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ABSTRACT Inductive power transfer (IPT), as a method of wireless power transfer (WPT) via magnetic
induction, can be applied to electric vehicles (EVs) due to its convenience and automation. Interoperability
and misalignment tolerance are both major research difficulties for WPT of EVs. This paper proposes a
two-channel topology and a coil optimization method, which can improve misalignment tolerance for the
unipolar coil (Q) and interoperate with the bipolar coil (DD). Firstly, a topology with phase shift strategy
is constructed to increase output ability with ¥ misalignments and the mathematical model of the proposed
topology is established. Secondly, a coil density optimization method is presented to smooth the transmitting
mutual inductances fluctuation. Finally, a 1-kW prototype is built to verify the proposed system which can
achieve load-independent constant-current charging. With the ¥ misalignment of 150 mm, the experimental
results agree well with the theoretical analysis. The proposed system is able to interoperate with two types

of coils and can achieve misalignment tolerance.

INDEX TERMS Coil density optimization, interoperability, misalignment tolerance, phase shift strategy.

I. INTRODUCTION
Wired charging has become more mature today. With peo-
ple’s respect for clean energy, the pursuit of charging con-
venience, safety and the degree of freedom, wireless power
transfer (WPT) [1], [2], [3] is coming into the researchers’
view. Nowadays, the studies of WPT have been extended to
the aspects of autonomous underwater vehicles (AUVs) [4],
e-scooter [5], unmanned aerial vehicle (UAV) [6] and other
industrial applications [7], [8], [9]. For the most applications,
the research of wireless charging for Electric Vehicles (EVs)
[10], [11], [12], [13], [14] is more complicated and in-depth.
Inductive power transfer (IPT) is the most matured technol-
ogy for EV WPT systems. An IPT system usually includes
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power converters, resonant networks, the transmitting (Tx)
coil on the ground side and the receiving (Rx) coil on the
vehicle side. The Tx coil cannot be changed once placed on
the ground. But the Rx may be of various types of coils.
The interoperability of the Tx is the first issue addressed in
this paper. On account of the unchangeable characteristic of
the Tx, Tx design and optimization is indispensable before
placing for researches. Affected by the driver, the parking
position can be offset when charging, which contribute to the
output fluctuation and the decreased efficiency. Therefore,
the misalignment tolerance of the system is another focus for
WPT. To achieve interoperability and anti-migration at the
same time, a reasonable topology design and corresponding
switching strategy are needed.

In terms of interoperability, the Tx coil should usually
be interoperable with two conventional coils, namely the
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unipolar coil (Q) and the bipolar coil (DD). To solve this
problem, changes are generally made in the topology or
magnetic couplers. In [15], two Q coils were overlaid, and the
phase shift strategy of the two working modes were utilized to
improve interoperability. A three-switch dual-output inverter
was designed to interoperate with Q and DD in [16]. The shift
phase method was similar to [15]. By adjusting the citation
directions of four Q coils in the same plane, the asymmet-
rical quadrupolar coil (QUA) can be interoperable with Q,
DD and QUA in [17], but the efficiency was not high enough
under misalignment. A type of decoupled mutually spliced
DD receiving coils were proposed to be interoperable with
different types of Tx coils in [18]. But the misalighment
tolerance was weak in some misalignment direction. In [19],
the current directions of three decoupled non-overlapping DD
transmitting coils can be altered, and the Rx can be Q and
DD. Based on the above papers, it can be concluded that
the existing methods to improve interoperability are mainly
through designing the control mode or magnetic couplers.
But it is hard to realize high misalignment tolerance in the
meanwhile.

Misalignment tolerance improvement [20], [21], [22] is
mainly based on the optimization of the topology and the
magnetic couplers. The topology can provide the number
of controllable variables, while the fluctuation of variables
is affected by the magnetic couplers. Basic compensation
networks are series (S), parallel (P), and inductor-capacitor-
capacitor (LCC) and so on. The output characteristic will be
affected by combing a variety of basic compensation network.
In [21], the hybrid topology with the S and S in series at the
primary side while S and LCC in parallel at the receiving side
can achieve misalignment tolerance. In [24], the intermedi-
ate coil and multiple coupling condition were combined to
improve X, Y and Z misalignment tolerance. The variable
inductor was introduced as the compensation inductor, and
the degree of freedom of this system increased. The QUA and
Q coils were overlaid in [25], and the output fluctuation just
only 5%. The L-type coil was placed in the marginal region
to extend the misalignment range in [26]. Solenoid coil struc-
ture was another better choice for improving misalignment
tolerance [27].

Although the above papers have achieved a certain mis-
alignment tolerance, they did not interoperate with multiple
coils. This paper proposes a two-channel topology and two
types of phase shift modes. Current reference directions
of two channels can be adjusted by the two inverters in
series. The coil density optimization is utilized to smooth the
equivalent mutual inductances.

The rest of this paper is organized as follows. Section II
presents the mathematical model of the proposed topology
and the two working modes. The interoperability analysis is
presented in Part III. The design process and the decoupling
principle of the magnetic couplers are clarified in Section IV.
The experimental results are presented in Section IV. The
conclusion is provided in Section V.
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Il. PROPOSED TOPOLOGY AND MODEL ANALYSIS

A. PROPOSED TOPOLOGY

The S-S compensation network is utilized in the two-channel
topology as shown in Figure 1. At the primary side, two series
compensation networks are connected with two full-bridge
inverters, respectively. L; and L, are the transmitting coils
(Tx). LR is the receiving coil (Rx). S;-Sg are eight power
MOSFETs of the inverters. Two inverters are connected in
series. D{-Dg4 are four diodes of the rectifier. Vv and VRgc
denote the dc voltages of the inverter and rectifier, respec-
tively. Un and Up, denote the ac input voltage. Uoyr is the
output ac voltage. M| and M, are the mutual inductances
of the corresponding coils. M1, is the mutual inductance of
Ly and L. Mj, tends to be zero in this paper which was
introduced in Part IV. Cy, C, and CR are the Tx and Rx com-
pensation capacitors, respectively. Ry, is the load resistance.
11 and I, denote the rms values of the corresponding currents.

Se Sg

5 By

FIGURE 1. Structure of the proposed topology.

B. MATHEMATICAL MODELLING
The angular frequency of the system is w;. The resonant
conditions of the WPT system can be expressed as

1 1
Li— —— =wilgr — =0 1
w1L; o1C. w1 Lr o1Cr e

where i is 1 or 2.

Using Fundamental Harmonic Approximation (FHA), the
relationship between the ac and dc quantities can be deduced
as

24/2

Uout = o VREC 2)

By phase shift of the two full-bridge inverters, the two ac
input voltage vectors can be expressed as

Uy = Uy L6; 3)
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where the phasor quantity parameters are indicated in bold
in this paper. Two types of modes are working based on the
following two cases

{191=0° {191=0°

0 o “
£02=0 £62 =180

The control strategy of pulse patten is depicted in
FIGURE 2.
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FIGURE 3. Equivalent circuit of MODE I.

1) MODE |

In this mode, 6 = 6, = 0°, the equivalent circuit is depicted
in FIGURE 3. At this time, Si, S4, S5 and Sg has the same
switching sequence, while S;, S3, S and S7 are the same.
By analyzing the circuit of FIGURE 2, the Kirchhoff’s Law
of Voltage (KVL) equations can be expressed as

1
U = (joLi +joly + —— + — )1
I (Jw 1+ jols joC chz) T
— (joM; +JwM2)IR (%)
. . . 1
(oM + joMy) IT = (Ja)LR +— +Req) Ir
JoCr
where
V2 8
Ur=—Vinv, Req= R (0)
T T
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By solving (5) based on (6), the currents of Tx and Rx coil
can be deduced as

= 1632 2VINVRL )
w30} My + My

e 2Y2ViNv ®
Ty |My + Ma|

The output current I, power Poyt and dc-dc (direct cur-
rent) efficiency 7 can be deduced as

8Vinv
L=—F—7"—""— 9
mew) My + M|

64V§WRL

—— (10)
mho? My + M|

Pour =

_ Pour
Pout + ITRp1 + I3R1o + I3RR

Y

2) MODE I

In this mode, 8; = 0° and 6, = 180°. The equivalent circuit
is depicted in FIGURE 4. At this time, S1, S4, Sg, and S7 has
the same switching sequence, while S,, S3, S5, and Sg are
the same. By analyzing the circuit of FIGURE 3, the KVL
equations can be expressed as

1 1
Uy = L L —t+— )1
I (]a)l—i-Ja) 2+a)C +ij2) T

+ (oM — joM>) Ir

. . . 1
(—joM; + joM) It = (JwLR +— +Req) Ir
joCRr

(12)

Vi

FIGURE 4. Equivalent circuit of MODE II.

By solving (12) based on (6), the currents of Tx and Rx
coil can be deduced as

167/2VinvRL
It = —————"35 (13)
m3w? My — M|
2+/2V
PR EL a4
Ty My — M>|

The dc-dc efficiency expression of MODE II is equal
to (11). The output current and output power can be
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deduced as
8Vinv
 =——— 15
b 72w |My — M| ()
64V2. R
Pour = D (16)

4wt My — M|

Only |M|+M3;| and |M| — M>| are the variables under mis-
alignments in the output currents equations of (9) and (15).
M7 and M3 vary when the Rx coils offset. M and M> are the
real mutual inductances while the |M| + M3| and |M| — M>|
are the equivalent transmitting mutual inductances. When M|
and M, are both positive, the system works under MODE 1.
If M1 x M, <O, the system works in MODE II. Thus, M| and
M, satisfy the following equation as

|My + M| = [My — Ma| = [M1] + M| a7)

In order to keep the output currents stable under misalign-
ments, the [M| 4+ M»| and |M| — M>| should be modified to
be smoother firstly. Adjusting |M| + M>| and M| — M>| is
actually adjusting |[M1| 4+ |M>|. The magnetic couplers are the
key point for smoothing the transmitting mutual inductances
and it is introduced in the next part. For the purpose of
describing misalignment tolerance more clearly, the fluctu-
ation é of mutual inductances is defined as

Mo_max — Me—_mi
5 = e—max e—min « 100% (18)
Me—max + Me—min
where Me_max and Me_ i, are the maximum and minimum
value of the equivalent mutual inductances, respectively.

lIl. INTEROPERABILITY ANALYSIS

For the two traditional coils Q and DD, different coil com-
binations have different transmission effects. The mutual
inductances under Y misalignment for the combinations of Q
to Q, Q to DD, and DD to DD are depicted in FIGURE 5.
From FIGURE 5(a), the transmitting mutual inductances
when the Tx coil align well with the Rx coil is largest. The
mutual inductance decreases approximately linearly under
misalignment, and the curve does not cross zero. From
FIGURE 5(b), the transmitting mutual inductances when the
Tx coil align well with the Rx coil is minimum. The mutual
inductance increases with the increase of misalignment dis-
tance and decreases until the Y misalignment is 120 mm.
FIGURE 5(b) is similar to (a), but the curve of (c) has zero
crossing point. From the above analysis, it can be concluded
that one type of coil cannot have the same transmitting ability
for multiple coils at the same time. Therefore, this paper
adopts the symmetric stacking of Q and DD. The magnetic
couplers are introduced in the next part.

IV. MAGNETIC COUPLERS

A better misalignment tolerance for a system cannot be
achieved easily only by topology design, the magnetic cou-
plers design is another key point. The design method and flow
chart are introduced in this part. The structure of magnetic
couplers is depicted in FIGURE 6. The green coil Tx; is
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FIGURE 5. Mutual inductances under Y misalignment in the range from
—150 mm to 150 mm for the coil combinations of (a) Q to Q, (b) Q to DD
and (c) DD to DD.

a Q coil. The orange coil Tx, consists two parts’ unipolar
dissymmetry Q coils. The blue one is the Rx coil which
can be Q or DD. Two ferrite plate is under Tx; and another
one is on the top of the Rx coil. The size of every ferrite is
300 mm x 300 mm. The transmitting distance is 75 mm. The
complicated sizes of each coil are depicted in FIGURE 6(b).
The length of Tx; is 240 mm. The width of Tx; and Tx; are
both 300 mm.
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Tx, Tx
S
S 120 mm S
300 mm 240 mm 300 mm
—>  Current direction
(b

FIGURE 6. Magnetic couplers. (a) Whole structure. (b) Complicated sizes
of the Tx coils.

A. DECOUPLING PRINCIPLE

The two Tx coils are decoupled with each other all the
way when the Rx coil offset. Taking the left part of Tx, as
the example. The coupling coefficient between Tx; and the
non-overlapping part of Tx, is negative, while the coupling
coefficient between Tx| and the overlapping part is positive.
The decoupling principle between the right part of Tx, and
Tx; is the same as above analysis. So, the sum of coupling
coefficient between Tx, and Tx; tend to be zero.

B. COIL DENSITY ADJUSTMENT

Based on the traditional coil, a method of coil density adjust-
ment is proposed. Better than the traditional coil structure,
the trend of mutual inductances under misalignments can
be adjusted by this method. The schematic of the freedom
of size adjustment of the coil is depicted in FIGURE 6.
FIGURE 6(a) is the traditional method, while FIGURE 6(b)
is the proposed method. Assuming that the number of turns
of coil is a constant, only the width of coils can be adjusted
for the traditional method, while the width and the gap can
be adjusted in the meanwhile for the proposed method. The
freedom of coil adjustment is increased.

The interoperability for Q and DD coils can be achieved at
the same time, however, the misalignment tolerance cannot
be achieved for the both coils at the same time. The misalign-
ment tolerance for Rx Q is optimized in this paper.

The adjustment of the number of turns of the coil has a
great influence on the output capacity of the system, but the
influence on the misalignment tolerance is little. Based on
the above reason, the number of turns is set as a certain value
15 for Txy, Txp, and the Rx Q coil, and 10 for the Rx DD coil.

120310
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FIGURE 7. Freedom of the size adjustment of the coil. (a) Traditional DD
coil. (b) Proposed DD coil.
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FIGURE 9. Equivalent mutual inductances under Y misalignments for
different Is when |y is 240 mm.

Firstly, the influence of coil width [, on the fluctuation of
the equivalent mutual inductance |M1 |+ |M>| is studied when
the coil is tightly wound. When the misalignment range is
0 mm-150 mm, |M1| + |M>| for different /,, who changes
between 225 mm and 295 mm at the intervals of 10 mm is
depicted in FIGURE 8. From FIGURE 7, as the [, decreases,
the & also decreases at the same time. But changing [, can
only change the position of the curve so that the curve can
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FIGURE 10. Simulated and Measured results of mutual inductances.

#a) M;, M, for Q, (b) M;, M, for DD, (c) |[M;| + |[M;| for Q, (d) [M;]| + |[M,|
‘or DD.
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FIGURE 11. Simulated mutual inductances under different types of
misalignments. (a) Rotational. (b) X misalignments. (c) Z misalignments.

rotates around the point whose misalignment is 0. In order
to smooth the curve of the equivalent mutual inductances
further, make /; have a wider adjustment range and in con-
sideration of the actual wingding margin, the /y, is finally set
as 240 mm.

When [, is 240 mm, the equivalent mutual induc-
tances under Y misalignments for different /s is depicted in
FIGURE 9. As [ increases from 70 mm to 140 mm, the
curve first becomes gentle and then becomes shaky. The
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boundary point of the curve condition change is when [ is
120 mm whose line is blue. So, the optimal length of I
is 120 mm. The § is 6.8% when [, and /s are 240 mm and
120 mm, respectively. After the actual winding based on the
optimal size, the M| M>, and |[M1| + |M>| can be measured
and the results are depicted in FIGURE 10.

Other types of misalignments are also analyzed. The sim-
ulated mutual under different types of misalignments are
depicted in Figure 11. From Figure 11(a), the misalignment
tolerance is good for Q, but only good for DD when it rotates
between 0° and 45°. From Figure 11(b) and (c), it can be seen
that DD is insensitive to X misalignment and Z misalignment
compared with Q. In view of the above analysis, we select the
Y misalignments of the two types of coils for experiment.

V. EXPERIMENTAL VERIFICATION

To verify the availability of the proposed system, a 1-kW
prototype is built. The experimental prototype is shown in
FIGURE 12. The parameters of the experimental prototype
are tabulated in TABLE 1. N1y, N1x2, Nrx—Q, and Nrx_pp
are the turn number of Tx, TX2, the Rx Q coil, and the Rx DD
coil, respectively. The dc input voltage is 200 V. The working
frequency is 85 kHz. The sizes of the Rx Q and DD coils are
300 mm x 300 mm and 400 mm x 400 mm, respectively.

FIGURE 12. Experimental prototype.

TABLE 1. Parameters of experimental prototype.

Viny 200V f 85 kHz Ry 35Q
L 139.1 yH L, 227.8 uH Lo 146.2 yH
Lr.pp 190.1 },LH C] 25.2 nF Cz 15.39 nF
CR_Q 23.98 nF CR-DD 18.44 nF NTxl 15
Nty 15 Nrx-0 15 Nrx-DD 10
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FIGURE 13. Calculated and experimental output current, output power
and dc-dc efficiency when the Rx coil is (a) (b) Q and (c) (d) DD.
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FIGURE 14. Experimental waveforms when the Rx coil is Q or DD. (a) Y misalignment is —30 mm for Q. (b) Y misalignment is —120 mm for Q. (c) Y

misalignment is —30 mm for DD. (d) Y misalignment is —120 mm for DD.

The calculated and experimental output current, output
power, and dc-dc efficiency n when the Rx coil is Q or DD are
depicted in FIGURE 13. The § of the output current with the
Q Rx coil is 9.32%, which is within 10%. The average output
power is 765 W. The peak efficiency is 95.9%. When the Rx
coil is DD, the average output power and the peak efficiency
are 837 W and 95.7%, respectively.

There exist some discrepancies between calculated and
experimental results like the asymmetry of the figure. The
asymmetry of the figures can be caused by the asymmetry of
the hand-wound Tx coils and the actual experimental model
has a slight error with the mathematical model. The efficiency
of the two types of the Rx coils is lowest when the Tx aligns
well with the Rx. This is because when the coils are well
aligned, there is always a low coupling coefficient between
the Tx; and Tx; coils and the Rx coils, which contribute to a
lower efficiency.

The experimental waveforms of the Rx Q when Y mis-
alignments are —30 mm and —120 mm, the Rx DD when
Y misalignments are —30 mm and —120 mm are depicted
in FIGURE 14. The phase of voltage is slightly ahead of the
phase of current in these two randomly selected misalignment
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positions, which proves that the transmit-side impedance
shows weak inductance. Zero voltage switching (ZVS) has
been realized for the two types of Rx coils under differ-
ent misalignments, which can actually decrease the loss of
switches and stable output.

The comparisons with other methods are illustrated in
Table 2. Compared with [28], this paper cost one more
inverter, but don’t need another relay switch. Only Q can
be interoperable by the topology in [28], and the output
fluctuation is higher than the proposed paper. Coil size of [16]
is smaller than the proposed topology, but the misalignment
range is short. The topology of [19] can interoperable with
one more coil, but misalignment range is asymmetric and the
misalignment tolerance is neglected apparently.

VI. EXTRA ANANLYSIS IN PRACTICAL

The system can be laid on a large scale, but the following
problems should be solved. The first difficulty is the decou-
pling between the Txs. How long the distance between each
Tx should be set is the key problem. When the receiving coil
is located at the junction of adjacent systems, how to choose
the control mode of the switch is the second problem. The Tx;
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TABLE 2. Comparisons with other methods.

. . Misalignment Range (mm) Interoperable Output
Comparison Topology Tx Coil (Misalignment Percentage) types Fluctuation
LCCC-S with one Two Q
[28] inverter gnd relay (300 mmx600 mm) Q: Y- misalignment: =250 ~ 250 mm (41.7%) 1 Q:11.1%
switch
[16] Lctirce'jsxlft};}f“e Two Q Q: Y- misalignment: ~90 ~ 90 mm (30%) 5 Q:6.1%
inverter (300 mmx300 mm) DD: Y- misalignment: =90 ~ 90 mm (30%) DD: 42.5%
Q: X- and Y- misalignment: =30 ~ 210 mm
[19] LCC-S with one Quadrupolar DD: X- misalignment: =210 ~ 60 mm 3 Lar
inverter (300 mmx300 mm) Y- misalignment: —60 ~ 210 mm arge
QUA: X- and Y- misalignment: =210 ~ 60 mm
Thi Two S-S with Qand DD Q: Y- misalignment: £150 mm (50%) 2 Q:93%
1S paper two inverters (300 mmx600 mm) DD: Y- misalignment: £150 mm (37.5%) DD: 26.2%

seems to be complex to wind. How to improve the efficiency
of the actual winding of Tx is the third problem.

To solve the above problems, some solutions are put for-
ward here. The distances between the adjacent systems can
be stretched to decouple both Txs of these systems. Design-
ing the corresponding mold can reduce the difficulty of
winding Tx,.

In this paper, the misalignment tolerance for Q coil has
been realized, but that is bad for DD. Therefore, it is a key
issue whether we can realize the misalignment tolerance for
Q and DD at the same time in the future. Secondly, can
we continue to improve the misalignment tolerance for Q so
that the output curve approximates a straight line? That’s the
second challenge.

Some limitations also exist. Firstly, the proposed structure
can only transmit the energy to Q and DD and the transmitting
ability for other types of coils are poor. Secondly, the size of
DD needs to be slightly larger, otherwise it will differ greatly
from the output power of Q. Thirdly, the design can only
achieve good misalignment tolerance for Q, but poor for DD.

VIi. CONCLUSION

This paper has proposed a WPT system based on the two-
channel topology. Two inverters were connected in series.
The transmitting side consisted of two S compensation net-
works, and the two Tx coils were decoupled with each other
naturally. The advantages of innovation are displayed below:

1) Q and DD are stacked symmetrically, and their coupling
characteristics are used to decouple them naturally.

2) The sum of the absolute values of M and M, could be
adjusted to stable output by utilizing two inverters in series.

3) A coil optimization method was proposed to improve
misalignment tolerance. By adjusting the density of the Tx
coil, the equivalent mutual inductances can be smoothed and
then the fluctuation of the load-independent output current
can be reduced.

The mathematical model of the topology was established
and analyzed. The flow chart of coil optimization was intro-
duced by comparing the output fluctuation of different sizes
in detail. Parameters of magnetic couplers were displayed and
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the coil size were simulated to achieve a better misalignment
performance of the proposed system. A 1-kW experimental
prototype was implemented to verify the effectiveness of the
misalignment tolerance the IPT system.

Only the misalignment tolerance for the Rx Q is improved
in this paper, the misalignment tolerance for DD will be
improved in the future work. The size of the Tx can be
improved to reduce the volume of the system. The gap should
be extended to accommodate the more vehicle types.
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