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Abstract- Inductive power transfer has been proposed as a solution 
to power future automated and electrified highways. In this study, 

an interoperable wireless charging system is sized so that a light 
and a heavy-duty vehicle can travel at or near charge-sustaining 
mode at high speeds using an optimization approach. The 

conflicting objectives of minimizing the power ratings and the 
number of inverters, coupler materials, and overall system 
coverages result in a Pareto Front that is presented in this paper. It 

is found that a system using short transmitting couplers can ensure 
high efficiency power transfers to light-duty vehicles (LDVs) and 
still maintain charge-sustaining operation of heavy-duty vehicles 

(HDVs). The findings are contextualized by a brief discussion of 
other aspects relating to the implementation of this technology on 
roadways such as the impact of the cost of time and travel speeds. 

I. INTRODUCTION 

In the future, the large-scale implementation of dynamic 

wireless power transfer (DWPT) systems in tandem with electric 

vehicles (EVs) and connected and automated vehicles (CAVs) 

could revolutionize transportation by enabling faster, charge-

sustaining travel with no need to stop for charging. Although 

most literature currently focuses on low-speed, urban 

applications for DWPT systems [1], [2], [3], the largest 

application for the technology may be in long-distance highway 

travel. There are many ways to justify this: Firstly, the utilization 

of these roads are higher– in 2014 24% of the total vehicle-miles 

driven in the U.S. were on the interstate system which is only 

1.1% of the road-miles in the nation [4], [5]. This corresponds 

to the large average annual daily traffic (AADT) volumes and 

energy-intensive trips seen on highways. Higher system 

utilization will lower the overall levelized cost of energy 

(LCOE) as the annual amount of energy provided by the system 

increases. Secondly, customers will be more motivated to use 

DWPT charging infrastructure when traveling on highways. 

Long-distance travel is currently one of the primary contexts of 

range-anxiety. DWPT will help to resolve this concern by 

offering a convenient charging solution that can increase the 

range of CAVs well past that of conventional vehicles. For 

shorter distances, CAVs may not need to have any range  
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extension during a trip and may instead be charged later or 

overnight if a lower-cost charging option is available. And 

finally, some highways and interstates are controlled-access and 

do not normally have pedestrian cross-traffic. Due to this, lower 

stray-field mitigation may be needed, and systems can be 

designed to achieve higher efficiencies. 

In DWPT systems, inductive coupling is one of the 

predominant mechanisms used to transfer power from 

transmitters in the road to vehicle-side receivers. The 

transmitters and receivers together form loosely-coupled 

transformers that use their mutual inductance to transmit power 

across an airgap as illustrated in Fig. 1. One of the base cases 

assumes that only one vehicle receiver can couple with each 

transmitter as the vehicle passes over the transmitter. In this 

case, the average power the vehicle receives from the roadway 

is a linear function of the overall percentage of the total roadway 

with DWPT transmitters, known as coverage, and the average 

power of a single DWPT system [6]. However, this is a 

simplistic observation with other details to consider. The 

achievable power transfer from this DWPT system is also 

dependent on the area of the receiver and transmitter [7]. For a 

given airgap, a system with larger couplers on both the road and 

vehicle sides can usually achieve a higher coupling coefficient 

and efficiency than a similarly constructed system with smaller 

couplers. This leads to receiver designs that use most of the area 

available which, in the application discussed in this paper, may 

be most of the underside of smaller CAVs.  

Regarding the dimensions of the roadside transmitters, a 

common approach in the literature is to use long tracks much 

greater in size compared to the receiver dimensions for 

improved power transfer continuity for increased energy yield. 

However, this tends to raise the inverter power ratings and 

voltages. The higher power ratings and voltages are required to 

accommodate the possible need to efficiently charge multiple 

vehicles at a time and the higher voltage drops associated with 

large track self-inductances [8], [9]. Due to these issues, others 

have focused on lumped element tracks where the transmitter is 

similar in size to the receiver. This kind of system typically has 

higher peak efficiencies than track systems but also has its own 

set of drawbacks. Since lumped-element track designs often use 

matched coils developed for static charging applications, many 

of these tracks have rapidly pulsating power outputs and high 

material costs [10]. To overcome this disadvantage, some works 

have focused on elongating lumped-element couplers to 

maintain higher coupling for longer spans to save costs or to  
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Fig. 1. Simplified overview of a typical DWPT system. Transmitter couplers transfer power through inductive coupling from the road to the vehicle energy 

storage. This energy is used to power tractive and auxiliary loads. 

 
Fig. 2. An example of a DWPT system using paralleled short sectional 100 kW primary couplers and arrays of pickup couplers. As displayed, the light-duty 

vehicle is receiving 200 kW and the heavy-duty vehicle is receiving 600 kW.

maximize the average efficiency of the system [11], [12]. 

For a practical highway DWPT system design, the traffic 

volumes, physical parameters, and power requirements of all 

classifications of vehicles must be considered. Since the same 

system may be used to charge all classifications of CAVs [13], 

it is essential that the DWPT system can operate as efficiently as 

possible while providing power to each CAV. For example, a 

DWPT system may be designed to have transmitter lengths 

shorter than the length of a HDV to maximize efficiency for an 

LDV. Due to this, it may rely on having multiple receivers on an 

HDV to scale the power transfer relative to an LDV. A block 

diagram of such a system with 100 kW transmitters is illustrated 

in Fig. 2. With 42% roadway coverage, the system could enable 

charge-sustaining operation for both LDVs and HDVs at 70 

mph. Through this example and other examples in literature, the 

need to consider interoperable operation with many classes of 

CAVs is clear and further work is needed to practically 

implement DWPT [2], [14]. 

In this paper, the power usages of an LDV and a HDV are 

used to size a DWPT system. The concept of paralleled receivers 

on HDVs is considered in the design approach to determine the 

inverter power ratings, DWPT system coverage, and transmitter 

lengths for charge sustaining mode at constant speed. The 

approach used here differs from those in the literature [12], [15], 

[16], [17] by including the transmitter length as a degree of 

freedom. The system cost components are scaled by appropriate 

economic values and then multiplied by varying weighting 

factors to produce the objective function.  

II. METHODOLOGY 

A.  Vehicle Energy Use 

Vehicle energy use determines the average power required 

from the DWPT system on the highway. As derived from 

expressions in [18] and [19], the average tractive power �̅� used 

by CAVs over driving profiles and at a constant speed is 

provided in (1). Equation (1) includes vehicle mass 𝑀, velocity 

𝑣(𝑡), acceleration 𝑎(𝑡), road grade 𝛼, and aerodynamic form 

factor 𝐶d𝐴. The constants for rolling friction 𝜇r = 0.0065, mass 

correction coefficient 𝛿 = 1.04, and air density at standard 

temperature and pressure 𝜌 were also considered. By splitting 

up the time periods with positive and negative power, the 

different efficiencies associated with CAVs positive wheel work 

and regenerative braking were considered in (1). These 

efficiencies, 𝜂eq and 𝜂br, are assumed to be constants [20]. 

Using (1), the energy need for vehicles on a stretch of highway 

or interstate can be estimated using average annual daily traffic 

(AADT) counts, freight weights, and velocity data from 

microwave  radar stations  and  vehicle trajectory  surveys  from 
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TABLE I 
 PARAMETERS FOR VEHICLE MODELS AND CONSTANT SPEED RESULTS 

LIGHT DUTY MODEL HEAVY DUTY MODEL 

PARAMETER VALUE PARAMETER VALUE 

𝑀 1700 kg 𝑀 33021 kg 

𝐶d𝐴 0.72 m2 𝐶d𝐴 7.88 m2 

ℓvehicle 4.45 m ℓvehicle 17.37 m 

𝑃aux 3 kW 𝑃aux 6 kW 

POWER USE AT CONSTANT SPEED (NOT INCLUDING AUXILIARY POWER) 

55 mph 12.93 kW 55 mph 145.26 kW 

70 mph 23.39 kW 70 mph 251.41 kW 

80 mph 33.04 kW 80 mph 359.12 kW 

microwave radar stations and vehicle trajectory surveys from 

past years. Currently, the total and relative numbers of weight 

classifications vary widely by time of day [2] and location [4], 

and the energy usage of each vehicle depend furthermore on 

individual driving style preferences [19]. Due to these inherent 

complexities, a constant speed of 70 mph on a flat road is 

assumed in this paper and the average power is calculated using 

(1) for a light-duty and heavy-duty vehicle as in Table 1. The 

physical parameters are based on current electric passenger 

vehicles and typical on-road weights for Class 8 trucks [5]. 

Additional loads not used for vehicle propulsion called auxiliary 

loads have also been included as 𝑃aux. For future EVs and CAVs, 

passenger entertainment, HVAC, onboard computers, 

communication devices, and sensors may use significant power. 

The auxiliary power values used here are derived from 

equivalent HVAC loads at low ambient temperatures [21]. 

B.  DWPT System Efficiency 

The impact of overall system efficiency is important for the 

DWPT system design and must be quantified. The efficiency of 

inductive couplers, when optimally loaded, can be expressed as 

(2) [7], [12]. 

𝜂=
k2QTQR

(1+√1+k2QTQR)

2
. 

(2) 

From this, one path to high efficiency is by designing couplers 

with high quality factors. The quality factors are given as 

Q
T
=ωLT/RT and Q

R
=ωLR/RR for the transmitter and receiver 

respectively. The self-inductances 𝐿T, 𝐿R and resistances 𝑅T, 𝑅R 

of the transmitter and receiver are used in the definition of 

quality factors. Overall, the quality factors might be increased 

by raising the operating frequency of the system and by using 

well-designed Litz wire conductors and ferrite structures. It can 

be shown that the quality factor will remain constant with 

respect to variations in coupler length because resistance and 

self-inductance will increase at the same rate as length increases 

[12]. Due to this, the quality factors are set as 𝑄T = 𝑄R = 30 in 

this analysis. This value represents a typical a low-cost DWPT 

system design. The other way to raise efficiency is to increase 

the mutual inductance between the couplers. As mentioned 

previously, this can be done first by increasing the receiver area 

to  fill  the  available  space  on  the underside of an LDV. For a  

 
Fig. 3. The mutual inductance of a DWPT system over misalignment in the 

direction of travel. Here the transmitter dimensions are 8x2 meters, and the 

receiver dimensions are 4x2 meters. The number of turns of the transmitter and 

receiver are 4 and 4, respectively, and the airgap is 20 cm. 

matched transmitter, this will result in a higher mutual 

inductance and a higher coupling coefficient, thus yielding 

higher efficiency by (2). However, once the available receiver 

area is filled out, the maximum mutual inductance of the 

inductive link will not increase any further, and the coupling 

coefficient will decrease as 𝐿T continues to increase. Because of 

this, there exists a tradeoff between coupler length and 

efficiency which must be considered in sizing an optimal DWPT 

system.  

The coupling coefficient of the system must be determined 

over the span of travel-direction misalignments and overhead 

positions to find the best-case overall efficiency 𝜂coupler(ℓT) of 

a DWPT system. 𝜂coupler(ℓT) is the average of (2) over the 

length of the transmitter ℓT. The analytical expressions in (3)-

(4) [22] and (5) [23] are used in this work to calculate mutual 

and self-inductance. The mutual inductance expressions in (3) 

and (4) assume that the multiple turns of the couplers are close 

to one another and can be modeled as identical filament 

rectangular coils with vertices ABCD for the transmitter and 

EFGH for the receiver. The length of the sides of the couplers 

are measured as 2𝑎 and 2𝑏 for the transmitter and 2𝑐 and 2𝑑 for 

the receiver. As in [22], the fluxes within the receiver from each 

segment of the transmitter in the vertical direction are 

ΦAB−z, ΦBC−z, ΦCD−z, and ΦDA−z. 

             

                       

 

  

  

  

  

  

  

  

  

 
 
  
  
  
 
 
 
  
  

  
  
 
 
 

                         

                



ΦCD−z =
𝜇0
2𝜋

[√(𝑏 + 𝑑)2 + 𝑧2 + (𝑎 + 𝑐)2

− (𝑎 + 𝑐) ∙ arctanh
𝑎 + 𝑐

√(𝑏 + 𝑑)2 + 𝑧2 + (𝑎 + 𝑐)2

− √(𝑏 + 𝑑)2 + 𝑧2 + (𝑎 − 𝑐)2

+ (𝑎 − 𝑐) ∙ arctanh
𝑎 − 𝑐

√(𝑏 + 𝑑)2 + 𝑧2 + (𝑎 − 𝑐)2

− √(𝑏 − 𝑑)2 + 𝑧2 + (𝑎 + 𝑐)2

− (𝑎 + 𝑐) ∙ arctanh
𝑎 + 𝑐

√(𝑏 − 𝑑)2 + 𝑧2 + (𝑎 + 𝑐)2

+ √(𝑏 − 𝑑)2 + 𝑧2 + (𝑎 − 𝑐)2

− (𝑎 − 𝑐) ∙ arctanh
𝑎 − 𝑐

√(𝑏 − 𝑑)2 + 𝑧2 + (𝑎 − 𝑐)2
] 

(3) 

𝑀 = 𝑁T𝑁R(ΦAB−z+ΦBC−z +ΦCD−z +ΦDA−z) (4) 

𝐿T =
𝜇0
𝜋
𝑁T
2 [2𝑎 ∙ ln

8𝑎𝑏

𝑟T ∙ ((2𝑎) + √(2𝑎)2 + (2𝑏)2)

+ 2𝑏 ∙ ln
8𝑎𝑏

𝑟T ∙ ((2𝑏) + √(2𝑎)2 + (2𝑏)2)

− 2 ∙ (2𝑎 + 2𝑏 − √(2𝑎)2 + (2𝑏)2)

+ 0.25(2𝑎 + 2𝑏)] 

(5) 

To determine the mutual inductance over misalignments, a 

trapezoidal approximation is used as illustrated in Fig. 3 [11]. 

Though not used here, (3) can also be modified to include 

misalignment by adding 𝑥offset or 𝑦offset to every 𝑐 or 𝑑 term 

[24]. Due to dependency of self-inductance to conductor radius 

in (5), constant conductor radii are assumed for the transmitter 

𝑟T  and receiver 𝑟R. A similar expression is used for 𝐿R. For this 

application, the impact of wire-radius on the mutual inductance 

calculation is minimal because the size of the couplers is large 

compared to the wire sections [22]. In this work, the length of 

the receiver ℓR is set to 4.45 m, the length  of  the  LDV, and  the  

width   of  the  transmitter  and receiver are 𝑊T = 𝑊R = 1 m, 

which represent the available width within the axle track of the 

LDV. The airgap for the system 𝑧 is set at 20 cm, the ground 

clearance of the LDV. Furthermore, the number of turns of both 

couplers are set as 𝑁T = 𝑁R = 4.  

The use of (3)-(5) inherently limits this analysis to 

rectangular, air-core couplers for the transmitter and receiver, 

but similar conclusions about the relationship between coupler 

lengths and system efficiency have also been reached with a 

bipolar system with ferrites [12].Other works further justify the 

use of similar analytical expressions in system optimizations 

[23], [25]. To expand this methodology to a specific coupler 

design, it may be necessary to use one of several finite-element 

tools available to accurately model the inductances of the system 

[7], [26]. 

C.  Multi-Objective Optimization 

Based on the models developed, a multi-objective function can 

be written, as shown in (6)-(10), to minimize capital costs. The 

upper bound chosen for the system power rating 𝑃sys is based on 

the limits of the current state-of-art high-power wireless power 

transfer systems [27]. Three objective functions are used: 

Cinv(𝐱, 𝐩) represents the cost of power electronics, Croad(𝐱, 𝐩) 
is the cost of road construction, and Ccoupler(𝐱, 𝐩) approximates 

the cost of the coupler material. The system variables 𝐱 are the 

system power rating 𝑃sys, transmitter length ℓT, and coverage 

𝛽road. Other parameters of the system and vehicles 𝐩 are ℓvehicle, 

�̅�, 𝑃aux, and 𝑊T. The constraints of the optimization in (7) are 

charge-sustaining operation for the light and heavy-duty 

vehicles at a constant speed of 70 mph. 

There are several assumptions inherent to this formulation. 

Cinv(𝐱, 𝐩) is calculated by considering the number of power 

electronic converters needed when each inverter is connected to 

one transmitter. Croad(𝐱, 𝐩) is modeled as the road construction 

costs for trenching and resurfacing roadways to install the 

system. Ccoupler(𝐱, 𝐩) is calculated as proportional to the 

amount of wire in air-core transmitters, given that the needed 

section of Litz wire is proportional to 𝑃sys for a fixed output 

voltage. All these functions are scaled by appropriate economic 

values and then multiplied by varying weighting factors 𝑊i to 

produce the objective function. This, with the inclusion of 

𝜂coupler(ℓT) in the constraints is used to generate the Pareto 

fronts of solutions as seen in the following section by using a 

weighted sum method [28]. 

III. RESULTS 

As seen from the results in Fig. 4, it is important to limit the 

coverage of DWPT systems due to the large expense of roadway 

construction. However, there are practical tradeoffs between the 

power rating and coverage of the system. With low coverages, 

the onboard energy storage and electronics of EVs must 

facilitate high charge rates. However, the power ratings in this 

case may still be lower than what  would be required with high- 

min
𝐱
 f(𝐱, 𝐩) = W1W2Cinv(𝐱, 𝐩) + (1 −W1)W2

∙ Croad(𝐱, 𝐩) + (1 −W2)Ccoupler(𝐱, 𝐩) 
(6) 

�̅� + 𝑃aux − 𝑃sys ∙
ℓvehicle
ℓT

∙ 𝛽road ∙ 𝜂coupler(ℓT) ≤ 0 

[0 0.5 0]𝑇 ≤ [𝑃sys ℓT 𝛽road]𝑇 ≤ [500kW 10m 1]𝑇 

Wi ∈ (0, 1) 

(7) 

Cinv(𝐱, 𝐩) =
𝑃sys𝛽road

ℓT
 (8) 

Croad(𝐱, 𝐩) = 𝛽road (9) 

Ccoupler(𝐱, 𝐩) =
𝑃sys𝛽road

ℓT
∙ (2ℓT + 2𝑊T) ∙ 𝑁T (10) 



 
Fig. 4. Pareto solutions from (6)-(10) for two different cases: one with the LDV 

only at 70 mph and the other with both the LDV and HDV at 70 mph. The 

system length axis is excluded as all solutions are around 4.45 m. 

 
Fig. 5. Optimal travel speeds for LDV and HDV considering example costs of 

time (COT) and costs of energy. If low-cost energy is available, travel speeds 

may rise in the future if appropriate CAVs and roads are available. 

power static charging because the DWPT system can transfer 

energy over a longer period of time than static charging systems 

while the EV is on the move. There is also an upper limit to the 

area-related power density that can be achieved by wireless-

charging systems (not considered here).  

The density of solutions around ℓT = 4.45 m in Fig. 4 

demonstrates that the length of the transmitters plays a critical 

role in determining the optimal DWPT system because it is a 

main variable in the overall efficiency of the system. This 

sensitivity to length increases with low quality factors. Due to 

this, scaling power levels for HDVs by utilizing their longer 

lengths to include multiple receivers is a design feature that may 

prove essential to allow more types of vehicles to use the same 

infrastructure. Different placement schemes could also be 

considered. Though not proven here, the close-packed, adjacent 

transmitter spacing illustrated in Fig. 2 could also be spread over 

a greater distance without impacting the average charging level. 

One important motivation of doing this is reducing maximum 

charge rates while maintaining the same average energy transfer 

as the adjacent spacing case displayed in Fig. 2. 

IV. DISCUSSION  

The analysis within this study focuses on the design of a 

DWPT system from a minimizing capital cost perspective. From 

this viewpoint alone, efficiency is already shown to be important 

in the selection of the system parameters. However, the effect on 

the operating costs of the DWPT system must also be 

considered. For a low efficiency system, there will be a large 

amount of wasted energy which will introduce additional costs 

over the lifetime of the system. 

Another aspect to operating cost is travel time [17]. Several 

numbers are available to help quantify this effect: for instance, 

in January 2018, the average wage was $26.71 per hour [29] and 

similarly the average cost of freight delay has been determined 

to be $32.15 per hour [30] in the USA. With these and other 

values, different case studies can be performed for each stretch 

of highway or interstate to analyze the impact of slowing down 

to receive more charging energy. For example, in the future, 

individuals or freight with a high associated cost of time 

travelling in CAVs may choose to pay more for energy to reach 

their destinations faster by increasing travel speed. For a given 

charging scheme, energy cost, and vehicle type, an optimal 

travel speed can be calculated with time modeled as an 

equivalent cost. As an example, the two vehicle models in Table 

1 are used with (1) to find the optimal constant trip velocity for 

different combinations of costs of energy and costs of time 

(COT) as shown in Fig. 5. It is assumed that there are no 

charging limitations, stops, or speed restrictions. This simple 

example illustrates the importance of providing low-cost 

charging solutions for long-distance travel.  

The effect of slowing down over DWPT system can be modeled 

similarly. If vehicles slow down over DWPT systems, a lower-

powered system with lower coverages could be used. However, 

the reduction in capital costs from this may also be offset to 

some extent by the increased travel time spent by CAVs on the 

roadway. In fact, for large volumes of traffic, the equivalent cost 

of slowing down may outweigh the reduction in capital costs and 

justify making the system charge-sustaining at full speed. With 

these and other considerations, similar case studies can be done 

to compare DWPT to static charging systems. System-level 

studies such as these will provide insight into the final practical 

use of DWPT and help speed the pace of adoption of DWPT 

technologies on roadways. 

V. CONCLUSION 

Sizing and designing a full-scale DWPT system for highway 

applications is a vast problem area that has not been fully 

addressed in the literature. As shown by this analysis, the system 

parameters must be selected carefully to reduce the overall cost 

per mile of DWPT. Among these features, system length is 

important due to its impact on the system coupling coefficient 

and overall efficiency. The impact of this effect will increase if 

the quality factor of the system is low. Because high-efficiency 

operation is paramount for DWPT to be practical from both a 

capital and operational cost standpoint and the quality factors of 

systems may be limited, transmitter sizes will be constrained by 

                

                           

 

   

   

   

   

 
 
 
  
  

  
 
 
  
  

 
        

           

              

                      

 

  

  

  

  

   

 
  
 
  
  
  
 
  
  
  
 
 
 
 

                     

                     



the dimensions of smaller vehicles. In this case, it is 

advantageous to consider utilizing the longer lengths of heavier 

vehicles to have multiple paralleled receivers. This will both 

decrease the initial capital cost and ensure the maximum 

utilization of the DWPT system which will drive down the cost 

of using the system for all. If these costs are low enough, DWPT 

could revolutionize future transportation by eliminating range-

anxiety and enabling long distance, charge-sustaining trips in 

CAVs. This would increase the mobility of both freight and 

passengers and ultimately help remove the barrier of long-

distance travel from transportation electrification. 
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