yield ranging from 4.8 % to 36.7 % has been obtained by the 

TCT-S array over conventional array.  

The results of this study are very significant especially for 

multi-storeyed complexes in urban areas places where it is 

highly probable that due to some surrounding 

structures/objects, the installed PV array gets partially shaded 

for large number of days in a year. Annual energy yield under 

partial shading can be enhanced by implementing the 

proposed configuration without any significant cost 

escalation, thereby benefitting the customers, PV industry and 

solar Project Developers. 

Our future scope of work includes detail study of long-

term performance of the proposed array taking into account 

the seasonal spectral variation and dynamic shadow 

conditions. 
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