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A Dynamic Wireless Power Transfer System Using DC-Controlled Variable
Inductor for Segment Transmitter Automatic Switching
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Abstract—Segmented transmitter coils are commonly employed
in dynamic wireless power transfer, and automatic switching is
a preferred function to limit the transmitter current. This letter
proposes a method for segment transmitter automatic switching
utilizing a dc-controlled variable inductor (DCCVI), where the dc
current can change the ac side’s self-inductance. When the coils are
decoupled, the dc current is small, so the inductance of the DCCVI
is relatively large, leading to the suppression of the transmitter
current. When the coils meet certain coupling conditions, the dc
current becomes large, leading to a significant reduction in the ac
inductance of the DCCVI, resulting in higher transmission power,
thereby enabling segment transmitter automatic switching. The
proposed method is straightforward and does not need additional
position feedback. The experimental results demonstrate that the
proposed system can automatically limit the coil current within
the range of [0, 0.15] and achieve higher power transmission with
higher efficiency within the coupling range of [0.165, 0.3].

Index Terms—Automatic switching, dynamic wireless power
transfer (DWPT), variable inductor.

1. INTRODUCTION

YNAMIC wireless power transfer (DWPT) offers in-
D creased flexibility in power transmission by reducing the
need for prolonged stationary charging [1], [2], [3]. Segmented
transmitter coils are recommended for DWPT due to their con-
struction complexity and high power losses. These coils can
be selectively coupled to mobile receiving coils. However, to
limit the current and transmitted power of the transmitter coil
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Fig. 1. Transfer power curves of automatic switching methods in [7] and [8].

[4], receiver position feedback and decoupling coil methods are
necessary. Some researchers [5], [6] have proposed methods
involving sensors to detect the receiver’s position and control
the transmitter’s current. However, such methods require addi-
tional control circuits and sensors. To alleviate the complicated
control methods, Lee et al. [7] introduced a current attenuation
technique devoid of explicit control requisites. However, the
current attenuation of this method is slow in the process of
coil decoupling, termed ‘“Mode OFF,” rendering power losses
and electromagnetic radiation. In addition, Dayerizadeh et al.
[8] proposed a new method with superior field-focusing abil-
ity to reduce the transmitter current rapidly, but that greatly
decreases the coupling range for power transmission (this in-
terval is named “Mode ON”). Therefore, the “ideal” curve (see
Fig. 1) is better than that in [7] and [8]. Specifically, the ideal
scenario is to have a larger coupling range during the “Mode ON”
period and a smaller transmitter current during the “Mode OFF”
period.

This letter proposes a DWPT system that addresses the afore-
mentioned issues for segment transmitter autoswitching. The
contributions are highlighted and summarized as follows.

1) This letter proposes a DWPT system by introducing a
dual-E-type dc-controlled variable inductor (DCCVI) for
segment transmitter automatic switching. The inductor’s
ac bias and dc bias are connected in series to the inverter’s
ac output and dc input, respectively. The dc input current
can modify the ac side’s self-inductance and obviates the
need for auxiliary circuits and detection mechanisms, re-
alizing the automatic adjustment of the transmitter current
with the change of coupling coefficient.
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Proposed DWPT topology with the dual-E-type DC-controlled variable

2) This letter delineates the coil coupling process into two
distinct phases: “Mode ON” and “Mode OFF.” An innova-
tive parametric design method is proposed to enlarge the
coupling range during the “Mode ON” period compared
to the prior work, providing a larger interval to transmit
power. In addition, the proposed method accelerates the
current attenuation speed. It decreases the transmitter cur-
rent during the “Mode OFF” period compared with the
traditional method, reducing the electromagnetic radiation
and power loss of the transmitter.

The rest of this letter is organized as follows. In Section II,

a DWPT system with a dual-E-type DCCVI is systematically
analyzed. Experimental results are provided in Section III to
validate the proposed method. Finally, Section IV concludes
this letter.

II. THEORETICAL ANALYSIS
A. Proposed System

The proposed DWPT system employs a series—series parallel
topology, as illustrated in Fig. 2, where the DCCVI enables
automatic switching. U, (U,) is the input (output) voltage of
the system, I, (I;) denotes the coil current of the transmitter
(receiver), I, is the input current of the rectifier, and R, indicates
the dc load. L,, and C,, are the primary coil and the compensa-
tion capacitor, respectively, while L. is the self-inductance of
the DCCVI, which is connected in series with the transmitter.
The dc side of the DCCVI is connected in series with the inverter
dc input. I represents the dc-side current of the DCCVI, which
also serves as the dc input current of the system. Notably, Leg
can vary with the dc current /. [9].

The relationship between the input dc voltage E and U, is
expressed as

E =V2rU, /4. (1

The secondary coil Ly and compensation capacitors C; and
Cy form a receiver with reflective reactance and meet the re-
quirements of [7]

¢ =-2C
CQZTLC

where 7 is defined as the tapping coefficient, and C satisfies [10]
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The impedance reflected to the transmitter coil is

wM?

S
where M = k./L, L, represents the mutual inductance. Q =
Req/wL, is the quality factor of the receiver.

The input impedance of the system is split into real and
imaginary parts, namely

(Qn® — jn) 4)

Zreﬁected =

Zin = WXQQHZ +J (AY - wL]\fzn) &)
where AY is the transmitter impedance, i.e.,
AY =w- L, —1/w-C) 4+ w - L. (6)
Then, the output power can be expressed as
P = Re(Ug/Zin) == QXLSH2M2U§ 2
w2@Q*n*M* + (X AY /w — anQ)G)

where X1 s = wL,. Based on (7), it is found that the output power
curve changes in the opposite direction to the variation of AY'.
Thus, adjusting the variable L. in AY can modify the output
power curve.

B. Design of the DCCVI

The DCCVI [11] is based on a dual-E-core structure (see
Fig. 3), with the main inductor (ac) wound around the center
arm and the symmetrical bias coil (dc) wound around the two
side arms of the core. The side arm winding is connected in series
with opposite polarity, effectively reducing the self-inductance
value of the central arm by increasing the dc current in the
sidewall winding (see Fig. 4).
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Fig. 5. Transmission power curve with the mutual inductance.

When there is no dc input current, Lqg has the maximum value
N2
Lmax = A

le/pAc + g/ o Ae

®)

where N, is the number of turns in the central arm, and A.,
l., and g represent the effective magnetic cross section, the
effective magnetic path length, and the air gap, respectively. p
and p are the magnetic permeabilities of the core material and
vacuum, respectively. To ensure that L.g achieves significant
self-inductance attenuation, the external path of the magnetic
core must reach saturation, and for the maximum designed dc
control current, the number of turns of the control winding can
be estimated, i.e.,

Bsagex
Ndc = 2

= )
MIdC,on

where Bgat, loxt, and I4con separately represent the saturation
magnetic flux density, the external path length of the core, and
the maximum value of the dc control current from which the
minimum inductance value is obtained.

According to the characteristics that the self-inductance of
the transformer inductor varies with the dc current, the Log—I4c
curves of the DCCVI can be roughly outlined in Fig. 4. It can be
observed that when the dc current /g < I4c,on, Left Maintains a
large value, denoted as L., indicating that the DCCVI operates
in the “Mode OFF” period. Conversely, when I4; > Iqc Mo, Let
remains roughly constant at Lygg, indicating operation in the
“Mode ON” period. Therefore, L.g can be described as

{Leff = LlnaX70 < Idc,on (10)

Leff = LMoaldc,MO < Idc < Idc,max

C. Analysis of the Autoswitching

The entire operational process is illustrated in Fig. 5. When
the coil is nearly decoupled (M = 0), the system operates in
“Mode OFF,” and the dc input current can be expressed as

2V2 .
Lic ot = — Re(Up/j(w- Ly —1/w-Cp 4w - Linax)).

(1)

Due to the large reactive component wl,,,x, the current of
the transmitter is well suppressed, where the output power curve
is Porrp. As coupling increases, the dc input current gradually
rises, and when the mutual inductance reaches M,,,, the dc input

25

current is denoted as I4¢ on, 1.€., [12]

22 wM?
Idc,on = T -Re <UP/ ( L:n

(Qn® — jn) +jAY>>
(12)
where the value of Log in AY iS Ly,.x. Subsequently, Leg drops
and /. increases rapidly. The system swiftly transitions from
“Mode OFF” to “Mode ON,” and the output power turns from
Porr into Pon. In “Mode ON,” the system operates with a large
operating current. The reflected reactance of the receiver neutral-
izes the reactive component in the coupled transmitter branch.
When the coil is fully aligned (M = M), the total impedance of
the transmitter branch should be nearly pure resistance, i.e.,

wM? 1

LSO n=wkl, — w—cp 4+ wLyg- (13)
Solving (13), C,, can be calculated as

L
C,=— 2 . 14
P w2 (nM@ — (Lyp + Lo) Ls) (14

Then, the dc input current is /4c Mo, 1.€.,
22 wM?

Tac,mo = — -Re (Up/L 0 Qn2> . (15)

When mutual inductance is reduced to Mg, the dc current is
approximately reduced to /¢, mo, 1.€.,
2v/2 w- M2, .
Tge o = — - Re (Up/"“(Qn2 +n) ).  (16)
T Ly
During this period, the system becomes unstable and automat-
ically reverts to “Mode OFF,” causing the power curve to return
to Porr. Thus, the power function can be expressed as

{POFFa [0, Moy ) and [0, Mog)
Pon,

[Mom Moff]
where Py, is the maximum output power during the system op-
eration, and it occurs at 9 Pon/ Mins = 0; the mutual inductance
at the maximum power point is obtained as

Mo r= 2 szEMé
inf— WQLE T qunQ .

We define AM = My, .x/Muin to quantify the enhancement
of the coupling range in the proposed system, where M, 1S
the minimum value of M., and Mg, and M., is the maximum
mutual inductance during the system operation, i.e., My. When
AM =1, My, and My, coincide, which means that the system
can only achieve higher power at one point. As AM increases,
the coupling range in which the system attains higher power also
expands. Combined with (15) and (16), AM can be derived as

AM = 7\/m
Q-n

Fig. 6 shows the values of AM with different Q and n. It

is evident that AM monotonically decreases with the increase

of n and Q. Thus, reducing n and Q is necessary to achieve a

larger coupling range. Unfortunately, increasing AM will reduce

system efficiency and current gain G (the transmitter current
ratio of coil alignment to coil decoupling) [7].

7)

(18)

(19)
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Fig. 6.

Fig. 7.

Experimental prototype.

TABLE I
SYSTEM SPECIFICATION AND PARAMETER DESIGN VALUES

Parameter Value Parameter Value

1 85 kHz n 3.8

core EE70 g 0

Nac 6 Nie 40

L, 145.43 uH C, 37.29 nF
Cp 31.69 nF G 16.98 nF
Ly 137.43 uH Linax 196.5 uH

[dc on 0.5A RL 18 Q

In summary, the selection of parameters must aim to mini-
mize the fluctuation in transmission power while satisfying the
prerequisite for system automatic switching.

III. EXPERIMENTAL VALIDATION
A. Experimental Results

To verify the feasibility of the proposed method, an exper-
imental prototype was built, as shown in Fig. 7. The system
parameters are shown in Table I.

The steady-state waveforms of the output voltage/current of
the transmitter and the input voltage/current of the receiver under
different coupling conditions are given in Fig. 8.

In Fig. 8(a) and (b), the peak currents of /,, under decoupled
and alignment conditions are 1.9 and 5.8 A, respectively. It
shows a current gain of approximately 3.05, demonstrating the
effective primary current containment. In Fig. 8(a), the current
of the transmitter branch lags behind the voltage by nearly 90°,
while the voltage and current are nearly in the zero phase, as
shown in Fig. 8(b). Fig. 8(c) displays the steady-state waveform
at maximum output power during operation, showing that the
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Fig. 9. Normalized transfer power and efficiency of different methods.

current slightly leads the voltage waveform, and the peak voltage
and current of the receiver branch are maximum. In Fig. 8(d),
the current still lags behind the voltage and remains at a low
level. This finding indicates that the transmitter branch contains
a large reactive power component due to the DCCVI at M =
M,,, and M = Mg, achieving a good current suppression effect.

To compare the proposed system with [7] and [8], the trans-
ferred power as the coupling variations was measured, as shown
in Fig. 9.

From Fig. 9, it can be observed that the proposed system
maintains transmission power above 60% in the coupling in-
terval [0.165, 0.3], peaking when the coupling coefficient is k
= 0.21; the reason why the maximum power point does not
occur at the maximum mutual inductance (M) [7] is that the
mutual inductance (Mijy,¢) at the maximum power cannot equal
the maximum mutual inductance (M) with alignment unless R
and nin (18) can be 0. However, in the system of [8], the effective
coupling range is only [0.28, 0.3]. For the proposed method, the
transmitter coil’s current decreases rapidly, when the coupling
coefficient k is below 0.165, resulting in a reduction of output
power. A notable observation is that compared to the method in
[71, the proposed system significantly suppresses the transmitter
coil’s current within the coupling range [0, 0.15]. Based on the
experimental results, the calculated values of AM for the pro-
posed system and literature [7] and [8] are 1.82, 1.66, and 1.06. It
indicates that the proposed system widens the coupling range of
the system during the “Mode ON” period. As shown in Fig. 9, the
disparity in efficiency between configurations with and without



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

TABLE II
COMPARISON WITH OTHER METHODS REPORTED IN THE LITERATURE
Literature [13] [7] [8] This work
Operating 85 kHz 100 kHz 88 kiz 85 kHz
frequency
Current gain
11 2.69 14.2 3.05
G)
AM < 1.62 1.06 1.82
Coupling 0-0.72 0-0.224 0-02 0-0.3
range
) 88.4% — 77.8%— ) 92.6%—
Efficiency 96.7% 94.5% 81.6% 94.7%

The AM is defined as “maximum (alignment) mutual inductance — the mutual
inductance at 60% power transmission”.

the variable inductor is negligible, measuring a mere 0.35%. For
the proposed system, the efficiency remains consistently above
92%, and the efficiency increases slightly with the decrease of
the coupling coefficient. When the coupling coefficient reaches
0.255, the system efficiency reaches the maximum of 94.7%,
and then, the efficiency begins to decline. However, for the
system without the variable inductor, the coupling coefficient
remains above 94.7% after 0.27, which is higher than that of the
system with the variable inductor. As the coupling coefficient
continues to decrease, the efficiency also decreases and is lower
than that of the system with the variable inductor. Thus, based
on empirical findings, the integration of the variable inductor
exhibits no discernible impact on system efficiency.

B. Discussion and Comparison

To show the superiority of the proposed method with better
segment transmitter automatic switching ability, the perfor-
mance of the proposed approach is compared with that of other
methods, as presented in Table II.

The approach delineated in [13] exhibits a large current gain
(G). However, this method requires the system to operate under
the tight coupling condition of the coupling coefficient of 0.72,
which is not widely used in contemporary wireless power trans-
fer systems. Compared with the method in [7], its coupling range
conforms to commonly used designs, yet its G, AM, and average
efficiency are all lower than those of the proposed system.
The proposed method has larger AM and efficiency than those
of the method in [8] even though G is smaller. Especially, AM
in [8] is very close to 1, which means that the method can only
transfer power with coil alignment.

In summary, the proposed system can automatically switch
its operating mode in response to changes in different coupling
conditions. The major contribution of this letter is to achieve
segment transmitter automatic switching without detection or
control. In our future work, we will consider realizing stable
output. For example, designing the coil interval, size, structure
(shape changes [14], increased dimensions [15]), and coil com-
bination (double-D quadrature coils [16]) can mitigate the fluc-
tuation of the output power. In addition, some control strategies
[17], such as dc—dc control, etc., may need to further suppress
the fluctuation.

IV. CONCLUSION

This letter proposes a DWPT system that utilizes a dual-
E-type DCCVI to realize automatic switching. In this system,
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the DCCVI is connected with the transmitter in series, whose
value can be affected by the dc input current. By varying the
values of the DCCVI based on changes in receiver position,
the power curve of the system can be altered. This allows for
the suppression of the coil current of the transmitter when the
coil is decoupled, without requiring any additional position
detection. Furthermore, in conjunction with the design of re-
flective impedances n and Q, the coupling range of the “Mode
ON” is improved. The results validate that the proposed system
exhibits a good ability for field focusing and segment transmitter
automatic switching. In future work, achieving stable output
power will be considered.
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