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ABSTRACT 

Wireless charging could allow drivers to better manage their vehicle’s range through more 

frequent, if slower, charging. However, accurate alignment between the vehicle and the 

ground pad is crucial. 12 participants were asked to align either the front or rear of a wireless-

enabled vehicle, with a ground pad; both with and without the sup-port of an in-vehicle 

alignment HMI. We found that participants were most accurate when front aligning the 

vehicle. The alignment HMI significantly improved longitudinal alignment in all conditions. 

However, when front aligning, lateral alignment was not significantly improved by the HMI. 

Alignment was poorest when the vehicle pad was at the rear of the vehicle. We found that 

100% of participants could align accurately enough to begin charging with the aid of the 

HMI, followed by only 17% for unassisted front aligning and 0% when rear aligning; 

highlighting the importance of pad location and HMI support. 
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INTRODUCTION 

One of the most significant contributors to Traffic Related Air Pollutants (TRAPS) are taxis. 

Euro 5 and earlier diesel emission standard taxi models are responsible for 60% of the nitrous 

oxide emissions from passenger vehicles in Greater London (Borken-Kleefeld & Dallmann, 

2018). Studies have found that increases in taxi fuel efficiency are linked to a decrease in 

nitrous oxide and carbon dioxide emissions (Fry et al., 2019). A reduction in polluting gases 

provide benefits not only for the wider city environment, but for the vehicle occupants too. 

Recent findings have suggested that taxi drivers are exposed to high levels of TRAPs 

(Moreno et al., 2019), responsible for the increase in cardiovascular and respiratory diseases 

(Hachem et al., 2019). Evidently, there are benefits to exploring alternative fuel sources that 

can reduce the resulting emissions from vehicles- particularly taxis. 

 

Battery electric vehicles have become the most viable alternative to combustion fuel 

vehicles. However, there are challenges to their adoption, such as range, charging 

infrastructure and price (Oliveira et al., 2020; Ulahannan et al., 2021). To address specifically 

the issues around range, the Wireless Charging of Electric Taxis (WiCET) project will install 

five wireless charging transmitter pads (11 kW) at a high profile taxi rank in Nottingham, 

UK. Alongside the wireless charging pads, nine taxis will be fitted with wireless charging 

capabilities. The aim of the project is to understand if providing an opportunity to taxi drivers 

to charge their vehicle at their place of work in the taxi rank, will allow them to manage their 

electric taxi’s range, hence promoting the adoption of electric taxis. From the driver’s 

perspective, with no need to step outside of the vehicle to plug a charging cable in, this could 

enable a seamless transition between driving and charging the vehicle. Hence promoting a 

method of maintaining vehicle range through charging the battery by smaller amounts 

continuously throughout the day.  

 

There are two main types of wireless charging: “dynamic” and “static”. Dynamic charging 

places the inductive charging capability continuously along the road, allowing for charging 

during driving (He et al., 2020). One of the key factors in the efficiency and effectiveness of 

static wireless charging is the alignment of the vehicle over the ground pad (Birrell et al., 

2015). Recent innovation in the field of inductive charging has led to improvements in 

charging rates and more resilience to misalignment and distance issues (Machura & Li, 

2019), but typically tolerances of around ±10cm from their optimal positioning are expected 

for today’s wireless charging pads. However, aligning the vehicle with a ground pad can be 

challenging for drivers and therefore an investigation into how well drivers can align to a 

ground pad in different conditions is an important next step in developing our understanding.  

 

AIM This study aimed to understand how well drivers can align with a wireless charging 

ground pad in different conditions, such as differing charge pad locations (front or rear of 

vehicle) and if in-vehicle HMI support is offered. 
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METHOD 

A real-world investigation was designed to understand how well drivers can align with a 

wireless charging ground pad. The study took place at the Eastcroft Depot site in 

Nottingham, UK (Fig. 1). This site featured an installation of two WiCET wireless charging 

pads (Lumen Freedom Generation 2) built for pilot testing before installation at a hige-profile 

taxi rank. The site is privately owned by Nottingham City Council, meaning public vehicles 

were not permitted to drive the roads – allowing for a level of control over traffic conditions. 

The vehicle chosen was a WiCET LEVC TX electric taxi retrofitted with wireless charging 

capabilities (Fig. 1). In total, 12 participants took part in the trials. The study was approved 

by Coventry University’s ethics board (P128531). 

 

There were three conditions evaluated, which were conducted in a random order for each 

participant:  

 

1) Front alignment with HMI support (Fig 2). The display provided lateral & 

longitudinal guidance on a display, requiring participants to align two rectangles 

that represented the vehicle and the ground pad. The display would activate with 

low-power excitation, meaning precision alignment guidance would only display 

when within 15 cm of the ground pad 

2) Front alignment without assistance (aligning to the front wheels). 

3) Rear alignment without assistance (aligning to the back wheels). 

 

First, participants were introduced to the vehicle and briefed. If required, they then drove a 

familiarisation route around the proposed route (Fig. 2). After this, participants then drove 

each of the three alignment conditions. Participants were free to reverse and realign until 

they were happy with their alignment. After each condition, researchers took measurements 

to the front and side of the vehicle: two measurements for each wheel towards a front facing 

reference line and one from the centre of the front or rear wheel to a side reference line 

(depending on the testing condition). In the analysis, the longitudinal measurements for the 

left and right wheel were averaged to a single longitudinal measure. Furthermore, these 

measurements were compared to baseline measurements previously recorded for perfect 

vehicle alignment. Finally, after the completion of all three conditions, a semi-structured 

interview was conducted.  
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Fig. 1. (left to right) WiCET wireless charging ground pad at Eastcroft Depot, 

participant driving route and LUMEN in-vehicle support HMI  

RESULTS AND ANALYSIS 

ALIGNMENT ACCURACY As described in the methodology, two longitudinal 

measurements were taken for the left and right wheel and one lateral measurement. The left 

and right longitudinal measurements were averaged and are presented below in Table 1, 

which describes the average difference from perfect alignment.  Results were positively 

normalised as misalignment was considered the same for positions that were over and under 

the perfect alignment. Further, a count of how many of the participants achieved an 

alignment where charging was possible is also detailed in Table 1. For this count, if either 

the left or right longitudinal alignment was within the alignment tolerance of ±10cm, this 

was considered to be a good alignment where charging was possible.  

 

Table 1.  Alignment results (difference in cm from perfect alignment) and the 

number of participants who aligned accurately enough for charging to be possible 

Condition 

Longitudinal / cm Lateral / cm 
Charging 

possible? 

Mean SD Min Max Mean SD Min Max 

Front 

w/HMI 
3.9  3.0 0.5 10.3 6.7 3.3 1.0 11.5 12 

Front 

wo/HMI 
19.5 11.3 0.5 38.8 9.7 8.4 0.0 27.0 2 

Rear  61.8 12.2 35.5 74.3 23.6 11.2 5.0 44.0 0 

 

Table 2.  Results from the Repeated Measures ANOVA   

Longitudinal Front w/HMI Front 

wo/HMI 

Rear 

Front w/HMI  - p= 0.002 p= 0.000 
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Front wo/HMI p= 0.002 - p= 0.000 

Lateral    

Front w/HMI - p= 0.734 p= 0.001 

Front wo/HMI p= 0.734 - p= 0.004 

 

On average, the results for front alignment w/HMI fall within the ±10 cm tolerance for 

longitudinal alignment accuracy to the wireless charging ground pad. Consequently, 100% 

of participants corrected their alignment to achieve an acceptable alignment according to the 

HMI and hence allow for charging to initiate. Note, a max longitudinal alignment result of 

10.3cm was recorded; this was allowed by the HMI as the individual left longitudinal 

alignment was within tolerance (8cm) and the average is skewed by poorer alignment on the 

right longitudinal (12.5cm). However, given that the HMI accepted the alignment to begin 

charging, we took this result as acceptable. Regarding the lateral alignment, all of the 

attempts with the HMI support fell within the required lateral alignment of ±11.5cm.  

 

Considering the front wo/HMI condition, on average, longitudinal alignment fell short of the 

required tolerance for charging (M= 19.5cm), but lateral alignment was acceptable (M= 

9.7cm). However, considering both measures, only 2 (17%) participants aligned accurately 

enough to have been able to initiate charging. Finally, in the rear alignment condition, none 

of the participants aligned accurately enough to begin charging.  

 

Considering the ANOVA results, the Front w/HMI condition was significantly more accurate 

than the other two conditions for longitudinal alignment (MFront w/HMI Long.= 3.9cm vs. MFront 

wo/HMI Long.= 19.5cm, p= 0.002; vs. MRear Long.= 61.8cm, p= 0.000). However, for lateral 

alignment, the HMI did not provide a significant improvement in alignment accuracy over 

the Front wo/HMI condition (MFront w/HMI Lat.= 6.7cm vs. MFront wo/HMI Lat.= 9.7cm, p> 0.05). 

Rear lateral alignment was still worse than both front alignment conditions (MRear Lat.= 

23.6cm vs. MFront w/HMI Lat. p= 0.001; vs. MFront wo/HMI Lat. p= 0.004). This would suggest that 

the in-vehicle HMI assistance primarily benefits the longitudinal alignment of the vehicle 

and didn’t significantly improve lateral alignment, in conditions where a ground pad is being 

aligned to the front of the vehicle. This suggests drivers can laterally front align within 

required tolerances (MFront wo/HMI Lat.= 9.7cm) without assistance This non-significant effect 

of the alignment HMI could also be a result of the low-power excitation method of activation. 

This meant that precision alignment guidance was only provided within around 15 cm of the 

ground pad, which would be too late to make meaningful changes to the lateral alignment.  

 

As we observed and will be discussed later in the qualitative results, participants echoed this 

sentiment, with most saying that the alignment guidance on the display was shown too late. 
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Furthermore, from our observations, we noted that participants were understandably more 

focused on the assistance display during the alignment, waiting for guidance to appear, and 

may have been distracted with regards to their lateral alignment; in comparison to the front 

wo/HMI condition, where participants were focused on viewing the roadway to guide their 

alignment. This suggests that a HMI supporting the alignment needs to begin providing 

alignment cues before changes to lateral alignment become more difficult (for example, at 

around 60cm to the pad).  

 

In both conditions, with and without the assistance, lateral alignment was always more 

accurate when drivers were aligning to the ground pad at the front of the vehicle.  

Rear alignment was evidently the most difficult condition for drivers to achieve accurately. 

In this WiCET project, the charging pads will be installed towards the rear of the vehicle for 

technical reasons. This could be the case for other retrofitted wireless charging solutions, 

hence highlights the importance of providing an interface that supports with rear alignment.  

 

INTERVIEW RESULTS A short semi-structured interview was conducted with 

participants after all three alignment conditions were completed. Overall, participants were 

unanimous in their support for wireless charging of electric vehicles, with many focussing 

on the convenience of not requiring cable plugging, “It’s easier to charge without a cable” 

(P11), “It’s convenient and practical” (P6).  

 

Regarding the alignment process, in line with the quantitative results, all participants agreed 

that the rear alignment condition was the most difficult, “The back one was hard because 

you don’t know where you are and you don’t have any reference points” (P1); “I had no idea 

how to park, it was really difficult and challenging” (P3). Furthermore, as alluded to in the 

quantitative results, participants felt that the assistance display did not provide enough notice 

before displaying the precision alignment information, indicating that relying on low-power 

excitation at 15cm is not enough to help guide the participant, “the interface isn’t too 

responsive” (P4), “the screen is too late with the response” (P3). While the longitudinal 

results were significantly better using the HMI assistance, the lateral results were not 

significantly better compared to front aligning without assistance. As we previously 

hypothesised, with precision alignment guidance only being displayed at 15cm from the 

ground pad, this does not give enough forewarning to be able to adjust lateral alignment.  

 

From an interface design perspective, some participants felt confused as to which icon on 

the display corresponded to their vehicle, “It took me a second to realise that I need to look 

at the red square” (P3), “the screen was a bit confusing” (P1). Future research may wish to 

consider that from the perspective of the driver, they are stationary, and the ground pad is 

being brought towards them- hence, the interface could reflect this to depict a ground pad 

icon that moves towards a fixed icon of the driver’s vehicle. 

 

Some participants offered suggestions for improvements to the alignment process, such as a 

physical marker to which a point on the vehicle could be lined up to (e.g. a wing mirror or 

bumper), “additional markings would be helpful” (P4), “If you drive forward it would be 

easier to have a line or a marker ahead of you” (P7). However, a physical marker would not 
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work for different vehicles where differing dimensions and charge pad placements will affect 

where the reference point needs to be. 

 

LIMITATIONS The sample size of 12 limits the generalisability of the results, however 

even with this number the results are significant and compelling. Furthermore, participants 

were exclusively from Nottingham City Council, though this was solely for vehicle insurance 

purposes to legally drive the vehicles around the private test site. It would also have been 

beneficial to test the rear alignment condition with an alignment assistance. However, to 

move the placement of the pad on the vehicle would not have been practically or technically 

feasible.  

CONCLUSION 

This real-world alignment trial takes advantage of the cutting-edge work being done as part 

of the WiCET project to understand how accurately drivers can align with a ground charging 

pad in three different conditions. This study found: 

 

 Aligning the front of the vehicle to the ground pad was most accurately achieved 

by drivers. With the addition of the support HMI, 100% of drivers could park 

accurately enough to initiate wireless charging. Without the HMI this dropped to 

only 17% for front alignment and 0% for rear.  

 The HMI support significantly improved longitudinal alignment accuracy but 

offered no significant improvement over an unassisted lateral alignment to the front 

of the vehicle. This was because guidance was offered too late (i.e., 15 cm before 

the pad) to affect lateral alignment. 

 In all cases, rear alignment was the least accurate alignment condition, and 

highlights that interface support with parking is essential. 

 With the vehicle pad towards the rear, on average participants stopped 61.8cm short 

of the ground pad. Interface support is only offered 15cm prior to the pad, hence a 

solution is needed to bridge this gap and guide drivers to continue driving forwards 

to reach the minimum distance for low-power excitation guidance. 

 For cases where the vehicle used with wireless charging remains consistent (e.g., a 

standardised taxi), physical markers were requested by participants. 

 

This study has provided an important step in understanding the challenges facing the 

adoption of wireless charging for electric vehicles. Despite the challenges of alignment, all 

drivers were able to align within the required tolerances for wireless charging when 

supported by the in-vehicle HMI. Evidently, while it provides an improvement for front 

alignment, an assistance HMI appears to be essential for rear alignment, where alignment 

was significantly worse than the other two conditions. As with many aspects of human 

factors, experience will play an important role in alignment accuracy. It could be the case 

that as participants continue to align and become familiarised with the vehicle, that alignment 
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accuracy will improve. Future studies should look to explore this alignment process 

longitudinally to understand how quickly participants can become familiarised with the 

process. However, supporting novice users is essential to ensure they persist with the 

technology and realise the full benefits that electric vehicles offer. 

The authors would like to acknowledge WiCET Project partners: Cenex, Nottingham City 

Council, Shell Recharge, Hangar19, Sprint Power and Transport for London. The work is 

funded by the Office for Zero Emission Vehicles and supported by Innovate UK (106610). 
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