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Abstract—The inductive power transfer for dynamically charged 

electric vehicles has solved major of the issues encountered during 

static and wired-based electric vehicle charging. However, 

dynamic charging is still facing challenges during high-speed 

receiver displacement over the transmitter. The high-speed 

receiver requires a high response receiver design. This requires 

certain modifications in the receiver coil. Therefore, this paper 

proposes a mathematical model to visualize factors affecting 

receiver performance during velocity variation. In this regard, 

various simulation tools including MATLAB, ANSYS Maxwell 

and LTSpice have helped to identify controlling parameters. 

Based on simulation results the inductance variation is 

recommended to optimize power receiving capacity. 

Index Terms— Dynamic charging, Electric vehicle, Velocity 

Wireless power transfer. 

I. INTRODUCTION 

The recent advancements in wireless power technology 
have now started to replace big connectors with small and smart 
wireless power transfer (WPT) charging pads. Moreover, 
cellular mobiles, tablets and other smart applications have now 
become more compact so that batteries are charged by placing 
them on the surface of the table. The wireless power transfer 
neither requires any medium to propagate nor is affected by 
environmental conditions. The WPT is done by using any one 
of the methods like capacitive power transfer (CPT), inductive 
power transfer (IPT), optical power transfer (OPT), microwave 
power transfer (MPT), or resonant inductive power transfer 
(RIPT). Each of these techniques differs in terms of frequency, 
power transfer capacity and air gap support between primary 
and secondary coils [1]. Due to many of the benefits offered by 
capacitive and resonant inductive power transfer. Any of the 
methods is preferable. In CPT, two metallic plates are used to 
form a capacitor with air as a dielectric medium between plates 

and power is transferred using the electric field. At first, it has 
the inherent ability to achieve a unity power factor and is least 
sensitive to plate misalignment. However, it has certain 
limitations. To enhance capacitance, a high-frequency range 
(kHz—MHz) is required. Secondly, the air-gap support is less 
than RIPT. Alternatively, RIPT has a high capacity to transfer 
power, even does not require a high resonant frequency range, 
and can transfer at a distance of less than a meter. 

The current plugin electric vehicles (EV) along with high 
gain DC converters to charge EV batteries [2] are available in 
the market but these are limited due to battery backup and its 
cost. Dynamic charging on other hand overcomes these issues.  

Unlike static charging, dynamic charging has certain 
challenges. First, it requires a highly efficient coil to maximize 
power transfer. The ideal coupling factor (k) must be unity, the 
mutual inductance between coils must be high and finally, yet 
importantly, its characteristics must not be affected by the load 
variation. However, the coupling and mutual inductance of the 
coil depend on the geometry of the coil. To evaluate these 
parameters numerical analysis is applied using ANSYS 
Maxwell tools. Secondly, coil utilization depends on the type 
of compensation. There are four basic topologies comprising 
capacitors and inductors either in series (S) or in parallel (P) [3]. 
However, other topologies include SPS, LCC, and LCL [4], [5]. 
Among these topologies, the conventional SS and SP are 
considered good methods to transfer high power and at higher 
efficiencies. While PP and PS are used for moderate power 
levels and have lower efficiencies [6]. However, SS and SP 
topologies are not recommended in dynamic applications. The 
major concern is a very high circulating current in the primary 
side upon misalignment. In dynamic charging, the receiver pad 
slides over the transmitter and as the misalignment occurs, the 
inverter current will shoot high which is not desirable. To 



 

overcome this issue SPS was preferred. Later on, LCL and 
LCC-type compensation were mostly used. Both of these 
topologies almost offer the same benefits. However, LCC leads 
LCL by reducing additional air-core inductors. In LCC, type 
compensation of the resonant frequency  (��) is independent of 
k and load. Unlike SS-type compensation, LCC compensation 
offers great support against misalignment and improves air-gap 
support. However, turn off current (�����	
��) is higher and 

needs to be minimum at the time of zero voltage switching 
(ZVS). In addition, these compensation networks are widely 
used during static charging. But most of the existing literature 
in dynamic charging just concerns variation in mutual 
inductance concerning multiple transmitters and improving the 
power transfer pulsation [7], [8], [17], [9]–[16]. However, 
theoretical analysis of the receiver concerning its relative 
velocity over the transmitter needs attention.  

In this paper, a theoretical analysis based on 
mathematical formulations are presented to relate receiver-

sliding velocity (�
����) under the EV system with that of M; 
afterwards these results are applied to symmetric double-sided 
LCC compensation to visualize the behaviour of EV charging. 
In order to measure the impact of velocity model, LTSpice and 
ANSYS simulation tools are used for further analysis.  

The paper is organized as follows: Section II presents the 
mathematical model of �
���� . Section III presents the system 
analysis using simulation tools. While section IV concludes the 
whole discussion. 

II. MATHEMATICAL MODEL OF THE PROPOSED SCHEME 

In this section, we will consider the conventional circular 
coil as an example, which is renowned for maintaining a good 
range of coupling coefficients. The coil can be either a single 
coil or multiple coils. These can generate flux in either 
unidirectional, named unipolar coil. While the coil that 
generates flux in both directions is a bi-directional coil. All 
types of coils are developed and distinguished in terms of flux 
height and direction of generation as summarized in Table I 
[18]–[23]. Among these coils, DDQ and bipolar type 
configuration has the highest tolerance and offers twice 
magnetic field strength as compared to their size. However, the 
zig-zag coil eliminates the possibility of a null region but as 
compared to other coil shapes offers minimum flux support. 

Table I: Coils designs and characteristics 

Coil design 
Null 

region (%) 

Flux height, coil 

size (%) 

Flux 

direction 
Coil 

Circular 40 25 Unidirectional Single  

Flux pipe In all 
directions 

50 Bidirectional Multiple 

DD 34 50 Bidirectional Single 

DDQ 95 200 Bidirectional Multiple 

Bipolar 95 200 Bidirectional Single 

Tripolar Non 
symmetric 

- Unidirectional Multiple 

Zigzag No Null 4 Unidirectional Multiple 

According to Faraday’s law, the amount of magnetic flux 

density (�) enclosed by a closed surface having area (�) 

resulted in magnetic flux (��) generation given by (1). 
Whereas the magnetic flux will be maximum if two coils are 

perfectly aligned and perpendicular to each other. Hence, (2) 
gives the total magnetic flux in a uniform surface. 

 �� =  � �. ����
�  

(1) 

 �� = �� (2) 

 From (2), we can define Faraday’s law more 

quantitatively. The magnitude of induced emf ( ) is equal to 
the rate of change of flux in one loop and for N number of loops 
in a circular coil in opposite direction as by (3). While the 
voltage induced in an inductor is given by (4).  Therefore, the 
inductance of any coil can be easily evaluated using (2), (3) 
and (4) as in (5). The magnetic flux thus generated through any 
surface also has its strength defined in terms of its intensity 

called magnetic field intensity (!) and is directly proportional 

to B as in (6). Here, " is the magnetic permability. 

 = −$ %����& ' 
(3) 

 = −( %�)*�& ' 
(4) 

( = $��)  
(5) 

 �+ = ",+ (6) 

According to Ampere’s law, the line integral of magnetic 
field intensity in a closed-loop path is cumulative of current 
flowing in the path. While we can apply this concept over a 
circular coil with N turns to obtain magnetomotive force (F) to 
relate both current and magnetic field strength as in (7). 

!-. = $) = / (7) 

Rearranging and writing (7) for a small change of current 
per unit length as (8). In dynamic, the receiver pad coil slides 
over other coils with a certain velocity, which also affects the 
magnetic field and induced emf. Therefore, from (1) to (8), H 
can be easily mentioned in terms of velocity (v) as in (9). It is 
assumed that from (7) to (9) only magnitude is concerned but 
not direction.  

!- = $ %�)�.' 
(8) 

!-(�) = $ %�)�&' × �&�. = $ %�)�&' × 1�=  N( () 1� 

(9) 

Considering the receiver coil. In (9), it is clear that as the 
velocity of EV increases, the magnetic field between 
transmitter and receiver coil will become weak, due to which 
the resulting induced voltage will become weak. Hence, the 
induced current and magnetic flux from (3) and (4) will 
become weak as well. Therefore, the receiver will not be able 
to produce enough power to charge the battery. 

The velocity of the moving coil can also be realized in 
terms of magnetically coupled coils. The mutual inductance 



 

(M) and self-inductances of the transmitter ((3) and receiver ((4) coils are related by (10). Here, 5 6 [0, 1], suggests that the 
mutual inductance between transmitter and receiver coils must 

be as high as coupling becomes unity. Also, (3 , (4 for any coil 
is obtained from (5). Since the self-inductance of the coils 
remain constant, the mutual inductance varies with the position 
of the receiver coil. 

;(5) = 5 <(3(4, 0 ≤ 5 < 1 (10) 

If the inductance model of the receiver is realized in terms 

of its received magnetic field intensity(!4), then the required 

effective mutual inductance ?;���@ between the coils at the 

required EV velocity can be easily attained as in (11). Here 
transmitter side self-inductance is assumed to remain constant. 

;���(�) = 5A(3$"�) !4(�) (11) 

The next section presents the simulation-based analysis 
for the proposed model. For the LCC-based compensation, the 
input to output power flow between coils is given by (12) [9]. 

B = C�DEFC�DGHI5 J <(3(4K
(�L(�MN (12) 

 

III. SIMULATION ANALYSIS AND DISCUSSION 

The required parameters for the system chosen are 
mentioned in Table II. While the process flow for design is 
presented in Fig. 1. The system analysis has been performed 
with the help of different modelling software, i.e., using 
MATLAB Math Works. LTSpice is used to analyse system 
transient analysis. However, ANSYS is adopted to analyse 
small-scale circular coils using finite element analysis (FEA). 

Based on the parameters, the mathematical model thus 
developed in the previous section is analyzed using graphical 
analysis tools. In Fig. 2, the required magnetic field intensity 
(H) and mutual inductance (M) are analyzed as a function of 
varying EV speed. The area of the transmitter and receiver pad 

is 625RSM. It is connected to the LCC type double-sided 
compensation as shown in Fig. 3. It is assumed that the receiver 

will pass by the transmitter pad in 38SV at a velocity of 10 S/V. Since the separation between the pads is 

approximately 8.5 RS. Therefore, for such velocity, the 
magnetic field intensity strength received by the receiver must 

be approximately 315 � − $/S. In addition, the mutual 
inductance between pads during this short time must be around 35"!. As the velocity is further increased, the ability of the 
receiver to maintain such mutual inductance and electric field 
intensity will drop significantly. 

The parameter evaluation for a double-sided LCC 
compensation system is based on the resonance frequency 

principle. At resonance the impedance of (�L,M and X�L,M 

becomes infinite and the side behaves as the open circuit and 
is given by (13) and (14). For a double-sided LCC network, the 

additional inductor size must be at least six times lower than 
the transmitter coil. Otherwise, both will participate in 
transmitting power, which is an ultimate loss. 

X�L = 1KM(�L (13) 

X�M = 1KM(�M (14) 

Similarly, the capacitor (XL) and (XM) connected in series 
to the main coils are evaluated using (15) and (16).  

XL = 1KM((L − (�L) (15) 

XM = 1KM((M − (�M) (16) 

However, the transmitter and receiver current are 
obtained through KVL as in (17) and (18). 

���Y�
Z����� = C�DEF[K
(�L (17) 

���\��]�� = − C�DGHI[K
(�M (18) 

As the velocity is further increased, the ability of the 
receiver to maintain such mutual inductance and electric field 
intensity will drop significantly.  
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Figure 1: Process flow diagram for designing dynamic wireless power 
transfer system 

 



 

TABLE II: PARAMETER SELECTION FOR THE DYNAMIC CHARGING 

SYSTEM 

Parameter Value Parameter Value 

Transmitter inductance 175"! Receiver inductance 175"! 

(�L 33"! (�M 33"! 

X�L 76.8_X X�M 76.8_X  

XL 17.8_X XM 17.208_X 

Load resistance 45Ω Diodes (60 V, 15 A) RF2001NS2D 

k 0.1 − 0.5 Air gap 8.5 cm 

(�
����) 10 S/V Max. coil current 4� 

 

Figure 2: Variation in mutual inductance and magnetic field strength 
as a function of receiver velocity 

ACin LTCf1

Lf1

C1

ACoutLR Cf2

Lf2

C2

 

Figure 3: Double sided LCC compensation 

The speed not only affects mutual inductance but the 
ability to receiver power by the receiver is also affected. 
Writing (12) in terms of mutual inductance to get (19). From 
(19), the output power received is directly proportional to the 
effective mutual inductance. Since the air gap was held 
constant and was assumed that there was only horizontal 
misalignment, the power significantly drops with the increased 
velocity. Hence the EV receiver pad traveling at a velocity of 10S/V, will only be able to receive approximately 135 W. 
However, for the reduced speed, the receiver can receive a 
maximum of up to 450 W as in Fig. 4. 

B = C�DEFC�DGHI  J ;���(�)K
(�L(�MN (19) 

 

Based on the speed analysis, various options can be 
adopted to optimize speed and received power. 1) The length 
of the receiver pad can be reduced using (8) to strengthen the 

magnetic field strength for receiving pad. In this way, the 
receiver response factor can be easily enhanced. 2) The area of 
the receiver can be extended to increase its inductance. This 
will increase the M and hence receiver’s power can be 

enhanced. But increasing (4 will also cause a reduction in 
magnetic field strength as by (9). Lastly, increasing the number 
of turns in the receiver can also enhance the receiver response 
at a higher velocity.  

The complete transient analysis at the steady-state of the 
proposed scheme based on parameters stated in Table II has 
been simulated using LTSpice. The parameter selection for 
LCC double side topology has been adopted from [9]. In Fig. 
5 and Fig. 6 it can be seen that the input voltage and current 
are in phase and similar results are obtained from the secondary 
side output compensating circuit. However, it is noted that the 
output side waveforms lag the input side because of the 
inductive power transfer technique. In LTSpice, the velocity 
analysis cannot be directly observed. Therefore, we have 
simulated the system using mutual and coupling information 

for a receiver velocity around10S/V. 

 

Figure 4: Variation in receiver power as a function of mutual 
inductance and receiver velocity 

In Fig. 7, finite element analyses have been performed 
using ANSYS Maxwell tools. The main objective was to 
observe magnetic field distribution and strength across the 
circular coil in a fully aligned position. The analysis was 
performed for more than ten times scale down coil; else, the 
simulation requires more time to complete its iteration. The 
area in red colour shows that the coil can receive a very strong 
magnetic field from the transmitter coil. The magnetic field 
strength gradually decreases in the outward direction. The 
yellow region shows the existence of a moderate level 
magnetic field. While the blue region is for weak magnetic 
fields. The range of magnetic field flux varies from 0.02 mT to 
0.7mT. For our design, if the H= 316 A-N/m and moves at the 

velocity of 10 S/V then the receiver coil would only be able 

to receive 0.38 Sb magnetic field flux in the specified time. A 
speed performance comparison has been made for a 
dynamically charged WPT EV system using the proposed 
scheme at a variable speed test in Table III. Based on 
simulation analysis the maximum achieved efficiency at 10 



 

m/s is 98%. However, when the vehicle is traveling at 16 S/V, 

the coil to coil efficiency thus achieved is 96.9%.  

 

Figure 5: Input voltage and current for the primary side of the 
transmitter 

TABLE III: PERFORMANCE FACTOR COMPARISON FOR DWPT EV 

SYSTEMS 

Refere

nce 
[15] [16] [12] [13] [8] [7] [14] 

Prop
osed 
work 

Type 

of coil 

Multi
ple 
coils 

Mult
iple 
coils 

Mult
iple 
coil 
trans
mitte
rs 

Mult
iple 
coil 
trans
mitte
rs 

Mult
iple 
coil 

Mult
iple 
coil 

Multiple 
coils 

Singl
e coil 

year 2016 2016 2017 2019 2019 2019 2020  

Coil 

struct

ure 

Recta
ngula
r 
unipo
lar 
coils 

Circ
ular 

coils 

Circ
ular 

coils 

DDQ 
coils 

DD DD 
DQ 
coils 

Circu
lar 

coil 

Sourc

e of 

unifor

m or 

less 

fluctu

ated 

output 

Less 
fluct
uatio
n 

Mod
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fluct
uatio
n 

Less 
fluct
uatio
n 

Very 
Less 
fluct
uatio

n 

Mod
erate 
fluct
uatio

n 

Very 
Less 
fluct
uatio

n 

Very 
Less 

Fluctuati
on 

Less 
fluct
uatui

on 

Comp

ensati

on 

type 

LCC 
type 

LCC 
Typ
e 

SS 
type 

LCC 
type 

SS 
type 

LCC 
type 

SS 
LCC 
Type 

Speed 

test 
No No  No No No No Yes Yes 

Fluctu

ation 

factor 

±f. g− h. i % ±fj % < h. i %< f % kl. m% k. kh 

k. nh % op/q n. kg % op/q 

l rs/t to mj rs/t 

Efficie

ncy 
ug. hn% gf. i % uj % gj % - 

93.4
1% 

Not 
given 

98% 

 

Figure 6 Output voltage and current for the primary side of the 
transmitter 

IV. CONCLUSION 

In this paper, a new way to analyze and improve receiver 
power has been introduced. This method adds a new constraint 
i.e. receiver sliding velocity while the receiver is under design 
consideration. By considering the velocity, the natural 
response of mutual inductance is not only visualized but also 
suggests options to improve it. Together with these constraints, 
the overall receiver responsivity factor can be largely 
improved. Then, by using LTSpice, the circuit validation is 

performed. It is to be noted that the capacitor XM is slightly 

different from XL. This is done to adjust the inverter turn-off 
current to be minimum. FEA is performed to relate results 
obtained from mathematical formulations and hence it clearly 
states that vehicle velocity does matter while considering 
dynamic charging. With the adoption of this technique, future 
charging pad performance factors can be enhanced. 

 

 

Figure 7: Finite element analysis of the circular coil using Ansys 
Maxwell 
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