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Design and Optimization of Quasi-Constant Mutual Inductance
for Asymmetric Two-Coil Wireless Power Transfer System
with Lateral Misalignments

Zhongqi Li'> 2, Wangyang Cheng!, Jiliang Yi'’ ¥, and Junjun Li!

Abstract—Magnetic resonant wireless power transfer (WPT) is an emerging technology that may
create new applications for wireless power charging. However, the output voltage fluctuations resulting
from lateral misalignments are main obstructing factors for promoting this technology. In this paper, an
asymmetric two-coil WPT system is presented. The mathematical model of the proposed topology with
lateral misalignments is built based on equivalent circuit method. The expression of the output voltage
is then derived by solving the system equivalent equations. In addition, a method of optimization
parameters is proposed. The mutual inductance between the receiving coil and transmission coil is
nearly constant by the proposed method with lateral misalignments. Therefore, the output voltage can
be kept nearly constant. The asymmetric two-coil WPT system via magnetic resonance coupling is
designed. Simulated and experimental results validating the proposed method are given.

1. INTRODUCTION

Wireless power transfer (WPT) methods for electric vehicles (EVs) are receiving increasing attention
in international research community due to their convenience and high efficiency [1-4]. However, in
practice, inevitable lateral and vertical misalignments between the transmission coil and the receiving
coil lead to variations of the mutual inductance between the transmitting coil and receiving coil. The
output voltage may be changed as the mutual inductance between the transmitting coil and coils is
changed [5].

In order to deal with the problem that the variation of mutual inductance results in the output
voltage fluctuations, DC/DC converter is used to maintain the output voltage constant with variation
of mutual inductance. The output voltage can be kept constant by changing the duty cycle of DC-
DC converter [6]. However, DC-DC converters are added to wireless charging systems, and the system
efficiency is decreased inevitably because DC-DC converters have power losses. There are other methods
using new coil structures to deal with the adverse effect of misalignments on output voltage: 1) A
narrow-width I-type power supply rail and pickups were proposed [7]. When the pickup moved away
from the center of the pole along with z-direction (z-direction is shown in Fig. 1), the experimental
results showed that the output power was reduced, and the output power reached nearly 1 kW, whereas
the output power exceeded 20 kW as the pickup was laterally moved in y-direction (y-direction is shown
in Fig. 1) within 20 cm and became half at 24 cm from the center of the power supply rail. And the
system efficiency was 74%; 2) A large lateral displacement of 30 cm was experimentally obtained by
using an ultraslim S-type power supply rail with an air gap of 20 cm [8]. The load power reached —3 db
point having half of its maximum load power with the lateral tolerance of 30 cm; 3) A new homogeneous
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WPT technique was proposed and implemented to maintain the output voltage constant for lateral and
vertical misalignments systems [9, 10]. The homogeneous magnetic field should be paid with reduction
of the quality factor of the transmitter because the transmitter is composed of many small coils (58 mm
x 58 mm x 22.5mm) [10]. The system efficiency is reduced when the quality factor of the transmitter
is decreased [9]; 4) Reference [11] proposed a new coil structure, including a big power supply coil set
(110cm x 80cm) and a small pickup coil set. When the pickup coil laterally deviated from the center
of the power supply coil by 39 cm, the output voltage was reduced by about 29% from the maximum
output voltage 150 V. The misalignments were improved by this proposed structure. However, the
output voltage fluctuations are also large. Therefore, it is necessary to further reduce output voltage
pulsation. In this paper, an asymmetric two-coil WPT system is presented. The proposed topology
is composed of a big transmitting resonance coil and a small receiving resonance coil. In addition, a
method of optimization parameters is proposed. The mutual inductance between the receiving and
transmitting coils is nearly constant with lateral misalignments by using the proposed optimization
method. Therefore, the output voltage and efficiency can be kept nearly constant by the proposed
method.

The remainder of the paper is outlined as follows. Section 2 describes the asymmetric two-coil WPT
system and builds the model of the proposed system. Section 3 analyses the effects of the parameters of
each coil on the mutual inductance between the receiving and transmitting coils. Section 4 proposes an
optimization method. Section 5 presents simulation results, the experimental setup, and measurement
results with lateral misalignments. Section 6 draws the conclusion.

2. ASYMMETRIC TWO-COIL MODEL

2.1. Calculated Mutual Inductance

Figure 1 shows two loops with lateral misalignments between loop_1 and loop_2. D is the transmission
distance, a the radius of loop_1, b the radius of loop_2, and A the lateral misalignments between loop_1
and loop_2.
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Figure 1. Lateral misalignments between loop_1 and loop_2.

The mutual inductance of two loops whose axes are parallel can be expressed by the single

integral [12-14]
Mi(a,b,A, D) = wo\/%/ooo 7 <x\/a7b) 7 (:;:M)

< (0 ) exp (o2 ) da 1)

where Jy and J; are the Bessel functions of zeroth-order and first-order, respectively.
For a coil composed of multi-turn, the mutual inductance between the transmitting and receiving
coils can be calculated using
Na Np

Mab:ZZMl (ai,bj,D,A) (2)
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where Ny, a; are the turns of the transmitting coil and the radius of the transmitting coil, respectively.
Ng, b; are the turns of the receiving coil and the radius of the receiving coil, respectively.

As shown in Egs. (1) and (2), it can be seen that mutual inductance is dependent on a,b, D, and
A. When a,b, and D are fixed, the mutual inductance is only related to A. The bigger the value of A
is, the smaller the mutual inductance becomes.

2.2. Asymmetric Two-Coil WPT System

The asymmetric two-coil WPT system with lateral misalignments is composed of two resonance coils:
transmitting and receiving resonance coils, labeled as Tx and Rx, as shown in Fig. 2. The diameter
of Tx is larger than that of Rx. D is the distance between Tx and Rx. C; and C5 are the external
compensating capacitances.

Figure 3. Equivalent circuit model for the two-coil WPT system.

The asymmetric two-coil WPT system can be represented in terms of lumped circuit elements (L,
C, and R), as shown in Fig. 3. V; is the voltage of the power source, Ry the parasitic resistor of Tx,
Ry the parasitic resistor of Rx, Ry the internal resistor of the power source, R, the load resistor, L
the inductance of Tx, Ly the inductance of Rx, and M the mutual inductance between Tx and Rx. By
applying Kirchhoff’s voltage law (KVL), the WPT system is presented as follows:

(RS + ZI)ITX + jWMIRX - Vé (3)
JwM Ity + (RL + Z2)Igx =0
Zy = Ry + jwly +1/(jwCh) (4)
Zy = Ry —l—ijQ + 1/(](4)02)

where Ity is the current of Tx, Iy the current of Rx, and w the operating angular frequency.
The currents of Tx and Rx can be obtained by solving Egs. (3) and (4)

T Vi(RL + Z2)
T (Rs + Z1)(Rr, + Z2) + (WM)? (5)
JwMVs
IRX - -

(Rs + Z1)(Rr, + Z3) + (wM)?
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The output voltage of the two-coil WPT system is as follows:
—JjwMVsRy, (6)
(Rs + Z1)(Rr + Z2) + (wM)?

When the WPT system operates at resonant state, we have Z; = Ry and Zy = Ry. The output
voltage of the two-coil WPT system can be simplified as follows:

—JjwMVsRy,
(Rs + R1)(RL + R2) + (wM)?

The expression of efficiency in Eq. (8) is as follows:

_ BB _ (wM)?Ry, @)
Vé[Tx (RS + Rl)(RL + R2)2 + (wM)Q(RL + Rg)

As shown in Egs. (7) and (8), the output voltage and efficiency are changed as the mutual
inductances M are changed (lateral misalignments between Tx and Rx results in the variation of the
mutual inductance) when the voltage of the power source V;, the internal resistor of the power source
R, the load resistor Ry, the parasitic resistors of the coil R; and Ry are nearly constant for given coils.

Vi =

Vi =

(7)

Ui

3. ANALYSIS OF MUTUAL INDUCTANCE

In this section, the effects of the parameters of the coil (e.g., the number of turns of each coil, the
out diameter of each coil) on the mutual inductance between Tx and Rx are displayed. According to
Egs. (1) and (2), the simulation results are shown in Fig. 4 with the help of MATLAB.

Fig. 4(a) shows the mutual inductance versus the radius of Rx with different A when the number
of turns of Tx is equal to 20 and the out diameter of Tx equal to 0.60m. It can be seen that the
mutual inductance increases with the increase in the radius of Rx, and the mutual inductance difference
between A = 10 and A = 0 increases with the increase in the radius of Rx. Therefore, the radius of Rx
should be decreased with lateral misalignments in order to obtain constant mutual inductance.

Fig. 4(b) shows the mutual inductance versus the radius of Tx with different A when the number
of turns of Rx is equal to 10 and the out diameter of Rx equal to 0.20 m. It can be seen that the mutual
inductance decreases with the increase in the radius of Tx, and the difference between the mutual
inductance with A = 10 and the mutual inductance with A = 0 decreases with the increase in the
radius of Tx. Therefore, the radius of Tx should be increased with lateral misalignments in order to
obtain constant mutual inductance.

Fig. 4(c) shows the mutual inductance versus the number of turns of Tx with different A when
the number of turns of Rx is equal to 10 and the out diameter of Rx equal to 0.20 m. It can be seen
that the mutual inductance increases with the increase in the number of turns of Tx, and the mutual
inductance difference between A = 10 and A = 0 increases with the increase in the number of turns of
Tx. Therefore, the number of turns of Tx should be decreased with lateral misalignments in order to
obtain constant mutual inductance.

Fig. 4(d) shows the mutual inductance versus the number of turns of Rx with different A when
the number of turns of Tx is equal to 20 and the out diameter of Tx equal to 0.60 m. It can be seen
that the mutual inductance increases with the increase in the number of turns of Rx, and the mutual
inductance difference between A = 10 and A = 0 decreases with the increase in the number of turns
of Rx. Therefore, the number of turns of Rx should be increased with lateral misalignments in order
to obtain constant mutual inductance. In the above analysis, the mutual inductance may be changed
with the variations of lateral misalignments and the parameters of each coil. In next section, a method
of optimizing the parameters of each coil will be proposed to maintain the mutual inductance constant
in next section.

4. OPTIMIZATION METHOD

It can be seen from Eq. (7) that the output voltage Vi, is only dependent on the mutual inductance
between transmitting and receiving coils when the parameters (R, L, C) of each coil and the load are
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given. The mutual inductance may be changed with the variations of lateral misalignments and the
parameters of each coil (number of turns and outer diameter). In this section, a method of parameters’
optimization is proposed. The mutual inductance can be kept nearly constant with lateral misalignments
by using the proposed method.

The process of the proposed optimization method is as follows:

1) Parameters setting: the resonant angular frequency is set to 85 kHz. The mutual inductance is
set to be larger than 6.0 puH. The transmission distance is set to 15 cm. The diameter of copper is set
to 1.75 mm. The outer diameter of Tx is changed from 0.25 m to 0.30 m in a step of 2.0 mm. The outer
diameter of Rx is changed from 0.2m to 0.25m in a step of 2.0mm. The number of turns of Tx is
changed from 17 to 40 in a step of 1. The number of turns of Rx is changed from 6 to 10 in a step of 1.

2) Calculated mutual inductance: According to Egs. (1) and (2), the mutual inductance between
Tx and Rx can be obtained with different lateral misalignments. Mg is the mutual inductance between
Tx and Rx when lateral misalignment equals 10 cm; My is the mutual inductance between Tx and Rx
when lateral misalignment equals 0 cm.

3) Compared to € (¢ = (Mo — Mig)/My) at a given outer diameter of Tx, outer diameter of Rx,
the number of turns of Tx and the number of turns of Rx, the optimum ¢ is obtained (The smaller ¢
is, the smaller the variations of mutual inductance becomes).

4) According to the optimum &, the optimum parameters of Tx and Rx can be obtained. The
detailed optimization process is shown in Fig. 5.

Figure 6 shows the optimum parameters of each coil (IV,, Ny, a, b). It can be seen that the optimum
N, is equal to 17, optimum Ny, equal to 10, optimum a equal to 0.3 m, and optimum b equal to 0.1 m.
Fig. 7 shows optimum mutual inductance My, Mg and €. It is clearly seen that all € are smaller than
5%. The optimum ¢ is 3.1%, and all mutual inductances are larger than 6.0 uH. In the above analysis, it
can be seen that the radius of Tx and the number of turns of Rx should be increased, and the radius of
Rx and the number of turns of Tx should be decreased in order to obtain constant mutual inductance.

5. EXPERIMENTAL RESULTS

To validate the proposed structure and optimization method, the prototype model of the system has
been built, as shown in Fig. 8. It is composed of a DC voltage source, transmitting resonant coil,
receiving resonant coil, H-bridge inverter, full-bridge rectifier, and load. The value of the DC voltage
source is 48 V. The DC voltage source is shown in Fig. 8(a). H-bridge inverter is used at the transmitter
side to provide AC excitation, as shown in Fig. 8(b). It contains four MOSFETs (IRF3207), and a
full-bridge rectifier is used at the receiver side to convert AC to DC. In future research, the power level
of the prototype will be increased, and those full-bridge rectifiers will continue to be used in high power
system. The full-bridge rectifier contains four diodes (HFA15TB60) with a voltage rating of 600V,
which can also be used in high power system. The transmitting resonant coil is shown in Fig. 8(c).
The receiver resonant coils are shown in Fig. 8(d). The overall setup is shown in Fig. 8(e). The outer
diameter of the transmitting resonant coil is 0.6 m with a pitch of 0cm for approximately 17 turns
according to the optimization method. The outer diameter of each receiving resonant coil is 0.2m
with a pitch of 0cm for approximately 10 turns according to the optimization method. All coils are
made from 300-strand AWG 38Litz-wire. An impedance analyzer is used to extract the parameters in
Egs. (3) and (4). The original resonant frequency is set to 85.0kHz. The load resistor is set to 10 2.
The transmission distance is 15cm. The parameters of the resonant coils are listed in Table 1. The
moving direction of the receiver is noted as y-axis, and the coordinates are marked in Fig. 1.

Figure 9 shows the measured mutual inductance between Tx and Rx placed at different positions.
It can be seen that the mutual inductance M is changed from 6.89 uH to 6.63 uH as the misalignment is
varied from 0 cm to 10 cm. The difference between My and Mg is 0.26 uH. ¢ is equal to 3.77% according
to e = (Mo — Mjo)/Mpy. The variations of mutual inductance are very smooth as the misalignment is
varied from 0cm to 10 cm.

Figure 10 shows the measured output voltage versus misalignments. It can be seen that the output
voltage is changed from 14.4V to 14.6 V as the misalignment is varied from 0cm to 10 cm. The output
voltage is nearly constant as the misalignment is varied from 0 cm to 10 cm. Fig. 11 shows the measured
and calculated efficiencies versus misalignments. It can be seen that the efficiency is changed from
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Figure 5. The flowchart of the proposed optimization method.

65.6% to 63.5% as the misalignment is varied from 0cm to 10 cm. The efficiency is also nearly constant
as the misalignment is varied from 0cm to 10 cm. The validity of the proposed optimization method is
verified by simulated and experimental results.
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Figure 6. The optimum parameters of each coil. N, is the the number of turns of Tx, NV}, is the number
of turns of Rx, a is the out radius of Tx, b is the out radius of Rx.
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Figure 7. The optimum mutual inductance My , Mg and €. Mjg is the mutual inductance between
Tx and Rx when lateral misalignment equals to 10 cm; My is the mutual inductance between Tx and
Rx when lateral misalignment equals to 0cm, ¢ is equal to (My — Mig)/My.

Table 1. Parameters of the resonant coils.

Symbol Quantity Value
Ly the inductance of Tx 333.7uH
Lo the inductance of Rx 30.5 uH
4 the compensation capacitance of Tx  10.5nF
Co the compensation capacitance of Rx 115.0 nF
Ry the parasitic resistor of Tx 0.45Q
Ry the parasitic resistor of Rx 0.06 Q

fo the original resonant frequency 85.0kHz
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(e) the overall setup

Figure 8. Experimental setup.
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Figure 11. Measured and calculated efficiency versus misalignments.

6. CONCLUSIONS

In this paper, an asymmetric two-coil WPT system is presented. The mutual inductance between Tx
and Rx is changed with the variations of lateral misalignments and the parameters of each coil. In order
to decrease the variation of the mutual inductance, the turns of Rx and the diameter of Tx should be
increased. And the turns of Tx and the diameter of Rx should be decreased. In addition, a method of
parameters optimization is proposed. The optimum parameters of each coil can be obtained by using the
proposed method. The experimental results show that the mutual inductance is changed from 6.88 uH
to 6.63 uH, and the output voltage is varied from 14.4V to 14.6 V as the lateral misalignments is varied
from Ocm to 10cm. The optimum ¢ is only 3.7%, and the output voltage is nearly constant. In the
future, we will further decrease the variations of mutual inductance and improve the efficiency as the
lateral misalignments increase in order to meet the complex environment requirements.
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