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1 Introduction 

The emerging technologies in the energy and transportation sectors, such as electric 
vehicles, provide several advantages in terms of the economy and environment-
friendly. The charging technology of an EV during the motion can be defined as 
dynamic wireless charging (DWC). With the help of DWC technology, various chal-
lenges may be resolved such as the volume of the battery and the inability to drive 
EVs over long distances [1]. The designing of transmitting coils and their configu-
rations are very much important for the smooth charging of various types of electric 
vehicles maintaining higher efficiency [2]. 

The researchers have used various topologies to study the misalignment of the 
DWC system. A technique for constructing a transmitting coil utilizing a compen-
sation network has been presented by S. Li et al. in consideration of transfer perfor-
mance, electrical stress, and zero voltage switching (ZVS) [2]. The coupling coef-
ficient and self-inductance calculations are presented by Sampath et al. using the 
finite element method (FEM). Furthermore, an optimization methodology against 
misalignment for DWC is discussed [3]. A three-dimensional analytical rectangular 
coil model has been proposed by Kushwaha et al. for computing mutual inductance 
for various misalignments [4]. This paper introduces a 3-D model of a circular helix 
coil for both transmitting (Tx) and receiving (Rx) coils. Both the Tx and Rx coils are 
placed in an air medium. 

Further, analysis to get comparable findings in accordance with mutual inductance, 
magnetic flux, and coupling coefficient, k, is presented with various measurements 
along the y-axis (longitudinal distance) and z-axis (vertical distance), i.e., air-gap 
distance.
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In this paper, misalignment issues of DWC for an EV are analyzed and simu-
lated. The overview of the DWC system and its working are described in Sect. 2. 
The significance of coupling pads and misalignment are discussed in Sect. 3. The  
simulation analysis and various results for modeled coil structures are presented in 
Sect. 4. The summary of the paper is concluded in Sect. 5. 

2 Overview of DWC and Its Working 

The DWC system is the present demand for EV technology which strengthens the 
charging infrastructures. In the DWC system, the vehicle battery can be charged even 
though it is in motion. It is important to give attention to a multi-objective design 
strategy for the DWC system that takes into account both the coupling coils and 
the compensation networks. When designing a DWC system, the LCC network is 
employed as a compensation network to achieve constant output current and zero 
voltage switching (ZVS) conditions [2]. 

Figure 1 exhibits the DWC system’s schematic representation. N transmitting 
coils comprise the system, and each coil has dimensions of length (Lx) and width (Bx) 
(whereas x = 1, 2,…N). The W is the distance between two consecutive transmitting 
coils. L is the overall length of N coils including distances between consecutive 
transmitting coils. There is a single receiving coil placed on the vehicle denoted by 
k which is shown in Fig. 1 by the red periphery. The LCC compensation network is 
used to account for the reactive components of a single transmitting coil. To adjust the 
power-supplying coils, N number of switches (S1, S2,…SN ) are connected with the 
LCC networks and the high-frequency inverters. The detecting devices, i.e., sensors, 
are installed beside each transmitting coil to locate the exact position of the receiving 
coil. The activation and deactivation of each transmitter coil can be managed with 
the help of artificial intelligence (AI) techniques. However, the detection and sensing 
control are not included in this work. 

Fig. 1 Dynamic wireless charging (DWC) system
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For simplicity, two transmitting coils (Tx) and one receiving coil (Rx) system are  
considered in this study and the circuit diagram is given in Fig. 2. The LCC network 
is employed in Fig. 2, where LmT1 and R1 are the transmitting coil 1’s inductance and 
resistance, respectively, whereas for the transmitting coil 2 inductance and resistance 
can be termed as LmT2 , and R2, respectively. On the other hand, the inductance and 
resistance of the receiving coil are represented by LR and RR, respectively. The input 
impedances of transmitting coils 1 and 2 are denoted by Z1 and Z2, respectively, 
while for the receiving coil ZR. The load impedance of receiving side is denoted 
by ZL. The different values of the LCC network can be estimated by the following 
formula. 

LmT _n = 
XT 

ω 
(1) 

CTT  _n = 
1 
ω 
XT 

(2) 

CT R_n = 1 
ω 

(ωLT _n−XT ) 
, (3) 

Where ω is the angular frequency, XT is the equivalent impedance of the trans-
mitting coil, LmT _n is the self-inductance of the transmitting coil (where n = 1 and 
2), CTT  _n and CT R_n is the capacitance of the transmitting coil (where n = 1 and 2). 
The high-frequency inverter (HFI) output voltage is denoted by Vi which is fed to 
transmitting coils and the transmitting current by In (where n = 1 and 2), then XT is 
given by 

XT = 
Vi 

In 
(4)

Fig. 2 Circuit diagram of the DWC system 
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2.1 Operation of the DWC System 

The HFI is connected to both the transmitting coils, and activation of both the trans-
mitting coils is maintained by turning on and off the switches sw1 and sw2 [2, 3]. 
The operation of the segmented DWC system is categorized into three stages which 
are given as follows. 

STAGE 1: sw1 = ON, sw2 = OFF. 

In this stage, the system’s KVL equation is expressed in matrix form as given by, 

⎡ 

⎣ 
Z1 j ωM12z jωM1z 

j ωM12z Z2 − j XT jωM2z 

j ωM1z j ωM2z Z R 

⎤ 

⎦ 

⎡ 

⎣ 
I1 
I2 
I3 

⎤ 

⎦ = 

⎡ 

⎣ 
V1 

0 
0 

⎤ 

⎦, (5) 

where the mutual inductances M1z and M2z are those between Tx coil 1 and Rx coil 
and between Tx coil 2 and Rx coil, respectively. The mutual inductance of both the 
Tx coils is M12z. The currents flowing through the Tx and Rx coils are 

I1 = 
Vs 

j XT 
(6) 

I2 = −I1. 
ω2 M12z M2z + j ωM12z Z R 
ω2 M2 

2z + (Z2 − j XT )Z R 
(7) 

I3 = 
j ω(M1z I1 + M2z I2) 

Z R 
. (8) 

The voltage induced in the receiving coil is given by 

VR = ωM1z I1 + ωM2z I2 (9) 

STAGE 2: sw1 = ON, sw2 = ON. 

In this stage, the system’s KVL equation is expressed in matrix form as given by, 

⎡ 

⎣ 
Z1 j ωM12z j ωM1z 

j ωM12z Z2 j ωM2z 

j ωM1z j ωM2z Z R 

⎤ 

⎦ 

⎡ 

⎣ 
I1 
I2 
I3 

⎤ 

⎦ = 

⎡ 

⎣ 
V1 

V2 

0 

⎤ 

⎦. (10) 

The currents of transmitting and receiving coils are given by 

I1 = 
Vs 

j XT 
(11)
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I2 = 
Vs 

j XT 
(12) 

I3 = 
j ω(M1z I1 + M2z I2) 

Z R 
(13) 

The receiving coil’s induced voltage can be represented by (9). 

STAGE 3: sw1 = OFF, sw2 = ON. 

Similarly, for the third stage, the above analysis can be carried out by exchanging 
the subscripts “1” and “2.” 

3 Coupling Pad and Misalignment 

The most crucial component of the DWC system is the coupling pads. For coupling 
pads, it is important to have high-quality factor Q, high misalignment tolerance, and 
high coupling coefficient k [5–10]. 

The above-said parameters depend on the inductor’s shape, core material, and 
spacing between the coils (i.e., Tx and Rx coils) [6–8]. The efficiency of linked 
inductors in a DWC system depends upon the inductor’s quality factor and magnetic 
coupling coefficient. The geometric average of the transmitter and receiver quality 
factor denoted as Q is given as: 

Q = √
QT QR (14) 

QT = 
ωLT 

RT 
(15) 

QR = 
ωL R 
RR 

, (16) 

where QT and QR represent the transmitting and receiving coil quality factors, respec-
tively. The equivalent inductance of the Tx and Rx coils is LT and LR, respectively 
(where T = 1 and 2). The equivalent resistance of the Tx and Rx coils is termed RT 

and RR, respectively (where T = 1 and 2). 
It is necessary to design the inductor with a high level of self-inductance, low 

series resistance, and a relatively high frequency to get a high Q [9]. So, lowering 
the coil’s resistance is necessary to raise Q. The value of coil self-inductance can be 
computed by (17) [7]. 

L = 
μN 2 A 

l 
, (17)
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where l is the mean length, N is the number of turns, A is the conductor’s cross-
sectional area, and μ represents the flux path’s magnetic permeability. 

3.1 Circular Helix Coil 

The parameters considered for designing the DWC system are shown in Table 1. 
Figure 3 shows the model representation of the circular helix coil, where the coil’s 
dimensions are shown in Fig. 3a, and a 3-D representation of the coil’s circular helix 
is presented in Fig. 3b. The transmitter (Tx) coil is presented in blue color, and the 
receiver (Rx) coil is in red color that is physically spaced by an air gap. The transmitter 
coil is energized by the HFI current, whereas the receiver coil is not connected to any 
active sources. Power is transferred in the DWC system via a magnetic field that the 
transmitting coil generates and couples to the receiving coil via an air medium. A 
magnetic connection between coils is necessary for the DWC system to transfer the 
power maintaining optimum efficiency [11–13]. The orientation and the flux linkage 
of the coils affect the performance of the DWC system [14]. 

Table 1 Design specification 
of circular helix coil Sl. no. Parameters Values Unit 

1 Wire radius 3 mm 

2 Start helix coil radius 40 mm 

3 No. of turns 3 

4 Current 5 A 

5 Coil pitch 8.01 

6 Terminal coil diameter 2 mm 

7 Terminal coil length 500 mm 

Fig. 3 Model representation a dimension of circular helix coil, and b 3-D geometry of circular 
helix coil
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Fig. 4 Various types of misalignments a vertical, b planar, c angular, d longitudinal, e planar and 
longitudinal, and f angular and longitudinal [14] 

3.2 Misalignment 

The various types of misalignment are shown in Fig. 4. It can be observed that due 
to different diverse positions of the receiving (Rx) coil, different misalignments can 
categorize such as vertical, planar, angular, longitudinal, planar and longitudinal, and 
angular and longitudinal [4]. If the receiving coil moves in the vertical direction, then 
the deviation is represented by Δz and is called vertical misalignment as shown in 
Fig. 4a. In case of planer misalignment, the receiving coil is rotated with an angle φ 
(i.e. 0 < φ ≤ 2π) parallel to the transmitting coil at a fixed center with constant height 
as  shown in Fig.  4b. In Fig. 4c, the receiving coil deviates at an angle θ (where 0 < θ 
≤ π) by maintaining the same center point by both the Tx and Rx coils without any 
vertical misalignment which is named as angular misalignment [15–17]. When the 
receiving coil travels along the longitudinal direction, several sorts of variations are 
conceivable. In this kind of misalignment, the Tx and Rx coil’s centers are displaced 
by Δy in the y-direction, as shown in Figs. 4d–f. The receiving coil is misaligned 
longitudinally in Fig. 4d when it is shifted in the y-axis with a constant height. The 
receiving coil in Fig. 4e is shifted in the y-axis and rotated at a fixed height, which 
is referred to as planar and longitudinal misalignment. In the case of angular and 
longitudinal misalignment, the receiving coil is deviated by an angle θ and displaced 
in the y-axis as shown in Fig. 4f [16]. 

4 Simulation Analysis and Result Discussion 

The simulation studies are carried out by considering one transmitter coil as well 
as one receiver coil to observe the misalignment of the DWC system. ANSYS 
MAXWELL 3-D is used to validate the specified analytical model. Both the coils 
(i.e., Tx and Rx) have been simulated with the consideration of an air-gap distance of
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Fig. 5 Magnetic field density between Tx and Rx with the variation of a 0 mm y-axis and 65 mm 
z-axis. b 50 mm y-axis and 65 mm z-axis 

65 mm on the z-axis (vertical) while in the y-axis (longitudinal) distance is consid-
ered as 0 and 50 mm which are displayed in Fig. 5a, b, respectively. Figure 5 also 
depicts the magnetic field density between the transmitter and receiver coils. The 
highest magnetic density is observed in the heated region, which is represented by 
the red zone in Fig. 5a, with a value of 0.000139 T (Tesla) at an air-gap (vertical) 
distance of 65 mm in the z-axis and no fluctuation in the y-axis, while the lowest 
is observed in the blue zone, with a value of 0.000024 T (Tesla). Likewise, the hot 
region in Fig. 5b exhibits the highest magnetic density at an air-gap (vertical) distance 
of 65 mm on the z-axis and a misalignment of 50 mm on the y-axis, with a value 
of 0.000145 T (Tesla) and the value of the lowest zone, blue, is 0.000025 T (Tesla). 
Examining Fig. 5a, b shows a difference of 0.000006 T. 

Further, in the event of a vertical variation, the receiving coil shifts along the 
z-axis, while they move along the y-axis when there is a longitudinal misalignment. 
By changing the z-axis and y-axis distances, several values are simulated in accor-
dance with the mutual inductance, flux linkage, magnetic field density, and coupling 
coefficient. 

The parameters of the considered analytical model are used to observe the coupling 
coefficient, mutual inductance, and magnetic flux density of different variations in the 
y-axis (longitudinal distance) and z-axis (vertical distance) [18, 19]. The coupling 
coefficient k of transmitting coil input (Tx_in) and receiving coil input (Rx_in) is  
shown in Fig. 6. As the distance between the coils rises, the value of k decreases. 
Multiple results were computed for different variations in the y-axis for a significant 
distance in the z-axis. The coupling coefficient is shown by the red curve at an air-gap 
(vertical) distance of 35 mm for the variations in the y-axis, the green curve at an 
air-gap (vertical) distance of 45 mm, the blue curve at an air-gap (vertical) distance 
of 55 mm, and the orange curve at an air-gap (vertical) distance of 65 mm.

It is observed that the self-induced flux on the transmitting coil is constant while 
the flux linkage is varying along with the movement of receiving coil as shown in 
Fig. 7.
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Fig. 6 Coupling coefficient of Tx_in and Rx_in

Fig. 7 Flux linkage in Tx and Rx coils 

The red curve indicates the flux in the receiving coil at a 35 mm air-gap (vertical) 
distance and varies along the longitudinal axis. The green curve, which varies along 
the longitudinal axis, depicts the flux in the receiving coil at a 45 mm air-gap (vertical) 
distance. The blue curve, which varies along the longitudinal axis, depicts the flux 
in the receiving coil at a 55 mm vertical (air-gap) distance. The orange curve, with 
changes in the longitudinal axis, depicts the flux in the receiving coil at a 65 mm 
vertical (air-gap) distance. In Table 2, different values of mutual inductance between 
the Tx and Rx coils are surmised for divergence in the receiving coil. The mutual 
inductance value is decreasing as the Rx coils travel away from the Tx coil [20–23]. 
The visual representation of the mutual inductance between the Tx and Rx coils is
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Table 2 Mutual inductance between Tx and Rx coil 

Sl. no. y-axis [mm] M [nH] (for z = 
35 mm) 

M [nH] (for z = 
45 mm) 

M [nH] (for  z = 
55 mm) 

M [nH] (for  z = 
65 mm) 

1 0.00 216.84 144.20 98.89 69.02 

2 10.00 200.16 193.55 95.87 67.63 

3 20.00 174.81 122.75 87.25 62.51 

4 30.00 141.73 102.34 74.39 54.41 

5 40.00 104.60 78.66 59.19 44.52 

6 50.00 68.33 54.88 43.36 33.93 

y-axis: longitudinal distance, z-axis: air-gap distance (i.e. vertical distance), and M: mutual 
inductance between Tx and Rx 

Fig. 8 Graphical view of mutual inductance 

shown in Fig. 8. The graph clearly demonstrates that the mutual inductance values 
reflect the distance between the coils. 

5 Conclusion 

In this paper, the misalignment issues that arise in dynamic wireless charging (DWC) 
are investigated in detail. The impact of the DWC system and its working with the 
consideration of coupling coefficients, flux linkage, as well as mutual inductance are 
discussed. A circular helix coil is considered for analyzing the DWC system, and 
hence, an ANSYS MAXWELL 3-D model is created. The copper material is chosen 
for both the coils (Tx and Rx) and placed in an air medium for the simulation modeling. 
In the simulation studies, different misalignments are considered by varying the 
distances along the longitudinal and vertical, i.e., y-axis and z-axis, respectively,
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and the variant in the mutual inductance, coupling coefficient, flux linkage, and 
distribution of magnetic flux density is observed. It is observed that the increase 
in deviation from the proper alignment leads to a decrease in mutual inductance, 
coupling coefficient as well flux linkage. 
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