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A B S T R A C T   

This paper presents the fabrication and evaluation of a total cross-tied (TCT) Si module designed to mitigate the 
partial shading effect, which is known to reduce the output performance of vehicle-integrated photovoltaic 
(VIPV) modules. The TCT module, consisting of 27 Si solar cells interconnected both vertically and horizontally, 
demonstrated an 18.8 % decrease in output power when one cell was shaded. In contrast, the output of the series- 
parallel (SP) Si module decreased by 31.6 % under the same shading condition. Comparative analysis of the 
output performances of TCT, SP, and single-string commercial modules under three driving conditions revealed 
that increasing the number of strings helped alleviate the impact of partial shading. Notably, the TCT module 
configuration showed a positive impact on mitigating the partial shading effect.   

1. Introduction 

Reducing greenhouse gas emissions is a global challenge. In 2021, 
industry and lifestyle activities emitted 1170 million tons of carbon di
oxide equivalent [1]. Carbon dioxide accounted for the majority of Ja
pan’s greenhouse gas emissions at 1064 million tons, with 
approximately 17.4 % originating from the transportation sector. 
Traditional transportation, such as automobiles, relies on fossil fuels and 
internal combustion engines, resulting in carbon dioxide emissions. 
Electric vehicles (EVs) offer significant potential to reduce these emis
sions compared to traditional internal combustion engine vehicles [2]. 
Additionally, charging EVs with electricity from renewable sources like 
solar, wind, and hydro can further minimize their overall carbon foot
print, enhancing their environmental friendliness. Among renewable 
energy sources, solar energy, harnessed through photovoltaic (PV) sys
tems, plays a pivotal role globally. Utilizing PV systems to supply elec
tricity to EVs is crucial for reducing carbon dioxide emissions. PV 
charging stations can effectively provide electricity generated by PV 
systems to EVs [3–5]. 

Conversely, PV modules directly mounted onto vehicles or vehicle- 
integrated photovoltaic (VIPV) systems are attractive alternatives [6]. 
Masuda et al. [7] investigated PV panels mounted on a car body and 
measured their energy generation. They found that vehicles driving less 
than 30 km/day on average, constituting 70 % of Japanese passenger 

vehicles, could rely on solar energy to charge their batteries without grid 
dependence, potentially reducing greenhouse gas emissions by 8 %. 
Toyota Motor Corporation developed a PV-powered vehicle based on the 
Prius plug-in hybrid vehicle (PHV) [8]. Equipped with InGaP/GaA
s/InGaAs triple-junction solar cells [9] providing an output of 860 W 
and an irradiance meter, Toyota estimated driving distance using 
collected irradiance data. However, the calculated driving distance was 
shorter than predicted, possibly due to partial shading, the 3-dimen
sional PV module surface, and module orientation. 

VIPV systems present unique challenges compared to conventional 
flat PV systems, particularly due to the curved nature of vehicle surfaces. 
These curved surfaces often result in self-shading of the panels [10,11], 
leading to non-uniform irradiance distribution. While driving or parked, 
VIPV systems are further shaded by various objects such as buildings, 
trees, poles, and distant mountains. This partial shading reduces PV 
output performance [12,13] and may lead to hot spots [14]. We assessed 
the impact of partial shading, including dynamic shading [15]. Shading 
probability was influenced by the height of shading objects, and a 
reduced sky view factor increased shading probability. Partial shading 
also decreased PV output. Adjusting the string configuration was crucial 
to mitigate the impact of partial shading. 

PV systems employ various configurations, including series-parallel 
(SP), total-cross-tied (TCT), Honey-comb (HC), and bridge-linked (BL), 
to mitigate partial shading losses [16]. The SP configuration, where 
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modules are connected in series and then in parallel, is the fundamental 
setup in conventional systems. The TCT configuration connects ties 
across rows of modules, based on the SP configuration, with output 
power equal to that of the SP configuration. The BL configuration re
sembles a bridge rectifier connection. The HC configuration offers ad
vantages over TCT and BL configurations [17,18]. Mohammadnejad 
et al. [19] demonstrated that the TCT configuration outperformed other 
configurations under various partial shading conditions using a 
single-diode solar cell model simulation. The TCT configuration offers 
advantages as a module assembly. Suriya Kala et al. [20] compared a 
16-solar cell series-connected PV module with 2 bypass diodes to a 4 × 4 
TC T module with 4 bypass diodes. Solar cells were connected in a TCT 
configuration to maintain higher power output under partial shading 
conditions. 

In this study, we manufactured the TCT configuration PV module and 
assessed its output under partial shading conditions through outdoor 
measurements. Furthermore, we investigated the advantage of 
mounting the TCT configuration PV module on the car roof in mitigating 
partial and dynamic shading during actual driving. 

2. Partial shading tests for TCT mini module 

Previously, we estimated the impact of partial shading on power loss 
in solar cell modules using SPICE software and conducted partial 
shading tests on mini-modules consisting of 6 × 6 Si hetero-junction 
(SHJ) solar cells measuring 2 cm × 2 cm, fabricated by Toyota Tech
nological Institute [21]. Fig. 1 illustrates a series-parallel connection 
(SP) solar cell module with 6 series and 6 parallel connections, alongside 
a total cross-tied (TCT) solar cell module comprising 36 solar cells. The 
TCT module, with 6 series × 6 parallel connections, links all nodes of 
rows to minimize power loss under partial shading. The simulated and 
experimental power output of the TCT module under partial shading 
exhibited a strong correlation, validating the evaluation procedure for 
partial shading of solar cell modules. Additionally, the simulated output 
power of the TCT module with bypass diodes demonstrated further 
reduction in partial shading effects. 

3. Experimental procedure 

The TCT module comprised 27 Si solar cells measuring 156 mm × 52 
mm. Each solar cell was connected both vertically and horizontally. 
Additionally, we fabricated the SP module, comprising 9 series and 3 
parallel Si solar cells within the same 156 mm × 52 mm area. Both 
modules underwent IV characteristics and EL image measurements 
under indoor conditions. Outdoor IV characteristic measurements were 
conducted using an IV tracer (MP-160, EKO Instruments CO., LTD.) 
under static partial shading with varied patterns. However, under dy
namic partial shading during driving conditions, IV measurements could 
not accurately track module output characteristics. To measure the 
output of both modules, we applied an electric load with maximum 
power point tracking (ECL02401, Nippon Kernel System CO., LTD.). 
Fig. 2 illustrates the experimental setup on the car roof, where the PV 
modules were installed alongside a pyranometer (SR20, Hukseflux 
Thermal Sensors B⋅V.). The setup also included a commercial PV module 
(NQ-143, SHARP Corporation). Output measurements were obtained 
under maximum power point (Pm) conditions. The electronic load was 
controlled using the MPPT system, sweeping from open-circuit voltage 
to zero every minute and searching for the maximum power point every 
second. Operating currents and voltages at the maximum power point 
were recorded by a data logger every 0.1 s. Additionally, car roof irra
diances were recorded using the same procedure for currents and 
voltages. 

We introduced the sky view factor (SVF) [22] to assess the shading 
objects around the passenger vehicle during driving. The SVF is defined 
as follows: 

SVF= 1 −

∫ 360◦

0◦

∫ 90◦

0◦ θ(φ)dθdφ
90◦ • 360◦

(1)  

where θ(φ) is the profile line of shading objects, as shown in Fig. 3. To 
capture the shading object profile, we utilized a spherical camera 
(WV–S4550L, Panasonic Corporation). Typically, this camera is posi
tioned high, facing downwards to capture a wide range of surrounding 
images through a window. However, in this experiment, we inverted its 
position to record the sky from below. Fig. 4 (a) displays a sample of the 
spherical camera image, with y + indicating the direction of travel. 
Semantic segmentation processing was applied to the image to identify 
the sky and structures, as depicted in Fig. 4 (b). Subsequently, the SVF 
was calculated based on the sky area. During the experiment, this pro
cedure was applied to the video footage, allowing for continuous SVF 
calculation. 

We assessed the output performances of the modules during parking, 
driving in an open-air zone, and driving in a building zone. The open-air 
zone spanned 8.5 km, with the vehicle equipped with PV modules 
traveling in a single direction. In the building zone, the vehicle 
completed three loops of the course. Table 1 provides a summary of the 
driving and parking conditions. 

Fig. 1. SP solar cell module with 6 series and 6 parallel connections; TCT solar 
cell module connecting all nodes of rows in SP configuration. 

Fig. 2. Experimental setup on the car roof, featuring SP and TCT PV modules 
installed horizontally alongside a pyranometer. The system also incorporates a 
commercial PV module. 
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4. Results and discussion 

4.1. Indoor measurements and static partial shading conditions 

Fig. 5 displays the photograph and EL image of the SP and TCT 
modules, respectively. Table 2 provides a summary of the IV charac
teristics obtained from indoor measurements. Both modules exhibit 
satisfactory output performances. Fig. 6 illustrates the normalized con
version efficiency of both modules as a function of the number of shaded 
solar cells under static partial shading conditions. The shaded solar cells 
increase along the x-direction. These measurements were conducted 
outdoors. As the number of shaded solar cells increased, the conversion 
efficiency decreased. However, the decrease in efficiency for the TCT 
module was less pronounced compared to the conventional Si module. 
Specifically, the output power of the TCT Si module decreased by 18.8 % 
when one Si solar cell was shaded, whereas the output of the conven
tional Si module decreased by 31.6 % under the same shading condition. 
This indicates that the TCT module mitigates output power degradation 
resulting from partial shading. 

4.2. Evaluation of the module while driving 

In section 4.1, we assessed the STC conditions for the PV modules 
and the static partial shading effects on outdoor module output. The PV 
module, previously mounted on the car body, was relocated onto the 
road. We previously measured the output of a single-string PV module 
installed on the car roof and identified the impact of shading objects 

such as buildings, infrastructure electric wires, and houses [12]. 
Consequently, dynamic partial shading influenced the module’s output. 
In this study, we compared the output performances of TCT, SP, and 
single-string commercial modules under three conditions: parking, 
driving in an open zone, and driving in a buildings zone. 

Fig. 7 depicts the SVF as a function of driving time under the building 

Fig. 3. Definition of grazing angle (θ) and orientation angle (φ).  

Fig. 4. (a) Sample image captured by the spherical camera. (b) Result of semantic segmentation processing.  

Table 1 
Summary of driving and parking conditions, indicating parking and driving 
times during the experimental period, along with the average sun altitude.   

Experimental period 
(min) 

Distance 
(km) 

Ave. 
SVF 

Ave. Sun 
altitude (deg) 

Parking 60 – 0.85 31.6 
Driving – 

open air 
9 8.5 0.87 34.2 

Driving - 
buildings 

32 9.6 0.61 35.0  

Fig. 5. Photograph and EL image of the SP and TCT modules.  
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zone. The distribution of buildings varied with time (traveling position), 
resulting in a non-constant SVF while driving. The minimum SVF 
recorded was 0.30, indicating that buildings obscured 70 % of the sky, 
while the average SVF during the building zone experiment was 0.61. 
Conversely, the average SVF during the open zone was 0.87. In parking, 
the SVF remained constant at 0.85. Fig. 8 displays typical spherical 
camera images of each zone. The SVF influenced the shading probabil
ity, with a higher likelihood of shading occurring with decreasing sky 
view factor [15]. Hence, partial shading was more prevalent in the 
building zone. A high shading probability indicated an increased like
lihood of shading the sun (direct irradiance), while the SVF contributed 
to a portion of the diffused irradiance. 

Fig. 9 shows the performance ratio (PR) variation during the driving 
in the building zone. The PR values were re-sampled in 5-s intervals as 
an average and normalized by the parking condition. Table 3 summa
rizes the PR of each module during the experimental period. The dura
tion of open zone driving was shorter compared to other conditions due 
to smooth traffic flow. The PR values are presented as a percentage of the 
PR values under parking conditions. Under building zone driving, the PR 
value of the one-string module decreased to 95.6 % due to partial 
shading. However, increasing the number of strings mitigated the 
impact of partial shading, as demonstrated by the SP module. The PR 
value of the TCT module decreased to 97.8 % under building zone 
driving, indicating a positive impact of the module configuration, such 
as the TCT module, on partial shading. Driving also affected module 
temperature, influencing performance. The performance of the PV 
module under driving in Table 3 included the temperature effect. The 
module configuration, including aperture area, EVA thickness, and buck 
sheet material, remained consistent between the TCT and SP modules 
while differing from the configuration of the conventional commercial 
PV module. Consequently, module temperatures were not anticipated to 
be significantly different between the TCT module and the SP module. 

5. Conclusion 

This study involved manufacturing and evaluating the TCT 

configuration PV module under partial shading conditions. Our findings 
indicate that in static partial shading scenarios, the TCT module 
exhibited a lesser decline in conversion efficiency compared to con
ventional Si modules as the number of shaded solar cells increased. This 
suggests that the TCT module is effective in reducing output power 
degradation resulting from partial shading. Furthermore, through a 
comparison of output performances among TCT, SP, and single-string 
commercial modules under various conditions, we observed that 
increasing the number of strings helped mitigate the impact of partial 
shading. Notably, the TCT module configuration demonstrated a posi
tive effect in alleviating the effects of partial shading. 
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Table 2 
Summary of IV characteristics in indoor measurements.   

Isc (A) Voc (V) FF Pmax (W) ηmod (%) ηcell (%) 

SP module 10.2 6.12 0.828 51.7 14.2 23.4 
TCT module 10.0 6.10 0.836 51.0 14.1 23.1  

Fig. 6. Normalized conversion efficiency of both modules plotted against the number of shaded solar cells under static partial shading conditions.  

Fig. 7. Sky view factor (SVF) plotted against driving time in the building zone.  
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N. Taylor, A. Jäger-Waldau, K. Araki, K. Nishioka, Y. Ota, M. Yamaguchi, Impact of 
climatic conditions on prospects for integrated photovoltaics in electric vehicles, 
Renew. Sustain. Energy Rev. 158 (2022) 112109. 

[7] T. Masuda, K. Araki, K. Okumura, S. Urabe, Y. Kudo, K. Kimura, T. Nakado, A. Sato, 
M. Yamaguchi, Static concentrator photovoltaics for automotive applications, Sol. 
Energy 146 (2017) 523–531. 

[8] M. Yamaguchi, T. Masuda, K. Araki, D. Sato, K.H. Lee, N. Kojima, T. Takamoto, 
K. Okumura, A. Satou, K. Yamada, T. Nakado, Y. Zushi, Y. Ohshita, M. Yamazaki, 
Development of high-efficiency and low-cost solar cells for PV-powered vehicles 
application, Prog. Photovoltaics. 29 (2020) 684–693. 

[9] Y. Ota, K. Ueda, T. Takamoto, K. Nishioka, Output evaluation of a world’s highest 
efficiency flat sub module with InGaP/GaAs/InGaAs inverted triple-junction solar 
cell under outdoor operation, Jpn. J. Appl. Phys. 57 (2018) 08RD08. 

[10] Y. Ota, K. Araki, A. Nagaoka, K. Nishioka, Facilitating vehicle-integrated 
photovoltaics by considering the radius of curvature of the roof surface for solar 
cell coverage, Cleaner. Engineer.Techn. 7 (2022) 100446. 

[11] Y. Ota, K. Araki, A. Nagaoka, K. Nishioka, Curve correction of vehicle-integrated 
photovoltaics using statistics on commercial car bodies, Prog. Photovoltaics. 30 
(2022) 152–163. 

[12] Y. Ota, K. Araki, A. Nagaoka, K. Nishioka, Evaluating the output of a car-mounted 
photovoltaic module under driving conditions, IEEE J. Photovoltaics 11 (2021) 
1299–1304. 
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Table 3 
Summary of performance ratio (PR) values for each module during the experi
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TCT 
module 
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string) 
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Driving – open air 0.977 0.986 1.001 
Driving - 
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